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ARTICLE INFO ABSTRACT

Avrticle History: The contamination of heavy metals (Fe, Zn, Pb, Cu, Mn, Ni, Cd, and Co)
Received: Jan. 11,2024 in collected water and sediment samples from Nuweibaa, Red Sea, proper
Accepted: Feb. 19, 2024  was studied to evaluate their distribution. The concentration of studied
Online: Feb. 28, 2024 metals in water decreased in the following order: Fe (16.49)> Zn (8.92)> Cu
(1.11)> Pb (0.95)> Ni (0.84)> Co (0.34)> Mn (0.22)> Cd (0.19) ug/l, while

in sediments the order follows: Fe (11765.31)> Mn (265.73)> Zn (87.90)>
Ni (40.47)> Pb (45.39)> Co (29.14)> Cd (3.62)> Cu (7.93) ug/L. The
results showed that metal concentrations in sediment exceeded the
permissible limits in the earth's crust. However, in seawater, the metal
concentrations are within the allowable limits. The sediment's carbonate
(CaCO3) concentration varies between 9.13 - 75.8 %. The partition
coefficient values revealed that sediment is the final fate of the heavy
metals. Igeo results showed very high to substantial contamination for Cd
(5.84) and Ni (2.78), respectively, while other metals ranged between (0 -
1), suggesting uncontaminated to mild contamination. The enrichment
factor (EF) in sediments for Cd, Ni, and Co suggested they originated
anthropogenic (EF> 2.0), whereas, for Fe, Mn, Zn, Pb, and Cu, they may be
natural. Finally, CPI results revealed a higher metal concentration in
sediments. This study concluded that strict laws should be applied to protect
this area from pollution due to various human activities and to use sources
in Nuweibaa.

INTRODUCTION

Keywords:

Coastal activities,
sediment-water exchange
model, Nuweibaa,
Agaba Gulf

Egypt's beaches along the Red Sea coast have suffered due to the country's rapid
industrial and commercial Development in recent years. Nuweibaa is a coastal town in
the eastern part of the Sinai Peninsula, Egypt, located on the coast of the Gulf of Agaba.
(Moufaddal and Rifaat 2006). Because it is essential for transferring, complexing, and
depositing elements, coastal sediment is a significant sink for heavy metals in the marine
environment. Additionally, it is thought that coastal sediments are an indirect source and
means of transportation for heavy metals found in the water (Gopal et al., 2021).
Augmenting human-made activities in the area caused elevated metal levels in sediments,
posing a threat to ecosystems and human health. This study aims to determine metal
concentrations and contamination levels in Nuweibaa's coastal sediments and how human
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activities affect water quality and sediments. This will be done using quantitative
methods, pollution indices, similar geo-accumulation indices, and enrichment factors
(MacDonald et al., 2000 and Feng et al., 2011). The findings will provide crucial
information on the magnitude of metal contamination in Nuweibaa and contribute to
developing effective pollution control strategies. Overall, the investigations aimed to
build on the limited research (Soliman et al., 2010; Hamed et al., 2012; Elgendy et al.,
2018a, 2018b; Dar et al., 2021; El-Menhawey et al., 2021 and Nasr et al., 2021) on
contamination of metal in the Red Sea and provide a reference for future environmental
monitoring and management.

MATERIALS AND METHODS
The Gulf of Agaba is located at Lat. 28° N long. 24° 23' E, and at Lat. 29° 33" N, long

35° 0" E, is 180-kilometer-long, 20-kilometer-wide, and 800-meter-deep. Many towns
with various human activities are situated along the Gulf of Agaba; among these regions
is Nuweibaa (on the western side of the Gulf of Agaba), which is affected by various
human activities and strategic industries, resulting in the influence of the marine
environment in front of the city. The investigated area is influenced by anthropogenic
activities such as tourism and ship transformation in Nuweibaa port, wherein several car
ferries run daily in Jordan (Mohamedein et al., 2023) (Figure 1).

Sampling
Twenty surface water and sediment samples (WatSs & SedSs) were collected from

twenty locations during the winter and summer of 2019 in clean polypropylene containers
using Niskin’s Bottle (2L) and Van Veen-grab-sampler. Water Samples were transported
in an ice box and subsequently kept at 4°C in a solution of HNO3; (1%) (Kiffney &
Clements, 1993 and Pandiyan et al., 2020) . Transported in plastic bags, the sediment
samples were air-dried at room temperature and kept until examination. The hydro lab
(Model YSI 58) was used to evaluate physical and chemical features at various places
throughout the day, using standard protocols (APHA, 2005) and classic white enamel.
DO (dissolved oxygen) was determined using the Winkler-modified technique.
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Heavy metal concentrations in seawater and sediment samples

Heavy metals (Fe, Zn, Pb, Cu, Mn, Ni, Cd, and Co) in seawater and sediments
were measured using an atomic absorption spectrometer (AAS model GPC A932 Ver
1.1) (ABDC & MIBK extraction). The results were expressed as (ug/l) in water and pg/g
for sediments. Metal quantities in water samples measured according to (APHA 2005)
and SedSs were analyzed by digesting 0.5 grams with an acid combination. Heavy metal
concentrations were determined by digestion of 0.5 g of each sample (bulk, &3, &, and
<@,) with 10 ml of HNO3/HCIO, acid mixture (Chester et al., 1994).

To ensure accuracy, the chemicals used were of the greatest purity and analytical
grade, and each batch of samples had reagent blanks. Distilled water was de-ionized with
aqueous solutions, and all glassware and plastic were soaked in 10% HNOj3 overnight
before being cleaned with filtered water. The samples were compared to acid blanks, and
the heavy metal readings were within acceptable limits, with a metal recovery rate
ranging from 90.4 to 97.5%. The heavy metal standard is a metal nitrate solution, with
detection limits ranging from 1 to 100 ppm using efficient atomic spectroscopy methods.
All detection limits are based on a 98% confidence level (3 standard deviation). Precision
was confirmed to be good, ranging from 7.4 to 17.6% for various metals.

Analysis of Grain Size

The sediment grain size was determined using sieving techniques following the
Wentworth scale and classified particles into different size fractions, and statistical
parameters such as mean size, kurtosis, skewness, and sorting were obtained by
implementing GRADISTAT (Folk & Ward, 1957 and Folk, 1974).
Geochemical analyses

About 10 g of each bulk sample was powdered using agate mortar to less than 80
mesh for the geochemical analyses. Then, the CO;3™ in the samples was measured using
the reaction with glacial acetic acid. (Basaham and El-Sayed, 1998; Dar et al., 2016).

