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Heavy Metal Accumulation in Indian Freshwater Fish: Sources, Impacts, and Mitigation Strategies
Abstract
	Indian rivers, historically central to the nation’s culture and ecology, are increasingly burdened by heavy metal pollution from industries, urban sewage, agriculture, and atmospheric deposition. Non-biodegradable metals such as lead, cadmium, mercury, and chromium persist in aquatic environments, where they bind to proteins, accumulate in the liver and muscle tissues of aquatic biotia and pose long-term ecological and health risks. Fish, often used as bioindicators, exhibit clear evidence of bioaccumulation and biomagnification, leading to oxidative stress, organ damage, reproductive failure, and population decline. These impacts extend to human communities consuming contaminated fish, increasing risks of neurological, renal, skeletal, and developmental disorders. Recent studies reveal heavy metal concentrations in several Indian rivers (e.g., Ganga, Yamuna, Godavari, and Brahmaputra) reported contamination with heavy metals such as Pb, Cd, Cr, Hg, Zn, exceeding safe limits, especially near industrial and agricultural zones. Addressing this crisis demands strict enforcement of pollution regulations, advanced wastewater treatment, sustainable agricultural practices, and public participation. Protecting rivers from heavy metal contamination is vital to safeguard biodiversity, food security, and human health. Effective mitigation requires the adoption of eco-friendly remediation strategies such as biosorption, phytoremediation, and constructed wetlands, which can efficiently remove or immobilize toxic metals from aquatic systems. The present review highlights the complex relationships between heavy metal sources, their bioaccumulation in freshwater fishes, associated health risks, and potential sustainable solutions for restoring India’s river ecosystems.
Keywords: Heavy metals, Indian rivers, fish, bioaccumulation, health risks
1. Introduction
	Heavy metal pollution is a growing concern worldwide, threatening our rivers, lakes, and the life they support. Every year, millions of toxic metals such as lead, cadmium, and mercury, etc. enter aquatic systems, posing health risks to an estimated over 2 billion people globally, according to the World Health Organization (WHO 2023). Unlike organic pollutants, heavy metals are non-biodegradable, allowing them to persist in the environment and pose a long-term risk to both aquatic ecosystems and human populations (Piwowarska et al. 2024). In rivers and lakes, heavy metals hit aquatic life hard, especially fish, mussels, and shrimp, which are critical for both nature and people’s livelihoods. Heavy metals severely affect aquatic organisms, particularly fish, mussels, and shrimp, which are vital for both ecosystem balance and human livelihoods. Fish can bioaccumulate metals such as copper and cadmium in their tissues through gill absorption, ingestion, and dermal contact, often exceeding their ability to excrete them efficiently. This imbalance leads to oxidative stress, enzyme inhibition, and reproductive impairment (Authman et al. 2015; Jezierska and Witeska 2006). Recent research indicates that microplastics (MPs) also play a significant role in enhancing heavy metal bioavailability in riverine ecosystems. MPs can absorb metals such as cadmium, lead, and mercury from surrounding waters and sediments, acting as secondary vectors for their entry into aquatic food webs. This combined pollution of microplastics and heavy metals intensifies ecological toxicity and human health risks (Lavkush et al. 2024). The heavy metals enter aquatic systems through adsorption to sediments, uptake by plankton, and subsequent transfer through the food web, facilitating their movement and magnification across trophic levels (Vignati et al. 2010). Plants and small creatures at the bottom of the food chain also absorb these toxins, passing them up to bigger animals and eventually to us (Gupta et al. 2024b). This ripple effect disrupts ecosystems and puts human health at risk when we eat contaminated fish or use polluted water. It is evident that we need urgent action to tackle this problem and protect our natural resources (Alao 2024).
	Indian freshwater ecosystems have long been revered as sources of life and spirituality, yet they are now burdened by the silent crisis of heavy metal pollution. The heavy metals such as arsenic, lead, and cadmium once distributed in its beyond threshold levels cause profound problems to the Indian aquatic biodiversity as well (Jaishankar et al. 2014). Major rivers like the Ganga, Yamuna, and Godavari, which millions depend on for water, food, and farming are all disturbed by heavy metal pollution (Paul et al. 2017; Samanta et al. 2021; Kumar et al. 2023a; 2024). Industrial waste from factories, untreated sewage from cities, and chemical runoff from agriculture have spiked metal levels in these rivers, often far beyond safe limits (CPCB 2024). For example, a study on the Ganga and Sai rivers found higher concentrations of toxic metals such as cadmium, copper, and chromium in carnivorous fish (Channa striatus) compared to herbivorous (Labeo rohita) and omnivorous fish (Anabas testudineus), demonstrating biomagnification at higher trophic levels (Sudhakar and Singh 2014). Another study, conducted in 2025 found dangerously high levels of chromium and lead in the Yamuna near Delhi, making the water unsafe for drinking or farming (Shetty et al. 2025). The Bhima River in Karnataka is yet another example, heavily polluted by nearby industries and farms (Chinmalli and Vijaykumar 2022). With so many rivers in trouble, India urgently needs better ways to address this crisis.
	Around the world, researchers have made long strides in understanding heavy metal pollution, studying its sources, effects, and solutions like plant-based cleanup or advanced filtering systems (Ayach et al. 2023; Alao 2023; Alao 2025). New technologies, such as nanomaterials, show promise in pulling metals out of water (Gupta 2023; Verma et al. 2025). However, in India, such research is still in its infancy. Moreover, Studies in India focus more on major rivers, like the Ganga, and we don’t have enough data on bigger picture or long-term solutions as well (Behera et al. 2024). While some efforts, like using wetlands to filter water, are being tested, they’re not yet widespread enough to make a dent (Hammer and Bastian 2020).). Clearly, India needs more research and practical solutions to tackle this growing problem. The present review details the complex relationships between sources, bioaccumulation, and health impacts of heavy metals in freshwater fishes in India. It also explores where these metals originate, how they accumulate in fish, the harm they inflict on ecosystems and human populations, and potential remediation strategies to address the crisis. This review aims to synthesize existing knowledge and identify critical research gaps regarding heavy metal contamination in Indian freshwater fishes. By consolidating current findings and highlighting areas needing further investigation, this study seeks to inform evidence-based policies and inspire innovative approaches to protect India’s rivers and the communities that depend on them.
