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Although soil formation results from the interactions of five classical factors and various pedogenic processes,
such interactions can drastically change over time, which may be recorded in the so-called Paleosols. These soils
may be formed under contrasting environmental conditions. Given such soils are rare in Brazil, this pilot study
aimed to detail the morphological, physical, chemical (including elemental content and magnetic susceptibility
(MS)), and mineralogical properties of a Paleosol with contrasting paleo- and current-drainage conditions,
derived from sandstone having pellitic (fine) sediments intermixed, with support via digital morphometrics.
Samples were collected in a regular grid of 15x15 cm along the soil profile down to 1.8 m depth. The soil samples
were analyzed via portable X-ray fluorescence (pXRF) spectrometry and for assessment of magnetic susceptibility
(MS), texture, fertility, and organic matter content. The mineralogy of the clay, silt, and sand fractions were
determined via X-ray diffraction analyses. The pXRF and MS results were spatialized to the Paleosol profile. The
first 108 cm of the soil profile are well-drained having reddish colors, contrasting with the underlying poorly-
drained unity having greyish colors. The MS values were higher in the first 108 cm of the soil profile, reach-
ing the lowest values in the 2Cg horizon at 142-180 cm depth. Quartz was the main mineral in sand and silt
fractions, while kaolinite largely dominates the clay fraction in association with hematite. In the 2Cg horizon, the
absence of hematite is related with the paleoredoximorphic conditions there. The Ti/Zr ratio indicated differ-
ences in parent materials of the reddish and greyish units of the Paleosol. The midslope position of the Paleosol
makes colluvial deposition unlikely. The combined use of pXRF, MS, morphological, physical, chemical, and
mineralogical analyses provided valuable details on the variation of the contrasting formation processes of the
Paleosol studied.

Proximal sensors
Oxidation
Reduction

Spatial variability

1. Introduction considers a Paleosol as a soil that formed on a landscape in the past, with

distinctive morphological properties resulting from a soil-forming

Soil systems are complex, resulting from the interactions among the
soil forming factors (Jenny, 1941) coupled with specific pedogenic
processes (Phillips, 2016; Schaetzl and Anderson, 2005). Although
changes caused by these interactions occur continually in time, some
soils have conserved features anciently developed during their forma-
tion; they are the so-called Paleosols. The concept adopted in this paper
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environment that no longer exists at the site (Soil Science Society of
America, 2008). Paleosols can help in describing paleoenvironments,
paleoclimates, evidences of old geomorphological surfaces, paleopedo-
genic processes, and inferences about the paleoarchaeology (Ladeira,
2010).

In Brazil, the records of Paleosols are rare (Stevanato et al., 2021).
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Previous studies have been conducted in south and southeastern regions
(Nascimento et al., 2017; Silva et al., 2017). Such soils are more
commonly found in places that have undergone more recent glaciation,
active volcanism or tectonism, climate change, high fluctuations of the
sea level, and ancient alluvial or lacustrine deposition (Ladeira, 2010;
Wright, 1992), among others.

Given the increasing variety of new tools to characterize soils, new
approaches have emerged to investigate a soil profile in more detail,
such as the digital soil morphometrics. This approach has provided
different perspectives on the detailed study of soil profiles (Hartemink
and Minasny, 2014). Thus, proximal sensors have allowed additional
insights on soil genesis besides the spatial variation of soil properties
within a soil profile (Grauer-Gray and Hartemink, 2018; Mancini et al.,
2021; Silva et al., 2018; Sun et al., 2020).

Among the proximal sensors, portable X-ray fluorescence (pXRF)
spectrometry and magnetic susceptibility (MS) measurements have been
capable of refining the variability of morphological properties within
and in between soil horizons (Bocoli et al., 2023; Grauer-Gray and
Hartemink, 2018; Mancini et al., 2021; Silva et al., 2018; Sun et al.,
2020). While the former delivers elemental contents present in the
samples, the latter measures the magnetic susceptibility, which is
related to soil mineralogy, especially ferrimagnetic minerals, such as
magnetite and maghemite (Curi et al., 1984). These properties may be
related to several other features of soils besides factors and processes of
formation (Mello et al., 2020).

Due to intense erosion, mainly associated to humid conditions, the
Brazilian landscape has substantially changed over time, including in-
terruptions in the geological column in some states (Resende et al.,
2019). So, some soils are located on current landscapes, which are in
disagreement with their morphology. In this study, the redoximorphic
features below the reddish A and B horizons (0-108 cm) are anomalous
with the midslope position of the soil studied, raising the possibility of
this unity (portion of the soil profile) may be formed under a more gentle
paleorelief, in which the water table was high in the soil profile. Sub-
sequent landscape dissection and drainage improvement may explain
the current overlying reddish unity. The ancient redoximorphic
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processes in the soil profile supports the interpretation of a Paleosol (Soil
Science Society of America, 2008).

