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Abstract:

The present study was carried out to assess sedimentological characters and to evaluate the potential effects of
human activities and natural occurrences of heavy metal levels in marine sediments. Ten marine sediment
samples from northern area of Suez Gulf were collected and analyzed using different analytical techniques.
Metal Pollution Index, Geo-Accumulation Factor, Enrichment Factor, Contamination Factor, Pollution Load
Index and Potential Ecological Risk Index were used for ecological assessment. ArcGIS technique was used to
interpolate the obtained data in order to create spatial distribution maps. The concentrations of the studied
heavy metals descended in the following order Fe > Al > Co > Cr > Zn > Ti > Ni > V > Hg. The used indices
show that the sediments of Suez Gulf vary from low polluted (northward) to unpolluted (southward). The
recorded values of the studied metals in sediments were lower than the levels of the corresponding consensus-
based Canadian environmental Quality Guideline. Sand fractions were the main fraction in Suez Gulf
sediments. Coarse and medium sand fractions have wide distribution with variable ratios of silt and clays. CM
diagram, bivariate diagram and multivariant linear discriminant functions were used for determination of mode
of transportation and accumulation mechanism. Results indicated that studied sediments is subjected to high-
energy transporting agent and the deposition takes place by rolling and saltation. PCA and dendrogram classify
the studied sites into two main categories according to metal concentration, sources, and sediment features. By
applying different ecological assessment methods and comparing the obtained data with international
guidelines obviously reveals that the metal concentrations in Suez Gulf were in the range of natural unpolluted
sediments.
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I.  Introduction

Rapid increase in urbanization and industrialization are the major reasons for the continuous discharge
of large quantities of heavy metals from anthropogenic sources into the marine ecosystem. Heavy metals enter
the sediments in marine environment via numerous pathways, including fertilization, irrigation, runoff, rivers,
deposition of the atmosphere, and land sources, where metal production occurred from by-products of crude oil
refining and metal mining.

The marine environment naturally contains non-toxic concentrations of heavy metals. However, the
anthropogenic products could increase their concentrations, leading to some ecological problems [1]-[4]. Some
metals, such as Fe, Cr, Cu, Ni, Mn, and Zn are necessary for marine organisms, but they may be toxic if present
in high concentrations. On the other hand, some metals are considered mostly toxic to the marine life, even if
they exist in a little quantity [5], for example Hg, Pb, Cd, and Ag.

Sediments are regarded as the main store and final receiver for the metals discharged into the
ecosystem [6]. Aquatic Sediments are classified as an important indicator of aquatic ecosystem health, they
contain more than ninety percent of metals accumulations in the aquatic environment [7]-[10]. Also, sediments
are considered as an indirect source of heavy metals which could come back into the water column due to
changes in both physical and chemical properties of aquatic environment, e.g. salinity, pH, redox potential,
mineral content [11]-[16]. Adsorption/desorption processes are influenced by a variety of factors, including
particle adsorption characteristics, particle size distribution, particle shape and its surface features. Sediments at
different sites not only have different chemical composition but also show a variety of particle sizes, which lead
to different heavy metal distributions. So that sediment grain size distributions directly affect heavy metal
distribution in aquatic environment [17]-[20]. The heavy metal accumulation in relation to sediment grain size
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can indicate different contaminant transport models. Also, particle size distributions as a transport agent can be
used to monitor the accumulation of heavy metals in sediments e.g. anthropogenic impacts on aquatic systems
[10], [19], [20]. Therefore, in the last few decades, the environmental issues of sediment and soil contamination
by heavy metal pollutants have gained increased attention in both developed and developing countries all over
the world [21].

The most polluted part of the Red Sea is Suez Gulf [22]. A huge discharge from industrial facilities and
sewage is being received in the northern area of the Gulf, where electric power stations, petrochemicals, and
fertilizers are the major industries in this region, while the other areas of Suez Gulf are under severe stress due
to a lot of crude oil extraction and production processes, onshore and offshore, which lead to increased
concentration of heavy metals [7], [10], [23]-[28].

Different calculation methods based on different algorithms may result in inconsistency of
contamination evaluation when they are used to evaluate the quality of soil and/or ecological geochemistry of
sediments. Therefore, it is of high importance to select an appropriate method to evaluate sediment quality
because pollution index is an important tool for processing, analyzing, and conveying raw environmental data to
technicians, experts, decision makers and the concerned [29], [30]. Many assessment methods have been
developed for the evaluation of heavy metals risk in sediments. There are some previous works which have
applied this method on different aquatic environments [4], [7], [24], [30]-[34].

The present work aims to a comprehensive evaluation of the heavy metals to gain a clear understanding
of the potential ecological risks of Zn, Fe, Co, Ni, V, Cr, Al, Ti and Hg in the northern part of Suez Gulf
sediments. In addition to understand and clarify the textural features as an indication of sedimentological
characteristics of Suez Gulf. Also, study the relation between metal distributions and sediment characteristics to
identify their possible sources.

1. Material And Methods
| Study area

The Northern part of the Red Sea is an important economically sea area for fishing, oil production and
industrial processes. That area has a great importance and has gained a significant attention by the Egyptian
government, which established a large industrial and investment area — the North Gulf of Suez Economic Zone
[35]. Suez Gulf is locally divided into two main regions, the northern part of the Suez Gulf, which is known as
Suez Bay. The Suez Bay is located between longitude 32° 28' - 32° 34' E and latitude 29° 54' - 29° 75' N. The
Bay is considered a shallow extension of the Suez Gulf with its main axis in the NE-SW direction with mean
depth of 10 m [36], and connected to Suez Canal through the north eastern side of the bay [37].

