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Abstract The water pollution index (PIj), degree of
contamination (C,), heavy metal pollution index (HPI),
and statistical analyses were used to assess seawater pol-
lution and identify the possible sources of heavy met-
als from the Red Sea-Gulf of Aqaba coastline, north-
west Saudi Arabia. Concentrations of Cr, Sb, Co, Ni,
Cu, Zn, Cd, As, Fe, Mn, Hg, and Pb were analyzed and
interpreted in 33 surface seawaters samples. The mean
heavy metals of seawater were in the following order:
Zn (5.51 pg/l)>Ni (2.45)>As (2.43)>Cu (2.34)>Mn
(2.20)>Fe (1.81)>Pb (1.31)>Sb (0.64)>Co (0.31)>Cr
(0.26)>Cd (0.05)>Hg (0.008). The spatial distribution
of heavy metals showed high levels in some individual
samples, especially nearby the residential cities, may
be due to anthropogenic sources. PIj and C, indicated
light and low pollution for the seawater samples, respec-
tively, while HPI indicated low pollution for 10 sam-
ples and medium pollution for the rest ones. The lack of

A. El-Sorogy (PX) - M. Youssef

Geology and Geophysics Department, College of Science,
King Saud University, Riyadh, Saudi Arabia

e-mail: elsorogyabd @yahoo.com

M. Youssef
e-mail: asmohamed @ksu.edu.sa

A. El-Sorogy
Geology Department, Faculty of Science, Zagazig
University, Zagazig, Egypt

M. Youssef
Geology Department, Faculty of Science, South Valley
University, Qena, Egypt

significant correlations between metal pairs (except Cu
and As) indicated different sources of pollution. Pollution
indices, principal component analysis, and Pearson’s cor-
relation coefficient reveal that the quality of seawater in
the Red Sea-Gulf of Aqaba coastline is mainly controlled
by geogenic processes with minor anthropogenic input.
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Introduction

Heavy metals (HMs) are well-known public health sig-
nificance due to their toxicity, bioaccumulative nature,
and persistence in the environment (Ali et al., 2019).
Their natural sources include weathering of metal-
bearing rocks and volcanic eruptions, while anthropo-
genic sources include multiple industrial, agricultural,
medical domestic, and technological applications
(Kabata-Pendias, 2011; Tchounwou et al., 2012; Ali
et al., 2019; Kahal et al., 2020). Freshwater and marine
ecosystems are vulnerable to pollution by heavy met-
als from different sources, even at very low concen-
trations (Akif et al., 2002; Rezania et al., 2016; Ali
et al., 2019). HMs present mainly as suspended col-
loids or are fixed by organic and mineral substances
(Dossis & Warren, 1980; Shi et al., 2020).

Pollution of water bodies has turned increas-
ingly serious by development of the urban econ-
omy and increasing urban population year by
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year (Qin et al., 2014; El-Sorogy & Attiah, 2015;
Alharbi et al., 2017; Shi et al., 2020). The pollu-
tion problems of the urban water need urgently
solving due to producing large amounts of
domestic wastewater, and the industrial areas are
concentrated in the suburbs (Shi et al., 2020).
Because HMs can bind to suspended matter and
accumulate in sediments, and reach toxic levels
in a short period, they pose problems for aquatic
life and human health (Bozkurt et al., 2014; Lian
et al., 2019).

HMs have been increasingly discharged into the
coastal environments of the Red Sea and Gulf of
Aqaba coasts through human activities by oil spills,
effluents of desalination plants, wastewater discharge,
and marine traffic (Badr et al., 2009; Lourifio-Cabanaet
et al.,, 2011; Pan et al., 2011; Al-Taani et al., 2014;
Al-Sofyani et al., 2014; Ghandour et al., 2014;
Youssef & El-Sorogy, 2016; Kahal et al., 2018,
2020; Al-Mur et al., 2017; Karuppasamy et al., 2019;

