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Abstract

Coal mining stands among the most resource-intensive extractive industries, yet its contribution to
regional water degradation remains a critical environmental challenge worldwide. Heavy metals
released during excavation, overburden weathering, mine drainage, and coal washing enter river basins,
where they accumulate, persist and gradually reshape the chemical identity of flowing water. Their
behaviour is strongly influenced by pH, dissolved oxygen, seasonal discharge, redox potential,
suspended solids and watershed geology. Consequently, assessing pollution only spatially is
insufficient; a temporal dimension becomes essential to capture fluctuation patterns driven by
monsoonal runoff, lean-flow seasons, mining intensity variation and hydrological alterations. Over the
last two decades, Water Quality Indices (WQI), Heavy Metal Pollution Index (HPI), Metal Pollution
Index (MPI), and Heavy Metal Evaluation Index (HEI) have become vital tools for quantifying river
health and comparing pollution trends across regions. This review synthesizes global research to
evaluate how spatio-temporal monitoring frameworks can reveal contamination gradients in coal-
mining-affected rivers. Case studies from India, China, South Africa, the United States, and Indonesia
illustrate patterns where rivers downstream of mines consistently exhibit elevated concentrations of
iron, manganese, lead, cadmium, chromium, nickel, mercury, and arsenic. The paper concludes that
long-term monitoring, integration of GIS-based modelling, biomonitoring, and sustainable mine-water
treatment technologies are necessary to restore ecological balance and ensure safe water accessibility
for communities dependent on these river ecosystems.
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1. Introduction

Freshwater ecosystems form the backbone of human civilization, agricultural productivity,
industrial development and biodiversity conservation. Yet, rivers that traverse mining belts
often carry the heaviest burden of economic progress. Coal mining, in particular, alters
drainage patterns, disturbs geological formations and exposes sulfide-rich strata that release
dissolved metals into surrounding waterways. Once mobilized, metals do not break down
like organic pollutants; instead, they accumulate within sediments, biofilms and food webs,
persisting for years even after mining ceases (Briffa et al., 2020; Nachana’a & Williams,
2019) 2 1 Their slow turnover and toxicological relevance make heavy metals one of the
most persistent environmental stressors affecting river basins globally.

The pressing concern in recent decades is not merely the presence of metals, but the manner
in which they distribute unevenly across space and time. Spatial variation reflects proximity
to mining units, tailing ponds, overburden dumps, waste channels and tributary inflow points.
Upstream zones, where anthropogenic influence is minimal, often display acceptable purity,
while downstream stretches may reveal exponential increases in metal load. Temporal
variability too plays a decisive role. Concentrations typically fluctuate between seasons; for
instance, monsoonal floods may dilute pollutants, whereas dry months may intensify metal
accumulation due to reduced flow, increased evaporation, and sustained effluent discharge.
These oscillations cannot be captured by one-time sampling, hence spatio-temporal
assessment becomes indispensable for realistic environmental diagnosis (Lotfi et al., 2020;
Badeenezhad et al., 2023) [&.11,
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Equally important is the use of scientifically sound
evaluative tools. Water Quality Indices condense multiple
parameters — pH, conductivity, turbidity, dissolved oxygen,
and metal concentration — into a single numerical value
that reflects the overall health category of a river. The HPI
further narrows the evaluation to  metal-centric
contamination intensity, facilitating rapid comparison
between sampling stations and seasons (Majhi et al., 2016;
Badeenezhad et al., 2023) 1, When used repeatedly across
long durations, these indices reveal trend lines: whether
contamination is worsening, stabilising or improving under
proposed mitigation strategies. Without such indices, water-
quality reports remain fragmented, descriptive, and difficult
to translate into policy decisions.