11 Sampling

Ten surficial sediment samples (10 cm thickness) have been collected during October 2018, using
VanVeen Grab Sampler to represent perfect samples which have a direct contact with biological and chemical
exchange processes. Sampling was carefully done according to the method reported by IAEA (2004). All sites
are well distributed over the studied area to give a clear and precise assessment for the environmental status of
the Suez Gulf. The ten selected Sites (1-10) are shown in the location map (Fig. 1).
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Fig.1 Location map for the studied sediment samples at Suez Gulf.

111 Granulometric and chemical Analysis

For grain size analysis, surficial sediment samples were prepared using the decantation method [38],
[39], where dry sieving technique was used for grain size analysis [38]. Each sample contains more than 5%
mud fraction (finer than 4@) was investigated using the pipette method designated by Carver (1971). According
to Folk (1980) textural classes, and sedimentological parameters were calculated.

For mode of transportation and interpretation of depositional environment, the obtained results
from grain-size were used in drawing C-M diagram (Where “C” the values of the first percentile are plotted
versus “M” the median grain diameter) to identify the mechanics of transportation[41]-[45]. Bivariate diagram
were used in to clearfy energy of transporting againt according to Stewart diagram in which plotting sorting vs
median [46].

The deposition environment of Suez Gulf sediments has been explained according to Sahu [47] by
using multigroup, multivariant linear discriminant functions. V1 and V2 functions are calculated according to
the following equations, adopting the Eigen-vector matrices of Sahu [47]:

V, =0.48048M; + 0.6231(0,)? + 0.40602SK, + 0.44413K,; (l.a)
V, =0.24523M; + 0.45905(0,)% + 0.15715SK, + 0.83931K,; (1.b)

where MZ; oI; SKI and KG are mean size, variance, skewness, and kurtosis, respectively.

For water content (WC.) measurements, WC. was measured using a gravimetric method by oven
drying of about 15-20 g wet sediments for 24 h (or to a constant weight) at 105°C. Grinded sediments, sieved to
120 mm, were used to determine organic matter content of the sediments by loss on ignition [48]

For heavy metal determination, using Inductively Coupled Plasma-Mass Spectrometer ICP-MS, a
representative 1 gram of sample is digested with repeated additions of nitric acid (HNO3) and hydrogen
peroxide (H202) and Hydrochloric acid (HCI). 1 g sample was digested with 7.5 mL concentrated HNO3, 1.5
mL H202 and 2.5 mL concentrated HCI in Microwave vessel and complete to the mark of vessel and choose
sediment digestion program. Then it was heated using a precisely controlled programmer heating in several
ramping and holding cycles until the sample dryness. After the dryness is obtained and after digestion complete
let vessel cool before opening. Then sample was carried back into the solution using hydrochloric acid (HCI).
With this digestion, certain phases may be soluble partially. The fused sample is diluted and analyzed by Varian
810/820-MS ICP Mass Spectrometers at (Reference Lab. for Drinking Water and Wastewater). Sample
treatment and measurement procedures utilizing ICP-MS were published elsewhere [49]-[55].

1V Assessment of ecological risk
For studying the ecological risk and the metal pollution levels caused by the high concentrations of
these pollutants in the Northern part of the Suez Gulf, many assessment methods of heavy metals in sediments
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were used: Geo-Accumulation Factor (lgeo), Metal Pollution Index (MPI), Contamination Factor (CF),
Enrichment Factor (EF), Pollution Load Index (PLI) and Potential Ecological Risk Index (PERI) (Table 1).
Different reference values include the Interim Sediment Quality Guideline [57], the Probable Effect Level (PEL)
[58], Sediment Quality Guidelines (ERL and ERM) [59], the average shale content [60] and the upper
continental crust (UCC) composition were used in this study to represent the pre-industrial reference level of
trace/heavy metals [61] (Table 3).

Metal Pollution Index (MPI)
MPI, which was suggested by Usero, was used to assess the total concentration of metals at various
sample locations. It is determined according to the formula below [62]:
MPI = "\/(cg1 X CL,XxCyx..xCL) (2

whereC, is the metal concentration (i) expressed in ug/g of dry weight and n, is the number of metals,
while high MPI reveals a high level of pollution with a metal (i) in the sample.

Geo-Accumulation Factor (1geo)
The geo-accumulation index was calculated by Muller (1969, 1979) and was illustrated by Boszke
(2004) according to the following equation:
Igeo = log, (CL/1.5C) (3)

where Cs is the concentration of a particular metal (i) in the sample, and Cb is the concentration of its
background or reference. For the probable variations of the background data due to lithological variations, factor
1.5 is used.

Enrichment Factor (EF)

The Metal Enrichment Factor (EF) is another useful pollution index to distinguish the levels of
anthropogenic metal/metalloid pollution. It is defined as follows:
_(ck/cE®) sample

EF = (Cf,/Cge) crust (4)

where EF is the enrichment factor, (Ci/CE¢)sample is the concentration of metal divided by Fe
concentration in the sample, and (C}/CE®)crust is the concentration of the same metal divided by Fe
concentration in the earth crust [66]-[70]. EF is the most common and simple method used to evaluate the
anthropogenic impact on the sediment.

