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This study investigated the concentrations, spatial distribution, and associated ecological and health risks of nine metals in the sediments of the El Qulaan region along the Red Sea coast in southern Egypt. The levels of barium (Ba), lead (Pb), chromium (Cr), nickel (Ni), and vanadium (V) exceeded both the Canadian soil quality guidelines and the Earth’s average shale composition. Nickel concentrations surpassed the Effect Range Median (ERM), while Pb, Cr, and Ni levels exceeded the Probable Effect Level (PEL), suggesting potential adverse effects on local marine organisms. Factor analysis revealed three main factors: the first factor (F1), accounting for 24% of the variance, included Ba, Co, Cr, V, Fe, pH, and total organic matter (TOM%); the second (F2, 20%) comprised Cu, Ni, and Zn; and the third (F3, 19%) included Pb, Gravel%, Sand%, and Mud%. Contamination factor (CF) values indicated varying degrees of pollution: low for Co and Cu, moderate for Pb, Zn, and Fe, considerable for Cr, Ni, and V, and high for Ba. The geo-accumulation index classified all metals as contributing to extreme contamination. The potential ecological risk index (PERI) ranged from 49 to 81, indicating a low ecological risk (PERI <150). Other indices, including the mean effects range-median quotient, toxic risk index, and modified hazard quotient, pointed to moderate toxicity and contamination severity. Non-carcinogenic risk assessments revealed no long-term health concerns, and cancer risk values remained below internationally accepted safety thresholds. Natural radioactivity levels in the sediments were also mapped and analyzed. The mean activities of 232Th, 226Ra, and 40K were 25.43 ± 7.54, 19.99 ± 6.84, and 294.92 ± 77.86 Bq/kg, respectively, all falling below global safety limits. The findings highlight the pressing need for targeted mitigation efforts and policy measures to manage metal contamination in the region’s coastal environments.
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1 INTRODUCTION
Coastal areas of the Red Sea are essential for developing a blue economy, encompassing industries such as mining, maritime transportation, fishing, and tourism. These regions are home to abundant mangrove populations, which serve critical ecological functions within productive marine ecosystems. Mangroves offer refuge, nourishment, and natural defense against shoreline erosion and severe weather conditions (Mohammed et al., 2024). Human activities, including agricultural practices, industrial operations, and urban expansion, have contributed to a worldwide increase in sediment and metal levels (Abdelaal et al., 2024; 2022; Lasheen et al., 2024a; Vaezi and Lak, 2023). These enduring contaminants present a considerable threat to organisms, as they can build up in both water- and land-based ecosystems, adversely affecting the environment and human wellbeing (Zhang et al., 2016; Zhao et al., 2023). Therefore, continuous monitoring is necessary to mitigate these effects. The coastal zones and islands of the Red Sea are shaped by erosion and deposition (Ardila et al., 2023; Wan et al., 2023).
The expanding tourism sector along Egypt’s Red Sea shoreline endangers the coral reef ecosystem (Abdelaal et al., 2024; Lasheen et al., 2024a). Numerous studies have examined metal pollution in coastal sediments of the Red Sea, emphasizing their chemical composition and spatial distribution (Abdelaal et al., 2024; Abdelaal et al., 2022; Al-Kahtany et al., 2023; Lasheen et al., 2024a). Identifying the origin of these pollutants is vital for effective management strategies. Recently, various ecological risk assessment methods have been employed to determine potential metal sources and evaluate sediment pollution levels, including integrated indices (e.g., pollution load index), single-element indices (e.g., contamination factor and geo-accumulation index), and Sediment Quality Guidelines (SQGs) (e.g., modified hazard quotient and toxic risk index) (Abdelaal et al., 2024; Lasheen et al., 2024a; Zhang et al., 2016). Furthermore, human health risk indices (e.g., hazard index and total cancer risk) have been utilized to estimate the potential harm of toxic substances to human wellbeing (Mohammadi et al., 2019; Hargalani et al., 2014) examined the dispersal of various elements in the bottom sediments of the Anzali wetland, southern Caspian Sea in Iran. The researchers employed an innovative pollution index to assess the total concentration and bioavailability of the heavy metals. In addition, they determined the human-induced contribution of these metals. Additionally (Vaezi et al., 2015), focused on examining trace metal contamination in Mahshahr Bay sediments in southern Iran. They employed a new pollution index to assess trace metal levels in bay sediments. Importantly, they observed that conventional assessment techniques might not be appropriate for regions with high geological backgrounds, such as Mahshahr Bay, due to the substantial influence of natural lithogenous materials.
The Red Sea’s significant economic influence has established it as one of the world’s most crucial trade routes. It serves as both a tourist destination and oil source (Al-Mur and Gad, 2022; Khaleal et al., 2023b). Coastal and marine resources of the Red Sea have contributed to Egypt’s requirements for sustenance, power, industry, and recreation. While some areas remain profitable and appealing for tourism, mining, manufacturing, and other activities, human intervention has degraded or damaged certain shorelines, particularly in regions such as Hurghada. The geo-and ecosystems of the Red Sea face ecological threats from activities such as fishing methods, land reclamation, recreational pursuits, water contamination, solid waste disposal, and radiation sources (Jameson et al., 1999; El Nemr and El-Said, 2014; Fine et al., 2019). The rapid expansion of hotels, resorts, and other amenities along Egypt’s coastline has endangered the region’s coral reef ecosystems. Sustainable tourism initiatives in the Red Sea must incorporate strategies to conserve coral reefs effectively (Lasheen et al., 2024b; Reeve et al., 1998). The study of radiation is intricately linked to environmental safety and the progression of Earth’s geological processes (Alharshan et al., 2022; Kumar et al., 2024; Zakaly et al., 2024). It enhances our comprehension of the natural world’s history, current geological changes, and their effects on public health and the environment. In recent decades, there has been an increased interest in mapping naturally occurring radioactivity in the environment.
Numerous studies have assessed the population’s baseline exposure to radiation levels (Al-Hamarneh and Awadallah, 2009; AlZahrani et al., 2011; Fathy et al., 2023; Lasheen et al., 2022a; Özden et al., 2023; Ramola et al., 2011; Ravisankar et al., 2015). Cosmic radiation intensity varies with latitude and altitude, whereas terrestrial radiation magnitude depends on topography, soil type, and the geological composition of the ground (Lasheen et al., 2023; Ravisankar et al., 2015; UNSCEAR, 2000). The sandy shores of the Red Sea region contain substantial deposits of economically valuable heavy minerals, including ilmenite, garnet, rutile, and radioactive minerals such as zircon. These ores may have been transported from the visible or hidden host rocks through erosion (Al-Mur and Gad, 2022; Ramola et al., 2011). Therefore, the enrichment of zircon and xenotime minerals may result in Red Sea sediments being weathered and transferred from uranium- and thorium-rich host rocks (Al-Mur and Gad, 2022; Fathy et al., 2023; Khaleal et al., 2023a; Lasheen et al., 2022b). To evaluate the impact of radiation on human organs, it is necessary to measure the activity concentrations in Red Sea sediments using various radiological hazard indices (Al-Mur and Gad, 2022; Fathy et al., 2023; Khaleal et al., 2023a; Lasheen et al., 2022b).
This study is the first to perform a thorough examination of metal pollution in sediments of the El Qulaan region on the Red Sea coast of South Egypt. Numerous analytical techniques were used in the study, such as correlation and geochemical analyses and ecological, radiological, and health risk assessment indices. The spatial pattern of metal content across the study sites was assessed and mapped using GIS techniques. Sediment Quality Guidelines (SQGs), ecological effects, and possible health hazards linked to adult and pediatric cutaneous exposure to contaminated sediments were also evaluated in this study. Another goal of the present study is to determine the radioactive potential of sediments along the Red Sea shoreline, which might be useful for several applications such as nuclear power, building, and tourism. For this type of evaluation, the penetrating radiation dosage (232Th, 226Ra, and 40K) emitted by radioactive elements present in these soils must be measured. Several radiological risk indices have been calculated to assess the effects of radiation on human organs in greater detail.
