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 Due to its large nickel reserves, Indonesia has become one of the world's largest 
nickel mining sites and producers. Nickel is a mining commodity with high economic 
value. However, its mining activity can negatively impact the environment if not 
managed properly. Therefore, mitigation of the impact of nickel mining is necessary. 
This research has conducted erosion and infiltration tests at various locations in pre-
nickel mining sites to mitigate the environmental impact of nickel mining activity. 
Erosion tests were performed using a rainfall simulator with five nozzles on a 12.5 
m² demo plot. Infiltration tests were conducted using a double-ring infiltrometer. The 
result shows that surface runoff coefficients for disposal, limonite, saprolite, and 
quarry sites were higher than those for vegetated sites such as grassland, pepper 
plantation, and forest. The saprolite site released the highest sediment load, i.e., 484.3 
kg ha-1 hour-1, followed by the limonite and the pepper plantation site, with 243.6 
kg ha-1 hour-1 and 185 kg ha-1 hour-1. The highest Cr(VI) concentration, 0.7 mg L-
1, was released from the disposal site, followed by the saprolite, limonite, and pepper 
plantation sites, with concentrations of 0.56, 0.06, and 0.06 mg L-1, respectively. The 
infiltration equation obtained from each site shows that revegetation can significantly 
reduce runoff. Therefore, revegetation should be prioritized in addition to end-of-
pipe treatment to mitigate the impact of nickel mining activities. 
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1. Introduction 

Indonesia's abundant nickel ore reserves, 
particularly in islands such as Sulawesi, Obi, and 
Halmahera, have positioned the country as a 
strategic destination for global investment in 
lateritic nickel mining [1]. These islands, 
characterized by extensive ultrabasic bedrock 
formations, host the largest lateritic nickel deposits 
globally [2]. Driven by the surging demand for 
electric vehicle batteries—particularly lithium-ion 
batteries with NMC (nickel, manganese, cobalt) 
cathodes—nickel has emerged as a critical 
commodity. It has catalyzed substantial growth in 
mining and processing activities across Indonesia, 
especially in Sulawesi and Halmahera. Major 
industry players, including Vale and Antam, as well 
as industrial parks such as IMIP (Indonesia 

Morowali Industrial Park) and IWIP (Indonesia 
Weda Bay Industrial Park), are actively operating 
in these regions. By 2023, over 30 nickel ore 
processing companies were operational, with an 
additional 20 under development [3,4]. 

The rapid expansion of nickel mining has raised 
considerable environmental and social concerns. 
Conflicts with local communities have arisen due 
to land encroachment and environmental 
degradation, which encompasses biodiversity loss, 
contamination of surface and groundwater, soil 
degradation, and sedimentation of aquatic systems 
[5,6]. Mining activities frequently compromise air 
quality, human health and safety, and the local 
ecology [7]. The predominant nickel mining 
method, open-pit mining, results in vegetation loss, 
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topsoil removal, and overburden extraction, which 
alters land cover and increases surface runoff [8–
11]. Rainfall intensity, slope, and changes in land 
use influence runoff [12], with higher levels 
observed in open or disturbed areas compared to 
vegetated regions [12,13]. The increased surface 
runoff leads to erosion, sediment transport, and the 
mobilization of heavy metals, particularly 
hexavalent chromium (Cr(VI)). Cr(VI), originating 
from the oxidation of chromium-bearing ultramafic 
minerals, is characterized by its water solubility, 
high toxicity, and environmental persistence. The 
mobility of chromium in surface runoff, especially 
in oxy-anion forms (CrO₄²⁻, HCrO₄⁻, Cr₂O₇²⁻), 
along with its carcinogenic and mutagenic 
properties, renders it a significant pollutant of 
concern [14–19]. Chromium (VI) concentrations 
are often increased in runoff from nickel mining, 
particularly in saprolite areas exhibiting 
considerable surface disturbance. 

A systematic study is urgently needed to 
investigate the hydrological responses of various 
land cover types, focusing on erosion and 
infiltration assessments in a planned nickel mining 
area, to anticipate and mitigate environmental 
impact risks. In this study, field-based erosion tests 
utilizing a rainfall simulator were performed across 
stratified land cover sites, including forest, 
grassland, pepper plantations, saprolite, limonite, 

disposal, and quarry sites, to quantify runoff 
coefficients, sediment loads, and Cr(VI) 
concentrations. The parameters are essential for the 
design of sedimentation and tailing ponds, 
specifically in assessing their capacity, treatment 
functions, and maintenance schedules. In addition 
to the erosion assessments, infiltration tests 
utilizing double-ring infiltrometers were conducted 
to assess the water absorption capacity of the soil 
at each site. The infiltration rate is a critical 
measure of land hydrological resilience, 
influencing the capacity for rainfall retention and 
the subsequent decrease in surface runoff. Research 
indicated that vegetated sites demonstrated 
elevated infiltration rates, attributed to enhanced 
soil porosity and hydraulic conductivity resulting 
from root systems and organic matter [20–26]. The 
dynamics are crucial for hydrological restoration 
and for the development of effective reclamation 
and post-mining land rehabilitation strategies. This 
study establishes a comprehensive baseline for 
environmentally responsive mining planning by 
integrating erosion metrics, infiltration behavior, 
and pollutant mobility across various land covers. 
The findings highlight the importance of adopting 
differentiated management strategies tailored to 
specific land cover characteristics, thereby 
promoting more sustainable nickel mining 
practices in Indonesia. 

 
Figure 1. The study area (a), and the study area’s geological map (b) 
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2. Materials and methods 
2.1. Study area 

This research was conducted in Bahodopi, 
Central Sulawesi Province, bordering the South 
Sulawesi and Southeast Sulawesi Provinces, as 
shown in Figure 1(a). The study area falls within 
the Eastern Sulawesi Ophiolite Belt [27]. This belt 
comprises mafic and ultramafic rocks, as well as 
sedimentary rocks, forming a mélange [28]. 
Additionally, Sulawesi exhibits complex tectonics, 
including the Matano Strike-Slip Fault near the 
study area, contributing to its undulating hilly 
morphology [29]. The study area predominantly 
comprises Cretaceous complex ultramafic rocks, 
extending northwestward and overlying the 
Masiku and Tokala Formation. The ultramafic 
complex comprises various rock types, including 
harzburgite, lherzolite, wehrlite, websterite, 
serpentinite, dunite, diabase, and gabbro. Nickel 
deposits develop in ultrabasic rocks such as dunite, 
peridotite, and serpentinite through lateritization 
processes [30]. Characterization of the lateritic 
nickel profiles in the Bahodopi area has been 
previously conducted [31], revealing that the 
lateritic nickel deposits originate from harzburgite 
and websterite rocks. Figure 1(b) shows the study 
area’s geological map. 

