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ABSTRACT

Arsenic contamination remains a major environmental and public-health concern due to its widespread occurrence,
persistence, toxicity, and complex behavior in aquatic and sedimentary environments. This review synthesizes cur-
rent knowledge on the occurrence, sources, speciation, biogeochemical transformation, mobility, toxicity, analyti-
cal determination, and risk-based monitoring of arsenic in water, sediments, porewater, and related environmental
matrices. Particular emphasis is placed on the environmental significance of arsenic speciation, highlighting the
contrasting behavior of arsenite [As(IIl)] and arsenate [As(V)] under varying redox and pH conditions. The review
demonstrates that arsenic mobility and bioavailability are strongly regulated by sediment—water interactions in-
volving iron and manganese oxyhydroxides, sulfide minerals, organic matter, microbial processes, and porewater
dynamics. These interactions control arsenic retention, transformation, and secondary release, allowing sediments
to function as both long-term sinks and potential contamination sources. Advances in analytical chemistry, par-
ticularly ICP-MS and HPLC-ICP-MS, have significantly improved the determination of total arsenic and species-
specific characterization; however, challenges associated with species preservation, extraction efficiency, matrix
interference, and quality assurance remain critical. The review further emphasizes that environmental risk cannot be
adequately assessed using total arsenic concentrations alone. Instead, effective monitoring should integrate arsenic
speciation, geochemical conditions, sediment—water processes, exposure pathways, and analytical reliability. Such
an integrated, species-specific, and risk-based framework provides a stronger basis for understanding arsenic behav-
ior, predicting environmental impacts, and supporting sustainable management of contaminated aquatic systems.

Keywords: arsenic speciation, aquatic environment, sediment-water interface, redox transformation, analytical
determination, risk-based monitoring.

INTRODUCTION al., 2022; Yadav et al., 2023). Arsenic can enter
the environment through natural processes such

Arsenic contamination remains one of the  as mineral weathering (Garelick et al., 2009), geo-

most persistent and complex environmental prob-
lems affecting aquatic and sedimentary systems
worldwide. Its importance is not only related to
its toxicity, but also to its widespread occurrence,
diverse sources, long-term persistence, and strong
dependence on geochemical conditions (Wang et
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thermal activity (Webster and Nordstrom, 2003),
volcanic emissions (Kar, 2022), and reductive
dissolution of arsenic-bearing minerals (Masuda,
2018), as well as through anthropogenic activi-
ties including mining, smelting, coal combustion,
pesticide use, wood preservation, and industrial
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discharge (Hanh et al., 2010; Patel et al., 2023). In
aquatic environments, arsenic contamination is of
particular concern because groundwater and sur-
face water can act as direct exposure pathways for
humans and ecosystems (Sharma and Sohn, 2009;
Thakur et al., 2023). The World Health Organiza-
tion recommends a provisional guideline value of
10 pg L™ for arsenic in drinking water (Frisbie and
Mitchell, 2022), reflecting the significant health
risks associated with chronic exposure and the
practical difficulty of reducing arsenic to very low
levels in contaminated water supplies. However,
environmental risk cannot be adequately evaluated
using total arsenic concentration alone, because
arsenic toxicity, mobility, bioavailability, and treat-
ability are strongly controlled by its chemical form
and environmental transformation behavior (Akter
et al., 2005; Sharma and Sohn, 2009)

Recent studies and review articles have in-
creasingly emphasized that arsenic speciation is
central to understanding its environmental fate,
mobility, bioavailability, toxicity, and associated
environmental risks, highlighting the limitations
of relying solely on total arsenic concentrations
for environmental assessment (Ardini et al., 2020;
Mukherjee et al., 2024; Patel et al., 2023). In natu-
ral waters, arsenic commonly occurs as inorganic
arsenite As(I1l) and arsenate As(V), while methyl-
ated species such as monomethylarsonic acid and
dimethylarsinic acid may occur in biologically
active systems (Cullen and Reimer, 1989; Sharma
and Sohn, 2009). As(I1I) is generally more mobile
and toxic than As(V), particularly under reducing
conditions where neutral arsenious acid species
can dominate and interact weakly with mineral
surfaces (Sharma and Sohn, 2009; Yang et al.,
2015). In contrast, under oxic conditions, As(V)
predominantly exists as negatively charged oxy-
anions (H2AsOs+ and HAsO+*") and is generally
less mobile because it can be strongly adsorbed
onto iron and aluminum (hydr)oxides, clay min-
erals, and other reactive mineral surfaces through
inner-sphere surface complexation (Bowell et al.,
2014; Dixit and Hering, 2003; Smedley and Kin-
niburgh, 2002). In sedimentary environments, ar-
senic mobility is further governed by redox gradi-
ents, pH variation, organic matter decomposition,
microbial activity, porewater diffusion, sulfide
formation, and the reductive dissolution or repre-
cipitation of iron and manganese oxyhydroxides
(Barral-Fraga et al., 2020; Lloyd and Oremland,
2006; Nicholas et al., 2003). These coupled pro-
cesses make sediments both sinks and secondary

sources of arsenic, depending on the prevailing
geochemical conditions (Acquavita et al., 2021;
Liu et al., 2023). At the same time, analytical de-
velopments, particularly hyphenated techniques
such as HPLC-ICP-MS and LC-ICP-MS, have
enabled more accurate species-specific determi-
nation of arsenic in environmental and biologi-
cal matrices (Acquavita et al., 2021; Viana et al.,
2023). Emerging approaches, including field-
based separation, microfluidic platforms, and rap-
id inorganic arsenic speciation methods, further
indicate that arsenic monitoring is moving from
total concentration measurement toward species-
resolved and risk-oriented assessment.

Despite substantial progress, several criti-
cal gaps remain in the current understanding and
monitoring of arsenic in aquatic and sedimentary
environments. Many previous reviews have treat-
ed arsenic occurrence, toxicity, sediment behav-
ior, and analytical determination as separate top-
ics, whereas these aspects are strongly intercon-
nected in real environmental systems (Mukherjee
et al., 2024; Sharma and Sohn, 2009; Smedley and
Kinniburgh, 2002). Total arsenic measurements
are still widely used in environmental assessment,
even though they provide limited information on
toxicity, mobility, bioavailability, and treatment
feasibility (Acquavita et al., 2021; Sharma and
Sohn, 2009). In addition, arsenic species are chem-
ically unstable and can transform during sampling,
storage, preservation, and analysis, leading to un-
certainty in speciation data if field handling and
quality assurance are not rigorously controlled
(Acquavita et al., 2021). The role of sediment—wa-
ter interactions is also frequently underestimated,
although arsenic release from sediments can sus-
tain contamination even after external inputs are
reduced (Acquavita et al., 2021; Nicholas et al.,
2003). Furthermore, the integration of geochemi-
cal data, speciation analysis, exposure pathways,
and risk-based monitoring remains limited, par-
ticularly in regions affected by mining, geother-
mal activity, groundwater contamination, and in-
dustrial discharge (Thakur et al., 2023; Wang et
al., 2022). Therefore, a more integrated review is
needed to connect arsenic biogeochemistry, envi-
ronmental mobility, analytical reliability, and risk
interpretation within a single framework.

This review aims to critically examine arse-
nic in aquatic and sedimentary environments by
integrating its sources, occurrence, speciation,
mobility, toxicity, analytical determination, and
implications for risk-based monitoring. Particular
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attention is given to the transformation of As(III)
and As(V) under variable pH and redox condi-
tions, the role of iron and manganese oxyhydrox-
ides, sulfide minerals, organic matter, and pore-
water processes in controlling arsenic retention
and release, and the analytical challenges associ-
ated with total arsenic and species-specific deter-
mination. The review also evaluates current ana-
lytical advances and identifies key limitations in
sampling, preservation, matrix interference, and
field-based speciation. By linking arsenic spe-
ciation, sediment—water interactions, analytical
reliability, and exposure relevance, this review
provides a conceptual basis for improving arsenic
monitoring strategies and supporting more accu-
rate environmental risk assessment in contami-
nated aquatic systems.

ENVIRONMENTAL OCCURRENCE
AND SOURCES OF ARSENIC

Arsenic is widely distributed in the environ-
ment and occurs in terrestrial, aquatic, atmo-
spheric, and biological compartments. In natural
systems, arsenic rarely occurs as a free element,
but is commonly associated with sulfur, oxy-
gen, iron, and other metals (Bissen and Frimmel,
2003; Wang et al., 2022). Its environmental oc-
currence is strongly linked to the weathering
and transformation of arsenic-bearing minerals,
particularly sulfide minerals and their second-
ary alteration products (Yadav et al., 2023). In
the Earth’s crust, arsenic occurs in a wide range
of mineral phases, including arsenates, sulfides,
sulfosalts, arsenides, arsenites, oxides, silicates,
and elemental arsenic (Herath et al., 2016; San-
tini and Ward, 2018). Among these, arsenopyrite
(FeAsS) is considered one of the most important
arsenic-bearing minerals and commonly occurs
in association with sulfide ore deposits containing
metals such as copper, nickel, lead, cobalt, gold,
and iron (Basu et al., 2014; Gao, 2024; Tomkins
et al., 2006). The presence of arsenic in these
mineral systems is environmentally significant
because oxidation, dissolution, and redox trans-
formation of sulfide minerals can release arsenic
into surrounding soils, sediments, surface water,
and groundwater (Hechavarria-Hernandez et al.,
2023; Wang et al., 2022)

In aquatic environments, arsenic is present
mainly as oxyanion-forming species rather than as
simple cations. This characteristic distinguishes
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arsenic from many trace metals and strongly af-
fects its mobility, adsorption behavior, and re-
moval efficiency (Bissen and Frimmel, 2003).
The dominant inorganic forms in natural waters
are arsenite As(I1I) and arsenate As(V), with their
distribution controlled primarily by pH, redox po-
tential, dissolved oxygen, microbial activity, and
the presence of reactive mineral surfaces (Bissen
and Frimmel, 2003; Wang et al., 2022). Under
oxidizing conditions, As(V) generally predomi-
nates and occurs as arsenate oxyanions, which
can be strongly adsorbed onto iron and alumi-
num oxides, clay minerals, and other positively
charged surfaces (Campbell and Nordstrom,
2014; Hooda, 2010; Nidheesh et al., 2022). Under
reducing conditions, As(Ill) becomes more stable
and may occur as neutral arsenious acid species,
particularly at circumneutral pH, making it more
mobile and less readily removed by conventional
adsorption or coprecipitation processes (Kumari
etal., 2017; Wang et al., 2022). Therefore, the en-
vironmental risk of arsenic in water is not deter-
mined only by its total concentration, but also by
the chemical species present and the geochemical
conditions controlling their transformation (Bis-
sen and Frimmel, 2003; Wang et al., 2022). Sev-
eral arsenic-bearing minerals are environmentally
important because they can act as primary sources
or secondary sinks of arsenic depending on redox
condition, pH, weathering intensity, and mineral
stability (Henke, 2009; Kar, 2022). The most rel-
evant arsenic-bearing minerals and their environ-
mental significance are summarized in Table 1.
Sediments play a central role in regulating
arsenic behavior in aquatic systems (Ramadan et
al., 2021; Wibowo et al., 2026). They can func-
tion as long-term sinks when arsenic is adsorbed
onto iron and manganese oxyhydroxides, incor-
porated into mineral phases, or precipitated with
sulfides under reducing conditions (Xing et al.,
2024). However, sediments can also act as sec-
ondary sources of arsenic when environmental
conditions change. For example, reductive dis-
solution of iron oxyhydroxides can release pre-
viously adsorbed arsenic into porewater, while
diffusion and resuspension processes may trans-
port arsenic from sediments back into the overly-
ing water (Bhattacharya et al., 2016; Zeng et al.,
2023). In estuarine and marine systems, salinity
gradients, organic matter decomposition, sulfate
reduction, and sediment diagenesis further influ-
ence arsenic retention and release (Aftabtalab et
al., 2022; Baeyens et al., 2019). The dual role of



Ecological Engineering & Environmental Technology 2026, 27(8), 476—499

Table 1. Environmentally relevant arsenic-bearing minerals

Mineral Formula Mineral group Environmental relevance

Arsenopyrite FeAsS Sulfide Major arsenic-bearing su_lfldg; important source under
oxidation

Realgar AsS Sulfide Occurs in hydrothermal and mineralized settings

Orpiment As,S; Sulfide Can form or dissolve under sulfidic conditions

Arsenolite As,03 Oxide Secondary oxidation product of arsenic minerals

Scorodite FeAsO,-2H,0 Arsenate Important arsenic-bearing Fe _rr_wmeral under oxidizing acidic
conditions

Pharmacosiderite Fes(AsO,)2(OH)s-5H,0 Arsenate Secondary product asscr:]cif‘t;:l:vnh oxidation of arsenic

Note: Adapted and synthesized from several studies (Bowell et al., 2014; Jia and Demopoulos, 2005; Krause et al.,

2019; Smedley and Kinniburgh, 2002; Vaughan, 2006)

sediments as both sinks and sources highlights
the need to consider sediment—water interactions
in arsenic monitoring and risk assessment.
Natural sources of arsenic include mineral
weathering, volcanic activity, geothermal in-
puts, hydrothermal processes, microbial trans-
formation, and reductive dissolution of arsenic-
bearing iron minerals (Wang et al., 2022; Yadav
et al., 2023). Groundwater contamination is of-
ten associated with natural geogenic processes,
particularly in aquifer systems where arsenic-
bearing sediments undergo redox-driven mo-
bilization (Li et al., 2026; Tripathi et al., 2025).
Two major mechanisms frequently proposed for
groundwater arsenic enrichment are oxidation of
arsenic-bearing sulfide minerals and reductive
dissolution of iron oxyhydroxides (Herath et al.,
2016; Thakur et al., 2023). The first mechanism
involves the exposure and oxidation of arseno-
pyrite or arsenic-rich pyrite, resulting in arsenic
release into groundwater. The second mechanism
involves microbial reduction of iron oxides under
anoxic conditions, leading to the release of both
dissolved iron and associated arsenic (Herath et
al., 2016; Jiang et al., 2014). In some systems,
competitive desorption by phosphate and other
anions may also contribute to arsenic mobiliza-
tion, although its importance depends strongly on
local geochemical conditions (Aftabtalab et al.,
2022; Bissen and Frimmel, 2003).
Anthropogenic activities have substantially
increased arsenic inputs into the environment.
Mining, ore processing, copper smelting, coal
combustion, pesticide application, wood preser-
vation, glass production, semiconductor manu-
facturing, and disposal of arsenic-containing
wastes are among the major human-derived
sources (Baeyens et al., 2019; Hanh et al., 2010).