This pilot study aims to detail the characterization of properties
related to the contrasting pedogenesis processes of a Paleosol profile,
containing hydromorphic features at the lower part of the profile, con-
trasting with overlying well-drained soil horizons, derived from sand-
stone with pellitic sediments intermixed, in Southeastern Brazil, through
a combination of morphological, physical, chemical, mineralogical, and
proximal sensors (pXRF and MS) analyses. The main hypothesis is that
the combination of such techniques, via digital soil morphometrics, may
provide additional details to field morphology, highlighting the under-
standing of the paleo- and current-soil forming processes involved. The
novelty of this study encompasses the linking of the findings of this
Paleosol to the evolution of the landscape and to the estimation of
climate change impacts, besides this soil being rarely found in tropical
regions, mainly considering their contrasting redoximorphic features,
comprising the first Paleosol investigation via digital morphometrics
under such conditions.

2. Material and methods
2.1. Soil location and sampling

The selected Paleosol, which was very difficult to access and sample,
consists of a rare finding in Brazil that deserves this detailed charac-
terization, constituting a pilot study. This Paleosol profile is located at
the Pontal do Paranapanema region (Fig. 1), western Sao Paulo state,
Brazil. It was classified as typic Dystrophic Tb Haplic Cambisol,
following the Brazilian Soil Classification System (SiBCS) (Santos et al.,
2015a; 2018), corresponding to Oxic Dystrustept per the US Soil Tax-
onomy (Soil Survey Staff, 2014), Dystric Rhodic Cambisol (Loamic,
Ochric) per the World Reference Base (FAO, 2022), and Cambosol Ustic
per Chinese Soil Taxonomy (CRG-CST, 2001), intermediary to a typic
eutrophic Tb Haplic Gleysol (per SiBCS), Aeric Endoaquent (per US Soil
Taxonomy), Eutric Gleysol (Loamic, Ochric) (per WRB), and Gleysol
Orthic (per Chinese Soil Taxonomy).

Landscape in 3 dimensions

Satellite image

0 100 200 m
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-

Fig. 1. Location of the Paleosol studied, sampling points within the profile, and regional lithological units from Pontal do Paranapanema region, Sao Paulo state,
Brazil. Dashed lines represent the boundaries of the soil horizons delineated in the field.
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The Paleosol is situated at the latitude 7,530,747 S and longitude
404,737 W, UTM, zone 22 K, datum SIRGAS 2000. It occupies the
midslope position on a landscape with a gently undulated relief (7%
slope). The climate of the region is Aw, framed as a tropical, in which the
summer is rainy with average temperatures above 22 °C, and the winter
is dry (Alvares et al., 2013). The soil profile was developed primarily
from sandstone of the Bauru Group, Adamantina Formation, included in
the Vale do Rio do Peixe lithological unit (Fig. 1). In such sandstones,
mixture of pellitic sediments are common. These fine layers have much
lower permeability than the sandstone. According to Stradioto and
Chang (2020), this sandstone is mainly composed of quartz and feld-
spars and have micas and augite as the main accessory minerals. The
native vegetation is represented by the semi-perennial tropical forest
(Oliveira-Filho and Fontes, 2000).

2.2. Soil sampling and laboratory analyses

Soil samples were collected to 1.8 m of depth, on a regular grid
design of 15x15 cm, comprising a total of 48 samples. This grid interval
was adopted after evaluating the morphological features during the field
work and based on the range of grid intervals found in the literature
(Zhang and Hartemink, 2017; Sun et al., 2020, Mancini et al., 2023). Soil
horizons were identified and morphologically described according to
the Manual for Description and Sampling of Soil in the Field (Santos
et al., 2015b).

Composite samples, obtained after careful mixing of four simple
samples collected at each depth, were air-dried and gently sieved (2
mm) to obtain the air-dried fine earth (ADFE) fraction, and then sub-
mitted to the following chemical and physical analyses: pH in water,
using a Digimed® (Sao Paulo, Brazil) pH-meter model DM-23-DC
(Donagema et al., 2011), exchangeable contents of Ca2+, Mg2+, and
AR* using a 1 mol/L KCl extraction solution (Mclean et al., 1958),
available contents of K™ and P using the Mehlich-1 extraction solution
(Mehlich, 1953), H 4+ Al using the SMP extractor (Shoemaker et al.,
1961); soil organic matter (SOM) following Nelson and Sommers
(1996), and using the van Bemmelen factor (1.724); remaining P (P-
Rem) content, which refers to P content not adsorbed by soil organic and
mineral particles (Alvarez et al., 2000) (all quantifications were per-
formed via inductively coupled plasma optical emission spectroscopy,
model Spectro Blue, Spectro Analytical Instruments, Germany); and
particle size analysis by the pipette method (Gee and Bauder, 1986). The
sand fraction was later separated into: very coarse (2-1 mm), coarse
(1-0.5 mm), medium (0.5-0.25 mm), fine (0.25-0.105 mm), and very
fine (<0.105 mm) sand, using dry sieving. Effective cation exchange
capacity, cation exchange capacity at pH 7, sum of bases, base satura-
tion, and AI®" saturation were calculated based on the previous
analyses.