Bahodopi experiences a tropical climate, 
resulting in distinct rainy and dry seasons, typical 
of other regions in Indonesia. The peak of the rainy 
season occurs from April to June, with rainfall 
reaching up to 276 mm per month. Meanwhile, the 
dry season typically spans from August to October, 
with minimum monthly rainfall ranging from 56 to 
108 mm. The average air temperature recorded at 
the Morowali station ranges from 27°C to 28°C. 
Like the study area, regions with tropical climates 
are conducive to laterite formation [32]. However, 
lateritic nickel formed from ultramafic rocks is a 
geogenic source of Cr(VI) [33]. Cr(VI) is 
hazardous to the environment due to its water 
solubility and toxicity to living organisms [34]. 
Hence, careful mining planning, such as 
conducting pre-mining erosion simulations, is 
essential to prevent environmental degradation. 

2.2. Erosion test 

The erosion test was conducted using a rainfall 
simulator, with five nozzle units, where a pump 
with adjustable flow rates controlled the rainfall 
intensity. The calibration and validation of rainfall 
simulators are critical to ensure they closely 
replicate natural rainfall conditions and produce 
reliable data in erosion studies. Calibration 

typically involves adjusting nozzle types and water 
pressure or height to control drop size and fall 
velocity—key parameters that influence raindrop 
kinetic energy and subsequent soil detachment. 
Research shows that realistic rainfall simulation is 
achieved when drops are approximately 2–3 mm in 
diameter and fall at near-terminal velocities of 
about 9 ms-1, mimicking the natural impact of rain 
[35,36]. Rainfall intensity is measured and adjusted 
using evenly distributed rain gauges or collection 
trays across the experimental plot to maintain 
uniform coverage. Moreover, to standardize pre-
test soil conditions and minimize variability in 
infiltration rates, the soil is often pre-wetted either 
by full soaking a day in advance or by applying a 
light artificial rain several hours prior to testing. 
These practices help align test conditions with 
realistic field scenarios, thereby increasing the 
reproducibility of results. 

Despite these strengths, rainfall simulators have 
inherent limitations. Their small-scale application 
means findings are most useful for comparative 
trials rather than for direct extrapolation to 
landscape-scale hydrological modeling. Simulators 
are also sensitive to external disturbances, 
particularly wind, which can distort drop 
trajectories and require the use of shielding 
structures that may limit mobility [35]. 
Furthermore, due to height constraints, simulated 
drops may not reach full terminal velocity, 
potentially underestimating splash detachment and 
erosion intensity. Simulators typically generate 
rainfall at constant rates, limiting their ability to 
replicate the variability, intensity bursts, and 
duration patterns of natural storm events [36]. 
Lastly, field deployment can be logistically 
demanding, requiring a stable water supply, pumps, 
and maintenance, especially in remote terrain. 
Taken together, these constraints underscore the 
importance of interpreting rainfall simulator data 
cautiously, understanding that while they provide 
valuable insights into process dynamics under 
controlled conditions, they do not fully capture the 
complexity of natural rainfall–runoff–erosion 
interactions. 

River water with characteristics presented in 
Table 1, analyzed using ICP-OES, was used for the 
erosion test. The area of the demo plot simulator 
was 12.5 m², which had a slope ranging from 7 to 
10 degrees, reflecting the natural field conditions 
commonly found in nickel mining areas. The 
testing was performed at 2-day intervals, with each 
day comprising 3 hours of experiment. 
Observations and recordings of rainfall intensity 
and surface water runoff from the demo plot were 
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conducted every hour. This experimental design 
was based on widely accepted protocols in soil 
erosion and hydrological studies, where multi-hour 
simulations are necessary to capture the whole 
progression of infiltration, runoff initiation, steady-
state flow, and sediment transport processes. 

Specifically, the 3-hour duration aligns with 
practices observed in in-situ rainfall simulation 
studies, such as those ref [37] and [24], which 
demonstrate that 2–4 hour durations are sufficient 
to observe both the early and mature stages of 
surface runoff dynamics. 

Table 1. The water characteristics used in erosion test 

Parameter Class 1st 
Standard* Unit Result 

Physical properties 
Color 15 Pt-Co Unit <5 
Total dissolved solid 1000 mg L-1 88 
Total suspended solid 40 mg L-1 <0.5 
pH 6-9  8.39 
Metals 
Chromium hexavalent (Cr(VI)) 0.05 mg L-1 <0.01 
Mercury (Hg) 0.001 mg L-1 <0.0005 
Manganese (Mn) 0.1 mg L-1 <0.005 
Boron (B) 1 mg L-1 0.0209 
Iron (Fe) 0.3 mg L-1 0.0862 
Cobalt (Co) 0.2 mg L-1 <0.001 
Nickel (Ni) 0.05 mg L-1 <0.005 
Copper (Cu) 0.02 mg L-1 <0.005 
Zinc (Zn) 0.05 mg L-1 0.0082 
Arsenic (As) 0.05 mg L-1 <0.001 
Selenium (Se) 0.01 mg L-1 <0.005 
Cadmium (Cd) 0.01 mg L-1 <0.001 
Barium (Ba) 1 mg L-1 <0.001 
Lead (Pb) 0.03 mg L-1 <0.005 
*Water quality standard refers to Appendix VI of the Government Regulation of Indonesia 
No.22 of 2021 about Implementation of Environmental Protection and Management 

 
The 2-day interval between tests was selected to 

allow partial recovery of soil moisture and 
minimize cumulative saturation effects that could 
bias the infiltration and erosion behavior in 
subsequent trials. This approach is consistent with 
findings by ref [23], which emphasize the 
importance of recovery time between infiltration 
events to restore near-field baseline hydrological 
conditions. Additionally, this interval facilitates the 
logistical preparation of equipment and ensures 
accurate, repeatable measurements. During each 
test, observations and recordings were conducted 
hourly, capturing data on rainfall intensity and the 
volume of surface runoff generated from the demo 
plot. These data were essential for calculating the 
surface runoff coefficient, sediment load, and 
analyzing Cr(VI) transport behavior under 
controlled rainfall conditions. 

