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ABSTRACT

Despite its nutritional and industrial significance, selenium (Se) is considered a pollutant in aquatic environments owing to its
toxicity at elevated concentrations, which potentially cause environmental degradation and adverse health effects in humans and
local biota. We conducted a structured review of studies published between 2015 and 2024 to identify Se sources, contamination
levels, and co-occurring inorganic pollutants in surface water and groundwater impacted with Se pollution. We found that
anthropogenic activities, particularly mining, are the predominant sources of Se pollution, accounting for over 71% of all
cases. Industrial and agricultural activities also contribute to a lesser extent. Geogenic processes, including mineral oxidation,
weathering, and seawater intrusion, also cause excessive Se accumulation predominantly in groundwater. In most freshwater
sources, Se concentrations range from 100 to 1000 ug/L (n = 59 of 116 water bodies); however, values from anthropogenic sources
can be significantly higher, reaching up to 7640 pg/L. Se pollution is frequently associated with several co-pollutants across all
sources, including anions such as chloride and phosphate, as well as metals such as cadmium, lead, and nickel, but arsenic is
consistently the most prevalent, with concentrations generally ranging between 10 and 100 pg/L. Other significant co-pollutants,
including aluminum, chromium, mercury, manganese, uranium, vanadium, and antimony, are source-specific. This structured
review provides essential insights for addressing sources and concentration ranges of Se pollution and highlights the necessity
for developing simultaneous removal strategies of Se and its co-pollutants from global aquatic environments and groundwater
sources.

Trace elements such as copper, manganese, selenium (Se), and
zinc play an important role in the aquatic ecosystem for normal

1 | Introduction

Aquatic environments are of particular importance due to their
capacity to provide ecosystem services essential for human
activities and inhabit various aquatic species, including fish,
algae, and aquatic plants that serve as cost-effective sources
of nutrients (Irfan and Alatawi 2019; Kennedy et al. 2023). In
addition, groundwater stored in aquifers is considered a vital
water resource, supplying wells, springs, and rivers used for
human consumption, agriculture, and industrial applications
(United States Geological Survey 2025).

metabolic and physiological functions of fishes and humans
(Bagheri et al. 2024; Rekha 2023). Particularly, Se at low doses
in the form of selenoproteins is a micronutrient that plays
important roles in multiple physiological processes, including
immune functions, redox homeostasis, reproduction, and thyroid
hormone production, in humans and animals (Au et al. 2023;
Tinggi and Perkins 2022; Xia et al. 2021). Similarly, a previous
study indicated that Se enhances photosynthetic activity, growth,
and protein content in plants (Saleem and Fariduddin 2022).
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However, several-fold increases in its concentration can have neg-
ative effects on flora, fauna, humans, and the environment. For
example, exposure to Se levels > 2000 pg/L can cause oxidative
stress, chlorosis, and cell damage in terrestrial and aquatic plants
(Mechora et al. 2015; Saleem and Fariduddin 2022). In addition,
the threshold between deficiency (< 40 pg/day) and toxicity
(> 400 pg/day) in humans and animals is narrow, exhibiting
the fragile balance required for Se homeostasis (Fordyce 2013).
Chronic Se toxicity in humans can manifest as selenosis, whereas
acute toxicity can produce symptoms such as hyper-salivation,
vomiting, diarrhea, and muscle spasms (Bai et al. 2025; Lombeck
et al. 1987). Furthermore, chronic Se exposure in animals has
been shown to induce oxidative stress, behavioral alterations, and
impaired growth and reproduction, which have been linked to
the disappearance of fish species in the United States of America
(USA) (Uddin et al. 2024).

“Se contamination in aquatic environments, including
groundwater, is a significant concern because of its poten-
tial for bioaccumulation, biomagnification, and toxicity to
aquatic life and humans.”

Se contamination in aquatic environments, including groundwa-
ter, is a significant concern because of its potential for bioaccumu-
lation, biomagnification, and toxicity to aquatic life and humans
(Khamkhash et al. 2017; Li et al. 2024). In particular, Se in its +4
and +6 oxidation states (i.e., selenite [Se(IV); Se0,2~] and selenate
[Se(VI); Se0,*"], respectively) poses a high risk due to their high
mobility and solubility (Stewart et al. 2010). Although Se naturally
occurs in minerals and soils, anthropogenic activities such as coal
and metal mining, agriculture, coal combustion, and industrial
processes in the medical, electronics, and manufacturing sectors
also release Se-containing wastewater, increasing Se levels in
surface water and groundwater (Khamkhash et al. 2017; Tan
et al. 2016). The global demand for Se has increased significantly
from 2300 tons per year in 1999 to 3600 tons in 2023, potentially
exacerbating Se contamination (Haug et al. 2007; United States
Geological Survey 2024).

Previous reviews have examined Se pollution, its potential
sources, and the associated treatment/cleanup technologies (He
et al. 2018; Li, Xu, et al. 2022; Lichtfouse et al. 2022, 2021).
However, the reviews did not describe the overall spectrum of
Se concentration levels in polluted sites affected by differentiated
sources. In addition, the occurrence of Se co-contaminants in
the aquatic environment remains largely unexplored, though
they can significantly affect the performance of Se cleanup
technologies. For example, it has been reported that certain
anionic co-pollutants can either enhance or inhibit the removal of
Se using different technologies (Ascencio-Damian et al. 2025; Tan
2018). Furthermore, the removal of other potentially hazardous
toxic metals and metalloids that co-occur with Se is important for
achieving healthy and safe aquatic environments for humans and
aquatic biota. To address these gaps, the objectives of this struc-
tured review were to quantify source-specific Se contamination
and concentrations in Se-polluted sites and to evaluate inorganic
co-pollutants in both surface water and groundwater systems,
based on international Se guidelines (Environmental Protection
Agency 1999; World Health Organization 2022).

2 | Literature Screening and Analysis

For the purposes of this review, we adopted a structured literature
review methodology to facilitate a comprehensive analysis of Se
contamination in global aquatic environments. The approach
comprised the following three stages: (1) a two-phase search
using different combinations of keywords, (2) a relevance-based
screening process to filter results based on environmental stan-
dards, and (3) an extraction and qualitative assessment of data
from the identified literatures. However, although this structured
approach contributes to ensuring that the findings are trans-
parent and reproducible, given the vast nature of the subject,
it is unlikely to account for all the relevant information (Villar
2022).

At the identification stage, we adopted a two-phase procedure to
ensure a rigorous selection of the recent literatures. The search
encompassed academic articles, reports, and theses published
in English between 2015 and 2024. This 10-year timeframe was
selected to identify contemporary cases of Se contamination. In
the initial phase, we conducted a manual search of the Scopus
and Google Scholar databases between December 2023 and
March 2024 for published papers, using the keywords “selenium,”
“water,” “pollution,” “contamination,” “heavy metals,” “surface
water,” “groundwater,” “estuarine water,” “coastal water,” and
“health,” to enable a preliminary identification of the relevant
literatures. To ensure a comprehensive review, this search was
supplemented by a backward/forward snowballing approach for
additional relevant literature. This phase yielded 143 records
describing Se concentrations in natural water. In the second
phase, conducted between December 3 and December 8, 2025,
we carried out a structured manual search of the Google Scholar
database using specific Boolean operations and keyword combi-
nations (Exhibit 1) to confirm previous findings and to identify
studies published after the period covered in the first phase. The
search covered the first 300 results per search string, established
as a relevance-based threshold. The titles and abstracts were
manually inspected for relevance (i.e., the reporting of Se in
natural waters) (Exhibit 1), which resulted in the selection of a
further 229 records.

” ” <

”

In the screening stage, the combined records from both phases
(n = 372) were independently and sequentially evaluated to
determine whether they described the occurrence of significant
Se contamination in the respective areas of study. Specifically, an
area was classified as contaminated if the maximum reported Se
concentration exceeded the guideline values established by the
World Health Organization (WHO) for freshwater ecosystems or
the United States Environmental Protection Agency (USEPA) for
coastal and estuarine waters, as WHO guidelines were unavail-
able for saltwater systems. The guideline concentrations used
for reference screening are listed in Exhibit 2. For studies with
available raw pollutant data, only values exceeding the guidelines
were recorded to avoid reporting bias. The screening stage yielded
56 and 59 records from the first and second phases, respectively,
describing the detection of significant Se contamination in
aquatic environments. Subsequent to this analysis, we conducted
a duplicate check, which resulted in the removal of 28 records,
leaving 87 records for consideration of full-text analysis.
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Records found on

Keywords: “Selenium,”

“contamination,” “heavy
metals,
“groundwater,” “estuarine
water,” “coastal water,”

Records found with the exhibited search strings on

the first phase the second phase

Selenium AND water AND pollution AND
health AND contamination AND surface
OR groundwater OR estuarine OR coastal
AND *“trace element” (n = 300)

Selenium AND groundwater AND Selenium AND groundwater AND
pollution AND contamination AND  pollution AND contamination AND
health AND “heavy metal” (n = 300) “heavy metal” (n = 300)

Selenium AND health AND risk AND
“water quality” AND coastal AND

“water,” “pollution,”

» <

surface water,”
Selenium AND health AND risk AND

“water quality” AND groundwater estuarine AND “surface water” AND

Selenium AND health AND "heavy 1 5 N
AND metalloids AND “heavy metals” 110240 AND “heavy metals” (0=

metals” AND “water quality” (n = 300)

“health”

(n=300) 300)

n (first phase) = 143 |

Se concentrations reported

n (second phase) =229

in natural water

Articles from the review were added if they satisfied any of the following criteria:

1. Se concentration in groundwater, lentic or lotic aquatic environments exceeded the WHO guidelines (Table 1)
2. Se concentration in coastal and estuarine water exceeded the USEPA guidelines for aquatic life in saltwater (Table 1)
| n (first phase) = 56 | n (second phase) = 59 | Se exceeded guidelines - D(lrllpiiczastc)es

I Records considered for data analysis (n = 87) |

* Quality assessment using MMAT, version 2018
* Number of evaluated aquatic environments
* Probable Se contamination sources

Articles were analyzed based on the following tiers

* Degree of Se contamination
* Inorganic co-pollutants exceeding environmental standards

EXHIBIT 1 | Design of the structured literature review.

