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ABSTRACT: Serra da Saudade Formation corresponds to the upper part of the
stratigraphic column of the Bambui Group. Few studies have addressed the soil properties
and pedogenesis of the pelitic rocks rich in potassium minerals of this formation. This
study analyzed siltstone-derived soils, some of which are glauconitic (green siltstone;
“verdete”), to understand the role of the main pedogenetic factors and processes in
the landscape of the Central-West region of the Minas Gerais State, covered by Cerrado
vegetation. Nine soil profiles were described, and their morphological, physical, chemical
and mineralogical properties were analyzed. Soils were classified as Neossolos Litélicos
(P1, P3, P6, P8 and P9), Cambissolos Haplicos (P2 and P5), Argissolo Vermelho-Amarelo
(P4) and Argissolo Acinzentado (P7). The main active pedogenetic processes identified
in the study area are melanization, goethization, argiluviation and elutriation. These
are essentially controlled by the nature of the parent material and position of the soil
in the relief. Soils are typically shallow, dystrophic, highly Al-saturated and contain
essentially quartz and micas in the coarse fractions (sand and silt) and illite/glauconite
and kaolinite in the clay fraction. In soil environments with siltstone and green siltstone
under “dry forests”, the soil water pH was higher and high levels of exchangeable calcium
and magnesium, a eutrophic character and high-activity clay were observed. Barium,
chromium, lead and zinc contents were high in all studied soils. Green siltstone-derived
soils have peculiar physical and chemical properties, divergent from those developed
from other glauconitic rocks on the Earth surface. However, greenish tones in horizons
are common in all these soils.
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INTRODUCTION

Bambui geological unit consists of siliciclastic and carbonate sedimentary rocks of the
Neoproterozoic (>550 million years ago) and lies in the Sao Francisco Basin, in the central
region of Brazil (Uhlein et al., 2019; Silva et al., 2022). It covers part of the states of
Minas Gerais, Goids, Tocantins and Bahia and has a particularly high diversity of pelitic
rocks (Lima et al., 2007; Uhlein et al., 2019; Moreira et al., 2021). These rocks gave rise
to soils with contrasting characteristics widely used in agriculture (Oliveira et al., 1998;
Pereira et al., 2010; Maranhdo et al., 2016, 2020).

Soils derived from pelitic rocks are usually fine-textured (silty and/or clayey), yellowish,
acidic, dystrophic, and the clay fraction contains essentially muscovite/illite and kaolinite
(Barbosa et al., 1991; Pereira et al., 2010). In areas of carbonate or mixed (carbonate-
siliciclastic) rocks, the soils have a eutrophic character and high-activity clay (Oliveira
et al., 1998; Maranhao et al., 2016, 2020).

Although the pedological pattern is widely acknowledged, pelitic rocks with marked
chemical and mineralogical variations can be found in the Bambui Group (Lima et al.,
2007; Moreira et al., 2016, 2020; Uhlein et al., 2019). This calls for studies at different
detail levels to deepen the knowledge about soils. One lithostratigraphic unit of the
Bambui Group (Neoproterozoic to Cambrian age) is the Serra da Saudade Formation,
which consists of siliciclastic sediments deposited in the epicontinental sea, represented
mainly by siltstone, shale, and fine sandstone (Lima et al., 2007; Moreira et al., 2020;
Teles et al., 2022).

The most representative display of the Serra da Saudade Formation is found in the
homonymous region (Serra da Saudade), between the districts of Sdo Gotardo, Matutina
and Cedro do Abaeté, Minas Gerais (Lima et al., 2007; Moreira et al., 2020; Teles et al.,
2022). One of the rocks, a dark green siltstone, regionally known as green siltstone, has
a particularly high K,0 content (7-14 %), due to the predominance of potassium minerals,
e.g., glauconite (40-80 %), K-feldspar (10-15 %), muscovite/illite (5 %) and biotite (2
%) (Moreira et al., 2016). Glauconite accounts for the greenish color of green siltstone
and generally has clay-sized particle size (Lima et al., 2007; Moreira et al., 2020). The
occurrence of this mineral on the Earth surface is limited, generally to marine-influenced
environments (Tedrow, 2002; Andrade et al., 2014, 2018; Skiba et al., 2014; Skoneczna et
al., 2019). However, glauconite has been reported in non-marine environments (Huggett
and Cuadros, 2010), for example, in hypersaline lakes (Deconinck et al., 1988; Furquim
et al., 2010). In the region of Cedro do Abaeté, reworked carbonates (calcirudite and
calcarenite) and phosphatic rhythmites (rich in fluorapatite) occur interspersed with
green siltstone. The former are thicker and occur frequently in the Serra da Saudade
Formation (Lima et al., 2007; Moreira et al., 2020; 2021).

Green siltstone origin is commonly explained by sedimentary and diagenetic processes,
such as marine transgression, which favor the formation of glauconite (glauconitization)
(Lima et al., 2007; Moreira et al., 2016). Glauconite formation occurs by the dissolution
of a precursor clay mineral, most likely illite (the predominant mineral in the sediments)
and simultaneous crystallization. This precipitate, resulting from diagenesis in a slightly
reducing environment, is transformed into an iron-rich smectite (nontronite), which then
undergoes reduction of octahedral Fe3*; Mg?* absorption; selective sorption of K+ ions
from seawater and K+ fixation in the interlayers, giving rise to glauconite (Odom, 1984;
Clauer et al., 1992; Skiba et al., 2014; Moreira et al., 2016). Thus, green siltstone-derived
glauconite is an antigenic mineral, formed from illite-rich sediments previously deposited
under reducing environmental conditions (Moreira et al., 2016). Another possibility of green
siltstone formation in the Serra da Saudade was described by Teles et al. (2022), who
suggested that green siltstone is a product of potassium metasomatism in pre-existing
detrital sedimentary rocks.
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Little is known about the influence of pelitic rocks of the Serra da Saudade Formation
on pedogenesis, especially of green siltstone. The characteristics of soils derived from
glauconite rocks can be diversified, regardless of the similar environmental conditions
during formation (Tedrow, 2002; Skiba et al., 2014; Skoneczna et al., 2019), and the
potential for heavy metal contamination may be high (Dooley, 2001; Tedrow, 2002).
Summing up, the glauconite content, impurities and rock particle size can significantly
influence the properties of the soils formed.

Pedogenetic studies can improve the understanding of the potential and limitations of
soils for agricultural and environmental use, as well as for a sustainable management.
This study addressed the morphological, physical, chemical and mineralogical properties
of soils in areas of pelitic rocks of the Serra da Saudade (Bambui Group). In addition,
we tried to improve the database required to outline appropriate management and
conservation strategies for the local features. The hypothesis was that the parent material
determines the genesis of soils with divergent characteristics, especially in terms of

chemical properties and mineralogical constitution of the clay fraction.