The surface runoff from the demo plot was then 
sampled to analyze the total suspended solids 
(TSS) and Cr(VI). The surface runoff coefficient 
and sediment load were calculated using Equations 
1 and 2 as follows: 

f

VI
R A




 (1) 

Where are: 
I – runoff coefficient 

V – surface runoff volume generated from the demo 
plot area (L) 

Rf – rainfall intensity (mm or L m-2) 

A – demo plot area (m2) 

100L
V TSSS

A t



 

    (2) 

Where are: 
SL – sediment load (kg ha-1 hour-1) 

V – the surface water volume exiting the demo plot 
area (L) 

TSS – total suspended solids (mg L-1) 

A – demo plot area (m-1) 

t – time (hour) 

2.3. Infiltration test 

The infiltration capacity of soils under various 
land cover types was evaluated using a double-ring 
infiltrometer, following established protocols 
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described by ref [38] and [20]. The apparatus 
consisted of two concentric metal rings, 50 cm in 
height, with diameters of 30 cm (inner ring) and 60 
cm (outer ring). Water was added simultaneously 
into both rings to isolate vertical infiltration in the 
inner ring by minimizing lateral flow. Water level 
decline in the inner ring was recorded at fixed 
intervals (minutes): 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 
20, 25, 30, 35, 40, 60, 80, 100, 120, 140, 160, 180, 
200, and continued until the infiltration rate 
approached a steady-state. 

To standardize initial soil conditions and 
minimize measurement variability, all test sites 
were ensured to be neither wet/saturated nor overly 
dry. Next, rings were inserted to a consistent depth 
of approximately 10 cm into the soil, following the 
guidelines of ref [39] and [40] to avoid preferential 
lateral flow or surface conformity. Infiltration 
testing sites were carefully selected to represent 
typical micro-environments within each land cover 
class. Plots with visible cracks, root interference, 
depressions, or signs of animal disturbance were 
excluded to reduce spatial variability. Tests were 
conducted on level ground or consistent slopes 
within each site to minimize the confounding 
effects of topography on infiltration rates [41]. Soil 
texture and surface condition were noted 
qualitatively for further interpretation. 

Infiltration rate and cumulative infiltration 
depth were sequentially calculated using Equations 
3 and 4 as follow: 

c
hf
t





   (3) 

Where are: 
fc – the infiltration rate (cm minute-1) 

Δh – the water decline in the inner ring of the 
infiltrometer (cm) 

Δt – the time interval (minute) 

CI h     (4) 

Where are: 
CI – the cumulative infiltration depth (cm) 

Δh – the water decline in the inner ring of the 
infiltrometer (cm) 

Subsequently, the resulting infiltration curves 
and cumulative depth data were analyzed to 
characterize infiltration behavior and saturation 
trends, and then compared with empirical models, 
such as the Kostiakov equation, for comparative 
analysis among land cover types. 

2.4. Suspended solid and (Cr(VI) analysis 

Suspended solid analysis was conducted using 
the photometric method with a Hach DR890 
spectrophotometer. Approximately 500 mL of 
surface runoff samples obtained from erosion 
testing were blended at high speed for 2 minutes 
using a blender. The blending process aimed to 
homogenize and break down soil particle sizes 
carried by surface runoff into finer particles, 
preventing easy sedimentation during 
measurement. The blended sample was then 
poured into a 1000 mL beaker, mixed until 
homogeneous, and immediately, 25 mL of the 
sample was poured into the Hach DR890 sample 
cell. The suspended solid is analyzed on the Hach 
DR890 at wavelength 860 nm with distilled water 
as the blank. 

The analysis of Cr(VI) was conducted using the 
1,5-diphenylcarbohydrazide method. 
Approximately 20 mL of surface runoff samples 
obtained from erosion testing were filtered to 
obtain clean water samples. Furthermore, 10 mL of 
the filtered sample was poured into the Hach 
DR890 sample cell, and one packet of Chroma Ver 
3 reagent powder was added. The cell was closed 
and inverted several times to mix the reagent and 
sample. The reaction process was allowed to 
proceed for 5 minutes. A purple color would form 
if Cr(VI) were present in the sample. The Cr(VI) 
concentration was measured on the Hach DR890 
spectrophotometer at wavelength 540 nm with 
distilled water as the blank. 

2.5. Land cover change mapping and runoff 
coefficient recalculation 

To evaluate the hydrological implications of 
land-use transformation due to nickel mining, a 
land cover change analysis was conducted at the 
sub-watershed scale. The initial land cover prior to 
mining activities was established through visual 
interpretation of satellite images from Google 
Earth, supported by field observations and photo 
documentation during fieldwork [4]. Land cover 
classes were categorized into forest, shrubland, 
plantation, saprolite, limonite, disposal, quarry, rice 
field, and built-up areas, based on vegetation 
structure, color signature, and topographic 
characteristics. This classification served as the 
basis for assessing pre-disturbance hydrological 
conditions in each sub-watershed. 

The post-mining land cover distribution was 
derived from spatial simulation. This scenario-
based land use map reflects the anticipated surface 
disturbance associated with full-scale mining 
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operations, including the expansion of saprolite 
extraction areas and the placement of overburden 
disposal sites. The simulation was georeferenced 
and harmonized with the pre-mining map to enable 
pixel-by-pixel comparison and area-based 
quantification of land cover transitions. The 
resulting change matrix allowed identification of 
critical shifts in land cover composition within 
each sub-watershed. 

To estimate the hydrological consequences of 
these land cover changes, runoff coefficients were 
recalculated using a composite area-weighted 
method. Each land cover type was assigned a 
representative runoff coefficient value, informed 
by field-based erosion and infiltration tests 
conducted using rainfall simulators and double-
ring infiltrometers [42]. These values ranged from 
0.05 for undisturbed forest to 0.85 for highly 
compacted disposal sites. The composite runoff 
coefficients (Cro) for each sub-watershed were 
computed by multiplying the areal proportion of 
each land cover class by its corresponding runoff 
coefficient value, both before and after mining. 
This approach enabled a quantitative comparison 
of runoff potential across time and space, providing 
insight into how landscape-scale land disturbance 
translates into an escalation of hydrological risk. 

3. Results and discussion 

This study primarily conducted erosion tests 
using a rainfall simulator and infiltration tests using 
a double-ring infiltrometer. Both tests were 
performed on seven distinct land cover types, 
namely forest, grassland, pepper plantation, 
limonite, saprolite, disposal, and quarry sites. 
These categories were selected to represent the full 

spectrum of ecological and operational conditions 
present across the mining concession. The 
selection of test plots was based on a detailed land 
cover classification map generated from recent 
satellite imagery, which was cross-verified with 
ground-truthing observations. 

Each site was chosen to reflect a typical 
condition of the respective land cover type in terms 
of vegetation density, surface disturbance, slope, 
and proximity to runoff flow paths. This approach 
ensures that the measured responses to rainfall and 
infiltration represent the broader hydrological 
behavior of the mining landscape. Similar 
sampling frameworks have been adopted in erosion 
studies in mining areas, where stratified land cover-
based sampling increases ecological validity and 
spatial generalization [43,44]. 

