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Abstract 

Tropical peatlands in West Kalimantan are severely constrained by extreme acidity (pH < 4.5), limiting 
maize productivity to 15 to 35% of genetic potential. Traditional peat burning exacerbates 

environmental degradation through CO₂ emissions and particulate matter release. This study evaluated 

red mud-KCl fertilizer combinations on soil nutrient availability and maize growth. A randomized 

complete block design examined five treatments with five replications (n = 25). Four treatment levels 
(R1 to R4) were applied with red mud doses (0.75 to 3.0 kg plot-1) with KCl fertilizer (42.6 g) versus 

controls. Red mud, an alkaline bauxite waste (pH 10 to 12), maintained heavy metal concentrations 

below regulatory thresholds. Statistical analyses employed ANOVA (α = 0.05) and Duncan’s Multiple 
Range Test. Treatments significantly elevated soil pH from 4.41 (control) to 5.45 to 5.67, transforming 

strongly acidic to moderately acidic conditions. Exchangeable K increased from 2.02 to 4.40 cmol(+) 

kg-¹, representing a 118% improvement in K availability. Available P improved by 13.4%, enhancing 
nutrient uptake capacity. The optimal treatment (R4: 3.0 kg red mud + KCl) demonstrated superior 

maize performance with significantly greater plant height, stem diameter, and maize ear weight than 

controls. Treatment R4 achieved the most favorable soil chemical properties, including optimal cation 

exchange capacity and nutrient retention, creating ideal growing conditions that maximized maize 
genetic potential expression in previously unproductive acidic peatland soils. Results indicate 

substantial potential for sustainable peatland agriculture through red mud-KCl soil amendments. Future 

investigations should assess long-term environmental sustainability, socio-economic viability, and 

farmer adoption mechanisms for implementing this amelioration strategy in tropical peatland systems. 
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INTRODUCTION 

The increasing global pressure on agricultural 

systems to enhance food production while 
maintaining environmental integrity has 

intensified scientific attention toward previously 

underutilized ecosystems, particularly tropical 
peatlands (Mishra et al., 2021). Carbon-rich 

peatlands have significant potential for 

agricultural expansion, but some of their chemical 

and physical properties make them less able  
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to support optimal plant growth (Rodzkin et al., 

2021). West Kalimantan’s extensive peatland 
coverage—approximately 1.73 million hectares 

constituting 11.6% of the provincial territory 

(Nusantara et al., 2020), exemplifies this paradox 
of agricultural opportunity constrained by 

pedological limitations (Purwanto, 2018). 

The cultivation of maize (Zea mays L.)  

in peatlands has so far only produced results  
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far below its genetic potential under optimal 

conditions, its productivity ranges from 1.2 to 2.8 
tons ha-1, equivalent to 15 to 35% of its maximum 

productivity potential (Widiastuti et al., 2024). 

Low productivity is mainly caused by the high 

acidity level of tropical peat soil, which reaches  
a pH value of < 4.5 (Kunarso et al., 2022).  

This condition causes a series of limiting factors 

for plant growth, such as decreased availability  
of nutrients, increased concentrations of toxic 

compounds, and decreased activity of beneficial 

microbes (Agus et al., 2019). 

Traditional farmer responses to these 
pedological constraints have predominantly 

involved peat burning practices, which, while 

temporarily ameliorating soil acidity through ash 
alkalinization (Arunrat et al., 2024), generate 

severe environmental and public health 

consequences (Hein et al., 2022). The combustion 
process releases substantial quantities of 

particulate matter (PM₂.₅ and PM₁₀), contributing 

to respiratory health complications that 

disproportionately affect vulnerable populations 
(Eng et al., 2024). Epidemiological evidence 

indicates 40 to 60% increases in acute respiratory 

infection incidence during burning seasons  
(Uda et al., 2019).  

The smoke caused by peatland burning, and  

its direct impact on human health, could also 
contribute to the release of vast amounts of CO2, 

reaching 500 to 1,500 tons of CO2-equivalent 

(Sasmito et al., 2025). This condition would 

eliminate peatlands’ critical role as natural  
C storage and increase greenhouse gas emissions 

globally (Strack et al., 2022). The environmental 

impact of peatland burning encourages the 
creation of a peatland management approach with 

sustainable amelioration technology by utilizing 

materials that have not been optimally used, for 

example, waste from the mining industry, whose 
location is not too far from the peatland (Syahza 

et al., 2020). 

