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QUANTIFICATION OF LITOPEDOGENIC IRON OXIDES BY DIFFUSE
REFLECTANCE SPECTROSCOPY AND MAGNETIC SUSCEPTIBILITY FOR
MAPPING PURPOSES

ABSTRACT - The Western Paulista Plateau (WPP) corresponds to
approximately 13 million hectares (~ 50% of the state of S&o Paulo) and stands out in
the production of citrus in the country (80% of the national production) and significant
participation in the production of sugar and alcohol. The geological and
geomorphological diversity of the region are the main cause for the spatial variability
of Fe oxides, mainly goethite (Gt), hematite (Hm), maghemite (Mh) and Magnetite (Mt).
Thus, recognizing the spatial variability of these oxides makes possible to identify the
potential of agricultural areas, allowing the establishment of minimum management
areas and the strategic planning of agricultural activities, minimizing environmental
risks and optimizing operating costs. An alternative for developing the agricultural
practices in these areas is the identification of the variability of soil attributes.
Therefore, this study aimed to characterize the spatial variability of Fe oxides in WPP
soils, using X-rays diffraction (XRD), diffuse reflectance spectroscopy (DRS) and
magnetic susceptibility (). Sustained by sandstone (Vale do Rio do Peixe Formation
— VRP) and basaltic (Serra Geral Formation — SG) rocks, WPP soils are distributed
in three stages of landscape evolution: slightly, moderately and highly dissected. A
total of 300 samples, collected at a depth of 0.0-0.2 m and representative of the
geological and geomorphological compartments, were characterized by XRD, DRS
and y. The results were evaluated through spatial variability, relating the mineralogical
data with the geomorphometric map, through statistical and geostatistical analysis. The
lithological contrast between sandstone and basalt and the degree of dissection of the
landscape control the spatial variability of Hm, Gt, Mh and Mt, in environments with low
and high levels of Fe oxides. The similarity between maps obtained by conventional
technique (XRD) and indirect methods (DRS and y) highlights the efficiency and

reliability of DRS and y in the spatial characterization of soil Fe oxides in large areas,
under complex soil-landscape relationships, in less time and investment cost.

Keywords: goethite, hematite, maghemite, magnetite, pedometry, spatial variability



QUANTIFICACAO DE OXIDOS DE FERRO LITO-PEDOGENICOS POR
ESPECTROSCOPIA DE REFLETANCIA DIFUSA E SUSCETIBILIDADE
MAGNETICA PARA FINS DE MAPEAMENTO

RESUMO - O Planalto Ocidental Paulista (POP) corresponde a
aproximadamente 13 milhdes de hectares (~ 50% do estado de Sao Paulo) que se
destaca na producdo do cultivo de citros do pais (80% da producédo nacional) e
significativa participacdo na producéo de acucar e alcool. A diversidade geologica e
geomorfoldgica da regido € responsavel pela variabilidade espacial dos 6xidos de Fe,
principalmente, goethita (Gt), hematita (Hm), maghemita (Mh) e magnetita (Mt).
Assim, o reconhecimento da variabilidade espacial desses 6xidos torna possivel a
identificacdo de é&reas com diferentes potenciais agricolas, permitindo
estabelecimento de areas minimas de manejo e o planejamento estratégico das
atividades agricolas, minimizando riscos ambientais e otimizando o0s custos
operacionais. Uma alternativa para o avanco agricola nessas areas € a identificacao
da variabilidade dos atributos do solo. Este estudo objetivou caracterizar a
variabilidade espacial dos 6xidos de Fe nos solos do POP, utilizando Difratometria de
raios-X, Espectroscopia de Reflectancia Difusa (ERD) e Suscetibilidade Magnética
(x). Sustentados por rochas areniticas e basalticas, os solos do POP estdo
distribuidos em trés estagios de evolucédo da paisagem: pouco, intermediariamente e
altamente dissecada. Um total de 300 amostras, coletadas na profundidade de 0,0 -
0,2 m e representativas dos compartimentos geolégicos e geomorfologicos, foram
caracterizadas por DRX, ERD e y. Os resultados foram avaliados no estudo da
variabilidade espacial, relacionando os dados mineraldgicos com o0 mapa
geomorfométrico, por meio de andlise estatistica e geoestatistica. O contraste
litoldgico arenito-basalto e o grau de dissecao da paisagem controlam a variabilidade
espacial de Hm, Gt, Mh e Mt, em ambientes com baixos e altos teores de Oxidos de
Fe. A semelhanca entre os mapas obtidos por técnica convencional (DRX) e métodos
indiretos (ERD e %) enaltece a eficiéncia e confiabilidade da ERD e  na caracterizacéao
espacial de 6xidos de Fe do solo em grandes areas, sob complexas relagdes solo-
paisagem, em menor tempo e custo de investimento.

Palavras-chave: goethita, hematita, maghemita, magnetita, pedometria, variabilidade
espacial
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CHAPTER 1 - General considerations

1.1 Introduction

Brazilian agribusiness boosts the Brazilian economy, with an emphasis on the
global production of soybean, sugar cane, coffee and beef. Modern and globalized
agriculture has been marked by digital technology and Big Data connected by software
linked to agricultural equipment that optimize production during the entire production
stage. Among the sectors that most advanced in technology can be mentioned the
improvement of plant genetics (Carrer et al., 2010) and the agricultural machinery
industry, with sensors and the development of “intelligent” machines. Paradoxically, or
in a situation of constant inertia, soil mappings are found. Analogous to this,
contemporary agriculture resembles a “Ferrari” car (technological evolution) on a
“pothole” road (gaps left by current soil mapping).

Brazil pays a high price because it don't know better his soils (Polidoro et al.,
2016), making difficult to prevent natural problems such as floods and landslides that
plague urban areas and agricultural areas during the rainy season, bringing irreparable
disruption to society Brazilian. With a focus on agricultural environments, the lack of
information on soil attributes prevents the development of suitable agricultural
practices. The result of this is the increase in desertified areas, compaction and intense
erosion processes, making the soil unsuitable for food production.

The history of the first mapping of Brazilian soils dates back to the 1940s, so
that Brazilian pedology was imminent (Santos et al., 2011). In 1981, the first
exploratory soil maps were produced on a scale of 1: 5,000,000. Over the years, public
agencies under the Ministry of Agriculture and state institutes such as Campinas (IAC)
and the National Land Survey and Conservation Service (SNLCS) have been tasked
with updating existing ones and drawing up new maps. A major project was active in
this process of diagnosing the potential of natural resources in the Brazilian territory:
RADAMBRASIL. Operated between 1970 and 1985, RADAMBRASIL was a
challenging and audacious project, responsible for mapping 2.5 million km? of Brazilian

territory by aerial radar images, captured by plane. About 70% of the efforts were



concentrated in the Amazon region and the remaining 30% in the northeastern and
pre-Amazon regions.

In 2001, IBGE in partnership with Embrapa launched a new approach to
Brazilian soils, with updated information from the one developed in 1981. The
improvements were only taxonomic in nature, with no change in scale (Embrapa,
2011). Therefore, depending on the user's interest and with a focus on agriculture, the
current soil mappings are outdated, without accuracy, full of technical terminologies
that, sometimes, the information contained is difficult to interpret. For modern
agriculture, the level of detail of the maps on the scale of 1: 5,000,000 is inefficient for
the development of precision agriculture, in which the lowest cost with agricultural
inputs and the increase in production is sought.

Due to the need to know the soil better, in 2016, a new soil survey proposal was
launched coordinated by Embrapa, called the National Soil Program of Brazil
(Pronasolos). The goal is to build more detailed maps on a scale of 1:25,000, 1:50,000,
1:100,000, that meets government needs. For Planasolos, the information from the
1:25,000 maps may assist decision making in the agricultural sector. This would be the
first step in overcoming the impeding gaps inherited from the pioneering soil surveys
carried out in 1981 and 2001.

The prediction for completion is 30 to 40 years and will cost to governmental
budget a total of R$ 3 billion, with return of R$ 40 billion for the country in a decade.
The high monetary cost and the long term of accomplishment are discouraging in the
face of the current technological scenario that Brazilian agriculture is experiencing.
Possibly, the methodologies used are the main reason for increasing costs and
delivery time to users. It is in this panorama that alternative methods can be the key to
assist conventional methods, generating accurate and reliable results, in a timely
manner and with a lower investment cost (Carvalho et al., 2013; Silva et al., 2020).

The pioneering spirit of the state of Sdo Paulo in mapping soil attributes by
indirect methods inspires and attests to their potential in mapping soil attributes
(Siqueira et al., 2010; Marques Jr et al., 2015; Peluco et al., 2015; Camargo et al.,
2016; Silva et al., 2020; Dematté et al., 2020). The research group of Professor Dr.
José Alexandre Melo Dematté from the University of Sdo Paulo (USP) has been betting

on the spectral library for characterization and design of soil surveys based on soll



color, using diffuse reflectance spectroscopy. In 2010, through magnetic susceptibility,
Professor Antbnio Carlos Saraiva da Costa's Mineralogy group prepared the
magnetism map for soils in the state of Parana.

The Soil Characterization for Specific Management Purposes group
(CSME), under the coordination of Professor Dr. José Marques Junior, has numerous
works published in high impact scientific journals, demonstrating the efficiency and
reliability of indirect methods - magnetic susceptibility and reflectance spectroscopy
diffuse - in the spatial characterization of soil attributes. In addition, the CSME over 20
years of existence has formed and stimulated new soil scientists with affinities and
mastery of mathematical models (Siqueira et al., 2010; Teixeira et al., 2017; 2018) that
help to describe processes of soil, reducing the subjectivity of traditional models of
mapping soil attributes. Scientific publications confirm the acceptance of indirect
methods and mathematical modeling by the scientific community.

In fact, the main research funding agency in the state of Sdo Paulo, FAPESP,
has credited confidence in this new problem-solving horizon. For example, funding for
research and training of masters and doctors with the purpose of generalizing the
information on spatial variability of soil attributes can be mentioned: Livia Arantes
Camargo (n° 17 / 01790-6), Diego Silva Siqueira (n°: 11 / 06053-3; 08 / 07693-3 and
04 / 09552-7), Angélica de Souza Bahia (n° 13 / 17552-6), Kathleen Fernandes (n°:
17 /1 05477-0 and 15 / 20692-0) and Laércio Santos Silva (n° 17 / 01704-2 and 18 /
15694-1). The products of the aforementioned dissertations and theses were detailed
maps of soil attributes, in the soil-landscape context and lithological complexity,
providing detailed information on soil attributes for teaching, research and extension
purposes, tactical and operational planning of agricultural activities, governance of
soils and more effective public policy decisions.

Twenty years ago, the CSME group approached quantitative mathematical,
statistical and geostatistical methods to Soil Science in an attempt to describe, analyze
and interpret soil data. This quantitative character of interpreting the soil and the
processes involved was called pedometry (Webster, 1994). There are reports that
pedometry emerged in the face of criticism of conventional soil surveying methods, as
they are very qualitative and subjective (McBratney et al., 2000). Thus, studying the
soils by metrics has made it possible to recognize, for example, the spatial pattern in



a more objective way, as shown by some studies developed in Brazil (Camargo et al.,
2008ab; Siqueira et al., 2010; Oliveira Jr et al. , 2011; Camargo et al., 2013; Barbieri
et al., 2013; Marques et al., 2014; 2015; Peluco et al., 2015; Camargo et al., 2016;
Teixeira et al., 2017; Teixeira et al., 2018; Silva et al., 2020).

It is evident that the adoption of pedometry and indirect methods of soil mapping
yield faster returns and reduce costs when compared to conventional methods (Bahia
et al., 2015; Camargo et al., 2016; Dematté et al., 2020). However, in addition to the
promising methods of soil mapping, it is still necessary to select “key attributes”. These
are attributes that coordinate, and that the behavior of others can be gauged from them
- basic principle of pedotransfer function modeling (PTFs). The PTFs allows predicting
more complex attributes from another strongly correlated, easily measured and
obtained at lower costs (Budiman et al., 2003; Lagacherie and McBratney, 2007).

The mineralogy of the soil, specifically, of the clay fraction, has gained prestige
as a key attribute for the prediction and characterization of the spatial pattern of
covariate attributes (Barbieri et al., 2013; Peluco et al., 2015; Camargo et al., 2016).
Among the minerals of the clay fraction, Fe oxides are preferred candidates in
prediction studies, as they control the physical and chemical properties of the soil
(Camargo et al., 2013). Other factors confirm Fe oxides as strategic minerals, such as:
() they persist in the soil and record environmental changes in color and
crystallographic properties (Fernandes et al., 2004; Silva et al., 2020); (II) markers of
environmental processes and source material (Long et al., 2015; Silva et al., 2020);
paleoclimatic (Maher et al. 2003) and palioenvironment (Torrent et al., 2010; Wang et
al., 2016); (Ill) some exhibit magnetic properties, (IV) reflect the pedoenvironmental
conditions that were formed, reasons that praise its function as a natural pedoindicator
(Cornell and Schwertmann, 2003).

In order to confirm the potential of applying diffuse reflectance spectroscopy
(DRS) and magnetic susceptibility (x) in the quantification and mapping of iron oxides
- goethite, hematite, maghemite and magnetite - as well as the accuracy of these
techniques in the prediction of the respective minerals in large areas, some hypotheses
have become relevant in the present study:

() The spectral signature and magnetic susceptibility of soil samples can be used to

estimate the content of antiferromagnetic (hematite and goethite) and ferrimagnetic



(magnetite and maghemite) minerals with good precision and accuracy for WPP soils
when compared with the traditional X-rays diffractometry technique.

(I1) The spatial variability of the hematite, goethite, maghemite and magnetite contents
are influenced by the geomorphological compartments at different stages of evolution.
(111 The geomorphological environments identified by the geomorphometric signature
technique coincide with different environments for the formation of hematite, goethite
and maghemite pedogenetic minerals.

(IV) Maps of soil minerals obtained by DRS and x and information on geomorphological
compartments at different stages of evolution can assist in the identification of areas
with different agricultural potentials; (V) DRS and x techniques can be applied reliably
in large and complex areas.

In view of the statement of the problem addressed, the study had the general
purpose of: Characterizing (identifying and quantifying) the spatial variability of
litho-pedogenic Fe oxides in the soils of the Western Sado Paulo Plateau, using
X-rays diffraction, diffuse reflectance spectroscopy and magnetic susceptibility.
This purpose was developed into two specific objectives: Chapter 2. We assessed the
efficiency of DRS for estimating the spatial variability in Gt and Hm in the framework of
soil-landscape relationships in the Western Paulista Plateau (Brazil) to facilitate the
development of ancillary methods for mapping large areas. Chapter 3. We assessed
the potential of magnetic susceptibility (x) for predicting spatial variability in the
magnetic minerals maghemite (Mh) and magnetite (Mt) in soils developed on

sandstones and basalts in relation to alternative determination methods.

1.2 Literature review

1.2.1 Fe oxides in tropical soils

Fe oxides, a generic nomenclature to define Fe oxides and oxidroxides (Melo
and Aleonni, 2009), are important components of the mineralogical assembly of soils,
especially those in the last stage of evolution (Ker, 1997; Santos, 2018). Among the
oxides of Fe occurring in the soil, such as ferrihydrite, lepdocrocyte, schwertmannite,

specifically hematite (Hm = a-Fe203) and goethite (Gt = a-FeOOH) are the most



abundant (Schwertmann and Taylor, 1989 ), being present in soils with low and high
levels of total Fe (Campos et al., 2007; Metri et al., 2008; Camargo et al., 2013; Bahia
et al., 2015; Carvalho Filho et al., 2015 ; Camélo et al., 2017; Poggere et al., 2018;
Silva et al., 2020).