2 MATERIALS AND METHODS
2.1 Study area and geologic setting
The El Qulaan area, situated on Egypt’s Red Sea shore, 90 km south of Marsa Alam city, is part of the southeastern desert of the Egyptian Nubian (Lasheen et al., 2024a; 2024b; Rashwan et al., 2023; Saleh et al., 2024; Stern, 2018). The ED is an extremely northerly, isolated area within the Arabian Nubian Shield. Two prominent litho-structural zones divide the southern region from the northernmost and central portions (Hamdy et al., 2022; Lasheen et al., 2022c; Rashwan et al., 2023). Landsat-8 OLI satellite image (source: U.S. Geological Survey (USGS); website: https://earthexplorer.usgs.gov/; Path: 173; Row: 43; acquisition date: 27 July 2024) was employed to show sampling locations and distinctive land/water characteristics in El Qulaan area (Figure 1b). A composite bands tool was applied to the OLI image using true-color bands (4, 3, and 2) to outline the land use characteristics of the study area (Figure 1b) (Lasheen et al., 2024a; Saralioglu and Vatandaslar, 2022). The Quaternary Red Sea sediments are parallel to the Nubian crystalline rocks along the coastline. The El Qulann mangrove area’s sediments consist mainly of diverse texture classes, ranging from muddy sand to dunes, which dominate most coastal regions (Figure 2a). Mangrove wetlands are found all over the area; they are incredibly productive plants because they produce many leaves and other organic detritus (Figures 2b–d). Organic matter not only benefits the mangrove ecosystem but also spreads to surrounding areas. Various dune types can be distinguished by their outward forms, unique configurations, and orientations.
[image: Map showing three detailed sections of Egypt. Section (a) displays Egypt's location with the Nile River and the labeled Mediterranean and Red Seas. Section (b) is a zoomed-in view of the Red Sea coast, marking sampling sites S1 to S18 with green dots near W. El Qulaan and W. El Reidi. Section (c) shows the study area near the Red Sea with locations of copper, lead, zinc ores, and iron ore marked by red circles, blue dots, and black triangles. A legend indicates symbols for sampling sites, ore types, and major geographical features like the Nile River and lakes.]FIGURE 1 | (a) El Qulaan area is located in the Red Sea region of South Egypt, approximately 90 km south of Marsa Alam. (b) Landsat-8 true color image (bands: 4, 3, 2) displaying the research area’s unique land/water features and coastal sediment sampling locations. (c) Showing location of the mining/ore and mineralization sites in the hilly basement rocks to the west of the study area.[image: Four images showing different coastal landscapes with vegetation. (a) Shows a wide view of a desert shoreline with sparse vegetation and a distant sea. (b) Displays a closer view of shrubs growing on sandy terrain near the sea. (c) Features scattered shrubs on sandy dunes with the sea in the background. (d) Offers a close-up of a single dense shrub on a sandy mound.]FIGURE 2 | Field photographs: (a) Gravel and sandy mud sediments of El Qulann mangrove coastline, and (b–d) Wide mangrove swamps with sand dunes.2.2 Sediment sampling and analysis
Sediment samples (S1-18) were extracted from the top layer (0–10 cm) of the Red Sea region of El Qulaan using a manual auger (Figure 1b). Clean 1-kg bags were used to carry the gathered samples to the lab for geochemical analysis. The pH and total organic matter (TOM) were also measured. A particle size of approximately 30 g was determined for each sediment sample. To remove carbonate and organic debris, each sample was treated with 15% H2O2 and diluted HCl (Song et al., 2023). Ternary diagrams were used to examine the textural classification of the sediments (Folk, 1980). This makes it possible to identify sediment based on the size of its grains, which can be gravel, sand, or mud (silt with clay) (Ardila et al., 2023). The particle size of the sediment sample was determined for sand and gravel fractions by wet sieving; for the mud fraction, the pipette method was utilized in compliance with the method of (Folk, 1980). The organic matter content of the sediment samples (2 g) was determined by sequentially losing weight and igniting in a furnace that was heated to 550 °C (Dean, 1974). The materials were weighed again following the procedure of (Dean, 1974), to determine the weight % without any organic elements. The smallest fractions (<63 µm) from the sediment samples were used to test for metals. These fractions were prepared using the method described by (Haluschak, 2006), which included grinding, screening, and air drying at room temperature. Sediment samples (1 g) were digested using nitric acid (HNO3), perchloric acid (HClO4), and hydrochloric acid (HCl). Subsequently, the samples were filtered to remove any residual material (Oregioni and Astone, 1984). Nine metals (Ba, Co, Pb, Cu, Cr, Ni, Zn, V, and Fe) were extracted from the sediments under study using ICP-OES at the National Research Centre (NRC), Giza, Egypt, in accordance with the methodology of (Oregioni and Astone, 1984). The limits of detection (LODs) for Ba, Co, Pb, Cu, Cr, Ni, Zn, V, and Fe are 0.2, 0.2, 1, 1, 0.5, 1, 3, 0.1, and 10 mg/kg, respectively. External reference standards were acquired from NIST (USA) and Merck Co. (Germany) to verify the precision and accuracy of the metal measurements. The recovery rate of the elements ranged from 93% to 102%. The ICP-OES operational parameters were meticulously optimized to ensure the maximum sensitivity of the elements being analyzed.
2.3 Ecological, SQGs and health risk assessment indices
This study involved the calculation and application of five ecological risk indices. Enrichment Factor (EF) (Zhang et al., 2016), calculated as EF = (Cs/Fes)/(Cb/Feb), where Cs is the sample’s analysed metal value, Cb is the metal crust background, and Feb is the Fe crust background (Supplementary Table S1). Background levels in the Earth’s crust for Cd, Co, Pb, Cu, Mn, Ni, Zn, and Fe are 0.58, 15, 25, 26, 1,058, 20, 66, and 50,000 mg/kg, respectively (Kabata-Pendias and Mukherjee, 2007). Contamination Factor (CF), calculated as CF = Cs/Cb (Hakanson, 1980), which is the result of dividing the detected metal concentration (Cs) in the sediments by local reference value (Cb) (Mahmoud et al., 2015). Index of Geo-accumulation (Igeo) calculated as Igeo=log2Cn1.5*Bn, where Bn is the metal crust-background value and Cn is the investigated metal value. A normalizing factor of 1.5 is applied (Mueller, 1981) (Supplementary Table S1). Pollution Load Index (PLI) (Tomlinson et al., 1980), calculated as PLI = (CF1 * CF2 * CF3* …. * CFn)1/n, where “n” denotes the number of metals analyzed (nine in this study), and “CF” denotes the contamination factor of the metals (Supplementary Table S1).
Potential Ecological Risk Index (PERI), calculated as PERI = ∑i=1nEri=∑i=1nTri×CFi, where CF is the contamination factor, Tri is a metal’s hazardous response factor (Cd = 30, Co = 5, Pb = 5, Cu = 5, Mn = 10, Ni = 5, Zn = 1, and Fe = 1), and Eri is potential ecological risk factor (Hakanson, 1980) (Supplementary Table S1).
Additionally, three sediment quality guidelines (SQGs) were utilized, including the mean effects range median quotient (MERMQ), calculated as MERMQ = ∑Ci/ERMin, where Ci is the metal value that has been measured, ERMi is the metal’s effects range-median, and n is the total number of metals that have been analyzed (Long et al., 2000; 1995) (Supplementary Table S1). Toxic Risk Index (TRI), calculated as TRIi = CiTEL2+CiPEL22 and TRI = ∑i=1nTRIi, where TRIi is the toxic risk index for a single element i and TRI indicates integrated metals in a sediment sample, are calculated using SQGs threshold effects level (TEL) and probable effects level (PEL) (Long and MacDonald, 1998) (Supplementary Table S1), and modified hazard quotient (mHQ), calculated as mHQ = CiTELi+CiPELi+CiSELi, compares the metal value found in sediments to the SQG standards, namely TEL, PEL, and severe effect level (SEL) (MacDonald et al., 2000). Furthermore, two human health risk indices were calculated: the non-carcinogenic Hazard Index (HI) (Miletić et al., 2023; U.S. EPA, 2007; U.S. EPA, 2005), calculated as HI = ∑i=1nHQi, HQ = CDI/RfD, CDIdermal = (Cs × CF × SA × AF × ABS × EF × ED)/(BW × AT) (Supplementary Tables S1, S2), and Total Cancer Risk (TCR) (RAIS, 2017; U.S. EPA, 2002), calculated as TCR = ∑CR and CR = CDIdermal × CSF, where the cancer slope factor (CSF) values for Cd, Ni, and Pb that were applied in this study are 15, 0.84, and 0.0085, respectively, according to (OEHHA, 2023). The input data and equations of the employed ecological, SQGs, and health risk indices are reported in the Supplementary Material and Supplementary Tables S1, S2.