Youssef et al., 2020; El-Sorogy et al., 2020). In their
study on contamination and ecological risk status of
HMs in the Red Sea-Gulf of Aqaba coastal sediments,
El-Sorogy et al., (2020) revealed some anthropogenic
inputs with Cu, Cd, Hg, and to a great extent with
As. Moreover, they indicated a considerable risk for
Cd, Hg, and As. Therefore, the main purposes of the
present study are to present the spatial distribution
of HMs in seawater in the Red Sea-Gulf of Agaba
coastline, Saudi Arabia, and to document the pollution
assessment in the investigated coastal area using water
pollution index (PIj), degree of contamination (C,),
heavy metal pollution index (HPI), and statistical
analyses.

Material and methods

The study area extends between Sharma city on the Red
Sea coast, at 28° 01’ 45" N, 35° 12’ 53" E and Magnah
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Fig. 1 Location map of the Red Sea-Gulf of Aqaba coastline and the locations of the seawater samples
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Table 1 The minimum, maximum, mean, and standard deviation of HMs, maximum admissible concentration (Siegel 2002; WHO
2011), and pollution indices in the investigated seawater samples

As Cd Co Cr Cu Fe Hg Mn Pb Sb Zn Ni PJj Cd HPI
Min 1.1 004 02 009 1.1 1.1 0.003 068 1 0.3 2.8 1.1 201 195 431
Max 3.8 007 042 043 34 2.8 0013 392 1.8 1 8.2 3.8 422 291 6.78
Mean 243 005 031 026 234 1.81 0008 220 131 0.64 551 245 315 241 532
St.Dev 072 0.01 0.06 0.10 068 049 0.002 074 020 0.19 157 079 079 025 0.60
MAC 10 3 5 50 2000 200 6 50 10 20 40 20

city on the Gulf of Aqgaba coast, at 28° 25" 28" N, 34°
45" 18" E (El-Sorogy et al., 2020; Fig. 1). The coastline
in the study area is bounded by pre-Cambrian basement
rocks and Tertiary and Quaternary sedimentary rocks.
Thirty-three surface seawater samples were collected
from the subtidal zone. Salinity, electrical conductivity,
and pH were measured directly in situ for seawater. Cr,
Co, Ni, Cu, Zn, Cd, Sb, As, Fe, Mn, Hg, and Pb were
analyzed using inductively coupled plasma mass spec-
trometer (ICP-MS), NexION 300 D (Perkin Elmer,
USA), at King Saud University. The ICP-MS was exter-
nally calibrated. The calibration curves of Cr, Cd, Cu,
Pb, Co, and Ni were obtained using a blank and three
working standards 0, 50, 100, and 200 pg/l (Panreac,
766333.1208). Sb and Zn were prepared from 1000 mg/1
single standard solutions for ICP-MS (Aristar grade,
BDH laboratory supplies, England for the trace ele-
ments). Calibration curves showed an excellent linear-
ity for all elements. The seawater samples were diluted

Table 2 The correlation matrix of the investigated HMs

10 times with deionized water prior to measurements.
To assess pollution, water pollution index (PL), degree
of contamination (C,), and heavy metal pollution index
(HPT) were used (Supplementary Table 1), and to iden-
tify the possible sources of HMs in the investigated sea-
waters, dendrograms using average linkage, principal
component analysis, and Pearson’s correlation coeffi-
cient were conducted as statistical analyses, using SPSS
16.0 statistical software and Microsoft Excel 2016.