The carbonate percentage was calculated according to the following equation:

COQ——GJ{] ZW't.afsan:ple—wT.Of residue 100 (1)

wt.of sample

Total organic matter content measured by burning 1 gram of each bulk sample to ash at
550 °C for 2 hours. Walter & Dean (1974); Flannery et al. (1982) and Brenner &
Binford (1988), all used sequential weight loss to determine the organic matter content of
the sediments. One way to determine the total organic matter content is by using the
following equation:

TOM%, = wt.o f sample—wt.0f ash 100 (2)

wt.o f sample
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Pollution indices

Geo-accumulation Index (Iees)

It is a way to quantify how much metal has accumulated in sediments from bodies
of water (Forstner et al., 1990). Sutherland, 2000 introduced a revised geo-
accumulation index (Igeo) and put it to use:

C
— n (3)

B80T 4 S.RE,

Cn is the metal concentration, while BEn is the metal estimation based on past
research in the area and its environs. Since lithogenic factors may cause baseline (BEn)
data fluctuations, we include a 1.5 in the calculation (Salomons & Férstner, 1984).

Forstner (1993) provided the following descriptive categorization for the geo-
accumulation index.

Sediment I, Contamination Index, lgeo
>5 Very strong
>4-5 Strong to very strong
>3-4 Strong
>2-3 Moderate to strong
>1-2 Moderate
>0-1 Uncontaminated to moderate
>0 Practically uncontaminated

Geochemical normalization

Any normalization procedure must account for grain size and provenance, two of
the most critical factors influencing heavy metal sedimentary variability (Loring, 1990).
Horowitz (1991) states that the geochemical normalization in a simple ratio in bed
sediment follows equation (4):

Geochemical normalization =

Concentration of heavy element (4)

concentration conservative

There was an assumption that iron (Fe) flowed uniformly from the sediment sources from
the eroding or deriving of sediment particles till their long-term deposition (Sutherland,
2000). It has a long history of usage as a standardizing metal and was the sole measured
primary metal, therefore it was considered a conservative metal in this investigation
(White & Tittlebaum, 1985).

The equation (5) was adapted to enrichment ratio (ERn) form for a given metal n
following the work of (Lee et al., 1994 and 1997) and is defined as:
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CpSample
ERy = Brbacigeousd (5)
BEpgBackground

Where C, is as before; CF. is the Fe concentration in the bulk samples and each
category of the studied sizes; BE, Background is the average content of the metal n of the
previous studies in the locality, and BEre Background is the average content of Fe in the
earlier studies.
Sutherland (2000) proposed five categories system in this rank:

ER < 2 Depletion to minimal enrichment.
ER, 2 — 5 Moderate enrichments.
ER 5 — 20 Significant enrichments.
ER 20 — 40 Very highly enrichment.

5. ER> 140 Extremely enrichments.
Estimation of Combined Enrichment Index (CEI)

The combined enrichment index (CEI) was used to evaluate heavy metal
enrichment rates and modified from the combined pollution index (CPI) equation. The
assessment processes of the heavy metal's enrichment according to CEI include two
steps, as discussed by (Jian Min et al., 2007) in CPI evaluation.

First step: determining the contamination (enrichment) coefficient of heavy metals
according to equation (6):

Awnh e

cji=g (6)

Second step: calculating the CEI by the formula:

CEI = 37, C; /m (7
Cf, is the contamination (enrichment) coefficient of heavy metals, €' is the concentration
of heavy metal in sediment, ¢} is the background value, and m is the number of heavy
metals. Consequently, the degree of enrichment (CEI) was classified as follows;

e CPI <1.5 Nil to very low degree of enrichment

e 1.5 <CPI<2 Low degree of enrichment

e 2 < CPI<4 Moderate degree of enrichment

e 4 < (CPI<8 High degree of enrichment

e 8§ < CPI<16 Very high degree of enrichment

e 16< CPI<32 Extremely high degree of enrichment
CPI>32 Ultra high degree of enrichment

Modeling:
Modelling represents contaminant movement between sediment and water using
equilibrium partitioning. The sediment-water partition coefficient (Kg) is estimated as:
Kd = Cs/ CW
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Cs are sediment pollutants concentration (pg/g), and Cw is water pollutants
concentration (ug/L). Metal flux (J) is calculated as J = Kq* (Cw- Ceq). J Was the Flux, Ky
was the sediment-water partition coefficient, C,, was the metal concentrations in WatSs,
and Ceq was the equilibrium metal concentrations in SedSs (Ceq= Kg*Cyw). Negative Flux
implies migration from SedSs to WatSs, and positive Flux implies migration from water
to sediment.

Statistical analyses

Multivariate analyses (correlation and Principal component analysis PCA) were
performed using Graph Pad Prism 9.

RESULTS AND DISCUSSION

1.1. Physico-chemical parameter

Physico-chemical parameters, which may indicate the possible impact on water
quality, are among the most significant variables (Fig. 2). Moreover, a decline in water
quality may deteriorate marine habitats. In the present study, the water temperature
ranged from 21.7 to 27.3 °C, with a mean of 23.1 °C. The highest temperature was
recorded in N15, while the lowest was in N7. However, the average temperature was
within the permissible limit of WHO (2006). In general, the solubility of DO may be
enhanced by a temperature drop (Yang et al., 2018). The DO ranged between 7.3 at N16
and 12.8 mg/L at N11, with a mean value more significant than the range indicated by
WHO (2006).

Hydrogen ion concentration pH is an additional environmental parameter
influencing aquatic organisms' survival, growth, metabolism, and physiology (Lawson &
Lawson, 2011). pH values ranged between 8.3 at N15 and 8.6 at N1, which matched the
WHO (2006). Changes in pH can affect the toxicity of certain substances in water (Boyd
et al., 2016). The possible results are due to the influence of land-based sources and
human activities that affect biodegradable organic matter levels (Zaghloul et al., 2023)
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Figure 2: Contour map showing the distribution of Organic matter content (%) and carbonate
content (%) in water samples along the study area.