Sources of Heavy Metal Pollution in Indian Rivers
1.1 Industrial Effluents: The Primary source
	Industries, particularly leather tanneries in Kanpur along the Ganga River, are dominant contributors to heavy metal loading in rivers. Tanneries use chromium compounds extensively for leather processing, releasing untreated or partially treated wastewater rich in chromium, which contaminates water, sediment, and surrounding farmland soils (Chakraborti et al. 2018; Singh et al. 2025a). For instance, studies have reported chromium concentrations in tannery effluents ranging from 4.5 to 15 mg/L (Saxena et al. 2024), 7–10 mg/L (Patel et al. 2024). Moreover, a significant amount of chromium is discharged daily; one report indicates that a single plant in Kanpur dumps approximately 440 kg of chromium daily, amounting to over 1,100 tonnes annually (Ganga Action Parivar, 2014). Beyond chromium, mining and metal-plating industries release significant amounts of lead, cadmium, nickel, and copper (Sharma et al. 2025; Alsafran et al. 2021). This untreated industrial waste enters rivers continuously, with metals persisting indefinitely in aquatic environments, causing chronic biological damage (Table 1).
1.2 Urban Wastewater: The Diffuse but Potent Source
	Cities of India produce massive volumes of domestic sewage containing trace heavy metals originating from plumbing fixtures (lead, copper), discarded batteries (cadmium), and electronic waste (Jagaba et al. 2024; Verma 2025). Due to infrastructural deficits, over 70% of sewage remains untreated, flowing into rivers and adding diffuse toxic metal loads that degrade water quality (Akhtar et al. 2025)
1.3 Agricultural Runoff: A Hidden Hazard
	Widespread use of chemical fertilizers and pesticides adds toxic metals to the environment. Phosphate fertilizers commonly contain cadmium and enter rivers via runoff, especially maximum during monsoon rains (Ray et al. 2025; Das et al. 2025). Pesticides and fungicides contribute to copper and arsenic as well, which filter into soils and waterways, threatening aquatic food webs (Behera et al. 2024; Bhattacharyya, 2020). These seasonal pulses of contamination can exacerbate ecosystem stress and bioaccumulate in aquatic species.
1.4 Atmospheric Deposition: The Overlooked Pathway
	Industrial smokestacks and vehicular emissions release airborne metals such as lead and mercury, which deposit onto land and water surfaces. Subsequent rain transfers these pollutants into water bodies, especially affecting urban and industrial corridors (Singh 2021; Roy 2023). Though less visible, atmospheric deposition is a significant contributor to river pollution.
2. Bioaccumulation and Biomagnification: How Metals Threaten Aquatic Life
	Heavy metals are unique toxins because they persist and build up in living organisms. The following two pathways are important:
· Bioaccumulation occurs when an individual organism, such as a fish, absorbs metals from water and food faster than it can eliminate them. This leads to increasing levels of toxins concentrated in body tissues over their lifetime (Emon et al. 2023; Ballotin et al. 2024). Biomagnification refers to the increasing concentration of toxins up the food chain. Predatory fish accumulate heavy metals from consuming smaller contaminated prey, resulting in much higher toxin levels than in the water itself (Afshan et al. 2015). Humans, as apex consumers of fish, become highly exposed to these accumulated metals (Ali and Khan, 2019). This magnification creates a dangerous cycle of poisoning in aquatic ecosystems, harming species across trophic levels (Fig. 1).
3. Effects on Fish: Devastating Physiological and Reproductive Harm
Chronic heavy metal exposure causes widespread harm to fish physiology and reproduction in the following ways:
· Metals damage vital organs including the liver, kidneys, and gills, impairing metabolism, toxin filtering, and respiratory function (Bera et al. 2022; Abdel-Kader 2019).
· Heavy metals disrupt hormone production and balance, essential for reproduction. This leads to reduced gonad function and sterility, lowering reproductive success badly enough to threaten population sustainability (Bera et al. 2022; Naz et al. 2019).
· Life cycle disruption leads to population decline in many commercially and ecologically important fish species, diminishing food security and ecosystem resilience (Bhagarathi et al. 2024). 
4. Human Health Implications: A Hidden Crisis in Communities
	Humans ingest heavy metals by consuming contaminated fish and water, resulting in severe health risks (Table 2):
· Mercury (especially methylmercury): Can cause irreversible neurological damage, cognitive impairments, and developmental delays, especially in children and fetuses (Al-Saleh et al. 2020; Valkova et al. 2023).
· Lead: A powerful neurotoxin causing behavior problems, kidney damage, anemia, and lowered IQ in children (Al-Saleh et al. 2020; Nordberg et al. 2022).
· Cadmium: A carcinogen damaging kidneys and bones, increasing risk of cancer and bone diseases (Al-Saleh et al. 2020).
Cumulative exposure also weakens immune systems and causes debilitating chronic fatigue, further eroding quality of life in vulnerable communities (Batulan et al. 2024).
	Government bodies such as the Central Pollution Control Board must strengthen and enforce regulations for industrial effluent discharge, particularly following laws like the Hazardous and Other Wastes (Management and Transboundary Movement) Rules, 2016. Frequent monitoring and strict penalties for violators are essential (CII Standards Information Portal,2023) (Table 3). The important interventions required in this regard may be in the following ways:
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Fig. 1: Mechanism of Bioaccumulation and Biomagnification in River Fish
5. Mitigation
5.1 Modernize Sewage and Industrial Waste Treatment
	Investment in advanced, affordable wastewater treatment infrastructure is critical. Innovative technologies such as biopolymer-based fibrous membranes developed by research institutes like IIT Mandi show promise in filtering heavy metals before they enter rivers (Khademolqorani et al. 2025).
5.2 Promote Cleaner Industrial and Agricultural Practices
	Encouraging industries to adopt cleaner processes and promoting organic or low-metal-content fertilizers and pesticides reduce new metal inputs into ecosystems (Singh et al. 2025b; Bhattacharyya 2023).
5.3 Expand Public Awareness and Community Involvement
	Nationwide campaigns such as “Swachh Gaon, Shudh Jal” should be scaled up to educate citizens on pollution sources and health impacts. Empowering local stakeholders to monitor pollution and advocate for clean rivers is crucial (Ministry of Jal Shakti 2024).
6. Conclusion 



