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The distribution of 24 potentially hazardous elements (PHEs) was examined in sediments gathered 
from several Mediterranean coastal regions in Egypt. Inductively coupled plasma-mass spectroscopy 
(ICP-MS) was used to analyze the samples. The lowest concentration of PHEs was recorded at 
2492.95 µg/g at Salloum Station (Ia), whereas Sedi Krrir Station (X) recorded the maximum 
concentration at 5890.61 µg/g dry weight. The PHEs under investigation can be grouped as follows 
based on the highest average concentration: Ti > Fe > Al > Cu > Zn > Pb > Co > Mn > Ni > Cd > Cr. Several 
indicators were used to evaluate the contamination level for PHEs. Pollution indices, such as the 
enrichment factor (EF), geoaccumulation index (Igeo), pollution load index (PLI), and contamination 
degree (Cd), are determined for the recorded PHE. Principal component analysis (PCA) was 
employed to analyze all sediment constituents and determine their sources. To assess the degree 
of PHE contamination in sediments and identify the overall and specific pollution levels of different 
components in the sediment, PCA was utilized in conjunction with other pollution indices. According 
to the human risk assessment results for the PHEs found in the sediments, some of the investigated 
metals may pose a danger. According to the USEPA’s SQGs (sediment quality guidelines), sediments 
were categorized as either non-contaminated, moderately polluted, or highly polluted. Furthermore, 
the studied sediment samples are not contaminated with Cu, Zn, or Ni; nonetheless, Cd levels exceeded 
the thresholds of both probable effective level (PEL) and effective range medium (ERM). According to 
the Hazard Quotient (HQ) for cutaneous exposure route data, children’s HQ is 3–4 times that of adults.
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Anthropogenic impacts on aquatic ecosystems affect living creatures by altering the quality of both sediment and 
water. The marine environment close to developed land is harmed by various sources, including pollution from 
industries, agriculture, and health issues1–4. In addition to transportation, which contaminates the environment 
by releasing chemicals into the atmosphere through hazardous substance leaks from containers, oil spills, ship 
painting, and garbage disposal5–7. Recent studies declared that large amounts of pollutants are released by 
inhabited, industrial, tourist, and commercial zones, placing the aquatic systems under excessive stress2,4,8–10. 
The quality of surface water and sediment is impacted by waste effluents released with high levels of PHEs11–13. 
Although PHEs are naturally found everywhere, the rapid rise in anthropogenic activities has led to a significant 
amount of metals entering aquatic habitats14,15.

The PHEs are the most hazardous pollutants in aquatic environments; they can exist in both suspended 
and dissolved forms16,17. Water and sediment serve as essential media for storing and transporting elements, 
facilitating their transformation and movement. When environmental conditions change, PHEs trapped in 
sediments can be released back into water; through biological, physical, and chemical processes, elements in 
water may absorb and/or add to deposits18–20. Sediments are the main reservoir for elements in the marine 
environment, and they contain more of these metals than seawater21–24. Benthic organisms feed on sediment 
particles, and aquatic species may uptake PHEs through their nutritional needs25,26. They enter the food chain 
and could eventually contaminate seafood, causing detrimental effects to humans27,28.
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To preserve ecosystem health, it is crucial to evaluate PHEs in surface sediments. Sigué et al.29look into 
PHE contamination levels, ecotoxicological effects, and human health risk patterns in surface sediments in 
Dibang, Cameroon. ICP-MS analysis was used to examine sediment samples. The top continental crust levels 
were exceeded by the mean concentrations of Cd (0.27), Mn (824.75 mg/kg), Zr (224.33 mg/kg), Pb (116.41 mg/
kg), and U (198.86 mg/kg). Pb and Cr (27–96 mg/kg) were similarly higher above the sediment quality limits, 
indicating hazardous stress reactions to benthic species in the Dibang silt. Low to high levels of sediment 
contamination are suggested by the contamination factor (Cf), Cd, EF, and Igeo. Low potential ecological and 
toxicity effects are indicated by potential environmental risk assessment (PERI: 40.53–161.68) and toxicity 
indices (TRI/TUs < 5). Each hazardous element’s non-carcinogenic risk assessment values are lower < 1 for 
adults and children, suggesting little health hazards. Ni, Cr, and Pb have carcinogenic risk values that are below 
the threshold risk level (1 × 10–4 and 1 × 10–6), indicating minimal carcinogenic health consequences. Fe, Mn, 
Zn, Co, V, Ni, Cr, and Zr mainly were generated from geogenic sources, whereas Cu, Cd, Sc, Pb, and U came 
from both geogenic and anthropogenic sources, according to results from PCA, hierarchical cluster analysis 
(HCA), and Pearson correlation coefficient (PCC). The consistent clustering of Cd, Pb, Cu, and U across PCA, 
HCA, and PCC data points to a significant anthropogenic signal associated with fertilizers, artisanal mining, 
household and industrial effluents, and agricultural and urban runoff. A thorough framework for evaluating 
and controlling sediment contamination is provided by the combination of multi-index, health risk, and 
multivariate approaches. These results demonstrate the critical need for focused pollution reduction, control, 
and environmental management initiatives in Dibang, Cameroon.

Numerous negative health consequences, such as cancer, renal damage, IQ (Intelligence Quotient) loss, 
behavioral problems, and, in rare instances, mortality from excessively high levels of PHEs, have been connected 
to them30–32.

The distribution, origins, and ecological hazards of potentially toxic elements (PTEs) in the marine and beach 
sediments of Tangier Bay, located in the south-western Mediterranean, are examined33. The physicochemical 
characteristics and metal concentrations of As, Cr, Zn, Cd, Pb, and Cu were examined in sediments from 
22 different places. Beach sediments exhibited greater levels of Cd (up to 35.85  mg/kg), indicating urban 
runoff pollution, while marine sediments close to industrial discharge sites had elevated levels of As (up to 
40.28 mg/kg), Cr (40.60 mg/kg), and Zn (57.29 mg/kg). Both natural and man-made causes have an impact 
on the regional variation in metal levels. Baseline concentrations are established by geological features and 
river inputs; however, pollution is exacerbated by industrial processes, wastewater discharge, and maritime 
operations. Significant pollution, particularly from Cd and As, was identified through risk assessment using 
geoaccumulation, enrichment factor, and ecological risk indices. These results underscore the need for targeted 
remediation initiatives to protect the environmental health of Tangier Bay. Simou et al.34aimed to assess the 
metal contamination and environmental hazards at the well-known Marqala Beach. For a thorough examination 
of the region, both wet and dry beach sediments were gathered from this coastline.

The evaluation included determining the amounts of heavy metal pollution as well as the physicochemical 
characterization of the sediments. The ecological and health risks were assessed using several pollution indices, 
including the Igeo, EF, CF, modified contamination degree (mCd), PLI, and PERI. These indices demonstrate the 
effects of human activity and show that increasing levels of As, Cr, Zn, and Pb are the main cause of contamination. 
Additionally, SiO2 was the most prevalent element in the sediment samples, followed by CaO and Al2O3, as 
determined by X-ray fluorescence (XRF) analysis. This implies a mix of mineralogical and compositional 
elements. In agreement with the XRF results, X-ray diffraction (XRD) analysis confirmed the dominance of 
quartz and the presence of calcium silicate and aluminosilicate minerals. Furthermore, the macrostructure and 
granulometric analyses of the scanning electron microscope (SEM) revealed a non-crystalline structure with a 
sandy texture, whereas the polluted sediments displayed smaller particle sizes, consisting of organic matter on 
quartz crystals and tiny particles (oxides).