EXHIBIT 2 | Seenvironmental standards for drinking water and aquatic life used for screening during the literature review in this study.

Reference of the Se

Se guideline value (ug/L) Target water bodies guideline values
WHO provisional guideline 40 Groundwater World Health Organization
value of Se in drinking water Lotic (2022)
Lentic

USEPA guidelines for aquatic 71
life in saltwater (chronic)

Environmental Protection
Agency (1999)

Coastal and estuarine

Analysis entailed a detailed two-step examination of the 87
records for quality assessment and data extraction. To ensure
the reliability of the findings, quality assessment was performed
using the Mixed Methods Appraisal Tool (MMAT, Version 2018)
for quantitative descriptive studies (Hong et al. 2018). Specifically,
five questions from the original MMAT (Q1-Q5) were modified
to align with the focus of this review. The quality of each record
was assessed as follows: Q1 for sample relevance, Q2 for sample
representativeness, Q3 for quality assurance (QA) and quality
control (QC), Q4 for data display, and Q5 for statistical analyses.
Details of the assessment criteria and scoring outcomes are
provided in Tables S1.1 and S2.1, respectively. The majority of
the studies exhibited high quality. Those failing to satisfy the
stipulated quality criteria were still included in the analysis,
based on a reasonable overall appraisal and the fact that they
successfully addressed core questions. Following this assessment,
structured data extraction was conducted to identify the number
and type of investigated water bodies, Se contamination level,
possible sources of pollution, and the occurrence and concen-
trations of inorganic co-pollutants (i.e., anions, heavy metals,
and metalloids). In detail, occurrence and concentration data

for 23 co-pollutants, including six major anions: chloride (Cl°),
fluoride (F-), nitrate (NO5"), nitrite (NO,"), phosphate (PO,> —P),
and sulfate (SO,%*), 15 metals: aluminum (Al), antimony (Sb),
cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead
(Pb), manganese (Mn), mercury (Hg), molybdenum (Mo), nickel
(Ni), silver (Ag), uranium (U), vanadium (V), and zinc (Zn),
and two metalloids: arsenic (As) and boron (B) were noted
and analyzed. To ensure toxicological relevance, the occurrence
of co-pollutants was evaluated in a manner similar to that
used for Se, by determining whether the respective maximum
concentrations exceeded the guideline values provided by the
WHO. However, in instances for which the WHO criteria were
unavailable, guidelines from the USEPA or other recognized
environmental agencies were applied. For contaminants that
have not been assessed by these regulatory institutions, or those
primarily associated with ecological rather than direct health
risks (i.e., PO,3> -P), threshold values were derived from peer-
reviewed scientific papers (Tables S1.2-S1.4). In this review, the
evaluation of contamination occurrence only considered the
maximum concentrations of Se and the co-pollutants, irrespective
of the correlation between them. Studies reporting concentration
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EXHIBIT 3 | Summary of sources of Se contamination in groundwater and surface water.

Surface water Total cases per

Source Groundwater Estuarine and source
Lentic Lotic coastal
Natural 14 (21.2%) 1(4.2%) N.R. N.R. 15 (10.6%)
Anthropogenic Mining 21(31.8%) 8(33.3%) 11 (23.9%) N.R. 40 (28.1%)
Industry 13 (19.7%) 6 (25.0%) 17 (37.0%) 1(16.7%) 37 (26.0%)
Agriculture 6(9.1%) 4 (16.7%) 13 (28.3%) 1(16.7%) 24 (16.9%)
Natural and anthropogenic 7 (10.6%) 3 (12.5%) 3(6.5%) N.R. 13 (9.2%)
Unknown 5(7.6%) 2(8.3%) 2 (4.3%) 4 (66.6%) 13 (9.2%)
Total cases per water body 66 24 46 6 142

Note: Percentages indicate the ratio of reported cases in each water body or in the total count.

Abbreviation: N.R., not reported.

ranges from multiple sampling points and several time periods
within the same water body were classified as polluted based
on the maximum reported pollutant concentration or to the
most recent year, unless stated otherwise. This conservative,
risk-based approach was adopted to avoid “false negative” cases
and potential underestimation of contamination levels, thereby
ensuring that assessments reflected the maximum potential
burden on the ecosystem. Detailed information of the dataset,
including study location, specific sources, Se and co-pollutant
concentration ranges, measuring instruments, sampling dates,
and correlation matrix of Se was compilated and can be found
in the Supplementary Materials (Tables S2.2-S2.5). It should
be noted that in the case of some studies presenting statistical
summaries for multiple water bodies or with indistinguishable
water bodies (i.e., without an appropriate description), these were
treated as records for single water bodies, even if they assessed
multiple sources.

3 | Se Contamination Sources

Attribution of the possible sources of Se contamination (Exhibit
3) followed a classification based on the level of evidence provided
in the reviewed literature. Sources were categorized as “natural,”
“anthropogenic,” or “natural and anthropogenic,” according to
the criteria of direct author attribution or inference from the area
in which the study was conducted. Among the anthropogenic
sources, we established the three sub-categories “mining activi-
ties,” “industrial activities,” and “agricultural activities,” as these
have previously been reported to be predominant anthropogenic
sources of Se in different environments (El-Ramady et al. 2014;
Saha et al. 2017). Specifically, sources were attributed directly
when the study explicitly identified a primary pollution driver,
as was the case for all natural sources and certain anthro-
pogenic sources. In the absence of an explicit statement, sources
were inferred by evaluating the site descriptions for specific
geographical indicators (e.g., industrial zones or mining areas),
although we acknowledge that this approach could potentially
lead to misclassification. In ambiguous cases, for which no
source was mentioned, and site descriptions were insufficient
to make a reasonable assignment, the source was categorized
as “unknown” to minimize classification bias. For water bodies

affected by multiple sources of pollution, each source was counted
individually.

3.1 | Natural Sources

Se pollution from natural sources alone was identified in approx-
imately 10.6% of the reported contamination cases (n = 15
of 142 cases), predominantly in groundwater, while 9.2% were
linked to both natural and anthropogenic origins (n = 13 of 142
cases) (Exhibit 3). Although not consistently reported, several
significant sources of natural Se pollution were identified as
geological formations and seawater intrusion.

3.1.1 | Geological Formations

Se occurs naturally in different geological formations, including
sedimentary rocks such as black shales, coals, and phosphatic
deposits associated with sulfide minerals. Upon weathering,
Se is primarily mobilized as water-soluble species Se(IV) and
Se(VI) (Fordyce 2013; Mehdi et al. 2013), which have high
potential for migration through infiltration and runoff into
aquatic environments. For instance, the oxidation of sulfides and
weathering of sulfate-evaporites such as gypsum and anhydrite
have been reported as the main cause of mobilization of Se
together with SO,%~, causing the contamination of groundwater
in Mexico (Mora et al. 2021), whereas Se pollution originating
from Mancos Shale weathering, efflorescent salt dissolution, and
redox processes has been reported in the USA (Linard et al.
2017). In addition, Se-containing sediments and rocks have been
attributed as the main causes of groundwater pollution in India
(Kumar et al. 2020). Similarly, natural pollution in surface water
and groundwater was reported to originate from weathering of
clastic and carbonate rocks in China (Hao et al. 2022; Luo et al.
2024).

Weathering of parent rocks is also a primary factor in the
formation of seleniferous soils (Saha et al. 2017). Seleniferous soils
are abundant in the USA, Russia, India, and China, where soils
have reportedly exhibited elevated Se levels (Kieliszek 2019; Saha
etal. 2017). In fact, in India, mobilization from such soils has been
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reported to elevate Se concentration in groundwater (Lapworth
et al. 2017). It should be noted that depositions from eruptions
and volcanic plumes typically contribute to an enrichment of soils
with Se (Fordyce 2013; Saha et al. 2017), as observed in the volcanic
soil of the Gulf Basalt in Djibouti, which in turn has led to Se
contamination in regional groundwater sources (Ahmed et al.
2017).

