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ciation, pollution assessment, and
source identification of heavy metals in sediment
cores of the Cau River basin, Hai Duong province,
Vietnam†

Ba Lich Pham, ‡*a Huy Thong Vu,ab Van Linh Nguyen,a Thi Kim Thuong Nguyen, a

Anh Duc Trinh c and Thi Thao Ta *a

Heavy metal contamination in sediment has caused severe threats to the aquatic ecosystem and public health

worldwide. Networks of rivers and their tributaries serve as dynamic habitats for these potentially harmful

metals through aqueous–sedimentary equilibrium shifts. Hence, determining the distinct chemical forms of

a given heavy metal in sediment is crucial for evaluating its bio-lability and toxicity. This study demonstrates

the geochemical speciation using a sequential extraction procedure to fractionate individual phases

(exchangeable, carbonate, Fe–Mn oxide, organic, and residual) of nine heavy metals (Cu, Pb, Cd, Zn, Fe, Co,

Ni, Mn, and Cr) in the sediment of a river system in Hai Duong, a deltaic province in Vietnam. A quantitative

assessment of environmental risk factors (e.g., contamination factor and risk assessment code) and the

pseudo-partitioning coefficient between pore water and sediment was conducted to define the pollution

levels of heavy metals and their contaminated areas. Furthermore, multivariate analyses facilitate a profound

comprehension of the contributions to pollution. Analyses of the extracts from the sequential extraction

procedure were performed by inductively coupled plasma-mass spectrometry. The results of sedimentary

heavy metal speciation indicate that the critical risks of Cd (15.8–38.4%) and Mn (16.3–53.8%) to the aquatic

ecosystem are due to their higher retrieval from the exchangeable fraction. Additionally, an appreciable

percentage of Co (26.3–58.0%), Mn (16.8–66.3%), Ni (16.0–53.1%), Pb (6.75–69.7%), and Zn (4.42–45.8%) in

the carbonate fraction highlights a strong tendency for co-precipitation or ion exchange of these metals with

carbonate minerals. Whilst colloids of Fe–Mn oxides act as efficient scavengers for metals such as Fe, Mn, Zn,

and Pb, organic matter forms primarily function in trapping Cu, Pb, Fe, Cr, Co, and Ni. Our findings in the

ecological risk evaluations and multivariate analyses indicate that Cr, Ni, and Fe are ascribed to natural

lithogenic provenances. In contrast, anthropogenic inputs induce Cd, Mn, Cu, and Pb high-environmental risks.
Environmental signicance

Heavy metals are critically hazardous pollutants that pose a signicant threat to public health due to their accumulation in the food chain. Deciphering their
transport mechanisms between the water phase and sediment in river systems is crucial not only for tracing their emission sources but also for devising
remediation strategies and sustainable development measures to protect aquatic ecosystems. This study conducted a comprehensive and methodical inves-
tigation of their pollution levels in a municipal watercourse system in Hai Duong, part of Vietnam's Northern Key Economic Zone. The ndings indicate that
high-risk elements predominantly liberate from urban runoff, sewage drainage, and industrial wastewater discharge, while low-risk metals are primarily
ascribed to lithogenic origins. These observations will provide valuable references for local authorities to implement prompt supervision and solutions for
managing toxic metals on the surface waters of Hai Duong province.
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1. Introduction

Nowadays, the pollution of heavy metals (HMs) in the aquatic
environment is a global concern due to their potent effects on
the food chain, particularly humans. HMs are naturally found
on Earth but in stable and benign forms. However, anthropo-
genic activities tend to accumulate them in bio-available forms.1

The increase of HMs in labile forms is attributed to natural
sources and anthropogenic activities such as industrial
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
development, mining and rening, agricultural drainage,
domestic discharges, and atmospheric deposition.2 Conse-
quently, their genotoxicity and carcinogenicity, persistence, and
abiotic degradation in the ecological system pose a serious risk
to human health. Specically, the respiratory, nervous, repro-
ductive, and digestive systems are particularly susceptible to
HMs and may even display apoptosis/necrosis pathways.3,4

HMs transported into aquatic systems are mainly incorpo-
rated into sediments through adsorption, occulation, ion
exchange, precipitation, and complexation in the water
column.5,6 Sediments serve as the archive of HMs and therefore
become the storage of potentially hazardous metals.7 HMs
entering natural water become part of the water column–sedi-
ment system, and their distribution is controlled by a dynamic
equilibrium of numerous physico-chemical processes. HM
dissolution occurs as a function of environmental conditions
(e.g., temperature, pH, redox potential, electrical conductivity,
and organic ligand contents), which usually increase contami-
nation of aquatic systems.8 The potential for environmental
pollution can be diminished if these metals are locked in
sediments.9 However, HMs are not permanently trapped in
sediment due to exchange processes of metals with carbonates,
oxides, suldes, organometallic compounds, and ions in the
crystal lattice of minerals such as Fe(III) stored in ferrihydrite.
Providing only data on the metal abundance in samples, total
HM concentrations could not be the basis for assessing the
toxicity and potential risks of metal pollutants.10,11 Different
forms of a given metal have different impacts on the ecosystem.
Therefore, it is necessary to conduct metal speciation analysis
in sediments to estimate the actual impacts and the mobility of
metals via downstream transport, deposition, and release to
biota under environmental condition changes.12 Various
studies have recently investigated and reported contaminated
conditions with distinctive spatial and temporal distributions
and ecotoxicological impacts of HMs in sediments along rivers/
lakes across different regions, e.g., Brazil,13 Greece,14 Turkey,1

Bangladesh,15 India,16,17 Pakistan,18–21 Egypt,22,23 Iran,24–26

China,27–34 etc.
Speciation refers to a description of the chemical forms of

metal–ligand complexes in the aqueous phase. In the study of
geochemical speciation in sediment, the total content of metals
is partitioned into ve different specic fractions, distinguish-
ing binding phases in the descending order of mobility. Sinks
for water-soluble or exchangeable metals fall into the phase 1
category (F1). Geochemical phase 2 presents the tendency to
precipitate in the lattice of secondary minerals like carbonates,
suldes, phosphates, or oxides (weakly absorbed-F2). Metals
occluded in amorphous materials such as Fe–Mn oxy-hydroxide
are classied into phase 3 (reducible-F3). Lastly, metals com-
plexed with organic matter (humin, humic and fulvic acids
containing various functional groups: hydroxyl –OH, carbonyl
C]O, carboxyl –COOH) (oxidizable-F4) or chemisorbed on the
lattice of primary and secondary minerals such as silicates
(residual-F5) respectively constitute the nal two categories.35,36

Amongst different methods to elucidate the so-called “solid/
particulate speciation”, sequential extraction procedures
(SEPs) were developed to more accurately separate labile
© 2025 The Author(s). Published by the Royal Society of Chemistry
fractions (inorganic and organic) from residual phases and to
help quantify the biolability of different pollutants and trace
HMs associated with soils and sediments.37 Sequential extrac-
tion techniques are able to provide the origin of metal input,
digenetic transformation within the sediments, and the reac-
tivity of HM species of both natural and anthropogenic
attribution.12

Depending upon the required sensitivity, versatility, sample
matrix, and applications, various analytical techniques are
available for analyzing trace levels of HMs. These include
graphite furnace atomic absorption spectroscopy (GFAAS),38

cold vapor atomic absorption spectroscopy (CV-AAS),39,40 X-ray
uorescence (XRF) spectroscopy,41–43 anodic stripping voltam-
metry (ASV),44,45 inductively coupled plasma optical emission
spectroscopy (ICP-OES),46,47 inductively coupled plasma-mass
spectrometry (ICP-MS),15,48 and high-performance liquid chro-
matography (HPLC) coupled with inductively coupled plasma-
mass spectrometry (ICP-MS).49,50 Nevertheless, specialized
techniques are particularly suited for different capabilities,
such as XRF and ICP-OES for trace detection (ppm–ppb levels).
Some are effective for ultra-trace (ppt) single-element analysis
such as GFAAS and CV-AAS, which is specic and sensitive for
mercury (Hg) only (ppm, ppb, and ppt signify parts per million,
parts per billion, and parts per trillion, respectively). Tech-
niques like ASV, ICP-OES, and XRF require expertise to address
matrix interference in complex samples. Amongst these, ICP-
MS is considered the gold standard due to its unparalleled
sensitivity and versatility, making it an ideal and well-suited
choice for simultaneous multi-element analysis at ultra-trace
levels. The coupling of HPLC with ICP-MS is excellent for
speciation in complex matrices (e.g., organic and inorganic
arsenic species50) but entails intricate and advanced instru-
mentation and is relatively more time-consuming compared to
direct methods. Thus, employing SEP alongside ICP-MS for
trace metal speciation in sediment provides valuable insights
into the chemical forms and potential deciencies of HMs in
sediment.

Hai Duong is a northeastern province located in the
Northern Key Economic Zone (NKEZ) that has experienced
rapid industrial and urban development in Vietnam (Fig. 1).
Specically, Hai Duong has a large population (2.567 million in
2019) and a number of industrial zones such as Lai Vu, Nam
Sach, Tan Truong, Trang Due, etc. In addition, due to the
intensive agriculture in Hai Duong, there are numerous local
waterways for irrigation and drainage. According to the Viet-
namese Department of Natural Resources and Environment
(DNRE), Hai Duong has recently been impacted signicantly by
pollution from industrial zones.51,52 Therefore, wastewater and
pollutants are mainly released into sewage and river systems.
There are a few publications about pollution circumstances in
Hai Duong that assessed the quality of surface water and the
nutrient pollution source using multivariate statistical tech-
niques53 and interpreted the anthropogenic impacts through
the spatio-temporal variation of stable isotopes of NO3

−.54 In
these previous studies, it was mentioned that the pollution in
the Hai Duong river systems resulted primarily from an accu-
mulation of anthropogenic pollution. However, none of these
Environ. Sci.: Adv., 2025, 4, 676–695 | 677
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Fig. 1 Map of sampling stations (star: first campaign and triangle: second campaign) in Hai Duong province, Vietnam. The rivers flow in the
direction indicated by a northwest to southeast transect (top-left to bottom-right).

