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Abstract 

Anzali Wetland, as an internationally protected area under the Ramsar Convention, has 
been exposed to increasing concentrations of PAHs due to various factors such as 
transportation bridges, military facilities, urban sewage systems, gas stations, fishing 
boats, tourism, and fishing activities. PAHs emissions pose significant health risks to local 
populations who depend heavily on the wetland ecosystem, leading to the transfer and 
accumulation of pollutants in biological tissues through the food chain and dermal contact 
with sediments. Accordingly, the concentration of 16 priority PAH compounds, as 
identified by USEPA, was assessed in sediments from two regions: the central-northern 
area with high PAH emissions and the southern area of the wetland with lower emissions. 
PAH compounds in sediment samples were extracted using a Soxhlet apparatus. The 
extracted samples were then analyzed using column chromatography and gas spectrometry 
to identify and quantify the 16 PAH compounds present. To compare PAH concentrations 
between the northern-central and southern regions of Anzali Wetland, PERMANOVA was 
performed. Human health risks associated with PAH ingestion and dermal exposure were 
assessed using ILCR approach and TEQBaP. The findings indicated that the total PAH 
concentration in sediments from the northern and central regions ranged from 2168.87 to 
11403.56 ng/g dry weight, with an average of 6897.60 ng/g dry weight. In contrast, the 
total PAH concentration in the southern region was between 48.02 and 276.03 ng/g dry 
weight, averaging a dry weight of 132 ng/g. PERMANOVA results indicated a significant 
difference in PAH concentrations between different wetland regions (Pseudo-F=127.05, 
p=0.001). Furthermore, TEQBaP levels in the northern-central region (166.43) were 
considerably higher than in the southern region (26.67). Based on ILCRingestion 
assessments, the cancer risk due to sediment ingestion in the wetland was evaluated as 
negligible at 7×10⁻⁷. However, ILCRdermal values obtained in the wetland at 1×10⁻³ 
indicate a high carcinogenic risk from dermal exposure to PAH compounds in these 
sediments. Given that Anzali Wetland is classified as contaminated and the total 
incremental cancer risk is estimated at 1×10⁻³, this indicates a high carcinogenic risk for 
local residents. The elevated cancer risk in Anzali Wetland-particularly in the northern-
central region, which constitutes a large portion of the wetland-is strongly associated with 
high concentrations of petroleum derivatives and methylation. Among the 16 PAH 
compounds measured, naphthalene exhibited the highest concentrations in more polluted 
locations. To mitigate pollution impacts, replacing asphalt with permeable pavement in 
areas surrounding the wetland is recommended, as this can help reduce runoff during 
rainfall. Additionally, reducing traffic by relocating parking areas farther away is advised 
to prevent pollutants from entering the wetland environment.
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1. Introduction 
The widespread use of fossil fuels and discharge 

of industrial and municipal wastewater has led to 

the release of significant amounts of persistent 

organic pollutants1 into the environment (Qiu et 

al., 2021). Among these, polycyclic aromatic 

hydrocarbons2 are particularly concerning due to 

their toxic, lipophilic, and semi-volatile nature, 

enabling them to accumulate in aquatic organisms 

and persist in marine sediments. PAHs have been 

associated with various adverse health effects in 

humans, including respiratory and neurological 

disorders, congenital abnormalities, genetic 

mutations, and cancer (Adeniji et al., 2023; 

González-Gaya et al., 2019; Kumar et al., 2021).  

Anzali Wetland, a vital freshwater ecosystem 

in northern Iran, is increasingly contaminated 

with petroleum-based compounds from urban 

runoff, Caspian Sea hydrocarbons, fuel 

consumption, and aquaculture activities. These 

pollutants threaten both biodiversity and human 

health, as local populations consume fish, 

shellfish, and birds that may bioaccumulate PAHs 

from sediments. Additionally, direct dermal 

contact with contaminated sediments poses 

another exposure pathway (Nozarpour et al., 

2025).