Red mud was one of the mining industry 
wastes that has not been optimally utilized as  

an ameliorant, especially to improve several 

properties of peat soil (Juhari et al., 2024).  
It, the primary byproduct of alumina production 

through the Bayer process, is generated  

at approximately 2.5 million tonnes annually  

in West Kalimantan (Abdul et al., 2024). This 
highly alkaline material (pH 10 to 12) contains 

substantial quantities of Ca, Al, and Fe2O3, 

alongside agriculturally relevant macronutrients 

including P and K (Samal, 2021). Previous 

investigations have demonstrated red mud’s 
capacity to neutralize peat acidity effectively 

(Sulakhudin et al., 2024), with application rates of 

4 tons ha-¹ elevating soil pH while enhancing N, 

P, and K availability (Surachman et al., 2024). 
The presence of high Na content reduces  

the positive effect of increasing pH by adding  

red mud, which often contains more than 5% Na, 
so it can negatively impact soil and plants (Cai  

et al., 2023). Soil with high Na content disrupts 

water balance in plant cells, inhibits the process  

of photosynthesis, and causes ionic antagonism 
effects that will reduce the efficiency of K 

absorption by plant roots (Mostofa et al., 2022). 

Furthermore, maize plants that grow on soil with 
high Na content have chlorotic leaves, stunted 

growth, and decreased yields by 30 to 50% (Iqbal 

et al., 2020). 
Red mud contains heavy metals including Al, 

As, and Ti (Xue et al., 2025). Chemical analysis 

reveals 10.25% aluminum oxide (Al₂O₃), 3.67% 

titanium dioxide (TiO₂) (Tanvar and Mishra, 
2025), and As concentrations of 200 ppm 

(Lockwood et al., 2014), varying with bauxite ore 

origin. Despite potentially hazardous elements, 
concentrations in amended soils remain below 

regulatory thresholds. Contemporary research 

demonstrates that heavy metal fractions become 
stable through precipitation, adsorption, and ion 

exchange mechanisms, reducing bioavailability 

(Li et al., 2025). Comprehensive assessments 

confirm low leaching potential under typical 
conditions, maintaining acceptable concentrations 

for agricultural applications. 

Mixing red mud with KCl fertilizer offers  
an approach that can effectively reduce the 

adverse effects of Na elements through ionic 

competition because K and Na ions have one 

positive charge (Chao et al., 2022). High K levels 
can suppress the absorption of Na elements in  

the root membrane, so less Na enters the plant 

organs (Joshi et al., 2022). This approach can not 
only overcome ion imbalances due to red mud 

applications but also maintain pH buffer 

properties and increase the availability of 
nutrients in peat soil (Ding et al., 2023). 

Despite promising individual component 

results, the interactive effects of combined  

red mud and KCl application on peat soil 
biogeochemistry and maize performance remain 

insufficiently characterized. Previous research has 

predominantly examined red mud applications in 
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isolation or combined with conventional organic 

amendments (Reddy et al., 2020), overlooking  
the complex biogeochemical interactions within 

peat soil matrices. The knowledge gap regarding 

the application of red mud mixed with KCl is  

a fundamental limitation in the management  
of peatlands with sustainable amelioration 

technology. 

Literature demonstrates insufficient 
understanding of red mud-KCl synergistic effects 

on peat soil amelioration. This gap analysis 

reveals critical knowledge deficits regarding 

optimal application protocols, biogeochemical 
interactions, and long-term C stability impacts. 

Investigating integrated amendment systems’ 

scalability and economic viability in tropical 
peatland agriculture remains essential for 

sustainable management strategies. This study 

comprehensively examines the application of  
a mixture of red mud and KCl fertilizer with  

a focus on peatland maize cultivation in terms  

of modifying soil chemical properties, including 

pH dynamics, macronutrient availability patterns, 
and maize plant growth. This research, in addition 

to having implications for sustainable peatland 

management, also has an impact on protecting 
public health by reducing peatland burning, 

encouraging secular economic development 

through the utilization of bauxite mining industry 
waste, and mitigating climate change by 

maintaining C stocks in peatlands. 