In light of recent findings, Afahnwie et al.35use single and cumulative pollution indicators to assess stream 
sediments for metal exploration, pollution, and ecological implications. ICP-MS was used to determine the 
metal concentrations in stream sediments from Manjo and its surrounding areas. When compared to the upper 
continental crust (UCC) geochemical threshold values, the sediment samples show high concentrations of Fe, 
Pb, Hg, Ga, Zn, Cr, Cu, Co, Ni, V, Sn, Ce, La, U, and Th, suggesting some significant anomalies for possible base 
metal mineralization and exploration implications. Metallic pollution and the degree of sediment contamination 
are indicated by the single and cumulative pollution indices. High ecological and significant toxicity risks are 
indicated by the potential environmental risk index (RI: 17.682–457.791) and toxic risk index (TRI: 2.243–
29.981), suggesting that metals may have biological effects on species that live in sediment. High toxicological 
effects and reaction stress of metals (Pb, Cu, Cr, and Ni) to aquatic ecosystem flora and fauna are suggested by 
sediment quality guidelines. The research area’s metallic pollution and base metal enrichment in sediments are 
caused by both natural and man-made input sources. The sediments were primarily deposited in a non-marine 
environment and come from quartzose and mafic sedimentary provenances. The sediments are also mature, 
exhibit moderate to severe weathering, and are primarily quartz-rich. They suggest that in order to reduce 
anthropogenic inputs, more attention should be paid to monitoring the point sources of metals entering aquatic 
environments from human-induced activities. Ensuring the ecological sustainability of the water sediments’ 
environment will require a dedication to research and the application of science-based tactics. Furthermore, 
the natural lithological contributions to the geochemistry of the sediment are noted as having significance for 
upcoming mineral exploration projects.

Egypt’s Mediterranean coasts are home to a variety of industrial operations, including petroleum refineries, 
metallurgy, food production, and cement manufacturing. Shipbuilding, retail stocking, tourist, business, 
commercial discharges, and urban wastewater are examples of port operations36–38. As demonstrated in multiple 
studies, marine sediments from industrialized coastal regions are heavily polluted with elements. Therefore, 
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examining the distribution of metals in surface sediments is pertinent for evaluating pollution in marine 
settings39–41.

The quantities and spatial-temporal fluctuations of 18 PTEs in the sediments of the Felent Stream Basin were 
carefully investigated, which also assessed the ecotoxicological risks associated with these PTEs in both dry 
and wet seasons24. The following is a ranking of the average PTE contamination levels in sediments: Fe > Al >  
Zn > Mn > Sr > Pb > Ba > Ni > Cu > As > Cr >  Li > V > Cd > Co > Sb > Se > Hg. Surprisingly, sediment samples 
showed a threefold average increase in PTE concentrations during the rainy season. The basin exhibits low 
pollution levels during the dry season and moderate pollution levels during the wet season, as indicated by 
ecological risk assessment indicators. In both seasons, the carcinogenic risks associated with As and the non-
carcinogenic hazards for the PTEs under study remained below the threshold values. The Yoncalı District, a 
well-known thermal tourism destination, was identified by statistical analyses as the primary source of sediment 
contamination in the Felent Stream Basin [42]. The primary stagnant water body in the area, Enne Dam Lake, 
was found to be the least contaminated element. It serves as a natural filter for the basin, considerably lowering 
the PTE levels in the sediment.

Urban street dust contributes to environmental contamination and deterioration of air quality by acting as 
a sink and a secondary source of PTEs. Öncü et al.43used geochemical and statistical techniques to examine the 
concentrations, spatial distribution, ecological risks, sources, and related health risks of specific PTEs (Al, As, 
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn) in < 63 μm street dust samples taken from 29 locations throughout Istanbul, 
Turkey. ICP-MS was used to measure elemental concentrations, and Nemerow’s pollution indices (NPI), geo-
accumulation (Igeo), enrichment factor (EF), contamination factor (CF), and potential ecological risk index 
(PERI) were used to assess contamination. Three main sources were found via Positive Matrix Factorization 
(PMF): natural/soil inputs (29.4%), transportation emissions (31.3%), and industrial runoff (39.4%). Ingestion 
was identified as the main exposure pathway in health risk evaluations. The results of the Monte Carlo simulation 
showed that the 95th percentiles of THI (3.57) and TCR (2.61 × 10–2) were higher than the suggested levels for 
children, indicating possible carcinogenic and non-carcinogenic concerns; however, the risks for adults were 
mainly within acceptable bounds. The main contributors to non-carcinogenic hazards were traffic-related 
elements like Pb, Cu, and Zn, with further implications for inhalation exposure through dust resuspension. 
Localized dust exposure was found to pose serious health hazards, even when the Air Quality Index (AQI) 
was below 50, indicating generally favourable atmospheric conditions during the study period. To reduce 
PTE exposure and improve urban environmental health, these findings underscore the need for coordinated 
mitigation techniques, including dust suppression, traffic emission regulations, and urban greening.

The Yeşilırmak and Kızılırmak rivers have an impact on the coastal sediments of Samsun province. Varol 
et al.44investigated the amounts, sources, ecological dangers, and health effects of metal poisoning. Using ICP-
MS, surface sediment samples from 18 locations representing different land-use types were examined for 13 
metals (Ba, Cr, Mn, Ni, Co, Sr, Cu, Fe, Zn, Cd, Pb, As, and Hg). The results of the spatial assessment revealed 
that while Cd, Pb, Cu, and Hg demonstrated anthropogenic enrichment, particularly at sites near industrial and 
agricultural areas, substantial concentrations of Cr and Ni were found at all locations, primarily due to natural 
geological formations. The levels of contamination and ecological risks related to the metals were assessed using 
SQG and pollution and ecological risk indices. Cr and Ni were the primary drivers of the moderate to high 
pollution levels indicated by the pollution indices (EF, CF, PLI, NPI, and MPI). Cd posed a moderate risk in 
locations impacted by industrial and agricultural activities, according to environmental risk indices (Er, RI, and 
NRI). Some locations exhibited hazardous risk potential due to high Ni and Cr concentrations, as indicated by 
SQGs-based indices (mERM-Q, TRI, and HQc). The levels of contamination and ecological risks related to the 
metals were assessed using SQGs and pollution and ecological risk indices. Cr and Ni were the primary drivers of 
the moderate to high pollution levels indicated by the pollution indices (EF, CF, PLI, NPI, and MPI). Cd posed a 
moderate risk in locations impacted by industrial and agricultural activities, according to ecological risk indices 
(Er, RI, and NRI). Some locations exhibited hazardous risk potential due to high Ni and Cr concentrations, as 
indicated by SQGs-based indices (mERM-Q, TRI, and HQc). According to health risk evaluations, children 
are more sensitive than adults, and ingestion is identified as the primary exposure channel. Three main sources 
of metals were determined by the Absolute Principal Component Score-Multiple Linear Regression model: 
anthropogenic activities (32.35%), natural weathering (21.56%), and mixed sources (46.09%). To maintain the 
health of coastal ecosystems and ensure public safety, the results underscore the importance of establishing local 
background values and sediment quality criteria, reaffirming the need for integrated management techniques.

