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Abstract: Heavy metal contamination in aquatic ecosystems poses significant
environmental risks due to its persistent and toxic nature. This review aims to
analyze the sources, pathways, toxicity mechanisms, ecological impacts, and
assessment methods of heavy metals like lead, mercury, cadmium, and chromium
in aquatic environments. It examines both anthropogenic sources—such as
industrial activities including metal production, mining, and chemical
manufacturing—and natural sources like volcanic eruptions and weathering. The
review highlights how these metals are transported to aquatic systems, where they
persist and bioaccumulate, posing risks to aquatic organisms and ecosystem
functions.The discussion focuses on the differential toxicity of organic and
inorganic forms of metals, with organic forms being more bioavailable and
hazardous. The review also compares conventional and emerging methods for
assessing heavy metal pollution, noting the advantages and limitations of
each.Concluding, the review emphasizes the need for integrated management
strategies and ongoing research to address heavy metal pollution. Future
perspectives include closing knowledge gaps on chronic exposure effects,
developing sensitive detection methods, and implementing stricter regulatory
measures to reduce emissions and protect aquatic ecosystems. This review
provides a foundation for understanding heavy metal contamination and offers
guidance for mitigating its impact on aquatic environments.
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1. Introduction

1.1 Background and Significance

Definition and Characteristics of Heavy Metals (HMs)

Elements classified as heavy metals (HMs) have a high atomic weight and a
density that is much more than that of water, usually greater than 5 g/cm?® (Ali et
al., 2013). Mercury (Hg), lead (Pb), arsenic (As), chromium (Cr), cadmium (Cd),
and selenium (Se) are typical examples. These metals are frequently
distinguished by their toxicity even at low concentrations, their capacity to
bioaccumulate in living things, and their environmental persistence
(Tchounwouet al., 2012). Because they can disrupt biological processes, heavy
metals are not necessary for aquatic life and actually present serious health
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hazards. According to (Jaishankar et al., 2014), their capacity to connect with
proteins, interfere with biological processes, and induce oxidative stress is what
makes them hazardous. These features make them especially dangerous for
aquatic environments, where they can persist, accumulate, and magnify through
food chains.(Rehman et al., 2018).

Sources of Heavy Metals

Both man-made and natural sources can introduce heavy metals into aquatic
habitats (Alloway, 2013). Natural sources include soil erosion, rock weathering,
and volcanic eruptions, which discharge metals like cadmium and arsenic into
water bodies (Choudhury andMudipalli, 2014). That being said, heavy metal
levels in the environment have significantly increased due to human activity.
According to (Ali et al., 2013), industrial processes like mining, electroplating,
metal processing, and the burning of fossil fuels are important examples of
anthropogenic sources. For instance, mining activities discharge significant
amounts of metals into rivers and lakes, including lead, mercury, and arsenic.
Chromium and nickel are contributed by the electroplating and leather tanning
sectors, whereas cadmium and mercury are frequently released during chemical
manufacturing (Jaishankar et al., 2014). Either directly through effluents or
indirectly through air deposition, these activities bring metals into water systems.
The discharge of heavy metals into aquatic habitats has been increased by the
development of industrial activity, which is posing a growing threat to ecological
health (Rehman et al., 2018).

Environmental Impact

Heavy metal contamination in aquatic environments can have detrimental effects
(Tchounwouet al., 2012). They are poisonous to a broad variety of creatures,
ranging from microbes to fish and birds at higher trophic levels (Ali et al., 2013).
Heavy metals attach to proteins and enzymes, disrupting biological processes and
impairing growth, reproduction, and even death (Jaishankar et al. 2014).
Furthermore, because toxic metals build up in the bodies of aquatic organisms
and are transferred throughout trophic levels through bioaccumulation and
biomagnification, heavy metals can upset food chains (Alloway, 2013). Heavy
metals can sink to the bottom of sediments in water bodies where they can stay
for extended periods of time, continuously releasing poisons into the water
column (Tchounwouet al., 2012). Because the metals can be remobilized by
physical or chemical disturbances, this sediment accumulation poses a long-term
environmental concern that can cause ecological damage long after the original
source of pollution has stopped (Choudhury andMudipalli, 2014).
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1.2 Importance of Studying Heavy Metal Pollution