MATERIALS AND METHOD 

Location and soil characteristics 
A field experiment was conducted on 1.5 m × 

3 m plots in hemic peatland at Punggur Kecil 

Village, Kubu Raya Regency, West Kalimantan  
 

(109°29’22.9” E, 0°16’59.6” S) from March to 

September 2024. The experimental site featured 
moderately decomposed peat soil with variable 

cation concentrations and critically low base 

saturation levels that constrained plant 

development (Table 1). 

Experimental design 

A randomized complete block design was 

implemented with five treatments and five 
replications (n = 25). Treatments included: control 

(R0), red mud at 3 kg plot-¹ (R1), red mud 

application at 3 kg plot-¹ + KCl fertilizer at 10.6 g 

(R2), red mud application at 3 kg plot-¹ + KCl 
fertilizer at 21.1 g (R3), red mud application at  

3 kg plot-¹ + KCl fertilizer at 42.6 g (R4). Red mud 

dosage determination was conducted through 
preliminary experimentation, whereby peat soil 

was systematically amended with red mud to 

achieve the optimal soil pH of 5.5 for crop 
production. Achievement of this target pH 

necessitated a 1:70 mass ratio of red mud to peat 

soil. KCl fertilizer rates were computed based  

on the exchangeable Na concentration inherent  
in red mud. Subsequently, equivalence was 

established for exchangeable K, considering their 

equivalent monovalent cationic properties, then 
converted to determine requisite KCl application 

rates. 

Red mud from Indonesia Chemical Alumina, 
Ltd. (Tayan Hilir, West Kalimantan) exhibited pH 

10.87, 0.95% organic C, and base cations of 0.11, 

11.37, 0.06, and 68.76 cmol(+) kg-¹ for K, Ca, Mg, 

and Na, respectively. The KCl fertilizer used 
contains 60% K2O. Treatments were thoroughly 

incorporated into soil, with basal fertilization at 

230-144-180 kg ha-¹ N-P₂O₅-K₂O (Juhari et al., 
2024). 

 

Table 1. Peat soil analysis results at the experimental site 

Parameter Value Criteria 

pH (H₂O) 3.08 Extremely acidic 

Organic C (%) 55.74 Very high 
Total N (%) 1.68 Very high 

Available P (ppm) 71.47 Very high 

Exchangeable Ca (me 100 g-1) 4.21 Low 
Exchangeable Mg (me 100 g-1) 4.20 High 

Exchangeable K (me 100 g-1) 0.98 High 

Exchangeable Na (me 100 g-1) 0.57 Moderate 

Cation exchange capacity (me 100 g-1) 115.55 Very high 
Base saturation (%) 8.51 Very low 

Note: Classification criteria based on Eviati et al. (2023) 
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Parameter observation 

Soil samples were collected after 28-day 
incubation and analyzed at Universitas 

Tanjungpura’s Soil Chemistry Laboratory. Soil 

pH was determined using a pH meter in a 1:5 soil-

to-water ratio suspension following the standard 
procedure described by Singh (2024). Soil salinity 

and electrical conductivity (EC) were measured  

in saturated soil paste extracts according to the 
method outlined by Behera (2022). Total N 

content was determined using the Kjeldahl 

digestion method as described by Kumar (2022). 

Available P was extracted using the Bray-1 
method (Matcham et al., 2023), which involves 

extraction with 0.03 M NH₄F and 0.025 M HCl 

solution. Exchangeable P and Na were extracted 
using 1 M NH₄OAc at pH 7.0 following  

the procedure described by Eviati et al. (2023). 

The extracted cations were analyzed using  
atomic absorption spectrophotometry (AAS). 

Plant height and stem diameter were monitored 

weekly throughout the late vegetative stage. Plant 

height was measured from the soil surface to the 
highest growing point, while stem diameter was 

measured 5 cm above the soil surface using digital 

calipers (Bernhard and Below, 2020). Maize yield 
parameters were evaluated by determining ear 

weight with husk (EWH) and ear weight without 

husk (EWOH). 

