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ABSTRACT
The purpose of this study was to explore the properties of Inceptisols (Cambisols) to provide
fundamental information for agricultural development. The soil type occupies a significant and
vital part of the agricultural land, especially in Kendari City, Indonesia. A total of 30 Inceptisol
soil samples on limestone parent material were collected from three locations under tree
canopy using vertical profiles to identify the physic and chemical properties. The soil mineral
was examined by using X-Ray Diffraction (XRD); clay mineral was determined with Fourier
Transform Infrared (FTIR) spectroscopy; chemical elements with X-ray Fluorescence (XRF);
total nitrogen content with the Kjeldahl method; and soil magnetic properties with a magnetic
susceptibility meter. Total nitrogen in the soil was found to range from 0.106% to 0.597%, soil pH
ranged from 5.7 to 6.95, and the sand fraction was determined to be the dominant in all profiles,
accounting for 60% to 70%. In contrast, oxides of Si, Al, Fe, Mg, Ti, Ca, S, Na, K, P, Mn, Nj, Co,
and Cr were identified in the chemical element content. While the increasing trends of Al, Fe,
and Mg with depth were largely attributed to limited leaching and slow rates of weathering, the
dominant upward trends of Si across all sites indicated significant soil development in the study
area. All sites showed upward trends in magnetic susceptibility, indicating the enrichment of
magnetic minerals. Although FTIR spectroscopy successfully identified soil minerals at various
depths, the diffraction pattern of the topsoil revealed the silicon oxide quartz (S5iO;) phase. At
80 to 200 cm, montmorillonite absorption bands were prominent, while at 0 to 40 cm (topsoil),
kaolinite absorption bands dominated. The transformation of montmorillonite into kaolinite in
Inceptisol, driven by high mineralization during soil development and restricted leaching and

weathering, has a substantial impact on agricultural development and long-term productivity.
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INTRODUCTION
Recent research highlights the importance of understanding the dominant soil
development processes and their impact on agricultural utilization (Kartawisastra,
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2013). Inceptisols, as defined by the World Reference Base for Soil Resources
(Nachtergaele, 2017) and known as Inceptisols in the US soil taxonomy, are particularly
significant in soil age sequences. These soils exhibit an intermediate stage of soil
development, as evidenced by the development of a cambic horizon but the absence
of an argillic horizon (Khresat, 2005).

Inceptisols typically form in environments where soil-forming processes are somewhat
inhibited (Dengiz, 2020). By reflecting the initial modifications made to the parent
material by soil formation activities, these soils can be studied to provide insight into
the early phases of pedogenic processes (Amara et al., 2022). Prevalent in mountainous
regions, this soil is primarily driven by climatic factors and their altitudinal variations,
which influence pedogenic development (Almquist, 2020). In addition to the parent
material, climate, terrain, organisms, and time all have an impact on soil formation
(Muslim et al., 2021). Found in varied habitats, from frigid climates to very warm,
humid, and subhumid regions (Stewart, 2019), and ranging from the Arctic to the
tropics (Foss ef al., 1983), the transformation of Inceptisols likely occurs when one or
more factors controlling pedogenic processes change.

Inceptisols are widely distributed across Indonesia, particularly in calcareous
landforms, and have significant potential for use as agricultural land (Tufaila et al.,
2016). They develop on old geological materials, which may result from slow pedogenic
processes acting upon these soils, active erosion, or gradual weathering (Eso et al.,
2019). The mean soil texture is clay loam and sandy loam with acidic to slightly acidic
soil reactions, with the topsoil having higher organic carbon than the subsoil. Several
techniques are used to characterize soil samples, such as physical descriptors (i.e.,
color, density gradient, particle size, texture, morphology), chemical analysis (i.e.,
elemental composition, pH, nitrogen content), and magnetic susceptibility properties.
Fourier Transform Infrared (FTIR) spectroscopy is used to find valuable data, as forensic
soil characterization is a simple, rapid, and non-destructive technical approach that
is capable of distinguishing the principal chemical classes of organic matter through
the vibrational characteristics of their structural, chemical bonds. Previous studies
have successfully described the composition status of different soil horizons (Cox et
al., 2000; Margenot et al., 2019) and determining crystalline silica in industrial dust
samples (Ojima, 2003). Magnetic susceptibility is used to express the magnetic mineral
content of the soil and to study soil-forming processes (Jordanova, 2016; Maxbauer et
al., 2016) and soil erosion (Eso et al., 2021).

