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Abstract The major constituents and trace metals in
the surface sediments collected from the Western
Harbor and El-Mex Bay along the Egyptian Medi-
terranean Coast were studied. The concentrations of
major constituents decreased in the following order:
Ca>Si>Mg>Na>K for the Western Harbor and El-
Mex Bay. Additionally, the ranking order of trace
metals was Fe>Al>Pb>Zn>Mn>Cu>Sn>V>As>
Cd>Se for the Western Harbor. For El-Mex Bay,
the decreasing order was Fe>Al>Mn>Sn>Pb>
Zn>Cu>V>As>Cd>Se. Fe, Al, Zn, Pb, Cu, V, Cd
and Sn in the Western Harbor occurred in higher
concentrations than in El-Mex Bay. A higher con-
centration of Mn was observed in El-Mex Bay. Two
pollution indicators, enrichment factor (EF) and
metal pollution index (MPI), and several sediment
quality guidelines (SQGs) were used to evaluate the
status of metal pollution. Based on the mean EF
values of the studied metals, surface sediments of
the Western Harbor and El-Mex Bay revealed that
they are enriched with metals from anthropogenic
sources. An analysis of variance (ANOVA) test
showed that the mean measurements for all metals
across the Western Harbor and El-Mex Bay are
significantly different at a 0.05 significance level.
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Principal components analysis (PCA) was applied in
result interpretation. The spatial distribution of the
different parameters was illustrated.
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Introduction

Metals are primarily deposited in sediments, and in
some cases, sediments hold over 99 % of the total
amount of metals present in quantities several times
higher than their natural background levels particularly
in polluted sediments in regions near large industrial and
urban areas (Ademoroti 1996). Consequently, sediments
enriched with heavy metals constitute a threat to the
health of aquatic organisms (Law and Singh 1991).
Heavy metals are regarded as severe pollutants because
of their toxicity, persistence and bioaccumulation prob-
lems. Because they are not chemically or biologically
degraded, the pollutants remain in the environment for
long periods and can enter the food chain (Tam and
Wong 2000). Thorough knowledge of trace metal dis-
tribution in water and sediments plays a key role in
detecting the pollution sources in aquatic systems
(Shriadah 1991; El-Sikaily et al. 2004; Idodo-Umeh
and Oronsaye 2006; Shreadah et al. 2006; Abdallah
and Abdallah 2008; El-Zokm et al. 2012; El-Said and
Youssef 2013; Abdel Ghani et al. 2013a; Khalil et al.
2013; Younis et al. 2014; El Zokm et al. 2015; Okbah
et al. 2015).
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Area of investigation

The Western Harbor is a complex harbour approxi-
mately 31 km? west of Alexandria City along the
Mediterranean Coast of Egypt (Fig. 1). It is connected
to the open sea by a narrow strait. The average water
depth is 7 m. The Harbour was naturally formed
during Pre-Holocene subsidence of the coast and the
subsequent transgression of the sea (Mostafaa et al.
2004). This harbour is the major trade port of the
Northern Territory of Egypt and handles approxi-
mately 75 % of all the shipborne cargo of the country.
It has received considerable amounts of treated and/or
untreated industrial, agricultural and domestic wastes
(Shriadah and Tayel 1991). Because the harbour is a
semi-enclosed basin with limited water circulation, it
may serve as an entrapment for wastes introduced
from land-based sources and from the Harbour itself
because of shipping activities. The future develop-
ment and continued operation of the Alexandria Har-
bour are of great economic importance to this region;
however, these activities may also impact its ecolog-
ical functioning (Shreadah et al. 2006; Shriadah 1992;
Shreadah and Emara 1992). El-Mex Bay is part of the
Alexandria coast on the Mediterranean Sea. It is ad-
jacent to the centre of Alexandria that is populated
with about six million inhabitants and is considered to
be one of the main fishing sources in Egypt.

Contaminants such as heavy metals are apparently
biologically available and are introduced by water-
ways and several land-based sources. E1-Mex Bay has
several industrial plants near the coast which directly
discharge their effluents into it (Shriadah and Emara
1991; Emara and Shriadah 1991; Shreadah and Emara
1992; Emara et al. 1992; Said et al. 1994; Shreadah
et al. 2006; Okbah et al. 2013). Not much is known
about the levels of several metals and trace elements
in particular Se, Sn, As, V and Al in the Western
Harbor and El-Mex Bay. The most comprehensive
records were obtained from surveys performed by El
Sayed et al. (1988), Tayel et al. (1996), Mostafaa et al.
(2004), Shreadah et al. (2006, 2014), Abdallah (2007,
2008) and Ahdy and Khaled (2009).

Aim of the work

This study aims to set up a monitoring programme for
determining the current concentration of different types
of major constituents and heavy metals in the surface
sediments of the Egyptian western Mediterranean Coast.
The evaluation of contamination levels was performed
using different pollution indices. Factor analysis was
used to discuss the distribution of major and trace
metals. The impact on humans and the environment
was also of a concern.

| | |

Fig. 1 Sampling stations along
the Western Harbor and El-Mex
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Material and methods
Sampling

Sediment samples were collected using a grab
sampler in January 2010 from 21 locations dis-
tributed along the investigated area (Fig. 1, Ta-
ble 1) from the Western Harbor (n=11) and El-
Mex Bay (n=10). The sampling stations were
chosen carefully to provide good area coverage.
Samples were sliced from the grab centre, using a
plastic spoon to avoid contamination by the me-
tallic part of the grab and placed in self-sealing
polyethylene bags for analysis. Sediment samples
were freeze-dried using freeze-drier (Labconco,
England), ground with agate mortar and stored at
room temperature.

