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Abstract

:

Heavy metals such as cadmium (Cd) pollute the environment. Heavy metal pollution endangers the Nile River since it serves as an irrigation and freshwater source for the cities and farms that line its banks. Water and sediment samples from the Nile River were tested for Cd content. In addition, a sequential experiment analytical method was performed to determine the metal’s relative mobility. According to the data, there is an average of 0.16 mg kg−1 of Cd in sediments. The BeniSuef water treatment plant and brick factory, the iron and steel factory of Helwan, the oil and detergent factory of Sohag, and the discharge of the cement factory in Samalut had the greatest concentration of Cd in their vicinity. According to the risk assessment code, there are four categories of Cd: residual (57.91%), acid-soluble (27.11%), reducible (11.84%), and oxidizable (3.14%). Bioavailable and mobile Cd levels in sediment and water were found in Beni Suef, Aswan; Helwan; Samalut; Sohag; and Helwan. Because the other metal is highly bioavailable, its concentration is not a risk factor at the Samalut station. Cd’s toxicity and bioaccumulation make it an extra hazard to aquatic animals and human life. There should be a deterministic approach to monitoring Cd near industrial sources.
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1. Introduction


Once heavy metals are discharged into the environment (air, soil, water, and sediments), they don’t disappear; sediments, soil, and biota absorb them. As a result, sediments, water, and biota play a key role in determining the extent of environmental toxicity of dangerous compounds [1,2,3]. It is widely accepted that certain elements are essential for life on earth, such as iron, copper, zinc, and manganese. Heavy metals like mercury, lead, cadmium, and others are not necessary for life, but they can be harmful even at deficient levels [4]. Human health can be negatively impacted regardless of exposure to high or low levels of these pollutants through the air, water, or food (plants and animals). Sediment geochemical studies can understand Cd pollution’s properties, distribution, and causes. Cadmium is a transition metal with a density of 8.642 g cm−1 and a molecular weight of 112.40 g mol−1. It is found as a minor constituent in mineral sulfides, especially zinc sulfides such as Sphalerite and Wurtzite; hence, its natural sources from the earth’s crust include volcanic eruptions and the weathering of rocks containing Cd [5,6]. Volcanoes, airborne soil particles, biogenic materials, sea spray, and forest fires all contribute to the release of cd into the atmosphere. Cd sources include cement manufacturing, mining, and manufacture of non-ferrous metals, iron and steel production, coal combustion, waste incineration, municipal wastes, and the application of mineral fertilizers. Sediment from rivers and lakes contains Cd concentrations of up to 5 mg/kg, whereas marine sediments include concentrations of between 0.03 and 1 mg kg−1 of metal [7].



According to the Environmental Protection Agency (EPA) study, the Cd average ranges from 5 to 20 ng L−1 in open seawater [8]. Acetate, chloride, and sulfate are the most water-soluble inorganic cadmium-based compounds; nevertheless, insoluble oxides, carbonates, and sulfides are impossible to remove from the environment (e.g., soil) [9,10]. The Cd levels in European agricultural soils ranged from 0.06 to 0.6 mg kg−1 [11]. The kidneys of cattle, poultry, and pigs contained Cd concentrations ranging from 0.01 to 0.50 mg kg−1 [12]. Paintbrushes washed under the tap can spread roughly 110 kg of Cd to agricultural soil each year [13]. The typical human consumption of Cd is 1.5 g kg−1 of body weight (1.8 g for vegetarians), which can be calculated based on the Cd content of specific foods [14]. The daily intake of Cd is increased by 2 to 4 g by smoking one package of cigarettes [15]. Cd poisoning can lead to high doses of hypercalciuria, kidney stones, lung cancer, and prostate cancer [8]. Metal content in sediments is crucial in regulating metal bioavailability to river organisms [16]. Cd is a hazardous heavy metal with long-term health and environmental consequences even at low exposure levels. The two states of cadmium oxidation are metallic (rare; insoluble in water) and divalent (Cd+2) (predominant and soluble in water). The Free Cd+2 ion is the main toxic form of Cd; however other forms of cadmium, for example, those bound to various ligands, may also cause adverse effects. The toxicity, bio-accumulative potential, and non-biodegradability of cadmium-based content were monitored in Egypt’s Nile River to determine the consequences on aquatic, animal, and human health. This study aimed to analyze the current concentrations of Cd in Nile waters and sediments, illustrating its distribution and potential sources, determining the degree of contamination, and how much Cd is bioavailable. As a result, this study will help better understand the current state of the environmental impact of heavy metals along the Nile River.




2. Materials and Methods


2.1. Study Area


A total of 11 African countries, including Egypt, share borders with the Nile River, which covers a distance of 6650 km and flows into the Mediterranean Sea. For decades, this river has been a vital primary source of fresh water for humans and animals and a source of irrigation for the dry country around it. Today, the river still provides irrigation and serves as a vital transit and trading route. At the same time, toxic substances are being discharged into the river. The White, Blue, and Atbara Nile Rivers entered the main Nile. Arabian–Nubian Shield Basement rocks, Phanerozoic sedimentary cover, Ethiopian Highlands (basalt), and aeolian sources from the highlands of the Red Sea of Egypt supply sediments to the Nile’s trunk [17,18,19]. The Nile River provides 80 to 85% of water for the agricultural sector and 65% of the water needed for industrial purposes, and it receives over 57% of the effluents generated [20]. The Nile receives massive amounts of agricultural effluent, which contains a variety of chemical contaminants related to the common use of fertilizers and pesticides. Significant Cd pollution in the Nile River bottom sediments between Aswan and Esna, near the phosphate shipping harbors [21]. The Nile River and its tributaries are pretentious by various human-caused activities, including the disposal of sewage sludge and wastewater, agricultural activities, industrial processes, and the use of phosphate fertilizer [2,22,23,24]. According to Egypt’s Nile River studies [25,26,27,28,29,30], hazardous metals such as Cd, Pb, and Fe have been found in important economic fish species, aquatic plants, and water. Increasing pollution and dwindling Nile water levels are Egypt’s most pressing issues, especially regarding the completion of the new dam construction project.




2.2. Sampling and Geochemical Analysis


In September 2019, 23 representative sediment and water samples (from two banks and the middle) were carefully selected from Aswan to Cairo (Figure 1) to evaluate Cd concentration and fractionation in the bottom sediments and determine the anthropogenic sources of pollution along the river. A grab sampler (Ekman type) was used to capture the sediments rinsed between sites with distilled water. In an oven at 70 °C, the sediments were dried for around 26 h before being kept for chemical testing. A GPS tracker was utilized to locate the sampling locations’ latitude and longitude and their elevations. This method of analyzing the total Cd content in sediments uses a chemical reaction involving the digestion and addition of HCl, HNO3, and 2 mL HF to 0.25 g of dry sediment. Finally, the digested solutions were subjected to inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7900, USA) and inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Agilent 5110, Santa Clara, CA, USA) analysis at ALS CEMEX (Guangzhou, China) Co., Ltd-China, respectively. To monitor the state of the equipment and ensure quality, a reference solution was measured after every five samples were analyzed. Every chemical reagent utilized was of analytical grade.



Using a waterproof (PH/EC/TDS) and portable temperature meter, the pH, temperature, and total dissolved solids (TDS) of water samples were evaluated simultaneously with the collection of water samples using a portable meter of (HI98129.HI98130, HANNA, Rhode Island, WA, USA). Before the experiment, the PH meters were calibrated with standard solutions. A professional waterproof portable PH/ORP Meter (HI98190, HANNA, Rhode Island, WA, USA) was used to determine the oxidation-reduction potential (ORP). All samples were acidified with ultrapure HNO3 acid in a 30 mL LDPE bottle washed with ultrapure water and 10% HNO3 acid. Both the acid and the water used were of the highest quality. Temperature-controlled storage was employed for storing water samples at a temperature (4 °C) before analysis, as per standard procedures [31]. ICP-MS was used to determine the amount of Cd in the water samples.



The laser diffraction method was used for grain size analysis on representative samples of sediments prepared [32]. Laser diffraction became the standard method for sediment particle size measurement [33,34,35]. Analysis was performed with an alight scattering apparatus (Winner 2308A, Jinan, China) equipped with a >3 mW Helium-Neon laser with a wavelength of 632.8 nm. The beam wavelength of 2.4 mm operates from 0.1 to 2000 µm (Table 1).




