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ABSTRACT

Mercury contamination from artisanal and small-scale gold mining (ASGM) remains a major concern in riverine
environments and exposed communities. This study applied a multi-matrix approach in an ASGM-impacted area
of Bungo District, Jambi Province, Indonesia, integrating mercury analysis in water, sediment, fish muscle, and
human hair with kidney-related biomarkers. Mercury was not detected in the analyzed water samples, whereas
sediment mercury was detected at several sites, with mean concentrations ranging from 0.02 to 0.10 mg/kg. Mer-
cury was detected in all fish samples, with mean concentrations ranging from 0.05 to 0.17 mg/kg. Among 50 resi-
dents, hair mercury ranged from 0.17 to 6.15 mg/kg, with a mean of 1.01 + 0.98 mg/kg; 10.0% of participants had
concentrations >2.0 mg/kg. The mean UACR was 16.31 + 32.55 mg/g, the mean eGFR was 107.76 = 40.62 mL/
min/1.73 m?, and 18.0% of participants had at least one altered kidney-related indicator. These findings indicate
that water-only monitoring may underestimate mercury relevance in ASGM-affected river systems because mer-
cury can be retained in sediments and detected in biological matrices even when surface-water mercury is below
the analytical detection limit. The results support a multi-matrix monitoring approach using sediment, fish, and
human biomarkers to improve interpretation of contamination persistence, bioaccumulation potential, and expo-
sure significance. However, because the study was cross-sectional, based on total mercury analysis, and limited in
sample size for fish and human health interpretation, the findings should be interpreted as evidence of a plausible
environmental-food chain—human exposure continuum rather than proof of causality.

Keywords: artisanal and small-scale gold mining, mercury contamination, sediment retention, fish bioaccumula-
tion, human biomonitoring, multi-matrix monitoring.

INTRODUCTION

Mercury contamination remains one of the
most serious environmental and public health
concerns associated with artisanal and small-scale
gold mining (ASGM) (Wibowo et al., 2022). In
many mining-affected regions, mercury is still
widely used during gold amalgamation because
it is inexpensive, accessible, and effective for

separating gold from ore (Fornasaro et al., 2025).
However, uncontrolled mercury use, open burn-
ing of amalgam, and direct disposal of mining
residues can release mercury into the surround-
ing air, soil, sediment, and aquatic systems (Basu,
2023; Pant et al., 2024). Once released into the
environment, mercury can persist, move across
environmental compartments, and undergo trans-
formation into more toxic and bioavailable forms.
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In aquatic ecosystems, inorganic mercury may
be converted by microbial processes into meth-
ylmercury, a highly neurotoxic form that readily
accumulates in aquatic organisms and biomagni-
fies through food webs (Basu, 2023; Hsu-Kim et
al., 2013). This process creates a pathway through
which environmental contamination can be trans-
ferred from mining sites to fish and ultimately to
humans through dietary exposure or other forms
of environmental contact. Therefore, mercury
contamination in ASGM-impacted areas should
be understood not only as a localized mining
problem, but also as a complex environmental—
food chain—human health issue.

Previous studies have extensively docu-
mented mercury contamination in ASGM re-
gions, particularly in environmental media
such as water, soil, sediment, and aquatic biota
(Agustiani et al., 2025; Mulenga et al., 2024;
Saim, 2021). Fish are frequently used as bio-
indicators of mercury contamination because
they integrate exposure from surrounding water,
sediment-associated food sources, and trophic
interactions (Oros, 2025). Mercury accumula-
tion in fish is influenced by multiple ecological
and biological factors, including habitat type,
trophic level, feeding behavior, body size, age,
lipid and protein composition, and the degree
of contamination in the aquatic environment
(Al-Sulaiti et al., 2022; Oros, 2025). Predatory
and higher-trophic-level fish generally contain
higher mercury concentrations because of bioac-
cumulation and biomagnification processes (Liu
et al., 2011). In addition to its ecological conse-
quences, mercury-contaminated fish are a major
human health concern because fish consumption
is one of the dominant exposure pathways for
methylmercury in many communities. Human
biomonitoring using biological samples such as
hair, blood, or urine provides a direct indication
of internal mercury burden and can complement
environmental monitoring by linking external
contamination with human exposure (Esteban-
Lopez et al., 2022; Pefia-Fernandez et al., 2021;
Santonen et al., 2022). Kidney-related biomark-
ers, including albuminuria and estimated glo-
merular filtration rate, may also provide relevant
information because mercury exposure has been
associated with renal toxicity, oxidative stress,
and tubular or glomerular dysfunction.

Despite increasing scientific attention to mer-
cury pollution in ASGM-affected regions, sev-
eral important gaps remain. Many studies have
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examined environmental mercury contamina-
tion, fish contamination, or human biomonitoring
separately, whereas fewer have integrated these
components within a single environmental—food
chain—human health framework. As a result, the
pathway linking mercury contamination in en-
vironmental media, accumulation in aquatic or-
ganisms, and internal mercury burden in exposed
communities remains insufficiently character-
ized, particularly in Indonesian ASGM settings.
Moreover, human health implications are often
discussed from a general toxicological perspec-
tive without concurrent biomarker data. Studies
that simultaneously evaluate mercury levels in
environmental matrices, fish, human biomark-
ers, and kidney-related indicators remain limited.
This integrated approach is important because
mercury exposure in mining-affected commu-
nities may arise through multiple overlapping
pathways, including contaminated environmental
media, aquatic food-chain transfer, and indirect
residential exposure. A more holistic assessment
is therefore needed to better understand how mer-
cury moves through environmental systems and
contributes to potential human health risks.

The novelty of this study lies not merely in
combining multiple sample types, but in using
a single field dataset to trace a coherent mer-
cury continuum from environmental retention
to aquatic bioaccumulation, internal human ex-
posure, and supportive kidney-related indica-
tors in an Indonesian ASGM setting. Compared
with many previous studies that assessed only
one compartment at a time, the present study
integrates water, sediment, fish muscle, human
hair, and objective clinical biomarkers to evalu-
ate whether a non-detectable water profile can
coexist with detectable mercury in ecologically
and clinically relevant matrices. This design pro-
vides a stronger environmental interpretation of
mercury transfer than water-only or single-ma-
trix monitoring and is particularly relevant for
mining-impacted tropical river systems, where
particle-bound mercury, sediment retention, and
time-integrated biological uptake may dominate
over instantaneous dissolved-water signals. The
study further contributes context-specific evi-
dence from Indonesia, where integrated environ-
mental-biomonitoring datasets in ASGM-affect-
ed communities remain limited. By linking sedi-
ment contamination, fish mercury, human hair
mercury, and kidney-related biomarkers within
one analytical framework, this study advances
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a practical multi-matrix monitoring model for
environmental risk interpretation, surveillance
prioritization, and public health follow-up in
mercury-impacted riverine communities.

By integrating environmental matrices,
aquatic biota, human mercury biomonitoring,
and kidney-related clinical indicators within a
single field-based framework, this study pro-
vides an applied monitoring perspective for
ASGM-affected riverine systems. The approach
is particularly relevant for settings where sur-
face-water mercury may be below the analyti-
cal detection limit, while sediment retention and
biological accumulation continue to indicate
environmental and exposure relevance. This
multi-compartment framework allows the study
to move beyond water-only assessment and to
evaluate mercury contamination as a linked en-
vironmental, food-chain, and human biomoni-
toring issue. The conceptual contribution of this
study is not to prove a complete causal transfer
pathway from sediment to fish to humans, but
to demonstrate how mercury occurrence differs
among environmental and biological compart-
ments within the same ASGM-affected area. By
comparing water, sediment, fish muscle, human
hair, and kidney-related biomarkers, the study
evaluates whether mercury that is not detectable
in surface water may still be retained in solid en-
vironmental matrices and reflected in biological
samples. The resulting interpretation is therefore
based on compartment-specific evidence, co-oc-
currence across matrices, and environmentally
plausible exposure pathways, rather than on a
fully established directional transfer sequence.

Therefore, this study aimed to characterize
mercury contamination across environmental,
aquatic biota, and human biomonitoring matrices
in an ASGM-impacted area and to interpret the re-
sulting environmental-food chain—human expo-
sure continuum. Specifically, this study evaluated
mercury levels in water and sediment, assessed
mercury accumulation in edible fish muscle, char-
acterized internal human mercury burden using
hair biomonitoring, and described kidney-related
biomarkers as supportive indicators of potential
health relevance. The findings are expected to
provide a more realistic basis for mercury surveil-
lance in mining-affected landscapes by showing
why sediment, fish, and human biomarkers may
be more informative than water alone for inter-
preting contamination persistence, bioaccumula-
tion, and exposure significance.

MATERIALS AND METHODS

Study design and research framework

This study was designed as an integrated envi-
ronmental monitoring, aquatic biota assessment,
and human biomonitoring study in an ASGM-im-
pacted area of Indonesia. The research framework
focused on objective laboratory-based measure-
ments rather than questionnaire-derived exposure
determinants. Mercury measurements in environ-
mental and fish samples were integrated with hu-
man mercury biomonitoring and kidney-related
clinical biomarkers to evaluate potential environ-
mental transfer and the health relevance of mer-
cury contamination in a mining-affected setting.