Three critical locations along Egypt’s western Mediterranean coast serve as the study areas: Abu Qir Bay, al-
Mex Bay, and Marsa Matrouh. Abu Qir Bay, a semi-circular basin, is located 35 km east of Alexandria, Egypt.

The area is affected by human activities, including several types of discharge, such as untreated sewage, 
industrial wastes, and agricultural runoff water. The Abu Qir Bay stations can be defined as deltaic inner-shelf 
biotopes associated with fertile marine habitat, which is evident from the relatively high values of fine sediments 
of silt and clay, and high contents of mud45. Al-Mex Bay is circular, with a diameter of roughly 15 km between 
Agami and the Western Harbor45. Several industrial facilities, including the Alexandria Petroleum Company 
(APC), Alexandria Mineral Oils Company (AMOC), and Alexandria Portland Cement Company (APCC), 
release effluent straight into the bay46. Marsa Matrouh is situated on the western Egyptian Mediterranean coast, 
184 km west of Alamein. The rocky ridges of Marsa Matrouh serve as a vital habitat for many marine plant 
and animal species47. The purpose of that study was to identify which metals might have harmful ecological 
effects on marine life. In water, the average concentrations of Cd, Cu, Fe, Ni, Pb, and Zn were 2.381 ± 3.389, 
9.307 ± 14.159, 68.969 ± 9.397, 2.642 ± 1.004, 16.712 ± 8.469, 31.168 ± 15.322 µg/l, and 0.755 ± 1.584, 3.972 ± 2.180, 
15.210 ± 4.434, and 24.608 ± 7.706 µ. Except for two stations (Cleopatra and El-Obayed), which showed higher 
values above the allowable threshold of Cd during autumn 2010, the concentrations of the six metals under 
investigation in the water were within acceptable bounds. The evaluation of metal pollution in sediment and 
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water was examined. According to the PHEs contamination index, water is not seriously contaminated by the 
metals under investigation. Threshold effect concentrations (TEC HQ) for sediment samples were less than 1, 
except for Cd, which had a value greater than 1. This suggests that Cd may have toxic adverse ecological effects 
on benthic organisms, whereas Cu, Ni, Pb, and Zn are expected to have rare adverse ecological effects47.

The Nile Delta coast stretches from Port Said eastward to Alexandria westward along the central portion of 
Egypt’s Mediterranean coast. To determine the degree of pollution for nine PHEs—Fe, Mn, Zn, Ni, Cu, Cr, Cd, 
Pb, and Ba—six brief sediment cores were taken throughout the Nile Delta region48. The sediment characteristics 
of the core samples were discovered through geochemical analysis. Nile fine-grained sand made up the majority 
of the sediment, with varying amounts of organic materials, carbonate, and PHEs. They primarily relate to a 
scale of effluent discharge exposure relevant to human influences affecting coastal ecology. According to the 
environmental indices used, the eastern edge of the Nile Delta, represented by the Port Said core, is categorized 
as a polluted area, while the western and central sites are classified as unpolluted areas. Metal contamination 
levels were found to vary, with high levels of Cd, significant levels of Cr, and moderate levels of Zn, Ni, Cu, Mn, 
and Fe. The anthropogenic effects of industries and port operations have a significant impact on the Port Said 
site. To prevent the further deterioration of the Nile Delta coast, it is recommended to mitigate ecological risks 
and halt pollution from spreading westward48. The results of PHEs in 20 surficial sediments taken from several 
points along the Egyptian Mediterranean Sea were examined48. They revealed that Fe had the highest mean 
value (243–38045 µg g− 1), followed by Mn (17–1086 µg g− 1), and lower concentrations were found for Co (0.43–
26.39 µg g− 1) and Cd (0.04–0.47 µg g− 1). The risk assessment revealed that Cd posed the highest ecological risk 
(Er = 21.52), followed by Pb (Er = 3.01), while Zn presented the lowest risk (Er = 0.23). Both the ecotoxicological 
index method and the potential ecological risk index (RI) suggested that the combined ecological risk of the 
studied metals may be low. Multivariate statistical analysis (Cluster and Factor analysis) indicated that the 
lithogenic factor dominates the distribution of most of the considered metals in the study area.

The present work was aimed to (i) assess the concentrations and distribution of elements such as Li, B, Na, 
Mg, Al, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Se, Sr, Ag, Cd, In, Ba and Pb in Egyptian Mediterranean coast 
sediments, The elements selected frequently have proven functions as vital nutrients for the health of humans, 
animals, or plants. On the other hand, they can be known hazardous heavy metals or possible environmental 
pollutants (such as lead, cadmium, and chromium) whose levels need to be monitored. (ii) assess the ecological 
danger of these metals for potentially harmful elements such as Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag, Cd, and 
Pb by evaluating the CD and EF of PHEs in the sediment using the Igeo and PLI. (iii) perform multivariate 
statistical analysis such as PCA, as a multivariate technique for analyzing quantitative data, and (iv) assess the 
potential carcinogenic health risk based on (Cd, Cu, Fe, Mn. Pb and Zn) metals concentrations based on dermal 
exposure pathway. All metals except Al, Ti, and Fe are typically treated as PHEs. Al, Ti, and Fe are generally 
reference/lithogenic metals, used to normalize anthropogenic enrichment (e.g., EF calculations). This is the first 
baseline study to analyze and estimate the current distribution of these elements’ loads in 11 sectors from coastal 
and non-coastal sediments along Egypt’s western Mediterranean coast, at depths ranging from 43 to 481 m.

Materials and methods
Study area and sampling
Using a Van Veen grab sampler, surface samples were taken from 11 sectors along the western Mediterranean 
coast between El-Mex and Salloum in 2022. The depth positions ranged from 43 to 481 m, except in areas that 
were rocky or inaccessible (Fig. 1, Table S1). Each sample weighed around 100 g and was kept in sterile, wide-
mouth glass vials covered with plastic bags. At each of the sample locations, three replicates were taken. The 
samples were safely delivered to the NIOF Laboratory in an icebox and kept at 4 °C until further examination. A 
list of sampling locations, including sampling depth and geographic coordinates, is provided in Table S1.

Analytical methods of PHEs
After filtering the digested solutions with single-use 0.2 μm PTFE syringe filters (DISMIC-25HP, Advantech, 
Tokyo, Japan), the elements were determined using an ICP-MS analysis. In short, a 1:4:1 ratio of 1 ml H2O2, 4 ml 
HNO3, and 1 ml HCl was used to digest 0.2 g of the sediment samples. Samples were broken down for 90 min at 
195 °C in a microwave digester. Following digestion, the materials were filtered and diluted with Milli-Q water 
to a volume of 10 mL49. Using the methods outlined in USEPA49, ICP-MS (iCAP, Thermo, Germany) evaluated 
the metal concentrations in these filtrates.

Quality control and quality assurance (QC/QA)
The Quality Control and Quality Assurance (QC/QA) program was developed and implemented to ensure 
the production of reliable findings. As part of the QC/QA procedure, all measurements were performed in 
triplicate, and the results were reported as the mean value ± RSD. The data was deemed acceptable when the 
percentage difference between the three replicate samples and the RSD was less than 10%. Analytical results 
below the detection limit (BDL) were handled according to the contamination assessment guidelines provided 
by the EPA49. The certified reference materials, SRM 2702 (NIST, USA), were analyzed using the same method 
applied to the samples to ensure analytical reliability. The recoveries of all elements fell within the range between 
97.1% and 100.9% (Table S2). The experiment was carried out three times, and the standard deviation values 
were ≤± 3.5.