MATERIALS AND METHODS

The study area is part of the Serra da Saudade, in the Central-Western state of Minas
Gerais, Brazil (Figure 1a). According to Képpen'’s classification system, the regional climate
is tropical with dry winters (Aw) (Alvares et al., 2013), with annual averages of 1,240 mm
rainfall and 23 °C. The vegetation is typical of the Cerrado biome, characterized by forested,
savannah-like phytophysiognomies (Ribeiro and Walter, 2008). Geomorphologically, at
elevations between 570 and 1,100 m a.s.l., the relief is predominantly mountainous
(Figure 1b). The lithology consists of siltstone of the Serra da Saudade Formation (Bambui
Group), which contains basically micas (glauconite, muscovite, biotite and illite), quartz,
K-feldspar, kaolinite, goethite and titanium and manganese oxides (Lima et al., 2007,
Moreira et al., 2016, 2021).

Based on field observations, nine representative soil profiles of the Serra da Saudade were
selected; five were derived from non-glauconitic siltstone (P1, P2, P3, P4 and P5) and four
from green siltstone (P6, P7, P8 and P9) (Figures 1c and 2). Non-glauconitic siltstone is
generally dark gray or light brown, locally intercalated with calciferous intercalations. It
consists mainly of quartz, feldspar and muscovite, whereas glauconite was not detected
in the composition (Moreira et al., 2021).

Soils P1, P4, P5, P7 and P9 were covered by typical thin Cerrado vegetation and P2, P3,
P6 and P8 by tropical deciduous forest (“dry forest”). Soil horizons were described and
sampled as proposed by Santos et al. (2015); the material was air-dried, crumbled and
sieved (<2 mm) to obtain air-dried fine earth fraction (ADFE) for physical, chemical and
mineralogical analyses. Soils were classified based on the Brazilian Soil Classification
System (Santos et al., 2018) and Keys to Soil Taxonomy (Soil Survey Staff, 2014).

Physical and chemical analyses of ADFE samples were carried out, as proposed by Teixeira
etal. (2017). The following physical properties were measured: particle-size composition,
by ADFE dispersion with 0.1 mol L** NaOH and vertical mechanical vibration (16 h at
50 rpm); sand content by sieving, and silt and clay contents by the pipette method; clay
dispersed in water with the pipette method; particle density using the volumetric flask
method. Chemical analyses determined: pH in H,O and in solution with 1 mol L* KCI
(1:2.5 v/v); extraction of exchangeable cations (Ca?*, Mg?+ and Al**) with 1 mol L* KCI
solution, while Ca?* and Mg?* were determined by atomic absorption spectrometry and
Al3* by titration with 0.025 mol L* NaOH; Na, K and P extracted by Mehlich-1 solution,
and Na and K were determined by flame photometry, while P by colorimetry; potential
acidity (H+Al) by extraction with 0.5 mol L? calcium acetate solution and determined
by titration with 0.025 mol L'* NaOH; total organic carbon (TOC) via wet oxidation with
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Figure 1. Location of the study area in the central region of Minas Gerais, Brazil (a), distribution of sampled soil profiles in the relief
(b) and on the pelitic rocks of the Serra da Saudade Formation, Bambui Group (c).

0.167 mol L* K,Cr,0,. The silt/clay ratio, flocculation degree, ApH, sum of bases, cation
exchange capacity at pH 7.0, base saturation, Al saturation and activity of the clay
fraction were calculated (Teixeira et al., 2017; Santos et al., 2018).

Iron was removed from the clay fraction by three successive extractions with sodium
citrate-bicarbonate-dithionite (CBD) at 60 °C (Mehra and Jackson, 1960), a single extraction
with ammonium acid oxalate (AAO) at pH 3.0 (McKeague and Day, 1966), and determined
by atomic absorption spectrometry.

From the clay fraction of the ADFE samples, Si, Al, Fe, Ti, K and P was extracted by
sulfuric digestion (H,SO, 1:1), and total contents of K, Ba, Cr, Pb, Zn, Cd, Co, Cu, Mn,
Mo and Ni by triacid digestion (HNO, + HF + HCIO,) (Teixeira et al., 2017). All elements
were quantified by inductively coupled plasma atomic emission spectrometry (ICP-OES;
Optima 3300 DV, Perkin EImer). Contents of Si and Al were determined by sulfur digestion
and were expressed in the form of oxides and used to calculate the weathering index
Ki (Teixeira et al., 2017).

Sand, silt and clay fractions were separated by dispersion with 0.1 mol L'* NaOH and
vertical mechanical vibration (16 h at 50 rpm). Sand fraction was removed by sieving
(<53 um) and the silt and clay fractions were separated by sedimentation based on
Stokes’ Law (Jackson, 1979). Sand, silt and clay fractions were oven-dried at 45 °C and
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Figure 2. Representative soil profiles of non-glauconitic siltstone (P1, P2 and P3) and green siltstone (P6, P8 and P9) in the Serra da
Saudade Formation, Minas Gerais, Brazil.

analyzed by X-ray diffraction (XRD) in a Shimadzu 6000 diffractometer, operating under
the following conditions: 40 kV CuKa radiation, at 30 mA, using a graphite monochromator
to scan 4 to 50 °26, at steps of 0.02 °26 s. Sand and silt fractions were deposited on
hollowed-out glass slides (powder method) after grinding in an agate mortar and sieving
(<0.044 mm; 325 mesh), and the clay fraction was mounted on glass slides by smearing
(oriented sample).

Clay samples from selected horizons were deferrified with dithionite-citrate-bicarbonate
(CBD) and saturated with K and Mg to improve the identification of 2:1 clay minerals
(Harris and White, 2008; Teixeira et al., 2017; Silva et al., 2019). For K saturation, a
50 mL falcon tube was filled with 1.0 g of the sample and 10 mL of 1 mol L KCI
solution, shaken on a shaking table (2 h at 6 rpm), centrifuged at 3000 rpm for 15 min
and the supernatant was discarded; this procedure was repeated twice. Sample was
washed with 10 mL of distilled water, centrifuged and the supernatant discarded; this
procedure was repeated twice. K-saturated sample was deposited in a muffle furnace on
a glass slide (oriented sample) for air-drying at 25 °C and successive heating at 330 and
550 °C for 2 h. The same saturation procedure was applied for Mg saturation, but with
1 mol L* MgCl, solution. The Mg-saturated sample was mounted on two glass slides
(oriented sample), one of which was placed in a vacuum desiccator in an ethylene-glycol-
saturated atmosphere for 15 h.
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Statistical analysis was performed with PAST 4 software (Hammer et al., 2001). Principal
components (PCA), Ward's cluster method and Pearson’s correlation analyses were
only applied to the variables that met the assumptions of parametric statistical tests,
namely: silt; clay; flocculation clay degree; particle density; content of elements in the
sulfuric digestion extract, expressed in the form of oxides (SiO,, Al,O,, Fe,0, and TiO,); Ki
weathering index; Ca, Cr and Zn contents in the triacid digestion extract; and Fe content
in the extracts CBD (Fe ) and AAO (Fe).

