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Estuarine ecosystems are vulnerable to anthropogenic heavy metal pollution.

This study examines cadmium (Cd) dominance in pollution and its ecological/

human health impacts in China's Guanhe Estuary, a region heavily influenced by

land-based inputs. Concentrations of six heavy metals (Cu, Pb, Zn, Cd, Cr, As)

were measured in sediments and muscle tissues of 12 marine species across 11

sampling sites using atomic absorption and fluorescence spectrometry.

Ecological risks were evaluated via pollution load index (PLI), geo-

accumulation index (Igeo), and potential ecological risk index (ERI). Health risks

were assessed using target hazard quotient (THQ) and hazard index (HI). The

results showed that the sediment concentrations of Cu, Pb, Zn, Cd, Cr, and As

were 16.75±2.25, 8.39±0.91, 55.15±5.18, 0.10±0.01, 64.64±3.22, and 11.92±0.99

mg/kg, respectively. PLI and ERI indicated moderate pollution and low ecological

risk, and Cd emerged as the primary pollutant and risk to ecology, based on its

high Igeo and Er indices. Bioaccumulation analysis revealed that marine

invertebrates, such as crabs, shrimps, and edible molluscs, accumulated higher

concentrations of heavy metals, particularly Cd, compared to fish. Health risk

assessments indicated no significant non-carcinogenic risks to local residents

(THQ/HI < 1) for most metal species. Cd dominates due to human activities like

agricultural/industrial runoff and high bioavailability in fine sediments. Despite

low health risks, Cd hotspots near Liezikou Estuary and the double jetty need

stricter controls and monitoring. These findings highlight Cd as a key

contaminant, informing global estuary cleanup efforts.
KEYWORDS

heavy metal contamination, bioaccumulation, non-carcinogenic risk, sediment, marine
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1 Introduction

Estuaries, as unique ecotones between the land and the ocean,

nurture a complex ecosystem composed of water bodies, tidal flats,

seabeds, and a variety of biological communities. These ecosystems

not only serve as habitats for numerous organisms but also act as

crucial nodes in global cycling and energy flow processes, playing an

irreplaceable role in maintaining the ecological balance of the earth

(Lotze et al., 2006; Barbier et al., 2011). However, since the

industrial revolution, with the rapid advancement of

industrialization and urbanization, human activities have

increasingly interfered with estuarine ecosystems, and the

problem of heavy metal pollution has become particularly

prominent (Liang et al., 2025; Truchet et al., 2021; Deep and

Nasnodkar, 2023). During this process, large quantities of

industrial wastewater, domestic sewage, and agricultural non-

point source pollution containing heavy metals enter estuaries

through surface runoff, atmospheric precipitation, and wastewater

discharge (Naik et al., 2023; Rubalingeswari et al., 2021; Adetutu

et al., 2023), posing a long-term potential threat to estuarine

ecosystems. There are many examples supporting this situation.

For instance, in the Yangtze Estuary in China, the Ennore Estuary in

India, and several estuaries in the United Kingdom, long-term

emissions from surrounding industries and agriculture have led to

heavy metal contents in the sediments of the estuaries far exceeding

normal levels, leading to obvious degradation of the ecosystems (Su

et al., 2015; Karthikeyan et al., 2020; Bryan and Langston, 1992).

In the estuarine environment, the migration, transformation,

and fate of heavy metals are significantly affected by their physical

and chemical properties. Studies have shown that approximately

90% of heavy metals are retained by sediments through processes

such as adsorption, hydrolysis, and coprecipitation, and only about

10% exist as free ions in the water column (Gaur et al., 2005;

Miranda et al., 2022). The physical and chemical properties of

sediments not only influence the retention of heavy metals but also

significantly affect their toxicity and mobility. However, estuarine

areas, as the intersections of rivers and the ocean, have extremely

complex hydrodynamic conditions. Due to the tidal cycle,

conditions such as the pH, salinity, and oxygen saturation of the

overlying water change diurnally, controlling the short-term release

of heavy metals (Liu et al., 2022b). Bottom shear stress is also a key

factor. When this exceeds the threshold, sediment resuspension

occurs, altering the distribution and migration paths of heavy

metals (Kalnejais et al., 2010; Wang et al., 2016). In addition,

characteristics of the sediments themselves, such as their particle

size distribution, porosity, and organic carbon content, also play

important roles in the resuspension and release of heavy metals (Liu

et al., 2023). Under the combined influence of multiple factors, the

large-scale release of heavy metals from estuarine sediments can

cause serious harm to marine organisms.

Marine organisms, especially those in estuarine areas, are

extremely sensitive to heavy metal pollution. Heavy metals can be

taken up by these organisms from suspended solids and sediments

via ingestion or filter–feeding, leading to continuous accumulation

(Liu et al., 2022a; Ulaganathan et al., 2022). Due to their poor
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degradation ability, heavy metals will accumulate continuously in

organisms, and these accumulations will undergo magnification

through each step of the food chain, ultimately posing a serious

threat to human health (Salehi et al., 2024; Parang and Esmaeilbeigi,

2022; Esmaeilbeigi et al., 2023; Salvaggio et al., 2020). Elements such

as Cd, Pb, Cr, and As, which are non-essential and highly toxic,

cause significant harm when entering the marine ecosystem. They

interfere with enzyme activities, accumulate in the nervous system,

retard embryonic development, and affect energy metabolism and

DNA synthesis (Liu et al., 2023; Salehi et al., 2024; Banaee et al.,

2024; Zheng et al., 2016; Abhay et al., 2024). Although Cu and Zn

are trace elements necessary for the growth of organisms, excessive

amounts are also harmful. Excessive Cu can corrode gill filaments,

damage liver cells, and interfere with physiological functions in

marine species (Malhotra et al., 2020; Michael et al., 2025);

Excessive Zn accumulation in organisms can also affect enzyme

activity and inhibit photosynthesis and growth in plankton (Weng

et al., 2025). Humans may ingest excessive heavy metals by

consuming contaminated seafood, triggering health problems

such as cancer and nervous system diseases (Hashempour-baltork

et al., 2023).

Heavy metal pollution can disrupt the balance of estuarine

ecosystems, leading to a sharp decline in biodiversity and damage

to the overall functioning of the ecosystem (Pandey et al., 2021).

Species sensitive to heavy metals may become extinct due to

pollution, further disrupting the stability of the entire food chain.

In addition, these heavy metals may cause many health problems in

humans, who represent the top consumers in the marine food

chain (Ulaganathan et al. , 2023; Waqas et al. , 2024).