Contamination Factor (C})

Contamination factor Cf is one of the most basic approaches of contamination evaluation of metals in
the investigated locations. It is calculated by dividing the concentration of metal in the sample by the
concentration of the same metal in the reference or background area. Cf equation is expressed by Hakanson
(1980) as follows:

Cy = Cs/Cy (®)

where Cf is the contamination factor, Cs is the metal concentration in the sample, and Cb is its

background (reference) concentration.

Pollution Load Index (PLI)
The pollution load index (PLI) was determined using the following equation [72]:
PLI = "\/(Cjr1 X €y X Chz X .. X €LY (6)

where PLI is the pollution load index, CF is the contamination factor; and n is the number of
investigated metals.

Potential ecological risk index for single heavy metal pollution (EL)
The following equation clarifies the potential ecological risk index for single heavy metal
contamination:
Eri=T.xC; (7)
where, Tiis the standardized response coefficient for the toxicity of a particular heavy metal. The
formula shows the hazardous effect of heavy metals on the human and marine ecosystem and reflects the
toxicity level of heavy metals and ecological sensitivity toward the heavy metal contamination. The response
coefficient for heavy metal toxicity, which was evolved by Hakanson (1980), was implemented to be an
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evaluation standard. Respectively, the corresponding coefficients based on its toxicity were: Hg=40, Ni=Co=5,
Cr=V=2, Zn=Fe=Ti=1[73].

Potential Ecological Risk Index for a variety of heavy metals in sediment (RI)
The equation of potential toxicity response index for several heavy metals was described as follows
[71], [74]:
RI=YL,E. (8
The categories used for the interpretation of all previous indices are given in Table 1.

V Statistical analysis

To determine possible relationships between various variables, the most popular multivariate statistical
methods used in ecological studies are applied. In present study, Pearson's correlation analysis, principal
component analysis (PCA) calculations and Hierarchical cluster analysis (HCA) were performed for the
analyzed samples using IBM SPSS Statistics 26 software to identify the interrelations between the studied
variables.

Table 1 Terminologies for pollution classes of single and integrated indices.

Index Value Classification Referance
Igen= 0 LUncontaninated
b =Igeo=1 Uncontamdnated to moderately contaninated
1<Igeo=12 Alpd erately contaminated
Izeo 2 <Iger= 3 Alpd erately to Heavily contaminated [631, [91]
A=Igeo= 4 Heavily contaminated
4 <Igeo= & Heavily to extremely contaminated
Igen= & Extremely con taminated
EF =2 Deficiency o minimal enrichment
2=EF<8 MAlod erate en richneent
Ef S=EF< Significant enrich ment [58], [52
W=EF <40 Very high enrichment
EF = 40 Extremally high envichment
Cf=1 Low degree of contamination
1=Cf=23 MAlod erate d esree of contamination
= I=Ci=d Considerable degree of contaminaton
Ci=d Very hich desree of contamination
Cd < § Low degree of contaminaton [70]
§=Cd=148 Alpd erate d ezree of contaminanon
Cd lé=Cd = 32 Considerable d ezree of contaminaton
Cd = 32 Very high dezree of contamination
] Perfection
PLI b=PLI=1 Easeline levels [F1]
PLI=1 Progressive deterioration of site
Er=40b Low risk
40 = Er< 50 Alod erate risk
50 = Er= 160 Considerable risk
160 = Er< 320 High risk
PERI Erz= 220 Significanty kigh sk 70]. [73]
BI = 150 Low ecelogical pollution risk

150 = RI < 300
300 = BRI < 600
RI = 600

Alpd erate ecological pollu on sk

High ecological polhton risk

Significanty kigh ecological pollubon risk

Igeo = Geo-Accumulation Index; EF = Enrichment Factor; CF = Contamination Factor; CD = Contamination Degree; PLI = Pollution Load

Index; PERI = Potential Ecological Risk Index; Er = Monomial Ecological Risk Index.
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111. Result

| Grain-size analysis

For grain-size distribution, the sand fraction was dominant in the study area which varied from a
maximum value (100%) at a site (7) to a minimum value (92.4%) at a site (10) with an average value 98.2%
(Fig. 2a). Silt fraction values vary from a maximum value (5.9%) at site (10) and was absent at a site (7) with an
average value 1.46% (Fig. 2b). Clay fraction values vary from a maximum value (1.7%) at site 10 and was
absent at sites (2, 3, 4, 7 and 8) with an average value 0.34% (Fig. 2c). The distribution map clarifies that fine
fractions increased northward (Fig. 2 a, b, and c).

Il Textural parameters

For Textural parameters, mean size, sorting, skewness, and kurtosis of the studied sediment samples
were calculated and presented in Table 2. The mean size varied from medium sand (0.499) to coarse sand
(1.629). Generally, sorting of studied sites was moderately sorted. Sorting varied between poorly sorted (1.04
@) at site (10) and moderately well sorted (0.61 @) at site (3) (Fig. 3a). The skewness was near-symmetrical at
all sits except site (1) was fine-skewed (0.15) and site (3) was coarse-skewed (-0.29) (Fig. 3b). Kurtosis were
varied between platy-kurtic to lepto-kurtic (0.63 & 1.3, respectively) (Fig. 3c).

Table 2 Sedimentological parameters of marine sediment samples collected from Suez Gulf.