The conceptual framework of this study was
based on the transfer of mercury from ASGM activi-
ties into surrounding environmental compartments,
followed by potential accumulation in aquatic biota
and internal exposure in humans. Environmental
samples were used to characterize mercury con-
tamination in the affected ecosystem, fish samples
were used to evaluate aquatic food-chain relevance,
and human biological samples were used to deter-
mine internal mercury burden. Kidney-related bio-
markers were included to provide supportive clini-
cal information because mercury exposure has been
associated with renal tubular and glomerular injury.

Importantly, the present study was not designed
to establish causal relationships between environ-
mental mercury contamination, fish mercury accu-
mulation, human mercury burden, and kidney-re-
lated biomarker alterations. Instead, it was designed
to provide a descriptive and integrative assessment
of mercury occurrence across multiple matrices
within the same ASGM-affected setting. There-
fore, the interpretation of the findings is based on
environmental plausibility, matrix-specific mercury
distribution, and consistency across compartments
rather than on causal inference. The observed pat-
tern was used to evaluate whether non-detectable
mercury in surface water could coexist with detect-
able mercury in sediments, fish muscle, and human
hair, thereby supporting a sediment-mediated and
food-chain-relevant exposure hypothesis that re-
quires further confirmation through longitudinal,
larger-scale, and mercury-speciation studies.

Study area

The study was conducted in Bungo District,
Jambi Province, Indonesia, an area affected by
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artisanal and small-scale gold mining activities
(Figure 1). ASGM activities in this region may
contribute to mercury release through amalgama-
tion, amalgam burning, improper tailings disposal,
and redistribution of contaminated materials into
surrounding terrestrial and aquatic environments.
Mercury released from mining activities can be
transported through runoff, river flow, atmospher-
ic deposition, and sediment-associated processes.
These mechanisms may increase the likelihood of
mercury accumulation in environmental matrices
and aquatic organisms, thereby creating potential
exposure pathways for nearby communities.
Sampling locations were selected to rep-
resent environmental and biological matrices
potentially affected by ASGM-related mercury
contamination. Environmental sampling focused
on matrices available in the field dataset, particu-
larly soil- and sediment-related samples, whereas
fish samples represented aquatic biota relevant
to food-chain exposure. Human biomonitoring
data were used to characterize internal mercury
burden among individuals living in the mining-
affected area. Available documented sampling
coordinates were recorded during fieldwork and
are provided in Supplementary Table S1 to sup-
port field traceability and reproducibility. These

coordinate records were compiled as part of the
field validation materials and describe the spatial
distribution of documented environmental sam-
pling points within the ASGM-affected area.

Environmental sample collection and
preparation

Environmental samples were collected from
selected locations within the ASGM-affected area
to assess mercury contamination in the surround-
ing environment. Soil and sediment samples were
obtained from locations potentially influenced by
mining activities, riverine transport, or deposition
of mining-related materials. Sampling was con-
ducted using clean stainless-steel or acid-washed
tools to minimize cross-contamination. Each
sample was placed in a clean, labeled polyeth-
ylene container and transported to the laboratory
for preparation and analysis.

In the laboratory, visible debris such as
stones, plant residues, and roots was removed
manually. Solid environmental samples were
air-dried or oven-dried at a controlled tempera-
ture, homogenized, gently disaggregated, and
sieved before digestion. Homogenized samples
were stored in clean containers until chemical
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Figure 1. Study area, sampling framework, and representative field conditions in the ASGM-impacted area
of Bungo District, Jambi Province, Indonesia; (a) map of the study area showing major rivers, settlements,
and sampling locations; (b) disturbed landscape and sediment-laden surface runoff in the mining-affected
environment; (c) active artisanal and small-scale gold mining excavation area; (d) traditional gold panning
activity in a water-filled mining site

286



Ecological Engineering & Environmental Technology 2026, 27(7), 283-305

analysis. Mercury concentrations in solid en-
vironmental samples were reported as mg/kg
dry weight. Water samples were collected from
selected river locations using pre-cleaned poly-
ethylene bottles. Samples were preserved and
transported under cold conditions before labora-
tory analysis. Mercury concentrations in water
were expressed as mg/L or pg/L according to the
analytical report. Non-detectable results were
reported as ND when concentrations were below
the instrumental detection limit.

Fish sample collection and preparation

Fish samples were collected to evaluate mer-
cury accumulation in aquatic biota and its rele-
vance to food-chain transfer. Fish specimens were
obtained from aquatic environments associated
with the ASGM-affected area. Each fish sample
was identified by local name and, when possible,
taxonomic classification. Morphometric infor-
mation, including body weight and length, was
recorded when available because mercury accu-
mulation in fish may be influenced by size, age,
trophic level, and feeding behavior. Fish samples
were transported to the laboratory in an ice box

' Kabupaten

it Kabupaten
Bungo,Jambi,Indonesi

Bungo,Jambi,Indone:

to preserve sample integrity. In the laboratory,
edible muscle tissue was dissected using clean
stainless-steel instruments on contamination-free
working surfaces. Muscle tissue was selected be-
cause it represents the portion most relevant to
human consumption and dietary mercury expo-
sure. All dissection instruments were cleaned be-
tween samples using detergent, deionized water,
dilute acid solution, and ultrapure water to pre-
vent cross-contamination.

Representative fish specimens were photo-
graphed before tissue preparation using a ruler
as a scale reference and geotagged/time-stamped
documentation to support sample traceability.
These photographs (Figure 2) were used only as
verification of specimen handling and morpho-
metric documentation, not as formal taxonomic
voucher confirmation. The collected muscle tis-
sues were homogenized prior to analysis. Sam-
ples were analyzed either on a wet-weight basis or
after drying to constant weight, depending on the
analytical protocol. When drying was performed,
moisture content was calculated from the differ-
ence between wet and dry weights. Mercury con-
centrations in fish were expressed as mg/kg, with
the reporting basis specified as wet weight or dry
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Figure 2. Representative fish specimens documented prior to muscle tissue preparation for mercury analysis.
(A—E) Fish specimens photographed with a ruler as a scale reference and GPS/time-stamped field documentation
to support sample traceability. The photographs were included to verify specimen handling before dissection
and edible muscle tissue preparation. They should be interpreted as biological sample documentation rather than
formal taxonomic voucher confirmation or evidence of species-level ecological representativeness
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weight. If necessary, dry-weight concentrations
were converted to wet-weight concentrations us-
ing measured moisture content or moisture ratio.

Human hair sampling and mercury
biomonitoring

Human hair samples were used as a bio-
marker of internal mercury burden. Hair is suit-
able for mercury biomonitoring because mercury
incorporated into keratin during hair growth can
reflect cumulative exposure over time. Hair sam-
ples were collected from the occipital region of
the scalp using clean stainless-steel scissors. Ap-
proximately 1-2 cm of hair closest to the scalp
was collected, placed in clean labeled containers
or polyethylene bags, and stored under dry condi-
tions prior to analysis.

Before analysis, hair samples were prepared
according to laboratory procedures to minimize
the influence of external contamination. Samples
were washed, dried, cut into small fragments, ho-
mogenized as far as possible, and digested before
instrumental measurement. Mercury analysis in
hair was performed using inductively coupled
plasma mass spectrometry (ICP-MS). According
to the laboratory certificate from PT Saraswanti
Indo Genetech, mercury analysis was conducted
using method 18-13-14/MU (ICP-MS). Results
were expressed as mg/kg hair.

Sample digestion and mercury determination

Solid samples, including environmental sam-
ples, fish muscle, and hair, were subjected to acid
digestion before mercury determination. A known
mass of homogenized sample was accurately
weighed using an analytical balance and trans-
ferred into clean digestion vessels. Concentrated
ultrapure nitric acid was used as the main diges-
tion reagent, and additional oxidizing reagents
such as hydrogen peroxide may be used depend-
ing on the sample matrix and laboratory protocol.
After digestion, sample solutions were cooled to
room temperature, transferred quantitatively into
volumetric tubes, and diluted to a known final
volume using ultrapure water. Procedural blanks
were included to monitor potential contamination
from reagents and laboratory handling. Digested
solutions were stored in acid-cleaned tubes until
instrumental analysis.

Samples were digested before ICP-MS deter-
mination. Mercury analysis was performed using
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ICP-MS according to laboratory method 18-13-
14/MU. Calibration standards were prepared from
certified mercury standard solutions using an acid-
matched diluent. A multi-point calibration curve
was established over the expected analytical range.
Instrument optimization and calibration verifica-
tion were performed before and during analysis to
ensure analytical stability. Quality-control proce-
dures included reagent blanks, method blanks, du-
plicate measurements, and calibration verification
standards. When available, certified reference ma-
terials and spike-recovery samples were included
to assess analytical accuracy and matrix effects.
Mercury concentrations in hair and solid matrices
were expressed as mg/kg.

