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• The distribution of heavy metals in three 
mediums was investigated.

• The lowest and the highest concentra
tions of PETs were detected.

• Except Zn, As, and Cd, other PTEs in 
sediment correlated with decreasing 
flow rate.

• As sediments become finer, the concen
tration of heavy metals increases.
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A B S T R A C T

Mangroves play a crucial role in filtering pollutants from water and sediments. However, excessive accumulation 
of potentially toxic elements (PTEs) has harmful effects on marine organisms. This article investigates the 
concentration and distribution of PTEs in water, sediment, and the roots of endangered mangrove species in 
Chabahar Bay, a subtropical coastal wetland. The relationship between PTE absorption and accumulation rates 
with flow rate, mangrove extent, and sedimentation was also explored. Water, sediments, and aerial roots 
samples were taken at four stations along the wetland from upstream fresh water toward outfall. According to the 
results, Cd had more distribution in sediment and water samples and plants did not play as adsorbent in the study 
area. The lowest and highest PTEs concentrations were detected in water and sediment media, respectively. The 
average concentrations of PTEs in the sediments in the Chabahar Bay were Fe > Cr > Zn > Ni > Cu > Pb > Co >
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As > Cd while in aerial roots of the mangroves were Fe > Zn > Ni > Cr > Cu > Co > As > Pb > Cd. Except Zn, As, 
and Cd, there was a good correlation between increasing PTEs content in the sediments with decreasing flow 
velocity and increasing vegetation density along stations 3 to 4. In addition, the amount of PTEs uptake by the 
mangroves was less than that of global wetlands. The results also demonstrated a greater uptake in aerial roots in 
saline water for Cr, Ni and Co. Since the absorption rate of PTEs by the aerial roots of pneumatophores is slower 
than that in sediments, elevated concentrations of PTEs in the sediment can disrupt the entire ecosystem, leading 
to a potential decline in biodiversity. These toxins can enter the food chain, affecting not only organisms directly 
interacting with the sediment but also higher trophic levels, such as fish and birds.

1. Introduction

The accumulation of potentially toxic elements (PTEs) in natural 
aqua systems like wetlands threatens human health and biodiversity due 
to their persistence and toxicity (Aradpour et al., 2020; Azhar et al., 
2024; Calmuc et al., 2021; Dias and Nayak, 2016; Ji et al., 2018; Liu 
et al., 2020; Torabi Kachoosangi et al., 2020; Yüksel et al., 2021). PTEs 
originating from municipal wastewater, agricultural and industrial ac
tivities, mining, energy production, and transportation have highly 
affected wetland, coastal areas, and marine ecosystems (Boehnert et al., 
2020; Fernandez-Maestre et al., 2018; Kang et al., 2017; Kobdang et al., 
2024; Rashid et al., 2023; Xinyu et al., 2024; Yüksel et al., 2024). While 
PTEs such as Cu, Ni, and Zn are essential for aquatic life, they can be 
harmful at a certain concentration and pose a risk to aquatic biodiver
sity. Moderate to high Cd and Zn leaching poses a high ecological risk 
primarily attributable to human activities (Moushmi et al., 2022).

When PTEs from sewage and industrial effluents are discharged into 
rivers and coastal area without adequate treatment, they accumulate 
and form contaminated bed load that causes toxic effects on aquatic 
fauna and flora (Sun et al., 2015; Lim et al., 2022; Nour and El-Sorogy, 
2020; Siegel, 2002). Such anthropogenic PTEs tend to interact with clay 
and organic matter in sediments through processes such as ion ex
change, complexation, and chemical adsorption (Adikaram et al., 2024; 
Kumar et al., 2022; Li et al., 2015a, 2015b; Wang et al., 2018; Zhang 
et al., 2014). In addition, organometallic compounds are formed in 
sediment from various oxides and humic substances that finally result in 
accumulation of heavy metals in surface sediments (Nasrabadi et al., 
2022; Ranjan et al., 2018; Violante et al., 2010). These procedures result 
in higher bioavailability and exposes more serious risks to aquatic eco
systems than metal pollution from natural sources (Li et al., 2015a, 
2015b; Marchand et al., 2016; Partani et al., 2024a; Palma et al., 2015; 
Yaşar Korkanç et al., 2024). Thus, when examining the anthropogenic 
impacts on wetlands and coastlines, it is recommended to concentrate 
not only on the total concentration of PTEs but also on the chemical 
fraction of metals in surface sediments. Chemical partitioning and 
sequential extraction methods are commonly used to detect pollutions 
and identify the bonds of sediments with trace metals (Karbassi et al., 
2006; Xu et al., 2016; Zhou et al., 2024b). These processes provide 
valuable information on the origin, physicochemical availability, 
mobilization, and transport of trace metals in nature (Bourgeois et al., 
2019; Nemati et al., 2011; Rao et al., 2010; Santos et al., 2024).

Mangrove forests act as the natural buffer to remove nutrients, pol
lutants, and sediments (Wang et al., 2022; Zhao et al., 2022). They also 
protect coastal zones against erosion and play an essential role in the 
ecosystem conservation and coastline stability (Bai et al., 2012; Feng 
et al., 2017; Lee et al., 2014). Studies have demonstrated that mangrove 
roots can effectively trap PTEs, and their tissues can absorb metal 
released into the nearby marine environment (Alongi et al., 2004; Qiu 
et al., 2011; Ray et al., 2021; Lacerda et al., 2024; Mohamad Pazi et al., 
2021; Nagelkerken et al., 2008; Partani et al., 2015; Yang et al., 2008). 
Despite their high advantages as phytoremediators (Rai, 2008; Yap and 
Al-Mutairi, 2023), mangroves are threatened species under ongoing 
decrease due to both natural climate variability and anthropogenic 
impacts (Bakshi et al., 2018; Hossain Bhuiyan et al., 2022; Lewis et al., 
2011; Ram et al., 2018). They are disappearing at an annual rate of 1 % 

to 2 % due to over-exploitation and pollution (Duke et al., 2007; Wilkie 
and Fortuna, 2003).

Air and water quality, freshwater availability, and health of aquatic 
resources are threatened by climate change, population increases, 
industrialization, urbanization, and land use change (Osintseva and 
Ishutin, 2023; Ding et al., 2024; Shen et al., 2024). Wetlands have been 
seriously threatened due to anthropogenic pollution such as the releases 
of industrial effluent, pesticides, metals and metalloid particles, polluted 
urban runoff, and contaminated solids (Banerjee et al., 2012; Gamón 
et al., 2003; Johnson and Harrison, 2015). These threats have led to 
global environmental challenges resulting from the destruction of this 
valuable environment across the world. According to Alongi (2002), 
>30 % of the world’s mangrove has been disappeared in the recent five 
decades. Such a situation was also reported in Iranian mangrove eco
systems that mostly seen in northern part of the Persian Gulf and Oman 
Sea (Zahed et al., 2010).

It has been well-documented that the distribution of heavy metals in 
biota and sediment is significantly affected by the properties of the 
sediment, including pH, redox potential and particle size (Maghrebi 
et al., 2018; Otero et al., 2009; Shin and Lam, 2001; Tam and Wong, 
1996; Zhang et al., 2014). These characteristics effect the spatial dis
tribution of different tree/mangrove species (Marchand et al., 2004), 
which in turn influences on metal accumulation and sediment toxication 
(Agah et al., 2016; Chakraborty et al., 2016; Almahasheer, 2019). 
Therefore, recognizing the degree of toxicity and metallic pollution in 
shallow coastlines is an important task in marine environmental pro
tection studies. Our review on the associated literature has shown that 
most of earlier studies have focused on the geochemical process of ab
sorption of heavy metals and trace elements in sediment and water, 
while flow velocity, plant density, aerial roots, and their physiological 
features may significantly affect the pollutant concentration. To fill the 
gap between the geochemical approach and distribution of sampling in 
three mediums (i.e., water, sediment, and plants), a third medium has 
been selected in this study, and the toxicity and PTEs pollution in the 
mangroves of Chabahar Bay, which is one of the shallow coasts with 
high bio-production capacity and great environmental diversity, were 
investigated. In this study, spatial changes, mobility, and bioavailability 
of PTEs in sediment, plants, and water along the flow path at four sta
tions were investigated, and for the first time, the contribution of each 
media in absorbing the PTEs at Chabahar Bay was identified. Variety of 
pollution indicators were used to estimate the extent of heavy metal 
contamination as the core of PTEs in the study area. Furthermore, the 
findings were compared with existing data from other wetlands and 
plant sediments.