RESULTS AND DISCUSSION
Morphological and physical properties

The depth of the soil profiles varied from 0.20 (P6) to 1.40 m (P7), and the horizon
sequences were identified as A - Cr (P1 and P9), A - R (P3, P6 and P8), A - Bi - C (P2
and P5), A - Bt (P4) and A - Bt - BC (P7) (Table 1). These morphological characteristics
indicate a predominance of shallow soils in the study area, given by the horizontal
strata of pelitic rocks and steep relief at some locations, which are limiting factors for
pedogenetic development (Chagas et al., 1997; Pereira et al., 2010).

Yellowish soil horizons (7.5YR and 10YR) are common where the parent material is Fe-poor
(Barbosa et al., 1991; Pereira et al., 2010). If low Fe contents are released by the parent
material, goethite tends to be formed (xanthization; goethization), since its solubility
product is lower than that of ferrihydrite, the precursor of hematite (Schwertmann and
Taylor, 1989). On the other hand, in subsurface horizons of deeper soils (P2 and P4),
the good drainage conditions and lower organic matter content favor the occurrence
of reddish colors resulting from the presence of hematite (rubefaction), with stronger
pigmentation than goethite (Schwertmann and Taylor, 1989; Silva and Vidal-Torrado et
al., 1999).

Greenish horizons occur in the soils P6, P7, P8 and P9. This indicates presence of glauconite,
the mineral that causes the greenish aspect of green siltstone (Lima et al., 2007). This
morphological feature was also observed in soils derived from other glauconitic rocks in
other regions of the Earth surface (Skiba et al., 2014; Skoneczna et al., 2019).

Surface horizons of soils under dry forest (P2, P3, P6 and P8) have dark colors and low
chroma. Under this type of vegetation, the input, transformation and translocation of
organic matter by soil fauna promote humin accumulation, which is the most stable
fraction of soil organic matter and closely associated with the mineral fraction and
a significant melanization process in horizon A (Silva and Vidal-Torrado et al., 1999;
Maranhao et al., 2016; 2020).

In relation to the soil structure, the surface horizons contained predominantly granular
aggregates, due to the higher organic carbon contents. A moderate medium or large
subangular blocky structure was evident in the soil horizons. The presence of larger and
more stable soil structures is generally associated with the alternating effects of wetting
and drying cycles of the soil mass. In profiles P2, P3 and P8, the presence of angular
blocky structures suggested stronger aggregation in these soils, possibly due to the
increased levels of flocculating agents (Ca?* and Mg?*) and the mineralogical nature of
the clay fraction (Maranhao et al., 2016; 2020).

Silt and clay fractions were predominant in the soils and together accounted for, on
average, 85 % of the particle-size distribution of the horizons (Table 2). Thus, most
horizons have silty clay loam, silty loam, clay, clay loam and silty clay textures. Silt and
clay abundance in the soils was inherited from the parent material (Pereira et al., 2010;
Maranhao et al., 2020) and possibly accounted for the yellowish colors of some soils.
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Table 1. Morphological properties of sampled soils in the Serra da Saudade Formation, Minas Gerais, Brazil

Color (Munsell) Consistency
Hor. Layer Structure® -
Dry Wet Dry Moist Wet
m

P1 - Neossolo Litdlico Distréfico fragmentario (Lithic Udorthents)
A 0.00-0.03 10YR 6/4 10YR 4/4 mo, f/m, gr S FR MP-MS
Crl 0.03-0.15 7.5YR 5/6
Cr2 0.15-0.40 5Y 5/3

P2 - Cambissolo Haplico Ta Eutrdfico tipico (Typic Dystrudepts)
Al 0.00-0.29 10YR 5/3 10YR33 M f/f”;'b‘-li” mo, SH FR MP-MS
A2 0.29-0.47 10YR 5/4 10R34 Mo f f“s'b?(” ey SH FR MP-MS
Bil 0.47-0.67 7.5YR 3/4 mo. mslgﬁ' abk/ HA I VPVS
Bi2 0.67-0.83 7.5YR 4/6 e msfgﬁ' g2 HA I VP-VS
Crl 0.83-1.03 7.5YR 5/8
Cr2 1.03-1.30* 7.5YR 5/8

P3 - Neossolo Litélico Eutrdfico fragmentario (Lithic Udorthents)
Al 0.00-0.13 10YR 5/2 10YR33 Mo fr/n m's gL = SH FR MP-MS

mo, f/m, gr; mo, m,
A2 0.13-0.45 10YR 5/4 10YR 3/4 abk/sbk SH FR MP-MS
P4 -Argissolo Vermelho-Amarelo Distrdfico abruptico (Typic Haplustults)

Ap 0.00-0.20 10YR 4/4 10YR 3/4 mo, f/fm;tf’l: »mo, SH FR MP-MS
Btl 0.20-0.60 10YR 4/6 mo, m/co, sbk HA FR VP-VS
Bt2 0.60-0.80* 10YR 4/6 mo, m/co, sbk HA FR VP-VS

P5 - Cambissolo Héaplico Tb Distréfico tipico (Typic Dystrudepts)
Ap 0.00-0.15 10YR 5/4 10YR 4/4 mo. f/fms"tf’kr » Mo, SH FR SP-MS
Bi 0.15-0.30 10YR56 M f’fms:tﬁ(r U, HA FR SP-MS
BC 0.30-0.50 10YR 5/6 mo, f/m, sbk HA FR SP-MS
C 0.50-0.70 -

P6 - Neossolo Litélico Eutréfico fragmentario (Lithic Udorthents)
Ap 0.00-0.20 10YR 5/2 10YR 3/2 st, f/m, gr SH Fr MP-MS
P7 - Argissolo Acinzentado Distréfico abruptico (Typic Haplustults)
mo, f/m, gr; mo,

