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Abstract: This study assessed the spatiotemporal variability and pollution grades of heavy metals in
water and sediments of Bahr El-Baqar drain, Eastern Nile Delta, Egypt, by integration of geochemical
analysis, metal pollution indices, correlation, and multivariate statistical analyses. Twenty samples
of water and sediments were collected during 2018 and analyzed for heavy metal concentrations
using ICP-OES. Heavy metal contents in the water samples followed the order: Fe > Zn > Al > Pb
> Mn > Cu > Ni. The drain sediments were highly contaminated with heavy metals that followed
the order: Fe > Al > Mn > V > Zn > Cu > Cr > Ba > Ni > Pb > As. Spatiotemporally, most metals in
the drain sediments showed a decreasing trend from upstream (south) to downstream sites (north).
Results of principal component analysis (PCA) supported those from the Pearson correlation between
investigated heavy metals. In water, Mn, Ni, Pb, Zn, Cu, and Fe showed highly significant correlations.
In sediments, Ba, Ni, Zn, Fe, Al, Mn, and V showed strong positive correlations indicating that these
metals were derived from similar anthropogenic sources. The calculated metal pollution indices:
enrichment factor (EF), contamination factor (CF), pollution load index (PLI), degree of contamination
(DC), and index of geo-accumulation (Igeo) indicated high loadings of heavy metals in the drain
sediments. EFs revealed low, moderate to significant enrichment, whereas CFs showed low, moderate,
and considerable contamination. PLI indicated low, baseline, and progressive contamination, while
DC indicated low, moderate, and considerable degree of contamination. Igeo of all investigated metals
(except for As; class 1) indicated extremely contaminated sediments (class 7).

Keywords: heavy metals; pollution; spatiotemporal variability; ecological risk assessment indices;
Eastern Nile Delta

1. Introduction

Heavy metals are very serious contaminants in the aquatic environment because
of their toxicity, persistence, and accumulation in water, sediments, plants, and living
organisms [1–3]. Due to anthropogenic activities and natural sources, the pollution of
soil and water with heavy metals has considerably grown in recent decades [4–6]. These
polluting activities include mining, industrial operations, non-point sources, especially
vehicle exhaust, and the use of metal-enriched materials, chemical fertilizers, plant manures,
sewage sludge, and wastewater drainage [7]. Because they do not biodegrade and remain
persistent for a long time in our bodies and the environment, heavy metals bioaccumulate
up the food chain, from the tiniest organisms to humans [8]. The increased discharge of
domestic and municipal wastes with infrequent primary and secondary treatment hardly
minimizes contamination while posing a threat to water resources [5,6,9]. According
to recent studies, the soil and plants of the area south of Lake Manzala were highly
contaminated with heavy metals due to the usage of wastewater for irrigation [10,11].
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Bahr El-Baqar drain is one of the primary drains in the Eastern Nile Delta region
that receives various types of polluted wastewater (e.g., domestic, industrial, and agricul-
tural) [12]. Bahr El-Baqar is one of Egypt’s most polluted drains, which mixes fresh water
with wastewater for irrigation, but using this water puts the public’s health at risk [9].
It is reported that the total water of the Bahr El-Baqar drain comes from drainage water
sources: agricultural 58%, industrial 2%, and domestic and commercial 40% [12,13]. The
drain receives about 300 million m3/year of treated and untreated sewage from Cairo and
irrigates about 119.20 km2 of the nearby agricultural lands [1,12]. The major contamina-
tion sources of Bahr El-Baqar drain are industrial activities such as metal manufacturing,
food processing, disinfectants and soap, paper and textile manufacturing, and municipal
discharge [14].

For the management of sustainable irrigation, earlier research monitored and assessed
the water quality of Bahr El-Baqar drain [15–19]. Monitoring of heavy metals in the water
bodies offers continuous pollution surveillance, early warning, and planning for long-term
reduction in such pollution and its determined impacts on the environment and human
health [5,12,20]. Stahl et al., 2009 [17] collected and examined water samples from Belbeis
and Bahr El-Baqar drains to investigate the water quality parameters, and heavy metals.
The soils nearby and irrigated by the drain water become highly contaminated with heavy
metals due to the discharge of industrial, agricultural, and domestic wastes [11,16,21,22].