	The accumulation of heavy metals in fish represents a silent yet urgent environmental and public health crisis in India. Industrial discharge, untreated sewage, and intensive agriculture continue to contaminate rivers, disrupting biodiversity and threatening millions through consumption of polluted fish. Protecting these rivers the nation’s lifeblood requires strict enforcement of pollution control, improved wastewater treatment, cleaner industrial practices, and active community participation. Future research should focus on long-term monitoring of heavy metal accumulation across trophic levels (Aggarwal et al. 2025) and molecular studies revealing genotoxic and reproductive effects in fish (Bera et al. 2022; Naz et al. 2023). Considering climate change, studies must also assess how altered rainfall and rising temperatures influence metal mobility and toxicity (Bhagarathi et al. 2024). Promising solutions such as nanotechnology, microbial bioremediation, and engineered wetlands merit further evaluation under Indian conditions (Alsafran et al. 2023). Moreover, integrated health risk assessments should account for cumulative metal effects and region-specific dietary patterns (Ray and Vashishth 2024). Strengthening research, regulation, and community stewardship remains vital to safeguard India’s rivers for ecological stability and human well-being. 



Table 1: Heavy Metal Contamination (mg/kg) and their Health/Ecosystem Impact in Selected Indian Rivers
	Sr. no.
	River
	Key Metals Detected
	Contamination Sources
	Method of Analysis/study
	Seasonal Trends
	Health/Ecosystem Impact
	Reference

	1.
	Cauvery
	Hg, Cd, As, Pb, Cr, Ni, Se, Cu, Zn, and Fe
	Industries: dyeing, tanneries, steel factories, and cement factories
	Atomic Absorption Spectrophotometer (AAS)
	Monsoon and post-monsoon
	Aquatic toxicity; risk to nearby communities
	Myvizhi and  Devi (2020)

	2.
	Gomti
	As, Pb, Cd, Cr, Hg, Ni, Mn and Fe
	Sewage, Industrial effluent
	Atomic Absorption Spectrophotometer (AAS)
	Year-round; highest downstream
	Elevated carcinogenic and non-carcinogenic risks
	Khan et al. (2021); Kumar et al. (2023b)

	3.
	Ganga
	Cr, Cd, Zn, Fe, Mn, and Pb
	Tanneries, industrial hubs
	Atomic Absorption Spectrophotometer (AAS)
	Highest in post-monsoon season and winter
	Biodiversity loss, human health risks
	Paul (2017); Prasad et al. (2020)

	4.
	Yamuna
	Pb, Cr, Zn, Ni, and Hg
	Urban sewage, industrial effluent 
	Atomic Absorption Spectrophotometer (AAS)
	Higher in dry months
	Neurotoxicity, compromised aquatic life
	Kumar et al. (2023a); Kumar et al. (2024); Naresh et al. (2021)

	5.
	Brahmaputra
	Pb, Cd, Cr, Hg, Ni, Zn
	Mining, industrial waste
	Atomic Absorption Spectrophotometer (AAS)
	Peak pollution during monsoon
	Fish mortality, sediment contamination
	Shorna et al (2021); Baruah et al. (2024)

	6.
	Godavari
	Pb, Cd, Zn, Cr, Hg
	Industrial zones, agriculture
	Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)
	Post-monsoon surge
	Aquatic ecosystem disturbance, human health risks
	Samanta et al. (2021); Hussain et al. (2017)