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/2
4/

20
25

 1
2:

41
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
studies have examined and demonstrated the pollution of HM
species at different depths of sediment cores. In addition, it is
essential to systematically assess the quality of sediment by
using specic techniques and pollution indices in this area.

In this research, we aim to ll this gap by investigating the
geochemical speciation, environmental risk assessment, and
the contributions to pollution of HMs (Cu, Pb, Cd, Zn, Fe, Co,
Ni, Mn, and Cr) using SEP for HM fractionation and ICP-MS for
678 | Environ. Sci.: Adv., 2025, 4, 676–695
elemental analysis in sediment cores collected from six study
sites in the river systems of Hai Duong province. We present
analyses for (1) qualitatively comparing the concentrations of
HM species at different sediment depths, (2) rationalizing the
distribution pattern of HMs amongst the geochemical phases,
(3) quantitatively assessing the sediment quality by estimating
the environmental risk of each metal along the sediment depth
via the contamination factors (Cf) and risk assessment code
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(RAC), and (4) predicting the apportionment of pollution sour-
ces and polluted areas by using multivariate statistical analyses.
We illustrate the rst-ever demonstration of cross-referencing
data from the DNRE to address the long-standing central
question of uxes of HMs in sediments. These results provide
a valuable indication for further studies in planning remedy
strategies in polluted areas.
2. Materials and methods
2.1. Study area

The study area of our interest was selected from the river system
in Hai Duong province, which is shown in detail in Table 1. The
river system in Hai Duong province is located approximately
between 20°420–21°030N and 106°090–106°330E (Fig. 1).
Geographically, Hai Duong has a dense network of rivers with
two major river systems: the Thai Binh and Bac Hung Hai River
systems. Crossing Hai Duong province, the Thai Binh River is
roughly 73 km long and receives 30–40 billion m3 of water per
year. The Thai Binh River has three tributaries (the Luc Nam,
Cau, and Duong rivers) and is of pivotal importance for mineral,
cement, and building materials transportation. However, the
Bac Hung Hai River, which was built in 1958, is 200 km long,
including the Sat, Cam Giang, Thau, Do Day, Dinh Dao, Tu Ky,
and Cau Xe rivers, as well as the canal and dike systems that
serve as agricultural irrigation for the major cities in Bac Ninh,
Hung Yen, and Hai Duong provinces. Therefore, these rivers
have been subject to industrial release and agricultural and
domestic sewage from Hai Duong province, which have made
a discernible contribution to the deterioration of water and
sediments.

The authors opted for the sampling sites according to the
reference data of the Center of Environmental Monitoring and
Analysis, Vietnamese Department of Natural Resources and
Environment (DNRE) – Hai Duong province about polluted
areas and industrial zones from 2009 to 2014.52 Samples were
collected from the twelve studied sites in the northern part of
the Hai Duong province during two batches. The rst batch of
samples, including only pore water samples, was collected at
S23, S24, S25L1, S26, S29, and S34 sites (star symbols) during
the spring time (20th March 2015), while the second batch of
Table 1 Sampling site description

Sampling site
no. Sampling site Geographic coor

S23 Cam Giang bridge N: 20°5803.9600 E
S24 Ghe bridge, Cam Giang N: 20°56014.8800

S25L1 Cay bridge, Binh Giang N: 20°540016.0800

S26 Cat bridge, Hai Duong N: 20°55050.9800

S29 Neo bridge, Thanh Mien N: 20°46055.6100

S34 Van bridge, Tu Ky N: 20°48057.0200

S5 Pha Lai bridge, Chi Linh N: 21°6010.5300 E
S11 Phu Thai, Kim Thanh N: 20°57048.7000

S15 CCN Lai Vu, Nam Sach N: 20°59038.2400

S22 Tien Phong, Thanh Mien N: 20°4201.1200 E
S25L2 Ke Sat bridge, Ke Sat N: 20°54054.2500

S31 Hiep bridge, Ninh Giang N: 20°45050.3600

© 2025 The Author(s). Published by the Royal Society of Chemistry
samples, including pore water and sediment core samples were
collected during the autumn time (September 1st, 2015) at S5,
S11, S15, S22, S25L2 and S31 sites (triangle symbols).
2.2. Sample collection and sample pre-preparation

The eld technique for collecting pore water samples is dialysis.
The sampling device is called a “peeper”, which is based on the
single-sided design of Hesslein55 and made of poly(methyl
methacrylate) (PMMA), indicated in Fig. S1.† The dimensions of
the peeper are 66 cm × 16.5 cm × 2.5 cm. The peeper sampler
uses a 0.2 mm polyethersulfone (PES) exchange membrane to
cover the perforated stackers (vials). Aer three weeks, equi-
librium conditions were reached, and the peepers were har-
vested from sampling locations and cleaned with deionised
water. A pore water sample was collected by inserting a clean tip
and plastic pipet through the PES membrane from three
consecutive stackers of 3 cm length on the peeper. Samples were
pre-acidied with 65% HNO3 solution to pH # 2, stored in an
ice box, and brought to the laboratory for analysis of total HM
content.

Sediment cores were collected at six sampling locations in
the second campaign on September 1st, 2015, using a locally
fabricated core sampler or sediment corer equipped with 40 cm
long steel tubes with a diameter of 8 cm (see Fig. S2†). The
device was placed perpendicular to the sediment surface on
sites and compressed to about 40 cm so that the sediment
occupied all of the device's space. The retrieved core was cut
into four sections with 10 cm for each. Raw sediments destined
for sequential extraction were dried in air and ground into ne
powder using an agate mortar. A sieve of 63 mm mesh size was
utilized to discard the oversize grains; then, samples were
packed in polyethylene air-tight bags and stored in a refriger-
ator at 2 °C.
2.3. Sequential extraction of heavy metals in sediment

All reagents were of analytical reagent grade (certied purity >
99.9%) unless otherwise stated. Double deionized water (Milli-Q
Millipore water with a resistivity of 18.2 MU cm) was used for all
dilutions. Acetic acid CH3COOH (glacial, 100% Fisher Scien-
tic), hydroxyl-ammonium chloride NH2OH$HCl (ACROS
dinates Description (from the bank: from the bridge)

: 106°1004.3400 (8 m: 30 m)
E: 106°12039.2600 (5 m: 30 m)
E: 106°13053.2000 (6 m: 60 m)
E: 106°19041.7500 20 m from the bank
E: 106°14035.7900 (7 m: 70 m)
E: 106°2406.9800 (7 m: 60 m)
: 106°17051.8400 Near the Pha Lai thermal power company
E: 106°31051.7700 500 m from the Van River
E: 106°24037.1900 Near the Lai Vu industrial zone
: 106°1509.6500 Ship berthing sites
E: 106° 8057.6600 5 m from the bank
E: 106°17013.9100 70 m from the bridge

Environ. Sci.: Adv., 2025, 4, 676–695 | 679
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Fig. 2 Schematic representation of the sequential extraction procedure for sediments.
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Organics), hydrogen peroxide H2O2 (30% Fisher Scientic), and
ammonium acetate CH3COONH4 and nitric acid HNO3 (65%,
Suprapur Merck, Germany) were of super pure quality (99.950–
99.9959%). To mitigate ambiguity in terminology, “element(s)”
will henceforth be used interchangeably to denote potentially
toxic “HM(s)”, unless explicitly dened otherwise.

In order to determine the amounts and geochemical phases
of the HMs (Cu, Pb, Cd, Zn, Fe, Co, Ni, Mn, and Cr), a modied
ve-step sequential extraction procedure (SEP) was adopted.35

The SEP performance is represented in Fig. 2. Prior to the SEP,
the samples were air-dried, ground, and purged with nitrogen
(99.999% purity). Aer each extraction step, the separation of
extract from the solid residue was proceeded by centrifugation
at 4000 revolutions per minute (rpm) for 25 minutes. The
collected fractions were subjected to trace element analysis.
2.4. Elemental analysis of heavy metals and method
validation

Aer the SEP, all extracted solutions were kept in polyethylene
(PE) containers and stored in a freezer until direct concentra-
tion measurements. The determination of HM (Cu, Pb, Cd, Zn,
Fe, Co, Ni, Mn, and Cr) concentrations was performed using an
ELAN 9000 ICP-MS system (PerkinElmer Sciex, Penlivia, Can-
ada) at the Faculty of Chemistry, VNU University of Science,
680 | Environ. Sci.: Adv., 2025, 4, 676–695
Hanoi, Vietnam. To mitigate isobaric interference, we carefully
chose the isotopes of the investigated elements (53Cr, 55Mn,
57Fe, 59Co, 60Ni, 63Cu, 66Zn, 111Cd, and 208Pb) to minimize the
mass overlapping phenomena. Analytical standard solutions
were prepared using nitric acid (HNO3) as a medium, which
exerted minimal impact onmass interference with the elements
under investigation. Therefore, nitric acid was selected as the
matrix for sample solutions in ICP-MS measurements for this
study. Nevertheless, our choice of sample matrix and element
isotopes did not completely resolve and overcome the mass
interference phenomenon for Cd and Pb. Mathematical
correction equations for these two HM elements were applied
(Table 2).53

All glassware (Pyrex) and containers were soaked evenly in
2.00%HNO3 for 24 hours and then rinsed prior to use. Standard
metal solutions (103 mg L−1) were either purchased from Merck
or prepared in the laboratory from pure metals to establish the
calibration curve and determine the detection limit (LOD) and
quantitation limit (LOQ) in the ICP-MS method validation
procedure. The instrumental LOD and LOQ were evaluated as 3
and 10 times the standard deviation of blank solutions/the
intercept divided by the slope of the calibration curve, respec-
tively. To evaluate the LOQ in mg g−1 (method LOQ), it is
calculated by dividing the instrumental LOQ by the sample
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Operating conditions of ICP-MS and mathematic correction
equations for elemental analysis