Sixteen PAHs have been identified by the 

U.S. EPA as priority pollutants, many of which 

are carcinogenic or mutagenic, as classified by 

the International Agency for Research on 

Cancer3. High molecular weight PAHs are 

considered more toxic, with BaP 

(benzo[a]pyrene) listed in Group 1 for sufficient 

evidence of carcinogenicity in humans (World 

Health Organization, 2003).

Given their lipid solubility, PAHs can 

infiltrate cellular membranes, disrupting DNA via 

cytochrome P450-mediated metabolism and 

promoting carcinogenesis (Gaber et al., 2021). In 

Anzali Wetland, vehicular sources such as tires 

and asphalt contribute significantly to PAH 

pollution. Integrated data modeling and 

ecological monitoring suggest population growth, 

agricultural activities, industrial expansion, and 

urbanization as key drivers of ecosystem 

degradation (Azimi et al., 2018; Nozarpour et al., 

2025).

Despite growing concerns, there remains a 

lack of comprehensive studies assessing cancer 

risk from PAH exposure via ingestion and dermal 

contact in surface sediments of Anzali Wetland. 

This study aims to fill that gap by evaluating 

                                                 
1 Persistent Organic Pollutants  (POPs) 
2 Polycyclic Aromatic Hydrocarbons (PAHs) 
3 International Agency for Research on Cancer (IARC) 

carcinogenic risk across northern-central and 

southern regions of the wetland along the 

southern Caspian Sea. 

2. Methodology 
2.1. Sediment sampling 
A total of 49 surface sediment samples (0–3 cm) 

were collected from 24 stations in the northern-

central region and 25 stations in the southern 

region of the Anzali Wetland using a Van Veen 

grab sampler deployed from a boat. Sampling 

sites were selected based on pollutant distribution 

and anthropogenic activity to provide a 

representative overview of environmental 

conditions. Samples were preserved in aluminum 

foil, transported in dry ice to the central 

laboratory of the Faculty of Natural Resources 

and Marine Sciences, Tarbiat Modares 

University, and stored at –20 °C until processing 

(USEPA, 1996). 

 

2.2. Sample preparation and instrumental 

analysis 
All glassware and tools were pre-cleaned with 

detergent, followed by ethanol, acetone, and n-

hexane, then oven-dried at 105 °C for 24 h to 

eliminate any residual organics. Sixteen priority 

PAHs-including naphthalene, acenaphthene, 

phenanthrene, pyrene, BaP, among others-were 

targeted for concentration and source analysis. 

Quality assurance was maintained using an 

internal standard (P-terphenyl-d14), four 

surrogate standards (Nap-d8, Ant-d10, Pry-d12, 

Chr-d12), and a laboratory blank for each batch. 

Gas Chromatography-Mass Spectrometry4 was 

employed for PAH quantification (USEPA, 

1996).

 

2.3. Sediment sample extraction protocol 
Freeze-dried and homogenized sediment samples 

were weighed (10 g) and subjected to Soxhlet 

extraction with 80 mL dichloromethane over 

10 hours. Sulfur interference was removed using 

acid-activated copper granules. Extracts were 

concentrated to 2 mL under gentle nitrogen flow, 

followed by primary column chromatography 

with 20 mL dichloromethane/hexane (3:1 v/v) and 

5% deactivated silica gel. A second 

chromatographic step further purified PAHs using 

an additional 14 mL of the same solvent mixture, 

and samples were dried and spiked with 100 μL 

of internal standard prior to GC-MS injection 

(Zakaria et al., 2002).

 

                                                 
4 Gas Chromatography-Mass Spectrometry (GC-MS) 



Rahil Nozarpour et al.                                                                               dx.doi.org/10.22093/wwj.2025.525270.3495 

 90 

                                   Water and Wastewater 

                                      Vol. 35, No. 5, 2025 

2.4. Human health risk assessment 
The Incremental Lifetime Cancer Risk1 was 

calculated to assess carcinogenic potential via two 

exposure pathways: sediment ingestion and 

dermal contact (Akpan et al., 2022; Di Duca et 

al., 2023). Toxicity equivalency (TEQBaP) was 

computed relative to benzo[a]pyrene using EPA-

specified Toxic Equivalency Factors2. Daily 

exposure doses (via ingestion and dermal routes) 

were estimated using standard USEPA equations 

and physiological parameters (USEPA, 2004). 

