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Fig, 10 Heavy Metal Removal Methods
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Fig,9 Statistical Techniques to Assess Heavy Metal Pollution
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Heavy Metal Contamination in Major Indian River Basins: Sources, Spatio-Temporal Patterns, Pollution Assessment, and Integrated Remediation Strategies
Abstract
Heavy metal contamination in Indian rivers poses a significant threat to aquatic ecosystems and human health. This study presents a systematic review assessing the extent of heavy metal contamination in Indian rivers, identifying its major sources, evaluating ecological impacts, examining spatial distribution patterns, and summarizing remediation strategies. Relevant scientific studies published between 2000 and 2024 were collected from major databases including Scopus, Web of Science, and Google Scholar, and a total of 67 studies were analyzed. The review identifies key sources of heavy metal pollution such as industrial effluents, urban runoff, agricultural activities, mining operations, and improper waste disposal. Several pollution hotspots, particularly in the Ganga and Yamuna river basins, were reported where metals such as Pb, Cd, Cr, and As frequently exceed permissible limits. Distribution patterns were evaluated considering river hydrology, geomorphology, and anthropogenic pressures. Many studies applied pollution assessment indices, including the Heavy Metal Pollution Index (HPI) and Pollution Load Index (PLI), along with statistical tools such as Principal Component Analysis (PCA) to assess contamination levels and identify potential pollution sources. Various remediation strategies—including physical, chemical, and biological approaches—are discussed with emphasis on their applicability in the Indian context.
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1. INTRODUCTION 
Rivers are critical ecological and socio-economic systems that sustain freshwater availability, agriculture, fisheries, biodiversity, and public health in India. With more than 20 major river basins supporting nearly half of the country’s population, India’s rivers form the backbone of water security and regional development [1]. However, rapid industrialization, urban expansion, and intensive agriculture over the last several decades have placed unprecedented pressure on riverine ecosystems, leading to widespread deterioration of water quality. Among the various pollutants entering Indian rivers, heavy metals have emerged as one of the most persistent, toxic, and difficult-to-remediate contaminants, posing long-term risks to aquatic ecosystems and human health.

Heavy metals—including lead (Pb), cadmium (Cd), arsenic (As), mercury (Hg), chromium (Cr), and nickel (Ni)—are of particular concern due to their non-biodegradability, bioaccumulation potential, and chronic toxicity [2]. These metals enter river systems primarily through industrial effluents, mining discharge, electroplating and tannery waste, untreated municipal sewage, agricultural runoff, and natural geogenic weathering [3,4]. According to national assessments, more than 351 river stretches in India fail to meet prescribed water quality criteria, with several exhibiting metal concentrations far exceeding national and international standards [5]. Elevated metal loads in sediments, water, and aquatic biota disrupt food webs, reduce biodiversity, impair physiological functions in fish and invertebrates, and pose serious risks to human populations dependent on rivers for drinking water, fisheries, and agriculture.

Globally, heavy metal contamination has been documented in major river systems such as the Yangtze, Mississippi, and Amazon, highlighting a growing crisis wherein industrial expansion has outpaced environmental regulation. In contrast, the Indian context presents a unique convergence of dense population pressure, inadequate wastewater treatment infrastructure, unregulated small-scale industries, and high dependence on river water, making heavy metal pollution an especially urgent environmental challenge [6].

Despite the growing body of research on heavy metal contamination in Indian rivers, existing literature remains fragmented and largely descriptive. Most studies focus on site-specific or metal-specific concentrations without integrating source pathways, spatio-temporal distribution, ecological consequences, and regulatory effectiveness. Although several reviews exist, they typically address contamination levels, ecological toxicity, or remediation approaches in isolation, with limited synthesis linking scientific evidence to policy and management frameworks. Consequently, critical gaps persist in integrative assessments, basin-wise comparisons, and the application of pollution indices and governance tools necessary for effective river restoration. Addressing these gaps is essential to strengthen India’s river governance amid rising contamination pressures, climate-driven hydrological variability, and increasing water demand.
Three key gaps persist in current literature:

1. Lack of integrative assessments that connect contamination levels with socio-political drivers, enforcement bottlenecks, and hydrological processes shaping metal transport.

2. Limited critical comparison of Indian river systems, despite wide variability in industrial profiles, geology, and land-use patterns across basins.

3. Underrepresentation of pollution indices, modelling tools, and policy frameworks, which are essential for translating scientific evidence into river restoration strategies.

Addressing these gaps is critical for strengthening India’s river governance, especially in the context of rising metal loads, climate-driven hydrological changes, and increasing water demand. A comprehensive and critical synthesis is needed to move beyond descriptive reporting toward a more integrated understanding of pollution dynamics and management priorities. By bridging scientific evidence with governance challenges, this review offers a consolidated perspective on the heavy metal crisis in India’s rivers and delineates key directions for sustainable river management.
2. OBJECTIVES OF THE STUDY

This review aims to address critical gaps in the existing literature on heavy metal contamination in Indian rivers by providing an integrated and analytical synthesis. The specific objectives are:

1. To consolidate and critically examine the major sources, pathways, and types of heavy metals contaminating major Indian river systems, highlighting basin-specific drivers and anthropogenic pressures.

2. To analyze the spatial and temporal distribution patterns of heavy metals in water, sediments, and aquatic biota, identifying regional hotspots and trends across different river basins.

3. To evaluate the ecological and human health implications of metal contamination by synthesizing evidence on bioaccumulation, trophic transfer, and toxicological effects on aquatic organisms and river-dependent communities.

4. To review and compare pollution indices, modelling tools, and monitoring techniques used in heavy metal assessment, emphasizing their relevance, limitations, and applicability in Indian conditions.

5. To assess the effectiveness of existing policies, regulatory frameworks, institutional mechanisms, and community participation in mitigating heavy metal pollution and restoring river health.

6. To provide an integrated perspective that links scientific understanding to actionable governance, thereby offering recommendations for strengthening sustainable river management and framing future research priorities in the context of rising heavy metal contamination.

3. METHODOLOGY
This review adopts a systematic and structured approach to compile, evaluate, and synthesize existing research on heavy metal contamination in Indian rivers. Literature published between 2000 and 2024 was examined to capture two decades of scientific progress, with particular emphasis on recent developments. A comprehensive literature search was conducted using major scientific databases, including ScienceDirect, PubMed, Web of Science, SpringerLink, ResearchGate, and PubMed Central (PMC), supplemented by targeted searches through Google Scholar and relevant institutional and regulatory reports from organizations such as the Central Pollution Control Board (CPCB), World Health Organization (WHO), Food and Agriculture Organization (FAO), and United Nations Environment Programme (UNEP). Studies were selected based on predefined inclusion criteria, including peer-reviewed articles and authoritative reports focusing on heavy metal contamination in Indian river systems, published in English between 2000 and 2024, and reporting measurable data on metal concentrations, sources, or ecological impacts. Studies not directly related to river systems, lacking relevant data on heavy metals, or not available in full text were excluded.

A total of 67 high-quality sources, including review articles, empirical studies, regulatory documents, and river-specific case studies, were included in the final synthesis. Peer-reviewed articles from journals such as Environmental Monitoring and Assessment, Environmental Science and Pollution Research, and PLOS ONE, as well as authoritative reports on major Indian rivers including the Ganga, Yamuna, Brahmaputra, and Narmada, were considered. Data extraction focused on key parameters such as river system, metals assessed, sampling design, analytical methods, concentration ranges, potential contamination sources, and reported ecological or human health impacts.

A thematic narrative synthesis was employed to identify recurring patterns, research gaps, and emerging trends. Findings were organized into major thematic domains including pollution sources, spatial and temporal distribution, ecological and human health risks, and pollution assessment indices, providing a comprehensive and critically informed understanding of heavy metal pollution dynamics in Indian river systems and highlighting areas requiring continued monitoring, research, and policy attention.
4. RESULTS AND DISCUSSION
4.1 Sources and Types of Heavy Metal Across Major Indian Rivers [image: image11.png]Cnetal = coNC. of metal in sample
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Heavy metal contamination in Indian rivers arises from a combination of natural inputs and intensified anthropogenic pressures; however, the latter overwhelmingly dominate contemporary loadings. While natural processes such as rock weathering, erosion, and atmospheric deposition release baseline amounts of metals like As, Pb, Cd, Zn, and Cr [7], these fluxes are substantially lower than anthropogenic discharges. Industrial clusters along rivers such as the Yamuna, Ganga, Damodar, and Narmada contribute persistent point-source loads through untreated effluents from metal plating, tanneries, electroplating, chemical industries, and textile units. Mining belts—particularly in the Damodar, Subarnarekha, and central highland catchments—mobilize Pb, Zn, Hg, and Cd through acid mine drainage and tailing runoff [8]. 
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Non-point sources—including fertilizer-rich agricultural runoff and contaminated irrigation water—further elevate metal loading, especially for Cu, Zn and Pb levels in peri-urban stretches. This distribution highlights the spatially heterogeneous yet consistently anthropogenic nature of heavy metal loading in Indian river basins [9]. Atmospheric deposition from smelters, vehicular emissions, and biomass burning serves as an additional non-point contributor, particularly for Hg, Pb, and As [10]. Overall, recent basin-level studies show that anthropogenic activities outweigh natural contributions by at least an order of magnitude, underscoring the need for source-specific mitigation rather than broad generalizations.
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Heavy metal profiles vary substantially across Indian river basins, reflecting differences in land use, industrialization, hydrology, and regulatory enforcement. Across most basins, commonly detected metals include Cu, Zn, Ni, Mn, Pb, Cd, Cr, and Fe; however, the toxicity profiles and exceedance rates differ sharply:
· North India (Ganga–Yamuna–Brahmaputra system):
Urban-industrial stretches exhibit the highest multi-metal exceedances, particularly for Pb, Cd, Ni, and As. Yamuna’s Delhi stretch consistently surpasses CPCB and WHO limits for Pb, Cr, Cd, and Ni [6][11]. A source-to-sink analysis of the Yamuna River revealed cumulative contamination driven by urban agglomerations, untreated sewage discharge, and industrial clusters along its middle and lower reaches [12]. The middle Ganga shows elevated Cu and Zn concentrations linked to tanneries and STP bypasses.

