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Abstract
The chemical speciation of metals (Cd, Zn, Cu, and Fe) for coastal marine sediment samples collected from ten locations in 
the Western Harbour (main harbour) in Egypt and has been studied in two surveys which were determined using the four-step 
sequential extraction procedure. A sequential extraction technique was used to quantify exchangeable, oxides (reducible), 
organic/sulphidic, and acid-soluble (residual) fraction. It was noticed that Cd and Zn have the highest capability to be released 
from the sediment, more mobile and bioavailable, by the simple ion exchange mechanism in the W.H than Cu and Fe which 
were present at higher percentages in the acid-soluble fraction, meaning that these two metals were strongly bound to the 
sediments. Considering the percentage of metals extracted in the most labile fractions (F1 + F2 + F3), the order of mobility 
(from most to least bioavailable) was: Cd (94%) > Zn (64%) > Cu (22%) > Fe (3.5%). Risk assessment code (RAC) analysis 
indicated that the sediments show no risk for Fe and a low risk for Cu and low-to-medium risks for Zn and medium-to-high 
risks for Cd with RAC values greater than 11% and 30%, respectively, indicating a substantial risk of metal mobilization 
from sediments across the entire study region.
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1 Introduction

Heavy metal pollution is a widespread environmental prob-
lem due to the persistent and non-biodegradable properties 
of these contaminants [27]. Sediments are the largest res-
ervoir and a major source of metals in the marine environ-
ment and play an important role in the transport and storage 
of potentially hazardous metals. The increase in the con-
centrations of metals, including those that are biologically 
essential, can exert toxic effects. Large amounts of metals 
waste are commonly generated from industrial processes and 
discharged into the environment. These anthropogenic metal 
discharges result from industrial activities such as plating, 
tanning, and corrosion inhibition [15]. It is now recognized 
that the determination of the total concentrations of metals in 
sediments is not sufficient to be able to predict the capacity 

for mobilization of these elements. In addition, the determi-
nation of total element does not give accurate estimate of the 
likely environmental impact. The environmental behavior of 
heavy metals is decisively dependent on its chemical form, 
which influences mobility, bioavailability, and toxicity to 
organisms. Consequently, there is considerable interest in 
understanding the associations of these elements with the 
solid phase [18, 23]. Metal speciation occurring in the sedi-
ments is in turn expected to influence metal bioavailability, 
and thereby metal content in biota, in particular in the soft 
tissues of fish and mussels [26].

Heavy metal speciation in environmental media using 
sequential extraction techniques might provide much use-
ful information regarding the chemical nature or potential 
mobility and bioavailability of a particular element, which 
consequently can offer a more realistic estimate of actual 
environmental impact. The principle of this procedure is 
based on the selective extraction of heavy metals in differ-
ent physicochemical fractions of a material using specific 
solvents [25]. These procedures have been widely used 
for determining specific chemical forms of heavy metals 
in a range of environmental media, including sediments. 
Sediment samples are subjected to sequential extraction 
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using chemicals of decreasing pH and increasing oxidizing 
strength to remove the operationally defined host fractions 
corresponding to the exchangeable, carbonate, reducible, 
organic sulfide phases, and the residual phase. The potential 
ecological risk of each heavy metal in sediments is deter-
mined by its total content and speciation.