The mercury concentrations reported in this
study represent total mercury (THg). Mercury
speciation was not performed; therefore, the ana-
lytical results do not distinguish inorganic mercu-
ry from methylmercury or other mercury species.
Consequently, any discussion of methylation,
methylmercury formation, or bioavailability is
presented as a plausible environmental mecha-
nism based on established mercury biogeochem-
istry rather than as a process directly measured in
the present study. This distinction is particularly
important for fish and human biomonitoring inter-
pretation because methylmercury is the dominant
toxicologically relevant form associated with fish
consumption and human internal exposure.

Kidney-related biomarker assessment

Representative analytical documentation of
the biological sample workflow is presented in
Figure 3 to support laboratory traceability from
coded sample handling, pre-analytical processing,
and aliquoting to active instrument-based mea-
surement. The figure is used to support the meth-
odological reliability of the biomarker workflow
rather than as a descriptive photograph of equip-
ment or biological specimens. Clinical chemis-
try measurements were performed using an au-
tomated Abbott Alinity clinical analyzer system.
The Alinity c/i platform was used for automated
laboratory testing, and the clinical chemistry
component supported biochemical measurements
relevant to kidney function assessment. Urinary
albumin, urinary creatinine, and serum creatinine
were analyzed according to the manufacturer’s
reagent protocols and internal clinical laboratory
procedures. Calibration, internal quality control,
and instrument maintenance were performed
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Figure 3. Analytical traceability of biological sample processing and kidney-related biomarker measurement;
(a) Coded biological samples arranged during laboratory registration and pre-analytical handling, (b) Blood
sample centrifugation as part of the pre-analytical preparation workflow, (c) Aliquoting and preparation
of biological specimens before instrument-based analysis; (d) Abbott Alinity c¢/i system monitor showing
active analytical processing during the measurement run. The figure was revised to demonstrate the dynamic
laboratory workflow from sample preparation to instrument operation rather than merely showing biological
specimens or laboratory equipment

according to laboratory standards before sample
analysis. eGFR was expressed as mL/min/1.73
m?. UACR and eGFR were interpreted descrip-
tively using established clinical categories. These
biomarkers were not used to establish causality
but were included as supportive health indicators
in the integrated environmental-health interpreta-
tion of mercury exposure.

Data processing and descriptive
interpretation

All laboratory data were compiled, checked
for consistency, and organized according to sam-
ple type. Mercury concentrations were summa-
rized descriptively for environmental matrices,
fish samples, and human hair samples using mini-
mum, maximum, mean, and standard deviation
or median and range where appropriate. Kidney-
related biomarkers were also summarized de-
scriptively. No questionnaire-derived variables
were included in the present manuscript, and
no inferential statistical testing was performed.

Environmental mercury concentrations were
compared with relevant environmental quality
standards or international guideline values where
applicable. Fish mercury concentrations were
compared with food safety limits for mercury in
fish. Human hair mercury concentrations were in-
terpreted in relation to recognized biomonitoring
reference values. UACR and eGFR results were
interpreted using clinical classification categories
for albuminuria and kidney function.

The environmental-health interpretation was
developed using an integrated pathway approach.
Mercury contamination in environmental samples
was interpreted as evidence of external contami-
nation, fish mercury levels were interpreted as
indicators of aquatic bioaccumulation and food-
chain relevance, and hair mercury concentrations
were interpreted as evidence of internal human
mercury burden. Kidney-related biomarkers were
discussed as supportive indicators of potential
health concern, with careful attention to the de-
scriptive and cross-sectional nature of the dataset.
Terminology was standardized throughout the
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manuscript by using “ASGM-affected area” to re-
fer to the specific study setting in Bungo District
and “ASGM-affected riverine systems” when dis-
cussing broader implications. Percentages were
reported together with their denominators to im-
prove clarity. For example, elevated hair mercury
was expressed as 5 of 50 participants (10.0%),
and altered kidney-related indicators were ex-
pressed as 9 of 50 participants (18.0%). Non-de-
tectable mercury results were reported as below
the instrumental detection limit where this infor-
mation was available. When the exact detection
limit was not provided in the available laboratory
report, non-detectable results were interpreted
cautiously and described as below the reporting
threshold of the applied analytical method.

Ethical considerations

Human biomonitoring and clinical data col-
lection were conducted in accordance with ethi-
cal principles for research involving human par-
ticipants. Ethical approval was obtained from
the relevant institutional ethics committee prior
to sample collection. Informed consent was ob-
tained before biological sample collection. Partic-
ipant confidentiality was maintained throughout
the study, and personal identifiers were removed
from the dataset before analysis. Results were re-
ported only in aggregate form.

RESULTS AND DISCUSSION

Environmental mercury contamination
in ASGM-affected sites

Environmental mercury assessment was con-
ducted to characterize the occurrence of mercury in
aquatic and terrestrial matrices within the ASGM-
affected area. The monitoring results showed that
mercury was not detected in the analyzed water
samples, whereas detectable concentrations were
observed in several sediment- or soil-related sam-
ples. Previous studies have also shown that mer-
cury may be undetectable in water while still ac-
cumulating in sediments and soils because these
compartments can act as mercury sinks (Nelson
et al., 2022). In an artisanal gold-mining area in
North Sumatra, Indonesia, mercury in wells and
river water was below the analytical detection lim-
it, whereas sediments and soils showed the high-
est accumulation (Astika et al., 2021). This pattern
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indicates that mercury in the study area was more
clearly retained in solid environmental compart-
ments than in the aqueous phase. Such a distribu-
tion is environmentally relevant because mercury
released from ASGM activities can rapidly par-
tition onto suspended particles, fine sediments,
organic matter, and mineral surfaces rather than
remain dissolved in surface water. Consequently,
water samples may show non-detectable mercury
levels even when surrounding sediment or soil
contains measurable mercury residues.

As shown in Table 1, mercury was not detect-
ed in any of the analyzed water samples, whereas
detectable concentrations were observed in sev-
eral sediment samples. Mean sediment mercury
concentrations ranged from 0.02 to 0.10 mg/kg,
indicating that mercury in the study area was
more clearly retained in solid environmental com-
partments than in the water column. The highest
mean sediment mercury concentration was ob-
served at the upstream site of Sungai Bathin III
Ulu without direct human activity, followed by
Sungai Gerak, Kebun Seluai, and downstream
sites of Sungai Bathin III Ulu. Overall, detectable
mercury concentrations in solid matrices ranged
from 0.02 to 0.10 mg/kg across the investigated
locations. Mercury was detected in samples from
Sungai Petepat, Kebun Bunut, Sungai Gerak, Ke-
bun Seluai, and several locations along Sungai
Bathin III Ulu. The presence of mercury at mul-
tiple locations suggests that contamination may
not be restricted to a single point source but may
reflect broader environmental redistribution with-
in the mining-affected landscape. In ASGM en-
vironments, mercury can be transported through
erosion of contaminated soil, resuspension of fine
particles, surface runoff, riverine sediment trans-
port, and atmospheric deposition from amalgam
burning. Therefore, detectable mercury in solid
matrices may represent an integrated record of
past and ongoing contamination processes.

The absence of detectable mercury in water
samples should be interpreted cautiously and
should not be taken as evidence that mercury was
absent from the aquatic environment. A non-de-
tect result may reflect several factors, including
the analytical detection limit, dilution by river
flow, sampling timing, short-term hydrological
variability, and the mercury fraction captured by
the sampling and analytical procedure. Mercury
in ASGM-affected river systems may occur pre-
dominantly in particle-bound or sediment-asso-
ciated forms rather than as dissolved mercury in
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Table 1. Mercury concentrations in environmental samples collected from the ASGM-affected areca. Water samples
were non-detectable at all locations, whereas sediment mercury was detected at several sites

) Sediment Duplicate 1 | Sediment Duplicate 2 Mean Sediment Hg
No. Location Water H
¢ (mg/kg) (mg/kg) (mg/kg)
1 | Sungai Petepat ND 0.02 0.02 0.02
2 | Sungai Kedudung ND ND ND ND
3 | Kebun Bunut ND 0.05 0.04 0.045
4 | Sungai Gerak ND 0.09 0.08 0.085
5 |Kebun Seluai ND 0.07 0.07 0.07
6 | Sungai Sare ND ND ND ND
7 | Sungai Belimbing ND ND ND ND
8 | Kebun Kenalu ND ND ND ND
9 | Sungai Diyan ND ND ND ND
10 | Sungai Batang Bungo (hilir) ND ND ND ND
11 | Sungai Batang Bungo (tengah) ND ND ND ND
12 | Sungai Batang Bungo (hulu) ND ND ND ND
13 Sungall Bath.ln Il Ulu (aktivitas ND 0.05 0.05 0.05
manusia) hilir
14 Sungai. Bathin 1l Ulu (aktivitas ND 0.02 0.02 0.02
manusia) tengah
15 Supgal Bathin II'I Ulg .(tanpa ND 007 007 007
aktivitas manusia) hilir
16 Supgal Bathin II_I Ulu (tanpa ND 0.04 0.04 0.04
aktivitas manusia) tengah
17 Supgal Bathin II_I Ulu (tanpa ND 0.10 0.10 0.10
aktivitas manusia) hulu

Note: *ND: not detected; below the instrumental detection limit.

the water column. Therefore, a single-time-point
water measurement may fail to capture episodic
or particulate mercury transport, especially dur-
ing rainfall, runoff, flooding, or sediment resus-
pension events. In this context, water monitoring
remains important, but water data should be in-
terpreted together with sediment and biological
matrices to avoid underestimating mercury per-
sistence and exposure relevance.