Cancer risk indices (ILCRingestion and ILCRdermal) 

were then derived based on compound-specific 

cancer slope factors, bioavailability, and contact 

surface area. 

 

2.5. Statistical analysis 
To determine significant differences in PAH 

concentrations between the two regions, one-way 

PERMANOVA was performed based on Bray–

Curtis similarity with 999 permutations using 

PRIMER v7 software (PRIMER-E Ltd, UK). 

Pseudo-F values and p-values were examined to 

assess the statistical validity of regional 

contamination patterns (Legendre and Gallagher, 

2001; Clarke et al., 2014). 
 

3. Results and discussion 
This study investigated the distribution and 
carcinogenic potential of 16 priority polycyclic 
aromatic hydrocarbons3 in surface sediments 
across the northern-central and southern regions 
of Anzali Wetland. PAH concentrations in the 
northern-central stations ranged from 2168.87 to 
11403.56 ng/g dry weight, notably higher than 
values reported in other coastal regions such as 
Gorgan Bay and the South China Sea (Araghi et 
al., 2014; Huang et al., 2012). In contrast, 
concentrations in the southern zone ranged from 
48.02 to 276.03 ng/g. Statistical analysis via 
PERMANOVA confirmed significant spatial 
differences (Pseudo-F = 127.05, p = 0.001), 
highlighting the influence of regional 
urbanization and industrial activities. 

                                                 
1 Incremental Lifetime Cancer Risk (ILCR) 
2 Toxic Equivalency Factors (TEFs) 
3 Polycyclic Aromatic Hydrocarbons (PAHs) 

Naphthalene was identified as the most 
abundant PAH compound, especially near urban 
hubs adjacent to Bandar Anzali. Its prevalence is 
attributed to petroleum leakage, urban runoff, and 
maritime fuel discharge, exacerbated by 
infrastructure such as docks and asphalt roads that 
promote sediment trapping (USEPA, 2017). 
According to NOAA pollution thresholds, 
northern-central sediment contamination fell into 
the “very high” category (>5000 ng/g), while the 
southern region was “moderate” (100–1000 ng/g). 
Contributing factors include high traffic density, 
seasonal tourism peaks, and localized urban 
development, with the southern region showing 
lower pollution due to predominant agricultural 
use (Bakhtiari et al., 2018).

Human health risk assessment revealed 
elevated values of PAH ingestion (Doseingestion: 
~2×10-7 mg/g/day) and dermal absorption 
(Dosedermal: ~3×10-8  mg/g/day) in the northern-
central region. Toxic Equivalency Quotient for 
benzo[a]pyrene (TEQBaP) was significantly higher 
in the northern-central region (166.43 ng/g) 
compared to the southern region (26.67 ng/g). 
Carcinogenic risk values (ILCRingestion: ~6×10-7; 
ILCRdermal: ~1×10-3) demonstrated greater risk 
from dermal contact, exceeding USEPA 
thresholds for significant concern. In comparison 
to other global estuarine sites, such as 
northeastern China and southern Italy, Anzali 
Wetland exhibited heightened dermal risk levels, 
reinforcing its classification as a hotspot of 
carcinogenic exposure (Cheng et al., 2022; Di 
Duca et al., 2023). 
 

4. Conclusion 
Findings surpass expectations for an 
internationally protected wetland and emphasize 
the need for sustained environmental 
management. Elevated naphthalene levels pose a 
critical threat, necessitating continuous cancer 
risk evaluation-especially via dermal exposure. 
Practical mitigation strategies include replacing 
hydrocarbon-rich asphalt with permeable, non-
toxic pavement; relocating parking facilities and 
fuel stations away from wetland boundaries; 
improving wastewater infrastructure; and 
regulating docking stations to minimize direct 
pollutant discharge. These interventions are 
essential to safeguarding human health and 
preserving the ecological integrity of the Anzali 
Wetland. 
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Fig. 1. Sampling stations include the central-northern region of Anzali Wetland (N1-N24) 

and the southern region of the Wetland (S1-S5) 