2.2.1. Analyses via portable X-ray fluorescence (pXRF) spectrometry and
magnetic susceptibility (MS) measurements

Twenty grams of ADFE of each collected sample (48 samples in total)
were irradiated using a portable X-ray fluorescence (pXRF) spectrom-
eter, Bruker® model Tracer 5g, connected to power line, containing a 50
keV and a 100 pA Rh X-ray tube using the “Soil” mode. The analyses
were performed in triplicate, during 60 s each (Silva et al., 2021;
Weindorf and Chakraborty, 2016). Then, the mean elemental contents of
the triplicates per sample were calculated and used in further analyses.
The calibration of the equipment was performed using a check sample
(CS) provided by the manufacturer and two samples certified by the
National Institute of Standards and Technology (NIST) (2710a and
2711a). The recovery values (Koch et al., 2017) (content reported by the
PXRF/certified content x 100) were (2710a/2711a/CS): Al - 84/73/92;
Ca-39/45/-; Cr - -/107/—; Cu - 81/69/91; Fe — 71/65/88; K — 60/46/
83 (41 mg/kg); Mg (-/65/-); Mn — 68/60/82; P (214/234/-); Si — 57/
48/87; Ti-77/65/-; V-51/27/—; Zn — 87/82/- (3 mg/kg); Zr (85/-/-).
The dashed lines indicate either no result by pXRF or no certified content
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in the material.

For magnetic susceptibility (MS) measurements, 10 g of ADFE of
each collected sample were analyzed in triplicate with a Bartington
MS2B susceptibilimeter at low (LF) and high (HF) frequencies, accord-
ing to Dearing (1999). The results are expressed on a mass-normalized
basis, applying the following equation:

MS(y) = yr or yypresult/sample weight 1)

where: MS = magnetic susceptibility (x107 m> kg™1); yir and yur result
= result obtained for low and high frequency, respectively; and sample
weight (g).

The difference of the results obtained at high and low frequencies
(FD) was calculated per soil particle size fraction as follows:

FD% = [(X1r — Xur)X1r] % 100 @

These calculations contribute to the identification of ferrimagnetic
minerals, since the reflection of the maghemite peaks in X-ray diffrac-
tion (XRD) analysis may coincide with the hematite peaks (Poggere
et al., 2018).

2.2.2. X-ray diffraction (XRD) analysis

Samples of coarse sand, fine sand, silt, and clay fractions were gently
macerated in an agate mortar to obtain homogeneous non-oriented
powder 600 mg samples (Brindley and Brown, 1980), passed through
a 0, 25 mm sieve. After that, they were analyzed with a Bruker D2
PHASER diffractometer, in which the irradiation varied from 4 to 52 °20
at 0.02°20 s~1. This diffractometer is equipped with the LYNXEYE™, a
practically instantaneous linear model, which uses the DIFFRAC.
SUITE™ software to obtain the XRD patterns. The results were inter-
preted with the help of tables prepared by Brindley and Brown (1980).

2.3. Spatial evaluation of the soil profile

The elemental contents determined via pXRF and the MS values were
spatialized to the soil profile utilizing the multilevel B-spline method
(Lee et al., 1997), within the software QGIS 3.22 (QGIS Development
Team, 2022). This procedure contributes to better visualize the variation
of such measurements along the soil profile, within and in between soil
horizons (Hartemink et al., 2020).

3. Results and discussions

3.1. Soil morphology, fertility, texture and magnetic susceptibility
analyses

By analyzing the soil profile in the field, it is noteworthy that two
opposing processes occurred under different time periods. The first 108
cm of the profile is marked by oxidation conditions (favoring the for-
mation of hematite that caused the red color of soil matrix), while
redoximorphic conditions occurred in the 108-180 cm of the profile,
producing greyish colors in the 2Cg horizon (Table 1). For the formation
of hematite, oxidation conditions are required in combination with
higher availability of Fe(IIl), favored by free drainage (Kampf et al.,
2012).

The soil underneath presents a 2A horizon (108-142 cm) (Table 1),
followed by gleyzation features in the deeper portions of the profile. This
part of the soil profile was probably formed on an ancient, gentler
landscape, which was, later on, dissected by water erosion (Resende
et al., 2021).