2.3. Sequential Extraction Fraction Method


In soils and sediments, single extractions are utilized to rapidly evaluate the exchangeable metal fraction [36,37,38]. However, there are a variety of trace element speciation procedures that have environmental implications in soils and sediments [39,40,41]. For the chemical separation of Cd in sediments, the European Community Bureau of Reference (BCR) sequential extraction procedure was recommended [42,43]. BCR procedure has been widely used to detect specific chemical forms of heavy metals in various environmental mediums, including sediments. The BCR-701 sediment certified reference material was used to validate it, which included certified and indicated extractable amounts of Cd, Ni, Cu, Pb, Cr, and Zn [44]. Many specialists used and approved this method [45,46,47,48,49,50,51]. Before the BCR process, the sediments were utterly dried in an oven at 40 °C for around 48 h. A shaker was used to mix the sediments at room temperature for 16 h. To get the fractions, each step’s fraction extraction was centrifuged at 3000 rpm for 20 min and then placed in a polyethylene centrifuge tube. A 20-min centrifuge was performed, followed by a 15-min automated shaker wash at 3000 rpm for the residue. The supernatant was decanted, leaving a residue. This separation took place in the geochemical laboratory of the China University of Geo-science, Beijing. Each sample was cleaned with 10 mL of ultrapure water before and after extracting the data. After soaking in dilute HNO3 overnight, all polypropylene and glassware were washed with ultrapure water before use [51]. The sample’s residues were digested with a mixture of acids (HNO3 + HF + HClO4) [52]. There was no question about the quality of the reagents and the standard solutions utilized in this experiment. Every fraction’s metal content was measured using ICP-MS. A schematic representation of the extraction procedure is provided in a flowchart (Figure 2).




2.4. The Pollution Level Estimation


The distribution of metal concentrations in sediments and comparison with non-polluted backgrounds are necessary to determine the mechanisms of geochemical distribution and accumulation of heavy metals and provide essential information for assessing environmental health risks in aquatic systems. Assessing the quantity of Cd in the environment and the potential for ecological risk requires the use of environmental pollution indices such as the Enrichment factor (EF), Contamination factor (CF), Geo-accumulation index (Igeo), and Ecological potential risk (Er) [53,54]. The contribution of anthropogenic sources normalized to the metal concentration background value of the upper continental crust [55] is as follows:



2.4.1. Enrichment Factor (EF)


To determine the contribution of anthropogenic sources to the natural levels of heavy metals in the Nile River sediments, enrichment factors for heavy metals in sediments are determined. The comparable upper continental crust values [55] were employed as a background in our scenario. The Enrichment Factor (EF) of Cd was calculated using the formula below.


   EF =    C i  /  C r     B i  /  B r      



(1)




where Ci and Cr are the concentrations of the metal and the reference metal in the sample (Al), while Bi and Br are the background concentrations of the metal and the reference (Immobile elements such as Al have been used as the background metals [56] for EF calculation in this study. According to Pereira et al., EF can be classified as follows:



EF < 2 indicates no or minimal enrichment, EF between 2 and 5 indicates moderate enrichment, EF between 5 and 20 indicates significant enrichment, EF between 20 and 40 indicates very high enrichment, and EF > 40 indicates extreme enrichment [57,58].




2.4.2. Contamination Factor (CF)


CF can represent the level of contamination; it is a useful tool for monitoring contamination in sediments over time. It is calculated using the following formula:


   CF =    C metal     C background      



(2)







Cmetal is the metal concentration, and Cbackground is the background value of UCC [55]. The contamination degrees are categorized according to their values as follows CF < 1 = low contamination, CF = (1 − 3) is moderate contamination, CF = (3 − 6) is considerable contamination, and CF > 6 = very high contamination [59].




2.4.3. Index of Geo-Accumulation (Igeo)


An indicator called geo-accumulation index was initially defined by Müller [60], the first to use the term Igeo. To measure the extent to which anthropogenic pollution, geochemical background value, and natural diagenesis enrichment. To determine the Igeo, the following equation was used:


    I geo  =  log 2      C n    1.5    B n       



(3)




where Cn is the measured content of an element a (n), Bn is the geochemical background of element n [55], and a constant of 1.5 is used due to metal fluctuations in the soil as well as some minimal anthropogenic influences [59]. Igeo values are classified as follows: Igeo < 0 unpolluted, Igeo (0–1) unpolluted to moderately Igeo (1–2), moderately polluted Igeo (2–3), moderately to heavy polluted Igeo (3–4), heavy polluted Igeo (4–5), heavy to extreme polluted and Igeo > 5, is extremely polluted [60].




2.4.4. Ecological Risk Index (Er)


This index assesses the potential risk to the ecology of one or more constituents [61]. When the prospective ecological risk factor and the toxicity response coefficient were taken into account, Er reflected the sensitivity of the biological community. The Er is calculated as follows:


    E r  =  C f i  ∗  T r i    



(4)




where     C f i     is the contamination factor,     T r i     is the toxicity response coefficient of each element (Cd = 30) [61,62] and Er is the ecological risk factor of each element [63]. Er values were categorized as follows Er <40 is low pollution, 40 < Er < 80 moderate potential risk, 80 < Er < 160 high potential risk, 160 < Er < 320 very high potential risk, and Er > 320 dangerous [57].






3. Results


3.1. Cd Distribution in Sediments


The average particle size analysis for fine sand, silt, and clay was 81.54%; 15%; 2.47%, respectively; this indicates that the High Dam effect and low weathering have resulted in less clay concentration. From 0.09 to 0.38 mg kg−1, the Nile River bottom sediments contain Cd, with an average value of 0.16 mgkg−1 (Table 1). Benisuef (0.38 mg kg−1), Aswan (0.27 mg kg−1), Helwan (0.23 mg kg−1), Samalut (0.2 mg kg−1), and Sohag (0.19 mg kg−1) had the most significant concentrations (Figure 3). In comparison, the average of Cd in this investigation and the Rosetta branch (0.8 mg kg−1) [64] shows that the increase from upstream to downstream (South to North) is related to the increase in industrial activities, as quoted by Abou El-Anwar et al. (2021). On the other hand, the Cd average is higher than that of Nile sediments in the Sohag governorate (0.004 mg kg−1) [65] and of the Cairo sector (0.06 mg kg−1) [66], while less than that of the Assuit governorate (0.6 mg kg−1) [23] and Nasser Lake (0.183 mg kg−1) [67]. Comparatively, with worldwide rivers and backgrounds, the mean value of Cd in the current study is more than that of UCC [54] while less than that of world rivers (1.4 mg kg−1) [68] and USEPA (0.61 mg kg−1) [69] (Table 2). There is no significant correlation between Cd and (sand, silt, and clay percent) (Table 3). The anthropogenic source is supported by the negative correlation of Cd with Zr (−0.15) (Table 3) because Zr has been commonly employed in geochemical investigations of mineral weathering as a conservative lithogenic element [70,71].




3.2. Pollution Level


Heavy metal pollution has become incredibly critical [77]. All pollution indices were calculated related to UCC [55] presented in Table 1. The mean value of the EF was 2.46, with a range (1.25–5.88) indicating low to moderate enrichment. Furthermore, the CF average of Cd is 1.74 with a range of 1–4.22, showing moderate to high contamination (Table 1). Although, the Igeo average is 0.12 with a range of −0.58–1.49, depicting that the Nile River sediment is unpolluted to moderately polluted with cadmium (Table 1 and Figure 4). The ecological potential risk index ranged from 30 to 126.67, with an average of 52.17, indicating a low to high risk of cadmium (Table 1). Beni Suef, followed by Aswan, Helwan, Samalut, and Sohag samples, recorded the highest value of pollution degree. The difference in cadmium concentration and pollution level along the river may be related to the near and far from the anthropogenic source of Cd mobility and discharge points (Figure 5). Cd is one of the banned elements regarded as the most toxic to aquatic life and people; increased exposure produces both noncarcinogen and carcinogen dangers such as renal illness, bone damage, and even cancer [78].




3.3. Sequential Extraction Fractions of Cadmium


Cd can harm human health and the environment, even at low doses. Air pollution, tobacco smoke inhalation, and tainted food expose humans to Cd [79]. Exchangeable and carbonate, Fe-Mn oxyhydroxide (reducible), organically bound (oxidizable), and residual geochemical forms are important for determining the biological form of cadmium as well as the solubility, mobility, and toxicity of metals bound to various sediment phases [80]. Metals attached to the metals bound to the exchangeable fraction are easily accessible, but those in the carbonate phases are more mobile with increasing acidity [39,51]. The residual fraction is considered to represent the unreactive phase. The cadmium fractions follow this order: residual (57.91%) > Acid soluble (27.11%) > Reducible (11.84%) > oxidizable (3.14%) (Figure 6 and Table 1). Cadmium was mostly concentrated in the residual fraction >74% at Biba, Tahta, Samalut, Edfu, and Qena. In reducible, a portion of the Cd fraction may form stable complexes with Fe and Mn oxides [81]. Cd positively correlated with F1 fraction (r = 0.5) (Table 3). The risk assessment code (RAC) was suggested for assessing the availability and environmental risk of heavy metals [82,83]. RAC is applied to the bioavailable speciation acid-soluble fraction in this investigation. If metal content in this fraction (acid-soluble) is less than 1% of the total, it is deemed safer for the environment; the range of 1–10% is low risk, 11–30 is medium risk, and 31–50 is a high risk, and 50–100% is very high risk. So, the station’s samples are from medium to high risk, apart from Biba being at the lowest risk. The high risk was recorded at (Luxor, Beni Suef, Nasser, Bni Mazar, Aswan. Helwan, Esna, Sidaf, Nagaa Hammadi, and Cairo) were >31% (Figure 7), indicating high bioavailability and mobility at these stations. In this investigation, all stations represent the high risk, medium risk, and low risk represent (43%, 52%, and 5%, respectively). This medium-high risk of Cd makes it easy to enter the food chain. The toxicity of Cd to aquatic organisms is related to the availability of free ionic concentration. Animals and the human body through the food chain are impacted by the high concentration of heavy metals [84]. In correlation with the bioavailability of worldwide rivers, the cadmium bioavailability in this study is moderate and poses a risk to the environment (Table 4).