2. Materials and methods

2.1. Study area

One of the important environmental feature of shallow coastline at 
the northern region of Persian Gulf (Moradi and Moradi, 2020) and Sea 
of Oman is extended mangrove forest with rich biodiversity and 
important ecosystem e.g. this area is the inhabitant of 107 different 
species of fish (Eagderi et al., 2019), including two endangered fish 
species, six species of shrimp, ten species of crabs (Ghotbeddin et al., 
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2012; Mehanna et al., 2012; Moradmand and Sari, 2007), five species of 
fish snakes, and one species of marine mammals.

The study area is located at 25◦.24′ North latitude and 60◦.36′ East 
longitude, in the southeast of Iran at Makran coastline and the northern 
region of the Sea of Oman. The study area is shown in Fig. 1. The most 
important environmental threats in this free zone and industrial regions 
are a) industrial shipping b) the existence of a petrochemical unit and 
steel plant, c) the discharge of domestic sewage into the sea environment 
d) massive desalination plants. The mean annual rainfall in this area is 
equal to 117 mm with high inter-annual variability due to the influence 
of the Indian subcontinent monsoon. The average monthly temperature 
of this region is about 25.8 ◦C with no freezing throughout the year. The 
area is affected by the sea tide which is about 350 ha in some areas with 
dense vegetation and others with little or no vegetation. The length of 

the studied reach is 4700 m from the beginning of vegetation to the 
entrance to Chabahar Bay, which is connected to the wetland by a canal 
at about 200 m after the vegetation starts. Since there was no previous 
research in this area, the lowest catchment for flow into the sea was 
selected as the sampling site for water and sediment. Upon analysing the 
initial experimental results and considering the path length and waste
water input, we identified four stations along the path for sampling 
water, sediment, and plants. These stations (see Fig. 1) were chosen 
based on their strategic locations as described in Table 1.

2.2. Sampling

The water, sediment, and roots of the plant were sampled at four 
stations. The methods used for sampling and PTEs measurement were 

Fig. 1. A schematic overview of our study area and the location of taken samples.
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based on WHO, UNESCO, and the US Environmental Protection Agency 
(EPA) sampling guidelines. Table S1 listed the variable testing and 
measurement methods. The samples were placed in special containers in 
the monolithic chamber containing ice and transported to a trusted 
laboratory for required analysis. To prevent unknown contamination, all 
the sampling containers were washed with distilled water. The sediment 
samples were dried in an oven and turned into powder so that the 
digestion process could be done well. Acidic digestion operations have 
been carried out at 100 ◦C. Perchlorate was done in a ratio of 1 to 4 for 4 
h. Then, the concentration of heavy metals was determined using the 
ICP-OES device.

A one-day monitoring was conducted in the stream at the man
groves’ habitat to gather information on the flow path, inputs and out
puts, and vegetation growth locations. Table 2 shows the measured 
parameters of water quality in stations 1 (before wastewater inlet) and 2 
(after wastewater release).

Flow velocities were measured at the stations using a cork and a 
stopwatch. Moreover, the height of the water surface from the bed and 
the timing of the movement of the cork at the water surface to a specified 
distance at several points along the flow path were measured. It should 
be noted that these measurements were performed before the lowest tide 
height. Also, the water velocity measurements were done when the 
height of the water was sufficient to have flow through the roots but not 
much higher than the roots which influenced the water velocity and its 
relation to changes in the number of PTEs.

Flow velocity measurements indicate that Station 2 exhibits a higher 
velocity compared to Station 1. Consequently, Station 2 experiences 
greater turbulence and disturbance, which increases the surface area of 
water exposed to the atmosphere. This enhanced exposure facilitates a 
higher rate of oxygen transfer from the air into the water, resulting in 
elevated levels of DO at Station 2.

2.3. Root index of bioaccumulation factor (BCF)

To measure the amount of heavy metal which can state PTEs uptake 
and distribution in plants tissue, root index of Bioaccumulation factor 
(BCF) was used in this study. As expressed in Eq. (1), BCF is the ratio of 
the PTEs concentration in aerial roots of plant (Croot) to the PTEs con
centration in sediment (Croot), which is usually less than one. 

BCF =
Croot

Csediment
(1) 

2.4. Hakanson contamination coefficient and pollution load index

The pollution coefficient of Hakanson (Hakanson, 1980) or Cf is used 
to determine the degree of contamination of anthropogenic heavy 
metals (Eq. (2)). 

Cf =
Mesample

Mebackground
(2) 

Four levels of contamination are listed in Table 3 to describe the level 
of metal pollutants.

The pollution load index (PLI) (Eq. (3)) was developed by Tomlinson 
et al. (1980) to understand the status of heavy metals that can state 
PTE’s pollution. The PLI is close to one indicates that the load or con
centration of heavy metals that is close to the background concentration, 
and if it is more than one it indicates that the sediment is contaminated: 

PLI =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∏i

1
Cfn

√

, i = 1.2.3…n (3) 

where the Cf is the pollution coefficient of Hakanson.

2.5. Quality control/assurance (QA/QC)

QA/QC cases were considered to ensure that the study method did 
not qualitatively interfere. Therefore, during the sampling operation, 
two samples were taken from all stations (double sampling) and trans
ferred to the laboratory in two separate freezers. Also, from the samples 
transferred to the laboratory, samples from each station were re- 
measured. The least numerical value was given to the mathematical 
equations in the processing of laboratory data that had minimal 
amounts, and the laboratory gave very low values.

3. Results

3.1. Flow velocity and cross-sectional area

Spatiotemporal distributions of the solute and heavy metals may 
exhibit different characteristics upon the flow velocity at different cross 
sections (Zhu et al., 2023). In the present study, the cross-sectional area 
was calculated from the sum of the trapezoidal regions whose two sides 
were the depth of path and the height of the transverse points of the 
points. Also, the flow rate at each cross-section was calculated from the 
product of the average real water velocity on both sides of each trape
zoid in its trapezoid area that the actual water velocity was 0.85 m/s. 
Also, the surface water velocities measured at each station which is 
shown in Fig. 2.

3.2. Vegetation density and flow characteristics

Vegetation plays an important role in root water absorption and 
improving slope stability (Cheng et al., 2024). As mentioned earlier, 
station 1 does not have permanent flow. Water only reaches the area 
when the sea level is at its highest, and after the tide begins, this part of 
the lagoon drains sediments from the pond. The elements of this section 
are therefore excluded from consideration. According to the data 

Table 1 
Location of sampling stations.

Station Location Distance from vegetation 
start area (m)

S1 100 m before connecting sewage canal 100
S2 100 m after connecting the sewage canal 

to the industrial city
300

S3 Beginning of the connected and massive 
mangrove cover

1650

S4 1200 m before connecting to sea/end of 
mangrove cover

3500

Table 2 
Water quality measurements at Chabahar Mangrove site.

Water quality parameters Station 1 Station 2

pH 8.61 8.15
Air temperature (◦C) 20.4 20.6
DO (mg/L) 5.3 8.7
Water temperature 20 20.5
EC (mS/cm) 67.4 51.3
Salt (ppt) – 34.8

Table 3 
Hakanson contamination factor grouping.
Sediment contamination coefficient Cf

Low pollution factor 1≤

Average contamination coefficient 1–3

Significant contamination coefficient 3–6

Very high pollution factor ≤6
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collected from the flow path sections, Flow characteristics (hydraulic 
parameter) in the wetland to calculated, at station 3, the width of the 
flow path was low, and the maximum water velocity was measured at 
this station. Its value at this point was approximately three times the 
maximum velocity of stations 3 and 4. The high-water velocity at the 
inlet of the sewage to the wetland and the change in direction of its 
movement caused eddy currents and soil slip, creating a large depth of 
water to the right. At this station, the water depth drops rapidly at the 
side of the track and adheres to a low slope surface reducing the flow 
rate by one-third. These conditions may have created a suitable envi
ronment for the deposition of fine particulate matter and sediment for
mation along the channel.