The urgency of this review stems from a stark reality: river
basins linked to coalfields face increasing stress as global
energy demands continue to rely heavily on coal,
particularly in developing nations. Many communities living
along these rivers use the water directly for irrigation,
livestock rearing, household chores and sometimes even
drinking. The risk of chronic metal exposure through
bioaccumulation in fish, vegetables irrigated with
contaminated water, and sediments transported during
floods remains disturbingly high. Lead and mercury impair
neurological development; cadmium damages kidneys and
bones; arsenic triggers carcinogenic pathways. The absence
of visible immediate effects often masks long-term toxicity
until irreversible biological harm sets in.

Moreover, the influence is not restricted to humans alone.
Aquatic organisms  experience physiological  stress,
disrupted reproduction, altered enzyme regulation and
habitat decline. Benthic invertebrates, which serve as
sensitive  bioindicators, often disappear from heavily
polluted river stretches, signalling ecosystem destabilisation
long before human health outcomes become evident.
Sediment-bound metals may re-mobilise during floods,
extending the affected zone further downstream with each
seasonal cycle. This combination of persistence,
transportability and food-chain integration makes heavy
metals exceptionally hazardous (Sa’eed et al., 2023;
Ondrasek et al., 2025) 14,12,

Given these concerns, synthesising past research becomes a
necessary academic exercise. Individual case studies exist
widely, yet an integrated spatio-temporal perspective is still
developing. By reviewing global patterns, identifying
region-specific anomalies and assessing methodological
approaches, one can formulate a more refined understanding
of contamination dynamics. Such synthesis not only
strengthens theoretical insight but also supports practical
policy interventions — environmental regulations, mine
drainage treatment, waste-handling protocols, and
restoration planning.

The present review, therefore, aims to map the evolution of
heavy metal pollution research in coal-mining-linked river
basins, highlight major metals of concern, examine index-
based evaluation systems, and compare temporal
fluctuations across river systems. It also identifies critical
gaps in monitoring, modelling and rehabilitation, offering
future research pathways that align environmental protection
with mining-driven economic frameworks.
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Fig 1: Conceptual Framework of Heavy Metal Contamination in
Coal-Mining River Basins

2. Sources, Behaviour & Chemistry of Heavy Metals in
Coal-Mining Basins

2.1 Major Sources of Heavy Metal Pollution

Heavy metal contamination in water bodies associated with
coal mining arises from multiple anthropogenic and natural
processes. Among the primary anthropogenic sources are
mining operations (both open-cast and underground),
overburden/waste-rock dumps, coal washery effluents, coal-
dust deposition, and mine tailings seepage (Briffa, Sinagra
& Blundell, 2020; Goyal et al., 2022) 251,

Mining overburden and waste dumps: When coal
seams are exploited, associated rocks containing sulfide
minerals (notably pyrites) are exposed to air and water.
Oxidation of these minerals leads to the generation of
acidic drainage, dissolving heavy metals from host
rocks and releasing them into nearby surface- and
groundwater systems (Wu et al., 2025; Rouhani et al.,
2023) [18.13],

Acid Mine Drainage (AMD) / Coal-Mine Drainage
(CMD): The process of AMD (or CMD in case of coal)
is one of the most significant mechanisms by which
heavy metals enter rivers and groundwater. Water
percolating through mine wastes picks up acidity (from
sulfide oxidation) and mobilizes metals like Fe, Mn, Pb,
Cd, As, Cr, among others (Mohanty et al., 2018; Wu et
al., 2025) [10.18],
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Coal washery effluents and coal dust discharge: Coal
washing and coal transportation generate suspended
particulate matter (Coal dust, fly ash) that often
contains adsorbed or inherent heavy metals. Rainfall or
runoff can wash these particles into streams and rivers,
contributing to metal loading.