Numerous studies have investigated the geographical distribution, geochemical speci-
ation, and pollution levels of heavy metals in the soils near the Nile Delta drains [1,5,23–25].
Similar to this, several studies [14,22,26,27] examined the soils of agricultural lands close to
and irrigated by Bahr El-Baqar drain water. However, little research was carried out on
the drain sediments. In the shallow sediments of the drain outlet south of Lake Manzala,
heavy metal levels followed the order: Fe > Cd > Ni > Co > Pb > Cr [11]. While the heavy
metals in soil nearby the drain were identified as follows: Cd > Cu> Zn > Cr > Ni > Pb [14].
Different origins and point/non-point pollution sources could be attributed to the spa-
tial variation of heavy metal concentrations in soil and sediments [1,5,14,15,27,28]. As a
result, several metal pollution assessment indices, including enrichment factor, contami-
nation factor, pollution load index, and index of geo-accumulation, were created to assess
the potential source and pollution level of heavy metals in the examined soil/sediment
samples [1,5,11,21,24,27,29–34].

This study investigated and assessed the environmental risk and spatiotemporal vari-
ation of physico-chemical parameters, dissolved salts, and selected heavy metals (e.g., As,
Pb, Cu, Cr, Zn, Mn, Ni, V, Al, and Fe) in the water and sediments of Bahr El-Baqar drain,
Eastern Nile Delta, Egypt, by integrating geochemical analysis, metal pollution indices,
correlation, and multivariate statistical analysis.

2. Materials and Methods
2.1. Study Area

Bahr El-Baqar main drain, near Zagazig in the Sharqia Governorate, gathers wastew-
ater from two secondary drains, Belbeis and Qalubiya, and flows downstream to Lake
Manzala south of Port Said city (Figure 1). The study area includes five sampling sites
of water and sediments along Bahr El-Baqar drain (S1, Qalubiya drain; S2, Belbeis drain;
S3, at Bahr El-Baqar village; S4, near Bahr El-Baqar draino outlet; S5, south Lake Manzala)
(Figure 1). High-resolution Sentinel-2A satellite image (scenes: 4; spatial resolution: 10 m;
source: U.S. Geological Survey (USGS), website: (https://earthexplorer.usgs.gov/ ac-
cessed on 1 October 2022) was used as a location map showing various land use/cover
features in the study area (Figure 1). ALOS PALSAR digital elevation model (DEM)
(scenes: 4; spatial resolution: 25 m; source: Alaska Satellite Facility (ASF), website:
(https://vertex.daac.asf.alaska.edu/# accessed on 1 October 2022), was used to delin-
eate the elevation buffering zone of Bahr El-Baqar drain, which ranged from −1 (S5,
downstream) to 12 m (S1, upstream) (Figure 1). The study area includes five sampling
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sites of water and sediments along Bahr El-Baqar drain (Figure 1). Bahr El-Baqar was the
second-largest drain, with 25% of the total water flowing into Lake Manzala [35].
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Figure 1. Location map for the study area and sampling sites (S1−5) draped over a high−resolution 

Sentinel−2A satellite image (a) and Advanced Land Observing Satellite (ALOS) Phased Array type 

L-band Synthetic Aperture Radar (PALSAR) digital elevation model (DEM) (b) displaying the 

elevation buffering zone of Bahr El-Baqar drain, Eastern Nile Delta, Egypt. Belbeis and Qalubiya 