Table 1 Locations of different sediment samples collected from
the study area

St. no. Station name Position

Western Harbor
1 WH 1 31°09'45" N 29°51"17"E
2 WH 2 31°10' 02" N 29°51'28" E
3 WH 3 31°11'02" N 29°52' 09" E
4 WH 4 31°10' 53" N 29°51'47"E
5 WH 5 31°10' 46" N 29°51'" 11" E
6 WH 6 31° 11" 15" N 29° 52" 10" E
7 WH 7 31°11'35"N 29°52' 34" E
8 WH 8 31°11'26" N 29°52'20" E
9 WH 9 31°11'28" N 29°52'46" E
10 WH 10 31° 11" 51" N 29°52' 27" E
11 WH 11 31°11"57"N 29°52'39"E

El-Mex Bay
12 El-Mex 1 31° 10" 11" N 29° 50" 32" E
13 El-Mex 2 31°09' 38" N 29° 50" 22" E
14 El-Mex 3 31°09' 02" N 29° 50" 26" E
15 El-Mex 4 31°08 58" N 29° 50" 09" E
16 El-Mex 5 31°08 41" N 29°49'42" E
17 El-Mex 6 31°08 16" N 29°48' 46" E
18 El-Mex 7 31°08' 59" N 29°49' 07" E
19 El-Mex 8 31°09'42" N 29°49' 07" E
20 El-Mex 9 31°10°20" N 29°49'30" E
21 El-Mex 10 31°10°43" N 29° 50" 11" E

Chemicals and reagents

All reagents used were analytical grades. Milli-Q water
was used throughout the study. All glassware were
soaked in detergent, rinsed with water, soaked in 10 %
HNOs; for 5 days, rinsed with Milli-Q water and stored
in an oven at 110 °C until required. Precision was
determined by three replicate analyses of one sample
and expressed as a coefficient of variation (CV), and the
results consistently within 10 % were considered to be
precise. Validation of the method and sample quality
control was checked using reference material (IAEA-
356). The results of trace metal analysis of the reference
material are shown in Table 2.

Chemical analyses and instrumentation

An exact weight (0.5 g) of freeze-dried homogenized
sediments was completely digested in Teflon vessels
using a mixture of HNO3, HF and HCIO,4 (3:2:1v/v) at
80 °C (Ajay and Van Loon 1989). The final solution was
diluted to 25 ml with distilled de-ionized water. All
digested solutions were analysed in triplicate using the
required instruments. A graphite furnace with atomic
absorption (GFA-EX 7; Shimadzu AA-6800) was used
to determine V, Se and Sn. Hydride/ASS (HVG-1;
Shimadzu AA-6800) was used for As determination.
Al was determined by applying burner head flame mode
with N,O/C,H, system (Shimadzu AA-6800). Other
trace metals were determined using the AAS/flame
mode (Shimadzu AA-6800). Na and K were determined
using the flame photometer (Jenway PEP7). Ca and Mg
were determined volumetrically using the EDTA stan-
dard solution Erio-Chrome T and Murexide indicator
(APHA 1975). Carbonate content was determined ac-
cording to Alexjev (1971). Si was determined according
to Grasshoff (1979) using a double-beam UV/V spec-
trophotometer (SPEKOL 1300 Analytikjena).

Statistical analysis

Analysis of variance (ANOVA) was applied to test for
significant differences in heavy metal concentrations at
different sampling stations in the Western Harbor and
El-Mex Bay. Principal components analysis (PCA) and
factor analysis as varimax normalization rotation were
applied with SPSS version 20.0. The number of factors
was determined by the total variance explained, i.e.
communality; usually, more than 85 % was necessary.
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Table 2 Results of validation study for major and trace element concentration in reference material (IAEA-356) analysed with sediments of

the study area

Element LOD ppm Certified value Found SD Recovery % 95 % confidence interval
Al 0.1 39 g/kg 38 2.030 97.4 35.95-40.0
As 0.15 ppb 26.9 ppm 272 1.277 101.1 25.8-283
Cd 0.005 4.74 ppm 4.6 0.300 97 4349
Ca N.M 88.7 g/kg 80 2.050 90.2 78.8-82.4
Cu 0.008 365 ppm 357 3.055 97.8 354-360
Fe 0.025 24.1 g/kg 22 1.652 91.3 20.3-23.6
Pb 0.05 347 ppm 344 2.646 92 341-346
Mn 0.01 312 g/kg 302 9.808 97 29.9-309
Na N.M 13.9 g/kg 12.6 0.171 90.6 12.44-12.77
\% 0.2 55.5 ppm 552 3.107 99.5 51.9-57.9
Zn 0.002 977 ppm 905 12.719 92.6 889.9-914
K N.M 12.6 g/kg 11.5 0.869 91.3 10.99-12.5
Se 0.2 ppb 0.76 ppm 0.75 0.105 98.7 0.66-0.87
Sn 0.3 ppb 52.5 ppm 50.1 3.700 95.4 46.9-54.3

Mean concentration of certified value associated with the mean concentration (found) at 95 % confidence interval of heavy metals in

sediment, n=6
SD standard deviation, LOD limit of detection, N.M not measured

Results and discussion
Distribution of major and heavy metals

Concentrations of major constituents and trace metals in
the surface sediments of the Western Harbor and El-
Mex Bay were investigated. Results revealed that con-
centrations of major constituents (Table 3) decreased in
the following order for mean values: Ca>Si>Mg>Na>
K for both regions, Western Harbor and EI-Mex Bay. Si
concentrations in the Western Harbor ranged from 3.97
to 25.72 %; however, in El-Mex Bay, it ranged from
4.64 to 18.81 %. El-Said (2005) reported Si concentra-
tions of 22.5 and 1.12 % for Abu Qir Bay and Marsa
Matruh, respectively.