 
Figure 2. Erosion and infiltration test location 

 
Figure 3. Erosion and infiltration test activity 
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The chosen sites collectively encompass both 
natural (e.g., forest, grassland) and disturbed 
mining surfaces (e.g., saprolite, quarry, disposal), 
capturing variation in soil compaction, surface 
sealing, and vegetation cover—all of which 
significantly influence erosion and infiltration 
behavior. This stratified selection framework 
enables a robust interpretation of how land cover 
changes induced by mining activities affect the 
hydrological response. The location maps for the 
erosion and infiltration tests are shown in Figure 2, 
while the test activities are illustrated in Figure 3. 

3.1. Surface runoff coefficient, sediment load, 
and Cr(VI) release 

The erosion test was designed to simulate the 
transformation of raindrops into surface runoff and 
quantify the associated sediment transport. As 
rainfall interacts with exposed soil surfaces, part of 
the water infiltrates, while the rest forms surface 
runoff that mobilizes soil particles, contributing to 
erosion and sediment deposition downslope. The 
hydrological response varies across land cover 
types, influencing the rates of infiltration, runoff, 
and sediment transport. 

The rainfall simulator employed in this study 
utilized five nozzle units to generate artificial 
rainfall over a 12.5 m² test plot with a slope 
gradient of 7–10 degrees. The design of rainfall 
simulators varies, from compact models with a 6-
inch spray area to larger systems covering up to 4.5 
× 22 meters [45]. Despite design differences, key 
performance criteria include ease of construction, 
adaptability to field conditions, affordability, 
capacity to deliver uniform rainfall, and consistent 
water supply [37]. In this test, two rainfall 
intensities were applied for a duration of three 
hours each. Surface runoff was channeled through 
a steel lip embedded at the lower edge of the test 
plot and collected in drums. Water samples were 
taken hourly to measure suspended sediment load 
and Cr(VI) concentrations. These data were 
subsequently used to calculate runoff coefficients 
and were integrated with infiltration test results for 
cross-validation. 

Analysis of the erosion test revealed that open 
land cover types exhibited significantly higher 
runoff coefficients than vegetated sites. As shown 
in Table 2, the disposal site recorded an average 
runoff coefficient of 0.44 on day 1, rising sharply 
to 0.80 on day 2. The accumulation of soil moisture 
attributed this increase, as rainfall declined from 
24.17 mm hour-1 on day 1 to 17.67 mm hour-1 on 
day 2. Despite lower rainfall on the second day, 

runoff volume rose from 132.80 L hour-1 to 177.33 
L hour-1, indicating reduced infiltration capacity 
likely caused by soil saturation and the high clay 
content observed in the disposal area. 

At the quarry site, a similar trend was observed. 
The runoff coefficient increased from 0.18 on day 
1 to 0.65 on day 2, while rainfall dropped from 40 
mm hour-1 to 17.67 mm hour-1. The substantial 
increase in runoff despite reduced rainfall suggests 
that moisture retention in the upper soil layers 
limited infiltration into the more compact 
subsurface. Field observations also noted fine 
cracks in the quarry rocks, which may have 
partially facilitated water penetration despite 
overall compaction. 

At the limonite site, the average surface runoff 
and runoff coefficient significantly escalated 
between the two testing days, rising from 118 L 
hour⁻¹ and 0.23 on day one to 428.33 L hour⁻¹ and 
0.47 on day two. This increase aligns with a rise in 
rainfall from 41.5 mm hour⁻¹ to 75.83 mm hour⁻¹, 
indicating an 82.7% increase in precipitation and a 
104.3% increase in the runoff coefficient. The 
findings indicate that the increased moisture levels 
on day 2, together with the elevated clay mineral 
concentration at the limonite site, diminished 
infiltration and facilitated surface runoff, 
corresponding to the conditions reported at the 
disposal site. 

At the saprolite site, the average surface runoff 
on day 1 was 391 L hour⁻¹, corresponding to a 
runoff coefficient of 0.39. On day 2, the average 
surface runoff decreased to 208 L hour⁻¹, with a 
runoff coefficient of 0.40. Despite a significant 
reduction in rainfall, from 87.33 mm hour⁻¹ to 
42.17 mm hour⁻¹, the runoff coefficient values 
exhibited minimal variation. This pattern indicates 
that soil moisture levels approached saturation, 
thereby restricting infiltration and maintaining 
surface runoff levels. 

Runoff values at the pepper plantation site were 
significantly reduced. On day 1, the average runoff 
and runoff coefficient were 162.87 L hour⁻¹ and 
0.17, respectively, decreasing to 84.80 L hour⁻¹ and 
0.11 on day 2. During this period, rainfall 
decreased from 71.67 mm hour⁻¹ to 59.67 mm 
hour⁻¹. The low runoff coefficient is due to 
cultivated soil conditions that improve porosity and 
infiltration. The results of the infiltration test 
corroborate this relationship and are consistent 
with the theoretical mass balance that categorizes 
rainfall into runoff, infiltration, and evaporation 
[46]. The relationship between infiltration and 
surface runoff coefficients is inversely 
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proportional; thus, land with enhanced infiltration 
capacity produces reduced runoff. 

No surface runoff was observed at the grassland 
site on day 1, despite rainfall reaching 36.33 mm 
hour⁻¹. On day 2, as the soil approached saturation, 
runoff increased to 44.37 L hour⁻¹, exhibiting a 
runoff coefficient of 0.20, despite a decrease in 
rainfall to 17.67 mm hour⁻¹. The presence of dense 
grass covers enhanced porosity and initial 
infiltration; however, prolonged saturation resulted 
in delayed runoff formation. 

Surface runoff was not observed at the forest 
site on either day, despite recorded rainfall levels of 
36.17 mm hour⁻¹ and 32.33 mm hour⁻¹. Extensive 
root networks contribute to high porosity, which 

effectively prevents surface water accumulation. 
This observation highlights the significant role of 
forested landscapes in reducing runoff and 
emphasizes the enduring effectiveness of 
reforestation efforts. Forest ecosystems function as 
natural hydrological buffers by absorbing, storing, 
and gradually releasing water. At all locations, 
excluding the forest, the runoff coefficient rose 
from day 1 to day 2, mainly due to the gradual 
saturation of the soil, which diminishes infiltration 
capacity and enhances surface runoff. Figure 4a-b 
presents the sequence of surface runoff coefficient 
values obtained from erosion tests conducted on 
day 1 and day 2. 