Discriminant

Median (Mz) Mean size (cI) Sorting Skewness (SKI) Kurtosis (KG)

Site functions
Value(@)  Value(@) category Value{@) categorv Value category Value category Vi V2

1 1.07 111 Medium 075 Medemtely 405 ppcdkewed 085 Platy- 1330 1267
Sand sorted kurtic

2 110 114 Medium 076 ~ Moderately 40 Near 0.95 Platy- 1353 1348
Sand sorted svmmetrical kurtic

3 0.05 0.07 Coarse 0.61 Moderately 59 oare skewed 063 Platy- 4260 0.892
Sand well sorted kurtic

4 1.03 1.03 Medium 0.81 Moderately ) 4 Near 0.98 Platy- 1351 1381
Sand sorted svmmetrical kurtic

5 118 117 Medium 0.82 Moderately —; ) Near 1.02 Lepto- 1430 1450
Sand sorted svmmetrical kurtic

6 115 115 Medium 0.84 Moderately ) Near 1.04 Lepto- 1450 1477
Sand sorted symmetrical kurtic

- . Coarse Moderately - Near . Lepto- -\ .

! 0.43 0.49 Sand 0.66 well sorted 0.07 symmetrical 1.05 kurtic 1.002 1212

] 0.83 0.88 Coarse 0.72 Moderately ;o4 Near 1.0 Lepto- 1224 1340
Sand sorted symmetrical kurtic

9 1.40 1.40 Medium 0.87 Moderately 4 o, Near 0.99 Platy- 1584 1522
Sand sorted symmetrical kurtic

10 1.60 1.62 Medium 1.04 Poorly 0.09 Near 1.30 Lepto- 2066  1.999
Sand sorted symmetrical kurtic

111 Mode of transportation and depositional environmental interpretation

Application of C-M Diagram, by using of C-M diagram, results of grain-size distributions of Suez
Gulf sediments have been studied with the intention of explaining the mechanism of transportation and
deposition. The C-M diagram is used to study both fluvial and coastal deposits, as both contain different
lithofacies, which may be divided into depositional sub-environments using the diagram[2], [75], [76].
According to Passega [41], [42], Passega and Byramjee [43] and Mycielska-Dowgiatto and Ludwikowska-
Kedzia [45] results indicate that mode of transportation of most of Suez Gulf sediment was saltation and rolling
(QP) northwestward (sites 4, 5 & 9), northward (site 10), southwestward (sites 1 & 2) and westward (site 6).
While the mode of transportation was rolling at sites 3, 7 and 8 (Fig. 4).

Bivariate plot, bivariate diagram of sorting vs median according to Stewart [46] revealed that all the
sediment samples is located away from the area of slow deposition from quite water and affected by high energy
transporting agent. This result support the C-M diagram results (Fig. 5).

Multigroup multivariant discriminant functions V1-V2 plot, According to Sahu [47], a precise
statistical method of multigroup multivariant linear discriminant functions was used for estimating the
environment of deposition of Suez Gulf marine sediments. Results obtained by the discriminant functions of V1
and V2 (Table 2) were plotted on the multigroup multivariant discriminant diagram (Fig. 6). Generally, all sites
represent beach environments deposition (only site 10; area facing Suez Canal entrance and Suez Governorate
fall in the field of the shallow marine environment). This may be due to water circulation, active wave
movements, and low depth of water column which records great wind activities effect on sediment, This result
support the C-M diagram & bivariate results.
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IV Total organic carbon (TOC)

Organic carbon contents values were increasing northward, the recorded values ranged between 0.74%

at site (8) and 1.9% at site (10), with an average value 1% (Fig. 2e). It is clear that fine sediments contained
higher organic matter than coarser ones. Coarse sediments usually have larger pores, thus faster circulation and
movement of interstitial water and oxygen-rich seawater.

V Carbonate content (CO3)

Figure 2f shows that carbonate content in the studied sediment samples has minimum value at site (10)

(southward) and maximum value at site (7) (north-eastward). Most of studied sediment indicate terrigenous
materials with average carbonate value ranges between (20—40%), except site 7 which indicating transitional
materials with average carbonate value ranges between (40-60%), according to Maxwell classification [77].
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Fig. 2 The spatial distribution of grain sizes in Suez Gulf using GIS techniques (a) sand %, (b) silt %, (c) clay
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Fig. 3The spatial distribution of (a) sorting, (b) skewness, and (c) kurtosis for Suez Gulf using GIS techniques.
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VI Heavy metal distribution

Figures 7 a, b, ¢, d, e, f, g, and h illustrate the spatial distribution concentrations of heavy metals Fe,
Zn, Co, Ni, V, Cr, Ti, and Al in the studied sediment which were collected from the Northern part of Suez Gulf,
respectively. The Hg concentration was under the detection limit (ND) at all sampling sites, while Fe, Co, Cr,
Zn, Ti, Ni, and V recorded their highest concentration values at the northern part of the Gulf, except Al showed
the highest values at the middle part of the Gulf. The southwest part of the studied area showed low
concentration of studied heavy metals except V which showed moderate concentration at that area.

