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A B S T R A C T   

Salwa Bay is an elongated, narrow bay which extends southwards from the Gulf of Bahrain down to the Saudi- 
Qatari border, separating the peninsula of Qatar from Saudi Arabia. The present study aims to investigate the 
degree of heavy metal(loid)s (HMs) contamination and the associated health risks in surface sediments of the 
Salwa Bay, Saudi Arabia. Thirty samples were collected for analysis of Ni, Cu, Cr, Pb, Zn, and As using induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES). Several contamination and health risk indices, 
and multivariate analysis were applied. The following order was detected for average concentrations of metal 
(loid)s (μg/g dry weight): Cr (5.56) > Zn (4.63) > Ni (4.43) > As (2.34) > Pb (1.66) > Cu (1.51). The coastal 
sediments exhibit a significant enrichment in As, moderate enrichment in Pb, Zn, Cr, and deficiency to minimal 
enrichment for Ni, and Cu. Sediment quality guidelines indicated that HMs do not pose a risk to the benthic 
communities in Salwa Bay area. The average hazard index values ranged from 0.00002 to 0.0038 in adults and 
from 0.0002 to 0.0353 in children. This suggests that there is no significant possibility of non-carcinogenic effects 
to the people inhabiting the coastline of Salwa Bay. The results of the excess lifetime cancer risk (ELCR) for As, 
Cr, and Pb were below 1 × 10− 4, indicating no carcinogenic health risk except for a few sediment samples 
showing elevated levels of Cr and As.   

1. Introduction 

Rising human populations lead to an escalation in air, land, and 
water pollution. The breakdown of mafic and ultramafic rocks results in 
the release of heavy metal(loid)s (HMs) like copper, lead, zinc, chro-
mium, nickel, and cadmium into the soil and nearby water bodies (Al- 
Kahtany and El-Sorogy, 2022, 2023). Principal anthropogenic sources 
contributing to HM pollution in coastal sediment include wastewater 
irrigation, metal-based pesticides or herbicides, phosphate-based fertil-
izers, sewage effluents, and petroleum distillate spillage (Al-Hashim 
et al., 2021; Alzahrani et al., 2023a; El-Sorogy et al., 2023). 

HMs are of significant concern due to their detrimental impact on 
ecosystems and human health. Elevated levels of HMs can harm aquatic 
ecosystems and their associated biota, leading to structural modifica-
tions in aquatic life, particularly fish, resulting in a decline in their 
populations. HMs exceeding permissible limits profoundly alter water 
quality, acting as toxins which may accumulate extensively in the tissues 
of aquatic organisms, particularly fish, negatively affecting the quality 
and quantity of fish populations (Shah et al., 2012; Luo et al., 2014; 

Mohammadi et al., 2022; Alzahrani et al., 2023b). 
The release of HMs into aquatic environments leads to their accu-

mulation in marine sediments, presenting an ecological hazard to filter- 
feeder organisms and ultimately impacting humans (El-Sorogy and 
Youssef, 2015; Singovszka et al., 2017; Demircan et al., 2023). Despite 
the essential nature of certain HMs such as manganese, iron, copper, 
nickel, lead, and zinc, which are all required in minimal quantities and 
are recognized as nutritionally essential, excessive exposure to these 
HMs can be toxic and may result in severe health issues including can-
cer, diabetes, asthma, respiratory distress, cardiovascular diseases, and 
neurodegenerative disorders (Abbaspour et al., 2014; Alharbi and El- 
Sorogy, 2023). Children, being particularly sensitive to heavy metal 
(loid)s, experience additional exposure routes through breastfeeding, 
placental exposure, hand-to-mouth activities during early years, and 
lower toxin elimination rates (Ma et al., 2016; Rahman et al., 2021; 
Kahal et al., 2023). Furthermore, chronic arsenic ingestion may lead to 
lung diseases like chronic bronchitis, chronic obstructive pulmonary 
disease, and bronchiectasis, as well as liver problems such as non- 
cirrhotic portal fibrosis (Mazumder, 2008; Alharbi et al., 2023). 
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During the last two decades, extensive environmental research has 
indicated a swift decline in the coastal ecosystems of the Arabian Gulf, 
primarily due to human activities (e.g., de Mora et al., 2004; Naser, 
2013; Almahasheer et al., 2013; Almasoud et al., 2015; El-Sorogy et al., 
2019, 2024). In a recent study focusing on the distribution of seashells in 
Salwa Bay, El-Sorogy et al. (2024) identified 48 species of rocky shore 
epi-faunal and shallow sandy bottom in-faunal invertebrates. The Ven-
eridae, Trochidae, and Acroporidae were reported to be the most 
abundant bivalve, gastropod, and coral families, respectively. However, 
there has been no study examining human health in Salwa Bay, specif-
ically using risk indices to evaluate the hazard and excess lifetime cancer 
risk (ELCR) associated with ingestion and dermal contact for both adults 
and children. Consequently, the current research aims to: (i) determine 
the levels and document the distribution of As, Ni, Zn, Cr, Pb, and Cu in 
marine sediments along Salwa Bay, Saudi Arabia; (ii) assess the degree 
of contamination by these HMs using enrichment factor, geo-
accumulation index, and contamination factor; and (iii) establish the 
carcinogenic and possibility of non-carcinogenic effects posed by these 
substances using hazard index and excess lifetime cancer risk. 