The concentrations of trace metals (Table 4) de-
creased in the following order: Fe>Al>Pb>Zn>Mn>
Cu>Sn>V>As>Cd>Se for the Western Harbor. The
decreasing order for EI-Mex Bay was as follows: Fe>
Al>Mn>Sn>Pb>Zn>Cu>V>As>Cd>Se. The hori-
zontal distribution for all parameters is illustrated in
Fig. 2a, b. High concentrations of Ca were measured
in the outer Harbor where the composition of sediments
is mainly carbonate. Large variation in Al and Na in the
study area was observed (Table 3). Variations in Al
concentrations can also be attributed to a change in
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mineralogy or the grain size of sediments. The high Al
content indicates a terrigenous source by aluminosili-
cates such as clay minerals and feldspars (Massoud et al.
2012). High Fe and K concentrations were measured in
the inner Harbor. Total organic matter (TOM) exhibited
higher values in the inner Harbor, especially at stations 1
and 2, when compared to that at other stations because
of the activities of the Alexandria Petroleum Company
(Fig. 2a). Sediment samples collected from locations in
the narrow inlets of the inner Harbour exhibited higher
concentrations of heavy metals when compared to those
from other locations because of residential wastewater
runoff of into the area. The surface area of sediments is
grain-size dependent and controls the adsorption of
metals in the sediment (Mayer and Fink 1980). Fe, Al,
Zn, Pb, Cu, V, Cd and Sn measured in the Western
Harbor are higher than those observed in El-Mex Bay
because the combined effect of relatively deep water and
weak tidal currents indicated by moderately sorted sed-
iments in the inner harbour allows the deposition of
greater than 90 % of fine-grained sediments that were
smaller than 63 pum in particle size (Mostafaa et al.
2004). Mean size (phi)=—2 log 2.X; X: the grain size is
in millimetre (Folk et al. 1957). In the Western Harbor,
size ranged from —1.0 to 14.00 (Abou-Mahmoud
2011). However, in El-Mex Bay, most of the sediments
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Table 3 Average concentrations of (% dry weight) of major sediments constituents of the Western Harbor and EI-Mex Bay, Alexandria,

Egypt

St. no. TCO; TOM?* Si Ca Mg K Na

Western Harbor
1 63.80 4.81 16.89 17.00 2.55 0.77 3.59
2 25.56 10.80 20.09 5.51 9.61 1.65 3.56
3 40.02 0.64 9.60 21.79 9.07 1.01 6.48
4 57.56 4.88 3.97 16.94 8.15 1.37 3.50
5 51.40 7.13 15.10 16.02 7.53 2.05 5.70
6 62.60 5.20 6.65 11.95 14.25 1.02 3.58
7 64.50 3.28 21.50 15.84 9.01 0.89 3.85
8 25.10 1.14 25.72 6.98 1.57 0.51 2.83
9 54.40 6.45 7.81 14.95 15.35 2.3 4.63
10 51.05 5.06 7.93 9.33 13.24 241 4.61
11 67.53 5.56 5.50 17.56 7.26 1.15 4.63
Min 25.1 0.64 3.97 5.51 1.57 0.51 2.83
Max 67.53 10.80 25.72 21.79 15.35 241 6.48
Mean 51.23 5.00 12.80 13.99 8.87 1.38 4.27
SD 15.660 3.163 7.793 5.403 4.674 0.676 1.193

El-Mex Bay
12 80.00 0.89 9.73 37.23 1.92 0.51 222
13 62.66 391 8.45 27.78 4.09 1.65 3.56
14 70.33 1.67 10.88 32.50 0.48 0.51 1.94
15 80.74 2.28 18.81 40.06 1.44 0.38 2.08
16 73.77 0.53 5.37 46.97 0.48 0.38 2.08
17 53.68 2.77 8.19 26.32 6.77 0.64 2.84
18 69.68 1.10 4.73 31.71 2.40 1.40 3.56
19 83.85 1.32 4.99 35.36 2.41 0.25 1.64
20 75.41 0.53 4.61 31.83 7.00 0.38 1.94
21 78.27 0.75 5.76 37.58 4.10 0.38 1.79
Min 53.68 0.53 4.61 26.32 0.48 0.25 1.64
Max 83.85 391 18.81 46.97 7.00 1.65 3.56
Mean 72.84 1.58 8.15 34.73 3.11 0.65 2.37
SD 10.174 1.205 4.946 6.794 2.440 0.515 0.731

#TOM values are cited from Shreadah et al. (2011) and Shreadah et al. (2012)

are rich in sand fraction. These sediments are exposed
more to the sea, and current actions lead to good sorting
and dominance of the coarser sandy fraction (Shreadah
et al. 2014). The high Pb concentration in the Western
Harbor may be related to the continuous runoff of res-
idential wastewater (especially from painting factories
and ship parking) Although Egypt has stopped using
any more leaded gasoline, its effects still remain in
sediments owing to its half-life time of 22.20 years,
and sediments act as reservoirs of pollutants. Lead has

no biodegradable nature. Williams (1995) suggested
that anthropogenic Pb is mostly associated with the
slowest settling fraction of particulate matter and so
has potential to be transported far from its source and
not settle in the sediment until reaching areas of high
water stability. It is possible that anthropogenically de-
rived lead is being transported to these near shore areas
and deposited in the bottom sediments in regions with
weak currents such as stations 2, 8 and 10 (Mostafaa
et al. 2004).
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Table 4 Heavy metal concentrations (mg/kg dry weight) in sediments of the Western Harbor and El-Mex Bay, Alexandria, Egypt

St. no. Fe (%) Al (%) Mn Zn Pb Cu v Cd Sn As Se MPI

Western Harbor
1 059 0.35 15933 189.97 21531 78.57 20.26 3.55 11.97 7.74 0.72 23.81
2 0.06 0.92 219.51 21298 592.07 133.74 44.85 3.83 65.48 9.41 0.6 39.52
3 2.05 1.53 189.96  209.85 100.72 49.14 4434  14.63 207.27 5.33 0.36 333
4 091 0.88 126.81 73.7 25.94 84.73 40.02 3.71 62.53 14.58 1.29 24.82
5 1.05 1.01 195.04 181.72 79.02  177.81 56.31 413 11231 16.12 0.3 34.11
6 0.51 0.39 108.01  205.63 32.06 36.16 20.3 4.12 28.65 525 0.08 14.36
7 248 0.51 233.03  216.05 152.01 373.56 33.63 381  148.62 8.43 1.41 44.22
8 2.63 0.14 23729  240.23 409.05 106.27 17.16 4.02 46.04 6.76 0.14 26.97
9 1.3 1.01 189.33  246.27 264.9 207.36 23.12 448 9381 ND 1.11 47.88
10 2.6 1.15 23729  240.23 409.05 116.46 3578 437 228.18 1.04 0.66 53.48
11 1.3 0.44 189.33  246.27 264.9 190.15 15.57 486 1374 2.79 0.76 334
Min 0.06 0.14 108.01 73.7 25.94 36.16 15.57 3.55 1197 ND 0.08 14.36
Max 2.63 1.53 23729  246.27 592.07 373.56 5631 14.63  228.18 16.12 1.41 53.48
Mean 1.4, 0.76 189.54  205.72 231.37  141.27 31.94 5.05 103.84 7.04 0.68 34.17
SD 091 0.42 44.56 51.45 189.73 97.92 13.68 3.33 67.32 5.03 0.47 11.61