(N1-N24)(S1-S5) 
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 BaP

SA(cm2/kg)AF

(mg/cm2)ABS

(mg/cm2)

(TEF)PAH

BaPTEQUSEPA, 2010

Table 1. List of PAH contaminants along with their TEF 
)USEPA, 2010assessment ( BaPused in TEQ

PAH contaminants TEF 

Naphthalene 0.001 

Acenaphthylene 0.001 

Acenaphthene 0.001 

Fluorene 0.001 

Phenanthrene 0.001 

Anthracene 0.01 

Fluoranthene 0.001 

Pyrene 0.001 

Benzo [a] anthracene 0.1 

Chrysene 0.01 

Benzo [b] fluoranthene 0.1 

Benzo [k] fluoranthene 0.1 

Benzo [a] pyrene 1 

Ideno-[1,2,3-c d] pyrene 0.1 

Dibenzo [a,h] anthracene 1 

Benzo [g,i,h] perylene 0.01 

PAH

PERMANOVABray-

CurtisGallagher, Legendre and .(

)2001F-Pseudovalue-p

PAH

PRIMER v.7

E Ltd, Plymouth, UK-PRIMER2014Clarke et al., 

                                                 
1 Permutational Multivariate Analysis of Variance 
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ng/g 

N4ng/gN22

ng/g )2014 Araghi et al.,(

Shandongng/gLi et (

)al., 2023ng/g

Wang et al., 2020

ng/g)Huang et al., 2012(

Aegeanng/gDarilmaz et al., (

)2019

PAH 
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PAH
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DoseingestionDosedermal ILCRingestionILCRdermal 

(Di Duca et al., 2023; Haghnazar et al., 2024; Massachusetts Department, 2002; Miletić et al., 2024;
 Onjia, 2024; Trajković et al., 2025; USEPA, 2014, 1989)

Table 2. Parameters utilized in the computation of Doseingestion, Dosedermal, ILCRingestion, and ILCRdermal  

(Di Duca et al., 2023, Haghnazar et al., 2024, Massachusetts Department, 2002, Miletić et al., 2024,
Onjia, 2024, Trajković et al., 2025, USEPA, 2014, 1989) 

Factors Abbreviation Value Unit 

CS CS ∑ 16 TEQBaP ng/g 

Sediment ingestion rate IRingestion 0.1 g/day 

Ingestion relative absorption factor RAFing 1 - 

Dermal relative absorption factor RAFder 0.148 - 

Ingestion cancer slope factor CSFing 7.3 1/ (mg/kg/d) 

Dermal cancer slope factor CSFder 25 1/ (mg/kg/d) 

Body weight BW 70 kg 

Exposure frequency EF 365 day/years 

Exposure duration ED 70 years 

Average life span AT 25550 days 

Surface area of the hands SAh 890 cm2 

Sediment load rate on hand skin SLh 0.0001 g/cm2 

Dermal surface area SA 5700 cm2/day 

Dermal adherence factor AF 0.07 mg/cm2 

Dermal adsorption fraction ABS 0.13 - 

Ganiyu et (.

)al., 2024 

PAH

PAH

Shi et al., 2022

 

)USEPA, 2017( 

NOAA

PAH

                                                 
1 National Oceanic and Atmospheric Administration (NOAA) 

<

Tepe and Taştekin, 2022Abdulla et al., 2023,

PAH

Azimi et al., .(

)2018
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PAH(ng/g)Σ EPA (16 PAHs)