1.2. Heavy metals in seawater and Sediments:

Metal in WatSs decreased as Fe (16.49)> Zn (8.92)> Cu (1.11)> Pb (0.95)> Ni
(0.84)> Co (0.34)> Mn (0.22)> Cd (0.19) ug/L (Fig. 3), with the highest levels at N16.
The highest absolute levels for all metals were recorded at N16, except for Cu, Ni, and
Pb, which increased at N15 and N5, respectively. N1 has the lowest values for all
investigated metals, except Cu, Zn, and Pb, reported at N7 and N15, respectively. The
distribution of all metals differed considerably among the sites studied (P < 0.05).
According to these findings, the heavy metal levels were primarily linked to direct intake
from multiple sources. Evidence of human impact has been documented (Al-Taani et al.,
2014).

The mean concentration of heavy metals in seawater and sediment was higher than
values illustrated in the Egyptian law 4/94 and US EPA, and this may be which may be
attributed to the high effect of shipping activity in this area and the predominant Gulf of
Agaba current, which were both responsible for the distribution of heavy metals (Al-
Taani et al., 2014) despite these results being within the permissible limits for that
agreement with that of (Hamed et al., 2017), who stated that the environmental impacts
of seawater desalination plants are related to energy use and ecosystem effects of brine
discharge.




1884 Elgendy et al., 2024

M

(FY]

Lty

Figure 3: Contour map showing heavy metal distribution in water samples along the study area.

On the other hand, Marine sediments are well-known for preserving geochemical
and mineral content. The mean values of heavy metals are 11765.31, 265.73, 87.90,
40.47, 45.39, 29.14, 3.62, and 7.93 ug/g for Fe, Mn, Zn, Ni, Pb, Co, Cd, and Cu,
respectively (Fig 4). Sample N15 had the highest Mn, Ni, Pb, Cu, and Zn concentrations
(670.2, 164, 62.03, 15.02, 70.12 pg/g, respectively), whereas Sample N7 had the highest
Fe content (34530 pg/g) and Sample of N9 had the highest Co level (44.88 pg/g). The
highest Cd concentration was recorded at N2 (Fig 4).
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Figure 4: Contour map of heavy metal distribution in sediment samples along the study area.

29.010

Inputs from desalination plants, increased sewage and wastewater discharges from
harbors, disposal of antifouling paints, and the release of zinc, copper, and cupric oxide
from these paints are some of the anthropogenic factors that contribute to desalination
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rejection. Other factors include tourism, shipping, and desalination. The results showed
that the highest concentration of all metals tested was less than the limits defined in table
1 (El-Sawy et al., 2023) when compared to the CCME, 2007 seawater standard, the
WHO, 2011 seawater standard, and the criterion maximum concentration (MCC).

Table (1): Min., Max. and Average values of metals in water samples of the study area compared
with different standard values.

Fe Mn Ni Pb Cd Cu Zn

Maximum 224 0.3 1.6 13 0.3 2.1 14.8

Minimum 8.0 0.1 0.4 0.1 0.1 0.7 6.5

Average 17.7 0.2 0.8 0.9 0.2 0.9 8.5

CCME, 2007 300 50 25 7 1 4 50
MAC, WHO, 2011 100 50 70 10 3 2000 3000

MCL 15 5 1300 | -

CMC, (acute) 20 420 82 1.8 120

USEPA, 2021a, b
CCC (Chronic) 52 3.2 0.72 120

1.3. Grain Size analysis:

Grain size analysis shows that sand fractions comprised 96.34% of SedSs,
whereas mud fractions comprised just 3.66% (Table 2). Supersaturated fluids, such as
saltwater, precipitate CO3 minerals, including aragonite, calcite, and dolomite. CO3; may
be produced by biological precipitation, deposition of complete skeletons (like
Foraminifera) or pieces (like barnacle plates), and cementation and lithification to create
limestone (Smith, 1998). The COj3 in sediment ranges from 9.13% to 75.8%, and OM%
in the SedSs ranged from 0.41% to 3.26% (table 2). The distribution of OM% and COs
decreased at increasing temperature (°C) and decreasing pH, resulting from the direct
discharge of WDP and may result from various human activities represented in the
shipping in the port and tourism activity.

1.4. Geo-accumulation index (l4e0) and Contamination factor (CF):

The background value obtained from element abundances in sedimentary strata is
based on the base concentrations published by Turekian and Wedepohl (1961). Copper
and Zinc have relatively low contamination factors. Both nickel and cobalt showed a
moderate level of contamination. Meanwhile, lead and cadmium CF values above 3
indicate a high contamination factor, as displayed in Table (3).

The Igeo results, based on Miller, 1979 and Forstner, 1993 classifications,
showed that metal pollution in the sediments varied from uncontaminated (0) to
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substantially polluted contaminated (5.84). Cd and Ni were extremely severely
contaminated (5.84 and 2.78, respectively). Co, Fe, Pb, Zn, Mn, and Cu were

uncontaminated to moderate contamination (Igeo > 0-1).

Table 2: Organic matter, carbonate, mechanical analysis, and heavy metals concentrations

in sediment.