Fe concentrations ranged between 167.59 mg/kg at site (4) to 588.56 mg/kg at site (9). Zn
concentration ranged between 9.19 mg/kg at site (3) and 46.34 mg/kg at site (5). Co concentration ranged
between 8.02 mg/kg at site (1) to 44.25 mg/kg at site (8). Ni concentration ranged between 1.18 mg/kg at site (2)
and 13.79 mg/kg at site (6). V concentration varied from 3.14 mg/kg at site (2) to 14.65 mg/kg at site (9). Cr
concentrations ranged between 20.10 mg/kg at site (7) and 23.10 mg/kg at site (8). Al concentrations varied
from 101.90 mg/kg at site (2) to 700.60 mg/kg at site (5). Ti ranged from 1.04 at site (3) to 15.89 mg/kg at site
(8). The concentrations of the studied heavy metals descended in the following order Fe > Al > Co > Cr > Zn >
Ti > Ni > V with average concentrations of 312 > 301.37 > 29.13 > 21.68 > 20.58 > 7.48 > 5.94 mg/Kkg,
respectively.
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g. 7The spatial distribution of heavy metals in Suez Gulf using GIS techniques (a) Fe, (b) Zn, (c) Co, (d) Ni,
(&) V, (f) Cr, (g) Ti, and (h) Al.
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Table 3 Comparison of mean concentration of metals recorded in present study with similar published studies,
geochemical background, and the toxicological reference values.

Parameters (mg Kg)

Location Fe v Zn Co Ni Cr I Ti He Reference
Suez Guif, Egvpt 312.36 .04 20.58 2013 748 21.68 137 70 ND Present study
Suez Guif, Egvpt 2384 - 224 - 2.80 - - - - [29]
Suez Guif, Egvpt 4114 - 47.3¢ - 46.47 26.42 - - 0.063 [4]
Suez Guif, Egypt 3044 - 64.82 12.29 14.91 13.64 - - - [26]
Suez Guif, Egyvpt 2511.982 - 85.28 - 14843 24113 - - - [24]
Agaba Guif, Egvpt 2448 - 351 11.2 13.9 7.0 - - - [87]
Agaba Guif, Egvpt 3150.242 - 58.23 - 13.032 3773 - - - [24]
Red Sea, Egvpt 3072.683 - 75.04 - 28033 20890 - - - [24]
Red Sea, Egvpt 145625 2078 2730 4.81 14.33 33.84 - 0.17 - [32]
Red Sea, Egwpt - 040 1524 - 7.34 - 6006 - - [31]
Red Sea, Egvpt 3490 - 22636 969 11404 18463 - - 0.024 [86]
Hurghada arsa. Egvpt 2600 - 1241 - 7.21 - - - 0.02 [79]
Adriatic Sea, Italv 8800 - 95.8 - - - - - 0.28 [84]
Black Sea, Turkey 5000 . 3310 - 13.55 - . - - [85]
Earth's crust 56300 135 70 25 75 100 82300 3700 0.25 [60]
Average shale content 47200 130 o3 19 68 on 80000 4600 0.4 [59]
;ﬂm}ﬁﬂaﬁl - - 150 . 20.0 1 . - 015 -
;?&fﬁi}aﬁﬁ 410 . 516 370 - - om

.‘[P;;iajb;e effects level 271 ) 03 160 i . 0.7 o e
Threshold effect level 124 i 15.0 53 ) ] 013 i 1 B
(TEL)

V11 Metal pollution assessment

For the studied sites in the Suez Gulf, all CF values of Fe, Ni, Al, Ti, V, Zn, and Cr indicate low
contamination factors (CF), except Co values were ranged between low and moderate CF categories.
Contamination degree (Cd) values were in low degree of contamination range (Table 4 & Fig. 8 a). With the
same trend of CF, geo-accumulation index (Igeo) indicates uncontaminated sediments for all the analyzed
metals in the studied area (lgeo < 0; refers to unpolluted sediments); except for Co where Igeo for Co ranged
from uncontaminated to moderately contaminated Igeo values of sites (8), (10), (6) and (2) were 0.24, 0.21, 0.17
and 0.02, respectively (Table 5).

The average EF values for Co, Zn, and Cr were all higher than 40, these elements were considered as
extremely high enriched. While the average EF values of Ni and V were less than 20 and were considered as
significantly enriched. In all samples, the average EF value for Al and Ti were determined to be less than 2 and
were considered as deficient to minimally enriched (Table 6).

MPI results show that the highest metal pollution indices were recorded at sites (9), (4), and (5) (37.35,
32.82, and 31.22, respectively) followed by sites (8), (10), (6) and (7) (28.55, 26.44, 26.15 and 21.81
respectively); while site (3) recorded the lowest MPI (14.01). The high MPI may be caused by marine
transportation, industrial activity, and the high human activities in these areas (Table 4 & Fig. 8 b).

For evaluating the potential risk caused by heavy metals Fe, Zn, Co, Ni, V, Cr, and Ti to the aquatic
ecosystem in the Suez Gulf surface sediments, among the analyzed heavy metals, Co reported the greatest
ecological risk, due to its high toxicity factor. The mean value of El of Co is 5.826 +2.929, which indicates that
Co concentrations vary across the investigated area. The EL values for Co are lower than 40 indicating low risk
from Co at all sites. However, investigated area recorded EL < 40 for the other six metals (Ni, Cr, Zn, V, Fe and
Ti) where their corresponding averages were 0.499+0.326, 0.434+0.019, 0.294 +0.192, 0.088+0.052,
0.006+0.002 and 0.001+0.001, respectively (Table 7).