Table 2. The surface runoff volume and surface runoff coefficient obtained from erosion test 

Location/sites Day Time 
(hour) 

Rainfall 
(mm) 

Surface runoff 
(Liter) 

Average of suspended solid 
released (mg L-1) 

Disposal 

1 
1 22.5 68.5 

225.76 

2 27 128.4 
3 23 201.5 

2 
1 17.5 166 
2 17.5 190 
3 18 176 

Grassland 

1 
1 32 0 

232.15 

2 40 0 
3 37 0 

2 
1 17.5 0 
2 17.5 56 
3 18 77.1 

Quarry 

1 
1 38 17 

394.50 

2 37 102.4 
3 45 156.8 

2 
1 17.5 91.1 
2 18 131.1 
3 18 211.1 

Forest 

1 
1 37 0 

0 

2 35 0 
3 37 0 

2 
1 32 0 
2 31 0 
3 35 0 

Limonite 

1 
1 37 28 

904.33 

2 49 124 
3 39 202 

2 
1 85 375 
2 85 450 
3 58 460 

Pepper plantation 

1 
1 39 34.6 

1580.83 

2 101 184 
3 75.5 270 

2 
1 53 42.3 
2 62.5 104 
3 63.5 108.1 

Saprolite 

1 
1 88 221.5 

1814.67 

2 59 451.5 
3 116 501.5 

2 
1 42,5 212.3 
2 43 207 
3 41 206.3 
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The saprolite site recorded the highest sediment 
load, followed by limonite, pepper plantation, 
quarry, disposal, and grassland sites, with 
respective values of approximately 453.69, 205.86, 
79.42, 38.87, 24.98, and 12.88 kg ha⁻¹ hour⁻¹. 
These figures correspond to rainfall intensities 
ranging from 20.92 to 65.67 mm hour⁻¹. No 

sediment load was detected in the forest site, even 
under a rainfall intensity of 34.25 mm hour⁻¹ 
sustained for three hours over two consecutive 
days, further demonstrating the erosion control 
capability of forest cover. Sediment load values and 
the rainfall that stimulate them are presented in 
Figure 4c-d. 

 

 

 
Figure 4. Surface runoff coefficient at observation sites in day 1 (a) and day 2 (b), sediment load released from 

observation sites (c), and rainfall poured down to the observation sites (d). 

Land cover was a dominant factor influencing 
sediment load, especially in the forest and 
grassland sites. However, in sites such as the 
pepper plantation, rainfall intensity played a 
greater role. Other contributing factors include soil 
surface roughness [47], slope gradient [48,49], soil 
composition [24,49], and the amount of surface 
runoff [50]. Given that the saprolite, limonite, and 
pepper plantation sites contributed 
disproportionately to sediment transport, these 
areas should be prioritized in environmental 
management planning. Unmanaged sediment 

discharge from these sites poses significant risks to 
water bodies. Reforestation has shown 
significantly reducing sediment load, as shown in 
the forest site, and should be systematically 
integrated into both active and post-mining 
reclamation efforts. Complementary "end-of-pipe" 
interventions, such as sedimentation and tailing 
ponds, remain essential for mitigating downstream 
sedimentation risks. 

Beyond sediment load, hexavalent chromium 
(Cr(VI)) represents a critical pollutant associated 
with surface runoff in nickel mining areas. Cr(VI) 
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is generated through the oxidation of chromium-
bearing minerals in ultrabasic rocks, especially 
when exposed to air and ultraviolet radiation. Once 
formed, Cr(VI) dissolves readily in water and can 
be transported via surface runoff into surrounding 
water bodies. Its environmental and health hazards 
are substantial: Cr(VI) is highly toxic, mutagenic, 
and carcinogenic, with toxicity levels up to 100 
times greater than trivalent chromium (Cr(III)) 
[17–19,51]. Its persistence in the environment, 
because of non-biodegradable properties, poses 
long-term risks to both ecosystems and human 
populations [33]. 

Ref [52] identified industrial effluents 
containing Cr(VI) and found ingestion, dermal 
absorption, and inhalation to be the main routes of 
human exposure to Cr(VI). Although direct human 
exposure from mine runoff is rare, indirect 
exposure through contaminated river systems used 
for drinking and bathing remains a serious concern. 
Each exposure pathway has different toxicological 
risks. Ref [53,54] noted that Cr(VI) can induce 
DNA damage in all routes of exposure through the 
formation of free radicals, which bind to genetic 
material. Inhalation and ingestion have explicitly 
been linked to increased carcinogenic outcomes. 

The concentrations of Cr(VI) detected in 
surface runoff from erosion simulations in 
Bahodopi, Central Sulawesi, underscore this 
concern. As illustrated in Figure 5, the highest 
Cr(VI) concentration was observed in the disposal 
site (0.70 mg L⁻¹), followed by saprolite (0.56 mg 
L⁻¹), limonite and pepper plantation (each 0.06 mg 
L⁻¹), and quarry and grassland (each 0.01 mg L⁻¹). 
No detectable Cr(VI) release was observed at the 
forest site. These findings show that disturbed, 
unvegetated sites are primary sources of Cr(VI) 
pollution, whereas forested landscapes offer 
adequate protection through natural filtration and 
stabilization processes. 

Notably, concentrations in the disposal, 
saprolite, limonite, and pepper plantation sites 
exceed the WHO drinking water threshold of 0.05 
mg L⁻¹, posing potential health risks for local 
communities that lack water treatment 
infrastructure [55]. Cr(VI) contamination has 
profound implications for the integrity of the food 
chain. It can be absorbed by plants—accumulating 

in roots and causing nutrient imbalances and 
growth inhibition [56] — and kept by aquatic 
organisms such as fish and shrimp through 
bioaccumulation [57]. Top-level consumers in 
aquatic ecosystems, including humans, may ingest 
Cr(VI) through the consumption of contaminated 
fish, with bioaccumulation risks compounding over 
time. Larger and older aquatic organisms keep 
more Cr(VI), increasing potential human exposure. 
These dynamics underscore the urgency of 
implementing effective Cr(VI) mitigation 
strategies in nickel mining regions. 

3.2. Infiltration 

Field infiltration trials revealed significant 
variation in infiltration rates across the observed 
land cover sites. Vegetated sites, particularly forest 
and pepper plantation areas, exhibited higher initial 
infiltration rates compared to open sites. 
Specifically, infiltration rates in the forest and 
pepper plantation sites were 3.2 and 3.6 cm minute-

1, respectively, reflecting the influence of dense 
vegetative cover (Figure 6a). In contrast, lower 
rates were recorded in the quarry (2.0 cm minute-

1), grassland (1.0 cm min-1), saprolite (0.3 cm 
minute-1), limonite (0.3 cm minute-1), and disposal 
(0.1 cm minute-1) sites. Vegetation enhances 
infiltration by modifying soil hydraulic 
properties—such as reducing bulk density and 
increasing porosity—primarily through root 
activity [12,20,26]. 