Results and discussion
Concentration and distribution of HMS
Supplementary Table 2 presents the coordinates

of the sampling sites, pH, electrical conductiv-
ity, salinity, the HM values and the results of the

As Ccd Co Cr Cu Fe Hg Mn Pb Sb Zn Ni PJj C, HPI
As 1
cd -.03 1
Co 0.111 138 1
Cr —.120 —.067 -.203 1
Cu 0.944™ —.026 .139 —.155 1
Fe 0.078 -.001 -.308 —.230 .051 1
Hg 0.009 —.024 —.223 292 102 072 1
Mn 0.044 172 —.045 054 .109 -285 154 1
Pb —.044 —214 -—.108 012 —-.097 —-.075 -.197 -.151 1
Sb —.050 .021 —.184 235 -.026 .038 260 176 -343 1
Zn 0.119 231 043 119 115 350" 268 -.099 -.137 -.063 1
Ni  0.033 -.309 —.116 .006 - 011 .010 —.123 -.036 .282 193 -.002 1
P 0112 138 1.000"  —.203 .140 -308 —-.223 —-.045 -.107 -—.184 .043 —.115 1
Cy 0.680"™ —.054 .514™ —.148 6657 —.110 -—.131 —.008 .444™ - 233 183 262 51571
HPI 0.855 .160 4747 149 809" —.062 -.092 .051 174 —-.132 210 078 4757 9187 1

**Correlation is significant at the 0.01 level

*Correlation is significant at the 0.05 level
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Fig. 2 Spatial distribution of HMs in coastal seawaters from Gulf of Aqaba-Red Sea coastline, northwest Saudi Arabia

water pollution index (PIj), degree of contamina-
tion (Cy), and heavy metal pollution index (HPI) of
33 surface seawater samples. Table 1 presents the
minimum, maximum, mean and standard devia-
tion of HMs, maximum admissible concentra-
tion (Siegel, 2002; WHO, 2011), and the applied

@ Springer

pollution indices. The HMS took the follow-
ing order: Zn (mean 5.51 pg/L)>Ni (2.45)> As
(2.43)>Cu (2.34)>Mn (2.20)>Fe (1.81)>Pb
(1.31)>Sb (0.64)>Co (0.31)>Cr (0.26)>Cd
(0.05)>Hg (0.008). The distribution of HMs
shows a fluctuating pattern without fixed direction
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Table 3 Principal

. Component

component loadings and

explained variance for 1 2 3 4 5 6

the six components with

the varimax normalized As 963 —.035 .007 .043 .017 —.057

rotation Cd .023 .149 — .683 074 .029 .072
Co .150 .960 —.109 —.003 —.039 -.132
Cr -.170 -.071 .116 -.033 —.198 794
Cu 958 -.023 —.042 .103 -.021 —.041
Fe .078 -.372 —.036 151 782 —-.160
Hg .074 -.229 —.135 274 .055 .657
Mn .166 —-.120 —.225 .220 —.643 154
Pb .056 —.083 387 —.820 —.054 .027
Sb —.048 —.096 297 174 —.116 242
Zn 179 123 -.227 .003 .658 S11
Ni .079 011 .828 .025 .072 .043
PIj 152 .960 —.108 —.004 —.039 -.132
Cqy 775 441 229 —.352 .028 .035
HPI .901 367 —.007 —.147 .017 .014
% of Variance  22.78 16.25 10.69 10.55 10.19 9.87
Cumulative % 22.78 39.02 49.71 60.27 70.45 80.32

(Fig. 2), but there were some sites characterized by
higher HM levels, such as sites 1, 2, 5, 7, and 9 (Ni,
Cr, Mn, Co, and Pb) and sites 11, 13, 19, 20, 23,
28, and 33 (Hg, As, Zn, Cd and Cu). Most of these
sites are located nearby Sharma, Ras Hemaid, and
Magnah cities, indicating anthropogenic sources
(E1-Sorogy et al., 2020).

As shown in supplementary Table 3, the average Pb
and Cd levels are lower than those reported from Cas-
pian coast, Iran (Abadi et al., 2018), north Atlantic and
North Pacific (Donat & Bruland, 1995), and Jazan coast-
line, Red Sea, and Saudi Arabia (Kahal et al., 2020).
Zn and Ni are lower than those reported from Al-Kho-
bar, Saudi Arabian Gulf (Alharbi et al., 2017; Alharbi
& El-Sorogy, 2019) and Caspian coast, Iran (Abadi
et al., 2018). On the other hand, average value of As is
higher than those reported from Al-Khafji, Arabian Gulf
(Alharbi & El-Sorogy, 2019), the Gulf of Aqgaba (Shria-
dah et al., 2004), and Rosetta coast, Mediterranean Sea,
and Egypt (El-Sorogy & Attiah, 2015). Furthermore,
average Cd level is higher than those reported from the
Gulf of Agaba, Saudi Arabia (Al-Taani et al., 2014), and
Tarut Island, Arabian Gulf (El-Sorogy et al., 2016).