2. Material and methods 

2.1. Study area 

Salwa Bay represents the most saline extension of the Arabian Gulf. It 
is situated as a landlocked cul-de-sac between Saudi Arabia and Qatar 
(Fig. 1). The hypersalinity is attributed to coral-reef barriers at the bay’s 
entrance, the shallow nature of the basin (water depths are less than 10 
m), and the slow flushing rates leading to prolonged residence times of 
the waters (Basson et al., 1977; Amao et al., 2018, El-Sorogy et al., 
2024). Seashells and coral fragments along the Bay coastline undergo 
bio-erosion by various mollusks and annelids, similar to observations in 
other locations along the Red Sea and Arabian Gulf coastlines (El-Sor-
ogy, 2015; El-Sorogy et al., 2018, 2020, 2021; Demircan et al., 2021, 
2023; El-Sorogy and Alzahrani, 2024). Floral and faunal diversities have 
been noted to decline towards the bay interior, mirroring the salinity 

gradient (Clarke and Keij, 1973; Riera et al., 2011). 

2.2. Sampling and analytical methods 

Thirty sediment samples were taken from the Salwa Bay coastal zone 
(Fig. 1), stored in plastic bags, and kept in an icebox. In the lab, the 
samples were air-dried at temperatures ranging from 18 to 26 ◦C for a 
week, following the removal of sea grass and gravels. Subsequently, the 
samples underwent size fractionation using a set of sieves to isolate the 
< 63 μm fraction for analysis. A prepared sample (0.50 g) was digested 
with HNO3-HCl aqua regia for 45 min in a graphite heating block. The 
resulting solution was then diluted to 12.5 mL with deionized water, 
mixed, and subjected to analysis. Cr, Cu, As, Ni, Pb, and Zn were 
analyzed using inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES) at the ALS Geochemistry Lab in the Jeddah branch, Saudi 
Arabia. The ICP-AES method underwent validation for linearity, limits 
of detection (LOD), limits of quantification (LOQ), accuracy, and pre-
cision. Calibration curves were established for each element by plotting 
the peak area of the optimum emission line against the concentration of 
standard solutions or spike solutions for standard addition curves. The 
calibration curves demonstrated excellent linearity for all elements. The 
relative standard deviations (RSD%) for all metal(loids) were below 
13.5 %, indicating the method exhibited satisfactory precision, as re-
ported by Manousi and Zachariadis in 2020. The relative recovery 
values (R%) fell within the range of 80–120 %, affirming the method’s 
accuracy. 

HMs contamination in sediment samples was evaluated using the 
enrichment factor (EF), geoaccumulation index (Igeo), and contamina-
tion factor (CF) as outlined by Kowalska et al. (2018). The formulas for 
these indices are derived from the works of Hakanson (1980), El-Sorogy 
and Attiah (2015), Weissmannová and Pavlovský (2017): 

EF =

(
M
X

)

sample
/

(
M
X

)

background
(1)  

Fig. 1. Location map of the sampling sites along Salwa Bay.  
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Igeo = Log2

(
Cn

(1.5 × Bn)

)

(2)  

CF = Co/Cb (3)  

M and Co represent the concentrations of the analyzed metal, while X 
and Cb signify the levels of a normalizer element. Iron (Fe) is frequently 
employed as a normalizing element in this study due to its high abun-
dance in the Earth’s crust and its limited movement in most natural 
settings compared to other trace elements. As a result, it serves as a 
reliable reference point for evaluating the natural background levels of 

other elements (Alzahrani et al., 2023a). Cn is the measured concen-
tration of the HMs in the soils, Bn is the geochemical background con-
centration of the HMs in shale, and 1.5 is introduced to minimize the 
effects of possible variations in the background values. 

