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Abstract

Research on potassium (K) dynamics in upland clay soils, particularly those derived from tertiary-aged
rocks, remains limited in Yogyakarta. This study aimed to investigate the relationships among
geochemical indices, K fractions, and K stock in upland clay soils, considering the influence of their
physical, chemical, and mineralogical properties. Thirty soil samples were collected from five
geological formations at two depths (0 to 20 and 20 to 40 cm), with three replicates selected from each
formation through purposive sampling. Soil characterization was performed using routine methods,
energy-dispersive X-ray fluorescence (EDXRF), and X-ray diffraction (XRD) analyses. Geochemical
indices such as the chemical index of alteration (CIA), Vogt residual index (VR), alumina to potassium
oxide ratio (AKN), silica to sesquioxide (Si/Seq), and Ruxton ratio (R) were calculated, and K stock
was determined. The results showed that feldspar contributes to K stock in upland clay soils. Spearman’s
correlation analysis revealed that only the AKN index significantly correlated with K-pseudo-total and
K-non-exchangeable (p < 0.01). The highest K-pseudo-total concentration was found in P4-Sentolo
(1,326 to 1,715 mg kg?) and the highest concentrations of K-non-exchangeable were observed in P5-
Kebobutak (1.37 to 1.78 cmolc kg?). Significant correlations between K-exchangeable and K-water-
soluble with total organic carbon and K-non-exchangeable were also identified (p < 0.01). The highest
K-exchangeable concentration was recorded in P2-Nglanggran (0.17 to 0.33 cmolc kg?), while the
lowest was found in P1-Wonosari (0.04 to 0.09 cmolc kg™?). All clay soils exhibited K-exchangeable
concentrations below the critical deficiency level. Understanding these relationships is crucial for
effective soil management and sustainable agricultural production. Targeted fertilization strategies
can be developed based on the dominant K fraction in each soil.
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INTRODUCTION

Potassium (K) is a primary macronutrient that
plants require in large quantities. It plays a vital
role in plant growth, influencing physiological
functions such as cellular growth and wood
formation, water content and movement in the
xylem and phloem, nutrient and metabolite
transport, and stress responses (Sardans and
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Pefiuelas, 2021). Potassium also contributes to
plant health by enhancing resistance to biotic
and abiotic stresses, including diseases, pests,
drought, salinity, cold, frost, and waterlogging
(Zorb et al., 2014; Hasanuzzaman et al., 2018).
Adequate K supply maintains photosynthesis
and can boost off-season production of high-
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quality fruits (Maier et al., 2022; Babla et al.,
2023). Irawan and Putra (2020) found that K
supplementation improved the anatomical
development of oil palm seeds, including xylem,
phloem, and cortex cells while enhancing drought
tolerance.

In nature, K is primarily supplied through
weathering primary minerals in rocks. It is one of
the most abundant plant nutrients, accounting for
2.6% in the earth’s crust. On average the soil
constitutes 0.04 to 3% K, but most of the K* in
the soil is incorporated in the crystal lattice
structure of minerals and is not directly available
for plant uptake (Demidchik et al., 2014). The
main K-bearing minerals in soils are feldspar,
mica, biotite, muscovite, and nepheline, with
feldspar and mica constituting 90 to 98% of soil
K deposits (Rawat et al., 2017; Soumare et al.,
2023). In phyllosilicate clays, illite, a type of clay
mica, is the dominant high-charge, K-bearing
mineral. Weathering of illite may transform it into
vermiculite, reducing charge and facilitating
the release of K. Han et al. (2019) reported
that artificial submergence accelerates the
breakdown of K-bearing minerals, converting
K-lattice-bound into K-non-exchangeable,
thereby improving K availability. Potassium
in the minerals’ core interlayers (i-positions) is
typically unavailable to plants unless exposed to
rhizosphere conditions (Bell et al., 2021). Plant
residues decomposing into soil organic matter
can also contribute to K availability by increasing
K-exchangeable levels (Han et al., 2023).

Potassium dynamics in soil are often linked to
physicochemical properties and mineralogy (Han
et al., 2021; Jindaluang and Darunsontaya, 2023).
Geochemical indices, derived from the molar
ratios of soil elements obtained through X-ray
fluorescence (XRF) analysis, are less frequently
used but can offer valuable insights into K
dynamics. These indices are commonly employed
to estimate soil weathering and the intensity of
mineral weathering (Fiantis et al., 2017; 2021;
Heidari et al., 2022). Geochemical indices thus
provide a complementary perspective on K
dynamics, especially in soils with varying parent
materials and mineralogy.

Potassium is commonly classified into five
fractions based on its availability to plants:
K-water-soluble (K-water-sol), K-exchangeable
(K-exch), K-non-exchangeable (K-non-exch),
K-lattice, and total K (Pathariya et al., 2022).
These fractions exist in dynamic equilibrium,
influenced by soil properties, mineral
composition, and weathering intensity. The K-

exch and K-non-exch distribution varies
depending on the soil’s parent material and
texture (Akbas et al., 2017). Studies in Japan have
shown that K-non-exch is particularly significant
in lowland soils (including paddy soils, gley
lowland soils, gray lowland soils, and brown
lowland soils), upland soils (gray upland soils
and brown forest soils), and red-yellow soils
(red and yellow soils) with high contributions
from phyllosilicates like mica and vermiculite
(Kitagawa et al., 2018).

In  contrast, Andosols (Wet Andosols,
Non-allophanic Andosols, and Andosols) and
Volcanogenous Regosols have relatively low
K-non-exch  contributions.  In  Indonesia,
K fractionation was measured by Nursyamsi et al.
(2008) on lowland clay soils containing smectite
in Java. The results indicated that the content of
K-water-sol, K-exch, K-non-exch, and total K
followed the order of Vertisols > Alfisols >
Inceptisols. Moreover, the percentage distribution
of soil K fractions was in the order of K-water-sol
< K-exch < K-non-exch. Despite the high total
K content, most of it was in the non-exchangeable
fraction, rendering it slowly available for plant
growth.

Research on K fractionation in clay soils,
particularly in upland areas derived from tertiary-
aged rocks, remains scarce in Indonesia. EXisting
studies mainly focus on K-exch, with limited
attention to the role of K-non-exch and its
relationship with soil mineralogy. Recent findings
also indicate K deficiencies in rice and maize
crops in intensively cultivated areas of Central
and East Java (Rizzo et al., 2024). Understanding
K dynamics is essential for evaluating K nutrient
availability and developing effective K fertilizer
recommendations to address deficiencies and
support sustainable agricultural productivity.