This study aimed to identify the characteristics of Inceptisols (Cambisols) found in
calcareous landforms developed from the limestone parent material. Some physical,
chemical, and mineral content features can be used to guide soil management and
provide balanced fertilizer recommendations. Based on its characteristics, the soil
studied can be used for agriculture land, both seasonal and annual crops.
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MATERIALS AND METHODS

Site description and sampling method

Soil samples were collected from three locations. A total of 30 samples, taken from

depths ranging from 20 to 200 cm across all profiles (each profile comprising 10

samples), were analyzed for physical, magnetic, chemical element, mineral, and

organic components. Seasonal crops grown on the existing land included vegetables,

while annual crops consisted of oil palm, durian, nutmeg, cloves, and sugarcane.
Profiles 1 and 2 were located in the Abeli District, while Profile 3 was situated in the
Puwatu District (Figure 1).
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Magnetic properties measurement

Figure 1. A schematic map of soil types in Kendari City, obtained from the Indonesia Geospatial
Portal (http://www.geospatial-indonesia.com), shows the sampling sites in the Abeli and Puwatu

Analysis of the magnetic properties was conducted at the Earth Physics Laboratory of
Halu Oleo University. Magnetic susceptibility was measured at frequencies of 470 Hz
and 4700 Hz using a Bartington MS2B susceptibility meter set to a sensitivity of 1.0

(Dearing et al., 1996). The mass-specific frequency-dependent susceptibility (c,,) and

its percentage (c,, %) were calculated using the following equation
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Xep = Xop ™ Xr M
Xepo = X Xr (100) %
Xir (2)

Here, x,, and ¥, represent low- and high-frequency susceptibility, respectively.
The interpretation of x,, was used as a proxy to estimate the total concentration
of superparamagnetic (SP) grains, following Dearing et al. (1996): low X, % <2 %,
indicating virtually no SP grains; Medium x,, % (2-10%) indicating an admixture
of SP and coarser non-SP grains or SP grains; High x,, % (10-14%) indicating
predominantly SP grains; and Very high x,, % (> 14%) indicating rare values or
potential contamination.

Soil properties analysis

Major elements were analyzed using X-ray fluorescence (XRF) spectrometry at the Geo
Gea Laboratory in Kendari City, Indonesia. Soil samples were air-dried and passed
through a 2-mm sieve prior to analysis. Selected soil properties and characteristics
were determined according to Soil Survey Staff guidelines (Ditzler and Hempel,
2017), unless stated otherwise. These included pH measurements in water and 1 M
KCI using a 1:1 soil-to-solution ratio, and total nitrogen content determined by the
Kjeldahl method (Weil and Brady, 2017). Bulk soil fractionation into three particle
size fractions (clay, silt, and sand) was performed by wet sieving and sedimentation
following Stokes’s law (Rossiter, 2011). Reagent blanks were used as quality control
samples during the analysis.

Fourier Transform Infrared (FTIR) spectroscopy analysis

In this study, X-ray diffraction (XRD) analysis and Fourier Transform Infrared (FTIR)
spectroscopy were employed to characterize the mineral and organic components
of soil samples at the Integrated Chemistry Laboratory of Hasanuddin University,
South Sulawesi, Indonesia. Samples were crushed into a fine powder using an agate
mortar, with grinding time minimized to prevent deformation of the crystal structure
and ion exchange. Soil fractions were ground, mixed, and diluted with potassium
bromide (0.5-3%), pressed into pellets, and desiccated before analysis. Soil extracts or
suspensions were dried onto infrared windows. Since the beam interacts with all areas
of the material, the transmission provides a bulk infrared measurement, allowing
FTIR spectra of soil minerals and organic components to be obtained
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RESULTS AND DISCUSSION