3.1.2 | Seawater Intrusion

“The landward incursion of seawater introduces compet-
ing anions, such as PO,*, NO;~, and SO,*, modifying
the hydrochemistry of coastal aquifers, which leads to
ion exchange processes that enhance the desorption of
Se(IV) and Se(VI) and promote the weathering of dif-
ferent carbonate, silicate, and sodium-magnesium-sulfate
minerals.”

Seawater intrusion (SI) is a natural process caused by the density
difference between seawater and freshwater, which leads to
the natural inland movement of seawater until equilibrium is
achieved. This process is governed by dispersive mixing, tidal
effects, and density effects, often enhanced by anthropogenic
activities (e.g., an excessive abstraction of groundwater and
climate change) (Werner et al. 2013). The landward incursion of
seawater introduces competing anions, such as PO,*", NO;~, and
SO,*, modifying the hydrochemistry of coastal aquifers, which
leads to ion exchange processes that enhance the desorption
of Se(IV) and Se(VI) and promote the weathering of differ-
ent carbonate, silicate, and sodium-magnesium-sulfate minerals
(Ahmed et al. 2017; Chen et al. 2019; Mora et al. 2020), thereby
mobilizing Se, with subsequent entry into groundwater. Further-
more, SI has been suggested to be an important mechanism
underlying Se contamination in coastal aquifers in Djibouti,
India, and Saudi Arabia (Ahmed et al. 2017; Alshehri et al. 2021,
Kumar et al. 2024), whereas in Egypt, storms have been reported
to transport seawater inland via outlets and across coastal ridges,
causing the pollution of an adjacent lake (Al-Agroudy and
Elmorsi 2022).

3.2 | Anthropogenic Sources

As shown in Exhibit 3, most reported Se pollution in surface and
groundwater can be attributed to anthropogenic activities. Nearly
71% (n = 93 of 142 cases) of the total excess Se was linked to
anthropogenic sources, although the contribution of each source
subcategory varied across different water bodies.

3.21 | Mining Activities

Mining activities bring Se-enriched deposits to the surface
(USEPA 2018) and account for approximately 28.1% of reported
pollution cases (n = 40 of 142 cases), representing the highest
occurrence among the anthropogenic sources evaluated in this
review (Exhibit 3). This observation highlights their predominant
role in Se pollution of both surface water and groundwater.

Se is mainly recovered as a by-product of copper mining, which,
consequently, can lead to elevated Se concentrations in mine
waste, as observed in the Iberian Pyrite Belt, posing a potential
risk of Se pollution to aquatic environments (Figueiredo et al.
2014; Haug et al. 2007). In addition, copper and iron mining are
primary contamination sources of surface water and groundwater
in India and Iran (Gharaat et al. 2020; Kazemi et al. 2022; Prasad
et al. 2020). Other Se-containing mine waste, such as dzharkenite
and Se-substituted pyrite in a phosphate patch in the USA have
been reported to generate leachate from backfilled pits and
overburden storage piles, causing Se to leach into groundwater
(Hay et al. 2016; Ryser et al. 2005). Other metal mining sources of
Se pollution included rare earth mining in China (Hao et al. 2016),
uranium mining in Mongolia (Ariunbileg et al. 2016), gold mining
in Cameroon (Mambou Ngueyep et al. 2021), and salt, lead, and
zinc mining in Nigeria, where environmental pollution is worse
due to illegal mining (Egbueri and Enyigwe 2020; Obasi et al.
2024; Obasi and Akudinobi 2020). Notably, abandoned mines
represent important pollution sources as demonstrated in surface
waters in China (Jiao et al. 2023), although active mines present
a higher risk (Obasi and Akudinobi 2020).

Coal mining was identified as another significant source of Se
pollution. Elevated Se content in coal has increased the hazardous
risk to the aquatic environments in several regions in China
and Canada (Lemly 2009; Wang et al. 2010). Particularly, in Elk
Valley, Canada, Se is present in coal waste dumps with various
minerals, including pyrite, sphalerite, and chalcopyrite, which
could be responsible for surface water pollution at concentrations
exceeding ecological safety thresholds (Hendry et al. 2015; Teck
Coal Limited 2023). Similarly, a closed coal mine in Canada was
shown to be a continuous Se pollution source in a lake below the
mine spoil pile (Cooke et al. 2024). In India, Se contamination
of surface water and groundwater was attributed to open-cast
coal mining (Prathap and Chakraborty 2019; Sahoo and Sahu
2022).

3.2.2 | Industrial Activities

Industrial activities as a Se pollution source was highlighted dur-
ing the COVID-19 lockdown in India. The suspension of industrial
operations led to a significant reduction in Se concentrations
in groundwater compared to pre-lockdown levels (Selvam et al.
2020). Although Se pollution from industrial activities is widely
mentioned in previous studies and is considered the second major
anthropogenic source of Se pollution (Exhibit 3) (26%, n = 37 of
142 cases), specific sources were scarcely or not clearly identified.
However, some potential sources of Se pollution, such as metal
smelting, the semiconductor industry, and oil-refining and coal-
fired plants (Lichtfouse et al. 2021) are considered contamination
sources via emission of gaseous Se into the atmosphere and
Se-containing wastewater.

Metallurgical activities, specifically metal smelters, are recog-
nized as major Se pollution sources (Maret and Skinner 2000),
as Se is a byproduct of metal smelting, particularly during the
smelting of Cu and Ni. These smelting processes mobilize Se
into the atmosphere, which can settle on surface waters (Dudka
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and Adriano 1997; USEPA 2018). In addition, during Cu smelting,
a significant proportion of Se is lost in the slag, which, when
discarded, can increase Se concentrations in the waste effluent
(Desai et al. 2016; Kenzhaliyev et al. 2018).

Se is considered a useful raw material for semiconductor pro-
duction in several industrial applications such as solar cells and
X-ray flat-panel detectors (Liu et al. 2024; Qi et al. 2022). However,
the semiconductor industry has generated significant amounts
of Se-containing wastewater, likely increasing the risk to the
environment (Gilles and Loehr 1994).

Se pollution from oil refining occurs primarily through the
discharge of Se-laden wastewater, a byproduct of the refining
process (Wang et al. 2024). Throughout the refining process, Se is
introduced into wastewater in various chemical forms that could
cause environmental concerns (Staicu et al. 2017). This issue is
particularly prominent in San Francisco Bay, where Se pollution
from oil refining has been confirmed (Hansen et al. 1998).

The high Se emissions from coal-fired power plants could also
pose a threat to aquatic ecosystems (Brandt et al. 2017; Tian et al.
2011). Although volatilized Se generated in the coal-fired plants is
captured in flue gas treatment systems, significant amounts of Se
could enter wastewater streams (Ma et al. 2022).

3.2.3 | Agricultural Activities

Seleniferous agricultural drainage wastewater is a major source of
Se pollution worldwide (Kharaka et al. 1996), whereas the number
of pollution reports in aquatic environments from agricultural
activities was less than that of mining and industrial activities in
the literature (16.9%, n = 24 of 142 cases) (Exhibit 3).

Since Se is considered an essential nutrient for plants and
helps mitigate heavy metal toxicity and against pests, it is often
applied in fertilizer, which could lead to Se contamination in
aquatic environments (Feng et al. 2021; Mechora 2019; Saleem and
Fariduddin 2022). Fertilizers heavily applied to various cultiva-
tion fields are the main source of Se contamination in tributaries
of the Mahaweli River (Diyabalanage et al. 2016), as well as
in the Bizana and Mthatha Rivers in South Africa (Madikizela
et al. 2023). Other mechanisms involve the mobilization of Se
from seleniferous soils through agricultural irrigation for crop
production (Linard et al. 2017) and the exposure of Se-bearing
sedimentary deposits caused by the construction of open drainage
channels in agricultural areas, which have been implicated in
surface water contamination in the USA (USEPA 2018).