This study aims to 1) analyze various
K fractions in upland clay soils using a non-
sequential technique (K-pseudo-total, K-lattice,
K-non-exch, exchangeable K*, and K-water-sol),
2) investigate how different parent materials
(clay sediment, weathered limestone, weathered
volcanic breccia, weathered tuff, and altered
volcanic ash) influence the content and
distribution of K fractions, and 3) explore the
relationship between soil weathering and K
fractions through several geochemical indices
such as the chemical index of alteration (CIA),
Vogt residual index (VR), alumina to potassium
oxide ratio (AKN), silica to sesquioxide
(Si/Seq), and Ruxton ratio (R). By addressing
these objectives, this study seeks to enhance
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our understanding of K dynamics related to
soil mineralogy and parent material, contributing
to the broader knowledge of soil fertility
management, particularly in tropical regions with
complex parent material variability.

MATERIALS AND METHOD

Study area

The field research was conducted at five
locations based on geological formations within
the administrative region of the Special Region
of Yogyakarta (Figure 1). At each location,
morphological description and sample collections
were conducted at three observation points as
replications, resulting in a total of 15 observation
points. The observation points were selected using
a purposive sampling method, with an emphasis
on similarities in topography, soil color, and
land use. This approach was employed to obtain
pedons with nearly identical characteristics,
ensuring they represented the condition of soils
formed over specific geological formations.
The topography of all locations is hilly, and the
observation points are situated on the summits of
the hills. The descriptions of these five locations
are provided in Table 1.

The average annual rainfall in the study area
is approximately 2,422 mm year! (BBSDLP,
2017a; 2017b). The study area is categorized
as type C (moderately humid) according to the
Smith-Fergusson climate system. Based on the
Koppen climate system, it is classified as
a tropical monsoon (Am).

Soil chemical and mineralogical analysis

Soil observations and sample collection were
conducted by digging mini-pits with dimensions
of 50 cm x 80 cm x 50 cm. Soil samples were
taken from two layers at 0 to 20 cm and 20 to 40
cm depths, representing the root zone and nutrient
uptake areas. Both disturbed and undisturbed soil
samples were collected for laboratory analysis.
All samples were kept in plastic bags and sent
shortly to the laboratory for analysis. Undisturbed
soil samples were air-dried to achieve stable
moisture content. Coarse fragments and visible
roots were removed. Then, air-dried soil samples
were grounded and sieved to a fine earth size
(@ < 2 mm). Soil physical properties such as
bulk density and soil texture were determined
using the core and pipette methods, respectively
(van Reeuwijk, 2002). Total organic carbon was
determined by the combustion method using
a Leco EA CN 628 series. Soil pH was measured
in H,O (1:2.5) using a digital pH meter (Horiba
LAQUAact D-74). Cation exchange capacity
(CEC) and exchangeable cations were analyzed
by extracting 10 g soil with 50 ml 1 N NH4OAc
pH 7 (van Reeuwijk, 2002). The CEC for the clay
fraction (CECciy) Was calculated by dividing the
CEC by the clay percentage.

K-pseudo-total content was determined by wet
digestion (H.SO, + HCIO,) (Rao et al., 2011).
K-exch was determined by extraction with 1 N
NHsOAc pH 7 (Van Reeuwijk, 2002). K-non-
exch was measured after boiling in 1 N HNO:s.
Water-soluble K (K-water-sol) was determined
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Table 1. Description of the locations of the five pedons

Pedon Bedrock* Parent Soil order Vegetation Longitude/
material Latitude
P1- Limestone  Transported  Alfisols Teak (Tectona grandis) 110°28°21.6” E
Wonosari clay 8°02°23.7” S
sediment
P2- Tertiary Weathered Inceptisols Teak (Tectona grandis), 110°35°59.7” E
Nglanggran volcanic volcanic Albizia (Albizia 7°53°36.2” S
breccia breccia chinensis)
P3-Semilir  Tertiary Weathered Entisols Teak (Tectona grandis) 110°23°51.8” E
tuff tuff breccia 7°54°11.6” S
P4-Sentolo  Limestone  Weathered Vertisols ~ Teak (Tectona grandis) 110°16°30.6” E
limestone 7°51°28.4” S
P5- Tertiary Altered Inceptisols  Albizia (Albizia 110°08°’53.5” E
Kebobutak  breccia volcanic chinensis), 7°41°56.4” S
material Mahogany (Swietenia
mahagoni)

Note: *Based on Rahardjo et al. (1995) and Surono et al. (1992)

in 1:5 soil-water suspension after shaking for
two hours and allowing it to stand overnight
(Harsha and Jagadeesh, 2017). All the extracted
filtrate from each K fraction was measured using
a flame photometer. In addition, the K-lattice was
estimated based on the difference between total K
and the sum of exchangeable, non-exchangeable
and water-soluble K. Calculation of K stock was
based on formula: Ksoek = Kg x p x % K-tot
(modified from Kauer et al., 2021), where: Kstock
= K stock in soil (ton hal), Kq = layer depth (cm),
p = bulk density (g cm™), and K-tot = K-pseudo-
total (mg kg™).

The elemental composition of soil samples
was measured using energy-dispersive X-ray
fluorescence (EDXRF). Concentrations of
elemental oxides were determined using pressed
pellet samples prepared following procedures
outlined by Tavares et al. (2019). Fine soil
particles (< 2 mm) were initially dried at 105 °C
for 24 hours, then ground in a planetary ball mill
using a tungsten carbide jar and 10 tungsten
carbide balls. Grinding was performed at a speed
of 400 rpm for 10 minutes. The ground
and homogenized samples were transferred to
an aluminum cup and pressed using a hydraulic

press. The pellet samples were scanned using the
EDXRF spectrometer Bruker S2 PUMA Series 2.
For loss-on-ignition (LOI) measurement, 1 g of
the ground sample was transferred to alumina
crucibles and heated at 550 °C for 1 hour,
followed by an increase to 950 °C for 2 hours.
After cooling, the crucibles were reweighed to

determine the %LOI = Y2 W3 ¢ 100%, where W1
W2-W1

= weight of crucible, W2 = weight of crucible +
oven dry sample, and W3 = weight of crucible +
oven dry sample after ignition.