2.4 Radioactivity assessment indices
In the Qulann Mangrove region along the Red Sea shoreline, eighteen sediment samples were analyzed for their radium (ppm), potassium (%), and thorium (ppm) content. The Nuclear Material Authority conducted these analyses using a 76 × 76 mm sodium iodide [NaI(Tl)] scintillation detector (Supplementary materials). Details regarding sample preparation and an explanation of the NaI detector’s abilities, constraints, and limitations can be found in the supplementary materials.
To understand the radiological consequences of the samples that were gathered, it is critical to estimate radiological parameters such as absorbed dose rates (Dair), radium equivalent activity (Raeq), internal and external indices (Hin and Hex), alpha and gamma indices (Iα and Iγ), and effective doses (AEDout and AEDin). The radionuclides 232Th, 226Ra, and 40K are represented by the formulas ATh, ARa, and AK, respectively. An overview of the formulas used to assess the various radiological risks and exposures is given in Table 1.
TABLE 1 | The radioactive hazard equation indicators.	Radiological indices	Equations	References
	Absorbed dose rate (Dair)	Dair nGyh−1=0.43 ARa+0.666 ATh+0.042 AK	European Commission (1999)
	Alpha index (Iα)	Iα=ARa200	European Commission (1999)
	Radium equivalent activity (Raeq)	Raeq Bq kg−1=ARa+1.43 ATh+0.077 AK	Yu et al. (1992)
	External and internal hazard index (Hex and Hin)	Hex=ARa370+ATh259+AK4810	UNSCEAR (2010)
	Hin=ARa185+ATh259+AK4810	UNSCEAR (2010)
	Annual effective dose equivalent (AED)	AED) _in mSv y^−1 =D_air×8.76×0.8×0.7×10^(−3	UNSCEAR (2010)
	AED) _out mSv y^−1 =D_air×8.76×0.2×0.7×10^(−3	UNSCEAR (2010)
	Gamma index (Iγ)	Iγ=ARa300+ATh200+AK3000	European Commission (1999)


2.5 Metals separation
The sediment samples were separated into quarters after being given time to dry. The heavy minerals were then extracted from representative samples using the heavy liquid separation method, which involved bromoform. Following this, the samples underwent magnetic separation based on their magnetic susceptibility using a Frantz isodynamic separator. An Environmental Scanning Electron lens (ESEM, Phillips XL-30) was utilized to identify the heavy minerals, with verification performed using a binocular optic in the Nuclear Materials Authority laboratories.
2.6 Statistical analysis
To assess the sediments’ possible metal sources, statistical analyses comprising summary statistics, Pearson correlations, Factor analysis (FA), and cluster analysis were performed using Statgraphics software (Reimann et al., 2008). In this study, Kolmogorov-Smirnov normality test was performed to check the dataset’s normality of pH, organic matter and examined metals, while skewness and kurtosis was used for the grain size dataset. The test results showed that all datasets were within the predicted range of normal distribution (Table 2).
TABLE 2 | Summary statistics of metals’ contents (mg/kg) in El Qulaan coastal sediments, Red Sea.	n = 18	Gravel%	Sand%	Silt + Clay%	pH	TOM%	Ba	Co	Pb	Cu	Cr	Ni	Zn	V	Fe
	Mean	1.81	92.08	6.1	8.3	7.91	994.44	14.22	96.83	55.33	150.83	85	100.94	158.22	49,249
	Min	0.72	88.2	128	7.8	6.1	635	5	38	5	45	23	36	76	38,327
	Max	4.95	97.4	10.2	8.85	9.8	1,247	26	175	131	286	145	214	263	55,602
	Median	1.52	91.15	7.25	8.35	8.1	1,035	14	91	50.5	143.5	87	93	156	50,356
	SD	1.05	2.42	2.8	0.32	1.36	169.8	6.65	39.3	39.6	73.6	33.6	54.5	47	4,055
	Skewness	3.41	0.94	−0.5	−0.22	−0.05	−0.99	0.35	0.66	0.96	0.92	−0.14	1.26	1.2	−1.71
	Kurtosis	3.49	−0.34	−1.1	−0.93	−1.49	−0.42	−0.89	−0.46	−0.71	−0.65	−0.36	−0.26	0.6	1.67
	CSQG (2007)						750	40	70	63	64	50	200	130	—
	Taylor (1964)						425	25	12.5	55	100	75	70	135	56,300
	Turekian and Wedepohl (1961)						—	19	20	45	90	68	95	130	47,200


3 RESULTS AND DISCUSSION
3.1 Sediment’s composition and type
Supplementary Tables S3, S4 report the investigated values for sediment grain size and type, pH, and TOM, and Table 2 summarizes the results, and Figure 3 shows the spatially distributed values. The findings indicated that the coastal sediments in El Qulaan area had low to medium ratios of TOM (6.1%–9.8%) (Tyson, 1995; Ercegovac and Kostic, 2006) and were alkaline (pH = 8.3) (Table 2). This could be related to the mangrove swamps with many leaves and other organic debris that are scattered along the shoreline of El Qulaan area (Figure 2B). Furthermore, the lowest percentages of gravel (1.81%) and mud (silt + clay; 6.1%) were found in the El Qulaan strata, while the majority ratio (92%) was sand (Supplementary Table S3; Figure 3a). The analyzed sediment sites exhibited a zigzag pattern in terms of grain size%, pH, and organic matter values. pH values showed an increasing trend southward, while TOM showed the least ratios in the central sites (e.g., S5-12) (Figures 1B, 3B). The south sites (e.g., S10–11, S14-18) showed the highest ratios of sand, mud, pH and organic matter, where a significant amount of wadi discharge fluvial deposits are present, and where there was frequent flooding into the sea. In contrast, the central sites showed the highest ratios of gravel (Figures 1b, 2).
[image: Chart (a) shows grain size distribution across 18 sites, with sand as the predominant component, followed by mud and gravel. Chart (b) illustrates the pH and total organic matter percentage across the same sites. The pH values fluctuate between 7 and 9, while the total organic matter shows an overall increasing trend with some variability.]FIGURE 3 | Spatial variations in sediment grain size (%) distribution (a) pH and total organic matter (TOM%; (b) in sediments of El Qulaan area, Red Sea.3.2 Metal contents and spatial pattern
Supplementary Table S4 presents the metal concentrations found in coastal sediments of the Red Sea region of El Qulaan. A summary of these metals is provided in Table 2, with their spatial distribution across sampling sites (S1-18) illustrated in Figure 4. The metal concentrations observed were consistent with Canadian soil quality guidelines (CSQG, 2007) and Earth’s crust background levels (Taylor, 1964), as shown in Table 2. The metals analyzed, listed in descending order of concentration (mg/kg), were Fe (49,249) > Ba (994.44) > V (158.22) > Cr (150.83) > Zn (100.94) > Pb (96.83) > Ni (85) > Cu (55.33) > Co (14.22) (Table 2).