4 | Se Contamination Levels

It is crucial to understand the extent and origin of Se pollution
in global aquatic environments for effective remediation, partic-
ularly through selecting the appropriate cleanup techniques and
implementing appropriate prevention and mitigation strategies.
The single-factor pollution index (P;, dimensionless) was used to
categorize Se environmental contamination levels reported in the
literature (Dey et al. 2021). P; was calculated using the following

Equation (1):

pizccﬂ

standard

@

where C,,,, is the measured maximum concentration, and
Cyandara 1S the Se environmental standard criterion (Cgypgard
(freshwater) = 40 pg/L; Cyupaara (saltwater) = 71 pg/L) (Exhibit 2).
Herein, pollution levels in freshwater sources were categorized
based on P; and corresponding C,,,, values as: 1 < P; < 2.5
(40 pg/L < Cppee < 100 pg/L), which indicated low pollution
level; 2.5 < P; < 25 (100 pg/L < C,q < 1000 pg/L), which
indicated moderate pollution level; and P; > 25 (C,,, > 1000
ug/L), which indicated high pollution level. For estuarine and
coastal waters, the same P; categories were applied, but with
different corresponding C,,. values based on their specific
standard criterion (Exhibit 2): 71 < C,,, < 177.5 pg/L for low
pollution level; 177.5 < C,,,, < 1775 pg/L for moderate pollution
level; and C,,,, > 1775 pg/L for high pollution level. The upper
and lower concentration values in freshwater were selected based
on previous toxicological reports on aquatic plants. For example,
an aquatic plant grown in simulated freshwater systems exposed
to Se at concentrations up to 1000 pg/L showed no apparent
Se-induced toxicity, whereas exposure to higher concentrations
resulted in pronounced necrosis (Ascencio-Damian et al. 2025).
Conversely, low Se concentrations, even > 40 ug/L have been
indicated to enhance growth and antioxidant activities of an
aquatic plant (Zhong and Cheng 2016). Having calculated P,
values for freshwater systems, for the purposes of standardization,
these values were similarly applied to estuarine and coastal
waters. To ensure the robustness of the results, we also calculated
P; values relative to the mean values for a subset of studies
in groundwater, owing to their marked heterogeneity, thereby
confirming that the use of maximum concentrations enabled us
to identify all areas of concern without indicating unrealistic
scenarios, with the exception of certain cases characterized by low
levels of pollution (Table S1.5). All the reviewed studies described
distinguishable freshwater (groundwater and surface water) or
saltwater (estuarine and coastal) environments, and thus, no
water bodies were evaluated with reference to multiple guideline
values.

To summarize the levels of Se contamination among the compiled
dataset and source types, we conducted a descriptive analysis,
which exhibited notable differences in Se pollution levels among
different source types, water bodies, and geographical regions
(Exhibits 4-6). This analysis revealed that in all water bodies
except estuarine and coastal waters, moderate levels of Se pol-
lution (100-1000 pg/L) were more frequently found than either
high or low levels (n = 59, 50.9%). This suggests that global
cleanup and remediation efforts, particularly in drinking water
sources, should prioritize Se concentrations within this range.
Furthermore, anthropogenic sources reportedly generated all
levels of Se pollution (from low to high), while natural sources
mainly caused moderate and low pollution levels.

Moderate to high levels of Se pollution have direct implications
for sustainable development goal (SDG) 6 (Clean Water and
Sanitation) and SDG 14 (Life Below Water). These elevated
concentrations not only threaten the security of freshwater
resources for human consumption but also the health of aquatic
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(Hamed, 2024) Iraq (I)

(Kashyap et al., 2018) India (I)

(Linard et al., 2017) USA (N, A)

(Obasi and Akudinobi, 2020) Nigeria (M)
(Egbueri and Enyigwe, 2020) Nigeria (M)
(Obasi et al., 2024) Nigeria (M)

(Hay et al., 2016) USA (M)

(Kazemi et al., 2022) Iran (M)

(Alshehri et al., 2021) Saudi Arabia (N, A)

(Sundaraiah and Sudarshan, 2019) India (UNK)
(Abusu, 2021) Nigeria (A)

(Kazemi et al., 2022) Iran (M)

(Hay et al., 2016) USA (M)

(Mandindi et al., 2022) South Africa (N, A)
(Singh, Das, et al., 2019) India (UNK)
(Hay et al., 2016) USA (M)

(Ehya and Marbouti, 2016) Iran (I, A)
(Gharaat et al., 2020) Iran (M)

(Kazemi et al., 2022) Iran (M)

(Kazemi et al., 2022) Iran (M)

(Kazemi et al., 2022) Iran (M)

(Hay et al., 2016) USA (M)

(Carswell, 2016) Canada (N)

(Kazemi et al., 2022) Iran (M)

(Ahmed et al., 2017) Djibouti (N)
(Ccanccapa-Cartagena et al., 2021) Peru (M, A)
(Prathap and Chakraborty, 2019) India (M)
(Saba and Umar, 2016) India (I)

(Alqahtani et al., 2020) Saudi Arabia (N)
(Selvam et al., 2020) India ()

(Selvam et al., 2017) India (T)
(Purushotham et al., 2017) India (I, A)
(Kumar et al., 2020) India (N)

(Kazemi et al., 2022) Iran (M)
(Virk, 2019) India ()

(Maskooni et al., 2020) Iran (I, A)

(Mali et al., 2024) Italy (N, I)

(Alshehri and Zaidi, 2023) Saudi Arabia (N)
(Mora et al., 2021) Mexico (N)

(Ariunbileg et al., 2016) Mongolia (M)
(Wagqas et al., 2024) Pakistan (I)

(Abba et al., 2024) Saudi Arabia (N, I, A)
(Plata-Enriquez, 2024) Canada (N)
(Kazemi et al., 2022) Iran (M)
(Kapoor et al., 2024) India (I)

(Etim, 2017) Nigeria (N, I, A)
(Prasad et al., 2020) India (M)

(Ariunbileg et al., 2016) Mongolia (M)
(Khan et al., 2023) Saudi Arabia (N)
(Wilson, 2018) USA (UNK)
(Suresh et al., 2019) India (UNK)

(Nuric et al., 2024) Serbia (N, I, A)

(Issa and Alshatteri, 2018) Iraq (N)

(Issa and Alshatteri, 2018) Iraq (N)
(America and Mafimisebi, 2024) Nigeria (UNK)
(Hao et al., 2022) China (N)

(Issa and Alshatteri, 2018) Iraq (N)
(Ibrahim et al., 2018) Iraq (I, A)
(Singh, Thind, et al., 2019) India ()
(Lapworth et al., 2017) India (N)
(Kumar et al., 2024) India (N)

EXHIBIT 4 | Single-factor pollution indices of Se (P;) calculated for
groundwater worldwide. P; = Cj,q0/Cystandara (dimensionless). Letters
in parentheses indicate the possible source of origin: N, natural; A,
agriculture; M, mining; I, industrial activities; UNK, unknown. The
data are shown in order of highest to lowest contamination levels. Low
pollution level (n =21):1 < P; <2.5 (40 pug/L < Cpyq <100 pg/L); moderate
pollution level (n = 30): 2.5 < P; <25 (100 pug/L < Cjpey <1000 pg/L); high
pollution level (n = 10): P; > 25 (Cypqx > 1000 ng/L). Total sample size is

61.

(227272727727
A,
Wzzz777727772/77777777 7 7
(272222
V7277772772 2
V7
()
()
(A )
()
V7777772777727 77
7777227772277
s,
()
)
V7727222722722
rzzzz2z22222272272 72277
()
7777772777777
7772777227777277777772
(A
()
V7777777772777
)
V2727777277
(222
()
[z
V7272272222222
V7777727772277

["JHigh pollution level
Moderate pollution level
Low pollution level

0.1 1 10 100
P; (dimensionless)

ecosystems, potentially having detrimental effects on both marine
and riverine biodiversity. Furthermore, even at low levels of
pollution, the persistence of Se facilitates the bioaccumulation
and biomagnification of this element within food webs, thereby
posing potential long-term risks to human health and thus
jeopardizing the achievement of SDG 3 (Good health and well-
being).

4.1 | Groundwater Contamination

The Se contamination cases in groundwater are illustrated in
Exhibit 4 to compare the contamination levels with their
respective source, the corresponding detailed data for which are
presented in Table S2.2. Among 61 pollution cases observed in
groundwater, ten cases (16.4%) exhibited high pollution levels
(> 1000 pg/L), and were predominantly attributed to mining
activities (n = 5) (Egbueri and Enyigwe 2020; Hay et al. 2016;
Kazemi et al. 2022; Obasi et al. 2024; Obasi and Akudinobi 2020).
Other, less frequently reported sources of high pollution levels
include industrial discharges, which produced Se concentrations
up to 7640 nug/L (Hamed 2024; Kashyap et al. 2018), and a com-
bination of geogenic and agricultural processes, which generated
concentrations as high as 3220 pg/L (Alshehri et al. 2021; Linard
et al. 2017). An unknown source also produced a concentration
of 1011 pg/L (Sundaraiah and Sudarshan 2019). Overall, these
findings suggest mining as the predominant source of high Se
pollution in groundwater.

Similarly, moderate Se pollution levels in groundwater (100-
1000 pg/L) (n = 30, 49.2%) were predominantly linked to
mining activities (n = 12) (Ccanccapa-Cartagena et al. 2021; Hay
et al. 2016; Kazemi et al. 2022; Prathap and Chakraborty 2019),
accounting for 40% of the reported moderate cases. Industrial
and agricultural sources contributed to moderate pollution levels
to a lower degree (Abusu 2021; Ccanccapa-Cartagena et al. 2021,
Ehya and Marbouti 2016; Mali et al. 2024; Mandindi et al. 2022;
Maskooni et al. 2020; Purushotham et al. 2017; Saba and Umar
2016; Selvam et al. 2017, 2020; Virk 2019). In contrast, moderate
pollution from solely natural sources was observed only in six
sites (Ahmed et al. 2017; Algahtani et al. 2020; Alshehri and
Zaidi 2023; Carswell 2016; Kumar et al. 2020; Mora et al. 2021),
whereas one pollution case was generated from an unknown
source (Singh, Das, et al. 2019).