The ecological risk index RI of the studied sites has recorded values ranging from the minimum value
2.45 at site (1) (southward) to the maximum value 10.43 at site (7) (north-eastward). Overall, the recorded
values at all sites were less than 150, and this clarifies that the marine ecosystem in the studied sediments of
Suez Gulf records low ecological pollution risk (Table 7 & Fig. 8 c).

The recorded values of the studied metals in sediments were beneath the levels of the corresponding
consensus-based TEL, PEL, ERL, ERM and this indicates that adverse effects do not occur regularly for all
investigated area (Table 3).
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Co was substantially correlated with Ni (p < 0.05), indicating that similar geochemical behavior or

origin are likely related. While clay, silt, Water Content, and TOC showed a strongly positive correlation (p <
0.01) indicating similar sedimentological behavior. Sand had a significant negative correlation with Water

Content and TOC while showing a positive correlation with CaCO3 (p < 0.01) that may indicate that the sand

fraction contains shell fragments. Though, no statistical correlation was observed among Al, Zn and Co. This
result indicates the different input sources of Co from these two elements (Table 8).

Fig. 8The spatial distribution of a) Cd, b) PLI, and c) RI in Suez Gulf using GIS techniques.

PR

Table 4 Contamination factors (CF), Contamination degree (Cd), Mean contamination degree (mCd), Pollution
load index (PLI) and Metal Pollution Index (MPI) for different heavy metals in Suez Gulf sediments.

CF
Site mCd PLI MPI
Fe \Y% Zn Co Ni Cr Al Ti Cd

1 00033 0.05 0.19 0.32 0.02 0.22 00027  0.0005 0.80 0.10 0.02 15.27

2 00043  0.02 0.17 1.52 0.02 0.22 00012 0.0013 1.96 0.25 0.02 16.90

3 00041 0.05 0.13 0.36 0.04 021 00021  0.0002 0.81 0.10 0.02 14.01
4 00030 0.5 0.44 1.37 0.10 0.22 00084 0.0016 2.20 0.27 0.05 32.82

5 00052 0.03 0.66 1.29 0.13 0.22  0.0085  0.0007 2.34 0.29 0.05 31.22

6 00048  0.03 0.16 1.69 0.17 0.22 00014 0.0025 2.29 0.29 0.04 26.15

7 00057 0.5 0.27 0.40 0.04 020  0.023 0.0019 0.97 0.12 0.03 21.81

8  0.0060 0.03 0.19 1.77 0.18 020  0.0016  0.0028 2.39 0.30 0.04 28.55

9 00105 0.1 057 1.18 0.12 0.23  0.0069  0.0006 2.23 0.28 0.05 37.35
10 0.0087 0.3 0.15 1.74 0.17 023  0.0015 0.0015 2.32 0.29 0.04 26.44
Min.  0.0030  0.02 0.13 0.32 0.02 020  0.0012  0.0002 0.80 0.10 0.02 14.01
Max. 0.0105 0.11 0.66 1.77 0.18 0.23  0.0085 0.0028 2.39 0.30 0.05 37.35
Av. 00055  0.04 0.29 1.17 0.10 0.22 00037 0.0014 1.83 0.23 0.04 25.05
SD 0002 0026 0192 058  0.065  0.009  0.030 0.0009 0.68 0.09 0.01 7.89
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Table 5 Geo-accumulation Index (Igeo) of heavy metals in Suez Gulf surface sediments.

Site Fe \ Zn Co Ni Cr Al Ti
1 -8.84 -4.81 -3.01 -2.23 -6.03 -2.80 -9.13 -11.68
2 -8.46 -6.01 -3.13 0.02 -6.57 -2.75 -10.24 -10.21
3 -8.51 -4.95 -3.51 -2.04 -5.20 -2.81 -9.49 -13.00
4 -8.98 -4.85 -1.76 -0.13 -3.84 -2.80 -1.47 -9.86
5 -8.16 -5.85 -1.18 -0.22 -3.50 -2.79 -7.46 -11.11
6 -8.29 -5.85 -3.19 0.17 -3.10 -2.76 -10.10 -9.21
7 -8.05 -4.97 -2.48 -1.89 -5.20 -2.90 9.34 -9.59
8 -7.95 -5.74 -2.95 0.24 -3.03 -2.89 -9.92 -9.07
9 -7.16 -3.79 -1.41 -0.34 -3.69 -2.70 -1.77 -11.35
10 -7.43 -5.84 -3.29 0.21 -3.18 -2.73 -9.94 -9.99
Min -8.98 -6.01 -3.51 -2.23 -6.57 -2.90 -10.24 -13.00
Max. -7.16 -3.79 -1.18 0.24 -3.03 -2.70 -7.46 -9.07
Av. -8.18 -5.27 -2.59 -0.62 -4.33 -2.79 -9.09 -10.51
SsD 0.57 0.71 0.84 1.01 1.30 0.06 111 1.25

Table 6 Enrichment Factor ofheavy metals in marine sediments of Suez Gulf.