Al 0.00-0.14 2.5YR 5/2 10YR 3/2 e SH FR MP-MS
A2 0.14-0.35 2.5YR 5/2 10YR 4/2 mo, f/fms'tﬂ(r » Mo, SH FR MP-MS
Bt 0.52-1.13 5Y 4/3 st, m/co, sbk HA I MP-MS
BC 1.13-1.40* Gley 1 5/5G st, m/co, sbk VD I MP-MS

P8 - Neossolo Litélico Chernossdlico fragmentario (Lithic Udorthents)

mo, f/m, gr; mo,
f, abk

P9 - Neossolo Litélico Distréfico fragmentario (Lithic Udorthents)

A 0.00-0.40 10YR 5/2 10YR 3/2 SH FR MP-MS

mo, f/m, gr; mo,

f obk SH FR MP-MS

Ap 0.00-0.15 10YR 5/4 10YR 4/4

Cr 0.15-0.30 10YR 5/6 10YR 4/6

Hor.: horizon; ) Soil structure type. Gr: granular; abk: angular block; sbk: subangular blocky. Size - f: fine; m: medium; co: coarse; vc: very coarse.
Degree of development - mo: moderate; st: strong; Consistency - S: soft; SH: slightly hard; HA: hard; VD: very hard; FR: friable; Fl: firm; SP: slightly
plastic; MP: moderately plastic; VP: very plastic; MS: moderately sticky; VS: very sticky. (*) Described according to Santos et al. (2015). Soils derived
from “verdete”: P6, P7, P8 and P9.
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Table 2. Physical properties of sampled soils in the Serra da Saudade Formation, Minas Gerais, Brazil

Hor. Sand Silt Clay Textural class Silt/Clay FC Pd
g kg! % Mg m?3
P1 - Neossolo Litélico Distréfico fragmentario (Lithic Udorthents)
A 100 570 330 Silty clay loam 1.7 55 2.44
Crl 120 650 230 Silt loam 2.8 57 2.54
Cr2 210 480 310 Clay loam 1.5 97 2.48
P2 - Cambissolo Héaplico Ta Eutrdfico tipico (Typic Dystrudepts)
Al 70 540 390 Silty clay loam 14 67 2.44
A2 50 590 360 Silty clay loam 1.6 58 2.43
Bil 90 360 550 Clay 0.7 56 2.44
Bi2 40 530 430 Silty clay 1.2 35 2.44
Crl 80 540 380 Silty clay loam 1.4 47 2.53
Cr2 90 550 360 Silty clay loam 1.5 56 2.56
P3 - Neossolo Litélico Eutréfico fragmentdrio (Lithic Udorthents)
Al 160 400 440 Silty clay 0.9 73 2.44
A2 130 520 350 Silty clay loam 1.5 54 2.59
P4 - Argissolo Vermelho-Amarelo Distrdfico abruptico (Typic Haplustults)
Ap 90 410 500 Silty clay 0.8 80 2.52
Btl 30 270 700 Clay 0.4 67 2.52
Bt2 30 170 800 Clay 0.2 69 2.50
P5 - Cambissolo Héaplico Tb Distrdfico tipico (Typic Dystrudepts)
Ap 310 330 360 Clay loam 0.9 69 2.56
Bi 260 380 360 Clay loam 1.1 61 2.63
BC 400 350 250 Loam 1.4 68 2.44
C 420 420 160 Loam 2.6 94 2.60
P6 - Neossolo Litdlico Eutréfico fragmentdrio (Lithic Udorthents)
Ap 290 290 420 Clay 0.7 64 2.56
P7 - Argissolo Acinzentado Distréfico abruptico (Typic Haplustults)
Al 130 340 530 Clay 0.6 55 2.60
A2 170 320 510 Clay 0.6 57 2.57
Bt 80 190 730 Clay 0.3 66 2.60
BC 30 230 740 Clay 0.3 65 2.54
P8 - Neossolo Litélico Chernossdlico fragmentério (Lithic Udorthents)
A 220 260 520 Clay 0.5 67 2.55
P9 - Neossolo Litdlico Distréfico fragmentario (Lithic Udorthents)
Ap 90 470 440 Silty clay 11 50 2.40
Cr 150 570 280 Silty clay loam 2.0 50 2.50
I;lrc:g.:Pgorizon; FC: flocculated clay degree = (total clay - natural clay) x 100/total clay; Pd: particle density. Soils derived from “verdete”: P6, P7, P8

In P4 and P7, the clay content increased greatly from horizon A to B, sufficient to
characterize an abrupt textural change (Santos et al., 2018). Based on field observations,
the textural horizon (Bt) is most likely the product of combined argilluviation and elutriation
processes (Vidal-Torrado et al., 2006).

Silt/clay ratio above 0.6 in most soils indicated a low weathering degree (Santos et al.,
2018). In the case of P4 and P7, the low silt/clay ratio (<0.4) in the subsurface horizons
was consistent with an intensified pedogenetic development.
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Table 3. Chemical properties of sampled soils in the Serra da Saudade Formation, Minas Gerais, Brazil

pH(1:2.5)
Hor. Ca?* Mg** K+ Na* AP+ H+Al SB CEC, CEC, \") m P TOC
H,0 KCl ApH
cmol_kg! % mg kg? g kg?
P1 - Neossolo Litdlico Distréfico fragmentario (Lithic Udorthents)
A 506 395 -1.1 0.2 0.2 0.1 0.0 2.5 4.3 0.6 4.8 14.6 11 82 1

Crl 516 4.02 -1.1 0.1 0.1 0.1 0.0 2.9 4.4 0.2 46 20.1 5 93 1
Cr2 544 4.09 -13 0.0 0.2 0.1 0.0 31 4.4 0.3 47 151 6 92 1
P2 - Cambissolo Haplico Ta Eutrdfico tipico (Typic Dystrudepts)

Al 542 437 -11 9.7 1.3 0.1 0.0 0.0 75 11.1 186 47.8 60 0 2 13
A2 5,69 455 -1.1 9.2 1.0 0.1 0.0 0.0 74 103 17.7 49.1 58 0 1 12
Bil 597 469 -13 9.0 1.5 0.1 0.0 0.0 6.8 106 174 316 61 0 2 6
Bi2 588 475 -11 74 1.3 0.1 0.1 0.0 6.4 89 153 355 58 0 3 4
Crl 5.67 442 -13 8.6 1.9 0.1 0.1 0.0 6.0 107 16.6 438 64 0 3 2
Cr2 6.08 4.82 -13 7.4 2.4 0.1 0.1 0.0 55 10.0 154 429 64 0 2 1
P3 - Neossolo Litélico Eutrdfico fragmentdrio (Lithic Udorthents)
Al 6.34 511 -12 55 3.1 0.5 0.0 0.0 7.4 9.1 165 374 55 0 4 14