In the soil, Fe oxides are products of the dissolution of primary (lithogenic) and
secondary (pedogenic) minerals that contain iron (Fe*?) in their crystalline structure
(Cornell and Schwertmann, 1996). Free in solution, the Fe*? and / or Fe*3 ions can
combine with other species in the soil (O, OH", H*) and form Fe oxyhydroxides, like
goethite and hematite (Schulze, 1989; Sposito, 1989). Although they are formed from
Fe ions and normally coexist in the soil, the occurrence of one is to the detriment of
the other (Schwertmann and Taylor, 1989; Kampf and Curi, 2000). In addition, the
concentration of these oxides greatly depends on the factors and processes of soil
formation, especially rock.

Unlike goethite, hematite has its preferential formation in soils derived from
material rich in Fe, such as basalt rocks (Schwertmann, 1985; Bigham et al., 2002).
Inda Junior and Kampf (2005) reported that, in addition to the source material, the
formation and stability of these minerals are conditioned by the pedoenvironmental
characteristics (temperature, humidity, organic matter content, pH, Eh, among others),
characteristics that provide great variation in color, in the form and in the very
constitution of Fe oxides (Schwertmann and Carlson, 1994). Reasons that give Fe
oxides the function of environmental pedoindicators, as they reflect the conditions of
pedogenesis under which they would have been formed (Fitzpatrick and
Schwertmann, 1982).

Some soils, especially those derived from basic rocks, may have magnetic
properties, due to the presence of magnetite (Mt = FeO.Fe,03) and maghemite (Mh =
y-Fe203) (Costa et al., 1999; Cornell and Schwertmann, 2003; Schaefer et al., 2008).
When these minerals occur simultaneously in the soil, maghemite can be formed from
the direct oxidation of magnetite (Barron and Torrent, 2002). The transformation of
goethite, hematite and ferrihydrite into maghemite is common in soils that have
suffered from burning, in the presence of organic compounds (Mullins, 1977
Schwertmann and Cornell, 1991). According to Costa et al. (1999), although Mh occurs

in lower concentrations in the soil, it can constitute up to 40% of the total iron oxide



content. However, there is no evidence in the maghemite literature as the only existing
Fe oxide, always occurring associated with hematite (Costa and Bigham, 2009).

The content of total Fe oxides (in the form of Fe20z3) is a diagnostic attribute of
the Brazilian Soil Classification System (SiBCS) in the differentiation of soil classes
and, consequently, in the evaluation of the degree of weathering (Santos et al., 2018).
This Fe is obtained in air-dried fine earth after sulfuric digestion (H2SO4) (Donagema
et al., 2011). Although it is common to call it "total Fe203", it would be better to call it
"pseudototal”, since sulfuric digestion little attacks minerals in the coarse fractions
(sand and silt) that may contain Fe in its structure, being effective in the clay fraction.
However, as the tropical soils are well evolved, it can be said that the totality of Fe in
these is found in the clay fraction.

Considering the Fe20s3 content, it is possible to classify the soil in low levels of
Fe (hypoferric; Fe203 < 8%), medium (mesoferric; 8% < Fe203 < 18%), high (ferric;
18% < Fe203 < 36%) and very high (ferric; Fe203 > 36%). This classification is
commonly used for the Latosol and Nitosol classes. High levels of Fe203 are usually
associated with soils from volcanic eruptive rocks. The studies by Carvalho Filho et al.
(2015) recorded levels above 70% in Ferruginous dolomite soil, that is, in 1 kg of soil,
700 g are Fe203 - such high values were unknown in Brazilian literature. Another
importance of Fe20z3 is as an indication of the degree of weathering of the soil [Ki= 1.7
x% SiO2 /% Al203, Kr = 1.7 x% SiO2 / (% Al20s + 0.6325 x% Fe203)], whose values
separate oxidic soils (very weathered) ; Ki and Kr <0.7) of those kaolinitic (slightly
weathered; Ki and Kr > 0.7).

Another important aspect of the soil is the color, indispensable in SiBCS,
considered the basis for surveying Brazilian soils (Santos et al., 2018). In general, color
is a safe pedoindicator morphological property of the presence and type of Fe oxides,
even in low concentration (Fernandes et al., 2004), of covariate attributes (Camargo et
al., 2016) and of organic matter. For example, more yellowish soils (2.5Y and 7.5RY)
indicate goethite as the main Fe oxide, while hematite gives the soil a more reddish
color (5R and 2.5YR) (Ker, 1997; Bigham et al., 2002; Santos et al., 2013). In turn,
maghemite has a hue ranging from 2.5YR to 5YR, commonly associated with hematite
with a brighter hue (2.5YR - 5YR) (Schwertmann, 1993; Costa and Bigham, 2009).



Easy to identify, color expresses the interaction of soil formation factors and
processes (Torrent and Barron, 1993; Santos et al., 2018), providing valuable
information on the environment in which the soil would have been formed. Among
some examples, the color helps to differentiate the horizons of the soil profile and may
indicate a pedoenvironment with poor internal drainage, whose absence of oxygen
promotes the reduction of Fe3* — Fe?*, a formation process marked by the expression
of mottled (plinthite) to the gray color from soil. Easily determined, based on a letter
from Munsell (Munsell, 1994), color is used for order differentiation. As a legacy of the
rock, the variation in the color of the soil may indicate a difference from the source
material (Silva et al., 2020). This would be one of the reasons why color is a diagnostic
attribute in other soil classification systems, such as Chinese (Chinese Soil Taxonomy,
2001) and American (Soil Survey Staff, 2003).

1.2.2 Spatial variability of Fe oxides

Studies of soil-landscape relationship show that the formation and spatial
variability of iron oxides are conditioned by landscape shapes (geomorphology), by
interfering in the distribution of water in the soil, in promoting chemical reactions and
in the transport of solids or materials in solution (Marques Jr and Lepsch, 2000; Schoorl
et al., 2000; Ghidin et al., 2006). The studies by Camargo et al. (2008a) and Montanari
et al. (2010) found a predominance of goethite in the concave forms of the landscape,
while hematite had its formation favored in linear and convex. This is because in linear
and convex pedoenvironments, water infiltration is facilitated, conditioning a drier
environment and higher temperatures, that is, oxidizing conditions that favor the
formation of hematite. In concave pedoforms, the soils remain moist for a longer time
and tend to accumulate organic matter, providing reducing conditions that provide the
formation of goethite (Schwertmann, 1985).

Geomorphology, mentioned here as the degree of dissection of the landscape
(Figure 1), also determines the formation of iron oxides, as reported by Coventry et al.
(21983) and Williams and Coventry (1979) on North Carolina (USA) soils. In a cause-
effect relationship, these authors reported that in the poorly dissected

pedoenvironments of the landscape, that is, where weathering was more active



(pedogenesis prevailed over morphogenesis), the soils were deeper with good
drainage conditions, that is, in environments oxidants predominated the hematite with
better crystallinity in the clay fraction. In turn, goethite was the main iron oxide in highly
dissected pedoenvironments, where the soils were shallower (lithic contact), with the
presence of water stagnation for a certain period of time, configuring reducing
conditions. In this regard, Curi and Franzmeier (1984) state that this occurs because
goethite is formed in the first stages of weathering of primary minerals, therefore it

accumulates in young soils or in the horizons near the rocks.

ﬂ Landscape dissection models
SLIGHTLY MODERATELY HIGHLY
Beginning of dissection  Intensification of dissection = Moderate dissection Advanced dissection

N

Figure 1. Landscape evolution model (geomorphogenesis) in Western Paulista
Plateau (WPP).

Studies on spatial variability of mineralogical attributes, their relationship with
chemical and physical soil attributes and the productivity of different crops were carried
out in areas of varying dimensions from 1 to 500 ha in soils originating from Basalt and
Sandstone (Montanari et al., 2010; Marques Jr et al., 2012; Camargo et al., 2013,
2014; Dantas et al., 2014; Peluco et al., 2015; Bahia et al., 2015; Camargo et al. ,
2016). However, in large territorial areas, detailed knowledge of the soil is difficult.
Among the causes are the natural variability of the conditioning factors of the spatial
variability of the soil (geology, landscape shapes, among others) (Legros, 2006), lack
of experienced professionals (Dematté et al., 2007), lack of government incentives
(Bazaglia Filho, 2012) and deficit in the formation of staff in the geostatistics area.

The delimitation of homogeneous areas may correspond to future soil series,
however the use of conventional methods of mapping soil attributes would make the

establishment of specific management areas unfeasible. Soil properties are generally
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described in detail by a pedologist and then validated and elaborated by chemical
analysis (Ben-Dor et al., 2008). In the field, diagnostic descriptions, mainly associated
with soil color, are subject to problems such as subjectivity. Laboratory chemical
analyzes are time-consuming, costly and require complex sample treatment
procedures, which are common problems for both the Brazilian soil system and other
countries, such as China (Chinese Soil Taxonomy, 2001) and the United States (Soill
Survey Staff, 2003).

For the reasons presented, pedometry has been well accepted among modern
soil researchers, who recognize the obstacles and the high cost of traditional mapping
methods. Although pedometric methods have a strong scientific basis, with a statistical
and mathematical basis, the presence of an experienced pedologist is indisputable, in
order to interpret the important qualitative parameters in pedometric models,
minimizing inferences of modeling, erroneous conclusions, or emotive of metric models
(Mendoncas-Santos, 2007).

1.2.3 Methods of quantification of Fe oxides

1.2.3.1 X-ray diffraction (XRD)

Traditionally, X-ray diffraction (XRD) is considered the standard method for
characterizing the mineral phases of the soil (Whitting and Alardice, 1986). However,
considering the soil as a mixture of inorganic and organic particles, the concentrations
and degree of crystallinity of minerals are sometimes impediments in the evaluation of
the crystalline phases, and can generate misinterpretations (Silva et al., 2020). For this
reason, soil analysis by XRD is accompanied by a series of procedures, including the
separation of the sand, silt and clay fractions, the removal of minerals such as kaolinite
and gibssite, and the concentration of oxides (Kampf and Schwertmann, 1982; Balsam
et al., 2014). These procedures are essential for the safe assessment of the mineral
phases of the soil, avoiding misinterpretations. However, the laboratory processing
time (Bahia et al., 2015; Silva et al., 2020) and the interpretation and cost of the
analyzes make the characterization of iron oxides in large areas unfeasible, due to the

need for a large number of samples.
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Other limitations can be mentioned: (I) overlapping diffraction peaks; (llI) low
sensitivity to low Fe levels in soils inherited from the source material itself; (Ill) high
isomorphic substitution of Fe for Al (Scheinost et al., 1998); (IV) imperfect crystalline
and reduced size of the mineral (Jenkins and Snyder, 1996; Kampf and Curi, 2000;
Fabris et al., 2009). In general, XRD equipment is found in major research centers,
due to the high cost of acquiring the equipment and the need for a professional to
operate and interpret the data. In view of these obstacles, alternative techniques have
been gaining ground in the mapping of soil minerals at a detailed level, allowing for
precise inferences, with low cost of characterizing the minerals for the purpose of soil
mapping and in relatively faster time compared to conventional methods, such as the
XRD.

1.2.3.2 Diffuse reflectance spectroscopy (DRS)

1.2.3.2.1 Theoretical basis of DRS in soil

Diffuse reflectance spectroscopy (DRS) is an indirect method of analysis for
quantitative applications (Minasny and McBratney, 2008; O’Rourke et al., 2016;). The
basic theoretical principle of the technique is based on radiation (incident light) and its
interaction with soil constituents (Stenberg et al., 2010). Depending on the constituents
of the soil, radiation promotes vibrations of the individual molecular bonds, allowing the
absorption of light to varying degrees, due to the difference between the two energy
levels. The soil sample submitted to the light source produces a characteristic
spectrum, which, for Salvaggio and Miller (2001), allows it to be used for analytical
purposes. The resultant of absorption at a given wavelength (A), that is, the frequencies
at which light is absorbed on the ground, is given in percentage reflectance [(R%): A =
log (1/R)].

R can be understood as the ratio between the radiant flow reflected by incident
radiant flow (Wyszecki and Stiles, 1982). In turn, maximum reflectance is obtained
when a body lets practically all the light falling on it, and on the ground it never occurs
(Torrent and Barrén, 2007). The light, when striking the surface of a body, follows

different paths, depending on the size of particles, angle of reflection, free space
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between the particles and degree of compaction in the preparation of the soil sample.
The way the reflected light acts or interacts with soil particles occurs at any wavelength,
discriminating the regular (specular or mirrored) and / or diffuse reflectance.

When the surface affected by the light has flat (smooth) faces, or when the size
of the particles is relatively uniform (the angles of incidence and reflection are the
same), the impacted light follows a unidirectional path, receiving the name of regular
reflectance, situation in that the size of the surface particles is less than the wavelength
of the incident radiation. There is the opposite behavior for diffuse reflectance, which
predominates on a rough surface, due to the distinct and random size of the particles,
in such a way that the incident light disperses in different angular directions. In a
situation of diffuse reflectance, the wavelength of the incident radiation is less than the
size of the surface particles. The radiation reflected in all directions provides more
information about the soil in relation to the regular, being more affective in the

characterization of soil attributes and processes (Torrent and Barron, 2007).

Soll samples
\

Water

Organic
matter

Mineral
'\ Air

Figure 2. (a) Scheme of diffuse reflectance spectroscopy equipment and (b) type of
reflectance when interacting with soil particles. Adapted from Gomes
(2017).
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The ability of matter color to absorb more or less light at different wavelengths
(Barron et al., 2000), applies very well to soil, since it is a mixture of mineral and organic
particles that absorb and scatter the incident light (Barron and Torrent, 1986;
Fernandes et al., 2004). The interaction of light with soil properties, resulting in a
spectral curve, aroused scientific interest in applying the applications of DRS in the
characterization and estimation of soil attributes, in order to be used in laboratory
analysis and even in the field.

In the soil, some properties control the reflectance of the spectral curve (Hunt
etal., 1971; Janik and Keeling, 1996): organic matter, humidity, concentration and type
of Fe oxides and relative proportions of sand, silt and clay (Dematté et al., 2012; Dotto
et al., 2014, Coblinski et al., 2020).

1.2.3.2.2 Vis-NIR-MIR and applications in pedology

The attributes of the soil can be identified in three sensitive regions, defined as:
Visible (Vis) - characterized by electronic excitations due to the high radiation energy
in the wavelength of 400 to 780 nm (Figures 3a and 3b). Information about soil color,
Fe content and composition, water molecules and organic matter (Sherman and Waite,
1985; Mortimore et al., 2004) are recognized in this region.

According to Hunt et al. (1971) the visible region is typical of opaque minerals
typical of basic rocks such as goethite, hematite, magnetite and ilmenite (Figure 3a).
Goethite is characterized in the 425 to 450 nm ranges and, for hematite, in the 545 to
590 nm ranges. The presence of these oxides in the soil reduces reflectance, due to
the charge transfer between Fe ions and oxygen (Sellitto et al., 2009). Another
indication of Fe oxides in the soil is the more pronounced concavity (Bahia et al., 2015).
Dematté et al. (2012) reported the increase in reflectance in soil samples after removal
of organic matter, validating the energy absorption capacity of organic matter (Gmur et
al., 2012).

