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Abstract

Recently, an accurate monitoring for coastal lagoons becomes an urgent need to protect them from
severe effects of pollution. The present study objects to evaluate the heavy metal pollution in one of
the most important coastal lagoons in Egypt, called Manzala Lagoon (ML). The measured
concentrations of heavy metals (HMs) reflect that Fe > Zn > Pb > Ni > Cu > Co > Cd. To evaluate
the levels of contamination in the studied Lagoon, seven contamination indices are calculated,
including contamination factor (Cf), Degree of contamination (Dc), Geo-accumulation index (lgeo),
Pollution Load Index (PLI), enrichment factor (Ef), Ecological risk factor (Er) and Potential
ecological risk factor (Ri). According to the Cf, the sediments are lowly polluted with Zn, Ni, Co,
Cu and Fe, moderately polluted with Pb, and very highly polluted with Cd. The average value of Dc
(15.96), indicating a considerable level of contamination. Furthermore, the average values of Ef
point to minor enrichment for Ni and Cu, moderate enrichment for Zn and Co, severe enrichment
for Pb, and extremely severe enrichment for Cd. The average value of Ri reaches 676.3, suggesting
that the sediments have very high risk. Consequently, Cd and Pb are the principal contributors for
the ecological risk in ML. Finally, the comparison between the concentrations of heavy metals in
the Manzala Lagoon and other Mediterranean is done.
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aquatic environment, pollution of coastal
habitats is a global concern. Urbanisation,

Introduction agricultural waste, industrial sewage, and other
human activities can all contribute to pollution
Because of the harmful consequences on the (e.g., Zenina, 2009; Tan et al., 2021; EI Ouaty
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etal., 2024). In this context, the northern coastal
lagoons of Egypt (EI Mariout, Edku, El
Burullus, EI Manzala, EI Bardawil), were
exposed to these stresses (e.g., EI Nemr, 2003;
Masoud et al., 2011; Shalaby et al., 2017; El
Baz and Khalil, 2018; EI-Amier et al., 2023).
Heavy metals like Cd, Hg, Pb, Zn, As, Ni, and
Cr are the most dangerous pollutants (e.g.,
Forstner and Wittmann, 1983; Selvaraj et al.,
2004). Temperature, organic matter, pH,
salinity, and bottom sediment types are some of
the most important determinants of HM levels
(e.g., Galanopoulou et al., 2009; Mallick et al.,
2016).

It is well known that, the concentrations of
metals in sediments are greater than those in
water (Singer, 1977).

In relation to the assessment of
pollution, many investigations pointed to the
importance of evaluating the degree of
contamination in different aquatic ecosystems
in Africa (e.g., Ennouri et al., 2010; Masoud et
al. 2011; Belabed et al., 2013; Abdul et al.,
2019), Asia (e.g., Tan et al., 2021), Northern
America (Alvarez Zarikian, 2000), Europe
(e.g., Ruiz et al., 2004), and Australia (e.g., Roy
and Crawford, 1984).

The current development project, that
have been carried by the Egyptian government,
led to the re-formation of the northern coastal
lagoons, where many island, fish farms and
aquatic macrophytes were removed. So, the
total surface area and the depths of the lagoon
increased (e.g., Abd Ellah, 2022). Thus, there is
an urgent need to make a continuous assessment
for the health of these lagoons during the
different stages of the promising Egyptian
project. The present study concentrates on
assessing the heavy metal pollution in the ML.
This investigation may act as a base for future
comparative studies on ML after and before the
development project. Accordingly, the present
study objects (1) to estimate the concentrations
of heavy metal in the botttom sediments of ML,
(2) to compare these results with those
previously recorded from ML and other aquatic
ecosystems in the Mediterranean region, and (3)
to assess the contamination levels in the studied
sites.

Study area

El Manzala Lagoon (ML) represents one of the
most largest coastal lagoon in Egypt, locating in
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the north-eastern part of the Nile Delta. It is
placed between latitudes 31°07 N and 31°30°N
and longitudes 32°17°'E and31°48°E. In
addition, it is surrounded by four governorates;
Port Said, Damietta, Al Dakahlia and Al
Sharkia (Fig. 1). The northern sector of the
lagoon is separated from the Mediterranean Sea
by a sandbar, which permits the connection to
the sea through artificial inlets. Furthermore,
the entrance of freshwater to the lagoon is
related to three canals (Ratma, Souffra, and
Inaniya) in the western side and five drains
(Hadous, Faraskour, Bahr El-Bakar, Ramsis
and El-Serw) in the southern side. Accordingly,
ML becomes a brackish lagoon due to the
mixing of freshwater with marine water.
Economically, it plays a vital role in the

Fig.1 location map of El Manzla Lagoon shows
sample locations

Many studies the have been done on the
pollution in ML (e.g., Badawy and Wahaab,
1997; Abdel-Satar and Genid, 2009; Shalaby et
al., 2017; El Baz, 2017; Abdel Gawad, 2018;
Redwan and Elhaddad, 2022). In this context,
the study of Badawy and Wahaab (1997)
concluded that, the level of Cr in the sediments
recorded the highest concentration, followed by
Zn, Cu, Ni, Pb and Cd. Morover, Abdel-Satar
and Genid (2009) arranged the order of heavy
metals as follows; Fe (4460 ng/g), Mn (1334
ug/g), Pb (379.4 ng/g), Zn (207.8 ug/g), Ni
(108.14 pg/g), Cu (90.99 ng/g), Co (38.8 nug/g),
and Cd (10.61 pg/g). In addition, EL-Bady
(2016) established that Fe has the highest
concentration (1074.55ug/g), followed by Zn
(39.53pg/g), Cu (31.21pg/g), Ni (30.83ug/g),
Pb (0.077pg/g) and Cd (1.67 pg/g). Goher et al.
(2017) concluded that the sediments of ML
were moderately polluted with Pb, Zn, Cd and
Cu in most stations, but they are lowly
contaminated with Fe and Mn. Abdel Gawad
(2018) indicated that the concentrations of Fe
have the highest concentrations (8342.47 ug/g),
followed by Ni (40.73 pg/g), Zn (30.32 pg/g),
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Cu (26.34 pg/g), Pb (0.244 pg/g) and Cd
(0.0264 pg/g). Redwan and FElhaddad (2022)
concluded that Fe has the highest concentration
(14130 pg/g), followed by Cu, Zn (110 pg/g),
Ni (60 pg/g), Pb (20 pg/g) and Cd (1.8 pg/g).

Materials and methods

The current study was done on twenty Six sites
from ML, Egypt. These sites were chosen based
on the degree of proximity to the drains or the
Mediterranean Sea. Twenty six samples were
collected, in December 2022, using a grab
sampler from the bottom sediments of ML. At
each site, sample was subdivided into two
groups, one for the analysis of grain size and the
second for heavy metals (HMs). These samples
were saved in ice box and transported to the

laboratory. Some ecological parameters
(salinity, depth and pH) were recorded during
sampling. The environmental and geographical
data for each station are shown in Table 1. To
investigate the size of the bottom sediments, the
standard method of Folk (1974) was applied on
26 sites. According to Liao et al. (2014), the
digestion of sediment was done to measure the
concentrations of seven metals (Fe, Cu, Zn, Co,
Cd, Pb and Ni) in 20 sediment samples. The
results of the environmental parameters of the
lagoon and the concentrations of HMs were
displayed on the distribution maps, using Arc
Map. To assess the concentrations of HMs,
some pollution indices, such as Cf, Dc, PLI, lgeo,
Ef, Er, and Ri were calculated. Pearson’s
correlation coefficient was applied to determine
the relationships between the measured metals.

Table 1. Coordinates of the studied sites and their measured environmental parameters.