In metallurgical industries, arsenic may be re-
leased during the roasting and smelting of sul-
fide ores, often as particulate-bound arsenic or
volatile arsenic oxides (Hanh et al., 2010; Zhao
etal., 2021). Coal combustion also contributes to
atmospheric arsenic emissions, especially where
coal contains elevated arsenic concentrations or
emission-control systems are insufficient (Hanh
et al., 2010; Senior et al., 2020). Agricultural ac-
tivities historically contributed arsenic through
the use of arsenic-based pesticides, herbicides,
insecticides, and animal feed additives (Baeyens
et al., 2019; Hanh et al., 2010). Wood preserva-
tives such as chromated copper arsenate have
also introduced arsenic into soils and surface
environments through leaching, disposal, and
weathering of treated materials (Morais et al.,
2021). Arsenic inputs to aquatic and sedimentary
environments originate from both natural and an-
thropogenic sources. These sources differ in their
release mechanisms, dominant transport path-
ways, and affected environmental compartments,
as summarized in Table 2.

The relative contribution of natural and an-
thropogenic sources varies across environmental
settings. In mineralized and mining-affected re-
gions, arsenic contamination is often associated
with sulfide oxidation, acid drainage, tailings,
waste rock, and metal-processing residues (Jiao
et al., 2023). In deltaic and alluvial aquifers, ar-
senic enrichment is more commonly controlled
by natural sedimentary processes, organic matter-
driven reduction, and iron oxide dissolution (Kar
et al., 2011; Quicksall et al., 2008). In industrial
and urban areas, atmospheric deposition, fossil
fuel combustion, and contaminated waste streams
may dominate arsenic inputs (Fuge, 2013; Liu,
2025). Therefore, source identification requires
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Table 2. Major natural and anthropogenic sources of arsenic in the environment

Source category

Examples

Main release pathway

Relevant environmental
compartment

Natural geogenic sources

Arsenopyrite, realgar, orpiment,
geothermal fluids

Weathering, dissolution,
redox transformation

Groundwater, sediment, soil

Mining and ore processing

Sulfide mining, tailings, waste
rock

Oxidation, acid drainage,
particle transport

Surface water, sediment,
groundwater

Smelting and metallurgy

Copper, lead, zinc smelting

Atmospheric emission, dust,

Air, soil, sediment

slag, wastewater

. Power generation, industrial
Coal combustion

Fly ash, atmospheric Air, soil, water

combustion deposition
. Historical arsenical pesticides, Runoff, soil accumulation, .
Agriculture - ) Soil, surface water, crop systems
herbicides leaching
Wood preservation Chromated copper arsenate- Leaching, d|§posal, Soil, runoff, sediment
treated wood weathering

Note: Compiled and synthesized from several related studies (Bowell et al., 2014; Mandal and Suzuki, 2002;
Mukherjee et al., 2024; Nordstrom, 2002; Sharma and Sohn, 2009; Smedley and Kinniburgh, 2002).

integrated assessment of geological setting, land
use, hydrology, sediment chemistry, and arsenic
speciation. Such source-based understanding is
essential because the same total arsenic concen-
tration may represent different levels of mobility,
bioavailability, and exposure risk depending on
whether arsenic is present in oxidized, reduced,
adsorbed, precipitated, or organically bound forms
(Bissen and Frimmel, 2003; Wang et al., 2022).
Thus, arsenic occurrence in the environment
reflects the interaction between mineralogy, re-
dox chemistry, hydrological transport, sediment
dynamics, and human activities. The persistence
of arsenic contamination is largely due to its abil-
ity to shift among dissolved, adsorbed, precipi-
tated, and biologically transformed forms. Con-
sequently, effective arsenic assessment cannot
rely solely on measuring total arsenic in water.
Instead, it requires an integrated understanding
of source characteristics, environmental compart-
ments, geochemical controls, and species-specific
behavior. This perspective provides the basis for
discussing arsenic speciation and biogeochemical
transformation in the following section.

ARSENIC SPECIATION AND
BIOGEOCHEMICAL TRANSFORMATION

Arsenic speciation is a fundamental factor
controlling the environmental behavior, toxicity,
mobility, and treatability of arsenic in aquatic and
sedimentary systems. Unlike many trace metals
that commonly occur as dissolved cations, ar-
senic generally occurs as oxyanions or neutral
oxyacid species in natural waters (Fendorf and
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Kocar, 2009; Wang et al., 2022). This chemical
behavior makes arsenic highly sensitive to pH,
redox potential, dissolved oxygen, mineral sur-
faces, organic matter, sulfide availability, and mi-
crobial activity (Cui and Jing, 2019; Fendorf and
Kocar, 2009). The environmental significance of
arsenic is therefore not adequately represented
by total arsenic concentration alone. Instead, risk
assessment and remediation planning require
information on the specific arsenic species pres-
ent and the geochemical conditions that regulate
their transformation.

Arsenic can occur in several oxidation states,
including -3, 0, +3, and +5. However, in most
aquatic and sedimentary environments, the tri-
valent and pentavalent forms dominate (Wang et
al., 2015). Trivalent arsenic, commonly referred
to as arsenite As(Ill), and pentavalent arsenic,
commonly referred to as arsenate As(V), are the
principal inorganic species controlling arsenic be-
havior in water and sediment systems. These two
forms differ markedly in charge, adsorption affin-
ity, redox stability, toxicity, and removal efficien-
cy (Fendorf and Kocar, 2009; Wang et al., 2022).
In general, As(I1) is more toxic and mobile than
As(V), whereas As(V) is more readily retained
by mineral surfaces, particularly iron and alumi-
num oxides, under many oxic and circumneutral
conditions (Fan et al., 2015; Wang et al., 2022).
This contrast explains why arsenic speciation is
often more environmentally meaningful than to-
tal arsenic concentration. The distribution of ar-
senic species in water is strongly governed by pH
and redox potential. Because arsenic speciation
is strongly governed by pH and redox potential,
a conceptual illustration of the predominance of
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As(V) and As(III) species under contrasting en-
vironmental conditions is presented in Figure 1.
Under oxidizing conditions, As(V) is thermody-
namically favored and occurs mainly as arsenate
species. Depending on pH, arsenate may exist as
H3ASO4, HzASO(, HASO427, or AsO4*.

In most natural waters, which typically have
pH values between mildly acidic and mildly al-
kaline conditions, H2AsOs~ and HAsO4>" are
the dominant arsenate species. These negatively
charged species can interact strongly with posi-
tively charged mineral surfaces, particularly iron
oxyhydroxides, through ligand exchange and
inner-sphere complexation (Fendorf and Kocar,
2009; Cui and Jing, 2019). Consequently, As(V)
is often less mobile than As(III) in oxic environ-
ments, although its mobility may increase when
adsorption sites are saturated or when compet-
ing anions such as phosphate, silicate, bicarbon-
ate, or natural organic ligands are abundant (Cui
and Jing, 2019). The pH-dependent dissociation
behavior of arsenic species is a key factor con-
trolling their charge, adsorption affinity, mobil-
ity, and removal efficiency in natural waters.
The dominant inorganic and methylated arsenic
species and their environmental implications are
summarized in Table 3.

Under reducing conditions, As(III) becomes
more stable and is often present as arsenious acid
species. At circumneutral pH, As(IIl) commonly
exists as neutral HsAsOs, which has weaker elec-
trostatic interaction with mineral surfaces than

+600

arsenate oxyanions (Wang et al., 2015; Fendorf
and Kocar, 2009). This neutral form is one of the
main reasons why As(IIl) is more difficult to re-
move by conventional adsorption and coprecipi-
tation processes. As(Ill) can become particularly
mobile in reducing groundwater, organic-rich
sediments, wetlands, flooded soils, and anoxic
porewater, where iron oxyhydroxides are reduc-
tively dissolved and previously adsorbed arsenic
is released into solution (Nicholas et al., 2003;
Fendorf and Kocar, 2009). Therefore, the conver-
sion of As(V) to As(III) represents a critical path-
way for arsenic mobilization in many natural and
contaminated systems.

In addition to inorganic arsenic species, meth-
ylated arsenic species such as monomethylarsonic
acid and dimethylarsinic acid may occur in bio-
logically active environments. These species are
produced through microbial and biological meth-
ylation processes and are commonly found in soils,
sediments, aquatic organisms, and some biological
matrices (Lee and Wen, 2019; Wang et al., 2022).
Historically, arsenic methylation was often inter-
preted as a detoxification process because several
methylated arsenic compounds are less acutely
toxic than inorganic arsenic (Chen and Rosen,
2020; Vahter and Concha, 2001). However, this
interpretation is not universal because some meth-
ylated intermediates may still exhibit biological re-
activity and toxicological significance. Therefore,
methylated arsenic species should not be ignored
in environmental assessment, especially where
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Figure 1. Conceptual diagram illustrating arsenic speciation as controlled by pH and redox conditions
in aquatic environments. Under oxidizing conditions, arsenate species [As(V)] predominate,
whereas under reducing conditions, arsenite species [As(I11)] become more stable
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Table 3. Dominant arsenic species and acid dissociation behavior in natural waters

Arsenic species Main dissociation reactions

Approximate pKa Environmental implication

H3AsO, = H,AsO,” =

Arsenic acid, As(V) HAsO.2~ = AsO,*"
4 ~ 4

pKa; = 2.2; pKa, = 7.0; pKas

Dominant under oxic conditions;

=~11.5 adsorbs strongly onto Fe/Al oxides

H3AsO; = H,AsO;™ =

Arsenous acid, As(lll) HASO.2- = AsO.5-
3 — 3

Neutral at circumneutral pH; more

pKa; = 9.2 mobile and harder to remove

Monomethylarsonic acid MMA species

pKa; = 4.2; pKa, = 8.8

Product of biological methylation

Dimethylarsinic acid DMA species

Common methylated arsenic

pKa,=6.3 species in biological systems

Note: Compiled from several previous studies (Cullen and Reimer, 1989; Langmuir, 1997; Sharma and Sohn,

2009; Smedley and Kinniburgh, 2002).

biological transformation, organic matter decom-
position, and food-chain transfer are relevant (Lee
and Wen, 2019; Zeng et al., 2023).

Biogeochemical transformation of arsenic
is closely linked to redox cycling. Oxidation of
As(I1I) to As(V) can reduce arsenic mobility by
increasing its affinity for mineral adsorption sites,
while reduction of As(V) to As(Ill) can enhance
mobility and bioavailability (Dixit and Hering,
2003; Manning and Goldberg, 1997). These trans-
formations may occur through abiotic reactions
with manganese oxides, iron minerals, sulfide
species, or dissolved oxygen, but they are often
strongly influenced by microbial processes (Fazi
etal., 2016). Microorganisms can mediate arsenic
oxidation, arsenate reduction, methylation, and
demethylation, thereby modifying arsenic spe-
ciation and redistribution across water, sediment,
and biological compartments (Fazi et al., 2016).
In sedimentary systems, such microbial transfor-
mations are particularly important because redox
gradients develop naturally with depth as oxygen
is consumed and alternative electron acceptors
such as nitrate, manganese oxides, iron oxides,
sulfate, and carbon dioxide are sequentially uti-
lized (Nicholas et al., 2003). Recent evidence
further indicates that nitrate-dependent processes
can promote anaerobic oxidation of As(III) and
alter arsenic redistribution in estuarine sediments
(Ding et al., 2024).

The interaction between arsenic speciation
and sediment diagenesis is central to arsenic mo-
bility. In oxic surface sediments, As(V) may be re-
tained by freshly precipitated iron and manganese
oxyhydroxides (Fendorf and Kocar, 2009). As
sediments are buried and reducing conditions de-
velop, these oxyhydroxides may dissolve, releas-
ing arsenic into porewater (Nicholas et al., 2003).
The released arsenic may then diffuse upward
toward oxic layers, where it can be reoxidized
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and readsorbed, or downward into more reducing
zones, where it may interact with sulfide and form
arsenic-bearing sulfide phases (Dissanayake and
Chandrajith, 2009; Du et al., 2026). This dynamic
cycling explains why sediments can function si-
multaneously as sinks, transformation zones, and
secondary sources of arsenic. It also demonstrates
why dissolved arsenic concentrations in overlying
water may not fully represent the long-term arse-
nic reservoir stored in sediments.

Thermodynamic Eh-pH diagrams are useful
tools for predicting the dominant arsenic species
under specific redox and pH conditions. These dia-
grams show that As(V) generally dominates under
oxic conditions, whereas As(III) becomes more
stable under mildly to strongly reducing condi-
tions (Smedley and Kinniburgh, 2002). In sulfidic
environments, arsenic may also form arsenic sul-
fide phases or become associated with iron sul-
fides (O’Day et al., 2004; Omoregie et al., 2013).
However, thermodynamic predictions should be
interpreted carefully because natural systems are
rarely at equilibrium. Kinetic limitations, micro-
bial mediation, mineral surface reactions, organ-
ic ligands, colloidal transport, and hydrological
changes can cause actual arsenic behavior to de-
viate from equilibrium predictions. Thus, Eh-pH
diagrams are best used as conceptual guides rather
than definitive predictors of arsenic fate.