Contamination assessment
Two commonly used metrics to evaluate the level of anthropogenic PHEs pollution in environmental matrices 
such as soil and sediment are the Enrichment Factor (EF) and the Geoaccumulation Index (Igeo). For the 
examined metal, Igeo was derived to describe the levels of PHEs pollution as shown in Eq. (1):
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Igeo = log2

(
Cn

1.5Bn

)
� (1)

where Cn represents the PHEs content detected (µg/g; dw), and Bn represents the background shale value (µg/g; 
dw)51. Igeo is divided into seven classes: class 0 (Igeo ≤ 0) refers to practically unpolluted sediment, class 1 (0 < Igeo 
< 1) refers to unpolluted to moderately polluted, class 2 (1 < Igeo < 2) moderately polluted, class 3 (2 < Igeo < 
3) moderately to heavily polluted, class 4 (3 < Igeo < 4), heavily polluted, class 5 (4 < Igeo < 5) heavily to highly 
polluted and class 6 (Igeo > 5) extremely polluted50.

To distinguish between naturally occurring element concentrations and anthropogenic inputs, the EF 
compares a metal’s concentration to that of a reference element (such as Al, Ti, Fe, or Sc, which are stable and 
have low mobility). Equation (2) was used to interpret the Enrichment factor (EF) values for the investigated 
elements relative to the shale average, following Buat-Menard and Chesselet52.

	
EF =

(
X
Al

)
sediment(

X
Al

)
shale

� (2)

Where x/Al is the ratio of each HMs to Al.
Pollution load index (PLI).
PLI is a condensed approach for displaying the degree of sediment degradation in response to metal 

deposition. PLI can be calculated by Eq. (3).

	 P LI = ( CFi
1.CFi

2.CFi
3 . . . . . . CFi

n)1/n � (3)

Where CF stands for contamination level and n for the number of elements present (µg/g; dw). PLI > 1 indicates 
deteriorated sediments, baseline values are PLI equal to 1, and ideal circumstances are PLI < 153.

The overall effects of all elements are expressed by the contamination index (Cd), which also evaluates the 
relative contamination of each element separately. This is the computation made using Eq. (4)54.

	
Cd =

∑
n
i=1Cfi� (4)

Where Cfi can be calculated from Eq. (5):

	
Cfi =

(CAi

CNi

)
− 1� (5)

The 1st value measured for the element in the sample is CAi (µg/g; dw), while the background value ith for the 
element is CNi (used to calculate the element index and determine the sediment resources pollution degree to 

Fig. 1.  The map of sampling locations on the Mediterranean coast, Egypt (Software QGIS 3.18; ​h​t​t​p​s​:​/​/​w​w​w​.​f​i​l​
e​h​o​r​s​e​.​c​o​m​/​d​o​w​n​l​o​a​d​-​q​g​i​s​/​6​1​7​3​9​/​​​​​)​.​​​​
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HMs). Cfi is the element’s contamination factor (N is the normative value). Three classifications are created from 
the resulting Cd values: high (Cd > 3), medium (Cd = 1–3), and low (Cd < 1).

Human health risk assessment.
Prolonged exposure to contaminated water and high levels of PHEs poses a severe health risk55. PHEs can 

be introduced into the body through ingestion, inhalation, or dermal absorption. In the current study, different 
indices were used to evaluate the risk associated with HMs for men, women, and children56–58. Equations (6–9) 
were used to compute the dermal risk for various populations57,58:

	
CDIdermal = C × SA × SL × ABF × ED × EF

BW × AT
� (6)

where CDIDermal is the chronic daily intake, C is the concentration of PHEs in the sediment (µg/g; dw), SA is 
the exposed area of the skin, SL is the skin adhesion factor, ABF is the skin adsorption factor, EF is the exposure 
frequency, ED is the exposure duration, BW is the average body weight (kg), and AT is the average time (day). 
ATSDR59and Shetty et al.60offer suggested default values.

	
HQdermal = CDIdermal

RfDdermal
� (7)

Where HQ hazard quotient, RFD reference dose.

	
HI =

∑
n
i=1 HQi� (8)

Where the HI hazard index.

	 CRdermal = CDIdermal × CSF� (9)

Where CRDermal refers to carcinogenic risk through dermal absorption of elements in sediment, and CSF is the 
cancer slope factor61.

Statistical analysis and identification of sources of HMs
SPSS Version 19 was used for the multivariate analysis and the correlation analysis in the statistical analysis of 
the present study.

Results and discussion
Distribution of different elements and contamination indices of toxic metals
The distribution of PHE concentrations (µg/g) in the investigated sediments is displayed in Table  1; Figs.  2 
and 3. PHEs ranged from 2492.95 µg/g at Salloum (Ia) Station to 5890.61 µg/g dry weight (dw) at Sedi Krrir 
(X) Station, with an average of 3402.69 ± 737.29 µg/g (Fig. 2). Ti had the highest average value of 1710.09 µg/g, 
while In had the lowest average value of 0.01 µg/g (Table 1). The elements found at each site varied considerably. 
This may have human origins in the industrialized, heavily populated nations surrounding the research area. 
The discharge of oil terminals, shipping, agricultural drains, industrial waste, domestic sewage, organic matter, 
fertilizers, and pesticides has contaminated the Egyptian Mediterranean coast62. Due to nearby industrial 
operations and sewage drains that discharged into the coastal sea via El Mex pumps, Sedi Krrir Station has 
the highest concentration for all recorded elements. The remaining stations are located in the western parts of 
Egypt’s Mediterranean coast, away from densely populated areas.

Particularly in Sedi Krrir and El Mex areas, which exhibit the highest total PHEs, agricultural effluents and 
untreated wastewater released from various plants of the paper, food processing, textile, and fertilizer industries 
are responsible for the highest values of Cu, Ni, and Co (Fig. 2). Salloum and Marsa Matrouh stations had the 
lowest average total PHEs concentrations of any station, which may be due to less anthropogenic activity in these 
areas than in other places62.

Ecological implications
Ecological implications refer to the positive or negative effects that events or actions (such as pollution, invasive 
species, or climate change) have on living organisms and their environment. These effects include disrupting 
food webs, natural balances, and essential ecosystem services such as pollination and clean water, which often 
result in species shifts, biodiversity loss, and decreased ecosystem resilience. These effects have a profound 
impact on every aspect of the web of life, from individual species to vast landscapes, and they also affect human 
welfare. The Igeo in the studied sediments are shown in Table 2; Fig. 4. The level of metal enrichment was given 
according to the Igeo classification63. They stated that Igeo ≤ 0; 0 ≤ Igeo ≤ 1; 1 ≤ Igeo ≤ 2; 2 ≤ Igeo ≤ 3; 3 ≤ Igeo ≤ 4; 
4 ≤ Igeo ≤ 5; and Igeo > 6 are classified as class (0): unpolluted; class (1): unpolluted to moderately polluted; class 
(2): moderately polluted; class (3): moderately to strongly polluted; class (4): strongly polluted; class (5): strongly 
to extremely polluted; and class (6) extremely polluted. The Igeo data indicated that all the studied sediments 
were unpolluted, with an Igeo class 0 for the following elements: Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn. For locations 
Ib and Ic, Cd was recorded as class 1 and class 4, respectively. Station VIIa is classified as class 1 for Pb (Table 2).