Figure 1. Location map for the study area and sampling sites (S1−5) draped over a high−resolution
Sentinel−2A satellite image (a) and Advanced Land Observing Satellite (ALOS) Phased Array
type L-band Synthetic Aperture Radar (PALSAR) digital elevation model (DEM) (b) displaying the
elevation buffering zone of Bahr El-Baqar drain, Eastern Nile Delta, Egypt. Belbeis and Qalubiya
secondary drains meet in the south at Zagazig, Sharqia Governorate, to form Bahr El-Baqar drain,
which flows north to Lake Manzala, south of Port Said city.
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Lake Manzala is the most important source of fish production; however, it is one of
Egypt’s most polluted water bodies. The lake receives wastewater from six main drains
(Hados, Bahr El-Baqar, El-Serw, Ramsis, Farascor, and El-Mataria) [1,16]. The climate in
the Lake Manzala area, North Egypt, is relatively semi-arid. Precipitation has an average
annual rate (113 mm) and mostly occurs in the winter season (December, January, and
February). The temperature of the lake area has an average value of 20 ◦C and ranges from
26 ◦C in the summer months (July and August) to 13 ◦C in the winter months (January
and February). The relative humidity of the coastal area is mostly high and ranges from
71% in spring to 76 % in summer and winter months [36]. The formation of Lake Manzala
is referred to as the subsidence and coastal erosion processes [36], it is bordered by the
Mediterranean Sea to the north and by fish farms, villages, and agricultural lands to the
south (Figure 1). The lake included about 1022 islands and is about 47 km long from
northwest to southeast, and about 30 km wide, and it narrows to about 17 km in the middle.
Lake Manzala has 4 main land use/cover classes; cultivated, bare, urban, and fishponds
areas, while the lake area decreased up to 60% from 1972 to 2017 due to the reclamation and
anthropogenic activities (e.g., the construction of the coastal highway and illegal fishponds).
Lake Manzala is a famous water body spot for migrating birds worldwide in the winter
season and would play a role in mitigating the adverse impacts of climate change as it
could absorb the excess water from the potential rise in the Mediterranean Sea level, and
protect the coastal cities (e.g., Port Said and Damietta) from floods and storm surges [37].

2.2. Sampling and Analysis of Water and Sediments

Ten samples of water and sediments were collected from the main five sites (S1–5)
along the course of Bahr El-Baqar drain, beginning upstream near Zagazig, Sharqia Gover-
norate, where Qalubiya drain (S1; west) meets with Belbeis drain (S2; east), and flowing
downstream into Lake Manzala (S5; north) about 2 km south of Port Said city (Figure 1),
during the summer and winter of 2018. From the drain bottom’s surface layer (0–30 cm),
sediment samples were collected using a hand auger in triplicates and placed in 1 kg clean
bags before being transported to the lab.

Water samples were collected in 1 L HDPE bottles and preserved with 2% HNO3
according to the standard method (3030 F) for sample preparation [38]. Water samples
were filtered in the lab using a membrane filter with a 0.45 µm pore size. Following the
standard method 3120 (total) for the examination of water and wastewater [38], methyl
isobutyl ketone (MIBK) and ammonium pyrrolidinedithiocarbamate (APDC) were used
to prepare solvent extraction to concentrate the dissolved heavy metals. The concentrated
solutions of the heavy metals (e.g., Pb, Cu, Mn, Ni, Zn, Al, and Fe) were analyzed using
ICP-OES at the National Research Centre (NRC), Egypt.

Sediment samples were analyzed for heavy metal concentrations following the method
of [39]. The sediment samples were collected, air-dried at room temperature, homoge-
neously ground, and sieved into 2 mm mesh to get the finest texture. About 1 g of a
sediment sample was digested in a mixture solution of nitric acid (HNO3), perchloric acid
(HClO4), and hydrochloric acid (HCl) according to the method of [40]. The mixture was
dried, diluted with deionized water to 25 mL, and then filtered to remove any residuals. To-
tal contents of the metals (e.g., As, Pb, Cu, Cr, Zn, Mn, Ni, V, Al, and Fe) were extracted from
sediments according to the method of [40] and analyzed using ICP-OES at the NRC, Egypt.
A series of working standards covering the range 0.5 mg/L to 10 mg/L were prepared from
certified reference materials; Agilent multi-element stock standard solution (1000 mg/L)
for the metals: Ba, As, Pb, Cu, Cr, Zn, Mn, Ni, V, Al, and Fe with a matrix of 5% HNO3
and analyzed with the blank and samples. Each element was measured at specific atomic
lines (nm) that give maximum sensitivity. The intensity of this emission is indicative of
the concentration of the element within the samples. The detection limits of the utilized
ICP-OES vary from 1 to 100 µg/mL in solution. The quality of the measurements was con-
trolled by analysis of control samples after every 10 analyzed samples. As quality control
samples, the Agilent multi-element calibration standard ICP-108 (21 elements at concen-
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tration 100 µg/mL) and ICP-106 calibration standard for surface water (Ba 50 µg/mL, As
50 µg/mL, Pb 25 µg/mL, Cu 20 µg/mL, Cr 20 µg/mL, Zn 50 µg/mL, Mn 30 µg/mL, Ni
50 µg/mL, V 100 µg/mL, Al 500 µg/mL, and Fe 100 µg/mL) were applied. The elemental
recovery was between 95% and 102%. I indicate that the ICP-OES operating conditions
were well and carefully chosen to maximize the sensitivity for the examined elements.

