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INTRODUCTION

Nickel mining in Indonesia has expanded 
substantially over recent decades, particularly in 
Kolaka Regency, located in Southeast Sulawesi 
Province one of the country’s most productive 

nickel-producing regions. The rapid advancement 
of the mining industry in this area poses signifi-
cant risks to surrounding agricultural lands, threat-
ening environmental quality and ultimately com-
promising the yield and quality of rice production 
(Fahruddin et al., 202l; Tambara et al., 2025a).
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ABSTRACT
Nickel mining activities in Kolaka Regency, Southeast Sulawesi, Indonesia, have generated acid mine drain-
age (AMD) that contaminates adjacent agricultural land, including the paddy fields of Pesouha Village, Pomalaa 
Sub-district. This study investigated the accumulation of iron (Fe) in paddy soils and rice grains across an AMD 
contamination gradient and evaluated its implications for rice plant growth and grain quality. Sampling was con-
ducted at four stations positioned at increasing distances from an AMD-affected irrigation channel: station 1 (200 
m), station 2 (500 m), station 3 (2 km), and station 4 as an uncontaminated control (4 km), with three independent 
replicate plots established per station for both soil and rice grain analyses. Fe concentrations in soil and rice grain 
were quantified by atomic absorption spectrophotometry, and grain quality was evaluated visually following the 
Indonesian National Standard (SNI 6128:2020). Soil Fe concentrations were 3.10, 2.92, 2.17, and 1.19 mg/kg 
at stations 1 through 4, respectively, all exceeding the permissible threshold of 0.5 mg/kg set by SNI and WHO 
guidelines. Grain Fe content followed a different pattern, with the highest concentration recorded at station 1 (156 
mg/kg), followed by the control station 4 (115 mg/kg), station 2 (66.67 mg/kg), and station 3 (50.13 mg/kg); all 
values substantially exceeded the WHO/FAO safe limit of 5–10 mg/kg for food commodities. Rice plants at con-
taminated stations exhibited iron toxicity symptoms, including leaf chlorosis, stunted growth, impaired root devel-
opment, and reduced panicle formation, whereas the control station supported the healthiest plant growth and the 
highest grain quality score. Pearson correlation analysis indicated a moderate positive relationship between grain 
Fe content and grain quality score (r = 0.55), although this correlation was not statistically significant (p > 0.05), 
likely reflecting the limited number of stations (n = 4). The observed relationships should be regarded as prelimi-
nary and require validation using a larger number of independent sampling sites. These findings illustrate the dual 
role of Fe as both an essential nutrient and a potential contaminant, and underscore the urgent need for continuous 
monitoring and management of irrigation water quality in agricultural areas adjacent to nickel mining operations.
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One of the most conspicuous environmental 
consequences of mining operations is the forma-
tion of acid mine drainage (AMD), which occurs 
when sulfide-bearing minerals, such as pyrite 
(FeS₂), are exposed to oxygen and water during 
mining activities. These oxidative reactions gen-
erate sulfuric acid and release substantial quanti-
ties of dissolved metals and sulfate ions (SO₄²⁻) 
into the AMD effluent (Jiao et al., 2023; Fahrud-
din et al., 2024). The resultant acidic conditions 
promote the mobilization of heavy metals from 
mine rock into adjacent water bodies.

When AMD-laden irrigation water enters pad-
dy fields, it introduces heavy metals that disrupt 
the agricultural ecosystem. Specifically, AMD 
acidifies paddy soils, elevates the concentrations 
of available sulfur and extractable heavy metals 
particularly Fe to critical levels, while simulta-
neously reducing the availability of phosphorus, 
potassium, and zinc (Titania et al., 2026). These 
conditions directly diminish land productivity 
and threaten the sustainability of rice cultivation.