Given the greyish color of the lowest part of the soil profile (142-180
cm) (Table 1), below the 2A horizon, probably this soil occupied an area
more gentle and prone to accumulation of water, favored by the pellitic
sediments intermixed with the sandstone, causing the gleization process
(Barbosa et al., 2019). The small red and red-yellow mottles observed in
this soil horizon support the possibility of perched water table



F.A. Bocoli et al.

Table 1
Synthetic morphological description of the studied soil profile from Pontal do
Paranapanema, Sao Paulo state, Brazil.

Horizon  Depth Soil Color* (moist) Structure
(cm)
A 0-12 2.5YR 3/2 Dusky red Granular
AB 12-23 2.5YR 3/3 Dark reddish Granular
brown
Bil 23-65 2.5YR 3/4 Dark reddish Subangular blocky,
brown which falls apart
into granules
Bi2 65-108 2.5YR 3/6 Dark red Subangular blocky,
which falls apart
into granules
2A 108-142 7.5YR 3/4 Dark brown Granular
2Cg 142-180 10YR 5/2; Grayish brown; ~ Massive
cmy 2.5YR 6/6 and light red and

5YR 6/8 small
mottles

reddish yellow

*Soil color by the Munsell Soil Color Chart.

oscillation (Kampf and Curi, 2000). Interestingly, its actual location on
the landscape (midslope position with 7% slope) does not favor water
accumulation, indicating a probable change on the landscape from the
time this unity was formed to the present day. Resende et al. (2019)
stated that the landscape in Brazil has changed a lot as a function of
intense water erosion. This erosion has been so effective that some strata
of the geologic column, which are quite common in another parts of
world, are absent in a substantial portion of Brazil.

Soil pH varied from 4.8 to 6.0, and the lower values were mainly
found in the upper part of the soil profile (Table 2). This part has been
submitted to weathering-leaching causing acidification, a common
feature of most Brazilian soils (Resende et al., 2021). Conversely, the
unity below presented greater contents of nutrients, highlighting the
almost twice greater contents of exchangeable Ca?* and Mg?*, greater
cation exchange capacity at pH 7, sum of bases, and pH values. Available
P content was null in all depths evaluated, except for the first one,
probably related to nutrient recycling by vegetation, although it was
very low (0.02 mg dmf?’). Low or null contents of exchangeable ARt
were found in all soil samples, probably related to its consumption
during the formation of kaolinite, feldspars, and mica (see Fig. 5). The
SOM content decreased from the A to Bi2 horizon and then sharply
increased in the 2A horizon (from 0.35 to 0.89 dag kg™!), corroborating
the latter designation during the morphological description and sam-
pling. This variation of SOM content serves as a registration of the
alteration from a paleo-more gentle landscape, favoring water and,
hence, SOM accumulation (confirmed by greater SOM contents), to a
current more undulated landscape that prevents water accumulation,
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decreasing the SOM contents found in the current surface of the profile.

The particle size distribution of the soil profile (Table 3) showed the
highest sand contents in the deepest sample collected, where the fine
sand fraction is predominant (~60 %). Also, the fine sand and silt
contents are very different in various portions of the profile, indicating a
possible variation of the soil parent material (Resende et al., 2014).
While medium sand contents were homogenous in depth, the total sand
fraction varied between the upper portion (from 61 to 79 %) and the
lower portion of the soil profile (from 78 to 90 %). The clay contents
ranged from 8.0 to 20 %; the highest contents occurred in the upper
portion of the soil profile. More importantly, the clay content in the
lower portion is considerably lower, reaching half of the lowest content
(8 %) found in the upper portion of the soil profile (16 %). Silt contents
were also divergent in the soil profile, varying from 1 % in the lower
portion to 21 % in the upper portion. This fraction content is highest at
the depth of 70 cm (21 %) and the lowest values are found in the lower
portion of the soil profile. The silt/clay ratio being equal or higher than
0.7 in the Bil and Bi2 horizons excludes the classification of this soil as
Latosol (Santos et al., 2015a; Santos et al., 2018), indicating this soil did
not suffer a high degree of weathering.

The magnetic susceptibility (MS) analysis of A and Bil soil horizons
indicated magnetic minerals in all the particle size fractions, with the
greatest contents in the clay fraction (Table 4). In the clay fraction, the
MS values doubled from the A to the Bil horizon, which may indicate
some lateral loss of clay from the A horizon (Table 3) (Goncalves et al.,
2019), with possible removal of some maghemite.