The number of low-level pollution cases (< 100 ug/L) was higher
than that of high-level cases in terms of the contribution of
anthropogenic and natural sources (n = 21, 34.4%). In contrast
to high and moderate pollution cases, natural sources individ-
ually or in combination predominantly generated low-level Se
pollution (n = 11, 52.4%) (Abba et al. 2024; Etim 2017; Hao et al.
2022; Issa and Alshatteri 2018; Khan et al. 2023; Kumar et al.
2024; Lapworth et al. 2017; Nuri¢ et al. 2024; Plata-Enriquez
2024). In addition, anthropogenic sources, particularly industrial
and mining activities, caused low-level groundwater pollution,
though to a lesser extent (Ariunbileg et al. 2016; Ibrahim et al.
2018; Kapoor et al. 2024; Kazemi et al. 2022; Prasad et al. 2020;
Singh, Thind, et al. 2019). Some areas were impacted by unknown
sources producing Se concentrations between 42 and 57 pg/L
(America and Mafimisebi 2024; Suresh et al. 2019; Wilson 2018).
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(Rajput et al., 2020) India (UNK)

(Rossi et al., 2023) USA (N, I)

(Obasi and Akudinobi, 2020) Nigeria (M)
(Sahoo et al., 2021) India (M)

(Al-Agroudy and Elmorsi, 2022) Egypt (N, A)
(Ougrad et al., 2024) Morocco (N, A)
(Ccanccapa-Cartagena et al., 2021) Peru (M, A)
(Guruge et al., 2017) India (I)

(Cooke et al., 2024) Canada (M)

(Tokatli, 2019) Turkey (I, A)

(Tokatli, 2019) Turkey (I, A)

(Sahoo and Sahu, 2022) India (M)

(Ibrahim et al., 2016) Egypt (A)

(Obasi et al., 2024) Nigeria (M)

(Luo et al., 2024) China (N)

(Mane et al., 2017) India (UNK)

(Prasad et al., 2020) India (M)

(Aras and Arslan, 2024) Turkey (I)

(Gharaat et al., 2020) Iran (M)

(Tan et al., 2015) China (I)

(Afolabi et al., 2024) Nigeria (I)

(Afolabi et al., 2024) Nigeria (I)

(Obasi and Akudinobi, 2020) Nigeria (M)
(Acioly et al., 2024) Brazil (UNK)

(USEPA, 2018) USA (A)

(Hao et al., 2016) China (M)

(Teck Coal Limited, 2023) Canada (M)
(USEPA, 2018) USA (A)

(Ioele et al., 2020) Italy (I, A)

(Guruge et al., 2017) India (I)

(Genthe et al., 2018) South Africa (M, I, A)
(Ccanccapa-Cartagena et al., 2021) Peru (M, A)
(Ccanccapa-Cartagena et al., 2021) Peru (M, A)
(Ccanccapa-Cartagena et al., 2021) Peru (M, A)
(Huda et al., 2024) Bangladesh (I)

(Tokatli, 2019) Turkey (I, A)

(Tokatli, 2019) Turkey (I, A)

(Tokatli, 2019) Turkey (I, A)

(Tokatli, 2019) Turkey (I, A)
(Onyegeme-Okerenta and West, 2023) Nigeria (I)
(Madikizela et al., 2023) South Africa (N, I, A)
(Mahdi et al., 2022) India (UNK)

(USEPA, 2018) USA (A)

(Madikizela et al., 2023) South Africa (N, I, A)
(Wagqas et al., 2024) Pakistan (I)

(Poshtegal and Mirbagheri, 2017) Iran (M, I)
(Poshtegal and Mirbagheri, 2017) Iran (I)
(Mambou Ngueyep et al., 2021) Cameroon (M)
(Diyabalanage et al., 2016) Sri Lanka (A)
(Lateef et al., 2020) Iraq (I)

(Wang and Tan, 2017) China (N, I, A)
(Myvizhi and Aruna Devi, 2020) India (I)

(Hao et al., 2024) China (M)

(Jiao et al., 2023) China (M)
(Aryal, 2024) Nepal (I)

EXHIBIT 5 | Single-factor pollution indices of Se (P;) calculated for surface freshwater sources worldwide. (a) Lentic environments and (b) lotic
environments. P; = Car/Cyandara (dimensionless). Letters in parentheses indicate the possible source of origin. N, natural; A, agriculture; M, mining;
1, industrial activities; UNK, unknown. The data are shown in order of highest to lowest contamination levels. Low pollution level (n = 8 (lentic) and n
=11 (lotic)): 1 < P; < 2.5 (40 pg/L < Cy,0 <100 pg/L); moderate pollution level (n = 10 (lentic) and n =19 (lotic)): 2.5 < P; < 25 (100 ug/L < Cpqy < 1000
ug/L); high pollution level (n = 2 (lentic) and n = 5 (lotic)): P; > 25 (C ey > 1000 ng/L). Total sample size is 20 and 35 for lentic and lotic environments,

respectively.

[]High pollution level
...... Moderate pollution level

T Low pollution level

? (b) Lotic environments

1 10 100

P; (dimensionless)

8 0f 20

Environmental Quality Management, 2026

519017 SUOWILIOD BT 31qeoljdde 3 Aq pouBA0B 9.6 SIILE YO ‘35N J0 SN J0J ARIGIT3UIUO AB]IM UO (SUONIPUOD-PUE-SLLLBYLI0D"B | 1w ARe.q 116U |uo//Sdl) SUORIPUOD PUE SWLS | a1 95 *[9202/50/2T] U AXeiq1aUIluO /511 'S0 JO A1SIenIN a1 Ad 99502 Web)/Z00T 0T/10p/LI00 B |1 AReiq jou 1 |uo//SdIy oI Papeo|umoq ‘f ‘9202 ‘€8790Z5T



(Guruge et al., 2017) India (UNK)

(Dietrich and Ayers, 2022) Bangladesh (I)

Estuarine and coastal
environments

(Couto et al., 2019) Portugal (UNK)

(Moodley et al., 2021) South Africa (UNK)
(Hossain et al., 2024) Myanmar-Bangladesh (A)

(Avigliano et al., 2019) Brazil (UNK)

Moderate pollution level
Low pollution level

P; (dimensionless)

EXHIBIT 6 | Single-factor pollution indices of Se (P;) calculated for estuarine and coastal water worldwide. P; = Cynqy/Csiandara (dimensionless).
Letters in parentheses indicate the source of origin. A, agriculture; I, industrial activities; UNK, unknown. The data are shown in order of highest to
lowest contamination levels. Low pollution level (n = 4):1 < P; < 2.5 (71 pg/L < Cy,4 < 177.5 pg/L); moderate pollution level (n = 2): 2.5 < P; <25 (177.5

pg/L < Cpay <1775 pg/L). Total sample size is 6.

4.2 | Surface Water Contamination

Se contamination in surface water was analyzed across freshwater
(lentic and lotic) (Exhibit 5, Tables S2.3 and S2.4) and estuarine
and coastal waters (Exhibit 6, Table S2.5). Reports of high Se
pollution (> 1000 pg/L) in surface water were less frequent than
those in groundwater (n = 7, 12.7%). Within these environments,
lotic waters exhibit a higher vulnerability to high Se enrichment
than lentic waters, a trend primarily driven by anthropogenic
sources. Instances of concentrations reaching 5600 pg/L (Afo-
labi et al. 2024) suggest that while the effects are greater on
groundwater than on surface water, anthropogenic sources can
exert a heavy environmental burden, causing high Se pollution
(> 1000 pg/L) across surface waters. For instance, pollution
cases in lentic waters generated from unknown sources, and
natural and industrial activities, reached Se concentrations of
2383 pg/L (Rajput et al. 2020) and 1300 pg/L (Rossi et al. 2023),
respectively (Exhibit 5a). Similarly, anthropogenic processes in
lotic waters resulted in Se concentrations of 5600 ug/L (Afolabi
et al. 2024), 2330 pg/L (Obasi and Akudinobi 2020), and 1591 pg/L
(USEPA 2018) (Exhibit 5b). A high initial Se concentration (2170
pg/L) was observed in a lotic environment originating from an
unknown source, followed by a gradual decline over the subse-
quent months, though consistently above environmental criteria
(Acioly et al. 2024). This suggests that although concentrations
may peak at a specific time, pollution levels can remain elevated
over prolonged periods.

Primary sources of moderate Se pollution (100-1000 pg/L) varied
among lentic and lotic environments (n = 29, 52.7%). Mining
activities alone (Cooke et al. 2024; Obasi and Akudinobi 2020;
Sahoo et al. 2021; Sahoo and Sahu 2022), and together with
agriculture (Ccanccapa-Cartagena et al. 2021) were predominant
sources of moderate Se pollution in lentic environments (n =
5), while agriculture (Al-Agroudy and Elmorsi 2022; Ougrad
et al. 2024) and industrial activities (Guruge et al. 2017) also
generated moderate Se pollution (Tokatli 2019). Conversely, in
lotic environments, agriculture was the major source of moderate
Se pollution either alone (USEPA 2018), or combined with other
sources (n = 10) (Ccanccapa-Cartagena et al. 2021; Genthe et al.