Pollution indices and multivariate analyses

The spatial distribution of the water pollution index
(PIj), degree of contamination (Cy), and heavy metal
pollution index (HPI) is mostly coinciding with the
spatial distribution of heavy metals (Fig. 3), i.e., fluc-
tuating with higher individual sites, mostly located
nearby Sharma, Ras Hemaid, and Magnah cities. PIj
levels ranged from 2.01 in samples 13 and 16 to 4.22
in sample 5. All seawater samples were categorized
as good water (I < PI; < 5) (Tanjung et al., 2019).
Levels of C, ranged from 1.95 in sample 13 to 2.91 in
sample 7. The investigated samples are categorized as
low pollution (C; * 4) (Backman et al., 1997). Based
in classification illustrated in supplementary Table 1,
levels of the heavy metal pollution index (HPI) ranged
from 4.31 in sample 19 to 6.78 in sample 20. 30.30%
(10 samples) are classified as low pollution (HPI * 5)
and 69.7%% (23 samples) fell under medium pollu-
tion (HPI = 5-10) (Prasanna et al., 2012).

Pearson’s correlation showed a strong correlation
between Cu and As (r = 0.944), PIj and Co (r = 1.00),
C,4 and Cu (r = 0.665), HPI, and each of As and C,

@ Springer



141 Page 6 of 10 Environ Monit Assess (2021) 193: 141

Cd

3.5

2.5

3
1.5
0.5

0

1 2 3 45 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Sample Number

Plj

N

Degree of Contamination Range
[EEN

4.5
4
3.5

3
2.5
1.5
0.5

0

123 456 7 8 9 10111213141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Sample Number

HPI

1 2 3 45 6 7 8 9 101112 1314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Sample Number

N

Water Pollution Index Range
[E=N

O P, N W & U1 OO N ©©

Heavy Metal Pollution Index Range

Fig. 3 Spatial distribution of the water pollution index (PL), degree of contamination (C,), and heavy metal pollution index (HPI) of
the seawaters samples from the study area
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(r = 0.855 and 0.918, respectively, Table 2). All sam-
ples of the higher HPL, Cg4, and PIj levels reported
higher concentrations of As, Cu, and Co, respectively
(e.g., samples 1, 2, 5, 7, 20, 27, and 29). This indi-
cated that the HPI, C;, and PIJ- levels are depended
mainly on As, Cu, and Co levels, respectively. The
possible natural sources of these HMs are rock weath-
ering and volcanic eruptions, while the anthropogenic
sources are petroleum refining, the agricultural appli-
cations such as herbicides, insecticides, algicides,
fungicides, wood preservatives, sheep dips, and dye-
stuffs (ATSDR, 2000; Tchounwou et al., 2012; Obinna
& Ebere, 2019). Moreover, As is partially volatile
during coal combustion (Tian et al., 2013). Negative
correlations were observed between many HM pairs,
such as Pb-As, Pb-Co, Pb-Cd, Pb-Cu, Pb-Fe, Pb-Hg,
and Pb-Mn (Table 2). Moreover, negative correlations
were reported between Ni-Cd, Ni-Co, Ni-Cu, Ni-Hg,
Ni-Mn, and Ni-Zn. The lack of significant correlations
between HM pairs implies various pollution sources
(Chen et al., 2014; Alharbi & El-Sorogy, 2019).