; Water . .
Sn';e Lat. (N) Long. (E) d(iﬁf)h pH Sf?g/f:;ty Sil/gd So}(l)t COI/:Zy
1 31°21'41" _ 31°56'11" 400 8.80 10.7 46 45 9
2 31°21'19"  31°58'01" 300 8.75 10.2 45 47 8
3 31°21'15" _ 31°59'20" 250 8.86 111 48 45 6
4 31°21'15"  32°1'09" 125 8.70 117 47 46 7
5 31°20° 3202 90 8.88 105 53 38 9
6 31°18' 32°6' 85 8.80 10.8 40 43 17
7 3017 326 150 8.73 72 38 42 20
8 3017 3202 410 8.74 10.4 25 45 30
9 31°19’ 3201°09" 450 8.75 10.1 26 43 31
10 31°20° 31°58'01" 500 8.82 96 25 43 32
11 31°20'5" 31°56'11" 210 8.98 94 22 44 34
12 31°18'46" _ 31°55'56" 200 9.00 75 23 42 35
13 31°19' 31°57' 27" 250 8.81 9.2 25 45 30
14 3017 3202°29" 300 8.79 10.8 23 44 33
15 31°16' 327 200 851 46 25 35 40
16 31°13 37 160 8.65 54 22 33 45
17 31°14'30" __ 32°F 100 852 53 12 38 50
18 314 3203 150 841 43 i 39 50
19 31°14'42" 3207 175 8.86 7.1 10 36 51
20 31°15'10" _ 32°1'36" 200 8.76 6.9 9 37 54
21 31°15'59"  32°0'56" 220 8.78 6.9 11 37 52
22 31°15'59"  31°59'13" 70 8.72 7 9 44 47
23 31°16' 31°58'11" 250 8.88 8.6 10 42 £A
24 31017 31°57°09" 350 8.84 79 12 43 45
25 3017 31°55'35" 150 9.00 5 10 44 46
26 31°18’ 31°54'10" 170 9.04 54 11 46 43
have the greatest depths (Table 1 and Fig. 2.a).
The studied sites display different values of
Results salinity, where the lowest value is 4.3 g/l at site

Environmental parameters

The values of depth vary between the different
sites, where the maximum depth reaches 5 m at
site 10, and the minimum reaches 0.7 m at site
12, with an average of 2.27 m. It is clear that the
central and north western parts of the lagoon
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18 in the southern part, while the highest value
is 11.7 g/l at site 4 in the northern part (Table
1), with an average of 8.21 g/l, indicating that
the ML is brackish water and increased toward
the Mediterranean Sea. In general, the northern
sector has higher salinities than the southern
sector (Fig. 2.b). Relatively small variations in
the values of pH between sites are recorded,
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where the highest value is 9.04 at site 26 in the
western part, and the lowest is 8.51 at site 15 in
the eastern part (Table 1 and Fig. 2.c), with an
average of 8.78 reflecting that the lagoon is
alkaline.

1 @

Fig. 2a shows the depth value of different sites at
study area. a); fig.2b) shows salinity of different sites
at study area; fig.2c) shows pH of different sites at
study area.

The substrate of ML consists of a combination
of sand, silt and clay (Table 1). The highest
portions of sand covered the northern part due
to entrance of sea water through the inlets (Fig.
3.a). The percentage of sand changes from 53%
(site 5) to 9 % (sites 20 and 22). Also, the
percentage of silt increases in the northern and
western parts (Fig. 3.b). Generally, the invasion
of drains, especially in the southern part,
supplies the lagoon with higher portions of clay
(Fig. 3.c). The lowest percentage of clay is 6 %
(at site 3), while the highest is 52 % (at site 21).

Fig.3a) shows the percentage of sand at different
sites of study area.; fig.3b) shows the percentage of
silt at different sites of study area; fig.3c) shows the
percentage of clay at different sites of study area

Concentrations of HMs in the sediments

Concentrations of Fe, Cu, Zn, Co, Cd, Pb and
Ni are clarified in Table 2. For Fe, the maximum
value is 43375.81 pg/g at site 12, while the
minimum is 1395.58 ug/g at site 22 (Fig. 4.a),
with an average of 15223.39 ug/g. For Cu, the
highest level is 48.01 pg/g at site 12, while the
lowest is 1.07 pg/g at site 25 (Fig. 4.b), with an
average of 16.94 ug/g.

For Zn, the maximum level is 188.5 pg/g at site
15, while the minimum is 6.43 pg/g at site 25
(Fig. 4.c), with an average of 67.15 ug/g. For
Co, the maximum is 13.64 pg/g at site 17, while
the minimum is 2.37 pg/g at site 25, with an
average of 8.89 pg/g as shown in Figure 5.a. For
Cd, the maximum level is 9.71 ug/g at site 1,
while the minimum is 0.19 ug/g at site 2, with
an average of 3.88 ug/g (Fig. 5.b). For Pb, the
maximum is 117.15 pg/g at site 5, while the
minimum is 12.48 pg/g at site 11 (Fig. 5.c), with
an average of 20 pg/g. For Ni, the maximum
level is 94.51 ug/g at site 23, while the
minimum is 10.67 pg/qg at site 6 (Fig. 5.d), with
an average of 45.6 pg/g.

Contamination indices

To estimate the degree of pollution in the
lagoon, some indices could be calculated such
as Cf, Dc, lgeo, Ef, Er and Ri (Table 3). Average
shale  (World geochemical  background
concentration) of Turekian and Wedepohl
(1961) is used here.

,,,,, w

Fig. 4a) concentration of Fe in the studied sites.;
fig.4b)concentration of Cu in the studied sites; fig.c)
concentration of Zn in the studied sites
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Table2. Measured heavy metals (ug/g) in the studied site

Site

No. Fe Cu Zn Co Cd Pb Ni

1 8367.42 10.05 13.69 ND 9.71 58.75 305
2 6669.16 ND 10.09 ND 0.19 25.05 ND
3 38620.69 23.84 77.04 ND 197 3.1 80

5 25519.93 37.81 124.37 10.94 2.22 117.15 62.47
6 3946 583 905 ND ND 45.83 10.67
7 13309.98 14.36 135.55 ND 1.05 45.01 21.19
11 18913.1 211 18.14 241 0.83 1248 39.66
1 43375.81 48.01 4192 9.97 2.22 34.9 93.63
15 26181.82 334 1885 7.98 111 62.89 57.51
16 1994.27 2,67 10124 ND ND 45.46 ND
17 3382.34 13.34 108.85 13.64 7.65 69.87 3553
18 5544 72 464 104 76 87.2 27.4
19 15106.86 13.88 45.77 11.96 4.63 57.1 4561
20 7266.73 6.78 50.05 ND 0.92 4198 12,65
21 2505.95 317 20.62 13.01 8.56 58.21 27.12
22 1395.58 115 154 ND ND 34.37 ND
23 42290.2 4333 103.14 6.27 333 52.94 9451
24 3147445 3139 76.82 2.37 2.92 42.88 68.61
25 537143 107 6.43 ND ND 2223 ND
26 3232.00 363 68.58 ND 7.26 64.57 22.54
Max 43375.81 48.01 1885 13.64 9.71 117.15 94.51
Min 1395.58 107 6.43 2.37 0.19 12.48 10.67
Average 15223.39 16.94 67.15 8.89 3.88 50.59 456
Back ground 754, 45 95 19 03 20 68

Shale *

Fig.5a) shows concentration of Co in the studied
sites; fig.5b) shows the concentration of Cd in the
studied sites; fig 5¢) shows concentration of Pb in
the studied sites; Fig 5d) shows concentration of Ni
in the studied sites.

Contamination factor (Cf)

The levels of contamination is categorized by
Hokanson (1980) into the following classes;
low Cf(<1), moderate (1< Cf<3), considerable
(35 Cf < 6), and very high (6< Cf). According
to the values of Cf, it is clear that the examined
bottom sediments of ML, are lowly
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contaminated with Fe (0.02-0.91) and Co (0.12-
0.71) as shown in Table 4. Also, the sediments
are lowly contamination with Cu, except for site
12, that is moderately contaminated (1.98).
Also, most sites are lowly contamination with
Zn, with the exception of sites 5, 7, 15, 16, 17
and 23 that are moderately contaminated.
Similarly, most sites are lowly contaminated
with Ni, with the exception of sites 3, 12, 23 and
24 that are moderately contaminated. On the
contrary, variable values were calculated for Pb,
where site 11 is lowly contaminated, sites 1, 2,
3,6,7,12, 16,19, 20, 21, 22, 23, 24 and 25 are
moderately contaminated, whereas sites 5, 15,
17, 26 are considerably contaminated. For Cd,
most sites are very highly contaminated; sites
11, 15 and 20 are considerably contaminated,
while site 2 is lowly contaminated.

Degree of contamination (Dc)

According to the Dc, values range between 1.31
(site 25) and 48.73 (site 1), with an average of
15.98. Therefore, low degrees are recorded at
sites 6, 11, 16, 20, 22 and 25 , moderate values
at sites 2, 3, 12, and 15, considerable degrees at
sites 5, 19, 23, and 24, and very high values at
sites 1, 17, 18, 21, and 26 (Table 4 and Fig. 6.a).
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Table 3. Contamination indices applied for the evaluation of metals in ML.