Harbours are key structures of great economic and social 
importance in coastal areas. In future decades, harbours are 
expected to grow in both number and size due to world-
wide changes in business practices and the globalization 
of commerce [24]. These changes are likely to increase the 
adoption of procedures that maintain harbour functional-
ity to become increasingly important in the management 
of coastal areas [5]. In this environment, heavy metals dis-
charged from sources such as industrial and sewage effluents 
may accumulate in bottom sediment as the suspended par-
ticles on which they are adsorbed settle out [10]. Although 
the Western Harbour of Egypt (W.H) is economically one 
of the most important harbours on the Mediterranean Sea, 
it is one of the least studies. Being situated in a semitropical 
area and almost completely surrounded by land and artificial 
breakwaters. In addition to the aquatic inputs through several 
activities inside the Western Harbour and the land-based 
sources represented in Noubaria navigation canal, Mahmou-
dia canal, and some sewers, W.H is also exposed to atmos-
pheric pollution from the same activities that cause aquatic 
pollution as several industries surrounding it. The pollutants 
from those different sources made the harbour become one 
of the most polluted coastal in Egypt [3, 4]. The objectives 
of this study were focused on the study of the concentration, 
distribution, and mobility of cadmium, zinc, copper, and iron 
in the surface sediments of the main harbour of Egypt (W.H) 
and to use this information to determine the main geochemi-
cal processes controlling the mobility of the studied metals 
within the harbour.

2  Materials and methods

2.1  Study area

The Western Harbour (W.H) of Egypt (Lat. 31°12′N, Long. 
29°53′E) in Alexandria is the largest and oldest harbour 
on the Egyptian Mediterranean coast (Fig. 1); at present; 
it handles about 75% of the foreign trade of the country. It 
is a shallow, semi-elliptical, and semi-enclosed basin with 
an area of 31 km2; in general, it is a shallow water body of 
about 7 m average depth.

However, a deeper basin is located in the outer part of the 
harbour (the main part of the harbour), where water depths 
of up to 20 m are observed and the predominant currents 
flow is anticlockwise. The harbour is connected to the open 
sea by a narrow mouth called “El Boughaz”, which protects 

the bay from the prevailing NW winds and renders the har-
bour a safe anchorage.

The bottom of the western harbour is mostly covered 
by mud and sandy-mud deposits, except some scattered 
sand and gravel patches in the inner harbour. The Western 
Harbour has received considerable amounts of treated and 
untreated industrial, agricultural, and domestic wastes [7]. 
Amounts of industrial wastes include a chlor-alkali plant 
and cement factories discharge unknown quantities of wastes 
indirectly into the harbour through the exchange between 
the W.H and El Mex Bay in addition to some tanneries. The 
Western Harbour also receiving external pollutants (agri-
cultural wastes) from Omoum drain via El Mex Bay [1, 2]. 
Because the harbour is a semi-closed basin with restricted 
water circulation, it may serve as an entrapment of the 
wastes introduced from land-based sources as well as from 
the harbour itself due to shipping activities, these activities 
may also impact its ecological functioning.

2.2  Sampling and chemical analysis

Surface sediment samples (0–5 cm) were collected from ten 
sites representing all the W.H area from ten stations (Fig. 1). 
Samples were collected with a van Veen grab sampler and 
the upper 3–5 cm of sediment removed with a PTFE spatula. 
A sample was taken from the center with a polyethylene 
spoon to avoid contamination by the metallic parts of the 
sampler. Samples were then stored in plastic cups that were 
cleaned by 1:1 HCl and 1:1  HNO3 and were stored frozen at 
4 °C until analysis.

The dried sediment samples were subsequently ground 
in agate mortar, homogenized, and sieved. Cd, Zn, Cu, 
and Fe were fractionated from sediment samples using 
the sequential leaching technique modified by Prohić and 
Kniewald [17] from the original paper by Tessier et al. 
[21], to define the fractions of the trace metals [exchange-
able, oxides (reducible), organic/sulphidic and acid-soluble 
(residual) fraction]. Metal concentrations in all extracts 
were analyzed by atomic absorption spectroscopy (Varian 
Techtron—Model 1250 spectrophotometer, equipped with 
a hydride vapor system). External standard solutions were 
prepared from 1000 mg l−1 stock metal solutions. The preci-
sion of the metal analysis is controlled by duplicate samples 
with the relative standard deviations of means of duplicate 
measurements less than 10%.