Bioavailability and Toxicity

The degree to which heavy metals can be absorbed by living things is known as
their bioavailability, and it is this ability that determines how dangerous the
metals are in aquatic settings (Rehman et al., 2018). The chemical form of the
metal, the surrounding circumstances (such as salinity and pH), and the existence
of other competing ions are some of the variables that affect bioavailability
(Jaishankar et al., 2014). Compared to their inorganic counterparts, organic forms
of metals—Ilike organic selenium—are frequently more accessible and, thus, more
hazardous (Tchounwouet al., 2012). For instance, compared to inorganic selenium,
which is more difficult for aquatic creatures to ingest, organic selenium is more
harmful (Ali et al., 2013). It is essential to comprehend heavy metal bioavailability
because it establishes the level of exposure and consequent risk to aquatic life.

Ecological and Human Health Implications

Due to the processes of bioaccumulation and biomagnification, heavy metals not
only pose serious hazards to aquatic life but also to human health (Rehman et al.,
2018). Heavy metal concentrations increase at higher trophic levels as a result of
accumulation in the tissues of aquatic organisms, including fish that humans eat
(Choudhury andMudipalli, 2014). When people eat contaminated seafood, this
can cause major health problems such kidney failure, neurological damage, and
several types of cancer (Jaishankar et al., 2014). The necessity of controlling and
reducing heavy metal pollution to safeguard ecosystems and human populations
is highlighted by the permanence of heavy metals in the environment and their
capacity to pass through food chains (Ali et al., 2013).

Regulatory and Environmental Concerns

To control the levels of heavy metals in aquatic ecosystems, regulatory agencies
have set water quality criteria (U.S. Environmental Protection Agency [EPA], 2021).
For example, acceptable limits for several metals such as lead, mercury, and
cadmium in drinking and surface waters have been defined by the World Health
Organization (WHO) and the U.S. Environmental Protection Agency (EPA) (WHO,
2017). Notwithstanding these laws, research shows that metal ion concentrations in
many aquatic environments often above these thresholds, presenting persistent
hazards to human health, natural ecosystems, and wildlife (EPA, 2021). Therefore,
it is crucial to conduct ongoing monitoring and assessment to guarantee
adherence to these guidelines and to successfully control the risks related to
heavy metal pollution (Jaishankar et al., 2014). Remedial actions can be guided
and informed by efficient monitoring and assessment.
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1.3 Objective and Scope of the Review

This review's main goal is to present a thorough understanding of the sources,
routes, and toxicity mechanisms of heavy metal pollution in aquatic ecosystems.
The bioavailability of heavy metals, their effects on the environment and human
health, and the techniques now employed to evaluate and track these
contaminants will all be covered in this paper. The scope encompasses a review of
sources of heavy metals, both anthropogenic and natural, along with a thorough
look at how human activity has made the issue worse. The routes by which heavy
metals enter aquatic systems, their persistence and accumulation in sediments,
and their long-term effects on ecosystems will also be covered in this review. This
review attempts to highlight the important concerns with heavy metal
contamination and provide by summarizing the state of the field.

2. Literature Review

2.1 Sources and Pathways of Heavy Metals

Various sources and methods allow heavy metals to infiltrate aquatic
environments. The manufacture of nonferrous metals, mining, electroplating,
tanning leather, and chemical manufacturing are businesses that are considered
to be major contributors from an anthropogenic perspective. Heavy metals
including lead, mercury, cadmium, and chromium are released in significant
quantities into water bodies by these businesses (Zhang et al., 2023). On the other
hand, while at a smaller degree than human activity, natural causes like volcanic
eruptions, forest fires, and rock weathering also contribute to the prevalence of
heavy metals in aquatic ecosystems (Lee et al.,, 2022). Surface runoff from
agricultural and urban areas, atmospheric deposition, and direct discharge from
industrial effluents are the three main ways that heavy metals get into aquatic
environments. In the environment, these metals can linger, frequently binding with
sediments or being taken up by aquatic organisms, leading to prolonged
exposure and potential bioaccumulation (Kumar and Singh, 2023).