El-Mex Bay
12 0.31 0.19 1008.06 40.32 <DL 209.23 1636 10.35 55.48 11.12 0.92 30.82
13 1.36 1.13 3335.03 1334 128.26 55.27 55.62 1.55 43.36 445 0.76 3242
14 0.15 0.19 144.32 38.86 49.73 16.25 10.77 1.33 24.35 3.07 0.05 8.52
15 0.12 0.09 71.48 22.39 57.33 12.57 16.3 1.8 92.69 7.24 1.54 14.85
16 0.43 0.14 187.06 47.81 185.62 165.84 12.6 15.03 88.93 7.34 1.72 33.85
17 1.01 0.51 145.5 81.72 55.2 25.98 31.55 1.91 34.88 5.62 0.03 12.16
18 1.36 0.83 22692  124.95 106.92 48.38 35.79 2.08 141.96 10.88 0.17 24.25
19 0.17 0.09 124.8 17.97 37.41 11.78 15.14 1.93 33.52 8.2 1.03 12.64
20 0.23 0.09 105.69 36.39 35.65 13.35 15.7 227 2267 11.04 0.2 14.76
21 0.28 0.13 125.38 29.57 31.98 14.53 21.56 2.53 43.45 11.84 0.17 12.65
Min 0.12 0.09 71.48 1797 <DL 11.78 10.77 1.33 24.35 3.07 0.03 8.52
Max 1.36 1.13 3335.03 1334 185.62  209.23 55.62  15.03 226.7 11.84 1.72 33.85
Mean 0.54 0.339 547.42 57.34 68.81 57.32 23.14 4.08 78.53 8.08 0.66 19.69
SD 0.50 0.37 1017.51 41.71 52.71 71.06 14.00 4.68 63.38 3.08 0.63 9.64
ERL NA NA NA 150 46.7 34 NA 1.2 NA 8.2 NA NA
ERM NA NA NA 410 218 270 NA 9.6 NA 70 NA NA

ERL effects range low, ERM effects range median, MPI metal pollution index, <DL below detection limit, ND not detected, NA not available

Mn was mainly concentrated in the boundary area
between the Western Harbor and EI-Mex Bay
resulting from the El Nobariya drain, the Cement
Company and the polyethylene factory. High con-
centrations of Cd were obtained in the outer Harbor
and El-Mex Bay because of the presence of the
Alexandria Petroleum Company and the polyethyl-
ene factory (Shreadah and Emara 1992; Said et al.
1994; Shreadah et al. 2000).

@ Springer

The Egyptian Mediterranean Coast along Alexandria
suffers from different types of pollutants from different
land-based sources which makes it impossible to have a
background reference station from the Alexandria coast
of Egypt. Therefore, a comparative study between
heavy metal concentrations in sediments of the Western
Harbor and El-Mex Bay with those observed previously
(Table 5) revealed that sediments of the Western Harbor
and El-Mex Bay possessed lower concentrations of Fe,
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Fig. 2 a Horizontal distribution of total carbonate (7COj3), total
organic matter (TOM) and major constituents in the Western
Harbor and El-Mex Bay. b Horizontal distribution of heavy metals

Al, Mn, Zn, Pb and Se than those reported by Mostafaa
et al. (2004). By contrast, Cd and Sn exhibited higher
concentrations as a result of industrial inputs inside the

29.84

in the Western Harbor and El-Mex Bay (Fe and Al in percent and
Mn, Zn, Pb, Cu, V, Cd, Sn, As and Se in milligramme per
kilogramme)

Western Harbor (Tayel and Shreadah 1996; Tayel et al.
1997; Emara and Shreadah 2009; Shreadah et al. 2011,
2012). It is worth mentioning that there is a floating
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31.29

Fig. 2 continued.

dock with a (6000 t DW) capacity owned by the Egyp-
tian company for ship repairing and building; there are
also two dry docks with capacities of 10,000 and
85,000 t DW owned by the Alexandria shipyard, one

@ Springer

floating dock with a 8500 t DW capacity owned by the
Egyptian Navy and one dry dock owned by the
Alexandria Port Authority with a capacity of 1200 t
DW. Because Sn is used in antifouling material and
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Cd is used in painting, it is not surprising to find high
concentrations of Sn and Cd in the Western Harbor.
Mostafaa et al. (2004) stated that most of the sediments
from the Western Harbor of Alexandria have elevated
heavy metal concentrations that threaten benthic organ-
isms. El-Mex Bay is one of Alexandria’s coasts but it
differs in having several industrial plants that directly
discharge their effluents into it (Emara and Shriadah
1991; Emara et al. 1992; Said et al. 1994; Fahmy et al.
1995; Shreadah and Emara 1996; Shobier et al. 2011;
Fathy et al. 2012a, b). These effluents include petro-
chemical, cement, chemicals, tanneries, industrial dyes,
ink and petroleum refining. Cd was used for a long time
as a pigment and for corrosion-resistant plating on steel.
Cd compounds were also used to stabilize plastic.