Soil erosion and surface runoff: Spoil dumps and
waste rock piles, if not properly stabilized, are subject
to natural weathering and surface runoff during rains.
This leads to leaching of metals into adjacent soils and
water bodies (Rouhani et al., 2023) [*3],

Such sources may act singly or in combination. Often
abandoned coal mines or legacy spoil dumps continue to
leach metals decades after mining activity has ceased
(Gaikwad & Gupta, 2008; Wu et al., 2025) [ 18],

2.2 Geochemical Conditions & Metal Mobilization

The mobilization and fate of heavy metals in mining-
affected river basins depend heavily on physicochemical
conditions such as pH, redox potential (Eh), dissolved
oxygen, and the presence of sulfates, carbonates or other
mineral phases (Mohanty et al., 2018; Rouhani et al., 2023)
[10, 13]

e Acidification and pH lowering: Sulfide oxidation
reduces pH drastically. This fosters the dissolution of
metal-bearing minerals, releasing metals into water. In
case of coal-bearing strata rich in pyrite, the pH of
leachate may drop to 2.5 or lower under strong
oxidation conditions. Such acidic goaf or mine-drainage
waters have been documented in recent studies.

Redox potential (Eh) and dissolved oxygen: Under
oxidizing conditions, metals remain in dissolved ionic
forms (e.g., Fe*/Fe*", Mn?*", Cd*, Pb*'), which are
mobile and bioavailable. Under reducing or anoxic
conditions, some metals may precipitate (e.g., as metal
sulfides), or adsorb onto sediments/organic matter;
however, subsequent changes (flooding, oxygenation)
may cause re-mobilization.

Role of sulfate and sulfide chemistry: AMD waters
typically have high sulfate concentrations alongside
heavy metals, reflecting sulfide oxidation. The high

sulfate may further influence metal speciation,
complexation, and precipitation behaviour.
e Suspended solids, particulates and coal-dust

transport: Heavy metals often adsorb onto particulates.
Runoff, storms, mining discharge or dredging may
mobilize these particulates, distributing metals across
spatial gradients downstream.

2.3 Typical Metals of Concern & Their Behaviour
Studies across coal-mining basins worldwide consistently
report elevated levels of several heavy metals, notably Fe,
Mn, Pb, Cd, Zn, Cr, Cu, Ni, As, among others (Sahoo et al.,
2022; Goyal et al., 2022; Shylla & others on Damodar
Basin) [155],

Iron (Fe) and Manganese (Mn): Among the most
common metals in mine drainage, due to the abundance
of iron-bearing minerals in coal seams and surrounding
strata. Their mobility increases sharply under acidic
conditions. High Fe and Mn concentrations have been
reported in mine-influenced waters of coal mining
areas.
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Lead (Pb), Cadmium (Cd), Zinc (Zn), Chromium
(Cr), Nickel (Ni), Copper (Cu): These trace metals
often occur as minor constituents in coal or host rocks,
or are adsorbed onto coal/ash particles. Their toxicity,
even at low concentrations, makes them especially
dangerous for aquatic life and humans. Their behaviour
in water depends on pH, redox, particulate load, and
seasonal flow conditions.

Arsenic (As) and other metalloids/heavy metals: In
some coal basins, arsenic or other toxic metalloids are
found, especially where geological conditions favor
their enrichment. Under acidic, oxidizing drainage
conditions, As may be mobilized and travel
downstream, potentially impacting both water and
sediment quality.

2.4 Long-Term Persistence, Sediment Interaction &
Secondary Pollution

Once heavy metals enter river water, they do not necessarily
stay dissolved. Many are adsorbed to suspended particles or
settle into the sediment, especially under conditions of
changing flow, redox shifts, or when pH increases
downstream. Over time, sediments become reservoirs of
metal pollution acting as secondary sources when conditions
change. This long-term persistence leads to chronic
contamination, rather than episodic spikes.