· South India (Cauvery, Godavari, Krishna):
Elevated Ba and Hg reflect industrial effluents from paper, paint, and petrochemical industries [13]. Cu–Zn enrichment in agricultural regions indicates fertilizer-driven loading.
· Central Highlands (Narmada, Mahanadi, Tapti):
Mining-intensive basins demonstrate high Cr, Ni, Cu, and Fe concentrations, with hotspots near industrial corridors [14][15].
· Himalayan Rivers:
Previously considered minimally impacted, upstream stretches now show rising Zn, Cu, and Ni due to expanding road construction, tourism pressure, and upstream mining [16].
· Tributaries (Chambal, Betwa, Subarnarekha):
Tributaries often show higher contamination than main stems, especially for Pb, Cr, and Cd, emphasizing their disproportionate contribution to basin-wide loading [3][17]. Across basins, Pb, Cd, As, and Hg pose the highest ecological and human-health risks, while abundant metals like Fe, Mn, Al, and Cr contribute to cumulative toxicity. 
The distribution of heavy metals in Indian rivers shows strong regional variability, reflecting differences in industrialization, mining intensity, and agricultural practices. This basin-to-basin variability highlights the importance of region-specific monitoring frameworks and management approaches, rather than generic pollution control measures, to effectively mitigate heavy metal contamination and protect both aquatic ecosystems and human health. 
Table 1. Comparative Summary of Heavy Metal Concentration Ranges Reported Across Major Indian Rivers Vs. WHO/CPCB Limits.

	RIVER BASIN
	DOMINANT METALS EXCEEDING LIMITS
	OBSERVED CONCENTRATION RANGE (mg/L)
	WHO/CPCB LIMIT EXCEEDED?
	LIKELY SOURCE(S)

	Ganga
	Pb, Cd, Cr, Ni, As
	Pb: 0.02–0.18; Cd: 0.005–0.03; Cr: 0.05–0.22
	Yes (multiple)
	Tanneries, urban wastewater, electroplating

	Yamuna
	Pb, Cd, Cr, Ni
	Pb: 0.04–0.33; Cr: 0.08–0.41
	Yes (severe)
	Industrial clusters; sewage inflow

	Brahmaputra
	As, Zn, Mn
	As: 0.02–0.06
	Yes (As)
	Natural + mining runoff

	Cauvery
	Hg, Cu, Zn
	Hg: 0.002–0.01
	Yes (Hg)
	Petrochemical, paper industries

	Godavari
	Cr, Ni, Zn
	Cr: 0.03–0.12
	Partially
	Mixed industrial-agricultural

	Krishna
	Cr, Cu, Zn
	Cu: 0.15–0.75
	Partially
	Fertilizers, agrochemicals

	Narmada
	Cr, Ni, Fe
	Cr: 0.02–0.09; Fe: 0.5–1.8
	Fe (chronic)
	Mining, thermal plants

	Mahanadi
	Pb, Cd, Cr
	Pb: 0.03–0.21
	Yes
	Mining + industrial release

	Tapti
	Ni, Cr, Fe
	Ni: 0.05–0.18
	Yes (Ni)
	Textile and chemical industries

	Subarnarekha
	Pb, Cd, Zn
	Pb: 0.04–0.19
	Yes
	Mining-dominated basin


4.2 Spatial and Temporal Distribution of Heavy Metal in River Sediments

River sediments act as long-term repositories for heavy metals, accumulating contaminants through continuous deposition from natural and anthropogenic sources. Consequently, sediment quality assessments provide critical insights into pollution sources, spatial distribution patterns, and temporal trends of heavy metal contamination in river systems [18]. Such evaluations are essential for informed environmental decision-making and for designing effective remediation and conservation strategies aimed at safeguarding riverine ecosystems and human health [19,20]. Studies investigating heavy metal concentrations in sediments commonly employ advanced analytical techniques, including X-ray fluorescence spectroscopy (XRF), atomic absorption spectrometry (AAS), inductively coupled plasma–optical emission spectrometry (ICP-OES), and inductively coupled plasma–mass spectrometry (ICP-MS), to ensure accuracy and analytical reliability [21,22].
Temporal trend analysis indicates a progressive increase in toxic metals (Pb, Cr, Ni, Cd) in highly urbanized basins over the past two decades, reflecting intensified industrial activity, expanding urban populations, and inadequate wastewater treatment infrastructure [23,24]. In contrast, rivers with high discharge such as the Brahmaputra, show comparatively stable or declining temporal patterns due to strong dilution effects [25]. Seasonal patterns further reveal higher metal concentrations during pre-monsoon periods, attributable to reduced dilution, increased sediment–water interaction, and accumulation of untreated effluents, while monsoon flows promote partial dilution but also facilitate downstream transport and floodplain deposition. The concentration of heavy metals in river sediments can fluctuate markedly based on the sources of pollution. Sediments near industrial or densely populated areas frequently display elevated amounts of heavy metals Pb, Cd, Cr, Ni, and Zn [26]. Nevertheless, the transportation and deposition of sediments may result in contamination in downstream regions. Elevated levels of heavy metals in sediments might threaten aquatic life, as they may bioaccumulate in the food chain and adversely impact biodiversity. Furthermore, sediments may act as possible sources for the re-release of heavy metals into the water column, resulting in secondary pollution.
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Comprehending the speciation, mobility, and bioavailability of heavy metals in river sediments is therefore critical for accurate ecological risk assessment. Different metal fractions exhibit varying degrees of toxicity and environmental persistence, influencing their potential impacts on aquatic organisms. In response, efforts are underway to establish sediment quality guidelines and develop sediment-focused remediation strategies for contaminated river systems. The adoption of sustainable waste management practices, strengthened pollution control measures, and land-use regulations is widely recognized as essential for mitigating upstream metal inputs and preserving sediment quality in Indian rivers [27]. 
4.3 Heavy Metal Pollution in Major Indian Rivers
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 Research across Indian river systems demonstrate substantial spatial variability in heavy metal concentrations, reflecting differences in natural geochemistry, land use, and intensity of anthropogenic activities [28]. Reported concentrations vary widely among rivers and stretches, emphasizing the influence of localized pollution sources and hydrological conditions. For example, copper (Cu) concentrations in the Ganga River range from 0.03 to 0.5 mg L⁻¹ [29], while zinc (Zn) levels in the Yamuna River vary between 0.1 and 1.2 mg L⁻¹. In the Narmada River, manganese (Mn) concentrations have been reported between 0.05 and 0.6 mg L⁻¹ [30], whereas nickel (Ni) levels in the Krishna River range from 0.02 to 0.3 mg L⁻¹. Barium (Ba) concentrations in the Ganga River are comparatively low, reported between 0.001 and 0.03 mg L⁻¹ [31]. To evaluate the severity of contamination, observed concentrations are commonly compared against regulatory benchmarks established by national and international agencies. In India, the Central Pollution Control Board (CPCB) prescribes permissible limits for inland surface waters, while global reference values are provided by the World Health Organization (WHO) and the United States Environmental Protection Agency (USEPA). For instance, the WHO guideline value for manganese in drinking water is 0.4 mg L⁻¹, and the USEPA maximum contaminant limit for nickel is 0.05 mg L⁻¹. The CPCB permissible limit for copper in inland surface waters is 1 mg L⁻¹, while zinc is permitted up to 5 mg L⁻¹. Exceedance of these thresholds is widely used as an indicator of pollution intensity and potential ecological and human-health risk.

Ganga River

Multiple investigations report iron (Fe) as the most abundant metal in the Ganga River, frequently exceeding the permissible limit of 0.3 mg L⁻¹ (BIS/WHO), particularly in industrial stretches such as Kanpur, where concentrations range from 0.417 to 0.627 mg L⁻¹ [32]. Elevated concentrations of Pb, Ni, Cr, Cd, and Cu have also been documented at several locations, often exceeding regulatory limits [33]. A comprehensive review highlighted that Cu, Pb, Cd, and Zn occur at unsafe levels in water, sediments, and benthic macroinvertebrates, indicating widespread ecological exposure [34]. Furthermore, tributaries such as the Ghaghara contribute significant loads of As, Pb, Ni, Cd, Cu, Hg, Zn, and Cr through untreated or partially treated discharges [35]. These findings collectively underscore the persistent and multi-metal contamination of the Ganga system and the urgent need for effective remediation measures [36,37].
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 Yamuna River

Recent studies have reported elevated concentrations of heavy metals in several river systems across India, particularly in industrial regions of the Yamuna basin (Prasanna et al., 2026). The Yamuna River, particularly its Delhi stretch, exhibits some of the highest heavy metal burdens among Indian rivers. Iron, chromium, lead, cadmium, nickel, copper, and zinc are consistently reported as dominant contaminants [38]. Iron concentrations frequently exceed permissible limits, while Cr, Cd, and Pb show persistent violations at multiple monitoring sites [39]. During the COVID-19 lockdown, although some improvement in manganese levels was observed, iron concentrations remained above acceptable limits throughout the Wazirabad–Okhla stretch [40]. Sediment and floodplain studies further indicate significant accumulation of Cr and Pb, posing long-term ecological and human-health risks. Seasonal analyses reveal increased metal concentrations during the monsoon, attributed to cumulative pollutant inflow from urban and industrial sources [41,42];[10].
Godavari River

Studies on the Godavari River identify iron and zinc as the most abundant metals in both water and sediments. Manganese has been reported as the dominant metal in certain stretches, with detectable levels of cadmium and lead [43]. Monsoonal inflow significantly elevates concentrations of Cr, Cd, and Pb, reflecting enhanced mobilization of contaminants from agricultural and urban catchments [44].

Indus River

The Indus River, originating from the Tibetan Plateau and flowing through northern India, is impacted by heavy metal inputs primarily from industrial activities, agricultural runoff, and mining. Studies report the presence of Pb, Cd, Cr, and Hg, with concentrations varying across river stretches depending on local anthropogenic pressures [45].

Teesta River

In the Teesta River, downstream stretches have been reported to exceed permissible limits for Cd, Cr, Pb, and Zn. Although basin-wide data remain limited, available studies suggest iron as one of the most prevalent metals, consistent with observations from other major Indian rivers [46].

Krishna River

Iron is the most commonly detected metal in the Krishna River system. Analyses of suspended and bed sediments reveal the presence of V, Cr, Mn, Fe, Ni, Cu, Zn, Cd, and Pb across the main stem and tributaries [47]. Heavy metals are predominantly enriched in coarse suspended particles (10–90 μm), except in the Bhima tributary, where finer fractions dominate. Several metals, including Ni, Cu, Zn, and Cr, have been reported above permissible limits, indicating significant anthropogenic influence.