A2 579 432 -15 5.6 1.1 0.2 0.0 0.0 6.8 6.9 137 392 50 0 1 5
P4 - Argissolo Vermelho-Amarelo Distrdfico abrtptico (Typic Haplustults)

Ap 510 381 -1.3 1.6 0.2 0.0 0.0 1.6 4.7 1.9 6.6 132 29 45 3 16

Btl 519 377 -14 2.8 0.4 0.0 0.0 2.6 4.1 3.2 7.3 104 44 45 2 11

Bt2 502 375 -1.3 2.0 0.5 0.0 0.0 3.0 3.3 2.5 5.8 7.2 44 54 1 8
P5 - Cambissolo Haplico Tb Distréfico tipico (Typic Dystrudepts)

Ap 484 389 -10 0.3 0.3 0.1 0.0 2.8 5.0 0.8 58 161 13 79 1 16

Bi 490 394 -1.0 0.1 0.1 0.0 0.0 2.4 5.2 0.2 5.4 14.9 4 92 1 12

BC 469 411 -0.6 0.0 0.0 0.0 0.0 2.3 4.0 0.1 4.1 16.5 3 95 1 7

C 526 426 -1.0 0.0 0.0 0.0 0.0 1.9 3.2 0.1 3.3 20.4 3 95 1 3
P6 - Neossolo Litdlico Eutréfico fragmentario (Lithic Udorthents)

Ap 6.04 4387 -1.2 5.5 1.4 0.4 0.0 0.0 6.0 7.3 13.3 31.6 55 0 4 18

P7 - Argissolo Acinzentado Distréfico abruptico (Typic Haplustults)

Al 511 390 -1.2 2.6 1.1 0.2 0.0 1.6 4.5 3.9 8.4 15.9 47 28 5 16

A2 504 388 -1.2 2.4 0.4 0.1 0.0 1.9 3.9 3.0 6.8 13.4 43 39 5 12

Bt 511 3.88 -1.2 0.8 0.1 0.1 0.0 2.0 3.2 1.0 4.2 5.7 24 66 2

BC 505 3.82 -12 0.5 0.2 0.1 0.0 2.9 4.2 0.7 4.9 6.6 14 81 1

P8 - Neossolo Litdlico Chernossdlico fragmentario (Lithic Udorthents)
A 633 546 -09 99 3.1 0.7 0.0 0.0 6.2 138 20.0 384 69 0 6 16
P9 - Neossolo Litdlico Distrdfico fragmentdrio (Lithic Udorthents)
Ap 510 397 -11 0.3 0.4 0.1 0.0 2.1 5.9 0.8 6.7 15.1 12 73 4 15
Cr 566 4.09 -1.6 0.2 0.0 0.1 0.0 1.8 3.6 0.3 3.9 13.9 9 84 1 6

Hor.: horizon; ApH: pH,, - pH,,,; SB: sum of base; CEC,: total cation exchange capacity (SB + H+Al); CEC,: clay activity (CTC, = CEC, X 1000/ total

clay); V: saturation of bases (V = SB x 100/CEC,); m: saturation of aluminum [m = (100 x AP*)/(SB + A**)]; P: phosphorus extracted by Mehlich-1;
TOC: total organic carbon. Soils derived from “verdete”: P6, P7, P8 and P9.

In almost all horizons, the flocculation clay degree (FD) was below 70 %. Clay dispersion
phenomenon in soils is mainly favored by low levels of organic matter and Fe oxyhydroxides,
which are cementing agents with a high specific surface area (Donagemma et al., 2003;
Almeida Neto et al., 2009). According to these authors, the positive surface charges of Fe
oxyhydroxides are expected to interact strongly with kaolinite, by charge neutralization,
making the formation of more stable aggregates possible. Clay dispersion can be favored
by 2:1 clay minerals (Corréa et al., 2003), which are components that increase the
negative charge density, favoring clay dispersion in water.
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Chemical properties

Soils differed markedly in terms of chemical properties (Table 3). Soil reaction classes
ranged from strongly acidic (pH,,,: 4.3 - 5.3) to moderately acidic (pH,,,: 5.4 - 6.5)
(Santos et al., 2018). In P2, P3, P6 and P8, pH,,, values around 5.6 caused precipitation
of the aluminum ion, resulting in zero values of Al** and Al saturation (m%). Negative

ApH values indicate predominance of cation exchange capacity in soils.

Soils P2, P3, P6 and P8 were characterized as eutrophic, with base saturation of more
than 50 %. The Ca?* predominated in the soil sorptive complex (5.5 - 9.9 cmol_ kg?),
followed by Mg?* (1.0 - 3.1 cmol_kg?). These soils had the highest CEC, values (13.3
- 20.0 cmol_kg?) and high soil activity clay (CEC, >27 cmol_kg*). These chemical
characteristics suggested a contribution of carbonates to soil formation (Lima et al.,
2007; Moreira et al., 2016, 2021). In fact, P2, P3, P6 and P8 lie in areas with dry forest
vegetation, which indicates the occurrence of rocks influenced by carbonates in the
Bambui Group (Maranhdo et al., 2016; 2020). These components (carbonates) of the
parent material, at a location with limited base leaching, trigger the genesis of eutrophic
soils, the main environmental condition for the establishment of dry forest vegetation
(Ribeiro and Walter, 2008).

The possibility of the participation of phosphates in increasing the chemical fertility of
siltstone-derived soils of the Serra da Saudade Formation was mentioned by Lima et
al. (2007). However, in view of the low P contents (=6 mg kg?) of the studied soils, this
possibility was ruled out.

Most soils (P1, P4, P5, P7 and P9) are highly acidic, dystrophic and highly Al-saturated
(m%). These characteristics are frequently reported for soils derived from rocks of the
Bambui Group, uninfluenced by carbonates (Barbosa et al., 1991; Pereira et al., 2010).

The Ki index ranged from 2.10 to 4.23, and was highest in soils derived from green siltstone
(P6, P7, P8 and P9) (Table 4). These values indicate a low weathering degree and limited
silica removal from soils. The high Ki values in green-siltstone-derived soils (Ki =3.37),
especially in P6 and P8, suggested a considerable participation of 2:1 clay minerals in
the clay composition (Mota et al., 2007). This can be explained by the proximity of the
underlying rock, which limits water percolation and, consequently, desilication (Pinheiro
Junior et al., 2021), as well as the abundance of these clay minerals in green siltstone
(Lima et al., 2007; Moreira et al., 2016). The Fe,O, and TiO, contents were considered
low, as also reported by Pereira et al. (2010) and Maranhao et al. (2016; 2020) for soils
of the Bambui Group.