Contamination indices Classes

Contamination factor (CF) The contamination factors were divided into four classes by

CF = C metal! C background value Hakanson (1980): Cf< 1 (low Cf), 1< Cf < 3 (moderate Cf), 3< Cf
Where C nerat = metal concentration in polluted sediments < 6 (significant Cf), and 6< Cf (extremely high Cf).

C background vaiue = background value of the metal.

Degree of contamination (Dc) Four classes of contamination were distinguished by Hakanson
The sum of all values of contamination factors. (1980): Dc < 7 (low), 7<dc 28 (extremely high).</dc

Pollution Load Index (PLI) Tomlinson et al. (1980) distinguished two groups:

PLI= (Cf1*Cf2* Cf3*......... Cfin)tn PLI <1 (unpolluted); PLI = 1 ( minimum pollution); PLI > 1
Where n is the number of metals and Cf is the Contamination (polluted).

factor.

Geo-accumulation index (lgeo) lgeo < 0 (unpolluted), Igeo = 0-1 (unpolluted-moderately

lgeo = 1002 (Cy /(1.5 % By)) polluted), Igeo = 1-2 (moderately polluted), Igeo = 2-3

Where C, is the concentration of the element in sediment sample (moderately-strongly polluted), Igeo = 3-4 (strongly polluted), Igeo
and B, is the background concentration of the element. = 4-5 (strong to very strongly polluted), and Igeo > 5 (very strong

polluted) are the seven grades Mller (1969) made of the geo-
accumulation index.

Enrichment factor (Ef) EF < 1 (no enrichment), EF < 3 (little enrichment), EF = 3-5

EF = (M/F€) sampie/ (M/F€) crust (moderate enrichment), EF = 5-10 (moderately severe

Where (M/Fe) sampie IS the ratio of metal and Fe concentrations in enrichment), EF = 10-25 (severe enrichment), EF = 25-50 (very
the sample, and (M/Fe) crust is the ratio of metal and Fe severe enrichment), and EF > 50 (very severe enrichment) are the
concentrations in the earth’s crust. seven classifications that Birch (2003) identified.

Risk factor (Er) Hakanson (1980) distinguished the following classes:

Er=Tr* Cf Er <40 (low), 40 <Er <80 (moderate), 80<Er < 160

Where Tr is the toxic-response factor for a given substance, and Cf  (considerable),

is the contamination factor. 160 < Er <320 (high), Er > 320 (very high).

Potential ecological risk index (Ri) Hakanson (1980) distinguished the following classes:

The sum of all values of risk factors. Ri < 150 (low), 150 < Ri < 300 (moderate), 300 < Rl <600

(considerable ), Ri > 600 (very high).
Table 4. Calculated Cf, Dc and PLI for the measured metals.

Contamination factor (Cf)

Site

Fe Cu Zn Co Cd Pb Ni Dc PLI
1 0.17 0.22 0.14 - 32.36 2.93 0.44 48.73 0.79
2 0.14 ND 0.10 - 0.63 1.25 - 12.43 0.33
3 0.81 0.52 0.81 - 6.56 1.65 1.17 11.55 1.28
5 0.54 0.84 1.30 0.57 7.4 5.85 0.91 17.44 1.45
6 0.08 0.12 0.95 - - 2.29 0.15 3.61 0.32
7 0.28 0.31 1.42 - 3.5 2.25 0.31 8.09 0.82
11 0.40 0.46 0.19 0.12 2.76 0.62 0.58 5.16 0.46
12 0.91 1.06 0.44 0.52 7.4 1.74 1.37 13.47 1.22
15 0.55 0.74 1.98 0.42 3.7 3.14 0.84 11.39 1.18
16 0.04 0.05 1.06 - - 2.27 - 3.44 0.27
17 0.07 0.29 1.14 0.71 255 3.49 0.52 31.02 0.97
18 0.11 0.16 0.48 0.54 25.33 4.36 0.40 31.00 0.80
19 0.32 0.30 0.48 0.62 15.43 2.85 0.67 17.84 0.98
20 0.15 0.15 0.52 - 3.06 2.09 0.18 6.18 0.49
21 0.05 0.07 0.21 0.68 28.53 2.91 0.39 32.86 0.56
22 0.02 0.02 0.16 - - 1.71 - 1.93 0.12
23 0.89 0.96 1.08 0.33 11.1 2.64 1.38 18.41 1.43
24 0.66 0.69 0.80 0.12 9.73 2.14 1.00 15.18 0.99
25 0.11 0.02 0.06 - - 1.11 - 1.31 0.29
26 0.06 0.08 0.72 - 24.2 3.22 0.33 28.63 0.68
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Fig.6a) show Dc for the measured metals,
Fig.6b)shows PLI for the measured metals Fig.6c)
shows RI for the measured metals .

Pollution Load Index (PLI)
According to Tomlinson et al. (1980), PLI

reflects the pollution levels in every sites. The
Table 5. lge, for the measured metals.

calculated values of PLI range between 0.12
(site 22) and 1.45 (site 5), with an average of
0.77. Most sites are unpolluted (< 1), whereas
sites 3, 5, 12, 15 and 23 are polluted (> 1) as
shown in (Table 4 and Fig. 6b).

Geo-accumulation index (lgeo)

The geo-accumulation index of Muller (1969)
is followed here. The outputs of lgo, reflect that
the bottom sediments of ML are unpolluted with
Fe, Cu, Co and Ni, where all values are less than
0. For Cd, site 2 is unpolluted (lgeo= -0.374);
sites 3, 5, 7, 11, 12, 15, 20, 23 and 24 are
unpolluted-moderately polluted (0.26-0.86);
while sites 1, 17, 18, 19, 21 and 26 are
moderately polluted (1.01 -1.33). It is noted that
site 1 is the most polluted with Cd. For Pb, sites
2,11 and 25 are unpolluted-moderately polluted
(0.41-0.83), sites 1, 3, 6, 7, 12, 16, 19, 20, 21,
22, 23, and 24 are moderately polluted (1.10-
1.95), sites 15, 17, 18, and 26 are moderately to
strongly polluted (2.09-2.90), while site 5 is
strongly polluted (3.9) as displayed in Table 5.

Geoaccumulation index (Igeo)

Site

Fe Cu Zn Co Cd Pb Ni
1 -0.92744 -0.82714 -1.01741 1.33407 1.958333 -0.5243
2 -1.02596 - -1.14992 -0.37446 0.835 -
3 -0.26321 -0.452 -0.2671 - 0.64124 1.103333 -0.10551
5 -0.44315 -0.2517 -0.0591 -0.41583 0.69314 3.905 -0.21293
6 -1.25388 -1.06364 -0.19717 - - 1.527667 -0.98044
7 -0.72586 -0.67215 -0.02172 - 0.36797 1.500333 -0.68247
11 -0.57327 -0.50502 -0.89518 -1.07283 0.26586 0.416 -0.41025
12 -0.21279 -0.14797 -0.53139 -0.45615 0.69314 1.163333 -0.03719
15 -0.43203 -0.30556 0.121496 -0.55284 0.39211 2.096333 -0.24886
16 -1.55025 -1.40279 -0.14846 - - 1.515333 -
17 -1.32082 -0.70415 -0.11699 -0.32003 1.23049 2.329 -0.458
18 -1.10621 -0.97197 -0.4873 -0.43781 1.22761 2.906667 -0.57085
19 -0.67086 -0.68691 -0.49323 -0.37711 1.01238 1.903333 -0.34954
20 -0.98869 -0.99807 -0.45441 - 0.31055 1.399333 -0.90651
21 -1.45106 -1.32824 -0.83953 -0.34057 1.27921 1.940333 -0.57531
22 -1.70528 -1.76861 -0.96629 - - 1.145667 -
23 -0.22379 -0.19252 -0.14039 -0.65758 0.86922 1.764667 -0.03312
24 -0.35208 -0.33251 -0.26834 -1.0801 0.81217 1.429333 -0.17221
25 -1.11994 -1.79992 -1.3456 - - 0.741 -
26 -1.34055 -1.2694 -0.31762 1.20774 2.152333 -0.65565

Enrichment factor (Ef)