	7.
	Narmada
	Fe, Al, Mn, Cr, Cu, Ni, Zn, Pb and Cd
	Mining, construction waste
	Inductively Coupled Plasma–Mass Spectrometry (ICP-MS)
	Dry season higher levels
	Reduced fish population, bioaccumulation
	Gupta et al. (2025)

	8.
	Krishna
	Pb, Cd, Cr, Hg, Ni
	Agricultural runoff, industrial effluents
	Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	Monsoon spikes
	Ecosystem degradation, human toxicity
	Laxmi et al. (2025)

	9.
	Tungabhadra
	Pb, Cd, Cr, Ni
	Mining, fertilizer runoff
	Atomic Absorption Spectrometry (AAS)
	Greater in rainy season
	Sediment contami-nation, fish repro-duction affected
	Bhat et al. (2023)

	10.
	Sabarmati
	Pb, Cd, Zn, Cr, Hg
	Urban sewage, industry
	Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	Elevated post-monsoon
	Urban health hazard, riverbed sediment pollution
	Talsania and Mankad (2022)



Table 2: Health Impacts of consuming fish accumulated with heavy metals
	Sr. No.
	Heavy Metal
	Major Health Risks
	Vulnerable Groups
	Source Examples
	WHO Permissible Limit (mg/kg)
	References

	1
	Mercury (Hg)
	Neurotoxicity, developmental delays, kidney damage, cognitive impairments
	Pregnant women, children
	Industrial discharge, atmospheric deposition, fish contamination
	0.5
	Jaishankar et al. (2014); Gupta et al. (2024b); Saeed et al. (2025); WHO (2018)

	2
	Lead (Pb)
	Nervous system damage, cognitive deficits, anemia, kidney damage
	Children, adults
	Industrial effluents, old plumbing, soil contamination
	0.5
	Paul (2017); Gupta et al. (2024a); WHO (2018)

	3
	Cadmium (Cd)
	Kidney dysfunction, bone demineralization, carcinogenic effects
	General population
	Agricultural runoff, sewage, batteries, mining operations
	0.05
	Satarug et al. (2017); Gupta et al. (2024a); WHO (2018)

	4
	Arsenic (As)
	Skin lesions, cancer, cardiovascular diseases, diabetes
	General population
	Mining waste, pesticides, industrial waste
	1.0
	Poonia et al. (2021); WHO (2018)

	5
	Chromium (Cr, especially Cr VI)
	DNA damage, lung cancer, kidney/liver damage
	Industrial workers, river communities
	Tanneries, smelters, industrial discharge
	0.5
	Paul (2017); WHO (2018)

	6
	Nickel (Ni)
	Respiratory issues, skin dermatitis, potential carcinogen
	Industrial workers
	Industrial emissions, mining effluents
	0.5
	Budi et al. (2024); Gupta et al. (2024a); WHO (2018)

	7
	Zinc (Zn)
	Essential trace element; excess causes cramps, anemia
	General population
	Industrial waste, mining runoff
	30.0
	U.S. EPA (2017); WHO (2018)

	8
	Copper (Cu)
	Gastrointestinal distress, liver and kidney damage
	General population
	Industrial effluents, agricultural runoff
	30.0
	Paul (2017); Gupta et al. (2024a); WHO (2018)

	9
	Iron (Fe)
	Overload can cause liver and heart damage
	General population
	Natural deposits, industrial waste
	100.0
	WHO (2018); Gupta et al. (2024a)

	10
	Selenium (Se)
	Thyroid dysfunction, hair loss, neurological symptoms
	General population
	Natural and industrial contamination
	0.3
	Paul (2017); WHO (2018)



Table 3: Pollution Control Technologies for Heavy Metal Removal from aquatic systems of India
	Sr. no.
	Technology
	Description
	Advantages
	Limitations
	Examples in India

	1.
	Biopolymer-based Fibrous Membranes
	Membranes coated with biopolymers to adsorb metals
	High efficiency, selective removal
	Cost, scaling challenges
	IIT Mandi research pilot plants 

	2.
	Chemical Precipitation
	Adding chemicals to form insoluble metal compounds
	Proven technology, scalable
	Generates sludge
	Used in industrial effluent treatment plants

	3.
	Adsorption (Activated Carbon)
	Metals adsorbed onto porous carbon
	Effective for low concentrations
	Carbon regeneration costs
	Municipal sewage treatment

	4.
	Phytoremediation
	Using plants to accumulate metals
	Eco-friendly, low cost
	Slow process, site-specific
	Wetlands restoration projects



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. 