The Fe, values were low, and the lowest found in soils derived from green siltstone. This
indicated a slow release of Fe from primary minerals, which reduces Fe precipitation in
the form of crystalline Fe oxyhydroxides (Skiba et al., 2014; Pinheiro Junior et al., 2021).
The lowest Fe, in P6, P8 and P9 could be explained by the imperfect drainage conditions
caused by the lithic contact, which induced Fe reduction and leaching (Maranhao et al.,
2020).

The low Fe /Fe, ratio indicated a predominance of crystalline forms of Fe oxyhydroxides.
The higher Fe /Fe, ratio in the upper horizons was associated with a higher organic
matter content, responsible for Fe complexation and, consequently, reduced crystallinity
of Fe oxyhydroxides and increased Fe_  concentration (Schwertmann and Taylor, 1989;
Maranhao et al., 2020).

The Fe, /Fe_ ratio was lower (<0.24) in soils derived from green siltstone (P6, P7, P8 and
P9) than in the other soils (>0.45). This result and the high Pearson correlation between
Si0, and Fe,O, (r=0.9123; p<0.01; n = 8), identified in P6, P7, P8 and P9, suggested that
green siltstone gave rise to soils with a significant concentration of secondary Fe-bearing
mineral. In fact, glauconite [K,(Mg Fe),Al(Si

0,,);(0OH),,]is aniron-rich dioctahedral mica

4710
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in the crystalline structure (especially of Fe3*) (Odom, 1984; Rieder et al., 1998), abundant
in green siltstone (Lima et al., 2007; Moreira et al., 2016), and tends to constitute the
clay fraction of the soil (Skiba et al., 2014; Skoneczna et al., 2019).

Potassium contents determined by sulfuric (K) and triacid (K,) digestion resulted in K/
K, ratios close to 1 in most soils (Table 5), indicating that the clay fraction is the main
source of this element. Soils P6, P7, P8 and P9 had the highest K, contents, in line with
the chemical and mineralogical composition of green siltstone (Lima et al., 2007; Moreira
et al., 2016).

Table 4. Silicon, Al, Fe and Ti extracted by sulfur digestion (expressed in the form of oxides), molecular relationship Ki, selective
dissolution of Fe (Fe, and Fe ) and their relationships

Hor. Sio, AlLO, Fe,O, TiO, Ki Fe, Fe, Fe /Fe, Fe/Fe_
g kg? g kg?
P1 - Neossolo Litdlico Distrdfico fragmentario (Lithic Udorthents)
A 175.3 106.6 67.0 1.7 2.80 37 5 0.13 0.79
Crl 215.1 130.4 58.5 2.1 2.80 21 4 0.18 0.51
Cr2 224.8 136.8 88.9 2.9 2.79 36 5 0.14 0.58
P2 - Cambissolo Haplico Ta Eutrdfico tipico (Typic Dystrudepts)
Al 160.2 121.9 50.1 2.2 2.23 19 10 0.51 0.46
A2 126.6 89.2 47.2 2.2 2.41 20 9 0.43 0.61
Bil 181.2 120.6 59.7 3.1 2.56 28 6 0.21 0.66
Bi2 174.5 141.3 67.7 2.8 2.10 38 5 0.14 0.80
Crl 225.2 145.3 72.4 2.7 2.64 39 5 0.13 0.76
Cr2 183.8 77.6 39.6 1.4 4.03 24 4 0.16 0.87
P3 - Neossolo Litdlico Eutréfico fragmentdrio (Lithic Udorthents)
Al 173.8 103.7 60.7 2.5 2.85 12 7 0.57 0.28
A2 155.4 105.3 84.1 1.8 2.51 32 5 0.16 0.55
P4 - Argissolo Vermelho-Amarelo Distrdfico abrtptico (Typic Haplustults)
Ap 113.4 78.8 37.1 1.8 2.45 16 10 0.64 0.61
Btl 167.8 1125 49.9 2.6 2.54 18 6 0.34 0.51
Bt2 211.8 158.9 74.0 2.4 2.27 24 4 0.17 0.45
P5 - Cambissolo Haplico Tb Distréfico tipico (Typic Dystrudepts)
Ap 161.4 113.5 49.5 1.6 2.42 20 8 0.41 0.59
Bi 180.7 121.0 53.0 1.8 2.54 30 7 0.24 0.81
BC 169.8 111.6 45.7 1.4 2.59 20 4 0.21 0.61
C 159.3 120.1 44.5 1.4 2.26 28 3 0.10 0.91
P6 - Neossolo Litdlico Eutréfico fragmentario (Lithic Udorthents)
Ap 250.5 103.8 69.3 2.4 4.10 2 2 1.00 0.01
P7 - Argissolo Acinzentado Distréfico abruptico (Typic Haplustults)
Al 210.6 92.3 52.1 2.4 3.88 2 2 0.82 0.05
A2 210.2 102.3 59.6 3.3 3.49 6 2 0.33 0.15
Bt 273.3 133.2 70.4 3.4 3.49 12 2 0.14 0.24
BC 306.0 149.8 78.0 3.0 3.47 8 1 0.12 0.14
P8 - Neossolo Litélico Chernossdlico fragmentario (Lithic Udorthents)
A 244.5 98.3 61.3 1.7 4.23 1 1 1.00 0.01
P9 - Neossolo Litdlico Distrdfico fragmentdrio (Lithic Udorthents)
Ap 230.9 99.2 53.6 3.1 3.96 1 1 0.63 0.03
Cr 270.5 136.3 68.4 2.8 3.37 2 1 0.31 0.05

Ki = (Si0,/Al,0,) x 1.7 (Teixeira et al., 2017); Fes = Fe,0, / 1.43. Soils derived from “verdete”: P6, P7, P8 and P9.
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Table 5. Potassium content extracted by sulfuric (Ks) and triacid (Kt) digestion, Ks/Kt, ratio and heavy metal contents