Analysis data 

Data underwent Shapiro-Wilk and Levene’s 

tests for normality and variance homogeneity, 

with transformation applied when necessary. 
Analysis of Variance (ANOVA) (α = 0.05) 

determined treatment effects, followed by 

Duncan’s Multiple Range Test (DMRT) for mean 
separation when significant differences occurred 

(Glaz and Yeater, 2020). 

RESULTS AND DISCUSSION 

Effects of red mud and KCl mixture on selected 

chemical properties of peatland soils 
The application of red mud and KCl 

demonstrated significant efficacy in ameliorating 
peat soil acidity, elevating pH from 4.41 (control) 

to 5.45 to 5.67 across treatments (Table 2). This 

remarkable pH elevation represents a fundamental 
shift from strongly acidic to moderately acidic 

conditions, aligning with the inherent alkaline 

properties of red mud (Archambo and Kawatra, 

2021), which typically maintains pH values 
between 10 and 13 (Ilahi et al., 2024). This pH 

enhancement mechanism operates through the 

neutralization capacity of red mud’s alkaline 
constituents, including CaO (52.48%), Na2O 

(41.9%), MgO (0.07%), and K2O (0.03%) 

(Santini et al., 2015), which facilitate cation 

exchange processes whereby basic cations 
displace H+ ions in the peat soil sorption complex 

while releasing OH- ions into the soil solution 

(Sharma et al., 2025). In line with Maswar et al. 
(2021), the provision of ameliorants rich in base 

cations can increase the pH of peat soil from 3.72 

to 6.93. However, the treated soils have not yet 

achieved the optimal pH range of 5.0 to 6.0,  
which is required for most peat crops (Zhou, 

2024). These improvements represent substantial 

progress toward creating more favorable growing 
conditions in naturally acidic peat environments 

(Harmaji et al., 2024), which typically exhibit  

low pH due to organic acid accumulation from 
partially decomposed plant materials under 

anaerobic conditions (Nurzakiah et al., 2021). 

The progressive increase in pH values from R1 

(5.45) to R4 (5.67) suggests a dose-dependent 
response, although statistical analysis revealed  

no significant differences among the red mud 

treatments. This indicates that even the lowest 
application rate (R1) was sufficient to achieve 

near-maximum pH buffering capacity within  

the experimental timeframe. The enhanced pH 
conditions facilitate several critical soil processes, 

including improved nutrient solubility, enhanced 

microbial activity, and reduced aluminum 

toxicity, collectively contributing to improved 
soil fertility (Gondal et al., 2021). 

Table 2 also shows that EC measurements 

gradually increased from 2.99 mS cm-1 in the 
control to 3.74 mS cm-1 in the highest red mud 

treatment (R4). However, these differences were 

not statistically significant. This modest elevation 

in EC reflects the introduction of soluble salts 
inherent in red mud composition, particularly Na 

compounds that contribute to the material’s high 

alkalinity (Jiang et al., 2023). The corresponding 
salinity levels remained consistently low across 

all treatments (0.08 to 0.09 ppt), indicating  

that the red mud applications did not induce 
problematic salt accumulation that could 

potentially harm plant growth or soil biological 

activity (Wang and Liu, 2021). 

These findings are particularly reassuring  
from an agricultural sustainability perspective,  

as excessive salinity can severely compromise 

plant nutrient uptake. Despite significant pH  
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improvements, the maintenance of low salinity 

levels suggests that the red mud used in this study 
possessed relatively low concentrations of highly 

soluble salts, making it suitable for soil 

amendment applications (Taneez and Hurel, 

2019). The slight increase in EC may be 
beneficial, as it indicates enhanced ion exchange 

capacity and improved nutrient retention potential 

within the amended soil matrix (Lwin et al., 
2018). 