Mercury often partitions strongly into sus-
pended particles and sediments rather than re-
maining dissolved in water (Han et al., 2004).
Hydrology and high-discharge events can control
mercury transport in rivers, especially by moving
sediment-bound mercury (Moreno-Brush et al.,
2020). This interpretation is also consistent with
broader evidence that sediments can function as
important reservoirs and future secondary sourc-
es of metal contamination in impacted aquatic
systems (Gumbo and Kapenge, 2025). In tropical
mining-affected catchments, high rainfall, runoff,
and sediment mobilization may further enhance
the transfer of mercury from water columns into
sediments and floodplain deposits. Therefore,
sediment or soil-associated mercury may provide
a more stable indicator of contamination than a

single water measurement. This finding supports
the importance of including solid environmental
matrices when evaluating mercury contamination
in ASGM-impacted aquatic systems.

The relatively high sediment mercury concen-
tration at the upstream site categorized as without
direct human activity should not be interpreted
as evidence of natural background contamination
alone. In mining-affected catchments, locations
without visible local activity may still receive
mercury through upstream transport, historical
deposition, erosion of contaminated materials, or
hydrological connectivity with disturbed areas.
Historical mining sediments can remain stored in
floodplains and later be eroded and transported
downstream (Leigh, 1994). From an environ-
mental-health perspective, mercury in sediment is
important because these compartments can act as
both sinks and secondary sources. Sediments can
retain mercury for long periods but may later re-
lease it through remobilization (Ramalhosa et al.,
2006). Under suitable biogeochemical conditions,
retained mercury may be transformed into meth-
ylmercury and enter aquatic food webs, creating
ecological and public health relevance even when
total sediment concentrations are relatively low.
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Mercury accumulation in fish and aquatic
food-chain relevance

Mercury was detected in all analyzed fish
samples, indicating measurable mercury occur-
rence in the edible fish muscle collected from
the ASGM-affected aquatic environment. How-
ever, the fish dataset was limited to one speci-
men per species/local name; therefore, the results
should be interpreted as preliminary descriptive
evidence of mercury presence in fish rather than
as a basis for ecological generalization. The da-
taset does not allow reliable conclusions regard-
ing species-specific accumulation, trophic trans-
fer, biomagnification, or differences among fish
taxa. Accordingly, the discussion of fish mercury
in this study is restricted to its role as an indica-
tor of food-chain relevance and potential dietary
exposure, while broader ecological interpretation
requires larger sample sizes, repeated sampling,
and trophic-level assessment (Table 2).

Because only total mercury was measured in
fish muscle, the present study cannot determine
the proportion of methylmercury in the analyzed
fish samples. This is an important limitation be-
cause methylmercury is generally the mercury
species of greatest toxicological relevance for
fish consumption and human exposure. There-
fore, the detection of total mercury in fish
should be interpreted as evidence of mercury
occurrence in edible tissue and potential food-
chain relevance, rather than as direct evidence
of methylmercury exposure or biomagnification.
Future studies should include mercury specia-
tion in fish muscle to better assess dietary expo-
sure and toxicological risk.

Mean mercury concentrations in fish ranged
from 0.05 to 0.17 mg/kg. The highest concentra-
tion was observed in Lambak, followed by Lam-
pam, Baung, and Seluang. Although the number
of fish samples was limited, the detection of
mercury across all analyzed species provides
important evidence that mercury contamination
had entered the aquatic biotic compartment.

This finding is environmentally relevant be-
cause fish integrate mercury exposure from wa-
ter, sediment-associated food sources, benthic
organisms, and trophic interactions. Therefore,
fish mercury concentrations may reflect cumu-
lative exposure within the aquatic ecosystem
more effectively than a single water measure-
ment. Previous studies have shown that fish
mercury is strongly influenced by age, diet, tro-
phic position, and ecosystem conditions (Bartz
et al., 2023). In addition, benthic feeding can
increase mercury transfer from sediments into
fish (Rizzo et al., 2014).

The contrast between non-detectable mer-
cury in water and detectable mercury in fish
supports the concept that aquatic mercury ex-
posure is not determined solely by dissolved
mercury in the water column. Mercury can bind
to suspended particles and sediments, persist in
these compartments, and become biologically
available through sediment-water and food-
web pathways (Xu et al., 2022). Under suitable
conditions, especially in organic-rich or parti-
cle-rich systems, microorganisms can convert
inorganic mercury into methylmercury, a more
bioavailable form that is efficiently absorbed
and biomagnified in aquatic food webs (Gascon
Diez et al., 2016; Lehnherr, 2014). Once incor-
porated into fish tissue, mercury can be retained
and increase through bioaccumulation and bio-
magnification along the food chain (Chen et al.,
2008; Gentes et al., 2021).

Although Lambak, Lampam, and Baung
showed higher mercury concentrations than Se-
luang in the present dataset, this pattern should
be interpreted cautiously because only one speci-
men was analyzed for each species/local name.
The observed differences may reflect individual-
level variation, fish size, habitat history, feeding
behavior, sampling location, or analytical vari-
ability rather than true species-specific differ-
ences. Therefore, the present data cannot be used
to rank fish species according to mercury accu-
mulation potential or to infer biomagnification

Table 2. Mercury concentrations in fish samples collected from the ASGM-affected aquatic environment

No. Fish sgt;iees/local Weight (g) Length (cm) Hg E)r;lg/lli((;a)te ! Hg E)r;lg/li(t;a)te 2 Mean Hg (mg/kg)
1 Baung 98 22 0.13 0.15 0.14
2 Lambak 69 19 0.17 0.17 0.17
3 Seluang 47 18 0.05 0.05 0.05
4 Lampam 110 24 0.15 0.16 0.16
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patterns. A reliable ecological interpretation
would require a larger number of specimens per
species, broader size-class coverage, repeated
seasonal sampling, and supporting trophic infor-
mation such as stable isotope analysis. Fish that
interact more closely with sediments or consume
benthic organisms may have greater exposure
to sediment-associated mercury, whereas high-
er-trophic-level species may accumulate more
mercury through prey consumption (He et al.,
2022; Sarasiab et al., 2014). Previous studies
have shown that fish mercury varies with species,
body size, trophic level, habitat, feeding behav-
ior, and local contamination conditions (Le Croi-
zier et al., 2019; Mille et al., 2021). Accordingly,
interspecies differences should be interpreted as
the combined result of environmental exposure
and ecological traits rather than as a simple re-
flection of dissolved mercury in water.

From a food-chain perspective, mercury in
edible fish muscle is important because fish con-
sumption is a major human exposure pathway for
methylmercury (Chen and Driscoll, 2018). Al-
though fish mercury concentrations in the present
study were below commonly used international
limits, the finding remains relevant for public
health because repeated consumption of locally
caught fish may contribute to chronic low-dose
mercury intake over time, especially in ASGM-
affected communities where mercury inputs can
persist and fish may be a regular protein source
(Gibb and O’Leary, 2014; Salazar-Camacho et
al., 2017). Studies in ASGM regions have shown
that fish consumption is a significant predictor of
human mercury biomarkers (Calao-Ramos et al.,
2021; Wyatt et al., 2017).

Overall, the fish results provide preliminary
evidence that mercury was present in edible fish
muscle from the ASGM-affected aquatic envi-
ronment despite non-detectable mercury in wa-
ter samples. This finding supports the inclusion
of fish as a relevant biological matrix in mercury
monitoring programs. However, because of the
limited number of fish specimens, the results
should not be interpreted as evidence of species-
specific bioaccumulation, trophic transfer, or
biomagnification. Future studies should include
larger fish sample sizes, replicate specimens per
species, fish age or size stratification, seasonal
sampling, and trophic-position analysis to better
characterize mercury accumulation within the
aquatic food web.

Sediment-mediated mercury
bioaccumulation: Explaining mercury
detection in fish despite non-detectable
water mercury

The detection of mercury in fish despite non-
detectable mercury in water is an important ob-
servation, but it should be interpreted within the
methodological limitations of water sampling.
Non-detectable mercury in water may result from
concentrations below the analytical detection lim-
it, short-term dilution, sampling outside high-flow
or resuspension periods, or the predominance of
particle-bound mercury that was not fully repre-
sented in the analyzed water fraction. Therefore,
the present findings do not indicate that water
monitoring is unimportant. Rather, they show that
single-time-point water measurements alone may
be insufficient to characterize mercury contami-
nation in ASGM-affected aquatic systems, par-
ticularly when mercury is retained in sediments
or transferred into biological matrices over time.
The proposed sediment-mediated mercury bioac-
cumulation pathway is illustrated in Figure 4.