Although the cross-sectional area of the flows was one-quarter of the 
total cross-sectional area of the waterway, calculations showed that 
water flow in this area was one-tenth of the total flow at this station. At 
station 3, the channel width increased and therefor, water velocity was 
lower than at station 2, decreasing by one-third. Additionally, water 
velocity at station 3’s edge was 70 % of that in the middle of the flow 
path. This deceleration created favourable environmental conditions for 
sediment deposition. The process of increasing flow path width and 

decreasing water velocity continued up to about 1000 m ahead of station 
3, improving conditions for sedimentation. Vegetation also increased 
and expanded. Station 4 had steeper banks than station 3. The cross- 
sectional area, which included roots and plants, accounted for 2 % of 
the whole cross-sectional area of the watercourse. This area at stations 2 
and 3 was 25 % and 12 %, respectively. As a result, water velocity in the 
middle of this route was not different from station 3 but slightly lower on 
its sides. However, steep slopes made this path’s margin less extensive. 
Vegetation width also declined. In general, it can be said that with 
decreasing water flow velocity, especially on sloping sides of streams, 
PTE concentrations in sediments increased while vegetation grew and 
expanded.

3.3. Concentrations of the selected PTEs’ in water, sediment, and plant 
root

Tables S2 and S3 listed the elements and their concentrations in 
sediment and areal root of mangroves, respectively. Among 50 elements 
(see Table S3) measured, eight elements including Cu, Pb, Ni, Cr, Co, Fe, 
Cd, As, and Zn that have commonly been explored in other mangrove 

Fig. 2. Cross-section and discharge of flow in (a, b) station 1, (c, d) station 2, (e, f) station 3, and (g, h) station 4.
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forests (e.g., Awal et al., 2009; Cheraghi et al., 2013) were considered as 
PTEs in this study. It is worth to mention that while Fe is an essential 
element for many biological processes, an excess of Fe2+ (ferrous iron) 
can be harmful. Organisms that inhabit or are near the sediment can be 
adversely affected by elevated Ee levels, which may disrupt their habitat 
and interfere with their physiological processes. Therefore, Fe was 
considered toxic in this study.

Table 4 tabulated the measured concentrations of selected PTEs in 
water, sediment, and aerial roots of mangrove forest at each sampling 
station. The relative percentage of selected PTEs concentration in water, 
sediments, and plants roots were also presented in Fig. 3. When the 
concentration values of these metals (except iron) in water were <0.005 
ppm, they were eliminated from analysis. For iron concentration, 0.1 
ppm was considered as the threshold value. As a result, for numerical 
analysis, the most moderate values were considered.

According to Table 4 and Fig. 3, the lowest concentrations of the 
PTEs are in the water and the highest are in the sediment. Fe and Ca are 
respectively the highest and lowest concentrations of PTEs in all three 
media. Except station 2 where Zn is higher at the root of the plant 
(Table 4), this trend is evident in all the elements. PTEs concentration 
also increased compared to station 3. The increase in PTEs concentra
tions in sediments and vegetation growth in this area are well correlated. 
Zn is an essential element for plant growth and involved in many 
metabolic and physiological processes of the plant (Macfarlane and 
Macfarlane, 2003). Also, the average order of concentration of PTEs in 
the sediment of Chabahar Bay is Fe > Cr > Zn > Ni > Cu > Pb > Co > As 
> Cd, and the order of PTEs concentration in plant roots is in the form of 
Fe > Zn > Ni > Cr > Cu > Co > As > Pb > Cd. So, after iron, Cr has the 
highest concentration in the sediment, but in the plant root, Zn has the 
highest content after iron.

3.4. The vegetation of area and amount of selected PTEs

The study channel is started from the vegetation growth site and 
continued to the junction with a length of 4700 m. Mangrove density at 
the beginning of this habitat (station 1) is low. On the other hand, the 
sewage canal of the industrial town was connected to the wetland about 
200 m after the plants started. The vegetation on the channel bank was 
strengthened shortly after the sewage junction (station 2) too. At 1500 
m, the mangrove density decreases again, but at 1600 m, it began with 
denser cover (station 3). According to Google’s photo review, vegetation 
was expanding between stations 2 and 3, which will continue to lead to 
continued vegetation in the area. Moreover, the route continues after 

station 3 with a mass coverage of approximately 2000 m (station 4). The 
highest density and area of vegetation was in the middle of stations 3 
and 4. This density extends up to 300 m off the main route. Also, the last 
1000 m of the route was after station 4 with no vegetation. The number 
of mangrove roots per square meter for the stations was measured as 39, 
56, 84, and 48, respectively.

Since station 1 situated in upstream, and seawater reaches this point 
twice a day during the highest tide, and after 2 to 3 h, this part of the 
wetland becomes empty. The high concentration of metals in station 1 
can be due to the longer water retention time of the wetland and thus a 
greater chance of sediment absorption. Also, it enters the sewage canal 
at the highest water level. But shortly after the tide begins, the stream 
flows back and the water mixed with sewage returns to the wetland. It 
seems that the velocity of inflow into the wetland and the creation of a 
rotating flow at the third station have eliminated the conditions for fine- 
grained sedimentation. Toward downstream, the slower flow, especially 
along the riverbank, increases the chance for PTEs to be absorbed by 
sediment, and the results of experiments show that the concentration of 
metals in station 3 sediment has also increased. At the downstream, the 
number of metals in the sediment decreased, probably due to the hy
drodynamic effects of the tide, increased flow velocity shortly after the 
start of the tide, and high volumes of water withdrawal from the lagoon 
and greater mixing of seawater. The most notable observation is the 
positive correlation between PTEs concentration in sediment and 
vegetation cover extent. From station 3 to station 4, the channel width is 
increasing. Thus, the flow velocity is decreasing. This situation creates 
more time for deposition and uptake of metals in root and is expected to 
be an effective factor in increasing vegetation cover in this reach. The 
calculated cross-correlation coefficients were presented in Tables 5 and 
6.

The results show that Zn, As, and Cd show a reverse trend in a 
deposition with other metals and vegetation. However, the amount of Zn 
in the plant correlated well with the increase in plant density. As pre
viously mentioned, some metals are essential for plant growth and 
involved in many metabolic and physiological processes of the plant. 
Increased vegetation causes a large amount of Zn to enter the plant 
tissues. This could be the reason behind the decrease concentration of Zn 
in the sediment. Considering Tables 5 and 6, vegetation had a little effect 
on the amount of Co and its changes in sediment perhaps due the flow 
velocity and sedimentation along the wetland.

Table 7 summarised the ratio of changes in the concentration of PTEs 
in sediment and root between successive stations. For an individual 
metal, the ratio is calculated by dividing the difference of the desired 

Table 4 
Concentrations of selected PTEs’ in water, sediment, and root (ppm).