Total N content remained relatively stable 

across treatments (2.83 to 3.33%) with no 

statistically significant differences (Table 2).  
This indicates that red mud amendment neither 

contributes substantial N quantities nor 

significantly alters N mineralization processes 
within the experimental timeframe. The consistent 

N levels around 3% reflect the peat soil’s 

inherently high organic matter content, which 
serves as a substantial N reservoir, and suggest 

that organic N pools within the peat matrix 

remained intact despite significant pH changes 

(Arsenault et al., 2024). This stability is 
noteworthy because rapid pH modifications 

sometimes trigger accelerated organic matter 

decomposition, potentially causing N losses 
through volatilization or leaching. The maintained 

N content provides a solid foundation for long-

term soil fertility, as organic N pools will 
gradually mineralize to supply plant-available 

forms as soil conditions improve. In contrast,  

the slightly elevated N content in R4 (3.33%), 

though not statistically significant, may indicate 
enhanced N retention capacity associated with 

improved soil pH and cation exchange properties 

(Gao et al., 2022). 
Available P concentrations demonstrated  

a consistent upward trend across red mud 

treatments, increasing from 85.50 ppm in the 

control to 96.97 ppm in R4 (Table 1), representing 
a 13.4% improvement in P availability. While 

these differences were not statistically significant 

at the 5% level, the consistent pattern suggests  
a genuine enhancement in P mobilization 

associated with pH improvement (Zhang et al., 

2021). This response aligns with well-established 
principles of soil chemistry, where P availability 

is enhanced above a soil pH of 6.0, with low pH 

conditions generally resulting in reduced P 

availability (Luo et al., 2021). 
Red mud application demonstrated remarkable 

enhancement in exchangeable K concentrations 

(Table 2), with levels increasing from 2.02 T
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cmol(+) kg-¹ in control treatments to 4.40 cmol(+) 

kg-¹ in R4, effectively doubling the available K 
reservoir. This substantial improvement is 

particularly beneficial for peat soils, which suffer 

from K deficiency due to minimal mineral 

weathering processes and their predominantly 
organic matrix composition. The enhanced K 

availability stems from dual mechanisms: direct 

mineral contribution from K-bearing compounds 
within red mud and improved K retention 

facilitated by elevated pH increases (Choo et al., 

2022). Since K availability optimizes above pH 

6.0, with acidic conditions severely limiting soil 
K supply to vegetation, the pH amelioration 

achieved through red mud treatment positions  

the soil environment closer to these favorable 
conditions, consequently maximizing both K 

retention efficiency and plant accessibility (Zhou 

et al., 2024). 
Sodium accumulation in soil occurs through 

gradual release mechanisms from red mud within 

the peat matrix (Tong et al., 2025). Red mud 

amendments yielded substantial transformations 
in exchangeable cation dynamics, with Na 

concentrations escalating dramatically from 1.20 

cmol(+) kg-¹ in controls to 9.24 to 10.15 cmol(+) 
kg-¹ across treatments (Table 2), reflecting red 

mud’s inherent Na content predominantly 

manifested as NaOH and AlNa12SiO5 (sodium 
aluminosilicates) (Lan et al., 2022). Concurrently, 

exchangeable K experienced remarkable 

augmentation from 2.02 to 4.40 cmol(+) kg-1  

in R4, effectively doubling available reserves.  
The substantial elevation of Na concentrations  

in peat soils warrants careful consideration  

due to potential adverse implications for plant 
development. McCarter et al. (2018) demonstrate 

that Na increases exceeding 2.5 cmol(+) kg-1 in 

peat soils can disrupt the uptake of essential 

nutrients, particularly K and Ca, through ionic 
antagonistic mechanisms. Consequently, red mud 

utilization as a soil ameliorant requires precise 

dosage optimization to mitigate negative 
consequences associated with Na enhancement. 

The chemical transformation of peat soil 

properties following red mud and KCl 
amendments, particularly pH elevation from 

strongly acidic conditions (4.41) to moderately 

acidic levels (5.45 to 5.67), exchangeable K 

enhancement from 2.02 to 4.40 cmol(+) kg-1, 
alongside modifications in Na and other nutrient 

concentrations, exerted significant influence on 

maize growth performance. These soil chemical 

improvements established more favorable 

conditions for root system development and 
nutrient acquisition by maize plants (Reeza et al., 

2023). 