Iron (Fe) is the primary heavy metal of con-
cern in the context of paddy soil contamination 
by AMD. Under flooded, anaerobic, and low-
pH soil conditions, ferric iron (Fe³⁺) is reduced 
to the more soluble ferrous form (Fe²⁺). Excess 
ferrous ions are subsequently absorbed by roots 
and transported via the xylem to the shoot, result-
ing in Fe overload in plant tissues. The exces-
sive accumulation of Fe in plant tissues triggers 
overproduction of reactive oxygen species (ROS) 
through the Fenton reaction, causing cellular 
structural damage and disrupting physiologi-
cal processes in rice plants (Gupta et al., 2025). 
Heavy metal Fe exposure in paddy soils induces 
iron toxicity symptoms in rice, including inhib-
ited root growth, reddish-brown leaf discolor-
ation due to iron plaque deposition, and reduced 
photosynthetic efficiency, all of which directly af-
fect the quality of the harvested grain (Wairich et 
al., 2024). The presence of Fe in paddy fields has 
been documented to elevate Fe concentrations in 
rice grains (Kabeer et al., 2026).

Pesouha Village in Pomalaa Sub-district, Ko-
laka Regency, faces direct threats from these envi-
ronmental hazards. Situated near mining areas and 
irrigated by rivers originating from mining catch-
ments, Pesouha is exposed to AMD-induced reduc-
tions in water pH and the consequent mobilization 
of heavy metals, particularly iron (Tambara et al., 
2025b). According to Okto et al. (2023), Pesouha 
Village is among the most severely affected areas 

by red sludge flooding from nickel mine runoff, 
with approximately 500 hectares of paddy fields 
inundated, potentially leaving significant heavy 
metal residues in the agricultural soil.

Kabeer et al. (2026) demonstrated a direct re-
lationship between Fe levels in paddy soils and 
Fe content in rice grains; however, information 
on the effect of excessive soil Fe concentrations 
on grain Fe content in mining-impacted areas 
remains scarce. Ahadiyat et al. (2023) reported 
heavy metal accumulation in conventional rice 
farming systems contaminated by AMD in Indo-
nesia. Zhu et al. (2023) similarly demonstrated 
that AMD exposure in paddy fields can affect rice 
quality, heavy metal content in grains, and over-
all crop productivity. Hu et al. (2025), in a large-
scale study analyzing six rice samples, affirmed 
that heavy metal contamination is site-specific 
and strongly governed by local environmental 
conditions. Based on the foregoing, there is a 
compelling need for integrated research that ex-
amines Fe content in AMD-affected paddy soils 
in relation to Fe concentrations in rice grains and 
the consequent implications for rice quality.

Although Fe contamination associated with 
AMD has been reported in several agricultural 
settings (Li et al., 2023), most existing studies 
have characterized general heavy metal profiles 
or have been conducted in regions with markedly 
different hydrogeochemical and soil management 
conditions (Haghighizadeh et al., 2024; Zhang et 
al., 2025), and none have specifically quantified 
the soil-to-grain transfer of Fe in a nickel-mining-
impacted, red-sludge-affected rice landscape such 
as Pesouha Village a site where Fe contamina-
tion in soil and rice has only recently been docu-
mented descriptively but not yet linked through 
a quantitative transfer model (Tambara et al., 
2025a). The novelty of the present study therefore 
lies in providing the first site-specific empirical 
evidence linking soil Fe status under AMD stress 
to Fe accumulation in rice grains within a nickel-
mining catchment that has received limited prior 
scientific attention despite documented large-
scale flooding by mine-derived red sludge, es-
tablishing a quantitative soil-to-grain Fe transfer 
relationship that can function as an early-warning 
indicator for food-safety monitoring and land-use 
decisions in similarly AMD-affected mining re-
gions, and generating baseline data that can sup-
port the design of remediation and risk-mitigation 
strategies for communities relying on rice grown 
in AMD-contaminated soils (Huang et al., 2024).
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By linking soil geochemical behavior under 
AMD conditions to grain-level Fe accumulation 
and its agronomic and food-safety implications, this 
study moves beyond a purely descriptive, localized 
account of Fe contamination and offers a concep-
tual and methodological framework that is transfer-
able to other AMD-affected paddy ecosystems.

MATERIALS AND METHODS

Study area

The research was carried out at a study site lo-
cated at coordinates 4°14′47″ S, 121°41′07″ E in 
Pesouha Village, which is administratively situated 
within Pomalaa District (4°10′30″ S, 121°36′53″ 
E), Southeast Sulawesi, Indonesia (Figure 1).