Site \ Zn Co Ni Cr Al Ti
1 16.40 56.98 98.33 7.02 65.90 0.82 0.14
2 5.47 40.30 358.69 371 52.46 0.29 0.30
3 11.86 32,01 88.85 9.93 52.18 0.51 0.04
4 17.45 148.36 459.70 35.15 72.56 2.84 0.54
5 4.97 126.37 245.33 25.29 41.42 1.62 0.13
6 541 34.30 352.16 36.37 46.18 0.28 0.53
7 8.45 47.68 71.47 7.20 35.52 041 0.34
8 4.63 32.12 292.57 30.39 33.56 0.26 0.46
9 10.38 54.17 113.33 11.15 22.10 0.66 0.05
10 3.01 17.61 199.98 19.06 26.03 0.18 0.17

Min. 3.01 17.61 71.47 3.71 22.10 0.18 0.04

Max. 17.45 148.36 459.70 36.37 72.56 2.84 0.54

Av. 8.80 58.99 228.04 18.53 44.79 0.79 0.27
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Site Er - - RI
Fe \Y Zn Co Ni Cr Ti
1 0.003 0.11 0.19 1.60 011 0.43 0.0005 2.45
2 0.004 0.05 0.17 7.62 0.08 0.45 0.0013 8.37
3 0.004 0.10 0.13 1.82 0.20 043 0.0002 2.69
4 0.003 0.10 0.44 6.84 0.52 043 0.0016 8.35
5 0.005 0.05 0.66 6.43 0.66 043 0.0007 8.24
6 0.005 0.05 0.16 8.46 0.87 0.44 0.0025 10.01
7 0.006 0.10 0.27 2.02 0.20 0.40 0.0019 3.00
8 0.006 0.06 0.19 8.85 0.92 041 0.0028 10.43
9 0.010 0.22 0.57 5.92 0.58 0.46 0.0006 7.76
10 0.009 0.05 0.15 8.68 0.83 0.45 0.0015 10.18

Table 7 Potential risk index of heavy metals in marine sediments of Suez Gulf.

Table 8 Correlation coefficient among metals, total carbonate, Water Content, total organic carbon, and
sediment fractions in marine sediments.

Al Cr Co \Y Zn Ti Ni CaCoO3 wcC TOC Sand Silt Clay

Al 1

Cr 0.206 1

Co 0.009  0.357 1

\ 0.428 0.296 -0.372 1

ok

Zn .933 0.214 0.066 0431 1
Ti -0.347 -0.384 0581 -0.446 -0.293 1

*

Ni 0.111  0.143 .756 -0.186 0.174  0.561 1

e

CaCO3 -0.213 -834" -0574 0079 -0295 0.135 -0.595 1

*

WC 0.081  .746 0324 0311 0130 -0.269 0364 -821" 1
TOC  -0.028 0577 0329 0094 0043 -0.103 0410 -750°  .936" 1
Sand  0.028 -670° -0.392 -0095 -0.011 0136 -0.389 .785"  -965" -979" 1
Silt 0046 677" 0412 0057 -0017 -0128 0378 -780" 9557 971" -998" 1
Clay 0026 633" 0322 0206 0097 -0157 0413 -783" 972" 981" -983" 970" 1

** Correlation is significant at the 0.01 level.

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.
* Correlation is significant at the 0.05 level.

Applying hierarchical cluster analysis using Ward’s method produced a dendrogram with two main
clusters, as presented in Figure 9. The dendrogram includes the concentration of the studied metals Fe, Zn, Co,
Ni, V, Cr, Al, and Ti, which separates the samples of studied locations into two main clusters according to the
increasing in concentrations. As can be seen in Figure 9, within the range of 10-15, the five heavy metal
elements can be roughly divided into two categories: Ni, Ti, V, Zn, Cr, and Co fall into the first category; Fe and
Al fall into the second category. Meanwhile, in the first category, Ni, Ti, V, Zn, Cr, and Co were more closely
related. When the distance was less than 1, Fe and Al were grouped together, reflecting that the differences
between Fe and Al in sediment were small, and pollution by them may be homologous. The results of the cluster
analysis agreed with those of principal component analysis, providing a basis for more future investigation and
examination of the sources of heavy metal pollution.

Principal Component Analysis PCA, PCA analysis method was used for identifying the possible
source of heavy metals in the sediments; the number of variables was divided into two principal components
(PCs) as shown in Figure 10. PC1 has highly positive loadings for Water Content, Clay, Mud, Silt, TOC, Fe, Cr,
Ni, and Co with that values of 0.979, 0.973, 0.970, 0.962, 0.950, 0.791, 0.747, 0.495, and 0.469, respectively,
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while Carbonate and Sand showed highly negative values (-0.970 and -0.886, respectively); PC2 has positive
loadings for V, Al, Zn with the corresponding values (0.759, 0.690, 0.657, respectively), while Ti showed highly
negative value (-0.809). The PCA component plot also shows the concentration of heavy metals in two zones
(Fig. 10), which is highly consistent with the distribution of metals throughout the study area in the two groups.

Dendrogram using Ward Linkage
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Fig. 9 Dendrogram of cluster analysis showing Fig. 10 Principal component analysis (PCA) plot
clusters of metals using ward’s method. for heavy metals and grain size fractions.

IV. Discussion

Sediments and related ecological studies have gained a great attention lately. The more intensively the
land is used, the higher is the risk of erosion and sedimentation problems. Erosion and sedimentation can cause
an adverse effect on marine habitat and the species that depend on it. Recognizing, emphasizing and mitigating
erosion and sedimentation issues will become crucial for land-use managers and natural resource planners [28],
[30], [83].