Effects of red mud and KCl application on 

maize growth 
Maize cultivation in peatland environments 

requires optimal nutrient availability and 

appropriate soil acidity levels for successful  
plant development, with growth parameters 

including plant height and stem diameter  

serving as indicators of plant responses to 

enhanced soil conditions through red mud and 
KCl applications. Plant height monitoring 

throughout 6 weeks revealed initially uniform 

growth across all treatments during weeks I to II, 
followed by significant differentiation from  

week III onward, where treatment R4 (red mud  

3 kg plot-1 + KCl 42.6 g) consistently exhibited 
superior development compared to treatments  

R2 and R3, while R0 demonstrated minimal 

growth (Figure 1). This enhanced performance 

directly correlates with improved peat soil 
chemical properties, particularly pH elevation and 

nutrient availability from red mud application, 

supporting Juhari et al. (2024), which 
demonstrates how peat soil amelioration using 

polyvalent cation-containing materials enhances 

nutrient uptake efficiency and promotes  
optimal vegetative growth in maize cultivation 

systems. 

Growth rate analysis revealed accelerated 

plant height increases during weeks III to VI,  
with treatment R4 achieving maximum height  

at observation termination. This significant 

enhancement can be attributed to improved 
macronutrient availability mechanisms, 

particularly the crucial role of K in cell elongation 

and protein synthesis for vegetative development 

(Sardans and Peñuelas, 2021). These findings 
corroborate research by Elsonbaty et al. (2025) 

demonstrating that alkaline ameliorant-K 

fertilizer combinations optimize nutrient uptake 
and enhance photosynthetic efficiency, ultimately 

supporting plant height development. The 

differential growth responses observed among 
treatments indicate synergistic effects between 

red mud and KCl in improving peat soil 

rhizosphere conditions. The difference in the 

growth of maize plants in the control and maize 
plants in the treatment of red mud and KCl 

fertilizer can be seen in Figure 2. 
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Optimal maize height development under red 

mud and KCl treatments correlates closely with 
stem diameter progression as a critical vegetative 

growth parameter. Stem diameter represents 

structural strength indicators and plant capacity 
for water and nutrient translocation from roots to 

aerial portions. According to Xue et al. (2020), 

positive correlations exist between plant height 
development and stem diameter progression, 

where plants achieving optimal height typically 

exhibit proportional stem diameter to support 

vertical growth architecture. 
Stem diameter observations (Figure 3) 

demonstrated growth patterns paralleling  

plant height parameters, revealing significant 
differences between control treatments (R0) and 

red mud-KCl combinations (R1 to R4). Initial 

growth phases (weeks I to II) exhibited uniform 

stem diameter development across treatments; 
however, substantial increases occurred from 

week III through V, particularly in treatment R4, 

displaying maximum stem diameter 
enhancement. According to Sinaga et al. (2020), 

optimal stem diameter improvement relates  

to enhanced physical and chemical conditions  
in peat soils following ameliorant and fertilizer 

applications. These soil property improvements 

support vascular tissue and stem cell development 

through increased essential nutrient availability, 
especially the vital role of K in cell division and 

enlargement processes. 

Stem diameter growth trend analysis revealed 
accelerated development rates during weeks III  

to V, with treatment R4 (red mud 3 kg plot-1 + KCl 

 

Figure 1. Effects of red mud and KCl combinations on maize plant height in peatland 
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Figure 2.  Growth of maize plants in the treatment R0 (a) and R4 administration of 3 kg of red mud 
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42.6 g) consistently demonstrating superior 

performance, followed by treatments R2 and  
R3. This indicates synergistic effects between  

red mud and KCl in enhancing soil capacity for 

nutrient provision, supporting stem diameter 

development. Differential treatment responses 
demonstrate that red mud dosage of 3 kg plot-1 

combined with KCl (R4) represents the optimal 

combination for promoting maize stem diameter 
development in peat soils. However, 

consideration must be given to ameliorant dosage 

increases respecting plant tolerance limits to soil 

chemical characteristic changes, avoiding adverse 
effects on plant growth (Di Carlo et al., 2019). 