Comprehensive assessments of heavy metal pollution in

estuarine areas are of far-reaching significance for protecting the

ecological environment and maintaining human health. The

present study focused on the Guan River, the largest river

flowing into the sea in northern Jiangsu Province. Its estuary is

located at the junction of Guannan, Guanyun, and Xiangshui

counties. There are significant interconnections between land

and sea, with an annual runoff of 4 billion cubic meters (Tian

et al., 2012). Large amounts of heavy metal pollutants flow into the

Yellow Sea along with the river water. In 2019, the chemical

industry alone discharged approximately 34 tons of heavy metals

(Wang et al., 2023). Although previous studies have investigated

the contents and ecological risks of heavy metals in the surface

sediments of the Guan River Estuary to some extent (Tian et al.,

2015; Song et al., 2013), there are still many deficiencies in the

assessment of heavy metal pollution and biological accumulation.

Based on this, the aims of this study were as follows: (1) To

measure the concentrations of Cu, Pb, Zn, Cd, Cr, and As in the

surface sediments of the Guan River Estuary. The pollution load

index (PLI) and potential ecological risk index (ERI) were used to

assess pollution levels and calculate the risks to the local ecosystem;

(2) To determine the cumulative heavy metal concentrations in the

edible tissues (such as muscle) of 12 common marine organisms.

The daily heavy metal intake (EDI) was estimated, using the target

hazard quotient (THQ) and hazard index (HI) to evaluate non-

carcinogenic health risks; (3) The geo-accumulation index and
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single-factor risk index were used to identify the primary pollutants

and risk elements, while the bio-sediment accumulation factor

(BSAF) was served to determine key biological accumulation

factors associated with heavy metal uptake by organisms; (4) To

classify 12 marine organisms into four functional groups (fish,

edible molluscs, crabs, shrimps) based on ecological and feeding

traits, compare their heavy metal concentrations and BSAF values,

analyse intergroup accumulation patterns, and explore the

relationships between biological characteristics (e.g., feeding

behaviour, exposure pathways, detoxification mechanisms) and

heavy metal uptake processes. The study results will provide a

crucial reference for controlling heavy metal pollution and

protecting the Guan River Estuary ecosystem, helping to

formulate scientific management strategies.
2 Materials and methods

2.1 Study area

The Guan River, located 450 kilometres north of the Yangtze

River Estuary, is the largest tidal river in the northern part of Jiangsu

Province, with the Yellow Sea to the east and Luoma Lake to the

west. The main stream of the Guan River is 77.5 km in length, with a

total basin area of 8,000 square kilometres, and supports a human

population of approximately 10 million residents, spread over 10

counties in Lianyungang, Yancheng, Huai’an, and Suqian. At the

end of 2009, Xiangshui County began the construction of the first

phase of the Guan Estuary Waterway Regulation Project, which
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included two jetties and waterway dredging. The eastern jetty is

10.112 km in length, and the western jetty is 8.412 km in length.

The underwater topography of the sea around the Guan River

Estuary varies greatly, with the main geomorphological types

including underwater shoals and seabed residual sand plains. The

sea area to the east of the Guan River Estuary is dominated by

scouring, while that to the west exhibits both scouring and silting.

The surface sediments are classified into two main types, namely,

clayey silt and sandy silt, which are generally distributed as fine

sediments nearshore and coarse sediments offshore (Ding et al.,

1993; Chen et al., 2006).
2.2 Sample collection and processing

In November 2021, total 11 surface sediment samples and 12

marine organisms were collected at 11 stations in the Guan River

Estuary (Figure 1). The methods used for sample collection and

analysis were in accordance with the Specification for

Oceanographic Survey (GB 12763-2007) and the Specification for

Marine Monitor ing (GB 17378-2007) (State Oceanic

Administration, 2007a, b), both of which are national standards

of the People’s Republic of China. The surface sediment was

sampled by a grab sampler, after which the upper surface

sediments were sub-sampled with plastic spoons and the samples

saved in polythene bags. The organisms were sampled using a

winged single bag trawl, and two to three kinds of organisms were

washed with seawater at each station. All the samples were stored

and transported at a low temperature until processing and analysis.
FIGURE 1

Location of the sampling sites.
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The samples were transported to Jiangsu Yunfan Testing

Technology Co., Ltd. (a certified testing institution for heavy

metals). Under dust-free laboratory conditions, the sediment

samples were air-dried at room temperature to eliminate any

remnants of flora and fauna. The samples were then pulverized

using an agate pestle and mortar, and sieved through a 96-micron

nylon mesh. After biological identification of the marine organisms,

the muscle tissues of the fish, crabs, shrimps, and edible molluscs

were ground with a tissue homogenizer, dried at a low temperature,

and ground into a powder through 154-mm nylon mesh.

All sediment and organism samples were prepared for analysis

by drying and grinding to a fine powder to ensure homogeneity. For

sediment samples, digestion was carried out using a mixture of

HNO3-HCl and HNO3-HClO4 for the detection of As and other

heavy metals. For the organism samples, As analysis required

digestion with a mixture of HNO3-HClO4. For the determination

of other heavy metals, a mixture of HNO3-H2O2 was used, with the

addition of H2SO4 and CHO-CH4N2S to prevent oxidation during

digestion and stabilize the metal ions.

Cu, Pb, Cd, and Cr concentrations in the pretreated samples

were measured using flameless atomic absorption spectrometry

(PinAAcle900T, PerkinElmer, USA), and Zn concentrations were

analysed using flame atomic absorption spectrometry

(PinAAcle900T, PerkinElmer). The As concentration was assessed

with an atomic fluorescence spectrometer (AFS9750,

Haiguang, China).

Guaranteed reagents and certified reference materials were used

in the analytical processes to guarantee the precision and reliability

of the research data. The Cu, Pb, Cr, Cd, Zn, and As recovery rates

for the certified reference material for marine sediment composition

analysis from the Yellow Sea (GB W07333) were 99.31%, 97.24%,

97.20%, 105.36%, 97.37%, and 101.33%, respectively, while the Cu,

Pb, Cr, Cd, Zn, and As recovery rates for the Sinonovacula

constricta quality control sample were 102.44%, 100.78%,

101.94%, 103.95%, 98.74%, and 100.82%, respectively. In addition,

over 10% of the samples were randomly selected as quality control

samples, and analysed in parallel to the main analysis; these

included 2 sediment samples and 3 biological samples, with the

relative deviations all found to be less than 5% to 30%.
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2.3 Main methods

2.3.1 Heavy metal pollution index
The geo-accumulation index (Igeo) (Müller, 1969) serves as a

numerical tool for evaluating the extent of heavy metal

contamination. The Equation 1 for calculating the index is shown

below:

Igeo = log2
Ci
n

KCi
0

(1)

where Cn
i represents the detected concentration of element i,

measured in milligrams per kilogram(mg/kg); C0
i signifies the

baseline geochemical value for the element i in milligrams per

kilogram(mg/kg), typically derived from the concentrations found

in uncontaminated environments. The baseline geochemical

values in this study were based on the average content of

elements in coastal soils of Jiangsu province during the 1980s

(Chen et al., 1985); the variable n represents for the total count of

elements under consideration; K is a factor that adjusts for

variations in soil composition, with a commonly accepted value

of 1.5. Table 1 details the classification criteria for the geo-

accumulation index.