 
Figure 5. Cr(VI) concentration released from 

observation sites  
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Figure 6. The changes in the infiltration rate as affected by time (a), the cumulative infiltration depth (b), the 

correlation of ln fp vs ln t to obtain Kostiakov’s equation (c), fitted infiltration data to Kostiakov’s equation (d) 

Figure 6a also demonstrates that the time 
required to approach soil saturation varied by site. 
While the forest and pepper plantation sites 
maintained a relatively constant infiltration rate 
throughout the trial period, the infiltration curves 
for the quarry, limonite, saprolite, and disposal sites 
flattened as they approached saturation. This 
plateau suggests limited infiltration capacity, likely 
due to the presence of swelling clay minerals, 
especially in the limonite and disposal sites. Such 
minerals impede water movement into deeper soil 
layers. Furthermore, soil texture plays a critical 
role: clay-rich soils retain water longer, delaying 
saturation, whereas sandy soils facilitate faster 
percolation [46]. Soils with high clay content 
generally exhibit lower infiltration capacity [58]. 
Additionally, observed mechanical compaction in 
the disposal area further reduced infiltration by 
increasing soil bulk density and decreasing 
porosity [59]. 

The infiltration rate is closely linked to 
cumulative infiltration depth—the total vertical 
distance that water travels into the soil. This metric 
reflects the combined effects of soil structure, 
porosity, and saturation. During the experiment, the 
decline in water level in the infiltrometer’s inner 
ring was used to estimate the vertical infiltration 
depth. A faster rate of decline indicated higher 
infiltration and deeper percolation. The cumulative 
infiltration curves generated across all land cover 
types, as shown in Figure 6b, provide critical 
insights into the soil’s water absorption dynamics 
under varying field conditions. 

The pepper plantation site exhibited the most 
significant cumulative infiltration depth among all 
land cover types. This outcome is likely attributed 
to high soil porosity, which facilitates greater water 
retention and movement. In agricultural contexts, 
routine soil tillage enhances porosity, improving 
the soil’s capacity to absorb and store both water 
and nutrients. Soil porosity is a key determinant of 
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infiltration depth; sandy soils, which possess larger 
pore spaces, allow water to percolate more deeply 
than clayey soils. It is plausible that the subsoil 
layer in the pepper plantation site contains a higher 
proportion of sand compared to other sites, 
contributing to its superior infiltration 
performance. Besides porosity, subsurface 
fractures or voids can significantly influence both 
the infiltration rate and the cumulative infiltration 
depth. 

At the quarry site, field observations revealed 
many fine cracks within the rock matrix. These 
fractures, combined with relatively high sand 
content and inter-rock voids, facilitated a notable 
increase in water infiltration. The observed 
infiltration rate and cumulative depth of the quarry 
site exceeded those in the saprolite, limonite, and 
disposal sites, validating the influence of rock 
permeability and structural discontinuities. Under 
typical conditions, unfractured rock surfaces are 
less permeable than soil, suggesting that the 
infiltration enhancements in this site result from 
these physical anomalies. 

Overall, multiple interrelated factors governed 
the magnitude of infiltration, including vegetation 
cover, soil texture and porosity, land use practices, 
surface roughness, organic matter content, and 
moisture levels [60]. The findings underscore the 
importance of both natural and anthropogenic 
factors in shaping infiltration dynamics, 
particularly in post-mining and reclaimed 
landscapes. 

The data (Figure. 6b) are fitted to Kostiakov's 
infiltration rate model according to the Equation 5 
[20], and to obtain the values of the soil 
characteristic parameters (M and n), the Equation 5 
is transformed into a natural logarithm, yielding 
Equation 6. 

nI M t   (5) 

ln ln lnI M n t    (6) 

Where are: 
I – the cumulative infiltration depth (cm) 

M – the initial infiltration rate and soil structure 
conditions (cm minute-1) 

t – time interval (minute) 

n – the soil structure stability index 

Subsequently, a linear regression analysis was 
conducted using the natural logarithmic form of 
Kostiakov’s equation, plotting ln I against ln t 
(Figure 6c). The slope of the resulting linear fit 
provides the value of the soil structure stability 
index (n), while the intercept corresponds to ln M, 
which is then converted to M through an anti-log 
transformation. The derived parameters—M, n, the 
resulting infiltration equations, and corresponding 
R² values—are summarized in Table 3. The fitted 
infiltration models for each land cover site are 
graphically represented in Figure 6d. 

Table 3. Kostiakov’s equation obtained from field infiltration test 

Location/sites Kostiakov’s Equation 
M n Equation R2 

Pepper plantation 113,64 0,93 I = 113,64 (t0,93) 0,98 
Forest 58,03 0,58 I = 58,03 (t0,58) 0,99 
Quarry 37,23 0,69 I = 37,23 (t0,69) 0,99 
Grassland 17,04 0,38 I = 17,04 (t0,38) 0,99 
Saprolite 12,06 0,80 I = 12,06 (t0,80) 0,96 
Limonite 7,51 0,41 I =7,51 (t0,41) 0,96 
Disposal 4,48 0,84 I = 4,48 (t0,84) 0,99 

 
The variability of M and n values across sites 

(M ranging from 4.48 to 113 and n from 0.38 to 
0.93) reflects substantial differences in soil 
structure and infiltration behavior. These variations 
are primarily influenced by factors such as soil 
texture, vegetation cover, organic matter, moisture 
levels, and surface compaction. This observation is 
consistent with prior studies, which emphasize that 
infiltration rates are governed by physical soil 
properties including texture [20,24], moisture 

content [20,21,23,24], mineral composition [24], 
and structural integrity or compaction [22]. 

As shown in Figures 6a and 6b, the highest 
infiltration rates and cumulative infiltration depths 
were observed in the pepper plantation and forest 
sites. Both areas also exhibited the highest M 
values, affirming the positive correlation between 
M and infiltration capacity. Interestingly, the value 
was higher in the pepper plantation compared to the 
forest, suggesting a more rapid decline in the 
infiltration rate. It may be attributed to the less 
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stable soil structure in cultivated sites, where 
loosening may reduce long-term infiltration 
stability. Collectively, the M and n values for 
vegetated lands support the role of land cover in 
enhancing infiltration processes. These findings 
underscore the relevance of ecological 
rehabilitation in mining regions. In particular, 
implementing Concurrent Mining and Reclamation 
(CMR) practices has been shown to yield better 
ecological restoration outcomes than conventional 
Post-Mining Reclamation (PMR) approaches [61]. 