Five geochemical indices were determined,
and the details of the formulas and the relevant
references are given in Table 2. The CIA
estimates the weathering intensity. VR assesses
the maturity of residual sediments. The ratio
of AKN reflects the alteration of feldspar.
The Si/Seq indicates the degree of desilication.
The R relates to the loss of silica compared to the
total loss of alumina, with alumina considered
immobile during weathering.

The mineralogy of bulk soil was determined by
X-ray Diffraction (XRD) analysis. Bulk samples
were pulverized into a powder and passed through
a 100-um sieve. The powdered samples were

Table 2. Geochemical indices determined in the present study

Index Formula Reference
CIA (Mole ratio) [(Al:03/Al,03 + CaO + NaO + K;0)] x 100  Nesbitt and Young (1984)
VR (Mole ratio) (Al,03 + K20)/(MgO + CaO + Naz0) Roaldset (1972)

AKN (Oxide ratio)
Si/Seq (Mole ratio)
R (Mole ratio)

A|203/(K20 + NaZO)
SiO2/(AlLO3 + Fex05)
SiO,/Al,O3

Harnois and Moore (1988)
Moignien (1966)
Ruxton (1968)

Note: CIA = Chemical index of alteration, VR = Vogt residual index, AKN = Alumina to potassium oxide ratio,

Si/Seq = Silica to sesquioxide, R = Ruxton ratio
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carefully spread evenly on a sample holder cavity.
The unoriented mounts of fine powders were
analyzed using a Rigaku Ultima IV with CuKa
radiation target, operated at 40 kV and 30 mA.
Specimens were scanned from 3° to 60° 20 at
a rate of 3° ml. The diffraction patterns were
analyzed qualitatively and quantitatively using the
Rietveld BGMN model available in PROFEX
5.2.4 software.

Data analysis

The data were described using the mean value.
A two-way analysis of variance (ANOVA)
procedure was conducted to test the impact of
parent material and depth on K fraction and
K stock. The normality test showed that the data
were not normally distributed. Therefore,
the Spearman correlation was used to analyze
the relationships between soil properties,
geochemical indices, and the concentrations
of K fractions. Correlations were considered
statistically significant at a probability level of 5%
or less (p < 0.05). All statistical analyses used
R-studio software (R Core Team, 2020).

RESULTS AND DISCUSSION

Mineralogy and geochemical conditions of soil

The mineralogy of bulk samples from the
studied soils is presented in Table 3. P1-Wonosari
was dominated by 1:1 minerals, with minor
amounts of goethite and hematite. Calcite was not
observed in P1-Wonosari, indicating that the soil
did not develop from the Wonosari limestone
but rather from clay sediments (Mulyanto, 2022).
P2-Nglanggran was also dominated by 1:1
minerals, with smaller amounts of goethite,
quartz, and maghemite. P3-Semilir consists of
nearly equal proportions of 1:1 and 2:1 minerals,
along with smaller amounts of quartz and
maghemite. Unlike the other soils, the mineralogy
of P4-Sentolo is more diverse. The dominant

minerals in this soil are 2:1 and 1:1 minerals.
Calcite, plagioclase, and quartz are present in
smaller amounts, with calcite being inherited from
weathered limestone. P5-Kebobutak is dominated
by 1:1 minerals, with very small amounts of
quartz and maghemite. The dominance of 1:1
minerals in P5-Kebobutak is attributed to the
alteration of volcanic materials (Sartohadi et al.,
2018). Overall, variation exists in the mineral
composition of upland clay soils in Yogyakarta.

Among all soils, easily weatherable minerals
were identified only in P4-Sentolo (plagioclase).
The scarcity of easily weatherable minerals
indicated that the upland clay soils had limited
nutrient reserves. Plagioclase contained a small
amount of K,O and acted as a source of K in
P4-Sentolo. Potassium release occurs through the
weathering process (Anda et al., 2015). Common
K-bearing minerals in soils, such as feldspar
and mica, were not identified by XRD analysis
in any of the upland clay soils. Moreover,
a significant amount of 2:1 minerals was observed
only in P3-Semilir and P4-Sentolo. These 2:1
minerals were likely dominated by expandable
clay minerals, such as smectite. The other soils
were dominated by 1:1 minerals presumed to be
dioctahedral 1:1 clay silicates, such as kaolinite
or halloysite. These findings were consistent with
mineralogical reports from other soils in adjacent
areas near the study site (Sartohadi et al., 2018;
Mulyanto, 2022) and other regions (Navarro-
Hasse et al., 2023). Furthermore, differences in
clay mineralogy had implications for the CEC
(Kome et al., 2019). Expandable 2:1 minerals,
such as smectite, had a higher negative charge
compared to 1:1 clay minerals.

The content of macro-elements was found
to vary among soils due to differences in the
mineralogy of the parent materials (Tables 4 and
5). The variation in SiO, content among soils
in this study was not significant (37 to 41%).

Table 3. Mineralogy of bulk samples from the studied soils

Mineral abundance

Sample location and parent materials

(%) P1TCS P2 WVB P3WTB P4 WLM P5 AVM
Plagioclase 9
Hematite 1
Calcite 10
Quartz 2 <1 4 1
Goethite 9 11
Maghemite <1 <1 1
2:1 group 46 46
1:1 group 89 86 53 31 98

Note: TCS = Transported clay sediment, WVB = Weathered volcanic breccia, WTB = Weathered tuff-breccia,
WLM = Weathered limestone, AVM = Altered volcanic material
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However, P3-Semilir and P4-Sentolo, which
contain a significant amount of 2:1 minerals,
had higher SiO; content. The Al,O3 content across
all soils was also relatively similar (22 to 28%),
except for P4-Sentolo, which had significantly
lower Al,O3 content (16 to 17%). Similarly, the
Fe-O3 content among the soils was relatively
similar (16 to 19%), except for P4-Sentolo
(12 to 13%). The behavior of iron in P4-Sentolo
contrasted with the findings of Heidari et al.
(2022), who observed iron enrichment in soils
derived from limestone. The lower Al,O; and
Fe,Oz content in P4-Sentolo was due to the
dilution effect of CaCOs, reducing the proportion
of silicate minerals and iron oxides.