Parameters Conditions

ICP-MS system Elan 9000 (PerkinElmer)
Optimized RF power 1200 W
Optimized lens voltage 8.00 V
Optimized nebulizer gas ow rate 1.05 L min−1

Ar plasma gas ow 15.0 L min−1

Auxiliary gas ow 2.00 L min−1

Injection rate 26 cycles per min
Rinsing rate 48 cycles per min
Stabilization rate 0.10 cycles per s
Rinsing time 120 s
Stabilization time 30 s
Rejection parameter q (RPq) 0.45
Sampling depth 5.10 mm
Replicates per sample 3
Integration time 5.80 s
Working vacuum pressure 1.2–1.3 × 10−5 Torr
Standby vacuum pressure 2.0–3.0 × 10−6 Torr

Isobaric correction equations

Isotope
Isotope
ratio Interference Correction equation

111Cd 12.8 95Mo16O+; 94Zr16OH+;
39K2

16O2H
+

I(111Cd) = I(m/z 111) −
1.07 × [I(108MoO) − 0.712
× I(106Pd)]

208Pb 52.4 192Pt16O+ I(208Pb) = I(m/z 208) + 1.00
× I(206Pb) + 1.00 × I(207Pb)
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mass (g) and then multiplying by the dilution volume (L) used
for the decomposition.

The calibration curves for Pb, Mn, Ni, Zn, Co, Cu, Cd, and Cr
were constructed with four points at concentrations of 4.00 ppb,
20.0 ppb, 100 ppb, and 200 ppb. The calibration curve for Fe was
solely based on concentrations of 8.00 ppb, 40.0 ppb, 200 ppb,
and 400 ppb. All calibration curves achieved a standard deviation,
resulting in R > 0.999. The LODs for nine elements (Cr, Mn, Fe,
Ni, Co, Cu, Zn, Cd, and Pb), expressed in parts per trillion (ppt or
10−12 g mL−1), were 1.80, 11.4, 20.1, 16.7, 17.8, 15.0, 11.4, 12.3,
and 4.20, respectively. Their method LOQs in 10−5 mg g−1 were
4.50, 28.5, 50.2, 41.8, 44.5, 37.5, 28.5, 30.8, and 10.5, respectively.

To validate the accuracy of our method, we assessed bias by
obtaining reference values through two approaches: certied
reference material (CRM) and spiking studies. The CRM used in
this study was MESS-3, a marine sediment material with certi-
ed values from the National Research Council of Canada. Our
analyses showed that the relative bias (RB) and relative standard
deviation (RSD) values in both approaches were below 15.0%,
complying with FDA guidelines or SANTE/SANCO guidelines
(<20.0%). When analyzing the MESS-3 reference sample, the
maximum RB value was 4.15%, and the maximum of RSD was
7.98%. For the standard addition method, the highest RB was
5.45%, and the highest RSD was 2.56%. Hence, it can be
concluded that this analytical method achieved acceptable
precision and trueness, meeting the accuracy requirements for
simultaneous analyses of HM content in sediment cores.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The concentrations of ve geochemical components
(exchangeable fraction, carbonate fraction, Fe–Mn oxide frac-
tion, organic fraction, and residual fraction) in the sediment
cores determined by ICP-MS were converted to percentage
terms of the ve selective fractions F1, F2, F3, F4, and F5 using
eqn (1).

Fi ðMÞ ¼ ½M�FiPn¼5

i

½M�Fi
� 100 ð%Þ (1)

Fi(M) is the percentage of element M in fraction i; [M]Fi is the

concentration of element M in fraction i;
Pn¼5

i ½M�Fi is the total

concentration of element M from ve specic fractions. The
normalization condition follows eqn (2).

Xn¼5

i

FiðMÞ ¼ 100 (2)

The fractionation of each metal is indicated in the distri-
bution column prole (Sections 3.1 and 3.2) at different
sampling sites at different depths of sediments.

2.5. Environmental risk assessment of heavy metals

In order to estimate the level of HM pollution in sediment
quantitatively, the contamination factors (Cf) of elements and
risk assessment code (RAC) in the sediment core samples are
required.

2.5.1. Contamination factor (Cf). The determination of the
heavy-metal contamination factor is an essential component
that assesses the level of environmental risk of HMs concerning
their retention time. A higher contamination factor of HMs
corresponds to a lower retention time and a higher risk to the
surrounding environment. The individual contamination factor
(ICF) of HMs was assumed to be equal to the sum of HM
concentrations in the mobile phase (non-residual phases)
divided by the residual phase content (eqn (3)).56,57 The global
contamination factor (GCF) was theoretically calculated as the
sum of the individual factors (eqn (4)). The results of ICFs and
GCF in sediment samples are summarized in Section 3.3.1,
illustrating the estimated contamination factors of each metal
in the sediment core samples at all stations.

ICF ¼
Pn¼4

i

½M�Fi
½M�F5

¼ ðF1 þ F2 þ F3 þ F4Þ
F5

(3)

GCF =
P

ICF (4)

It is well established in the literature that the retention time
for trace metals in sediments is measured as a time span
needed to reduce the element concentration by half.58 ICF
values can be used as a relative measure of metal retention in
sediments. The lower the ICF values, the higher the relative
metal retention.

2.5.2. Risk assessment code (RAC). It can be seen that the
degrees of association of a metal with different speciation
Environ. Sci.: Adv., 2025, 4, 676–695 | 681
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compositions in the sediment are at different strengths. Therefore,
a risk assessment code (RAC), mobility factor (MF), or bioavail-
ability index (BI) is computed to assess the reactivity of sediment
and the risk levels towards aquatic life in the presence of HMs.

Bioavailability is a measure of the degree and rate of
absorption of a substance by living systems and is the primary
measure of toxicity.59 An increase in adsorptive or “environ-
mentally available” fractions, exchangeable and/or carbonate-
bound fractions, which display a dynamic equilibrium
between the aqueous phase and sediment of weakly bonded
metals, could increase the bioavailable components.57,60 Since
the acid-soluble fractions (F1 and F2) are directly proportional to
bioaccessibility, the risk assessment code is dened as the sum
of F1 and F2 fractions on the scale of percentage (eqn (5)). Thus,
RAC (%) is a crucial factor for estimating the effect of anthro-
pogenic activities such as agricultural runoff and tourism on the
environment. The high RAC values have been interpreted as
evidence of relatively high lability and biological availability of
HMs in sediment.

RAC ¼

0
BBB@
½M�F1 þ ½M�F2Pn¼5

i

½M�Fi

1
CCCA� 100 ¼ F1 þ F2ð%Þ (5)

2.5.3. Partitioning of heavy metals between pore water and
sediment. To assess and elucidate the fate, distribution, and
ecotoxicological risk of HMs in the water-sediment relationship,
one must consider the distribution coefficient (or pseudo-
partition coefficient): Kd (g L−1). Pore water-sediment parti-
tioning is expressed as the ratio of HM concentration between
the water phase (pore water) and sediment phase (eqn (6)). The
HM concentration in sediment is calculated from the total
concentration in ve sequential extracts.61,62 It can be stated that
the HMs with higher Kd values would have higher movement
toward the water phase and greater metal remobilization
compared with metals with lower Kd.

Kd ¼
½M�pore water

½M�total sequential extraction steps

�
mg L�1

mg g�1

�
(6)
2.6. Multivariate statistical analysis

Numerous factors control the sources of HMs, including natural
erosion, aqueous degradation, and anthropogenic inputs such
as pollutants. Therefore, multivariate statistical analyses were
performed to evaluate the dynamics of HMs and clarify the
pollution contributions of bioavailable HMs in sediment cores.
By applying Minitab 16 statistical soware, principal compo-
nent analysis (PCA) and cluster analysis (CA) were conducted.
The other calculations were carried out using OriginPro 2018.

2.6.1. Principal component analysis (PCA). PCA is a multi-
variate analysis technique used to reduce the sheer volume of
data by eliminating the variables associated with noise and to
explore correlations among the investigated variables. Newly
formed “latent” variables are called principal components
682 | Environ. Sci.: Adv., 2025, 4, 676–695
(PCs). Statistically, PCs are orthogonal basis vectors (eigenvec-
tors) of complex data sets where PC1 is in the direction of
maximum variation, PC2 possesses the next greatest variation,
and so on.63 In this study, PCA helps transform the data set from
nine dimensions in space (corresponding to the concentrations
of nine HMs at six sampling sites) into a lower dimensional
representation (usually two or three dimensions). The major
conditions to dene which PCs to include are that the eigen-
values of these components are larger than 1.00, and the total
cumulative variance is over 70.0%.