Sampling location

Sampling points were established in paddy 
fields adjacent to an irrigation channel contami-
nated by AMD effluent, comprising four stations: 
station 1, approximately 200 m from the irriga-
tion channel; station 2, 500 m; station 3, 2 km; 
and station 4, serving as a control at 4 km from 
the irrigation channel and receiving irrigation wa-
ter unaffected by mine waste (Figure 2). A purpo-
sive sampling design was applied, with distance 
from the AMD-affected irrigation channel used as 
the stratification factor for station placement. At 
each station, three plots measuring 5 × 5 m and 
spaced at least 10 m apart were selected. Soil and 

rice grain samples collected from these plots were 
pooled to form a single composite sample for each 
station prior to laboratory analysis. Consequently, 
four composite samples (one per station) were 
analyzed for both soil and rice grain parameters.

Assessment of rice plant growth conditions

Direct in situ observations of rice plant 
growth conditions were performed at each sta-
tion within the paddy fields, focusing on vegeta-
tive growth parameters. The assessed parameters 
included leaf coloration as an indicator of plant 
health, plant height, and the morphological con-
dition of leaves and stems. All observations were 
systematically documented to support descriptive 
comparative analyses of plant growth conditions 
across stations.

Analysis of iron content in paddy soils

At each station, three independent composite 
soil samples (replicates) were collected from the 
three replicate plots described above, each com-
posite formed by pooling five sub-samples col-
lected in a diagonal (X) pattern within the plot 
at a depth of 0–20 cm, air-dried at room tem-
perature (25–30 °C), homogenized, and sieved 
through a 2 mm mesh. Approximately 0.5 g of 
dried sample was subjected to wet acid diges-
tion using 10 mL of concentrated HNO₃ (65%) 
at 120 °C, followed by the addition of 3 mL of 
H₂O₂ (30%) to oxidize residual organic matter 
and 3 mL of concentrated HCl (37%) to dissolve 

Figure 1. Map of the study area showing the sampling coordinates (adapted from Tambara et al., 2025a)
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metal oxide precipitates, with continued heating 
at 150 °C until a clear solution was obtained. The 
digested solution was cooled, filtered through 
Whatman No. 42 filter paper, and diluted with 
deionized water to a final volume of 50 mL. Iron 
concentrations were determined by atomic ab-
sorption spectrophotometry (AAS) at a wave-
length of 248.3 nm, with each digested sample 
measured in triplicate (technical replicates); re-
sults were expressed as mean ± standard devia-
tion in mg/kg dry weight (mg kg⁻¹ dry weight). 
Quality assurance and quality control (QA/QC) 
procedures for AAS included calibration with 
certified standards, reagent blanks, duplicate 
analyses, and accuracy checks using reference 
materials and spike recovery tests. Recovery 
values ranged from 90% to 110%, with calibra-
tion curves showing R² > 0.999.

Rice plant sampling

Rice sampling was conducted at the genera-
tive stage, specifically during the grain ripening 
phase, approximately 105–120 days after trans-
planting. This stage was identified by the transi-
tion of grain color from green to golden yellow 
and a concurrent decrease in grain moisture con-
tent. At each station, samples were collected from 
the three replicate plots described above; within 
each plot, 5–10 clumps were randomly selected 
from observation points following a diagonal (X) 
pattern and composited into a single representa-
tive replicate sample, resulting in a total of 12 rice 
grain samples (4 stations × 3 replicates).

Sample preparation

Grain panicles were cleaned of soil residues un-
der running water, air-dried, and subsequently ov-
en-dried at 60 °C to constant moisture content. Rice 
grains were then weighed at 100 g and manually 
separated from the panicles using gloves. The grain 
samples were sun-dried until reaching constant 
moisture content, after which samples of 350–500 
g were weighed as dry unhusked grain weight.

Dehusking and grain separation

Paddy grains were carefully dehusked using 
a mortar and pestle to remove the husk without 
damaging the rice kernels. The resulting mixture 
was then winnowed to separate the husk from the 
rice grains. The separated rice was collected and 
stored in sealed containers (Figure 3).