References
1. Abdel-Kader, H., & Mourad, M. H. (2019). Bioaccumulation of heavy metals and physiological/histological changes in gonads of catfish (Clarias gariepinus) inhabiting Lake Maryout, Alexandria, Egypt. Egyptian Journal of Aquatic Biology and Fisheries, 23(2), 363–377. https://doi.org/10.21608/ejabf.2019.32036 
2. Afshan, S., Ali, S., Bharwana, S. A., Rizwan, M., Farid, M., Abbas, F., … & Abbasi, G. H. (2015). Citric acid enhances the phytoextraction of chromium, plant growth, and photosynthesis by alleviating oxidative damage in Brassica napus L. Environmental Science and Pollution Research, 22(15), 11679–11689. https://doi.org/10.1007/s11356-015-4685-5 
3. Aggarwal, M., Anbukumar, S., & Vijaya Kumar, T. (2025). Assessment and insights into heavy metal contamination in sediments of the Ganga River, India: Sources, trends and ecological implications. Soil and Sediment Contamination: An International Journal. Advance online publication. https://doi.org/10.1080/15320383.2025.2553105 
4. Akhtar, N., Ishak, M. I. S., Bhawani, S. A., & Umar, K. (2021). Various natural and anthropogenic factors responsible for water quality degradation: A review. Water, 13(19), 2660. https://doi.org/10.3390/w13192660 
5. Alao J.O. (2024) The Factors Influencing the Landfill Leachate Plume Contaminants in Soils, Surface and Groundwater and Associated Health Risks: A Geophysical and Geochemical View. Public Health and Environment. 2024, 1(1), 20–43. https://doi.org/10.70737/7ejde223 
6. Alao, J. O. (2023). Impacts of open dumpsite leachates on soil and groundwater quality. Groundwater for Sustainable Development 20, 100877: https://doi.org/10.1016/j.gsd.2022.100877
7. Alao, J. O. (2025). Understanding the Interactions between Uncaptured Landfill Plume Contaminants, Soil, Groundwater Resources, Public Health Systems, and their Implications. Environmental Pollution, 127190. https://doi.org/10.1016/j.envpol.2025.127190
8. Ali, H., & Khan, E. (2019). Trophic transfer, bioaccumulation, and biomagnification of non-essential hazardous heavy metals and metalloids in food chains/webs: Concepts and implications for wildlife and human health. Human and Ecological Risk Assessment: An International Journal, 25(6), 1353–1376. https://doi.org/10.1080/10807039.2018.1469398 
9. Alsafran, M., Saleem, M. H., Al Jabri, H., Rizwan, M., & Usman, K. (2023). Principles and applicability of integrated remediation strategies for heavy metal removal/recovery from contaminated environments. Journal of Plant Growth Regulation, 42(6), 3419–3440. https://doi.org/10.1007/s00344-022-10823-5 
10. Al-Saleh, I., Moncari, L., Jomaa, A., Elkhatib, R., Al-Rouqi, R., Eltabache, C., … & Aldhalaan, H. (2020). Effects of early and recent mercury and lead exposure on the neurodevelopment of children with elevated mercury and/or developmental delays during lactation: A follow-up study. International Journal of Hygiene and Environmental Health, 230, 113629. https://doi.org/10.1016/j.ijheh.2020.113629 
11. Authman, M. M., Zaki, M. S., Khallaf, E. A., & Abbas, H. H. (2015). Use of fish as bio-indicators of the effects of heavy metals pollution. Journal of Aquaculture Research and Development, 6(4), 1–13. https://doi.org/10.4172/2155-9546.1000328 
12. Ayach, J., El Malti, W., Duma, L., Lalevée, J., Al Ajami, M., Hamad, H., & Hijazi, A. (2024). Comparing conventional and advanced approaches for heavy metal removal in wastewater treatment: An in-depth review emphasizing filter-based strategies. Polymers, 16(14), 1959. https://doi.org/10.3390/polym16141959 
13. Ballotin, L. V., Destro, A. L. F., de Lima Ribeiro, C. D., Sarandy, M. M., Novaes, R. D., Sartori, S. S. R., & Gonçalves, R. V. (2024). Hepatic and gill effects of heavy metals in cichlid fishes: A systematic review based on in situ studies. Environmental Science and Pollution Research, 31(12), 18945–18962. https://doi.org/10.1007/s11356-024-29751-8 
14. Baruah, D., & Baruah, P. P. (2024). Evaluation of water quality through water quality index at Sorbhog Beel, a critical ecotone along the Indo-Bhutan boundary. Water, Air, and Soil Pollution, 235(8), 525. https://doi.org/10.1007/s11270-024-06656-7 
15. Batulan, Z., Bhimla, A., Higginbotham, E. J., & National Academies of Sciences, Engineering, and Medicine. (2024). Chronic conditions that predominantly impact or affect women differently. In Advancing research on chronic conditions in women. National Academies Press (US). https://doi.org/10.17226/27368 
16. Behera, J. K., Jena, A. K., Bhattacharya, M., & Behera, B. (2024). India’s current situation with regard to the effects of water pollution on agricultural productivity and public health. In Soil, water pollution and mitigation strategies: A spatial approach (pp. 431–464). Springer Nature Switzerland. https://doi.org/10.1007/978-3-031-49397-9_20 
17. Bera, T., Kumar, S. V., Devi, M. S., Kumar, V., Behera, B. K., & Das, B. K. (2022). Effect of heavy metals in fish reproduction: A review. Journal of Environmental Biology, 43(5), 631–642. https://doi.org/10.22438/jeb/43/5/MRN-1994 