In the present study, mercury was not de-
tected in any analyzed water sample, whereas
sediment mercury was detected at several loca-
tions and mercury was found in all analyzed fish
samples. This pattern suggests that mercury in
the study area was retained more strongly in solid
environmental compartments and biological tis-
sues than in the water column. Mercury released
from ASGM activities can rapidly partition from
the aqueous phase onto suspended particles, fine
sediments, organic matter, and mineral surfaces.
Once bound to particulate material, mercury may
settle into riverbed sediments or floodplain depos-
its, creating a long-term environmental reservoir
(Hosek et al., 2020). As a result, the water column
may show non-detectable mercury concentrations
while sediments and aquatic organisms still con-
tain measurable mercury.

Sediment plays a central role in mercury cy-
cling because it can act as both a sink and a sec-
ondary source. It can retain mercury derived from
mining residues, runoff, erosion, and atmospheric
deposition, while sediment-associated mercury
can later be remobilized during flooding, resus-
pension, flow changes, or bioturbation (Brown
et al., 2015; Garcia-Ordiales et al., 2020; Meyer
and Medeiros, 2017). Under suitable biogeo-
chemical conditions, inorganic mercury retained
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Figure 4. Conceptual illustration of a plausible sediment-mediated and food-chain-relevant mercury pathway

in an ASGM-affected aquatic ecosystem. The methylation and bioavailability steps are shown as established

environmental processes that may occur under suitable biogeochemical conditions, but they were not directly
measured because the present study analyzed total mercury only

in sediment may be transformed by microorgan-
isms into methylmercury, a more bioavailable and
bioaccumulative mercury species (Ullrich et al.,
2001). However, the present study measured only
total mercury and did not include mercury specia-
tion in sediment, fish, water, or human biological
samples. Therefore, methylation and methylmer-
cury-related bioavailability should be interpreted
as plausible mechanisms that may explain mercu-
ry transfer in ASGM-affected aquatic systems, not
as directly demonstrated processes in this dataset.

Fish mercury concentrations are therefore not
determined solely by mercury levels in the water
column. In general, fish can accumulate mercury
through dietary uptake, benthic food-web interac-
tions, and long-term exposure within contaminated
habitats (Bigham et al., 2016; Prasad et al., 2005).
However, because the present study analyzed only
one specimen per species/local name and did not
include trophic-position analysis, these mecha-
nisms should be considered plausible background
processes rather than directly demonstrated path-
ways in the present dataset. Because methylmer-
cury binds strongly to proteins in fish muscle and
is eliminated slowly, fish can retain mercury over
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extended periods. This explains why mercury may
be detectable in fish even when single-time-point
water samples show non-detectable concentra-
tions. In this context, fish act as biological integra-
tors of mercury exposure rather than direct indica-
tors of instantaneous water quality.

The observed pattern also highlights the limi-
tation of relying solely on water samples to as-
sess mercury contamination in ASGM-affected
aquatic systems. Water mercury levels may fluc-
tuate substantially with rainfall, dilution, hydro-
logical conditions, suspended sediment load, and
sampling timing. In contrast, sediment and fish
provide more stable and cumulative information
about mercury contamination and exposure. Sedi-
ment reflects longer-term retention of mercury
within the aquatic environment, whereas fish re-
flects biological uptake and food-chain transfer.
Therefore, integrated monitoring involving wa-
ter, sediment, and biota is essential for evaluating
mercury risk in mining-affected river systems.
From a food-chain perspective, the presence of
mercury in fish muscle is particularly impor-
tant because edible fish tissue represents a direct
route of human exposure. Even when measured
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concentrations remain below international food
safety limits, repeated consumption of contami-
nated fish may contribute to chronic low-dose
mercury intake, especially in communities liv-
ing near mining-affected rivers. The detection of
mercury in all analyzed fish samples therefore
supports the need for continued biomonitoring of
aquatic biota and careful interpretation of envi-
ronmental mercury data. Non-detectable mercury
in water should not be interpreted as evidence of
ecological safety when sediment and fish com-
partments show mercury accumulation.

Overall, the present findings indicate a sed-
iment-mediated mercury bioaccumulation path-
way in the ASGM-affected aquatic environment.
Mercury appears to be more clearly retained in
sediments and transferred into fish than detected
in the water column. This finding emphasizes that
sediment and fish are critical matrices for assess-
ing mercury contamination and potential human
exposure in mining-impacted ecosystems. The
integration of environmental and biological ma-
trices provides a more realistic understanding of
mercury transfer than water monitoring alone.

Human mercury biomonitoring profile

Human mercury biomonitoring was conduct-
ed using hair mercury concentration as an indica-
tor of internal mercury burden among residents
living in the ASGM-affected area. Hair mercury
is widely used in environmental health studies be-
cause mercury incorporated into hair keratin re-
flects cumulative exposure over time, particularly
exposure to methylmercury from aquatic food-
chain pathways and other environmental sources
(Souza et al., 2025). In the present study, mercury
was detected in all analyzed hair samples, indicat-
ing measurable internal mercury exposure among
the study population.

Table 3. Distribution of hair mercury concentrations
among residents living in the ASGM-affected area

Parameter Value
Mean hair Hg concentration (mg/kg) 1.01£0.98
Median hair Hg concentration (mg/kg) 0.76
Minimum hair Hg concentration (mg/kg) 0.17
Maximum hair Hg concentration (mg/kg) 6.15
Participants with hair Hg <1.0 mg/kg 36 (72.0%)
Participants with hair Hg 1.0-<2.0 mg/kg 9 (18.0%)
Participants with hair Hg 22.0 mg/kg 5(10.0%)

The distribution of hair mercury concentra-
tions is summarized in Table 3. Hair mercury con-
centrations ranged from 0.17 to 6.15 mg/kg, with
a mean concentration of 1.01 + 0.98 mg/kg and a
median of 0.76 mg/kg. Most participants had hair
mercury concentrations below 1.0 mg/kg, while a
smaller subgroup showed higher concentrations.
Based on the 2 mg/kg reference threshold used
for elevated exposure classification, 5 partici-
pants, corresponding to 10.0% of the study popu-
lation, had elevated hair mercury concentrations.
In addition, 9 participants had concentrations be-
tween 1.0 and <2.0 mg/kg, indicating that 28.0%
of participants had hair mercury concentrations
above 1.0 mg/kg.

The detection of mercury in all hair samples
indicates that mercury exposure was not limited
to environmental compartments or fish tissue but
was also reflected in human biological samples.
This finding is important because hair mercury
represents cumulative internal exposure rather
than short-term environmental contact. A previ-
ous study in Canada also reported hair-to-blood
mercury relationships above World Health Orga-
nization reference levels in part of the study pop-
ulation (Packull-McCormick et al., 2022). In the
context of the present study, measurable hair mer-
cury concentrations are consistent with the detec-
tion of mercury in sediment and fish, supporting
the interpretation that mercury contamination in
the ASGM-affected environment may contribute
to human exposure through multiple pathways.

The mean hair mercury concentration re-
mained below the 2 mg/kg threshold; however,
the presence of individuals exceeding this level in-
dicates that a vulnerable high-exposure subgroup
exists within the study population. The maximum
concentration of 6.15 mg/kg demonstrates sub-
stantial inter-individual variability in mercury
burden. Such variability may reflect differences
in duration of residence, dietary exposure through
fish, proximity to contaminated environmental
media, occupational or household contact with
mining-related materials, and individual toxicoki-
netic factors. Because questionnaire-derived vari-
ables were intentionally excluded from the pres-
ent manuscript, these potential determinants are
discussed only as plausible exposure pathways
rather than as directly tested explanatory factors.

The distribution pattern also suggests that pop-
ulation averages alone may underestimate expo-
sure concern. Although the overall mean was mod-
erate, elevated individual values indicate that some
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residents had mercury burdens substantially higher
than the group average. This is important because
mercury-related health risks are often concentrated
in vulnerable or highly exposed subgroups, such as
frequent fish consumers, miners, children, or preg-
nant women, rather than being distributed evenly
across the population (Baeuml et al., 2011; Cul-
len et al., 2014). Human biomonitoring therefore
provides essential information on internal expo-
sure that cannot be inferred from environmental
measurements alone. Integrating hair mercury data
with environmental and fish results strengthens the
evidence for an environmental—food chain—human
exposure continuum in the study area. Mercury
was not detected in water, but it was detected in
sediment, fish, and human hair. This pattern sup-
ports the interpretation that mercury exposure may
be mediated through long-term sediment retention,
transfer into aquatic organisms, and eventual ac-
cumulation in humans. The hair mercury findings
therefore provide biological confirmation that en-
vironmental mercury contamination in the ASGM-
affected area has relevance beyond environmental
matrices and may translate into measurable inter-
nal exposure among residents.

Overall, the human biomonitoring results in-
dicate measurable mercury exposure among resi-
dents in the ASGM-affected area, with a subset of
individuals showing elevated hair mercury concen-
trations. These findings highlight the importance of
combining environmental monitoring with human
biomonitoring to better characterize mercury ex-
posure in mining-affected communities. Continued
biomonitoring is needed to identify high-exposure
individuals, evaluate temporal trends, and support
targeted environmental health interventions.