When the proportions of hematite and goethite are greater than that of
maghemite, this has not been considered because it does not influence the spectral

curve. This is because the reflectance pattern of maghemite occurs in an intermediate
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range to hematite and goethite, as illustrated by Torrent and Barron (2008) in Figure

4. Considering the coexistence of these oxides, it can be said that the behavior of the
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Figure 3. Hypothetical schematic analysis of diffuse reflectance spectroscopy of soil
sample and respective attributes in the regions of the visible (Vis - 400 to
780 nm) and near infrared (VIR - 800 to 2500 nm) (a) and mid infrared (MIR
- 2500 to 25000 nm) (b). OM — organic matter, Qz - quartz as sand, OC -
organic compounds, Ca - calcite, Kt - Kaolinite, Gb - Gibbsite, Hm - hematite,
Gt - goethite, OH - characteristics of mineral water.
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spectral curve is governed by minerals hematite and goethite, main soil color
conditioners. Inda et al. (2013) report that maghemite has expression in the 410 - 445
nm band, the same as that of goethite. Thus, for low levels of maghemite, its influence

on reflectance patterns is usually disregarded.
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Figure 4. Diffuse reflectance spectroscopy for the main pedogenic Fe oxides. Model
presented by Torrent and Barron (2008).

The region from 780 to 2500 nm is called near infrared (NIR) or short — wave
infrared (SWIR) (Figure 3a). Typical range of OH molecular vibrations, phyllosilicates,
sorosilicates, hydroxides, sulfates, amphiboles, carbonates, soil water molecules and
organic matter (Clark, 1999; Viscarra Rossel et al., 2006a). Water molecules have a
strong influence on Vis-NIR, being found in several regions, but their presence is
defined around 1400 to 1900 nm (Liu et al. 2002). Important minerals in the soil such
as kaolinite and gibbsite are also characterized in Vis-NIR, however, unlike Fe oxides,
they do not have a strong influence on the reflectance intensity, the presence of which

is characterized by features in the form of valleys around 1880 at 2300 nm.
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The mid — infrared (MIR - 2500 at 25000 nm) has as its fundamental principle
the electronic transition of atoms, longer vibrations of molecules and crystals, depends
on a frequency (Figure 3b). Electronic excitation sets up the formation of peaks
characteristic of soil constituents (Stenberg et al., 2010). For example, strong Si-O, Al-
O, Fe-O peaks, HO, HC and HN bonds in the MIR region are related to the presence
of silicates, Fe and Al quartz oxides, calcium carbonate and organic compounds
(Nguyen et al., 1991, Canasveras et al., 2010).

In quantitative pedology, DRS has gained more and more applications. The fact
that it is a non-destructive technique and does not require prior preparation of the
sample under study, draws the attention of soil scientists, especially when working with
a large database (large number of samples). Another reason is its use in pedotransfer
function studies, combined with chemometric programs, such as ParLeS (Viscarra-
Rossel, 2008) making it possible to correlate spectral information with the mineral
composition of the soil. ParLeS has principal component analysis (PCA), NIPALS
algorithm (Martens and Naes, 1989) and regression analysis of partial least squares
(PLSR) (Geladi and Kowaslski, 1986), making it possible to calibrate, validate and
obtain the best model of prediction of atributes.

Because it is a fast, less expensive, non-destructive and simple operation
technique (Bahia et al., 2015; Camargo et al., 2016; Silva et al., 2020), DRS is
promising in pedology. In addition, this technique allows the simultaneous
characterization of many soil attributes with agronomic and environmental relevance
(McBratney et al., 2002, 2006; Viscarra Rossel et al., 2006, 2010; Cafasveras et al.,
2010; Kodaira and Shibusawa, 2013), in addition to being adaptable for use in the field
(Viscarra Rossel and Mcbratney, 1998). Several countries have adopted this technique
for and quantification of soil minerals and ore areas, such as Spain (Torrent & Barron,
2002), China (Chen et al., 2002; Hu et al., 2013), Australia (Viscarra Rossel et al.,
2010) and Brazil (Fernandes et al., 2004; Carioca et al., 2011; Silva et al., 2020).

In 1993, Torrent and Barron proposed the use of DRS to quantify hematite and
goethite, based on the Kubelka-Munk function (1931). By this method, the spectra
coming from the samples' DRS are transformed into absorbance spectra, and with
certain treatment the optical band-gap values are calculated. The application of the

Kubelka-Munk function in the quanfication of goethite and hematite was applied by
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Bahia et al. (2015), Camargo et al. (2016) and by Silva et al. (2020) in soils, compared
with the results obtained by XRD. These authors found very close values for hematite
and goethite between DRS and XRD, with R? values above 60% for Gt and 80% for
Hm. In all of these cases, DRS color saturation was observed in soils with high
concentrations of Fe203 and Hm, but not enough to compromise the quality of the
results compared to those of the XRD.

The need to meet the growing demand for detailed information on tropical soils,
especially mineralogical attributes, has increasingly used the use of indirect
techniques, such as Australia, the country where the spectral signature for orbital
sensors was obtained to build the hematite and goethite map of the entire federation
(769,902,400 hectares) (Viscarra Rossel et al., 2010). In Brazil, incipient studies in
small areas have already been developed using the spectral signature by DRS
(Almeida et al., 2003; Bahia et al., 2015; Peluco et al., 2015; Camargo et al., 2016).

1.2.3.4 Magnetic susceptibility ()

The y identifies Fe-bearing minerals. It turns out that Fe is an external transition
element, in which its most energetic electrons in the 3d sublevel are incomplete, giving
it a magnetic moment with orbital motion (Thompson and Oldfield, 1986). The y
intensity is a result of how the molecular and atomic structure of a substance is
organized (Thompson and Oldfield, 1986). Therefore, the magnetic moment depends
on the arrangement of the electrons (e’) inside, and each electron has a magnetic
moment associated with its spin. This occurs when a subatomic particle is subjected
to a magnetic field it assumes a unilateral and, or varied direction, with a direct effect
on the magnetic expression, which depending can be null or positive (Thompson and
Oldfield, 1986; Cornell and Schwertmann, 2003).

In a more simplistic way, magnetism can be understood, as the property that
some substances and or minerals have to be attracted by a magnet (Resende et al.,
1988; Ferreira et al., 1994). In the soil, Fe oxides such as magnetite, maghemite and
ferrimagnetic ferrihydrite are the main holders of magnetism and, based on this

property, it is possible to recognize five magnetic groups (Thompson and Oldfield,
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1986): Ferromagnetic, Diamagnetic, paramagnetic, ferrimagnetic and
antiferromagnetic (Figures 5a-5e). The ferromagnetic group is a particular case,
since there is no representative in the mineral form, only for pure substances: Fe, Co
and Ni (Melo and Aleonni, 2009). These substances have the electron spins always
aligned even when in the absence of an external magnetic field and have extreme x
values around 27,600,000 x 108 m3 kg*.
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Figure 5. Magnetic behavior in the presence of an external magnetic field. Adapted
from Barron (2020), personal communication.

Classified as diamagnetic (Figure 5e) are those minerals that do not have  (y
<0), that is, they are not attracted by a magnet, so they assume negative  values. As
an example of some representatives of this group, kaolinite, gibssite [Al2Si2Os (OH)4]
and quartz (SiO2), calcite (CaCO3), albite (NaAlSizOs) and apatite [Cas (POa)3] are
mentioned. They are minerals made up of atoms and or molecules in which all the
electrons are paired, causing an inversion of the electron orbital movement, which
gives zero magnetic moment. Paramagnetics define minerals with positive y (x > 0),
but weak. This occurs when the electron spins in the presence of an external magnetic
field, however, as it is an imposed magnetization, it is not permanent. Representatives
of paramagnetic minerals are ilmenite (FeTiO3) and lepidocrocyte (y - FeOOH).

Certain minerals have a strongly aligned magnetic moment, but with unequal

opposing forces controlled by the crystalline structure (Figure 5b), called ferrimagnetic
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minerals. This category includes the main magnetic minerals in the soil of lithogenic
origin, such as magnetite and titanomagnetite (FezTiO4), and pedogenic, such as
maghemite, (Dearing et al., 1994). Coexisting in the soil, the magnetic signal of
maghemite is masked by magnetite, which prevents it from identifying its origin, that
is, lithogenic, pedogenic or mixture origin. In general, they are common minerals in
basic soils, for example, basaltic rocks and itabirite (Costa et al., 1999; Silva et al.,
2010; Camélo et al., 2017; Pogerre et al., 2018; Silva et al., 2020).

Common in tropical soils, especially in advanced weathering stages, goethite
and hematite (Cornell and Schwertmann, 2003; Melo and Aleonni, 2009) are
antiferromagnetic minerals (Figure 5d). The representatives of this group have the
spins of identical magnetic moments aligned in opposite directions, giving positive or
zero net magnetization. According to Peters and Dekkers (2003), the magnetic signal
of these minerals varies from 0.13 to 3.83 x 10 m? kg! for goethite, and from 0.46 to
5.92 x 10 m? kg for hematite, which may explain the y in soils with low levels of
Fes0s, in which the formation of maghemite and magnetite is disadvantaged. Although
the contribution of hematite and goethite in the magnetic signal of the soil is modest
when compared to maghemite and magnetite, it should not be ruled out, especially in
soils with low levels of Fe2O3 (e.g. sandstone soils), as goethite and hematite may be
the only source magnetic field (Siqueira et al., 2010; Camargo et al., 2016).

In addition to the intrinsic characteristic of the mineral, the magnetic signal of
the soil is controlled by the type of rock, climate, vegetation, relief and anthropic activity
(Grimley et al., 2004; Hanesch and Scholger, 2005). Fontes et al. (2000) analyzed the

¥ of the sand, silt and clay fractions of ten Brazilian soils, and concluded that the

magnetic behavior of the soils was coordinated by the nature of the source material. A
similar result was found by Camélo et al. (2017) in soils of different origins: basalt,
tufite, itabirite, amphibolite and gabbro. Pedological studies indicate an increase in x
with the degree of weathering in well-drained soils (Camélo et al., 2017; Poggere et
al., 2018), but this is not always the case. The enrichment of magnetic minerals with
the weathering of the soil seems to occur in soils formed from the same source material
(Hanesch and Scholger, 2005).

In the soil, the particle size of the magnetic minerals and the phenomenon of

isomorphic substitution also contribute to different and wide x values (Batista et al.,
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2010). The influence of particle size on soil y can be inferred by the frequency

dependent on magnetic susceptibility (¥s%), which, according to Dearing (1994),
assumes values between 0 to 14%. Based on the size of particles, magnetic minerals
can be classified into multidomains (MD: @ between 100 - 1000 ym), pseudo-domain
(PSD), single stable domain (SSD) and superparamagnetic (SP: @ <1 ym). Very large
particles have multiple magnetization zones, a typical case of magnetite, being
characterized by magnetic multidomains. Small particles, less than 1 ym, characterize
single-domain magnetic minerals, called superparamagnetic, such as maghemite.
Thus, 1% suggests the origin of magnetic minerals in the soil.

Another common phenomenon in soil is the isomorphic substitution in Fe oxides
(Cornell and Schwertmann, 2003). In general, in an advanced stage of pedogenesis it
iIs common to exchange Fe in the crystalline structure of magnetic oxides by
diamagnetic elements, such as Al (aluminum), providing a y decay, a finding clarified
by Batista et al. (2010). There is little information in the literature about maghemite,
and the limit of Al and Fe isomorphic substitution is not yet known; such information
would be of great value to elucidate the participation of maghemite in the mechanism
of adsorption of ionic species from the soil and, consequently, for the definition of
management zones.

Large variations in the isomorphic substitution capacity in maghemite, from 16
to 26 mol% of Fe by Al in highly weathered soils, were found by Fontes and Weed
(1991). In synthetic samples, Gillot and Rousset (1990) reported up to 66 mol% of Al
in maghemite prepared from organic precursors, while Wolska and Schwertmann
(1989) proposed a limit of 10 mol% for samples prepared from inorganic precursors.
However, the isomorphic substitution of Fe for Al in the structure of the magnetic oxides
does not only occur with Al, with a cation exchange record for Cd and Zn (Barista et
al., 2008). Therefore, the replacement of Fe by diamagnetic elements reduces the
magnetic signal from the soil.

The magnetic signal from the soil can also be affected by agricultural activities

(Barrios et al., 2017). It turns out that Fe oxides are sensitive to environmental changes
(Cornell and Schwertmann, 2003). In fact, Camargo et al. (2016) found high 5%

values, above 14% in sugarcane areas, which in the past were burned to facilitate
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harvesting. Values of this magnitude, for Dearing (1994), are strong indications of a
predominance of superparamagnetic minerals, such as maghemite. Oxidation of
ferrihydrite from fire in the presence of organic matter, or antiferromagnetic minerals
such as goethite and hematite, becomes maghemite (Schwertmann and Fechter,
1984; Anand and Gilkes, 1987). This would be the main thesis for the high values of y
in soils of Terra Preta de Indio da Amazoénia, Brazil (Oliveira, 2017), with its genesis
intertwined with the practice of fire by indigenous peoples.

¥ has facilitated the recognition of specific management areas, assisting in the
tactical and operational decisions of agricultural activities (Siqueira et al., 2010;
Camargo et al., 2013; 2016; Marques Jr et al., 2015; Peluco et al., 2015; Barbosa et
al., 2019) and as a digital marker of environmental quality (Hanesch et al. 2001;
Jordanova et al. 2004). Barbosa et al. (2019) used y to predict soil erodibility of a
basalt-sandstone transect, aiming at a less expensive mapping. The results of Peluco
et al. (2015) ratified the potential of x in recognizing specific areas for application of
phosphorus at a varied rate. Reasons such as (I) low equipment acquisition cost; (II)
easy operation; (lll) non-destructive technique (that is, it does not require chemical
extractors); (IV) does not require prior preparation of the samples; (V) providing instant
results; (VI) ease of measurements in the laboratory and in the field, (VII) and (VIII) are
measures that complement many other types of environmental analysis. These

advantages make y promising in the management of agricultural activities.

The proposal of the spectral signature by DRS and  is complementary to the
results of conventional analyzes, such as XRD (Silva et al., 2020), dissolution of Fe
(Mehra and Jackson, 1960; Schwertmann, 1964; McKeague and Day, 1966),
spectroscopy de Mdssbauer (Murad and Johnston, 1987), which are routinely used in
the analysis of Fe oxide minerals in a smaller amount. DRS results are also
complementary to magnetic signature results (Grimley and Vepraskas, 2000; Grimley
et al., 2004; Siqueira et al., 2010; Marques Jr et al., 2014) and orbital sensor
spectroradiometry (Viscarra Rossel et al., 2009, 2010, 2015) and proximal (Dematté
et al., 2004; 2007; 2015).

Given the current scenario of modern and globalized agriculture, the

technological advent of sensors makes it feasible to know the soil on a detailed scale,
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responding to some gaps left by traditional soil mapping that limit the development of
precision agriculture. Although, pioneering studies in Brazil (Camargo et al., 2008ab;
Siqueira et al., 2010; Marques Jr et al., 2015; Peluco et al., 2015; Teixeira et al., 2018;
Barbosa et al., 2019) have raised the potential of DRS and ¥, so far they have only

been implemented in smaller areas. Therefore, it is substantial to prove simpler
techniques, of low cost and with known accuracy to provide opportunities for mapping
soil attributes at a detailed level in large areas.

1.3 General material and methods
1.3.1 Site and geomorphological background

The study area was located in the Western Paulista Plateau, which spans about
13 million hectares (roughly 45% of the S&o Paulo state, Brazil). Also, their locations
spanned the climatic spectrum of the area. Based on the classification of Thornthwaite
(1948), the climate is tropical with dry winters (C2rA'a’) in the north and northwest;
humid temperate with hot summers (BarBas'a) in the south; and temperate humid with
dry winters and hot summers (B2rBs'a) in the east and southeast. The natural
vegetation consists of Atlantic forest species in the west, and Savannahs in the east
and southeast.