[image: Nine maps displaying the distribution of different metal concentrations in a coastal region, marked with labeled sample points S1 to S18. Each map corresponds to a specific metal: barium (Ba), cobalt (Co), lead (Pb), copper (Cu), chromium (Cr), nickel (Ni), zinc (Zn), vanadium (V), and iron (Fe). Circles of varying sizes represent concentration ranges, with larger circles indicating higher concentrations. A consistent scale bar and coordinate grid are shown, and each map includes a legend specifying concentration ranges in milligrams per kilogram.]FIGURE 4 | Spatial pattern of metal contents (mg/kg) in El Qulaan coastal sediments: Ba (a) Co (b) Pb (c) Cu (d) Cr (e) Ni (f) Zn (g) V (h) and Fe (i).The contents of most metals (e.g., Pb, Cr, Ni, and V) in El Qulaan sediments exceeded those in Earth’s Crust in sedimentary rocks (average shales) (Turekian and Wedepohl, 1961), Earth’s crustal background (Taylor, 1964) and Canadian soil quality guidelines (CSQG, 2007). This enrichment is attributed to the location of El Qulaan mangrove sites at the terminus of Wadis that traverse alteration zones containing various mineral deposits (e.g., copper, lead, zinc, gold, and iron) (Figure 1c). During flooding episodes, these wadies act as channels for minerals that are swept from upstream rocks to the downstream outflow where mangroves are found, causing mineral deposition (Mohammed et al., 2024). Additional factors contributing to metal enrichment include basement rocks, mining operations (Figure 1c), and tourism activities along the Red Sea’s shoreline (Figure 1b) (Abdelaal et al., 2024; Al-Kahtany et al., 2023; Lasheen et al., 2024a). In contrast, Co, Cu, Zn, and Fe concentrations were below the levels recommended by Canadian guidelines (CSQG, 2007).
The spatial distribution of examined metals in sediments of El Qulaan area revealed that northern sediment sites (S1-4) exhibited the highest levels of Co (Figure 4b) and V (Figure 4h), which may be related to the tourism activities near El Qulaan mangrove beach to the north of the study area. Central locations (S5-9, 12–13) showed peak concentrations for most metals, including Ba (Figure 4a), Pb (Figure 4c), Cu (Figure 4d), Ni (Figure 4f), and Fe (Figure 4i). This metal enrichment could originate from the wadi-rich materials discharged from mining/mineralization sites to the west (Figure 1c) into Wadi El Qulaan, which is passing within the study area to the Red Sea coast (Figure 1b) (Mohammed et al., 2024). Furthermore, the southern sediment sites (S10-11, 14–18) displayed elevated levels of Cr (Figure 4e) and Zn (Figure 4g), which could relate to the mining materials discharged from W. El Reidi to the south of the study area (Figures 1b,c).
Table 3 compares the mean metal contents in sediments of El Qulaan area with global data on marine pollution in Egypt and worldwide. The average contents of Ba, Pb, Cr, Ni, and V in El Qulaan area exceeded those that are present in coastal sediments of Red Sea coastline (Badawy et al., 2018), W. El-Gemal outlet (Al-Kahtany et al., 2023), W. El-Gemal Island (Lasheen et al., 2024a), Abu Minqar Island, Hurghada (Abdelaal et al., 2024), Marsa Alam (Farhat et al., 2022), Gulf of Suez, Egypt (Nour et al., 2022), and in marine sediments of Ras Abu Ai Island and Aqaba coast, Saudi Arabia (Al-Kahtany and El-Sorogy et al., 2023; El-Sorogy et al., 2020), Mahshahr Bay and Northeast coast, Iran (Vaezi et al., 2015; Vaezi and Lak, 2023), and in lagoon-lake sediments, Turkey (Yüksel and Fikret, 2025 (Table 3). In contrast, the average Co, Cu, Zn, and Fe contents in El Qulaan area were lower compared to coastal sediments in China, India, and Taiwan (Fang and Chang, 2023; Gopal et al., 2023; Zhao et al., 2023) (Table 3).
TABLE 3 | The average metal’ contents (mg/kg) in El Qulaan sediments were compared to those found in Egyptian and global coastal sediments.	Location	Ba	Co	Pb	Cu	Cr	Ni	Zn	V	Fe	References
	El Qulaan, Red Sea, Egypt	994.44	14.22	96.83	55.33	150.83	85	100.94	158.22	49,249	This study
	Red Sea coastline, Egypt	171.84	4.81	4.89	7.7	53.84	15.37	27.55	29.78	14,562	Badawy et al. (2018)
	W. El-Gemal outlet, Red Sea, Egypt	—	1.24	2.57	0.47	—	2.44	6.74	—	4,618	Al-Kahtany et al. (2023)
	W. El-Gemal Island, Red Sea, Egypt	—	2.05	0.84	0.31	—	0.7	3.4	—	1,271	Lasheen et al. (2024a)
	Abu Minqar Island, Red Sea, Egypt	—	2.34	1.19	0.27	—	0.76	2.89	—	921	Abdelaal et al. (2024)
	Marsa Alam coast, Red Sea, Egypt	—	1.83	2.23	1.94	10.62	6.82	28.83	—	1,674	Farhat et al. (2022)
	Gulf of Suez, Egypt	—	7.4	2.78	1.66	8.98	5.58	3.96	—	540	Nour et al. (2022)
	Ras Abu Ali Island, Saudi Arabia	—	1.43	3.5	4.14	7.86	13	6.9	6.67	4,808	Al-Kahtany and El-Sorogy (2023)
	Aqaba coast, Red Sea, Saudi Arabia	—	4.5	6.6	30	39	14	24	—	3,374	El-Sorogy et al. (2020)
	Lagoon lakes, Turkey	—	—	17.74–20.39	11.63–48.97	90.8–154.36	25.04–130.64	19.43–75.33	—	28,191–48,580	Yüksel and Fikret (2025)
	Mahshahr Bay, Iran	56	3	—	22	43	62	93	—	—	Vaezi et al. (2015)
	Northeast coast, Iran	142	8	9	13	70	50	34	41	21,800	Vaezi and Lak (2023)
	Vedaranyam coast, India	—	71	—	115.1	48.8	66	623	—	65,966	Gopal et al. (2023)
	Zhejiang coast, China	457.4	17.17	29.4	28.15	55.46	45	115.87	142.8	—	Zhao et al. (2023)
	Mailiao coast, Taiwan	—	—	21.69	30.96	86.1	51.65	174.12	—	38,370	Fang and Chang (2023)


Boldface relates to the highest values of metals.
3.3 Source identification of metals pollution
Examination of eighteen sediment samples from the Red Sea coast’s El Qulaan area revealed strong Pearson’s correlations between metals and various factors including organic matter, pH, and particle size (Table 4; Figure 5). Significant negative relationships were observed between Mud% and Sand% (r = −0.92; p < 0.01), as well as with Gravel% (r = −0.52; p < 0.05) (Table 4). Additionally, Cu and Ni showed a negative correlation (r = −0.57; p < 0.05) (Figure 5f). Conversely, several positive correlations were identified: pH with TOM% (r = 0.74; p < 0.01) (Figure 5a) and Cr (r = 0.68; p < 0.01) (Figure 5c), Cr with TOM% (r = 0.73; p < 0.01) (Figure 5b), Ba with Fe (r = 0.66; p < 0.01) (Figure 5d), and Co with V (r = 0.56; p < 0.01) (Figure 5e). Moderate positive correlations were also found between pH and Zn (r = 0.48; p < 0.05), and V and TOM% (r = 0.47; p < 0.05) (Table 4). Notably, Pb exhibited no correlation with other parameters or metals in the examined sediments (Table 4).
TABLE 4 | Pearson correlations within sediment grain size, pH, organic matter, and the metals in coastal sediments of El Qulaan area, Red Sea.		Gravel%	Sand%	Mud%	pH	TOM%	Ba	Co	Pb	Cu	Cr	Ni	Zn	V	Fe
	Gravel%	1													
	Sand%	0.16	1												
	Mud%	−0.52a	−0.92b	1											
	pH	−0.26	−0.003	0.10	1										
	TOM%	−0.23	−0.21	0.27	0.74b	1									
	Ba	0.33	−0.04	−0.09	0.16	0.35	1								
	Co	−0.21	−0.01	0.09	0.05	0.35	0.15	1							
	Pb	−0.03	0.39	−0.33	−0.11	−0.27	0.02	−0.29	1						
	Cu	−0.02	0.14	−0.11	0.42	0.14	−0.20	−0.35	−0.004	1					
	Cr	−0.36	0.02	0.12	0.68b	0.73b	−0.03	0.41	−0.26	0.17	1				
	Ni	0.12	−0.27	0.18	−0.12	0.08	0.40	0.03	−0.15	−0.57a	−0.08	1			
	Zn	−0.35	0.09	0.05	0.48a	0.07	−0.43	−0.31	0.22	0.30	0.34	−0.36	1		
	V	−0.01	0.23	−0.20	0.25	0.47a	0.46	0.56a	0.11	−0.42	0.40	0.03	−0.14	1	
	Fe	−0.06	0.08	−0.04	0.33	0.37	0.66b	−0.08	0.08	−0.27	0.19	0.35	0.07	0.41	1


a Correlation is significant at <0.05 level.
b Correlation is significant at <0.01 level.