Kidney-related biomarkers and potential
health implications

Kidney-related biomarkers were evaluated
as descriptive clinical indicators to complement
the human mercury biomonitoring profile. In the
present study, urinary albumin-to-creatinine ra-
tio (UACR) and estimated glomerular filtration
rate (eGFR) were used to describe kidney-related
status among residents living in the ASGM-af-
fected area. These biomarkers were included to
provide a preliminary health-context layer, not
to establish mercury-induced kidney effects. No
statistical association analysis was performed be-
tween hair mercury concentration and UACR or
eGFR, and the study did not adjust for clinical or
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demographic confounders such as age, hyperten-
sion, diabetes, hydration status, infection, medi-
cation use, nutritional status, or pre-existing kid-
ney disease. Therefore, the kidney-related find-
ings should be interpreted strictly as co-occurring
biomarker alterations within a population where
internal mercury exposure was also detected,
rather than as evidence that mercury exposure
caused kidney dysfunction.

The distribution of kidney-related biomarkers
is summarized in Table 4. The mean UACR val-
ue was 16.31 + 32.55 mg/g, with values ranging
from 1.61 to 174.46 mg/g. Most participants had
UACR values within the normal category; how-
ever, 5 participants, corresponding to 10.0% of
the study population, showed UACR values >30
mg/g, indicating the presence of albuminuria. For
eGFR, the mean value was 107.76 + 40.62 mL/
min/1.73 m?, with values ranging from 39.22 to
190.15 mL/min/1.73 m?. A total of 6 participants,
corresponding to 12.0% of the study population,
had eGFR values <60 mL/min/1.73 m? When
UACR >30 mg/g or eGFR <60 mL/min/1.73 m?
was considered as an altered kidney-related pro-
file, 9 participants, or 18.0% of the study popu-
lation, had at least one altered kidney-related
indicator. These findings indicate that a subset
of participants had kidney-related biomarker

Table 4. Distribution of kidney-related biomarkers
among residents living in the ASGM-affected area

Parameter Value
Mean UACR (mg/g) 16.31 +£ 32.55
Median UACR (mg/g) 4.60
Minimum-maximum UACR (mg/g) 1.61-174.46
Participants with UACR <30 mg/g 45 (90.0%)
Participants with UACR 30-300 mg/g 5 (10.0%)
Participants with UACR >300 mg/g 0 (0.0%)
Mean eGFR (mL/min/1.73 m?) 107.76 + 40.62
Median eGFR (mL/min/1.73 m?) 109.60
Minimum-maximum eGFR (mL/
min/1.73 m?) 39.22-190.15
Participants with eGFR =290 mL/ o
min/1.73 m2 30 (60.0%)
Participants with eGFR 60—89 mL/ o
min/1.73 m? 14 (28.0%)
Participants with eGFR 45-59 mL/ o
min/1.73 m? 5(10.0%)
Participants with eGFR 30-44 mL/ 0
min/1.73 m? 1(2.0%)
Participants with eGFR <30 mL/ o
min/1.73 m? 0(0.0%)
Participants with UACR 230 mg/g or o
eGFR <60 mL/min/1.73 m? 9 (18.0%)




Ecological Engineering & Environmental Technology 2026, 27(7), 283-305

alterations, but the cross-sectional and descriptive
nature of the study prevents attribution of these
alterations to mercury exposure.

The presence of albuminuria in a subset of
participants is clinically relevant because UACR
is commonly used as an early indicator of kidney
damage. Albuminuria may reflect increased glo-
merular permeability, tubular dysfunction, vascu-
lar injury, or inflammatory processes affecting the
kidney (Comper et al., 2022). In the context of
mercury exposure, renal effects are biologically
plausible because mercury can accumulate in re-
nal tissue, induce oxidative stress, disrupt cellular
redox balance, and affect tubular and glomerular
structures (Bridges and Zalups, 2017; Salazar-
Flores et al., 2019). However, albuminuria is not
specific to mercury exposure and may also be
influenced by other conditions such as hyperten-
sion, diabetes, infection, dehydration, age-related
kidney changes, and other environmental or oc-
cupational exposures. Therefore, the UACR find-
ings should be interpreted as evidence of kidney-
related vulnerability within the population rather
than direct proof of mercury-induced renal injury.

The eGFR results showed that most partici-
pants had preserved filtration function, as indi-
cated by eGFR values >60 mL/min/1.73 m?. Nev-
ertheless, 12.0% of participants had eGFR values
below 60 mL/min/1.73 m?, suggesting reduced
kidney filtration in a minority of individuals. This
finding is important because reduced eGFR may
indicate impaired kidney function, although inter-
pretation in cross-sectional environmental studies
requires caution. eGFR can be influenced by age,
muscle mass, hydration status, nutritional condi-
tion, chronic disease, and methodological differ-
ences in serum creatinine measurement. There-
fore, reduced eGFR observed in this study should
be considered a signal for further clinical evalua-
tion rather than a definitive diagnosis of mercury-
related kidney disease.

The combined interpretation of UACR and
eGFR provides a broader view of kidney-related
status than either biomarker alone. Some individ-
uals may show increased UACR while maintain-
ing normal eGFR, reflecting early kidney injury
or increased renal permeability before filtration
decline becomes apparent. Conversely, reduced
eGFR may occur without elevated albuminuria,
depending on the underlying mechanism of kid-
ney impairment. In the present study, 18.0%
of participants had at least one altered kidney-
related indicator, suggesting that kidney health

monitoring may be relevant in communities af-
fected by ASGM-related mercury contamination.

When interpreted together with the human
hair mercury data, the kidney-related biomarker
results indicate co-occurrence rather than a dem-
onstrated exposure—effect relationship. The study
identified measurable mercury concentrations in
all hair samples and detected altered kidney-re-
lated indicators in a subset of participants. How-
ever, because no correlation, regression, stratified
analysis, or confounder-adjusted model was per-
formed, these findings cannot be used to infer that
mercury exposure contributed to the observed
UACR or eGFR alterations. The kidney biomark-
er data should therefore be viewed as prelimi-
nary clinical-context information that supports
the need for follow-up health surveillance, rather
than as evidence of mercury-related renal injury.

Overall, the kidney-related biomarker re-
sults show that most participants had UACR and
eGFR values within normal clinical categories,
while a smaller subgroup showed albuminuria,
reduced filtration function, or at least one altered
kidney-related indicator. These findings do not
demonstrate mercury-induced kidney dysfunc-
tion. Instead, they indicate that kidney-related
biomarker alterations co-occurred in part of the
study population where internal mercury burden
was also measurable. This co-occurrence sup-
ports the value of integrating exposure biomoni-
toring with basic clinical screening in ASGM-
affected communities, but causal interpretation
requires future studies with larger sample sizes,
repeated biomarker measurements, individual ex-
posure assessment, and multivariable adjustment
for relevant clinical confounders.

Integrated environmental-food chain-
human exposure interpretation

The integrated interpretation presented in this
section should be understood as a pathway-based
synthesis rather than a causal model. Because the
study used a cross-sectional design and did not
include mercury speciation, repeated seasonal
sampling, individual dietary intake assessment,
or longitudinal kidney-function follow-up, the
observed relationships among sediment mercury,
fish mercury, hair mercury, and kidney-related
biomarkers cannot be interpreted as direct cause—
effect associations. Nevertheless, the simultane-
ous assessment of environmental, aquatic biota,
and human biological matrices provides a stronger
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descriptive basis than single-matrix monitoring
for identifying environmentally plausible mer-
cury transfer pathways in the ASGM-affected
area. The integrated findings show that mercury
contamination in the ASGM-affected area cannot
be understood adequately from a single matrix.
Mercury was not detected in water at the time of
sampling, yet it was detected in sediment, fish
muscle, and human hair. This pattern supports an
exposure continuum driven by solid-phase reten-
tion, aquatic food-chain transfer, and cumulative
internal exposure rather than persistent dissolved
mercury in the water column.

The environmental data showed that sedi-
ment was a more informative matrix than water
for detecting mercury contamination. Although
all water samples were non-detectable, sediment
mercury concentrations ranged from 0.02 to 0.10
mg/kg at several locations. This indicates that
mercury released from mining-related activities
may have been retained in riverbed sediments,
floodplain deposits, or soil-associated materials.
In ASGM-affected systems, mercury can bind
strongly to fine particles, organic matter, and min-
eral surfaces, allowing sediments to function as
long-term reservoirs. These reservoirs may subse-
quently contribute to biological exposure through
resuspension, diffusion, benthic uptake, and mi-
crobial transformation into methylmercury.

The detection of mercury in all analyzed fish
samples provides evidence that mercury had en-
tered the aquatic biotic compartment. Fish mer-
cury concentrations ranged from 0.05 to 0.17 mg/
kg, indicating measurable accumulation in edible
muscle tissue. This finding is important because
fish integrate mercury exposure over time through
multiple pathways, including contaminated prey,
benthic food webs, and habitat-specific exposure
(Lepak et al., 2019; Oros, 2025). Unlike water
samples, which represent short-term environ-
mental conditions, fish tissue reflects cumulative
exposure and biological retention. Therefore, fish
serve as a critical link between environmental
contamination and potential human exposure.