Geologically, the Plateau dates from the higher Cretaceous (88—65 million
years) and was formed largely (57%) from sandstones in the Vale do Rio do Peixe
formation (VRP), Bauru Group, over the basaltic spills (15%) of the Serra Geral
formation (SG), and other sedimentary formations (27%) (Fernandes et al., 2007) (6a).
The landform map was elaborated according to the method proposed by Vasconcelos
et al. (2012), based on the geomorphometric signature. The method aims to classify
subtle changes in landforms, reducing the subjectivity of identifying compartments by
conceptual landscape models (Troeh, 1965; Daniels et al., 1971), applicable at several
scales (Teixeira et al., 2018). Information from the Shuttle Radar Topography Mission
(SRTM) was used for elaborating the geomorphometric signatures. The SRTM Digital
Elevation Model (DEM) is a regular grid with a spatial resolution of 03 arcsec (~90 m)

and a vertical accuracy of 15 m (Smith and Sandwell, 2003).
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Figure 6. Geological maps (Fernandes et al., 2007) (a) and landscape dissection units
(Vasconcelos et al., 2012) (b) representative soil profiles in the Western
Paulista Plateau: 1, 2 and 3 - Rhodic Eutrudox (LVef), 4 and 5 - Rhodic
Hapludox (LVd) and 6 - Typic Kandiudalf (PVA) (Soil Survey Staff, 2010).

By interpreting the landform intensity map of Fernandes et al. (2007) for the
Western Paulista Plateau, Vasconcelos et al. (2012) succeeded in identifying three
different levels of landscape dissection, namely: slightly dissected (Sd), moderately
dissected (Md), and highly dissected (Hd) (Figure 6b). The identification of dissection
levels was supplemented with field observations intended to confirm the mutual
relationships between components of the physical environment. Sd units characterize
the most stable landscapes, soft wavy and flat, convex and linear-convex relief,
predominating at the top of the landscape, with an altitude of 450-610 m, and
occupying an extension of 20,365 ha. Md units dominate the landscape, with an
extension of 92,209 ha, found at altitudes of 431-529m, and soils in evolution
processes. Spanning approximately 21,629 ha, Hd units are depressed areas, where
drainage networks are located, with the occurrence of less weathered soils and water
table fluctuation. It has steep relief, of concave-convex type and V-shaped valleys,

whose altitude varies from 250 to 550 m.
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1.3.2 Soil sampling

Soil surveys were carried out and six profiles representing the geological
diversity and landscape dissection units were selected (Figure 6) in order to examine
the variation of the total iron oxide (Fe203) content with depth as an indicator of
lithological contrast. The trenches were dug at altitude from 250 m to the greatest in
the Plateau (610 m). The soils are mainly Latosols (Oxisols) or Argisols (Ultisols) (Soil
Survey Staff, 2010; Santos et al., 2018).

The state highway map of the Brazilian roads and traffic department was used
to construct a sampling plan with the aid of the ET GeoWizards tool in the software
ArcView 9.3. A total of 300 samples were collected from the 0.0-0.2 m soil layer at
representative points with minimal anthropic interference (Figure 6a). However, with
routine laboratory analyzes, some samples were lost or contained an insufficient
guantity for specific analyzes. Thus, 200 soil samples were used for the elaboration of
the second chapter, and 291 for the third chapter. The shortest and longest distance
between sampling points was 10 and 60 km, respectively. The points were well
distributed in space to ensure that the samples would be representative of lithology
and landscape dissection units (Figure 6). The number of sampling points used was
based on the experience gathered in previous geostatistical studies on WPP (Marques
Jr et al., 2015; Teixeira et al., 2018).

1.3.3 Laboratory analysis

1.3.3.1 Conventional soil analysis

Soil samples were passed through 2 mm sieves (air-dried fine earth, ADFE)
from the studied profiles (B horizons) were analyzed for Si, Al, and Fe by total analysis
with sulfuric acid (H2SO4, ratio 1:1). The total contents thus determined were used to
calculate Ki and Kr (Santos et al., 2018). The Ki =1.7 x %SiO2 / %Al203 and Kr = 1.7
x %Si02 / (%Al203 + 0.6325 x %Fe203) indices were used to indicate the development
stage of soils: more weathered-leached soils show low indices (Donagema et al.,
2011; Silva et al., 2020). Crystalline free iron (Fed) was extracted with sodium

dithionite—citrate— bicarbonate (DCB) at 25 °C for 16 h and determined according to



25

Mehra and Jackson (1960). Finally, poorly crystalline iron oxides (Feo) were extracted
with ammonium oxalic acid and quantified according to McKeagne and Day (1966).
Particle size distribution was determined by using a 0.1 M NaOH solution under slow
stirring as a dispersant, and the clay fraction was quantified with the pipette method

(Donagema et al., 2011).
1.3.3.2 Mineralogical analysis
1.3.3.2.1 X-ray diffraction

Clay fraction of the 300 samples was used to quantify Hematite (Hm), goethite
(Gt) and maghemite (Mh) by powder X-ray diffraction (XRD). The concentrated Fe-
oxides fraction were obtained by boiling the clay in 5 mol L~ NaOH (Norrish and Taylor,
1961), whereas kaolinite (Kt), gibbsite (Gb) and the Gb/(Gb + Kt) ratio were estimated
after removing iron oxides from the clay fraction (Mehra and Jackson, 1960). Samples
were diffracted on a Bruker D8 Advance instrument using Cu Ka radiation. The
proportions of Gt, Hm and Mh in the iron oxide concentrate were calculated from the
areas of the (110), (012) and (220) peaks, respectively, as well as the difference Fed—
Feo. The areas for the (012) and (220) peaks were multiplied by a factor of 3.5 because
there was overlap by any other peak. The total area was taken to be the combination
of (110), 3.5 times (012) and 3.5 times (220) (Equations 1-3). Finally, the Kt/(Kt + Gb)

ratio was calculated from the areas of the reflection peaks (002) for gibbsite and (001)

for kaolinite.

Gt% = (Torares) X 100 M
mo = (Z20D) 109 g
M = (ZEHEDES) 109 g

The proportions of Gt, Hm and Mh were also determined by applying the
Rietveld refinement as implemented in the software Powder Cell v. 2.4. The files with
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the crystal structures of the oxides were obtained from the American Mineralogist
Crystal Structure Database (Downs and Hall-Wallace, 2003). Spectra were adjusted
by using a polynomial function for the baseline and reflections with the pseudo-Voigt
model, and the width at half-height was calculated from the angular parameters U, V
and W: WHH = (Utan? 6 + Vtan 6 + W)*. The refinement quality was assessed in terms
of Rexp and goodness of fit (GOF) (Young et al., 1995). Thus, Rexp values < 10 and
GOF values < 2 were deemed good, whereas Rexp values > 10 but < 20 and GOF

values > 2 but < 5 were judged acceptable.

1.3.3.2.2 Diffuse reflectance spectroscopy

Alternatively, samples were also analyzed by DRS. For this purpose, an amount
of 1 g of air-dried fine earth (ADFE) was ground to constant color in a mortar and placed
in a cylindrical holder of 16 mm in diameter. Reflectance measurements (R) were
obtained with a Lambda 950 UV/Vis/NIR spectrometer coupled to an integrating
sphere of 150 mm in diameter. Spectra were recorded at 0.5 nm intervals over the
wavelength range of 250-2500nm (Vis-NIR), using an integration time of
2.43 nm s and Halon (PTFE) as a blank.

The spectral data were used to calculate the second derivative of the Kubelka-
Munk function over the wavelength range of 380-710 nm (Kubelka and Munk, 1931).
A spline procedure involving 30 data points was used to estimate the Hm/(Hm + Gt)
ratio according to Scheinost et al. (1998). This procedure allowed comparing DRS
potential in the estimation of Gt and Hm obtained by XRD. According to Torrent and
Barron (2002), this procedure allows Gt and Hm contents lower than 0.1% — which is

one order of magnitude lower than the limit for the XRD technique — to be determined.

1.3.3.3 Selective dissolution in 1.8 mol Lt H2SO4

Triplicate 0.1 g portions of clay previously treated with boiling 5M NaOH to
concentrate the iron oxides were digested with 1.8 mol L=* H2SO4 at 75 °C for 2 h
(Schwertmann and Fetcher, 1984; modified by Costa et al., 1999). In order to

selectively dissolve Fe from Mh (Mh-H2S0O4), the extraction procedure was optimized
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with the aid of low-frequency magnetic susceptibility () measurements (Costa et al.,

1999); thus, digestion was finished when i decreased to 5% of its initial value. Iron

thus extracted was quantified by atomic absorption spectroscopy and the results

multiplied by a factor of 1.43 to calculate the amount of Mh-Fe20s.

1.3.3.4 Magnetic susceptibility measurements

Magnetic susceptibility () was measured at a low frequency (If, 0.47 kHz) and
a high frequency (hf, 4.7 kHz), using a Bartington MS2 instrument for measurements
in (1) air-dried fine earth [x-ADFE], (2) the clay fraction and (3) the (silt + sand) fraction.
Dual frequency measurements allowed us to calculate the frequency-dependent
percent magnetic susceptibility (%, Eqg. 4) (Dearing, 1999), a proxy for the presence
of single, multiple and superparamagnetic minerals of the magnetic domain. Samples

with very high ¥ values (=2 14%) were reanalyzed for confirmation.

XIf — Xhf

) x 100 (4)

xfd% = (

Where, i, xnt and ta% are the low-frequency, high-frequency and percent frequency-

dependent magnetic susceptibility, respectively.

Triplicate samples of ADFE were also extracted with DCB for 16 h (Mehra and
Jackson, 1960). This was followed by centrifugation, removal of the supernatant and

washing with deionized water, the process being repeated three times at 3000 rpm for
10 min. The centrifuged residue was used to measure 7 and the difference in i before
and after extraction with DCB was assumed to correspond to maghemite (Mh-y-DCB).

A conversion factor of 763 x 107 m® kg™ was used in Equation 5 to estimate Mh in g
kg™ (Peters and Dekkers, 2003). An identical procedure was used to quantify

magnetite (McKeague and Day, 1966), the content in which was estimated from the
magnetic susceptibility remaining in the residual (sand + silt) fraction [y~-rem], using a

conversion factor of 1000 x 10~ m2 kg~ in Equation 6.
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X1f ADFE — xlf rem

Mh = ( 763 X 1076 ) 10 (5)
Xlf rem x 100

Mt = (1000 X 1076 ) x 10 (6)

Where, yir and yir-rem are the low-frequency magnetic susceptibility of the ADFE

fraction before and after extraction, respectively.

Maghemite was also determined in the oxide-concentrated clay fraction

obtained by boiling in 5 mol L~* NaOH, the content thus obtained being designated Mh-
x-NaOH:

Mh = (le concentrat_ed Clay) % 10 (7)
763 x 1076

Where, it is the low-frequency magnetic susceptibility of the oxide-concentrated clay

fraction.

1.3.4 Statistical and geostatistical analysis

The analytical results were initially used to calculate means, maximum and
minimum values, medians, standard deviations, coefficients of variation, asymmetry,
and kurtosis. The means for landscape dissection units were compared by the Tukey’s
test (5%), and Gt and Hm contents were estimated from XRD patterns, and the DRS
alternative procedure was subjected to regression analysis. XRD and DRS results were
compared in terms of the following parameters: coefficient of determination (R?), mean
error (ME, Eq. 8), standard deviation of the error (SDE, Eq. 9), residual prediction
deviation (RPD, Eqg. 10), and root mean square error (RMSE, Eq. 11). The RPD is the
ratio of the standard deviation of the original data by the RMSE of cross validation
predictions. RPD values were classified according to Chang et al. (2001) as excellent
(RPD > 2), acceptable (1.4 <RPD <2) or unreliable (RPD<1.4). Usually, accurate
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models have high R?and RPD values but low RMSE and SDE values. These

parameters were calculated according to Viscarra Rossel et al. (2006).

ME = (57, = ) ®)
SDE = Lm0y (9)
RPD =30/ pysp (10)
RMSE = \/%2{21(;% —¥i)? (11)

Where, N is the number of estimated values, ¥; is the predicted value, and y; is the
observed value; ME < 0 indicates that observed values are underestimated by

predicted values, and ME > 0 indicates overestimated values.
1.3.4.1 Spatial variability

Spatial variability of Hm and Gt values obtained with the two techniques was
assessed geostatistically. The experimental semivariance was calculated according

to Oliver and Webster (2014) criteria from the following equation:

A

V(0= g T [206)-Z(xi+h)]? (12)

Where, y(h) is the semivariance at distance h, N(h) is the number of pairs used to
calculate h, Z(xi) is the value of the attribute Z at position x;, and Z(x; + h) is the value

of the attribute Z at a distance h from x;.

The spherical mathematical model used was fitted to the variograms in terms of
the number of pairs used to estimate the semivariance, the sum of the square of

residuals (SQR), the presence of a sill in the variograms (Oliver and Webster, 2014),
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and the coefficient of determination (R?). Once variograms were modeled by
GS* software (Robertson, 1998), the values corresponding to the unknown points were
estimated by ordinary kriging and the maps processed with Surfer (1999) software.
The degree of spatial dependence (DSD) was estimated from the ratio of the nugget
effect (Co) to the sill (Co + C1). An attribute was assumed to have high, moderate or low
DSD if its Co/(Co+ C1) ratio was lower than 25%, 25-75% or higher than 75%,
respectively (Cambardella et al., 1994).

1.3.4.2 Validation of spectral maps

The spatial patterns for Gt and Hm obtained from XRD and DRS results were
compared through traits. The percent variability at a local scale was calculated from

the following equation:

_ DRS-XRD
XRD

A (%) x100 (13)
A A value of up to 20% for XRD values was taken to be acceptable here. This
criterion was assumed based on the degree of similarity between DRS and XRD maps
and geology (Camargo et al., 2016; Silva et al., 2020). Positive and negative A values
were assumed to represent over- and underestimation, respectively, in an attribute.
This parameter allowed us to classify Hm and Gt estimates as acceptable or

unacceptable.
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CHAPTER 2 - Spatial variability of iron oxides in soils from brazilian sandstone

and basalt

ABSTRACT - Iron oxides as goethite (Gt) and hematite (Hm) are key minerals
to better understand the soil-landscape relationships. Soil samples were collected at
three stages of landscape dissection from the geological formations of Vale do Rio do
Peixe (sandstone) and Serra Geral (basalt) in the Western Paulista Plateau (WPP),
Brazil. Both iron oxides were quantified by X-ray diffraction (XRD) and diffuse
reflectance spectroscopy (DRS), and the results were subjected to geostatistical
analysis in order to assess the usefulness of DRS for characterizing the spatial
variability in Gt and Hm. The prevalence and spatial variability of Hm and Gt in the soils
were governed by the sandstone/basalt lithological contrast and landscape dissection.
Iron oxides in the clay fraction exhibited high spatial variability over a large area and
can be robust indicators of geological diversity and landscape dissection in
pedoenvironments with low or high contents of iron oxides. Goethite had the highest
spatial variability. Based on the spatial pattern of the differences between DRS and
XRD estimates, the saturated red color in soil made DRS less useful for quantifying
Hm in environments with high iron oxide contents. The maps indicate the sensitivity of
XRD and DRS techniques to represent Hm and Gt spatial variability patterns. Gt was
more sensitive to landscape dissection while Hm sensitive to lithology. Thus, the DRS
technique is efficient in characterizing the spatial variability of these soil oxides in large
areas, even considering the complex relations between soil and landscape.

Keywords: diffuse reflectance spectroscopy, goethite, hematite, pedometrics;
mapping
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2.1 Introduction

Outdated soil maps conceal important spatial information and are thus of limited
use for agricultural and environmental purposes. Also, they can compromise the
feasibility of public policies (Embrapa, 2016) and impair competitiveness in agricultural
produce on foreign markets. Agricultural progress in this scenario requires developing
effective technologies for determining soil attributes with a view to establishing specific
management areas based on soil-landscape models at a detailed scale (Siqueira et
al., 2015, Teixeira et al., 2018). The Brazilian National Soil Program “PronaSolos” has
undertaken the enormous task of mapping the country’s territory at a large scale (1:25
000) over the next 30years (Embrapa, 2016). One plausible alternative would be
improving available knowledge about minerals such as iron oxides in soil, which
accurately reflect their formation environment and whose spatial variability is governed
by relief and parent material (Camargo et al., 2013).