The enrichment factor (EF) in the studied sediments is shown in Table  3; Fig.  5. Aluminum was used 
as a normalizing element in the calculation of the enrichment factor (EF), as stated by Birth64, to assess the 
anthropogenic contribution (Table 3). Cd shows the highest EF value among all the studied stations, with the 
highest value at Salloum station (Ic). Mn shows the lowest EF value with the lowest value at station VIIIa. Figure 6 
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Element Li B Na Mg Al K Ca Ti Cr Mn Fe Co

Location

 Ia 0.15 2.08 653.53 687.34 227.63 53.39 143.90 143.97 3.77 1.54 513.89 3.78

 Ib 0.25 2.54 657.72 525.52 324.91 47.20 110.47 310.51 2.40 1.85 607.65 3.86

 Ic 0.41 1.53 813.76 589.87 382.16 51.15 197.71 365.32 2.50 3.79 965.82 4.91

 II 0.12 1.72 514.15 297.16 110.61 34.13 137.21 1338.24 0.21 0.41 151.47 2.73

 IIIa 0.13 1.58 414.34 463.87 77.35 29.28 178.36 1710.91 0.26 0.44 475.96 2.12

 IIIb 0.31 1.74 631.84 699.57 284.15 54.76 137.28 1360.99 0.31 3.13 652.49 5.52

 IIIc 0.41 1.31 503.93 578.74 551.77 60.84 114.21 1191.77 0.42 2.41 424.88 7.03

 IV 0.31 1.65 858.00 447.64 396.95 56.62 93.52 982.59 0.32 0.99 327.16 5.58

 V 0.36 2.46 745.59 593.36 475.72 79.22 102.15 989.63 0.40 3.84 183.63 7.23

 VI 0.29 1.07 509.10 638.92 330.41 45.54 109.62 1099.17 0.29 3.58 267.03 4.61

 VIIa 0.13 2.31 518.27 428.44 179.73 50.77 148.72 1426.53 0.14 0.48 166.62 14.33

 VIIb 0.24 1.23 477.22 591.40 208.24 46.03 107.42 1045.83 0.17 1.68 136.38 8.53

 VIIIa 0.14 1.06 555.81 215.93 189.73 53.13 172.29 1665.18 0.13 0.28 191.55 6.68

 VIIIb 0.22 1.37 603.22 595.64 181.57 53.77 148.74 1475.79 0.16 0.46 217.61 6.73

 VIIIc 0.27 1.30 708.64 490.99 291.84 53.56 134.52 1346.77 0.18 0.70 232.50 11.82

 IXa 0.19 0.86 572.44 352.68 236.47 45.07 171.86 1657.68 0.14 0.36 202.73 5.17

 Ixb 0.20 0.94 492.91 534.40 160.89 42.86 133.54 1312.47 0.14 0.84 211.58 8.57

 Ixc 0.40 0.86 977.42 478.93 468.67 57.73 127.99 1396.34 0.24 1.17 430.37 15.76

 X 0.45 0.79 719.43 466.20 699.88 62.68 128.88 1465.05 0.31 1.81 639.04 20.66

 Xia 0.26 0.85 600.96 282.96 302.65 57.49 138.48 1411.51 0.18 0.65 308.27 11.25

 Xib 0.76 0.77 666.45 383.42 1164.25 52.63 66.73 1018.78 0.37 7.34 977.12 14.90

 Average 0.28 1.43 628.32 492.52 345.03 51.8 133.50 1176.91 0.62 1.80 394.46 8.18

 SD 0.15 0.56 140.01 132.37 241.67 10.25 30.81 435.74 0.98 1.74 252.98 4.88

 Min 0.12 0.77 414.34 215.93 77.35 29.28 66.73 143.97 0.13 0.28 136.38 2.12

 Max 0.76 2.54 977.42 699.57 1164.25 79.22 197.71 1710.91 3.77 7.34 977.12 20.66

Element Ni Cu Zn Ga Se Sr Ag Cd In Ba Pb Bi

Location

 Ia 1.61 27.17 13.74 0.86 0.52 1.77 4.02 0.31 0.06 2.71 4.91 0.32

 Ib 1.45 18.22 11.87 1.64 0.22 1.47 4.47 0.52 0.06 4.37 5.67 0.03

 Ic 1.95 31.42 40.89 2.91 0.21 0.87 7.07 7.98 0.07 2.73 5.26 0.19

 II 1.11 5.34 6.51 0.48 0.22 3.38 46.79 0.14 0.01 2.36 2.28 0.10

 IIIa 1.04 2.19 12.79 0.52 0.23 4.37 81.27 0.10 0.01 3.30 0.54 0.03

 IIIb 2.03 16.12 14.88 1.03 0.30 1.65 96.36 0.31 0.06 4.50 5.82 0.23

 IIIc 2.41 11.30 10.98 2.46 0.29 1.16 191.53 0.23 0.02 4.78 7.13 0.14

 IV 1.79 9.18 7.75 1.93 0.20 1.59 9.62 0.15 0.03 7.64 6.48 0.47

 V 2.20 15.37 20.46 1.27 0.22 1.54 2.65 0.46 0.03 3.45 2.65 0.42

 VI 1.27 11.16 12.44 1.45 0.21 1.11 4.57 0.41 0.03 3.00 4.82 0.10

 VIIa 0.77 8.35 13.2 0.66 0.24 2.93 212.48 0.24 0.06 3.78 55.64 1.04

 VIIb 1.04 10.20 8.71 0.67 0.22 3.15 104.94 0.33 0.07 0.5 0.57 0.03

 VIIIa 0.85 11.53 6.92 0.66 0.23 4.42 13.09 0.30 0.03 0.73 3.87 0.10

 VIIIb 0.85 10.46 4.85 1.15 0.32 2.62 14.67 0.21 0.04 1.29 4.87 0.06

 VIIIc 1.11 14.23 7.60 1.36 0.55 2.73 12.01 0.32 0.04 0.92 5.27 0.04

 Ixa 0.87 7.16 6.13 0.82 4.21 4.18 113.79 0.27 0.02 6.34 23.79 0.59

 Ixb 0.85 6.84 4.42 0.86 0.23 2.11 50.03 0.20 0.01 5.77 3.62 0.02

 Ixc 1.17 9.77 3.58 2.15 0.27 2.76 7.97 0.22 0.08 5.34 6.79 0.70

 X 1.45 12.82 8.10 4.63 0.21 2.72 1638.11 0.26 0.46 0.90 13.18 2.59

 Xia 1.17 14.74 5.98 1.42 0.20 3.53 19.58 0.29 0.06 0.99 7.65 0.41

 Xib 2.00 12.22 4.20 4.77 0.19 1.44 9.95 0.20 0.05 0.76 4.87 0.07

 Average 1.38 12.66 10.76 1.60 0.45 2.45 125.95 0.64 0.06 3.15 8.37 0.37

 SD 0.50 6.72 8.12 1.22 0.87 1.10 351.99 1.69 0.09 2.08 11.88 0.58

 Min 0.77 2.19 3.58 0.48 0.19 0.87 2.65 0.10 0.01 0.50 0.54 0.02

 Max 2.41 31.42 40.89 4.77 4.21 4.42 1638.11 7.98 0.46 7.64 55.64 2.59

Table 1.  Concentrations of different elements (µg/g; dw) in sediment samples.
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Fig. 3.  The distribution of elements (µg/g, d.w.) in the collected sediment samples.