2.3. Metal Pollution Assessment Indices

Five metal pollution assessment indices, that are commonly used in the literature [5,27,29,30],
were utilized in this study as follows.

2.3.1. Enrichment Factor (EF)

EF measures the level of anthropogenic pollution in soil/sediments, and is calculated
by comparing a metal concentration in a sediment sample to its background value and Fe
is frequently employed in literature as a normalizing element [30,41]. The EF is expressed
by the equation as follows:

EF = (Cs/Fes)/(Cb/Feb) (1)

where Cs is the metal concentration in the studied sediment sample, Cb is the metal
background concentration in the Earth’s crust, and Feb is the Fe background value in uncon-
taminated areas [42]. The average metal abundances in the Earth’s crust of Ba, As, Cu, Cr,
Mn, Ni, Pb, Zn, Fe, and Al are 425, 1.5, 26, 155.5, 1058, 20, 25, 66, 50,000, and 80,000 (mg/kg),
respectively [43]. The EF is classified as follows: EF ≤ 1 background concentration;
1–2 deficiency to minimal enrichment; 2–5 moderate enrichment; 5–20 significant enrich-
ment; 20–40 very high enrichment; and >40 extremely high enrichment [5,29,30].

2.3.2. Contamination Factor (CF)

The CF is the ratio calculated by dividing the metal concentration in the studied
sediments by its background value according to [44], which is applied in all indices. The
CF is expressed by the equation as follows:

CF = Cs/Cb (2)

where Cs is the metal concentration in the studied sediment sample, while Cb is the metal
baseline concentration [41]. The CF describes the metal pollution in sediments as follows:
CF value < 1 (low); 1 ≤ CF < 3 (moderate); 3 ≤ CF < 6 (considerable); and CF ≥ 6 (high
contamination) [44].

2.3.3. Pollution Load Index (PLI)

The PLI, developed by [45], is a simple integrated pollution index that indicates the
cumulated contamination resulting from the increased element concentrations [29]. PLI is
calculated as the root number (n) of multiplied CF values in all investigated metals and
expressed by the equation as follows:

PLI = (CF1 * CF2 * CF3 * . . . * CFn)1/n (3)

where “n” is the number of the investigated heavy metals, which is 11 in this study, and
“CF” is the contamination factor for each of the eleven studied metals. PLI values can be
explained as follows: 0 indicates no pollution; 1 indicates baseline levels of contamination;
and >1 indicates progressive contamination of the site quality.

2.3.4. Degree of Contamination (DC)

The DC is an integrated pollution index and identified as the sum of all contamination
factors for a given site and expressed by the equation:

DC = ∑n
i=1 CFi (4)
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where CF is the single contamination factor and n is the count of the investigated elements
(11 in this study). The DC values of <n indicate a low degree of contamination; n ≤ DC < 2n,
a moderate degree of contamination; 2n ≤ DC < 4n, a considerable degree of contamination;
and DC > 4n, a very high degree of contamination [1,29].

2.3.5. Index of Geo-Accumulation (Igeo)

The Igeo was originally identified by [46] to assess the presence and intensity of metal
pollution in soil and sediments by comparing the measured metal contents with those in
uncontaminated areas. The Igeo is expressed by the equation:

Igeo = log2
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where Cn is the measured concentration of metal in soil and sediment, while Bn is the
geochemical background value of element n, and factor 1.5 is used for normalizing the
background data from lithological variations, and to detect anthropogenic influences [11,30].
Müller, 1981 [44] defined seven classes of Igeo as follows: Igeo = 0, uncontaminated (class 1);
0 < Igeo ≤ 1, uncontaminated to moderately contaminated (class 2); 1 < Igeo ≤ 2, moderately
contaminated (class 3); 2 < Igeo ≤ 3, moderately to strongly contaminated (class 4); 3 < Igeo
≤ 4, strongly contaminated (class 5); 4 < Igeo ≤ 5, strongly to extremely contaminated (class
6); and Igeo > 5, extremely contaminated (class 7).