To estimate health risks associated with ingestion and dermal con-
tact pathways for both adults and children, various indices such as 
chronic daily intake (CDI), hazard quotients (HQ), hazard index (HI), 
cancer risk (CR), and excess lifetime cancer risk (ELCR) can be 
computed. The formulas for these indices are derived from the works of 
Luo et al. (2012), IRIS (2020), and Miletic et al. (2023). 

CDIing =
(Csediment × IngR × EF × ED)

(BW × AT)
× CF (4)  

CDIderm =
(Csediment × SA × EF × ED)

(BW × AT)
× CF (5)  

HQ = CDI/RfD (6)  

HI =
∑

HQ = HQing +HQderm (7)  

CancerRisk = CDI × CSF (8)  

ELCR =
∑

CancerRisk = CancerRisking +CancerRiskderm (9) 

Table 1 illustrates the exposure factors which were utilized in esti-
mating chronic daily intake (CDI) for possibility of non-carcinogenic 
effects (USEPA, 2002; Chen et al., 2022; Miletic et al., 2023). The 
Environmental Protection Agency (EPA) supplies reference dose (RfD) 
values for all examined HMs for ingestion exclusively (USEPA, 2023). 
The impact of Pb on humans via dermal contact is uncertain; hence, CSF 
values for dermal contact with Pb were scarcely referenced in Table 2 
(Miletic et al., 2023). 

3. Results and discussion 

3.1. Concentration and distribution of heavy metal(loid)s 

The concentrations of HMs, presented in Table S. 1 in μg/g (dry 
weight), followed a descending order as Cr (5.56), Zn (4.63), Ni (4.43), 
As (2.34), Pb (1.66), and Cu (1.51). Fig. 2 presents the distribution of 
metal(loid)s per studied sites. the highest concentrations of metal(loid)s 
were observed in sample 1 (Cr, Cu, and Pb), sample 9 (As), and sample 

Table 1 
Exposure factors used in estimation of chronic daily intake (CDI) for non- 
carcinogenic.  

Parameter Units Adults Children 

Ingestion rate (IngR) mg/day 100 200 
Exposure frequency (EF) days/ 

year 
350 350 

Exposure duration (ED) year 24 6 
Body weight (BW) Kg 70 15 
Average Time for possibility of non-carcinogenic 

effects (ATnc) 
days 8760 2190 

Average Time for carcinogenic risk (ATc) days 25,550 25,550 
Skin surface area (SA) cm2 5700 2800 
Adherence factor (AF) mg/cm 0.07 0.2 
Dermal absorption factor (ABS) − 0.001 0.001 
Conversion factor (CF) Kg/mg 10− 6 10− 6 

Concentration of heavy metal(loid)s (C) Mg/kg − −

Table 2 
The reference dose (RfD) and the cancer slope factors (CSF) for HMs.  

HMs RfDing RfDderm 

Cr 3 × 10− 3 6 × 10− 5 

Cu 4 × 10− 2 4.02 × 10− 2 

Ni 2 × 10− 2 5.4 × 10− 3 

Zn 3 × 10− 1 6 × 10− 2 

Pb 3.5 × 10− 3 3.25 × 10− 4 

As 3 × 10− 4 1.23 × 10− 4 

HMs CSFing CSFderm 
As 1.5 3.66 
Pb 0.0085 −

Cr 0.5 20  

Fig. 2. Distribution of heavy metal(loid)s in sediments obtained from Salwa Bay area.  
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20 (Ni and Zn). Conversely, the lowest values for heavy metals were 
reported in samples located in the central to northern part of the bay (e. 
g., samples 19, 21, 23, and 26–30). 