 

Fig. 2.  The average concentrations of total elements (µg/g, d.w.) in collected sediment samples.
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shows the Cd and the PLI of the studied metals. The calculated PLI and Cd in the studied sediments are shown 
in Table 4. The values of PLI extended from 0.022 at Sedi Branny station to 0.104 at Salloum station (Table 4), 
indicating no pollution in any of the coastal deposits. The Cd revealed the highest degree of contamination, with 
a score of 18.40, at the Salloum station.

Extremely high enrichment factors (EF > 5000) are generally categorized as “extremely high enrichment” 
or “extremely severe enrichment” and typically indicate a significant, concentrated source of anthropogenic 
(human-caused) pollution. This consequently means there is a need for future explanation to clarify the reason 
for this substantial increase. They should be carefully verified.

 
 

Human health risk assessment
The human risk assessment for adults and children (carcinogenic and non-carcinogenic) through the dermal 
adsorption pathway for marine sediments was calculated using the CDI, HQ, CR, and HI calculations. Tables 
(S3–S5) present the CDI (µg/g/Day) values for adults, adolescents, and children. Based on CDI readings, the 
sequence of PHEs was Fe > Mn > Pb > Cu > Zn. Table 5 displays the HI and CR values for adults, adolescents, and 
children. According to the values of HQ across the various demographics, children have values 3–4 times higher 
than those of the adult population (Table S6). PHEs were recorded among human groups in the following order: 
Cd > Cu > Fe > Mn > Pb > Zn. The carcinogenic risk (CR) of Cd and Pb via the dermal route was calculated using 
their carcinogenic slope factor. The CR value ranges for Cd were 4.43 × 10–4 – 1.76 × 10–2 for males, 2.01 × 10–4 
– 1.59 × 10–2 for females, and 7.42 × 10–4 – 5.87 × 10–2 for children, suggesting a risk of cancer > 10–665. The CR 
ranges for Pb in children (4.21 × 10–7 – 3.32 × 10–5), males (6.78 × 10–7 – 7.05 × 10–5), and females (2.23 × 10–6 – 
2.32 × 10–4), suggesting risk of cancer < 10–6.

Ecotoxicological effects of PHEs
It is evident from comparing our results in Table 1 with those in Table S7 that the recorded concentrations of Ni, 
Cd, and Zn do not exceed the TEL, PEL, ERL, and ERM values for all sampling stations. While stations Ia, Ib, 
and Ic exceeded the TEL level for Cu, station Ic also exceeded both the PEL and TEL for Cu. The SQGs created 
for marine and estuarine ecosystems were used to establish the Ecotoxicological effects of PHEs pollution in 

Fig. 3.  (continued)
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sediment66. When ERL and TEL are present in quantities below these levels, detrimental impacts on the fauna 
living in the sediment are improbable. Chemical concentrations above those where harmful effects are expected 
to occur were represented by ERM and PEL66. The threshold effect concentration (TEC, or the concentration 
at which toxicity may be detected) and the probable effect concentration (PEC, or the concentration above 
which toxicity is commonly observed) were both described by MacDonald et al.67. Sediment contamination 
is assessed using a variety of indicators and compared to effect-based SQGs. Numerical SQGs have been 
used to detect pollutants of concern in aquatic ecosystems (Table S7). Sediments were classified as non-
contaminated, moderately polluted, or highly polluted based on the USEPA’s SQGs68–77. The studied sediment 
is not contaminated with (Cu, Zn, and Ni) according to SQG. Generally, the sensitivity analyses consistently 
demonstrate that the metal concentrations in the exposure medium and the exposure rates (e.g., ingestion rate) 
are the most critical factors in human health risk evaluations for PHEs78.

Correlation matrix and source identification of elements
The correlation structure between various elements was assessed using Pearson’s correlation matrix. Mn has a 
strong relationship with Fe (0.673), Ni (0.702) and Ga (0.645) (Table S8). Al has strong relationships with Mn 
(0.789), Fe (0.628), Co (0.564) and Ni (0.598). Cu and Zn exhibit comparable geochemical behavior and co-
occur in minerals that form rocks79,80; this was confirmed by a strong correlation between them (0.692). One of 
the global environmental problems is metal pollution. Kachoueiyan et al.81 aimed to assess the concentration, 
potential ecological danger, and source of Al, As, Co, Cr, Cu, Fe, Mn, Ni, and Zn in the sediments and water of 
the Gomishan wetland. As was the only contaminant found in sediments, according to sediment contamination 
indexes. There were no significant ecological risks associated with the metals under investigation, as indicated 
by the possible environmental risk index (RI), toxic risk index (TRI), and chemical speciation assessments. PCA 
and correlation analysis revealed that all metals examined in the Gomishan wetland sediments originated from 
natural sources. The water quality was unsuitable for aquatic life due to the presence of harmful components, as 
indicated by the HPI and HEI indices. PCA is considered one of the most significant methods for component 
analysis (Table S9 and Fig. S1). It is also a useful tool for modelling, pattern recognition, classification, and other 
data analysis tasks82,83. When the two axes of the ordination function are shown, data from an experimental system 
with comparable properties are plotted close together, whereas data from a system with different properties are 
plotted far apart84. The PC1 group accounted for 30.61% of the total variance, with a high loading of Li, Mn, Ga, 

Fig. 3.  (continued)
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Fig. 4.  The Igeo for the investigated sediment samples.

 