3.4. Multivariate Statistical Analysis (Cluster Analysis)


Cd metal contamination in ecosystems needs to be identified and evaluated while considering both natural and artificial influences. Cd concentrations in sediments and water with a RAC were used as variables in a cluster analysis throughout the Nile River’s mainstream. The cluster analysis (Figure 8) shows three sources of Cd at all stations: Beni Suef is the only sampling site in Cluster 1 that is located near agricultural discharge and industrial activities (water treatment plant, brick factory). Cluster 2 comprises two sampling sites (Helwan and Aswan) close to manufacturing activities (iron and steel mills and a sugar refinery). Cluster 3 consists of 20 sampling sites (Cairo, Sohag, Bni Mazar, Girga, Esna, Samalut, Giza, Naser, Sidaf, Luxor, Asyut, AbuTij, Biba, KomUmbu, Qena, Minya, Nagaa Hammadi, Tahta, Armant, and Edfu) near bridges, dams, water treatment plants, sugar production plants [51], and agricultural expulsion facilities are the most common locations.




3.5. Analysis of Cadmium Concentrations in Water


Agricultural, industrial, household, and touristic activities along the Nile’s banks affect the river’s water quality upstream to downstream [91]. Water pollution is caused by population increase, urbanization, and industrialization, where waste from industrial, agricultural, and residential activities is discharged into rivers worldwide [92,93]. Aquatic and terrestrial organisms bioaccumulate cadmium, but it is toxic to aquatic organisms at low concentrations [94]. In this paper, the median Cd concentration in water is 4 µg/L (0.004 mg/L) (Table 5). The high cadmium concentration in water was recorded at Cairo, Giza, Helwan, Beni Suef, Sohag, Qena, and Samalut with values (0.009, 0.01, 0.008, 0.007, 0.007, 0.006, and 0.006 mg/L, respectively) more than standard limits [95]. Unpolluted natural waters are usually below1 µg/L [96]. Furthermore, the Cd average in water according to EPA is 3 µg/L [97], WHO is 5 µg/L [95], and CCME is 0.18 µg/L [98]. In comparison, the current study Cd average is more than recorded from Aswan to Beni Suef (1 µg/L) and (3.5 µg/L) [99] and [25], respectively, while it less than from Aswan to Delta was (5.9 µg/L) [100] because of significant pollution at Delta. The solubility toxicity of chemicals and heavy metals can be affected by the PH of the Water; the solubility of heavy metals occurs at low PH [101]. Most marine animals favor a pH range of 6.5–9.0. As hydrogen ions rise, metal cations such as lead, aluminum, cadmium, and copper are released into the water rather than absorbed by the sediment, causing heavy metal concentrations to rise and their toxicity to increase. So, cadmium is negatively correlated with PH (−0.35) (Table 3). Recorded PH ranged from 7.9–9 with a median (8.4); however, PH according to EPA is 6.5–8.5 [97] and WHO is 6.5–8 [95], and Egyptian regulation is 7–8.5. PH 9 is the highest recorded value at Qena. According to Niyogi et al., low PH may protect fish against acute Cd toxicity. Oxidation-reduction potential (ORP) determines a substance’s capability to either oxidize or reduce another substance and denotes how sanitized or contaminated water is based on its oxidation and reduction properties [102]. ORP is negative when your sample is at quite a low redox level but positive at the oxidic level. The ORP average (345.87 mV) is lower than the WHO limit value (700 mV) [95]. The average temperature was (28.42 °C), and the average TDS was 158.39 mg kg−1, lower than the Egyptian regulatory and EPA [97] (500 mg kg−1) limits.





4. Discussion


Earthworms, poultry, horses, cattle, and animals have been found to have high amounts of cadmium bioaccumulation [94]. Cd is a non-essential metal progressively absorbed by humans and more mobile than most heavy metals in aquatic environments. Algae and suspension feeders absorb dissolved cadmium in the aquatic environment; fish are more likely to absorb cadmium in freshwater [94]. Cadmium concentration differences along the river with average from Aswan to Cairo is (0.16 mg kg−1) and is recorded high concentration and pollution degree near the water treatment plant and brick factory of BeniSuef, the iron and steel factory of Helwan, the oil and detergent factory of Sohag, and discharge of cement factory in Samalut (Table 1). A negative correlation with Zr has shown its anthropogenic source (Table 3). Due to the increase in population growth, urbanization, and industrialization along the river, the Cd was higher than in previous studies conducted on Egypt’s Nile River. Corresponding to the risk assessment code [103], Cd is high risk at Luxor, Beni Suef, Nasser, BniMazar, and Aswan.



Moreover, water cadmium concentrations are higher than permissible limits in Cairo, Giza, Helwan, Beni Suef, Sohag, Qena, and Samalut (Table 5). Cluster analysis reveals three pollution sources: agriculture discharge, industrial activities, and (domestic and sewage sludge). The Cd concentration is significant at Beni Suef, Aswan, Helwan, Samalut, and Sohag in sediments and water with high bioavailability and mobility (Figure 9) related to the vicinity of anthropogenic sources (Figure 5). At the same time, the others with low content have high bioavailability, so the concentration is not the risk indicator of any metal. Some stations along the Nile River have recorded high content of Cl− and SO42− [101], so the probability of cadmium soluble compounds such as chloride and sulfate may be formed. The toxicity increases, so the cadmium pollution in water and sediments in these stations may affect fish and then humans. Contaminated food is the most toxic source of cadmium to humans. It is greatly enhanced in persons who regularly eat shellfish and fish organ meats (liver and kidney) [94]. We recommended more research on aquatic organisms and humans, especially in these locations. Environmental lawyers and legislators must develop regulations to ensure water is managed correctly for the identified uses.




5. Conclusions


Heavy metal pollution endangers the Nile River since it serves as an irrigation and freshwater source for the cities and farms that line its banks. Cd pollutes the environment and is toxic at low concentrations. The cadmium average in sediments is (0.16 mg kg−1). The most significant concentrations were recorded at Benisuef (0.38 mg kg−1), Aswan (0.27 mg kg−1), Helwan (0.23 mg kg−1), Samalut (0.2 mg kg−1), and Sohag (0.19 mg kg−1). The pollution level of cadmium in sediments is moderate to high at all sample stations along the river. The concentration and distribution of Cd in rivers are affected by the vicinity of anthropogenic sources such as household waste, sewage sludge, agricultural runoff, and industrial activity. The Cd fractions follow this descending order: residual (57.91%), acid-soluble (27.11%), reducible (11.84%), and oxidizable (3.14%). The high cadmium concentration in water was recorded at Cairo, Giza, Helwan, Beni Suef, Sohag, Qena, and Samalut with values (0.009, 0.01, 0.008, 0.007, 0.007, 0.006, and 0.006 mg L−1, respectively) more than standard limits. Beni Suef, Aswan, Helwan, Samalut, and Sohag all have significant bioavailability and mobility of Cd in sediment and high content in water. Accordingly, the river’s contamination must be thoroughly investigated, particularly in the vicinity of industrial points of origin in the areas stated. The primary effects of Cd on the environment and human health can be summarized as ecosystem contamination and exposure-related health issues. Egypt’s high Cd concentration could become a problem if it is not carefully managed. We argue for continuing studies on aquatic organisms and humans in these places.
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	CCME
	Canadian Council of Ministers of Environment



	ATSDR
	Agency for Toxic Substances and Disease Registry, USA







References


	



Elias, M.S.; Ibrahim, S.; Samuding, K.; Rahman, S.A.; Wo, Y.M.; Daung, J.A.D. Multivariate Analysis for Source Identification of Pollution in Sediment of Linggi River, Malaysia. Environ. Monit. Assess. 2018, 190, 257. [Google Scholar] [CrossRef] [PubMed]

	



Salman, S.A.; Asmoay, A.A.; El-Gohary, A.; Sabet, H. Evaluation of Human Risks of Surface Water and Groundwater Contaminated with Cd and Pb in the Southern El-Minya Governorate, Egypt. Drink. Water Eng. Sci. 2019, 12, 23–30. [Google Scholar] [CrossRef]

	



Zeid, S.A.M.; Seleem, E.M.; Salman, S.A.; Abdel-Hafiz, M.A. Water Quality Index of Shallow Groundwater and Assessment for Different Usages in El-Obour City. Available online: https://www.scopus.com/record/display.uri?eid=2-s2.0-85061319004&origin=inward (accessed on 8 October 2021).