18. Bhagarathi, L. K., DaSilva, P. N., Maharaj, G., Balkarran, R., Baksh, A., Kalika-Singh, S., … & Cossiah, C. (2024). The impact of climate change on the reproductive biology and population dynamics of fishes: Implications for fisheries and food security. International Journal of Biological and Pharmaceutical Sciences Archive, 8(1), 13–34. https://doi.org/10.30574/ijbpsa.2024.8.1.0031 
19. Bhat, N. A., Ghosh, P., Ahmed, W., Naaz, F., & Darshinee, A. P. (2023). Heavy metal contamination in soils and stream water in Tungabhadra Basin, Karnataka: Environmental and health risk assessment. International Journal of Environmental Science and Technology, 20(3), 3071–3084. https://doi.org/10.1007/s13762-022-04458-7 
20. Bhattacharya, R., Bhattacharya, R., Majeed, M., Bhandari, S., Aziz, R., Sinha, D., … & Niyogi, S. S. (2023). Environmental rehabilitation of industrial waste dumping sites. In Biohydrometallurgical processes (pp. 44–89). CRC Press. https://doi.org/10.1201/9781003365807-3 
21. Budi, H. S., Catalan Opulencia, M. J., Afra, A., Abdelbasset, W. K., Abdullaev, D., Majdi, A., … & Mohammadi, M. J. (2024). Source, toxicity, and carcinogenic health risk assessment of heavy metals. Reviews on Environmental Health, 39(1), 77–90. https://doi.org/10.1515/reveh-2023-0084 
22. Central Pollution Control Board (CPCB). (2024). Annual report on water quality monitoring of Indian rivers. Government of India, New Delhi. https://cpcb.nic.in 
23. Chakraborti, D., Singh, S. K., Rahman, M. M., Dutta, R. N., Mukherjee, S. C., Pati, S., & Kar, P. B. (2018). Groundwater arsenic contamination in the Ganga River Basin: A future health danger. International Journal of Environmental Research and Public Health, 15(2), 180. https://doi.org/10.3390/ijerph15020180 
24. Chinmalli, R., & Vijaykumar, K. (2022). Assessment of heavy metal pollution associated with surface sediment contamination in the Bhima River, Karnataka, India. Current World Environment, 17(2), 456–466. https://doi.org/10.12944/CWE.17.2.17 
25. Confederation of Indian Industry (CII). (2023). Hazardous and other wastes (management and transboundary movement) rules, 2016. CII Standards Information Portal. https://www.cii.in 
26. Das, S., Verma, A., Sharma, S. K., & Verma, N. (2025). Biogeochemical characterization of water resources in the Indian Himalayan regions. In Water resources management in mountain regions (pp. 161–180). Springer Nature Switzerland. https://doi.org/10.1007/978-3-031-51879-5_9 
27. Emon, J. F., Rohani, M. F., Sumaiya, N., Tuj Jannat, M. F., Akter, Y., Shahjahan, M., … & Goh, K. W. (2023). Bioaccumulation and bioremediation of heavy metals in fishes: A review. Toxics, 11(6), 510. https://doi.org/10.3390/toxics11060510 
28. Gupta, D., Shukla, R., & Kumar Mishra, V. (2025). Heavy metal distribution, fractionation, metal pollution, and environmental risk assessment in surface sediment of Narmada River, India. International Journal of Environmental Analytical Chemistry, 105(8), 1881–1902. https://doi.org/10.1080/03067319.2024.2447517 
29. Gupta, D., Shukla, R., Srivastava, P. K., & Mishra, V. K. (2024a). Assessment of heavy metal pollution level, ecological and human health risks in surface water of Narmada River, India. Sustainable Water Resources Management, 10(4), 154. https://doi.org/10.1007/s40899-024-01015-3 
30. Gupta, S. (2023). Sustainable and innovative nanocomposites and hybrid nanomaterials for water or industrial fluids treatment (Doctoral dissertation, Université de Pau et des Pays de l'Adour). HAL Open Science. https://theses.hal.science/tel-04231657 
31. Gupta, S., & Yadav, U. (2024b). Biomagnification of mercury in aquatic ecosystems and effect on human beings. Journal of Pharmaceutical and Biological Sciences, 12(1), 8–18. https://doi.org/10.22270/jpbs.v12i1.796 
32. Hammer, D. A., & Bastian, R. K. (2020). Wetlands ecosystems: Natural water purifiers? In Constructed wetlands for wastewater treatment (pp. 5–19). CRC Press. https://doi.org/10.1201/9781003043446-2 
33. Hussain, J., Husain, I., Arif, M., & Gupta, N. (2017). Studies on heavy metal contamination in Godavari River basin. Applied Water Science, 7(8), 4539–4548. https://doi.org/10.1007/s13201-017-0588-4 
34. Jagaba, A. H., Lawal, I. M., Birniwa, A. H., Affam, A. C., Usman, A. K., Soja, U. B., Saleh, D., Hussaini, A., Noor, A., & Yaro, N. S. A. (2024). Sources of water contamination by heavy metals. In Membrane technologies for heavy metal removal from water (pp. 3–27). CRC Press. https://doi.org/10.1201/9781003281879-2 
35. 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. https://doi.org/10.2478/intox-2014-0009 
36. Jezierska, B., & Witeska, M. (2006). The metal uptake and accumulation in fish living in polluted waters. In Soil and water pollution monitoring, protection and remediation (pp. 107–114). Dordrecht, Netherlands: Springer.