Iron oxides are major diagnostic attributes in the Brazilian Soil Classification
System (Santos et al., 2018), which defines and classifies soils at the family level.
Goethite (Gt, a-FeOOH) and hematite (Hm, a-Fe203) are two major components of the
clay fraction in tropical soils and used as pedoenvironmental indicators on the grounds
of their resisting environmental changes altering soil color (Fitzpatrick, 1988; Cornell
and Schwertmann, 2003). The fact that iron oxides strongly influence soil physical and
chemical properties (Duiker et al., 2003; Cornell and Schwertmann, 2003; Camargo et
al., 2013) makes their spatial characterization essential and raises the need for
detailed scale maps to reflect covariate attributes accurately. In recent years many
studies have also reported the importance of iron oxides in retaining the leaching of
potential hazardous elements (Arenas-Lago et al., 2014; Saikia et al., 2014; Martinello
et al., 2014). Therefore, to investigate the spatial variability of iron oxides will be of
great importance for future environmental studies.

However, quantifying iron oxides is expensive and makes mapping large areas
with conventional techniques such as X-ray diffraction (XRD) unfeasible. In fact,
mapping large areas of widely ranging lithology, relief, and soil types requires using
fast, accurate, environmentally friendly alternative techniques (Dalmora et al.,

2016a; Dalmora et al., 2016b). Several agricultural sensors have been used in recent
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decades for the rapid determination of soil attributes (Ferrari et al., 2019; Sanchez-
Pefia et al.,, 2018). In this respect, the diffuse reflectance spectroscopy (DRS)
technique has been deemed as a promising choice for characterizing Fe oxides
(Torrent and Barrdn, 2002). In fact, DRS is fast, easy to use, inexpensive (especially
with large numbers of measurements), and non-destructive; also, it uses minimal
amounts of sample (Guerrero et al., 2010). These advantages have promoted its use
in Soil Science. Thus, DRS has enabled the simultaneous determination of many
organic and inorganic components (Guerrero et al., 2010), and hence the accurate
characterization of soil mineralogy. For example, iron oxides can be identified from
their absorption bands in the Vis-NIR spectral region (350-2550 nm), which are
associated with specific minerals (Torrent and Barrén, 2008).

Soils in the Western Paulista Plateau (Brazil) are originated mainly from
sandstone and, to a lesser extent, basalt. As a result, they span wide ranges of
contents in iron oxides including Hm and Gt. However, the ability of DRS to detect
small amounts of these two oxides in soils is less usual, and so is its accuracy and
efficiency in areas of widely variable geology and geomorphology, which could be
assessed by comparison with the traditional choice for this purpose, using XRD.
However, assessing the usefulness of DRS in this context requires considering the
pedoenvironmental specificities (e.g., lithology, relief, grain size distribution, and
morphology) of the target area in order to expose any technical limitations and evaluate
the potential indication of this technique.

In this study, we assessed the efficiency of DRS for estimating the spatial
variability in Gt and Hm in the framework of soil-landscape relationships in the Western
Paulista Plateau (Brazil) to facilitate the development of ancillary methods for mapping

large areas.
2.2 Results and discussion
2.2.1 Physical and chemical properties (attrbutes) of soil profiles

The total contents in Fe as Fe20s3 extracted by sulfuric acid from ADFE ranged
from 228 to 14 g kg™ (Table 1). The highest contents (198—-228 g kg™!) were those of
basaltic soils from SG and the lowest (14-57 g kg™?) those of sandy soils from VRP.
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Based on the results of sulfuric digestion tests, clayey and very clayey soils from SG
were ferric (18 < Fe203 < 36%), while sandy clay loam and sandy loam soils from VRP
were hypoferric (Fe203<8%) (Santos et al., 2018). These results are similar to those
found by other authors who identified Fe20O3 variability as the main pedoindicator for
soils from contrasting parent materials (Cunha et al., 2005; Carvalho Filho et al.,
2015; Camargo et al., 2016). Relatively high sand and silt content in SG soils,
especially in highly dissected landscapes, were found in the profiles (Table 1). This is
possibly due to the mixture of basalt-sandstone, which actually occurs in the POP
(Verdade, 1960; Fernandes et al., 2007).

As shown in Table 1, the weathering indices Ki and K calculated from the mole
ratios of SiO2, Al203, and Fe203 were influenced by differences in lithology and
landscape dissection. Thus, Ki and K for basaltic Latosols (LVef_SG) were 0.48-1.69
and 0.35-1.13, respectively, and hence lower than those for sandy Latosols
(LVd_VRP) and Argisols (PVA_VRP): 1.36-2.37 and 1.02-1.63, respectively. It was a
result of the abundance of Fe20Os in basaltic rocks and their easier weathering (Campos
et al., 2007). The high degree of weathering was consistent with the loss of silica from
soils, as implied by the negative correlations of Fe203 content
with Ki (r=-0.86, p<0.05) and Kr (r=-0.92, p <0.05). These correlations indicate that
both indices decreased with increasing Fe20s and Al203 contents but decreasing
SiO2 content (Santos et al., 2018). Also, the fact that Kr was lower than 0.7 allowed the
soils from SG to be classified as oxidic and those from VRP as kaolinitic.

In morphogenetic and pedogenetic terms, the variability in Fe203 content, K;,
and Krware related to the degree of Ilandscape dissection (Table 1).
Thus, Ki and Kr were lower in soils from Hd landscape units, where concave and
convex landforms prevailed (Chapter 1, Figure 6b), than they were in soils from Sd
units at the top heights, with convex and linear landforms and less markedly weathered
soil. Queiroz Neto and Pellerin (1994) found Hd units to be strongly weathered, less
stable steep V-shaped valleys where morphogenesis prevailed over pedogenesis. For
Tricart (1968), morphogenesis concerns the shape of the landscape, this predominate
on steep slopes, while pedogenesis is expressive on soft slopes with a deeper
pedological coverage. Gomes (2017) and Silva et al. (2020) suggested
pedogeomorphological relationships is an excellent tool to understand the origin of
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Table 1. Oxide contents as determined by sulfuric digestion, sand, silt, and clay
contents, weathering indices, and soil color of six typical soils profiles in
slightly, moderately, and highly dissected units of SG (basalt) and VRP

(sandstone).
Depth  SiO2 Al:O3 Fex0Os Sand Silt Clay
Horizon Munsell color
(m) (9 kg™ (g kg™ Kt K2
1- Rhodic Eutrudox (Eutroferric Red Latosol, RLef) from a slightly dissected unit in SG (Soil Survey
Staff, 2010)
Ap 0-0.2 130 360 211 120 240 650 0.61 0.45 2.5YR3/3.5

Bw1 0.2-05 111 390 227 110 260 630 0.48 0.35 25YR3/4
Bw2 0.5-0.9 196 380 228 100 260 640 0.88 0.64 25YR3/4
Bwc 0.9-25 137 450 228 100 270 630 052 0.39 25YR3/4

2 - Rhodic Eutrudox (Eutroferric Red Latosol, RLef) from a moderately dissected unit in SG (Soil
Survey Staff, 2010)

A 0-0.1 172 355 204 200 450 350 0.82 0.60 2.5YR3/3 .

AB 0.1-0.3 149 358 206 130 370 500 0.71 0.52 25YR3/3.5
Bw 1.6-2.0 163 375 217 160 370 410 0.74 054 25YR3/4
Bwc 2-22 182 345 217 190 400 410 090 0.64 2.5YR3/5

3 - Rhodic Eutrudox (Eutroferric Red Latosol, RLef) from a highly dissected unit in SG (Soil Survey
Staff, 2010)

Ap 0-0.2 242 278 196 440 100 460 1.48 1.02 25YR3/4

Bw 0.2-0.5 260 286 200 400 80 520 155 1.07 25YR3/4

B/C 0.5-1.2 257 260 198 410 70 520 1.68 113 5YR4/4

4 - Rhodic Hapludox (dystroferric Red Latosol, RLd) from a slightly dissected unit in VRP (Soil
Survey Staff, 2010)

A 0-0.3 83 82 56 770 15 245 172 120 5YR3/3

B 0.3-05 72 90 40 740 20 240 1.36 1.06 5YR3/3.5 l
B/C 0.5-09 64 58 46 790 20 190 188 1.25 7.5YR5/3 .

5 - Rhodic Hapludox (dystroferric Red Latosol, RLd) from a moderately dissected unit in VRP (Soil
Survey Staff, 2010)

A 0-0.3 46 33 36 870 10 120 237 140 7YRA4/5

B 03-05 71 64 56 740 20 240 189 1.08 7.5YR4/5

B/C 0.3-09 74 72 54 760 10 230 1.75 119 7.5YR4/5

6 - Typic Kandiudalf (Red-Yellow Argisol, RYA) from a highly dissected unit in VRP (Soil Survey
Staff, 2010)

Ap 0-0.2 35 31 14 900 60 40 192 15 10YRA4/6

B/C 0.2-0.7 100 87 27 740 240 20 195 1.63 8YR3/6 l

L2Weathering indices: Ki = 1.7 x %SiO02/%Al20s3; Kr = 1.7 x %SiO2/[%Al.03 + (0.6325 x %Fe203)].
Fe203 and Ki (r = —0.86, p<0.05).
Fe203 and K (r = —0.92, p<0.05).
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soils. According to Cunha et al. (2005), top surfaces are more stable and have more
developed and stable soils than more unstable surfaces. It was also the case here,
where LVef_SG and PVA_VRP soils in the Hd units were younger (Ki and Kr were both
greater than unity), shallow, and with lithic contact (C horizon) within the top 2 m.
Color hues ranged from 2.5 YR to 10 YR, and no soil was purely red or yellow
(Table 1). Color parameters clearly reflect the almost exclusive legacy of the parent
material to soil color. Thus, soil color is an accurate indicator of the presence of iron
oxides (Torrent, 2005; Viscarra Rossel et al., 2010) and also of components of the
parent material. The high variability of Fe203 contents requires identifying the iron
oxides present in the soil, particularly hematite and goethite, not only because they
give soils their color but also because their presence is related to soil formation

environment (Schwertmann, 1993).

2.2.2 Identification of iron oxides

2.2.2.1 X-ray diffraction

The XRD patterns for iron oxides in the clay fraction treated with boiling 5M
NaOH revealed the presence of antiferromagnetic minerals such as Hm and Gt, and
ferrimagnetic minerals such as Mh. The latter, however, was only found in some soils
from SG (Figure 1; Table 2). The wide range of Hm and Gt contents (1-120 and 1-
97 g kg™, respectively) reflects the diversity of parent materials; also, the prevalence
of these oxides was a result of the intrinsic nature of rocks. This assumption is
supported by the significant differences in Hm and Gt contents between soils in the
lithological sections. The average contents and their ranges are consistent with
previous results of Camargo et al. (2016) and Barbieri et al. (2013), in similar
experiments conducted at a smaller scale in the same region.

Despite their concomitance, Hm and Gt were significantly related (p <0.05) to
the nature of the parent material (Table 2). The abundance of Hm and Gt, which jointly
accounted for 89% of the overall iron oxide content, led to the Fe203 content of the

basaltic soils (>180gkg™) being 54% higher than that of sandy soils. According
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to Schwertmann and Taylor (1989), the increased Fe content of basalt, in combination
with free drainage, favors Hm formation. It was indeed the case here judging by strong

XRD peaks for Hm and only moderate peaks for Gt in soils from SG (Figure 1).
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Figure 1. XRD patterns of the clay fraction (0 — 0.20 m) for six profiles after
concentration of iron oxides (5M NaOH) representing the basaltic soils in the
Serra Geral formation (SG) and sandstone soils in the Vale do Rio do Peixe
formation (VRP). Sd, Md, and Hd denote slightly, moderately, and highly
dissected units, respectively. Gt, goethite. Hm, hematite. Qz, quartz. Ana,
anatase. Mh, maghemite. NaCl, sodium chloride.

The degree of landscape dissection significantly influenced (p<0.05) Hm
content, concentrating on Sd units (Table 2; Figure 1), where soils are more developed
and have good internal drainage. Gt did not respond to the degree of dissection, but
the increase in Gt concentration towards Hd units indicates a better environmental
condition to its growth. Aspects of the Hd units, such as low Fe content and a more
humid pedoenvironment (mainly in VRP soils), due to the proximity to the material
concretions, justified the persistence of goethite in highly dissected units. A fact also
observed by Coventry and Williams (1984) in a highly dissected landscape with poor

drainage. Motta et al. (2002) stated that in the occurrence of highly dissected units in



53

the most depressed landscape regions, soils undergo a reduction process (mainly
goethitization) in humid pedoenvironments favorable to Gt stability and preferential to

Hm dissolution (Macedo and Bryant, 1987).

Table 2. Descriptive statistics for goethite (Gt) and hematite (Hm) as determined by
XRD in 200 (0 — 0.20 m) soils samples in slightly (Sd), moderately (Md),
and highly dissected (Hd) units of the Serra Geral (SG) and Vale do Rio
Peixe (VRP) formations.

Mineral® Soil dissection Mean Overall mean Min Median Max Skew. Kurt. SD CV (%)

Basalt -SG
RLef_Sd 59ab 16 47 120 0.68 -0.7 33 56
Hm RLef Md 41b 48A 6 41 70 -0.2 -0.77 18 44
RLef Hd 44a 11 40 84 0.76 1.24 30 68
RLef_Sd 44a 10 34 87 037 -136 27 61
Gt RLef_Md 40a 41A 8 37 97 066 019 22 55
RLef Hd 34a 21 28 60 1.54 212 18 53

Sandstone —VRP

RLd_Sd 16a 2 19 33 -0.01 -155 11 69
Hm RLd_Md 17a 16B 1 14 88 2.57 96 16 94
RLd_Hd 1l4a 2 12 30 027 -1.08 8 57
RLd_Sd 17a 5 15 34 045 -068 9 53
Gt RLd_Md 18a 19B 3 18 37 039 061 9 50
RYA_Hd 20a 1 18 55 124 251 10 50

1 Content in g kg™*. LVef, Eutroferric Red Latosol. LVd, Dystrophic Red Latosol. PVA, Red-Yellow
Argisol. SD, standard deviation. CV, coefficient of variation. Min, minimum value. Max, maximum value.
Skew, skewness. Kurt., kurtosis. Means followed by the same uppercase letter in the column or
lowercase letter in the row were not significantly different by the Tukey’s test at 5% probability level.

2.2.2.2 Diffuse reflectance spectroscopy

The use of DRS in ADFE also indicated the coexistence of Hm and Gt in solls,
and their persistence is determined by lithology and landscape dissection units (Figure
2). It occurs because Fe oxides are the main inorganic constituents to determine soil
color (Resende, 1976; Schwertmann, 1993; Viscarra Rossel et al., 2010) and their

occurrence and persistence depend on the parent material and environmental
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Figure 2. Diffuse reflectance spectra in the ADFE (0 — 0.20 m) for six soil profiles typical of three different dissection levels in Serra
Geral (SG) and Vale do Rio Peixe (VRP) formations, Western Paulista Plateau.
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conditions. In the visible region (400-780 nm), a typical zone of Fe oxides (Sherman
and Waite, 1985), reflectance intensities and spectral curve features indicated a wide
variation in Hm and Gt content, indicating a distinct preference for their formation,
subordinated to lithologic and landscape characteristics.