To detect the anthropogenic origin of metals, Ef
was is as introduced by Birch (2003). For Cu,
site 17 is moderately enriched, sites 3, 19, 20,
22, and 25 have no enrichment; while the other
sites have minor enrichment (Table 6). For Zn,
sites 1, 2, 3, 11, 12, and 25 have no enrichment,
sites 5, 19, 23, and 24 have minor enrichment,
sites 15, 18, and 21 have moderate Ef, sites 7
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and 22 are moderately severe enrichment, while
sites 6, 17, and 26 have severe Ef. For Co, sites
11, 12, 15, 23, and 24 have no enrichment, sites
5 and 19 have minor Ef, site 18 had moderate
Ef, while sites 17and 21 have severe Ef. For Cd,
sites 1, 17, 18, 21, and 26 have extremely severe
enrichment, site 19 has very severe enrichment,
sites 5, 7, 20, 23, and 24 have severe Ef, sites 2,
3, 11, 12, and 15 have moderately severe Ef.
For Pb, sites 3, 11, 12, 23 have minor
enrichment, site 24 has moderate Ef, sites 2, 7,
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15, 19, 25 have moderately severe Ef, sites 1, 5,
and 20 has severe Ef, sites 6, 17, 18, and 26 has
very severe Ef, while sites 16 and 22 have
extremely severe Ef. For Ni, sites 1, 3, 5, 6, 7,
11, 12, 15, 19, 20, 23, and 24 have minor Ef,
sites 18 and 26 have moderate Ef, while sites
17and 21 have moderately severe Ef.

Table 6. Calculated Ef for the measured metals.

Enrichment factor (Ef)

Site

Cu Zn Co Cd Pb Ni
1 125 0.81 182.57 16.57 2.53
2 - 0.75 4.48 8.86
3 0.64 0.99 8.02 2.02 1.43
5 155 242 1.06 13.68 10.83 1.69
6 154 1139 - - 27.40 1.87
7 113 5.059 - 12.41 7.98 1.10
11 1.17 047 0.31 6.90 1.55 1.45
12 1.16 0.48 0.57 8.05 1.89 1.49
15 133 357 0.75 6.67 5.66 1.52
16 140 2522 - - 53.79 -
17 413 1598 10.01 355.84 48.75 7.29
18 136 4.158 4.66 215.68 37.11 3.43
19 096 150 1.96  48.22 8.92 2.09
20 097 342 - 19.91 13.63 1.20
21 132 4.08 12.89 537.43 54.81 7.51
22 0.86 5.48 - - 58.1215
23 1.07 121 0.36 12.38 2.95 1.55
24 1.04 121 0.18 14.59 3.21 151
25 020 059 - - 9.76
26 1.17 10.54 35340 47.14 4.84

Table 7. Calculated Er and Ri for the measured metals.

Ecological risk factor (Er) and Potential
ecological risk factor (Ri)

To detect the toxicity of the studied HMs, Er is
calculated based on Hakanson (1980). The toxic
response factors of Cd, Ni, Pb, Cu, and Zn are
30,5, 5, 5, and 1 respectively (Hakanson, 1980).
For Cu, sites 6, 16, 18, 21, 22, 25 and 26 have
low levels of toxicity, sites 1, 7, 17 and 19 have
moderate levels, sites 3, 11 and 24 have
considerable levels, sites 5, 12, 15 and 23 have
high levels (Table 7). For Zn, sites 1, 11, 22, and
25 have low levels, sites 3, 12, 18, 19, 20, 24,
and 26 have moderate levels, sites 5, 7, 16, 17,
and 23 have considerable levels, while site 15
have high level. For Cd, sites 2, 7, 11, 15, and
20 have low levels, sites 3, 5 and 12 have
moderate levels, sites 19, 23 24 have
considerable levels, while sites 1, 17, 18, 21,
and 26 have high levels. For Pb, site 11 has
moderate levels, sites 2 and 25 has considerable
levels, sites 1, 3, 6, 7, 12, 15, 16, 19, 20, 21, 22,
23, and 24 have high levels, while sites 5, 17,
18, and 26 have very high levels. It is noted that
site 5 was the highest value of Er. According to
Hakanson (1980), Ri is identified as the sum of
all of risk factors. These values range between
122.93 (site 25) and 1278.12 (site 5), with an
average of 676.30. Sites 2 and 25 have low Ri,
site 22 has moderate Ri, sites 6, 7, 11, 16, and
20 have considerable Ri, while sites 1, 3, 5, 12,
15, 17,18, 19, 21, 23, 24, and 26 have very high
Ri (Fig. 6 c).

Ecological risk factor (ER)

Potential ecological risk index (Ri)

Site Cu Zn Cd Pb Ni
1 50.25 13.69 2913 293.75 1525 801.49
2 - 10.09 57 125.25 : 14104
3 119.2 77.04 501 165.5 400 820.84
5 189.05 124.37 66.6 585.75 312.35 1278.12
6 29.15 905 - 229.15 5335 402.15
7 718 135.55 315 225.05 105.95 569.85
11 1055 18.14 24.9 62.4 108.3 409.24
12 240.05 41.92 66.6 1745 468.15 991.22
15 167 188.5 333 314.45 287.55 990.8
16 13.35 101.24 - 2273 5 341.89
17 66.7 108.85 2295 349.35 177.65 932.05
18 36 464 228 436 137 883.4
19 69.4 45.77 138.9 2855 228.05 767.62
20 339 50.05 276 209.9 63.25 384.7
21 15.85 20,62 256.8 291.05 1356 719.02
22 5.75 154 - 171.85 - 103
23 216.65 103.14 99.9 264.7 47255 1156.94
24 156.95 76.82 876 2144 343.05 878.82
25 535 6.43 - 111.15 5 122.93
26 18.15 68.58 2178 32285 112.7 740.08
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Discussion

This investigation tries to assess the levels of
pollution in the bottom sediments of ML after
the dredging process that carried out by the
Egyptian government. Moreover, the detection
of the ecological risks that resulted from the
contaminated sediments is another target.
Furthermore, the measurements of some
ecological parameters are essential to realize the
quality of any aquatic environment.

The measured concentrations of HMs
indicate that the average levels of the metals are
arranged as: Fe > Zn >Pb > Ni > Cu > Co > Cd.
It is noted that, Fe fluctuates in a wide range in
the sediments of ML, representing the highest
concentration than any other metal. Similarly,
Zn, Pb and Ni have wide range of variations
between different sites. Pb, Zn and Cd are toxic
elements and they have dangerous effects on
marine fauna (Zahran et al., 2015). Pb possesses
higher concentrations due to different sources,
including phosphate fertilizers, paint factories,
and gas factories (e.g., Hamed et al., 2013;
Redwan and Elhaddad, 2022). The excessive
usage of phosphate fertilizers and pesticides in
agriculture may be the reason for increasing the
levels of Cd (Redwan and Elhaddad, 2022).
Moreover, the sources of Cu and Ni may be
related to the discharges of agricultural drains in
the southern side and industrial wastes in the
eastern side (industrial region in Port Said).

The  comparison  between  the
concentrations of the measured HMs and those
of the back ground Shale (Turekian and
Wedepohl, 1961) is discussed here as follows.
The measured concentrations of Fe and Co in
all the studied sites are lower than those of the
back ground Shale. For Cu, all sites have lower
values, except site 12 (in the south-western part)
has higher value. For Zn, most sites have lower
values, with the exception of sites 5, 7, 15, 16,
17 and 23 that have higher values. For Cd, most
sites have higher values. For Pb, all sites have
higher values, with the exception of site
11(western part) has lower value. For Ni, most
sites have lower values, with the exception of
sites 3, 12, 23 and 24 have higher values.

The present distribution patterns of the
HMs in the lagoon are disturbed, due to the
dredging processes that led to the accumulation
of polluted sediments in many sites in the
lagoon. Therefore, these polluted sediment may
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be easily transported to  different
uncontaminated parts, resulting in high levels of
pollution. Consequently, the concentrations of
the examined metals have no significant trends.