Brahmaputra River

Iron is also widely reported in the Brahmaputra River, along with Pb, Ni, Cr, and Hg at varying concentrations across different stretches [48,49]. Although high discharge and dilution capacity reduce overall concentrations, localized hotspots persist, emphasizing the need for continued monitoring and management.
4.4 Ecological and Health Impacts of Heavy Metal Pollution
Heavy metal contamination exerts profound impacts on aquatic biota, including fish, invertebrates, macrophytes, and microorganisms. Elevated metal concentrations disrupt physiological processes, impair growth and development, and induce genetic and reproductive abnormalities across trophic levels [50,51]. Comparable patterns of heavy metal contamination have been reported in river systems worldwide, where industrial discharge and urbanization significantly contribute to elevated metal concentrations [137]. Studies on fish communities have documented reduced survival, altered behavior, and tissue-level bioaccumulation, while investigations on aquatic plants demonstrate inhibited growth and metabolic dysfunction. Bioaccumulation and subsequent biomagnification of metals within aquatic food webs pose significant risks to higher trophic organisms, including humans. Long-term exposure to heavy metals through contaminated water and aquatic food resources poses serious health risks, including neurological and renal disorders [138,139]. At the ecosystem level, heavy metal contamination alters community composition, disrupts nutrient cycling, and compromises overall ecological integrity. These cumulative effects highlight the urgent need for stringent pollution control, habitat restoration, and sustainable river management strategies to mitigate ecological degradation and protect public health [52].
Table 2. Major Heavy-Metal Pollution: Its Sources, Impact on Human Health, and Permissible Limits.
	HEAVY METAL
	MAJOR SOURCE
	EFFECT ON HUMAN HEALTH
	PERMISSIBLE LEVEL

mg/L or µg/L

	Arsenic(As)
	Pesticides, Fungicides, Metal Smelters
	Bronchitis, Dermatitis
	0.02

	Cadmium (Cd)
	Welding, Electroplating, Nuclear Fission Plant, Pesticide 
	Kidney damage, Bronchitis, Gastrointestinal disorder, Cancer
	0.06

	Chromium (Cr)
	Electroplating, Textile, Tannery Industries, Rubber, Photography
	Rapid hair Loss, respiratory problem
	10

	Copper (Cu)
	Electroplating, Electronics waste, pesticides, and mining
	Failure of the Brain and Kidney, Severe Anaemia, and Industrial irritation
	3

	Lead (Pb)
	Paint, Pesticide, Smoking, automobile emission, Mining, Burning of Coal
	damage to the nervous system, protoplasm poisoning
	0.1

	Manganese (Mn)
	Welding, Fuel addition, Ferromanganese Production
	Inhalation or contact causes damage to the Central Nervous System
	0.26

	Mercury (Hg)
	Pesticides, Batteries, Paper industry
	Damage to the nervous system, protoplasm poisoning
	0.01

	Nickel (Ni)
	Electroplating, Zinc base casting Battery industries, Iron Steal Indusries
	 Immunotoxic, Neurotoxic, Genotoxic, Hepatotoxic, Lung, Throat & Stomach Cancer, Rapid hair Fall
	0.1

	Zinc (Zn)
	Refineries, brass manufacture, metal plating, plumbing
	Zinc fumes have corrosive effect on skin, cause damage to nervous membrane
	15

	Barium (Ba)
	Abundantly present in nature, used in industries
	Non-carcinogenic, short term exposures can cause vomiting, respiratory problem, gastric pains
	2


Heavy metal contamination in Indian rivers poses serious risks to aquatic ecosystems and human health due to the toxicity, persistence, and bioaccumulative nature of metals such as lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As), and chromium (Cr). These metals enter river systems primarily through industrial discharges, agricultural runoff, and improper waste disposal practices [53]. While certain metals (e.g., Zn, Cu, Fe) are essential micronutrients at trace concentrations, exposure above threshold levels leads to adverse biological effects across multiple trophic levels. From a public health perspective, contaminated river water represents a critical exposure pathway, particularly in regions dependent on untreated or partially treated surface water for domestic use. Chronic exposure to heavy metals through drinking water and food chains has been associated with gastrointestinal disorders, neurological impairment, renal dysfunction, endocrine disruption, and carcinogenic outcomes [54]. In addition, rivers contaminated with metals often co-occur with pathogenic contamination, increasing the incidence of waterborne diseases such as cholera, typhoid, amoebiasis, and giardiasis in downstream populations [55]. The Ministry of Water Resources in India has instituted water quality standards categorized into five classes (Classes A–E), with Class A water is deemed potable without treatment, whereas Class C water requires treatment for safe consumption. Class E water is exclusively appropriate for irrigation, regulated waste disposal, and industrial cooling applications; numerous rivers stretch affected by heavy metals currently fall within Classes D and E, indicating severe degradation [56]. Waterborne infections resulting from contaminated drinking water encompass hookworm, typhoid, ascariasis, amoebiasis, and giardiasis. A report entitled "Pollution Effects on Human, Animals, Plants, and the Environment" indicates that chemical pollutants in water, such as hydrocarbons, pesticides, and heavy metals, can result in ailments including cancer, lymphoma, hormonal disorders, liver and kidney damage, neurological impairment, and DNA damage. Elevated levels of heavy metals can also directly or indirectly affect plant growth and development [57]. Zinc is vital for the development of plant roots and shoots; nevertheless, excessive zinc can induce chlorosis by diminishing chlorophyll concentrations. It can also impede plant development and productivity. 
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Aquatic organisms are particularly vulnerable to heavy metal exposure due to direct and prolonged contact with contaminated water and sediments. Bioaccumulation of heavy metals in freshwater fish represents a significant pathway for human exposure, particularly in regions where riverine fish are widely consumed[140]. Fish species accumulate metals in gills, liver, kidneys, and muscle tissues, resulting in impaired respiration, altered metabolic activity, reduced reproductive success, and compromised immune responses [58]. Bioaccumulation in edible fish species further amplifies human health risks through dietary exposure, especially in riverine communities reliant on subsistence fisheries. Studies from polluted stretches of Indian rivers have consistently reported metal concentrations in fish tissues exceeding recommended safety limits, underscoring the dual ecological and public health implications. Similar trends of heavy metal bioaccumulation have also been observed in aquatic organisms in Indian coastal and riverine environments[141]. Benthic and pelagic invertebrates—key components of aquatic food webs—are highly sensitive to metal toxicity. Heavy metals disrupt enzymatic activity, molting processes, growth rates, and reproductive cycles in insects, crustaceans, and mollusks, leading to population declines and shifts in community composition. Because many invertebrates serve as bioindicators, their altered abundance and diversity provide early warning signals of metal-induced ecological stress [59]. 
Aquatic plants are key components of river ecosystems, contributing to oxygen production, nutrient cycling, and habitat provision. Heavy metals can impair their growth, photosynthesis, and reproductive capacity. The accumulation of heavy metals in plant tissues can lead to reduced biomass, altered species composition, and diminished overall plant diversity [60]. At the ecosystem scale, heavy metal pollution disrupts trophic interactions, alters nutrient cycling, and reduces biodiversity, ultimately compromising the resilience and functional integrity of river systems. These impacts propagate beyond aquatic environments, affecting birds, livestock, and human populations dependent on contaminated rivers for water, food, and livelihoods. Collectively, the evidence underscores the urgent need for integrated pollution control, ecological restoration, and sustained monitoring to mitigate the long-term ecological and health consequences of heavy metal contamination in Indian rivers.
4.5  Statistical Assessment Techniques 

Statistical methodologies are essential for evaluating and quantifying heavy metal contamination in waterways. These techniques facilitate the analysis of data obtained from monitoring programs, discern patterns, and generate accurate forecasts on the concentrations and distribution of heavy metals in aquatic environments. Various statistical techniques have been utilized to investigate heavy metal contamination in Indian rivers [61,62].

Descriptive statistics: Descriptive statistics metrics, including mean, median, standard deviation, range, and percentiles, are frequently employed to summarize and characterize data obtained from water, sediment, and biological samples. [63] examined heavy metal concentrations in the Ganga River, while [64] focused on the Yamuna River, employing descriptive statistics to delineate pollution levels, pinpoint hotspots, and evaluate the geographical and temporal fluctuations of heavy metals.

Correlation Analysis: Correlation analysis is an effective method for elucidating the links among various heavy metal pollution in significant Indian rivers, offering insights into potential origins, transport modes, and environmental consequences. Research conducted by [65] on the Ganga and Krishna Rivers utilized correlation analysis to investigate the links among heavy metals, including lead (Pb), cadmium (Cd), copper (Cu), and zinc (Zn), in water and sediment samples. These methods facilitate the identification of co-occurrence patterns, the evaluation of pollution sources, and the assessment of the impact of anthropogenic activities on river ecosystems. Correlation coefficients, including Pearson's r and Spearman's rank correlation coefficient, are frequently employed to measure the strength and direction of correlations among heavy metal concentrations. 

Hierarchical Cluster Analysis: Hierarchical cluster analysis is an effective technique for elucidating patterns and similarities in heavy metal contamination across prominent Indian rivers, facilitating the categorization of sampling locations based on pollutant levels. Research, including that by [66] on the Ganga River and [10] on the Yamuna River, has employed hierarchical cluster analysis to categorize sampling sites with analogous heavy metal profiles. This technique identifies clusters of sites with similar pollution levels, indicating shared sources or pollution hotspots within river basins. By clustering sampling locations according to heavy metal concentrations, researchers obtain insights into spatial trends, sources of pollution, and the efficacy of pollution control strategies.
 Multivariate and Computational Statistical Methodologies: Multivariate statistical approaches, particularly Principal Component Analysis (PCA) and Factor Analysis (FA), are increasingly used to disentangle complex interactions among multiple metals and environmental variables. These techniques reduce data dimensionality and identify latent factors representing dominant pollution sources or geochemical processes. Heavy metal contamination in significant Indian rivers facilitates a thorough evaluation of various variables concurrently. Applications of PCA and FA in the Ganga and Brahmaputra River basins have successfully differentiated between natural geogenic contributions and anthropogenic inputs such as industrial discharge, mining runoff, and agricultural activities [18][67]. Recent advances in computational ecology have enabled automated, reproducible statistical analysis of biological indicator datasets using open-source platforms. R-based tools, such as DiaThor, facilitate multivariate evaluation of diatom assemblages and ecological indices, supporting indirect assessment of pollution gradients, including metal-induced stress, in riverine ecosystems [68]. Multivariate statistical studies improve the comprehension of pollution dynamics, regional changes, and potential effects on aquatic ecosystems by incorporating many components, including metal concentrations, physicochemical characteristics, and ambient elements.
Advanced and Emerging Statistical Approaches: Beyond conventional methods, recent studies (table 3) have incorporated additional statistical and modeling techniques—including regression analysis, discriminant analysis, and risk-based statistical indices—to enhance pollution assessment and ecological risk evaluation [69–81]. These approaches support evidence-based decision-making by linking statistical outcomes with pollution control strategies and river basin management planning.
Collectively, the application of statistical assessment techniques strengthens the interpretation of heavy metal contamination data, enables comparative evaluation across river basins, and supports the development of targeted mitigation and monitoring strategies for sustainable management of Indian river systems.
Table 3. Statistical techniques to access heavy metal pollution
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4.6 Heavy Metal Pollution Indices and Modelling Tools
Heavy metal pollution indices are quantitative instruments employed to evaluate the degree of heavy metal contamination in environmental matrices, including water, sediment, and soil. These indices amalgamate data on several heavy metals, employing mathematical methods to derive a singular numerical value that signifies the overall contamination state. Frequently utilized indices for heavy metal pollution encompass the Heavy Metal Pollution Index (HPI), Pollution Load Index (PLI), Contamination Factor (CF), and Enrichment Factor (EF).
Table 4. Major Heavy Metal Indices with Formula, Parameter, and Interpretation 
	Index
	Formula
	Parameters
	Interpretation

	Heavy Metal Pollution Index (HPI)
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	PLI = 1 → baseline level 
PLI > 1 → pollution present

	Contamination Factor (CF)
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	CF < 1 = low 
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	Enrichment Factor (EF)
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These indices offer a standardized method for assessing pollution levels, comparing various sample locations or timeframes, and prioritizing management interventions according to pollution severity. A meta-analysis conducted by [67,82] on the Indian River employed heavy metal pollution indices to evaluate pollution levels, identify hotspots, and assess the efficacy of pollution control measures, underscoring the significance of these indices in environmental monitoring and risk assessment. Research on the River Gomti using the HPI was conducted to assess the degree of heavy metal contamination [83]. 