st Fe Mn Ni Pb Cd Co Cu Zn | Sand | Mud Mz %g?tgirc Carbonate

uglg | H9/9 | MO/g | pofg | /g | pofg | nglg | pglg | % % % %
N1 | 6737.0 [247.0| 967 | 478 | 128 | 369 | 35 | 620 | 940 | 60 | 21 16 38.6
N2 | 14030.0 [ 436.0 [ 131.7 | 605 | 135 | 409 | 7.3 | 611 | 934 | 66 | 21 2.9 36.8
N3 [ 122000 [ 354.8 | 944 | 443 | 87 | 280 | 50 [ 376 | 968 | 32 | 27 1.0 16.1
N4 | 2585.0 [ 179.2 | 56.4 | 307 | 75 | 187 | 31 | 240 | 946 | 54 | 24 0.7 11.4
N5 | 11830.0 [ 309.0 | 79.2 | 418 | 85 | 254 | 47 | 503 | 755 | 245 | 35 0.8 11.7
N6 | 6598.0 | 2275] 769 | 413 | 50 | 220 | 27 [ 327 | 969 | 31 | 27 0.7 9.1
N7 [ 345300 [ 97.3 | 59.1 [ 441 | 7.7 | 294 | 06 | 134 | 999 | 01 | 25 2.2 63.8
N8 | 6309.0 | 3558|1122 | 417 | 52 | 213 | 35 [ 247 | 975 | 25 | 19 0.4 75.1
N9 | 288100 | 77.0 | 745 | 617 | 110 | 449 | 03 | 143 | 999 | 01 | 21 25 13.0
N10 | 6380.0 | 1615 | 56.6 | 402 | 58 | 235 | 05 | 248 | 997 | 03 | 17 0.9 19.1
N11 | 8276.0 | 2255 | 975 | 46,5 | 7.3 | 286 | 24 [ 583 [ 1000 | 00 | 06 11 20.9
N12 | 1602.0 [ 1579 | 708 | 380 | 74 [ 281 | 06 | 258 | 998 | 02 | 1.0 0.9 25.0
N13 | 2303.0 [ 154.7 [ 521 | 37.7 | 6.7 [ 259 | 0.6 | 49.7 [ 999 | 01 | 25 16 46.2
N14 [ 102100 [ 338.1 | 67.2 | 47.0 | 7.8 [ 302 | 1.9 [ 517 [ 999 | 01 | 25 13 30.2
N15 | 31220.0 | 670.2 [ 164.0 | 62.0 | 6.8 | 41.2 | 150 | 701 | 989 | 11 | 21 0.9 17.6
N16 | 46250 | 260.2 [ 117.2 | 40.9 | 52 [ 21.2 | 63 [ 471 | 947 | 53 | 24 12 10.4
N17 [ 24908.4 [ 1722 | 717 | 42.7 | 6.6 | 260 | 1.5 [ 184 | 985 | 15 | 25 0.8 11.6
N18 | 16006.6 | 238.4 | 91.7 | 452 | 6.9 | 26.9 | 34 [ 198 | 985 | 15 | 20 0.9 145
N19 | 8453.9 [ 2207 | 884 | 461 | 7.1 | 286 | 20 | 50.0 [ 1000 [ 0.1 | 1.0 0.8 63.3
N20 | 44254 [ 2198 784 | 41.9 | 68 [ 270 | 1.6 | 444 [ 1000 | 01 | 12 13 42.8
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Table 3: Contamination factor, Geo-accumulation index (lgeo) and pollution load index (PLI) of
heavy metals in surface sediments

(Contamination factor CF) Igeo Geochemical index
PLI

St. Ni Pb Cd Co Cu Zn Ni Pb Cd Co Cu Zn

N1 1.76 | 2.81 | 128.10 | 2.17 | 0.09 | 0.93 | 0.23 | 0.91 | 6.42 0.53 -4.06 | -0.70 | 2.20

N2 2.39 | 356 | 13510 | 241 | 0.19 | 091 || 0.67 | 1.25 | 6.49 0.68 -3.01 | -0.72 | 2.79

N3 172|260 | 8705 | 165 | 0.13 | 0.56 | 0.19 | 0.80 | 5.86 0.14 -3.54 | -1.42 || 1.90

N4 103|181 | 7503 | 1.10 | 0.08 | 0.36 | -0.55 | 0.27 | 5.64 -045 | 424 | -2.06 | 1.28

N5 144 | 246 | 85.04 | 149 | 012 | 0.75 | -0.06 | 0.71 | 5.83 -0.01 | -3.65 | -1.00 | 1.85

N6 140 | 243 | 5049 | 130 | 0.07 | 049 || -0.10 | 0.70 | 5.07 -0.21 | 446 | -1.62 | 1.40

N7 1.07 | 260 | 7687 | 1.73 | 0.01 | 0.20 | -0.48 | 0.79 | 5.68 0.21 -6.66 | -2.91 | 1.02

N8 204|245 | 5198 | 1.25 | 0.09 | 0.37 || 044 | 071 | 511 -0.26 | -4.07 | -2.02 | 1.48

N9 135|363 |10990 | 264 | 001 | 0.21 || -0.15 | 1.28 | 6.20 0.82 -7.51 | -2.81 || 1.17

N10 1.03 | 237 | 57.77 | 138 | 0.01 | 0.37 | -0.54 | 0.66 | 5.27 -0.12 | -6.92 | -2.02 | 0.98

N1l 177 | 274 | 7285 | 168 | 0.06 | 0.87 | 0.24 | 0.87 | 5.60 0.16 -4.63 | -0.79 || 1.77

N12 129|223 | 7449 | 165 | 0.01 | 0.39 || -0.22 | 0.57 | 5.63 0.14 -6.65 | -1.96 || 1.13

N13 095|222| 66.69 | 1.52 | 0.02 | 0.74 || -0.66 | 0.56 | 5.47 0.02 -6.50 | -1.02 | 1.17

N14 122 (276 | 7788 | 1.78 | 0.05 | 0.77 | -0.30 | 0.88 | 5.70 0.25 -494 | 096 || 1.61

N15 298 | 3.65| 68.10 | 242 | 039 | 1.05 | 099 | 1.28 | 550 0.69 -1.96 | -0.52 || 3.00

N16 213|241 | 5159 | 125 | 016 | 0.70 | 0.51 | 0.68 | 5.10 -0.26 | -3.22 | -1.09 | 1.83

N17 130|251 | 66.15 | 1.53 | 0.04 | 0.27 | -0.20 | 0.74 | 5.46 0.03 -5.28 | -245 | 1.23

N18 167|266 | 6858 | 158 | 0.09 | 0.30 | 0.15 | 0.83 | 551 0.08 -4.10 | -2.34 || 1.52

N19 161 (271| 7143 | 168 | 005 | 075 | 0.10 | 0.86 | 557 0.16 -4.88 | -1.01 | 1.65

N20 143 | 246 | 68.25 | 1.59 | 0.04 | 066 | -0.07 | 0.71 | 551 0.08 -5.22 | -1.18 || 1.47

max | 298 |3.65|13510| 264 | 039 | 1.05 | 099 | 1.28 | 6.49 0.82 -1.96 | -0.52 | 3.00

min 095|181 | 5049 | 1.10 | 0.01 | 0.20 | -0.66 | 0.27 | 5.07 -045 | -7.51 | -291 | 0.98

average | 1.58 | 265 | 77.17 | 1.69 | 0.09 | 058 | 0.01 | 0.80 | 5.63 0.13 -4.77 | -1.53 | 1.62
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1.5. Sediment enrichment factor (EF) of heavy metals in sediment

EF identified Cd, Ni and Co from human-made sources (EF>2), while other
metals were natural. Cd was enriched (EF=7.75) (Sutherland, 2000). Table 4 presents
the Ecological Risk Index (ERI) values for heavy metals in sediment samples. Nickel
(Ni), Lead (Pb), Cadmium (Cd), Copper (Cu), and Zinc (Zn) exhibit variable ERI values
across the sampling stations. Lead and Cadmium show the highest ERI values, indicating
a potentially high ecological risk. Copper and Zinc have lower ERI values, suggesting a
relatively lower environmental risk. Stations N1 and N9 stand out with high ecological
risk for all heavy metals, emphasizing the need to address pollution from these metals to
minimize adverse effects on the local ecosystem.