Overall, arsenic speciation and transforma-
tion are controlled by a complex interaction of
pH, redox potential, mineralogy, organic matter,
microbial activity, and sediment—water exchange
(Cui and Jing, 2019). The dominance of As(III),
As(V), methylated species, or sulfide-associated
forms determines whether arsenic is retained,
mobilized, transformed, or transferred through
environmental compartments. For this reason,
species-specific analysis is essential for under-
standing arsenic contamination and for designing
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effective monitoring, remediation, and risk as-
sessment strategies (Fendorf and Kocar, 2009;
Smedley and Kinniburgh, 2002). The following
section further discusses how sediment—water in-
teractions, iron and manganese oxyhydroxides,
sulfide phases, organic matter, and porewater pro-
cesses regulate arsenic retention and release in
aquatic environments.

ARSENIC MOBILITY IN WATER-SEDIMENT
SYSTEMS

The mobility of arsenic in aquatic environ-
ments is strongly controlled by sediment—water
interactions. Sediments are not passive reposito-
ries of contaminants, but dynamic biogeochemi-
cal systems in which arsenic can be retained,
transformed, released, or redistributed (Khalid
et al., 2017; Martinez Lopez et al., 2023). In riv-
erine, lacustrine, estuarine, and marine systems,
arsenic may enter sediments through the deposi-
tion of suspended particles, adsorption onto min-
eral surfaces, coprecipitation with iron and man-
ganese oxyhydroxides, association with organic
matter, or incorporation into sulfide phases (Ben-
jamin and Honeyman, 1992; Cukrov et al., 2024;
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Santini and Ward, 2018). Once deposited, arsenic
is exposed to changing geochemical conditions
caused by sediment burial, organic matter degra-
dation, microbial activity, redox zonation, pore-
water diffusion, and physical disturbance (Maqg-
sood and Lobos-Moysa, 2025; Xing et al., 2024).
These processes determine whether sediments
act as long-term sinks or secondary sources of
arsenic to overlying water. The major processes
controlling arsenic exchange across the sediment-
water interface, including adsorption, desorption,
redox transformation, porewater diffusion, resus-
pension, and sulfide-associated immobilization,
are conceptually illustrated in Figure 2.

Because arsenic mobility is controlled by
multiple interacting geochemical processes, it
is useful to identify the major sedimentary and
aqueous factors that regulate arsenic retention
and release. The key controls on arsenic mobil-
ity in water—sediment systems are summarized
in Table 4.

In oxic surface sediments, arsenic is com-
monly retained by adsorption or coprecipitation
with iron and manganese oxyhydroxides. These
mineral phases have high surface reactivity and
can bind arsenic through surface complexation,
ligand exchange, and occlusion during mineral
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Figure 2. Conceptual framework of arsenic mobility and exchange across the sediment-water interface
The figure illustrates how arsenic can be retained in oxic surface sediments through adsorption and
coprecipitation with Fe/Mn oxyhydroxides, released under reducing conditions through reductive dissolution,
transported through porewater diffusion, immobilized in deeper sulfidic layers through sulfide-associated phases,
or remobilized by desorption, resuspension, bioturbation, and hydrodynamic disturbance
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precipitation (Aftabtalab et al., 2022; Foster,
2003; Miretzky and Cirelli, 2010). Iron oxyhy-
droxides are particularly important because they
can strongly adsorb arsenate and, under certain
conditions, arsenite. Freshly formed or poorly
crystalline iron oxyhydroxides generally provide
more reactive binding sites than well-crystallized
mineral phases (Aftabtalab et al., 2022). Manga-
nese oxides may also influence arsenic mobility,
not only as adsorption surfaces but also as oxi-
dants capable of transforming As(III) into As(V)
(Ying et al., 2012). This oxidation process can
reduce arsenic mobility by producing arsenate
species that interact more strongly with mineral
surfaces. Therefore, the presence, reactivity, and
stability of Fe/Mn oxyhydroxides are central
controls on arsenic retention in oxic and suboxic
sediment layers.

However, the retention capacity of Fe/Mn
oxyhydroxides is highly sensitive to redox chang-
es. As sediments are buried and oxygen becomes
depleted, microbial decomposition of organic
matter progressively consumes available electron
acceptors. Under reducing conditions, manganese
oxides and iron oxyhydroxides may undergo re-
ductive dissolution, releasing Mn(Il), Fe(Il), and
associated trace elements into porewater (Farn-
sworth and Hering, 2011; Klinkhammer, 1980).
Arsenic that was previously adsorbed or copre-
cipitated with these mineral phases can therefore
be mobilized. This mechanism is widely recog-
nized as one of the main pathways for arsenic
enrichment in anoxic groundwater and sediment
porewater (Bennett et al., 2012). In such systems,
the release of arsenic is often linked to elevated
dissolved iron, indicating that arsenic mobility is
coupled to iron redox cycling.

Organic matter plays a dual role in arsenic
mobility. On one hand, organic matter can con-
tribute to arsenic retention through complex-
ation, adsorption, and association with particu-
late phases (Aftabtalab et al., 2022). Functional
groups such as carboxyl, phenolic, and sulthydryl
groups may interact with arsenic directly or indi-
rectly by binding metals that form arsenic-bear-
ing complexes. On the other hand, organic matter
is also a major driver of reducing conditions in
sediments. Its microbial decomposition consumes
dissolved oxygen and promotes the sequential re-
duction of nitrate, manganese oxides, iron oxy-
hydroxides, sulfate, and carbon dioxide (Curtis,
1987; Pandey et al., 2024). As reducing condi-
tions intensify, arsenic may be released from Fe/
Mn oxyhydroxides into porewater. Thus, organic
matter can either enhance arsenic immobilization
or promote arsenic mobilization depending on its
abundance, reactivity, and influence on sediment
redox conditions.

Sulfide formation represents another major
control on arsenic mobility in anoxic sediments.
Under sulfate-reducing conditions, microbial sul-
fate reduction produces dissolved sulfide, which
can react with iron to form iron sulfide minerals
such as amorphous FeS, mackinawite, greigite,
and pyrite (Fortin and Beveridge, 1997; Mansor
etal., 2025). These sulfide phases can immobilize
arsenic by adsorption, coprecipitation, structural
incorporation, or precipitation of discrete arsenic
sulfides. In strongly reducing and sulfidic environ-
ments, arsenic may therefore become less mobile
as it is transferred from porewater into sulfide-
associated solid phases. However, this immobi-
lization is not necessarily permanent. If sulfidic
sediments are later exposed to oxygen through

Table 4. Key controls on arsenic mobility in water-sediment systems

Control factor Main process

Effect on arsenic mobility

Fe oxyhydroxides dissolution

Adsorption, coprecipitation, reductive

Retains As under oxic conditions; releases As under
reducing conditions

Mn oxides

Adsorption and oxidation of As(lIl)

Can oxidize As(lll) to As(V), reducing mobility

Organic matter

Complexation and microbial redox control

May bind As, but can also promote reducing conditions
and As release

Sulfide phases FeS/FeS,

Precipitation, adsorption, incorporation into

Immobilizes As under sulfidic conditions

Porewater gradient Diffusion and redistribution

Controls vertical transport and sediment-water
exchange

pH and competing ions

Surface charge and ligand competition

High pH, phosphate, and silicate may enhance
desorption

Note: Compliated from several studies (Bowell et al., 2014; Dixit and Hering, 2003; Fendorf and Kocar, 2009;

Oremland and Stolz, 2003).
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resuspension, drainage, erosion, bioturbation, or
water-level fluctuation, sulfide oxidation can re-
lease arsenic back into the aqueous phase. This
reversible behavior makes arsenic mobility high-
ly sensitive to environmental disturbance.

Porewater is the immediate medium through
which arsenic is transported within sediments
and exchanged with overlying water. The con-
centration of arsenic in porewater reflects the bal-
ance between release from solid phases, removal
through precipitation or adsorption, transforma-
tion among arsenic species, and diffusive trans-
port (Kocar et al., 2014; Smedley and Kinniburgh,
2013). When arsenic is released into porewater at
depth, concentration gradients can drive upward
diffusion toward the sediment—water interface or
downward migration into deeper reducing zones.
Upward-diffusing arsenic may be reoxidized and
readsorbed in oxic surface layers, creating a recy-
cling mechanism that limits its escape to overly-
ing water. Alternatively, if the oxic layer is thin,
disturbed, or chemically saturated, arsenic may
diffuse into the water column and contribute to
secondary contamination (Bowell et al., 2014;
Smedley and Kinniburgh, 2013). Downward-dif-
fusing arsenic may encounter sulfide-rich zones
and become immobilized as arsenic-bearing sul-
fides or associated with pyrite.

The sediment—water interface is therefore
a critical transition zone for arsenic cycling. It
separates relatively oxic overlying water from
progressively reducing sediment layers and
acts as a zone of intense chemical and micro-
bial transformation (Duan et al., 2024; Xing et
al., 2024). Small changes in oxygen penetration
depth, organic matter supply, pH, microbial ac-
tivity, hydrodynamic mixing, or bioturbation can
modify arsenic flux across this interface. In shal-
low lakes, wetlands, estuaries, reservoirs, and

mining-affected water bodies, seasonal changes
in temperature, water level, salinity, and organic
matter input may further alter sediment redox
conditions and arsenic release (Barral-Fraga et
al., 2020). Consequently, arsenic concentrations
in overlying water may vary temporally even
when external arsenic inputs remain constant.
The redox evolution of sediments strongly influ-
ences arsenic mobility because different electron-
accepting processes control the stability of Fe/
Mn oxyhydroxides, sulfide phases, and porewater
chemistry. The main redox stages relevant to ar-
senic release and immobilization are summarized
in Table 5.

Adsorption—desorption reactions also play a
major role in regulating arsenic mobility. Arsenate
generally adsorbs strongly onto iron and alumi-
num oxides through inner-sphere complexation,
particularly at acidic to near-neutral pH (Aftabtal-
ab et al., 2022; Miretzky and Cirelli, 2010). How-
ever, arsenate adsorption can decrease at higher
pH because mineral surfaces become more nega-
tively charged and competition with hydroxide
increases. Arsenite adsorption is more complex
because As(III) is often present as a neutral spe-
cies under circumneutral pH, reducing its electro-
static attraction to mineral surfaces (Martin et al.,
2014; Stachowicz et al., 2006). Competing anions
such as phosphate, silicate, carbonate, bicarbon-
ate, and dissolved organic ligands can further
suppress arsenic adsorption by occupying reac-
tive surface sites or altering surface charge (Bang
and Meng, 2004; Roberts et al., 2004). Therefore,
the mobility of arsenic is not controlled by arsenic
concentration alone, but by the broader chemical
composition of the water—sediment system.

Physical processes also influence arsenic
transport. Sediment resuspension can transfer
particle-bound arsenic into the water column,

Table 5. Sequence of redox reactions relevant to arsenic release in sediments

Redox stage Dominant electron acceptor

Environmental relevance to arsenic

Oxic respiration 0O,

Promotes Fe/Mn oxide stability and arsenic retention

Denitrification NO;~

Early reducing condition; limited direct As release

Mn reduction Mn(lV) oxides

May release associated metals and affect As oxidation

Fe reduction Fe(lll) oxyhydroxides

Major pathway for As release from sediments

Sulfate reduction SO,*

Produces sulfide; may immobilize As as sulfide-associated phases

Methanogenesis CO,/organic matter

Strongly reducing condition; may alter As mobility and microbial

transformation

Note: Compilated from several studies (Bowell et al., 2014; Fendorf and Kocar, 2009; Froelich et al., 1979;
Oremland and Stolz, 2003; Smedley and Kinniburgh, 2002).
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where changes in oxygen and pH may alter arse-
nic speciation and release. Erosion and deposition
can redistribute arsenic-contaminated particles
across river channels, floodplains, estuaries, and
coastal zones. In estuarine systems, salinity gra-
dients can promote flocculation, desorption, or
competitive exchange reactions, changing arsenic
partitioning between dissolved and particulate
phases (Schindler et al., 2021). Flooding and dry-
ing cycles can also shift redox conditions, causing
repeated dissolution and precipitation of arsenic-
bearing phases (Fakhreddine et al., 2021). These
processes highlight the need to evaluate arsenic at
the system scale rather than as a static contami-
nant in a single environmental compartment.
Overall, arsenic mobility in water—sediment
systems is governed by coupled geochemical, mi-
crobiological, and physical processes. Fe/Mn oxy-
hydroxides, organic matter, sulfide phases, pore-
water gradients, adsorption—desorption reactions,
and sediment disturbance collectively determine
whether arsenic remains immobilized or becomes
available for transport and exposure. This com-
plexity explains why total arsenic concentrations
in water, sediment, or porewater may provide in-
complete information when interpreted separately.
A more reliable assessment requires simultaneous
consideration of arsenic speciation, solid-phase
associations, redox status, porewater chemistry,
and sediment—water flux. These factors are essen-
tial for predicting arsenic persistence, secondary
release, and long-term environmental risk.