Media Station Cu Pb Ni Cr Co Fe Cd As Zn

Water S1 <0.005 <0.005 <0.005 <0.005 <0.005 >0.1 <0.005 <0.005 <0.005
S2 <0.005 <0.005 <0.005 <0.005 <0.005 >0.1 <0.005 <0.005 <0.005
S3 <0.005 <0.005 <0.005 <0.005 <0.005 >0.1 <0.005 <0.005 <0.005
S4 <0.005 <0.005 <0.005 <0.005 <0.005 >0.1 <0.005 <0.005 <0.005
Average <0.005 <0.005 <0.005 <0.005 <0.005 >0.1 <0.005 <0.005 <0.005
Min <0.005 <0.005 <0.005 <0.005 <0.005 >0.1 <0.005 <0.005 <0.005
Max <0.005 <0.005 <0.005 <0.005 <0.005 >0.1 <0.005 <0.005 <0.005

Sediment S1 24 13 51 102 11 21,743 0.25 4.3 33
S2 18 11 30 111 6 14,941 0.29 5.6 46
S3 38 14 47 138 9 22,091 0.25 4.7 29
S4 11 10 15 67 3 10,622 0.3 7.7 42
Average 22.75 12.00 35.75 104.50 7.25 17,350 0.27 5.58 37.50
Min 11 10 15 67 3 10,622 0.25 4.3 29
Max 38 14 51 138 11 22,091 0.3 7.7 46

Root S1 14 1.965 21.674 20.042 4.173 9491 0.01 1.998 39.918
S2 14 1.083 13.023 12.751 2.426 6082 0.01 1.953 27.983
S3 8 1.236 15.82 14.878 2.639 7544 0.01 1.987 39.951
S4 8 1.524 14.652 16.746 2.323 7263 0.01 2.471 31.253
Average 11.00 1.45 16.29 16.10 2.89 7595 0.01 2.10 34.78
Min 8 1.083 13.023 12.751 2.323 6082 0.01 1.953 27.983
Max 14 1.965 21.674 20.042 4.173 9491 0.01 2.471 39.951
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metal concentrations to its concentration in previous station. This ratio 
is generally lower in the root zone in comparison to sediments of the 
same area. In cases where these changes are greater, this is could 
because of the release of sewage into the lagoon between Station 1 and 
Station 2. As can be seen from the values in Table 5, the increase in flow 
velocity was inversely correlated with the increase in vegetation cover 
and the amounts of metals (except Zn, As, and Cd) in the sediment.

3.5. Concentration of selected PTEs in the root

Plants absorb the metals present in the sediment by their roots, so 

PTEs may be found in their tissues. The calculation of root BCF showed 
the ratio of PTEs uptake by mangrove root (Table 8).

Increasing the concentration of a metal in sediment generally in
creases the amount of the same metal in plant root. As mentioned 
earlier, the changing ration in the plant roots is usually lower than in the 
sediments, so this increase may not be seen in BCF. Except for Zn, As, 
and Cd, which have the opposite behaviour of other metals, this ratio at 
station 4 is significantly increased compared to station 3 (Fig. 4). This is 
not due to an increase in the amount of PTEs in the plant root, but rather 
due to a decrease in the concentration of metals in sediments at station 4, 
which is also the end of the vegetation. This is also true for the Zn, As, 

Fig. 3. Percentage of the selected PTEs concentration in water, sediments and plants roots [(a) Pb; (b) Cu; (c) Fe; (d) Co; (e) Cr; (f) Ni; (g) As; (h) Cd].
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and Ca, which means that the increase in the concentration of these 
three metals in the sediment has reduced the coefficient, which again 
confirms the reverse behaviour of these three PTEs.

3.6. Results of CF and PLI

According to the Hakanson’s coefficient of contamination, the con
centration level of Ag and Ca is high, the Sr element is medium to sig
nificant, and for the other elements is medium or low. The results are 

presented in Table 9.
Also, the calculation of PLI value for selected elements in the all- 

measured metals was less than one and indicated low metal contami
nation of the area (Table 10).

3.7. Sediment gradation

Sieve analysis was used for better understanding the physical fea
tures of the sediment samples. Based on the particle size distribution 

Table 5 
Correlation coefficient - sediment metal concentration, plant density (number of roots per square meter) and average flow path velocity- Stations 2, 3 and 4. S.D. and 
Vaverage stands for vegetation density and average velocity, respectively.

Sediment Cu Pb Ni Cr Co Fe Cd As Zn V.D. Vaverage

Cu 1
Pb 1.000 1
Ni 0.972 0.970 1
Cr 0.918 0.914 0.985 1
Co 0.963 0.961 0.999 0.991 1
Fe 0.992 0.990 0.994 0.961 0.990 1
Cd − 0.998 − 0.999 − 0.956 − 0.891 − 0.945 − 0.982 1
As − 0.878 − 0.874 − 0.966 − 0.996 − 0.974 − 0.933 0.847 1
Zn − 0.887 − 0.892 − 0.755 − 0.631 − 0.731 − 0.820 0.914 0.559 1
V.D. 0.999 1.000 0.963 0.901 0.952 0.986 − 1.000 − 0.859 − 0.905 1
Vaverage − 0.810 − 0.816 − 0.651 − 0.510 − 0.623 − 0.727 0.845 0.431 0.989 − 0.832 1

Table 6 
Correlation coefficient of plant root concentration, plant density (number of roots per square meter) and average flow path velocity - Station 2, 3, and 4.

Root Cu Pb Ni Cr Co Fe Cd As Zn V.D. Vaverage

Cu 1
Pb − 0.766 1
Ni − 0.909 0.429 1
Cr − 0.884 0.978 0.610 1
Co − 0.197 − 0.480 0.587 − 0.284 1
Fe − 0.983 0.637 0.970 0.785 0.371 1
Cd – – – – – – –
As − 0.550 0.958 0.153 0.876 − 0.710 0.390 – 1
Zn − 0.711 0.092 0.939 0.300 0.829 0.827 – − 0.196 1
V.D. − 0.305 − 0.378 0.674 − 0.175 0.994 0.473 – − 0.627 0.887 1
Vaverage 0.782 − 0.198 − 0.970 − 0.400 − 0.765 − 0.882 – 0.091 − 0.994 − 0.832 1

Table 7 
The ratio of changes in concentration of PTEs in sediment and root between successive stations.

Factors Stations ratio Cu Pb Ni Cr Co Fe Cd As Zn

Sediment S2/S1 − 0.25 − 0.15 − 0.41 0.09 − 0.45 − 0.31 0.16 0.30 0.39
S3/S2 1.11 0.27 0.57 0.24 0.50 0.48 − 0.14 − 0.16 − 0.37
S4/S3 − 0.71 − 0.29 − 0.68 − 0.51 − 0.67 − 0.52 0.20 0.64 0.45

Root S2/S1 0.00 − 0.45 − 0.40 − 0.36 − 0.42 − 0.36 0.00 − 0.02 − 0.30
S3/S2 − 0.43 0.14 0.21 0.17 0.09 0.24 0.00 0.02 0.43
S4/S3 0.00 0.23 − 0.07 0.13 − 0.12 − 0.04 0.00 0.24 − 0.22

Table 8 
Distribution factor of selected PTEs (ppm) from sediment to root.

Parameter/factor Cu Pb Ni Cr Co Fe Cd As Zn

Sediment S1 24 13 51 102 11 21,743 0.25 4.3 33
S2 18 11 30 111 6 14,941 0.29 5.6 46
S3 38 14 47 138 9 22,091 0.25 4.7 29
S4 11 10 15 67 3 10,622 0.3 7.7 42

Root S1 14.00 1.97 21.67 20.04 4.17 9491 0.01 2.00 39.92
S3 14.00 1.08 13.02 12.75 2.43 6082 0.01 1.95 27.98
S4 8.00 1.24 15.82 14.88 2.64 7544 0.01 1.99 39.95
S6 8.00 1.52 14.65 16.75 2.32 7263 0.01 2.47 31.25

Root BCF S1 0.58 0.15 0.42 0.20 0.38 0.44 0.04 0.46 1.21
S3 0.78 0.10 0.43 0.11 0.40 0.41 0.03 0.35 0.61
S4 0.21 0.09 0.34 0.11 0.29 0.34 0.04 0.42 1.38
S6 0.73 0.15 0.98 0.25 0.77 0.68 0.03 0.32 0.74
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graph (Fig. S1), all samples are placed on the sand or gravel class. Ac
cording to unified soil classification, S1, S2, and S3 are poor gravel (GP), 
well gravel (GW) and well sand., respectively. All S1, S2 and S3 samples 
categorized in poor sand (SP) category.