37. Khademolqorani, S., Shah, K. J., Dilamian, M., Osman, A. I., Altiok, E., Azizi, S., … & Banitaba, S. N. (2025). Innovative integration of layered carbon materials in biopolymer fibrous membranes for sustainable water treatment. Advanced Sustainable Systems, 9(1), 2500035. https://doi.org/10.1002/adsu.202500035 
38. Khan, R., Saxena, A., Shukla, S., Sekar, S., Senapathi, V., & Wu, J. (2021). Environmental contamination by heavy metals and associated human health risk assessment: A case study of surface water in Gomti River Basin, India. Environmental Science and Pollution Research, 28(40), 56105–56116. https://doi.org/10.1007/s11356-021-14923-3 
39. Kumar, A., Saxena, P., & Kisku, G. C. (2023b). Heavy metal contamination of surface water and bed-sediment quality for ecological risk assessment of Gomti River, India. Stochastic Environmental Research and Risk Assessment, 37(8), 3243–3260. https://doi.org/10.1007/s00477-023-02448-8 
40. Kumar, S., Bhateria, R., & Arya, S. (2023a). Assessing the environmental impact of heavy metal contamination in water, sediments, and aquatic vegetation of River Yamuna in Delhi. Indian Journal of Science and Technology, 16(44), 4090–4097. https://doi.org/10.17485/IJST/v16i44.2764 
41. Kumar, S., Saxena, A., Srivastava, R. K., Singh, S. B., Ram, R. N., Ganie, P. A., … & Pandey, N. (2024). Composition of heavy metals in sediment, water, and fish of the Ganga and Yamuna Rivers in two major cities of India. Environmental Monitoring and Assessment, 196(7), 612. https://doi.org/10.1007/s10661-024-13475-4
42. Lavkush, Sharma, A., Upadhayay, V. K., & Ghorai, T. (2024). Effect of microplastics pollution in riverine ecosystem: A review. Emergent Life Sciences Research, 10(2): 15-31: http://dx.doi.org/10.31783/ELSR.2024.1021531 
43. Laxmi, R., Singh, R., Kumar, A., Chander, S., Haldhar, R., & Almujibah, H. (2025). Temporal variations in heavy metal concentrations in the Krishna River: A comprehensive seasonal assessment. International Journal of Environmental Science and Technology, 22(3), 2415–2430. https://doi.org/10.1007/s13762-024-05479-3 
44. Ministry of Jal Shakti. (2024). Swachh Gaon, Shudh Jal Behtar Kal campaign. Government of India. https://jalshakti-dowr.gov.in 
45. Myvizhi, P., & Devi, P. A. (2020). Heavy metal contamination in water of the River Cauvery: A case study of Erode, Salem, and Namakkal districts, Tamil Nadu. Journal of Himalayan Ecology and Sustainable Development, 15(1), 18–26. https://doi.org/10.5281/zenodo.5653487 
46. Naresh, R. K., Tyagi, S., Chandra, M. S., Shekar, B. C., Singh, P. K., Baliyan, A., … & Shalini, P. (2021). Impression of COVID-19 pandemic on food systems, natural environmental resources, and agriculture in India: A review. International Journal of Environment and Climate Change, 11(6), 120–131. https://doi.org/10.9734/IJECC/2021/v11i630429 
47. Naz, S., Chatha, A. M. M., Téllez-Isaías, G., Ullah, S., Ullah, Q., Khan, M. Z., … & Kari, Z. A. (2023). A comprehensive review on metallic trace elements toxicity in fishes and potential remedial measures. Water, 15(16), 3017. https://doi.org/10.3390/w15163017 
48. Nordberg, G. F., Nordberg, M., & Costa, M. (2022). Toxicology of metals: Overview, definitions, concepts, and trends. In Handbook on the toxicology of metals (5th ed., pp. 1–14). Academic Press. https://doi.org/10.1016/B978-0-12-822946-0.00001-4 
49. Patel, N., Padhi, M., Nayanam, S., Mondal, S., Priya, S., & Malik, S. (2024). Nanomaterials for the remediation of tannery waste and wastewater. In Development in wastewater treatment research and processes (pp. 203–217). Elsevier.
50. 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.2017.04.011 
51. Piwowarska, D., Kiedrzyńska, E., & Jaszczyszyn, K. (2024). A global perspective on the nature and fate of heavy metals polluting water ecosystems, and their impact and remediation. Critical Reviews in Environmental Science and Technology, 54(19), 1436–1458. https://doi.org/10.1080/10643389.2022.2162091 
52. Poonia, T., Singh, N., & Garg, M. C. (2021). Contamination of arsenic, chromium, and fluoride in the Indian groundwater: A review, meta-analysis, and cancer risk assessment. International Journal of Environmental Science and Technology, 18(9), 2891–2902. https://doi.org/10.1007/s13762-020-03002-1 
53. Prasad, S., Saluja, R., Joshi, V., & Garg, J. K. (2020). Heavy metal pollution in surface water of the Upper Ganga River, India: Human health risk assessment. Environmental Monitoring and Assessment, 192(11), 742. https://doi.org/10.1007/s10661-020-08658-6 
54. Ray, A., Bhandari, G., & Ansar, W. (2025). Heavy metals contamination in river water and sediments of Ganga and Hooghly in India. In Sustainable development goals (SDG) and its intersection with health and well-being (pp. 307–344). IGI Global. https://doi.org/10.4018/978-1-6684-8815-2.ch016 
55. Ray, S., & Vashishth, R. (2024). From water to plate: Reviewing the bioaccumulation of heavy metals in fish and unraveling human health risks in the food chain. Emerging Contaminants, 10(4), 100358. https://doi.org/10.1016/j.emcon.2024.100358 