Analysis of iron content in rice grains

Rice samples were homogenized and dried at 
105 °C to constant weight. Approximately 0.5 g 
of dried sample was digested using a concentrated 
HNO₃ and HClO₄ mixture. The digested solution 
was diluted to 50 mL and analyzed for Fe content 
by atomic absorption spectrophotometry (AAS) 
at 248.3 nm, with each digested sample measured 
in triplicate (technical replicates). Results were 
expressed as mean ± standard deviation in mg/
kg dry weight (mg kg⁻¹ dry weight). Quality con-
trol (QC) for Fe analysis by AAS included a five-
point calibration curve (0–8 mg/L Fe) prepared 

Figure 2. Location of research in the agricultural land of Pesouha Village, Kolaka Regency,
Southeast Sulawesi Province (adapted from Tambara et al., 2025a).
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before each run, with only curves showing R² ≥ 
0.995 accepted. Reagent blanks and certified ref-
erence materials (CRM) were analyzed in each 
batch to assess contamination and accuracy, with 
acceptable recoveries of 90–110%. About 10% of 
samples were analyzed in duplicate, and an RSD 
<5% was considered acceptable. The LOD and 
LOQ were calculated from repeated blank mea-
surements. All analyses were performed using 
flame AAS with an air–acetylene burner.

Assessment of rice grain quality

The physical quality of the harvested rice grains 
was evaluated with reference to the Indonesian Na-
tional Standard for milled rice (SNI 6128:2020), 
including grain moisture content, percentage of 

broken grains, chalkiness, and the presence of for-
eign matter or discolored grains. Grain color and 
translucency were assessed visually against stan-
dard rice quality charts. The Fe content of the rice 
grains was subsequently classified as low, moder-
ate, or high relative to reported ranges for polished/
unpolished rice in the literature, in order to evalu-
ate the potential contribution of AMD-affected 
irrigation water to grain Fe accumulation and its 
implications for rice quality and consumer safety.

Statistical analysis

For each station, three independent composite 
samples were collected and analyzed for Fe con-
centration. Data are expressed as mean ± standard 
deviation (n = 3 composite samples per station). 

Figure 3. Process of separating rice husk from rice grains
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Prior to hypothesis testing, the normality and 
homogeneity of variance of the data were evalu-
ated using the Shapiro–Wilk test and Levene’s 
test, respectively; given the small sample size (n 
= 3 per station), these tests were interpreted with 
caution as statistical power to detect deviations 
from normality was limited. Differences in soil 
and rice grain Fe concentrations among the four 
stations were analyzed using one-way analysis of 
variance (ANOVA), followed by Tukey’s honest-
ly significant difference (HSD) test for pairwise 
comparisons when significant differences were 
observed, with statistical significance set at p < 
0.05. Pearson correlation analysis was performed 
to examine the relationship between rice grain 
Fe content and grain quality score, using station-
mean values (n = 4 stations).

RESULTS AND DISCUSSION

Paddy field conditions

Field observations revealed that the paddy 
fields in Pesouha Village are geographically situ-
ated in lowland terrain, rendering them highly 
susceptible to AMD inflow through irrigation 
channels and surface runoff, particularly during 
the rainy season. The Pesouha River, which tra-
verses the village and constitutes the principal ir-
rigation source for local agricultural lands, may 
additionally serve as a conduit for AMD transport 
into the river system (Figure 4).

Gaber et al. (2025) reported that the use of 
mine-contaminated irrigation water elevates the 
iron ion (Fe) concentration in water, potentially 
diminishing water quality and inhibiting rice 
plant growth. Beyond Fe, AMD frequently con-
tains other heavy metals such as Cu, Mn, and As, 
which further compound toxic effects. In Pesouha 
Village, a considerable portion of the paddy fields 
exhibited reddish soil discoloration, indicative of 
iron contamination introduced via AMD through 
the irrigation system (Figure 5). The oxidation 
of Fe²⁺ to Fe³⁺ under atmospheric oxygen expo-
sure produces iron oxides such as hematite and 
goethite, resulting in red-to-brown soil coloration 
(Syahri et al., 2025; Shabrina et al., 2025).

These conditions manifested in abnormal plant 
growth, characterized by stunted plants, yellow-
ing leaves indicative of chlorosis, and irregular or 
absent tiller development (Figure 6). Such symp-
toms are attributed to heavy metal accumulation 
disrupting plant physiological systems, includ-
ing enzymatic activity, photosynthesis, and water 
and nutrient uptake. Prolonged exposure to Fe 
and mine-derived chemicals further induces envi-
ronmental stress that progressively impairs plant 
growth (Fahruddin et al., 2024; Gaber et al., 2025).