2.6.2. Cluster analysis (CA). CA was implemented to cate-
gorize the data set into natural groupings of HMs based on the
similarities of HMs in bioavailable fractions. Hierarchical
agglomerative clustering (HCA) with a bottom-up algorithm,
described in a tree-like pattern (dendrogram), was adopted for
the grouping performance in the sense that groups contain
mutually exclusive sub-groups.64 HCA utilizes Euclidean
distances as a measure of similarity. Ward's minimum variance
method was selected since this method minimizes the total
intracluster variance, possesses a small space-distorting effect,
and is sensitive to outliers. Ward's method has been proven to
offer higher accuracy in terms of grouping performance than
other clustering mechanisms.65

3. Results and discussion
3.1. Fractionation of heavy metals in sediment cores

The fractionation of HMs between the sediment phases is
shown in Fig. 3. The speciation results express a high Cd, Mn,
Co, and Ni content in the exchangeable fraction (phase F1),
which theoretically harms aquatic biota. In contrast, the
exchangeable fractions of Cr and Fe are trivial (<2.00% of the
total). Specically, Cd mostly underscores high concentrations
in all samples at all examined sites, whereas the high propor-
tion of Mn concentrations is only recognized at S11, S15, and
S31. The percentage of HMs in sediment in the exchangeable
phase descends in the following order: Cd, Mn[ Ni, Co > Zn >
Cu, Pb > Fe, Cr. The descending order of binding ability with the
carbonate phase (phase F2) is generally Cd > Co > Mn > Ni > Zn >
Pb > Cu, Fe, Cr. From the range of percentages of HMs in the
carbonate phase, Co (26.3–58.0%), Mn (16.8–66.3%), Ni (16.0–
53.1%), Zn (4.42–45.8%), and Pb (6.75–69.7%) represent the
majority portion in the carbonate phase, as these metals
possess a particularly high affinity towards carbonate CO3

2−

and are prone to co-precipitation with carbonate minerals such
as calcite CaCO3 and dolomite MgCO3$CaCO3. Carbonate-
bound Mn exhibits the second-highest abundance among the
non-lithogenic fractions. A higher content of Mn in carbonate-
bound forms is most likely since Mn with a similar ionic
radius to Ca facilitates Ca substitution in the carbonate phase.62

The lower percentage of Cr (approximately less than 10.0%)
associated with the carbonate fraction in the sediment cores is
ascribed to the inability of Cr3+ to precipitate or complex with
carbonates.12 Among the non-lithogenic fractions, the Fe–Mn
(oxyhydr)oxide reducible phase (phase F3) is the leading fraction
of most metals except Cu and Cd. This can be attributed to HMs'
adsorption, occulation, and co-precipitation with the colloids
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Metal fractionation of sediment at the six sampling sites (S5, S11, S15, S22, S25L2, and S31) obtained by sequential extractions at depths of
10 cm, 20 cm, 30 cm, and 40 cm (blue: residual, violet: organic, green: Fe–Mn oxide, red: carbonate, and dark blue: exchangeable).

© 2025 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2025, 4, 676–695 | 683
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of Fe–Mn (oxyhydr)oxides such as FeOOH and MnOOH.66

Furthermore, organic matter (phase F4) bound Cu, Pb, Fe, Cr,
Co, and Ni seem to be the second most dominant fraction
among the non-geogenic portions. A smaller fraction of Mn, Ni,
and Zn in the organic species compared to other metals is
probably a result of competition between the Fe–Mn-organic
complex and hydrous Fe–Mn oxide forms.24 Results of frac-
tionation analysis suggest that the residual fraction (phase F5) is
primarily dominated by Cr (54.9–68.6%), Ni (17.1–43.9%), and
Fe (15.5–37.4%) distribution in the sediment core. The metal
concentration in the residual fraction pertains to the contri-
bution of natural sources. A higher concentration percentage in
this fraction indicates a lower pollution level and the geological
derivation of the metals in sediments of the studied region
since the residual solid should principally constitute primary
and secondary minerals. These minerals may tightly hold those
metals within their crystal structure even if they are under the
conditions typically encountered in nature over a reasonable
time span.35 Therefore, the high percentages of Cr, Ni, and Fe in
the residual fraction demonstrate that they are relatively stable
and have weak bioavailability and toxicity.

Overall, the total concentration in the ve fractions of HMs
from the six sampling sites is similar, highlighting a decrease
from the surface of the cores to deeper layers, especially for Cu
from 26.9 mg g−1 at 10 cm to 4.82 mg g−1 at 40 cm at the S22 site.
Surface enrichment may arise from the recent enrichment of
metals in the water column, which has been interpreted as
pollution in recent years. This is because the pollutants are
always absorbed into the top sediment rst and then sink into
the deeper layers by the chemical exchange process.67 Higher
contents of Pb, Cd, Ni, Cu, and Zn in the top layer of sediment at
S22, S11, and S15 reveal that these three sites experienced more
negative impacts from pollution than the other sites. This
pollution can be traced to various anthropogenic activities such
as sand exploitation (site S22) or industrial wastewater effluent
(Lai Vu industrial zone near S15). The amount of metal species
derived from those activities is dominantly in non-residual
fractions. The difference becomes smaller at greater depths.
This propensity is explained as the HMs in the non-residual
fractions are mainly caused by pollution in the top sediments.
At greater depths, the trace of recent pollution is less, and the
species distribution depends on the geology and hydrology of
sediment.
3.2. Variation of metal species distribution with depth

Regardless of sampling sites and depths, the phase distribution
(based on % metal speciation) of the studied metals in sedi-
ment core samples generally followed the orders given below.

Cd: exchangeable z carbonate > residual z organic
> Fe–Mn oxide.

Mn: exchangeable z carbonate > Fe–Mn oxide > organic
> residual.

Fe: Fe–Mn oxide > organic > residual > carbonate
> exchangeable.

Zn: carbonate z Fe–Mn oxide > residual > organic
> exchangeable.
684 | Environ. Sci.: Adv., 2025, 4, 676–695
Co: carbonate > Fe–Mn oxide > organic z residual
> exchangeable.

Cu: organic > residual > carbonate > Fe–Mn oxide
> exchangeable.

Pb: organic > carbonate > Fe–Mn oxide > residual
> exchangeable.

Ni: residual > carbonate > Fe–Mn oxide > organic
> exchangeable.

Cr: residual > organic z Fe–Mn oxide > carbonate
> exchangeable.

Based on their similar association with the different phases
shown above, the distribution patterns of HM species are
divided into four specic groups. The rst classication
consists of a group bound to labile phases (exchangeable and
carbonate) with the presence of Cd and Mn (Section 3.2.1). The
second group is associated with Fe–Mn oxides and comprises
Co, Zn, and Fe (Section 3.2.2). Cu and Pb (Section 3.2.3) are
predominant in the third group associated with organic matter.
Lastly, Cr and Ni (Section 3.2.4) are identied to be mainly
present in the group bound to residual components.

3.2.1. Distribution variation of Cd and Mn in the sediment
core. The fractionation prole of Cd with the majority
percentage of the labile phase depicts a different pattern than
the other metals (exchangeable z carbonate > residual z
organic > Fe–Mn oxide). The tendency of various phases of Mn
produced a similar order of extraction to Cd: exchangeable z
carbonate > Fe–Mn oxide > organic > residual. The remarkable
fraction of Cd and Mn in the carbonate form indicates that at
a slight lowering pH, a pronounced percentage of Cd would
have been remobilized and become readily bioavailable.68 The
favourable co-precipitation of CdCO3 (pKsp 11.7) and MnCO3

(pKsp 10.4) and their subsequent incorporation into the calcite
lattice (pKsp 8.42) to form Ca1−xCdxCO3 and Ca1−yMnyCO3 (0 #

x, y # 1) result from the similarity of the ionic radii of Ca (0.99
Å), Cd (0.97 Å), and Mn (0.97 Å) (Ksp is the solubility product
constant and pKsp = −log(Ksp)).69,70 Additionally, the Ca2+–Cd2+

ion exchange equation Cd2+(aq) + CaCO3(s) % Ca2+(aq) +
CdCO3(s) with Ke z 1.00 at low pH suggests that Ca2+ and Cd2+

have nearly equal affinity for clay exchange sites (Ke is the
equilibrium constant).71 Thus, the ready access of Cd2+ into the
CaCO3 structure allows surface precipitation. The high
percentage of Cd and Mn in the labile phase (exchangeable,
carbonate, etc.) reveals that Cd and Mn are the most mobile
elements. Since Cd is an accumulative poison for mammals, its
main pathways to enter the natural environment are waste
products from Cd–Ni batteries, welding, metal rening, elec-
troplating, and pesticide fertilizer.72 Otherwise, Mn and Fe are
probably rooted in natural availability because they are classi-
ed into siderophile (iron-loving) elements according to the
Goldschmidt geochemical classication. It is recognized that in
most natural waters, Mn2+ oxidation is a much slower process
than Fe2+ oxidation. In this phase, weakly adsorbedMn retained
on the sediment surface by relatively weak electrostatic inter-
actions may be released by the cation exchange processes and
spontaneous dissociation of MnCO3, MnOOH, and Na4Mn14-
O27$9H2O minerals. This result refers to a marked amount of
Mn that may be liberated into the circumambient environment
© 2025 The Author(s). Published by the Royal Society of Chemistry
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if conditions are more acidic or reducing. The minor role of the
organic fraction in the speciation of Cd and Mn is consistent
with the low adsorption to organic matter and with evidence
that Cd andMn do not appear to induce the formation of strong
metal–organic complexes.73

3.2.2. Distribution variation of Zn, Co, and Fe in the sedi-
ment core. The proportion of Zn in the sediment was generally
in the following order: Fe–Mn oxides z carbonate > residual >
organic > exchangeable (except at S15 of the 10 cm top sedi-
ment, where residual > Fe–Mn oxides > organic > carbonate >
exchangeable). Similar results were reported in surface sedi-
ments from Malaysia.74 The highest levels of Zn appear in
weakly bound carbonate and reducible fractions (F2 and F3)
with an average of 50.0% or above, suggesting that carbonate
and Fe/Mn hydrous oxides are the primarily scavengers of Zn in
the river, especially the Zn bound to Fe–Mn oxide fraction which
shows a substantive relationship with reducible Mn and
reducible Fe concentrations.75 A major part of Zn is associated
with the Fe–Mn oxide phase because of the high stability
constants of Zn oxides. Iron oxides adsorb considerable quan-
tities of Zn, and these oxides may also occlude Zn in the lattice
structures.71 On the other hand, Co in each fraction entirely
followed the order: carbonate > Fe–Mn oxide > organic z
residual > exchangeable. At all sites at different depths, Co was
generally distributed among the carbonate (38.0%), reducible
(32.0%), and residual fractions (13.0%) on average. Hence, Co
was bound to the Fe–Mn oxide fraction at all depths at all sites,
which can be explained by the preferential association of Co
with Fe and Mn oxides and hydroxides via chemisorption and
co-precipitation phenomena from industrial pollution in this
area. The complexes of Co2+ and organic matter are fairly labile
so that organically bound Co2+ is bioavailable.71,76 As mentioned
above, Fe is categorized as a siderophile element, so it is
reasonable that Fe-(hydr)oxides serve as the main reservoir of
this element via adsorption or co-precipitation. The minor
proportion of the labile phase (F1 and F2) in the speciation
pattern of Fe shows its preference for being retained and
assembled in the sediment structure.