2.3  Statistical analysis

Statistical analysis one-way analysis of variance (ANOVA) 
and Duncan’s test (p = 0.05) were used to access whether 
heavy metals concentrations varied significantly. All statis-
tical calculations were performed using the SPSS 12 sta-
tistical software (IBM, Armonk, NY, USA). The standard 
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deviations of pooled samples (sediments) refer to the vari-
ability within different replicates. A ρ value of less than 0.05 
was considered to indicate statistical significance.

3  Results and discussion

Most of the harbour is between 5 and 20 m of depth. How-
ever, a deeper basin is located in the outer part of the harbour 
(the main part of the harbour), where water depths of up 
to 20 m are observed [3]. In the present study, the deepest 
station was station no. 7 (14.5 m) at the central part of the 
harbour (Table 1). On the other hand, the inner part is the 
less deep.

TOC plays an important role in controlling the availabil-
ity of inorganic and organic contaminants and the toxicity 
of sediments [12].

The bottom of the Western Harbour is mostly covered by 
mud and sandy-mud deposits, except some scattered sand 
and gravel patches in the inner harbour [3]. TOC contents in 
the W.H ranged from 1.81 to 5.93%, the average TOC being 

4.35% (Table 1). Total organic-carbon-rich sediments caver 
the entire harbour (inner part) basin (5.47 and 5.14%) were 
observed around the two sites (1 and 10) at the inner part of 
the harbour representing the Arsenal Quay (additional waste 
effluents from the shipyard situated on the W.H northern 
side) and the container Quay. In the same context, high TOC 

Fig. 1  Sampling location in the 
Western Harbour

Table 1  Mean depth and 
total organic carbon (TOC) 
of studied metals in surface 
sediments from the W.H

Site Depth (m) %TOC

1 8.0 5.47
2 8.5 1.81
3 8.5 4.74
4 11.5 4.40
5 13.0 3.16
6 13.4 4.80
7 14.5 4.63
8 12.0 5.93
9 11.0 3.39
10 10.0 5.14
Mean 11.0 4.35



45Marine Systems & Ocean Technology (2019) 14:42–50 

1 3

value was observed at sampling site no.8, closed to the ships 
moorage area, due to anoxic conditions occurred in sedi-
ments. Whereas sediments of low organic-carbon content 
(range 1.81–4.8%) cover the harbour’s surroundings.

3.1  Speciation and mobility of trace metals 
in the sediment fractions

The extractable contents and the percentages of the stud-
ied metals with respect to the sums of four fractions in 
the marine sediments from each extraction step are shown 
in Tables 2, 3, 4, and 5, and can be seen in Fig. 2, which 
illustrates the results as percentages of metal extracted in 
each fraction, for the ten sediment samples. Cd was pre-
sent at higher percentages in the oxidizable-organic frac-
tion (labile fraction) in the study area, and reflecting Cd was 
more mobile and potentially more bioavailable in sediments 
from W.H. The non-residual fractions (exchangeable + acid-
reducible + oxidizable) of Cd in sediments were great (94%) 
(Fig. 2). However, Cd was hardly detected in the reducible 

fraction, inferring that Cd bound to Fe and Mn oxides in the 
study area was very low. The dominant proportion of Cd 
was found in the oxidizable fraction (68%) in the W.H sedi-
ment, likely due to the higher content of organic matter and 
sulfides which are substances that can be easily oxidized. 
These results are consistent with the findings from Barce-
lona, Spain [8] and from Kranji, Singapore [22]. Therefore, 
Cd was potentially more available for release into the marine 
environment.

In the same context, about 64% of the total Zn content 
from the W.H sediments was in the non-residual fractions, 
indicating that under changing environmental conditions, 
Zn is potentially more available. The highest value for Zn 
was observed in the oxidizable fraction (Fig. 2) and this may 
result from the input of organic matter from the anthropo-
genic discharges from land-based sources, also reflects the 
special environmental conditions in the Western Harbour, 
resulting from pollution effects and intense navigation. The 
variation in the concentration of metals may be due to differ-
ences in the sources and prevailing physico chemical condi-
tions and complex reactions such as adsorption, flocculation, 
and redox condition taking place in the sediments.