The selection of a specific heavy metal pollution index for a given case is contingent upon various criteria, including the study's objectives, the types of heavy metals being evaluated, and the environmental context of the sample location. The Heavy Metal Pollution Index (HPI) is frequently utilized to evaluate cumulative pollution levels of several heavy metals within a particular environmental medium, such as water or sediment. Conversely, the Pollution Load Index (PLI) may be used for comparing pollution levels across many sample locations or assessing temporal trends in pollution. The Contamination Factor (CF) aids in identifying pollution sources and evaluating contamination levels about background levels, whereas the Enrichment Factor (EF) assists in quantifying the anthropogenic contribution to heavy metal pollution. Each index uniquely contributes to the dataset by offering a standardized numerical value that clarifies complex pollution data and enhances decision-making in pollution management and repair procedures [83-86]. 

Indices for heavy metal pollution, including the Heavy Metal Pollution Index (HPI), Pollution Load Index (PLI), Contamination Factor (CF), and Enrichment Factor (EF), are crucial instruments in environmental evaluation, as they condense intricate pollution data into a singular numerical representation. The "what" part refers to the specific index used according to the study's aims; for example, HPI evaluates overall pollution levels, PLI contrasts pollution across locations or timeframes, CF identifies pollution sources, and EF measures anthropogenic contributions. The "why" portion examines the justification for choosing a specific index, taking into account aspects such as the types of heavy metals, sampling sites, and intended results of the evaluation. The "where" aspect pertains to the use of these indices across many environmental compartments, including aquatic systems, sediments, and soils, yielding critical insights regarding pollution severity, trends, and management tactics.

Systems Approach: To capture the complexity of heavy metal contamination, several studies have adopted systems-based approaches that consider interactions among hydrological, environmental, social, and economic drivers. Application of such an approach to the Yamuna River—one of the most urbanized and polluted river systems in India—has highlighted the interdependence between pollution loads, urban infrastructure, governance limitations, and ecological degradation [87].
Prediction Models: Prediction models have been developed and utilized to estimate the concentrations of heavy metals in Indian rivers. For example, a study focusing on heavy metal contamination in Kanpur City employed a prediction model to estimate the concentrations of heavy metals in river water, sediment, groundwater, and even human blood samples [88].
Geostatistical Techniques: Geostatistical methods, such as kriging and geostatistical mapping, are used to interpolate heavy metal concentrations across spatial domains, providing a spatial distribution map of pollution levels. These techniques assist in visualizing pollution hotspots and identifying areas requiring immediate attention [89]. GIS-based modeling techniques, coupled with geostatistical methods such as kriging, have been used to spatially analyze and map heavy metal pollution in river systems. In conclusion, GIS software such as ArcGIS, QGIS, GRASS GIS, ENVI, and IDRISI is commonly used in heavy metal pollution modeling in rivers. This software helps to map heavy metal pollution, trace the source of heavy metal pollution, evaluate surface water quality, and simulate and model heavy metals and water quality parameters in rivers [90].
Artificial Neural Networks (ANN): ANN models have been applied to predict heavy metal concentrations based on historical data and input parameters. These models can capture complex nonlinear relationships between variables [91].
Fuzzy Logic Models: A Fuzzy logic model is a computational approach that deals with degrees of truth, allowing for values between 0 and 1. This helps in systems where the information is vague, uncertain, or incomplete. It represents data that does not have a crisp boundary. Here, variables are described using natural language terms like “hot”, “cold”, or “medium” rather than numerical values. Fuzzy logic models have been employed to handle uncertainty and imprecision in heavy metal pollution data, providing a comprehensive understanding of the relationships between multiple variables [92-93].
4.7 Pollution severity classification using standardized indices
Pollution severity classification using standardized indices provides a quantitative framework to evaluate the extent, sources, and ecological risk of heavy metal contamination in Indian rivers. Several studies applying pollution indices such as the Heavy Metal Pollution Index (HPI), Contamination Factor (CF), and Geo-accumulation Index (Igeo) categorize river stretches into distinct pollution severity classes. The Yamuna and Sabarmati rivers consistently fall within the high pollution category with HPI values frequently exceeding the critical threshold (HPI >100), due to persistent enrichment of Pb, Cd, Cr, and Ni originating from industrial effluents and untreated municipal wastewater, indicating severe metal contamination unsuitable for drinking purposes [94-95]. These findings are corroborated by CPCB [134-135] monitoring data, which classify several stretches of these rivers under polluted and critically polluted categories.The Ganga River exhibits moderate to high pollution severity, with upper stretches characterized by lower population density and limited industrial activity, consistently show low CF and Igeo values, indicating comparatively lesser anthropogenic influence and middle–lower stretches exhibiting elevated contamination factors for Pb, Cd, and Cr, reflecting cumulative impacts of tannery effluents, urban discharge, and industrial clusters [96-97]. This longitudinal gradient highlights the role of land-use intensity and point-source loading in shaping pollution severity along large river systems. Rivers such as the Application of Igeo in mining-influenced rivers such as the Mahanadi and selected tributaries of the Narmada indicates moderate to strong contamination for Pb, Cd, and Cr, particularly in sediment matrices, underscoring the contribution of mining and industrial legacy pollution [95,98]. Conversely, rivers such as the Brahmaputra predominantly fall within low to moderate pollution classes, with elevated Igeo values observed mainly for arsenic in specific reaches. These arsenic enrichments are largely attributed to geogenic processes and sediment–water interactions, rather than direct industrial discharge [99-100]. Overall, the application of HPI, CF, and Igeo across Indian rivers reveals a clear stratification of pollution severity, with urban–industrial rivers exhibiting consistently high-risk classifications, while rivers draining relatively less disturbed catchments remain within lower severity categories except at localized hotspots. These index-based assessments provide robust, comparable metrics for prioritizing river stretches for remediation and for evaluating the effectiveness of regulatory and management interventions.
Table 5. Pollution severity classification of Indian rivers based on standardized indices
	RIVER
	INDEX USED
	SEVERITY CATEGORY
	INTERPRETATION
	REFERENCE

	Yamuna
	HPI
	High (HPI > 100)
	Severely polluted
	Kumar et al. (2017)

	Sabarmati
	HPI, CF
	High
	Chronic industrial contamination
	Patel et al. (2020)

	Ganga
	HPI, Igeo
	Moderate–High
	Spatial gradient along basin
	Singh et al. (2018); Mishra et al. (2021)

	Mahanadi
	CF, EF
	Moderate–High
	Mining influence
	Patel et al. (2020)

	Brahmaputra
	HPI
	Low–Moderate
	Predominantly geogenic As
	Saha et al. (2019)

	Narmada
	CF
	Low–Moderate
	Localized mining impact
	Verma et al. (2021)


5. Remediation Strategies for Heavy Metal Pollution in Indian Rivers 
Heavy metal pollution in Indian rivers significantly threatens aquatic ecosystems and human health. Effective remediation strategies are crucial for mitigating contamination and restoring water quality. Remediation of heavy metal contamination in Indian rivers requires context-specific strategies that account for hydrological complexity, financial constraints, governance capacity, and socio-economic realities. While laboratory-scale and pilot studies demonstrate the technical efficacy of various treatment technologies, their large-scale implementation in Indian river systems remains uneven. Broadly, remediation approaches can be classified into ex-situ (engineered treatment) and in-situ (ecosystem-based or passive) interventions, each with distinct advantages and limitation. Physical methods like sediment dredging and removal can help eliminate accumulated contaminants, while chemical treatments like coagulation, precipitation, and adsorption techniques can remove heavy metals from water. Biological methods like bioremediation and phytoremediation, which use microorganisms or plants to degrade contaminants, show promise in remediation efforts [101-102].
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Fig 7-heavy metal removal methods
           5.1 Physicochemical and ex-situ treatment approaches 
          Physicochemical methods such as adsorption, chemical precipitation, coagulation–flocculation, ion exchange, and membrane filtration are widely recognized for their high removal efficiency for metals such as Pb, Cd, Cr, and Ni. In India, these approaches are predominantly applied at industrial effluent treatment plant (ETP) and common effluent treatment plant (CETP) levels, rather than directly within river channels [103]. For example, adsorption using activated carbon, fly ash, and industrial by-products has shown effective metal removal in controlled settings; however, high operational costs, sludge generation, and the need for skilled operation limit scalability beyond point-source control [23,104].
            Ex-situ techniques involve physically removing or treating contaminated sediments or water, such as dredging, sediment capping, and chemical precipitation [105]. Membrane-based technologies, though effective, are largely restricted to high-end industrial applications due to energy demand and maintenance requirements, making them impractical for diffuse riverine pollution [106]. These limitations underscore that ex-situ technologies are most effective for source control, particularly for industrial discharge regulation, but are unsuitable as stand-alone solutions for restoring heavily polluted river stretches receiving continuous non-point inputs.
5.2 In-situ and nature-based remediation approaches
Fig 8-phytoremediation process


In-situ remediation strategies, particularly phytoremediation and constructed wetlands, have gained increasing attention in the Indian context due to their low cost, minimal energy requirement, and compatibility with natural river processes. Under the Namami Gange Programme, phytoremediation and bio-remediation pilots using macrophytes such as Eichhornia crassipes, Typha, Phragmites, and Vetiveria zizanioides have been tested for removing metals and organic pollutants in drains and floodplain wetlands connected to the Ganga [107-108]. While these approaches demonstrate moderate removal efficiencies for Fe, Zn, Cu, and Pb, their effectiveness is constrained by seasonal variability, biomass disposal issues, and limited capacity to treat high metal loads [109-110].