TOXICITY, EXPOSURE PATHWAYS,
AND RISK IMPLICATIONS

The toxicity of arsenic is strongly dependent
on its chemical species, oxidation state, solubil-
ity, exposure route, dose, and duration of expo-
sure (Ganie et al., 2024; Sharma and Sohn, 2009).
This species-dependent toxicity is one of the main
reasons why total arsenic concentration alone is
insufficient for environmental and health risk as-
sessment (Diacomanolis et al., 2016). Inorganic
arsenic species, particularly arsenite As(IIl) and
arsenate As(V), are generally of greatest concern
because they are more toxic and environmentally
relevant than most organic arsenic compounds
(Druwe and Vaillancourt, 2010; Ganie et al.,
2024). Among these, As(Ill) is commonly con-
sidered more toxic and more mobile than As(V),
largely because of its strong affinity for sulthydryl
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groups in proteins and enzymes, its ability to in-
terfere with cellular metabolism, and its tendency
to occur as a neutral species under circumneutral
reducing conditions (Druwe and Vaillancourt,
2010; Sharma and Sohn, 2009). In contrast, As(V)
can behave as a phosphate analogue and disrupt
phosphate-dependent biochemical processes, in-
cluding ATP production and cellular energy trans-
fer (Druwe and Vaillancourt, 2010).

Human exposure to arsenic occurs mainly
through contaminated drinking water, food, inha-
lation of arsenic-bearing particles, occupational
contact, and, in some settings, ingestion of con-
taminated soil or dust (De Voogt, 2017; Kumari
et al., 2017). Drinking water remains one of the
most important exposure pathways because dis-
solved inorganic arsenic can be directly consumed
over long periods. Groundwater contamination is
particularly critical in geogenic arsenic regions,
where arsenic can be released from aquifer sedi-
ments through reductive dissolution of iron oxy-
hydroxides or oxidation of arsenic-bearing sulfide
minerals (Mahimairaja et al., 2005; Sharma and
Sohn, 2009). In mining-affected and industrial
areas, exposure may also occur through surface
water, sediments, tailings, atmospheric deposi-
tion, and contaminated agricultural soils (Hoang
et al., 2021). Therefore, arsenic risk depends not
only on concentration in water, but also on source
type, environmental compartment, exposure fre-
quency, and the chemical form of arsenic present.

Food-chain exposure is another important
pathway, especially in areas where arsenic-con-
taminated water is used for irrigation or where
aquatic organisms accumulate arsenic from con-
taminated sediments and water (Rahman et al.,
2012; Arslan et al., 2017). Rice is a major concern
because it can accumulate inorganic arsenic under
flooded soil conditions, where reducing environ-
ments favor arsenic mobilization and uptake by
plant roots (Arslan et al., 2017; Pullyottum Kavil
et al., 2020). Aquatic organisms may also accu-
mulate arsenic, but the toxicological significance
depends strongly on speciation. Many marine or-
ganisms contain arsenobetaine and other organo-
arsenic species that are generally considered less
toxic than inorganic arsenic (Azizur Rahman et
al., 2012). However, the presence of inorganic ar-
senic or reactive methylated species in food ma-
trices remains relevant for health risk assessment.
Therefore, food-chain risk evaluation requires
species-specific determination rather than total
arsenic measurement alone.
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At the cellular level, As(III) can bind strongly
to thiol-containing proteins, inhibit enzyme activ-
ity, induce oxidative stress, alter signal transduc-
tion, disrupt DNA repair, and interfere with cel-
lular respiration (Druwe and Vaillancourt, 2010;
Ganie et al., 2024). As(V), because of its chemical
similarity to phosphate, can replace phosphate in
biochemical reactions and impair energy metabo-
lism. Chronic exposure to inorganic arsenic has
been associated with skin lesions, pigmentation
changes, hyperkeratosis, cardiovascular effects,
neurological effects, diabetes-related outcomes,
and cancers of the skin, lung, bladder, and other
organs (Ganie et al., 2024; Malik et al., 2022).
The severity and manifestation of these effects
depend on exposure level, exposure duration,
nutritional status, genetic susceptibility, arsenic
metabolism, and co-exposure to other contami-
nants. These health outcomes highlight the need
for monitoring approaches that connect environ-
mental arsenic data with exposure relevance and
toxicological significance.

Arsenic metabolism in humans involves re-
duction, oxidation, and methylation reactions.
Ingested inorganic arsenic can be reduced and
methylated to monomethylarsonic acid and di-
methylarsinic acid, which are excreted primarily
through urine (Sharma and Sohn, 2009; Ganie et
al., 2024). For many years, methylation was inter-
preted as a detoxification pathway because meth-
ylated arsenic species are often more readily elim-
inated from the body. However, this interpretation
is now recognized as oversimplified because some
methylated trivalent intermediates may be highly
reactive and biologically active (Druwe and Vail-
lancourt, 2010). Therefore, urinary arsenic spe-
ciation can provide useful information on recent
exposure and metabolic profile, but interpretation
requires careful differentiation between inorganic
arsenic, methylated metabolites, and relatively
non-toxic dietary organoarsenic species derived
from seafood (Sharma and Sohn, 2009).

Different biological matrices provide differ-
ent information on arsenic exposure. Urine is
commonly used as an indicator of recent arsenic
exposure because arsenic and its metabolites are
excreted mainly through the urinary pathway.
Hair and nails can reflect longer-term exposure
because arsenic has an affinity for keratin-rich tis-
sues (Chan and Huff, 1997). Blood arsenic is less
useful for retrospective exposure assessment be-
cause arsenic is rapidly cleared from circulation.
However, biomonitoring data must be interpreted

cautiously because external contamination, di-
etary sources, species transformation, and ana-
lytical method limitations can influence measured
concentrations. For this reason, biomonitoring
should be combined with environmental mea-
surements, exposure history, and arsenic specia-
tion to support more reliable risk interpretation.

Ecological toxicity also depends on arse-
nic speciation and environmental conditions. In
aquatic organisms, arsenic bioavailability is in-
fluenced by dissolved species, sediment binding,
trophic transfer, salinity, organic matter, and redox
conditions (Ghosh et al., 2022; Neff, 1997; Wang
et al., 2022). Benthic organisms may be exposed
to arsenic through direct contact with contaminat-
ed sediments, ingestion of particles, and porewa-
ter exchange. Plants can take up arsenic from soils
and sediments, with uptake affected by phosphate
availability, iron plaque formation on roots, soil
redox conditions, and arsenic species (Khalid et
al., 2017). Because arsenate behaves similarly to
phosphate, it can enter plant uptake pathways and
interfere with phosphorus metabolism. Arsenite,
meanwhile, can interact with thiol-rich biomole-
cules and cause cellular toxicity (Druwe and Vail-
lancourt, 2010). These processes show that eco-
logical risk cannot be inferred from total arsenic
concentration alone without considering specia-
tion, bioavailability, and exposure route.

The environmental risk of arsenic is therefore
best understood through an integrated framework
combining source identification, speciation, mo-
bility, exposure pathway, and receptor sensitivity
(Prasad et al., 2026). A water sample with low to-
tal arsenic may still be of concern if the dominant
species is As(III), while sediment with high total
arsenic may pose limited immediate risk if arsenic
is strongly immobilized in stable mineral phases
(Kanel et al., 2023). Conversely, arsenic-rich sedi-
ments may become important secondary sources
when redox conditions shift, sulfide minerals
oxidize, or Fe/Mn oxyhydroxides dissolve. Thus,
risk assessment must consider not only how much
arsenic is present, but also where it is located,
in what chemical form it occurs, how stable that
form is, and whether environmental conditions fa-
vor release, transformation, or biological uptake.

Overall, arsenic toxicity and risk are con-
trolled by the interaction between chemical spe-
ciation, environmental mobility, exposure path-
way, and biological response (Sharma and Sohn,
2009; Ganie et al., 2024). This reinforces the need
for risk-based monitoring that moves beyond total
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arsenic measurement toward species-specific and
matrix-specific assessment. Such an approach is
particularly important in groundwater systems,
sediment-impacted water bodies, mining regions,
agricultural areas, and ecosystems where arse-
nic can be transferred through water, sediment,
soil, food, and biological tissues. The following
section discusses analytical methods for arsenic
determination and speciation, with emphasis on
how analytical reliability influences environmen-
tal interpretation and risk assessment.

ANALYTICAL METHODS FOR ARSENIC
DETERMINATION AND SPECIATION

Reliable determination of arsenic in environ-
mental samples is essential for understanding its
occurrence, mobility, toxicity, bioavailability, and
associated environmental risks. However, arsenic
analysis is analytically challenging because envi-
ronmental samples often contain arsenic at trace
or ultra-trace concentrations, while its chemical
species differ substantially in toxicity, mobility,
and environmental behavior (Ardini et al., 2020;
Nearing et al., 2014). Total arsenic concentration
provides important information regarding con-
tamination status but does not distinguish among
arsenic species that govern bioavailability, tox-
icity, and ecological significance. Consequently,
modern arsenic monitoring increasingly requires
both total arsenic determination and species-
specific analysis in water, sediments, porewater,
soils, biological tissues, and food matrices (Ar-
dini et al., 2020; Bosch et al., 2010).

Total arsenic analysis is commonly performed
using atomic spectrometric and mass spectromet-
ric techniques. Inductively coupled plasma mass
spectrometry (ICP-MS) is widely regarded as the
benchmark method because of its exceptional
sensitivity, low detection limits, broad dynamic
range, rapid analysis, and multi-element capabil-
ity. Detection limits frequently reach sub-ug L™
concentrations, allowing accurate quantification
of arsenic in both pristine and contaminated en-
vironments. Inductively coupled plasma optical
emission spectrometry (ICP-OES) is also widely
used but generally exhibits lower sensitivity than
ICP-MS for trace-level arsenic determination.
Atomic absorption spectrometry (AAS), par-
ticularly hydride generation atomic absorption
spectrometry (HG-AAS), has long been applied
because arsenic can be converted into volatile
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hydride species prior to detection. Hydride gen-
eration atomic fluorescence spectrometry (HG-
AFS) offers additional improvements in sensi-
tivity and selectivity and remains valuable for
routine environmental monitoring where access
to ICP-MS is limited (Mishra and Sankararamak-
rishnan, 2018; Yu et al., 2020)

Sample preparation strongly influences the
reliability of total arsenic determination. Water
samples are typically filtered and acidified imme-
diately after collection to preserve dissolved arse-
nic fractions, whereas sediments, soils, plants, and
biological tissues require digestion prior to instru-
mental analysis. Acid digestion using nitric acid,
hydrochloric acid, hydrogen peroxide, or micro-
wave-assisted digestion is frequently employed to
release arsenic from solid matrices (Chen et al.,
2006). However, digestion procedures must be se-
lected carefully because incomplete digestion can
underestimate total arsenic concentrations, where-
as overly aggressive digestion or inappropriate re-
agent combinations may cause analyte loss, con-
tamination, or species alteration. For solid envi-
ronmental samples, quality control measures such
as certified reference materials, procedural blanks,
spike recovery tests, duplicate analyses, and ma-
trix-matched calibration are essential to ensure
analytical reliability (Firat et al., 2017).

Although total arsenic determination is useful
for contamination screening and regulatory com-
parison, it is insufficient for risk-based interpre-
tation because arsenic toxicity and mobility are
strongly species-dependent. Speciation analysis
aims to separate and quantify individual arsenic
species, including As(I1I), As(V), monomethylar-
sonic acid (MMA), dimethylarsinic acid (DMA),
arsenobetaine, arsenocholine, arsenosugars, and
other organoarsenic compounds (Bosch et al.,
2010; Chen et al.,, 2014). The most powerful
analytical approach combines chromatographic
separation with element-specific detection. High-
performance liquid chromatography coupled with
ICP-MS (HPLC-ICP-MS) is widely considered
the gold standard for arsenic speciation because
it enables efficient separation of arsenic species
followed by highly sensitive and selective el-
emental detection (Ardini et al., 2020; B’Hymer
& Caruso, 2004). lon-exchange chromatography
is commonly applied to separate inorganic and
methylated arsenic species, whereas reversed-
phase and ion-pair chromatographic approaches
may be employed for more complex organoarse-
nic compounds (Bosch et al., 2010).
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The accuracy of arsenic speciation analysis
depends not only on instrumental capability but
also on species preservation during sampling,
storage, extraction, and analysis. Arsenic spe-
cies can undergo oxidation, reduction, methyla-
tion, demethylation, adsorption, precipitation, or
microbially mediated transformation following
sample collection (Wolf et al., 2011). For exam-
ple, As(Ill) may oxidize to As(V) during storage,
whereas As(V) may be reduced under anoxic or
biologically active conditions. Consequently,
field filtration, refrigeration, temperature control,
exclusion of light, use of appropriate preserva-
tives, minimization of storage duration, and vali-
dation of preservation protocols are critical for
obtaining reliable speciation data. In porewater
and sediment samples, maintaining in situ redox
conditions is particularly important because ex-
posure to oxygen may rapidly alter arsenic spe-
ciation as well as associated Fe/Mn oxyhydroxide
and sulfide phases (Wolf et al., 2011).

Extraction remains one of the greatest chal-
lenges in arsenic speciation analysis of solid ma-
trices. Unlike dissolved arsenic in water, arsenic
in sediments, soils, plants, and biological tissues
may be associated with minerals, organic matter,
sulfides, or biological macromolecules. There-
fore, extraction procedures must release arsenic
species while preserving their original chemical
forms. Mild extractants may preserve species in-
tegrity but yield incomplete recovery, whereas
stronger extractants may improve extraction effi-
ciency at the expense of species stability. Various
extraction approaches, including phosphate-buf-
fer extraction, water—methanol extraction, alka-
line extraction, enzymatic extraction, microwave-
assisted extraction, and acid extraction, have been
applied depending on sample type and analytical
objectives (M.-L. Chen et al., 2014; Kresa et al.,
2026). Because no universal extraction procedure
is suitable for all environmental matrices, method
validation should evaluate extraction efficiency,
species recovery, species stability, and mass bal-
ance between extracted species and independent-
ly measured total arsenic concentrations.