Table 4: Ecological risk index (ERI) for several heavy metals in sediment.

Ecological Risk Index (ERI)

st Ni Pb cd cu Zn Cos

N1 8.79 14.05 3843.00 0.45 0.93 135.85
N2 11.97 17.80 4053.00 0.93 0.91 144.56
N3 8.58 13.02 2611.50 0.65 0.56 93.71
N4 5.13 9.03 2250.90 0.40 0.36 79.40
N5 7.20 12.29 2551.20 0.60 0.75 91.30
N6 6.99 12.15 1514.70 0.34 0.49 56.17
N7 5.37 12.98 2306.10 0.07 0.20 82.48
N8 10.20 12.25 1559.40 0.45 0.37 58.18
N9 6.77 18.16 3297.00 0.04 0.21 117.75
N10 5.15 11.83 1733.10 0.06 0.37 62.93
N11 8.86 13.69 2185.50 0.30 0.87 79.97
N12 6.44 11.16 2234.70 0.07 0.39 80.06
N13 4.73 11.08 2000.70 0.08 0.74 72.13
N14 6.11 13.82 2336.40 0.24 0.77 84.47
N15 14.91 18.24 2043.00 1.93 1.05 78.59
N16 10.65 12.04 1547.70 0.80 0.70 58.24
N17 6.52 12.56 1984.55 0.19 0.27 71.81
N18 8.34 13.29 2057.29 0.44 0.30 74.87
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N19 8.04 13.57 2142.87 0.25 0.75 78.23
N20 7.13 1231 2047.65 0.20 0.66 74.43
max 14.91 18.24 4053.00 1.93 1.05 144.56
min 4.73 9.03 1514.70 0.04 0.20 56.17
average 7.89 13.27 2315.01 0.43 0.58 83.76

1.6. Sediment-Water Exchange Model

The Sediment-Water Exchange Model results indicate that several heavy metals
are exhibiting negative flux values, suggesting release from sediment into the overlying
water column. The most significant releases are from iron, copper, and zinc based on the
magnitude of their flux values. Iron has the highest negative flux value of -3224.798
mg/m2/year, indicating it is being predominantly released from sediments. The large flux
magnitude suggests there is a considerable release of iron occurring. This could
potentially elevate iron concentrations in the water column to levels that could cause
water quality issues. Copper and zinc also showed substantial negative flux values of -
0.073 and -0.2927 mg/m?/year, respectively, suggesting a high rate of release from
sediments into the water for both metals. While not as high as iron, the flux magnitudes
for copper and zinc indicate there are significant quantities of these metals being
introduced to the water column from sediment stores. Over time, this sediment release
could elevate copper and zinc concentrations in the water phase as well. The other metals
- manganese, nickel, lead, cadmium, cobalt - showed lower magnitude negative flux
values, suggesting a more minor or moderate rate of release from sediments compared to
iron, copper and zinc. However, their negative flux values still indicate these metals are
predominantly moving from sediment to water as well. In General, the Sediment-Water
Exchange Model results highlight that sediments in this system appear to be acting as a
source of several heavy metals to the overlying water column. Iron, copper and zinc seem
to be experiencing the greatest releases based on their flux magnitudes. This sediment
release has the potential to elevate metal concentrations in the water over time and could
impair water quality if releases are substantial. Further monitoring of water column metal
concentrations would help validate the extent and impacts of sediment metal release.

Coastal sediments can be both sinks and sources of metal contaminants in aquatic
ecosystems (Roussiez et al., 2006). The metal emission from sediments to water depends
on various physicochemical factors influencing metal mobility and solubility (Miranda
et al., 2021). Fe, Cu, and Zn showed higher release rates from sediments in Oman than
other metals like Ni, Mn, Co, and Cd (Bazzi, 2014). Multiple factors contributed to
higher Zn, Cu, and Fe emission rates. 1) Zn, Cu, and Fe had the highest quantities in
SedSs, which made them more susceptible to release. Higher metal quantities in SedSs
often correlate with higher emission rates (Varol & Sen, 2012). 2) Zn, Cu, and Fe
showed no apparent relationships with sediment parameters like grain size and OM,
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indicating they were weaker bound and thus more readily released from the sediments
(Gao et al., 2021). 3) Temperature (°C) changes and pH changes related to WDP may
have enhanced the release and solubility of Zn, Cu, and Fe more than the other metals
due to their geochemical characteristics (Boguta & Sokotowska, 2020).

1.7. Statistical analysis: PCA:

Principal component analysis (PCA) was used to identify possible variations in
heavy metal concentrations recorded in water and sediment samples from the study area.
The PCA for water samples revealed two components, while sediment samples revealed
three elements with a more than 80 percent variance.

The two components of water samples accounted for over 80.0% of the overall
variation, with PC1 (Fe, Mn, Zn, Ni, Pb, Co, Cd, Cu, and temperature) accounting for
61.6% of the total variance. PC2 (dissolved oxygen and pH) was responsible for 24.55 %
variation. The first component (PC1), which accounted for the bulk of variation (61.60
%), had significant loadings on all heavy metals and temperatures (Fig 5 (A). This was
the first variation in the profiles of heavy metals in the study area. As an anthropogenic
activity, the thermal water desalination plant in the studied locations contributed to the
high concentrations of all heavy metals and temperature. The discharge from the thermal
water desalination plant comprised three categories of contaminants: temperature, which
hurt dissolved oxygen (DO); chemical residues such as acids, which lowered the pH; and
hyper-saline water, which included a substantial quantity of heavy metals and salts
(Figure 5 (B). The three components of sediment samples accounted for more than 80.0%
of the total variation, with PC1 (Fe, Mn, Ni, Pb, Cu, and temperature) accounting for
44.6%, PC2 (Zn, mud, TOM, and COs) accounted for 25.81% of the variance, and PC3
(Cd, Co, sand, Dep, DO) was accountable for 17.50% of the variance.
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Figure 5: PCA and heat map (Pearson r: Correlation) for water samples’ heavy metals and
environmental parameters.
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The first component (PC1), which explained 44.61 % of the variation, exhibited
substantial loadings on the majority of heavy metals and temperature (Figure 5 (A). PC2
(Zn, mud, TOM, and COg), which explained 25.81% of the variance (Fig 6), were shown
to be highly separated from other heavy metals in the PC1, indicating that they originate
from different sources. In the present study, a flash flood from Wadi Wateir during 2018
may be a significant nonpoint source for Zn, Mud, and TOM due to an increase in flow
that mobilizes many pollutants (e.g., atmospheric deposition, tires and vehicle exhausts,
and road debris) dumped on the land surface and Wadi Wateir bottom (Westerlund &
Viklander, 2006 and Sakata et al., 2010). The coexistence of CO3z and Zn in PC2 may
be related to the bio-mineralization-induced accumulation of Zn in calcite organisms
(e.g., Foraminifera, bivalves, and coral reefs). PC3 (Cd and Co) explained 17.5% of the
variation.