Hor. K, K, KJ/K; Ba Cr Pb Zn
g kg? mg kg
P1 - Neossolo Litélico Distréfico fragmentario (Lithic Udorthents)
A 19.2 24.9 0.8 336.7 77.6 9.3 31.5
Crl 22.2 29.3 0.8 368.6 96.7 10.5 58.7
Cr2 29.0 34.9 0.8 434.3 99.8 37.3 39.9
P2 - Cambissolo Haplico Ta Eutrdfico tipico (Typic Dystrudepts)
Al 14.7 14.3 1.0 264.6 61.1 16.3 59.9
A2 11.0 14.4 0.8 253.6 62.2 24.3 80.8
Bil 14.3 15.2 0.9 247.3 71.7 13.2 27.6
Bi2 16.1 19.5 0.8 307.5 85.5 18.6 38.7
Crl 18.8 22.9 0.8 341.1 96.2 15.4 69.6
Cr2 9.3 19.2 0.5 276.9 79.9 4.5 56.5
P3 - Neossolo Litdlico Eutréfico fragmentario (Lithic Udorthents)
Al 15.4 19.2 0.8 300.0 85.7 14.7 50.7
A2 14.2 19.7 0.7 310.2 108.4 22.5 35.1
P4 - Argissolo Vermelho-Amarelo Distrdfico abrtptico (Typic Haplustults)
Ap 8.2 11.2 0.7 187.4 67.8 0.0 0.0
Btl 10.4 13.2 0.8 225.3 73.6 7.3 0.0
Bt2 135 15.8 0.9 250.4 90.1 7.6 0.0
P5 - Cambissolo Héaplico Tb Distréfico tipico (Typic Dystrudepts)
Ap 11.9 14.5 0.8 261.5 65.2 8.0 30.6
Bi 12.9 13.7 0.9 290.0 58.2 5.9 0.0
BC 12.5 14.0 0.9 201.6 56.9 6.5 0.0
C 13.3 19.1 0.7 327.3 56.4 11.7 2.3
P6 - Neossolo Litélico Eutréfico fragmentario (Lithic Udorthents)
Ap 34.5 42.2 0.8 311.0 110.1 12.4 125.7
P7 - Argissolo Acinzentado Distréfico abruptico (Typic Haplustults)
Al 21.6 30.3 0.7 458.1 90.4 9.4 35.0
A2 24.7 34.4 0.7 486.0 91.8 9.4 40.2
Bt 27.4 33.9 0.8 462.2 120.7 12.9 6.0
BC 32.2 39.9 0.8 502.5 91.0 12.3 39.4
P8 - Neossolo Litdlico Chernossdlico fragmentdrio (Lithic Udorthents)
A 30.1 51.4 0.6 566.7 89.7 5.9 98.4
P9 - Neossolo Litdlico Distrdfico fragmentario (Lithic Udorthents)
Ap 27.2 44.2 0.6 439.4 89.9 0.8 43.2
Cr 33.5 50.2 0.7 563.2 96.3 21.9 85.2

Levels of Cd, Co, Cu, Mn, Mo and Ni were below the equipment detection limit. Soils derived from verdete: P6, P7, P8 and P9.

The wide range of heavy metal contents in the soils was noteworthy: Ba
(187.4 - 566.7 mg kg?); Cr (56.4 - 120.7 mg kg?); Pb (0 - 37.3 mg kg) and Zn
(0 - 125.7 mg kg?) (Table 5). These levels exceeded the threshold established
by the Environmental Policy Council of the state of Minas Gerais for: Ba
(>93 mg kg?), Cr (>75 mg kg), Pb (>19.5 mg kg?) and Zn (>46.5 mg kg?1)
(Copam, 2011). Among the heavy metals analyzed, Ba was found at the
highest levels, notably in the green-siltstone-derived soils. This element is
abundant in areas formed by marine sedimentation, such as the Serra da Saudade
Formation (Lima et al., 2007). Barium can be associated with micas, where it
substitutes K isomorphically (Liguori et al., 2016). High Ba values were also
reported in glauconitic soils in New Jersey (USA) (Dooley, 2001).
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These high heavy metal levels (Ba, Cr, Pb, and Zn) in the soils of the Serra da Saudade
Formation raise environmental concerns. The elements may be accumulated in plants,
posing a health risk to local human consumers (Jalali and Meyari, 2022). Furthermore,
green siltstone rock has properties of a potassium fertilizer (Santos et al., 2015; Silva
and Lana, 2015), but could cause heavy metal accumulation in soils of other regions
over time and could contaminate vegetables in production (Njuguna et al., 2019).

Two groups of soils were identified by principal component (PCA) and clustering analysis,
explained mainly by the parent material (Figure 3). The variables with the greatest
contribution to group 1 (siltstone-derived soils) were Fe,, Fe , flocculation clay degree
(FC) and silt, while for group 2 (green-siltstone-derived soils), these variables were SiO,),
Cr, Ba, particle density (Pd), Ki and Zn. In group 1, the highest silt contents were a legacy
of the siliciclastic nature of the parent material (Lima et al., 2007; Moreira et al., 2016),
while the highest iron contents associated with Fe oxyhydroxides may be the result of
biotite changes or inherited, given the presence of goethite in the parent material (Moreira
etal.,, 2016). In group 2, SiO, and Ki indicated the beginning of weathering in the soils,
while the higher Cr, Zn and Ba contents were related to glauconitic soils (Dooley, 2001).

Mineralogy of sand, silt and clay

X-ray patterns indicated the presence of quartz in the sand (Figure 4a) and silt (Figure 4b)
fractions. Mica and K-feldspar were also detected in the coarse fractions (sand and silt)
of all soils but P4. X-ray patterns of the clay fraction of soils derived from non-glauconitic
siltstones (Figure 5) and green siltstone (Figure 6) showed very strong diffraction peaks for
mica and kaolinite and a weaker peak, attributed to goethite and hematite. Mineralogical
composition of the sand, silt and clay fractions reflected the siliciclastic nature of the
pelitic rocks of the Serra da Saudade Formation (Lima et al., 2007; Moreira et al., 2016,
2021), which is common in the soils of the Bambui Group (Oliveira et al., 1998; Pereira
et al., 2010; Maranhao et al., 2016, 2020).

For soil P4, a higher weathering degree than that of the other soils was inferred since mica
was detected in the clay fraction only, and no K-feldspar was in the coarse fractions. These
minerals are common mineralogical components of the parent material (Moreira et al.,
2021) and therefore tend to constitute the sand and silt fractions (Pereira et al., 2010).
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Figure 3. Principal component analysis (PCA) and grouping of the studied soils.
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Figure 4. X-ray patterns of sand (a) and silt (b) fractions of selected horizons of soils derived from siltstone (blue lines) and green
silstone (red lines), sampled in the Serra da Saudade Formation, Minas Gerais, Brazil. Identified minerals: Mi: mica; Qz: quartz; Fd:
K-feldspar. Values in parentheses indicate the distance between adjacent planes, in nanometers (nm).

For P2, P3, P6 and P8, the X-ray patterns had no peaks indicating carbonates. This shows
that the carbonate levels were lower than the detection limit of X-ray diffractometry,
in agreement with their low levels in the composition of pelitic rocks of the Serra da

Saudade Formation (Lima et al., 2007; Moreira et al., 2021).