2018; Ioele et al. 2020; Madikizela et al. 2023; Tokatli 2019).
Mining (Hao et al. 2016; Teck Coal Limited 2023) and industrial
discharges (Guruge et al. 2017; Huda et al. 2024; Onyegeme-
Okerenta and West 2023) have been reported to be associated
with moderate levels of pollution, and one case originated from
an undetermined source (Mahdi et al. 2022).

Low Se pollution cases (< 100 ug/L) were less frequent than those
of moderate levels (n =19, 34.6%). Mining and industrial activities
were the dominant sources of low Se pollution in both lentic
and lotic environments (n = 16 in total) (Aras and Arslan 2024;
Aryal 2024; Gharaat et al. 2020; Jiao et al. 2023; Lateef et al. 2020;
Mambou Ngueyep et al. 2021; Myvizhi and Aruna Devi 2020;
Obasi et al. 2024; Poshtegal and Mirbagheri 2017; Prasad et al.
2020; Tan et al. 2015; Waqas et al. 2024), whereas agricultural
activities had a lower impact (Diyabalanage et al. 2016; Ibrahim
etal. 2016). Natural sources alone, or together with anthropogenic
sources, also produced low pollution levels both in lentic and lotic
environments, but at lower frequency (Luo et al. 2024; Wang and
Tan 2017). In addition, one case was impacted by an unknown
source (Mane et al. 2017).

Reports of Se pollution in coastal and estuarine waters were
much less frequent than those in surface water or groundwater
(n = 6), with reports only exhibiting low to moderate pollution
levels (Avigliano et al. 2019; Couto et al. 2019; Guruge et al.
2017; Moodley et al. 2021) (Exhibit 6). The pollution sources were
identified in two cases in Bangladesh (Dietrich and Ayers 2022;
Hossain et al. 2024), but the highest Se concentration (298 ug/L)
originated from an unknown source (Guruge et al. 2017).

4.3 | Spatial and Temporal Variations in Se
Contamination

Se pollution exhibits a wide spatial variation globally. Although
Se is mainly produced in China, Germany, Japan, and Russia
(United States Geological Survey 2024), severe pollution in
aquatic environments is rarely reported in these nations, with
the notable exceptions of China (Hao et al. 2024, 2022, 2016; Jiao
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et al. 2023; Luo et al. 2024; Tan et al. 2015; Wang and Tan 2017).
This exception is likely due to improper wastewater management
in areas with industrial Se production. The highest frequency of
Se exceedances in both surface water and groundwater has been
reported in Asia outside China and Japan, primarily in India and
Iran, with low to high levels of pollution, influenced by both
anthropogenic and geogenic sources, with Africa, predominantly
Nigeria, identified as the second most affected region. On the
basis of our analysis of relevant records, groundwater and fresh
surface water contamination appears to be regularly reported
in India (n = 16 for groundwater and n = 9 for surface water),
whereas reports from Bangladesh were slightly more frequent for
estuarine and coastal water pollution (n = 2). This distribution
provides evidence to indicate that although industrial production
is localized, Se pollution is a widespread concern, particularly in
Asian and African countries.

Temporal variations in Se concentrations show distinct regional
patterns, which in Asian and African countries, such as China,
India, Iran, and Nigeria, are typically influenced by seasonal
monsoon rains. For example, with respect to groundwater,
the heightened levels of precipitation during monsoon periods
appear to have a dilution effect, resulting in a general trend
of lower Se concentrations post-monsoon compared with those
prior to the onset of the monsoon season (Kumar et al. 2020;
Obasi and Akudinobi 2020; Saba and Umar 2016; Singh, Thind,
et al. 2019). In contrast, Se contamination in surface waters tends
to increase during and after the monsoon period (Obasi and
Akudinobi 2020; Sahoo et al. 2021), thereby suggesting that an
intensification of weathering and runoff processes, driven by the
high volumes and frequency of precipitation, enhance the mobi-
lization and release of Se into surface aquatic systems, although
this pattern was not clearly discerned in the study conducted by
Sahoo and Sahu (2022). Furthermore, this phenomenon suggests
a potential hydrogeological coupling, in which the displacement
of Se-contaminated groundwater to surface water occurs during
periods of high groundwater recharge, thereby elevating levels of
surface contamination.

5 | Co-Pollutants Associated With Se
Contamination

Natural aquatic ecosystems contaminated with Se often exhibit
excessive amounts of several anions, metals, and metalloids.
Therefore, it is important to understand the prevalence and origin
of each co-pollutant for implementing effective environmental
cleanup, mitigation, and remediation solutions. The highest
concentration data for six anions and 17 metals and metalloids
reported in the literature were evaluated to describe their co-
occurrence with Se pollution. The dataset employed for analysis
included three variables: (i) type of co-pollutant, (ii) source of
contamination, and (iii) criteria for contamination assessment
(Tables S1.2-S1.4), which were classified as “over standard,”,
“not over standard,” or “not determined (N.D.),” based on their
comparison with environmental standards (Tables S2.2-S2.5).
Co-pollutants with fewer than three total reports or with unspec-
ified sources were excluded from further analysis. Elements
with two or more cited sources were regarded as originating
from each respective source. The exceedance (%) for each co-
pollutant across its correspondent source was calculated using

Equation (2):

N,
Exceedance (%) = <M) x 100 @)

total

where N, ..q iS the number of cases reported as “over standard”
for a specific co-pollutant and N, is the total number of cases
reported for that specific co-pollutant (i.e., “over standards” and
“not over standards”). The exceedance score was categorized
as follows: scores > 70% were classified as “high occurrence”
(+++), between 30% and 70% as “moderate occurrence” (++),
between 5% and 30% as “low occurrence” (+), and < 5% as “rare”
(-); “N.D.” denoted undetermined cases due to inapplicability or
insufficient data.

5.1 | Anions

Although some anions are essential for aquatic life, in some
cases, their elevated concentrations can pose a threat to them and
humans and lead to eutrophication and oxygen depletion (Table
S1.2). The co-occurrence frequency (exceedance) of anionic pol-
lutants with Se is presented in Exhibit 7. Most anions evaluated,
except NO,~ and PO,*, exhibited moderate to high co-occurrence
in groundwater, but varied in surface waters depending on the
origin.

Anions including CI-, F-, NO,", and SO,* released by geogenic
processes surpassed environmental standards in groundwater
with moderate and high co-occurrences with Se pollution. This
observation suggests that weathering, oxidation of geological
formations, and seawater intrusion that increase Se concentra-
tions also mobilize these anions, leading to their enrichment in
groundwater.

Anthropogenic sources caused different degrees of anionic co-
pollution in groundwater and surface waters. For instance, Cl-
exceedance, reaching up to 23208 mg/L, was attributed to all
anthropogenic sources in groundwater, whereas its release from
industrial and agricultural activities primarily affected surface
water. This observation is consistent with a previous study iden-
tifying industrial effluents as a primary Cl~ source in water (Li,
Yang, et al. 2022). Similarly, all anthropogenic sources frequently
led to moderate SO,* co-pollution of groundwater, while its
contamination of surface water predominantly originated from
mining and industrial activities. Elevated SO,* levels in surface
water (as high as 10200 mg/L) can be attributed to Se-enriched
leachate from SO,* and sulfide minerals and mining drainage, as
well as wastewater from coal combustion and metallurgy (Staicu
et al. 2020; Yadav and Ghosh 2024). As a significant pollutant
with eutrophication potential, particularly in lentic environments
(Dodds et al. 2009), PO,* was also frequently observed across all
sources in surface water at concentrations < 2 mg/L, indicating
a strong association with Se pollution. In contrast, F~ and NO;~
exceedances in groundwater mainly originated from geogenic,
industrial, and agricultural activities, whereas their exceedances
in surface water were rare for F-, or limited to mining processes
for NO;~.

The presence of anionic co-pollutants, particularly SO,*, in
Se-contaminated environments can have certain antagonistic
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EXHIBIT 7 | Qualitative analysis of ions exceeding the environmental standards for drinking water co-occurring with Se.
Source
Industrial
Anion Water body Geogenic Mining activities Agriculture All sources
Cl Groundwater ++ +++ +++ +++ +++
Lentic N.D. - +++ +++ 4+
Lotic N.D. - + + +
F Groundwater ++ —* ++ ++ ++
Lentic N.D. —* - - -
Lotic N.D. - - - -
NO;~ Groundwater +++ —* ++ ++ ++
Lentic —* — + — +
Lotic N.D. ++ - - +
NO,” Groundwater N.D. N.D. N.D N.D N.D
Lentic —* N.D. - - -
Lotic N.D. —* — - -
PO, 3 ** Groundwater N.D. N.D. N.D N.D N.D
Lentic —* ++4* ++ + ++
Lotic N.D. ++ 4+ 4+ ++
SO,* Groundwater ++ ++ ++ ++ ++
Lentic N.D. ++ + - +
Lotic N.D. +++ + —* +

Note: Exceedance scores were categorized as high (+++), moderate (++), low (+), and rare (—), based on the percentage of reported cases exceeding standards.