PAHMaxMaximumMinMinimumCVCoefficient of variation

Table 3. Measured concentrations of PAH compounds (ng/g) in sediments from the central-northern and southern 
regions of Anzali Wetland. Σ EPA (16 PAHs) represents the total concentration of 16 measured PAH  

compounds. Max: Maximum, Min: Minimum, CV: Coefficient of variation 

PAH contaminants 

Anzali Wetland

Central-northern region Southern region 

Min Max Mean CV Min Max Mean CV 

Naphthalene 678.62 7781.22 4036.89 46.08 1.36 9.01 3.95 47.47 

Acenaphthylene 2.33 117.57 52.53 57.79 0.63 7.08 3.10 55.92 

Acenaphthene 0.41 19.56 8.75 68.73 0.32 1.89 0.90 45.56 

Fluorene 12.79 110.30 43.85 60.66 0.11 1.82 0.55 85.82 

Phenanthrene 710.12 3234.38 1839.62 33.95 4.34 23.08 12.24 50.30 

Anthracene 56.08 283.50 124.48 48.65 0.42 2.47 1.15 52.71 

Fluoranthene 12.89 121.02 42.11 53.73 1.96 10.29 5.24 46.08 

Pyrene 46.96 220.06 115.34 43.30 3.04 19.36 9.67 47.40 

Benzo [a] anthracene 10.54 64.22 24.89 49.05 0.28 7.95 1.84 110.56 

Chrysene 24.90 270.52 88.27 68.72 1.51 20.82 6.18 84.59 

Benzo [b] fluoranthene 0.86 44.21 14.64 87.08 0.53 33.02 8.15 112.55 

Benzo [k] fluoranthene 59.01 1051.05 219.27 90.08 10.93 96.93 43.78 57.79 

Benzo [a] pyrene 17.92 195.14 90.33 49.60 0.79 48.55 18.13 83.02 

Ideno-[1,2,3-cd] pyrene 33.87 318.02 144.97 52.20 0.44 7.31 2.85 68.88 

Dibenzo[a,h] 
anthracene 

5.15 214.87 29.72 148.32 0.10 4.42 1.46 79.48 

Benzo [g,i,h] Perylene 10.55 116.66 42.08 67.95 2.98 31.64 13.07 54.93 

Σ EPA (16 PAHs) 2168.87 11403.56 6897.60 37.34 48.02 276.03 132.00 54.02 

al., 2018Bakhtiari et 

PAH

 

PAH

 

Tarafdar and Sinha, 2017 

PAH

PAH

PAHDoseingestion

PAHDosedermal

PAH
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-PAHDoseingestionDosedermal

PAH[a]TEQBaP 

Table 4. Average PAH intake from Wetland sediments via ingestion (Doseingestion), and dermal contact (Dosedermal), 
along with the total toxicity equivalence of PAHs relative to benzo [a] pyrene (TEQBaP) in the central-northern

and southern regions of the wetland 

Anzali Wetland
Doseingestion 

(mg g
-1

/day) 

Dosedermal 

(mg g
-1

/day) 

TEQBaP 

(mg g
-1 

dw) 

Central-Northern region 2 10 7 3 10 8
166.43

Southern region 4 10 8 1 10 8
26.67

Total 3 10 7 4 10 8
193.10

-PAHILCRingestion

ILCRdermal

Table 5. Average carcinogenic risk assessment of PAH compounds in Anzali Wetland sediments via ingestion 
(ILCRingestion) and dermal contact (ILCRdermal) in the central-northern and southern regions of the wetland 

Anzali 

Wetland
ILCRingestion 

(mg g
-1

/day) 

ILCRdermal 

(mg g
-1

/day) 
Carcinogenic risk 

Central-
Northern region

6 10 7 1 10 3 ILCR > 10 4: High risk

Southern region 9 10 8 2 10 4 10 6 < ILCR < 10 4: Medium risk

Total 7 10 7 1 10 3 ILCR < 10 6: Low risk

BaPPAH

PAH(TEQBaP)TEQBaP

PAH

ILCR

ILCRingestion

dermalILCRAkpan et al., .(

)Di Duca et al., 2023 ,2022

ILCRingestion

ILCRdermal

ILCRingestion

ILCRdermal

PAH

USEPAILCR

USEPA, 2004

PAH

(ILCRingestion)

ILCRdermal

PAH

ILCRingestionILCRdermal
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/day1-mg g Cheng et al., 2022

mg g-1/day

 al., 2023Di Duca et 

PAH 

PAH

PAH

(INSF)
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