Bold values refer to a significant values
[image: Scatter plots showing correlations with regression lines and R² values. a) pH vs. TOM% with R² = 0.5566. b) Chromium (Cr) concentration vs. TOM% with R² = 0.5362. c) Cr concentration vs. pH with R² = 0.4616. d) Barium (Ba) concentration vs. Iron (Fe) with R² = 0.4389. e) Vanadium (V) concentration vs. Cobalt (Co) with R² = 0.321. f) Copper (Cu) concentration vs. Nickel (Ni) with R² = 0.327. Each plot includes a trend line and equation.]FIGURE 5 | Significant bivariate relationships between pH, organic matter (TOM), and the examined metals (mg/kg): TOM% vs. pH (a) and Cr (b) pH vs. Cr (c) Ba vs. Fe (d) V vs. Co (e) and Cu vs. Ni (f) in El Qulaan coastal sediments, Red Sea.Factor analysis (FA) was employed to identify hidden relationships among variables and provide a more detailed description of the multidimensional system. FA attempts to discover underlying factors that account for the observed correlations between variables. The FA of metals in El Qulaan sediments identified three factors (Table 5). The first factor (F1) accounted for 24% of the overall data variance, showing positive significant loads for Ba, Co, Cr, V, Fe, pH, and TOM% (Figure 6a). A potential common source for this could be mining sites and human activities related to tourism. The second factor (F2) explained 20% of data variance with significant loadings of Cu, Ni, and Zn (Figure 6a), potentially originating from the influx of debris from western wadis into El Qulaan’s shoreline (Figure 1b). Additionally, the third factor (F3) accounted for 19% of the overall data variation, with significant loading of Pb, Gravel%, Sand%, and Mud% (Figure 6A), suggesting a possible shared source from wadi discharge from western mineralization mining sites (e.g., Zuj El-Buhar; Figure 1c). Previous research indicates that certain metals exhibit positive correlations, implying similar sources (Liang et al., 2018).
TABLE 5 | Factor analysis with loading and variance (%) in sediment grain size, pH, organic matter, and the metals in coastal sediments of El Qulaan area, Red Sea.	Variable	Factor 1	Factor 2	Factor 3	Communality
	Ba	0.57	0.55	0.16	0.66
	Co	0.49	0.21	−0.21	0.33
	Pb	−0.11	−0.09	0.57	0.34
	Cu	−0.14	−0.74	0.10	0.57
	Cr	0.71	−0.47	−0.23	0.77
	Ni	0.17	0.67	−0.25	0.54
	Zn	0.04	−0.77	0.02	0.59
	V	0.78	0.22	0.23	0.72
	Fe	0.64	0.23	0.13	0.48
	Gravel%	−0.16	0.42	0.47	0.42
	Sand%	0.10	−0.18	0.89	0.83
	Mud%	−0.03	−0.01	−0.95	0.90
	pH	0.67	−0.58	−0.12	0.80
	TOM%	0.83	−0.21	−0.32	0.83
	Variance	3.32	2.85	2.61	8.78
	% Variance	0.24	0.20	0.19	0.63


[image: Panel (a) shows a biplot of Factor 1 (twenty-four percent) and Factor 2 (twenty percent) with vectors representing elements like Gravel%, Mud%, and metals such as Ni, Ba, and Pb. Panel (b) displays a hierarchical clustering dendrogram with distance on the y-axis, grouping variables like Gravel%, Sand%, and metals including Pb, Ba, Cr, and Zn.]FIGURE 6 | (a) Factor analysis (FA) plot of metals, grain size, pH, and organic matter in El Qulaan sediments. (b) Dendrogram of the investigated metals using Ward’s-Squared Euclidean Method.Using the Ward-Squared Euclidean method for cluster analysis, the sediment characteristics and metal content in El Qulaan area were categorized into four distinct groups (Figure 6b). The first group comprises pH, TOM%, Cr, and Mud%, while the second group consists of Ba, Fe, Ni, Co, and V (Figure 6b). The third group includes Pb, Sand%, and Gravel%, and the fourth group is made up of Cu and Zn (Figure 6b). The results displayed in Figure 6 demonstrate that the cluster analysis corroborated the findings obtained from the FA analysis.
3.4 Ecological risk assessment indices
Supplementary Table S5 and Figure 7a present the ecological enrichment factor (EF) of the metals that were examined in the sediments of El Qulaan. Supplementary Table S5 and Figure 7a show that the average EF in all metals was 2.35, with a range of 0.18–7.42. According to Figure 7a, Ni had the largest mean EFs (4.3), indicating a significant enrichment (EF = 5–20). While Co, Cr, Zn, and V showed minimal enrichment (EF = 1–2), the average EFs of Ba, Pb, and Cu indicated moderate enrichment (EF = 2–5) (Figure 7a) (Abdelaal et al., 2024; Lasheen et al., 2024a; Wan et al., 2023) (Figure 7a).
[image: Three charts compare metal contamination across sites. Chart a shows Enrichment Factor (EF) levels for metals like barium and copper, ranging from low to significant across 18 sites. Chart b displays Contamination Factor (CF) for various metals, with barium and chromium showing considerable contamination. Chart c indicates Geoaccumulation Index (Igeo) for several metals, with iron specifically marked. Each chart uses different symbols and colors to represent metals.]FIGURE 7 | The calculated enrichment factor (EF: (a) contamination factor (CF: (b) and geo-accumulation index (Igeo: (c) of the investigated metals in El Qulaan coastal sediments, Red Sea.The estimated ecological contamination factor (CF) for metals in El Qulaan sediments is presented in Supplementary Table S6 and Figure 7b. The CF value for each element which represents the whole investigated area had a decreasing order as follows: Ba (6.25) > V (3.99) > Cr (3.68) > Ni (3.42) > Fe (2.3) > Pb (2.02) > Zn (1.1) > Co (0.9) > Cu (0.67). Ba showed the highest CF value, suggesting high contamination (CF ≥ 6), This indicates that Ba is abundant in sediments—likely due to natural geological inputs—rather than strongly enriched by anthropogenic sources. While V, Cr, and Ni exhibited considerable contamination (3 ≤ CF < 6). This metal enrichment in coastal sediments may be linked to lead and zinc ore/mining sites (e.g., Zuj El-Buhar) in basement rocks west of the study area (Figure 1c). Additionally, the moderate contamination (1 ≤ CF < 3) of Pb, Zn, and Fe (Figure 7b) indicates that, besides mining sites, tourism along El Qulaan’s beachfront could contribute to metal contamination. In contrast, Co and Cu CFs demonstrated low contamination (CF < 1) (Figure 7b) (Abdelaal et al., 2024; Hakanson, 1980; Lasheen et al., 2024a) (Figure 7b).
Figure 7c and Supplementary Table S7 display the calculated ecological geo-accumulation index (Igeo) for various metals in El Qulaan’s coastal sediments. The Igeo values for these metals follow a descending sequence: Fe (30.61) > Ba (18.05) > V (13.3) > Cr (13.12) > Zn (11.91) > Pb (10.53) > Ni (10.01) > Cu (9.44) > Co (6.65). The Igeo readings for all examined metals ranged from 5.32 to 30.79, with an average of 13.74 (Figure 7c). This average indicates that the analyzed sediments are extremely contaminated, falling into class 7 (Igeo > 5) according to (Mueller, 1981) (Figure 7c).
Supplementary Table S6 illustrates the ecological pollution load index (PLI) values for the metals studied in the coastal sediments of the El Qulaan region. The calculated metal PLI value (2.15), indicates progressive contamination (PLI > 1) (Abdelaal et al., 2022; Hakanson, 1980). The PLI data suggests that the discharge of mining materials from wadies (e.g., W. El Qulaan, and W. El Reidi) to the west of the study area (Figures 1b,c) has led to severely polluted sediments (Mohammed et al., 2024).