Furthermore, weathering of spoil-dump soils continues to
release metals over decades, especially under alternating
wet-dry cycles typical of monsoon climates (Rouhani et al.,
2023) 31,

2.5 Role of Coal Waste, Fly Ash, and Atmospheric
Deposition

In regions where coal is transported or processed (washery,
power plants), coal dust and fly ash often contain adsorbed
heavy metals. These particles may settle on land, water
surfaces or be washed by rain into rivers and streams,
contributing to non-point source pollution. Additionally,
atmospheric deposition from coal combustion and dust
emissions may slowly contaminate soil and surface water
around mining, extending the pollution zone beyond
immediate mine drainage channels.

2.6 Implications for Spatio-Temporal Contamination
Patterns

Given the combination of multiple sources and geochemical
dynamics, heavy metal contamination in coal-mining basins
tends to exhibit pronounced spatial gradients (higher near
mines, overburden dumps, washery effluent discharge
points; lower upstream and in non-impacted tributaries) and
strong temporal fluctuations (seasonal, post-monsoon, dry
VS monsoon vs mining-intensity cycles).

During rainy seasons, runoff mobilizes dust, tailings,
and waste from spoil dumps, increasing metal loading
and turbidity. But simultaneous high flow may dilute
concentrations downstream.

In dry seasons or lean flow periods, dissolved metals
may concentrate due to reduced dilution, lower flow-
related flushing, and sustained discharge of mine
drainage or effluents.

Over long time spans (years-decades), continuous
leaching from spoil dumps or tailings - even abandoned
ones - acts as persistent sources, gradually increasing
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background heavy-metal levels in water, sediments, and
groundwater depending on connectivity.

3. Spatio-temporal dynamics of heavy metal
contamination in coal-mining-affected rivers

3.1 Spatial Distribution Patterns in Mining Belt Rivers
Heavy metal concentrations in coal-mining regions rarely
remain uniform; instead, they form gradients based on
proximity to mining infrastructure, waste storage areas,
effluent channels, and hydrological pathways. Several
studies in India, South Africa, China and Indonesia
consistently report that upstream river stretches, usually
beyond direct mining influence, show relatively low metal
values, while mid-stream and downstream zones especially
near discharge points exhibit significantly elevated
concentrations (Sahoo et al., 2022; Rouhani et al., 2023) [*>
13]

The Damodar Basin in eastern India provides a clear
example. Research has indicated that sampling stations
located within 2-5 km of coal washery discharge points
reported higher Fe, Mn, Pb, Zn and Cd concentrations
compared to headwater controls (Shylla et al., 2016) [61,
Similar spatial trends have been documented in the Talcher
Coalfield, where stations adjacent to mine outfalls recorded
nearly three-fold higher heavy-metal contamination levels
relative to upstream regions (Sahoo et al., 2022) 151,

The phenomenon is not limited to Indian basins. The Yellow
River tributaries in China, the Olifants River in South
Africa, and the Upper Mississippi tributaries in the United
States show analogous patterns: high concentrations near
mining clusters which gradually decline with increased
downstream distance and dilution (Mohanty et al., 2018;
Zhang et al.,, 2023) [0 91 Spatial variability is also
influenced by land slope, drainage density, sediment
availability and flow regime, which alter the transport and
settlement of metal-rich particulates.

3.2 Temporal Variations - Seasonal and Annual
Fluctuation
Temporal patterns in heavy-metal contamination are

strongly linked to hydrological cycles. Most coal mining
belts receive monsoonal or seasonal rainfall, generating
fluctuating flow conditions across the year. During the wet
season, high discharge enhances erosion, mobilization of
spoil-dump sediments, and transport of coal dust, increasing
the total metal load. However, the large water volume may
simultaneously dilute dissolved metal concentration,
resulting in a paradoxical ratio: higher total load but lower
concentration per litre.

In contrast, dry-season conditions favour the accumulation
of metals in the water column. Reduced flow, high
evaporation rates, and uninterrupted mine drainage inputs
cause an increase in electrical conductivity and dissolved
metal concentration (Briffa et al., 2020) [. Seasonal
variations in pH and redox potential further modulate
mobility. For instance, post-monsoon sediment oxygenation
may release previously bound metals into circulation,
amplifying dry-season contamination.