PTE accumulation in sediments is influenced by many environmental 
factors, including acidity, the type and concentration of organic and 
inorganic substances in sediments, particle size, and metal content in the 
environment (Nitopi et al., 2024). When metals enter the environment, 
they rapidly attach to fine particles and accumulate on the sediment 
affected by wetlands during the day and its aggregation is more 
consistent with the surrounding environment. Water velocity rises at its 
highest level and water reaches station 1 after crossing a low slope. This 
relaxation provides sedimentary conditions for grains before reaching 
station 1. Additionally, a higher volume of water enters the sewage canal 
from the deep part of the route at station 2, causing the number of fine 
grains transferred to station 1 to be low. As a result, the percentage of 
coarse grains in station 1 sediments is high. The constant discharge of 
sewage at station 2 and the rate of water discharge during tide have 
caused fine-grained washings and even fine-grained sediments return to 
the wetland (station 2) before settling. Grading results show that the 
number of coarse grains at station 2 is higher than at all other stations. 
Station 2 is near the lagoon’s endpoints when seawater reverses; water 
slowly reaches station 2, where the water level rises and spreads in the 
low slope margin of the flow path. Since this is a good location for fine- 
grained sedimentation, fine grains are larger than at stations 1 and 2 and 

may be one reason for increased vegetation cover between stations 2 and 
3. After station 2, the wetland returns to normal. That is, as we move 
toward the sea, as water flows and the lagoon relax, coarse grains and 
then fine grains become more likely to settle. This trend is well observed 
at stations 3, and 4. There appears to be a good relationship between 
increasing PTE content in sediment, fine-grained sedimentation, 
reduced flow rate, and increased vegetation cover from station 3 to 
station 4. The station 4 is characterized by fine-grained sediments, 
leading to the highest absorption of arsenic in the sediment environment 
at this location. Additionally, the convergence of salt and fresh water, 
along with wave forces in a substantial water body, results in the lowest 
velocity according to Fig. 5, observed at station 4. Consequently, this 
station also exhibits the longest retention time due to these environ
mental factors.

In addition, the increase of total organic matter has an inverse 
relationship with absorption (Tangahu et al., 2011; Zhou et al., 2024a), 
therefore, with the increase of this substance from station 1 to 2, it is 
expected that the absorption of PTEs in the sedimentary environment 
will decrease and predictable, except for the metal’s arsenic, cadmium 
and chromium. Another factor that affects the absorption of PTEs is the 
flow rate (Partani et al., 2024b). Therefore, with the decrease in flow 
velocity in station 3 compared to its previous section (increase in 
retention time) due to the high density of pneumatophores vegetation, it 
is expected that in station 3 PTE absorption in sediment is higher than in 
station 2. Since the size of the sediments in this place was fine-grained. 

Fig. 4. (a) Flow velocity (b) plant density - root BCF for Zn, As, Cd, Fe, Cu, Pb, Ni, Cr, Co.
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Therefore, the conditions of settling are provided in this place, which 
makes the effect of the surface velocity on the absorption of pollutants 
more colourful.

4. Discussion

To discuss the finding of this study, PTEs concentrations in sediment 
were compared with international standards (Table 11) as well as those 
of other wetlands reported in the literature (Table 12). Similarly, PETs 
concentration in the roots of Mangroves were compared with those of 

Table 9 
CF contamination coefficient in sediment.

Sediment CF Sediment pollution

Element S1 S2 S3 S4 S1 S2 S3 S4

Ag 7.86 7.86 5.71 8.00 Very high Very high Significant Very high

Al 0.50 0.34 0.47 0.18 Low Low Low Low

As 0.33 0.43 0.36 0.59 Low Low Low Low

Ba 0.18 0.17 0.18 0.13 Low Low Low Low

Be 0.37 0.33 0.33 0.33 Low Low Low Low

Ca 3.50 4.52 4.36 4.52 Significant Significant Significant Significant

Cd 0.83 0.97 0.83 1.00 Low Low Low Low

Ce 0.59 0.47 0.59 0.37 Low Low Low Low

Co 0.58 0.32 0.47 0.16 Low Low Low Low

Cr 1.13 1.23 1.53 0.74 Medium Medium Medium Low

Cu 0.53 0.40 0.84 0.24 Low Low Low Low

Fe 0.46 0.32 0.47 0.23 Low Low Low Low

K 0.41 0.28 0.40 0.18 Low Low Low Low

La 0.17 0.14 0.17 0.11 Low Low Low Low

Li 0.42 0.27 0.38 0.15 Low Low Low Low

Mg 1.04 0.71 0.95 0.49 Medium Low Low Low

Mn 0.57 0.66 0.61 0.60 Low Low Low Low

Mo 0.23 0.25 0.27 0.28 Low Low Low Low

Na 2.55 1.52 1.73 0.96 Medium Medium Medium Low

Ni 0.75 0.44 0.69 0.22 Low Low Low Low

P 0.73 0.85 1.17 1.82 Low Low Medium Medium

Pb 0.65 0.55 0.70 0.50 Low Low Low Low

S 0.91 0.49 1.17 0.64 Low Low Medium Low

Sb 0.44 0.41 0.43 0.36 Low Low Low Low

Sc 0.58 0.42 0.57 0.31 Low Low Low Low

Sr 1.77 2.63 1.54 3.04 Medium Medium Medium Significant

Th 0.42 0.42 0.42 0.42 Low Low Low Low

Ti 0.49 0.36 0.49 0.21 Low Low Low Low

U 1.35 2.95 2.51 2.57 Medium Medium Medium Medium

V 0.39 0.26 0.39 0.17 Low Low Low Low

Y 0.50 0.50 0.54 0.46 Low Low Low Low

Yb 0.50 0.42 0.54 0.38 Low Low Low Low

Zn 0.48 0.31 0.44 0.18 Low Low Low Low

Zr 0.28 0.19 0.26 0.10 Low Low Low Low

Table 10 
The PLI results for all measured and selected metals.

Station Selected metals (last chapter) Measured metals

S1 0.60 0.63
S2 0.49 0.54
S3 0.64 0.65
S4 0.35 0.43

Fig. 5. Changes in retention time versus metal absorption in sediment.
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international wetlands in Table 13.
Comparison of concentration of PTEs in Chabahar Bey with world 

standards shows that Zn, As, Ca, Fe, Co, and Pb contents are lower than 
world standards, but wetland is not free of contamination.

In the standard table, the ERL is the limit at which 20 % of biological 
communities are at risk, the ERM is at the limit of 50 % of the biological 
communities at risk, and the PEL levels cause adverse effects. In the New 
York sediment quality standard, the two areas were considered the least 
impacted and the most severely impacted. LEL is the lowest effect level, 
SEL is the extreme effect level and TEL is the threshold effect level. The 
amount of copper present at station 3 is higher than the Chinese primary 
standard and at stations 1 and 4 above the USEPA standard, but its 
concentration is not higher than the Chinese secondary standard and the 
US secondary environmental standard. Ni at station 4 is low and at 
station 2 is moderate but at stations 1 and 3 it is above the US Secondary 
Environmental Standard. Also, concentrations of this element are within 
the boundary of the US NOAA Sediment Quality Standard (ERM) and are 
within the range of USEPA adverse effects level (PEL) that should be 
considered. Further, the chromium content is moderate at all stations, 
and only at station 4, its concentration tends to be low, but is above the 

standard US environmental standard. As a result, according to com
parisons with world standards, the amounts of chromium, nickel, and 
copper should be controlled to avoid severe contamination. Compared 
to Bandar Anzali in the north of Iran, Cu and Ni elements are less, but 
more for Pb.

The comparative investigation of lakes and wetlands in the world 
(Table 12) showed a wide variation of concentrations in PTEs which the 
variance of them could be assigned to anthropogenic land uses such as 
industrial but the mean values are flowing a same boundary of con
centrations. These human activities can introduce a range of pollutants 
into aquatic ecosystems, influencing the concentrations of PTEs found in 
these environments. According to Table 12, the concentration of lead, 
copper, cadmium, and chromium is slightly higher than the average of 
the wetlands. Despite the notable differences in individual concentration 
levels across various locations, this observation suggests that local 
conditions can drastically affect PTE levels, potentially leading to spikes 
in contamination due to industrial discharge or runoff.