In the coarse sand fraction of the A horizon, the same values for low
and high frequencies of MS, with consequent null value of FD %
(Table 4), indicate the presence of only macro-sized multidomain (MD)
ferrimagnetic minerals of lithogenic origin in this soil fraction (Preetz
et al., 2017). In the Bil horizon, the FD value of 12.2 % suggests the
predominance of ultrafine-grained ferrimagnetic minerals formed dur-
ing pedogenesis (super-paramagnetic — SP — minerals) (Preetz et al.,
2017).

In the silt fraction of the A and Bil soil horizons, values of FD of 8.6
and 8.0 %, respectively, suggest similar proportions of MD and SP
minerals, while in the clay fraction, the FD value of 15.3 % indicates
substantial predominance of SP minerals. In the silt fraction of the 2A
horizon, the FD value of 7.1 % suggests equilibrium between MD and SP
minerals, while in the clay fraction the value of FD of 12.5 % indicates
predominance of SP minerals.

In the coarse and fine sand fractions of 2A and 2Cg soil horizons, the
MS values of 0 and 0.7x10”7 m® kg ! indicate absence and only traces of
magnetic minerals, respectively (Dearing, 1999). The much lower values
of MS in the silt and clay fractions of the 2Cg soil horizon (Table 4) is in
agreement with the paleoredoximorphic conditions prevailing there,
causing destabilization and removal of magnetite from the silt fraction

Table 2

Results of soil fertility analyses of the studied soil profile, from Pontal do Paranapanema, Sao Paulo state, Brazil.
Depth pH K P Ca®t  Mg>* APY H+Al SB t T BS Alsat  SOM P-Rem
cm mg dm > cmol. dm ™3 % dagkg' mglL?
0-10 5.2 70.03 0.02 0.76 0.35 0.0 1.8 1.29 1.29 3.09 41.73 0.00 0.73 50.8
10-25 4.8 63.77 0.00 0.65 0.27 0.1 3.6 1.08 1.18 4.68 23.15 8.47 0.43 44.8
25-40 5.2 61.92 0.00 0.67 0.36 0.1 1.7 1.19 1.29 2.89 41.13 7.75 0.39 42.3
40-55 5.3 57.04 0.00 0.97 0.28 0.0 1.6 1.40 1.40 3.00 46.54 0.00 0.42 43.1
55-70 5.5 59.9 0.00 0.79 0.19 0.1 1.6 1.13 1.23 2.73 41.52 8.13 0.53 50.3
70-85 5.4 57.25 0.00 0.84 0.21 0.0 2.8 1.20 1.20 4.00 29.92 0.00 0.40 49.0
85-100 5.4 56.59 0.00 0.99 0.23 0.0 1.4 1.37 1.37 2.77 49.28 0.00 0.35 52.4
100-115 5.2 64.99 0.00 1.84 0.5 0.0 1.9 2.51 2.51 4.41 56.84 0.00 0.89 46.9
115-130 5.5 63.80 0.00 1.82 0.64 0.0 2.4 2.62 2.62 5.02 52.26 0.00 0.85 50.9
130-145 5.9 61.28 0.00 1.33 0.52 0.0 1.3 2.01 2.01 3.31 60.64 0.00 0.33 59.9
145-160 6.0 78.92 0.00 1.32 0.53 0.0 1.3 2.05 2.05 3.35 61.26 0.00 0.32 63.3
160-175 5.1 60.96 0.00 1.30 0.46 0.0 2.2 1.92 1.92 4.12 46.51 0.00 0.27 44.8

SB: sum of bases; t: effective cation exchange capacity; T: cation exchange capacity at pH 7; BS: base saturation; Al sat: saturation by Al>*; SOM: soil organic matter; and

P-Rem: remaining P.
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Table 3
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Texture analyses of the studied soil profile, from Pontal do Paranapanema, Sao Paulo state, Brazil.

Depth Clay Silt Very coarse sand Coarse sand Medium sand Fine Very fine Total sand Silt/clay ratio
sand sand

cm Y

0-10 17 9 0 0 6 51 17 74 0.55
10-25 19 2 0 1 6 55 17 79 0.12
25-40 19 17 0 1 6 37 20 65 0.89
40-55 20 14 0 2 6 37 21 66 0.73
55-70 18 21 0 0 6 35 20 61 1.20
70-85 16 13 0 0 6 41 24 71 0.78
85-100 15 15 0 0 6 40 24 71 1.01
100-115 16 7 0 0 6 45 26 78 0.43
115-130 15 5 0 0 6 50 24 81 0.32
130-145 10 1 0 2 6 58 23 89 0.08
145-160 8 2 0 1 6 60 23 90 0.21
160-175 9 1 0 2 6 60 22 90 0.08

and maghemite from the clay fraction of the Paleosol (Kampf and Curi,
2000; Resende et al., 2011). This process is caused by the reduction of Fe
(III) to Fe(Il) under reduction conditions (waterlogging preventing
appropriate amounts of oxygen in soil pores), dismantling Fe(III)-
bearing minerals, such as the magnetic ones (magnetite and maghe-
mite), besides hematite and goethite (Kampf and Curi, 2000; Schaetzl
and Anderson, 2005); thus, it provides the greyish color and the low MS
values of the 2Cg horizon.