PCA for Sediment
" Group § £ « %5 e
© " - = |3
@ Loadings e ££38385233838828%
Follllo oo I o 7o o oo Joaipsloo]  Jomfor]
PC scores -
. Mnjo 15| 009|031 3020102001310 120 04| 244034
.NSM A% Nifo2s! aes [REITE 0.09/0.00]0.10(0.04 ¥ 02502
A7 ol ool SSelow Lo oolfillooillo o4
Cdfo|o0s|017 I 045, 1
o oN16 ol [om [633[033]0 11 [o.1]o v 1
onNG Cujo27 0.00{0.33) lo25lo2s(0.19}0 o 24
27 epH ocu ZnfoxfT8 [ozfozs]ood o
o +®Mn b
S lons Sand%) 3
a on(?Ng Mud%fo
0 oNth SBRP o 15 [ P
0 o nte < o7 ol
| O & 10 CO3%Jooso
3% ®Cd gn2 depth|
ON1ZTIS M1 g e i Temp)
2 OM% o
&sand%
é0o0 PH
ON9
4
At+—r-Tr-r-r-T-TrTrTTrTTrTrTrT 56
-5 0 5 10

PC1

Figure 6: PCA and heat map (Pearson r: Correlation) for heavy metals and environmental
parameters in sediment samples.

CONCLUSION

The investigations analyzed metal in SedSs and WatSs from the coastal area of
Nuweibaa, Egypt. Results proved that the measured metal level in SedSs exceeded
permissible limits, characterizing sediments as contaminated by utilizing multiple
pollution indexes to analyze the causes of contamination, which were primarily
anthropogenic. The various variables showed that introducing metals into the region
resulted from increased human activity. The Sediment-Water Exchange Model revealed a
substantial release of metals from sediment to water. This finding highlights the potential
for environmental contamination and emphasizes the need for robust monitoring and
effective mitigation strategies.



1892 Elgendy et al., 2024

REFERENCES

Al-Taani, AA; Batayneh, A.; Nazzal, Y.; Ghrefat, H.; Elawadi, E. and Zaman, H.
(2014). Status of trace metals in surface seawater of the Gulf of Agaba, Saudi Arabia.
Mar. Pollut. Bull. 86: 582-590. doi:10.1016/j.marpolbul.2014.05.060

APHA. (2005). Standard Methods for the Examination of Water and Wastewater 21st ed.
American Public Health Association, American Water Works Association, Water
Environment Federation.

Basaham, A. S. and El-Sayed, M. A. (1998). Distribution and phase association of some
major and trace elements in the Arabian Gulf sediments. Estuar. Coast. Shelf Sci. 46:
185-194. doi:10.1006/ecss.1997.0278

Bazzi, A. O. (2014). Heavy metals in seawater, sediments and marine organisms in the
Gulf of Chabahar, Oman Sea. J. Oceanogr. Mar. Sci. 5: 20-29.
doi:10.5897/joms2014.0110

Boguta, P. and Sokolowska, Z. (2020). Zinc binding to fulvic acids: Assessing the
impact of pH, metal concentrations and chemical properties of fulvic acids on the
mechanism and stability of formed soluble complexes. Molecules 25.
doi:10.3390/molecules25061297.

Boyd, C. E.; Tucker, C. S. and Somridhivej, B. (2016). Alkalinity and hardness:
critical but elusive concepts in aquaculture. J. World Aquacult. Soc. 47 (1): 6-41.
https://doi. org/10.1111/jwas.12241.

Brenner, M. and Binford, M. W. (1988). Relationships between concentrations of
sedimentary variables and trophic state in Florida lakes. Can. J. Fish. Aquat. Sci. 45:
294-300. doi:10.1139/f88-035.

CCME, Canadian Council of Ministers of the Environment (2007). For the protection
of aquatic life. In: Canadian environmental quality guidelines, 1999. Canadian
Council of Ministers of the Environment, 1999, Winnipeg. China. International
Journal of Environmental Research and Public Health, 17(8): pp. 1-14.
https://doi.org/ 10.3390/ijerp h1708 2942.

Chester, R.; Lin, F. J. and Basaham, A. S. (1994). Trace metal solid state speciation
changes associated with the down-column fluxes of oceanic particulates. J. - Geol.
Soc. 151: 351-360. doi:10.1144/gsjgs.151.2.0351

Dar, M. A.; El-Metwally, M. E. A. and EIl-Moselhy, K. M. I. (2016). Distribution
patterns of mobile heavy metals in the coastal sediments of the Red Sea. Arab. J.
Geosci. 9. doi:10.1007/s12517-015-2205-9

Dar, M. A.; Soliman, F. A.; Mohamed, S. Z.; Nasr, R. A. and Hassan, A. R. (2021).
The occurrence of some carcinogenic metals in sediments and their effluences on
some edible bivalves at great bitter and timsah lakes, egypt. Egypt. J. Aquat. Biol.
Fish. 25: 119-138. doi:10.21608/ejabf.2021.186594

El-Menhawey, W.; Badawi, A. and Sinoussy, K. S. (2021). The influence of
environmental conditions on the benthic foraminiferal distribution from the recent



1893 Anthropogenic Heavy Metal Pollution in Nuweibaa, Gulf of Agaba, Egypt

sediments of Lake Bardawil, Eastern Mediterranean Sea, Egypt. Egypt. J. Aquat. Res.
47: 357-363. doi:10.1016/j.ejar.2021.11.003

El-Metwally, M. E. A.; Othman, A. I. and EI-Moselhy, K. M. (2019). Distribution and
assessment of heavy metals in the coastal area of the Red Sea, Egypt. Egypt. J. Aquat.
Biol. Fish. 23: 1-13. doi:10.21608/ejabf.2019.29246

Elgendy, A. R.; Hassaan, M. A.; Soliman, F. A. and Dar, M. A. (2018a). The impact
of maritime activities on the leachable heavy metals in the seafloor sediments of Port
Tawfiq and Tersana harbours, Gulf of Suez, Egypt. Egypt. J. Aquat. Biol. Fish. 22:
523-536. d0i:10.21608/ejabf.2019.25930

Elgendy, A. R.; Soliman, F. A.; Dar, M. A. R.; Hassan, A. R.; Mohamedein, L. I. and
Hassaan, M. A. (2018b). Evaluation of some leachable heavy metals in the seafloor
sediments of the two navigation harbours el zaitiya and adabiya, gulf of suez, egypt.
Egypt. J. Aquat. Biol. Fish. 22: 77-92. doi:10.21608/ejabf.2018.12299.