Matrix interference represents another impor-
tant analytical challenge. In ICP-MS analysis, ar-
senic determination at m/z 75 may be affected by
polyatomic interferences, particularly “°Ar**Cl*
ions generated in chloride-rich matrices (Ardini
et al., 2020; Balaram, 2021; Wolf et al., 2011).
Advanced instrumental configurations employ-
ing collision or reaction cell technologies have

been developed to minimize such interferences
and improve analytical accuracy. Additional ma-
trix effects may arise from high dissolved solids,
organic matter, iron, sulfur, chloride, and other
coexisting constituents that influence nebuliza-
tion efficiency, plasma stability, chromatographic
separation, or detector response. Consequently,
arsenic methods should be optimized according
to matrix characteristics rather than applied as ge-
neric procedures. This consideration is particular-
ly important for seawater, estuarine waters, acid
mine drainage, industrial wastewater, sediment
extracts, and biological samples.

Electrochemical methods have also emerged as
promising alternatives for arsenic determination,
particularly in field-oriented applications. Tech-
niques such as stripping voltammetry and modi-
fied electrode sensors offer advantages including
low cost, portability, rapid response, and relatively
simple instrumentation (Borrill et al., 2019; Dev-
nani and Sharma, 2023). These approaches are
particularly attractive for decentralized monitor-
ing programs and resource-limited regions where
access to advanced laboratory facilities may be
restricted. However, electrochemical methods are
susceptible to interference from coexisting ions,
electrode fouling, matrix effects, and oxidation-
state dependence. Many systems exhibit higher
sensitivity toward As(Ill) than As(V), necessitat-
ing additional oxidation or reduction steps when
determining total inorganic arsenic concentrations.
Therefore, rigorous validation remains necessary
before electrochemical methods can be widely ad-
opted for regulatory monitoring.

Field-based and rapid analytical approaches
are becoming increasingly important for arsenic
surveillance. Portable test kits, colorimetric as-
says, paper-based devices, microfluidic platforms,
passive samplers, and sensor-based systems can
provide rapid screening of arsenic contamination
(Chill¢ et al., 2024). These tools are valuable for
preliminary assessment, emergency response,
community-scale monitoring, and spatial map-
ping of contaminated groundwater sources. Nev-
ertheless, many rapid methods remain limited in
detection capability, selectivity, species differen-
tiation, and matrix tolerance. Consequently, field
screening results should ideally be verified using
laboratory-based methods when concentrations
approach regulatory thresholds or when manage-
ment decisions involve public health protection.

Quality assurance and quality control
(QA/QC) are essential components of arsenic
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determination and speciation analysis. Reliable
monitoring requires appropriate calibration pro-
cedures, procedural blanks, duplicate analyses,
spike recovery tests, certified reference materi-
als, detection limit estimation, method validation,
and uncertainty assessment (Firat et al., 2017).
Speciation analysis requires additional QA/QC
measures, including species-specific standards,
chromatographic resolution assessment, reten-
tion-time verification, species recovery evalua-
tion, and comparison between summed species
concentrations and independently determined
total arsenic. Without these controls, analytical
results may be difficult to interpret and may in-
troduce uncertainty into environmental risk as-
sessment, remediation planning, or regulatory
decision-making. Because different analytical
techniques offer different levels of sensitivity, se-
lectivity, matrix tolerance, and speciation capabil-
ity, analytical method selection should be guided
by both monitoring objectives and sample char-
acteristics. The principal methods used for total
arsenic determination and arsenic speciation are
summarized in Table 6.

Overall, arsenic analytical strategies should
be selected according to the monitoring objective.
Total arsenic determination is appropriate for ini-
tial screening, contamination assessment, and
regulatory comparison, whereas species-specific
analysis is necessary to understand mobility, bio-
availability, toxicity, treatment behavior, and ex-
posure risk. In complex environmental systems,
the most informative approach integrates total
arsenic measurements, arsenic speciation, matrix
characterization, and supporting geochemical pa-
rameters such as pH, redox potential, dissolved
oxygen, iron, manganese, sulfide, phosphate, sa-
linity, and organic matter content. Such an inte-
grated analytical framework provides a stronger
scientific basis for interpreting arsenic behavior
and for supporting risk-based monitoring and en-
vironmental management.

CURRENT CHALLENGES AND
FUTURE PERSPECTIVES FOR
RISK-BASED MONITORING

Despite substantial progress in arsenic re-
search, several challenges remain in translating
environmental measurements into reliable risk
assessment and management strategies. A ma-
jor limitation is the continued reliance on total
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arsenic concentration as the primary indicator of
contamination. Although total arsenic is useful
for screening and regulatory comparison, it pro-
vides limited information on toxicity, mobility,
bioavailability, and environmental behavior. Two
samples with similar total arsenic concentrations
may represent very different levels of risk if they
contain different proportions of As(III), As(V),
methylated species, particulate-bound arsenic,
or mineral-associated arsenic. Therefore, the in-
terpretation of arsenic contamination requires a
transition from concentration-based assessment
toward species-resolved, process-based, and ex-
posure-relevant monitoring.

One of the most important challenges is the
instability of arsenic species during sampling,
storage, extraction, and analysis. Arsenic specia-
tion in natural waters, porewater, sediments, soils,
and biological samples can change rapidly in re-
sponse to oxygen exposure, microbial activity,
pH shifts, redox alteration, light exposure, and
interactions with mineral phases. As(II) may be
oxidized to As(V), As(V) may be reduced under
anoxic conditions, and dissolved arsenic may ad-
sorb onto particles or precipitate during storage.
In sediment and porewater samples, disturbance
of in situ redox conditions during collection can
significantly alter the original species distribu-
tion. Consequently, reliable speciation analysis
requires carefully validated sampling protocols,
field filtration, preservation procedures, low-tem-
perature storage, short holding times, and docu-
mentation of geochemical conditions at the time
of collection.

Another key challenge is the limited inte-
gration between arsenic measurements and sed-
iment-water processes. Many monitoring pro-
grams focus primarily on dissolved arsenic in
water, while sediments are treated as separate or
secondary compartments. However, sediments
can store large arsenic inventories and release
arsenic when redox conditions shift, Fe/Mn
oxyhydroxides dissolve, sulfide phases oxidize,
or organic matter degradation intensifies. This
means that water-column arsenic concentrations
may not fully represent the long-term contamina-
tion potential of an aquatic system. Risk-based
monitoring should therefore include not only
water samples but also sediments, porewater,
sediment-associated arsenic fractions, and, where
feasible, measurements of arsenic flux across the
sediment-water interface. Such integration is par-
ticularly important in lakes, reservoirs, wetlands,
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Table 6. Analytical methods for total arsenic and arsenic speciation

Method Target Advantages Limitations
ICP-MS Total As ar_1d _coupled Very sensitive, r_n_ultl-element Matrix interference, high cost
speciation capability
ICP-OES Total As Suitable for higher concentrations Less sensitive than ICP-MS

JHG-AAS/HG-AFS Total inorganic As

Sensitive and relatively established

Requires hydride generation

conditions
HPLC-ICP-MS Arsenic speciation Species-specific, high sensitivity Expensive, requires careful
preservation
Voltammetry Mainly A§(III), so.metlmes Portable, low cost Matrix |nterferenc?e and electrode
total inorganic As fouling
Colorimetric/test kits Screening Rapid and field-friendly Limited accg;?)(;):)ielii?: speciation

estuaries, mining-affected rivers, and groundwa-
ter-connected sedimentary systems.

Analytical reliability remains another critical
issue. Advanced instruments such as ICP-MS and
HPLC-ICP-MS provide highly sensitive arsenic
determination and speciation, but their availability
remains limited in many regions affected by arse-
nic contamination. In addition, complex environ-
mental matrices such as seawater, acid mine drain-
age, industrial wastewater, sediment extracts, and
biological tissues can introduce spectral interfer-
ence, matrix suppression, extraction bias, and spe-
cies transformation. For speciation analysis, the
summed concentration of individual species does
not always match independently measured total
arsenic, indicating incomplete extraction, species
degradation, or analytical loss. Therefore, future
arsenic monitoring should place greater emphasis
on method validation, certified reference materi-
als, inter-laboratory comparison, uncertainty re-
porting, species recovery assessment, and matrix-
specific quality assurance protocols.

Field-based arsenic monitoring also requires
further development. Portable kits, colorimet-
ric tests, paper-based sensors, electrochemical
devices, and microfluidic platforms have con-
siderable potential for rapid screening and de-
centralized monitoring. These tools are particu-
larly valuable in remote areas, mining regions,
and communities where laboratory access is
limited. However, many field methods still face
limitations related to detection limits, selectivity,
speciation capability, matrix interference, user-
dependent error, and quality control. Future re-
search should focus on improving the sensitivity,
robustness, and species discrimination capability
of field-based technologies while ensuring that
screening results can be validated against labo-
ratory reference methods. Rather than replacing

laboratory analysis, field technologies should be
integrated into tiered monitoring frameworks in
which rapid screening guides more comprehen-
sive confirmatory investigations.

A further limitation is the weak connection
between arsenic speciation data and exposure
assessment. Environmental monitoring often re-
ports arsenic concentrations in water, sediment,
soil, or biota without sufficiently linking these
measurements to actual exposure pathways and
receptor vulnerability. For example, arsenic in
groundwater may directly affect drinking-water
exposure, whereas arsenic in sediment may pose
risks through porewater diffusion, benthic uptake,
resuspension, or food-web transfer. Arsenic in
rice, fish, or other food matrices requires species-
specific interpretation because inorganic and or-
ganic arsenic species differ substantially in toxi-
cological relevance. Therefore, risk assessment
should integrate environmental compartment,
arsenic species, exposure route, receptor type,
and bioavailability. Such integration would make
monitoring outcomes more directly relevant to
public health and ecological protection.

Future research should also strengthen the
mechanistic understanding of arsenic mobility un-
der changing environmental conditions. Climate
variability, flooding, drought, sea-level rise, sa-
linity intrusion, organic matter loading, land-use
change, and mining disturbance can modify re-
dox conditions and arsenic release. For example,
flooding may enhance reducing conditions and
mobilize arsenic from Fe oxyhydroxides, where-
as drying and oxidation may destabilize sulfide-
bound arsenic. Seasonal hydrological fluctuations
can additionally alter groundwater-surface water
interactions, sediment-water exchange, and arse-
nic transport pathways. Therefore, long-term and
process-based monitoring programs are needed
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to capture temporal variability rather than relying
solely on single-time-point measurements.

Another important future direction is the de-
velopment of integrated geochemical and predic-
tive models. Models that combine arsenic specia-
tion, pH, redox potential, Fe/Mn cycling, sulfide
formation, organic matter degradation, adsorp-
tion-desorption processes, hydrological transport,
and exposure pathways can improve predictions
of arsenic mobility under different environmental
scenarios. However, model reliability depends on
high-quality analytical data and field validation.
Thermodynamic Eh-pH diagrams are useful for
conceptual interpretation, but they cannot fully
represent kinetic limitations, microbial mediation,
colloidal transport, heterogeneous sediment con-
ditions, and temporal variability. Therefore, future
modeling efforts should increasingly integrate
equilibrium chemistry, reaction kinetics, micro-
bial processes, and long-term field observations.

Risk-based arsenic monitoring should ulti-
mately move toward an integrated framework.
Such a framework should include source iden-
tification; total arsenic determination; species-
specific analysis; characterization of pH, redox
potential, dissolved oxygen, iron, manganese,
sulfide, phosphate, organic matter, and salinity;
assessment of sediment and porewater arsenic
pools; evaluation of sediment-water exchange;
identification of exposure pathways; and inter-
pretation of toxicity based on speciation and bio-
availability. This approach can better distinguish
between systems where arsenic is present but
relatively immobile and systems where arsenic is
actively mobilized and capable of affecting hu-
man or ecological receptors.

Overall, the future of arsenic monitoring lies
in moving beyond isolated measurements to-
ward integrated, species-specific, process-based,
and exposure-oriented assessment. Total arsenic
concentration remains an important indicator,
but it should be interpreted together with arsenic
speciation, geochemical context, sediment-wa-
ter interactions, analytical uncertainty, bioavail-
ability, and exposure relevance. Such a strategy
would improve the ability to diagnose contami-
nation sources, predict secondary release, evalu-
ate remediation requirements, and protect both
human and ecosystem health. This risk-based
perspective provides the foundation for a more
reliable, defensible, and scientifically robust ap-
proach to arsenic assessment in aquatic and sedi-
mentary environments.
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CONCLUSIONS

Arsenic contamination in aquatic and sedi-
mentary environments remains a major environ-
mental and public-health concern because its oc-
currence, mobility, toxicity, and persistence are
governed by complex interactions among geo-
logical sources, anthropogenic inputs, biogeo-
chemical transformations, sediment-water ex-
change processes, and environmental conditions.
This review highlights that the environmental
significance of arsenic cannot be adequately in-
terpreted from total arsenic concentrations alone.
Instead, arsenic speciation is a critical determi-
nant of mobility, bioavailability, toxicity, and ex-
posure risk. The predominance of As(IIl), As(V),
methylated species, or mineral-associated forms
strongly influences arsenic transport, biological
uptake, and environmental behavior under vary-
ing redox and pH conditions.

Sediment-water interactions represent a fun-
damental control on arsenic cycling in aquatic
systems. Iron and manganese oxyhydroxides,
organic matter, sulfide minerals, and porewater
processes regulate arsenic retention and release,
allowing sediments to function simultaneously
as sinks, transformation zones, and secondary
contamination sources. Consequently, dissolved
arsenic concentrations in water may not fully re-
flect long-term contamination potential or future
mobilization risks. Understanding the coupling
among redox dynamics, microbial activity, min-
eral transformations, and sediment diagenesis is
therefore essential for predicting arsenic behavior
across environmental compartments.