The content of Ca, Mg, and K (expressed
as oxides) in all soils was controlled by the
mineralogy of the parent materials. The Na,O
content in all soils was very low and below
the XRF detection limit, demonstrating that
Na has leached out during soil formation.
As a monovalent cation, Na* is highly susceptible
to weathering and leaching, leaving only
a minimal amount in the soil. Furthermore,
the highest CaO content was found in P4-Sentolo
(11 to 14%), followed by P3-Semilir (1%),
P5-Kebobutak, P2-Nglanggran, and P1-Wonosari
(0.25 to 0.53%). The exceptionally high CaO
content in P4-Sentolo was attributed to the
presence of calcite (Kowalska et al., 2021). The
highest MgO content was observed in P3-Semilir
(2%), followed by P4-Sentolo (1.5%). The lowest
MgO content was found in P1-Wonosari (0.3%),
followed by P5-Kebobutak (0.3 to 0.4%) and
P2-Nglanggran (0.4%). The MgO content in
P3-Semilir and P4-Sentolo was higher because
both soils contained considerable amounts of
2:1 minerals, as shown by the XRD analysis
(Butler et al., 2020).

Surprisingly, the highest average K,O content
was observed in P5-Kebobutak, followed by
P4-Sentolo and P2-Nglanggran. In contrast,
P3-Semilir and P1-Wonosari contained very low
K20. The relatively high average K;O content
in P3-Kebobutak and P2-Nglanggran was
unexpected, as only P4-Sentolo was identified
to contain plagioclase through XRD analysis.
K-bearing minerals were likely present in both
soils, resulting in higher K,O content. However,
their presence was not detected through XRD
analysis of bulk samples.

The elemental composition in all soils showed
that mobile elements like Ca, Mg, K, and Na were
leached, leaving behind immobile elements
(Fe, Al, Ti), except for P4-Sentolo. This occurred
because the soils were derived from old tertiary-
aged rock that had undergone extensive
weathering. Additionally, some of these soils
were likely affected by alteration processes,
leading to changes in the elemental composition
of the parent materials (Pulungan and Sartohadi,
2018; Sartohadi et al., 2018). The low content of
soluble macro-elements further emphasized that
the clay soils in this study had limited nutrient
reserves.

The TiO, and MnO contents in all soils
ranged from 1.02 to 1.55% and 0.25 to 0.50%,
respectively (Table 5). The highest contents were
recorded in P2-Nglanggran, while the lowest
was found in P4-Sentolo. The P,Os content in
P4-Sentolo was very low and undetectable by
XRF. The highest P,Os content was identified in
P5-Kebobutak, derived from quaternary volcanic
ash (0.18 to 0.22%), while the other soils
exhibited lower contents (0.09 to 0.17%).

The results of the total element analysis with
XRF are very interesting because sulfur (S)
elements were found, in addition to the metal

Table 4. Content of Si, Al, K, Ca, Fe, Na, and Mg elements in the studied soils

No. Minipit Depth  Parent  SiO. AlLO3; KO CaO Fe;O:z Na,O MgO
(Geological formation)  (cm)  materials Wit (%)

P1 (Wonosari) 0-20 TCS 37.23 2722 0.07 040 1697 nd 0.29

20-40 38.67 2846 0.07 030 1731 nd 0.26

P2 (Nglanggran) 0-20 WVB 37.96 25.77 023 044 1860 nd 040

20-40 3825 2592 020 036 1809 nd 042

P3 (Semilir) 0-20 WTB 40.06 21.82 0.06 123 1774 nd 223

20-40 4049 2246 0.05 100 17.73 nd  2.26

P4 (Sentolo) 0-20 wWLM 38.83 16.21 030 1354 1226 nd 1.46

20-40 41.09 17.13 031 1114 1254 nd 148

P5 (Kebobutak) 0-20 AVM 38.28 27.16 037 053 1567 nd 0.36

20-40 3715 2779 024 025 1695 nd 0.31

Note: TCS = Transported clay sediment, WVB = Weathered volcanic breccia, WTB = Weathered tuff-breccia,
WLM = Weathered limestone, AVM = Altered volcanic material, nd = Not detected
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forms as previously described. The S content is
expressed in the form of SO; (not ionic forms
such as SO4> or S%) because the working principle
of this tool measures the energy released by atoms
when exposed to X-ray radiation. Therefore, the
detected S atoms are converted into the SOz form,
with a more stable chemical bond structure. Sulfur
trioxide exhibits a trigonal planar geometry,
meaning the sulfur atom is centrally located
and surrounded by three oxygen atoms in a flat
triangular arrangement with 120-degree bond
angles.

The S-O bonds are covalent, involving the
sharing of electron pairs. The molecule contains
one S=0 double bond and two S—O coordinate
covalent bonds. The trigonal planar geometry
results in high molecular symmetry, minimizing
the dipole moment and enhancing stability. The
strong covalent bonds between sulfur and oxygen
contribute to the molecule’s overall stability
(Underwood et al., 2014). The SOs levels found
in the soil at P1 to P5 ranged from 0.08 to 1.0%,
except in P3 where it was not detected, and
in P4, where it was only 0.04%. The other soils
contained relatively similar amounts of SO (0.08
to 0.10%). The macro-element content obtained
in this study falls within the range of macro-
element content found in clay soils and oxidic
soils in tropical regions of Central Africa (Temga
etal., 2021).

The comparison of geochemical indices across
soils is shown in Table 6. The order of soils from
the highest to the lowest CIA (mean values) was
P1-Wonosari > P5-Kebobutak > P2-Nglanggran >
P3-Semilir > P4-Sentolo. Except for P4-Sentolo,
all clay soils had produced CIA values greater
than 90. These values were higher than
agricultural soils derived from silicate rocks in
Europe (Négrel et al., 2023). A CIA value greater

than 90 confirmed that the non-calcareous clay
soils in this study had undergone intensive
weathering. A similar pattern was found in the VR
and R indices, but these indices showed a different
weathering degree in P3-Semilir compared to the
CIA. The VR and R values for P3-Semilir range
from 2.78 to 2.98 and 3.06 to 3.12, respectively.
These values were typical of moderately
weathered soils (Enang et al., 2020). This
suggested that Si and Mg leaching in P3-Semilir
was less than in other non-carbonate clay soils.
The high Si/Seq values also supported this. The
low desilication and Mg leaching contributed to
the preservation of 2:1 minerals in P3-Semilir.