	



Yilmaz, A.B.; Sangün, M.K.; Yaǧlioǧlu, D.; Turan, C. Metals (Major, Essential to Non-Essential) Composition of the Different Tissues of Three Demersal Fish Species from İskenderun Bay, Turkey. Food Chem. 2010, 123, 410–415. [Google Scholar] [CrossRef]

	



Calabrese, S.; Aiuppa, A.; Allard, P.; Bagnato, E.; Bellomo, S.; Brusca, L.; D’Alessandro, W.; Parello, F. Atmospheric Sources and Sinks of Volcanogenic Elements in a Basaltic Volcano (Etna, Italy). Geochim. Et Cosmochim. Acta 2011, 75, 7401–7425. [Google Scholar] [CrossRef]

	



Quezada-Hinojosa, R.P.; Föllmi, K.B.; Verrecchia, E.; Adatte, T.; Matera, V. Speciation and Multivariable Analyses of Geogenic Cadmium in Soils at Le Gurnigel, Swiss Jura Mountains. CATENA 2015, 125, 10–32. [Google Scholar] [CrossRef]

	



Korte, F. Ecotoxicology of Cadmium: General Overview. Ecotoxicol. Environ. Saf. 1983, 7, 3–8. [Google Scholar] [CrossRef]

	



WHO Nordic Council of Ministers. Cadmium Review; WHO Nordic Council of Ministers: Copenhagen, Denmark, 2003. [Google Scholar]

	



Pinto, A.P.; Mota, A.M.; de Varennes, A.; Pinto, F.C. Influence of Organic Matter on the Uptake of Cadmium, Zinc, Copper, and Iron by Sorghum Plants. Sci. Total Environ. 2004, 326, 239–247. [Google Scholar] [CrossRef]

	



World Health Organization. Environmental Health Criteria 134, Cadmium; WHO: Geneva, Switzerland, 1992. [Google Scholar]

	



Lado, L.R.; Hengl, T.; Reuter, H.I. Heavy Metals in European Soils: A Geostatistical Analysis of the FOREGS Geochemical Database. Geoderma 2008, 148, 189–199. [Google Scholar] [CrossRef]

	



Satarug, S.; Baker, J.R.; Urbenjapol, S.; Haswell-Elkins, M.; Reilly, P.E.B.; Williams, D.J.; Moore, M.R. A Global Perspective on Cadmium Pollution and Toxicity in Non-Occupationally Exposed Population. Toxicol. Lett. 2003, 137, 65–83. [Google Scholar] [CrossRef]

	



Bandow, N.; Simon, F.G. Significance of Cadmium from Artists’ Paints to Agricultural Soil and the Food Chain. Environ. Sci. Eur. 2016, 28, 16. [Google Scholar] [CrossRef]

	



Kramarz, S. Cadmium in Lebensmitteln; Bundesinstitut Für Risikobewertung: Berlin, Germany, 2009. [Google Scholar]

	



Page, A.; Chang, A.; El-Amamy, M. Chapter 10: Cadmium Levels in Soils and Crops in the Cadmium Levels in Soils and Crops in the United States. In Lead, Mercury, Cadmium and Arsenic in the Environment; Hutchinson, T.C., Meema, K.M., Eds.; Wiley: New York, NY, USA, 1987. [Google Scholar]

	



Perera, P.A.C.T.; Kodithuwakku, S.P.; Sundarabarathy, T.V.; Edirisingh, U. Bioaccumulation of Cadmium in Freshwater Fish: An Environmental Perspective. Insight Ecol. 2015, 4, 1–12. [Google Scholar] [CrossRef]

	



Fielding, L.; Najman, Y.; Millar, I.; Butterworth, P.; Garzanti, E.; Vezzoli, G.; Barfod, D.; Kneller, B. The Initiation and Evolution of the River Nile. Earth Planet. Sci. Lett. 2018, 489, 166–178. [Google Scholar] [CrossRef]

	



Padoan, M.; Garzanti, E.; Harlavan, Y.; Villa, I.M. Tracing Nile Sediment Sources by Sr and Nd Isotope Signatures (Uganda, Ethiopia, Sudan). Geochim. Et Cosmochim. Acta 2011, 75, 3627–3644. [Google Scholar] [CrossRef]

	



Stanley, D.J.; Wingerath, J.G. Nile Sediment Dispersal Altered by the Aswan High Dam: The Kaolinite Trace. Mar. Geol. 1996, 133, 1–9. [Google Scholar] [CrossRef]

	



Omar, M.; Ahmed, M. Water Management in Egypt for Facing the Future Challenges. J. Adv. Res. 2016, 7, 403–412. [Google Scholar] [CrossRef]

	



El-Kammar, A.; Ali, B.H.; El-Badry, A. Environmental Geochemistry of River Nile Bottom Sediments Between Aswan and Isna, Upper Egypt. J. Appl. Sci. Res. 2009, 5, 585–594. [Google Scholar]

	



Darwish, M.A.G. Geochemistry of the High Dam Lake Sediments, South Egypt: Implications for Environmental Significance. Int. J. Sediment Res. 2013, 28, 544–559. [Google Scholar] [CrossRef]

	



Abou El-Anwar, E.; Salman, S.; Asmoay, A.; Elnazer, A. Geochemical, Mineralogical and Pollution Assessment of River Nile Sediments at Assiut Governorate, Egypt. J. Afr. Earth Sci. 2021, 180, 104227. [Google Scholar] [CrossRef]

	



El Baz, S.M.; Khalil, M.M. Assessment of Trace Metals Contamination in the Coastal Sediments of the Egyptian Mediterranean Coast. J. Afr. Earth Sci. 2018, 143, 195–200. [Google Scholar] [CrossRef]

	



Osman, A.G.M.; Kloas, W. Water Quality and Heavy Metal Monitoring in Water, Sediments, and Tissues of the African Catfish Clarias Gariepinus (Burchell, 1822) from the River Nile, Egypt. J. Environ. Prot. 2010, 1, 389–400. [Google Scholar] [CrossRef]

	



Abdou, K.A.; Khadiga, I.A.; Mahmoud, A.S.; Housen, M.S. Distributions of Metals (Cadmium, Lead, Iron, Manganese, Zinc and Copper) in Water, Aquatic Plant and Fish. Available online: https://www.researchgate.net/publication/304673812_Distributions_of_metals_cadmium_lead_iron_manganese_zinc_and_copper_in_water_aquatic_plant_and_fish (accessed on 14 September 2021).

	



Alm-Eldeen, A.A.; Donia, T.; Alzahaby, S. Comparative Study on the Toxic Effects of Some Heavy Metals on the Nile Tilapia, Oreochromis Niloticus, in the Middle Delta, Egypt. Environ. Sci. Pollut. Res. 2018, 25, 14636–14646. [Google Scholar] [CrossRef] [PubMed]

	



Dahshan, H.; Abd-Elall, A.M.; Megahed, A.M. Trace Metal Levels in Water, Fish, and Sediment from River Nile, Egypt: Potential Health Risks Assessment. J. Toxicol. Environ. Health A 2013, 76, 1183–1187. [Google Scholar] [CrossRef] [PubMed]

	



Omar, W.A.; Mikhail, W.Z.; Abdo, H.M.; Abou El Defan, T.A.; Poraas, M.M. Ecological Risk Assessment of Metal Pollution along Greater Cairo Sector of the River Nile, Egypt, Using Nile Tilapia, Oreochromis Niloticus, as Bioindicator. J. Toxicol. 2015, 2015, 167319. [Google Scholar] [CrossRef] [PubMed]

	



Abdelhafiz, M.A.; Elnazer, A.A.; Seleem, E.-M.M.; Mostafa, A.; Al-Gamal, A.G.; Salman, S.A.; Feng, X. Chemical and Bacterial Quality Monitoring of the Nile River Water and Associated Health Risks in Qena–Sohag Sector, Egypt. Environ. Geochem. Health 2021, 43, 4089–4104. [Google Scholar] [CrossRef]

	



APHA (American Public Health Association). Standard Methods for Examination of Water and Waste Water, 23rd ed.; APHA: Washington, DC, USA, 2002. [Google Scholar]

	