The concentrations of trace metals measured in the
study area are comparable to those reported by Abdel
Ghani et al. (2013b) in Abu Qir Bay and the Eastern
Harbor but higher than those reported by El Zokm et al.
(2013) in Marsa Matruh. Levels of V and As were
comparable to concentrations reported by Mostafaa
et al. (2004) in the Western Harbor. The levels of Sn in
the Western Harbor (11.97-228.18 mg/kg) were near
those of ElI-Mex Bay (24.35-226.70 mg/kg) and com-
parable to those reported by Abdel Ghani et al.
(2013b).By contrast, concentrations of Sn measured in
the study area were much higher than those found in the
Western Harbor (2.10-15.30 mg/kg) as stated by
Mostafaa et al. (2004). Se concentrations in the surface
sediments of the Western Harbor (0.08-1.41 mg/kg) and
El-Mex Bay (0.03-1.72 mg/kg) were comparable but
lower than those reported by Mostafaa et al. (2004) for
the Western Harbor (0.80-3.40 mg/kg). This can be
attributed to industrial waste discharges into the study
area. Comparing metal concentrations to those reported
by Massoud et al. (2012) revealed comparable Fe
values. By contrast, Al, Mn, Zn, Cd, Cu, Pb, Cu and
Sn concentrations in the present study were higher when
compared to those reported by Massoud et al. (2012) for
the Alexandria coasts (El Muntaza-El Agami) of Egypt.

Al concentrations measured in the study area are
higher than those in the western part of Alexandria but
lower than those reported in Abu Qir Bay (El-Said et al.
2010). ElI-Said (2005) reported Al concentrations in
Marsa Matruh near to those recorded in the study area
(Table 5). Concentrations of Fe, Mn, Pb, Cd and Cu in
the investigated area are higher than those observed by
Abdallah (2008). Sediments from the western part of the
Egyptian Mediterranean Sea exhibited lower

concentrations of Fe, Mn, Zn, Pb, Cd and Cu compared
to the investigated area (Ahdy and Khaled 2009). Sed-
iments from the western part of the Egyptian Mediter-
ranean Sea exhibited lower concentrations of Fe, Mn,
Zn, Pb, Cd and Cu when compared to those from the
investigated area (Abdallah 2008). The higher concen-
trations of heavy metals in the surface sediments of the
Western Harbor and El-Mex Bay were mainly caused by
the heavy industrial activities and urbanization in Alex-
andria. In addition to the continued discharge from
agricultural, residential and industrial effluents into the
area of investigation, shipping activities are major an-
thropogenic sources for heavy metals (Fahmy et al.
1995; Tayel and Shreadah 1996; Shreadah and Emara
1996; Tayel et al. 1997; Emara and Shreadah 2009;
Shreadah et al. 2011, 2012; Shobier et al. 2011; Fathy
et al. 2012a, b).

Enrichment factor

The enrichment factor (EF) was used to assess the
contamination level and the possible anthropogenic im-
pact in the sediments of the study area. Metal concen-
trations were normalized to Al or Fe to determine
whether a sediment sample was enriched with metals
when compared to the sample’s “natural” condition. Al
has been used successfully to normalize heavy metal
contaminants (Pekey et al. 2004). To differentiate be-
tween natural and anthropogenic components, the EF
was calculated using the following formula (Ergin et al.
1991):

BF = (M/Al) e [(m/ar)

in which (M/Al) gampic denotes the ratio of metal to Al
concentration of the sample and (M/ALl) ¢y i the ratio of
metal and Al in the crust (Kremling and Streu 1993;
Molinari et al. 1993; Liaghati et al. 2003). Because of
the natural mineralogical differences of sediments and
analytical uncertainty, only sediments with an EF great-
er than 2 were considered enriched (Liaghati et al.
2003). The values of metals for the surficial earth crust
represent the average composition of the surficial rocks
exposed to weathering that were cited in Martin and
Meybek (1979) in Tables 6 and 7. The EF for each
element was calculated to evaluate the anthropogenic
influences on heavy metals in sediments of both study
areas (Table 6). Results revealed very high mean EF
values for Cd, Pb and Sn that were found in the
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sediments of the Western Harbor and El-Mex Bay,
reflecting severe enrichment with these metals. Cd had
the highest mean EF values among the ten metals stud-
ied. The mean EF values were 309.29 and 909.84 for Cd
in the Western Harbor and El-Mex Bay, respectively
(which were larger than 300, three hundred), indicating
very severe enrichment in both areas, especially at sta-
tions (1, 3, 6, 8 and 11) in the Western Harbor and
stations (12, 15, 16, 19, 20 and 21) in El-Mex Bay. Pb
and Sn had the second highest EF values. However, Se,
V, Mn and Fe exhibited the lowest EF values among the
metals studied. Metal enrichment levels in the surface
sediments from the Western Harbor decreased in the

MPI = (MMn x MZn x MPb x MCd x MCu x MV

following order: Cd>Pb>Sn>Cu>Zn>As>Fe>Mn>
V>Se. The levels in the surface sediments of El-Mex
Bay decreased in the following order: Cd>Sn>Pb>
Cu>As>Mn>Zn>V>Fe>Se. Based on mean EF
values of the studied metals, it was shown that surface
sediments of the Western Harbor and El-Mex Bay are
enriched with metals from anthropogenic sources.

Metal pollution index
Metal pollution index (MPI) was used to estimate the

degree of pollution. It is calculated according to the
following formula:

X MSn x MAs xMSe)1/9

In which M is the metal concentration expressed in
milligramme per kilogramme (Usero et al. 1996).

Table 4 presents MPI values for sediments of the
studied areas. The lowest values were observed at sta-
tions 1, 4, 6 and 8 in the Western Harbor. By contrast,
stations 12, 13, 16 and 18 in El-Mex Bay exhibited the
highest MPI values. According to the classification of
Gongalves et al. (1992), the obtained MPI results indi-
cated that sediments of all investigated sites were
classed as seriously contaminated.

Sediment quality guidelines

The extent of sediment contamination and the environ-
mental quality of the study areas were assessed using the
“effects range low” (ERL) and the “effects range
median” (ERM) as represented in Table 8. In the present
study, the ERL and the ERM were calculated for some
metals according to Long and Morgan (1990) and Long
et al. (1995). Adverse biological effects occur rarely
(<ERL, <10 % occurrence), occasionally (between
ERL and ERM, 10-50 % occurrence) and frequently
(>ERM, >50 % occurrence).