Human biomonitoring results further support
the relevance of environmental and food-chain
mercury transfer. Mercury was detected in all
analyzed hair samples, with concentrations rang-
ing from 0.17 to 6.15 mg/kg. Although the mean
hair mercury concentration remained below the
elevated exposure threshold, a subset of partici-
pants had concentrations >2.0 mg/kg. This find-
ing indicates that mercury contamination in the
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surrounding environment has potential biologi-
cal relevance for residents living in the ASGM-
affected area. Hair mercury represents cumulative
internal exposure and may reflect long-term con-
tact with mercury through dietary, environmen-
tal, or other local exposure pathways (Visnjevec
et al., 2013; Boerleider et al., 2017). Because
behavioral and questionnaire-derived variables
were excluded from this manuscript, the present
interpretation does not assign exposure to specific
individual behaviors but instead emphasizes the
environmental plausibility of mercury transfer
from contaminated ecosystems to humans.

The kidney-related biomarker results add an-
other layer to the integrated environmental health
interpretation. Most participants had UACR and
eGFR values within normal clinical categories;
however, a measurable subgroup showed albu-
minuria, reduced filtration function, or at least
one altered kidney-related indicator. These find-
ings do not establish a causal relationship be-
tween mercury exposure and kidney dysfunction.
Nevertheless, the coexistence of measurable in-
ternal mercury burden and altered renal indica-
tors in part of the study population supports the
need for continued health surveillance in mining-
affected communities. The kidney is a biologi-
cally plausible target organ for mercury toxicity
because mercury can accumulate in renal tissues
and contribute to oxidative stress, tubular injury,
and glomerular dysfunction (Bridges and Zalups,
2017; Salazar-Flores et al., 2019).

Taken together, the present results are consis-
tent with a plausible environmental-food chain—
human exposure framework, but they should not
be interpreted as evidence of a confirmed direc-
tional continuum or causal pathway. Mercury
released from ASGM activities may be trans-
ported through runoff, erosion, atmospheric de-
position, and particle movement into aquatic and
sedimentary compartments. Sediment-associated
mercury may persist and, under suitable environ-
mental conditions, may become more bioavail-
able through microbial transformation. Mercury
detected in fish muscle indicates food-chain-rel-
evant accumulation, while mercury detected in
human hair indicates internal mercury burden
among residents. However, because this study did
not include mercury speciation, stable isotope-
based trophic analysis, individual fish-consump-
tion data, occupational exposure assessment,
longitudinal biomonitoring, or multivariable ad-
justment for clinical confounders, the observed
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pattern should be interpreted as environmentally
plausible and hypothesis-generating rather than
causal. Similarly, the kidney-related biomarker
findings indicate the presence of altered renal in-
dicators in a subset of participants, but they do not
demonstrate that these alterations were caused by
mercury exposure.

This integrated pattern has important impli-
cations for environmental monitoring strategies.
Monitoring water alone may underestimate mer-
cury risk in ASGM-affected ecosystems because
mercury can be non-detectable in the water col-
umn while still being retained in sediments and
accumulated in biota. Similarly, environmental
data alone may not fully capture human exposure
unless paired with biomonitoring. The findings
therefore support a multi-matrix monitoring ap-
proach that includes sediments, fish, and human
biomarkers. Such an approach is more suitable
for identifying persistent contamination, food-
chain transfer, and potential health relevance in
mining-affected environments.

Overall, the study shows that mercury in
ASGM-affected communities should be interpreted
through an integrated environmental—food chain—
human exposure framework. The detection of mer-
cury in sediment, fish, and human hair despite non-
detectable water mercury highlights the importance
of cumulative and matrix-specific assessment for
environmental surveillance and risk interpretation.

Environmental and public health implications

The findings have practical implications for
environmental monitoring and health surveil-
lance in ASGM-affected communities. The de-
tection of mercury in sediment, fish, and human
hair despite non-detectable water mercury indi-
cates that water-only monitoring may underes-
timate contamination relevance. A surveillance
strategy that includes sediment, aquatic biota, and
human biomarkers is therefore more appropri-
ate for identifying persistent contamination and
exposure significance. The combined assessment
of sediment, fish, human hair, UACR, and eGFR
provides an applied surveillance framework for
ASGM-affected communities, although the clini-
cal biomarker results should be interpreted as
preliminary supportive indicators rather than di-
agnostic evidence of mercury-related disease.

From an environmental perspective, sediment
should be considered a priority matrix for mer-
cury monitoring in mining-affected river systems.

Sediments can retain mercury over long periods
and may act as secondary sources under changing
hydrological and biogeochemical conditions (Se-
lin, 2009). During rainfall events, flooding, ero-
sion, or sediment resuspension, sediment-bound
mercury can be redistributed across aquatic and
floodplain environments (Baudo, 2020; Schwab
et al., 2022). In addition, microbial methylation
in sediment can transform inorganic mercury
into methylmercury, increasing the potential for
biological uptake (Regnell and Watras, 2019;
Zhao et al., 2024). Therefore, periodic sediment
monitoring is needed to evaluate contamination
persistence, identify hotspot areas, and assess the
potential for long-term ecological exposure.

Fish monitoring is equally important because
fish represent a direct link between environmental
contamination and potential human exposure. The
detection of mercury in edible fish muscle indicates
that mercury had entered the aquatic food-chain
compartment. Although the measured concentra-
tions were relatively low to moderate, repeated
consumption of locally caught fish may still con-
tribute to chronic exposure, particularly in com-
munities dependent on riverine fish as a regular
protein source. Public health programs in ASGM-
affected areas should therefore include routine fish
mercury assessment, identification of species with
higher accumulation potential, and risk commu-
nication regarding safer fish consumption prac-
tices. Such guidance should be locally adapted and
should avoid discouraging fish consumption indis-
criminately, because fish also provide important
nutritional benefits. Instead, risk communication
should focus on species selection, consumption
frequency, and avoidance of fish from highly con-
taminated locations when necessary.

The human biomonitoring findings further
emphasize the importance of direct exposure
surveillance (Albertini et al., 2006). Hair mer-
cury analysis provides evidence of internal mer-
cury burden and can help identify individuals or
groups requiring follow-up. In the present study,
a subset of participants had hair mercury concen-
trations exceeding the elevated exposure thresh-
old, indicating that population-level averages
may underestimate high-end exposure concerns.
Community-based biomonitoring can therefore
support early identification of elevated exposure,
evaluation of temporal trends, and assessment
of intervention effectiveness. Such programs are
particularly relevant in ASGM areas where mer-
cury use may be ongoing and exposure pathways
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may involve both occupational and non-occupa-
tional routes.

The presence of altered kidney-related bio-
markers in some participants suggests that en-
vironmental health surveillance should not stop
at exposure measurement alone. Although the
present study does not establish causality be-
tween mercury and kidney dysfunction, UACR
and eGFR data provide useful clinical indicators
for identifying individuals who may benefit from
medical follow-up. Integrating mercury biomoni-
toring with basic kidney health screening may im-
prove early detection of potential health concerns
in mining-affected communities. This approach is
especially important because chronic mercury ex-
posure may produce subtle or subclinical effects
before overt disease becomes apparent.

The results also support the need for preven-
tive environmental management in ASGM-affect-
ed regions. Reducing mercury exposure requires
controlling mercury release at the source through
safer mining practices, reduction or elimination of
mercury use, improved tailing management, and
separation of ore-processing activities from resi-
dential and aquatic environments. Environmen-
tal remediation strategies should prioritize areas
where sediments accumulate mercury and where
aquatic biota are harvested for local consumption.
In addition, practical decision-support tools and
environmental self-assessment systems may help
companies and local operators identify priority
risks and impacts earlier, thereby strengthening
environmental management capacity in resource-
limited settings (Onambele et al., 2025). Com-
munity-level interventions should be supported
by collaboration among environmental agencies,
public health authorities, local governments, lab-
oratory networks, and community leaders.

For monitoring programs, the present find-
ings indicate that a multi-matrix approach is
essential. Water sampling alone may fail to de-
tect mercury contamination if mercury has par-
titioned into sediments or accumulated in or-
ganisms. Therefore, environmental surveillance
should include repeated measurements of sedi-
ment and fish, alongside human biomonitoring
when feasible. Seasonal sampling is also recom-
mended because mercury mobilization may vary
with rainfall, river flow, sediment disturbance,
and mining intensity. Longitudinal monitoring
would provide stronger evidence regarding tem-
poral trends, exposure persistence, and the effec-
tiveness of interventions.
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Overall, the study highlights that mercury
contamination in ASGM-affected areas should
be addressed as an integrated environmental and
public health problem. The combined detection of
mercury in sediment, fish, and human hair sup-
ports the need for coordinated action involving en-
vironmental monitoring, food-chain assessment,
biomonitoring, clinical screening, and source
control. Such integrated strategies are necessary
to reduce mercury exposure, protect aquatic eco-
systems, and safeguard the health of communities
living near mining-affected environments.