Schulte, P.; Lehmkuhl, F.; Steininger, F.; Loibl, D.; Lockot, G.; Protze, J.; Fischer, P.; Stauch, G. Influence of HCl Pretreatment and Organo-Mineral Complexes on Laser Diffraction Measurement of Loess–Paleosol-Sequences. CATENA 2016, 137, 392–405. [Google Scholar] [CrossRef]

	



Antoine, P.; Rousseau, D.D.; Moine, O.; Kunesch, S.; Hatté, C.; Lang, A.; Tissoux, H.; Zöller, L. Rapid and Cyclic Aeolian Deposition during the Last Glacial in European Loess: A High-Resolution Record from Nussloch, Germany. Quat. Sci. Rev. 2009, 28, 2955–2973. [Google Scholar] [CrossRef]

	



Bittelli, M.; Pellegrini, S.; Olmi, R.; Andrenelli, M.C.; Simonetti, G.; Borrelli, E.; Morari, F. Experimental Evidence of Laser Diffraction Accuracy for Particle Size Analysis. Geoderma 2022, 409, 115627. [Google Scholar] [CrossRef]

	



Schulte, P.; Lehmkuhl, F. The Difference of Two Laser Diffraction Patterns as an Indicator for Post-Depositional Grain Size Reduction in Loess-Paleosol Sequences. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2018, 509, 126–136. [Google Scholar] [CrossRef]

	



Sahuquillo, A.; Rigol, A.; Rauret, G. Overview of the Use of Leaching/Extraction Tests for Risk Assessment of Trace Metals in Contaminated Soils and Sediments. TrAC Trends Anal. Chem. 2003, 22, 152–159. [Google Scholar] [CrossRef]

	



Salomons, W. Adoption of Common Schemes for Single and Sequential Extractions of Trace Metal in Soils and Sediments. Int. J. Environ. Anal. Chem. 2006, 51, 3–4. [Google Scholar] [CrossRef]

	



Rao, C.R.M.; Sahuquillo, A.; Lopez Sanchez, J.F. A Review of the Different Methods Applied in Environmental Geochemistry for Single and Sequential Extraction of Trace Elements in Soils and Related Materials. Water Air Soil Pollut. 2007, 189, 291–333. [Google Scholar] [CrossRef]

	



Tessier, A.; Campbell, P.G.C.; Bisson, M. Sequential Extraction Procedure for the Speciation of Particulate Trace Metals. Anal. Chem. 1979, 51, 844–851. [Google Scholar] [CrossRef]

	



Rauret, G. Extraction Procedures for the Determination of Heavy Metals in Contaminated Soil and Sediment. Talanta 1998, 46, 449–455. [Google Scholar] [CrossRef]

	



Campanella, L.; D’Orazio, D.; Petronio, B.M.; Pietrantonio, E. Proposal for a Metal Speciation Study in Sediments. Anal. Chim. Acta 1995, 309, 387–393. [Google Scholar] [CrossRef]

	



Salazar, G.J.P.; Alfaro-De la Torre, M.C.; Aguirre, R.N.J.; Briones-Gallardo, R.; Cedeño, C.J.; Peñuela, M.G.A. Geochemical Fractionation of Manganese in the Riogrande II Reservoir, Antioquia, Colombia. Environ. Earth Sci. 2013, 69, 197–208. [Google Scholar] [CrossRef]

	



Ure, A.; Muntau, P.H.; Quevauviller, P.; Griepink, B. Speciation of Heavy Metals in Soils and Sediments an Account of the Improvement and Harmonization of Extraction Techniques Undertaken under the Auspices of the Bcr of the Commission of the European Communities. Int. J. Environ. Anal. Chem. 1993, 51, 135–151. [Google Scholar] [CrossRef]

	



Rauret, G.; López-Sánchez, J.F. New Sediment and Soil CRMs for Extractable Trace Metal Content. Int. J. Environ. Anal. Chem. 2006, 79, 81–95. [Google Scholar] [CrossRef]

	



Usero, J.; Gamero, M.; Morillo, J.; Gracia, I. Comparative Study of Three Sequential Extraction Procedures for Metals in Marine Sediments. Environ. Int. 1998, 24, 487–496. [Google Scholar] [CrossRef]

	



Fiedler, H.D.; López-Sánchez, J.F.; Rubio, R.; Rauret, G.; Quevauviller, P.; Ure, A.M.; Muntau, H. Study of the Stability of Extractable Trace Metal Contents in a River Sediment Using Sequential Extraction. Analyst 1994, 119, 1109–1114. [Google Scholar] [CrossRef]

	



Zimmerman, A.J.; Weindorf, D.C. Heavy Metal and Trace Metal Analysis in Soil by Sequential Extraction: A Review of Procedures. Int. J. Anal. Chem. 2010, 2010, 387803. [Google Scholar] [CrossRef]

	



Pueyo, M.; Mateu, J.; Rigol, A.; Vidal, M.; López-Sánchez, J.F.; Rauret, G. Use of the Modified BCR Three-Step Sequential Extraction Procedure for the Study of Trace Element Dynamics in Contaminated Soils. Environ. Pollut. 2008, 152, 330–341. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Ondoño, E.; Bacchetta, G.; Lallena, A.M.; Navarro, F.B.; Ortiz, I.; Jiménez, M.N. Use of BCR Sequential Extraction Procedures for Soils and Plant Metal Transfer Predictions in Contaminated Mine Tailings in Sardinia. J. Geochem. Explor. 2017, 172, 133–141. [Google Scholar] [CrossRef]

	



Davutluoglu, O.I.; Seckin, G.; Ersu, C.B.; Yilmaz, T.; Sari, B. Heavy Metal Content and Distribution in Surface Sediments of the Seyhan River, Turkey. J. Environ. Manag. 2011, 92, 2250–2259. [Google Scholar] [CrossRef] [PubMed]

	



Khalifa, M.; Elsaadani, Z.; Qi, W.M. Spatial Distribution and Extent of Environmental Risks of Strontium Metal Concentration in Water and Bottom Sediments of Nile River, Egypt. Preprint. 2022. [Google Scholar] [CrossRef]

	



Bai, J.; Cui, B.; Chen, B.; Zhang, K.; Deng, W.; Gao, H.; Xiao, R. Spatial Distribution and Ecological Risk Assessment of Heavy Metals in Surface Sediments from a Typical Plateau Lake Wetland, China. Ecol. Model. 2011, 222, 301–306. [Google Scholar] [CrossRef]

	



Venkatramanan, S.; Ramkumar, T.; Anithamary, I.; Vasudevan, S. Heavy Metal Distribution in Surface Sediments of the Tirumalairajan River Estuary and the Surrounding Coastal Area, East Coast of India. Arab. J. Geosci. 2014, 7, 123–130. [Google Scholar] [CrossRef]

	



Adelopo, A.O.; Haris, P.I.; Alo, B.I.; Huddersman, K.; Jenkins, R.O. Multivariate Analysis of the Effects of Age, Particle Size and Landfill Depth on Heavy Metals Pollution Content of Closed and Active Landfill Precursors. Waste Manag. 2018, 78, 227–237. [Google Scholar] [CrossRef]

	



McLennan, S.M. Relationships between the Trace Element Composition of Sedimentary Rocks and Upper Continental Crust. Geochem. Geophys. Geosystems 2001, 2, 1021–1024. [Google Scholar] [CrossRef]

	



Chatterjee, M.; Silva Filho, E.V.; Sarkar, S.K.; Sella, S.M.; Bhattacharya, A.; Satpathy, K.K.; Prasad, M.V.R.; Chakraborty, S.; Bhattacharya, B.D. Distribution and Possible Source of Trace Elements in the Sediment Cores of a Tropical Macrotidal Estuary and Their Ecotoxicological Significance. Environ. Int. 2007, 33, 346–356. [Google Scholar] [CrossRef]

	



da SilveiraPereira, W.V.; Ramos, S.J.; Melo, L.C.A.; de Souza Braz, A.M.; Dias, Y.N.; de Almeida, G.V.; Fernandes, A.R. Levels and Environmental Risks of Rare Earth Elements in a Gold Mining Area in the Amazon. Environ. Res. 2022, 211, 113090. [Google Scholar] [CrossRef]

	



Loska, K.; Cebula, J.; Pelczar, J.; Wiechuła, D.; Kwapuliński, J. Use of Enrichment and Contamination Factors Together with Geoaccumulation Indexes to Evaluate the Content of Cd, Cu, and Ni in the Rybnik Water Reservoir in Poland. Water Air Soil Pollut. 1997, 93, 347–365. [Google Scholar] [CrossRef]

	



Hakanson, L. Stress Testing and the New Technetium-99m Cardiac Imaging Agents. Am. J. Card. Imaging 1979, 5, 32–36. [Google Scholar]

	