Additionally, the acidic soil conditions enhance 
the solubility of Fe²⁺ and Fe³⁺, thereby aggravating 
phytotoxicity. Low pH conditions also impede the 
availability of essential nutrients such as phospho-
rus, potassium, and magnesium, while simultane-
ously disrupting root metabolism and growth (Ye-
boah et al., 2021; Thomas and Archana, 2023).

Figure 4. An irrigation canal contaminated by acid mine drainage serves as a water source for rice fields
in Pesouhai Village
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Iron content in paddy soils

Analysis of Fe content in paddy soils across 
all stations yielded values of 3.10 mg/kg at station 
1, 2.92 mg/kg at station 2, 2.17 mg/kg at station 
3, and 1.19 mg/kg at station 4 (control). These 
concentrations are considered elevated relative 
to the permissible thresholds established by the 
National Standardization Agency of Indonesia 
(BSN) under SNI 6128:2020 and WHO (2011), 
which set the Fe limit at >0.5 mg/kg (Figure 7). 

Syahri et al. (2025) attributed elevated Fe 
levels in AMD-contaminated paddy soils to the 
chemical processes triggered when AMD inter-
acts with soil minerals. Specifically, pyrite oxida-
tion generates sulfuric acid (H₂SO₄) and releases 
iron, as described by the following reaction: 

	FeS₂ + 3.5O₂ + 4H₂O → Fe²⁺ + 2SO₄²⁻ + 4H⁺	(1)

This reaction yields soluble Fe²⁺ ions, which 
may subsequently interact with oxygen or micro-
organisms to produce the more reactive and less 
soluble Fe³⁺. The acid generated from pyrite oxida-
tion lowers soil pH, thereby increasing Fe solubil-
ity and accelerating the conversion of Fe²⁺ to Fe³⁺, 
which then precipitates as iron compounds such as 
ferrihydrite or goethite. This mechanism common-
ly drives Fe accumulation in AMD-contaminated 
paddy soils (Ye et al., 2021; Basri et al., 2024).

Accumulated Fe may either remain as insol-
uble compounds or be absorbed by plant roots. 
Elevated soil Fe concentrations can alter soil pH 
and fertility, and negatively affect plant growth. 
Furthermore, excess Fe can modify soil structure, 
impair aeration, and reduce the soil’s capacity 
to sustain optimal plant development (Thomas 
and Archana. 2023). Notably, station 4 (control) 

recorded a comparatively lower Fe concentration 
of 1.19 mg/kg than stations 1, 2, and 3, confirm-
ing that paddy fields unexposed to AMD contain 
lower Fe levels. Nevertheless, even this value 
exceeds the BSN SNI 19-7117 (2020) and WHO 
(2011) threshold of >0.5 mg/kg. The relatively 
elevated Fe in the control station may not be at-
tributable exclusively to AMD, but rather to dis-
solved iron in irrigation water that has undergone 
deposition, or prolonged waterlogging of the 
field, consistent with the findings of Madembo & 
Nyagumbo (2026), who reported that P fixation 
in the form of Al-P and Fe-P frequently occurs in 
rainfed paddies under alternating wet-dry condi-
tions, documented that two soil types with distinct 
clay mineral compositions naturally contained Fe 
not as a result of pollution, but as a derivative of 
the soil parent material.

Rice plant growth at each station

Visual observations across the four stations 
revealed notable variations in rice plant growth, 
reflecting differences in environmental conditions 
and heavy metal accumulation in the paddy soils 
(Figure 8). At station 1, rice plants grew at an ap-
proximately uniform height of 60 cm, with an av-
erage of 8 panicles per clump. While some areas 
displayed relatively sparse plant populations and 
suboptimal leaf greenness (Thomas and Archana, 
2023), the very high Fe concentration of 156 mg/
kg likely induced oxidative stress, suppressing 
plant growth (Sahrawat, 2004). In contrast, Sta-
tion 2 exhibited highly non-uniform growth, with 
plant height reduced to approximately 40 cm 
and markedly few panicles, averaging only 4 per 
clump. The plants displayed dull straw coloration 

Figure 5. The rice field soil in Pesauha Village appears reddish-brown in color
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and lodging (Gajewska and Skłodowska, 2005). 
Similarly, station 3 showed chlorosis, suboptimal 
growth at 45 cm, and low panicle numbers of 5 
per clump. The Fe concentration of 50.13 mg/kg 
at this site further contributed to root growth inhi-
bition and impaired tiller formation (Revathi and 
Prameela, 2026).