Concentrations of Zn at station 4 in the Western
Harbor were lower than the ERL value (150 mg/kg),
whereas all other sites possessed concentrations that
exceeded the ERL. Conversely, Zn concentrations in
the sediments of El-Mex Bay were below the ERL
values for all studied sites, suggesting that EI-Mex Bay
could be considered an unpolluted area regarding Zn.
Concentrations of Pb in sediments from stations 2, 8, 9,

10 and 11 in the Western Harbor were above the ERM
value (218 mg/kg). This indicated that Pb would cause
an adverse effect on benthic organisms at these sites.
Moreover, several stations in El-Mex Bay exhibited Pb
levels higher than the ERL value (46.70 mg/kg) but
much lower than the ERM (218.00 mg/kg). Cu and Cd
concentrations were above the ERL (34.00 and
1.20 mg/kg, respectively). By contrast, As concentra-
tions were below the ERM (70.00 mg/kg) in all samples
in the Western Harbor. Furthermore, all samples from
El-Mex Bay had Cu and As concentration lower than
the ERM, suggesting that sediment samples from this
area have no adverse effects on benthic organisms.
Moreover, Cd concentrations in sediments from station
3 (14.63 mg/kg) in the Western Harbor and stations 12
(10.35 mg/kg) and 16 (15.03 mg/kg) in El-Mex Bay
were above the ERM, indicating that Cd could have
significant adverse effects on benthic organisms.

The greatest certainty in predicting the absence or
presence of sediment toxicity occurs at sediment con-
taminant concentrations that are lower than the thresh-
old effect concentration (TEC) or greater than the prob-
able effect concentration (PEC), respectively. The de-
velopment of consensus-based sediment quality guide-
lines (CBSQGs) does not include determining the tox-
icity predictability related to specific contaminant con-
centrations in the gradient between TEC and PEC
values. The TEC and PEC concentrations in the
CBSQGs define three ranges of concentrations for each
contaminant (< TEC>TEC<PEC>PEC). In assessing
the degree of concordance that exists between the
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Table 6 Enrichment factors (EFs) for heavy metals along the area of study

St. no EFFe EFMn EFZn Epr Ech EFS“ EFCU EFV EFAS EFSe

Western Harbor

1 3.25 4.38 29.61 304.51 351.05 29.63 48.59 4.13 19.41 1.38
2 0.13 2.30 12.63 318.56 144.10 61.65 31.47 348 8.97 0.44
3 2.59 1.20 7.48 32.58 331.35 117.35 6.95 2.07 3.06 0.16
4 2.00 1.39 4.57 14.59 145.92 61.55 20.84 325 14.53 0.98
5 2.01 1.86 9.82 38.73 141.79 96.33 38.11 3.98 14.00 0.20
6 2.52 2.67 28.77 40.69 366.40 63.64 20.07 3.72 11.81 0.14
7 9.39 4.40 23.11 147.53 258.79 252.44 158.54 471 14.50 1.85
8 36.26 16.31 93.61 1446.28 994.46 284.87 164.30 8.76 42.38 0.68
9 2.50 1.80 13.30 129.83 153.76 80.46 44.44 1.64 ND 0.74
10 442 1.99 11.40 176.07 131.79 171.88 21.92 2.22 0.79 0.39
11 5.75 4.14 30.54 298.02 382.73 270.51 93.54 2.53 5.56 1.16
Min 0.13 1.2 4.57 14.59 131.79 29.63 6.95 1.64 ND 0.14
Max 36.26 16.31 93.61 1446.28 994.46 284.87 164.3 8.76 42.38 1.85
Mean 6.44 3.86 24.08 267.94 309.29 135.48 58.98 3.68 12.27 0.74
El-Mex Bay
12 3.15 51.06 11.58 ND 1888.06 252.95 238.36 6.15 51.35 3.24
13 232 28.41 6.44 56.18 47.38 33.24 10.59 3.52 345 0.45
14 1.52 731 11.16 129.56 242.19 111.02 18.52 4.05 14.17 0.17
15 2.57 7.64 13.57 315.30 693.39 892.14 30.22 12.94 70.59 11.51
16 593 12.86 18.63 656.30 3720.42 550.25 256.41 6.43 45.96 8.23
17 3.82 2.75 8.74 53.58 129.43 59.24 11.02 442 9.67 0.04
18 3.16 2.63 8.21 63.77 86.71 148.16 12.62 3.08 11.49 0.14
19 3.65 13.35 10.89 205.76 74421 322.63 28.33 12.02 79.90 7.71
20 493 11.30 22.06 196.06 873.57 2181.99 32.12 12.46 107.61 1.51
21 4.16 9.28 12.41 121.77 673.01 289.53 24.19 11.85 79.91 0.89
Min 1.52 2.63 6.44 ND 47.38 33.24 10.59 3.08 345 0.04
Max 593 51.06 22.06 656.3 3720.42 2181.99 256.41 12.94 107.61 11.51
Mean 3.52 14.66 12.37 179.83 909.84 484.12 66.24 7.69 47.41 3.39
ND not detected

chemical concentrations in the three ranges and the
incidence of toxicity, it has been demonstrated that for
the most reliable consensus-based SQG contaminants,
there is a consistent and incremental increase in the
incidence of toxicity to sediment-dwelling organisms
with increasing chemical concentrations (MacDonald
et al. 2000a, b). It is recommended to interpret the

potential impacts of contaminant concentrations be-
tween the TEC and PEC values of the CBSQGs or other
guidelines, a midpoint effect concentration (MEC) be
derived and qualitative descriptors be applied to the four
possible ranges of concentration that will be created.
The qualitative descriptors would be termed
“concern levels” and would be used as a relative gauge

Table 7 Concentrations of heavy metals in crust according to Martin and Meybek (1979)

Al As Ca Cd Cr Cu Fe

Mg Mn Na Ni Se \% Zn

69,300 7.9 45,000 0.2 71 32 35,900

24,400 16,400 720 14,200 49 10.3 97 127
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Table 8 Recommended sediment quality guideline values for metals and associated levels used for sediment quality assessment

Level 1 Level 2 concern> Level 3 concern> Level 4 Source of SQG effect-based
concern<TEC TEC<MEC MEC<PEC concern>PEC concentrations

Metal WH EMB TEC WH EMB MEC WH EMB PEC WH EMB

Stations Stations Stations Stations

As 9 6 9.8 2 4 214 0 0 33 0 0 MacDonald et al. (2000a)
Cd 0 0 0.99 0 8 3 10 0 5 1 2