The AKN values for all soils showed
a different trend. The order of AKN values was
as follows: P3-Semilir > P1-Wonosari > P2-
Nglanggran > P5-Kebobutak > P4-Sentolo.
Lower AKN values in P4-Sentolo, P5-Kebobutak,
and P2-Nglanggran indicated the presence of
feldspar in these soils. The presence of feldspar
was not detected through XRD analysis, likely
due to being masked by the dominance of
clay minerals. It was suggested that the feldspar
was contained in the silt fraction (Jindaluang
and Darunsontaya, 2023; Volf et al., 2023). Thus,
mineral analysis based on particle size was
crucial for identifying KO sources in clay soils.
P5-Kebobutak had relatively low AKN values
and contained K,O similar to P4-Sentolo, which
was attributed to the presence of feldspar. The
weathered feldspars were also found in other soils
derived from altered volcanic material (Pulungan
and Sartohadi, 2018; Sartohadi et al., 2018).

This study showed that upland clay soils
from various parent materials have distinct
geochemical indices, reflecting their mineral
content. Soils from clay sediments (P1-Wonosari)
had high AKN and Si/Seq values, while carbonate

Table 5. Content of Ti, Mn, P, S, and LOI elements in the studied soils

No. Minipit Depth Parent TiO; MnO P20s SOs LOI
(Geological formation) (cm) materials ~ ---------- Molecular proportion (%) ----------
P1 (Wonosari) 0-20 TCS 1.23 0.31 0.11 0.09 16.08

20-40 1.23 0.29 0.09 0.08 13.25
P2 (Nglanggran) 020 WVB 1.55 0.50 0.17 0.09 14.29
20-40 151 0.47 0.11 0.09 14.60
P3 (Semilir) 0-20 WTB 117 037 011 nd 15.22
20-40 1.17 0.40 0.10 nd 14.34
P4 (Sentolo) 020 WLM 1.02 0.27 nd 0.04 16.07
20-40 1.05 0.25 nd 0.04 14.98
P5 (Kebobutak) 0-20 AVM 1.28 0.36 0.22 0.10 15.67
20-40 1.39 0.30 0.18 0.09 15.35

Note: TCS = Transported clay sediment, WVB = Weathered volcanic breccia, WTB = Weathered tuff-breccia,
WLM = Weathered limestone, AVM = Altered volcanic material, nd = Not detected
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clay soil (P4-Sentolo) had low values. In volcanic
soils, mineralogy had a greater impact. Soils
with 1:1 minerals had lower AKN and higher
Si/Seq values, while soils with more 2:1 minerals
had lower Si/Seq and higher AKN values.

Relationship between geochemical conditions
and physicochemical properties of soil

The physicochemical properties of the soils
are shown in Table 7. Particle size analysis
revealed that P3-Semilir had the highest average
sand fraction (29%), followed by P4-Sentolo,
P5-Kebobutak, and P2-Nglanggran. P1-Wonosari
exhibited the lowest average sand content (2%).
Conversely, P1-Wonosari had the highest average
clay content (90%), while P3-Semilir had the
lowest average clay content (45%). Spearman’s
correlation analysis indicated a significant
negative relationship between sand content and
clay content (r = -0.75, p < 0.05). Sand content
was also negatively correlated with CIA values
(r =-0.79, p < 0.01) and VR values (r = -0.85,
p < 0.01), but positively correlated with R values
(r=0.70, p <0.05). These findings suggested that
sand content in upland clay soils was associated
with soil weathering intensity and the leaching of
mobile elements. No significant relationship was
observed between clay content and geochemical
indices.

The lowest average bulk density was found
in P5-Kebobutak. P3-Semilir also exhibited
a relatively low average bulk density. The low
bulk density in these soils was attributed to the
influence of their parent materials, as volcanic
ash and volcanic tuff were characterized by
high porosity (Anda et al., 2016). In contrast,
the average bulk density of the other soils was
approximately 1.2 g cm?® (Table 7). These

Table 6. Geochemical indices of the studied soils

findings aligned with Aji et al. (2020), who
reported that soils derived from volcanic ash have
a lower bulk density (0.8 to 1.2 g cm) compared
to soils derived from weathered andesitic breccia
(1.0to 1.4 gcm?).

The pH H,O values for P1-Wonosari,
P2-Nglanggran, and P5-Kebobutak ranged
from 5.35 to 5.93 and showed no significant
differences. The highest pH H.O was found in
P4-Sentolo (8.07 to 8.18), followed by P3-Semilir
(6.30 to 6.39). Soil pH varied due to differences
in pedogenesis. P1-Wonosari, P2-Nglanggran,
and P5-Kebobutak had lower pH values due to
advanced weathering. In contrast, P4-Sentolo,
derived from weathered limestone, had higher pH
values as dissolved carbonates released OH™ ions
into the soil solution.

The total organic matter content of the soil was
also quite varied (Table 7). The total organic
carbon (TOC) content in the surface layer was
higher due to the accumulation of plant residues.
The order of soils with the highest to lowest
TOC content in the surface horizon is as follows:
P5-Kebobutak > P2-Nglanggran > P4-Sentolo =~
P1-Wonosari > P3-Semilir. Furthermore, the
order of TOC content in the subsurface horizon
was observed as: P5-Kebobutak > P2-Nglanggran
> P4-Sentolo > P3-Semilir > P1-Wonosari.

No significant differences were observed
between the surface horizon and the subsurface
horizon in terms of CEC values. The order of
CEC values from highest to lowest is as follows:
P3-Semilir > P4-Sentolo > P2-Nglanggran =~
P1-Wonosari > P5-Kebobutak. The CEC value
reflects the amount of negative charge on the
soil. Soil negative charges were derived from
carboxylic and phenolic groups in soil organic

No. Minipit Depth Parent

. . . CIA VR AKN Si/Sesq R
(Geological formation) (cm) materials
P1 (Wonosari) 020 TCS 97.15 18.82  415.02 0.25 2.32
20-40 97.90 23.70 420.51 0.25 2.31
P2 (Nglanggran) 0-20 WVB 96.12 1431 114.35 0.29 2.50
20-40 96.78 1535 132.30 0.28 2.50
P3 (Semilir) 020 WTB 90.48 2.78  356.92 0.35 3.12
20-40 92.30 298 500.18 0.34 3.06
P4 (Sentolo) 0-20 WLM 78.10 2.09 53.83 0.31 4.07
20-40 88.44 3.09 55.86 0.32 4.07
P5 (Kebobutak) 020 AVM 9521 14.83 72.82 0.23 2.39
20-40 9750 2256 117.06 0.24 2.27

Note: CIA = Chemical index of alteration, VR = Vogt residual index, AKN = Alumina to potassium oxide ratio,
Si/Seq = Silica to sesquioxide, R = Ruxton ratio, TCS = Transported clay sediment, WVB = Weathered
volcanic breccia, WTB = Weathered tuff-breccia, WLM = Weathered limestone, AVM = Altered volcanic

material
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compounds, particularly in humic substances
such as humic acid, fulvic acid, humin, and
hematomelanic acid. However, CEC values were
negatively correlated with TOC (r = -0.76,
p < 0.05). The CEC values were positively
correlated with CECeay values (r =0.77, p <0.01),
indicating that the main source of negative charge
in upland clay soils was the type and amount of
clay minerals. In surface horizons, where organic
matter accumulated, lower clay mineral content
indirectly caused the negative correlation between
TOC and CEC values. The high CEC values in
P3-Semilir and P4-Sentolo were attributed to
their considerable content of 2:1 minerals, such as
smectite, which have higher CECa Vvalues
compared to 1:1 clay minerals. This was
consistent with the XRD results.