To detect the relationship between the
heavy metals, Pearson’s correlation was applied
on heavy metals. The resulting correlation
matrix is shown in (Table 8). The values are
considered significant if p-value < 0.05,
moderate significant < 0.01, and highly
significant < 0.001. According to Suresh et al.
(2011), the significant positive correlation
between heavy metals reflects their common
sources, and the same behavior during the
transport. It is noted that, Fe has strong positive
correlation with Cu (0.92) and Ni (0.93),
indicating the same geochemical behavior
(Figs. 7.a, 7.b). Also Cu has a strong positive
correlation with Ni (0.93) as shown in Figure
7.c. Also, Pb has a moderate positive correlation
with Co (0.58) and a significant positive
correlation with Cd (0.49) as presented in
Figure 7.d. Moreover, Cd has a significant
positive correlation with Co (0.49). Pb is
signified as an indicator of anthropogenic
source. Consequently, Cd, Co and Zn may have
the same origin. On the other side, Fe and Cu
have no significant relationship with Cd and Pb.

It is necessary to compare the current
results with the former results on ML (Table 9),
to determine the state of the lagoon after the
development processes that carried out by the
Egyptian government. The previous studies
reflected that the southern side is more polluted
than the northern side (e.g., Abdel-Satar and
Genid, 2009; El Baz, 2017; Elmorsi et al., 2017;
Abdel Gawad, 2018; Redwan and Elhaddad,
2022).

Ni
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Fig 7 shows Pearson’s correlation on heavy metals;

(Figs. 7.a, 7.b) Fe has strong positive correlation with Cu
(0.92) and Ni (0.93); Figure 7.c) Cu has a strong positive
correlation with Ni (0.93); Figure 7.d) Pb has a moderate
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positive correlation with Co (0.58) and a significant

In this context, the current
concentration of Fe (15223.39) is higher than
those of the previous studies of Abdel-Satar and
Genid (2009), El Baz (2017) and Elmorsi et al.,
(2017). For Zn (67.15 pg/g), it is lower than that
of Redwan and Elhaddad (2022), but it is higher
than those of EL-Bady (2016) and Abdel
Gawad (2018). For Cu (16.94 ng/g), it is lower
than those of the above-mentioned studies. For

positive correlation with Cd (0.49).

Pb (50.59) and Cd (3.88), they are higher than
those of Abdel Gawad (2018) and Redwan and
Elhaddad (2022), but they are lower than those
of Abdel-Satar & Genid (2009). Also, the
unexpected lower concentrations of HMs in
some southern sites of the lagoon may be due to
the removal of huge amounts of bottom
sediments.

Table 8. Pearson’s correlation coefficients (r) between the measured heavy metals in in bottom sediments of ML.

Fe Cu Zn Co Cd Pb Ni
Fe 1
Cu 0.92*** 1
Zn 0.30 0.45* 1
Co 0.18 0.38 0.19 1
Cd -0.17 -0.08 -0.15 0.47* 1
Pb -0.03 0.19 0.45* 0.58** 0.49* 1
Ni 0.93*** 0.93*** 0.33 0.43 0.13 0.19 1

* ) kxkEE sionificant correlation at P < 0.05, moderate significant < 0.01, and highly significant < 0.001

Table 9. Comparison between the analyzed heavy metals (ug/g) in Manzala Lagoon and those measured in other

localities.
Locality Mn Fe Cu Zn Cd Ni Pb Cr Reference
Abdel-Satar and
1334 4460 9099  207.8 1061 10814 3794 - Cont 2000
Mamala L 72555 107455 3121 3953 167 3083 0077 4095 EL-Bady, 2016
anzala Lagoon, “3g1488 834247  26.34  30.32 0.0264  40.73 0.244 - Abdel Gawad, 2018
Eovpt 880 14130 110 110 18 60 20 Redwan and
' j Elhaddad, 2022
- 15223.39  16.94 67.15 3.88 45.6 50.59 - Present study
E;’;gi’“s Lagoon, 449 17550 30 50 0.2 40 30 ; Melegy et al., 2019
Eg;‘g’;‘w"' Lagoon,  s5o57 20027 4601 5293 1579 3029  29.8 4209  EL-Bady, 2016
'I\E"g";g‘t’“t Lagoon,  ggg 19340 01 139 0.7 40 59 ; EL-Bady, 2020
Mediterranean Soliman et al,
Contt Foynt 381 13256 846 2219 022 2593 1317 8274 SO
Red Sea Coast, 564 7094.4 254 24 1.05 115 8.55 183  ElKahawy et al,
Egypt 2021
Mediterranean Soliman et al,
Const Liba 28.6 571.4 154 201 8.3 222 36.6 187 SOl
Tarut Island,
Arabian Gulf , 752 3447 58 176 0.7 ; 58.7 71 Youssefetal, 2015
Saudi Arabia
Homa Lagoon, 16500- 92-
Turkey 28300 9-24 38-88 0.5-0.8 - 6-30 220 Tas and Sunlu, 2013
%‘:‘Ley"f lzmir, 50543 . 2238 9987 003 10812 4837 10956 Bergin et al., 2006
Is'd' Moussa - 304 498 ; 201 ; 969  Maanan etal., 2004
agoon, Morocco
X%Z‘i'i;a Lagoon, 1343625 2351 8995 0038 10175 21.21 10275 Belabed etal, 2011
132:2@ Lagoon, 4172719 2728 14852 151 7181 10222  99.84  Abidietal., 2022

Risk assessment of HMs

The average values of Cf are arranged as
follows: Cd (12.95208) > Pb (2.529925) > Zn
(0.706895) > Ni (0.680461) > Co (0.468158) >
Cu (0.37662) > Fe (0.322529). These values
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indicate that the sediments are lowly polluted
with Zn, Ni, Co, Cu and Fe; moderately polluted
with Pb; while they are very highly polluted
with Cd. The average value of Dc reaches
15.96, indicating a considerable level of
contamination. According to PLI, most sites are
unpolluted, whereas sites 3, 5, 12, 15, and 23 are
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polluted. Concerning the values of lge, the
bottom sediments of ML are unpolluted with
Fe, Cu, Co and Ni. On the contrary, all sites are
polluted with Pb. For Cd, most sites are polluted
and the highest value reaches 1.33 in site 1. The
average values of Er are arranged as follows: Pb
(252.99) > Ni (228) > Cd (116.56) > Cu (84.73)
> Zn (67.15). Furthermore, the average values
of enrichment factor indicate minor enrichment
for Cu (1.28); moderate enrichment for Zn
(4.96) and Co (3.28); extremely severe
enrichment for Cd (112.51); a moderate Ef for
Pb (21.05) and minor Ef for Ni (2.66).
Consequently, Cd and Pb are the principal
contributors for the ecological risk in ML.
According to Ungureanu et al. (2016), Pb and
Cd originate chiefly from anthropogenic
activities. These results indicate a high Er for Pb
and Ni; a considerable Er for Cd and Cu;
whereas Zn has a moderate Er. Moreover, the
average value of Ri (676.30), suggesting that
the bottom sediments of ML have very high
risk, due to the higher levels of Cd and Pb.

Comparison between the measured HMs and
those from other aquatic ecosystems

The concentrations of the measured HMs are
correlated with those documented from other
sites inside Egypt (Table 9 and Fig. 8) and
outside Egypt (Figure 9), including Libya,
Tunisia, Algeria, Morocco, Saudi Arabia and
Turkey (Table 9).

@Ni 60

“Pb 4 V|
1
Manzala

Bardawil Burullus  Mariout  Egyptian  Egyptian
MS.C RS.C

Fig 8 shows the concentrations of the measured HMs
which correlated with those documented from other
sites inside Egypt
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Lagoon l2mir Lagoon  Lagoon

Fig 9 shows the concentrations of the measured HMs
which correlated with those documented from other
sites outside Egypt

Egypt

Many studies have been carried out on the
evaluation of HMs in the surface sediments of
the Egyptian lagoons and coasts, including
Burullus Lagoon (e.g., Masoud et al., 2011; El
Baz and Khalil, 2018; Melegy et al., 2019),
Bardawil, Lagoon, Mariout Lagoon (e.g., EL-
Bady, 2016), Edku Lagoon (e.g., Badr-EIDin et
al., 2022), the Mediterranean Coast (Soliman et
al., 2015a), and the Red Sea Coast (El-Kahawy
etal., 2021). In Burullus Lagoon, Masoud et al.
(2011) and El Baz and Khalil (2018) pointed to
the higher concentrations of Cd. In Edku
Lagoon, the investigation of Badr-EIDin et al.
(2022) suggested that, Cd and Pb have severe
effects on the aquatic biota. According to El-
Bady (2016), the highest degrees of
contamination were recorded in the Bardawil
Lagoon, whereas the Burullus Lagoon had the
lowest values. The study of Soliman et al.
(2015a) on the surface sediments of the
Egyptian Mediterranean coast, indicated that Fe
has the greatest concentration followed by Mn,
Cr, Ni, Zn, Pb, Cu and Cd. Moreover, El-
Kahawy et al. (2021) examine the
concentrations of metals in the sediments of the
Red Sea Coast, and concluded that the order of
metals were Fe > Mn > Cu > Zn > Cr > Ni >Pb
> Cd.