Location Ia Ib Ic II IIIa IIIb IIIc IV V VI

Element

 Al −9.04 −8.53 −8.29 −10.08 −10.6 −8.72 −7.76 −8.24 −7.98 −8.5

 Ti −5.58 −4.47 −4.24 −2.37 −2.01 −2.34 −2.53 −2.81 −2.8 −2.65

 Cr −5.16 −5.81 −5.75 −9.32 −9.03 −8.79 −8.35 −8.71 −8.4 −8.85

 Mn −9.69 −9.43 −8.39 −11.61 −11.5 −8.67 −9.05 −10.34 −8.38 −8.48

 Fe −7.11 −6.86 −6.20 −8.87 −7.22 −6.76 −7.38 −7.76 −8.59 −8.05

 Co −2.91 −2.88 −2.54 −3.39 −3.75 −2.37 −2.02 −2.35 −1.98 −2.63

 Ni −5.98 −6.14 −5.71 −6.53 −6.61 −5.65 −5.4 −5.83 −5.54 −6.33

 Cu −1.31 −1.89 −1.10 −3.66 −4.94 −2.07 −2.58 −2.88 −2.13 −2.6

 Zn −3.37 −3.59 −1.80 −4.45 −3.48 −3.26 −3.7 −4.2 −2.8 −3.52

 Cd −0.54 0.22 4.15 −1.66 −2.16 −0.53 −1.00 −1.62 0.02 −0.15

 Pb −2.61 −2.40 −2.51 −3.72 −5.81 −2.37 −2.07 −2.21 −3.50 −2.64

Location VIIa VIIb VIIIa VIIIb VIIIc Ixa Ixb Ixc X Xia Xib

Element

 Al −9.38 −9.17 −9.3 −9.37 −8.68 −8.99 −9.54 −8 −7.42 −8.63 −6.69

 Ti −2.27 −2.72 −2.05 −2.23 −2.36 −2.06 −2.39 −2.3 −2.24 −2.29 −2.76

 Cr −9.89 −9.64 −10.01 −9.73 −9.53 −9.88 −9.91 −9.14 −8.75 −9.57 −8.52

 Mn −11.37 −9.57 −12.17 −11.45 −10.84 −11.77 −10.56 −10.09 −9.46 −10.94 −7.44

 Fe −8.73 −9.02 −8.53 −8.35 −8.25 −8.45 −8.39 −7.36 −6.79 −7.84 −6.18

 Co −0.99 −1.74 −2.09 −2.08 −1.27 −2.46 −1.73 −0.85 −0.46 −1.34 −0.94

 Ni −7.04 −6.62 −6.91 −6.9 −6.52 −6.88 −6.91 −6.45 −6.13 −6.44 −5.67

 Cu −3.02 −2.73 −2.55 −2.69 −2.25 −3.24 −3.3 −2.79 −2.4 −2.19 −2.47

 Zn −3.43 −4.03 −4.37 −4.88 −4.23 −4.54 −5.01 −5.31 −4.14 −4.57 −5.08

 Cd −0.92 −0.44 −0.59 −1.13 −0.49 −0.76 −1.18 −1.06 −0.79 −0.61 −1.17

 Pb 0.89 −5.72 −2.95 −2.62 −2.51 −0.33 −3.05 −2.14 −1.19 −1.97 −2.62

Table 2.  Igeo for the investigated sediment samples.
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Fe, and Al, indicating that these elements were correlated at all stages (Table S9). The PC2 component accounted 
for 21.565% of the total variance with a high loading of Co (− 0.829). The PC3 component accounted for 11.72%, 
correlated with Ca (0.710).

In certain instances, the study’s results were considerably lower than those in other Mediterranean nations 
(Table S10). Consequently, the Mediterranean coast of Libya has greater quantities of Cd and Pb85. Compared 
to the Ivra complex in Italy, the concentrations of Co, Mn, and Ni were decreased86. The concentrations of Cd, 

Fig. 5.  The enrichment factor (EF) of the collected sediment samples.

 

Location Ia Ib Ic II IIIa IIIb IIIc IV V VI

Element

 Al 1 1.43 1.68 0.49 0.34 1.25 2.42 1.74 2.09 1.45

 Ti 11 23.72 27.91 102.24 130.71 103.98 91.05 75.07 75.61 83.98

 Cr 14.71 9.38 9.76 0.82 1.01 1.19 1.62 1.26 1.56 1.14

 Mn 0.64 0.77 1.57 0.17 0.18 1.29 1.00 0.41 1.59 1.48

 Fe 3.83 4.52 7.19 1.13 3.54 4.86 3.16 2.44 1.37 1.99

 Co 69.9 71.45 90.84 50.46 39.21 102.18 130 103.14 133.75 85.25

 Ni 8.34 7.48 10.06 5.72 5.38 10.47 12.45 9.25 11.36 6.55

 Cu 212.18 142.32 245.36 41.7 17.13 125.91 88.23 71.66 120.03 87.12

 Zn 50.83 43.92 151.28 24.07 47.32 55.04 40.62 28.68 75.67 46.02

 Cd 363.16 612.68 9351.85 166.35 118.32 365.5 263.58 171.03 534.19 474.45

 Pb 86.35 99.6 92.38 40.05 9.4 102.29 125.29 113.85 46.51 84.66

Location VIIa VIIb VIIIa VIIIb VIIIc IXa IXb IXc X Xia XIb

Element

 Al 0.79 0.91 0.83 0.8 1.28 1.04 0.71 2.06 3.07 1.33 5.11

 Ti 108.99 79.9 127.22 112.75 102.89 126.65 100.27 106.68 111.93 107.84 77.84

 Cr 0.55 0.66 0.51 0.62 0.71 0.56 0.55 0.93 1.22 0.69 1.43

 Mn 0.2 0.7 0.11 0.19 0.29 0.15 0.35 0.48 0.75 0.27 3.04

 Fe 1.24 1.02 1.43 1.62 1.73 1.51 1.58 3.2 4.76 2.3 7.28

 Co 265.02 157.78 123.61 124.47 218.56 95.67 158.59 291.46 382.18 208.03 275.68

 Ni 4 5.36 4.39 4.41 5.74 4.49 4.37 6.03 7.5 6.05 10.34

 Cu 65.21 79.64 90.02 81.67 111.16 55.93 53.44 76.28 100.09 115.13 95.43

 Zn 48.82 32.23 25.58 17.93 28.11 22.66 16.35 13.26 29.96 22.14 15.54

 Cd 278.81 387.76 350.27 240.15 376.04 311.61 231.95 253.04 305.75 344.41 234.29

 Pb 977.78 10.02 68 85.54 92.62 418.11 63.61 119.28 231.51 134.46 85.49

Table 3.  The enrichment factor (EF) for the collected sediment samples.
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Cr, Cu, Co, Ni, and Pb found along the Moroccan Mediterranean coast were strikingly similar to those found in 
our investigation87. Compared to the beaches of Libya and Malaga Bay, the Egyptian Mediterranean has higher 
quantities of Cr.

Possible remedial approaches for PHEs
Because bioaccumulation mechanisms allow PHE ions to enter the food chain and raise concentrations over 
time, biological systems are harmed by PHEs. Runoff from agricultural operations, industrial processes that 
release metals, and wastewater from home and commercial use are just a few of the ways that PHEs can enter 
the aquatic system. Therefore, selecting the right biomass has been highlighted as one of the primary obstacles 
in the bio-sorption process88,89. Previous bioremediation methods have reduced the number of metal ions in 
wastewater by employing various biomasses. Applications like biosorbents can benefit from the low cost of this 
biomass90. Cell walls, together with other elements, the fungus’s cell walls and other components greatly aid 
in bio-sorption. Because the dry fungus was grown at different pH values, adsorptive treatment was used to 
remove the PHEs91. Municipal sewage sludge is converted into “bio-solids” by wastewater treatment plants. Bio-
solids are becoming increasingly popular as a land application technique, as they recycle nutrients and organic 
materials while improving the sediment’s structure and quality92.