Correlation analysis showed that CECcay
values were positively correlated with Si/Seq
(r =092, p <0.01), R (r =0.87 p < 0.01),
and sand (rs = 0.80, p < 0.01), but negatively
correlated with VR (r = -0.93, p < 0.01). These
indicated that the type of clay minerals in the
soils was influenced by weathering intensity
and leaching of elements like Ca, Mg, and Si.
The occurrence of 2:1 clay minerals was found in
soils with higher R and Si/Seq values, such as
P4-Sentolo and P3-Semilir.

Forms and dynamics of K and their
relationships with geochemical indices and soil
physicochemical properties

The concentrations of each form of K in the
studied soils are presented in Table 8. Differences
in parent material significantly influenced
the variations in K-pseudo-total in the soils
(p < 0.001). Significant differences in K-pseudo-
total were observed among the soils, except
between P1-Wonosari and P3-Semilir. The
highest average K-pseudo-total was found in

P4-Sentolo (1,521 mg kg?), followed by
P5-Kebobutak (927 mg kg?), P2-Nglanggran
(427 mg kg?l), P1-Wonosari (314 mg kg?),
and P3-Semilir (264 mg kg?). Rao et al. (2011)
reported K-HNO; + HCIO4-digest values for
soils in Papua New Guinea, both volcanic and
non-volcanic, ranging from 276 to 4,233 mg kg™.
The K-pseudo-total values obtained in this study
fall within this range.

The Kok results showed a relatively
similar pattern. Parent material significantly
influenced variations in Kgck Values (p < 0.001).
No significant differences were found between
P3-Kebobutak and P2-Nglanggran, or between
P2-Nglanggran and P1-Wonosari. Soil depth had
no significant effect on total K or Ksek content.
Therefore, variations in K-pseudo-total and Kstock
were mainly influenced by the parent material.

Potassium stock in upland clay soils is
generally contributed by K-bearing minerals
(feldspar, mica, illite, and vermiculite), organo-
mineral complexes, non-exchangeable and
exchangeable K, and K* in soil solution (Bell
et al., 2021; Jindaluang and Darunsontaya, 2023).
XRD analysis showed that only P4-Sentolo
contained plagioclase. However, XRF results
revealed that P4-Sentolo, P3-Kebobutak, and
P2-Nglanggran had higher K;O content than
other soils, suggesting that feldspar is relatively
preserved in these soils. Thus, the high K-pseudo-
total content in these soils is likely due to feldspar,
as supported by significant correlations between
K-pseudo-total and AKN values (rs = -0.88,
p < 0.01), K-lattice (rs = 0.77, p < 0.05), and
K-non-exch (rs = 0.69, p < 0.05). AKN value,
K-lattice, and K-non-exch is associated with
K-bearing minerals.

The highest concentration of K-non-exch was
found in P5-Kebobutak (1.58 cmolc kg%,

Table 7. Soil physicochemical properties of the studied soils

No. Minipit Depth Sand Silt Clay BD pH TOC CEC CECuay
(Geological formation)  (cm) - (%) (@gcm?® H,O (gkg?) (cmolc kg?)
P1 (Wonosari) 0-20 3 9 88 1.25 583 1411 27.02 33.23

2040 1 6 93 1.28 551 8.70 29.04 28.93
P2 (Nglanggran) 0-20 9 20 71 1.20 535 1551 2885 42.86
20-40 11 18 71 1.27 543 11.43 29.00 38.73
P3 (Semilir) 0-20 32 24 44 1.02 6.30 11.01 46.82 117.42
20-40 25 28 47 1.09 6.39 947 48.65 103.58
P4 (Sentolo) 0-20 12 8 80 126 807 1426 4494 5856
20-40 11 10 79 1.26 8.18 10.21 46.47 56.65
P5 (Kebobutak) 0-20 12 29 59 0.91 593 19.72 18.53 32.67
20-40 7 28 65 099 581 1524 1951 29.12

Note: BD = Bulk density, TOC = Total organic carbon, CEC = Cation exchange capacity, CECay = Cation

exchange capacity of clay fraction
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significantly higher than in P4-Sentolo and
P2-Nglanggran (0.43 cmolc kg?). The lowest
concentration of K-non-exch was found in
P1-Wonosari (0.15 cmolc kg?). The variation in
K-non-exch concentrations was significantly
influenced by parent material (p < 0.01) and soil
depth (p < 0.001). K-non-exch concentrations
were higher on the surface horizon than on the
subsurface horizon for all soils.

The K-non-exch fraction includes all K forms
that cannot be extracted by soil tests relying
on a cation exchange mechanism and thus is
characterized by slow release (Bell et al., 2021).
The proportion of K-non-exch constituted 63
to 69% of the K-pseudo-total in P5-Kebobutak.
This value is significantly higher compared
to other clay soils (9 to 45%). The concentration
of K-non-exch in P5-Kebobutak was also
significantly higher than lowland clay soils in
Java, which ranged from 0.44 to 0.89 cmolc kg*
(171 to 347 mg kg™') (Nursyamsi et al., 2008).
This showed that P5-Kebobutak had a very high
potential to supply K to plants through a slow-
release mechanism.

The K-non-exch fraction is derived from
K-bearing minerals, including weathered feldspar
or mica and fixed K in the interlayer spaces
of phyllosilicate minerals (Bell et al., 2021).
The concentration of K-non-exch was linked to
weathered feldspar, as indicated by a negative
relationship between K-non-exch and the AKN
value (r = -0.79, p < 0.01). Higher AKN values

lower K-non-exch concentrations in upland clay
soils.