4. Water Quality Indices for Metal Pollution Assessment
4.1 Significance of Index-Based Assessment

Quantitative indices transform complex chemical datasets
into interpretable metrics. Instead of analysing individual
parameters separately, indices like Water Quality Index
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(WQI), Heavy Metal Pollution Index (HPI), Metal Pollution
Index (MPI) and Heavy Metal Evaluation Index (HEI)
integrate multiple contaminants to generate a single value
representing river health (Majhi et al., 2016; Eldaw et al.,
2020) 31,

4.2 Heavy Metal Pollution Index (HPI)

HPI is the most frequently applied index in mine-affected
waters. It assigns weightage to individual metals based on
toxicity, maximum allowable limits, and observed
concentration. An HPI value >100 typically indicates
serious contamination unsuitable for domestic use (Majhi et
al., 2016) [,

4.3 Heavy Metal Evaluation Index (HEI)

HEI simplifies contamination assessment by summing the
ratio of observed metal concentration to standard
permissible values. It is particularly useful in systems with
multiple pollution contributors (industrial + mining). Rivers
near mixed industrial-mining clusters often report HEI >10,
indicating high chronic toxicity potential.

4.4 Metal Pollution Index (MPI) & Pollution Load Index
(PLI)

MPI tracks individual metal concentration relative to
background levels, making it beneficial for mapping spatio-
temporal shifts. Meanwhile, PLI measures overall pollution
status in sediments, revealing zones of accumulated long-
term contamination (Rouhani et al., 2023) 131,
Sediment-linked indices are crucial because heavy metals
stored in benthic layers often remobilize during floods,
creating secondary pollution waves.

4.5 GIS-Modelling in Index Interpretation

Modern studies integrate WQI/HPI with GIS-based spatial
interpolation (kriging, IDW) to create visual heat-maps of
contamination (Badeenezhad et al., 2023) [, This
transformation  strengthens  environmental  prediction
capacity and enables decision makers to identify critical
intervention hotspots.

5. Ecological & Human Health Impacts of Heavy Metals
in Coal-Mining Basins

5.1 Ecological Consequences on River Biota

Rivers draining coalfields function as ecological lifelines,
yet they often become sinks for persistent contaminants.
Heavy metals interfere with biological processes at
molecular, cellular, and trophic levels. Their toxicity is
intensified when exposure is chronic and multi-metallic,
which is often the case in coal-mining landscapes (Briffa et
al., 2020) @,

Impact on primary producers (algae,
phytoplankton): High levels of Fe, Mn, Cd and Pb
hinder photosynthesis, reducing chlorophyll content and
oxygen production. Algal community composition
often shifts from diverse assemblages to metal-tolerant
species, signalling ecological stress. This decline
propagates upward, affecting grazing invertebrates and
higher consumers.

Effects on zooplankton & macroinvertebrates:
Macroinvertebrates dragonfly larvae, mayflies,
caddisflies - serve as bioindicators. Their population
density in mining-polluted rivers decreases drastically,
often replaced by pollution-tolerant worms and
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chironomids (Mohanty et al., 2018) [%. Metals like Cd,
As and Cr disrupt hemolymph biochemistry, enzyme
function, and reproductive success.

Fish toxicity and bioaccumulation: Fish accumulate
metals in gills, liver, kidneys and muscle tissues. Iron
and manganese precipitates can clog gills, impairing
respiration. Lead interferes with calcium metabolism,
affecting skeletal development, while mercury and
arsenic trigger neurotoxicity and oxidative stress
(Gaikwad & Gupta, 2008) M. Field studies report
deformities, reduced egg hatchability, slow growth and
mortality surges in mining-basin fish populations
(Zhang et al., 2023) 11,

https://www.chemistryjournals.net

Sediment as a secondary pollution reservoir:
Sediments store metals for decades and release them
during floods, dredging or pH shifts. Thus, even after
mines close, rivers continue to experience ecological
stress (Majhi et al., 2016) Pl This prolonged cycling
makes remediation challenging and necessitates
continuous monitoring.