To assess metal concentrations in El Qulaan’s coastal sediments, researchers employed the potential ecological risk index (PERI) and Eri (Hakanson, 1980). The findings are displayed in Supplementary Table S6. The Eri values for the metals under investigation were ranked in descending order: Ni (17.08) > Pb (10.11) > V (7.97) > Cr (7.36) > Co (4.5) > Cu (3.53) > Fe (2.3) > Zn (1.1) (Supplementary Table S6). Each of the analyzed metals showed low risk (Eri <40) (Supplementary Table S6). The PERI value for all metals (53.77), indicates low risk (PERI < 150) (Supplementary Table S6) (Abdelaal et al., 2024; Zhao et al., 2023).
3.5 Sediment quality guidelines (SQGs)
The estimated mean effects range median quotient (MERMQ) values for the metals examined in El Qulaan coastal sediments are presented in Supplementary Table S8 and Figure 8A, based on the effects range-low (ERL) and effects range-median (ERM) criteria (Long et al., 2000; 1995). Table 6 displays the comparison results of the SQGs ERL, ERM, threshold effect level (TEL), probable effect level (PEL) (Long et al., 2000; 1995), and Pb, Cu, Cr, Ni, and Zn contents in El Qulaan sediments. Table 6 shows that the lead PEL level of 91.3 mg/kg is exceeded by 50% (9 sites). Interestingly, 15 sites, or 83% of the total, exceed the Ni ERM limit (51.6 mg/kg), while 17 sites (94% of the total) exceed the Ni PEL level (36 mg/kg). Similarly, 72% of the sites are above the PEL value of Cr (90 mg/kg). Additionally, Table 6 indicates that the contents of Cu and Zn were below their respective ERM and PEL values. The computed MERMQ values of Pb, Cu, Cr, Ni, and Zn ranged from 0.43 to 1.08, with an average value of 0.83, representing medium-high priority risk levels (0.51< MERMQ ≤ 1.5) (Supplementary Table S8; Figure 8A).
[image: Six graphs depicting various environmental risks across 18 sites. Graphs a and b show line charts of MERMQ and TRI indicators with medium-high and low toxic risks, respectively. Graphs c and d display scatter plots of TRI and mHQ for elements like Pb, Cu, Cr, Ni, and Zn, indicating different severity levels. Graph e shows line charts of HI for children and adults, while graph f presents TCR for children and adults, highlighting varying risk levels across sites.]FIGURE 8 | The values of SQG mean effects range median quotient (MERMQ: (a) toxic risk index (TRI: (b,c) modified hazard quotient (mHQ: (d) human health non-carcinogenic risk index (HI: (e) and human health carcinogenic risk index (TCR: (f) of the investigated metals in El Qulaan coastal sediments, Red Sea.TABLE 6 | Metal values in El Qulaan coastal sediments, compared to the SQGs ERL, ERM, TEL, and PEL levels (Long et al., 2000; Long et al., 1995; Macdonald et al., 1996).	SQGs	Pb	Cu	Cr	Ni	Zn
	ERL (mg/kg)	46.7	34	81	20.9	150
	ERM (mg/kg)	218	270	370	51.6	410
	TEL (mg/kg)	35	35.7	37.3	18	123
	PEL (mg/kg)	91.3	197	90	36	315
	Content range (mg/kg)	38–175	5–131	45–286	23–145	36–214
	<ERL%	11.11	38.88	22.22	0	77.77
	ERL-ERM%	88.89	61.12	77.78	16.67	22.23
	>ERM%	0	0	0	83.33	0
	<TEL%	0	38.88	0	0	72.22
	TEL-PEL%	50	61.12	72.78	5.56	27.78
	>PEL%	50	0	72.22	94.44	0


Supplementary Table S9 and Figures 8B,C present the calculated Toxic risk index (TRI) values for Pb, Cu, Cr, Ni, and Zn in El Qulaan area sediments, derived from the SQGs TEL and PEL (Long et al., 2000; Long et al., 1995). The multi-element TRI value average (Figure 8B) across sediment sites varied between 7.05 and 14.46, with a 10.66 mean value (Figure 8B), indicating a moderate toxic risk (10 < TRI ≤ 15). Additionally, Ni (3.47) and Cr (3.1) exhibited the highest average TRI values, while Pb (2.1), Cu (1.11), and Zn (0.62) showed the lowest TRI values (TRI ≤ 5) (Zhang et al., 2016) (Figure 8C).
The calculated modified hazard quotient (mHQ) values for the metals examined in El Qulaan sediments are presented in Supplementary Table S10 and Figure 8D, based on the SQGs TEL, PEL, and severe effect level (SEL) (Benson et al., 2018; Long et al., 2000; 1995). The mean mHQ levels of the metals varied from 0.46 to 3.74, with an average of 1.98, suggesting a moderate severity of contamination (1.5 ≤ mHQ < 2.0) (Figure 8D). The average mHQ values for the metals followed a descending order: Ni (2.81) > Cr (2.59) > Pb (2.01) > Cu (1.42) > Zn (1.09) (Figure 8D). Furthermore, Pb exhibited considerable contamination severity (2.0 ≤ mHQ < 2.5), Cu and Zn demonstrated low contamination severity (1.0 ≤ mHQ < 1.5), while Cr and Ni showed high contamination severity (2.5 ≤ mHQ < 3.0) (Figure 8D).
3.6 Human health risk assessment
Supplementary Table S11 and Figure 8E present the calculated non-carcinogenic hazard index (HI) values for the metals that were analyzed in El Qulaan sediments, Red Sea. The HI risk levels for adults and children were estimated using the hazard quotient (HQ), reference dose (RfD), and chronic daily intake (CDIDermal) (Supplementary Table S2) of examined metals. (RAIS, 2017; U.S. EPA, 2002; 1989). Supplementary Table S11 indicates that the highest values of HQChild and HQAdult in sediments were found in Ba (5.47 × 10−2 and 4.17 × 10−2, respectively), and the HQ values of most metals are below the allowable limit (HQ < 1). Additionally, HIAdult values were slightly lower, ranging from 2.75 × 10−2 to 4.92 × 10−2 with a mean level of 4.06 × 10−2, whereas HIChild levels varied from 3.6 × 10−2 to 6.45 × 10−2 with a mean value of 5.32 × 10−2 (Figure 8E). There was no chronic non-carcinogenic risk indicated by the HI values of the metals in the sediments of El Qulaan (HI < 1) (Abdelaal et al., 2024; Emenike et al., 2020; Jalali et al., 2023; Lasheen et al., 2024a).
Total cancer risk (TCR) estimates for adults and children in the coastal sediments of El Qulaan are displayed in Supplementary Table S12 and Figure 8F. The TCR for Cd, Pb, and Ni was estimated using the cancer risk (CR), cancer slope factor (CSF), and chronic daily intake (CDIDermal) (U.S. EPA, 2007; U.S. EPA, 2005; U.S. EPA, 2002). Ni had the highest CR level (3.43 × 10−6), however none of the CR values for the metals being investigated exceed the 1 × 10−6 acceptable level given by (RAIS, 2017; U.S. EPA, 2002) (Supplementary Table S12). Additionally, TCRChild levels of Pb, Cr, and Ni in the sediments under study ranged from 4.8 × 10−7 to 2.5 × 10−6 with a mean level of 1.57 × 10−6 (Figure 8F). In contrast, TCRAdult values were higher, ranging from 1.83 × 10−6 to 9.54 × 10−6 with a mean value of 5.98 × 10−6 (Figure 8F). Supplementary Table S13 and Figure 8F show that the TCR values of Pb, Cr, and Ni in the sediments of El Qulaan were determined to be within the allowable limit, which is 1 × 10−6 for single elements and 1 × 10−4 for multi-elements (RAIS, 2017; U.S. EPA, 2002). To assess the cancer risk in sediments, TCR is crucial. Numerous cancers can also result from long-term exposure to traces of dangerous metals like Pb, Cr, and Ni (Abdelaal et al., 2024; Emenike et al., 2020; Lasheen et al., 2024a; Xu et al., 2022).