Nitric acid was known to break down mineral
structures, with some K-non-exch extracted from
the interlayers of primary micas and feldspar
interiors. However, P4-Sentolo, which had
similar K,O and AKN values to P5-Kebobutak,
showed a much lower K-non-exch concentration
(Table 6). This lower concentration was likely
due to the dilution effect of CaCOsg, as observed in
soils rich in free carbonate (Zareian et al., 2018).
P4-Sentolo contained free carbonates ranging
from 3.69 to 20.21% (data not shown).

A positive correlation was observed between
K-non-exch and TOC (r = 0.88, p < 0.01). Higher
K-non-exch concentrations in the surface horizon
were attributed to organic matter accumulation.
Stable organic carbon, protected K-bearing
minerals and reduced their solubility (Rosenstock
et al., 2019; Jindaluang and Darunsontaya, 2023).
Consequently, feldspars weathering occurred
more slowly, leading to a low AKN value.
The acid extraction method used in this study
was strong enough to dissolve K, not only in
feldspars but also in organo-mineral complexes
(Rosenstock et al., 2019).

The high concentration of K-non-exch in
P5-Kebobutak, compared to other soils,
was attributed to its low AKN value and high
TOC content. This condition led to the formation
of organic matter coatings on feldspar, which
protected it from weathering and contributed

indicated fewer weathered feldspar, leading to to the increased K-non-exch concentration.
Table 8. Forms of K in the studied clay soils
K-Fraction K
Profile No. Depth ~ Parent K-pseudo- K- K- K-non K-water- stock
. . . (ton
(Location) (cm)  materials total lattice exch  exch sol hal)
----- (mgkg*) - (cmolckg®)  (mgkg™)
P1 (Wonosari) 0-20 TCS 328¢ 217% 0.09%  0.19% 3.37° 0.83¢
20-40 2994 237¢  0.04®¢  0.11% 3.61° 0.75¢
P2 (Nglanggran) 0-20 WVB 414° 88® 0.33* 048 10.70° 1.01%¢
20-40 439° 219%  0.17° 0.37% 7.70° 1.10%¢
P3 (Semilir) 0-20 WTB 2609 110% Q.12 0.26% 427 0.54¢
20-40 2674 189 (.05% (.14 4,20  0.57¢
P4 (Sentolo) 0-20 WLM 1,326  1,092° 0.14 (0.45% 4.89P 3.23°
20-40 1,7158 1,524  0.07% 0.41™ 2.56° 4472
P5 (Kebobutak) 0-20 AVM 1,007° 246°  0.14 1.78%®  11.30®  1.86°
20-40 847° 204 (0.21% 1372 21,90 1.62°
Depth (D) 0.775 0.001 <0.001 0.001 0.459 0.643
Parent material (PM) <0.001 <0.001 <0.001 <0.001 0.049 <0.001
D><PM 0945 <0.001 0.025 0.324 0.774 0.957

Note: TCS = Transported clay sediment, WVB = Weathered volcanic breccia, WTB = Weathered tuff-breccia,
WLM = Weathered limestone, AVM = Altered volcanic material
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Furthermore, the accumulation of organic matter
resulted in a higher proportion of aggregates
> 2 mm in the soil. Recent studies have shown
that the potential to accumulate the K-non-exch
fraction was greater in aggregates > 2 mm than
in smaller aggregates (Kai-lou et al.,, 2022).
P5-Kebobutak also exhibited the highest porosity
and macro-aggregate content among the studied
soils (data not shown), which can be attributed
to both the nature of its parent material and the
presence of organic matter.

K-lattice refers to K* that has been
incorporated into the interlayer spaces of 2:1
minerals and dehydrated, becoming part of the
mineral structure (Bell et al., 2021). This fraction
of K can only be released into the soil solution
through weathering and is difficult to utilize
for agronomic purposes (Han et al., 2019;
Soumare et al., 2023). The highest average
K-lattice concentration was found in P4-Sentolo
(1,308 mg kg?), significantly exceeding the
concentration in P1-Wonosari (227 mg kg?) and
P5-Kebobutak (225 mg kg?). The lowest K-lattice
concentration was observed in P3-Semilir
(150 mg kg*) and P2-Nglanggran (154 mg kg?).
Additionally, all soils exhibited higher K-lattice in
the subsurface horizon compared to the surface
horizon. Significant differences in K-lattice
concentration were influenced by the interaction
between parent material and soil horizon (p <
0.001).

The high K-lattice content indicated the
presence of reactive 2:1 minerals, such as illite,
interstratified illite/mica, and vermiculite, which
are known to fix K (Portela et al., 2019). However,
the bulk sample analysis did not reveal the
presence of these minerals in any of the soils
studied. Thus, the K-lattice content in this study
was likely associated with weathered feldspars.
The notably high K-lattice content in P4-Sentolo,
compared to other soils, was attributed to the low
concentration of K-non-exch in that soil,
which was influenced by the dilution effect of
CaCO0s. As a result, the K-lattice concentration,
determined by the difference between K-pseudo-
total and other forms of K, was elevated. No
correlation was found between the geochemical
indices, physicochemical properties, or other K
forms with the K-lattice content. The lack of
correlation between K-lattice and K-non-exch
suggested that K-lattice was a stable form that
did not significantly contribute to the K
equilibrium in the soil.

The proportion of K-lattice to K-pseudo-total
varied across the soils, ranging from 82 to 89% in

P4-Sentolo, 66 to 79% in P1-Wonosari, 42 to 71%
in P3-Semilir, 21 to 50% in P2-Nglanggran,
and 24% in P5-Kebobutak. These proportions
indicated that K in P4-Sentolo was almost entirely
in the form of K-lattice, suggesting that the K
in this soil was largely unavailable for agronomic
purposes. A similar pattern was observed in
P1-Wonosari and P3-Semilir. In contrast, the
lower proportion of K-lattice in P2-Nglanggran
and P5-Kebobutak indicated that the K in these
soils was not fixed by minerals, making it
potentially available for plant utilization.

The concentration of K-exch in all soils
was influenced by the interaction between parent
material and soil depth (p < 0.05). P2-Nglanggran
exhibited the highest average concentration
of K-exch (0.25 cmolc kg?), followed by P5-
Kebobutak (0.18 cmolc kg?') and P4-Sentolo
(0.11 cmolc kg). Statistically, the concentrations
of K-exch in these three soils were not
significantly different. The lowest concentration
was found in P1-Wonosari (0.06 cmolc kg?),
followed by P3-Semilir (0.08 cmolc kg?). The
range of K-exch concentrations in this study was
broader than that reported for lowland clay soils
of Java Island, which range from 0.13 to 0.25
cmolc kg? (50 to 99 mg kg™?) (Nursyamsi et al.,
2008). In most soils, the concentration of K-exch
in the surface horizon was higher than in the
subsurface horizon, except for P5-Kebobutak.