The background values were taken as a reference for later studies 
from a long time ago, because a new determination was not made 
considering areas of anthropic effect. The average concentrations of Cu, 
Ni, Pb, and Zn in Salwa Bay, as presented in Table 3, were found to be 
lower than those reported from various coastal areas, including the 
Arabian Gulf, background references, and the south-eastern Black Sea 
(Al-Hashim et al., 2021; Al-Kahtany and El-Sorogy, 2023; Alharbi and 
El-Sorogy, 2017; Turekian and Wedepohl, 1961; Taylor, 1964). The 
average Cr value in Salwa Bay was generally below those listed in 
Table 4, with the exception of the Aqeer coastline in the Arabian Gulf 
(Al-Hashim et al., 2021). Furthermore, the average As value in Salwa 
Bay was lower than reported in Table 4, except for the Red Sea-Gulf of 
Aqaba coastline (El-Sorogy et al., 2020) and Al-Khobar, Saudi Arabia 
(Alharbi and El-Sorogy, 2017). 

3.2. Ecological risk assessment and potential sources of heavy metal(loid) 
s 

Table 4 illustrates the class distribution (sample %) of enrichment 
factor (EF), geo-accumulation index (Igeo), and contamination factor 
(CF) for the heavy metal(loid)s analyzed in the sediment samples of the 
study area. The Igeo and CF values for the HMs reveal that all sediment 
samples fall into class 0 and class 1, respectively, indicating uncon-
taminated and low contamination levels (Weissmannová and Pavlovský, 
2017). The EF class distribution results indicate that 6.66 % of the 
sediment samples exhibit very high enrichment with As. Additionally, 
66.67 %, 26.67 %, and 3.33 % of the samples show significant enrich-
ment with As, Pb, and Cu, respectively. However, moderate enrichment 

is observed in 26.67 % of the samples for As, 30 % for Cr and Zn, 16.67 % 
for Cu, 40 % for Ni, and 60 % for Pb (refer to Table 4). 

EF values play a crucial role in distinguishing between elements 
influenced by human activities and those of geological origin (Reimann 
and de Caritat, 2005; Kahal et al., 2020). The average values of EF for 
the HMs in a descending order are recognized as As (9.30) > Pb (4.81) >
Zn (2.18) > Cr (2.09) > Ni (1.95) > Cu (1.69). This indicates that the 
coastal sediments of Salwa Bay exhibit a significant enrichment in As, 
moderate enrichment in Pb, Zn, Cr, and deficiency to minimal 

Table 3 
Comparison between the average HM values (μg/g) in Salwa bay and worldwide background references and SQGs.  

Location and references As Zn Ni Cr Pb Cu 

Salwa Bay, Saudi Arabia (present study) 2.34 4.63 4.43 5.56 1.66 1.51 
Southeastern Black Sea (Aydin et al., 2023) 13.66 155.03 44.93 120.75 93.71 82.66 
Ras Abu Ali, Arabian Gulf (Al-Kahtany and El-Sorogy, 2023) 2.47 6.89 13.00 7.86 3.50 4.14 
Giresun, southeast Black Sea (Kodat and Tepe, 2023) 7.36 94.16 27.29 60.64 41.37 45.66 
Aqeer coastline, Arabian Gulf (Al-Hashim et al., 2021) 14.99 7.62 0.57 3.67 3.88 11.27 
Yanbu coastline, Saudi Arabia (El-Sorogy et al., 2021) 6.83 80.4 23.5 27.11 7.72 35.87 
Red Sea-Gulf of Aqaba coastline (El-Sorogy et al., 2020) 133 24.0 14.0 39.0 6.60 30.0 
Al-Khobar, Saudi Arabia (Alharbi and El-Sorogy, 2017) 1.61 52.7 75.0 51.03 5.36 183 
Al-Jubail − Al-Khafji, Arabian Gulf (Alzahrani et al., 2023) 2.38 6.18 11.76 8.68 2.57 2.44 
Background shale (Turekian and Wedepohl, 1961) 13 95 68 90 20 45 
Background continental crust (Taylor, 1964) 1.8 70 75 100 12.5 55 
Sediment quality guidelines 

(Long et al., 1995) 
Effects range-low (ERL) 8.2 150 20.9 81 46.7 34 
Effects range-median (ERM) 70 410 51.6 370 218 270  

Table 4 
Class distribution (sample %) of geo-accumulation index, enrichment factor, and contamination factor for HMs examined in the sediment samples of the study area.  