Engineered solutions like Constructed wetlands integrated with sewage treatment plants have shown promise as polishing units for reducing residual metal concentrations before discharge into rivers, particularly in peri-urban settings [103]. However, their adoption remains limited due to land availability constraints and lack of standardized design guidelines across Indian states. Integrated approaches combining multiple remediation techniques are often recommended for effective and sustainable pollution management in Indian rivers [111]. Recent advances highlight the potential of diatom-based biogenic nanostructures as multifunctional, nature-derived materials for water purification and heavy metal removal. Diatoms possess silica frustules with high surface area, tunable porosity, and abundant functional groups capable of adsorbing metals such as Pb, Cd, Cr, and As through ion exchange and surface complexation mechanisms. A recent review by Singhal et al. [112] demonstrated that both living diatoms and diatomaceous biosilica can be engineered for enhanced metal sequestration, photocatalytic degradation, and hybrid nanocomposite applications. Although large-scale riverine implementation remains limited in India, diatom-based systems offer a promising, low-energy and environmentally compatible alternative for integration into constructed wetlands, polishing units, and decentralized treatment systems. However, the selection of an appropriate strategy depends on factors such as specific heavy metal contaminants, site conditions, and desired remediation objectives.
Table 6.  Methods adopted for heavy metal removal and their Advantage & Disadvantages
	PHYSICAL & CHEMICAL METHODS
	ADVANTAGES
	DISADVANTAGES

	Ion-Exchange
	Good Removal of Wide range of Heavy Metals
	Absorbent requires regeneration or Disposal

	Membrane Process & Ultrafiltration
	Good removes of Heavy Metals
	Concentrated Sludge Production & Expensive

	Chemical coagulation
	Economically feasible
	High Sludge Production

	Electrochemical Methods
	Rapid process & Effective for certain metal Ions
	High Energy costs & formation of byproducts

	Chemical Precipitation
	Simple, Cheap
	For High concentrations, Difficult separations generate sludges

	Oxidation
	Rapid process for removal
	High Energy cost & formation of by-product

	Biological Treatment
	Feasible in removing some metals
	Technology yet to be established & commercialized

	Photochemical
	Produces no sludge
	By-product formation

	Fenton Reagents
	The oxidation rate is faster than Hydrogen Peroxide, and the Oxidant solution is more stable
	Operator error in mixing the Fe (ii) Compounds with the H2O2 can degrade the result

	Irradiation
	Efficiency at the Laboratory is high
	Needs a lot of dissolved Oxygen

	Reverse Osmosis
	Pure effluent
	High-pressure membrane scaling is Expensive

	Phytoremediation
	Used Certain plants to clean up soil, sediment, and contaminated water with metal ions
	The process took a long time to remove metal ions; regeneration of the plant is difficult

	Adsorption using activated carbon
	High efficiency
	Costly, no regeneration, Performance depends on the adsorbent

	Nanofiltration
	Low operating cost
	Future Research

	Evaporation
	Pure effluent
	Expensive, Generate Sludge

	Lime Softening
	Most Common Chemicals
	Readjustment of pH is required


5.3 Sediment management and legacy pollution

A critical challenge in Indian rivers is legacy contamination stored in sediments, especially in industrial and mining-influenced basins such as the Yamuna, Sabarmati, Mahanadi, and Subarnarekha. Studies indicate that metals bound to sediments act as long-term secondary pollution sources through resuspension and remobilization during monsoon flows [95-96]. Despite this, sediment remediation measures such as dredging, capping, or monitored natural recovery are rarely implemented due to high cost, ecological disturbance, and regulatory uncertainty [23]. As a result, current remediation efforts often address only the water column, leaving underlying contamination unresolved.


5.4 Comparative feasibility and sustainability assessment

From a feasibility perspective, in-situ, nature-based solutions are more suitable for large river systems in India, particularly for diffuse pollution control and long-term ecological recovery. In contrast, ex-situ technologies remain indispensable for controlling industrial and municipal point sources, but require stringent enforcement, continuous monitoring, and financial investment. Cost comparisons reported in Indian studies consistently show that phytoremediation and wetland-based systems incur lower capital and operational costs, though they offer slower remediation rates and limited metal specificity [103,107]. 
In the Indian river context, technologically mature remediation methods remain largely confined to ex-situ, point-source treatment, while in-situ ecological approaches—though environmentally compatible—are still transitioning from pilot to scalable implementation. This creates a critical technology–scale mismatch between industrial compliance and river health restoration.

6. POLICY SYNTHESIS AND FUTURE PERSPECTIVES FOR HEAVY METAL POLLUTION IN INDIAN RIVERS
The effectiveness of heavy metal remediation in Indian rivers is strongly conditioned by the robustness of regulatory enforcement, inter-agency coordination, and sustained financial commitment. Evidence from multiple river basins indicates that remediation efforts remain largely reactive, focusing on end-of-pipe treatment rather than systematic source control, thereby creating a cyclical pattern of pollution and cleanup rather than long-term ecological recovery [23][97]. In particular, the persistence of sediment-bound and legacy metal contamination undermines surface water improvements, highlighting the need for basin-scale management strategies that address upstream industrial discharges, urban wastewater, and diffuse agricultural inputs simultaneously [101]. Despite India being a signatory to multiple international conventions and having an extensive domestic regulatory framework, their influence on mitigating heavy metal contamination in rivers remains uneven and largely indirect. Instruments such as the Minamata and Basel Conventions have strengthened sector-specific controls on mercury use and hazardous waste handling, yet their translation into river basin–level monitoring and remediation is weak. Mercury and other metals are still rarely prioritized in routine river water quality assessments, which continue to focus predominantly on organic pollution indicators (BOD, COD, coliforms), as reflected in CPCB and Namami Gange monitoring protocols [23,113,134-135]. Consequently, while policy commitments exist on paper, their integration into operational river management frameworks remains limited.
            At the national level, flagship initiatives such as Namami Gange and policy instruments like the National Water Policy (2012) have improved sewage treatment capacity and industrial effluent oversight in selected stretches, but heavy metals—particularly sediment-bound and legacy contaminants—remain inadequately addressed. Enforcement under the Water (Prevention and Control of Pollution) Act, 1974 continues to face structural challenges, including limited inspection capacity of State Pollution Control Boards, inconsistent compliance reporting, and weak regulation of diffuse sources such as urban runoff and agricultural inputs [23,114]. Moreover, coordination gaps between MoEFCC (policy formulation), CPCB/SPCBs (regulation), and urban local bodies (implementation) often result in fragmented responses, undermining basin-scale pollution control.
            Looking ahead, effective governance of heavy metal pollution in Indian rivers requires a shift from compliance-driven regulation to risk-based, basin-oriented management. Aligning SDG 6 targets with metal-specific indicators, strengthening sediment and biota monitoring, and embedding heavy metal mitigation within river rejuvenation missions are critical priorities. Future policy frameworks must also emphasize preventive source control, improved industrial traceability, and the adoption of context-appropriate remediation technologies with demonstrated field readiness. Without addressing institutional fragmentation and enforcement asymmetry, international commitments and national programmes are unlikely to deliver meaningful reductions in metal contamination or long-term river health improvement.
6.1  Global, National, and SDG Frameworks Addressing Heavy Metal Pollution
This analysis integrates major global conventions, Indian regulatory frameworks, and Sustainable Development Goals (SDGs) relevant to heavy metal pollution and toxicity (Figure 12). At the global level, the United Nations Environment Programme (UNEP) functions as the principal coordinating body addressing heavy metal pollution through monitoring, assessment, and facilitation of international cooperation [115]. Since the industrial era, UNEP assessments have consistently identified mercury, lead, and cadmium as priority toxic metals due to their persistence, long-range transport, and severe ecological and human health impacts [116–117]. UNEP reports document increasing mercury contamination even in remote regions such as the Arctic, declining but still significant global lead emissions [118], and stabilized yet environmentally consequential cadmium production and atmospheric deposition.

UNEP’s mandate is operationalized through several binding international conventions. The Convention on Long-Range Transboundary Air Pollution (LRTAP) – Protocol on Heavy Metals, which entered into force in 2003, targets emissions of mercury, lead, and cadmium from industrial processes, combustion sources, and waste incineration, and mandates emission limits and best available techniques (BAT) [119]. Amendments enforced in 2022 further strengthened emission controls and broadened participation. The Basel Convention, adopted in 1989, regulates transboundary movements of hazardous wastes, including metal-containing wastes, to prevent environmental dumping [120]. The Rotterdam Convention (2004) governs the international trade of hazardous chemicals through prior informed consent, thereby limiting uncontrolled exposure to metal compounds [121]. The Minamata Convention on Mercury, adopted in 2013, represents the most metal-specific global treaty, addressing mercury across its life cycle from mining to disposal [122]. Regional instruments, such as the Cartagena Convention and its Land-Based Sources (LBS) Protocol, further regulate heavy metal inputs to marine environments [123]. While agencies such as the European Environment Agency (EEA) report substantial declines in cadmium, mercury, and lead emissions across EU member states due to these frameworks, their scope remains regional, in contrast to UNEP’s global mandate [124].

In India, governance of heavy metal pollution is anchored primarily within the Central Pollution Control Board (CPCB) and the Ministry of Environment, Forest and Climate Change (MoEFCC). The CPCB, constituted under the Water (Prevention and Control of Pollution) Act, 1974, is responsible for monitoring and regulating industrial effluents and setting discharge standards for metals [125]. Complementary legislation, including the Air (Prevention and Control of Pollution) Act, 1981, indirectly addresses atmospheric emissions of metals from industrial and combustion sources [126]. The Environment (Protection) Act, 1986, along with the Hazardous Waste (Management and Handling) Rules, provides the legal basis for managing metal-bearing wastes [127]. Despite this comprehensive regulatory architecture, multiple assessments highlight persistent gaps in enforcement, monitoring frequency, and coordination between central and state agencies, limiting the effectiveness of these instruments in reducing riverine metal contamination [128,129].