From all fractions, K-water-sol has the
smallest proportion, which accounted for 0.1
to 2.6% of the K-pseudo-total. P5-Kebobutak
exhibited the highest average concentration of
K-water-sol (16.60 mg kg?), followed by
P2-Nglanggran (9.20 mg kg?). Other soils
contained relatively low concentrations of
K-water-sol (2.56 to 4.89 mg kg*). The variation
in K-water-sol concentration among soils was
influenced by parent material (p < 0.05), but
no significant effect of soil depth was observed.

A positive correlation was found between
K-exch and K-water-sol (r = 0.83, p < 0.01)
and between K-exch and K-non-exch (r = 0.78,
p < 0.01). These findings indicated that K forms
in clay soils were dynamically related, with one
form influencing the others. The results suggested
an equilibrium among K forms, where a decrease
in one form was balanced by the others (Pathariya
et al., 2022).

No significant relationship was found between
K-exch or K-water-sol and CEC or clay content.
This was unexpected, as plant-available K
(K-exch and K-water-sol) is usually associated
with the negative charge of clay minerals
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(Nursyamsi et al., 2008; Han et al., 2019; Bell
et al., 2021). Unlike K-non-exch, no correlation
was found between K-exch and K-water-sol
with geochemical indices. Soil weathering and
mineralogy did not significantly influence plant-
available K. Instead, a positive correlation with
TOC was identified, emphasizing the role of
organic carbon in releasing K* into the soil
solution in upland clay soils.

Jindaluang and Darunsontaya (2023) reported
a positive relationship between K-non-exch,
K-exch, and K-water-sol with stable organic
carbon forms, such as carboxyl and aromatic
carbon, in Mollisols and Vertisols under
irrigation. They explained that K* availability
and retention increased due to the formation
of complexes between minerals and stable
organic fractions. This process was found to
enhance non-exchangeable and exchangeable K
in clay soils. In this study, P5-Kebobutak and
P3-Nglanggran showed relatively higher levels
of plant-available K compared to other soils.
Their high TOC content was the main factor
contributing to the increased availability of K.
The high availability of K in these soils likely
resulted from organic residue decomposition,
which  formed organo-mineral complexes.
Additionally, these soils contained higher
proportions of K-non-exch compared to the
others. Enhancing plant-available K in clay soils
should focus on the cycling and input of organic
matter. Retaining crop residues through long-term
conservation agriculture has been shown to
enhance and sustain K supply to crops (Rani et al.,
2023).

Based on the critical cation deficiency status
(CCDS) for tropical soils, the critical threshold
for K-exch concentration is between 0.4 and
0.5 cmolc kg™ (Soil Research Center, 1983). It is

important to note that the critical concentration
varies among plant species. Using the lower
limit of 0.4 cmolc kg?, all soils in this study
were classified as deficient in K. Therefore,
K fertilization is essential for agricultural
cultivation. Low K availability can reduce crop
productivity, as reported by Rizzo et al. (2024).

In addition to the low K concentration,
cation saturation at the exchange complex also
requires attention. The K-exch concentration was
consistently lower than Na-exch in most soils,
except for P2-Nglanggran (Table 9). Cation
imbalances were observed in P3-Semilir and
P4-Sentolo, where the combined saturation of
Ca** plus Mg*" saturation exceeded 100%.
This imbalance has the potential to disrupt the
K™ balance in the exchange complex. Correlation
analysis showed a negative relationship between
Ca-exch and K-water-sol (r = -0.79, p < 0.01).
Additionally, studies by Leikemarian et al. (2018)
and Hailu et al. (2015) reported K deficiencies
in soils with high Mg-exch concentrations, as Mg
competes with K at exchange sites.

Since the contribution of K-non-exch varies
among soils, K fertilization in clay soils must be
carefully managed. Both K-non-exch and K-exch
should be considered when assessing soil K
availability. P5-Kebobutak, with its high K-non-
exch concentration, provides a long-term K
supply through slow release, reducing the need
for frequent fertilization. For annual crops,
K fertilization may only be required during
early growth stages. In contrast, P1-Wonosari,
P2-Nglanggran, P3-Semilir, and P4-Sentolo
are unlikely to supply K in the long term,
requiring periodic fertilization. Additionally,
continuous application of organic materials is
necessary in all upland clay soils to maintain K*
availability.

Table 9. Concentrations of exchangeable cations of the studied clay soils

No. Minipit Depth Parent  Ca*-exch Mg*-exch K*-exch Na*-exch

(Geological formation) (cm) materials ~ -----------m---- (e [ T —
P1 (Wonosari) 0-20 TCS 12.07 2.34 0.09 0.14
20-40 9.85 1.66 0.04 0.11

P2 (Nglanggran) 0-20 WVB 6.71 2.35 0.33 0.11
20-40 6.80 2.33 0.17 0.12

P3 (Semilir) 0-20 WTB 32.28 18.78 0.12 0.20
20-40 30.91 19.44 0.05 0.19

P4 (Sentolo) 0-20 WLM 7171 1.96 0.14 0.20
20-40 75.84 2.23 0.07 0.21

P5 (Kebobutak) 0-20 AVM 6.41 1.88 0.14 0.32
20-40 5.13 1.79 0.21 0.32

Note: TCS = Transported clay sediment, WVB = Weathered volcanic breccia, WTB = Weathered tuff-breccia,
WLM = Weathered limestone, AVM = Altered volcanic material
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CONCLUSIONS

This study highlighted the influence of parent
materials, mineralogy, and organic carbon on K
dynamics in the upland clay soils of Yogyakarta.
Although feldspar was not identified by XRD
analysis, geochemical data suggest its significant
contribution to K-pseudo-total, Kstck, and K-non-
exch concentrations. P5-Kebobutak exhibited
the highest K-non-exch concentration, providing
a long-term K source through slow release. Both
K-exch and K-water-sol concentrations showed
significant correlations with TOC and K-non-
exch, but not with geochemical indices. All soils
were classified as K-deficient, indicating the need
for targeted fertilization strategies considering
both K-exch and K-non-exch. Furthermore, the
application of organic amendments is essential for
enhancing K availability.
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