3.3. The correlation of surface runoff coefficient 
and infiltration 

The data presented in Figure 7 demonstrate an 
inverse relationship between the infiltration rate, 
cumulative infiltration, and surface runoff 
coefficient. As infiltration capacity increases, the 
corresponding runoff coefficient decreases. Among 
the observed land cover types, the pepper 
plantation site exhibited the highest infiltration rate 

and cumulative infiltration, likely due to improved 
soil structure resulting from active land 
management. Despite this, a minor amount of 
surface runoff was still recorded, possibly because 
of intermittent saturation caused by clay-rich 
subsoil. The presence of clay increases soil 
impermeability, limiting water infiltration under 
high-moisture conditions [60]. 

In contrast, the disposal site exhibited the 
lowest infiltration rate and cumulative infiltration 
depth, coupled with the highest surface runoff 
coefficient. Field observations revealed evidence 
of significant soil compaction at this site, which 
contributes to reduced infiltration capacity. Soil 
compaction increases bulk density and reduces 
porosity, hindering water percolation into the 
subsurface and exacerbating surface runoff [59]. 
These findings underscore the significant role of 
soil physical properties in regulating hydrological 
responses across diverse mining-affected land 
cover types. 

 
Figure 7. Surface runoff coefficient, infiltration rate, cumulative infiltration depth and total time from erosion 

and infiltration study results. A (forest), B (pepper plantation), C (grassland), D (quarry), E (saprolite), F 
(limonite), and G (disposal). 

3.4. Watershed-scale land cover change and 
runoff coefficient recalculation 

Understanding the hydrological impacts of land 
disturbance at the watershed scale is crucial for 
designing effective environmental mitigation 
strategies in mining-affected regions. While field-
based erosion and infiltration assessments offer 
localized insights into hydrological behavior under 

varying land cover types, extrapolating these 
findings to broader spatial contexts necessitates 
integration with land cover change mapping. 

In this study, a spatial analysis of pre- and post-
mining land cover was conducted across six sub-
watersheds in the Bahodopi mining area, Central 
Sulawesi. The comparison between pre-mining and 
post-mining land cover maps (Figure 8) illustrates 
substantial spatial transformation, particularly in 
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the central and southern portions of the concession 
area. Notably, large swathes of forest (in dark 
green) were replaced by saprolite sites (light 
brown), disposal areas (orange), and quarry sites 
(pink), all of which are characterized by reduced 

vegetation and increased surface sealing. This 
transformation reflects intensive land clearing and 
topsoil removal associated with nickel mining 
activities. 

 
Figure 8. Land cover map. (a) pre-mining, and (b) post mining 

Quantitative assessment of these land cover 
changes further reinforces the visual interpretation. 
As presented in Figure 9, forest area decreased 
across all sub-watersheds, with the most severe 
decline occurring in the Lamasara sub-watershed, 
where forest cover fell by over 23%. Similarly, 
shrubland and plantation areas declined by 
approximately 11% and 5%, respectively. In 
contrast, anthropogenically disturbed land types—
particularly saprolite and disposal sites—showed 
significant expansion by 31% and 16%, 
respectively. These shifts show a systemic increase 
in imperviousness across the landscape, which is a 
known driver of enhanced surface runoff and 
reduced infiltration. 

To evaluate the hydrological implications of 
these land cover modifications, area-weighted 
composite runoff coefficients (Cro) were 
recalculated for each sub-watershed using field-
derived Cro values for eight distinct land cover 
classes. As shown in Figure 10, all six sub-
watersheds experienced a marked increase in Cro 
following mining. The Lamasara sub-watershed, 
for instance, exhibited a post-mining Cro value of 

0.439, corresponding with a 32% conversion of 
forest into saprolite and disposal sites. Bahopetula 
and Bahopenila sub-watersheds saw Cro increases 
of 180% and 49%, respectively, primarily due to 
expanded disposal and quarry activities. Even the 
Dampala 1 sub-watershed, which retained 
approximately 85% forest cover, recorded a 280% 
increase in Cro, reflecting the hydrologic 
sensitivity of the area to even modest land 
disturbances. 

These results underscore the non-linear and 
cumulative nature of hydrological response to land 
cover change. The integration of high-resolution 
spatial data (Figure 8), land cover percentage shifts 
(Figure 9), and runoff coefficient analysis (Figure 
10) demonstrates that even minor reductions in 
vegetative cover can result in disproportionately 
large increases in surface runoff. This evidence 
confirms that land conversion due to nickel mining 
substantially increases watershed-scale 
hydrological vulnerability, thereby amplifying the 
risks of erosion, sediment transport, and pollutant 
dispersion throughout the mining-affected 
catchment. 
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Figure 9. The land cover area percentage between pre and post nickel mining 
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Figure 10. The comparison of runoff coefficient values of pre and post nickel mining 

Nevertheless, relying solely on downstream 
containment is insufficient for sustainable 
environmental protection. A more integrated 
landscape-level strategy emphasizes upstream 
interventions, particularly revegetation and 
reforestation. These ecological restoration efforts 
enhance soil permeability, reduce runoff velocity, 
and increase evapotranspiration, collectively 
contributing to the reestablishment of natural 
hydrological balance in disturbed mining areas 
[12,13]. The revegetation process typically begins 
with landscaping and the incorporation of soil 
amendments. Effective erosion management 
before planting crops, along with soil additives that 
enhance chemical, physical, and biological 
conditions, is crucial in the initial phase of 
revegetation. The subsequent phase involves 
planting cover crops such as Centrosema 
pubescens, Calopogonium mucunoides, and 
Purarea javanica. These crops help protect the soil 
from erosion caused by rainfall while promoting 
nitrogen fixation to enhance soil fertility. 
Additionally, cultivating pioneer grasses like 
Vetiveria zizanioides, Cynodon dactylon, and 
Paspalum notatum can further mitigate erosion. 
Reforestation efforts may include Paraserianthes 
falcataria, Anthocephalus cadamba, Khaya 
senegalensis, and Sulawesi's native forest species, 
Diospyros celebica, in conjunction with the 
planting of cash crops such as rubber (Hevea 
brasiliensis), cocoa (Theobroma cacao L), coffee 
(Coffea spp.), and cashew (Anacardium 
occidentale).  