Libya

Also, Soliman et al. (2015b) recorded higher
levels of Pb (36.6 pg/g), Ni (22.2 ug/g), Cr
(18.7) and Cd (8.3 ug/g) from the sediments of
the Mediterranean Coast of Libya. They
concluded that, the sediments were polluted
with Cd. Also, Omar et al. (2021) investigated
the metal pollution in the surface sediments
along the northeastern coast of Libya and
indicated that the metals were arranged as Al >
Fe > Mn > Zn > Cu > Pb > Cd. They concluded
that the concentrations of metals have lower
values than those of the background, with the
exception of Cd, that has higher values in some
sites.

Tunisia

Fe has the highest content (41727.19 pg/g),
followed by Zn (148.52 png/g), Pb (102.22
ug/g), Cr (99.84 nug/g), Ni (71.81 pg/g), Cu
(27.28 pg/g), and Cd (1.51 pg/g), according to
a study by Abidi et al. (2022) in the bottom
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sediments of the South Lagoon of Tunis.
Algeria

Belabed et al. (2011) showed that the sediments
of Oubeira lagoon display the following levels
HMS: Fe (13436.25 pg/g), Cr (102.75 pg/g), Ni
(101.75 pg/g), Zn (89.95 pg/g), Pb (21.21 pg/g)
and Cd (0.038 pg/g).

Morocco

Also, many investigations have been carried out
on the assessment of HMs in the bottom
sediments of different Moroccan ecosystems
(Maanan et al., 2004; Ben bouih et al., 2005;
Tnoumi et al., 2022). The study of Tnoumi et al.
(2022), on the sediments of Khnifiss Lagoon
recorded minor enrichments with Ni and Cd.

Saudi Arabia

In the Arabian Gulf, Saudi Arabia, Youssef et
al. (2015) recorded higher values of Pb (58.7
ug/g) from the surface sediments of Tarut
Island.

Turkey

The geochemical analysis of Bergin et al.
(2006) for the HMs in the surface sediments of
the Gulf of Izmir, reflected that Mn had the
highest levels followed by Cr, Ni, Zn, Pb, Cu,
Cd. They observed high values for Cr (109.56
Mg/g), Ni (108.12 ug/g), Zn (99.87 ug/g) and
Pb (48.37 ug/g). Moreover, Tas and Sunlu
(2013), indicated that the concentrations of Fe
in the Homa lagoon ranged from 16500-28300
Mg/g, Cr (92-220 ug/g), Zn (38-88 ug/g), Cu (9-
24 ug/g), Pb (6-30 pg/g) and Cd (0.5-0.8 ug/g).
From the above-mentioned studies, it is
clear that the current levels of Fe in ML is
higher than those recorded in Burullus (Melegy
et al., 2019), Egyptian Mediterranean Coast
(Soliman et al., 2015a), Egyptian Red Sea (El-
Kahawy et al., 2021), Libyan Mediterranean
Coast (Soliman et al., 2015b), Oubeira Lagoon,
Algeria (Belabed et al., 2011); Tarut Island,
Arabian Gulf, Saudi Arabia (Youssef et al.,
2015) and Gulf of Izmir, Turkey (Bergin et al.,
2006), but it is lower than those recorded in
Mariout (EL-Bady, 2016) and the South
Lagoon of Tunis, Tunisia (Abidi et al., 2022).
For Cu, It is lower than those recorded
in the Burullus (Melegy et al., 2019), Bardawil
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(EL-Bady, 2016), Egyptian Red Sea (El-
Kahawy et al., 2021), Gulf of Izmir, Turkey
(Bergin et al., 2006), Sidi Moussa lagoon,
Morocco (Maanan et al., 2004), Oubeira
lagoon, Algeria (Belabed et al., 2011), Tunis
Lagoon, Tunisia (Abidi et al., 2022), but it is
higher than those of the Egyptian
Mediterranean Coast (Soliman et al., 2015a),
Libyan Mediterranean Coast (Soliman et al.,
2015b), Tarut Island, Arabian Gulf, Saudi
Arabia (Youssef et al., 2015) and Homa
Lagoon, Turkey (Tas & Sunlu, 2013).

For Zn, It is lower than those recorded
in Mariout (EL-Bady, 2016), Gulf of Izmir,
Turkey (Bergin et al., 2006), Oubeira lagoon,
Algeria (Belabed et al.,, 2011) and Tunis
Lagoon, Tunisia (Abidi et al., 2022), but it is
higher than those in Burullus (Melegy et al.,
2019), Egyptian Red Sea (El-Kahawy et al.,
2021),Sidi Moussa lagoon, Morocco (Maanan
et al., 2004), Egyptian Mediterranean Coast
(Soliman et al., 2015a); Libyan Mediterranean
Coast (Soliman et al., 2015b), Tarut Island,
Arabian Gulf, Saudi Arabia (Youssef et al.,
2015) and Homa Lagoon, Turkey (Tas and
Sunlu, 2013).

For Cd, it is higher than those recorded
in all the above sites, with the exception of
Bardawil (EL-Bady, 2016) and Libyan
Mediterranean Coast (Soliman et al., 2015b).
For Ni, it is higher than those recorded in all the
above environments, with the exception of Gulf
of Izmir, Turkey (Bergin et al., 2006) and
Oubeira lagoon, Algeria (Belabed et al., 2011).
For Pb, it is higher than those recorded in all the
above ecosytems, with the exception of Mariout
Lagoon (EL-Bady, 2016).

Conclusions

The continuous monitoring for pollution is very
essential for saving the health of ML. Based on
the geochemical analysis of HMs in the bottom
sediments of ML, the metals are arranged as: Fe
>Zn>Pb>Ni> Cu>Co>Cd. Compared with
many other aquatic ecosystems in Egypt, ML
possesses higher concentrations of Fe, Pb, Cd,
Zn and Ni. On the contrary, it displays lower
levels of HMs compared with north African
Lagoons. This study tries to assess the levels of
pollution depending on the contamination
indices. The findings of Cf reflect that the
sediments have high contamination with Cd,
moderate contamination with Pb, and lowly
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contamination with Zn, Ni, Co, Cu and Fe. The
values of lg, indicated that the sediments are
unpolluted with Fe, Cu, Co and Ni; unpolluted-
moderately polluted with Cd; and moderately to
strongly polluted with Pb. Moreover, the
average values of enrichment factor indicate
minor enrichment for Ni, Cu, moderate
enrichment for Zn, Co, severe enrichment for
Pb and extremely severe enrichment for Cd.
The results of risk factors reflect a higher risk
for Pb and Ni; a considerable risk for Cd and
Cu; whereas Zn displays a moderate risk. The
average value of Ri (676.30) suggest that
sediments have very high risk. Thus, Cd and Pb
are the principal contributors for the ecological
risk in ML.

Data availability

All data generated or analyzed during this study
are included in this published article.

Declarations

The authors declare no competing interests.

References

Abd Ellah, R.G., 2022. Using single beam
bathymetric data technique to estimate dredging:
a case study in Lake Manzala (Egypt). Arabian
Journal of Geosciences, 15, 1-9.

Abdel Gawad, S.S., 2018. Concentrations of heavy
metals in water, sediment and mollusk gastropod,
Lanistes carinatus from Lake Manzala, Egypt.
Egyptian Journal of Aquatic Research, 44, 77—
82.

Abdel-Satar, A., Geneid, Y.A., 2009. Evaluation of
Heavy metal status in ecosystem of Lake
Manzalah, Egypt. Global Journal  of
Environmental Research, 3 (3), 194-204.

Abdul, W.0O, Oguntuase, K.E., Omoniyi, I.T, Bbada,
S.B., Adekoya, E.O. Bashir, A. O., Ibebuike,
L.C., Opajobi, G.A., 2019. Dynamics of Heavy
Metal Pollution in Tropical lagoon of Gulf of
Guinea, West Africa. J. Appl. Sci. Environ.
Manage. 23 (5), 985-993.