El-Sawy, M. A.; Ezz EI-Din, H. M.; Elgendy, A. R.; Kelany, M. S. and Zaghloul, Gh.
Y. (2023). Spatial distribution and risk assessment of heavy metals in the coastal
waters of the Gulf of Suez, Red Sea, Egypt. Marine Pollution Bulletin 193: (115122).

Feng, H.; Jiang, H.; Gao, W.; Weinstein, M. P.; Zhang, Q.; Zhang, W.; Yu, L.;
Yuan, D. and Tao, J. (2011). Metal contamination in sediments of the western Bohai
Bay and adjacent estuaries, China. J. Environ. Manage. 92: 1185-1197.
doi:10.1016/j.jenvman.2010.11.020

Flannery, M. S.; Snodgrass, R. D. and Whitmore, T. J. (1982). Deepwater sediments
and trophic conditions in Florida lakes. Hydrobiologia 91-92: 597-602.
doi:10.1007/bf02391974

Folk, R. L. (1974). Petrology of Sedimentary Rocks, Austin, Texas: Hemphill
Publishing Co. Hemphill Publishing Company. doi:10.1017/cb09780511626487

Folk, R. L. and Ward, W. C. (1957). Brazos River bar [Texas]; a study in the
significance of grain size parameters. J. Sediment. Res. 27: 3-26.
doi:10.1306/74d70646-2b21-11d7-8648000102c1865d

Forstner, U.; Ahlf, W.; Calmano, W. and Kersten, M. (1990). Sediment criteria
development. Contributions from environmental geochemistry to water quality
management. Sediments Environ. Geochemistry Sel. Asp. case Hist. 311-338.

Forstner, U. (1993). Metal speciation-general concepts and applications. Int. J. Environ.
Anal. Chem. 51: 5-23. doi:10.1080/03067319308027608

Gao, L.; Li, R.; Liang, Z.; Wu, Q.; Yang, Z.; Li, M.; Chen, J. and Hou, L. (2021).
Mobilization mechanisms and toxicity risk of sediment trace metals (Cu, Zn, Ni, and
Pb) based on diffusive gradients in thin films: A case study in the Xizhi River basin,
South China. J. Hazard. Mater. 410: 124590. doi:10.1016/j.jhazmat.2020.124590

Gopal, V.; Krishnamurthy, R. R.; Sreeshma, T.; Chakraborty, P.; Nathan, C.S.;
Kalaivanan, R.; Anshu, R.; Magesh, N. S. and Jayaprakash, M. (2021). Effect of
a tropical cyclone on the distribution of heavy metals in the marine sediments off



1894 Elgendy et al., 2024

Kameswaram, Southeast coast of India. Mar. Pollut. Bull. 171: 112741.
doi:10.1016/j.marpolbul.2021.112741

Hamed, M. A.; Mohamedein, L. I. and El-Sway, M. A. (2012). Physiochemical
analysis and speciation of heavy metals in wastewater and sediment samples from the
Suez province in Egypt. J. Environ. Chem. Ecotoxicol. 4: 222-228.

Hamed, M. A.; Moustafa, M. E.; Soliman, Y.A.; ElI-Sawy, M. A. and Khedr, A. I.
(2017). Trihalomethanes formation in marine environment in front of Nuweibaa
desalination plant as a result of effluents loaded by chlorine residual. Egypt. J. Aquat.
Res. 43: 45-54. doi:10.1016/j.ejar.2017.01.001

Horowitz, A. J. (1991). A Primer on Sediment-Trace Element Chemistry. U.S.G.S.
Open-File Rep. 2nd Editio, 136 (2 fiche).

Jian Min, Z.; DANG, Z.; CAI, M. F. and LIU, C. Q. (2007). Soil Heavy Metal
Pollution Around the Dabaoshan Mine, Guangdong Province, China. Pedosphere 17:
588-594. d0i:10.1016/S1002-0160(07)60069-1

Kiffney, P. M. and Clements, W. H. (1993). Bioaccumulation of heavy metals by
benthic invertebrates at the Arkansas River, Colorado. Environ. Toxicol. Chem. 12:
1507-1517. doi:10.1002/etc.5620120818

Lawson, O. E. and Lawson, E. O. (2011). Physico-Chemical Parameters and Heavy
Metal Contents of Water from the Mangrove Swamps of Lagos Lagoon, Lagos,
Nigeria. Adv. Biol. Res. (Rennes). 5: 8-21.

Lee, D. S.; Garland, J. A. and Fox, A. A. (1994). Atmospheric concentrations of trace
elements in urban areas of the United Kingdom. Atmos. Environ. 28: 2691-2713.
doi:10.1016/1352-2310(94)90442-1

Lee, P. K.; Touray, J. C.; Baillif, P. and lldefonse, J. P. (1997). Heavy metal
contamination of settling particles in a retention pond along the A-71 motorway in
Sologne, France. Sci. Total Environ. 201: 1-15. doi:10.1016/S0048-9697(97)84048-
X

Loring, D. H. (1990). Lithium - a new approach for the granulometric normalization of
trace metal data. Mar. Chem. 29: 155-168. doi:10.1016/0304-4203(90)90011-Z

MacDonald, D. D.; Ingersoll, C. G. and Berger, T. A. (2000). Development and
evaluation of consensus-based sediment quality guidelines for freshwater ecosystems.
Arch. Environ. Contam. Toxicol. 39: 20-31. doi:10.1007/s002440010075

Miranda, L. S.; Wijesiri, B.; Ayoko, G. A.; Egodawatta, P. and Goonetilleke, A.
(2021). Water-sediment interactions and mobility of heavy metals in aquatic
environments. Water Res. 202: 117386. doi:10.1016/j.watres.2021.117386.