The spatialization of MS data (Fig. 2) showed variation across the soil
profile (the data presented in Figs. 2, 3 and 4 to be discussed later, may
assist in horizons recognition and boundaries definition). The higher MS
values were found in the Bi horizon. Probably the lower MS values in the
A horizon are related to the greater content of SOM, which tends to
reduce MS. Dearing (1999) classified the SOM as diamagnetic, pre-
senting a weak or even negative susceptibility, reducing the final MS
value of matrices presenting higher SOM contents. Moreover, the lowest
MS values were found at 115-175 cm depth, indicating that this portion
of the soil profile has the lowest contents of magnetic minerals,
corroborating the hypothesis that it was formed under paleoredox-
imorfic conditions. As such, these conditions tend to destabilize the
magnetic minerals, by reducing the Fe(IIl) to Fe(II) forms (Kampf and
Curi, 2000), with consequent removal. Shirzaditabar and Heck (2021),
studying soils with different drainage conditions, found lower MS values
for hydromorphic soils and higher values for well-drained soils, similar
to the findings for the Gleysol and the Cambisol unities of the soil profile
studied herein. There is a small part of the 2A horizon at its right su-
perior side with contrasting much higher FD % values (Fig. 2), which
may indicate that this part is more related to the Bil horizon situated
above. It was not observed any indication of such difference during the
field morphological analysis.

When comparing the MS values of ADFE, the lowest values were
found for the 2Cg horizon, probably related to the instability of the
magnetic minerals under paleoredoximorphic conditions (Kampf and
Curi, 2000; Resende et al., 2011). The increase of low and high fre-
quency values of MS for the A to the Bil soil horizons reinforces the
indication of lateral loss of clay from the A horizon (Goncalves et al.,
2019), with removal of some magnetite and maghemite.

3.2. Portable X-ray fluorescence (pXRF) and X-ray diffraction (XRD)
analyses

The variation of the elemental contents detected by pXRF in the soil
profile (Fig. 3) shows that some elements have a clear pattern of dis-
tribution. For instance, K increased downwards, starting from 115 cm of
depth, coinciding with the 2A horizon of the soil. This increment is not
associated with increasing available K content (Table 2), probably
because K constitutes part of the crystalline structure of feldspars and
mica (Fig. 5). The P and Zn had low variations along the soil profile,

presenting low contents. The Ca, Mg, and Si contents decreased until a
certain depth (Ca and Mg between 85-100 c¢cm and Si at ~ 55 cm) and
then increased again. Different from K, Ca and Mg contents increased in
depth in accordance to the increase of their exchangeable forms. The
correlations between Ca, Mg, and K from pXRF and their exchangeable/
available contents agree with reports from other studies conducted in
Brazilian soils (Benedet et al., 2021; Silva et al., 2018; Teixeira et al.,
2018).

The Cr, Cu, Fe, Mn, Ti, V, and Zr have higher contents in the upper
part of the soil profile (A and Bi horizons) and lower contents below that
depth (Fig. 4). Gloaguen and Passe (2017) studied the natural accu-
mulation of Cr, Cu, Pb, Ni, and Zn in different soils derived from Qua-
ternary sediments and in sandy soils derived from Mesozoic rocks, at
Reconcavo Baiano region, Brazil, and concluded that the pedogenesis
and the geology explain the concentration of such elements in these
soils, similar to the present study.

The sandstone parent material influences the elemental content of
the soil (Moniz and Carvalho, 1973), as expected. Heavy metals tend to
accumulate mainly in the clay fraction of soils (Pikuta and Stepien,
2021). In the present study, greater content of elements was found in
horizons featuring higher clay content (Fig. 3 and Table 3). The Fe
content, for instance, revealed a drastic reduction from 145 cm depth
downwards, corresponding to the portion of the soil where paleogle-
ization processes prevailed (2Cg horizon), promoting the solubilization
of Fe(Il) forms and consequent removal by leaching.

The Ti/Zr ratio showed values of 21.45, 21.00, 39.74, and 34.00,
respectively, for the A, Bil, 2A, and 2Cg horizons, clearly indicating
different parent materials for the Cambisol and Gleysol unities, since
both elements are known as very stable and immobile in soil enviro-
ments (Goziikara et al., 2021; McNulty et al., 2018; Schaetzl and
Anderson, 2005; Stockmann et al., 2016). One possible explanation for
such differences in parent materials refers to the well-known association
of pellitic sediments intermixed with sandstone (Resende et al., 2019).
The current midslope position of the Paleosol studied with 7% slope
make the colluvia possibility unlikely.