Abidi, M., Yahyaoui, A., Ben Amor R., Chouba, L.,
Gueddari, M., 2022. Evaluation of heavy metal
pollution risk in surface sediment of the South
Lagoon of Tunis by a sequential extraction
procedure. Sci. Mar. 86 (1), e028.
https://doi.org/10.3989/scimar.05172.028

70

Alvarez Zarikian, C.A., Blackwelder, P.L, Hood, T.,
Nelsen, T.A., Featherstone, C., 2000. Ostracods
as indicators of natural and anthropogenically-
induced changes in coastal marine environments.
In: Coasts Millennium, Proc. 17th Int. Conf.
Coast. Soc. July 9-12. Portland, 896-905.

Badawy, M.l., Wahaab, R.A., 1997. Environmental
impact of some chemical pollutants on Lake
Manzala. International Journal of Environmental
Health Research, 7 (2), 161-170.

Badr-EIDin, A. M., Badr, N. B. E., Hallock, P.M.,
2022. Evaluation of trace-metal pollution in
sediment cores from Lake Edku, Egypt. Regional
Studies in Marine Science 53, 1-12.

Belabed, Bendjema, A., Boudjelida, H., Djabri, L.,
Bensouilah, M., 2011. Evaluation of the metal
contaminations in the surface sediments of the
Oubeira lagoon, National park of El Kala,
Algeria. Archives of Applied Science Research 3
(4), 51-62.

Ben Bouih, H., Nassali, H., Leblans, M., Srhiri, A.,
2005. Contamination en Métaux Traces des
Sédiments du lac Fouarat (Maroc). Afrique
Science, 1 (1), 109-125.

Bergin, F., Kucuksezgin, F., Uluturhan, E, Barut, I.
F., Meric, E., Avsar, N., Nazik, A. (2006). The
response of benthic foraminifera and ostracoda to
heavy metal pollution in Gulf of 1zmir (Eastern
Aegean Sea). Estuarine, Coastal and Shelf
Science, 66, 368-386.

El-Amier, Y.A., El-Halawany, E.F., El Aiatt, A/A.,
Koth, W.K., 2023. Sediment concentrations of
heavy metals in the Bardawil Lagoon (Eastern
Mediterranean Sea): Assessment of
contamination and ecological risks. Egyptian
Journal of Chemistry 67 (2), 543-553.

El Baz, S.M., 2017. Recent Benthic Foraminifera as
ecological indicators in Manzala Lagoon, Egypt.
Revue de micropaléontologie, 60, 435-447.

El Baz, S.M., Khalil, M.M., 2018. Benthic
foraminifera and trace metal distribution: a case
study from the Burullus Lagoon, Egypt. Revue
de micropaléontologie, 6, 97-109.

EL-Bady, M.S.M., 2016. Potential Ecological Risk
Index of the Northern Egyptian Lagoons, South
of Mediterranean Sea, Egypt. International
Journal of ChemTech Research, 9 (3), 172-190.

El-Kahawy, R., El-Shafeiy, M., Helal, S., Aboul-
Ela, N., Abd El-Wahab, M., 2021. Benthic
ostracods (crustacean) as a nearshore pollution
bio-monitor: examples from the Red Sea Coast
of Egypt. Environmental Science and Pollution
Research, 1-19. https://doi.org/10.1007/s11356-
020-12266-x

El-Kholy, R., El-Saadi, A., Abdin, A, 2012.
Pollution and measures towards de-pollution of
the Mediterranean Sea. In R. Choukr-Allah, R.
Ragab, R. Rodriguez-Clemente  (Eds.),


https://doi.org/10.3989/scimar.05172.028
https://scholar.google.com.eg/citations?view_op=view_citation&hl=en&user=qcLHO54AAAAJ&citation_for_view=qcLHO54AAAAJ:WF5omc3nYNoC
https://scholar.google.com.eg/citations?view_op=view_citation&hl=en&user=qcLHO54AAAAJ&citation_for_view=qcLHO54AAAAJ:WF5omc3nYNoC
https://ejchem.journals.ekb.eg/?_action=article&au=253215&_au=Yasser+A.+El-Amier
https://ejchem.journals.ekb.eg/?_action=article&au=728521&_au=El%E2%80%90Sayed+F.++El%E2%80%90Halawany
https://ejchem.journals.ekb.eg/?_action=article&au=728522&_au=Attia+A.++El+Aiatt
https://ejchem.journals.ekb.eg/?_action=article&au=728520&_au=Wafaa+K.++Kotb
https://ejchem.journals.ekb.eg/?_action=article&au=728520&_au=Wafaa+K.++Kotb
https://ejchem.journals.ekb.eg/article_310423_3ab9036fb851d5b97be63624835faefb.pdf
https://ejchem.journals.ekb.eg/article_310423_3ab9036fb851d5b97be63624835faefb.pdf
https://ejchem.journals.ekb.eg/article_310423_3ab9036fb851d5b97be63624835faefb.pdf
https://ejchem.journals.ekb.eg/article_310423_3ab9036fb851d5b97be63624835faefb.pdf

Heavy Metals in the Bottom Sediments of EI Manzala Lagoon ..

.Scientific Journal for Damietta Faculty of Science 15(2) 2025, 58-

72

Integrated water resources management in the
Mediterranean region: Dialogue towards new
strategy, 175-194.

El Morsi, D. A., Gaballah, G., Mahmoud, W., &
Tawfik, A. 1. (2017). Sex Determination in
Egyptian Population from Scapula by Computed
Tomography. Journal of Forensic Research, 8(3),
376.

El Nemr, A., 2003. Assessment of heavy metal
pollution in surface muddy sediments of Lake
Burulus southeastern Mediterranean, Egypt.
Egyptian Journal Aquatic Biology and Fishing, 7
(4), 67-90.

El OQuaty, O., ElI Mrini, A., Nachite, D.,
Marrocchino, E., Rodella, 1., 2024. Sediment
Quality Indices for the Assessment of Heavy
Metal Risk in Nador Lagoon Sediments
(Morocco) Using Multistatistical Approaches.
Sustainability, 16, 1-32.
https://doi.org/10.3390/su16051921

Ennouri, R., Chouba, L., Magni, P., Kraiem, M.M.,
2010. Spatial distribution of trace metals (Cd, Pb,
Hg, Cu, Zn, Fe and Mn) and oligo-elements (Mg,
Ca, Na and K) in surface sediments of the Gulf
of Tunis (Northern Tunisia). Environ. Monit.
Assess., 163, 229-239.
https://doi.org/10.1007/s10661-009-0829-5

Folk, R. L., 1974. Petrology of Sedimentary Rocks.
Hemphill Publishing Co, Austin, 170 p.

Forstner, U., Wittmann, G.T.W., 1983. Metal
Pollution in the Aquatic Environment. Springer-
Verlag, Berlin, 30-61.

Galanopoulou, A. S., Kokaia, M., Loeb, J. A,
Nehlig, A., Pitk&nen, A., Rogawski, M. A.,
Staley, K. J., Whittemore, V. H., & Dudek, F. E.
(2009). Epilepsy Therapy Development:
Technical and Methodological Issues in Studies
with Animal Models.

Goher, M.E., Abdo, M.H., Bayoumy, W.A., El-
Ashkar, M.T.Y., 2017. Some heavy metal
contents in surface water and sediment as a
pollution index of El-Manzala Lake, Egypt.
Journal of Basic and Environmental Sciences, 4,
210-225.

Hamed, Y. A., Abdelmoneim, T. S., EIKiki, M. H.,
Hassan, M. A., & Berndtsson, R. (2013).
Assessment of Heavy Metals Pollution and
Microbial Contamination in Water, Sediments
and Fish of Lake Manzala, Egypt. Life Science
Journal, 10(1), 86-99.

Hegazy, W.H., Hamed, M.A., Toufeek, M.E.S.,
Mabrouk, B.K.A., 2016. Determination of some
heavy metals in water of the southern region of
Lake Manzala. Egypt. Egyptian Journal of
Aquatic Biology and Fisheries, 20 (4), 69-81.

Hokanson, L., 1980. Ecological Risk Index for

Aquatic Pollution Control. A sedimentological
approach. Water Research 14, 975-1001.