Indices Classes As Cr Cu Ni Pb Zn    

EF 

Class 1 EF < 2 Deficiency to minimal enrichment 0 70 80 60 13.33 70 
Class 2 EF = 2–5 Moderate enrichment 26.67 30 16.67 40 60 30 
Class 3 EF = 5–20 Significant enrichment 66.67 0 3.33 0 26.67 0 
Class 4 EF = 20–40 Very high enrichment 6.66 0 0 0 0 0 
Class 5 EF > 40 Extremely high enrichment 0 0 0 0 0 0  

CF 
Class 1 Cf < 1 

1 ≤ Cf < 3 
3 ≤ Cf < 6 
Cf ≥ 6 

Low contamination factor 100 100 100 100 100 100 
Class 2 Moderate contamination factor 0 0 0 0 0 0 
Class 3 Considerable contamination factor 0 0 0 0 0 0 
Class 4 Very high contamination factor 0 0 0 0 0 0    

Igeo 

Class 0 Igeo < 0 uncontaminated 100 100 100 100 100 100 
Class 1 0 < Igeo < 1 unpolluted to moderately contaminated 0 0 0 0 0 0 
Class 2 1 < Igeo < 2 moderately contaminated 0 0 0 0 0 0 
Class 3 2 < Igeo < 3 moderately to strongly contaminated 0 0 0 0 0 0 
Class 4 3 < Igeo > 4 Strongly contaminated 0 0 0 0 0 0 
Class 5 4 < Igeo < 5 Strongly to extremely contaminated 0 0 0 0 0 0 
Class 6 Igeo > 5 Extremely high contaminated 0 0 0 0 0 0  

Table 5 
Minimum, maximum and average values of EF, Igeo, and CF in Salwa coastal 
sediment.  

HMs Indices Minimum Maximum Average 

Pb EF  1.12  16.52  4.81 
Igeo  − 2.71  − 1.61  − 2.25 
CF  0.05  0.15  0.08 

Zn EF  1.24  4.97  2.18 
Igeo  − 3.57  − 1.78  − 2.85 
CF  0.02  0.13  0.05 

Cr EF  1.31  4.12  2.09 
Igeo  − 4.21  − 1.12  − 2.86 
CF  0.01  0.24  0.06 

Ni EF  0.58  3.08  1.95 
Igeo  − 4.62  − 1.04  − 2.93 
CF  0.01  0.26  0.07 

Cu EF  0.70  5.24  1.69 
Igeo  − 6.59  − 4.08  − 5.65 
CF  0.02  0.09  0.03 

As EF  2.59  29.05  9.30 
Igeo  − 4.29  − 1.48  − 3.23 
CF  0.08  0.54  0.18  
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enrichment for Ni, and Cu. For As, S27 and S30 showed EF values 
exceeded 20, implying very high enrichment with this metal(loid). 
Moreover, S7, S14, S18, and S26-S30 showed significant enrichment in 
Pb. The average values of the contamination indices (Table 5) indicate 
that the HMs in sediments of the Salwa Bay are predominantly of natural 
geological origin rather than being significantly influenced by human 
activities (Alzahrani et al., 2023b). In comparison with the range of ERL 
and ERM values for sediment quality guidelines (SQG) of Long et al. 
(1995) in Table 4, it is noticed that all reported values of Cu, Ni, Zn, As, 
Cr, and Pb were below the ERL, indicating that the coastal sediments 
under study do not pose a risk to benthic communities due to the pres-
ence of HMs (Valdés and Tapia, 2019). 

The Q-mode hierarchical cluster analysis (HCA) classified the 30 
samples into three clusters (Fig. 3A). Cluster 1 consists of samples S1 and 
S20, which exhibit the highest concentrations of Cr, Cu, Pb, Ni, and Zn. 
The second cluster comprises samples S3-S8, S10-S19, and S21-S30, 
exhibiting the most minimal levels of all the assessed heavy metals. 
The third cluster consists of samples S2 and S9, which display the 
highest concentration of arsenic (As) and elevated levels of heavy metals 
(HMs) compared to the first and second clusters. The samples S1, S2, S9, 
and S20 were found in the southern region of Salwa Bay, in separate 
locations away from the open sea. These samples were composed of 
sediments with a fine to very fine particle size. As a result, they showed 
elevated concentrations of metal(loid)s, as reported by Vieira et al. 
(2021) and Alarifi et al. (2023). R-mode Hierarchical clustering analysis 
(HCA) categorized the HMs into two distinct clusters (Fig. 3B). The 
initial cluster comprises the elements As, Pb, and Cu, whereas the sub-
sequent cluster encompasses Ni, Zn, and Cr. The average levels of arsenic 
(As), lead (Pb), and copper (Cu) showed high, moderate, and low 
enrichment of these HMs, respectively, indicating that they likely 