5.2 Human Health Risks from Metal-Contaminated
Rivers

Mining-affected rivers support agriculture, drinking-water
extraction, livestock use and fisheries. This brings metals
into close interaction with human health.

Table 1: Exposure pathways

Pathway

Risk Description

Drinking contaminated water

Direct ingestion of Pb, Cd, As causes organ damage and cancer.

Fish consumption

Bioaccumulated Hg & Pb impact brain and nervous system.

Irrigation of crops

Metals enter vegetables via roots, creating long-term dietary exposure.

Dermal contact/household use

Skin lesions & dermatitis possible at high concentrations.

Arsenic is classified as a Group-1 carcinogen, known to
cause lung, skin and bladder cancers even at prolonged low
doses (Briffa et al., 2020) @, Cadmium accumulates in
kidneys, triggering renal dysfunction and bone
demineralization. Mercury affects neurological
development, posing severe risks for children and pregnant
women (Nachana’a & Williams, 2019) (1,

Communities dependent on mining-zone rivers frequently
exhibit anemia, hepatic stress, gastrointestinal issues and
muscle weakness symptoms correlated with chronic metal
exposure (Rouhani et al., 2023) [ Unfortunately,
symptoms often appear only after years of consumption,
making early monitoring vital.

6. Global Case-Study Analysis of Spatio-Temporal Metal
Pollution
Documented cases worldwide illustrate consistent patterns:
metal concentration rises near mines, peaks downstream,
and fluctuates seasonally. Below are representative
examples.

6.1 Damodar River Basin, India

The Damodar Basin, often called the “Coal Capital Belt” of
India, houses major collieries. Studies indicate Fe, Mn, Pb
and Cd levels consistently higher downstream of washery
discharge zones (Shylla et al., 2016) 8. HPI values here
frequently exceed 200-250, far above safe consumption
thresholds. Seasonal monitoring revealed:

Post-monsoon — high suspended solids & particulate-
bound Zn, Pb

Dry months — peak dissolved Fe, Mn, Cd due to
reduced dilution

Sediment cores show elevated contamination even 20-
30 km away

6.2 Talcher & Jharia Coalfields, India

Groundwater and river samples from Talcher show Mn and
Fe several times above WHO limits during peak mining
activity (Sahoo et al., 2022) %1, Jharia monitoring found
winter metal concentration highest due to low discharge and
constant drainage inflow.

6.3 Yellow River Tributaries, China
Shanxi and Inner Mongolia coal belts discharge significant
metal loads. Studies highlight seasonal Cd & Pb peaks, with
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summer floods mobilizing mining waste but diluting
concentration, while winter stagnation increases dissolved
ion levels. GIS-based HPI maps reveal intense pollution
pockets near colliery clusters.

6.4 Olifants River, South Africa

A major case of long-term acid mine drainage. Even a
decade after mine abandonment, Fe and SO.*> remain
critically high. Bioaccumulation in fish muscle has been
documented, leading to consumption advisories (Gaikwad &
Gupta, 2008) M. Index-based evaluation recognized this
basin as ecologically stressed with high biomagnification
risk.

6.5 Appalachian Coalfields, United States

Historical mines release acidic drainage rich in Fe, Mn and
Al. Long-term studies show rivers continue to register
elevated metal loads decades after closure (Badeenezhad et
al, 2023) [ Seasonal snowmelt events trigger
remobilization of sediment-stored metals.

6.6 Kutai & Mahakam Rivers, Indonesia

Coal barging and overburden dumping impact river clarity
and metal load. Dry season Cd, Pb and Zn concentrations
spike sharply, whereas monsoon-induced runoff increases
turbidity load (Zhang et al., 2023) [*l. River-dependent
communities show higher urinary metal biomarkers.