Regarding the spatialization of elemental contents (Fig. 4), the dis-
tribution of several elements followed the occurrence of the different
unities of the Paleosol. Noticeable, Al, Cr, Cu, Fe, Ti, V, Zn, and Zr
accumulated in the Bi horizon and were lower downwards. The opposite
trend occurred for Si and K. However, Mn clearly accumulated in the 2A
horizon, reinforcing the occurrence of different soil parent materials.
The accumulation of Al, Cr, Cu, Fe, Ti, V, Zn, and Zr in the Bi horizons is
associated with their greater clay content (Table 3). Mancini et al.
(2021) and Sun et al. (2020) also observed that some elements accu-
mulated in the B horizon, respectively, of a Latosol (Oxisol) and an
Alfisol, coincident with relative greater accumulation of clay in such
horizons of the soil profiles.

Regarding the XRD analyses (Fig. 5), quartz predominates in the silt,
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Table 4

Magnetic susceptibility (x) in low frequency (x1r), high frequency (yur), and the
frequency difference (FD) per granulometric fraction and for the air-dried fine
earth (ADFE) fraction of the studied profile, from Pontal do Paranapanema, Sao
Paulo state, Brazil.

b4 Horizon  Coarse Fine Silt Clay ADFE
sand sand

A 8.6 5.2 39 524 101
XLF Bil 5.6 1.9 153 1047 205

2A 0.0 0.7 169 350 6.2
(x107 m® 2Cg 0.0 0.7 3.9 4.8 1.3
kg™

A 8.6 4.7 36 444 9.0
XHF Bil 4.9 1.6 14.1 88.6 17.7

2A 0.0 0.7 157 303 5.6
(x107 m® 2Cg 0.0 0.7 3.9 4.2 1.2
kg™H

A 0.0 0.5 0.3 8.0 1.1
XD Bil 0.7 0.3 1.2 16.0 28
Ot - xur 2A 0.0 0.0 1.2 47 06
(x107 m® 2Cg 0.0 0.0 0.0 0.6 0.1
kg™

A 0.0 9.1 8.6 153 109
FD Bil 12.2 17.6 8.0 153 137
(%) 2A 0.0 0.0 7.1 135 9.7

2Cg 0.0 0.0 0.0 125 83

coarse and fine sand fractions of all soil horizons. Small peaks of feld-
spars (probably K-feldspars) were identified in the coarse and fine sand
fractions of 2A and 2Cg horizons (Fig. 5b; 5¢; 5d). Moreover, mica was
identified in the silt (probably muscovite) and clay (probably illite)
fractions of the 2Cg horizon (Fig. 5d). Both findings help explain the
increment of K obtained via pXRF in these soil horizons (Fig. 4), and
agree with reports of Moniz and Carvalho (1973) when studying soils of
the same region and derived from the same parent material.

In the clay fraction, kaolinite was the dominant mineral in all soil
horizons, mainly in the 2Cg horizon. Hematite was not identified only in
this horizon, as expected, since the paleoredoximorphic conditions
probably caused its decomposition (Barbosa et al., 2019; Kampf and
Curi, 2000; Resende et al., 2011).

LF (*10-"m’ kg)

HF (*10 'm?* kg?)

e.-0--0-9-"

Depth (cm)
Depth (cm)
&

115
130
145
160

175

24.92 21.16
0.47 0.43
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A small gibbsite peak was found only in the clay fraction of the 2Cg
horizon (Fig. 5d), which is in agreement with the findings of Motta and
Kampf (1992) and Pozza et al. (2007, 2009) when studying a Haplic
Gleysol profile in the Central Plateau of Brazil. Rutile was only detected
in the silt and clay fractions of the 2Cg horizon. Taking into account this
Ti-bearing mineral is very stable and immobile in soil systems, even
under redoximorphic conditions (Kampf et al., 2009), this finding may
also corroborate the lithological discontinuity possibility discussed
earlier.

According to pXRF results per particle size fraction of the soil
(Fig. 6), Al is predominant in the clay fraction of all soil horizons. The
same trend occurs for P, Zn, Ti, Cu, Cr, Fe, and V (except for the 2A
horizon, which contains greater V content in the silt fraction).
Conversely, Zr and Mn contents are predominant in the silt fraction,
except for the 2Cg horizon that has higher contents of Mn in the clay
fraction. Grauer-Gray and Hartemink (2018) found higher contents of Zr
for soils richer in clay or silt (Alfisol and Mollisol) and lower contents for
sandy soil (Entisol). Silva et al. (2018) also observed this trend for both
Zr and Mn, mainly in the Cr horizon of a Cambison (Inceptisol) in the
Brazilian Cerrado biome.