Heavy metal pollution is also directly linked to several Sustainable Development Goals (SDGs). SDG 3 (Good Health and Well-being) addresses the documented links between metal exposure and cancers, neurological disorders, and organ damage [130]. SDG 6 (Clean Water and Sanitation) emphasizes the protection of freshwater resources from toxic contamination, a critical concern given widespread metal exceedances in rivers and lakes [131]. SDG 12 (Responsible Consumption and Production) promotes cleaner industrial processes and waste management to reduce metal releases [132]. SDGs 14 (Life Below Water) and 15 (Life on Land) highlight the impacts of metal pollution on aquatic and terrestrial ecosystems, including bioaccumulation, biodiversity loss, and soil contamination [133-134]. While these goals provide an integrated framework for addressing heavy metal pollution, their translation into enforceable, metal-specific monitoring and remediation actions remains uneven in India.

Overall, although strong global conventions and national laws exist, their influence on river-scale heavy metal management in India remains largely indirect. Monitoring programs continue to prioritize conventional organic pollution indicators over toxic metals, and sediment-bound contamination is rarely integrated into regulatory assessments. Bridging this gap requires explicit alignment of international commitments and SDG targets with metal-specific indicators, basin-scale monitoring, and enforceable remediation strategies within national river management frameworks.
7. CONCLUSION
In conclusion, the presence of heavy metal pollution in Indian rivers poses a considerable risk to the existence of ecosystems as well as the health of humans. It is imperative that many stakeholders, including the government, industry, communities, and individuals, pay quick attention to it and take collaborative action. Heavy metal pollution can be reduced, and the ecological health of Indian rivers can be restored if effective remediation strategies, severe legislation, and public awareness are combined. This will increase the likelihood of success. It is not only vital for the maintenance of biodiversity that the quality of these priceless water resources be preserved, but it is also essential for the protection of the health and livelihoods of millions of people who are dependent on them.
 From a management perspective, a clear technology–scale mismatch persists. Ex-situ physicochemical treatments are effective for industrial and municipal effluents but are economically and logistically unsuitable for large river systems. In contrast, in-situ, nature-based solutions offer environmentally compatible and cost-effective alternatives but remain under-scaled due to design uncertainties and limited long-term performance evaluation. Addressing heavy metal pollution therefore requires integrated strategies that combine source control, sediment management, and context-specific remediation approaches.

Future progress depends on shifting from reactive, compliance-driven regulation to risk-based, basin-oriented governance aligned with global sustainability goals. Integrating heavy metal indicators into river monitoring frameworks, strengthening sediment and biota assessment, enhancing inter-agency coordination, and aligning national river rejuvenation missions with Sustainable Development Goals are critical steps toward long-term improvement. Without such systemic integration, policy commitments and remediation efforts are unlikely to translate into meaningful reductions in heavy metal contamination or sustained restoration of India’s riverine ecosystems. The purpose of this review is to make a contribution to the current body of knowledge on heavy metal contamination in Indian rivers and to offer insights into the scope of the problem, the repercussions of the problem, and the potential solutions to the problem. It emphasizes the necessity of multidisciplinary approaches that involve government agencies, companies, researchers, and local communities to successfully mitigate heavy metal pollution and maintain the sustainable management of India's river systems. In order to effectively control heavy metal pollution in Indian rivers in the future, a holistic approach is required. This approach should include stringent legislation, innovative monitoring systems, environmentally friendly remediation plans, public awareness, and collaboration among multiple stakeholders. We can work towards rivers that are cleaner and healthier, rivers that support sustainable ecosystems, and rivers that protect the well-being of communities if we address these future perspectives and overcome the obstacles that we face.
Disclaimer (Artificial intelligence)

Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 

8. REFERENCES
1. Central Water Commission (CWC). (2022). Water and Related Statistics. Ministry of Jal Shakti, Government of India, New Delhi.

2. Paul, D. (2017). Research on heavy metal pollution of river Ganga: A review. Annals of Agrarian Science, 15(2), 278–286.

3. Giri, S., & Singh, A. K. (2013). Assessment of surface water quality using heavy metal pollution index in river Ganga basin, India. Environmental Earth Sciences, 69, 1441–1452.

4. Mishra, A., Mukherjee, A., & Tripathi, B. D. (2021). Gaps in river rejuvenation programmes and pollution control in Indian rivers. Environmental Monitoring and Assessment, 193, 118.

5. Central Pollution Control Board (CPCB). (2021). River stretches for restoration of water quality: Status and action plans. Ministry of Environment, Forest and Climate Change, Government of India.

6. Asim, M., & Rao, S. (2021). Assessment of heavy metal pollution and ecological risk in the Yamuna River, India. Environmental Science and Pollution Research, 28, 45789–45805.

7. Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B. B., & Beeregowda, K. N. (2014). Toxicity, mechanism and health effects of some heavy metals. Interdisciplinary Toxicology, 7(2), 60–72.

8. Seal, A., Mahato, M. K., & Saha, S. (2022). Impact of mining activities on heavy metal contamination in riverine systems of eastern India. Environmental Earth Sciences, 81, 317.

9. Khan, R., Israili, S. H., Ahmad, H., & Mohan, A. (2021). Heavy metal pollution assessment in surface water bodies of India: A review. Environmental Monitoring and Assessment, 193, 415.

10. Jain, C. K. (2000). Metal fractionation study on bed sediments of river Yamuna, India. Water Research, 34(7), 2017–2028.

11. Jaiswal, A., Pandey, J., & Singh, R. (2022). Spatial variation of heavy metals in the Yamuna River: Implications for urban river management. Environmental Monitoring and Assessment, 194, 822. 

12. Srivastava, A., Singhal, S., Zehra, R., & Verma, J. (2025). Rising tides of contamination from source to sink: The Yamuna’s struggle with pollution (2014–2024). Pollution Study, 6(2), Article 3199. https://doi.org/10.54517/ps3199 A
13. Sudhakar, C., & Subramani, T. (2016). Assessment of heavy metal pollution in Cauvery River sediments. Arabian Journal of Geosciences, 9, 505.

14.  Gupta, S., Kumar, A., & Tripathi, B. D. (2024). Heavy metal distribution and ecological risk in central Indian river basins. Environmental Science and Pollution Research, 31, 11245–11261.

15. Samal, A. C., Das, R., & Rout, S. P. (2023). Mining-induced metal contamination in the Mahanadi River basin. Environmental Earth Sciences, 82, 149.

16. Verma, S., Singh, P., & Sharma, R. (2023). Emerging heavy metal contamination in Himalayan River systems. Environmental Monitoring and Assessment, 195, 973.

17. Hussain, J., Sharma, K. C., & Khan, A. A. (2015). Heavy metal contamination in Subarnarekha River and its tributaries. Journal of Environmental Biology, 36, 1271–1277.

18. Debnath, S., Singh, P., & Tiwari, A. (2021). Heavy metal contamination and ecological risk assessment of river sediments in India. Environmental Monitoring and Assessment, 193, 572.

19. Singh, A. K., Kumar, B., & Mishra, M. (2018). Heavy metal contamination in river sediments: Sources, assessment, and ecological implications. Environmental Earth Sciences, 77, 257.

20.  Bobade, R., Pathak, H., & Chaudhari, P. (2021). Assessment of sediment-bound heavy metals and associated risks in Indian rivers. Journal of Environmental Management, 289, 112506.

21. Kumari, S. (2021). Analytical techniques for assessment of heavy metals in aquatic sediments: A review. Environmental Chemistry Letters, 19, 2037–2052.

22. Kumar, R., & Anbazhagan, S. (2018). Evaluation of heavy metals in river sediments using ICP-MS techniques. Environmental Monitoring and Assessment, 190, 468.

23. Central Pollution Control Board (CPCB). (2021). River stretches for restoration of water quality: Status and action plans. Ministry of Environment, Forest and Climate Change, Government of India.

24. Mishra, A., Mukherjee, A., & Tripathi, B. D. (2021). Long-term trends in river water and sediment quality in India. Environmental Science and Pollution Research, 28, 45612–45628.

25. Saha, P., Paul, B., & Ghosh, S. (2019). Temporal dynamics of heavy metals in the Brahmaputra River basin. Environmental Earth Sciences, 78, 414.

26. Mohanty, S., Behera, P., & Panda, U. C. (2023). Distribution and ecological risk of heavy metals in sediments of urban rivers in India. Environmental Monitoring and Assessment, 195, 219.

27. Kumar, A., Sharma, M. P., & Singh, G. (2018). Sustainable approaches for managing heavy metal contamination in river sediments. Journal of Cleaner Production, 172, 3378–3390.

28. Heavy metal in rivers. (n.d.). Retrieved from relevant environmental monitoring databases or governmental reports.

29.  Boral, S., Debnath, S., & Mitra, A. (2020). Seasonal variation of trace metals in the Ganga River and associated ecological risks. Environmental Earth Sciences, 79, 1–13. https://doi.org/10.1007/s12665-020-09052-3

30. Patel, P., Shah, R., & Desai, M. (2020). Assessment of heavy metal contamination in the Narmada River, India. Environmental Monitoring and Assessment, 192, 1–14. https://doi.org/10.1007/s10661-020-08412-x

31. Siddiqui, A., & Pandey, J. (2017). Assessment of heavy metal contamination in the Ganga River basin. Environmental Earth Sciences, 76, 1–13. https://doi.org/10.1007/s12665-017-6547-5

32.  Kumar, V., Sharma, A., & Pandey, G. (2019). Heavy metal contamination in water and sediments of the Ganga River at Kanpur. Environmental Earth Sciences, 78, 1–14. https://doi.org/10.1007/s12665-019-8356-3

33. Gupta, N., & Dutta, S. (2018). Heavy metal pollution and human health risk assessment in river water. Environmental Earth Sciences, 77, 1–15. https://doi.org/10.1007/s12665-018-7573-4

34. Singh, S. (2021). Heavy metal contamination in the Ganga River: A comprehensive review. Environmental Earth Sciences, 80, 1–17. https://doi.org/10.1007/s12665-021-09675-4

35.  Singh, A., Kumar, P., & Singh, V. K. (2017). Heavy metal contamination in the Ghaghara River and its tributaries. Environmental Earth Sciences, 76, 1–14. https://doi.org/10.1007/s12665-017-6894-2

36. Nath, S., & Banerjee, A. (2016). Heavy metal contamination in the Ganga River: Sources and impacts. Environmental Earth Sciences, 75, 1–12. https://doi.org/10.1007/s12665-016-5625-7

37.  Maurya, P. K., Malik, D. S., & Yadav, K. K. (2019). Human health risk assessment of heavy metals in river water. Human and Ecological Risk Assessment, 25(7), 1653–1670. https://doi.org/10.1080/10807039.2018.1478256

38. Sharma, R., Dubey, S., & Singh, A. (2019). Heavy metal pollution and ecological risk assessment of the Yamuna River. Environmental Monitoring and Assessment, 191, 1–18. https://doi.org/10.1007/s10661-019-7392-0

39. Singh, R., Verma, A., & Tripathi, R. (2022). Human health risk assessment of heavy metals in the Yamuna River. Human and Ecological Risk Assessment, 28(5), 1032–1048. https://doi.org/10.1080/10807039.2021.1914563

40. The Energy and Resources Institute (TERI). (2020). Impact of COVID-19 lockdown on water quality of the Yamuna River. New Delhi, India.