The textural and depositional characteristics of the studied environment are described by grain size.
The particle size distribution in sediment samples is an evidence of the mechanism by which the particles were
deposited as well as the presence of various particle sizes in the parent material [80], [84], [85]. Sediment type
varies depending on sampling sites. Generally coarse sand was dominant north eastward and southwest areas of
the studied location, whereas the rest areas are medium sand. In addition, depth controls the sediment type. It
directly proportions with both of mud and clay distribution.

Gulf of Suez sediments were mainly terrigenous origins and composed mainly of sand fraction which
varied from medium sand to coarse sand. While the distribution of fine fractions in the studied area was limited,
it may be due to low sediment supply, or due to re-transportation of these fractions to deeper areas as results of
current action, or both. Results revealed that the increased silt and clay north ward near residential area and
torrential outlet. These results are agreed with many previous studies [20], [30], [32], [33]. Mean grain size is
mainly controlled by sediments sources. While wide ranges of sorting indicate turbulent conditions [16], [85],
[86]. Studied sediment sorting is mainly moderately sorted to moderately well-sorted indicating turbulent
conditions. Area is subjected to wave actions and water current which indicate the high-energy transporting
environments. Skewness results are mainly near symmetrical indicate that studied area is classified as
environments undergoing depositional trends spatially southward. While the negative skewed values of studied
sediments indicate high energy environment [87]. The studied sites sediments were platy- to lepto-kurtic in its
nature, these state that the sediment is a combination between a one main population of sand with an
insignificant populations of other grain sizes [88]. While bivariate plot supports these results representing that
the study area is away from slow deposition from quite area. In addition to the CM and bivariate diagrams
reveals that the deposition takes place by rolling and saltation.
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The distribution map clarifies that organic carbon increased northward and this is related to the grain
size distribution. In general, carbonate content is substantially low in the current studied samples, reflecting the
inflow of terrigenous materials. These results are agreed with many previous studies [20], [30], [32]. The results
indicate that the measured heavy metals values decrease southwards. By comparing the levels of metals
obtained from the present studied sediment samples with local and regional metal levels found in the sediments
of similar published work [20], [25], [82], [27], [30], [32], [33], [78]-[81].

The average iron concentration in the present study was beneath those of the other neighboring and
worldwide coasts and reference values, while it was along the same line with Youssef and El-Said (2010)
regarding the same area. Also, zinc average was beneath those of the other neighboring and worldwide coasts
and reference values, but it was in line with Nour and EI-Sorogy (2020), while the finding of Nickle was higher.
Choromium concentration was higher than those of the other neighboring and beneath worldwide coasts,
reference values, Youssef and El-Said (2010), and it was in line with EI Zokm et al. (2012) and Ibrahim et al.
(2019) for the same area. It is obvious that the present results are in line with most of the previous research and
varied from others due to the application of various analytical methods and techniques and sampling sites.

Generally, CF and Cd values in the studied area in Suez Gulf indicate low contamination for most of
studied metal, only Co was in moderate category. With the same trend of CF, Igeo and MPI indicates
uncontaminated sediments for all the analyzed metals in the studied area (Igeo < 0; refers to unpolluted
sediments); except for Co was moderately contaminated. The measured concentrations of the studied metals
were lower than the levels of the corresponding consensus-based TEL, PEL, ERL, ERM and this indicates that
adverse effects do not occur regularly for all investigated area. these results are agreed with many previous
studies [20], [30], [32], [33].

Correlation analyses were calculated for clarifying relationships between studied metals to provide
evidence on their input sources and transportation processes [20], [89]. The results showed that Zn and Al were
strongly correlated with each other, suggesting the possibility of their common origin. Co was substantially
correlated with Ni, indicating that both have same behavior or origin. Though, no statistical correlation was
observed among Al, Zn and Co. This results indicate the different input sources of Co from these two elements.

Applying hierarchical cluster analysis of Fe and Al were grouped together, reflecting that the
differences between Fe and Al in sediment were neglected, and pollution by them may be homologous. The
results of the cluster analysis agreed with those of principal component analysis, providing a basis for more
future investigation and examination of the sources of heavy metal pollution.

PCA has been used to distinguish natural or anthropogenic sources of elements in some studies [18]-
[20], [90], [91]. PCA findings indicate that Fe, Cr, Ni, and Co possibly originate from similar sources that may
be anthropogenic sources. These metals may be transported under same physiochemical conditions and show
similar behavior during transformation [6]. The results also indicate that V, Al, Zn have similar sources that may
be natural sources.

V. Conclusion

The present work reveals that sand fraction is the dominant fraction at Suez Gulf. Textural parameters
clarify that the area is subjected to wave actions and water current which indicate the high-energy transporting
environments. C-M and bivariate diagrams support that the study area is away from slow deposition from quite
area, and deposition takes place by rolling and saltation. Suez Gulf sediments adsorb significant quantity of
heavy metals at areas facing drains that were under the influence of discharge of industrial wastewater from
refinery factories outlets, industrial wastewater treatment plants, sewage treatment plants, electrical planets
discharge and harbors, and thus identifying the source of contamination to be from shipping, industrial, sewage,
and domestic waste sources. The results illustrate that Suez Gulf status varied between uncontaminated and
moderately contaminated thus showing a low ecological risk. In addition to, the sources and origins of heavy
metals in Suez Gulf are mainly anthropogenic due to the rapid development in the area and the high growth in
population at studied sites. By comparing the obtained data with international guidelines obviously reveals that
the metal concentrations were in the range of natural unpolluted sediments.
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