71

Liao, Y., Min, X,, Yang, Z., Chai, L., Zhang, S.,
Wang, Y., 2014. Physicochemical and biological
quality of soil in hexavalent chromium-
contaminated soils as affected by chemical and
microbial remediation. Environ. Sci. Pollut. Res.
21, 379-388.

Mallick, D., Shafiqul, I. M., Talukder, A., Mandol,
S., Al Imran, M., Biswas, S., 2016. Seasonal
variability in water chemistry and sediment
characteristics of intertidal zone at Karnafully
estuary, Bangladesh. Pollution, 2 (4), 411-423.

Maanan, M., Zourarah, B., Carruesco, C., Aajjane,
A., Naud, J., 2004. The distribution of heavy
metals in the Sidi Moussa lagoon sediments
(Atlantic Moroccan Coast). Journal of African
Earth Sciences, 39, 473-483.

Masoud, M. S., Fahmy, M.A., Ali, A.E., Mohamed,
E.A., 2011. Heavy metal speciation and their
accumulation in sediments of Lake Burullus,
Egypt. African Journal of Environmental
Science and Technollogy, 5 (4), 280-298.

Melegy, A.A., EI-Bady, M.S., Metwally, H.I., 2019.
Monitoring of the changes in potential
environmental risk of some heavy metals in
water and sediments of Burullus Lake. Egypt.
Bulletin of the National Research Centre, 43,
143. https:// doi. org/ 10. 1186/ s42269- 019-
0182-y.

Miller, G., 1969. Index of geo-accumulation in
sediments of the Rhine river. Geol. J., 2 (3), 108-
118.

Omar, W.A,, Busaadia, M. A, Saleh, Y. S., Almalki,
A.S. A., Marie, M-A.S., 2021. Characterization
of metal pollution in surface sediments along the
northeastern coast of Libya. Applied ecology and
environmental research, 20 (2), 1399-1412.

Redwan, M., Elhaddad, E., 2022. Heavy metal
pollution in Manzala Lake sediments, Egypt:
sources, variability, and assessment. Environ.
Moni.t Assess., 194, 1-16.
https://doi.org/10.1007/s10661-022-10081-0

Roy, P.S., Crawford, E.A., 1984. Heavy Metals in a
Contaminated Australian Estuary-Dispersion
and Accumulation Trend. Estuarine, Coastal and
Shelf Science, 19, 34 1-358.

Ruiz, F., Gonzlez-Regalado M.L., Borrego J., Abad,
M., Pendén, J.G., 2004. Ostracoda and
foraminifera as  short-term  tracers  of
environmental changes in very polluted areas:

the Odiel Estuary (SW Spain). Environ
Pollution, 129, 49-61.
Selvaraj, K., Moha, V.R., Szefer, P., 2004.

Evaluation of metal contamination in coastal
sediments of the Bay of Bengal, India:
geochemical and statistical approaches. Mar.
Pollut. Bull., 49, 174-185.

Shalaby, B.N., Samy, Y.M., Mashaly, A.O., El
Hefnawi, M.A., 2017. Comparative geochemical


https://doi.org/10.3390/su16051921
https://doi.org/10.1007/s10661-009-0829-5

Heavy Metals in the Bottom Sediments of EI Manzala Lagoon .

Scientific Journal for Damietta Faculty of Science 15(2) 2025, 58-

72

assessment of heavy metal pollutants among the
Mediterranean deltaic lakes sediments (Edku,
Burullus and Manzala), Egypt. Egypt. J. Chem.
60 (3), 361-378.

Singer, P. C., 1977. Influence of dissolved organics
on the distribution, transport and fate of heavy
metals in aquatic system. In: Suffet, I.H. (Ed.),
Fate of Pollutants in the Air and Water
Environment, Part-1, 155-182. New York.

Soliman, N. F., Nasr, S.M., Okbah, M.A., 2015a.
Potential ecological risk of trace metals in
sediments from the Mediterranean coast, Egypt.
J. Environ. Health Sci. Eng., 13-70.

Soliman, N.F., Nasr, S.M., Okbah, M.A., El Haddad,
H.S., 2015b. Assessment of  metals
contamination in  sediments from the
Mediterranean Sea (Libya) using pollution
indices and multivariate statistical techniques.
Global Journal of Advanced Research 2, 120-
136.

Tan, C.W.J., Gouramanis, C.b., Pham T.D., Hoang,
D.Q., Switzer, A.D., 2021. Ostracods as
pollution indicators in Lap An Lagoon, central
Vietnam. Environmental Pollution, 278, 1-10.

Tas, E. C., Sunlu, U., 2013. Distribution of some

heavy metals in surface sediments from the
Homa Lagoon, I1zmir Bay, Turkey. Rapp. Comm.
int. Mer Médit., 40, 275.

Tnoumi, A., Angelone, M., Armiento, G., Caprioli,
R., Crovato, C., De Cassan, M., Montereali, M.
R., Nardi, E., Parrella, L., Proposito, M.,
Schirone, A., Spaziani, F., Zourarah, B., 2022.
Heavy metal content and potential ecological risk
assessment of sediments from Khnifiss Lagoon
National Park (Morocco). Environ. Monit.
Assess., 194, 1-17.

Turekian, K. K., & Wedepohl, K. H. (1961). 1
Distribution of the elements in some major units
of the earth's crust. 1 Geological Society of
America 2 Bulletin, 72(2), 175-192. 1

Youssef, M., EI-Sorogy, A. S., Al-Kahtany, K. H.,
Al-Otaibi, N., 2015. Environmental assessment
of coastal surface sediments Tarut Island.
Arabian Gulf (Saudi Arabia). Mar Poll Bull.
doi:10.1016/j.marpolbul.2015.05.010

Zenina, M. A., 2009. Influence of anthropogenic
pollution on ostracod assemblages of Amurskii
Bay, Sea of Japan. Russ. J. Mar. Biol. 35 (4),
305-312.
https://doi.org/10.1134/S1063074009040051

Al paidlal)

S AY) Lilal) Al aBail) pa day ) g a1 e A jal) 3 pand Adiad) cand gl B ALERN Galaal) s Eal) o) i

b giall Gal) ) A

M g T A ghlal) Ads Fenl (5 Laaf c"‘éd.'\é‘y\ Gea Jile QA dgana gana O L Gyl

Yol al Gl 1o

s cbl,'ué sbl,'u.\ aule ce‘gw\ R.AS s%ﬂjﬂ#\ eué\

raa ‘bl,.u.\ ‘blzud KAA\@ ‘ejh.“ 2\5\.‘5 “;@33&3)5*&.“3 il ‘MAEY

aa cs‘)bm\ caﬁ‘gﬂ\ A\J-AS\ Z\J:\A"

L gl Ay o) Alaal) Al Bl i) Awcupa (B Al ) anifs 0l ¢

Al pall 038 Caagd sl 5 juladll HEY) e Lglaad Aale s ) 5y Alalid) ol puanll G821 a5l anal 66,81 35530
Ol @l 38 55 el (ML) A 3iall 5 jmy 25 ¢ ean 8 Aaaldl Ol joad) aal (gaa) 8 ALED Cpalaall &l apis )
L lsn a3 s g yaall 3yl 8 & Hl) i sl il Fe > Zn > Pb > Ni > Cu > Co > Cd o Al aLall
((PLI) shll Jan yisa s ¢(1g€0) A yrall oS) 53l yisa s ¢(DC) askill A 5o 5 ¢(CF) o shill Jale Jadis e ol Cl i3
Ao )2 B sle a5l 8 (CF d G5 (RI) daisall sl Sladll Jale 5 (Er) sl shall Jale 5 o(EF) o 5y dale
poaedlSll s Adle a Hoy Dgla s (pabia )l Ao sie A jay Dgla s capaall s (aladll g il oK g JSl 5 ol 3L duaddie
JSall sl o) i) A EF ol o i i ol o 3 53e | S &l (5 she ) sy e ¢(12,87) DC A Lo s il
A RiAad Lo sie doay L spealSl GG 3l ) )5 cpabiall mad o) 515 el Sl 5 i 50 Jass i o) 3] 5 caladll
o Ol Jlaalisdll Laa alia il 5 a gealsl o8 ¢ b5 13 dille halae <ld Gad 550 o ) ey Lew ¢IVR,Y
oAl ad)l Sl iy e b e 5 A3 5 e 8 ALEN Golaall <l 38 53 &Sl o aal s ML 8 A k)

72

o i)