originated from human activities. On the other hand, the contamination 
indices suggested that the HMs of the second cluster originated from 
natural sources in the Earth’s crust (Kahal et al., 2018). However, the 
average value of Zn indicated moderate enrichment, implying some 
anthropogenic factors. 

Pearson’s correlation analysis in Table 6 reveals a strongly positive 
correlation between Zn and each of As, Cr, Cu, Ni, and Pb (r = 0.541, 
0.890, 0.760, 0.962, and 0.543, respectively). This suggests similar 
sources for these elemental pairs (El-Sorogy et al., 2016b; Nour et al., 
2022). On the other hand, weak correlations were observed between As 
and the remaining HMs, except for Zn, indicating different sources for 
these two elements, likely of anthropogenic origin. These findings are 
further supported by principal component analysis (PCA), which iden-
tified two principal components (PCs) explaining 65.66 % and 14.55 % 
of the total variance, respectively (Table 7). PC1 exhibited high loading 
for As, Cr, Cu, Ni, Pb, and Zn, while PC2 showed high loading for As. The 
presence of As in both PCs implies a mixture of anthropogenic and 
natural sources for this metalloid. Nevertheless, on-site examinations 
revealed that the act of depositing waste in landfills as a result of coastal 
development, the presence of desalination plants, oil spills, and petro-
chemical industries were the human-caused pollutants in the Arabian 
Gulf and Salwa Bay (Alzahrani et al., 2023a; El-Sorogy et al., 2024). 

3.3. Health risk assessment 

Heavy metal(loids) exist in sediments and soils in various forms 
including free ions, soluble inorganic and organic complexes, carbonate- 
bound, iron and manganese oxide-bound, solid-state organic matter- 
bound, or as residual metals, exhibiting differences in mobility, 

Fig. 3. A. Q mode-HCA of soil samples; B. R mode-HCA of HMs.  

Table 6 
The correlation matrix of the analyzed HMs.   

As Cr Cu Ni Pb Zn 

As 1      
Cr 0.393* 1     
Cu 0.421* 0.849** 1    
Ni 0.493** 0.928** 0.807** 1   
Pb 0.085 0.616** 0.602** 0.553** 1  
Zn 0.541** 0.890** 0.760** 0.962** 0.543** 1 

*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 

Table 7 
Principal component for the investigated HMs.   

Component 

PC1 PC2 

As  0.546  0.533 
Cr  0.945  − 0.125 
Cu  0.835  − 0.295 
Ni  0.977  − 0.008 
Pb  0.614  − 0.616 
Zn  0.975  0.077 
% of Variance  65.66  14.55 
Cumulative %  65.66  80.22  
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bioavailability, and chemical reactivity (Oves et al., 2012; Alloway, 
2013). These HMs pose a significant risk to both ecosystems and human 
health due to their high toxicity (Heidari et al., 2021; Miletic et al., 
2023). Because of the detrimental effects they can have on humans, 
plants, and animals, HMs such as As, Cr, and Pb garner considerable 
public attention (Zhang et al., 2022). 

The average chronic daily intake (CDI) values in mg/kg/day for 
possibility of non-carcinogenic effects in adults exhibited a range from 
7.07763E-06 (Cr) to 1.76256E-05 (Ni) for the ingestion pathway and 
from 7.96E-09 (Cu) to 7.03E-08 (Ni) for the dermal pathway (Table 8). 
On the other hand, the CDI (mg/kg/day) for children ranged from 
1.8624E-05 (Cu) to 0.000164505 (Ni) for the ingestion pathway and 
from 3.72E-08 (Cu) to 3.28E-07 (Ni) for the dermal pathway. These 
findings suggest a higher risk of non-carcinogenic exposure for children 
in both ingestion and dermal pathways as compared to adults. 