The reflectances separated the lighter and yellowish (7YR, 7.5YR, 8YR, and
10YR, Table 1) LvVd and PVA of VRP from the redder LVef and more intense red
(2.5YR and 5YR, Table 1) of SG (Figure 2), as a consequence of opposite
characteristics of basalt and sandstone rock and landscape. The low Fe203 contents
and better performance of Gt affected the increase of reflectivity in soils from VRP
because yellow soils have a lower light absorption potential when compared to red
soils typical of Hm (Fernandes et al., 2004). On the other hand, the sharp decay of the
spectral curve defined SG soils, where a more pronounced concavity of around 530 nm
indicates a predominance of Hm, justifying the lower reflectance, considering its higher
light absorption capacity.

The DRS technique separated soils by dissection units whose reflectance
decreased in the visible range in the following sequence: Hd>Md > Sd. It can be
attributed to the fact that landscape dissection (Coventry et al., 1983) and relief (Curi
and Franzmeier, 1984; Camargo et al., 2013; Dotto et al., 2014) is the main factor of
soil formation at the local scale to determine the type of Fe oxides present. Thus, less
differentiated curves and more pronounced concavities represented the most stable
relief of SG, while contrary reasons pointed out the rugged landscape of VRP. Thus,
the spectral behavior indicated that soils in the same lithological section might present
different reflectance intensities subordinated to landscape dissections. In a cause-and-
effect relationship, changes in mineralogy, variations in the flow of water and
sediments brought about by landscape and climate evolution resulted in different
environments (Vidal-Torrado and Lepsch, 1993), consequently, different spectral
curves (Dematté et al., 2015b).

The results of sulfuric extracts (Table 1) and XRD patterns (Table 2; Figure 1)
in combination exposed a relationship of the spectral data (Figure 2) with soll
weathering, parent material, and landscape dissection. Thus, the decreased
reflectance of basaltic soils in Sd units, which is consistent with K; and K values, and

with the increased Fe203 contents, is also apparent from DRS results. Therefore, both
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techniques led to identical interpretations. Also, the results suggest that soil color is an
effective pedoenvironmental indicator strengthening the potential of DRS for

environmental characterization.

2.2.2.3 XRD versus DRS for characterizing iron oxides in surface soils

In the 200 surface samples, Hm and Gt contents spanned the ranges of 1-120
and 1-97gkg™, respectively, according to XRD, and 4-109 and 1-90gkg™,
respectively, according to DRS (Table 3). Based on Student’s t-test, the contents were
not significantly different (p>0.05) among landscape dissection levels regardless of
the used technique, and only those in Gt differed significantly with DRS. Probably, in
those situations where the proportions of the two oxides are much higher and the
prevalence of Hm is favored as a result, DRS may be unable to detect Gt — hence the

differences between both techniques.

Table 3. Descriptive statistics for Hm and Gt contents as determined by XRD and
estimated by DRS in 200 soil samples from the Western Paulista Plateau.

Technique Unit On\]/g;?]” Mean Min Median Max Skewness Kurtosis SD CV
Sd 30.6 a 2 23 120 1.74 2.70 30 98
Hm_XRD? Md 26.3A 271a 1 18 121 1.60 2.75 25 92
Hd 149 a 2 9 84 2.75 9.09 17 114
Sd 339a 4 26 111 1.44 1.24 28 82
Hm_DRS? Md 31.8A 33.8a 5 22 101 0.98 -0.15 26 77
Hd 21.7 a 6 15 94 2.47 5.28 22 101
Sd 295a 5 20 87 1.34 0.71 23 78
Gt_XRD? Md 26.7 A 26.2a 1 21 97 1.93 4.66 18 69
Hd 226 a 3 21 75 2.29 8.64 13 57
Sd 240a 1 16 78 1.50 1.73 18 75
Gt_DRS! Md 22.3B 228 a 1 17 75 1.33 0.97 17 74
Hd 17.1a 2 16 44 1.05 3.42 8 47

1g kg™ Means followed by the same uppercase letter in the column or lowercase letter in the row were
not significantly different by the Tukey’s test at 5% probability level. Min, minimum value. Max, maximum
value. SD, standard deviation. CV, coefficient of variation (%).
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The intercepts the linear regression equations (8.04 for Hm_XRD and 4.22 for
Gt_XRD) were very high (Figures 3a and 3b), corroborating other studies (Bahia et al.,
2015, Camargo et al., 2016). This result supports the idea that under defauld
conditions XRD is less efficient to detect small amounts of Hm and Gt oxides in the soil
(Kampf and Curi, 2000; Schaefer et al., 2008). This phenomenon was observed in Gt
content (Figure 1), which was almost imperceptible in the slightly dissected units of
basaltic soils, while DRS efficiency has been registered even in soils with low Fe
contents (<0.05%), which is the minimum detection limit of conventional XRD (Barrén
et al., 2000; Balsam et al., 2014).
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Figure 3. Regression models for (a) hematite as determined by X-ray diffraction (XRD)
and estimated by diffuse reflectance spectroscopy (DRS); and (b) goethite
as determined by XRD and estimated by DRS.

The prediction accuracy of regression models (Figures 3a and 3b), assuming
high values of R?and RPD and low of RMSE and SDE, classified the models as
excellent (Chang et al., 2001). Negative and positive ME values showed that DRS
underestimates Hm and overestimates Gt content. However, it is not a limiting factor
of DRS in estimating Fe oxides, as confirmed by a strong significant correlation
between XRD and DRS found for Hm (R?=0.82; p<0.01) and Gt (R2=0.61; p<0.01).
This result is consistent of those reported by Bahia et al. (2015) for Hm
(R2=0.99; p<0.01) and Gt (R2=0.79; p<0.01), Camargo et al. (2016) for Hm
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(R2=0.70; p<0.01) and Gt (R?2=0.71; p<0.01), and Cezar et al. (2013) for the

correlation between the synthetic Hm content and its reflectance factor (R%=0.99).

2.2.3 Geostatistical analysis and mapping of iron oxides

According to Warrick and Nielsen (1980) criteria for coefficients of variation,
those for Hm and Gt (48-117%) exceed 24% and, therefore, the variability in XRD
(Table 2) and DRS values (Table 3) for the two oxides was high. However, this
descriptive statistics may not accurately reflect the facts, as it refers to the overall mean
of a dataset (Siqueira et al., 2015). Consequently, it is preferable to use geostatistical
kriging tools instead as they operate on local means (Siqueira et al., 2015; Teixeira et
al., 2018).

In both techniques, Hm and Gt presented spatial dependence described by the
spherical model (Figure 4). This model is common in the investigation of soll
phenomena (Vieira, 2000) with more abrupt variations (Isaaks and Srivastava, 1989),
confirming the influence of geology and the degree of landscape dissection. In fact, the
degree of spatial dependence (DSD) classified the spatialization of oxides as moderate
(25 <DSD > 75%), revealing that the spherical model explains most of the variance of
the experimental data, with R2>0.6%. As assigned herein, Zheng et al. (2009) cited
that moderate and high special dependences are associated with soil variables
controlled by the parent material, such as mineralogy.

Hm presented a lower spatial variability when compared to Gt, expressed by the
range (a) values (Figure 4), which is an indicative parameter of the spatial distance
that the variables are correlated (Tabi and Ogunkunle, 2007). Ranges of 72 and 42 km
(XRD) for Hm and 81 and 29 km (DRS) for Gt suggest that the variability occurred at
different spatial scales, coordinated by lithological contrast and landscape dissections.
Ranges from 20 to 1.400 km found by Viscarra Rossel et al. (2010) and 24 m
by Camargo et al. (2008a) indicate a higher spatial variability for Gt. The ubiquitous
nature of this mineral formed in the soil solution from several Fe sources through a
solution-nucleation crystallization process (Cornell and Schwertmann, 2003) justifies

its sensitivity to environmental changes in relation to Hm, which is formed in the solid
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phase from ferrihydrite (Inda and Kampf, 2005) or inherited from the parent rock
(Santana et al., 2001).
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Figure 4. Variograms for hematite and goethite as obtained from XRD and DRS data
for soils from the lithostratigraphic units of the Western Paulista Plateau. Co
= Nugget effect; Co + C1 = sill, a = range; DSD = Degree of spatial
dependence (moderate with 25-75%, weak with > 75%, strong with < 25%).

The spatial patterns of Hm and Gt by XRD and DRS are shown in Figures 5a-
5f. The XRD maps presented more definite delimitations for Hm (Figure 5a), while the
larger indentations and less defined limits of isolines confirm a higher spatial variability
for Gt, attesting the lower ranges found in Figure 5. The spatial pattern illustrated the
lithological contrast (Figure 5a—g), which is consistent with the geological map of
Fernandes et al. (2007) (Figure 5g), where basaltic soils were concentrated in the
peripheries of SG, and the large central spot referred to sandstones of VRP. Thus, the
XRD and DRS maps indicated the spatialization of Hm and Gt, indicators of soils from

parent materials with low and high Fe contents, and dissected units landscape.
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Figure 5. Spatial patterns for hematite as estimated by XRD (a) and DRS (b), and validation between the two techniques (c). Spatial
patterns for goethite as estimated by XRD (d) and DRS (e), and validation between the two techniques (f). Geological maps
(9) and landscape dissection units (h).
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In the estimates of Hm, the lowest contents, between 4 and 16 gkg™ (Figures
5a and 5b), occurred in the central region under the domain of sedimentary rocks and
the highest contents at the edges of WPP. A similar observation was carried out
by Camargo et al., 2008a and Camargo et al., 2008b in a basalt/sandstone transect,
where Hm was the main pedoindicator of the basaltic soils and Gt of sandstone soils,
with a lower total Fe content. Therefore, both XRD and DRS discriminated sandstone
(center) and basaltic (edges) soils by the amplitude of Fe oxides, clearly showing a low
Fe concentration in the center of the map, in the essentiality of sandstones of VRP.

The DRS technique underestimated the contents of 23 to 40 gkg™ for 19 to
23 gkg™ of Hm in the west and southeast direction, especially in the edges under the
domain of basaltic soils. This region corresponds in large part to Sd pedoenvironments,
in which the enriched Fe203 (>210 g kg™ Fe20s3, Table 1) of soils saturated the red
color (hue 2.5 YR, Table 1) by the almost absolute presence of Hm, which constituted
up to 33% of Fe203 of soils from SG. According to Fernandes et al. (2004), it would be
a limitation of DRS in soil samples with Hm content around 15% of total Fe
oxides. Bahia et al. (2015) also addressed this problem in soils with>18% Fe20s, in
which Hm was the predominant Fe oxide.

Map validations (Figures 5g—5h) showed that the spatial pattern of Hm, although
similar, had higher overestimated errors (>20% of XRD values) in the range from 4 to
12 g kg™ (Figures 5a and 5b). From 21 to 29 g kg™, Gt contents were underestimated
at 16 to 19 gkg™ by DRS, mainly in the central region (Figure 5e). Basaltic flows
among sandstones (Fernandes et al., 2007) overestimated Hm in sandstone
environments due to the mixture of soils. Water table fluctuation, given the drainage
networks that cut VRP, favors redox cycles, precipitating Fe in the wet season and its
conversion into Hm in the dry season (Coventry et al., 1983), underestimating Gt by
DRS. Macedo and Bryant (1987) recorded in dissected environments a change from
dark red to yellow in Oxisols of the Brazilian Central Plateau due to water table
fluctuation.

The DRS technique was more assertive in the spatial pattern of Gt (Figure 5h).
Assuming a 20% error, it can be used in 89 and 53% of the WPP area to estimate Gt
and Hm, respectively, under study conditions (Figure 5g). Fe oxides obtained by DRS

were underestimated by 37% and overestimated by 23% of the total WPP area in
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relation to XRD. For Hm, the over- and underestimated values of DRS were 3.4 and
23%, respectively. The results confirm the acceptable accuracy of DRS in the
estimation of Hm and Gt in large areas with geomorphological complexity, large
variation of total Fe, and type of predominant Fe oxides.

From the pedometrics point of view, there is a need for new methods that make
more efficient the mapping of soil attributes (Viscarra Rossel et al., 2010; Marques Jr
et al., 2014; Siqueira et al., 2015; Teixeira et al., 2018). The good correlations obtained
for Hm and Gt, determined by XRD and estimated by DRS, indicate the potential and
viability of this method in characterizing these Fe oxides in a large number of ADFE
samples, quickly, with a low cost, and in large areas. This technique can assist the
conventional methods of mapping, detailed survey of soils, and covariate attributes of
the oxidic mineralogy of tropical environments since the estimated results and spatial

pattern were very close to those observed.

2.3 Conclusions

The sandstone/basalt lithological contrast and the degree of landscape
dissection are the main factors governing the prevalence and spatial variability of Hm
and Gt in soils from the Western Paulista Platform. Iron oxides in the clay fraction
exhibit spatial variability over large areas and are robust indicators of geological
diversity and landscape dissection in environments with soils containing large amounts
of iron oxides. Goethite is the most spatially variable oxide in the Plateau. Based on
the spatial pattern of differences between DRS and XRD measurements, red color
saturation makes the DRS technique less useful for quantifying Hm in soils with high
Fe oxide contents. The maps indicate the sensitivity of XRD and DRS techniques to
represent Hm and Gt spatial variability patterns. Gt was more sensitive to landscape
dissection while Hm sensitive to lithology. Thus, the DRS technique is efficient in
characterizing the spatial variability of these soil oxides in large areas, even
considering the complex relations between soil and landscape.
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CHAPTER 3 - Estimation and mapping of magnetic minerals of lithopedogenic

origin in Brazilian soils

ABSTRACT - In this work, we assessed the potential of magnetic susceptibility
(x) measurements for predicting spatial variability of ferrimagnetic minerals in
lithological contrasting soils and compared it with others alternative methods for this
purpose. The contents in ferrimagnetic minerals were determined by using various
methods including sulfuric extraction (H2SO4), X-ray diffraction (XRD) with and without
Rietveld refinement, and low-frequency magnetic susceptibility () measurements, the

results being subjected to geostatistical analysis. The wide range of yi values (0.2 —
76.6 x 10® m3 kg) was strongly influenced by the sandstone-basalt lithological

contrast in the study area; also, the frequency-dependent magnetic susceptibility (¥
fdw) revealed the dominance of superparamagnetic minerals in the soils. The
correlation found between magnetic susceptibility in the air-dried fine earth fraction (xIf-
ADFE) and magnetite (r = 0.92) suggest that magnetic properties were largely inherited
from the parent materials even in well weathered soils. yi-ADFE was highly correlated
with maghemite quantified in ADFE [(a) treated with sulfuric acid (r = 0.62), (b) sodium
citrate-bicarbonate dithionite (r = 0.85)] and clay [(c) concentrated-Fe oxides clay with
sodium hydroxide (r = 0.88), (d) area of the reflections obtained by XRD (r = 0.76) and
(e) Rietveld refinement (r = 0.85)]; these results suggests that magnetic susceptibility
provides a sensitive pedoenvironmental marker for ferrimagnetic minerals in soil. In
fact, y-ADFE measurements made before and after extraction with DCB treatment
allowed magnetite and maghemite to be discriminated and quantified in soils with high
and low contents of iron oxides. Finally, the similar spatial dependence of ferrimagnetic
minerals as determined the other alternative techniqgues and from magnetic
measurements suggests magnetometry is an inexpensive indirect method for the
accurate mapping of magnetite and maghemite in soil over large, lithologically complex
areas.