The variation of the magnetic properties of soil

Soil magnetism research is essential for understanding the magnetic characteristics of
soil, which plays a key role in explaining plant root development and their function
in agricultural productivity. The patterns of magnetic property variation (Figure 2)
showed an increasing trend in magnetic susceptibility across all profiles, indicating
the enrichment of magnetic minerals. The xLF values for profiles 1, 2, and 3 ranged
from 9.59 x 1078 to 36.22 x 10-8, 11 x 108 to 86.5 x 1078, and 17.5 x 10-® to 97.85 x 108
m? kg1, respectively. These values suggest a high concentration of paramagnetic
minerals, including olivine, smectite, attapulgite, epidote, and dolomite, which are
classified as moderately magnetic (10-100 x 10-® m? kg') according to soil categories
based on magnetic susceptibility (Quijano et al., 2014).
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Figure 2. Normalized magnetic susceptibility as a function of depth for profile 1, profile 2 and
profile 3.
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Profiles 1 and 2 had frequency-dependent susceptibility values ranging from 12.65%
to 16.18% and 10.16% to 15.69%, respectively, indicating a high concentration of SP
minerals. In contrast, profile 3 exhibited values ranging from 2.04% to 13.97%, with
medium values suggesting the presence of SP-enhanced soil minerals (Figure 3)
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Figure 3. Scattergram of frequency-dependent susceptibility percentage (xXFD%) against low-
frequency susceptibility (XLF) for three soil vertical profiles, with boxes and labels adapted
from Dearing (1999).

Physics and chemical properties of the soil

Inceptisols from these profiles exhibited varying colors depending on land use and
mineral content, but were predominantly reddish yellow to dark brown, with hues
ranging from 7.5 YR to 10 YR. The value varied from 3 to 7, and chroma ranged from 4
to 8. Soil textures were primarily sand, loamy sand, and sandy loam. The soil reaction
(pH) was slightly acidic across all profiles, ranging from 5.5 to 6.5. The mean electrical
conductivity was 0.055 dS m™?, with a range from 0.04 to 0.07 dS m™. The salinity levels
were low, and no significant impact on plant growth is expected across all soil profiles
(Pooja and Kumar, 2015)

The mechanical composition of all profiles was dominated by the sand fraction
(Figure 4), comprising 50-70 % in the different horizons. Silt and clay fractions make
a relatively small contribution to the texture and display variations in the lower part
of the profile. Although the clay fraction is small in amount, it is relatively enriched
in the lower parts of these soils and increases rapidly as it approaches the C horizon.
This enrichment is strongly influenced by reduction processes and weak pedogenic
clay formation from the primary rock minerals.

Analysis of the chemical elements using the XRF method identified several elements
present in all profiles, including oxides of Si, Al, Fe, Mg, Ti, Ca, S, Na, K, P, Mn, Nji, Co,
and Cr. These elements exhibit a specific pattern (Figure 5). Si is the most abundant in
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Figure 4. Normalized pH and soil fraction (sand, silt, and clay) as a function of depth for all soil

profiles.

Depth (cm)

sand (%)

0
0

50 100

silt (%)
10

20

clay _(%}

5 10

pH
3

20
40 4
60
B0
100
120
140
160
180
200
220

Depth (cm)

sand (%)

30 100

silt (%)
1D 3

20 4
40
&0
80
100
120
140
160 1
180 4
200
220

Depth (cm)

sand (%)

30100

slt (%a)

13

30

clay (%)
10

pH

20 4
40 4
60 A
20 A
100 4
120 4
140 4
160 4
180 4
200 4
220




Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i2.3279

Scientific Article

SiO2

ARLOs

Fe

MgO TiO2

CaO

MnO

SOs3

P20s

Na2xO K20

Cn20s

Co

Depth (cm)

200

Si02

ADROs

Fe

MgO TiO2

CaO

MnO

503

P20s

NaxO K20

Ni

Cr203

Depth (cm)
2

160

200

5i02

ABROs

Fe

MgO TiOz

CaO

MnO

503

P20s

NaxO K20

Ni

Cr203

20

Depth (cm)
2

160

200

Depth (cm)

200

Figure 5. Normalized chemical element content of soil as a function of depth for all soil

profiles.

Si02

AlOs

Fe

MgO TiO2

MnO

503

P20s

NazO K20

Ni

Cr203




Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i2.3279
Scientific Article

all profiles, ranging from 57.6% to 62.74%, followed by Al (4.1-5.08%), Fe (0.76-1.29%),
Mg (0.2-1.15%), Ti (0.198-0.87%), Ca (0.095-0.15%), S (0.04-0.09%), Na (0.01-0.06%),
K (0.01-0.043%), P (0.01-0.038%), Mn (0.01-0.038%), and Co, Cr, and Ni, each less
than 0.02%. A significant trend was observed when comparing the chemical elements
among all soil profiles, showing a unique pattern. Si tends to increase, while Al, Fe,
and Mg tend to decrease across all profiles. In contrast, total P and total K, which are
critical components of soil fertility, showed a negative trend with depth, indicating
higher nutrient availability in the topsoil. Among the various chemical elements
found in the soil profiles, the presence of nickel (Ni), chromium (Cr), and cobalt (Co)
is particularly significant for soil qualities due to their high magnetic susceptibility
and commercial value.