56. Roy, A., Kumar, A., & Bhattacharya, T. (2023). Particulate matter in major cities of Jharkhand, India: Metal analysis, morphological characteristics, health implications, and eco-friendly remedies. Environmental Nanotechnology, Monitoring & Management, 20, 100897. https://doi.org/10.1016/j.enmm.2023.100897 
57. Saxena, R., Rao, D. P., Gautam, A. K., Gautam, M., Gupta, G. P., Kumar, S., ... & Gautam, Y. (2024). Correlation coefficient for physico-chemical parameters to assess the quality of tannery effluents at Kanpur. Letters in Applied Nano Bioscience 13(1), 47 https://doi.org/10.33263/LIANBS120.000
58. Vignati, D. A., Dominik, J., Beye, M. L., Pettine, M., & Ferrari, B. J. (2010). Chromium (VI) is more toxic than chromium (III) to freshwater algae: A paradigm to revise? Ecotoxicology and Environmental Safety, 73(5), 743–749. https://doi.org/10.1016/j.ecoenv.2010.08.001 
59. World Health Organization. (2023). Global health risks: Heavy metal contamination. Geneva, Switzerland: WHO. 
60. Saeed, M., & Eldweik, L. (2025). Toxic optic neuropathy from heavy metal exposure: A comprehensive review and case reports. AJO International, 2(1), Article 100107. https://doi.org/10.1016/j.ajoint.2024.100089 ScienceDirect+1
61. Samanta, S., Kumar, V., Nag, S. K., Saha, K., Sajina, A. M., Bhowmick, S., … Das, B. K. (2022). Assessment of heavy metal contaminations in water and sediment of River Godavari, India. Aquatic Ecosystem Health & Management, 24(4), 23–33. https://doi.org/10.14321/aehm.024.04.05 bioone.org+2scholarlypublishingcollective.org+2
62. Satarug, S., Vesey, D. A., & Gobe, G. C. (2017). Health risk assessment of dietary cadmium intake: Do current guidelines indicate how much is safe? Environmental Health Perspectives, 125(3), 284–288. https://doi.org/10.1289/EHP1590 
63. Sharma, A., Gupta, N. R., Hooda, N., & Sharma, R. (2025). The toxic legacy: Unraveling the human health burden of metal exposure. In Global perspectives of toxic metals in bio environs: Volume 1: Environmental impact, ecotoxicology, health concerns, and modelling (pp. 195–219). Cham, Switzerland: Springer Nature.
64. Shetty, B. R., Jagadeesha, P. B., & Salmataj, S. A. (2025). Heavy metal contamination and its impact on the food chain: Exposure, bioaccumulation, and risk assessment. CyTA – Journal of Food, 23(1), Article 2438726. https://doi.org/10.1080/19476337.2024.2438726 
65. Shorna, S., Shawkat, S., Hossain, A., Quraishi, S. B., Ullah, A. A., Hosen, M. M., … Habibullah-Al-Mamun, M. (2021). Accumulation of trace metals in indigenous fish species from the Old Brahmaputra River in Bangladesh and human health risk implications. Biological Trace Element Research, 199(9), 3478–3488. https://doi.org/10.1007/s12011-020-02491-0 
66. Singh, A., Pandey, J., Khare, R., & Khare, S. (2025a). Chromium contamination in the Ganga River near Kanpur: A comprehensive water quality assessment using experimental analysis and analytical methods in chemistry. Journal of Pharmaceutics and Pharmacology Research, 8(1), xx–xx. 
67. Singh, G. B., Sethi, A., Kumari, M., Panigrahi, P., Chaudhary, P., & Sharma, A. (2025b). Biorefining agro-industrial waste into green nanomaterials for sustainable agriculture. In Nano-microbiology for sustainable development (pp. 105–137). Cham, Switzerland: Springer Nature.
68. Singh, R. P. (Ed.). (2021). Asian atmospheric pollution: Sources, characteristics and impacts. Elsevier.
69. Sudhakar, A., & Singh, U. B. (2014). Effect of pollutants on the fishes of Ganga and Sai River of Raebareli District in Uttar Pradesh in India. International Journal of Applied and Veterinary Sciences, 2(11), 
70. Talsania, P., & Mankad, A. (2022). Assessment of heavy metals in Sabarmati River: A case study before and during the lockdown. Vidya: A Journal of Gujarat University, 1(2), 15–20. 
71. United States Environmental Protection Agency. (2017). Technical fact sheet – Zinc. https://www.epa.gov/sites/default/files/2017-03/documents/ffrrofactsheet contaminant_zinc january2017 final_508_0.pdf
72. Valkova, E., Atanasov, V., Vlaykova, T., Tacheva, T., Zhelyazkova, Y., Dimov, D., & Yakimov, K. (2023). The serum levels of the heavy metals Cu, Zn, Cd, and Pb and progression of COPD: A preliminary study. International Journal of Environmental Research and Public Health, 20(2), 1427. https://doi.org/10.3390/ijerph20021427 
73. Verma, S. K., Singh, D., Singh, V., & Dhiman, V. K. (2025). Nanomaterials for soil remediation, water treatment, and agriculture. Sustainable and Green Materials, Article 2525414. 
74. World Health Organization. (2018). Guidelines for drinking-water quality (4th ed., incorporating the 1st and 2nd addenda). https://www.who.int/publications/i/item/9789241549950


image1.png
g 7
§
N
o &
Carcinogenic and non-
carcinogenic effects on human

Bioaccumulation and biomagnification

SSaIs ATEPIXO

Poor quality fish Cell damage and genotoxicity

uononpoid §OY Ul duB[RqUI]