3.2.3. Distribution variation of Cu and Pb in the sediment
core. In six sampling stations, the distribution prole of Cu and
Pb indicates that the substantial portions (close to 70.0% except
in the cases of Cu at 20 cm in S11 and Pb at 40 cm in S15) are
retained in the non-residual fractions. Cu and Pb can be
retained by sediment through exchange and specic adsorp-
tion, but precipitation may also be an essential mechanism of
retention in polluted sediments.77 For Cu and Pb, organic
matter inputs from nearby aquacultural facilities and anthro-
pogenic discharges from Hai Duong city are the primary “cation
carriers” facilitating Cu2+ and Pb2+ diffusion in the sediment
cores. The adsorption of Cu is generally more signicant than
that of other metals; however, the effective binding of Cu2+ and
Pb2+ ions to soluble organic chelating ligands, driven by favor-
able enthalpy (strong bonding) and entropy (disorder of
sediment-bound entities), may signicantly enhance their
mobility in sediments.78 Both Cu and Pb have a higher affinity
for particulate organic matter to form stable complexes with
high stability constants (b [ 106) of Cu2+/Pb2+–organic
© 2025 The Author(s). Published by the Royal Society of Chemistry
complexes due to two factors. Firstly, Cu2+ and Pb2+ are strongly
chalcophilic (sulde ore-loving or chalcogen-loving) and rela-
tively large, polarizable ions with low charge density (borderline
acids) favoring bonding to “soer” selective organic sulfur-
containing ligands (the principles of Pearson or Hard-So
Acids and Bases (HSAB) theory).79 Secondly, Cu2+ and Pb2+

complex moderately well with organonitrogen moieties (amine
and amide) or polyphenols (phenolic –OH groups) in humus by
chelate effect, due to good d-orbital overlap.80 The non-residual
fractions depict a normal reducing trend with increasing the
depth of sediment cores. Most Cu in the two middle layers
(20 cm and 30 cm) is noted in the organic, carbonate, and Fe–
Mn oxide fractions at all sites, except in S11 at 20 cm. Cu
appears mainly in carbonate up to 20.0% on average, iron and
manganese oxides (10.0%), and the residual fraction (20.0%,
except in the deepest layer at all sites). On the other hand, the
dramatic presence of Pb in the Fe–Mn oxide fraction indicates
that Fe–Mn oxides are involved in trapping Pb in both natural
and polluted sediment, particularly under basic medium (pH >
7) because of the Mn oxidation of Pb2+ to Pb4+, which is a very
insoluble ion. A high percentage of carbonate (>20.0%) denotes
the great domination of Pb in the carbonate fraction, which is
similar to what Kierczak et al. observed in contaminated dump
soil.81 A higher percentage of Pb is determined in the carbonate
phase at the two middle layers rather than the top and the
deepest layers. Regarding sampling stations, it has been
revealed that Pb is more mobile and potentially more bioavail-
able at S22. Prii et al. and Altundag et al. arrived at comparable
results for Pb in regions inuenced by anthropogenic activities,
with trace metals that were mostly detected in the labile
fraction.14,82

3.2.4. Distribution variation of Cr and Ni in the sediment
core. Most of the Cr and Ni are held in all fractions at all sites,
except in the middle layer (20 cm) at site S11 (Fig. 3). The
dominant phase is in the residual fraction, which accounts for
more than 60.0% of Cr and 30.0% of Ni on average in our study
and was also found by Kierczak et al.81 and Davutluoglu et al.83

An inuential association of Cr and Ni with the residual fraction
can be deciphered by the nature of these two metals from the
Goldschmidt geochemical classication.84 Particularly, Cr,
a lithophile (rock-loving), and Ni, a siderophile (iron-loving),
primarily link to more resistant mineralogical phases, such as
crystalline iron oxide and residual silicate phases. Minerals in
the residual fraction are strongly bound to metals and do not
represent an environmental risk. A smaller portion of Cr in the
carbonate phase in relation to the residual can be attributed to
the natural properties of the element, such as ionic radius (r).
Both Cr3+ (r = 61.5 pm) and Cr6+ (r = 44.0 pm) ions apparently
do not associate with CO3

2− (r= 178 pm).85 A greater percentage
of Ni (roughly 45 to 50%) is detected in the carbonate and Fe–
Mn oxide fractions compared to Cr (around 20.0%). This
phenomenon probably arises from the fact that the ionic radius
of Ni2+ (r = 72.0 pm) is closer to the ionic radius of CO3

2− than
Cr ions, even though Ni2+ ions are smaller and can be desorbed
more easily. Because of the smallest cation radius in the diva-
lent transition metal series, Ni2+ easily ts into octahedral sites,
co-precipitating readily into Mn and Fe oxides.71 Thus, Cr ions
Environ. Sci.: Adv., 2025, 4, 676–695 | 685
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Table 4 The relative decreasing order of GCF values of different sites
at four depths

Depth Average GCF

10 cm S22 > S5 > S15 > S25L2 > S31 > S11
20 cm S15 > S5 > S22 > S31 > S25L2
30 cm S25L2 > S22 > S11 > S31 > S5 > S15
40 cm S25L2 > S11 > S31 > S22 > S15
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are not adsorbed as effectively as Ni2+ to the Fe–Mn oxide
structure. As chromate CrO4

2−, most or all of the Cr6+ is spon-
taneously reduced to Cr3+ under acid conditions and the pres-
ence of organic matter, which helps stabilize the chromic form.
The chromate, therefore, is detoxied and immobilized.71

However, the distribution at all sites contains up to 15.0% Cr, as
well as Ni, within the suldic/organic fraction. The percentage
of Cr in the organic fraction almost stays unchanged with
respect to depth. This nding can be rationalized by the
reduction in organic matter and the high correlation of Cr with
total organic carbon (TOC).86 Generally, the higher proportion
occurs in the labile phase, leading to a lower portion in the
residual phase due to the higher mobility of metals in water-
sediment equilibrium. The mobility of Ni in all sediment
samples is greater than that of Cr. Consequently, Ni represents
a higher risk to the aqueous environment.
3.3. Risk assessment of heavy metals in sediments

3.3.1. Contamination factor (Cf). The sequential extraction
data obtained in this study feature a decreasing order of relative
retention as follows: Mn > Cd [ Pb > Cu > Co > Zn > Fe > Ni >
Cr. According to calculated factors in all samples from different
depths (Table 3), Mn, Cd, Pb, and Cu may be removed from
these sediments at a faster rate than others, which is in accor-
dance with Nemati et al.,87 whereas Cr and Ni seem to have the
lowest ability to be released. The residual concentration of any
HM is considered the non-mobile fraction and is an essential
part of inuencing the mobility nature of the HM. In general,
Table 3 Individual (ICF) and global contamination factors (GCF) of heav

Site Depth

ICF

Cu Pb Cd Zn

S5 10 cm 10.7 13.0 16.1 4.83
20 cm 2.26 13.0 35.7 3.13
30 cm 1.64 5.98 59.2 2.11

S11 10 cm 6.97 3.86 3.65 3.75
30 cm 7.06 3.12 2.92 3.09
40 cm 4.75 4.89 4.13 2.71

S15 10 cm 4.23 2.04 1.79 0.221
20 cm 5.12 3.85 24.2 3.31
30 cm 6.77 3.44 — 4.36
40 cm 4.56 1.10 0.792 5.62

S22 10 cm 27.8 20.4 53.7 4.53
20 cm 8.50 14.6 31.2 5.78
30 cm 15.7 11.2 54.4 7.13
40 cm 6.65 10.8 5.83 2.65

S25L2 10 cm 8.55 12.8 19.7 4.04
20 cm 1.99 2.14 8.65 0.0943
30 cm 11.3 19.7 34.6 10.7
40 cm 4.30 6.70 36.3 6.87

S31 10 cm 4.96 4.97 9.04 3.03
20 cm 5.45 5.33 13.0 2.33
30 cm 6.72 7.05 11.4 4.39
40 cm 6.17 8.50 18.0 4.11

Mean values 10 cm 10.5 9.51 17.3 3.40
20 cm 4.66 7.78 22.6 2.93
30 cm 8.20 8.40 32.5 5.30
40 cm 5.29 6.40 13.0 4.39

686 | Environ. Sci.: Adv., 2025, 4, 676–695
anthropogenic metals are more loosely associated with sedi-
ment than those of natural origin. The combined effect of Cd,
Mn, Pb, and Cu in high concentrations and with high mobility
potential presents an increased risk to the ecological system.

The GCF tendency generally decreases with depth, although
the GCF values are unusual due to the lack of data from S11 at
a depth of 20 cm and S5 at a depth of 40 cm. In general, sedi-
ments from S5, S22, and S15 in the shallower layers (10 and 20
cm) have the highest ICF and GCF values, meaning that these
sampling sites possess the most potential environmental risk.
Nonetheless, the S25L2 and S11 sites present more potential
ecological risks in the deeper layers than the S5, S22, and S15
sites. Specically, the trend of the GCF at different depths is
expressed in Table 4. Our results identify sites located near the
sewage drainage system of the Pha Lai thermal power company
(S5) and Lai Vu (S15) and Phu Thai (S11) industrial zones as
having high potential environmental risks related to toxic HMs.