3.7 Radionuclide activity concentrations
For 18 sediments that were taken from El Qulann area of the Red Sea shoreline, the activity levels of radionuclides 226Ra, 232Th, and 40K, along with their statistical values, were evaluated (Table 7) and are spatially distributed in Figure 9. Notably, the value of 40K varies from 134.59 to 413.16 with a mean value 294.92 ± 77.86 Bq/kg (Figure 9c), which is below the global limit (412 Bq/kg) (UNSCEAR, 2010). 226Ra has an average ±SD of 19.99 ± 6.84 and varied from 11.1 to 33.3 Bq/kg (Figure 9b), with an aa average of 19.99 Bq/kg, which is below the overall mean of 33 Bq/kg (Al-Hamarneh and Awadallah, 2009; UNSCEAR, 2010; Zakaly et al., 2024). Furthermore, the 232Th activity in all representative ranges from 14.02 to 40.4 Bq/kg (Figure 9A), with a mean of 25.43 ± 7.54. This is below the global mean of 45 Bq/kg (Lasheen et al., 2023; UNSCEAR, 2010). In the samples that were gathered, the activity level order was 40K > 232Th > 226Ra (Table 6). The concentration of released K-bearing minerals, such as feldspar and muscovite, from the host rocks, granitic rocks (with high SiO2 content), can be attributed to the increased 40K activity in these samples (Abbasi et al., 2020; Kamar et al., 2022; Büyükuslu et al., 2018; Shahrokhi et al., 2020). The current 232Th, 40K, and 226Ra activity data were compared with the values from the previous worldwide review, which are indicated in Table 8. It is evident that the current activity level is lower than the overall limit of (UNSCEAR, 2010), and other regions such as those of Kumaun Himalaya, India (Ramola et al., 2011), Dois Rios beach, Brazil, (Freitas and Alencar, 2004), the Red Sea coast, Egypt (Harb, 2008); the Aegean coast, Greece (Shahrokhi et al., 2020); Corbu beach, Romania; (Margineanu et al., 2013); West Coast, Thailand (Malain et al., 2010); and Wadi El-Gemal Island, Red Sea, Egypt (Khaleal et al., 2023c).
TABLE 7 | Activity of226Ra,232Th, and40K levels of the beach sediments, El Qulaan area, Red Sea.	Samples	232Th (Bq/kg)	226Ra (Bq/kg)	40K (Bq/kg)
	S1	24.24	11.10	291.09
	 S2	28.28	18.54	234.75
	 S3	20.16	22.20	231.62
	S4	20.20	11.10	375.60
	 S5	16.16	22.20	406.90
	 S6	24.24	17.21	262.92
	 S7	16.16	22.20	322.39
	 S8	32.32	33.30	266.05
	 S9	40.40	22.20	381.86
	 S10	29.65	33.30	369.34
	 S11	39.59	12.10	134.59
	 S12	27.39	11.10	341.17
	 S13	33.61	27.75	300.48
	 S14	27.84	11.10	172.15
	 S15	23.76	22.20	256.66
	 S16	16.40	17.76	212.84
	S17	14.02	22.20	413.16
	S18	23.27	22.20	334.91
	Min	14.02	11.10	134.59
	Max	40.40	33.30	413.16
	Mean	25.43	19.99	294.92
	SD	7.54	6.84	77.86


[image: Three satellite maps titled (a), (b), and (c) show a coastal area with measurement sites labeled S1 to S18. Each map includes blue circles representing concentration levels of different elements: (a) Thorium, (b) Radium, and (c) Potassium, indicated in becquerels per kilogram. A scale and compass are included.]FIGURE 9 | Spatial distribution of the radionuclide’s concentrations (Bq/kg) of 232Th (a) 226Ra (b) and 40K (c) in El Qulaan coastal sediments, Red Sea.TABLE 8 | Comparison of226Ra,232Th, and40K concentrations of El Qulaan area with different areas in Egypt and worldwide.	Location	226Ra (Bq/kg)	226Th (Bq/kg)	40K (Bq/kg)	References
	Highlands of northern Jordan	42.5	26.7	291.1	Al-Hamarneh and Awadallah (2009)
	Kumaun Himalaya, India	66.7	79.4	887.1	Ramola et al. (2011)
	Wadi El-Gemal Island, Red Sea, Egypt	12.49	12.63	325.13	Khaleal et al. (2023c)
	Dois Rios beach, Brazil	39	48	412	Freitas and Alencar (2004)
	Red Sea coast, Egypt	4–33	5–51	159–1761	Harb (2008)
	Aegean coast, Greece	9–31	9–67	426–740	Shahrokhi et al. (2020)
	West coast, Thailand	2.7–23.5	3.0–31.2	10.7–654.3	Malain et al. (2010)
	World Average	32	45	412	UNSCEAR (2010)
	El Qulaan, Red Sea	25.43	29.55	337.06	Present work


3.8 Radiological risk indices
The evaluation of the radioactivity level in the sediments gathered along the Red Sea shoreline at El Qulann area was conducted using various indices, including radium equivalent activity, absorbed gamma dose, annual effective doses for both indoor and outdoor environments, alpha and gamma index, internal and external indices, and effective dose for tissues in humans (Table 9). The absorbance dose rate (Dair) index is employed to evaluate gamma rays emitted over a meter from the surface of the Earth (Kumar et al., 2024; UNSCEAR, 2000). With a mean of 37.92 ± 6.58 nGy h-1, it ranges from 27.5 to 52.49 and is within the global safety threshold of 59 nGy h-1 (UNSCEAR, 2010). The gamma ray exposition dose and internal and external alpha particles are responsible for the radium equivalent (Raeq). The computed values of Raeq are within the advised range (370 Bq/kg) of (UNSCEAR, 2010), which range from 57.6 to 109.38 Bq/kg with a mean value of 93.64 ± 15.83 Bq/kg (Table 9).
TABLE 9 | Radiological parameters of El Qulaan coastal sediments, Red Sea.	Samples	Absorbed nGy h-1	Hin	Hex	Iα	Iγ	AEDout	AEDin	Raeq
	(mSv y-1)	(mSv y-1)
	S1	33.14	0.21	0.18	0.06	0.26	0.04	0.16	68.18
	S2	36.66	0.26	0.21	0.09	0.28	0.04	0.18	77.05
	S3	32.70	0.25	0.19	0.11	0.25	0.04	0.16	68.86
	S4	34.00	0.22	0.19	0.06	0.26	0.04	0.17	68.91
	S5	37.40	0.27	0.21	0.11	0.29	0.05	0.18	76.64
	S6	34.58	0.24	0.19	0.09	0.27	0.04	0.17	72.11
	S7	33.85	0.25	0.19	0.11	0.26	0.04	0.17	70.13
	S8	47.02	0.36	0.27	0.17	0.36	0.06	0.23	100.00
	S9	52.49	0.36	0.30	0.11	0.40	0.06	0.26	109.38
	S10	49.58	0.37	0.28	0.17	0.38	0.06	0.24	104.14
	S11	37.22	0.25	0.21	0.06	0.28	0.05	0.18	79.08
	S12	37.34	0.24	0.21	0.06	0.29	0.05	0.18	76.54
	S13	46.94	0.34	0.27	0.14	0.36	0.06	0.23	98.95
	S14	30.54	0.20	0.17	0.06	0.23	0.04	0.15	64.16
	S15	36.15	0.27	0.21	0.11	0.28	0.04	0.18	75.93
	S16	27.50	0.20	0.16	0.09	0.21	0.03	0.13	57.60
	S17	36.24	0.26	0.20	0.11	0.28	0.04	0.18	74.06
	S18	39.11	0.28	0.22	0.11	0.30	0.05	0.19	81.26
	Min	27.50	0.20	0.16	0.06	0.21	0.03	0.13	57.60
	Max	52.49	0.37	0.30	0.17	0.40	0.06	0.26	109.38
	Mean	37.92	0.27	0.21	0.10	0.29	0.05	0.19	79.06
	SD	6.58	0.05	0.04	0.03	0.05	0.01	0.03	14.09


The absorbed dose (Dair) results, conversion factor of 0.7 Sv Gy-1, and both indoor and outdoor occupant factors of 0.8 and 0.2, respectively, are employed to determine the effective doses annually with outdoor and interior inputs (O’brien and Sanna, 1976; UNSCEAR, 2000). The mean estimated annual outdoor effective dose (AEDout) value (0.03–0.06) is 0.05 ± 0.01 mSv y-1, which is within the global safety threshold (0.07 mSv y-1) of (UNSCEAR, 2010). Moreover, the mean annual indoor effective dose value (0.13–0.26) (AEDin) is 0.19 ± 0.03 mSv y-1, which is lower than the permissible level (0.41 mSv y-1) of (UNSCEAR, 2010).The detrimental impact of radiation on human tissues can be estimated by measuring the internal and exterior radiation indices (Hin & Hex) (Abbasi et al., 2020; El Saeed R. Lasheen et al., 2022; UNSCEAR, 2010). The values of Hin (0.2–0.37) and Hex (0.16–0.3) for each gathered samples are below unity with mean corresponding values 0.27 ± 0.05, and 0.21 ± 0.04, respectively, showing that the obtained samples do not pose any serious health risks (Attallah et al., 2018; European Commission, 1999).