Cu 0 6 32 4 2 91 3 0 150 4 2

Pb 2 3 36 1 4 83 1 2 130 7 1

Zn 1 8 120 10 2 290 0 0 460 0 0

PEC probable effect concentration, MEC midpoint effect concentration, SOG sediment quality guidelines, 7EC threshold effect concentra-

tion

of the potential impacts to the benthic species at the level
of contaminant and could be used to prioritize sites for
additional studies. CBSQGs data for As, Cd, Cu, Pb and
Zn revealed that the concentrations of As, Cu and Zn in
(60, 60 and 80 %, respectively,) samples from El-Mex
Bay were below the threshold effect concentration
(TEL), and As concentration which is most (up to
81 %) of the Western Harbor samples was lower than
the TEL. This suggests that most sediment samples from
these areas may not have harmful effects on sediment-
dwelling organisms. However, As and Zn concentra-
tions could not exceed the probable effect concentration
(PEC) in 100 % of ElI-Mex Bay and the Western Harbor
samples. Moreover, up to 63 and 10 % of sediment
samples from the Western Harbor and El-Mex Bay,
respectively, exhibited high levels of pollution with Pb
indicating that the concentration of Pb in the Western
Harbor poses a threat to aquatic life.

Statistical analysis

A one-way ANOVA test was applied to Fe, Al, Mn, Zn,
Pb, Cu, V, Cd, Sn, As and Se (Tables 9 and 10) showing
that metal concentrations were significantly different
between stations in both the Western Harbor and El-
Mex Bay (p<0.05). This could be because of

Table 9 ANOVA of trace metals in Western Harbor stations

mineralogical composition variation in sediments from
one station to another (Mostafaa et al. 2004; Abou-
Mahmoud 2011; Shreadah et al. 2014). El-Mex Bay
receives a continuous direct discharge of industrial and
agricultural drainage water from El-Mex pumping sta-
tion; the effluent amount is approximately 2.4 x
10° m? years™' carrying agrochemicals, trace metals
and domestic waste leading to variation in metal con-
centrations (Said et al. 1994; Okbah et al. 1998; Farag
2009). The Western Harbor is a semi-enclosed basin
with limited water circulation, and it may serve as an
entrapment and sediment deposition from land-based
sources and from the Harbor itself (Shriadah 1991;
Shriadah and Tayel 1991). Principal component analysis
(PCA) was conducted to interpret the 18 parameter
datasets that included carbonate, TOM, Si, Ca, Mg, K,
Na, Fe and Al in addition to the potentially toxic metals:
Mn, Pb, Cu, Cd, V, Cu, Sn, As and Se. Large absolute
values >0.70 indicate a reliable correlation.

A—factor analysis for the Western Harbor region Five
factors explaining 83.28 % of total variance were
adopted for these parameters in sediments, Table 11.
PC1 explained that 29.73 % of the total variance had a
high positive factor loading to Na (0.739), Al (0.855),
Cu (0.735) and Sn (0.783) suggesting that most Cu and

Source of variation SS df MS F p value Fcrit
Between groups 2.298E+09 10 2.3E+08 25.20481 4.839E-24 1.9186393
Within groups 993693694 109 9116456

Total 3.291E+09 119

@ Springer
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Table 10 ANOVA of trace metals in EI-Mex Bay stations

Source of variation SS df F p value F crit
Between groups 326339182 10 32633918 8.973803 2.449E-10 1.9286866
Within groups 356384470 98 3636576

Total 682723652 108

Sn detected in the samples were associated with
aluminium-enriched clay minerals (Summers et al.
1996). PC2 (20.43 %) had high positive factor loading
to TOM (0.861), Pb (0.836) and negative loading to
carbonate (—0.77).

PC2 indicated that the geochemistry of the sediment
in the Western Harbor was controlled by TOM concen-
tration. Furthermore, the high loading of Pb concentra-
tion may be related to the continuous and sometimes
massive runoff of residential wastewater into the

Table 11 Factor analysis of the 18 parameters for Western Harbor
sediments

Variable PC1 PC2 PC3 PC4 PC5
Carbonate -0.567 -0.77 0.228 0.026 —0.143
TOM -0.179 0.861 0.205 0.239 0.18
Si —-0.256 0.027 -0.002 -0.726 0.163
Ca -0.581 -0.219 -0.212 -0.087 0.166
Mg 0.34 0.303 —0.059 0.748 —0.236
K 0.311 0.434 0.31 0.69 0274
Na 0.739 -0.161 -0.278 0.312 0.358
Fe 0.067 —0.111 0.591 0.73 0.233
Al 0.855 0255 —0.111 0.271 0.228
Mn -0.226 0.446 0.783 0.333 0.066
Zn —-0.155 0.198 0.837 0.037 0.132
Pb 0.039 0.836 0371 -0.023 —0.097
Cd 0.017 -0.055 -0.039 0.158 0.94
Cu 0.735 -0.097 -0.116 0.194 -0.439
v 0.558 0362 —0.029 —0.093 0.704
Sn 0.783 —0.167 0.121 0.217 0.05
As —-0.104 0.119 0.07  —-0.429 0.741
Se 0.28 0 0.787 —0.051 -—0.246
Variance (%)  29.73 20.43 15.76 10.26 7.11
CV (%) 29.73 50.15 65.91 76.17 83.28

Extraction method: principal component analysis; rotation meth-
od: varimax with Kaiser normalization. Marked loadings are
>(.70; rotation was converged in ten iterations. Bold numbers
indicate positive correlation; italicized values indicate negative
correlation

CV cumulative variance

@ Springer

Harbor, and the atmospheric emissions (leaded gaso-
line) from urban and industrial areas of Alexandria City
which settled in the sediment for a long time (Mostafaa
et al. 2004). PC3 (15.76 %) had positive factor loading
for Mn (0.783), Zn (0.837) and Se (0.787). The higher
loading to Mn, Zn and Se in the Harbor is mainly
because of the presence of major sources of metal pol-
lution and intensive human activities as stated by
Mostafaa et al. (2004). PC4, which described 10.66 %
of the total variance, had high positive factor loading for