Although associating the variation in magnetic properties with the distribution of
chemical elements can be unreliable, the observed patterns may be related to the
weathering history of the soils. The results of this comparative characterization
demonstrate some distinct differences between the magnetic characteristics and
chemical elements in the soil profile. The observed differences are consistent with the
hypothesis that the high-Fe soil has experienced more intense weathering resulting
from either the higher Fe concentration, the lower magnetic properties, or both. Further
work is needed to explain the observed difference between the high-Fe and control
soil and to identify specific mechanisms by which altered weathering conditions
determine weathering rates.

Total nitrogen and chemical mineral composition of soil
The average total nitrogen of soil ranged from 0.21 to 0.59 % for profile 1, from 0.1 to
0.48 % for profile 2, and from 0.1 to 0.39 % for profile 3 (Figure 6). Total nitrogen levels
on topsoil are increasing, meeting the medium criteria for profiles 1 and 2 and the low
criteria for profile 3.
The diffraction pattern of the topsoil from all profiles (Figure 7) revealed a 100% silicon
oxide (5iO,) phase with a trigonal (hexagonal axis) crystal system. The peak positions

N Profile 1 N N Profile 3
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140

180

Figure 6. Total nitrogen content in vertical layer of soil horizon for all profiles.
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in the 20 angle correspond to low quartz minerals, with the three highest peaks at
angles 26.64°, 20.86°, and 50.14°.

FTIR variation
Soil evaluation using FTIR spectroscopy with an infrared spectrum (400-4000 cm™™)
(Figure 8) revealed the nature of the frequency groups at three soil sites, showing
fluctuations with depth (i.e., 20, 40, 80, 120, 160, and 200 cm, respectively), which were
generally governed by fundamental vibrations.
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(left) and Puwatu District (right).
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Absorbance bands corresponding to organic functional groups indicate an index of
soil organic matter (SOM) humification at all profiles, which is higher in topsoil than
in subsoil, including alcohols (O-H) stretching in strong board (3420-3440 cm™),
aliphatic primary amines (N-H) (3697-3620 cm™), amine and cyclic alkenes (1665
1630 cm™) due to N-H bending, C=C stretching vibration, and aliphatic C-H bending
at 1872 cm™. However, overlapping low absorbance intensity of organic functional
groups and dominant absorbance of mineral components, particularly Si-O stretching,
occur in the region 1100-800 cm™, making interpretation difficult on this band.

Soil mineral absorbance bands corresponding to phyllosilicates groups, including
hydroxyl (O-H) stretching and bending, occur at 3700-3620 and 920-916 cm™. Silicate
Si-O asymmetric stretching occur at 1090-1030 cm”, Si-O symmetric stretching at
795-790 cm™, and Si-O bending at 695-690 cm™. Specific absorption of the fingerprint
region was sensitive enough to distinguish Si-O-Al and Si-O-5i bending, allowing for
the identification of the phyllosilicate structural class (Krivoshein et al., 2020).

Layer silicates are made up of Al in octahedral coordination with O bonded to one
(1:1) or two (2:1) sheets of Si in tetrahedral coordination with oxygen. Structural
characterization and phylosilicate identification are based on the absorbance of mineral
structural units. The 1:1-layer silicates (Figure 8) show two or more OH stretching
bands at depths of 20 and 40 cm across all profiles, whereas the 2:1-layer silicates
exhibit a single OH stretching band (3700-3620 cm™) at depths of 80, 120, 160, and 200
cm, which is attributed to OH coordinated with octahedral cations

IR spectroscopy in the range of O-H stretching vibrations is one of the most accurate
methods for identifying phyllosilicates in polymineral mixtures. The primary
absorption band spectra from topsoil to 40 cm depth across all profiles show a single
OH stretching vibration in the hydroxyl group region (3700-3400 cm™). A single
peak at 3694 and 3620 cm™! can be classified as a 2:1 layer of kaolinite, while a broad
absorbance in the Si-O stretching region (1120-950 cm™) shows peaks at 1114, 1032,
1010, and 936 cm™

Furthermore, in the 80 to 200 cm depth range, peaks at 3629 and 3620 cm™ are
classified as a 1:1 layer silicate, with two OH stretching bands and two broad Si-O
stretching absorbances at the 1044 and 918 cm™ peaks. Overall, based on IR spectrum
band absorption, the soil mineral type from 80 to 200 cm depth resembles the
montmorillonite absorption band, while the topsoil to 40 cm depth corresponds to the
kaolinite absorption band (Ojima, 2003).