Muller, G. Index of Geo-Accumulation in Sediments of the Rhine River. J. Geol. 1969, 2, 108–118. [Google Scholar]

	



Sylvie Désirée, N.T.; Armel Zacharie, E.B.; Thérèse Raïssa, M.; Vincent Laurent, O.; Paul-Désiré, N. Risk Assessment of Trace Metals in Mefou River Sediments, West-Africa. Heliyon 2021, 7, e08606. [Google Scholar] [CrossRef]

	



Vu, C.T.; Lin, C.; Shern, C.C.; Yeh, G.; Le, V.G.; Tran, H.T. Contamination, Ecological Risk and Source Apportionment of Heavy Metals in Sediments and Water of a Contaminated River in Taiwan. Ecol. Indic. 2017, 82, 32–42. [Google Scholar] [CrossRef]

	



Doabi, S.A.; Afyuni, M.; Karami, M. Multivariate Statistical Analysis of Heavy Metals Contamination in Atmospheric Dust of Kermanshah Province, Western Iran, during the Spring and Summer 2013. J. Geochem. Explor. 2017, 180, 61–70. [Google Scholar] [CrossRef]

	



Abou El-Anwar, E.A.; Samy, Y.M.; Salman, S.A. Heavy Metals Hazard in Rosetta Branch Sediments, Egypt. Available online: https://www.researchgate.net/publication/326468677_Heavy_metals_hazard_in_Rosetta_Branch_sediments_Egypt (accessed on 9 October 2021).

	



Mostafa, A.; Salman, S.A.; Seleem, E.M.; Elnazer, A.A.; Gamal, A.; Al-Gamal, A.; El-Taher, A.; Mansour, H. Quality Assessment of River Nile Sediment Between Qena and Sohag Cities, Egypt. J. Environ. Sci. Technol. 2019, 12, 117–124. [Google Scholar] [CrossRef]

	



Omar, W.; Hamada, M. Risk Assessment of Polychlorinated Biphenyls (PCBs) and Trace Metals in River Nile up- and Downstream of a Densely Populated Area. Environ. Geochem. Health 2016, 39, 125–137. [Google Scholar] [CrossRef]

	



Goher, M.E.; Farhat, H.I.; Abdo, M.H.; Salem, S.G. Metal Pollution Assessment in the Surface Sediment of Lake Nasser, Egypt. Egypt. J. Aquat. Res. 2014, 40, 213–224. [Google Scholar] [CrossRef]

	



Martin, J.M.; Meybeck, M. Elemental Mass-Balance of Material Carried by Major World Rivers. Mar. Chem. 1979, 7, 173–206. [Google Scholar] [CrossRef]

	



USEPA US Environmental Protection Agency. Screening Level Ecological Risk Assessment Protocol for Hazardous Waste Combustion Facilities. 1999; Volume 3. Available online: https://www.epa.gov/chemical-research (accessed on 9 October 2021).

	



Bam, E.K.P.; Akiti, T.T.; Osae, S.D.; Ganyaglo, S.Y.; Gibrilla, A. Multivariate Cluster Analysis of Some Major and Trace Elements Distribution in an Unsaturated Zone Profile, Densu River Basin, Ghana. Available online: https://www.researchgate.net/publication/279659108_Multivariate_cluster_analysis_of_some_major_and_trace_elements_distribution_in_an_unsaturated_zone_profile_Densu_river_basin_Ghana (accessed on 9 October 2021).

	



Mekky, H.S.; El-Anwar, E.A.A.; Salman, S.A.; Elnazer, A.A.; Wahab, W.A.; Asmoay, A.S. Evaluation of Heavy Metals Pollution by Using Pollution Indices in the Soil of Assiut District, Egypt. Egypt. J. Chem. 2019, 62, 1673–1683. [Google Scholar] [CrossRef]

	



Wang, J.; Liu, R.; Zhang, P.; Yu, W.; Shen, Z.; Feng, C. Spatial Variation, Environmental Assessment and Source Identification of Heavy Metals in Sediments of the Yangtze River Estuary. Mar. Pollut. Bull. 2014, 87, 364–373. [Google Scholar] [CrossRef] [PubMed]

	



Saha, P.; Hossain, M. Assessment of Heavy Metal Contamination and Sediment Quality in the Buriganga River, Bangladesh. In Proceedings of the 2011 2nd International Conference on Environmental Science and Technology, Singapore, 26–28 February 2011. [Google Scholar]

	



Silva, F.B.V.; Nascimento, C.W.A.; Alvarez, A.M.; Araújo, P.R.M. Inputs of Rare Earth Elements in Brazilian Agricultural Soils via P-Containing Fertilizers and Soil Correctives. J. Environ. Manag. 2019, 232, 90–96. [Google Scholar] [CrossRef] [PubMed]

	



Singh, H.; Pandey, R.; Singh, S.K.; Shukla, D.N. Assessment of Heavy Metal Contamination in the Sediment of the River Ghaghara, a Major Tributary of the River Ganga in Northern India. Appl. Water Sci. 2017, 7, 4133–4149. [Google Scholar] [CrossRef]

	



McLennan, S.M.; Taylor, S.R. Earth’s Continental Crust. In Encyclopedia of Geochemistry; Marshall, C.P., Fairbridge, R.W., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1999; pp. 145–151. [Google Scholar]

	



Dobaradaran, S.; Naddafi, K.; Nazmara, S.; Ghaedi, H. Heavy Metals (Cd, Cu, Ni and Pb) Content in Two Fish Species of Persian Gulf in Bushehr Port, Iran. Afr. J. Biotechnol. 2010, 9, 6191–6193. [Google Scholar] [CrossRef]

	



Johri, N.; Jacquillet, G.; Unwin, R. Heavy Metal Poisoning: The Effects of Cadmium on the Kidney. Biometals 2010, 23, 783–792. [Google Scholar] [CrossRef]

	



Järup, L.; Berglund, M.; Elinder, C.G.; Nordberg, G.; Vahter, M. Health Effects of Cadmium Exposure a Review of the Literature and a Risk Estimate. Scand. J. Work Environ. Health 1998, 25, 1–51. [Google Scholar]

	



Morrison, G.M.P. Trace Element Speciation and Its Relation to Bioavailability and Toxicity in Natural Water; CRC Press: Boca Raton, FL, USA, 1989; pp. 25–41. [Google Scholar]

	



Ma, X.; Zuo, H.; Tian, M.; Zhang, L.; Meng, J.; Zhou, X.; Min, N.; Chang, X.; Liu, Y. Assessment of Heavy Metals Contamination in Sediments from Three Adjacent Regions of the Yellow River Using Metal Chemical Fractions and Multivariate Analysis Techniques. Chemosphere 2016, 144, 264–272. [Google Scholar] [CrossRef]

	



Zhang, P.; Qin, C.; Hong, X.; Kang, G.; Qin, M.; Yang, D.; Pang, B.; Li, Y.; He, J.; Dick, R.P. Risk Assessment and Source Analysis of Soil Heavy Metal Pollution from Lower Reaches of Yellow River Irrigation in China. Sci. Total Environ. 2018, 633, 1136–1147. [Google Scholar] [CrossRef]

	



Li, H.; Qian, X.; Hu, W.; Wang, Y.; Gao, H. Chemical Speciation and Human Health Risk of Trace Metals in Urban Street Dusts from a Metropolitan City, Nanjing, SE China. Sci. Total Environ. 2013, 456–457, 212–221. [Google Scholar] [CrossRef]

	



Karatas, M.; Dursun, S.; Guler, E.; Ozdemir, C.; Emin, A.M. Heavy Metal Accumulation in Wheat Plants Irrigated by Waste Water. Available online: https://www.researchgate.net/publication/285020941_Heavy_metal_accumulation_in_wheat_plants_irrigated_by_waste_water (accessed on 13 October 2021).

	



Sungur, A.; Soylak, M.; Yilmaz, S.; Özcan, H. Determination of Heavy Metals in Sediments of the Ergene River by BCR Sequential Extraction Method. Environ. Earth Sci. 2014, 72, 3293–3305. [Google Scholar] [CrossRef]

	



Jain, C.K. Metal Fractionation Study on Bed Sediments of River Yamuna, India. Water Res. 2004, 38, 569–578. [Google Scholar] [CrossRef]

	



Wang, H.; You, T.; Gomez, M.A.; Wang, Y.; Li, S.; Jia, Y.; Shi, Z. Chemical Speciation and Ecological Risk Assessment of Cd, Pb and As in Sediments: A Case Study in the Xijiang River Basin, China. Environ. Earth Sci. 2021, 80, 437. [Google Scholar] [CrossRef]

	



Singh, K.; Mohan, D.; Singh, V.K.; Malik, A. Studies on Distribution and Fractionation of Heavy Metals in Gomti River Sediments a Tributary of the Ganges, India. J. Hydrol. 2005, 312, 14–27. [Google Scholar] [CrossRef]

	



Grażyna, G.; Tadeusz, S.; Leonard, B.; Katarzyna, B.; Jerzy, S. Fractionation of Some Heavy Metals in Bottom Sediments from the Middle Odra River (Germany/Poland). Available online: https://www.researchgate.net/publication/254748663_Fractionation_of_Some_Heavy_Metals_in_Bottom_Sediments_from_the_Middle_Odra_River_GermanyPoland (accessed on 3 February 2022).