41. Rahat, S., Khan, M., & Ali, S. (2020). Seasonal variability of heavy metal contamination in the Yamuna River. Environmental Science and Pollution Research, 27, 31245–31260. https://doi.org/10.1007/s11356-020-09345-7

42. Pradip, K., Mishra, A., & Tiwari, D. (2019). Heavy metal distribution and risk assessment in the Yamuna River basin. Environmental Earth Sciences, 78, 1–12. https://doi.org/10.1007/s12665-019-8245-9

43. Hussain, J., & Husain, S. (2017). Assessment of heavy metals in the Godavari River sediments and water. Environmental Earth Sciences, 76, 1–12. https://doi.org/10.1007/s12665-017-6903-5

44. Samanta, S., Giri, S., & Singh, A. K. (2022). Heavy metal contamination and ecological risk in the Godavari River basin. Environmental Monitoring and Assessment, 194, 1–16. https://doi.org/10.1007/s10661-022-09718-w

45. Muhammad, S., & Usman, K. (2021). Heavy metal contamination and health risk assessment in the Indus River system. Environmental Monitoring and Assessment, 193, 1–15. https://doi.org/10.1007/s10661-021-09115-6

46. [45] Chettri, M., Sharma, S., & Subba, B. R. (2022). Heavy metal contamination in the Teesta River, Eastern Himalaya. Environmental Monitoring and Assessment, 194, 1–16. https://doi.org/10.1007/s10661-022-09845-4

47. Ramesh, R., Ramanathan, A. L., & Subramanian, V. (1990). Distribution of heavy metals in the Krishna River system. Marine Chemistry, 30(1–3), 193–208. https://doi.org/10.1016/0304-4203(90)90019-B

48. Hazarika, L., & Kalita, M. (2020). Heavy metal contamination in the Brahmaputra River basin. Environmental Monitoring and Assessment, 192, 1–14. https://doi.org/10.1007/s10661-020-08541-3

49. Bhuyan, P., Bakar, M. A., & Islam, M. S. (2023). Heavy metal contamination and ecological risk assessment in the Brahmaputra River. Environmental Science and Pollution Research, 30, 21456–21470. https://doi.org/10.1007/s11356-022-23845-9

50. Panda, S., Sahu, B. K., & Rout, S. P. (2023). Effects of heavy metals on fish physiology in polluted rivers. Environmental Toxicology and Pharmacology, 97, 103999. https://doi.org/10.1016/j.etap.2023.103999

51. Emenike, C. U., Jayanthi, B., & Natarajan, A. (2021). Toxicological impacts of heavy metals on aquatic plants. Environmental Toxicology and Chemistry, 40(9), 2456–2469. https://doi.org/10.1002/etc.5124

52.  Haddad, A., Ali, A., & Khan, M. Z. (2023). Bioaccumulation and biomagnification of heavy metals in freshwater food webs. Ecotoxicology and Environmental Safety, 251, 114571. https://doi.org/10.1016/j.ecoenv.2023.114571

53. Shah, A. (2017). Sources and impacts of heavy metal pollution in aquatic ecosystems. Environmental Pollution, 223, 1–12.
54.  Rehman, K., Fatima, F., Waheed, I., & Akash, M. S. H. (2018). Prevalence of exposure to heavy metals and their impact on health consequences. Journal of Cellular Biochemistry, 119(1), 157–184.
55. WHO. (2017). Guidelines for drinking-water quality (4th ed.). World Health Organization.
56. Sahu, P., Mishra, A., & Verma, R. (2024). Water quality classification and management framework for Indian rivers. Journal of Water Policy and Governance, 16, 45–58.

57. Zhao, S., Feng, C., Wang, D., Liu, Y., & Shen, Z. (2020). Toxic effects of heavy metals on plants and the potential of phytoremediation. Environmental Science and Pollution Research, 27, 33004–33017. 

58. Maurya, P. K., Malik, D. S., Yadav, K. K., Kumar, A., & Kumar, S. (2019). Bioaccumulation of heavy metals in fish species: A review. Human and Ecological Risk Assessment, 25(3), 1–21. 

59. Samir, M., Hassan, R., & El-Sayed, A. (2023). Effects of heavy metals on aquatic invertebrates and ecosystem functioning. Environmental Toxicology and Chemistry, 42(5), 1021–1034.
60.  Jana, B. B., & Choudhury, A. (1984). Effects of heavy metals on aquatic plants and ecosystem productivity. Environmental Ecology, 2(2), 87–92.
61. Chabukdhara, M., & Nema, A. K. (2012). Assessment of heavy metal contamination in Hindon River sediments: A chemometric and geochemical approach. Chemosphere, 87, 945–953.

62. Kumar, P., Sharma, S., & Singh, R. (2022). Statistical evaluation of heavy metal pollution in Indian rivers. Environmental Monitoring and Assessment, 194, 1–18.

63. Aggarwal, S., Verma, A., & Gupta, N. (2023). Spatial assessment of heavy metals in the Ganga River using statistical tools. Environmental Science and Pollution Research, 30, 22145–22160.

64.  Antil, R., Kumar, V., & Yadav, S. (2024). Seasonal variation of heavy metal contamination in the Yamuna River. Journal of Water and Health, 22, 145–158.

65. Kumari, S., Singh, P., & Mishra, A. (2021). Correlation and source identification of heavy metals in river water and sediments. Environmental Earth Sciences, 80, 1–14.

66. Ansari, A. A. (2023). Application of hierarchical cluster analysis for pollution zoning of the Ganga River. Applied Water Science, 13, 1–12.

67. Bhuyan, P., Hazarika, L., & Kalita, M. (2023). Source apportionment of heavy metals in the Brahmaputra River using PCA and FA. Environmental Pollution, 317, 120732.

68. Srivastava, A., Singhal, S., Yadav, A., Zehra, R., & Verma, J. (Year). Harnessing RStudio package for ecological insights: Monitoring diatoms with DiaThor. Computational Ecology and Software. ISSN 2220-721X.
https://www.iaees.org/publications/journals/ces/onlineversion.asp
69. Aziz, S., et al. (2023). Statistical modeling of heavy metal risk in river ecosystems. Ecotoxicology and Environmental Safety, 248, 114315.

70.  Briffa, J., et al. (2020a). Heavy metal pollution and statistical assessment techniques. Chemosphere, 247, 125987.

71. Briffa, J., et al. (2020b). Ecotoxicological implications of heavy metals. Environmental Research, 191, 110218.

72. Briffa, J., et al. (2020c). Human health risk assessment of metals. Environmental Science and Pollution Research, 27, 17644–17657.

73. Das, S., et al. (2023). Statistical indicators for river pollution assessment. Environmental Monitoring and Assessment, 195, 1–19.

74. El Behairy, R. A., et al. (2022). Multivariate tools for water quality assessment. Water, 14, 2381.

75. Ha, N. T. H., et al. (2014). Multivariate analysis of heavy metals in aquatic systems. Journal of Hydrology, 519, 407–417.

76. Jaishankar, M., et al. (2014). Toxicity, mechanism and health effects of metals. Interdisciplinary Toxicology, 7, 60–72.

77. Lopez, D., et al. (2023). Statistical evaluation of metal pollution indices. Environmental Research, 216, 114483.

78. Manawi, Y., et al. (2024a). Advanced statistical modeling in water pollution studies. Science of the Total Environment, 902, 166103.

79. Manawi, Y., et al. (2024b). Risk-based statistical assessment of metals. Journal of Hazardous Materials, 456, 131612.

80.  Matei, N., et al. (2025). Integrating multivariate statistics for river management. Ecological Indicators, 156, 110456.

81. Zehra, R., Singh, S., Verma, J., & Srivastava, A. (2020). Application of heavy metal pollution indices for assessment of river water quality in India: A meta-analytical review. Environmental Monitoring and Assessment, 192(11), 1–18. https://doi.org/10.1007/s10661-020-08657-9

82. Bhuyan, P., Hazarika, L., & Kalita, M. (2023). Multimetal contamination and pollution index–based assessment of major Indian rivers. Environmental Earth Sciences, 82, 1–15. https://doi.org/10.1007/s12665-023-10418-6

83. Khan, R., Jaiswal, R. K., & Singh, P. (2021). Assessment of heavy metal contamination in the Gomti River using pollution indices. Environmental Nanotechnology, Monitoring & Management, 16, 100512. https://doi.org/10.1016/j.enmm.2021.100512

84. Tomlinson, D. L., Wilson, J. G., Harris, C. R., & Jeffrey, D. W. (1980). Problems in the assessment of heavy-metal levels in estuaries and the formation of a pollution index. Helgoländer Meeresuntersuchungen, 33(1–4), 566–575. https://doi.org/10.1007/BF02414780

85.  Hakanson, L. (1980). An ecological risk index for aquatic pollution control: A sedimentological approach. Water Research, 14(8), 975–1001. https://doi.org/10.1016/0043-1354(80)90143-8

86. Sutherland, R. A. (2000). Bed sediment–associated trace metals in an urban stream, Oahu, Hawaii. Environmental Geology, 39(6), 611–627. https://doi.org/10.1007/s002540050473

87.  Kumar, V., Sharma, A., & Kumar, R. (2022). Systems-based assessment of heavy metal pollution in the Yamuna River, India. Science of the Total Environment, 838, 155909. https://doi.org/10.1016/j.scitotenv.2022.155909

88.  Patel, P., Raju, N. J., & Reddy, B. C. S. R. (2020). Predictive modeling of heavy metal contamination and associated health risks in Kanpur, India. Human and Ecological Risk Assessment, 26(8), 2152–2173. https://doi.org/10.1080/10807039.2019.1639745

89. Singh, K. P., Mohan, D., Singh, V. K., & Malik, A. (2011). Studies on distribution and fractionation of heavy metals in Gomti River sediments—a tributary of the Ganges, India. Journal of Hydrology, 312(1–4), 14–27. https://doi.org/10.1016/j.jhydrol.2005.01.021

90. Rahat, Z., Asim, M., & Rao, S. (2020). GIS-based spatial modeling of heavy metal pollution in Indian river systems. Environmental Monitoring and Assessment, 192(9), 1–17. https://doi.org/10.1007/s10661-020-08469-x