The alpha index (Iα) has low levels varied from 0.06 to 0.17 with a mean 0.1 ± 0.03, which is below 1, suggesting negligible any serious health risks associated these samples. Moreover, the gamma index (Iγ) has varied from 0.21 to 0.04 with an average of 0.29 ± 0.05, which is below unity. It indicates that there is very little radioactive health concerns associated with El Qulaan sediments (Table 9).
3.9 Mineralization
Heavy minerals detected using a binocular microscope and identified using ESEM are summarized in Figure 10. The main separate minerals are garnet and rutile (Figure 10). Garnet is deployed as grinding material, water filter, water jet cutting process material, and abrasive powder manufacturer. It can also be used to partially substitute fine aggregate in concrete, which has an impact on the strength, flexibility, and water absorption capabilities of the composite material (Ruslan et al., 2024). The garnet grains under examination have ESEM data indicating that they are rich in almandine (Al = 10.9%, Fe = 25.1%, Mn = 3.9%, Mg = 3%, and Ca = 1%) (Figure 10a).
[image: Elemental analysis of garnet and rutile samples with their respective spectra and SEM images. For garnet, the spectra indicate oxygen, magnesium, aluminum, silicon, calcium, manganese, and iron with respective weight percentages of 38.9, 3.0, 10.9, 17.1, 1.0, 3.9, and 25.1. For rutile, the spectra show oxygen, titanium, and iron with percentages of 45.7, 53.0, and 1.2.]FIGURE 10 | ESEM analysis of separated heavy minerals: (a) Garnet; and (b) R.utile.Among various types of rocks, rutile is a frequent accessory mineral that represents a stable polymorph during chemical and mechanical weathering at all temperatures (Lueder et al., 2024). Therefore, rutile is a common heavy mineral found in sedimentary rocks. Likewise, rutile (TiO2) can withstand numerous sedimentary cycles because of its basic chemical makeup, which protects it from reactions even during burial and diagenesis. Because rutile can comprise a wide range of minor elements, depending in part on the host rock or formation conditions, it can be utilized as a petrogenetic identifier. The ESEM data for the rutile grains show that they are composed mainly of 1.2% Fe, and 53% Ti (Figure 10b).
3.10 Strengths and limitations
This study has significant strengths. It represents the first assessment of metal contamination levels and their corresponding ecological and health risks to humans in coastal sediments near El Qulaan, along the Red Sea shoreline in southern Egypt. Nevertheless, the study’s approach has limitations that should be addressed in future research. The fieldwork and sample collection (at about 10 cm) were limited to a single expedition in June 2023. Sediment sampling was restricted to the coastline of the study area. The researchers were unable to collect samples from the beach sediments and the eastern section of the region that extends into the open sea. Furthermore, future studies should provide a more detailed examination of core and source sampling, isotope geochemistry (e.g., Pb), seasonal changes in hydrodynamics, biological activity, and potential remediation strategies and policy implications.
4 CONCLUSION
An investigation was conducted to assess nine metals’ concentrations, their geographical distribution, and associated ecological and health risks in 18 surface sediment samples from El Qulaan area, Red Sea coastline. The research included analysis of pH levels, organic matter content, and sediment grain characteristics. The findings revealed that the examined sediments were alkaline (pH = 8.3) and predominantly sandy (92%), with moderate organic matter ratios (7.91%), which might be attributed to the abundance of mangrove swamps in the area. The metal contents (mg/kg) were found to decrease in the following order: Fe (49,249) > Ba (994.44) > V (158.22) > Cr (150.83) > Zn (100.94) > Pb (96.83) > Ni (85) > Cu (55.33) > Co (14.22). These findings were then compared to similar metal concentrations observed in coastal sediments from both Egyptian and global locations. The sediments in El Qulaan contained higher levels of Ba, Pb, Cr, Ni, and V, surpassing the Canadian soil quality guidelines and the Earth’s crust background. The average levels of Ba, Pb, Cr, Ni, and V in El Qulaan surpassed those discovered in Egyptian and global coastal sediments. However, those of Co, Cu, Zn, and Fe were lower compared to coastal sediments in China, India, and Taiwan. Regarding spatial patterns, the highest concentrations of most examined metals (Ba, Pb, Cu, Ni, and Fe) were found in the central locations (S5-9, 12–13).
Statistical analysis using Pearson correlations showed significant negative associations between Mud% and Sand%, and Cu and Ni. Significant positive correlations were found between pH and TOM%, Ba and Fe, and Co and V. Notably, Pb exhibited no correlation with other parameters or metals in the examined sediments. Factor analysis (FA) results for metals, grain size, pH, and organic matter revealed three factors. F1 exhibited 24% variance with loads of Ba, Co, Cr, V, Fe, pH, and TOM%. A potential common source for this could be mining sites and human activities related to tourism. F2 explained 20% of the data variance with loads of Cu, Ni, and Zn, potentially originating from potentially originating from wadi debris west to El Qulaan’s shoreline. F3 explained 19% of the variance with loads of Pb, Gravel%, Sand%, and Mud%. The cluster analysis showed four groups: pH, Cr, TOM%, and Mud% (first); Ba, Fe, Ni, Co, and V (second); Pb, Sand%, Gravel% (third); Cu and Zn (fourth).
The enrichment factor (EF) showed background (Ba), minimal (Co, Cr, Zn and V), moderate (Ba, Pb, and Cu), and significant (Ni) metal enrichment. The contamination factor (CF) values indicated low (Co and Cu), moderate (Pb, Zn, and Fe), and considerable (Cr, Ni, and V), and high contamination (Ba). The geo-accumulation index (Igeo) of all the examined metals indicated extremely contaminated sediments (class 7: Igeo > 5). Pollution load index (PLI) of examined metals in El Qulaan sediments showed progressive contamination (PLI > 1). The potential ecological risk index (PERI) and Eri of all the metals showed low risk (Eri <40 and PERI <150), and Ni was the highest in Eri, followed by Pb. The mean effects range median quotient (MERMQ) in sediments showed medium-high priority risk (0.51< MERMQ ≤1.5), and Pb, Cr and Ni contents exceeded their respective SQGs ERM and PEL. Toxic risk index (TRI) of metals showed moderate toxicity risk (10 < TRI ≤15), and modified hazard quotient (mHQ) of metals showed moderate severity of contamination (1.5 ≤ mHQ < 2.0). Furthermore, Ba had the highest levels of HIChild and HIAdult, whereas Ni had the highest levels of TCRChild and TCRAdult. Overall, there was no chronic non-carcinogenic risk (HI < 1) in El Qulaan sediments, and total cancer risk (TCR) values were less than the allowable limit specified by the U.S. EPA.
The distribution of naturally occurring radioactive elements along the sediment sites in the Red Sea coastline’s El Qulaan area was investigated in this study. The mean 40K, 232Th, and 226Ra activity of the gathered samples are 294.92 ± 77.86, 19.99 ± 6.84, and 25.43 ± 7.54, respectively, which is within the global safety threshold. Numerous radiological indicators, such as the radium equivalent activity, absorbed dose rate, effective dosage yearly, and other health indices (Hγ, Hin, Hex, and Hα), are determined to the sediments along the shoreline. These metrics’ values are below the median global value, indicating little effects from naturally occurring gamma radiation emissions. The identified heavy minerals are garnet and rutile.
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