	



Morillo, J.; Usero, J.; Gracia, I. Partitioning of Metals in Sediments from the Odiel River (Spain). Environ. Int. 2002, 28, 263–271. [Google Scholar] [CrossRef]

	



Hasaballah, A.F.; Hegazy, T.A.; Ibrahim, M.S.; El-Emam, D.A. Assessment of Water and Sediment Quality of the River Nile, Damietta Branch, Egypt. Egypt. J. Aquat. Biol. Fish. 2019, 23, 55–65. [Google Scholar] [CrossRef]

	



Wang, N.; Choi, Y. Challenges for Sustainable Water Use in the Urban Industry of Korea Based on the Global Non-Radial Directional Distance Function Model. Sustainability 2019, 11, 3895. [Google Scholar] [CrossRef]

	



Badr, E.-S.; El-Sonbati, M.; Nassef, H. Water Quality Assessment in the Nile River, Damietta Branch, Egypt. Catrina Int. J. Environ. Sci. 2013, 8, 41–50. [Google Scholar] [CrossRef]

	



ATSDR Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological Profile for Cadmium; Draft for Public Comment; Public Comment Period Ends on 26 February, 2008. Available online: https://www.atsdr.cdc.gov/ (accessed on 9 October 2021).

	



WHO World Health Organization. Guidelines for Drinking-Water Quality, 4th ed.; WHO World Health Organization: Geneva, Switzerland, 2011. [Google Scholar]

	



Nordberg, G.; Nogawa, K.; Nordberg, M.; Friberg, L. Cadmium. In Handbook on the Toxicology of Metals; Nordberg, G.F., Fowler, G.F., Nordberg, M., Friberg, L., Eds.; Elsevier: Amsterdam, The Netherlands, 2007. [Google Scholar]

	



Water US Environmental Protection Agency. EPA Edition of the Drinking Water Standards and Health Advisories; Office of Water US Environmental Protection Agency Washington: Washington, DC, USA, 2018. [Google Scholar]

	



Canadian Council of Ministers of the Environment (CCME). Canadian Water Quality Guidelines: Cadmium. Scientific Criteria Document; Canadian Council of Ministers of the Environment: Winnipeg, MB, Canada, 2014; ISBN 978-1-77202-000-7. [Google Scholar]

	



Ali, M.M.; Soltan, M.E. Heavy Metals in Aquatic Macrophytes, Water and Hydrosoils from the River Nile, Egypt. Available online: https://www.researchgate.net/publication/310833722_Heavy_metals_in_aquatic_macrophytes_water_and_hydrosoils_from_the_River_Nile_Egypt (accessed on 9 October 2021).

	



Abdel-Satar, A.M.; Ali, M.H.; Goher, M.E. Indices of Water Quality and Metal Pollution of Nile River, Egypt. Egypt. J. Aquat. Res. 2017, 43, 21–29. [Google Scholar] [CrossRef]

	



EPA PH in Water: Monitoring and Assessment, Water Quality Condition; The United States Environmental Protection Agency: Washington, DC, USA, 2012; Volume 5.

	



Niyogi, S.; Kent, R.; Wood, C.M. Effects of Water Chemistry Variables on Gill Binding and Acute Toxicity of Cadmium in Rainbow Trout (Oncorhynchus Mykiss): A Biotic Ligand Model (BLM) Approach. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2008, 148, 305–314. [Google Scholar] [CrossRef]

	



Hiller, E.; Jurkovič, Ľ.; Šutriepka, M. Metals in the Surface Sediments of Selected Water Reservoirs, Slovakia. Bull. Environ. Contam. Toxicol. 2010, 84, 635–640. [Google Scholar] [CrossRef]








[image: Toxics 10 00221 g001] 





Figure 1. The location map of studied samples along Nile River, Egypt. 






Figure 1. The location map of studied samples along Nile River, Egypt.



[image: Toxics 10 00221 g001]







[image: Toxics 10 00221 g002] 





Figure 2. Flowchart of sequential extraction procedures. 
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Figure 3. Symbol map of Cd concentration (mg kg−1) of the Nile River mainstream sediments. 
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Figure 4. Box plot of Contamination factor (CF), geo-accumulation index (Igeo), and enrichment factor (EF) according to (McLennan, 2001) Nile River sediments. 
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Figure 5. Point anthropogenic sources; (a) discharge of sugar refining factory, Giza in Nile River, (b) Cruise discharge in the Nile, Sohag, (c) Agriculture discharge in Nile, Luxor, and (d): Brick factories, Beni Suef on Nile Bank. 
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Figure 6. Results of Cd BCR sequential extraction fractions (%) and relative abundance in each location of sediment samples. 
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Figure 7. Treemap of cadmium metal potential Risk assessment Code (RAC) from all study positions to Nile River mainstream sediments. 
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Figure 8. Dendrogram: a cluster of variables based on similarity. 
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Figure 9. Relation between Concentration of Cd in sediments (mg kg−1) mg kg−1 and Water mg L−1 with risk assessment code (RAC) (mg kg−1) of samples along Nile River- mainstream. 
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Table 1. The concentration of Cd (mgkg−1), calculated Pollution indices (CF, Er, Igeo, and EF), and fractions distributions (%) of Nile River sediments.
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Fractions at Sediments %




	
Sample Location

	
Cd

	
CF

	
Er

	
Igeo

	
EF

	
Sand%

	
Silt%

	
Clay%

	
(F1)

	
(F2)

	
(F3)

	
(F4)