Under varied reduction conditions, the release of Cd, 
Zn, and Cu from the sediment is expected. This is in con-
trast to Zn which precipitates with sulfide, absorbed on the 
organic matter, and appears to be stable under the anaerobic 
conditions.

On the other hand, about 24.5% of the total Cu content 
from the W.H sediments was in the non-residual fractions, 
indicating that Cu is potentially non-bioavailable. It was 
mainly found in the residual fraction (74.5%, Fig. 2). Sig-
nificant correlation between Cu and organic carbon (0.81, 
ρ ≤ 0.05) was recorded, and this means that residual Cu 
increases with the increase of detrital materials as the W.H 
receiving detrital materials from Mahmoudia and Noubaria 
canals, suggesting relatively low mobility of this element 
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Fig. 2  Extraction percentage of Cd, Zn, Cu, and Fe in sampling sites 
in the Western Harbour sediments

Table 2  Distribution of 
cadmium in sediment fractions 
(µg  g− 1)

Sample Total Cd Exchangeable 
F1

Acid-reducible 
F2

Oxidizable-
organic F3

Residual F4 ΣF1 + F2 + F3 
(%)

Conc. % Conc. % Conc. % Conc. %

1 1.956 0.800 41 0.006 8 0.891 46 0.114 6 94.19
2 1.006 0.139 14 0.006 27 0.562 56 0.038 4 96.23
3 1.254 0.121 10 0.006 1 1.061 85 0.061 5 95.17
4 1.513 0.115 8 0.006 12 1.029 68 0.182 12 87.99
5 1.080 0.121 11 0.006 4 0.901 83 0.015 1 98.60
6 0.724 0.055 8 0.006 3 0.615 85 0.030 4 95.82
7 0.788 0.121 15 0.006 2 0.594 75 0.061 8 92.31
8 1.033 0.218 21 0.006 2 0.700 68 0.091 9 91.20
9 0.736 0.267 36 0.006 4 0.424 58 0.015 2 97.94
10 1.039 0.345 33 0.006 1 0.604 58 0.083 8 91.98
Mean 1.113 0.230 0.076 0.738 0.069 94.14
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in the sediment. Much fewer amounts of this metal were 
bound to organic matter, F3, in the sediments as far as Cu is 
concerned (20%) followed by the exchangeable fraction (4%) 
and the oxides’ (reducible) fraction (0.5%) (Fig. 2). Copper 
shows a relatively presence in forms bound to organic matter 
and sulfides, because it is a chalcophilic element, and it is 
mainly bound to sulfides in nature. Cu geomobility in sedi-
ments of the considered systems is probably controlled by 
its initial forms in the land sources. In the W.H sediments, 
the distributions of copper forms among particular frac-
tions were similar in sediments from Los Angeles harbour, 
Western Gulf of California and Marine sediments from the 
front of the Ob and Yenisei estuaries by Gupta and Chen [9], 
Shumilin et al. [<link rid="bib19">19</link] and Demina 
et al. [<link rid="bib6">6</link], respectively.

Negligible percentages of Fe were extracted as the 
exchangeable and acid-reducible fractions (less than 1% of 
the extracted Fe, also reported by Tüzen [23]). The highest 
percentage of Fe was found in the residual fraction (96% of 
the total Fe), indicating that Fe was strongly bound to sedi-
ments. Thence, most of the Fe is present in the residual frac-
tion, followed by the oxidizable fraction, at values of 3.1%. 
Iron was mostly concentrated in the acid-soluble fraction, 
F4, in sediments, as crystalline Fe oxides are dissolved by 
acid (Fig. 2). Indicating that Fe originates from geochemi-
cal background rather than anthropogenic source, which 
means that it is less available to the aquatic fauna and has 
less chances of entering into the human food chain.