The dendrogram of sample locations and HMs sub-
divided the studied localities at distance 25 into two
clusters (Fig. 4). The first cluster is subdivided into four
subclusters at distance 15 and contains samples (3, 23,
12, 10, 29, 20, 27, 11, 26, 25, and 8), (7, 9, 1, and 6),
(19 and 28) and (14, 21, 13, and 24). Seawater samples
in this cluster reported the highest values of As (sam-
ple 20), Fe (sample 11), Pb (sample 9), Sb (sample 26),
Zn (sample 28), Cd (samples 13, 23, 28), Hg (samples
13, 19), Ni (sample 1), C, (sample 7), and HPI (sample
20). The second cluster is subdivided into two groups
and accounts samples (15, 16, 4, and 5) and (18, 33, 17,
32, 22, 30, 31, and 2). Seawater of this cluster includes
the highest levels of Mn (sample 2), Cr (sample 2), Co
(sample 5), Cu (sample 33), and PI; (sample 5).

Six principal components, covering 80.32% of the
total variance, were extracted (Table 3). Each group of
elements possibly originates from similar sources. The
first component covers 22.78% and presents a signifi-
cant positive loading for As, Cu, C; and HPI (0.963,
0.958, 0.775, and 0.901, respectively), which derived
mainly from geogenic source, from chemical weather-
ing of the Pre-Cambrian basement, and Phanerozoic
rocks bounded the Red Sea-Gulf of Agaba coast. The
second component covers 16.25% and presents positive
loading for Co and PI; (0.960 and 0.960, respectively),
which related mostly to anthropogenic activities from
industrial activities, traffic emissions, and the dredging

@ Springer

of the aquatic sediments. The third, fourth, and fifth
components account 10.69, 10.55, and 10.19, respec-
tively, and show positive loading in Ni, Sb, and Zn
(0.828, 0.774, and 0.658), which may be indicated com-
bined natural and anthropogenic sources for these heavy
metals. The sixth component covers 9.87% and presents
high positive loading for Cr, and Zn (0.794 and 0.511,
respectively). The presence of Zn as positive loading in
components fifth and sixth may be attributed to differ-
ent sources for Zn in the investigated seawater. Finally,
pollution indices and statistical analyses revealed that
the quality of seawater in the Red Sea-Gulf of Aqaba
coastline is mainly controlled by geogenic processes
from chemical weathering of the nearby basement and
sedimentary rocks, with minor anthropogenic input from
industrial and agricultural applications.

Conclusions

1. The average HM contents (pg/l) in 33 seawater
samples from the Red Sea-Gulf of Aqaba coast-
line were in the following order: Zn (5.51)> Ni
(2.45)> As (2.43)>Cu (2.34)>Mn (2.20)>Fe
(1.81)>Pb (1.31)>Sb (0.64)>Co (0.31)>Cr
(0.26) > Cd (0.05)>Hg (0.01). Spatial distribu-
tion of HMs showed higher levels in sites near
Sharma, Ras Hemaid, and Magnah cities.

2. All seawater samples were categorized as light
and low polluted, according to PIj and Cd, while
10 samples were low polluted and 23 ones were
medium polluted, according to HPI. Most aver-
age HM levels were lower than those reported
from many worldwide seawaters, except for As
level, which is higher than those reported from
Al-Khafji and the Gulf of Aqaba, and Rosetta
coast, Mediterranean Sea, and Egypt. Also, Cd
level is higher than those recorded from Tarut
island and the Gulf of Aqaba.

3. Multivariate analyses subdivided the HMs into
two large clusters and six principal components,
which suggest different sources of pollutants. As,
Cu, and Fe were derived from geogenic sources
from the Pre-Cambrian basement and the Phanero-
zoic sedimentary rocks along the coast, while Co
and Pb were derived from anthropogenic pollut-
ants from urbanization and agricultural and indus-
trial activities. Ni, Sb, and Zn were derived from
combined lithogenic and anthropogenic sources.
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Supplementary information The online version contains
supplementary material available at https://doi.org/10.1007/
s10661-021-08911-8.
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