Visual observation of root morphology (Fig-
ure 9) revealed clear differences among sampling 
stations. At Station 1, the roots were short (7 cm 
in length), sparsely branched, and exhibited a pro-
nounced brownish coloration. This condition is 
consistent with the high Fe concentration detected 
in the soil (65,655 mg kg⁻¹), which greatly exceeds 
the physiological tolerance threshold of most plants 
and may induce toxic effects. According to Sah-
rawat (2004)), excessive Fe accumulation promotes 
the formation of iron plaques on root surfaces, 
thereby impairing gas exchange and nutrient uptake 
and ultimately inhibiting root cell elongation.

Stations 2 and 3 exhibited intermediate root 
development, with root lengths of approximately 

15 cm, indicating a slightly better growth per-
formance than that observed at Station 1. This 
pattern may be associated with differences in 
heavy metal concentrations, particularly Fe lev-
els, which were 147,360 mg kg⁻¹ at Station 2 and 
33,440 mg kg⁻¹ at Station 3. Nevertheless, the 
accumulation of other heavy metals, such as Ni 
and Mn, remained relatively high in these min-
ing waste–contaminated soils. Previous studies 
have reported that the combined effects of mul-
tiple heavy metals can synergistically reduce root 
enzymatic activity, disrupt normal physiological 
processes, and hinder optimal root development 
(Wairich et al., 2024).

In contrast, Station 4 (control site) exhibited 
healthy root characteristics, including a greater 
root length (30 cm), extensive branching, and a 
bright reddish coloration. The Fe concentration at 
this location (42,400 mg kg⁻¹) was relatively lower 
than those recorded at the contaminated stations. 
These conditions likely provided a more stable rhi-
zosphere environment and enhanced tolerance to 

Figure 6. The condition of rice plants in paddy fields: (a) contaminated and
(b) not contaminated by mining waste in Pasauha Village.

Figure 7. Fe content in paddy soils at each station
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metal-induced stress. This observation is in agree-
ment with Gajewska and Skłodowska (2005), who 
reported that reduced toxic pressure promotes im-
proved root growth and development.

Station 4 exhibited the most favorable growth, 
with plants appearing upright, uniformly green, and 
evenly distributed throughout the plot. Plant height 
reached 85 cm with an average of 15 panicles per 
clump. This optimal growth occurred despite a rel-
atively high Fe content of 115 mg/kg, suggesting 
that other agronomic factors such as soil structure, 
aeration, and micronutrient availability may have 
moderated Fe toxicity (Zayed et al., 1998).

These observations collectively indicate that 
plant height and panicle number, as indicators of 

growth performance, are substantially influenced 
by interactions between heavy metals and soil 
conditions. Excess Fe was negatively associated 
with plant height and productivity, consistent 
with the dual behavior of Fe as both an essential 
micronutrient and a phytotoxic element, depend-
ing on its concentration and bioavailability (Ka-
bata-Pendias, 2010).

Iron content in rice grains

Analytical results for Fe content in rice grains 
yielded values of 156 mg/kg at station 1, 66.67 
mg/kg at station 2, 50.13 mg/kg at station 3, and 
115 mg/kg at station 4 (control) (Figure 10). 
The elevated Fe content at station 1 is closely 
associated with soil conditions at that location. 
Under flooded paddy conditions, Fe compounds 
initially in the oxidized ferric state (Fe³⁺) are re-
duced to the more soluble ferrous form (Fe²⁺), 
which is readily absorbed by rice roots. In wa-
terlogged soils, soluble Fe concentrations can 
reach 50–100 ppm, far exceeding the approxi-
mately 0.1 ppm found in non-waterlogged soils. 
AMD-contaminated irrigation water further ac-
celerates Fe²⁺ accumulation in paddy soils, fa-
cilitating its uptake by rice plants (Becker and 
Asch, 2005). The introduction of AMD lowers 
soil pH, and acidic soil conditions significantly 
enhance Fe absorption and accumulation in rice 
plants compared to alkaline conditions (Ahadi-
yat et al., 2023).