The spatial distribution of the total concentrations of 
studied metals in the W.H shows that station No. 1 was the 
most concentrated in all the studied elements. The distri-
bution of cadmium represents the highest concentration in 
station No. 1 followed by station No. 4, which represents the 
entrance of the harbour water, and its load of polluted water 
from El Mex Bay. For zinc, stations Nos. 1 and 10 (inner 
part of the harbour), represents the highest concentration the 
same as the copper distribution. In addition, station No. 6 at 
the mouth of El Mahmoudia canal in the harbour (mainly 
agricultural wastes) recorded a high concentration of copper.

The mobility and immobility and thus toxicity of heavy 
metals in waste depend largely on their type of binding 
forms. It was noticed that Cd and Zn have the highest capa-
bility to be released from the sediment by the simple ion Ta
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Table 6  Mobility of studied metals in different forms of the W.H sed-
iments

Step Fraction Mobility

1 Ion exchange Cd > Zn > Cu > Fe
2 Oxides (reducible) Zn > Cd > Fe ≥ Cu
3 Organic/sulphidic Cd > Zn > Cu > Fe
4 Acid soluble (residual) Fe > Cu > Zn > Cd
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exchange mechanism (Table 6). It is seen that the chloride 
content in the leachate can bind with Cd and Zn and enhance 
its mobility in the solid waste [11]. Under varied reduction 
conditions, the release of Cd and Zn from the sediment 
is expected. This is in contrast to Zn behavior which pre-
cipitates with sulfide, absorbed on the organic matter, and 
appears to be stable under the anaerobic conditions [13].

The calculated factors in W.H sediments show the high-
est ability of Cd and Zn to be released from the sediments, 
whereas Fe and Cu have the lowest. The residual concentra-
tion of any heavy metal is considered non-mobile fraction 
and is an important part influencing the mobility nature of 
the heavy metal. The combined effect of Cd and Zn in high 
concentration and with high mobility potential shows the 
increased possible risk of these metals to the W.H environ-
ment. In environmental studies, the determination of the 
different ways of binding gives more information on trace 
metal mobility, as well as on their availability or toxicity, in 
comparison with the total element content.

3.2  Identification of natural and anthropogenic 
sources

According to heavy anthropogenic inputs in normal regions, 
trace metals have been found in the first three extraction frac-
tions (soluble in acid, associated with Fe and Mn oxides, and 
associated with organic matter and sulfides) [14], indicating 
that the sediments were polluted. The relative concentrations 
of trace metals in the different fractions are probably reflec-
tive of different origins of pollution, i.e., when the metals 
show an affinity for carbonate, they are weakly associated 
with sediments and have experienced more recent pollution. 
In regions, where metals are significantly associated with the 
oxidizable or reducible sediment, fractions are influenced by 
pollution that is less recent. Considering the percentage of 
metals extracted in the most labile fractions (F1 + F2 + F3), 

the order of mobility (from most to least bioavailable) was: 
Cd (94%) > Zn (64%) > Cu (22%) > Fe (3.5%) (Tables 2, 3, 
4, 5). Cd showed the greatest amount in the bioavailable 
fractions, while Fe showed lower percentages in the labile 
fractions. Indicating that Fe originates from geochemical 
background rather than anthropogenic source.

3.3  Assessment of sediment contamination

According to the fractionation studies, the metals in the 
sediments are bound to different fractions with different 
strengths. The strength values can, therefore, give indica-
tion of sediment reactivity, which in turn assess the risk 
which connected with the presence of these metals in the 
aquatic environment. The risk assessment code (RAC), indi-
cates that sediment which can release in exchangeable and 
carbonate fractions, less than 1% of the total metal will be 
considered safe for the benthic organisms. On the contrary, 