Comparison of root concentrations with other wetlands with Avi
cennia marina showed that the amount and ability of PTEs to be absorbed 
by the roots of plants in the Chabahar region is like other wetlands. 

Table 11 
Comparison of PTEs concentrations in sediment with international standards.

Cu Pb Ni Cr Co Fe Cd As Zn

Geochemical Background Shalea 45 20 68 90 19 47,000 0.3 13 95
Continental 
crust

55 12.5 75 100 0.2 1.8 70

China CSBTS Class I 35 60 80 0.5 20 150
Class II 100 130 1.5 350
Class III 200 250 270 93 600

US DOE TEC 28 34.2 39.6 56 0.59 12.1 159
PEC 77.7 396 38.5 159 11.7 57 1532
HNEC 54.8 68.7 37.9 312 41.1 92.9 541

Canadian EQG ISGQ 35.7 35 16 37.3 0.6 5.9 123
PELb 197 91.3 36 90 3.5 17 315

NOAA ERL 34 47 20.9 81 1.2 8.2 150
ERMc 270 220 51.6 370 9.6 70 410

Probable Effect Concentration (PEC) Sediment Quality Guidelines 
(SQGs) Ontario MOE

LEL 16 31 16 26 0.6 6 120
PEL 197 91.3 36 90 3.53 315
ERM 390 110 50 145 9 270
TETd 86 170 61 90 3 540
SELe 110 250 75 110 10 33 820

Japan MOE EQS 125 0.01 1 0.01
Japan’s river Sediment Average 30.6 23.1 25.1 65.2 0.158 9.32 118
New York Low 16 32 16 0.6 120

Sever 110 110 50 9 270
USEPA Region I For Mangrove 18.7 30.2 15.9 52.3 0.68 7.24 124
USEPA Region II For Mangrove TEL 17.02 28.39 50.21 0.66 7.02 119.04

PEL 108 112 42.8 160 4.2 41.6 271
RCFf 1.07 0.23 5.6 0.28 0.97 0.3

EU 2002 140 300 75 150 3 300
SQO Netherland target Low 36 85 0.8 2.9 140

High 36 530 2 55 480
Hong Kong ISQV Low 65 75 40 80 1.5 8.2 200

High 270 218 370 9.6 70 410
IAEA 405 47.7 74.8 32.5 84 37,400 0.73 23.6 279
Threshold Effect Contamination LELg 26 31 16 26 0.6 120

TELh 35.7 35 18 37.3 0.596 123
ERLi 70 35 30 80 5 120

This study S1 24 13 51 102 11 21,743 0.25 4.3 33
S2 18 11 30 111 6 14,941 0.29 5.6 46
S3 38 14 47 138 9 22,091 0.25 4.7 29
S4 11 10 15 67 3 10,622 0.3 7.7 42

a The average shale values suggested by Bowen (1979) were used to calculate the indices and coefficients of metal pollution (see Table S4).
b Probable Effect Level.
c Effect Range Medium.
d Toxic Effect Threshold.
e Sever Effect Level.
f Relative Contamination Factor.
g Lowest Effect Level.
h Threshold Effect Level.
i Effect Range Low.
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These kinds of comparisons are essential to comprehending the biolog
ical behaviour and environmental adaptation of mangrove species. The 
BCF coefficient is also in the range of similar metals in other wetlands. 
Compared to the Mahshahr wetland, cadmium concentration and BCF 
coefficient are much lower, probably due to the absence of plating in
dustries in the region. Also, the concentration of Cu and Zn in the root of 

the study area of Hong Kong and Australia is like the Chabahar region 
but the BCF coefficient is lower in the Chabahar region and higher for Zn 
(Table 13). Also, the concentration of Cu in Shenzhen, China, is the same 
as this research, while it is higher for Zn and Pb.

Compared to the finding of the study conducted by Almahasheer 
et al. (2018) for coastal lagoon of the Red Sea, their BCF coefficient was 

Table 12 
Comparison of PTEs concentrations in sediment with other wetlands in the world.

Source Climate Location Cu Pb Ni Cr Co Fe Cd As Zn

Kishe and Machiwa, 2003 Tropical Victoria lake, Tanzania, Africa 38.6 29.6 44.7 0.9
Awal et al., 2009 Tropical Sundarbans-Bangladesh 10.5 19.3 76.1 15.7 173,890 0.6 73.6
Hashem, 1993 Tropical Yanbu-Saudi Arabia 31 26.1 43 2.3 13.3
McAlister et al., 2005 Tropical Rio de janeiro,Brazil 290.6 368.9 73.1 97.3 1284.1
Yongming et al., 2006 Temperate Xi’na, China 95 230.5 167.3 421.5
Imperato et al., 2003 Mediterranean Naples Urban region, Italy 74 262 11 2.5
Murray et al., 2004 Sub-tropical Residential area, South-eastern, 

US.
30 160 24 31 120

Murray et al., 2004 Sub-tropical Commercial area, South-eastern, 
US

32 93 16 27 130

Liang and Wong, 2003 Sub-tropical Mai Po, Hong Kong 78.5 79.2 39.2 2.6 240
Davari et al., 2013 Sub-tropical Bidkhoon, Basatin, Persian Gulf 46 94.8 64.1 181.5
Einollahi Peer and Safahieh, 2011 Sub-tropical Life Booseif, Northwest of Persian 

Gulf
21.8 23.5 73.6 68.6

Einollahi Peer and Safahieh, 2011 Sub-tropical Northern coast of Oman sea, 
Summer

38.3 50.4 26.9

Einollahipeer et al., 2013 Sub-tropical Gulf of Gwatr, Oman Sea 22.1 71.1 53.6
Einollahipeer et al., 2013 Sub-tropical Qeshm Island 42.1 47.9 54.1 43.6
Morillo et al., 2004 Sub-tropical Southwest coast of Spain 49.6 254.4 16.3 1.1
Puttaiah and Kiran, 2008 Sub-tropical Jannapura lake, India 89.8 20.8 40.1 1.9
Bai et al., 2011 Sub-tropical Yilong lake, China 31.4 53.2 36 0.8
Nasirian et al., 2015 Sub-tropical Shadegan, Iran 14.8 14.2 47.1 4.7
Ghazban and Zare Khosh Eghbal, 

2011
Sub-tropical Anzali, Iran 62.3 24.5 75.9 0.3

Karbassi and Bayati, 2005 Average in earth 50 14 80 0.2
Average 54.9 101.5 51.2 55.5 86,967 1.5 204.9
Max 290.6 368.9 80 167.3 173,890 4.7 1284.1
Min 4.7 14 16 11 43 0.2 2.5

This study S1 24 13 51 102 11 21,743 0.25 4.3 33
S2 18 11 30 111 6 14,941 0.29 5.6 46
S3 38 14 47 138 9 22,091 0.25 4.7 29
S4 11 10 15 67 3 10,622 0.3 7.7 42
Average 22.75 12 35.8 104.5 7.3 17,350 0.27 5.58 37.5

Table 13 
Comparison of Some PTEs concentrations in plant root and root BCF with other wetlands in the world.

Source Location Cu Pb Ni Cr Co Fe Cd As Zn

Chen et al., 2003, Ting Kok, Hong Kong Sediment 13 33 55
Root 13 15 16
Root BCF 1.02 0.44 0.29

Alongi et al., 2003, Western Austrailia Sediment 16 34
Root 18 16
Root BCF 1.16 0.48

Zheng and Lin, 1996, Shenzhen, China Sediment 36 31 99
Root 14 3.4 79
Root BCF 0.39 0.11 0.71

Peng et al., 1997, Shenzhen, China Sediment 36 34 106
Root 13 3.5 79
Root BCF 0.37 0.1 0.75

MacFarlane et al., 2003, SE Australia Sediment 61 100 243
Root 101 164 295
Root BCF 1.66 1.64 1.21

Cheraghi et al., 2013, Mahshahr, Iran Sediment 11.19 23.98 5.6 79.93
Root 11.19 11.66 3.34 31.32
Root BCF 1 0.486 0.596 0.392

This study Root S1 14 1.97 21.67 20.04 4.17 9491 0.01 2 39.92
Root S2 14 1.08 13.02 12.75 2.43 6082 0.01 1.95 27.98
Root S3 8 1.24 15.82 14.88 2.64 7544 0.01 1.99 39.95
Root S4 8 1.52 14.65 16.75 2.32 7263 0.01 2.47 31.25
Root BCF S1 0.58 0.15 0.42 0.2 0.38 0.44 0.04 0.46 1.21
Root BCF S2 0.78 0.1 0.43 0.11 0.4 0.41 0.03 0.35 0.61
Root BCF S3 0.21 0.09 0.34 0.11 0.29 0.34 0.04 0.42 1.38
Root BCF S4 0.73 0.15 0.98 0.25 0.77 0.68 0.03 0.32 0.74
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lower for Pb and Cd. On the other hand, Cr and Cu were in a similar 
range, while Fe and Zn were higher.