The pollution load index (PLI) (Tomlinson et al., 1980) can

visually display the spatial distribution of pollution by evaluating

the severity of heavy metal pollution at various sampling

locations. The Equation 2 for calculating the index is shown

below:

Ci
f = Ci

n=C
i
0,

PLI =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1
f � C2

f �…� Ci
f �…� Cn

f
n

q
,

PLIzone =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PLI1 � PLI2 �…� PLIj �…� PLImm

p
:

(2)

where PLI represents the pollution load index for a specific

sampling site; Cf
i represents the contamination factor of element i;

Cn
i, C0

i and n were described in formula (1); PLIzone represents the

Comprehensive PLI of the study area; PLIj denotes the PLI for the j-

th sampling site; and m is the total number of sampling sites.

Table 1 provides the classification levels of the PLI.
TABLE 1 Criteria used the geo-accumulation index (Igeo), pollution load index (PLI), element-specific ecological risk (Er), and comprehensive
ecological risk index (ERI).

Igeo
Pollution
Degree

PLI
Pollution
Degree

Er Risk Level ERI Risk Level

≤0 Clean <1 Clean <40 Low <110 Low

0~1 Mild 1~2 Medium 40~80 Medium 110~220 Medium

1~2 Mild–Medium 2~3 Heavy 80~160 Medium–High 220~440 High

2~3 Medium ≥3 Severe 160~320 High ≥440 Extremely High

3~4 Medium–Heavy ≥320 Extremely High

4~5 Heavy

>5 Severe
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2.3.2 Ecological risk index
The ecological risk index integrates the concentration of heavy

metals with their respective toxicity coefficients to assess potential

ecological hazards associated with the elements (Hakanson, 1980).

The Equation 3 for calculating the index is shown below:

Ei
r = Tt

r � Ci
f ,

ERI =o(Ei
r) :

(3)

where Ei
r denotes the potential ecological risk index for element

i, and ERI is the comprehensive index of Er values of all elements;

Tt
r   represents the toxicological response factor for a particular

metal, with the factors for Cu, Pb, Zn, Cd, Cr, and As being 5, 5, 1,

30, 2, and 10, respectively (Hakanson, 1980). The number of

elements analysed in the present study, i.e., six, differs from the

eight elements originally proposed by Hakanson (Hakanson, 1980).

Consequently, the grading criteria for ERI were adjusted to reflect

the number of elements under consideration. Table 1 illustrates the

grading of Er by Hakanson (Hakanson, 1980) and the adjusted

grading criteria for ERI.

2.3.3 Biological response index
The bio-sediment accumulation factor (BSAF) can indicate the

extent of heavy metals bioaccumulation (Yu et al., 2022). The

Equation 4 for calculating the index is shown below:

BSAF = Corg=Csed (4)

where Corg represents the concentration of heavy metals within

the organism, measured in milligrams per kilogram (mg/kg; wet

weight); Csed denotes the concentration of heavy metals in the

sediment in milligrams per kilogram(mg/kg), with BSAF values > 1

indicating bioaccumulation (Yu et al., 2022).

2.3.4 Health risk index
The calculation of the estimated daily intake (EDI) for heavy

metals requires an assessment of the concentrations of the metals in

seafood, along with the daily intake and average body weight of

adults (Bhuyan et al., 2024). The Equation 5 is as follows:

EDI = (FIR� C)=BWa,

EWI = EDI � 7:
(5)
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where EDI is expressed in micrograms per kilogram per day

(mg/kg/day); FIR is the daily consumption of the seafood in grams

(g/day). The variable C denotes the concentration of heavy metals in

the edible muscle tissues of the organisms, measured in milligrams

per kilogram (mg/kg; wet weight); BWa is the standard adult

weight; and estimated weekly intake (EWI) is the weekly intake of

heavy metals, also measured in micrograms per kilogram of body

weight (mg/kg body weight). To assess the health hazards associated

with heavy metals in seafood, the EWI values were contrasted with

the provisional tolerable weekly intake (PTWI) guidelines

determined respectively by the World Health Organization

(WHO), the Food and Agriculture Organization of the United

Nations (FAO), the European Commission (EC) and the United

States Environmental Protection Agency (USEPA). The values of

FIR and BWa are shown in Table 2, while the PTWI values are

shown in Table 3.

The target hazard quotient (THQ), formulated by USEPA, is a

tool designed to evaluate non-carcinogenic health risks stemming

from human exposure to heavy metals via ingestion of food (USEPA,

2011, 2024). This metric focuses on the risk posed by a single heavy

metal. A THQ value > 1 suggests a potential health hazard (Pandion

et al., 2023). The Equation 6 for calculating THQ is shown below:

THQ =   ((EFR� ED� FIR� C)=(RFD� BWa� ATn))

� 10−3 (6)

where EFR represents the frequency of heavy - metal exposure

within a year (in days); ED indicates the exposure duration (in years);

RFD refers to the oral reference dose for different heavy metals (mg/kg/

day). ATn denotes the average exposure time (in days). FIR, C, and

BWa are defined as in formula (5). The values of EFR, ED, andATn are

presented in detail in Table 2, and the RFD values are shown in Table 3.

The hazard index (HI) was utilized to assess the combined

health risks from exposure to various heavy metals (USEPA, 2019;

Isci et al., 2023). The Equation 7 for calculating HI is presented

below:

HI = THQ   (Cu)   +  THQ   (Pb)   +  THQ   (Zn)   +  THQ   (Cd)  

+  THQ   (Cr)   +  THQ   (As)  

(7)

An HI value > 1 suggests an elevated non-carcinogenic risk in

the exposed population (Isci et al., 2023).
TABLE 2 Exposure parameters used in the health risk assessment Equation 6.

Factor Unit Description Value References

FIR g/day Daily consumption of the seafood

Fish for 57.58
Crabs for 5.54
Shrimps for 6.00

Edible molluscs for 24.25

Zhang et al., 2024b; Yu et al., 2020

BWa kg Standard adult weight 60 /

EFR days Frequency of exposure to heavy metals over a year 365 /

ED years Duration of exposure 70 /

ATn days Average time of exposure 365×70 /
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2.3.5 Statistical analysis
All statistical analyses were performed using Microsoft Excel

2010 (Microsoft Corp., Redmond, WA, USA), including calculation

of descriptive statistics for heavy metal concentration data (e.g.,

mean, standard error, range, and coefficient of variation) and

computation of relevant pollution and risk indices (i.e., Igeo, PLI,

RI, BSAF, EDI, THQ, and HI). Spatial interpolation was conducted

using ordinary Kriging interpolation in QGIS 3.30.0 (QGIS

Development Team) to generate spatial distribution maps of

heavy metal concentrations in sediments. Additionally, QGIS was

used to create Supplementary figures to support the visual

presentation of research results.
3 Results and analysis

3.1 Heavy metal occurrences and
distributions in the surface sediments

Table 4 presents the statistical parameters of heavy metals in

surface sediments of the Guan River Estuary, including

concentrations, standard errors (SE), and coefficients of variation

(CV). The values of Cu, Pb, Zn, Cd, Cr, and As ranged from 6.49 to

28.20, 4.50 to 14.00, 28.60 to 76.40, 0.07 to 0.14, 43.90 to 79.10, and

7.40 to 17.80 mg/kg, respectively, with average levels of 16.75 ± 2.25,

8.39 ± 0.91, 55.15 ± 5.18, 0.10 ± 0.01, 64.64 ± 3.22, and 11.92 ± 0.99

mg/kg, ranked in descending order as Cr > Zn > Cu > As > Pb > Cd.