Red mud utilization for peat soil amelioration 

provides dual environmental benefits by 
converting industrial waste into valuable 

agricultural resources while addressing 

productivity constraints. This approach 
demonstrates superior efficacy over conventional 

lime applications, optimizing pH levels and 

enhancing nutrient bioavailability and cation 

exchange capacity in acidic, nutrient-deficient 
peat systems. The comprehensive soil chemical 

improvements establish red mud as a promising 

foundation for sustainable agricultural 
intensification, effectively transforming marginal 

peat soils into productive cultivation systems. 

These findings highlight potential synergies 
between industrial waste management and 

agricultural enhancement, though optimization of 

application protocols and long-term sustainability 

assessments across diverse cropping systems 
requires further investigation. 

The combined application of red mud and  

KCl treatments significantly influenced maize  

ear weight parameters (Figure 4). Treatment R4 

achieved the highest ear weights with husk 
(1,552.0 g) and without husk (926.40 g), 

substantially exceeding control values of 842.60 

and 496.20 g, respectively. The EWOH to EWH 

ratio of 59.7% in R4 indicated superior grain 
filling efficiency, demonstrating that 3 kg plot-1 

red mud combined with 42.6 g KCl effectively 

optimized ear development. These results support 
previous findings (Rehman and Ikram, 2020)  

that optimal nutrient availability, particularly K, 

facilitates photosynthate translocation to 

reproductive organs, enhancing grain formation 
processes. 

Enhanced ear weights correlated with 

improved root development and nutrient uptake 
capacity, particularly for P and K, which are 

essential in grain filling. The amelioration of peat 

soil properties through red mud application and 
KCl-derived K availability created favorable 

rhizosphere conditions for ear development. 

While consistent improvements from R0 to R4 

were observed for both parameters, treatments R1 
to R3 showed modest variations, suggesting that 

higher red mud dosages (up to 3 kg plot-1) 

combined with KCl positively influence maize 
productivity on peat soils. However, economic 

viability must be considered when determining 

optimal application rates, as yield increases 
between R3 and R4 warrant cost-benefit analysis 

for practical implementation. 

While red mud demonstrates considerable 

agronomic potential, its agricultural 
implementation demands rigorous evaluation of 

inherent environmental hazards. The predominant 

toxicological concerns arise from red mud’s  
 

 

 

Figure 3. Effects of red mud and KCl combinations on maize stem diameter in peatland 
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extreme alkalinity (pH 10 to 13) and excessive  
Na concentrations, which may provoke osmotic 

stress responses and substantially diminish crop 

productivity (Anam et al., 2019). The elevated 
Na2O constituents possess the capacity to 

infiltrate adjacent soil matrices through leaching 

mechanisms, thereby precipitating soil 

salinization and groundwater contamination 
(Zhou et al., 2024), presenting acute challenges 

within the particularly susceptible peat ecosystem 

framework. Red mud contains an array of 
potentially toxic heavy metals encompassing As, 

Cr, Hg, Cd, and Pb (Vuković et al., 2024). 

Paradoxically, red mud amendments demonstrate 

the capacity for mitigating potentially toxic 
element (PTE) bioavailability in previously 

contaminated soils (Hua et al., 2017). 

Nevertheless, these heavy metals retain the 
potential to compromise cellular structure and 

disrupt fundamental metabolic pathways. At the 

same time, their recalcitrant nature may facilitate 
chronic accumulation phenomena that adversely 

impact crop quality and long-term agricultural 

productivity (Xu et al., 2024). Consequently, 

systematic monitoring protocols for metallic 
contaminants in soil matrices and harvested 

agricultural products remain imperative to 

safeguard food security parameters and ensure 
environmental sustainability objectives (Charan 

and Bhattacharyya, 2023). 

CONCLUSIONS 

The synergistic application of red mud and 

KCl fertilizer successfully ameliorated strongly 

acidic tropical peatland soils, elevating pH from 

4.41 to 5.67 while enhancing exchangeable K and 
P bioavailability. Optimal maize performance was 

achieved under the R4 treatment (3 kg red mud + 

42.6 g KCl), demonstrating the efficacy of this 
soil amendment strategy. However, potential Na 

accumulation and trace metal concerns require 

comprehensive long-term assessments of soil 

health, food safety, and environmental impacts. 
Future research should prioritize techno-

economic feasibility analyses and stakeholder 

engagement for sustainable technology adoption 
in peatland agriculture. 
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