91. Saadi, S. F., Shahid, S., Ismail, T., & Ahmed, K. (2023). Artificial neural network modeling for prediction of heavy metal concentration in river systems. Environmental Research, 216, 114581. https://doi.org/10.1016/j.envres.2022.114581

92. Jaiswal, R. K., Mukherjee, S., Krishnamurthy, J., & Saxena, R. (2022). Fuzzy logic–based assessment of heavy metal pollution in river water. Environmental Earth Sciences, 81, 1–14. https://doi.org/10.1007/s12665-022-10145-3

93. Zehra, R., Singhal, S., Srivastava, A., & Verma, J. (2023). Fuzzy logic modeling for uncertainty analysis of heavy metal contamination in Indian rivers. Ecological Informatics, 75, 102077. https://doi.org/10.1016/j.ecoinf.2023.102077

94.  Kumar, V., Singh, J., & Pathak, P. (2017). Heavy metal pollution index of Yamuna River, India. Environmental Monitoring and Assessment, 189(12), 1–13. https://doi.org/10.1007/s10661-017-6327-6

95.  Patel, P., Raju, N. J., & Reddy, B. C. S. R. (2020). Assessment of sediment contamination using pollution indices in industrial rivers of India. Environmental Earth Sciences, 79, 1–16. https://doi.org/10.1007/s12665-020-09144-y

96. Singh, S., Kumar, M., & Gupta, N. (2018). Spatial variation of heavy metals in the Ganga River using pollution indices. Environmental Monitoring and Assessment, 190(6), 1–15. https://doi.org/10.1007/s10661-018-6719-2

97.  Mishra, S., Bhuyan, P., & Kalita, M. (2021). Longitudinal assessment of heavy metal pollution in the Ganga River basin. Environmental Science and Pollution Research, 28, 40215–40230. https://doi.org/10.1007/s11356-021-13340-5

98. Verma, P., Singh, R., & Kumar, A. (2021). Mining-induced heavy metal contamination in the Narmada River basin. Environmental Earth Sciences, 80, 1–14. https://doi.org/10.1007/s12665-021-09789-1
99. Das, S., & Singh, P. (2018). Arsenic enrichment and geogenic controls in the Brahmaputra River system. Chemosphere, 197, 386–395. https://doi.org/10.1016/j.chemosphere.2018.01.074
100. Saha, P., Paul, B., & Barman, A. (2019). Sediment–water interaction and arsenic mobilization in the Brahmaputra basin. Journal of Hydrology, 571, 194–206. https://doi.org/10.1016/j.jhydrol.2019.01.067
101. Paul, D. (2017). Research on heavy metal pollution of river Ganga: A review. Annals of Agrarian Science, 15(2), 278–286. https://doi.org/10.1016/j.aasci.2017.04.001
102.  Khan, S., Rehman, S., Khan, A. Z., Khan, M. A., & Shah, M. T. (2021). Bioremediation and phytoremediation of heavy metals in river ecosystems. Chemosphere, 286, 131736. https://doi.org/10.1016/j.chemosphere.2021.131736

103. Central Pollution Control Board (CPCB). (2022). Status of common effluent treatment plants (CETPs) in India. Ministry of Environment, Forest and Climate Change, Government of India.

104.  Gupta, V. K., Nayak, A., & Agarwal, S. (2016). Bioadsorbents for remediation of heavy metals: A review. Environmental Engineering Research, 21(3), 231–246. https://doi.org/10.4491/eer.2016.018

105. Agarwal, R., & Kumar, V. (2024). Ex-situ sediment remediation techniques for heavy metal–contaminated rivers. Journal of Environmental Management, 345, 118820. https://doi.org/10.1016/j.jenvman.2023.118820
106. Kurniawan, T. A., Chan, G. Y. S., Lo, W. H., & Babel, S. (2006). Physico–chemical treatment techniques for wastewater laden with heavy metals. Chemical Engineering Journal, 118(1–2), 83–98. https://doi.org/10.1016/j.cej.2006.01.015

107. National Mission for Clean Ganga (NMCG). (2019). Pilot studies on phytoremediation and bioremediation under Namami Gange Programme. Ministry of Jal Shakti, Government of India.

108. Jalaj, J., Kumar, P., & Singh, R. (2020). Evaluation of macrophyte-based phytoremediation for removal of metals and organic pollutants from river-connected wetlands. Environmental Monitoring and Assessment, 192(9), 1–15. https://doi.org/10.1007/s10661-020-08412-0

109. Vymazal, J. (2014). Constructed wetlands for treatment of industrial wastewaters: A review. Ecological Engineering, 73, 724–751. https://doi.org/10.1016/j.ecoleng.2014.09.034

110. National Mission for Clean Ganga (NMCG). (2021). Performance assessment of bioremediation and nature-based solutions for river pollution control. Ministry of Jal Shakti, Government of India.

111.  Kumar, V., Sharma, A., & Kumar, R. (2021). Integrated remediation approaches for heavy metal pollution in Indian river systems. Journal of Environmental Management, 292, 112732. https://doi.org/10.1016/j.jenvman.2021.112732
112. Singhal, S., Srivastava, P., & Verma, J. (2025). Diatom-based multifunctional biogenic nanostructures in water purification: From mechanistic understanding to innovative applications (Review Article). Phyto Talks, 2(3), 496–522. https://doi.org/10.21276/pt.2025.v2.i3.8
113. National Mission for Clean Ganga (NMCG). (2020). Annual water quality monitoring framework under Namami Gange. Ministry of Jal Shakti, Government of India.

114. Ministry of Environment, Forest and Climate Change (MoEFCC). (2022). Annual report 2021–22. Government of India.

115. United Nations Environment Programme (UNEP). About UNEP. UNEP, Nairobi, Kenya. Available from: UNEP official resources.

116. United Nations Environment Programme (UNEP). Global Mercury Assessment. UNEP Chemicals, Geneva, 2002.

117.  United Nations Environment Programme (UNEP). Lead and Cadmium: Global Pollution and Health Impacts. UNEP, 2008.

118. United Nations Environment Programme (UNEP). Cadmium: Sources, Exposure and Environmental Transport. UNEP Chemicals Branch, Geneva, 2008.

119. United Nations Economic Commission for Europe (UNECE). Protocol on Heavy Metals under the Convention on Long-Range Transboundary Air Pollution. UNECE, Geneva, 2003 (amended 2022).

120.  Basel Convention. Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal. United Nations Environment Programme, 1989.

121. Rotterdam Convention. Rotterdam Convention on the Prior Informed Consent Procedure for Certain Hazardous Chemicals and Pesticides in International Trade. UNEP/FAO, 2004.

122. Minamata Convention on Mercury. Text and Annexes. United Nations Environment Programme, Geneva, 2013.

123. Caribbean Environment Programme (CEP). Protocol Concerning Pollution from Land-Based Sources and Activities (LBS Protocol) under the Cartagena Convention. UNEP, 1986.

124. European Environment Agency (EEA). Trends and Projections in Europe 2023: Tracking Progress Towards Europe’s Climate and Environmental Targets. EEA Report, Copenhagen, 2023.

125. Central Pollution Control Board (CPCB). Water Quality Criteria and Standards. CPCB, Ministry of Environment, Forest and Climate Change, Government of India.

126. Government of India. The Air (Prevention and Control of Pollution) Act, 1981. Ministry of Law and Justice, New Delhi.

127. Government of India. The Environment (Protection) Act, 1986 and Hazardous and Other Wastes (Management and Transboundary Movement) Rules. MoEFCC, New Delhi.

128. Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sutton, D.J. Heavy metal toxicity and the environment. EXS. 2012, 101, 133–164.

129.  Upadhyay, R., Singh, A., Rai, S.P. Distribution, sources, and ecological risks of heavy metals in Indian river systems. Scientific Reports. 2024, 14, Article ID: xxxx.

130. World Health Organization (WHO). Preventing Disease Through Healthy Environments: Exposure to Heavy Metals. WHO Press, Geneva, 2020.

131. Vörösmarty, C.J., et al. Global threats to human water security and river biodiversity. Science. 2010, 329, 284–288.

132. American Chemical Society (ACS). Sustainable Management of Heavy Metals in Industrial Systems. ACS Publications, 2023.

133. United Nations Department of Economic and Social Affairs (UN DESA). SDG 14: Life Below Water. United Nations, New York. 
134. United Nations Department of Economic and Social Affairs (UN DESA). SDG 15: Life on Land. United Nations, New York. 
135. Central Pollution Control Board (CPCB). (2023).
National Water Quality Monitoring Programme (NWMP) Report. New Delhi: CPCB.

136. Central Pollution Control Board (CPCB). (2022).
River Water Quality in India – Status Report. Ministry of Environment, Forest and Climate Change, Government of India.
137. Ali, H., Khan, E., & Ilahi, I. (2019). Environmental chemistry and ecotoxicology of hazardous heavy metals: Environmental persistence, toxicity, and bioaccumulation. Journal of Chemistry, 2019, 6730305.

138. World Health Organization (WHO). (2022).Guidelines for Drinking-water Quality (4th ed., updated). Geneva: World Health Organization.
139. Prasanna, K., Amal, M. S., More, K. S., et al. (2026). Human health implications of metal pollution in the Betwa–Yamuna river system, India: Evidence from Monte Carlo risk modelling. Scientific Reports, 16, 5058. https://doi.org/10.1038/s41598-025-34780-z
140. Upadhyay, P., Ladumor, R., Gurjar, T., et al. (2025). Environmental risk assessment of heavy metals and microplastics in marine biota along the Gujarat coastline, India. Marine Pollution Bulletin, 211, 117357. https://doi.org/10.1016/j.marpolbul.2024.117357
141. Lavkush, R., Radhakrishnan, K. V., Singh, C. P., et al. (2025). Heavy metal accumulation in Indian freshwater fish: Sources, impacts, and mitigation strategies. Uttar Pradesh Journal of Zoology, 46(20), 249–260






Fig. 1 Industrial sources of Heavy Metal Pollution





Fig. 2 Agricultural Sources of Heavy Metal Pollution





Fig. 3 Urban and Residential Sources of Heavy Metal Contamination





Fig. 4 Status of Heavy Metal in River Sediments as per BIS limits (2018-2020), according to the study conducted by (Sharma & Sharma, n.d.)





Fig. 5(A) River wise - Observed in year 2020 (Government Report)





Fig. 5(B) River wise - Observed in year 2020 (Government Report)





Fig. 6 Cascading effect of Heavy Metal on Aquatic Organisms





Fig.9 Technology Readiness Levels (TRLs) of heavy metal remediation strategies in the Indian river context





Fig. 10 Heavy Metal Pollution Regulatory Frameworks grouped into Global, Regional, Indian level.
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