3.3.2. Risk assessment code (RAC). RAC was determined
for the nine trace metals, and the values were interpreted
following the RAC classications (Table 5).88,89
y metals in six sampling sites at different depths

GCFFe Co Ni Mn Cr

4.67 7.02 1.78 54.7 0.652 113
3.22 5.52 1.28 38.6 0.509 103
2.06 4.12 0.945 32.1 0.329 108
3.21 6.38 2.42 35.4 0.695 66.4
5.47 7.65 2.10 83.4 0.791 116
3.81 7.73 2.38 59.3 0.749 90.5
3.32 17.4 4.82 63.0 0.817 97.7
3.03 12.0 3.49 84.5 0.720 140
1.67 7.56 2.26 22.2 0.638 48.9
2.61 9.40 3.81 28.1 0.781 56.8
2.30 4.88 1.42 50.1 0.457 166
1.91 6.74 1.62 24.1 0.340 94.8
2.60 7.39 3.03 26.3 0.498 128
3.70 3.79 1.39 41.7 0.557 77.1
2.85 5.75 2.20 31.2 0.560 87.7
0.319 3.20 1.25 21.5 0.135 39.3
3.86 7.70 2.55 48.2 0.614 139
2.79 7.92 2.61 33.1 0.505 101
3.13 6.08 2.38 48.8 0.574 83.0
1.47 3.93 1.35 26.4 0.444 59.7
4.40 7.76 2.65 57.0 0.653 102
3.09 6.55 2.35 31.4 0.566 80.7
3.25 7.92 2.50 47.2 0.626 102
1.99 6.27 1.80 39.0 0.430 87.4
3.34 7.03 2.26 44.8 0.587 107
3.20 7.08 2.51 38.7 0.632 81.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Risk assessment code (RAC)

Category Risk
Percentage of acid-soluble fractions
(exchangeable and carbonate) (%)

1 No risk (N) <1
2 Low risk (L) 1–10
3 Medium risk (M) 11–30
4 High risk (H) 31–50
5 Very high risk (V) >50
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From the selected samples, there were no elements at the no-
risk level (<1.00%). The RAC gave values below 10.0% for Cr and
Fe, suggesting the high stability of Cr and Fe in the sediments.

From RAC analysis, the mobility was considerably higher in
Cu, Pb, and Zn. This means that Cu, Pb, and Zn (medium-risk
category) could be noticeable in the near future. However, Cu
and Pb in the top sediments also unveil a very high risk at the
S22, S5, S25L2, and S11 sites. In category 4, Co and Ni populate
the high-risk group. Co and Ni were bound either in the
exchangeable or in the carbonate fraction (11.0–30.0%) in most
of the sites, which reects that Co and Ni can easily enter the
food chain and pose detrimental impacts on the ecosystem.

In general, this assessment (Table 6) emphasizes that Cd and
Mn posed a very high risk (RAC more than 50.0%) at all
sampling sites and depths. Because of the toxicity and avail-
ability of Cd, it is considered a highly hazardous metal, whereas
Mn and Zn are less toxic and essential elements also. There are
several sources of Cd in aquatic systems, including runoff
containing phosphate fertilizers from agricultural areas near
the river. These phosphate fertilizers, applied to agricultural
farms, most probably contain Cd.90 The presence of Cd could
also be a result of road traffic, which has been described as
Table 6 Risk assessment code (RAC, %) of heavy metals in the sedimen

Site Depth Cu Pb Cd Zn

S5 10 cm 23.8 15.2 70.3 35
20 cm 17.2 15.4 69.2 31
30 cm 37.7 30.7 82.4 34

S11 10 cm 5.54 7.67 50.2 29
20 cm 22.8 31.6 83.6 40
30 cm 7.36 9.34 48.4 26
40 cm 7.39 15.7 57.9 14

S15 10 cm 6.49 12.1 48.6 6.
20 cm 8.13 12.6 64.3 22
30 cm 11.6 21.3 75.9 47
40 cm 8.83 8.67 30.8 29

S22 10 cm 74.6 70.6 90.1 49
20 cm 57.1 40.1 80.4 33
30 cm 46.9 46.2 79.4 33
40 cm 1.25 0.0400 24.6 6.

S25L2 10 cm 27.7 21.3 68.9 37
20 cm 66.6 68.2 89.6 8.
30 cm 24.3 17.7 65.0 23
40 cm 6.63 11.0 67.9 38

S31 10 cm 16.9 13.9 66.5 29
20 cm 13.3 21.1 77.6 40
30 cm 11.4 10.9 66.0 34
40 cm 15.0 15.3 66.5 35

Average 22.5 22.5 66.3 30

© 2025 The Author(s). Published by the Royal Society of Chemistry
a vital source of Cd emission.91 Therefore, instant supervision
and signicant remediation must be performed for Cd mobili-
zation as soon as possible.

These sites are located in industrial zones, such as Phu Thai
(S11), and the pollution of this area may be imputed to indus-
trial sewage drainage. However, shery and sand exploitation
chiey mediate the proportion of HMs in S25L2. S5 and S31 are
related to the sites affected by municipal sewage from the
crowded residential area of Ninh Giang district (S31) and the
coal ring process of the Pha Lai thermal power company.

Overall, the results of this study suggest that the mobility
and bioavailability of the nine HMs probably decline in the
following order: Mn > Cd[ Co > Ni > Zn > Pbz Cu[ Cr > Fe.

3.3.3. Partitioning of heavy metals between pore water and
sediment. The Kd analysis results at different depths as well as
sites are summarized in Table 7.

From the values of Table 7, the distribution coefficient Kd

values are signicant compared with modied reference
values92,93 for Cu, Cd, Ni, and Zn at all depths from 10 to 30 cm
sediment. Cu, Zn, and Ni with very high Kd values imply that
they are bonded weakly to the sediment layer, support metal
outspreading into the aquatic environment, and pose an
adverse impact. This movement tendency toward the water
phase of Cu, Zn, and Cd is quite similar and reasonable with
ve-fractioning extraction analysis about the high proportion of
Cu, Pb, Cd, and Mn in labile/acid soluble phases (exchangeable
and carbonate phases), which are easier to transfer to the water
phase. On the other hand, Cr, Fe, and Co have much lower Kd

values than the others. They have been partitioned in sediment
for a longer time due to a higher affinity with the sediment
phase than the water phase. The calculated Kd values and the
distribution of HMs in two phases, water and sediment, in this
ts with different depths

Fe Co Ni Mn Cr

.2 11.8 33.5 24.2 57.8 7.52

.3 7.84 29.1 18.5 64.0 5.66

.6 10.7 35.0 24.3 73.2 8.89

.2 2.05 42.0 29.1 70.5 5.09

.5 7.73 69.0 59.4 79.5 33.9

.5 2.99 46.6 28.7 74.2 8.63

.0 3.11 47.5 31.5 71.5 8.37
83 4.33 64.9 41.8 63.0 8.81
.6 3.82 59.7 43.1 59.1 7.62
.0 5.37 64.6 45.7 83.0 12.5
.4 2.72 44.1 37.1 65.9 7.72
.6 21.1 46.6 30.4 82.5 8.27
.7 15.1 27.4 22.6 57.2 7.54
.8 20.0 29.6 38.6 71.7 7.25
74 0.0815 9.49 5.25 56.4 0.572
.4 7.45 34.9 27.0 63.2 5.50
62 24.2 76.2 55.6 95.6 11.9
.4 8.41 39.7 27.2 61.4 6.51
.7 4.05 43.6 28.4 35.3 6.05
.7 4.57 37.6 29.9 67.9 7.51
.1 5.07 55.0 36.2 77.4 8.91
.1 2.84 45.1 34.5 52.1 8.91
.9 3.06 42.3 34.0 47.3 8.22
.0 7.76 44.5 32.8 66.5 8.77
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Table 7 Distribution coefficients (Kd) of heavy metals between pore water and sediment

Depth Site Cu Pb Cd Zn Fe Co Ni Mn Cr

10 cm S5 6.00 0.379 1.78 6.16 0.903 0.866 2.63 0.578 0.595
S11 10.6 1.58 4.30 20.1 0.376 0.378 2.85 0.608 0.822
S15 5.55 2.03 5.90 1.03 0.117 0.162 5.99 0.984 0.745
S22 0.484 0.257 0.165 2.12 0.605 0.123 0.665 0.973 0.0229
S25L2 1.04 0.327 0.679 0.744 0.611 0.526 0.561 2.67 0.0189
S31 3.04 1.68 7.37 4.26 0.246 0.689 1.68 1.76 0.213
Mean 4.45 1.04 3.37 5.74 0.476 0.457 2.40 1.26 0.403

20 cm S5 5.86 0.655 1.85 9.81 1.32 1.05 2.16 0.973 0.408
S11 26.9 2.44 2.16 15.1 1.22 0.668 3.74 1.24 1.83
S15 8.60 1.17 1.63 6.06 0.300 0.479 6.80 1.00 0.822
S22 0.694 0.177 0.608 1.54 0.377 0.239 1.04 2.16 0.187
S25L2 7.33 1.30 0.337 0.442 1.00 0.796 1.96 3.13 0.0878
S31 6.22 2.75 9.20 8.77 0.160 0.286 2.18 0.269 0.249
Mean 9.26 1.42 2.63 6.95 0.729 0.586 2.98 1.46 0.597

30 cm S5 18.5 0.990 2.93 13.9 3.11 1.18 3.36 2.01 0.790
S11 11.5 0.717 2.01 7.38 0.922 0.733 2.18 1.10 0.389
S15 7.21 7.01 25.1 8.99 0.258 0.382 12.6 1.59 1.15
S22 0.372 0.0425 0.152 1.23 0.0326 0.211 0.795 1.75 0.114
S25L2 2.93 0.270 1.24 3.06 0.140 0.230 1.54 0.475 0.420
S31 3.81 0.823 2.83 3.57 0.145 0.251 1.05 0.459 0.235
Mean 7.39 1.64 5.71 6.36 0.767 0.498 3.59 1.23 0.515