Keywords: maghemite, magnetite, magnetic susceptibility, pedometrics, mapping
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3.1 Introduction

Lithogenic minerals such as magnetite (Mt, Fesz04), pedogenic minerals such as

maghemite (Mh, y-Fe203) and even mixed (lithopedogenic) minerals can be easily
characterized from magnetic susceptibility (¥) measurements (Jordanova, 2017). In

fact, x is a sensitive indicator for soil formation factors and processes (Torrent et al.,
2010); also, it has been used as a low-level taxonomic classification criterion in Oxisols
(Resende, 1976). Conventional mapping methods for soil attributes require a detailed
description of soil properties in the field and their subsequent laboratory validation,
which often makes the process labor-intensive, time-consuming and expensive (CST,
2001; Soil Survey Staff, 2003; Santos et al.,, 2018). Magnetic susceptibility
measurements can therefore provide an effective inexpensive alternative method for
soil mapping and surveying (Marques Jr et al., 2014).

Iron oxides (magnetic phases included) are usually characterized by chemical
extraction with a dithionite—citrate—bicarbonate (DCB) mixture (Mehra and Jackson,
1960) or ammonium oxalic acid (AOA) (Tamm, 1922; 1932), or by sulfuric dissolution
(Schwertmann and Fechter, 1984). These well-established methods, however, fall
short for the selective simultaneous characterization of all Fe oxide forms (Van
Oorschot and Dekkers, 2001; Poggere et al., 2019). Because its results are influenced
by the sample preparation method used, particle crystallinity and peak overlap
between mineral phases, X-ray diffraction (XRD) spectroscopy is also largely
ineffective for characterizing magnetic minerals (Cornell and Schwertmann, 2003).

Technological progress has promoted the agricultural use of pedometrics
(McBratney et al., 2000) and numerical modeling techniques such as geostatistics
(Oliver and Webster, 2014) to map soil attributes in an indirect manner (Marques Jr et
al., 2014). Camargo et al. (2013) elucidated the spatial dependence of minerals in soil
to delineate specific land management areas. Also, based on their pioneering studies,
Marques Jr et al. (2014), Siqueira et al. (2015), and Teixeira et al. (2018) subsequently

described for the first time spatial variability in soil attributes by using y measurements
as an alternative mapping method. In this way, they confirmed that, as hypothesized
in the 1980s and 1990s (Resende, 1976; Resende and Santana, 1985), y could be

useful for soil classification at a low taxonomic level.
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Methodological limitations and the need for detailed descriptions of soall
attributes have hampered the development of alternative nondestructive, expeditious,
inexpensive methods for soil mapping (Silva et al., 2020). The Brazilian National Soil
Program “Pronasolos” (Embrapa, 2016) was recently launched to map the national
territory and generate variably detailed information to support public policing, assist
territorial management and promote precision agriculture. In this scenario, magnetic
susceptibility may provide a promising method for assisting conventional mapping
techniques; however, the usefulness of y for characterizing the spatial pattern of soil
magnetic minerals in large, geomorphologically and pedologically complex lithological
areas remains unproven. In this work, we assessed the potential of ¥ measurements

for predicting spatial variability in magnetic minerals in lithological contrasting soils and

compared it with that of major conventional methods for this purpose.

3.2 Results and discussion

3.2.1 Soil attributes

The sand, silt and clay contents of the basalt soils in Serra Geral (SG) ranged
from 102 to 643, 78 to 472 and 204 to 644 g kg™, respectively; and those of the
sandstone soils in Vale do Rio do Peixe (VRP) from 103 to 920, 20 to 744 and 49 to
562 g kg1, respectively (Table 1). The ferric soils (180 < Fe203 < 360 g kg™!) separated
basaltic environments from essentially low-iron sandstones (Fe203 < 80 g kg™'). The
average Feq content (73 to 24 g kg™) and the Hm/(Hm + Gt) ratio (0.75—0.63) obtained
illustrate the wide variability in soil formation conditions (especially in the parent rocks).
The intrinsic properties of the parent rock prevailed even under conditions of advanced
pedogenesis (mean Ki values from 0.9 to 1.8) and lithological complexity, which
confirms previous results of Silva et al. (2020) in the same study area and of other
experiments conducted under similar conditions (Camargo et al., 2013; Barbosa et al.,
2019).

The contrasting composition of the sandstone—basalt sequence and geological
deposits of basalt spills under and between cracks in the sandstones at different times

in the Cretaceous (Fernandes et al., 2000; 2007) resulted in a high variability in soil
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attributes that reflected in an also high coefficient of variation (CV > 24%; Warrick and
Nielsen, 1980). However, Silva et al. (2020) examined Fe oxides in the same area and
found variability in soil properties to depend not only on lithological diversity but also
on landscape characteristics, climate and vegetation. Because Fe oxides are soll
markers for their parent rocks (Shenggao, 2000; Carvalho Filho et al., 2015; Silva et
al., 2020), magnetic measurements can be useful to investigate soil characteristics

influenced by lithological complexity (Resende and Santana, 1985; Qin et al. 2012).

Table 1. Descriptive statistics for various attributes of soils from WPP classified
according to parent material.

Variable Mean Median Min—Max SD CV
Basalt — Serra Geral

Sand (g kg?) 343 308 102-643 172 50
Silt (g kg 208 188 78-472 114 55
Clay (g kg™?) 448 484 204-644 135 30
Fe203(g kg?) 212 211 196-228 12 6

Ki 0.9 0.8 0.5-1.7 04 44
Feq (g kg™?) 73 72 19-157 37 51
Feo (g kg™?) 2 2 0-6 1 50
Feo/Feq 0.03 0.03 0.02-0.05 0.01 33
Hm/(Hm + Gt) 0.75 0.77 0.6-0.9 012 16
Kt/(Kt + Gb) 0.6 0.5 0.2-1.0 0.2 33

Sandstone — Vale do Rio do Peixe

Sand (g kg™?) 748 776 103-920 132 18
Silt (g kg™) 124 105 20-744 96 77
Clay (g kg™) 129 114 49-562 76 59
Fe203(g kg?) 41 43 14-56 15 37
Ki 1.8 1.8 1.3-2.4 02 11
Feq (g kg™?) 24 22 10-104 13 54
Feo (g kg2) 1 0 0-24 0.4 40
Feo/Feq 0.03 0.03 0.02-0.04 001 33
Hm/(Hm + Gt) 0.63 0.65 0.4-0.8 015 24
Kt/(Kt + Gb) 0.8 0.9 0.6-1.0 02 25

n = 291. Ki, soil weathering index (Ki= 1.7 x % SiO2/% Al203). Hm, hematite. Gt, goethite. Kt, kaolinite.

Gb, gibbsite. Min-Max, minimum and maximum values. SD, standard deviation. CV, coefficient of
variation (%). Feq, crystalline iron as extracted with sodium dithionite—citrate—bicarbonate. Feo iron in
poorly crystalline iron oxides as extracted with ammonium oxalic acid.
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3.2.2 Magnetic susceptibility

The ranges spanned by the Y, Yt and ¥ao (viz., 0.6—-76.6 x 107°, 0.2—68.6 x 10~
6 and 2.0-14%, respectively; (Table 2) were similar to those reported by Preetz et al.
(2008) and Teixeira et al. (2018) for basic rock soils, and also to those of Barbosa et
al. (2019) for basalt—sandstone transition soils. Thus, yir for deferrified soil samples
(average value: 7.9 x 107 m3 kg!) was suggestive of removal of magnetic minerals
from the clay fraction and, together with the value for the natural samples (average
value: 20.8 x 10-6 m? kg™), indicated presence of lithogenic magnetic minerals in the
sand and silt fractions (particularly in the basaltic soils; Camélo et al., 2018; Silva Filho
et al., 2019). The magnetic susceptibility values echoed the contents in Fe203 of the
main parent materials (Table 2) and highlighted the contribution of the parent rocks to
the magnetic properties of the soils; therefore, ¥ makes a useful pedoenvironmental
marker (Torrent et al., 2010). Similar results were previously obtained by other authors
in the same region (Siqueira et al., 2015; Camargo et al., 2016; Teixeira et al., 2018)
which further testifies to the importance of ¥ as a major pedoindicator for magnetic

minerals even in soils with a high parental complexity.

Table 2. Descriptive statistics for soil magnetic susceptibility in WPP basalt—sandstone
lithological contrasts.

Variable Mean Median Mix—Max SD CVv
Basalt — Serra Geral
Xt (1076 m3 kg?) 23.1 13.7 0.6-76.6 22.6 97.8
Xnf (1078 m3 kg?) 20.8 12.7 0.5-68.6 20.5 98.6
Xt (deferrified) (10-5 m3 kg1) 7.9 4.1 0.0-47.1 9.4 119.0
Afd% 9.5 9.4 2.0-14.0 25 26.3
Sandstone — Vale do Rio do Peixe

Y (1076 m3 kg) 2.4 1.3 0.2-47.2 54  225.0
Anf (105 m3 kg™) 2.2 11 0.2-43.4 5.0 227.3
Xt (deferrified) (10-° m3 kg?) 0.6 0.0 0.0-11.3 2.0 333.3
XAd% 8.8 8.7 2.4-14.0 2.9 33.0

n = 291. Min-Max, minimum and maximum values. SD, standard deviation. CV, coefficient of variation. yyr,
low-frequency magnetic susceptibility. xnr, high-frequency magnetic susceptibility. %, percent frequency-

dependent magnetic susceptibility.
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¥fd values were used to classify magnetic signals into medium (2—10%) and high

(10-14%) according to Dearing (1999) (Table 2). The mean Y values were consistent
with the presence of mixtures of fine and extremely fine particles (ca. 0.03—0.05 pm)
of superparamagnetic (SP) minerals in contents below 75%, which is a common
occurrence in soils with ¥ < 10% containing Mt and/or Mh (Dearing, 1999). As
previously observed by Camargo et al. (2016), and Anand and Gilkes (1987), the high

content in SP maghemite (> 75%) was associated to very high ¥ values. According to

these authors, i values equal 14% may result from burning in the pedoenvironment.
In fact, the ancient practice of burning sugarcane in the region, which is the world’s
leading sugarcane producer (Barbieri et al., 2013), may have led to the formation of
superparamagnetic Mh in the soil by oxidation of Mt and other Fe oxides such as Gt
and Hm in the presence of a reductant such as organic matter.

i was significantly correlated with Fe20s3 (r = 0.82), Feq (r = 0.78) and the
Fed/Fe20s3 ratio (r = —0.86) (see Table S1 in Supplementary Information and Figure 1).
Lu et al. (2008) in Chinese basaltic soils, and Camélo et al. (2018) in Brazilian soils of
variable lithology, found a positive correlation between yw and the Fed/Fe20s3 ratio
which they ascribed to enrichment of the soil with SP Fe oxides. This result was
supported by a negative correlation of yr with the weathering-related parameters Ki (r
= —0.68) and Kr (r = —0.93) found here (Table S1 and Figure 1), which is consistent
with the dominance of pedogenic magnetic minerals in weathered soils (Liu et al.,
2010). Poggere et al. (2018) found Mh contents to be negatively correlated with Ki (r =
—0.54) and Kr (r = —0.67) and ascribed it to accumulation of the mineral in strongly
weathered soils. However, y only increases as pedogenesis develops in pedosystems
with similar parent materials and degree of weathering (Sarmast et al., 2017).

The negative correlation of y.r with the Kt/(Kt + Gb) ratio found here (r = —0.78;
Table S1) is consistent with the diamagnetic character of kaolinite and gibbsite
(Dearing et al., 1999), two abundant minerals in sandstone soils. As can be inferred
from the positive correlation between yir and Feo (r = 0.67; Table S1 and Figure 1),
strong weathering of basaltic soils favored physical fragmentation of Mt in the sand
and silt fractions —Feo is known to account for a fraction of Mt present in the coarser

soil particles of these soils (Van Oorschot and Dukkers, 2001). In absolute terms,
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however, the insignificant correlation between i and sand does not exclude the
presence of magnetite; rather, the dominance of nonmagnetic sand may have
concealed the presence of Mt owing to its scarce presence in highly weathered soils

and its absence from sandstone soils.
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Figure 1. Correlations of low-frequency magnetic susceptibility (xi), percent frequency-
dependent susceptibility (y:) in the air-dried fine earth (ADFE) fraction and
various soil properties. Fed, iron in crystalline iron oxides as extracted with
sodium dithionite—citrate—bicarbonate. Feo, iron in poorly crystalline iron
oxides as extracted with ammonium oxalic acid.

The significant positive correlations of yr with clay (r = 0.80) and silt (r = 0.53) in

the grain size fractions was consistent with the presence of Mt and/or Mh in the soil

(Table S1 and Figure 1). Under similar conditions, Peluco et al. (2013) found a positive
correlation between i and clay in sandstone—basalt soils, and so did Fontes et al.

(2000) in the sand, silt and clay fractions of sandstone soils. For these authors,
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substantial yr values for the clay fraction result from direct oxidation of Mt to Mh; by

contrast, oxidation of Mt to Mh and then to Hm in the sand fraction reduces . We can

assume strong weathering and the low Fe203 content of the soils from VRP to have
favored the formation of Hm from a ferrimagnetic ferrihydrite precursor (Michel et al.,
2010; Jiang et al., 2018) since the XRD patterns revealed the absence of Mh from the
sandstone soils (Figures Sla and S1b). Although both are antiferromagnetic, Hm and
Gt have typically low yr values (3.83 x 10° and 5.92 x 108 m3kg™1, respectively; Peters
and Dekkers, 2003). Consequently, the magnetic susceptibility of the sandstone soils
was partly an expression of the previous oxides.

The magnetic signals for the sand, silt and clay fractions facilitate discrimination

of soil magnetic sources (Alekseev et al., 2002; Suchodoletz et al., 2009; Quijano et
al., 2014). The negative correlation of y-ADFE with the sand content suggests the
presence of diamagnetic minerals (especially in the sandstone soils, where the high
content in sand resulted in dilution of ). Thompson and Morton (1979) found low and
high yir values in soils to be associated to high contents in coarse and fine particles,
respectively. In fact, our yr values were highly correlated with clay (R? = 0.8; Table S1
and Figure 1), so the magnetic susceptibility of the clay fraction was due mainly to Mh.
Souza Jr et al. (2010) previously found 98% of soil yi to be explained by the clay

fraction and susceptibility to vary linearly in basic rocky soils.

3.2.3 Estimating the contents in magnetic minerals with different methods

Overall, the highest and lowest values of i, and their coefficient of variation (CV
> 25%), reflected a high variability in Mt and Mh with all methods tested as a result of
the broad range of Fe203 contents of the soils and differences between the operational
principles of the methods (Table 3). A quantitative comparison of the results obtained
with them revealed the dominance of Mh, which is consistent with advanced
pedogenesis (Cornell and Schwertmann 2003). The average Mh-XRD content of the
concentrated clay fraction was not significantly different (p < 0.01) from that estimated
from y-DCB in air-dried fine earth (ADFE). In contrast, the Mh contents determined by

sulfuric and NaOH extraction differed mutually and with those provided by the other
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methods.

Table 3. Descriptive statistics for maghemite (Mh) and magnetite (Mt) as determined
with different methods in basalt—sandstone soils from WPP.