2.4. Statistical Analysis

Univariate (min, max, mean, median, and standard deviation; SD), bivariate (Pearson
coefficient), and multivariate (principal component analysis; PCA) statistical analyses were
carried out to show the variance of data and evaluate potential sources of heavy metals [5]
using Statgraphics software [47].

3. Results
3.1. Heavy Metal Concentrations in Water

Total metal concentrations in the drain water samples were reported in Table 1 and
spatially and temporally illustrated along the study sites (S1–5) in Figure 2. These metal
concentrations were compared to values of similar metals in other studies conducted in
Egypt and elsewhere in the world (Table 2). The analyzed heavy metals in the drain
water samples have the decreasing order: Fe > Zn > Al > Pb > Mn > Cu > Ni with their
average concentrations (mg/L): 1.16, 1.13, 1.05, 0.41, 0.23, 0.20, and 0.07, respectively
(Figure 2 and Table 1).

Lead (Pb) is one of the most toxic metals in the environment and ranged in the investigated
water samples from 0.13 to 1.20 mg/L with an average of 0.414 mg/L (Table 1 and Figure 2a),
exceeding previous Pb levels recorded in the drain water; 0.01 mg/L [17], 0.11–0.35 mg/L [15],
and 0.34–0.80 mg/L [48], but lower than 366–420 mg/L [10] (Table 2). Copper (Cu) in the
drain water samples has a range of 0.01–0.91 mg/L, and an average of 0.2 mg/L (Table 1,
Figure 2b), compared to higher Cu levels recorded in the drain water; 200–236 mg/L [10],
and lower levels; 0.01–0.03 mg/L [15,17,26]. The highest level of Cu (0.95 mg/L) was
reported in S2 from Belbeis drain (Figure 2b). Manganese (Mn) levels in the drain water
samples ranged from 0.01 to 0.55 mg/L, with an average value of 0.20 mg/L (Table 1 and
Figure 2c), compared to higher Mn levels previously reported; 310–361 mg/L [10], and
lower Mn levels; 0.03–0.48 mg/L [15]; 0.4 mg/L [17]; and 0.01–2.88 mg/L [26] (Table 2).
The highest Mn level (0.55 mg/L) in the drain water was recorded in S3 at the middle
part of the drain (Figure 2c). Nickel (Ni) has the lowest levels in water samples (0.02–0.22
mg/L) with an average of 0.07 mg/L (Table 1 and Figure 2d), compared to extremely low
Ni levels previously detected in the drain water; 0.01 mg/L [15,26]. Notably, low Ni levels
were detected in the summer samples (<0.05 mg/L), compared to extremely higher levels
in the winter samples (Figure 2d). Zinc (Zn) levels in the water samples ranged from 0.04
to 1.67 mg/L, with an average of 1.13 mg/L (Table 1 and Figure 2e), which is higher than
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Zn levels (0.01 mg/L) [26] and lower than 124.20 mg/L [10] previously recorded in the
drain water. Aluminum (Al) in water samples ranged from 0.08 to 2.70 mg/L, with an
average of 1.05 mg/L (Table 1 and Figure 2f), which is obviously higher than Al levels
(0.10–1.20 mg/L) previously reported in the drain water [26]. Iron (Fe) has a range of
0.50–2.10 mg/L, and an average of 1.16 mg/L (Table 1 and Figure 2g), compared to low Fe
levels (0.03–0.57 mg/L) [26].