These averages were found to be close to or below the Class I

criterion established by the Chinese Marine Sediment Quality

Standards (GB 18668-2002) (AQSIQ [Administration of Quality

Supervision, Inspection and Quarantine of the People’s Republic of

China], 2002). However, the average levels of Cu, Zn, Cd, Cr, and

As were found to be higher than the baseline geochemical values for

the Jiangsu tidal flat, as documented by Chen et al. (1985),

indicating enrichment of these five elements in the sediments.

The enrichment multiples, calculated as the ratio of measured to

baseline values, were ranked in descending order as Cd (2.38) > As

(1.62) > Zn (1.17) > Cu (1.12) > Cr (1.08), with Cd showing the

highest degree of enrichment. According to Phil-Eze (Phil-Eze,

2010), the coefficients of variation (CV) for Cu, Pb, Zn, Cd, and As

in this study ranged between 20% and 50%, indicating moderate

variability and significant spatial distribution differences. In
Frontiers in Marine Science 06
contrast, Cr had a CV value below 20%, categorized as low

variability, suggesting a relatively uniform spatial distribution.

Figure 2 illustrates the spatial distribution of the six heavy

metals across the study region. The patterns of heavy metal

distribution were essentially consistent, with concentrations

increasing from east to west. However, there were slight

differences in the locations of high-value areas. The high-

concentration areas for Cu, Zn, Cd, and As were shared between

two locations, specifically, near the Liezikou Estuary and the sea

area adjacent to the double jetty. The high-concentration area for

Pb was limited to one location, the Liezikou Estuary, while the high-

concentration area for Cr was also limited to one location, near the

sea area adjacent to the double jetty. In general, the areas showing

enrichment in heavy metals were concentrated primarily in the

Liezikou Estuary and the sea area near the double jetty of the Guan

River Estuary.

To determine the status of heavy metal pollution in the surface

sediments of the Guan River Estuary, the average contents obtained

in this study were compared with those from 12 other estuarine and

coastal regions along China’s eastern seaboard and from around the

world (Table 4), including previous studies in the Guan River

Estuary. Compared with previous studies in the Guan River

Estuary (Xia et al., 2018), the Cu, Cd, and As contents were

found to have increased slightly, while the Pb contents had

decreased markably, and the Zn and Cr contents had decreased

slightly. Compared with other regions in China and abroad (Liu and

Xu, 2014; Zhang et al., 2023; Meng et al., 2019; Ou et al., 2016; Zhao

et al., 2018; Liu et al., 2024; Wang et al., 2022; Zhang et al., 2024a;

He et al., 2024; Siddique et al., 2021; Anh, 2023; Agah et al., 2023),

the levels of Pb and Cd in the Guan River Estuary were categorized

as medium-low, while the contents of Cu, Zn, Cr, and As were

classified as medium-high. Comparison with international

standards showed that all elements, except As, complied with the

Effects Range Low (ERL) proposed by the U.S. National Oceanic

and Atmospheric Administration (NOAA, 1999).
3.2 Heavy metal contents in marine
organisms

We identified 12 common marine organisms in the Guan

River Estuary, including four fish species (Collichthys lucidus,
TABLE 3 Provisional tolerable weekly Intake and reference dose for various heavy metals.

Factor Unit Description
Value

Cu Pb Zn Cd Cr As

PTWI mg/kg Provisional Tolerable Weekly Intake 3500a 25b 7000a 7b 15c 15d

RFD
mg/

kg/day
Oral reference dose 0.04e 0.004f 0.3e 0.0001e 0.003e 0.0003e
a WHO, 2003.
b EC, 2001.
c USEPA, 2011.
d FAO/WHO, 2011.
e Embaby et al., 2024.
f Isci et al., 2023.
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TABLE 4 Heavy metal concentrations in the sediments of the Guan River Estuary (mg/kg).

Study area Cr As References

43.90~79.10
(64.64 ± 3.22)

7.40~17.80
(11.92 ± 0.99) This study

16.53 27.47

69.72 9.73
(Xia

et al., 2018)

65.92 8.43
(Liu and
Xu, 2014)

40.19 14.79
(Zhang

et al., 2023)

42.67 12.54
(Meng

et al., 2019)

63.63 15.49
(Ou

et al., 2016)

37.19 12.85
(Zhao

et al., 2018)

29.5 5.46
(Liu

et al., 2024)

43.32 9.09
(Wang

et al., 2022)

69.1 12.04
(Zhang

et al., 2024a)

97.24 – (He et al., 2024)

10.59 –
(Siddique
et al., 2021)

– 17.21 (Anh, 2023)

54 9.1
(Agah

et al., 2023)

80 20 (AQSIQ, 2002)

60.11 7.38
(Chen

et al., 1985)

81.0 8.2 (NOAA, 1999)

370.0 70.0 (NOAA, 1999)
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Cu Pb Zn Cd

Guan River
Estuary, China

Range
(Mean ± SE)

6.49~28.20
(16.75 ± 2.25)

4.50~14.00
(8.39 ± 0.91)

28.60~76.40
(55.15 ± 5.18)

0.07~0.14 (0.10
± 0.01)

CV(%) 44.55 35.86 31.13 22.38

Guan River Estuary, China 15.86 17.94 57.61 0.09

Liezikou River Estuary, China 11.97 18.5 39.91 0.11

Zhongshan Estuary, China 21.63 21.38 54.2 0.171

Xuwei-Liezikou offshore area, China 19.84 22.31 66.8 0.11

Intertidal zone in the North Yancheng, China 24.98 22.54 71.84 0.25

Sheyang Estuary, China 23.51 16.87 62.16 0.15

Yangtze River estuary, China 19.9 501 53.2 0

Yellow River Estuary, China 13.55 5.89 30.46 0.14

Pearl River Estuary, China 44.7 50.6 109.6 0.41

Modaomen estuary, China 39.75 49.07 166.56 0.36

Meghna River estuary, Bangladesh
6.22 12.48 42.41 0.28

Bach Dang River Estuary, Vietnam 33.92 48.09 82.9 0.56

Musa estuary, Iran 11.5 9.2 24 0.2

Class I sediment category 35 60 150 0.5

Baseline geochemical values 15.02 11.40 47.15 0.042

NOAA ERL 34.0 46.70 150.0 1.20

NOAA ERM 270.0 218.0 410.0 9.60
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Miichthys miiuy, Lateolabrax maculatus, and Cynoglossus joyneri),

two crab species (Portunus trituberculatus and Charybdis

japonica), three shrimp species (Exopalaemon carinicauda,

Penaeus chinensis, and Oratosquilla oratoria), and three edible

molluscs species (Ostrea gigas, Rapana venosa, and Bullacta

exarata). Table 5 and Figure 3 present the concentrations of
Frontiers in Marine Science 08
heavy metals found in the muscle tissues of these 12 studied

organisms (mg/kg wet weight).