N.D., indicates undetermined cases.

CI-, chloride; F-, fluoride; NO;~, nitrate; NO,™ nitrite, PO,>", phosphate; SO,%", sulfate.

* Based on a single case

# PO, -P was not evaluated on groundwater and reports showing only phosphorus concentrations were assumed to be PO,* and evaluated based on P

concentrations

effects on the bioaccumulation of Se. For example, SO,> can
contribute to a significant mitigation of Se(VI) toxicity in aquatic
flora and fauna, possibly due to their similar uptake mecha-
nisms (Ascencio-Damian et al. 2025; Forsythe and Klaine 1994).
Conversely, the influence of SO,> on Se(IV) uptake is less
pronounced, with only a slight mitigative effect observed in
aquatic plants and algal species (Ascencio-Damian et al. 2025;
Ponton et al. 2020).

5.2 | Metals and Metalloids

Excesses of metals and metalloids in aquatic environments are
concerning because of their toxic effects on natural biota and
humans (Tables S1.3 and S1.4). The co-occurrence frequency
(exceedance) of 15 metals and two metalloids, sorted by source, in
groundwater and surface water, is presented in Exhibit 8. Due to
the scarcity of specific sources reported for Se pollution in coastal
and estuarine waters, the occurrence of co-pollutants in these
environments could not be analyzed. Similar to Se, most metals
and metalloids are mobilized into aquatic environments through
common anthropogenic sources, including mining, metal pro-
cessing, industrial fabrication, fossil fuel burning, the application
of pesticides and fertilizers, and irrigation (Saravanan et al. 2024).

Geogenic processes also contribute to the mobilization of some of
these elements as evidenced by recurrent exceedances primarily
in groundwater.

Several metals and metalloids consistently demonstrated over-
all or source-specific high-frequency co-occurrence with Se in
aquatic environments. For example, As had a high frequency and
broad distribution across all sources and aquatic environments
with exceedances of up to almost 81% among 83 water bodies
reporting As concentrations, strongly suggesting its relevance as
a co-pollutant with Se. While As concentrations were as high as
11930 pg/L, most concentrations ranged from above the environ-
mental criteria limit of 10 to 100 ug/L. Cd also displayed a high
frequency of co-occurrence with Se in groundwater regardless of
contamination source, with approximately 66% of exceedances
within all reports (n = 70). While mining activities significantly
released Cd into surface waters, reaching a peak concentration of
over 15000 pg/L, most concentrations were between 3.3 and 70.3
ug/L. Similarly, Pb and Ni co-occurred with Se across all aquatic
environments, primarily associated with mining and industrial
activities, with concentrations from industrial activities as high
as 61300 pg/L for Pb and 43900 pg/L for Ni, respectively. Pb
exceedances accounted for 65% of the reported cases (n = 75), with
most concentrations ranging from 28 to 3580 pg/L, whereas the
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EXHIBIT 8 | Qualitative analysis of metals and metalloids exceeding the environmental criteria co-occurring with Se in drinking water sources.
Source
Metal/metalloid Water body Geogenic  Mining  Industrial activities ~ Agriculture  All sources
Al Groundwater + ++ +++ 44+ 44
Lentic +++* ++ +++ ++ ++
Lotic - ++ ++ + ++
Sb Groundwater ++ + ++ +++ ++
Lentic —* N.D. —* —* -
Lotic N.D. ++ ++ +4++* ++
As Groundwater ++ +++ +++ +++ +++
Lentic ++ +++ +++ +++ +++
Lotic N.D. +4++ +++ +++ +++
B Groundwater + +++* ++ ++ ++
Lentic —* ++ 4t + +
Lotic - - + + +
Cd Groundwater ++ +++ +++ +++ ++
Lentic ++ +++ + ++ ++
Lotic +++ ++ ++ ++ ++
Cr Groundwater + ++ +++ 44+ 44
Lentic - ++ ++ ++ +
Lotic - ++ ++ + ++
Cu Groundwater - - - - -
Lentic - - - - —
Lotic - + + — +
Fe Groundwater ++ ++ ++ ++ ++
Lentic —* + ++ ++ +
Lotic — ++ ++ + ++
Pb Groundwater ++ +++ +++ +++ +++
Lentic +++ ++ ++ +++ +++
Lotic +++ ++ ++ ++ ++
Mn Groundwater ++ +++ +++ +++ +++
Lentic ++ ++ +++* ++ ++
Lotic —* ++ +++ + ++
Hg Groundwater + +++ ++ 44+ 44
Lentic N.D ++ +++* N.D. 4+
Lotic N.D. +++ +++ +++ +++
Mo Groundwater + ++ ++ ++ ++
Lentic —* ++ —* ++ ++
Lotic N.D ++ ++ ++ ++
Ni Groundwater + +++ +++ +++ ++
Lentic - ++ +++ ++ ++
Lotic - ++ +++ ++ ++
Ag Groundwater - - - N.D. _
Lentic +++* ++ —* +++* ++
Lotic N.D. N.D. N.D. N.D. N.D.
(Continues)
12 of 20 Environmental Quality Management, 2026

85UBO1 SUOWILLOD SAIERID 9|l dde aU) Aq pauBA0B 81 SSPILE O 88N JO S3INJ 10} ARIG1T 3UIIUO AB] 1M UO (SUOIIPUOD-PLE-SLLLSY/WOD" AB| I ARe.q] U1 UO//SH1Y) SUORIPUOD PUE SWLB L 84} 89S *[9202/50/LT] U0 Akeigi18UIlUO Ao1IM BXesO JO AISBAIUN 3y L Aq 99€0, Web)/Z00T 0T/I0p/wi0d"Ad| - AkeidpulUo//SANY WO papeo|umoa ‘v ‘9202 ‘€8790eST



EXHIBIT 8 | (Continued)

Source
Metal/metalloid Water body Geogenic  Mining  Industrial activities ~ Agriculture  All sources
U Groundwater +++ ++ ++ +++* +++
Lentic N.D. N.D. N.D. N.D. N.D.
Lotic N.D. ++ +++* +++* +++
\% Groundwater ++ ++ +++ +++ ++
Lentic ++ ++ —* ++ ++
Lotic N.D. ++ ++ ++ 4+
Zn Groundwater - + ++ + +
Lentic - + + + +
Lotic - + + + +

Note: Exceedance scores were categorized as high (+++), moderate (++), low (+), and rare (—), based on the percentage of reported cases exceeding standards.

N.D., indicates undetermined cases.

Al, aluminum; Sb, antimony; As, arsenic; B, boron; Cd, cadmium; Cr, chromium; Cu, copper; Fe, iron; Pb, lead; Mn, manganese; Hg, mercury; Mo, molybdenum;

Ni, nickel; Ag, silver; U, uranium; V, vanadium; Zn, zinc
* Based on a single case.

reported occurrence of Ni was slightly lower with 58% of polluted
water bodies being found to have elevated Ni concentrations (n
= 66), the majority of which were at levels between 193 and 1900

ug/L.

Other elements showed more source-specific co-pollution with
Se. Al and Cr were predominantly associated with contamina-
tion from industrial effluents, with Al concentrations reaching
25000 pg/L and Cr concentrations primarily ranging from 50
to 847 pg/L, and reaching up to 91200 pg/L. Mining activities
specifically induced Hg co-pollution with Se in both surface
water and groundwater reaching concentrations as high as 4130
pg/L. Mn co-occurred with Se mainly in groundwater, with less
source-dependency, at levels ranging from 290-63800 ug/L. U
originates from geogenic processes and primarily affects ground-
water sources, although the highest concentration (200 pg/L)
was found to be derived from an unknown source; V primarily
originated from industrial and agricultural activities, reaching
concentrations up to 630 pg/L; and Sb primarily originated from
agricultural sources, although the highest concentrations (up
to 15000 pg/L) have been reported from mining sources, as Se
co-contaminants.

The co-occurrence of hazardous heavy metals and metalloids
together with Se contamination poses potential health risks via
the intake of contaminated water or fish products. However, the
co-bioaccumulation of Se and specific heavy metals has been
suggested to have antagonistic effects, which could result in an
apparent mitigation of the toxicological effects on flora and fauna,
particularly in environments characterized by low levels of Se
pollution. For example, at Se-to-metal ratios of > 1, Se has been
shown to effectively reduce the accumulation of Cd and Pb in
marine fish (Zhao et al. 2024). Similarly, different species of Se
have been pointed out to effectively reduce the bioaccumulation
of As and Hg in both freshwater and marine fish, with 4- to
6-fold reductions in As-related growth inhibition, and 2- to 4-
fold reductions of Hg bioaccumulation (Dang and Wang 2011;
Ferreira et al. 2024). The role of Se in heavy metal detoxification

in fish is largely attributed to its influence on selenoproteins with
antioxidant enzymatic activity such as glutathione peroxidase,
catalase, and superoxide dismutase. These enzymes mitigate
malondialdehyde levels and lipid peroxidation during exposure to
toxic heavy metals (Zhao et al. 2024). An alternative mechanism
involves the sequestration of heavy metals, such as As and Hg,
into inert Se-complexes; however, this pathway has only been
demonstrated in humans and other mammals (Dang and Wang
2011; Ferreira et al. 2024). However, despite these protective
benefits, assessments of toxicological parameters, such as half
maximum effective and inhibitory concentrations (i.e., EC5, and
ICsy, respectively) for local flora and fauna, will be necessary to
determine the threshold between Se-mediated detoxification and
Se-induced toxicity.