Table 12 Factor analysis of the 18 parameters for EI-Mex Bay
sediments

Variable PCl PC2 PC3
Carbonate —0.330 0.867 0.068
TOM 0.166 —0.567 0.652
Si -0.171 —-0.029 —0.659
Ca —0.330 0.867 0.068
Mg 0.166 —0.567 0.652
K 0.962 —0.057 —0.017
Na 0.955 —0.026 0.064
Fe 0.958 —0.049 0.156
Al 0.990 —0.113 —0.031
Mn 0.785 —0.043 —0.224
Zn 0.979 —0.010 0.103
Pb 0.533 0.835 —0.048
Cd —0.097 0.918 0.119
Cu 0.251 0.913 0.061
\% 0.943 -0.221 0.027
Sn —0.089 0.193 0.761
As —0.253 0.002 0.768
Se —0.156 0.711 -0.329
Variance (%) 38.62 28.5 14.92
CV (%) 38.62 67.12 82.02

Extraction method: principal component analysis; rotation meth-
od: varimax with Kaiser normalization. Marked loadings are
>(.70; rotation was converged in four iterations; Bold numbers
indicate positive correlation

CV cumulative variance
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Mg (0.748) and Fe (0.731). The high loading of Fe in
the study area could be attributed to the presence of
many floating rusty stranded barges. These barges could
be major sources for particulate Fe that settles in the
bottom sediments. PC5 (7.11 %) yields high loading for
Cd (0.940), V (0.704) and As (0.741). The loading of
these metals in sediments of the Western Harbor ap-
peared to be directly related to urban and industrial
runoff discharged from the El Mahmoudia Canal.

B—factor analysis for El-Mex Bay region PC1, PC2
and PC3 represented 82.02 % of the total variance
adopted for TOM, Si, Ca, Mg, K, Na, Fe and Al in
addition to the potentially toxic metals: Mn, Pb, Cu, Cd,
V, Cu, Sn, As and Se, Table 12. PC1 (36.62 %) had
positive factor loading with K (0.962), Na (0.955), Fe
(0.958), Al (0.990), Mn (0.785), Zn (0.979) and V
(0.943). PClI indicated that the geochemistry of El-
Mex Bay is highly affected by the geochemical cycle
of K and Na. Furthermore, some metals yield significant
linear correlation with Al, indicating that the major
portion of heavy metals in the sediments was closely
associated with fine-grained clay minerals and had com-
mon origins with Al (Summers et al. 1996). PC2 repre-
sented 28.5 % of the variation and had positive factor
loading to carbonate (0.867), Ca (0.867), Pb (0.835), Cd
(0.918) Cu (0.913) and Se (0.771). PC2 indicated that
El-Mex Bay sediments mainly comprise Ca carbonate,
and there are anthropogenic sources of Pb, Cd, Cu and
Se which may be because of the industrial outfalls in the
southern part of EI-Mex Bay. Moreover, much increased
concentrations of Pb, Cd, Cu and Se recorded in EI-Mex
Bay may be related to their release from the discharge of
freshwater from El-Umum Drain carrying industrial,
agricultural and sewage effluents. Sources of Cd in El-
Mex Bay may include the cement industry (Portland
Cement Factory), colourants or coal and oil combustion.

PC3 (14.92 %) had a positive factor loading to Sn
(0.761) and As (0.768) revealing that As and Sn may
come from the same anthropogenic source.

Conclusion

Major constituents and trace metals in sediments col-
lected from El-Mex Bay and the Western Harbor of
Alexandria were investigated. High concentrations of
metals were measured in the study areas because of
heavy industrial activities and urbanization in

Alexandria. Enrichment factor (EF), metal pollution
index (MPI) and consensus-based sediment quality
guidelines (CBSQGs) revealed contamination. From
the Western Harbor and El-Mex Bay, 63 and 10 %
of sediment samples, respectively, exhibited high
levels of pollution with Pb and pose a risk of ad-
verse biological effects. EF for the Western surface
sediments occurred in the order Cd>Pb>Sn>Cu>
Zn>As>Fe>Mn>V>Se. However, the levels of
surface sediments in El-Mex Bay decreased in the
order Cd>Sn>Pb>Cu>As>Mn>Zn>V>Fe>Se re-
vealing anthropogenic sources for these metals. The
MPI of Mn, Zn, Pb, Cd, Cu, V, Sn, As and Se
showed that the lowest values were observed at
stations 1, 4, 6 and 8 in the Western Harbor. By
contrast, the highest values were detected at stations
12, 13, 16 and 18 in EI-Mex Bay. Results of
CBSQGs indicated that up to 63 % of sediment
samples from the Western Harbor exhibited high
levels of Pb that pose a threat to aquatic life. The
concentrations of As, Cu and Zn in most El-Mex
Bay sediment samples were below the TEC suggest-
ing that these metals may not have harmful effects
on sediment-dwelling organisms.

Principle component analysis (PCA) showed that
sediments of the Western Harbor have five factors
explaining 83.28 % of total variance for TCO3;, TOM,
Si, Ca, Mg, K and Na in addition to Fe, Al, Mn, Pb, Cu,
Cd, V, Cu, Sn, As and Se. All of the factors PC1, PC2,
PC3, PC4 and PC5 had high positive loadings to these
18 parameters which are associated with different
sources of metal pollution, intensive human activities
and industrial runoff discharge. Three factors were ob-
tained for sediments in El-Mex Bay representing
82.02 % of the total variance. Positive factor loading
of PC1 with K, Na, Fe, Al, Mn, Zn and V indicated that
the geochemistry of El-Mex Bay is highly affected by
the geochemical cycle of K and Na. PC2 had positive
factor loading to carbonate, Ca, Pb, Cd, Cu and Se
suggesting that EI-Mex Bay sediments mainly comprise
CaCO0;3, and the anthropogenic source of Pb, Cd, Cu and
Se is from industrial, agricultural and sewage effluents.
PC3 had a positive factor loading to Sn and As assuming
that they may be released from the same anthropogenic
source.
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