Micaceous minerals (illite and glauconite) are abundant in the clay fraction of green
siltstone -derived soils (P6, P7, P8 and P9). Therefore, the values of the molecular Ki ratio
and K contents (K. and K)) were higher. Muscovite, illite and glauconite were the main
micas identified in pelitic rocks of the Serra da Saudade Formation; glauconite was only
found in green siltstone (Lima et al., 2007; Moreira et al., 2016, 2021).

Kaolinite is poorly crystalline, as shown by the broad asymmetric 001 peak, especially in
soils derived from green siltstone. This was interpreted as the presence of interstratified
kaolinite-mica, suggesting progressive kaolinization in the soils. In this process, the
pre-existing mica is not fully dissolved, followed by kaolinite recrystallization, and a
topotactic transformation, signaled by an intermediate phase (Andrade et al., 2019).
Initially, the 2:1 clay mineral undergoes gradual removal of tetrahedral layers, resulting
in a kaolinite layer. In the solid state, modifications of the 2:1 clay mineral continue, such
as removal or inversion of Si tetrahedra, replacement of octahedral Mg or Fe by Al, and
cation removal (mainly of K) from the layers (Ryan and Huertas, 2009). This is a slow
process, which allows the formation of interstratified kaolinite-mica and, subsequently,
kaolinite (Andrade et al., 2019). The resulting kaolinite is generally disordered and Fe-rich
(Ryan and Huertas, 2009).
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Figure 5. X-ray patterns of the clay fraction of soil horizons sampled in the Serra da Saudade Formation, Minas Gerais, Brazil.
Treatments for identification of 2:1 minerals in P3 and P4 are indicated by the dashed arrow. Mi: mica (illite and/or glauconite); Ka:
kaolinite; Gt: goethite; Hm: hematite; Vm: vermiculite; VHI: vermiculite with hydroxy-Al interlayers. Values in parentheses indicate

the distance between adjacent planes, in nanometers (nm).

X-ray patterns of the clay fraction of P2, P3 and P8 showed a peak at 1.147-1.406 nm,
which is characteristic of expansive 2:1 phyllosilicates, as indicated by the high activity
values of the clay fraction. Therefore, we applied appropriate treatments to identify
these minerals in the samples (Figures 5 and 6). In P2, the peak at 1.197 nm was slightly
expanded after solvation with ethylene glycol (Mg + Gl), suggesting the occurrence of
interstratified mica-vermiculite. The intensification of the peak at 1.00 nm in the treatment
with K saturation and heating at 350 °C reinforced the presence of vermiculite. In profile
P3, the persistence of the diffraction peak around 1.406 nm after saturation with Mg and
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Figure 6. X-ray patterns of the clay fraction of soil horizons sampled in the Serra da Saudade Formation, Minas Gerais, Brazil.
Treatments for identification of 2:1 minerals in P8 are indicated by the dashed arrow. Mi: mica (illite and/or glauconite); Ka: kaolinite;
Gt: goethite; Hm: hematite; Vm: vermiculite. Values in parentheses indicate the distance between adjacent planes, in nanometers (nm).

Mg + Gl, as well as its disappearance in K-saturated and heated (350 and 550 °C) samples
indicated the presence of vermiculite with hydroxy-Al between layers. In P8, the peak
at 1.147 nm was attributed to the interstratified mica-vermiculite phase, considering its
persistence after treatment with Mg + GI. Finally, the disappearance of the d001 peak of
kaolinite after the K-saturation treatment and heating at 550 °C indicated the absence
of chlorite in P2, P3 and P8.

Mica-vermiculite presence in P2 and P8 indicated that vermiculite is formed in solid
state from weathering mica (illite and, or glauconite) (Skiba et al., 2014; Andrade et al.,
2019; Skoneczna et al., 2019). This transition from mica to vermiculite is a consequence
of intense weathering and apparently occurs concomitantly with the mica-to-kaolinite
transition, but in a separate process (Andrade et al., 2019). According to Skiba et al.
(2014), the transformation of glauconite into 2:1 expandable clay minerals involved
selective leaching of Mg and octahedral Fe and probably a structural reorganization.

The occurrence of vermiculite with hydroxy-Al interlayers (VHI) in P3 indicated better
drainage conditions (Georgiadis et al., 2020), owing to the inclined orientation of the
layers in the parent material (Figure 2), an unusual characteristic in siltstone of the Serra
da Saudade Formation (Lima et al., 2007; Teles et al., 2022). Minerals interlayered with
hydroxy-Al can occur under wide-ranging pedoenvironmental conditions (Georgiadis et al.,
2020). In profile P3, the interlayered K in micas was replaced by exchangeable hydrated
cations due to the influence of weathering. Due to the characteristics of the parent
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material, the increased water flow favored the weathering processes, base leaching and,
consequently, soil acidification. Low pH promotes Al** release from silicates (e.g., micas
and feldspars) and increases their mobility in the soil solution, facilitating the process of
intercalation in expansive 2:1 clay minerals by cation exchange. The A** in the interlayers
is polymerized and forms minerals with hydroxy-Al interlayers, for example, vermiculite
with hydroxy-aluminum interlayers (VHI) (Georgiadis et al., 2020).

Although P1 and P5 had a peak around 1.4 nm, no treatments for 2:1 clay mineral
differentiation were applied. As these are acidic, dystrophic and low-activity clay soils,
this peak suggested the presence of 2:1 clay mineral with interlayered hydroxy-Al,
possibly VHI (Pereira et al., 2010).

CONCLUSION

The studied soils are characterized by a low degree of pedogenetic development and
a mineralogical assemblage of basically quartz, micas (muscovite and/or biotite) in the
sand and silt fractions, illite/glauconite, kaolinite and goethite in the clay fraction. In
pedoenvironments influenced by carbonates from parent material, identified by the
typical “dry forest” vegetation, eutrophic soils occur, with high calcium and magnesium
contents in the sorptive complex, and the presence of vermiculite, mica-vermiculite or
vermiculite with interlayered hydroxy-Al. The main pedogenetic processes identified
were melanization, goethization, argilluviation and elutriation.

Soils derived from green siltstone have horizons with greenish tones due to the presence
of glauconite, a common characteristic of soils derived from glauconitic rocks in different
regions of the Earth surface. Parent materials defined the formation of soils with contrasting
characteristics, especially regarding horizon color, chemical fertility, and mineralogical
constitution of the clay fraction, confirming the study hypothesis.

Most soils had considerable barium, chromium, lead and zinc contents. Therefore, we
suggest evaluating the bioavailability of these heavy metals in future research, which
is important for assessing the toxicity risk to organisms, and to establish a regulatory
system for land-use and for applying green siltstone as potassium fertilizer.
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