5. Conclusions

Our surveys on field measurements revealed that the amount of PTEs 
in sediment is generally higher than in plant roots, with the lowest 
concentration found in wetland water, except for Zn, As, and Cd. The 
concentration of PTEs in sediments shows an inverse relationship with 
the streamflow rate; specifically, a decrease in flow velocity results in an 
increase in the quantity of PTEs in the sediment. Additionally, the results 
indicate that the concentration of PTEs in sediments is directly related to 
the extent of vegetation cover, meaning a higher concentration of metals 
is associated with more extensive vegetation. However, this correlation 
does not apply to Zn, As, and Cd.

In addition, we found that the concentration of PTEs in the sediments 
has a direct correlation with the sedimentation process. As the sediments 
become finer in texture, there is an increase in the concentration of 
PTEs. Furthermore, there is an inverse relationship between the flow 
velocity and the presence of fine-grained sediment. This means that a 
slower flow rate results in a higher quantity of fine-grained sediment. 
Additionally, an increase in sedimentation promotes the growth and 
development of vegetation in the area.

This study discovered that the order of concentration of metals in the 
sediment of Chabahar Bay is in the form of Fe > Cr > Zn > Ni > Cu > Cd 
and plant root is in the form of Fe > Zn > Ni > Cr > Cu > Pb > Cd. The 
PTEs were low in the wetland water, so their order was not well char
acterized. The intensity of changes in PTE content in the wetland path at 
the root of the plant is lower than that of the sediments. In addition, the 
changes in trace amounts of Zn, As and Cd in sediment and their relation 
to changes in flow characteristics and sedimentation of other PTEs 
reverse sediments. Also, PTE pollution is generally low by international 
standards and pollution indicators. We concluded that the amount of 
PTE absorbed by the plant root was like other wetlands in the study. Due 
to the increasing vegetation of the wetland, it is suggested that the PTE 
content and the relationship between the characteristics of the wetland 
and the PTE content will be reiterated over the coming years and eval
uate the impact of industrial town growth on PTEs. Since the Chabahar 
Port dock has just been set up Marine transportation traffic is expected to 
increase, greater emissions of pollutants and higher risks of accidental 
spills are expected. This can result in more contaminants, including 
PTEs, being introduced into the seawater. Consequently, the concen
tration of PTEs in the study area may rise, posing a threat to the 
mangrove ecosystem and local human health.

Given the current circumstances and the urgent need to advance the 
oil and gas industries on a transnational scale, the most critical man
agement and executive solution is implementing robust programs and 
algorithms for monitoring and assessing environmental impacts. This 
includes ensuring strict compliance with the ecological requirements 
outlined in the environmental impact assessment report for areas 
directly affected by oil and gas industrial activities. Considering the 
sensitivity to PTEs and the associated health risks, polluting enterprises 
need to install effective pollutant purification systems and filters. 
Additionally, research should focus on analysing the concentration of 
these metals in aquatic environments and living organisms, such as fish, 
birds, and their eggs. Our study was limited to investigate the distri
bution and toxicity of eight metals (Fe, Cr, Zn, Ni, Cu, Pb, Co, As, and Cd) 
in water and belowground part of mangrove ecosystem. Further studies 
are suggested to consider the above ground biomass portion that pro
vides additional information of overall phytoremediation and upward 
metal transport trend, sediment to leaf via root and wood.
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Haghighi, A.T., Klöve, B., 2020. Metal contamination assessment in water column 
and surface sediments of a warm monomictic man-made lake: Sabalan Dam 
Reservoir, Iran. Hydrol. Res. 51 (4), 799–814.

Awal, M.A., Hale, W.H.G., Stern, B., 2009. Trace element concentrations in mangrove 
sediments in the Sundarbans, Bangladesh. Mar. Pollut. Bull. 58 (12), 1944–1948.

Azhar, N., Yap, C.K., Nulit, R., Omar, H., Syazwan, W.M., Leow, C.S., 2024. 
A preliminary study of direct observation and selected water quality monitoring in 
Putrajaya Lake: the status between October–December 2022. Int. J. Sustain. Energy 
Environ. Res. 13 (1), 25–35. https://doi.org/10.18488/13.v13i1.3682.

Bai, J., Cui, B., Chen, B., Zhang, K., Deng, W., Gao, H., Xiao, R., 2011. Spatial distribution 
and ecological risk assessment of heavy metals in surface sediments from a typical 
plateau lake wetland, China. Ecol. Model. 222 (2), 301–306.

Bai, J., Xiao, R., Zhang, K., Gao, H., 2012. Arsenic and heavy metal pollution in wetland 
soils from tidal freshwater and salt marshes before and after the flow-sediment 
regulation regime in the Yellow River Delta, China. J. Hydrol. 450, 244–253.

Bakshi, M., Ghosh, S., Chakraborty, D., Hazra, S., Chaudhuri, P., 2018. Assessment of 
potentially toxic metal (PTM) pollution in mangrove habitats using biochemical 
markers: a case study on Avicennia officinalis L. in and around Sundarban, China. 
Mar. Pollut. Bull. 133, 157–172.

Banerjee, K., Senthilkumar, B., Purvaja, R., Ramesh, R., 2012. Sedimentation and trace 
metal distribution in selected locations of 493 Sundarbans mangroves and Hooghly 
estuary, Northeast coast of India. Environ. Geochem. Health 34, 27–42.

Boehnert, S., Ruiz Soto, S., Fox, B.R.S., Yokoyama, Y., Hebbeln, D., 2020. Historic 
development of heavy metal contamination into the Firth of Thames, New Zealand. 
Geo-Mar. Lett. 40, 149–165.

Bourgeois, C., Alfaro, A.C., Dencer-Brown, A., Duprey, J.L., Desnues, A., Marchand, C., 
2019. Stocks and soil-plant transfer of macro-nutrients and trace metals in temperate 
New Zealand estuarine mangroves. Plant Soil 436, 565–586.

Bowen, H.J.M., 1979. Environmental Chemistry of the Elements (London). 
Calmuc, V.A., Calmuc, M., Arseni, M., Topa, C.M., Timofti, M., Burada, A., Iticescu, C., 

Georgescu, L.P., 2021. Assessment of heavy metal pollution levels in sediments and 

S. Partani et al.                                                                                                                                                                                                                                 Science of the Total Environment 954 (2024) 176635 

13 

https://doi.org/10.1016/j.scitotenv.2024.176635
https://doi.org/10.1016/j.scitotenv.2024.176635
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0005
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0005
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0005
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf5000
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf5000
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf5000
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0010
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0010
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0015
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0015
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0020
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0020
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf5005
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf5005
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf5005
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0025
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0025
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0025
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0030
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0030
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0030
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0030
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0035
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0035
https://doi.org/10.18488/13.v13i1.3682
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0045
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0045
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0045
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0050
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0050
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0050
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0055
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0055
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0055
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0055
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0060
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0060
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0060
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0065
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0065
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0065
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0070
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0070
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0070
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0075
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0080
http://refhub.elsevier.com/S0048-9697(24)06791-3/rf0080


of ecological risk by quality indices, applying a case study: the Lower Danube River, 
Romania. Water 13 (13), 1801.