In terms of spatiotemporal variability, S1 had the highest Al level (2.70 mg/L) from
Qalubiya drain (Figures 1 and 2f), which receives domestic and industrial wastes. Likewise,
S2 had the highest Fe level (2.10 mg/L) from Belbeis drain (Figures 1 and 2g). The average
levels of Cu, Mn, and Zn in the drain water samples exceed the maximum concentrations
for irrigation [49], however, the average levels of all studied heavy metals in the drain
water samples were below the permissible limits of the Egyptian Environmental Law [50].
Overall, Pb, Cu, Ni, and Zn have significant spatiotemporal variability for the winter water
samples, whereas Mn, Al, and Fe have large spatiotemporal variation for the summer water
samples (Figure 2).
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Table 1. Summary statistics of heavy metal concentrations (mg/L) in water of Bahr El-Baqar drain.

Pb Cu Mn Ni Zn Al Fe

Mean 0.41 0.20 0.23 0.07 1.13 1.05 1.16
Min 0.13 0.01 0.01 0.02 0.04 0.08 0.50
Max 1.20 0.95 0.55 0.22 1.67 2.70 2.10
Med 0.28 0.06 0.26 0.06 1.40 0.78 1.13
SD 0.31 0.29 0.15 0.05 0.59 0.96 0.51

[49] 5.00 0.20 0.20 0.20 0.20 5.00 5.00
[50] 0.50 1.50 1.00 0.10 5.00 3.00 1.50

In comparison to similar metal levels in other areas of Egypt and around the world,
it is noteworthy that the average levels of most heavy metals (e.g., Pb, Cu, Mn, Ni,
Zn, Al, and Fe) in the investigated drain water are higher than those reported in Lake
Manzala and the Nile River, Egypt [1,20], East Africa, Tanzania, Iran, Indonesia, and
Kosovo [51–55] (Table 2). Specifically, Pb levels (0.41 mg/L) in the drain water sam-
ples are higher than 0.004–0.33 mg/L [1,20], and lower than 0.50–395.70 mg/L [1,20]
(Table 2). Cu levels (0.207 mg/L) in the drain water are higher than 0.01–0.08 mg/L
[1,20,21,26,51,53,54,56], and lower than 0.47–215.50 mg/L [4,10,55] (Table 2). Mn levels
(0.23 mg/L) in the drain water are higher than 0.01–0.10 mg/L [20,21,49], and lower than
0.45–338.70 mg/L [10,26,55,56] (Table 2). Ni levels (0.07 mg/L) in the drain water are higher
than 0.01–0.03 mg/L [4,20,21,26,51], and lower than 0.48–0.82 mg/L [55,56] (Table 2). Zn
levels (1.13 mg/L) in the drain water are higher than 0.01–0.80 mg/L [1,4,15,20,21,26,51–56],
and lower than 124.20 mg/L [10]. Al levels (1.05 mg/L) in the drain water are higher than
0.29 mg/L [26], and lower than 1.75–9.06 mg/L (Table 2). While Fe levels (1.16 mg/L) are
higher than 0.03–1.10 mg/L [1,4,20,26,51,53,55], and lower than 1.75–9.06 mg/L [21,56]
(Table 2).

Table 2. Average concentrations of heavy metals (mg/L) in the studied water samples compared to
those of national and international studies.

Location Pb Cu Mn Ni Zn Al Fe Reference

Bahr El-Baqar drain, Egypt 0.41 0.20 0.23 0.07 1.13 1.05 1.16 This study
Bahr El-Baqar drain, Egypt 396 216 339 124 [10]
Bahr El-Baqar drain, Egypt 0.01 0.56 0.01 0.01 0.29 0.31 [26]

Lake Manzala, Egypt 0.01 0.01 0.01 0.03 [1]
Lake Manzala, Egypt 0.63 0.01 0.32 0.59 [4]
Lake Manzala, Egypt 0.05 0.02 0.03 0.48 1.75 [21]

Nile River, Egypt 0.03 0.03 0.16 0.02 0.06 1.09 [20]
El-Kharja, Egypt 0.33 0.08 0.90 0.82 0.42 7.94 9.06 [56]

Badovci Lake, Kosovo 0.01 0.03 0.10 0.01 0.01 0.65 0.99 [51]
Lake Victoria, East Africa 0.01 0.02 [52]
Dar es Salaam, Tanzania 0.50 0.10 0.80 1.10 [53]

River Cihideung, Indonesia 0.03 0.02 0.05 [54]
Tembi River, Iran 1.13 0.47 0.45 0.48 0.20 0.56 [55]