Advances in analytical chemistry have
significantly improved the ability to deter-
mine both total arsenic and individual arse-
nic species. Techniques such as ICP-MS and
HPLC-ICP-MS provide powerful tools for en-
vironmental assessment, although challenges
associated with species preservation, extrac-
tion efficiency, matrix interference, and qual-
ity assurance remain important considerations.
Reliable interpretation of arsenic data requires
analytical approaches that preserve species in-
tegrity and account for uncertainty throughout
the monitoring process.

Overall, effective arsenic assessment should
move beyond concentration-based evaluation
toward an integrated, species-specific, and risk-
based framework. Combining source charac-
terization, arsenic speciation, sediment-water
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interactions, geochemical indicators, exposure
pathways, bioavailability assessment, and ana-
lytical reliability provides a more robust basis for
predicting arsenic mobility, identifying secondary
release mechanisms, supporting remediation deci-
sions, and protecting both ecosystem and human
health in contaminated aquatic environments.

REFERENCES

1. Acquavita, A., Floreani, F., Covelli, S. (2021). Oc-
currence and speciation of arsenic and mercury in
alluvial and coastal sediments. Current Opinion
in Environmental Science & Health, 22, 100272.
https://doi.org/10.1016/j.coesh.2021.100272

2. Aftabtalab, A., Rinklebe, J., Shaheen, S. M., Niazi,
N. K., Moreno-Jiménez, E., Schaller, J., Knorr, K.-
H. (2022). Review on the interactions of arsenic,
iron (oxy)(hydr)oxides, and dissolved organic mat-
ter in soils, sediments, and groundwater in a ter-
nary system. Chemosphere, 286, 131790. https://
doi.org/10.1016/j.chemosphere.2021.131790

3. Akter, K. F., Owens, G., Davey, D. E., Naidu,
R. (2005). Arsenic Speciation and Toxicity in
Biological Systems. In G. W. Ware, L. A. Albert,
D. G. Crosby, P. De Voogt, O. Hutzinger, J. B.
Knaak, F. L. Mayer, D. P. Morgan, D. L. Park,
R. S. Tjeerdema, D. M. Whitacre, R. S. H. Yang,
F. A. Gunther (Eds.), Reviews of Environmen-
tal Contamination and Toxicology (Vol. 184,
pp. 97-149). Springer New York. https://doi.
org/10.1007/0-387-27565-7 3

4. Ardini, F., Dan, G., Grotti, M. (2020). Arsenic spe-
ciation analysis of environmental samples. Journal
of Analytical Atomic Spectrometry, 35(2),215-237.
https://doi.org/10.1039/C9JA00333 A

5. Azizur Rahman, M., Hasegawa, H., Peter Lim, R.
(2012). Bioaccumulation, biotransformation and
trophic transfer of arsenic in the aquatic food chain.
Environmental Research, 116, 118—135. https://doi.
org/10.1016/j.envres.2012.03.014

6. Baeyens, W., Mirlean, N., Bundschuh, J., De Winter,
N., Baisch, P., Da Silva Janior, F. M. R., Gao, Y.
(2019). Arsenic enrichment in sediments and beach-
es of Brazilian coastal waters: A review. Science of
The Total Environment, 681, 143—154. https://doi.
org/10.1016/j.scitotenv.2019.05.126

7. Balaram, V. (2021). Strategies to overcome in-
terferences in elemental and isotopic geochemi-
cal analysis by quadrupole inductively coupled
plasma mass spectrometry: A critical evaluation of
the recent developments. Rapid Communications
in Mass Spectrometry, 35(10), €9065. https://doi.
org/10.1002/rcm.9065

8. Bang, S., Meng, X. (2004). Research papers: A
review of arsenic interactions with anions and
iron hydroxides. Environmental Engineering Re-
search, 9(4), 184-192. https://doi.org/10.4491/
eer.2004.9.4.184

9. Barral-Fraga, L., Barral, M. T., MacNeill, K. L.,
Martina-Prieto, D., Morin, S., Rodriguez-Castro,
M. C., Tuulaikhuu, B.-A., Guasch, H. (2020). Bi-
otic and abiotic factors influencing arsenic bio-
geochemistry and toxicity in fluvial ecosystems:
A review. International Journal of Environmental
Research and Public Health, 17(7), 2331. https://
doi.org/10.3390/ijerph17072331

10.Basu, A., Saha, D., Saha, R., Ghosh, T., Saha, B.
(2014). A review on sources, toxicity and reme-
diation technologies for removing arsenic from
drinking water. Research on Chemical Interme-
diates, 40(2), 447-485. https://doi.org/10.1007/
s11164-012-1000-4

11. Benjamin, M. M., Honeyman, B. D. (1992). 15
Trace Metals. In International Geophysics (Vol.
50, pp. 317-352). Elsevier. https://doi.org/10.1016/
S0074-6142(08)62698-4

12. Bennett, W. W., Teasdale, P. R., Panther, J. G.,
Welsh, D. T., Zhao, H., Jolley, D. F. (2012). In-
vestigating arsenic speciation and mobilization in
sediments with DGT and DET: a mesocosm evalu-
ation of oxic-anoxic transitions. Environmental Sci-
ence & Technology, 46(7), 3981-3989. https://doi.
org/10.1021/es204484k

13. Bhattacharya, P., Vahter, M., Jarsj0, J., Kumpiene,
J.,Ahmad, A., Sparrenbom, C., Jacks, G., Donselaar,
M. E., Bundschuh, J., Naidu, R. (Eds.). (2016). Ar-
senic Research and Global Sustainability: Proceed-
ings of the Sixth International Congress on Arsenic
in the Environment (As2016), June 19-23, 2016,
Stockholm, Sweden (0 ed.). CRC Press. https://doi.
org/10.1201/9781315364131

14. B’Hymer, C., Caruso, J. A. (2004). Arsenic and its
speciation analysis using high-performance liquid
chromatography and inductively coupled plasma
mass spectrometry. Journal of Chromatography
A, 1045(1-2), 1-13. https://doi.org/10.1016/j].
chroma.2004.06.016

15. Bissen, M., Frimmel, F. H. (2003). Arsenic — a Re-
view. Part I: Occurrence, toxicity, speciation, mobil-
ity. Acta Hydrochimica et Hydrobiologica, 31(1),
9-18. https://doi.org/10.1002/aheh.200390025

16. Borrill, A. J., Reily, N. E., Macpherson, J. V. (2019).
Addressing the practicalities of anodic stripping
voltammetry for heavy metal detection: A tutorial
review. The Analyst, 144(23), 6834—6849. https://
doi.org/10.1039/C9AN01437C

17.Bosch, M. E., Sanchez, A. J. R., Rojas, F. S., Oje-
da, C. B. (2010). Arsenic and antimony specia-
tion analysis in the environment using hyphenated

493



Ecological Engineering & Environmental Technology 2026, 27(8), 476—-499

techniques to inductively coupled plasma mass
spectrometry: A review. International Journal of
Environment and Waste Management, 5(1/2), 4.
https://doi.org/10.1504/IJEWM.2010.029685

18. Bowell, R. J., Alpers, C. N., Jamieson, H. E., Nord-
strom, D. K., Majzlan, J. (2014). The Environmental
geochemistry of arsenic — An overview. Reviews in
Mineralogy and Geochemistry, 79(1), 1-16. https://
doi.org/10.2138/rmg.2014.79.1

19. Campbell, K. M., Nordstrom, D. K. (2014). Arse-
nic speciation and sorption in natural environments.
Reviews in Mineralogy and Geochemistry, 79(1),
185-216. https://doi.org/10.2138/rmg.2014.79.3

20. Chan, P. C., Huft, J. (1997). Arsenic carcinogenesis
in animals and in humans: Mechanistic, experimen-
tal, and epidemiological evidence. Journal of Envi-
ronmental Science and Health, Part C, 15(2), 83—
122. https://doi.org/10.1080/10590509709373492

21.Chen, J., Rosen, B. P. (2020). The arsenic meth-
ylation cycle: How microbial communities adapted
methylarsenicals for use as weapons in the con-
tinuing war for dominance. Frontiers in Environ-
mental Science, 8, 43. https://doi.org/10.3389/
fenvs.2020.00043

22.Chen, M.-L., Ma, L.-Y., Chen, X.-W. (2014).
New procedures for arsenic speciation: A review.
Talanta, 125, 78-86. https://doi.org/10.1016/j.
talanta.2014.02.037

23.Chen, Z., Akter, K. F., Rahman, M. M., Naidu, R.
(20006). Speciation of arsenic by ion chromatography
inductively coupled plasma mass spectrometry us-
ing ammonium eluents. Journal of Separation Sci-
ence, 29(17), 2671-2676. https://doi.org/10.1002/
j85¢.200500304

24. Chille, D., Margui, E., Antico, E., Foti, C., Fontas,
C. (2024). Facilitating inorganic arsenic speciation
and quantification in waters: Polymer inclusion
membrane preconcentration and X-ray fluorescence
detection. Analytica Chimica Acta, 1324, 343098.
https://doi.org/10.1016/j.aca.2024.343098

25.Cui, J., Jing, C. (2019). A review of arsenic inter-
facial geochemistry in groundwater and the role of
organic matter. Ecotoxicology and Environmen-
tal Safety, 183, 109550. https://doi.org/10.1016/j.
ecoenv.2019.109550

26. Cukrov, N., Cukrov, N., Omanovi¢, D. (2024).
Early Diagenetic Processes in the Sediments of the
Krka River Estuary. Journal of Marine Science and
Engineering, 12(3), 466. https://doi.org/10.3390/
jmse12030466

27. Cullen, W. R., Reimer, K. J. (1989). Arsenic specia-
tion in the environment. Chemical Reviews, 89(4),
713-764. https://doi.org/10.1021/cr00094a002

28. Curtis, C. (1987). Mineralogical Consequences
of Organic Matter Degradation in Sediments:

494

Inorganic/Organic Diagenesis. In J. K. Leggett &
G. G. Zufta (Eds.), Marine Clastic Sedimentology
(pp. 108-123). Springer Netherlands. https://doi.
org/10.1007/978-94-009-3241-8 6

29. De Voogt, P. (Ed.). (2017). Reviews of Environmen-
tal Contamination and Toxicology Volume 243 (Vol.
243). Springer International Publishing. https://doi.
org/10.1007/978-3-319-58724-0

30. Devnani, H., Sharma, C. (2023). Recent Advances
in Voltammetric Sensing. In S. Rajendrachari, K.
Kenchappa Somashekharappa, S. Peramenahalli
Chikkegouda, & S. Vasanth (Eds.), Frontiers in
Voltammetry. IntechOpen. https://doi.org/10.5772/
intechopen.108595

31. Diacomanolis, V., Noller, B. N., Taga, R., Harris,
H. H., Aitken, J. B., Ng, J. C. (2016). Relationship
of arsenic speciation and bioavailability in mine
wastes for human health risk assessment. Envi-
ronmental Chemistry, 13(4), 641-655. https://doi.
org/10.1071/EN14152

32.Ding, Y., Li, Y., You, T, Liu, S., Wang, S., Zeng, X.,
Jia, Y. (2024). Effects of denitrification on specia-
tion and redistribution of arsenic in estuarine sedi-
ments. Water Research, 258, 121766. https://doi.
org/10.1016/j.watres.2024.121766

33. Dissanayake, C. B., Chandrajith, R. (2009). Medi-
cal Geology of Arsenic. In C. B. Dissanayake & R.
Chandrajith, Introduction to Medical Geology (pp.
157-189). Springer Berlin Heidelberg. https://doi.
org/10.1007/978-3-642-00485-8 7

34.Dixit, S., Hering, J. G. (2003). Comparison of
Arsenic(V) and Arsenic(IIl) sorption onto iron
oxide minerals: implications for arsenic mobil-
ity. Environmental Science & Technology, 37(18),
4182-4189. https://doi.org/10.1021/es030309t

35. Druwe, I. L., Vaillancourt, R. R. (2010). Influence
ofarsenate and arsenite on signal transduction path-
ways: Anupdate. Archives of Toxicology, 84(8), 585—
596. https://doi.org/10.1007/s00204-010-0554-4

36.Du, W, Hu, B., Ma, L., Dai, Q., He, B., Yang, J.,
Yin, X., Yang, J., Huang, K. (2026). Study on en-
hanced arsenic removal from arsenic-containing de-
sulfurization gypsum coupled with preparation of
a-hemihydrate gypsum. Construction and Building
Materials, 516, 145702. https://doi.org/10.1016/].
conbuildmat.2026.145702

37.Duan, L., Song, J., Zhang, Y., Yin, M., Yuan, H.,
Li, X. (2024). Unraveling seasonal shifts in mi-
crobial and geochemical mediated arsenic mobi-
lization at the estuarine sediment-water interface
under redox changes. Science of The Total Envi-
ronment, 912, 168939. https://doi.org/10.1016/j.
scitotenv.2023.168939

38. Fakhreddine, S., Prommer, H., Scanlon, B.R., Ying,
S. C., Nicot, J.-P. (2021). Mobilization of arsenic



Ecological Engineering & Environmental Technology 2026, 27(8), 476—499

and other naturally occurring contaminants during
managed aquifer recharge: A critical review. En-
vironmental Science & Technology, 55(4), 2208—
2223. https://doi.org/10.1021/acs.est.0c07492

39.Fan, W,, Ren, J., Li, X., Wei, C., Xue, F., Zhang,
N. (2015). Bioaccumulation and oxidative stress in
Daphnia magna exposed to arsenite and arsenate.
Environmental Toxicology and Chemistry, 34(11),
2629-2635. https://doi.org/10.1002/etc.3119