Chakraborty, P., Chakraborty, S., Jayachandran, S., Madan, R., Sarkar, A., Linsy, P., 
Nath, B.N., 2016. Effects of bottom water dissolved oxygen variability on copper and 
lead fractionation in the sediments across the oxygen minimum zone, western 
continental margin of India. Sci. Total Environ. 566, 1052–1061.

Chen, X., Tsang, Chan, L., 2003. Heavy metals contents in sediments, mangroves and 
bivalves from Ting Kok, Hong Kong. China Environ. Sci. 23 (5), 480–484.

Cheng, P., Wu, L., Zhang, H., Zhou, J., 2024. Inclusion of root water absorption and 
reinforcement in upper bound limit stability analysis of vegetated slopes. Comput. 
Geotech. 169, 106227.

Cheraghi, M., Dadolahi, S.A., Safahieh, A., Ghanemi, K., Doraghi, A., 2013. A study on 
the heavy metals accumulation in sediment, leaf and root of Avicennia marina in 
Khuzestan Province. J. Mar. Sci. Technol. 11 (4), 46–56 (in Farsi). 

Davari, A., Khorasani, N., Danehkar, A., 2013. Comparison of heavy metal concentration 
in Bidekhun, Basatin and melgonze mangrove forests. Iran. J. Appl. Ecol. 1 (2), 
15–26.

Dias, H.Q., Nayak, G.N., 2016. Geochemistry and bioavailability of mudflats and 
mangrove sediments and their effect on bioaccumulation in selected organisms 
within a tropical (Zuari) estuary, Goa, India. Mar. Pollut. Bull. 105 (1), 227–236.

Ding, B., Zhang, J., Zheng, P., Li, Z., Wang, Y., Jia, G., Yu, X., 2024. Water security 
assessment for effective water resource management based on multi-temporal blue 
and green water footprints. J. Hydrol. 632, 130761.

Duke, N.C., Meynecke, J.-O., Dittmann, S., Ellison, A.M., Anger, K., Berger, U., 
Cannicci, S., Diele, K., Ewel, K.C., Field, C.D., 2007. A world without mangroves? 
Science 317 (5834), 41–42.

Eagderi, S., Fricke, R., Esmaeili, H.R., Jalili, P., 2019. Annotated checklist of the fishes of 
the Persian Gulf: diversity and conservation status. Iran. J. Ichthyol. 6, 1–171.

Einollahi Peer, F., Safahieh, A., 2011. Temporal and spatial variations of heavy metals 
(Cu, Pb and Ni) concentration in the sediments from intertidal zone along the Iranian 
coasts of the Oman Sea. J. Oceanogr. Mar. Sci. 2 (7), 158–164.

Einollahipeer, F., Khammar, S., Sabaghzadeh, A., 2013. A study on heavy metal 
concentration in sediment and mangrove (Avicenia marina) tissues in Qeshm island, 
Persian Gulf. J. Novel Appl. Sci. 2 (10), 498–504.

Feng, J., Zhu, X., Wu, H., Ning, C., Lin, G., 2017. Distribution and ecological risk 
assessment of heavy metals in surface sediments of a typical restored 
mangrove–aquaculture wetland in Shenzhen, China. Mar. Pollut. Bull. 124 (2), 
1033–1039.

Fernandez-Maestre, R., Johnson-Restrepo, B., Olivero-Verbel, J., 2018. Heavy metals in 
sediments and fish in the Caribbean coast of Colombia: assessing the environmental 
risk. Int. J. Environ. Res. 12, 289–301.
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Ray, R., Mandal, S.K., González, A.G., Pokrovsky, O.S., Jana, T.K., 2021. Storage and 
recycling of major and trace element in mangroves. Sci. Total Environ. 780, 146379.

Santos, T.T.L., Mounier, J.L.S., Marins, R.V., 2024. Trace metal partitioning in the 
parnaíba delta in dry season, equatorial coast of Brazil. Environ. Pollut. 345, 
123500. https://doi.org/10.1016/j.envpol.2024.123500.

Shen, X., Bai, X., Zhao, C., Tan, Q., Luo, G., Li, C., Ran, C., Zhang, S., Xiong, L., Liao, J., 
Du, C., Li, Z., Xue, Y., Long, M., Li, M., Luo, Q., Yang, S., Zhang, X., Xie, Y., 2024. 
Global response of soil biodiversity to climate and land use changes. J. Clean. Prod. 
471, 143381.

Shin, P.K.S., Lam, W.K.C., 2001. Development of a marine sediment pollution index. 
Environ. Pollut. 113 (3), 281–291.

Siegel, F.R., 2002. Environmental Geochemistry of Potentially Toxic Metals, vol. 32. 
Springer.

Sun, Z., Mou, X., Tong, C., Wang, C., Xie, Z., Song, H., Sun, W., Lv, Y., 2015. Spatial 
variations and bioaccumulation of heavy metals in intertidal zone of the Yellow 
River estuary, China. Catena 126, 43–52.

Tam, N.F.Y., Wong, Y.S., 1996. Retention and distribution of heavy metals in mangrove 
soils receiving wastewater. Environ. Pollut. 94 (3), 283–291.

Tangahu, B.V., Sheikh Abdullah, S.R., Basri, H., Idris, M., Anuar, N., Mukhlisin, M., 2011. 
A review on heavy metals (As, Pb, and Hg) uptake by plants through 
phytoremediation. Int. J. Chem. Eng. 2011.

Tomlinson, D.L., Wilson, J.G., Harris, C.R., Jeffrey, D.W., 1980. Problems in the 
assessment of heavy-metal levels in estuaries and the formation of a pollution index. 
Helgoländer Meeresun. 33 (1), 566–575.

Torabi Kachoosangi, F., Karbassi, A., Sarang, A., Noori, R., 2020. Sedimentation rate 
determination and heavy metal pollution assessment in Zariwar Lake, Iran. SN Appl. 
Sci. 2 (9), 1483. https://doi.org/10.1007/s42452-020-03279-9.

Violante, A., Cozzolino, V., Perelomov, L., Caporale, A.G., Pigna, M., 2010. Mobility and 
bioavailability of heavy metals and metalloids in soil environments. J. Soil Sci. Plant 
Nutr. 10 (3), 268–292.

Wang, L., Chen, L., Tsang, D.C.W., Li, J.-S., Baek, K., Hou, D., Ding, S., Poon, C.-S., 2018. 
Recycling dredged sediment into fill materials, partition blocks, and paving blocks: 
technical and economic assessment. J. Clean. Prod. 199, 69–76.

Wang, Y., Zhang, Z., He, K., Qin, Z., Xie, L., Liu, Y., Lin, Y., Wei, J., Wang, F., 2022. 
Differed adaptive strategies to nutrient status between native and exotic mangrove 
species. Forests 13 (5), 804.

Wilkie, M.L., Fortuna, S., 2003. Status and Trends in Mangrove Area Extent Worldwide. 
Forest Resources Assessment Programme. Working Paper (FAO).

Xinyu, W., Haoran, L., Khan, K., 2024. Innovation in technology: a game changer for 
renewable energy in the European Union?. In: Natural Resources Forum. Blackwell 
Publishing Ltd., Oxford, UK. 

Xu, D., Gao, B., Gao, L., Zhou, H., Zhao, X., Yin, S., 2016. Characteristics of cadmium 
remobilization in tributary sediments in Three Gorges Reservoir using chemical 
sequential extraction and DGT technology. Environ. Pollut. 218, 1094–1101.

Yang, Q., Tam, N.F.Y., Wong, Y.S., Luan, T.G., Su, W.S., Lan, C.Y., Shin, P.K.S., 
Cheung, S.G., 2008. Potential use of mangroves as constructed wetland for municipal 
sewage treatment in Futian, Shenzhen, China. Mar. Pollut. Bull. 57 (6–12), 735–743.

Yap, C.K., Al-Mutairi, K.A., 2023. Potentially toxic metals in the tropical mangrove non- 
salt secreting Rhizophora apiculata: a field-based biomonitoring study and 
phytoremediation potentials. Forests 14 (2), 237.
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