Mohamedein, L. I.; EI-Moselhy, Kh. M.; and EI-Sawy, M. A. (2023). "Environmental
Impact Assessment (EIA) of As, Se, Sn, and Hg in Water and Sediments from the
Egyptian Red Sea Ports,” Blue Economy: Vol. 1: (1) Article 1.

Moufaddal, W. and Rifaat, A. (2006). Identifying Geomorphic Features between Ras
Gemsha and Safaga, Red Sea Coast, Egypt, Using Remote Sensing Techniques. J.



1895 Anthropogenic Heavy Metal Pollution in Nuweibaa, Gulf of Agaba, Egypt

King Abdulaziz Univ. Sci. 17, 105-128. doi:10.4197/Mar. 17-1.7

Miiller, G. (1979). Heavy metals in the sediment of the Rhine-Changes Seity. Umsch.
Wiss. Tech. 79: 778-783.

Nasr, R.; Soliman, F.; Mohamed, S.; Dar, M.; Belal, A. and Hassan, A. (2021).
Heavy metals availability in sediments and accumulation in two edible bivalves at
Suez Bay, Egypt. Catrina Int. J. Environ. Sci. 23: 83-91.
doi:10.21608/cat.2021.209510

Pandiyan, J.; Mahboob, S.; Jagadheesan, R.; Elumalai, K.; Krishnappa, K.; Al-
Misned, F.; Ali Kaimkhani, Z. and Govindarajan, M. (2020). A novel approach to
assess the heavy metal content in the feathers of shorebirds: A perspective of
environmental research. J. King Saud Univ. Sci. 32: 3065-3071.
doi:10.1016/j.jksus.2020.08.014

Roussiez, V.; Ludwig, W.; Monaco, A.; Probst, J. L.; Bouloubassi, I.; Buscail, R.
and Saragoni, G. (2006). Sources and sinks of sediment-bound contaminants in the
Gulf of Lions (NW Mediterranean Sea): A multi-tracer approach. Cont. Shelf Res. 26:
1843-1857. doi:10.1016/j.csr.2006.04.010

Sakata, M.; Takagi, T. and Mitsunobu, S. (2010). Evaluation of loads and sources of
heavy metals in Tama River, Tokyo. Water. Air. Soil Pollut. 213: 363-373.
doi:10.1007/s11270-010-0391-3

Salomons, W. and Férstner, U. (1984). Metals in the hydrocycle. Met. hydrocycle. 63—
98. d0i:10.2307/2403266

Smith, A. M. (1998). Carbonate sediments, in Geochemistry. Springer Netherlands,
Dordrecht, pp. 73—75. doi:10.1007/1-4020-4496-8_47

Soliman, Y. A.; Abd ElI-Azim, H. and EI-Sawy, M. A. (2010). Copper emission
loading from antifouling paints and their relation to industrials and wastewater
effluents to the Suez Bay transit area. Egypt. J. Aquat. Res. 36.

Sutherland, R. A. (2000). Bed sediment-associated trace metals in an urban stream,
Oahu, Hawaii. Environ. Geol. 39: 611-627. do0i:10.1007/s002540050473

Turekian, K. K. and Wedepohl, K. H. (1961). Distribution of the elements in some
major units of the earth’s crust. Geol. Soc. Am. Bull. 72: 175-192.

Varol, M. and Sen, B. (2012). Assessment of nutrient and heavy metal contamination in
surface water and sediments of the upper Tigris River, Turkey. Catena 92: 1-10.
doi:10.1016/j.catena.2011.11.011

Walter E. and Dean, J. (1974). Determination of Carbonate and Organic Matter in
Calcareous Sediments and Sedimentary Rocks by Loss on Ignition: Comparison With
Other Methods. SEPM J. Sediment. Res. Vol. 44. doi:10.1306/74d729d2-2b21-11d7-
8648000102¢1865d

Westerlund, C. and Viklander, M. (2006). Particles and associated metals in road
runoff during snowmelt and rainfall. Sci. Total Environ. 362: 143-156.
doi:10.1016/j.scitotenv.2005.06.031



1896 Elgendy et al., 2024

White, K. D. and Tittlebaum, M. E. (1985). Metal Distribution and Contamination in
Sediments. J. Environ. Eng. 111: 161-175. doi:10.1061/(asce)0733-9372(1985)
111:2(161)

WHO (2006). The World Health Report 2006: Working together for health [1]. Educ.
Heal. Chang. Learn. Pract. doi:10.1080/13576280600937911.

WHO (2011). Guidelines for Drinking-water Quality, , 4th ed.vol. 38. World Health
Organization, Geneva, pp. 1-564.

Yang, K.; Yu, Z.; Luo, Y.; Yang, Y.; Zhao, L. and Zhou, X. (2018). Spatial and
temporal variations in the relationship between lake water surface temperatures and
water quality -A case study of Dianchi Lake. Sci. Total Environ. 624: 859-871.
doi:10.1016/j.scitotenv.2017.12.119

Zaghloul, G. Y., Zaghloul, A. Y., Hamed, M. A., EI-Moselhy, K. M., and EI-Din, H.
M. E. (2023). Water quality assessment for Northern Egyptian lakes (Bardawil,
Manzala, and Burullus) using NSF-WQI Index. Regional Studies in Marine Science,
103010.

USEPA (2021a). National Recommended Water Quality Criteria - Aquatic Life Criteria
Table. ttps://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-
life-criteria-table#table (Accessed 14 March 2021a).

USEPA (2021b). National Primary Drinking Water Regulations. https://www.epa.gov/
ground-water-and-drinking-water/national-primary-drinking-water-regulations
#Inorganic (Accessed 14 March 2021b).

Ustao™ glu, F. and Tepe, Y. (2019). Water quality and sediment contamination
assessment of Pazarsuyu Stream, Turkey, using multivariate statistical methods and
pollution indicators. Int. Soil Water Conserv.Res. 7: 47-56.

Zaghloul, G. Y.; El-Sawy, M. A.; Kelany, M. S.; Elgendy, A. R.; Halim, A. M. A;;
Sabrah, M. M. and EI-Din, H. M. E. (2023). A comprehensive evaluation of water
quality and potential health risks using physicochemical indices in coastal areas of the
Gulf of Suez, Red Sea. Ocean & Coastal Management, 243: 106717.