High levels of Al, Fe, and Mg in the soil, with these patterns increasing with depth
(Figure 8), indicated ALLOH vibration (3620 and 916 cm™), FeAIOH (890-910 cm™),
and MgAIOH (850 cm™) in montmorillonite (Madari et al., 2006). In contrast, the 1:1
layer silicate attributed to kaolinite is expressed in terms of Si-O absorbance at 1120-
950 cm™. It appears that, using an FTIR analysis approach, variations in clay minerals
from montmorillonite to kaolinite in the topsoil throughout the profiles could be
explored.
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Micro-ATR spectroscopy was used to study the effect of clay swelling on the
misorientation and physical breakdown of montmorillonite platelets (Du and Zhou,
2011). The shift from montmorillonite to kaolinite in topsoil affects soil properties,
water dynamics, and fertility, all of which are critical for agricultural development.
Sustainable land management practices must adapt to these changes, such as adding
organic matter to soils (Wilding and Drees, 1983), implementing crop rotation to
maintain nutrient-holding capacity, developing irrigation strategies, and selecting
crops suited to ensure optimal yield productivity

The abundance of magnetic minerals with upward trends from the bottom of the rock
strata supports long-term pedogenic processes (Maxbauer et al., 2017). The x, , values at
all profiles ranged from 9.59x10-8 to 97.85x10-% m? kg~?, indicating a high concentration
of paramagnetic minerals such as olivine, smectite, attapulgite, epidote, and dolomite.
The average frequency-dependent susceptibility values in all profiles ranged from
12.65% to 16.18%, indicating that bulk superparamagnetic minerals strongly influence
weathering through chemical, physical, and environmental factors. The abundance of
Si, followed by Al, Ca, Fe, Ti, Na, S, and Mn, can be linked to the weathering history
of the soils. Slow weathering rates present substantial challenges to agricultural
development due to slow nutrient replenishment and poor water retention.

Total nitrogen values in all sample sites were higher in the topsoil than in the subsoil. It
is unclear whether the high nitrogen values in all profiles are driven by anthropogenic
or pedogenic processes (de Vries and Posch, 2011). Because nitrate ions and clay-
humus particle surfaces are negatively charged, NO;™ is easily leached with drainage
water unless it is taken up by organisms or denitrified. The strong affinity of H* ions
for negatively charged surfaces can lead to the displacement of cations such as Ca?,
Mg?, and K* from particle exchange surfaces (Margenot et al., 2019). The vibrations of
relevant atomic groupings vary in frequency to an extent that corresponds to IR bands
associated with mineral identification in the sample material

The diffraction pattern of topsoil from the three profiles (Figure 7) was identified as
quartz-low (Si0O,), indicating the need to investigate their interference with minerals
in the main absorption band (Dewi et al., 2018). As a result, Inceptisol topsoil had
the highest mineral essential for crop formation as a result of physical change.
Clay minerals, such as montmorillonite (high fertility), must be transformed into
kaolinite (low fertility) using natural resource management and sustainable farming
technologies.

CONCLUSIONS
This study examined the chemical and magnetic properties of Inceptisol soil under
tree canopies, along with Fourier Transform Infrared (FTIR) spectroscopy analysis.
The analysis revealed a range of chemical element contents, each exhibiting a distinct
pattern. The average total nitrogen content of the soil ranged from 0.14% to 0.51%,
with values increasing sequentially from the underlying bedrock to the topsoil. The
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variation in magnetic susceptibility across all sites showed an upward trend, indicating
the enrichment of magnetic minerals and, thus, the prolonged influence of pedogenic
processes

IR spectrum band absorption corresponding to organic functional groups serve as
an index of soil organic matter humification across all profiles, including alcohol and
aliphatic primary amine stretches, as well as amines and cyclic alkenes. Understanding
the swelling and physical breakdown of montmorillonite platelets requires
collaborative efforts to implement sustainable soil management practices aimed at
maintaining soil health and ensuring long-term productivity. Mineral modification
using additives can enhance the properties of montmorillonite or stabilize kaolinite
soils, thereby supporting long-term agricultural productivity and improved land use.
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