Reference 0.316 0.0251 0.501 0.0794 — 0.794 0.126 — 0.0126
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study are consistent with the studies of Daoquan Xu et al.62 and
Li-Jyur Tsai et al.61 Between different sampling sites, almost all
HMs at different depths demonstrate high distribution coeffi-
cients Kd at S11, S5, and S15 sites, which are near or even in the
Table 8 Comparison of mean HM concentration (mg g−1) in sediments
sediment quality guidelines (SDGs)

Location Cu Pb Cd Zn Fe

Vietnam
Cau River 7.63 13.5 0.140 19.6 41
Bach Dang River 33.9 48.1 0.560 82.9 29
Cam River 82.0 92.0 — 178 —
Ha Long Bay 14.5 30.4 0.080 50.9 —
Ba Lat Estuary 40.4 56.2 0.390 98.6 32
Thai Binh coast 41.4 — 0.260 93.1 —
Van Don-Tra Co coast 55.3 21.8 3.90 165 —
Mekong River — 2.08 0.100 99.0 16

Other countries
Pearl River, China 36.0 46.8 — 137 —
Payra River, Bangladesh 34.1 14.6 0.100 66.4 —
Gohar Rood River, Iran 59.5 30.0 0.100 213 60
Astore River, Pakistan 13.2 22.6 0.660 36.6 25
Kunhar River, Pakistan 14.9 12.7 2.10 — 31
Hooghly River, India 16.7 10.7 0.200 46.9 23
Pazarsuyu Stream, Turkey 114 72.1 0.700 138 42
Nile River, Egypt 21.5 13.9 2.70 76.4 25

SQGs
TEL 18.7 30.2 0.680 124 —
PEL 108 112 4.21 271 —
LEL 16.0 31.0 0.600 120 20
SEL 110 250 10.0 820 40
ERL 34.0 46.7 1.20 150 —
ERM 270 218 9.60 410 —

688 | Environ. Sci.: Adv., 2025, 4, 676–695
drainage and sewage system of Hai Duong industrial zones (Lai
Vu and Phu Thai) and Pha Lai thermal power station. Further-
more, some display high values at S31 – Hiep bridge, Ninh
Giang, specically with Cd, Zn, and Co.
of the Cau River basin with other studies and different international

Co Ni Mn Cr References

57 2.60 3.70 272 5.05 This study
080 — 26.5 549 67.4 Anh et al.94

17.0 38.0 827 90.0 Ho et al.95

— — — — Dang Hoai et al.96

986 13.0 35.1 766 75.7 Anh et al.97

— 27.4 — 39.6 Duong et al.98

21.7 28.5 — 134 Nguyen Nhu et al.99

3 4.95 8.30 172 — Nguyen et al.100

— 37.2 — 82.3 Ma et al.101

15.7 40.3 434 44.6 Sultana et al.15

660 34.0 58.2 1802 175 Ashayeri et al.24

382 24.0 23.6 16 650 24.3 Ali et al.102

600 17.6 46.5 — 17.4 Muhammad et al.103

322 — 19.8 482 31.8 Mondal et al.104

024 20.6 23.3 1137 60.4 Ustaoğlu et al.105

500 12.1 48.6 660 26.4 Al-Afy et al.106

— 15.9 — 52.3 MacDonald et al.107

— 42.8 — 160 MacDonald et al.108

00 — 16.0 460 26.0 MacDonald et al.108

00 — 75.0 1100 110 MacDonald et al.108

— 20.9 — 81.0 Long et al.109

— 51.6 — 370 Long et al.109

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3.4. Comparison with other studies and sediment quality
guidelines. To validate and understand the pollution status of
HMs, the overall mean concentrations of HMs in sediment
cores from this study were compared with those found in
previous studies conducted in the vicinity of Hai Duong
province,94–98 in different rivers in Vietnam,99,100 and around the
world15,24,101–106 (Table 8). Moreover, they were also compared
with reference values from sediment quality criteria to deter-
mine whether theymeet the allowed standards. In this study, we
applied three standard sets of sediment quality guidelines
(SQGs), including: (1) threshold effect level (TEL) and probable
effect level (PEL);107,108 (2) lowest effect level (LEL) and severe
effect level (SEL);108 and (3) effect range low (ERL) and effect
range medium (ERM).109

Based on the comparison in Table 8, some key points can be
surmised: (1) the concentrations of most metals (Cu, Pb, Zn, Fe,
Co, Ni, Mn, and Cr) in the Cau River basin are lower than those
found in the other locations near Hai Duong province, but
manifold higher than the maximum contents of Pb, Fe, and Mn
in the Mekong River. Nevertheless, the concentration of Cd is
higher than that in Ha Long Bay, the Mekong River, and some
international rivers in Bangladesh and Iran. This can be
attributed solely to human inuence. (2) The values of Cu, Pb,
Zn, and Mn in the sediment in the Cau River basin are generally
on par with those in the Payra River, Astore River, Kunhar River,
and Hooghly River. Meanwhile, Cr, Ni, Fe, and Co have lower
concentrations than in other rivers. (3) Almost all HMs are in
the lower range of each SQG, especially Cr. This means that the
impacts of these metals are moderate and have occasional
adverse biological effects on the ecosystem. Nonetheless, Cu
still poses a high risk for aquatic organisms. Despite a few
differences between each SQG, Cr and Ni are relatively non-
labile metals and pose minimal contamination risk to the
ecosystem. All in all, Hai Duong province, with its rapid
industrialization and urbanization, has experienced pollution
Fig. 4 The loading plot of heavy metals on the first two principal comp

© 2025 The Author(s). Published by the Royal Society of Chemistry
caused by anthropogenic activities, similar to that of other
developing countries around the world.

3.4. Multivariate statistical analysis for source identication
of heavy metals in sediments

3.4.1. Principal component analysis (PCA). Fig. 4 and
Table 9 illustrate loadings of HM variables on the rst two PCs
and the loading plot on the rst three PCs, respectively.

The results indicate that three principal components were
extracted from the loadings of nine variables (Cu, Pb, Cd, Zn, Fe,
Co, Ni, Mn, and Cr) in sediments of six sampling stations. The
concentrations of the nine variables were reduced to three PCs
(PC1, PC2, and PC3) whose eigenvalues are greater than 1.00 and
cumulative variance is 75.3% (Table 9). Thus, this reduction is
statistically signicant and sufficient to describe and explain
data structure information. The loadings on PC1 and PC2 are
depicted in Fig. 4.

Principal component 1 (PC1), corresponding to 35.4% of the
total variance, is distinguished by the presence of Cu, Pb, Cd,
and Mn with positive loading values (>0.40). In this PC, Cd and
Mn make up the largest proportion in the labile fraction
(exchangeable and carbonate), whilst organic matter (oxidizable
fraction) is presumed to be the major sink of Cu and Pb. In
general, one or a combination of non-residual fractions (acid-
soluble, organic matter, and Fe–Mn oxide) is the key storage
for depositing these metals. Despite the high proportion of Mn
in the labile fraction, Mn is still referred to as a lithogenic
element.110 This is due to the fact that Mn is detected in the
parent material of sediments. From CF and RAC analyses, it is
deduced that these metals are specic contaminant elements
from urban runoff, automobile emissions, sewage sludge, and
industrial wastewater from Hai Duong's industrial zones in the
examined areas. Consequently, these metals are principally
supposed to originate from anthropogenic activities, which are
in line with the ndings of Sundaray et al.12 Based on the above
onents.
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Table 9 The results of principal component analysis for heavy metals
in sedimentsa

Variable

Component

PC1 PC2 PC3

Cu 0.439 0.268 −0.277
Pb 0.423 0.353 −0.190
Cd 0.488 −0.063 −0.134
Zn 0.072 0.227 −0.330
Fe −0.078 0.492 −0.020
Co 0.217 0.192 0.734
Ni −0.123 0.515 0.355
Mn 0.476 −0.133 0.261
Cr −0.301 0.431 −0.165
Eigenvalues 3.18 2.34 1.24
Proportion of variance 0.354 0.260 0.139
Cumulative proportion 0.354 0.614 0.753

a Bold: these values represent relatively high loadings (absolute values >
0.4) on the components.
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reasonings, PC1 may be regarded as the “Anthropogenic
Pollutant Source”.111

Principal component 2 (PC2) covers 26.0% of the total vari-
ance and is dominated by Cr, Fe, and Ni with >0.40 loadings.
From the fractionation of these metals, the residual phase
occupies a prominent ratio amongst the ve phases. In contrast
with metals in PC1, Cr and Fe exhibit a predisposition to attach
longer to the sediment and reveal minor toxicity and less
harmful exposure to the environment. The results of CF of Ni
are consistent with this proposition, but the RAC and Kd studies
otherwise signify Ni as a medium or high-risk element. In
addition, Fe is reckoned to be present in the chemical compo-
sition of sedimentary rocks in the forms of hematite (a-Fe2O3),
goethite (a-FeO(OH)), magnetite (FeO$Fe2O3), limonite
Fig. 5 The dendrogram indicating the similarity of heavy metals.

690 | Environ. Sci.: Adv., 2025, 4, 676–695
(FeO(OH)$nH2O), and siderite (FeCO3).71 It is inferred that these
metals are likely derived from natural parent rock materials,
and PC2, therefore, may be ascribed as the “Lithogenic Pollutant
Source”.12

Principal component 3 (PC3) constitutes 13.9% of the total
variance and is differentiated by a high positive loading (>0.70)
of Co. In the case of Co and Zn, relatively high levels in the
carbonate fraction and the Fe–Mn oxide fraction, respectively,
are ascertained in all samples. Taking these observations into
consideration, PC3 may reect a combination of source contri-
butions and can be named the “Synergistic Pollutant Source”.
This component likely emanates from human activities
releasing HMs into contiguous environments or the geochem-
ical activities of nature.