According to Kabeer et al. (2026), during the 
generative phase of rice development, Fe reserves 
stored in leaves are mobilized and translocated 
to grains via phloem tissues, resulting in high 
Fe concentrations in the pericarp and embryo of 
rice grains. This is consistent with Wairich et al. 
(2024), who demonstrated that Fe accumulates 
more readily in soil as Fe²⁺, which is subsequently 
absorbed and distributed to grain tissues.

Inter-station variation in rice grain Fe con-
tent may also be influenced by the intensity of 
agricultural activities and local environmental 
conditions. Elevated soil Fe concentrations 
were associated with reduced rice yield, where 
yield decline was directly correlated with Fe²⁺ 
concentrations in the soil, and iron toxicity 
at the late vegetative and early reproductive 
stages caused delayed flowering and impaired 
grain maturation. Accordingly, the high Fe 
content in rice at station 1 (156 mg/kg) reflects 
more intensive accumulation resulting from a 

Figure 8. The growth of rice plants in paddy fields
in Pesouha Village includes: (a) station 1,

(b) station 2, (c) station 3, and
(d) station 4 as the control



158

Ecological Engineering & Environmental Technology 2026, 27(9), 149–162

combination of distinct soil, hydrological, and 
environmental factors compared to other sta-
tions (Ahadiyat et al., 2023).

The Fe content at station 4 (control), 115 
mg/kg, was higher than those at station 2 
(66.67 mg/kg) and station 3 (50.13 mg/kg). 
This may be explained by the presence of com-
peting heavy metals at contaminated stations, 
such as Zn, Cr, Ni, and Mn, which can com-
pete with or inhibit Fe absorption by plants. 
Consequently, despite high total heavy metal 
concentrations in the soil, Fe in grains may be 

lower at contaminated sites due to competitive 
ion uptake. Additionally, the high Fe content at 
station 4 may reflect natural soil conditions that 
favor Fe bioavailability (Fahruddin et al., 2026; 
Syakur et al., 2026).

Visual grain quality assessment based on 
SNI 6128:2020 (Figure 11) indicated that rice at 
station 1 exhibited relatively bright coloration, 
fewer broken grains, and slightly yellowish 
kernels, meeting the criteria for medium-grade 
rice according to the SNI. The slight yellow-
ish coloration at station 1 may be attributable 

Figure 9. Representative root morphology of 20-day-old rice plants collected from paddy fields
in Pesouha Village at (a) station 1, (b) station 2, (c) station 3, and (d) station 4 as the control

Figure 10. Fe content in rice at each station
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to physiological stress induced by heavy metal 
exposure, particularly Fe and Cr, which can dis-
rupt starch formation and reduce grain bright-
ness (Hu et al., 2025). Station 2 rice appeared 
dull with numerous broken grains, classified 
as low-quality. Station 3 rice showed numer-
ous grain fractures and darker coloration, also 
classified as low quality. Station 4 rice exhibited 
bright color and intact kernels, representing the 
highest visual quality and supporting premium-
grade rice production.

Pearson correlation between Fe content 
and rice quality

Pearson correlation analysis (Table 1) 
yielded a correlation coefficient of r = 0.55 be-
tween Fe content in rice grain and grain quality 
score, calculated using station-mean values (n 
= 4 stations). This value falls within the range 
of 0.40–0.599, classified as a moderate positive 
correlation (Cohen, 1988; Schober et al., 2018); 
however, this correlation was not statistically 
significant (p = 0.450, p > 0.05), likely reflecting 

the limited statistical power associated with the 
small number of stations (n = 4). The positive 
direction of this relationship indicates a ten-
dency for grain quality scores to increase with 
higher Fe content in rice grain, a pattern consis-
tent across the four stations (Table 2): station 4 
(Fe = 115 mg/kg) achieved the highest quality 
score (20, very good), station 1 (Fe = 156 mg/
kg) scored 15 (good), station 2 (Fe = 66.67 mg/
kg) scored 10 (moderate), and station 3, with the 
lowest Fe level (50.13 mg/kg), recorded the low-
est quality score (8, poor).