Nevertheless, Si, Mg, and Ca were well distributed along the soil
profile in all soil fractions. The Si distribution is mainly associated to the
dominance of quartz in the sand and silt fractions, and to kaolinite in the
clay fraction of the soil studied.

4. Final remarks

The combination of analyses used in this pilot work was able to detail
the contrasting pedogenesis processes of the Cambisol and Gleysol
unities of the studied soil profile, confirming the field morphological
description, in addition to revealing differences in parent materials, not-
detected during the field work. The digital morphometrics approach,
mainly in terms of magnetic susceptibility data spatialization, eluci-
dated a clear variation in the boundaries between the Bi2 and 2A soil
horizons, without any indication in field morphology.

The drain head where the Paleosol is situated (Fig. 1) is environ-
mentally important mainly in relation to springs protection, because its
conformation tends to expose the perched water table. So, it is important

FD (LF - HF)

(*10-7m3 kg-l) FD (%)

Depth (cm)
Depth (cm)

73.94 17.56
0.83 9.15

Fig. 2. Spatial representation of magnetic susceptibility data in low frequency (LF), high frequency (HF), and the frequency difference (FD) of the studied soil profile

from Pontal do Paranapanema, Sao Paulo state, Brazil.
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Fig. 3. Mean elemental contents of the studied soil profile, obtained with pXRF, from Pontal do Paranapanema, Sao Paulo state, Brazil. Dashed lines indicate horizon

boundaries, established during field morphological description.

to detail the characterization of the soils there in order to plan conser-
vation practices aiming to prevent the clogging of springs (Mello et al.,
2019). As the sediments tend to remain retained on the native vegetation
(semi-perennial tropical forest) of these areas, they play a role as filters,
with beneficial impacts on water quality (Mello and Curi, 2012). The
undulated topography of this drain head does not allow much impact on
water recharge potential. Also, the seepage erosion should also be
considered, in which the subsurface flow, favored in this case by the
pellitic (fine) sediments intermixed with the sandstone, may transport
soil particles entrained in the seepage water (Soil Science Society of
America, 2008) to lower landscape positions and may potentially pollute
water bodies and springs (Mello et al., 2019), mainly in terms of heavy
metals, N, and P.

The detailed characterization of the Paleosol may be useful for
estimation of water and sediment paleodischarge and paleodrainage
area, and sediment budgets (Bhattacharya et al., 2016) and for paleo-
discharge reconstruction (Shen et al., 2021), then assisting with char-
acterization of climate change impacts.

The authors understand that there are Paleosols not yet studied in
Brazil, for example the Latosols (Oxisols) located on the summits

(chapadas) of the Brazilian Central Plateau, making part of the Cerrado
biome (22% of the county). These chapadas were formed by pedipla-
nation, under bioclimatic conditions much drier than nowadays (Curi
et al., 1993). In other words, the relief is relict from dry climate and the
Oxisols were formed under humid climate (Resende et al., 2014). Then,
these Latosols are polygenetic: they are Paleosols. This approach may
encourage future studies in this research line.

5. Conclusions

The Paleosol studied herein presented contrasting redoximorphic
features, suggesting a change on the landscape to promote such varia-
tion. Moreover, the Ti/Zr ratio, delivered by pXRF, indicated different
parent materials forming the reddish and gleyic unities of the Paleosol.

The topographical evolution includes a gentler slope in the past,
allowing a high perched water table, favored by the pellitic (fine) sed-
iments intermixed with the sandstone. These fine layers, having much
lower permeability, induced paleoredoximorphic processes and the
resulting greyish colors in the lower part of the Paleosol profile. After
that, there was an intense erosion resumption, a very common condition
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Fig. 4. Spatial representation of elemental contents variability of the studied profile, obtained with pXRF, from Pontal do Paranapanema, Sao Paulo state, Brazil.
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Fig. 5. X-ray diffraction analyses of particle size fractions of the soil studied, in Pontal do Paranapanema, Sao Paulo state, Brazil. (a) A horizon; (b) Bil horizon; (c)
2A horizon; and (d) 2Cg horizon.

in Brazil, dissecting the former landscape and favoring the current data, provided details on the variation of soil properties formed under

oxidation processes in the upper part of the soil profile, with hematite current pedalization and elutriation versus paleogleyzation, and deliv-

formation and consequent reddish colors. ered some insights on enhancing conservation practices and on assisting
In this pilot study, the combined use of field morphology, physical, the characterization of climate change impacts.

chemical, and mineralogical analyses, complemented by pXRF and MS
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Fig. 6. Elemental contents per particle size fraction of the studied profile, obtained with pXRF, from Pontal do Paranapanema, Sao Paulo state, Brazil.
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