Method Fraction Mean Min—-Max Skewness Kurtosis SD CVv
g kg™ ad %

Mh-H2S0Oa4 83a 17-603 5.5 37.4 65 78
Mh-y-NaOH 32b 0-182 2.3 4.9 40 125

Concentr.1

Mh-R-XRD 17bc 1-64 1.2 1.0 15 88
Mh-XRD 14c 1-59 1.4 0.8 16 114
s 1 —82 1. 2. 2 154
Mh-y~-DCB ADFE2 3c 0-8 9 8 0 5
Mt-Yi-rem 1.6 0-17 2.5 55 3 187

n = 291. 1 Oxide-concentrated clay. 2 Air-dried fine earth. Mh-H2S04, maghemite determined by selective
dissolution (1.8 M H2SOa). yr, low-frequency magnetic susceptibility. Mh-y-NaOH, maghemite as
determined from y after NaOH extraction. Mh-R-XRD and Mh-XRD, maghemite as determined by XRD
with and without Rietveld refinement, respectively. Mh-y-DCB, maghemite as determined from y after
DCB extraction. Mt-y-rem, magnetite as determined from remaining low-frequency magnetic
susceptibility. Min-Max, minimum and maximum values. SD, standard deviation. CV, Coefficient of
variation. ad, dimensionless quantities. Means followed by the same letters in each column did not differ
significantly as per Tukey’s test at p < 0.01.

vi-ADFE values were invariably correlated at the p < 0.01 level with the

guantitative measurements of Mh and Mt provided by the different methods (Figures
2a—2f). Similarity between methods increased as the linear coefficient “» " approached
0, the angular coefficient “a” approached 1, the mean square error (RMSE) and mean

error (ME) decreased, and the coefficient of determination (R?) increased. Based on
these results, y-ADFE accounted for 85% of the magnetic signal for Mh-y-DCB
(Figure 2a), 76% of that for Mh-DRX (Figure 2e) and 85% of that for Mh-R-XRD (Figure
2f). In addition, the RMSE and lowest ME values for Mh-y-DCB (7.5 and 0.16,
respectively), Mh-XRD (10.5 and 4.5) and Mh-R-XRD (11.2 and —0.5) suggest that the
Mh contents estimated with these methods were better correlated with y-ADFE

(Figures 2a and 2f).

As suggested by the negative ME values (Figures 2d and 2e) and the presence
of points near the y-axis, the y~-ADFE values for a number of samples were
underestimated or poorly correlated with Mh-y+-DCB and Mh-H2SOa4 in the oxide-

concentrated clay fraction. This was a result of Mh, the magnetic susceptibility of which

is lower than that of Mt (Peters and Dekkers, 2003), being the sole magnetic mineral

present in the oxide-concentrated clay fraction. The low correlation of y-ADFE with
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Mh-H2S0O4 suggests that, as previously found by Poggere et al. (2018), part of Fe

represented as Mh came from nonmagnetic iron oxides. In fact, there was drastic a

reduction in contents but especially in Hm relative to Gt —the latter was much less

affected (Figure S2). A similar result was previously obtained by Inda and Kampf

(2005) in the selective dissolution of pedogenic hematite and goethite. In part,

extensive replacement of Fe3* with AI** in Gt, which is quite common in tropical soils

(Kampf and Curi, 2000), may have favored abrasive reactions.
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Figure 2. Regression between low-frequency magnetic susceptibility (yf) and the contents

in magnetic minerals as determined with various methods. (a) Maghemite from
yri after extraction with DBC. (b) Magnetite from remaining yr. (c) Maghemite
from yr in oxide-concentrated clay fraction after extraction with 5M NaOH. (d)
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Maghemite by 1.8M H2SOa. (e) and (f) Maghemite by X-ray diffraction without
and with Rietveld refinement, respectively.

The magnetic susceptibility remaining in ADFE after treatment was due to Mt
present in the sand + silt fraction (Figure 2b). Color conversion from reddish to gray
attested to the complete removal of maghemite, hematite and goethite. yi-ADFE was
strongly associated (R? = 0.92) to Mt-yr-rem, which was present in the sand + silt
fraction (Figure 2b). Considering by the lithogenic origin of Mt, the strong correlation
between y-ADFE and Mt-yi-rem suggests that, even in highly weathered soils, 92%
of the soil magnetic signal was inherited from the parent material (basalt in SG). This
allowed lithopedogenic magnetic minerals to be discriminated.

As can be seen from Figure 2f, Rietveld refinement improved the identification
and quantification of Mh, which was strongly correlated with yADFE (R? = 85%,
Figure 2f) —even in relation to Mh-XRD (R? = 76%, Figure 2e). The low values of the
noise parameters (Rexp < 10, GOF < 3) and a smooth baseline (Figures S2a—S2b)
testified to the good, reliable fit obtained (Young, 1995) in quantifying Mh. By contrast,
the sandstone soils exhibited a Mh-R-XRD value of 3% even though no peak for this
mineral was found in the Mh-XRD patterns (Figure S1a). This led to a negative mean
error (ME) (Figure 2f) suggesting the absence of correlation with y-ADFE when Mh
was present in small amounts only. The Rietveld method compares XRD patterns with
a theoretical spectrum for the crystal phases involved; because the concentrations and
crystallinity of the mineral phases were too low to give any XRD peaks, however, Mh-
R-XRD was ultimately overestimated. Alves et al. (2008) found the contents in all
crystal soil phases present in the XRD spectra for samples containing substantial
concentrations of poorly crystalline minerals to be overestimated by the Rietveld
method.

The i values for the magnetic minerals exhibited high coefficients of variation
CV 2 24), which, according to Warrick and Nielsen (1980), corresponds to a high
variability irrespective of the particular quantification method used (Table 3). This in
turn suggests that, whichever their nature, all estimation methods are subject to the
high variability of magnetic minerals in soil. That of Mt and Mh in the study area can

be ascribed to factors such as the broad range of Fe oxide contents, differences in
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magnetic particle size, isomorphous substitutions, and the characteristics of the parent
material and pedogenic processes. Because they are based on data averages,
descriptive statistics may not accurately represent the facts (Siqueira et al., 2015; Silva
et al., 2020) and an alternative method such as geostatistically based kriging may be

more effective given the local averages.

3.2.4 Magnetic signature in the spatial distribution of magnetic oxides

The semivariograms adjusted for yir, Mt and Mh as determined with the different
methods in the ADFE and oxide-concentrated clay fractions revealed spatial variability
in these parameters that conformed to a spherical model (Table 4). Spherical modeling
is widely used to describe the variability on large scale of especially abruptly variable
soil attributes (Isaaks and Srivastava, 1989; Silva et al., 2020). This confirms that the
spatial dependence of Mh, Mt —and hence ¥ — is influenced by the nature of the
source materials. In some previous studies, spherical models also described the
spatial variation pattern of soil yr in geomorphologically complex environments
(Sigueira et al., 2015; Camargo et al., 2016; Teixeira et al., 2018) and proved the most
accurate for elucidating the influence of the parent materials on soil ferrimagnetic

mineralogy and covariate attributes.

Table 4. Models adapted to the experimental semivariograms.

Method Fraction Model Co? Cot+Ci® Co/(Co+Cy1)x 100° Range R2d
(km)

Ve Spherical 60 160.8 37 74 0.733

Mt-y-rem . Spherical 53 1426 37 99 0.882
ADFE :

Mh-y-DCB Spherical  g93 1511 46 76 0.681

Mh-ys-NaOH Spherical 328 10.06 33 83 0.843

Mh-H2SO4 Exponential g0 .49 44 74 0.961
Concent.2 Spherical

Mh-XRD phencal  gg3 2484 27 93 0.704

Mh-R-XRD Spherical 357 1058 31 51 0.627

n = 291. Air-dried fine earth. 2 Oxide-concentrated clay. 2 Nugget effect. P Sill. ¢ Degree of spatial
dependence (moderate with 25-75%, weak with > 75%, strong with < 25%). ¢ Coefficient of
determination. Mh, Maghemite. Mt, magnetite. s, low-frequency magnetic susceptibility. Mt-y-rem,
magnetite as determined from remaining magnetic susceptibility. Mh-y+-DCB and Mh-y-NaOH,
maghemite as determined from yi after extraction with DCB and NaOH, respectively. Mh-H2S0Oa,
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maghemite as determined after sulfuric digestion. Mh-XRD and Mh-R-XRD, maghemite as determined
by X-ray diffraction spectroscopy without and with Rietveld refinement, respectively.

With all methods tested, the degree of spatial dependence of the soil attributes,
[Co/(Co + C1)] x 100, was greater than 25% but less than 75%, and hence moderate
(Cambardella et al., 1994). Also, the coefficient of determination, R?, as obtained by
fitting models and validating semivariograms exceeded 60%; therefore, the models
explained the variability in experimental semivariates (spatial variability in soil magnetic
minerals included) quite well. This is confirmed by the good, significant correlations (R?
> 0.6; p < 0.005) in the results of Figures 2a—2f. A moderate or strong spatial
dependence is intrinsically due to the material, whereas a weak influence is more likely
to be due to soil management practices (Isaaks and Srivastava, 1989).

The range values (a) for the magnetic minerals in the ADFE (99, 76 and 74 km)
and oxide-concentrated clay fraction (93, 83, 74 and 51 km) were relatively similar
irrespective of determination method (Table 4). This result testifies to the usefulness
of soil i for the diagnosis and spatialization of magnetic minerals. Based on its short
range of values, Mh was the least spatially variable magnetic mineral. This was a result
of the formation and spatial occurrence of minerals in the clay fraction being strongly
influenced by rock type, landscape variables, climate intensity and weathering as
previously found in studies of the mineralogy—landscape relationship by Cunha et al.
(2000) and Camargo et al. (2013). The exceptional presence of Mt detected from -
rem in SG soils led to the greatest range value (a = 99 km) and further confirmed their
lithogenic origin and the joint presence of sandstone and basalt in SG (Chapter 1,
Figure 6b).

Figures 3a—3e show the isoline maps obtained by using ordinary kriging to
interpolate Mh, Mt and 7 estimates. Although the analytical results revealed
overestimation of Mh-H2SO4 (Table 3), this was no hindrance to mapping as the
ensuing spatial patterns for the ADFE and oxide-concentrated clay fractions were
identical with those obtained with the other methods. Therefore, based on the size of
the study area, the range values obtained suggest that, irrespective of the specific

fraction used to evaluate magnetic Fe oxides, the conventional quantitative methods
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Figure 3. Spatial patterns of magnetic minerals in air-dried fine earth and oxide-concentrated clay. (a) Low-frequency magnetic susceptibility.
(b) Maghemite as determined from ys after extraction with DCB. (c) Magnetite as determined from remaining low-frequency
susceptibility. (d) Maghemite as determined from yi. (€) Maghemite as determined by sulfuric digestion. (f) and (g) Maghemite as
determined by X-ray diffraction without and with Rietveld refinement, respectively.
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of analysis and that based on magnetic susceptibility converged in estimating the
spatial variability of iron oxides.

The spatial pattern of yr showed a marked decrease in magnetic minerals from
the edges to the center of the map (Figures 3a—3g), consistent with the depositional
context for the Bauru basin reported by Fernandes and Coimbra (2000). The central
area underwent strong particle-selective wind weathering and led to a VRP zone
consisting of sand desert with calcium carbonate occasionally present in sandstones
(Fernandes and Coimbra, 2000). The low Fe203 content and the presence of carbonate
in the sandstone rocks in 70% of the WPP area led to reduced formation of
ferrimagnetic minerals (Blundell et al., 2009). As confirmed by the results of Table 1,
quartz and kaolinite were the dominant minerals in the B horizons of the VRP Latosol
(Queiroz and Pellerin, 1994); therefore, the soils were essentially kaolinitic [Kt/(Kt +
Gb) = 0.8] and goethitic. This result is consistent with the large uniform zone in the
center of the WPP as a result of the low magnetic susceptibility of the soil and the
scarcity of magnetic minerals in it.

Based on the geological map (Chapter 1, Figure 6), the spatial variability of
magnetic minerals and 7 in the ADFE fraction was governed by the parent material,
which clearly delineated the zone of occurrence of basalt—sandstone lithological units
(Figures 3a—3g). The spatial pattern of magnetic minerals estimated from 7yt was very
similar to that obtained with the XRD method, both revealing a marked influence of the
parent material on the soil Mt and Mh contents. This interpretation is consistent with
the similarity of the spatial patterns for magnetic oxides provided by all methods
irrespective of operational principle.

Based on the evidence obtained and on pedometric principles, the good
correlations found among estimates of magnetic minerals (Figure 2) and the similarity
of spatial patterns (Figures 3a—3e) with all methods attest to the usefulness of the
magnetic signature of soil for mapping magnetite and maghemite in large areas. The
similar spatial patterns obtained with all methods and soil fractions not only confirm the
accuracy of the classical methods, but also suggests that magnetic susceptibility
measurements of the ADFE soil fraction can be useful to supplement conventional
methods for the identification and quantification of magnetic minerals with a view to

reducing time and costs in the detailed mapping of even lithologically complex areas.
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3.3 Final considerations and applications

Magnetic minerals, which are very useful for elucidating the genesis and spatial
variability of soil minerals, are usually discriminated by selective extraction, which
makes their mapping in large geomorphologically and pedologically complex areas a
time-consuming, labor-intensive task. In this context, the magnetic susceptibility of soil
provides a sensitive, easily and nondestructively determined marker for quantifying
lithopedogenic ferrimagnetic minerals and predicting covariate soil attributes of
magnetic minerals. In combination with some properties of the parent material, mineral
type, particle size and degree of soil weathering, the variability of magnetic
susceptibility in soil can in fact be useful to define soil mapping units, optimize the
management of areas differing in phosphorus and herbicide adsorption potential, and

characterize production environments for crops.

3.4 Conclusions

The wide range of yir values (0.2 — 76.6 x 10-% m2 kg~!) was strongly influenced
by the sandstone—basalt lithological contrast in the study area; also, the frequency-
dependent magnetic susceptibility  (x%) revealed the dominance of
superparamagnetic minerals in the soils. The correlation found between magnetic
susceptibility in the air-dried fine earth fraction (yr~ADFE) and magnetite (r = 0.92)
suggest that magnetic properties were largely inherited from the parent materials even
in well weathered soils. y-ADFE was highly correlated with maghemite quantified in
ADFE [(a) treated with sulfuric acid (r = 0.62), (b) sodium citrate-bicarbonate dithionite
(r = 0.85)] and clay [(c) concentrated-Fe oxides clay with sodium hydroxide (r = 0.88),
(d) area of the reflections obtained by XRD (r = 0.76) and (e) Rietveld refinement (r =
0.85)]; these results suggests that magnetic susceptibility provides a sensitive
pedoenvironmental marker for ferrimagnetic minerals in soil. In fact, yr-ADFE
measurements made before and after extraction with DCB treatment allowed
magnetite and maghemite to be discriminated and quantified in soils with high and low

contents of iron oxides. Finally, the similar spatial dependence of ferrimagnetic
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minerals as determined the other alternative techniques and from magnetic
measurements suggests magnetometry is an inexpensive indirect method for the
accurate mapping of magnetite and maghemite in soil over large, lithologically complex

areas.
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APPENDIX A. Supplementary information

Table S1. Correlation between low-frequency magnetic susceptibility (y.F), percent
frequency-dependent susceptibility (xrp%) in air-dried fine earth (ADFE) and

various soil properties.
Feo Feq Fe,0s3 Feq Kt Hm Ki Kr Sand

Fe.03 Kt+Gb Hm+Gt

Silt  Clay

0.67** 0.78* 0.82** -0.86** -0.78* 0.50NS -0.68* 09_3** 0.78* 0.53** 0.80**
" *

ALF

Yo%  0.02NS _%'83 -0.11Ns  0.71* 0.52Ns  —-0.59* _ON'f’S 0.05Ns _ON'SW 0.14* 501

n = 291. NS, not significant. * Significant at p < 0.05. ** Significant at p < 0.01.
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Figure S1. XRD diffraction patterns with Rietveld refinement for oxide-concentrated
clay (5 mol L~ NaOH). Mh, maghemite. Gt, goethite. Hm, hematite. An,
anatase. NaCl, sodium chloride. Rp, Observed error/Calculated intensity

(%) Rwp, weighted error (%).
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Figure S2. Vis—NIR spectra over the 400—2500 nm wavelength range for the iron
oxides hematite (Hm) and goethite (Gt) before and after sulfuric digestion
of the oxide-concentrated clay fraction.