The muscle tissues of the 12 species exhibited concentrations

of Cu, Pb, Zn, Cd, Cr, and As ranging from 0.238 to 17.400, 0.057

to 0.264, 2.640 to 32.600, 0.007 to 0.248, 0.081 to 0.389, and 0.058

to 0.659 mg/kg, respectively, with average levels at 5.049 ± 0.900,
FIGURE 2

Spatial distribution of (a) Cu, (b) Pb, (c) Zn, (d) Cd, (e) Cr, and (f) As in the surface sediments of the Guan River Estuary(mg/kg).
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0.175 ± 0.009, 14.701 ± 1.771, 0.078 ± 0.014, 0.194 ± 0.015, and

0.327 ± 0.030 mg/kg, respectively. The averages were ranked in

the order of Zn > Cu > As > Cr > Pb> Cd. These averages

complied with the Chinese food safety standard (GB 2762-2022)

(SAMRSA [State Administration for Market Regulation,

Standardization Administration of the People’s Republic of

China], 2023), although inter-specific variations were observed.

The average concentrations of heavy metals in the muscle tissues

of fish were in line with those of the standards. Nonetheless, the

mean concentration of Cd in crabs (e.g., P. trituberculatus),

shrimps (e.g., O. oratoria), and edible molluscs (e.g., B.

exarata) surpassed the specified limits, while the levels of other

heavy metals remained within the acceptable ranges. In addition,

these heavy metal concentrations were all lower than the

standards set by international organizations such as FAO,

WHO, and USEPA (FAO/WHO, 2023; FAO, 1983; WHO,

1989; USEPA, 2000).

Specifically, for fish, L. maculatus exhibited notably higher

levels of Cu, Pb, Zn, Cd, and Cr compared to other fish species,

while C. lucidus had higher As contents. Among the crabs, C.

japonica exhibited higher Cu, Zn, Cr, and As contents, while P.

trituberculatus had higher Pb and Cd contents. In terms of the

shrimps, O. oratoria had higher Cu, Zn, Cd, and Cr contents, while

P. chinensis had a higher Pb value, and E. carinicauda had a higher

As value. Compared with the other edible molluscs, R. venosa had

elevated levels of Cu, Zn, Cr, and As, whereas B. exarata showed

increased Pb and Cd levels. Notably, the heavy metal contents in the

fish were generally lower than those in the crabs, shrimps, and

edible molluscs.
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3.3 Contamination and potential ecological
risk assessment

Indices such as Igeo and Er facilitate the evaluation of

contamination levels and ecological risks associated with specific

heavy metals. Figures 4a, b present the Igeo and Er maximum,

minimum, and mean values for the heavy metals in the surface

sediments of the Guan River Estuary. In this study, the Cd Igeo
values ranged from 0.15 to 1.12, with an average of 0.64, indicating a

mild pollution level for Cd, with contamination detected at the

majority of the sampling sites. The average Igeo value of As was 0.06,

indicating that some stations were polluted, while the average Igeo
results of Cu, Pb, Zn, and Cr were below 0, indicating that the levels

of these metals were within the acceptable ranges at most stations.

Regarding ecological risk, the Er results of Cd varied between 50.00

and 97.86, with an average of 72.17, suggesting a medium-high

ecological risk associated with Cd. The Er averages for Cu, Pb, Zn,

Cr, and As were 5.59, 3.71, 1.16, 2.14, and 16.23, respectively, all of

which were below the threshold of 40, indicating a low ecological

risk for these heavy metals.

To examine the spread of heavy metal pollution and assess the

ecological risks, the pollution load index (PLI) and the ecological

risk index (ERI) were utilized as key indicators. Figure 4c shows the

PLI values and degree of pollution of 11 sample sites. The PLI

results ranged from 0.74 to 1.71, suggesting that Guan River Estuary

had light to medium pollution. Among the sampling sites, eight

sampling sites (72.73%) showed medium pollution and three

(27.27%) were clean. The comprehensive pollution load index

(PLIzone) was 1.25, corresponding to medium pollution levels
TABLE 5 Heavy metal concentrations in marine organisms in the Guan River Estuary (mg/kg; wet weight).

Study
area

Groups Cu Pb Zn Cd Cr As References

Guan River
Estuary,
2021

All
0.238~17.400
(5.049 ± 0.900)

0.057~0.264
(0.175 ± 0.009)

2.640~32.600
(14.701 ± 1.771)

0.007~0.248
(0.078 ± 0.014)

0.081~0.389
(0.194 ± 0.015)

0.058~0.659
(0.327 ± 0.030)

This study

Fish
0.238~0.598

(0.418 ± 0.031)
0.057~0.219

(0.142 ± 0.014)
2.640~7.150

(5.495 ± 0.421)
0.007~0.019

(0.013 ± 0.001)
0.116~0.262

(0.180 ± 0.016)
0.058~0.237

(0.143 ± 0.017)

Crabs
4.810~17.400
(8.612 ± 1.477)

0.149~0.264
(0.199 ± 0.011)

6.770~32.600
(22.507 ± 2.720)

0.037~0.233
(0.107 ± 0.018)

0.081~0.294
(0.167 ± 0.023)

0.298~0.659
(0.474 ± 0.030)

Shrimps
4.460~12.800
(8.537 ± 1.404)

0.153~0.256
(0.209 ± 0.016)

12.600~27.700
(19.933 ± 2.881)

0.015~0.248
(0.130 ± 0.041)

0.108~0.389
(0.235 ± 0.051)

0.391~0.512
(0.436 ± 0.017)

Edible
molluscs

2.320~4.520
(3.180 ± 0.679)

0.083~0.181
(0.142 ± 0.030)

5.320~15.800
(11.973 ± 3.339)

0.032~0.196
(0.113 ± 0.047)

0.223~0.282
(0.253 ± 0.017)

0.265~0.320
(0.290 ± 0.016)

Chinese food safety standard
(GB 2762-2022)

50 0.5 50 0.1 0.5 0.5 (SAMRSA, 2023)

CXS 193-1995, revised
in 2023

/ 0.3 / 2 / /
(Codex alimentarius,
FAO/WHO, 2023)

FAO 30 0.5 40 / / / (FAO, 1983)

WHO 30 2 100 1 50 / (WHO, 1989)

USEPA 120 4 120 2 8 / (USEPA, 2000)
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caused by heavy metals. The PLI-enriched areas were located in the

Liezikou Estuary and the sea area near the double jetty of the Guan

River Estuary (Figure 4d). This finding aligns with the patterns

observed in areas where heavy metals are concentrated. With ERI
results varying from 66.73 to 136.27 (Figure 4e), the risk rating was

low to moderate. Among the sampling sites, four (36.36%) showed a

medium level of risk, while seven sites (63.64%) were classified as

showing low ecological risk. According to the average ERI value of

100.81, the overall risk level of the Guan River Estuary was low.