Plants may absorb, accumulate, and occasionally detoxify PHEs through phytoremediation. The 
phytoremediation process offers an affordable and ecologically beneficial alternative to traditional remediation 

Fig. 6.  The contamination degree (a) and the pollution loading index (b) of the studied metals.
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Parameter 

Hazard Index (HI) Carcinogenic risk (CR)

Adult

Children

Adult

Children

Males Females

Males Females

Cd Pb Cd Pb Cd Pb

Locations

 Ia 4.09E−01 4.09E−01 1.51E + 00 6.94E−04 6.23E−06 6.16E−04 2.05E−05 2.28E−03 1.29E−06

 Ib 4.51E−01 4.51E−01 1.67E + 00 1.17E−03 7.19E−06 1.04E−03 2.36E−05 3.84E−03 2.18E−06

 Ic 1.54E + 00 1.54E + 00 5.70E + 00 1.79E−02 6.66E−06 1.59E−02 2.19E−05 5.87E−02 3.32E−05

 II 1.51E−01 1.51E−01 5.57E−01 3.18E−04 2.89E−06 2.82E−04 9.49E−06 1.04E−03 5.91E−07

 IIIa 1.26E−01 1.26E−01 4.65E−01 2.26E−04 6.78E−07 2.01E−04 2.23E−06 7.42E−04 4.21E−07

 IIIb 4.31E−01 4.31E−01 1.60E + 00 6.98E−04 7.38E−06 6.20E−04 2.42E−05 2.29E−03 1.30E−06

 IIIc 4.14E−01 4.14E−01 1.53E + 00 5.03E−04 9.04E−06 4.47E−04 2.97E−05 1.65E−03 9.37E−07

 IV 3.52E−01 3.52E−01 1.30E + 00 3.27E−04 8.21E−06 2.90E−04 2.70E−05 1.07E−03 6.08E−07

 V 2.54E−01 2.54E−01 9.38E−01 1.02E−03 3.36E−06 9.07E−04 1.10E−05 3.35E−03 1.90E−06

 VI 3.25E−01 3.25E−01 1.20E + 00 9.06E−04 6.11E−06 8.05E−04 2.01E−05 2.98E−03 1.69E−06

 VIIa 2.19E + 00 2.19E + 00 8.09E + 00 5.32E−04 7.05E−05 4.73E−04 2.32E−04 1.75E−03 9.91E−07

 VIIb 1.27E−01 1.27E−01 4.70E−01 7.40E−04 7.23E−07 6.58E−04 2.37E−06 2.43E−03 1.38E−06

 VIIIa 2.59E−01 2.59E−01 9.56E−01 6.69E−04 4.91E−06 5.95E−04 1.61E−05 2.20E−03 1.25E−06

 VIIIb 2.84E−01 2.84E−01 1.05E + 00 4.59E−04 6.17E−06 4.08E−04 2.03E−05 1.51E−03 8.54E−07

 VIIIc 3.31E−01 3.31E−01 1.22E + 00 7.18E−04 6.68E−06 6.38E−04 2.20E−05 2.36E−03 1.34E−06

 IXa 9.92E−01 9.92E−01 3.66E + 00 5.95E−04 3.02E−05 5.29E−04 9.91E−05 1.96E−03 1.11E−06

 IXb 2.23E−01 2.23E−01 8.25E−01 4.43E−04 4.59E−06 3.94E−04 1.51E−05 1.46E−03 8.25E−07

 IXc 3.91E−01 3.91E−01 1.44E + 00 4.83E−04 8.61E−06 4.30E−04 2.83E−05 1.59E−03 9.00E−07

 X 6.84E−01 6.84E−01 2.53E + 00 5.84E−04 1.67E−05 5.19E−04 5.49E−05 1.92E−03 1.09E−06

 XIa 4.30E−01 4.30E−01 1.60E + 00 6.58E−04 9.70E−06 5.85E−04 3.19E−05 2.16E−03 1.22E−06

 XIb 4.21E−01 4.21E−01 1.56E + 00 4.47E−04 6.17E−06 3.98E−04 2.03E−05 1.47E−03 8.33E−07

Table 5.  HI and CR values for males, females, and children in the collected sediment samples.

 

Parameter PLI Cd

Location

 Ia 0.052 −7.70

 Ib 0.057 −8.11

 Ic 0.104 18.40

 II 0.024 −8.77

 IIIa 0.022 −8.94

 IIIb 0.058 −7.52

 IIIc 0.057 −7.84

 IV 0.041 −8.36

 V 0.056 −7.15

 VI 0.049 −7.52

 VIIa 0.044 −5.02

 VIIb 0.031 −7.85

 VIIIa 0.031 −7.74

 VIIIb 0.032 −8.09

 VIIIc 0.042 −7.33

 IXa 0.036 −7.05

 IXb 0.030 −8.20

 IXc 0.045 −7.52

 X 0.065 −6.65

 XIa 0.043 −7.31

 XIb 0.066 −7.70

Table 4.  The PLI and contamination index (Cd) in the collected marine sediment samples.
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techniques. Phytoremediation is gaining popularity as a sustainable and environmentally friendly method for 
removing PHEs from water. Molecular techniques are used to study the absorption, sequestration, translocation, 
and tolerance of PHEs. This approach is one of the most commonly used methods for reducing the risk of heavy 
metal contamination in ecosystems or the surrounding environment. Several plant species are utilized, either 
directly or through genetic modification, to mitigate the adverse effects of agriculture93. Numerous external 
processes (thermal, physical, chemical, and electrical) or inputs (soil hydrogels, ceramics, clays, water, and 
aeration) work in tandem with plant development89.

Conclusion
A main investigation on the levels of 24 different elements (Li, B, Na, Mg, Al, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cu, 
Zn, Ga, Se, Sr, Ag, Cd, In, Ba, Pb, and Bi) found along Egypt’s western Mediterranean coast is presented in the 
current communication. To examine element contamination in the sediment samples resulting from numerous 
operations on Egypt’s west Mediterranean coast, 21 sediment samples were collected from 11 sampling sectors. 
The average concentration of all the elements was 3402.69 ± 737.29  µg/g. Due to the numerous industrial 
operations and plants in the vicinity, Sedi Krrir (X) Station exhibits the highest average value in this study. 
According to Igeo and EF, this investigation also showed that Cd (2.16 to 4.15) was classified as extremely polluted 
in all stations examined. With a value of 18.40 for the contamination index (Cd), Sedi Branny station has the 
highest contamination score. The elements recorded were Fe > Mn > Pb > Cu > Zn, according to CDI readings. 
The distribution of elements among human tribes was as follows: Cd > Cu > Fe > Mn > Pb > Zn. PEL and ERM 
levels are lower than the average Cd amounts found in this study. It is also necessary to investigate the anticipated 
sources of pollution along Egypt’s western Mediterranean coasts. The findings of the correlation study revealed a 
highly significant positive association between Mn, Fe, Al, and Ni, suggesting that the sources of pollution from 
these metals may be the same. In Egypt’s Western Mediterranean Sea sediments, toxic metal risks come from 
both natural (geological, atmospheric) and significant anthropogenic sources, such as mining, industrial/sewage 
discharge, agricultural runoff (pesticides/fertilizers), and elevated levels of metals like Cd, Pb, Cu, and Zn, which 
pose moderate to low ecological/health risks. Cd is frequently the highest, requiring improved management and 
source control. Important sources that affect coastal regions, such as El-Dabaa, El-Manzala, and the Nile Delta, 
include adjacent industrial zones (Alexandria), agricultural drains, and mining operations.

According to the PCA model’s findings, there are three main categories into which the sources of PHEs 
pollution may be separated; PC1 is the most prevalent group, explaining 30.61% of the variation. Other toxic 
metals, such as As and Hg, are also essential to consider in sediment. The buried mercury may be remobilized 
into the surrounding water because of human activity or physical, chemical, or biological processes (such as 
hydrodynamic fluxes, bioturbation, molecular diffusion, and chemical transformation). The reactivity (i.e., 
the conversion of inorganic Hg(II) to MeHg), transport, and exposure of living organisms to mercury are all 
significantly impacted by mercury speciation in the water column and sediments. Additionally, the availability of 
methylating bacteria and their activity are influenced by geological circumstances. The same is true for As; thus, 
we recommend studying their speciation in sediment for further investigation.

Data availability
This published article and its supplementary information files contain all the data produced or analyzed through-
out this study.
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