The moderate positive correlation (r = 0.55) 
between Fe content in rice grain and grain quali-
ty score reflects the dual role of Fe in rice—func-
tioning as both an essential micronutrient and a 
potentially toxic element at excessive concentra-
tions. Iron is required by rice plants for photosyn-
thesis, cellular respiration, and chlorophyll syn-
thesis (Kobayashi and Nishizawa, 2012 Becker 
and Asch, 2005), and its accumulation in grain 
up to a certain level may be associated with bet-
ter grain filling and quality. Nevertheless, the ab-
sence of a strong correlation (r < 0.70) indicates 

Figure 11. The visual quality of rice from paddy fields in Pesouha Village at each station, namely (a) station 1, 
(b) station 2, (c) station 3, and (d) station 4 as the control
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that the relationship between grain Fe content 
and quality is not perfectly linear, consistent 
with threshold-dependent toxicity behavior. At 
excessively high grain Fe concentrations, such as 
at station 1 (156 mg/kg), iron toxicity effects – 
including impaired nutrient uptake and reduced 
photosynthetic efficiency during grain develop-
ment (Zhang et al., 2025; Revathi and Prameela, 
2026) – may explain why station 1’s quality score 
(15) did not surpass that of station 4 (20) despite 
its higher Fe content. Given the non-significant 
correlation (p > 0.05) and the small number of 
stations (n = 4), these interpretations should be 
regarded as preliminary and would benefit from 
validation using replicate-level (rather than sta-
tion-mean) correlation analysis or a larger num-
ber of sampling stations.

One limitation of this study is the relatively 
small number of independent sampling stations 
(n = 4). In addition, soil and rice samples were 
collected using a composite sampling approach, 
whereby multiple subsamples were combined 
into a single representative sample for each sta-
tion. This approach was selected to characterize 
the average Fe accumulation status of each pad-
dy field exposed to acid mine drainage; however, 
it does not capture within-site spatial variability. 
Therefore, the relationships observed between 
soil Fe and grain Fe concentrations should be 
interpreted as preliminary and require validation 
through studies involving a larger number of in-
dependent sampling stations and more intensive 
spatial sampling designs.

CONCLUSIONS

Acid mine drainage from nickel mining 
caused substantial Fe accumulation in both paddy 
soils and rice grains at Pesouha Village, Kolaka 
Regency, with all concentrations exceeding estab-
lished safety thresholds for agricultural soil and 
food commodities; soil Fe declined with distance 
from the contaminated irrigation channel, while 
grain Fe followed a less consistent pattern reflect-
ing soil geochemistry, competing heavy metals, 
and site-specific conditions. Rice at AMD-im-
pacted stations showed pronounced iron toxicity 
symptoms – leaf chlorosis, stunted growth, im-
paired roots, and reduced panicle formation – and 
lower grain quality, whereas the uncontaminated 
control station showed the healthiest growth and 
highest quality; a moderate, non-significant posi-
tive correlation (r = 0.55, p > 0.05) between grain 
Fe content and quality score suggests this trend 
warrants confirmation with more stations or rep-
licate-level analysis. These findings demonstrate 
that AMD-derived Fe contamination threatens 
both rice productivity and food safety in mining-
affected agricultural zones, underscoring the need 
for integrated paddy management and continuous 
irrigation water monitoring.

Although the results demonstrate a relation-
ship between Fe accumulation in paddy soils and 
rice grains exposed to acid mine drainage, the find-
ings should be interpreted with caution due to the 
limited number of independent sampling stations 
and the use of composite sampling. Future studies 

Table 1. Pearson correlation analysis between Fe content and rice quality score 

Variable pair n r 95% CI for r p-value

Fe – Rice quality score 4 0.55 –0.77 to 0.99 0.450 (n.s.)

Note: n.s. = not statistically significant at α = 0.05. Correlation strength benchmark follows Cohen (2013) and 
Schober et al. (2018); however, strength classification does not substitute for a significance test, particularly at 
very small sample sizes.

Table 2. Iron (Fe) content and rice quality score at each observation station

Station Fe (mg/kg) Rice quality score Quality category

Station 1 156.00 15 Good

Station 2 66.67 10 Moderate

Station 3 50.13 8 Poor

Station 4 115.00 20 Very Good

Mean ± SD 96.95 ± 48.03 13.25 ± 5.38 –

Note: Source of laboratory analysis results. Quality categories: very good (>18), good (13–18), moderate (8–12), 
poor (<8). SD = standard deviation.
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employing larger sample sizes and more extensive 
spatial replication are necessary to confirm the ob-
served trends and improve statistical robustness.
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