40. Farnsworth, C. E., Hering, J. G. (2011). Inorganic
geochemistry and redox dynamics in bank filtra-
tion settings. Environmental Science & Technol-
ogy, 45(12), 5079-5087. https://doi.org/10.1021/
es2001612

41.Fazi, S., Crognale, S., Casentini, B., Amalfitano, S.,
Lotti, F., Rossetti, S. (2016). The arsenite oxida-
tion potential of native microbial communities from
arsenic-rich freshwaters. Microbial Ecology, 72(1),
25-35. https://doi.org/10.1007/s00248-016-0768-y

42.Fendorf, S., Kocar, B. D. (2009). Chapter 3 bio-
geochemical processes controlling the fate and
transport of arsenic. In Advances in Agronomy
104, 137-164. Elsevier. https://doi.org/10.1016/
S0065-2113(09)04003-6

43.Frat, M., Bakirdere, S., Sel, S., Chormey, D. S.,
Elkiran, O., Erulas, F., Turak, F. (2017). Arsenic
speciation in water and biota samples at trace lev-
els by ion chromatography inductively coupled
plasma-mass spectrometry. International Journal
of Environmental Analytical Chemistry, 97(7),
684-693. https://doi.org/10.1080/03067319.201
7.1346089

44 Fortin, D., Beveridge, T. J. (1997). Microbial
sulfate reduction within sulfidic mine tailings:
Formation of diagenetic Fe sulfides. Geomi-
crobiology Journal, 14(1), 1-21. https://doi.
org/10.1080/01490459709378030

45.Foster, A. L. (2003). Spectroscopic Investigations of
Arsenic Species in Solid Phases. In A. H. Welch &
K. G. Stollenwerk (Eds.), Arsenic in Ground Water
(pp. 27-65). Kluwer Academic Publishers. https://
doi.org/10.1007/0-306-47956-7_2

46. Frisbie, S. H., Mitchell, E. J. (2022). Arsenic in
drinking water: An analysis of global drinking wa-
ter regulations and recommendations for updates to
protect public health. PLOS ONE, 17(4),e0263505.
https://doi.org/10.1371/journal.pone.0263505

47.Froelich, P. N., Klinkhammer, G. P., Bender,
M. L., Luedtke, N. A., Heath, G. R., Cullen, D.,
Dauphin, P., Hammond, D., Hartman, B., May-
nard, V. (1979). Early oxidation of organic mat-
ter in pelagic sediments of the eastern equatorial
Atlantic: Suboxic diagenesis. Geochimica et Cos-
mochimica Acta, 43(7), 1075-1090. https://doi.
org/10.1016/0016-7037(79)90095-4

48.Fuge, R. (2013). Anthropogenic Sources. In
O. Selinus (Ed.), Essentials of Medical Geol-
ogy (pp. 59-74). Springer Netherlands. https://doi.
org/10.1007/978-94-007-4375-5 4

49. Ganie, S. Y., Javaid, D., Hajam, Y. A., Reshi, M.
S. (2024). Arsenic toxicity: Sources, pathophysiol-
ogy and mechanism. Toxicology Research, 13(1),
tfad111. https://doi.org/10.1093/toxres/tfad111

50. Gao, X. (2024). Discussion on arsenic removal
in arsenic-containing copper concentrate. Dis-
cover Minerals, 1(1), 3. https://doi.org/10.1007/
s44346-024-00003-y

51. Garelick, H., Jones, H., Dybowska, A., Valsa-
mi-Jones, E. (2009). Arsenic Pollution Sources.
In Reviews of Environmental Contamination
197, 17-60. Springer New York. https://doi.
org/10.1007/978-0-387-79284-2 2

52. Ghosh, D., Ghosh, A., Bhadury, P. (2022). Arsenic
through aquatic trophic levels: Effects, transforma-
tions and biomagnification—a concise review. Geo-
science Letters, 9(1), 20. https://doi.org/10.1186/
s40562-022-00225-y

53.Hanh, H. T., Kim, J.-Y., Bang, S., Kim, K.-W.
(2010). Sources and fate of as in the environment.
Geosystem Engineering, 13(1), 35—42. https://doi.
org/10.1080/12269328.2010.10541307

54.Hechavarria-Hernandez, A., Viana, J. L. M., Bar-
biero, L., Rezende-Filho, A. T., Montes, C. R.,
Melfi, A. J., Fostier, A. H. (2023). Spatial and sea-
sonal variation of arsenic speciation in Pantanal
soda lakes. Chemosphere, 329, 138672. https://doi.
org/10.1016/j.chemosphere.2023.138672

55.Henke, K. (Ed.). (2009). Arsenic: Environmental
Chemistry, Health Threats and Waste Treatment (1st
ed.). Wiley. https://doi.org/10.1002/9780470741122

56. Herath, 1., Vithanage, M., Bundschuh, J., Maity,
J. P., Bhattacharya, P. (2016). Natural arsenic in
global groundwaters: Distribution and geochemi-
cal triggers for mobilization. Current Pollution
Reports, 2(1), 68-89. https://doi.org/10.1007/
s40726-016-0028-2

57.Hoang, A. T. P., Prinpreecha, N., Kim, K.-W. (2021).
Influence of mining activities on arsenic concentra-
tion in rice in Asia: A review. Minerals, 11(5), 472.
https://doi.org/10.3390/min11050472

58.Hooda,P.S.(Ed.).(2010). Trace Elements in Soils (1st
ed.). Wiley. https://doi.org/10.1002/9781444319477

59.Jia, Y., Demopoulos, G. P. (2005). Adsorption of
arsenate onto ferrihydrite from aqueous solution:
Influence of media (Sulfate vs Nitrate), added gyp-
sum, and pH alteration. Environmental Science
& Technology, 39(24), 9523-9527. https://doi.
org/10.1021/es051432i

60.Jiang, Z., Li, P., Wang, Y., Li, B., Deng, Y., Wang, Y.
(2014). Vertical distribution of bacterial populations

495



Ecological Engineering & Environmental Technology 2026, 27(8), 476—-499

associated with arsenic mobilization in aquifer sedi-
ments from the Hetao plain, Inner Mongolia. Envi-
ronmental Earth Sciences, 71(1), 311-318. https://
doi.org/10.1007/s12665-013-2435-7

61.Jiao, Y., Liu, Y., Wang, W., Li, Y., Chang, W., Zhou,
A., Mu, R. (2023). Heavy metal distribution char-
acteristics, water quality evaluation, and health risk
evaluation of surface water in abandoned multi-year
pyrite mine area. Water, 15(17), 3138. https://doi.
org/10.3390/w15173138

62.Kanel, S. R., Das, T. K., Varma, R. S., Kurwadkar,
S., Chakraborty, S., Joshi, T. P., Bezbaruah, A. N.,
Nadagouda, M. N. (2023). Arsenic contamination in
groundwater: Geochemical basis of treatment tech-
nologies. ACS Environmental Au, 3(3), 135-152.
https://doi.org/10.1021/acsenvironau.2c00053

63.Kar, S. (2022). Geochemical Characteristics of Min-
eral Elements: Arsenic, Fluorine, Lead, Nitrogen,
and Carbon. In B. Giri, R. Kapoor, Q.-S. Wu, &
A. Varma (Eds.), Structure and Functions of Pedo-
sphere (pp. 209-254). Springer Nature Singapore.
https://doi.org/10.1007/978-981-16-8770-9 10

64.Kar, S., Maity, J. P, Jean, J.-S., Liu, C.-C., Nath,
B., Lee, Y.-C., Bundschuh, J., Chen, C.-Y., Li, Z.
(2011). Role of organic matter and humic substances
in the binding and mobility of arsenic in a Gan-
getic aquifer. Journal of Environmental Science and
Health, Part A, 46(11), 1231-1238. https://doi.org/
10.1080/10934529.2011.598796

65.Khalid, S., Shahid, M., Niazi, N. K., Rafiq, M.,
Bakhat, H. F., Imran, M., Abbas, T., Bibi, 1., Dumat,
C. (2017). Arsenic Behaviour in Soil-Plant System:
Biogeochemical Reactions and Chemical Speciation
Influences. In N. A. Anjum, S. S. Gill, & N. Tuteja
(Eds.), Enhancing Cleanup of Environmental Pol-
lutants (pp. 97—140). Springer International Publish-
ing. https://doi.org/10.1007/978-3-319-55423-5 4

66. Klinkhammer, G. P. (1980). Early diagenesis in
sediments from the eastern equatorial Pacific,
II. Pore water metal results. Earth and Plan-
etary Science Letters, 49(1), 81-101. https://doi.
org/10.1016/0012-821X(80)90151-X

67.Kocar, B. D., Benner, S. G., Fendorf, S. (2014).
Deciphering and predicting spatial and temporal
concentrations of arsenic within the Mekong Delta
aquifer. Environmental Chemistry, 11(5), 579-594.
https://doi.org/10.1071/EN13244

68. Krause, S., Bon, V., Du, H., Dunin-Borkowski, R.
E., Stoeck, U., Senkovska, I., Kaskel, S. (2019).
The impact of crystal size and temperature on the
adsorption-induced flexibility of the Zr-based met-
al-organic framework DUT-98. Beilstein Journal
of Nanotechnology, 10, 1737-1744. https://doi.
org/10.3762/bjnano.10.169

69.Kresa, A., Sowik, I., Ruzik, L. (2026). Ana-
lytical approach to arsenic speciation in edible

496

microorganisms using enzyme-assisted extrac-
tion and LC-ICP-MS. Analytical Letters, 59(12),
2234-2247. https://doi.org/10.1080/00032719.202
5.2586760

70. Kumari, B., Kumar, V., Sinha, A. K., Ahsan, J.,
Ghosh, A. K., Wang, H., DeBoeck, G. (2017). Toxi-
cology of arsenic in fish and aquatic systems. Envi-
ronmental Chemistry Letters, 15(1), 43—64. https://
doi.org/10.1007/s10311-016-0588-9

71. Langmuir, D. (1997). Aqueous environmental geo-
chemistry. Prentice Hall.

72.Lee, C.-P., Wen, L.-S. (2019). Physical and chemical
characterization of dissolved arsenic in the South
China Sea. Marine Chemistry, 209, 128-138.
https://doi.org/10.1016/j.marchem.2019.02.001

73.Li, E., Xie, X., Zhang, Y., Yan, L., Wang, Y. (2026).
Biogeochemical cycling of sulfur and iron constrains
arsenic enrichment in groundwater: Microbial func-
tionality and organic matter composition. Water
Research, 297, 125724. https://doi.org/10.1016/j.
watres.2026.125724

74.Liu, Q. (2025). Sources and Control Strategies of
Arsenic in the Atmosphere. Journal of Environ-
mental & Earth Sciences, 7(7), 209-226. https://
doi.org/10.30564/jees.v7i17.9955

75.Lloyd, J. R., Oremland, R. S. (2006). Microbial
transformations of arsenic in the environment:
from soda lakes to aquifers. Elements, 2(2), 85-90.
https://doi.org/10.2113/gselements.2.2.85

76. Mahimairaja, S., Bolan, N. S., Adriano, D. C., Ro-
binson, B. (2005). Arsenic contamination and its
risk management in complex environmental set-
tings. In Advances in Agronomy 86, 1-82. Elsevier.
https://doi.org/10.1016/S0065-2113(05)86001-8

77.Malik, A., Kidwai, Mohd. K., Garg, V. K. (2022).
Bioremediation of Toxic Metal(loid)s (1sted.). CRC
Press. https://doi.org/10.1201/9781003229940

78.Mandal, B. K., Suzuki, K. T. (2002). Arsenic round
the world: A review. Talanta, 58(1), 201-235.
https://doi.org/10.1016/S0039-9140(02)00268-0

79. Manning, B. A., Goldberg, S. (1997). Adsorption
and Stability of Arsenic(IIl) at the Clay Mineral—
Water Interface. Environmental Science & Tech-
nology, 31(7), 2005-2011. https://doi.org/10.1021/
€s9608104

80. Mansor, M., Duverger, A., Pasquier, V., Gorlas, A.,
Guyot, F., Berg, J. S., Marin-Carbonne, J., Cosmi-
dis, J., Picard, A. (2025). Biogenic pyrite and meta-
stable iron sulfides: Emerging formation pathways
and geological and societal relevance. Geo-Bio In-
terfaces, 2, 6. https://doi.org/10.1180/gbi.2024.9

81.Magsood, A., Lobos-Moysa, E. (2025). Bottom
sediments as dynamic arenas for anthropogenic
pollutants: profiling sources, unraveling fate mech-
anisms, and assessing ecological consequences.