Similar to the PLI observations, the ERI-enriched areas were also

located in the Liezikou Estuary and the sea area near the double jetty
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of the Guan River Estuary (Figure 4f), indicating that the estuaries

were prone to ecological risk, highlighting the need to prioritize the

prevention and management of heavy metal contamination.
3.4 Accumulation of heavy metals by
marine organisms

The BSAF index was utilized to quantify the capacity of

marine organisms to enrich heavy metals in the Guan River

Estuary. BSAF levels > 1 indicate that the organisms have the
FIGURE 3

Concentrations of (a) Cu, (b) Pb, (c) Zn, (d) Cd, (e) Cr, and (f) As in the organisms of the Guan River Estuary.
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ability to enrich heavy metal. The BSAF data (Table 6) revealed

that the bioaccumulation of Cd was the most significant relative to

those of the other metals, ranging from 0.125 to 2.180, with an

average of 0.722. P. trituberculatus, O. oratoria, O. gigas, and B.

exarata could accumulate Cd in the sediments, with the BSAF

values of 1.299, 2.180, 1.100, and 1.960, respectively. Cr showed

the least accumulation, varying from 0.002 to 0.005, with an
Frontiers in Marine Science 11
average value of 0.003. The BSAF values for Cu, Pb, Zn, and As

spanned from 0.025 to 0.894, 0.010 to 0.028, 0.072 to 0.579, and

0.006 to 0.046, with the average values of 0.272, 0.020, 0.246, and

0.026, respectively. As shown in Figure 5, the respective

contributions of Cu, Pb, Zn, Cd, Cr and As were 21.1%, 1.6%,

19.1%, 56.0%, 0.2%, and 2.0%, with a ranking order of Cd > Cu >

Zn > As > Pb > Cr.
FIGURE 4

Analysis of heavy metal contamination and ecological risk in the surface sediments of the Guan River Estuary. (a) Geo-accumulation indices (Igeo)
and pollution degree of six heavy metals. (b) Ecological risk index (Er) and ecological risk level of six heavy metals. (c) Pollution load index (PLI) and
extent of pollution at the different sites. (d) Spatial distribution of the PLI. (e) Comprehensive potential ecological indices index (ERI) and risk levels at
the different sites. (f) Spatial distribution of ERI.
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TABLE 6 The bio-sediment accumulation factor (BSAF) values of the six heavy metals in marine organisms from the Guan River Estuary.

Species Cu Pb Zn Cd Cr As

Fish

C. lucidus 0.025 0.018 0.098 0.128 0.003 0.015

M. miiuy 0.025 0.014 0.072 0.135 0.002 0.006

L. maculatus 0.025 0.022 0.130 0.160 0.004 0.013

C. joyneri 0.025 0.016 0.118 0.125 0.002 0.007

Crabs
P. trituberculatus 0.352 0.024 0.335 1.299 0.002 0.037

C. japonica 0.894 0.023 0.579 0.547 0.003 0.046

Shrimps

E. carinicauda 0.332 0.027 0.240 0.560 0.002 0.038

P. chinensis 0.334 0.028 0.259 0.150 0.002 0.035

O. oratoria 0.687 0.022 0.476 2.180 0.005 0.036

Edible molluscs

O. giga 0.161 0.010 0.096 1.100 0.004 0.024

R. venosa 0.270 0.019 0.286 0.320 0.004 0.027

B. exarata 0.139 0.022 0.268 1.960 0.003 0.022

Max 0.894 0.028 0.579 2.180 0.005 0.046

Min 0.025 0.010 0.072 0.125 0.002 0.006

Mean 0.272 0.020 0.246 0.722 0.003 0.026
F
rontiers in Marine Science
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Bold values indicate a bio-sediment accumulation factor (BSAF) greater than 1, demonstrating bioaccumulation.
FIGURE 5

Bio-Sediment Accumulation Factor (BSAF) values in different aquatic organisms (fish, crabs, shrimps, and edible molluscs) and the contribution rate
of each heavy metal.
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To evaluate the capacity of various marine organisms to retain

heavy metals, the BSAF values for the six metals were combined

based on the biological groups in this study. As shown in Figure 5,

the mean BSAF values of the fish, crabs, shrimps, and edible

molluscs were 0.297, 2.070, 1.805, and 1.579, and the proportions

were 7.7%, 26.7%, 35.0%, and 30.6%, respectively, indicating that

fish showed the least enrichment of heavy metals, while crabs,

shrimps, and edible molluscs had higher levels of enrichment.
3.5 Health risk in marine organisms

The EWI results for Cu, Pb, Zn, Cd, Cr, and As were calculated

based on the average contents of these metals in the muscle tissues

of 12 marine organisms (Figure 6a). The EWI results for all these

metals were found to be below the provisional tolerable weekly

intake (PTWI) thresholds (Figure 6a), indicating that consumption

of the seafood did not harm the human body.

The THQ values for all the heavy metals in the marine

organisms were below 1 (Table 7), signifying the absence of

substantial non-carcinogenic health risks. To evaluate the

collective risk associated with heavy metals, the hazard index (HI)

was determined, and except for B. exarata, all other edible species

had HI values below 1 (Figure 6b), indicating no significant non-

carcinogenic risk from the consumption of the seafood. Notably, the

HI value for B. exarata was 1.24, indicating a significant non-

carcinogenic risk, to which Cd was the major contributing factor.
4 Discussion

4.1 Characteristics of heavy metals in the
sediment and their enrichment mechanism

The average concentrations of heavy metals in the surface

sediments of the Guan River Estuary were ranked as Cr > Zn >
Frontiers in Marine Science 13
Cu > As > Pb > Cd. These distribution patterns are influenced by a

combination of the natural geochemical background and

anthropogenic inputs, as well as by the underlying enrichment

mechanisms of the sediments. Moreover, the multiples by which the

average values of Cd, As, Zn, Cu, and Cr in the Jiangsu tidal flats

were found to be, in descending order, Cd (2.38) > As (1.62) > Zn

(1.17) > Cu (1.12) > Cr (1.08), indicating a significant

anthropogenic influence. Cd had the lowest mean concentration

but the highest enrichment, which was attributed to its very low

natural background value (Chen et al., 1985), with a relatively small

anthropogenic input (e.g., phosphorus fertilizer application)

significantly increasing its enrichment (Alloway, 2013). The high

Cd concentrations observed near the Liezikou Estuary may have

originated from agricultural runoff or historical industrial pollution,

which is consistent with Cd enrichment patterns observed in other

estuaries (Minjiang River estuary, Gironde Estuary), reflecting the

synergistic effects of agricultural intensification and industrial

activities (Hong et al., 2003; Pougnet et al., 2022). Comparatively,

Cd enrichment in the Guan River Estuary was 2.8 to 5.6 times lower

than in the Meghna River estuary, Bangladesh (0.28 mg/kg;

Siddique et al., 2021) and Bach Dang River Estuary, Vietnam

(0.56 mg/kg; Anh, 2023), reflecting stricter controls on phosphate

fertilizers in China.