Fig. 3  Risk assessment code (RAC) for the studied metals in W.H 
surface sediments
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sediment releasing in the same fraction more than 50% of 
the total metal has to be considered highly dangerous and 
can easily enter the food chain, and this classification is 
described by Perin et al. [16]. Figure 3 illustrates the results 
of the risk factor analysis, with values given as percentages 
of the exchangeable and carbonate fraction (% F1) for the 
studied trace metals. In general, the sediments show no risk 
for Fe and a low risk for Cu and low-to-medium risks for Zn 
and medium-to-high risks for Cd with RAC values greater 
than 11% and 30%, respectively, indicating a substantial risk 
of metal mobilization from sediments across the entire study 
region. Zinc showed low-to-medium risk (RAC > 11%) in 
sediments from sites 1, 2, 9, and 10. While Cd shows high 
risk (RAC > 30%) in sediments from the same sites except 
stations 2 that showed medium risk. Therefore, Cd comes 
under the high-risk category and can easily enter the food 
chain because of the toxicity and availability of cadmium; it 
can pose serious problems to the ecosystem.

Average crustal abundance [20] is commonly used to pro-
vide elemental background concentration, in this study; Tay-
lor’s crustal abundance was used as reference baselines. The 
concentrations of Cd in the bioavailable or labile fractions, 
for all stations, were greater than the background concentra-
tions, whereas the concentration of Cd in residual fraction 
for all stations except station no. 4 was below the reference 
level (Fig. 4). In the same context, the labile fractions of Zn, 
for most stations, were greater than the background concen-
trations, whereas the concentration of Zn in residual fraction 
for all stations was below the reference level (Fig. 4). Most 
of the bioavailable or labile fractions of Cu were above the 
reference level as well as all the residual fractions for all 
stations were above the reference level.

In general, the higher percentage of Cd and Zn in the 
nonresistant fractions (bioavailable) may be related to dif-
ferent types of organic matter discharged from direct influx 
of insufficiently treated industrial wastes directly or indi-
rectly to the harbour, as has been reported in other studies 
[3, 7] stated that nonresistant steps are closely related to the 
anthropogenic origin.

4  Conclusion

The sequential extraction technique was applied to iden-
tify the amount of anthropogenic metals in contrast to 
natural origin and also to provide information on the 
mobility, bioavailability, and potential toxicity of trace 
metals in the environment. The chemical speciation 
of Cd, Zn, Cu, and Fe in majority of stations was in the 
order of oxidizable-organic > exchangeable > oxide-
reducible > residual for Cd, oxidizable-organic > resid-
ual > exchangeable > acid-reducible for Zn, residual > oxidiz-
able-organic > exchangeable > oxide-reducible for Cu, and 

residual > oxidizable-organic > oxide-reducible > exchange-
able for Fe.

The calculated factors in W.H sediments show the high-
est ability of Cd and Zn to be released from the sediments, 
whereas Fe and Cu have the lowest. The residual concentra-
tion of any heavy metal is considered non-mobile fraction 
and is an important part influencing the mobility nature of 
the heavy metal. The combined effect of Cd and Zn in high 
concentration and with high mobility potential shows the 
increased possible risk of these metals to the W.H environ-
ment. It determined that Cd and Zn in W.H coastal surface 
sediments existed in the nonresistant fractions, while Cu and 
Fe existed in the resistant fractions (sedimentary matrix). It, 
therefore, showed that lithogenic discharge of Cd and Zn is 
greater than Cu and Fe. The mean bioavailable and mobile 
fraction (exchangeable and oxidizable-organic) concentra-
tions of Cd and Zn were more than the rest of the fractions, 
since these fractions have adverse effect on the aquatic envi-
ronment in contrast to other fractions. It, therefore, reflected 
the high and continuous discharge or sufficient time for 
redistribution of both Cd and Zn in the W.H surface sedi-
ments. Risk assessment code (RAC) values were reflective 
of average risks to the environment for the studied metals in 
most samples. In general, the sediments show no risk for Fe 
and a low risk for Cu and low-to-medium risks for Zn and 
medium-to-high risk for Cd with RAC values greater than 
11% and 30%, respectively, indicating a substantial risk of 
metal mobilization from sediments across the entire study 
region. Therefore, Cd comes under the high-risk category 
and can easily enter the food chain because of the toxicity 
and availability of cadmium; it can pose serious problems 
to the ecosystem.
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