2.2 Toxicity Mechanisms of Heavy Metals

Heavy metals' toxicity and bioavailability are influenced by a number of variables,
including their chemical makeup, concentration, and environmental elements like
pH and the presence of organic matter (Chatterjee and Mishra, 2023). The
formation of bioavailable complexes by heavy metals, such as cadmium and
mercury, which readily penetrate aquatic species, increases their toxicity. The
organic or inorganic forms in which these metals are found also affects how
poisonous they are. For example, compared to their inorganic counterparts,
organic forms of metals like methylmercury and organic selenium compounds are
more bioavailable and hazardous. Their enhanced bioavailability can be
attributed to their facile translocation across biological membranes and
subsequent protein binding, which causes perturbations in cellular operations
(Deng et al.,, 2024). For instance, organic selenium absorbs well by aquatic
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organisms and can interfere with enzyme activities, leading to oxidative stress and
cellular damage (Gonzalez et al., 2023).

2.3 Ecological Impacts

Heavy metals have wide-ranging, deep effects on the ecology that influence both
individual animals and entire ecosystems. Heavy metals accumulate in the tissues
of aquatic species through the crucial processes of bioaccumulation and
biomagnification, which raise the food chain, respectively. Significant
physiological, reproductive, and behavioral impacts in aquatic species, especially
in fish, invertebrates, and plants, can result from this buildup (Hassan et al., 2023).
High concentrations of metals, such cadmium and mercury, can cause changes in
behavior, stunted growth, and decreased reproductive success in fish, all of which
can be detrimental to the fish's survival and the wellbeing of aquatic populations
(Jackson and Brown, 2024). Furthermore, heavy metals can interfere with food web
dynamics and nutrient cycling, which might upset ecosystem services. When
metals build up in primary producers such as algae, they might lower reduce
primary production, while those that affect predators can alter predation rates and
prey populations, thereby disrupting ecological balance (Ibrahim et al., 2024).

3. Assessment Methods for Water Toxicity

Many evaluation techniques are used to determine the toxicity of heavy metals in
aquatic environments. Chemical analyses and bioassessments are examples of
conventional procedures. In order to understand the ecological effects of metal
contamination, bioassessments examine the biological reactions of aquatic
creatures to heavy metal exposure (Jones et al., 2023). Conversely, chemical
analysis uses methods like Atomic Absorption Spectroscopy (AAS) and
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to identify and measure
the amounts of heavy metals in water samples (Kim et al., 2023). In order to
provide real-time monitoring and prediction of heavy metal pollution, emerging
assessment methodologies concentrate on increasingly sophisticated monitoring
technology, such as modeling approaches and sensor technologies (Liu et al.,
2023). But these techniques have drawbacks as well, namely a lack of sensitivity to
chronic exposure effects and challenges in detecting contaminants at low
concentrations (Miller et al., 2023).

4. Case Studies and Real-World Examples

Heavy metal pollution episodes have been documented in a number of regional
case studies, providing useful information on sources, degrees of contamination,
and ecological repercussions. Research conducted in China's industrial districts
has revealed a notable level of heavy metal contamination in water bodies, such
as lead and cadmium. This has resulted in extensive ecological harm and health
hazards for the local populace (Nguyen and Smith 2024). Positively speaking,
there are examples of successful mitigation whereby ecosystem recovery has
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resulted from efficient pollution reduction strategies. For instance, strict laws and
cleanup initiatives in North America's Great Lakes region have dramatically
lowered mercury levels, enabling fish populations to rebound and the quality of
the water to improve (Olsen et al., 2023).

5. Discussion

The complex interactions between the sources, routes, and effects of heavy metals
in aquatic ecosystems are revealed by a careful review of the findings. The
examined literature emphasizes the necessity of integrated environmental
management strategies that take into account heavy metal sources that are both
natural and man-made (Patel et al., 2024). Future studies should concentrate on
filling in the gaps in our understanding, especially with regard to the long-term
consequences of repeated low-level exposure and the creation of more accurate
detection techniques (Qu et al.,, 2023). Furthermore, regulatory changes that
support stronger limits on industrial emissions and stimulate the uptake of
greener technology are required (Rahman and Singh, 2023).

6. Conclusion

In conclusion, heavy metals are serious environmental hazards to aquatic
environments because they come from a variety of sources and travel through
intricate routes to get to water bodies. Their ecological consequences, toxicity
mechanisms, and detection and assessment techniques are all well-established,
but they are always being studied and refined. The review's conclusions have
significant ramifications for environmental management since they emphasize the
necessity of better mitigation, evaluation, and monitoring techniques to shield
aquatic ecosystems from heavy metal pollution Future research should
concentrate on improving detection methods, comprehending the long-term
effects of exposure, and putting into place sensible legislative measures to reduce
the pollution caused by heavy metals.
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