	
Giza

	
0.14

	
1.56

	
46.67

	
0.05

	
2.17

	
85.6

	
12.1

	
2.3

	
32.14

	
3.73

	
2.37

	
61.76




	
Cairo

	
0.18

	
2.00

	
60.00

	
0.42

	
2.76

	
85.6

	
13.2

	
1.2

	
24.52

	
10.59

	
4.80

	
60.09




	
Helwan

	
0.23

	
2.56

	
76.67

	
0.77

	
3.78

	
53.4

	
41.1

	
5.5

	
33.20

	
14.20

	
3.88

	
48.72




	
Naser

	
0.13

	
1.44

	
43.33

	
−0.05

	
1.96

	
96.4

	
3.3

	
0.3

	
37.51

	
11.85

	
2.65

	
47.99




	
Beni Suef

	
0.38

	
4.22

	
126.67

	
1.49

	
5.88

	
67.9

	
28.9

	
3.2

	
44.96

	
12.95

	
3.34

	
38.74




	
Biba

	
0.09

	
1.00

	
30.00

	
−0.58

	
1.44

	
94.4

	
5.3

	
0.3

	
9.78

	
6.86

	
1.65

	
81.72




	
Minya

	
0.12

	
1.33

	
40.00

	
−0.17

	
1.88

	
81.8

	
15.7

	
2.5

	
30.75

	
15.56

	
1.92

	
51.77




	
Bni Mazar

	
0.18

	
2.00

	
60.00

	
0.42

	
2.48

	
51.6

	
45.2

	
3.2

	
37.37

	
17.90

	
4.37

	
40.36




	
Samalut

	
0.20

	
2.22

	
66.67

	
0.57

	
4.17

	
95.9

	
3.8

	
0.3

	
13.41

	
8.97

	
1.60

	
76.02




	
Asyut

	
0.13

	
1.44

	
43.33

	
−0.05

	
2.18

	
85.1

	
13.1

	
1.8

	
17.36

	
12.04

	
2.08

	
68.52




	
Abu Tij

	
0.14

	
1.56

	
46.67

	
0.05

	
2.04

	
95.8

	
3.8

	
0.4

	
19.50

	
12.13

	
2.44

	
65.94




	
Sidaf

	
0.13

	
1.44

	
43.33

	
−0.05

	
1.71

	
40.1

	
51.7

	
8.2

	
32.51

	
22.37

	
9.96

	
35.15




	
Girga

	
0.16

	
1.78

	
53.33

	
0.25

	
2.11

	
68.5

	
28.3

	
3.2

	
27.12

	
13.23

	
3.02

	
56.64




	
Sohag

	
0.19

	
2.11

	
63.33

	
0.49

	
2.75

	
74.7

	
21.9

	
3.4

	
28.41

	
13.79

	
3.85

	
53.95




	
Tahta

	
0.11

	
1.22

	
36.67

	
−0.30

	
1.78

	
71.5

	
25.3

	
3.2

	
16.04

	
5.97

	
3.68

	
74.31




	
Nagaa Hammadi

	
0.11

	
1.22

	
36.67

	
−0.30

	
1.87

	
83.3

	
14.6

	
2.1

	
32.49

	
11.49

	
1.32

	
54.70




	
Qena

	
0.10

	
1.11

	
33.33

	
−0.43

	
1.54

	
98.1

	
1.6

	
0.3

	
13.77

	
6.17

	
1.60

	
78.46




	
Luxor

	
0.13

	
1.44

	
43.33

	
−0.05

	
1.96

	
90.6

	
7.8

	
1.6

	
49.60

	
15.36

	
5.15

	
29.89




	
Armant

	
0.11

	
1.22

	
36.67

	
−0.30

	
1.68

	
88.6

	
8.8

	
2.6

	
16.40

	
8.82

	
6.01

	
68.78




	
Esna

	
0.17

	
1.89

	
56.67

	
0.33

	
2.22

	
98.7

	
1.1

	
0.2

	
32.59

	
17.40

	
0.21

	
49.80




	
Edfu

	
0.11

	
1.22

	
36.67

	
−0.30

	
2.43

	
89.6

	
1.3

	
9.1

	
17.87

	
5.70

	
1.74

	
74.69




	
KomUmbu

	
0.09

	
1.00

	
30.00

	
−0.58

	
1.25

	
93.3

	
6.1

	
0.6

	
20.74

	
9.92

	
1.14

	
68.19




	
Aswan

	
0.27

	
3.00

	
90.00

	
1.00

	
4.47

	
85

	
13.6

	
1.4

	
35.51

	
15.28

	
3.39

	
45.82




	
Average

	
0.16

	
1.74

	
52.17

	
0.12

	
2.46

	
81.54

	
15.98

	
2.47

	
27.11

	
11.84

	
3.14

	
57.91




	
Maximum

	
0.38

	
4.22

	
126.67

	
1.49

	
5.88

	
98.70

	
51.70

	
9.10

	
49.60

	
22.37

	
9.96

	
81.72




	
Minimum

	
0.09

	
1.00

	
30.00

	
−0.58

	
1.25

	
40.10

	
1.10

	
0.20

	
9.78

	
3.73

	
0.21

	
29.89








CF: Contamination factor; Er: Ecological potential risk, Igeo: Geo-accumulation inde, and EF: Enrichment factor; F1: Acid soluble; F2: Reducible; F3: Oxidizable fraction; F4: Residual.













 





Table 2. Average Cd concentration in the current study (mg kg−1) compared to the average of worldwide rivers in sediments (mg kg−1).
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River

	
Country

	
Cd

	
Reference






	
Present study

	
Egypt

	
0.16

	
Present study




	
Yangtze River

	
China

	
0.98

	
[72]




	
Buriganga River

	
Bangladesh

	
0.8

	
[73]




	
Ipojuca River

	
Brazil

	
0.16

	
[74]




	
Ghaghara River

	
India

	
0.28

	
[75]




	
Nile River

	
Egypt

	
0.06

	
[66]




	
World average

	
1.4

	
[68]




	
UCC

	

	
0.09

	
[54]




	
USEPA

	

	
0.61

	
[69]




	
UCC

	

	
0.5

	
[76]











 





Table 3. Results of the Pearson’s correlation analysis of Nile River sediments and water cadmium concentration with water parameters, Zr, Cd fractions (%), and grain size (%).
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	Cd (mg kg−1)
	Cd (mg L−1)
	PH
	TDS
	ORP
	Temp
	F1
	F2
	F3
	F4
	Sand
	Silt
	Clay





	Cd (mg kg−1)
	1.00
	
	
	
	
	
	
	
	
	
	
	
	



	Cd (mg L−1)
	0.45
	1.00
	
	
	
	
	
	
	
	
	
	
	



	PH
	−0.16
	−0.35
	1.00
	
	
	
	
	
	
	
	
	
	



	TDS
	0.18
	0.67
	−0.62
	1.00
	
	
	
	
	
	
	
	
	



	ORP
	0.39
	0.13
	−0.02
	0.07
	1.00
	
	
	
	
	
	
	
	



	Temp.
	0.04
	0.69
	−0.19
	0.64
	−0.13
	1.00
	
	
	
	
	
	
	



	(F1)
	0.50
	0.22
	−0.08
	0.08
	0.13
	0.22
	1.00
	
	
	
	
	
	



	(F2)
	0.31
	−0.19
	0.06
	−0.25
	0.31
	−0.25
	0.60
	1.00
	
	
	
	
	



	(F3)
	0.10
	0.12
	−0.10
	0.09
	−0.08
	0.23
	0.28
	0.47
	1.00
	
	
	
	



	(F4)
	−0.47
	−0.12
	0.06
	0.01
	−0.18
	−0.11
	−0.95
	−0.81
	−0.49
	1.00
	
	
	



	Zr
	−0.15
	−0.35
	0.19
	−0.18
	0.39
	−0.20
	−0.05
	0.12
	0.07
	−0.01
	
	
	



	Sand
	−0.32
	−0.07
	0.07
	−0.17
	−0.36
	−0.02
	−0.36
	−0.54
	−0.67
	0.52
	1.00
	
	



	Silt
	0.34
	0.08
	−0.06
	0.18
	0.39
	0.05
	0.38
	0.56
	0.65
	−0.54
	−0.99
	1.00
	



	Clay
	0.06
	−0.04
	−0.08
	0.03
	0.00
	−0.14
	0.12
	0.20
	0.51
	−0.22
	−0.67
	0.57
	1.00







ORP: Oxidation Reduction Potential (mV), TDS: Total dissolved (mg kg−1), Temp.: Temperature (°C), F1: Acid soluble; F2: Reducible; F3: Oxidizable fraction; F4: Residual fraction.













 





Table 4. Correlation between the bioavailability fraction of Cd (F1 %) in this study with Worldwide rivers.
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	River
	Country
	Cd Fraction (%)
	Fraction
	Method
	Reference





	Ergen River
	Turkey
	25%
	Acid soluble
	BCR modification
	[85]



	Yamuna
	India
	(>70%)
	Exchangeable + Carbonate
	Tiesser et al., 1979
	[86]



	Xijing River
	China
	44.80%
	Acid soluble
	BCR modification
	[87]



	Gomti River
	India
	(17–28)%
	Exchangeable + Carbonate
	Tiesser et al., 1979
	[88]



	Odra River
	Germany/poland
	(23–39)%
	Exchangeable + Carbonate
	Tiesser et al., 1979
	[89]



	Odiel River
	Spain
	(15–70)%
	Acid soluble
	BCR modification
	[90]



	Present study
	Egypt
	27.11%
	Acid soluble
	BCR
	










 





Table 5. Cadmium concentration in water (mg L−1) and water parameters of Nile River sediments (PH, TDS, ORP, Temp.).
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	Sample Location
	Cd (mg/L)
	PH
	TDS
	ORP
	Temp (°C)





	Giza
	0.01
	8
	188
	313
	31.3



	Cairo
	0.009
	7.96
	186
	352
	30



	Helwan
	0.008
	7.9
	181
	372
	29.8



	Naser
	0.005
	8.28
	162
	362
	28.6



	Beni Suef
	0.007
	8.61
	157
	372
	28.7



	Biba
	0.002
	8.44
	149
	352
	28.5



	Minya
	0.003
	8.54
	151
	435
	28



	Bni Mazar
	0.005
	8.66
	158
	441
	28



	Samalut
	0.006
	8.7
	162
	356
	27.8



	Asyut
	0.005
	8.43
	153
	331
	27



	Abu Tij
	0.003
	8.4
	156
	322
	27.7



	Sidaf
	0.002
	8.5
	154
	328
	27.3



	Girga
	0.002
	8.6
	154
	330
	27.1



	Sohag
	0.007
	8.43
	150
	391
	27.5



	Tahta
	0.002
	8.41
	166
	342
	27.4



	Nagaa Hammadi
	0.001
	8.65
	158
	352
	28



	Qena
	0.006
	9
	152
	335
	29



	Luxor
	0.005
	8.68
	148
	239
	30



	Armant
	0.004
	8.36
	155
	300
	29.5°



	Esna
	0.002
	8.37
	157
	340
	26.5°



	Edfu
	0.003
	8.43
	151
	308
	26.1°



	KomUmbu
	0.001
	8.3
	146
	290
	26°



	Aswan
	0.004
	8.1
	149
	392
	26°



	Average
	0.004
	8.42
	158.39
	345.87
	8.42



	Maximum
	0.01
	9
	188
	441
	9



	Minimum
	0.001
	7.90
	146
	239
	7.9







ORP: Oxidation Reduction Potential (mV), TDS: Total dissolved solids (mg kg−1), Temp.: Temperature (°C).
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