The hazard index (HI) values for adults exhibited the following 
ranges: 0.0000060–0.0021 (Ni), 0.0000092–0.000055 (Zn), 
0.000026–0.00015 (Cu), 0.00039–0.0012 (Pb), 0.00048–0.010 (As), 
and 0.0014–0.0091 (Cr). For children, the HI values ranged from 
0.000085 to 0.00051 (Zn), 0.00024–0.0014 (Cu), 0.0032–0.020 (Ni), 
0.0037–0.01099 (Pb), 0.0043–0.094 (As), and 0.013–0.085 (Cr) 
(Table S. 2). These results indicate that the cumulative hazard index was 
higher among children compared to adults (Fig. 4). However, it’s 
noteworthy that all HI values for the metal(loid)s were less than 1.0, 
suggesting that there is no possibility of non-carcinogenic effects expo-
sure for individuals residing along the coastline of Salwa Bay (Tian et al., 
2020). 

Accumulation of high levels of Cr, Pb, and As in the human body can 
lead to severe complications, including lung and stomach cancer, dermal 
lesions, respiratory system issues, and potential impacts on the nervous 
system, potentially causing renal failure (IARC, 1994; Mao et al., 2019). 
The excess lifetime cancer risk (ELCR) for adults showed a range from 
6.877E-07 to 1.513E-05 for Cr, 1.169E-08 to 3.507E-08 for Pb, and 
2.063E-06 to 1.444E-05 for As. In the case of children, ELCR varied from 
6.405E-06 to 1.409E-04 for Cr, 1.089E-07 to 3.267E-07 for Pb, and 
1.922E-05 to 1.345E-04 for As (Table S. 3). The spatial distribution of 
ELCR for As, Cr, and Pb across sample locations exhibited similar pat-
terns for both children and adults, with higher values in children 
(Fig. 5). For adults, all ELCR values were below 1 × 10− 4, indicating no 
significant carcinogenic health risk for individuals residing along the 
coastline of Salwa Bay due to the presence of these HMs in sediments 
(Mondal et al., 2021). However, concerning children, ELCR values were 
below 1 × 10− 6 for Pb, suggesting no substantial health hazards. Yet, 
ELCR values exceeded the threshold of 1 × 10− 4 in sampling sites S1 and 
S20 for Cr and in S9 for As, indicating a potential lifetime carcinogenic 
risk for children in these specific locations (Zhao et al., 2014; Pan et al., 
2018). 

4. Conclusions 

This study sheds light on the contamination of heavy metal(loid)s 
and the associated human health risks along the shores of Salwa Bay, 
Saudi Arabia. The average concentrations of metal(loid)s followed the 
order: Cr > Zn > Ni > As > Pb > Cu. Notably, the southern part of Salwa 
Bay exhibited higher levels of metal(loid)s compared to its northern 
counterpart. Average EF values indicated a significant enrichment in As, 
moderate enrichment in Pb, Zn, Cr, and deficiency to minimal enrich-
ment for Ni, and Cu. Despite the observed contamination, the average HI 
values were less than 1.0, suggesting negligible possibility of non- 
carcinogenic effects for individuals inhabiting the coastline of Salwa 
Bay. Additionally, the ELCR values for adults were less than 1 × 10− 4, 
indicating no significant carcinogenic health risks associated with the 
presence of Pb, Cr, and As in the sediments. However, for children, ELCR 
values were less than 1 × 10− 6 for Pb, indicating no risk. Mitigation 
measures should be taken in accordance with the standards within the 
bay to prevent increasing the potential risks of pollution. 
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Table 8 
Average CDI values (mg/kg/day) for non-carcinogenic possibility in adults and 
children.  

Metal(loid)s  Ingestion Dermal 

As Adult 3.05251E-06 1.22E-08 
Children 2.84901E-05 5.68E-08 

Cr Adult 7.07763E-06 2.82E-08 
Children 6.60578E-05 1.32E-07 

Pb Adult 2.23744E-06 8.93E-09 
Children 2.08828E-05 4.17E-08 

Cu Adults 1.99543E-06 7.96E-09 
Children 1.8624E-05 3.72E-08 

Ni Adults 1.76256E-05 7.03E-08 
Children 0.000164505 3.28E-07 

Zn Adults 6.11872E-06 2.44E-08 
Children 5.71081E-05 1.14E-07  

Fig. 4. The average HI values for possibility of non-carcinogenic effects in adults and children.  
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