Study limitations and future research

Several limitations should be considered
when interpreting these findings. First, the study
used a cross-sectional environmental and human
biomonitoring design. The results therefore pro-
vide an integrated snapshot of mercury occur-
rence across environmental, aquatic biota, and
human biological matrices, but they cannot estab-
lish temporal sequence, directionality, or causal-
ity. In particular, the observed coexistence of sed-
iment mercury, fish mercury, hair mercury, and
altered kidney-related biomarkers should not be
interpreted as proof that sediment mercury caused
fish accumulation, that fish mercury caused hu-
man exposure, or that mercury exposure caused
kidney-related alterations. Longitudinal studies
with repeated environmental sampling, dietary
and occupational exposure assessment, mercury
speciation, and multivariable adjustment for clin-
ical confounders are required to evaluate causal
pathways more rigorously.

Second, mercury analysis in environmental
and biological samples was limited to total mer-
cury. Although total mercury provides useful in-
formation on the overall contamination burden,
it does not distinguish inorganic mercury from
methylmercury or other mercury species. This
limitation is critical because methylmercury is
the dominant toxicologically relevant species in
fish muscle and is closely associated with dietary
exposure and human health risk. Therefore, the
present study cannot determine the degree of
mercury methylation in sediment, the methyl-
mercury fraction in fish, or the specific mercury
species reflected in human hair. Mechanistic ex-
planations related to methylation, bioavailability,
and food-chain transfer should therefore be inter-
preted as plausible background processes rather
than directly measured findings. Future studies
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should include mercury speciation in water, sus-
pended particulate matter, sediment, fish muscle,
and human biological samples to better character-
ize mercury mobility, bioavailability, and toxico-
logical relevance.

Third, the ecological representativeness of the
fish data was limited because only one specimen
was analyzed for each fish species/local name. Al-
though mercury was detected in all analyzed fish
samples, this small sample size prevents reliable
ecological generalization regarding species-spe-
cific accumulation, trophic transfer, or biomagni-
fication. The apparent differences in mercury con-
centration among fish should therefore be inter-
preted as descriptive differences among individual
specimens rather than as true interspecies patterns.
Future studies should include replicate specimens
for each species, broader taxonomic and size-class
coverage, seasonal sampling, and trophic-position
analysis using stable isotopes such as 6'°N and
03C. Such data would allow stronger evaluation
of mercury bioaccumulation and biomagnification
within the aquatic food web.

Fourth, the study did not include stable iso-
tope analysis or direct trophic-level determina-
tion. Consequently, interpretation of food-chain
transfer was based on mercury distribution across
environmental compartments and fish muscle
rather than on direct evidence of trophic biomag-
nification. Stable isotope analysis using 6'°N and
&3C would provide stronger evidence of trophic
position, feeding sources, and biomagnification
patterns. Integrating mercury analysis with stable
isotope data would enable a more detailed under-
standing of how mercury moves through aquatic
food webs in ASGM-affected ecosystems.

Fifth, environmental sampling was limited to
the available matrices and time points. Mercury
concentrations in water were non-detectable,
whereas sediment mercury was detected at sever-
al locations. However, mercury concentrations in
aquatic systems can vary substantially with rain-
fall, river discharge, suspended sediment load,
hydrological disturbance, and mining intensity.
Single-time-point water sampling may therefore
underestimate contamination if mercury is main-
ly particle-bound or transported episodically dur-
ing runoff and flooding events. Future research
should include seasonal water and sediment
sampling, suspended particulate matter analysis,
porewater mercury measurement, and hydrologi-
cal characterization to better understand mercury
mobility in mining-affected river systems.

In addition, the interpretation of non-detect-
able mercury in water was limited by the avail-
able analytical and sampling information. The
present study did not include repeated seasonal
water sampling, suspended particulate mercury
analysis, filtered versus unfiltered water compari-
son, porewater mercury measurement, or event-
based sampling during rainfall and high-flow
conditions. Therefore, the non-detectable water
results may reflect detection-limit constraints,
temporal variability, dilution, or the absence of
particle-bound mercury in the analyzed fraction
rather than the complete absence of mercury from
the aquatic system. Future monitoring should
include both dissolved and particulate mercury
fractions, repeated sampling across hydrological
seasons, and sediment—water interface measure-
ments to better characterize mercury mobility in
ASGM-affected rivers.

Sixth, questionnaire-derived exposure deter-
minants, including fish consumption frequency,
occupational history, knowledge, and behavioral
factors, were intentionally excluded to maintain
alignment with journal requirements that restrict
questionnaire-based studies. Consequently, the
study did not directly quantify individual dietary
intake, occupational exposure intensity, or behav-
ioral determinants of mercury exposure. Human
exposure pathways were therefore interpreted us-
ing objective environmental, fish, and biomoni-
toring data rather than self-reported information.
Future studies submitted to journals that allow ex-
posure questionnaires could integrate dietary as-
sessment, occupational history, and residential ex-
posure data with biomarker measurements to pro-
vide a more individualized exposure assessment.

Seventh, kidney-related biomarkers were
interpreted descriptively and should not be con-
sidered diagnostic evidence of mercury-induced
kidney disease. UACR and eGFR can be influ-
enced by many factors, including age, hydration
status, muscle mass, hypertension, diabetes, in-
fection, medication use, and other environmen-
tal exposures. Because the present study did not
include detailed clinical histories or repeated
measurements, the observed altered kidney-re-
lated profiles should be interpreted as indicators
warranting further clinical surveillance rather
than as confirmed mercury-related renal effects.
Future studies should include repeated renal bio-
marker measurements, broader panels of tubular
injury markers, oxidative stress biomarkers, in-
flammatory markers, and clinical follow-up to
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clarify potential kidney effects of chronic mer-
cury exposure.

Despite these limitations, the study provides
an important integrated assessment of mercury
contamination and exposure in an ASGM-affect-
ed area. By combining environmental matrices,
fish mercury data, human hair biomonitoring,
and kidney-related biomarkers, it offers a broader
environmental-health perspective than single-
matrix monitoring alone. Future research should
build on this framework by incorporating mercu-
ry speciation, larger ecological datasets, seasonal
monitoring, trophic-level analysis, and longitudi-
nal human biomonitoring to better characterize
mercury transfer, exposure dynamics, and health
implications in mining-impacted communities.

CONCLUSIONS

This study shows that mercury contamination
in an ASGM-impacted riverine area cannot be
interpreted adequately through water monitoring
alone. Although mercury was not detected in the
analyzed water samples, detectable concentrations
were found in sediment, fish, and human hair, in-
dicating sediment retention, aquatic bioaccumula-
tion, and internal human exposure. Sediment mer-
cury ranged from 0.02 to 0.10 mg/kg, fish mercury
ranged from 0.05 to 0.17 mg/kg, and hair mercury
ranged from 0.17 to 6.15 mg/kg, with 10.0% of
participants showing concentrations >2.0 mg/kg.
A subset of participants also had altered kidney-
related biomarkers, which should be interpreted as
supportive clinical signals rather than evidence of
causality. The kidney-related biomarker findings
should be interpreted cautiously. Although altered
UACR or eGFR values were observed in a subset
of participants, the study did not test statistical as-
sociations between mercury biomarkers and kid-
ney outcomes or adjust for clinical confounders.
Therefore, the results indicate co-occurrence of
measurable internal mercury burden and kidney-
related biomarker alterations, not evidence of
mercury-induced kidney effects.

This study demonstrates that mercury occur-
rence differed across environmental and biological
compartments in the ASGM-affected area. Mercu-
ry was not detected in the analyzed water samples,
but it was detected in several sediment samples,
all analyzed fish muscle samples, and all human
hair samples. These findings support the value of
multi-matrix monitoring because sediment, fish,
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and human biomonitoring provided complemen-
tary information that was not captured by water
analysis alone. However, the results should be in-
terpreted as compartment-specific evidence and
co-occurrence across matrices, not as proof of a
complete causal pathway from sediment to fish
to humans. The kidney-related biomarker find-
ings also require cautious interpretation because
altered UACR or eGFR values were observed in
some participants without statistical linkage to
mercury biomarkers or adjustment for clinical
confounders. Overall, the study provides a de-
scriptive and hypothesis-generating framework
for mercury surveillance in ASGM-affected riv-
erine systems and highlights the need for future
studies incorporating mercury speciation, larger
ecological sampling, longitudinal biomonitoring,
and confounder-adjusted health analysis.

From an environmental monitoring perspec-
tive, these findings support a practical multi-
matrix framework in which sediment, fish, and
human biomarkers provide more informative
evidence of mercury persistence and exposure
significance than water alone in mining-affected
tropical river systems. This framework can sup-
port monitoring prioritization, risk communica-
tion, and targeted follow-up in mercury-impacted
communities. Future work should strengthen this
approach through repeated seasonal sampling,
larger fish datasets, mercury speciation, and lon-
gitudinal biomonitoring.
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