Metals and metalloids exhibiting moderate to low co-occurrence
with Se pollution included B, Cu, Fe, Mo, Ag, and Zn. Among
them, Fe and Mo showed moderate co-occurrences across all
evaluated sources, B is primarily associated with industrial and
agricultural activities, whereas Zn is generally derived from
industrial sources. Given that certain metals such as Cu and
Zn serve as essential micronutrients, their presence at con-
centrations below regulatory thresholds could play a beneficial
biological role via the enhancement of antioxidant production,
thereby maintaining detoxification pathways, as observed in fish
(Bagheri et al. 2024). Consequently, these elements may enhance
the physiological resilience of aquatic biota and mitigate the
human health risks associated with Se pollution.

6 | Limitations and Future Research

Although in this review, we present a comprehensive insight
into the global Se pollution status and co-pollutants, certain
methodological limitations should be acknowledged. Notably,
the heterogeneity of the concentration metrics for Se and co-
occurring pollutants, specifically between total and dissolved
concentrations, as evidenced by the lack of appropriate preser-

Environmental Quality Management, 2026

13 of 20

B5UBO17 SUOLILLIOD BAR1D) 3(cealdde aup Aq pausenob a1e Sape VO ‘SN J0 S3In1 10} Areiqi BUIUO /8|1 UO (SUORIPUOD-PUE-SWLBHALID A8 | M ARIq 1 [UUO//SIY) SUORIPUOD PUe SW L 8U3 89S *[9202/50/2T] Uo Ariqiauljuo AB|IM e3esO JO Aisieaiun ayL Aq 99e0, webl/z00T 0T/10p/woo A3 M AReiq el juo//SAny Wiy papeo|uMoq ‘v ‘9202 ‘€8r902ST



vation methods observed in some studies, requires cautious
data aggregation and comparison. The precision of reported
concentrations is further influenced by the disparities in analyt-
ical instrumentation, detection limits, and calibration protocols
among the included studies. In addition, the disproportionate
reporting of co-pollutants in the literature may bias co-occurrence
patterns, particularly regarding source-specific classifications,
as several hazardous co-pollutants (e.g., B, Hg, Mo, U, V, and
Ag) remain largely unevaluated despite their relatively high
abundance and toxicological relevance. Furthermore, differences
in the formats in which the concentration data are presented
(e.g., raw data versus descriptive statistics) preclude uniform
standardization. The dependence on maximum concentration
values for datasets lacking raw values may inadvertently over-
represent contaminated sites or amplify the influence of statistical
outliers, whereas the number of sampling points mainly observed
in studies lacking representativeness could also bias the detection
of extreme concentrations. Moreover, the current literatures may
be subject to publication bias, with a disproportionate focus on
highly contaminated sites, and, consequently, future research
should prioritize systematic monitoring of diverse aquatic envi-
ronments to establish pollution trends more accurately.

On the basis of our literature search, we have described the extent
of Se contamination, its spatial distribution, and the typical co-
pollutants. The findings obtained are useful for selecting remedial
technologies to cleanup Se-contaminated water bodies and for
determining future technical development directions. Although
certain available technologies are based on the adsorption of
soluble Se and specific co-pollutants, such as As (Wei et al. 2021;
He et al. 2016), and anaerobic microbial systems which have
certain potentials for removing Se, SO,% and NO;~ (Tan, 2018),
the relevant studies are limited to wastewater treatment, which
are typically characterized by vastly elevated concentrations of
Se compared with natural environments, but are not effective
or suitable for the remediation of contaminated water bodies.
Also, they are generally high-cost technologies, which may not
be adopted by Asian and African countries, which are considered
as low- and middle-income regions by the World Bank (Metreau
et al. 2024). Conversely, phytoremediation offers a promising
solution, given the capacity of aquatic plants to simultaneously
remove a range of pollutants, as well as being eco-friendly and
cost-efficient (Kafle et al. 2022). Phytoremediation also possesses
an advantageous feature for the cleanup of Se contamination
with co-pollutants in that aquatic plants have certain potential to
simultaneously remove various pollutants in addition to Se. For
example, phytoremediation by aquatic plants has demonstrated
efficient removal of both Se and Ni from diluted mining effluents
at concentrations comparable to those identified in this review
(Miranda et al. 2014). However, the findings of our previous
study revealed that SO,>, a further typical Se co-pollutant,
severely impairs the removal of Se(VI) by duckweeds, due to
uptake competition. Furthermore, Se concentrations > 4000 pg/L
have been found to induce severe phytotoxicity in duckweed
species, thereby jeopardizing their phytoremediation capacity
(Ascencio-Damian et al. 2025). These observations thus indicate
that whereas phytoremediation can serve as an effective strategy
for addressing low to moderate levels of Se pollution, preferably
under conditions of low SO,* concentrations, its efficacy in the
presence of co-pollutants, such as As, Cd, Pb, and Mn, remains
largely unassessed. Accordingly, future research should also focus

on the development of effective technologies applicable to the
removal of high Se pollution levels (as high as 7640 pg/L) in
natural environments.

Our synthesis of data for the purposes of this review enabled us
to identify certain key research gaps requiring urgent attention.
Although we identified Asia, particularly India, as a region with
a high incidence of Se-polluted environments, this may reflect a
geographical reporting bias rather than a lack of contamination
elsewhere. Consequently, further evaluations are required in
under-studied regions, such as North America, South America,
and Africa, in which coal and metal mining are prevalent
activities, or areas with reported seleniferous soils or with Se-
intensive industries. A further potential gap concerns that the
adequate speciation of Se found in the contaminated water bodies
has rarely been reported. Although we found that a majority
of the reviewed studies reported total Se concentrations, the
efficiency of remediation technologies differs markedly with
respect to different Se species, and, consequently, chemical
speciation is viewed as a necessary step for effective global Se
pollution management. In addition, although temporal patterns
have been examined in multiple areas, particularly those affected
by climatological events (e.g., monsoons), a majority of the
reviewed studies did not include long-term monitoring that
would effectively reflect temporal variability, which will also be
a vital step for proper management of Se pollution. A further
limitation of this review is that the human health risk associated
with Se contamination could not be comprehensively assessed, as
these risks are determined by a diverse range of factors.

7 | Conclusion

While previous reviews have documented Se pollution in aquatic
environments, this review addresses a critical knowledge gap
by providing the first detailed analysis of source-based Se
concentrations and quantifying the global impact of various
anthropogenic and natural pollution sources. In addition, this
review offers the first comprehensive evaluation of inorganic co-
pollutants, a requirement for developing effective remediation
technologies for real-world aquatic environments. Furthermore,
this review identified several under-researched areas that should
be addressed in future research, including periodical analyses
of Se contamination, monitoring in under-evaluated regions, Se
speciation at contaminated sites, and the targeted assessment of
the risk to human health and local biota.

This review demonstrates that global aquatic environments
affected by Se exhibit different degrees of contamination. High
pollution levels > 1000 pg/L primarily generated by anthro-
pogenic sources, were observed in groundwater, and with less
frequency, in surface water, reaching as high as 7640 pg/L.
Notably, this review revealed that moderate pollution levels,
ranging from 100-1000 pg/L, are the most prevalent across all
natural and anthropogenic sources and freshwater environments
(n = 59 out of 116 water bodies). This indicates that remediation
and cleanup efforts and future research should prioritize the
development of technologies optimized for these specific sources
and moderate-to-high concentration ranges. Such advancements
are essential for achieving SDGs, particularly in regions with
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middle and low income where cost-effective solutions for these
pollution levels are most critical.

This review reveals that Se contamination often co-occurs with
other pollutants. While previous research has focused on Se
as a standalone target or on the removal of Se and certain
co-pollutants in wastewater, our findings reveal a global co-
occurrence of inorganic pollutants within aquatic environments.
For instance, common co-pollutants include the anions CI,
which was prevalent across all environments, and PO,>", which
was mainly observed in lentic surface water. Co-occurrence of
metals and metalloids such as As, Cd, Pb, and Ni was prevalent
regardless of the contamination source, whereas the presence
of other elements such as Al, Cr, Hg, Mn, U, V, and Sb was
mainly source-dependent. The widespread co-occurrence of these
pollutants at varying concentrations underscores the need for
effective Se remediation technologies that can be applied to
co-occurring pollutants in real-world aquatic matrices.
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