Ecological Engineering & Environmental Technology 2026, 27(8), 476—499

International Journal of Molecular Sciences, 26(20),
10219. https://doi.org/10.3390/ijms262010219

82. Martin, M., Violante, A., Ajmone-Marsan, F., Bar-
beris, E. (2014). Surface interactions of arsenite
and arsenate on soil colloids. Soil Science Society
of America Journal, 78(1), 157-170. https://doi.
org/10.2136/sss2j2013.04.0133

83. Martinez Lopez, S., Banegas Garcia, A., Pérez Sir-
vent, C., Martinez Sanchez, M. J., Esteban Abad,
M. A. (2023). The arsenic biogeochemical cycle: A
review. Advances in Environmental and Engineer-
ing Research, 4(4), 1-26. https://doi.org/10.21926/
aeer.2304051

84. Masuda, H. (2018). Arsenic cycling in the Earth’s
crust and hydrosphere: Interaction between natural-
ly occurring arsenic and human activities. Progress
in Earth and Planetary Science, 5(1), 68. https://doi.
org/10.1186/540645-018-0224-3

85. Miretzky, P., Cirelli, A. F. (2010). Remediation of
arsenic-contaminated soils by iron amendments:
A review. Critical Reviews in Environmental Sci-
ence and Technology, 40(2), 93—115. https://doi.
org/10.1080/10643380802202059

86. Mishra, S., Sankararamakrishnan, N. (2018). Char-
acterization, evaluation, and mechanistic insights on
the adsorption of antimonite using functionalized
carbon nanotubes. Environmental Science and Pol-
lution Research, 25(13), 12686—12701. https://doi.
org/10.1007/s11356-018-1347-1

87.Morais, S., Fonseca, H. M. A. C., Oliveira, S. M. R.,
Oliveira, H., Gupta, V. K., Sharma, B., De Lourdes
Pereira, M. (2021). Environmental and health haz-
ards of chromated copper arsenate-treated wood:
A review. International Journal of Environmental
Research and Public Health, 18(11), 5518. https://
doi.org/10.3390/ijerph18115518

88. Mukherjee, A., Coomar, P., Sarkar, S., Johannes-
son, K. H., Fryar, A. E., Schreiber, M. E., Ahmed,
K. M., Alam, M. A., Bhattacharya, P., Bundschuh,
J., Burgess, W., Chakraborty, M., Coyte, R., Fa-
rooqi, A., Guo, H., ljumulana, J., Jeelani, G.,
Mondal, D., Nordstrom, D. K., ... Vengosh, A.
(2024). Arsenic and other geogenic contaminants
in global groundwater. Nature Reviews Earth & En-
vironment, 5(4), 312-328. https://doi.org/10.1038/
$43017-024-00519-z

89. Nearing, M. M., Koch, 1., Reimer, K. J. (2014).
Complementary arsenic speciation methods: A
review. Spectrochimica Acta Part B: Atomic Spec-
troscopy, 99, 150-162. https://doi.org/10.1016/j.
$ab.2014.07.001

90. Neff, J. M. (1997). Ecotoxicology of arsenic in the
marine environment. Environmental Toxicology and

Chemistry, 16(5),917-927. https://doi.org/10.1002/
etc.5620160511

91. Nicholas, D.R.,Ramamoorthy, S., Palace, V., Spring,
S., Moore, J. N., Rosenzweig, R. F. (2003). Biogeo-
chemical transformations of arsenic in circumneutral
freshwater sediments. Biodegradation, 14(2), 123—
137. https://doi.org/10.1023/A:1024031700533

92.Nidheesh, P. V., Divyapriya, G., Cerkez, E. B.,
Gopinath, A., Banerji, T., Strongin, D. R. (2022).
Oxidative sorption of arsenite from water by iron:
A mechanistic perspective. Environmental Science:
Water Research & Technology, 8(11), 2466—-2490.
https://doi.org/10.1039/D2EW00522K

93. Nordstrom, D. K. (2002). Worldwide occurrences of
arsenic in ground water. Science, 296(5576), 2143—
2145. https://doi.org/10.1126/science.1072375

94. O’Day, P. A., Vlassopoulos, D., Root, R., Rivera, N.
(2004). The influence of sulfur and iron on dissolved
arsenic concentrations in the shallow subsurface
under changing redox conditions. Proceedings of
the National Academy of Sciences, 101(38), 13703—
13708. https://doi.org/10.1073/pnas.0402775101

95. Omoregie, E. O., Couture, R.-M., Van Cappel-
len, P., Corkhill, C. L., Charnock, J. M., Polya,
D. A., Vaughan, D., Vanbroekhoven, K., Lloyd,
J. R. (2013). Arsenic bioremediation by biogenic
iron oxides and sulfides. Applied and Environmen-
tal Microbiology, 79(14), 4325-4335. https://doi.
org/10.1128/AEM.00683-13

96. Oremland, R. S., Stolz, J. F. (2003). The ecology of
arsenic. Science, 300(5621), 939-944. https://doi.
org/10.1126/science.1081903

97.Pandey, P. K., Mallik, S. K., Yumnam, R. (2024).
Handbook of Aquatic Microbiology (1st ed.). CRC
Press. https://doi.org/10.1201/9781003408543

98. Patel, K. S., Pandey, P. K., Martin-Ramos, P., Corns,
W. T., Varol, S., Bhattacharya, P., Zhu, Y. (2023).
A review on arsenic in the environment: Contami-
nation, mobility, sources, and exposure. RSC Ad-
vances, 13(13), 8803—8821. https://doi.org/10.1039/
D3RA00789H

99. Prasad, M., Wadhwa, M., Singh, J., Thada, V., Shriv-
astava, U., Aswal, R. S., Egbueri, J. C. (2026). Ar-
senic, selenium, cadmium and lead contamination
in Garhwal Himalayan groundwater: An integrated
geospatial, indexical and statistical framework for
health risk evaluation and sustainable development.
Environmental Geochemistry and Health, 48(8),
342. https://doi.org/10.1007/s10653-026-03241-5

100. Quicksall, A. N., Bostick, B. C., Sampson, M. L.
(2008). Linking organic matter deposition and iron
mineral transformations to groundwater arsenic
levels in the Mekong delta, Cambodia. Applied
Geochemistry, 23(11), 3088-3098. https://doi.
org/10.1016/j.apgeochem.2008.06.027

101. Ramadan, B. S., Wulandari, M., Wibowo, Y. G., Ikh-
las, N., Nurseta, D. Y. (2021). Removing Ionic and

497



Ecological Engineering & Environmental Technology 2026, 27(8), 476—-499

Nonionic Pollutants from Soil, Sludge, and Sediment
Using Ultrasound-Assisted Electrokinetic Treatment.
InA. B. Ribeiro & M. N. Vara Prasad (Eds.), Electro-
kinetic Remediation for Environmental Security and
Sustainability (1st ed., pp. 653—677). Wiley. https://
doi.org/10.1002/9781119670186.ch26

102. Roberts, L. C., Hug, S. J., Ruettimann, T., Billah,
M. M., Khan, A. W., Rahman, M. T. (2004). Ar-
senic removal with iron(IT) and iron(III) in waters
with high silicate and phosphate concentrations.
Environmental Science & Technology, 38(1),307—
315. https://doi.org/10.1021/es0343205

103. Santini, J. M., Ward, S. A. (Eds.). (2018). The Me-
tabolism of Arsenite (0 ed.). CRC Press. https://
doi.org/10.1201/b12350

104. Schindler, R. J., Comber, S. D. W., Manning, A.
J. (2021). Metal pollutant pathways in cohesive
coastal catchments: Influence of flocculation and
biopolymers on partitioning and flux. Science of
The Total Environment, 795, 148800. https://doi.
org/10.1016/j.scitotenv.2021.148800

105. Senior, C., Granite, E., Linak, W., Seames, W.
(2020). Chemistry of trace inorganic elements in
coal combustion systems: A century of discovery.
Energy & Fuels, 34(12), 15141-15168. https://doi.
org/10.1021/acs.energyfuels.0c02375

106. Sharma, V. K., Sohn, M. (2009). Aquatic arsenic:
Toxicity, speciation, transformations, and remedi-
ation. Environment International, 35(4), 743-759.
https://doi.org/10.1016/j.envint.2009.01.005

107. Smedley, P. L., Kinniburgh, D. G. (2002). A re-
view of the source, behaviour and distribution
of arsenic in natural waters. Applied Geochem-
istry, 17(5), 517-568. https://doi.org/10.1016/
S0883-2927(02)00018-5

108. Smedley, P. L., Kinniburgh, D. G. (2013). Arse-
nic in Groundwater and the Environment. In O.
Selinus (Ed.), Essentials of Medical Geology
(pp. 279-310). Springer Netherlands. https://doi.
org/10.1007/978-94-007-4375-5 12

109. Stachowicz, M., Hiemstra, T., Van Riemsdijk, W.
H. (20006). Surface speciation of As(IIT) and As(V)
in relation to charge distribution. Journal of Col-
loid and Interface Science, 302(1), 62-75. https://
doi.org/10.1016/].jcis.2006.06.030

110. Thakur, S., Singh, H., Chaudhari, U., Mittal, S.,
Sahoo, P. K. (2023). Arsenic Contamination in
Groundwater and Its Removal Strategies with
Special Emphasis on Nano Zerovalent Iron. In
S. Madhav, V. B. Singh, M. Kumar, & S. Singh
(Eds.), Hydrogeochemistry of Aquatic Ecosys-
tems (1st ed., pp. 121-153). Wiley. https://doi.
org/10.1002/9781119870562.ch6

111. Tomkins, A. G., Frost, B. R., Pattison, D.
R. M. (2006). Arsenopyrite melting during

498

112.

113.

114.

115.

116.

117.

118.

119.

120.

metamorphism of sulfide ore deposits. The Cana-
dian Mineralogist, 44(5), 1045—-1062. https://doi.
org/10.2113/gscanmin.44.5.1045

Tripathi, P., Varma, K., Srivastava, V., Dlamini, N.
S., Jha, P. K. (2025). Heavy metal contamination and
associated health risk assessment in groundwater
of Mirzapur, Uttar Pradesh. Frontiers in Water, 7,
1694963. https://doi.org/10.3389/frwa.2025.1694963

Vahter, M., Concha, G. (2001). Role of Me-
tabolism in Arsenic Toxicity. Pharmacol-
ogy & Toxicology, 89(1), 1-5. https://doi.
org/10.1111/j.1600-0773.2001.890101.x

Vaughan, D. J. (20006). Arsenic. Elements, 2(2),
71-75. https://doi.org/10.2113/gselements.2.2.71

Viana, J. L. M., Steffler, D. A., Hernandez, A. H.,
Dos Santos Costa, J., Pellegrinetti, T. A., De Jesus,
E.C.R., Cancian, M., Fiore, M. F., Rezende-Filho,
A. T., Sussulini, A., Barbiero, L., Menegario, A.
A., Fostier, A. H. (2023). Bioaccumulation and
speciation of arsenic in plankton from tropical
soda lakes along a salinity gradient. Science of
The Total Environment, 895, 165189. https://doi.
org/10.1016/j.scitotenv.2023.165189

Wang, N., Ye, Z., Huang, L., Zhang, C., Guo, Y.,
Zhang, W. (2022). Arsenic occurrence and cycling
in the aquatic environment: A comparison between
freshwater and seawater. Water, 15(1), 147. https://
doi.org/10.3390/w15010147

Webster, J. G., Nordstrom, D. K. (2003). Geo-
thermal Arsenic: The source, transport and fate
of arsenic in geothermal systems. In A. H. Welch
& K. G. Stollenwerk (Eds.), Arsenic in Ground
Water (pp. 101-125). Springer US. https://doi.
org/10.1007/0-306-47956-7 4

Wibowo, Y. G., Anwar, D., Rohman, A., Safitri, H.,
Jasipto, A., Danasla, M. A., Army, E. K., Jarwinda,
Fadhilah, R., Mildan, D., Syarifuddin, H., Maryani,
A.T.(2026). Potential utilization of marine sediments
from the neritic zone as adsorbents for dye and heavy
metal removal: A comprehensive review for support-
ing sustainable development goals. International
Journal of Sediment Research, S1001627926000181.
https://doi.org/10.1016/}.ijsrc.2026.03.005

Wolf, R. E., Morman, S. A., Hageman, P. L.,
Hoefen, T. M., Plumlee, G. S. (2011). Simulta-
neous speciation of arsenic, selenium, and chro-
mium: Species stability, sample preservation, and
analysis of ash and soil leachates. Analytical and
Bioanalytical Chemistry, 401(9), 2733-2745.
https://doi.org/10.1007/s00216-011-5275-x

Xing, M., Yan, D., Hai, M., Zhang, Y., Zhang, Z.,
Li, F. (2024). Arsenic contamination in sludge and
sediment and relationship with microbial resis-
tance genes: Interactions and remediation. Water,
16(24),3633. https://doi.org/10.3390/w16243633



Ecological Engineering & Environmental Technology 2026, 27(8), 476—499

121.

122.

123.

Yadav, S. K., Ramanathan, A., Ranjan, R. K.
(2023). Occurrence of Arsenic (As) in the Aquatic
Environment Due to Weathering and Erosion. In
V. B. Singh, S. Madhav, N. C. Pant, & R. Shekhar
(Eds.), Weathering and Erosion Processes in the
Natural Environment (1st ed., pp. 303-330). Wi-
ley. https://doi.org/10.1002/9781394157365.ch12

Ying, S. C., Kocar, B. D., Fendorf, S. (2012). Ox-
idation and competitive retention of arsenic be-
tween iron- and manganese oxides. Geochimica
et Cosmochimica Acta, 96, 294-303. https://doi.
org/10.1016/j.gca.2012.07.013

Yu, H., Li, C., Tian, Y., Jiang, X. (2020). Re-
cent developments in determination and specia-
tion of arsenic in environmental and biological

124.

125.

samples by atomic spectrometry. Microchemical
Journal, 152, 104312. https://doi.org/10.1016/].
microc.2019.104312

Zeng, L., Yan, C., Yang, F., Zhen, Z., Yang, J.,
Chen, J., Huang, Y., Xiao, Y., Zhang, W. (2023).
The effects and mechanisms of pH and dissolved
oxygen conditions on the release of arsenic at
the sediment—water interface in Taihu Lake.
Toxics, 11(11), 890. https://doi.org/10.3390/
toxics11110890

Zhao, Y., Zhao, H., Abashina, T., Vainshtein, M.
(2021). Review on arsenic removal from sulfide
minerals: An emphasis on enargite and arsenopy-
rite. Minerals Engineering, 172, 107133. https://
doi.org/10.1016/j.mineng.2021.107133

499