A complementary and increasingly promising 
strategy is phytoremediation using locally adapted 
aquatic plants. As demonstrated by ref [63], species 
such as Eichhornia crassipes (water hyacinth), 
Pistia stratiotes (water lettuce), and Ipomoea 
aquatica (water spinach) effectively reduced 
Cr(VI) concentrations by over 60% within seven 

days in mine-affected waters. These species thrive 
in the acidic, nutrient-rich, and seasonally 
inundated environments typical of post-mining 
wetlands. In addition to Cr(VI) reduction, these 
plants contribute to lowering total suspended solids 
(TSS) and chemical oxygen demand (COD), 
reinforcing their role in integrated remediation 
frameworks. The success of phytoremediation, 
however, depends on the precise selection of 
species aligned with local ecological conditions, 
including water pH, pollutant concentrations, 
hydrological patterns, and sunlight availability. 
When strategically combined with structural runoff 
controls, phytoremediation enhances the 
functionality and resilience of treatment wetlands, 
transforming them into multifunctional systems 
that can filter pollutants, stabilize hydrological 
regimes, and deliver a range of broader ecosystem 
services. 

Overall, integrating spatial land cover change 
analysis with empirical hydrological assessments 
and layered runoff control strategies offers a 
scientifically robust and ecologically sustainable 
approach to managing the hydrological impacts of 
nickel mining. By addressing both site-level 
processes and watershed-scale interactions 
comprehensively, this holistic framework advances 
best practices for post-mining restoration and long-
term environmental resilience. Furthermore, to 
prevent and control environmental issues, nickel 
mining should implement an environmental impact 
assessment (EIA) approach to enhance 
sustainability. To be more comprehensive, EIA can 
be conducted using the mathematical and Fuzzy 
Delphi Folchi models [7,64]. 

4. Conclusions 

This study presents a comprehensive evaluation 
of the hydrological and geochemical impacts 
resulting from nickel mining activities in Central 
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Sulawesi, Indonesia. Through the integration of 
field-based erosion and infiltration measurements 
with spatial land cover change analysis at the 
watershed scale, the findings demonstrate that land 
cover disturbance—particularly the expansion of 
saprolite and disposal sites—substantially 
increases surface runoff, sediment load, and Cr(VI) 
mobilization. The disposal, quarry, and saprolite 
sites exhibited the highest runoff coefficients and 
sediment loads, confirming their critical role in 
amplifying watershed-scale hydrological 
vulnerability. 

Recalculation of composite runoff coefficients 
before and after mining revealed significant 
increases across all sub-watersheds, with the 
Lamasara and Bahopetula watersheds experiencing 
the most pronounced hydrological transformation. 
These findings highlight the importance of 
integrating site-specific field data with spatial 
modeling to assess the cumulative environmental 
effects of mining operations accurately. 

To mitigate these impacts, this study supports 
the implementation of a dual-strategy framework 
that combines end-of-pipe treatments—such as 
sedimentation ponds and chemical remediation—
with integrated, land-based approaches, including 
revegetation and phytoremediation. The 
application of native aquatic species, such as 
Eichhornia crassipes, has shown promise in 
reducing Cr(VI) and improving water quality in 
post-mining landscapes. This holistic approach 
offers a pathway toward sustainable mine closure 
planning, restoration of watershed functionality, 
and long-term environmental resilience in tropical 
mining sites. 
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 در سولاوسی مرکزي، اندونزي  مطالعه موردي  - کاهش اثرات زیست محیطی فعالیت معدن نیکل  

  
  3کاسونویو ارسوی، و نوو4، راچمت رمضان3، ام رفعت نور2انگارا ی، آر عارف سور2ي فاریمحمد رزاق ال گ، *1آسپ نورحمت مجالس

  ي اندونز  ،یبانتن جنوب-تانگرانگ ،يو نوآور قاتیتحق  یآژانس مل  ،یم یش قاتیمرکز تحق . 1
  ي بانتن، اندونز -جنوب تانگرنگ ،يو نوآور قاتی تحق یپاك، آژانس مل  يها يو فناور ستی ز طیمح قاتی مرکز تحق .2
  ي ، اندونز Tanjung Bintang-Lampung  ،يو نوآور قاتیتحق  یآژانس مل ،یمعدن  يفناور قاتی مرکز تحق .3
  ي جاکارتا، اندونز  ،ي و نوآور قاتیتحق ی. آژانس مل 4
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هاي استخراج و تولید نیکل در جهان  نیکل خود، به یکی از بزرگترین سایت   اندونزي به دلیل ذخایر عظیم
تبدیل شده است. نیکل یک کالاي معدنی با ارزش اقتصادي بالا است. با این حال، فعالیت معدنی آن در صورت  

باشد. بنابراین، کاهش تأثیر استخراج نیکل  عدم مدیریت صحیح می  بر محیط زیست داشته  تأثیر منفی  تواند 
هاي پیش از استخراج  هاي مختلف در سایتهاي فرسایش و نفوذ را در مکان ضروري است. این تحقیق آزمایش 

نیکل را کاهش دهد. آزمایش نیکل انجام داده است تا تأثیر زیست استخراج  فعالیت  هاي فرسایش با محیطی 
هاي نفوذ  متر مربعی انجام شد. آزمایش  12.5قطعه آزمایشی    ساز باران با پنج نازل در یکاستفاده از یک شبیه 

حلقه نفوذسنج  یک  از  استفاده  می با  نشان  نتایج  شد.  انجام  دوگانه  براي اي  رواناب سطحی  ضرایب  که  دهد 
مانند علفزار،   هاي داراي پوشش گیاهیهاي دفع زباله، لیمونیت، ساپرولیت و معدن سنگ بیشتر از سایتسایت

کیلوگرم در هکتار در ساعت،    484.3کشت فلفل و جنگل بوده است. سایت ساپرولیت بالاترین بار رسوب، یعنی 
کیلوگرم در هکتار در  185کیلوگرم در هکتار در ساعت و  243.6و پس از آن لیمونیت و سایت کاشت فلفل، با 

گرم در لیتر، از سایت دفع زباله آزاد شد و پس از آن به  میلی  Cr(VI)  ،0.7ساعت، قرار داشتند. بالاترین غلظت
گرم در لیتر قرار میلی   0.06و    0.06،  0.56هاي  هاي کاشت ساپرولیت، لیمونیت و فلفل با غلظت ترتیب سایت 

رواناب را به طور   توانددهد که احیاي پوشش گیاهی می آمده از هر سایت نشان میدستداشتند. معادله نفوذ به
قابل توجهی کاهش دهد. بنابراین، علاوه بر تصفیه انتهاي لوله، احیاي پوشش گیاهی نیز باید در اولویت قرار  

  . هاي استخراج نیکل کاهش یابد گیرد تا تأثیر فعالیت 

    کلمات کلیدي 

  معدن  یطی محست یاثرات ز تیریمد
  ی رواناب سطح بیضر ،يرینفوذپذ

  رسوب  بار
  ی ت یشش ظرف  کروم

  

  
 
 
 