3.4.2. Cluster analysis (CA). The results of HCA (Fig. 5)
reveal two distinct clusters at the 54.8% similarity level: (I) Cu–
Pb–Cd–Mn–Co and (II) Cr–Ni–Fe–Zn.

Cluster (I) consists of Cu, Pb, Cd, Mn, and Co, highlighted by
the highest percentage bound to the non-residual structure. The
contents of these metals are comparable with their corre-
sponding background values, emphasizing that these metals
are mainly derived from apparent anthropogenic inputs.
However, the metals in the cluster (II) occupy a higher propor-
tion of the residual fraction, especially Cr, implying natural
geological sources. Two sub-clusters formed by Co and Zn at
a 70.0% similarity level can be individuated. This formation
seems to be synonymous with PCA performance.
3.5. Summary of results of fractionation, risk assessment,
and multivariate analysis

Geochemical speciation data illustrate four dened groups
based on the majority proportion in phases: labile-bound
group (Cd and Mn), Fe–Mn oxides-bound group (Co, Zn, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fe), organic matter-bound group (Cu and Pb), and residual-
bound group (Cr and Ni). First, the qualitative rationales for
HMs that dominated in each speciation phase of sediment are
taken into account. HMs established in non-residual phases
are liable to have weak affinities with sediment, especially the
labile-bound group, thus being more mobile. Then, by quan-
titatively investigating the pollution indices and the transfer of
HMs between water and sediment phases via the Kd denition,
it is obvious to recapitulate that Cd, Mn, Cu, Pb, Zn, and Co
may easily manifest severe effects on aquatic ecosystems with
headwaters contaminated by industrial zones and
manufacturing rms (S5, S11, S15, and S22). Statistically, Cd,
Mn, Cu, and Pb are mostly contributed by anthropogenic
provenances. Nevertheless, Cr, Ni, and Fe apparently disclose
the lower mobility to equilibrate with the water phase and are
highlighted by lithogenic sources. The environmental risk
assessments of HMs demonstrate harmony with their sedi-
ment speciation. These analyses also support our earlier
statement that HMs accumulate near the surface of the
sediments.
4. Conclusions

In this research, a modied ve-step SEP and ICP-MS method
is presented for geochemical speciation analysis of HM
species (Cu, Pb, Cd, Zn, Fe, Co, Ni, Mn, and Cr) in sediment
core samples of the Hai Duong river system. The quality of
sediment and identication of HM contaminated areas were
quantitatively assessed and systematically achieved using
environmental risk indices and multivariate statistical
analyses. We found that most HMs are dominantly deposited
in the top layer of the sediment cores. While Zn and Co
showed a high affinity to the carbonate phase and were
classied into a “synergistic component”, Cr, Ni, and Fe
manifested strong adhesion towards primary inert mineral
phases and were categorized as the “lithogenic component”.
In the “anthropogenic component”, Mn, Cd, Pb, and Cu may
be removed from these sediments at a faster mobility rate
than the others and then introduce their widespread poten-
tial threat to the neighboring habitat. Our results allocated
the contaminated areas of toxic HM pollutants, indicating
that they are in close proximity to the sewage drainage
system of the Pha Lai thermal power company (S5) and the
waste disposal of Lai Vu (S15), Phu Thai (S11) industrial
enterprises. Overall, Cd posed a very high risk vulnerability
to the surroundings at some polluted stations in the studied
area. The remediation and annual monitoring for this metal
are recommended. In addition, the adoption of ArcGIS for
pollution distribution in density analysis will be further
investigated in the next study.
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equatorial coast of Brazil, Environ. Pollut., 2024, 345,
123500.

14 E. Prii, H. Kaberi, V. Paraskevopoulou, P. Michalopoulos,
C. Zeri, S. Iliakis, M. Dassenakis and M. Scoullos, Vertical
Distribution and Chemical Fractionation of Heavy Metals
in Dated Sediment Cores from the Saronikos Gulf,
Greece, Journal of Marine Science and Engineering, 2022,
10, 376–400.

15 S. Sultana, N. Sultana, M. Moniruzzaman, M. R. Dastagir
and M. K. Hossain, Unmasking heavy metal
contamination: tracing, risk estimating and source
ngerprinting from coastal sediments of the Payra River
in Bangladesh, Mar. Pollut. Bull., 2025, 211, 117455.

16 A. Chowdhury, A. Naz and S. K. Maiti, Distribution,
speciation, and bioaccumulation of potentially toxic
elements in the grey mangroves at Indian Sundarbans, in
relation to vessel movements, Mar. Environ. Res., 2023,
189, 106042.

17 K. K. Jayasooryan, E. V. Ramasamy, P. K. Chandini and
M. Mohan, Fractionation and accumulation of selected
metals in a tropical estuary, south-west coast of India,
Environ. Monit. Assess., 2021, 193, 220.

18 S. Muhammad, Evaluation of heavy metals in water and
sediments, pollution, and risk indices of Naltar Lakes,
Pakistan, Environ. Sci. Pollut. Res., 2023, 30, 28217–28226.

19 S. Muhammad, A. Zeb, M. R. Shaik and M. E. Assal, Spatial
distribution of potentially toxic elements pollution and
ecotoxicological risk of sediments in the high-altitude
lakes ecosystem, Physics and Chemistry of the Earth, Parts
A/B/C, 2024, 135, 103655.

20 A. U. Haq, S. Muhammad and A. Ahmad, Spatial
Distribution, Risk Assessment, and Provenance of Heavy
Metals Contamination in the Sediments of the Gilgit
River Basin, Northern Pakistan, Soil Sediment Contam.,
2024, 33, 1365–1381.
692 | Environ. Sci.: Adv., 2025, 4, 676–695
21 S. Muhammad and I. Ullah, Spatial and temporal
distribution of heavy metals pollution and risk indices in
surface sediments of Gomal Zam Dam Basin, Pakistan,
Environ. Monit. Assess., 2023, 195, 1155.

22 A. Mosalem, M. Redwan, A. A. Abdel Moneim and S. Rizk,
Distribution, speciation, and assessment of heavy metals
in sediments from Wadi Asal, Red Sea, Egypt, Environ.
Monit. Assess., 2024, 196, 215.

23 N. F. Soliman, A. M. Younis and E. Elkady, Chemical
speciation and comprehensive risk assessment of metals
in sediments from Nabq protectorate, the Red Sea using
individual and synergistic indices, Mar. Pollut. Bull., 2024,
201, 116219.

24 S. Y. Ashayeri, B. Keshavarzi, F. Moore, A. Ahmadi and
P. S. Hooda, Risk assessment, geochemical speciation,
and source apportionment of heavy metals in sediments
of an urban river draining into a coastal wetland, Mar.
Pollut. Bull., 2023, 186, 114389.

25 S. Rezapour, F. Asadzadeh, A. Nouri, H. Khodaverdiloo and
M. Heidari, Distribution, source apportionment, and risk
analysis of heavy metals in river sediments of the Urmia
Lake basin, Sci. Rep., 2022, 12, 17455.

26 F. Rezaei, M. Rastegari Mehr, A. Shakeri, E. Sacchi, K. Borna
and O. Lahijani, Predicting bioavailability of potentially
toxic elements (PTEs) in sediment using various machine
learning (ML) models: a case study in Mahabad Dam and
River-Iran, J. Environ. Manage., 2024, 366, 121788.

27 Y. Yuan, B. Liu and H. Liu, Spatial distribution and source
identication for heavy metals in surface sediments of East
Dongting Lake, China, Sci. Rep., 2022, 12, 7940.

28 Y.-J. Tu, P.-C. Luo, Y.-L. Li, J. Liu, T.-T. Sun, G.-J. Li and
Y.-P. Duan, Seasonal heavy metal speciation in sediment
and source tracking via Cu isotopic composition in
Huangpu River, Shanghai, China, Ecotoxicol. Environ. Saf.,
2023, 260, 115068.

29 W. Sun, K. Yang, R. Li, T. Chen, L. Xia, X. Sun and Z. Wang,
Distribution characteristics and ecological risk assessment
of heavy metals in sediments of Shahe reservoir, Sci. Rep.,
2022, 12, 16239.

30 Z. Huang, C. Liu, X. Zhao, J. Dong and B. Zheng, Risk
assessment of heavy metals in the surface sediment at the
drinking water source of the Xiangjiang River in South
China, Environ. Sci. Eur., 2020, 32, 23.

31 W. Que, L. Yi, Y. Wu and Q. Li, Analysis of heavy metals in
sediments with different particle sizes and inuencing
factors in a mining area in Hunan Province, Sci. Rep.,
2024, 14, 20318.

32 Y. Cao, Y. Li, L. Jia, Q. Wang, T. Niu, Q. Yang, Q. Wang,
X. Zeng, R. Wang and L. Yue, Long-term and combined
heavy-metal contamination forms a unique microbiome
and resistome: a case study in a Yellow River tributary
sediments, Environ. Res., 2024, 252, 118861.

33 H. Hu, F. Guo, X. Chen, Y. Wang, J. Liu and H. Cheng, Tin
and lead compounds in sh and crustacean from
aquaculture ponds in Zhejiang Province of East China:
accumulation and health risk assessment, Aquaculture,
2025, 595, 741586.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00325j


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/2
4/

20
25

 1
2:

41
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
34 Q. Chen, L. Wu, C. Zhou, G. Liu and L. Yao, A study of
environmental pollution and risk of heavy metals in the
bottom water and sediment of the Chaohu Lake, China,
Environ. Sci. Pollut. Res., 2024, 31, 19658–19673.

35 A. Hass and P. Fine, Sequential Selective Extraction
Procedures for the Study of Heavy Metals in Soils,
Sediments, and Waste Materials—A Critical Review, Crit.
Rev. Environ. Sci. Technol., 2010, 40, 365–399.
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