The Zn and Cr concentrations were highest but showed lower

enrichment. The elevated Zn levels (55.15 mg/kg) align with its

strong affinity for clay minerals in fine-grained sediments (Wang

and Li, 2011), a characteristic also observed in the Yangtze River

estuary (53.2 mg/kg; Liu et al., 2024). This affinity is further

enhanced by the prevalence of fine-grained sediments in western

estuaries (Xia et al., 2018). High concentrations of Cr primarily

reflect the regional geological context (Chen et al., 1985), and are

comparable to those in the Pearl River Estuary (69.1 mg/kg; Zhang

et al., 2024a), yet they remain below NOAA’s ERL threshold (81.0

mg/kg).

The concentrations of As were intermediate but highly

enriched, exceeding levels in Iranian estuaries (9.1 mg/kg;
FIGURE 6

(a) Estimated weekly intake (EWI) and (b) hazard index (HI) of the heavy metals in marine organisms of the Guan River Estuary.
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Agah et al., 2023) by 31%. The mobility of As is controlled by redox

transformations of Fe, where Fe-Mn oxides undergo reductive

reactions under reducing conditions, releasing As to form As3+

(Pan et al., 2022). However, the accumulation of organic matter due

to the double jetty structure may inhibit As mobility

through complexation.

Pb exhibited the most pronounced decline compared to

historical data (17.94 mg/kg in 2018 vs. 8.39 mg/kg; Xia et al.,

2018), a trend consistent with China’s nationwide phase-out of

leaded gasoline (Cai et al., 2024). Current Pb levels rank among the

lowest globally, being 6 times lower than those in the Pearl River

Estuary (50.6 mg/kg; Zhang et al., 2024a) and Bach Dang River

Estuary (48.09 mg/kg; Anh, 2023).
4.2 Heavy metal distributions and the
factors influencing heavy metal
contamination in sediments

The heavy metal concentrations in the Guan River Estuary

show an increasing trend from east to west, with this distribution

closely related to the sediment grain size. Numerous studies have

shown that fine-grained sediments (e.g., clayey chalk) have

significantly stronger adsorption capacities for heavy metals

compared with coarse-grained sediments (e.g., sandy chalk) due

to their large specific surface area (Lin et al., 2002; Que et al., 2024).

The sea area near the double jetty is dominated by clay, and the

sediment types on the east side of the guide dykes are primarily

clayey chalk and sandy chalk, with the grain size decreasing

gradually from east to west (Xia et al., 2018), confirming the

controlling effect of the grain size on the spatial differentiation of

pollutants. The areas showing the highest PLI and ERI values were

both situated in the Leizikou estuary and the sea area adjacent to the

double jetty (Figures 4d, f), reflecting the synergistic effects of
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human activities and natural processes. In terms of this synergy,

the Leizikou estuary, as a land-sea interaction zone, receives

compound pollution from upstream industrial wastewater (e.g.,

As discharged from metallurgical industries), agricultural runoff

(e.g., Cd imported by phosphorus fertilizers), and municipal

wastewater (Meng et al., 2019). The double jetty promotes the

retention of pollutants by slowing the water flow, which, together

with the superimposition of ship activities (e.g., Cr release from

anti-fouling paints) and coastal industrial wastewater discharge,

results in the formation of a pollution hotspot (Wang et al., 2023).
4.3 Characterization of heavy metal
accumulation in marine organisms and its
biological drivers

The average concentrations of heavy metals in the muscle

tissues of 12 marine species were ranked as Zn > Cu > As > Cr >

Pb > Cd. It was worth noting that this ranking pattern is basically

consistent with the patterns shown in the relevant standards

formulated by international authoritative organizations such as

FAO, WHO and USEPA (FAO/WHO, 2023; FAO, 1983; WHO,

1989; USEPA, 2000). This indicated that in terms of the heavy metal

enrichment characteristics of marine organisms, our research

results have a high degree of consistency with the internationally

established standards based on a large number of studies and

practices, reflecting the reliability of the research results and the

common characteristics of heavy metal distribution in this region

on a global scale. The high levels of Zn and Cu reflect their

biological necessity: Zn is essential for enzyme activity (Rainbow,

2002), while Cu levels are lower than those of Zn due to its toxicity

at high concentrations as well as the mechanisms by which Cu

metabolism is regulated by organisms (Casas and Crecelius, 1994).

As accumulation is influenced by both the environmental context
TABLE 7 The target hazard quotient (THQ) and hazard index (HI) of the heavy metals in marine organisms in the Guanhe Estuary.

Species
THQ

HI
Cu Pb Zn Cd Cr As

Fish

C. lucidus 0.010 0.036 0.017 0.123 0.059 0.586 0.831

M. miiuy 0.010 0.027 0.013 0.130 0.050 0.235 0.465

L. maculatus 0.010 0.043 0.023 0.154 0.080 0.499 0.809

C. joyneri 0.010 0.032 0.021 0.120 0.051 0.266 0.499

Crabs
P. trituberculatus 0.014 0.005 0.006 0.120 0.005 0.136 0.284

C. japonica 0.035 0.004 0.010 0.050 0.006 0.170 0.275

Shrimps

E. carinicauda 0.014 0.006 0.004 0.056 0.004 0.151 0.234

P. chinensis 0.014 0.006 0.005 0.015 0.005 0.137 0.182

O. oratoria 0.029 0.005 0.009 0.218 0.011 0.145 0.416

Edible molluscs

O. giga 0.027 0.008 0.007 0.445 0.034 0.383 0.904

R. venosa 0.046 0.016 0.021 0.129 0.038 0.431 0.682

B. exarata 0.023 0.018 0.020 0.792 0.030 0.357 1.241
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and biotransformation processes, with filter-feeding organisms

(e.g., bivalves) enriching organic As (e.g., arsenobetaine) in their

bodies by feeding on benthic algae or sediment particles, but with a

low risk of toxicity (Francesconi, 2010). The low levels of Cr and Pb

were attributed to their presence in the sediment in stable residual

states characterized by low bioavailability (Babale et al., 2011;

Sowunmi et al., 2020). In contrast, Cd showed the lowest average

concentration but due to its lack of biological function and high

toxicity, organisms strictly limit its accumulation (McGeer et al.,

2003), although the benthic taxa (e.g., crabs, shrimps, edible

molluscs) showed significant Cd overload, suggesting a specific

mechanism of enrichment.