7. Research Gaps, Challenges & Recommended Future
Directions

Although considerable progress has been made in
understanding heavy metal contamination in coal-mining
affected river basins, several critical research gaps continue
to limit scientific clarity and policy action. One major
limitation is the absence of long-term monitoring datasets.
Most published studies rely on short-term sampling periods
ranging from one to three years, which are insufficient to
detect decadal pollution trends, legacy contamination or
ecological recovery trajectories. Heavy metals persist and
circulate far longer than short-term observational windows,
thus monitoring frameworks exceeding 10-20 years are
necessary to capture generational-scale transformations in
river chemistry. Secondly, there remains a notable
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underrepresentation of sediment metal flux and
remobilization studies. While water-column metals are
frequently measured, sediments acting as long-term
reservoirs are often overlooked. Seasonal floods, pH
alterations and anthropogenic disturbances can re-mobilize
sediment-bound metals, causing secondary pollution spikes
even when active mining has ceased. Without tracking
sediment chemistry and flux over time, risk assessment
remains incomplete. Another critical gap is the limited
integration of biomonitoring tools. WQI, HPI and similar
indices quantify chemical stress but cannot fully represent
ecological  health.  Biological metrics such as
macroinvertebrate diversity, fish tissue bioaccumulation and
histopathological biomarkers should complement physico-
chemical indices for holistic environmental interpretation. A
fourth barrier involves the need for robust predictive
models. Integrating GIS, remote sensing, machine learning
and hydrological simulation can enable risk forecasting
under scenarios of climate variability, mining expansion or
remediation. Despite emerging progress, application
remains sparse and localized. Finally, there exists a clear
policy implementation gap. Monitoring data seldom
translates into actionable mitigation because regulatory
frameworks lack enforcement, funding continuity and
community participation mechanisms. Without bridging
science-policy communication, research outcomes may
remain underutilized.

Recommended future actions

Future management of heavy metal contamination in coal-
mining river basins demands a holistic combination of
scientific monitoring, ecological restoration, technology
integration, and policy reforms. A first essential step is the
establishment of long-term and continuous monitoring
networks, ideally structured as five-year rolling programs
across upstream, midstream, and downstream stretches.
Monitoring should encompass both water-column and
sediment-bound metals, as well as seasonal sampling to
capture  monsoon-driven  dilution and  dry-season
concentration peaks. This long-term dataset would enable
governments and researchers to track contamination
trajectories, evaluate remediation success, and anticipate
emerging risks. Second, future work must prioritize
biomonitoring-integrated assessment. Traditional indices
like WQI and HPI reveal chemical status but fall short of
reflecting biological health. Integrating bioindicators — fish
histopathology, macroinvertebrate diversity, tissue metal
load, and biomarker enzymatic responses — can offer
deeper ecological insight and early-warning diagnostics.
Techniques such as passive bioaccumulator cages and
periphyton monitoring could strengthen risk interpretation.
Third, remediation strategies must evolve toward nature-
based and low-maintenance solutions, including biochar-
amended wetlands, phytoextraction using hyperaccumulator
plants, mycorrhizal-assisted rhizoremediation and microbial
consortia for metal immobilization. These approaches are
cost-effective for developing regions and provide co-
benefits such as biodiversity restoration and carbon
sequestration. Another major opportunity lies in the
deployment of GIS, machine learning and remote sensing-
based prediction models. Real-time loT water-quality
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sensors, paired with Al-based forecasting, can detect
contamination surges and guide proactive rather than
reactive interventions. Predictive models would also support
climate change resilience planning. Finally, a strong
regulatory and community-inclusive governance framework
is essential. Policies should enforce effluent limits, mandate
restoration of abandoned mines, and incentivize ecological
mining practices. Community participation, awareness
training, and integration with local livelihoods will improve
compliance and ensure sustainability. Without bridging
science, technology, and governance, remediation will
remain fragmented.
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