The BSAF analyses revealed that Cd exhibited the strongest

bioavailability (mean BSAF = 0.722); this stems from the high

affinity of the metal for organic matter in the sediment and its long

biological half-life (Babale et al., 2011; Pan et al., 2022; Peana et al.,

2022). For example, benthic organisms (e.g. O. oratoria) consume

Cd by feeding on organic matter-rich surface sediments (Rainbow,

2002), while the biological half-discharge period of Cd resulted in

extension of its metabolic assimilation and excretion from the body

(Angeletti et al., 2014). Notably, Cd has been found in several

economic species (e.g., P. trituberculatus, O. oratoria) to exceed the

limits of the Chinese Food Safety Standard (GB 2762-2022)

(SAMRSA, 2023), suggesting that Cd undergoes biomagnification

through the food chain. Cd may interfere with the regulation of

intracellular calcium homeostasis by competing for calcium binding

with calmodulin, thereby affecting cell signalling and physiological

functions (McGeer et al., 2003). For example, Cd enrichment in

edible molluscs triggers the overexpression of metallothionein,

leading to an imbalance in energy metabolism (Viarengo et al.,

1999), while chronic exposure in fish is associated with severe

impairment of antioxidant defences and regulation of reproduction

and the immune system (Liu et al., 2022c). The ecological risk of Cd

not only threatens the stability of benthic populations but also poses

a potential threat to human health due to transmission through the

food chain of aquatic economic species (e.g., crabs, and edible

molluscs). In contrast, Cr was found to have intermediate heavy

metal contents in organisms with the lowest BASF value (mean

BSAF = 0.003), suggestive of poor bioavailability.

The BSAF analysis also revealed significant taxonomic

variability in heavy metal accumulation. Benthic organisms (e.g.,

edible molluscs) had significantly higher levels of Cd, Cu, and Zn

compared with pelagic fish due to long-term exposure to

contaminated sediments and feeding behaviours closely related to

the substrate, consistent with the results of a study in the Pearl River

Estuary (Zhang et al., 2024a). This phenomenon is directly related

to the several multi-scale mechanisms. First, differences in exposure

pathways; for example, edible molluscs can absorb dissolved heavy

metals directly in sediment interstitial water through epidermal

osmosis and filter-feeding on sediments containing metal-bound

particles (e.g., clay minerals, organic detritus) (Morrison et al., 1977;

Wang and Fisher, 1996), whereas pelagic fish become enriched

indirectly by feeding on zooplankton or small fish, resulting in
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lower concentrations of heavy metals in the body due to the dilution

effect of the food chain. Second, there are different forms of

biological detoxification. Benthic organisms (e.g., molluscs)

convert heavy metals into inert forms and store them in the body

through processes such as metallothionein (MT) binding, mucus

secretion, and particle encapsulation (Morrison et al., 1977),

whereas fish rely on metabolic processes for the rapid excretion of

metal ions in the free state, which reduces the risk of long-term

tissue accumulation (Lall and Kaushik, 2021). This adaptive

physiological advantage is corroborated by the observation that in

vivo Cd heavy metal levels in benthic organisms of the Pearl River

Estuary ranged from 0.051 to 0.671 mg/kg, which were markedly

higher than those in fish (Zhang et al., 2024a).
4.4 Management implications and research
limitations

Heavy metal pollution in the Guan River Estuary is associated

with overall controllable but significantly localized areas of

pollution, with indications that the observed medium-high risk

of Cd pollution (mean Er = 72.17) requires prioritization and

control. Cd hotspots near the Liezikou Estuary and the double

jetty area require the implementation of targeted policies,

including stricter control of industrial wastewater (e.g., derived

from iron and steel smelting and the electronics industry) and

agricultural runoff (Alloway, 2013; Ansari et al., 2004). These

policies should include the regulation of Cd impurities in

phosphorus fertilizers, strengthening the regulation of e-waste

recycling, optimization of sedimentation in the double jetty area,

and dredging to reduce resuspension, and prioritizing Cd

monitoring in economically valuable species (e.g., crabs

and bivalves).

This research acknowledges its constraints and the need for

further investigation. First, the number of samples was not sufficient

to elucidate the temporal dynamics of heavy metal pollution in the

Guan River Estuary. Second, the lack of synchronous measurement

of sediment grain size hindered a more detailed exploration of how

grain size influences the spatial distribution and sources of heavy

metals, as this physical parameter is critical for interpreting metal

sorption and transport processes in sediments. Third,

comprehensive data on heavy metal concentrations in different

tissues (such as gills, viscera, and muscles) of aquatic organisms

remain scarce, precluding a thorough understanding of metal

bioaccumulation patterns and their effects on biological growth

and physiological processes. Future research should address these

gaps by conducting long-term, multi-compartment monitoring of

heavy metals in water, sediments, and biota, integrating sediment

grain size analysis to systematically evaluate its effect in modulating

metal distribution and source apportionment. Such approaches

would facilitate more accurate identification of pollution sources

and the development of targeted management strategies to mitigate

contamination risks effectively.
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5 Conclusion

The study investigated the concentrations, characteristics of

contamination, and ecological risks of Cd, As, Zn, Cu, Cr, and Pb in

the surface sediments of Guan River Estuary in China, assessing both

the accumulation of heavy metals by marine organisms and the

potential non-carcinogenic risks to human health. The results showed

that the concentrations of heavy metals in the Guan River Estuary

sediments weremoderate compared with other marine areas around the

world but nevertheless indicated contamination. Through the heavy

metals investigated, Cd was observed to be the main contaminant and

ecological risk factor, and its geo-accumulation index (Igeo) and

ecological risk index (Er) were significantly higher than those of other

heavy metals, indicating that the hazards associated with Cd

contamination and ecological damage were significant in the region.

Heavy metal accumulation in marine organisms varied from species to

species, with crabs, shrimps, and edible molluscs containing significantly

higher levels of heavy metals, especially Cd, than fish, confirming the

accumulation of Cd in the food chain. Nevertheless, the THQ and HI

assessments indicated that most of the tested seafood products did not

pose significant non-carcinogenic risks to human health. The results of

this study can serve as a reference for other estuarine areas facing similar

heavy metal pollution problems. The understanding of Cd as the main

issue can provide guidance for pollution control efforts in regions with

similar geology and human activities. However, in view of the non-

biodegradable nature of heavy metals, it is recommended to strengthen

pollution prevention and control, especially for Cd, and that long-term

Cd-specific monitoring be conducted regularly to monitor its dynamics

in sediments and marine organisms and to provide support for

management and policy development.
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