3.2. Heavy Metal Concentrations in Sediments

The analyzed heavy metals in the drain sediment samples have a decreasing order
as follows: Fe > Al > Mn > V > Zn > Cu > Cr > Ba > Ni > Pb > As, with the average
concentrations (mg/kg): 22,669, 22,485, 658.50, 188.33, 138.12, 132.10, 74.70, 53.38, 52.14,
32.36, and 1.79, respectively (Table 3). The spatiotemporal variation of the heavy metals
along the study sites (S1–5) is depicted in Figure 3.
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Zn (g), Cr (h), V (i), Al (j) and Fe (k) collected in summer and winter of 2018.
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Barium (Ba) levels in the sediments ranged from 4.80 to 140.00 mg/kg with an average
of 53.68 mg/kg (Table 3 and Figure 3a), which exceeds the Ba level in carbonate rocks
(10 mg/kg). In Red Sea beach sediments, high concentrations of Ba were found ranging
from 182 to 6776 ppm [57]. Arsenic (As), the most toxic and mobile metal, in the drain
sediments ranged from 0.42 to 4.50 mg/kg (Figure 3b), which is higher than 0.34 mg/kg in
the Nile sediments because of the drainage of fertilizers, detergents, and herbicides [29].
The As levels in the drain sediments were compared to higher levels of As (10–44 mg/kg)
reported in Lake Burullus sediments, northwestern Nile Delta, Egypt [58], and up to
489 mg/kg in the sediments of India [59].

Table 3. Summary statistics of total concentrations of heavy metals (mg/kg) in Bahr El-Baqar
drain sediments.

Ba As Pb Cu Mn Ni Zn Cr V Al Fe

Mean 53.68 1.79 32.36 132 659 52.14 138 74.70 188 22,485 22,669
Min 4.80 0.42 0.85 15.00 223 22.50 41.75 12.00 37.50 8280 12,000
Max 140 4.50 173 348 1230 89.40 235 172 1146 32,000 30,850
Med 38.40 1.45 8.87 91.25 648 47.75 122 74.75 71.15 23,100 23,500
SD 52.42 1.36 52.54 113 320 20.98 67.43 60.53 339 7830 6522

[60] - - 10 25 - - 123 25 - - -
[61] - - 300 140 - 75 300 150 - - -
[62] 500 12 70 63 - 50 200 64 130 - -

Pb levels in the sediments ranged from 0.85 to 172.50 mg/kg and an average of
32.36 mg/kg (Table 3 and Figure 3c), which is higher than (11.95 mg/kg) previously reported
in the drain sediments [11], and comparable to those reported in the Nile sediments [29], how-
ever, it is lower than those recorded in soils around the drain; 506 mg/kg [10], 100 mg/kg [63],
67.12 mg/kg [27] (Table 4).

The range of Cu in the sediments is 15–348 mg/kg (Table 3 and Figure 3d), while
the range of Mn is 223–1230 mg/kg (Table 3 and Figure 3e), which is marginally higher
than (100–1200 mg/kg) in the Canadian soil [64]. Cu and Mn levels were compared to
higher [10,14,27], and lower [22,26,63] values previously reported in Bahr El-Baqar drain
water (Table 4).

Ni levels in the drain sediments varied from 22.50 to 89.40 mg/kg (Table 3 and
Figure 3f), whereas Zn levels varied from 42 to 235 mg/kg (Figure 3g) and chromium (Cr)
levels ranged from 12 to 172 mg/kg (Figure 3h). Higher Ni, Cr, and Zn levels were reported
in the drain soil [27], and lower levels were also reported [11,26] (Table 2).

Vanadium (V) levels in the drain sediments varied from 37 to 1146 mg/kg with an average
of 188.33 mg/kg (Table 3 and Figure 3i), which highly exceeds the typical V (20–150 mg/kg)
in sediments, and (13.62–107.90 mg/kg) in Lake Manzala sediments [21], and the typical V
concentration in sediments (20–150 mg/kg) [65], but lower than (2600 mg/kg) in China’s
soil [66].

Al in the drain sediments has a range of 8280–32,000 mg/kg, and an average of
22,485 mg/kg (Table 3 and Figure 3j), compared to low levels (3247 mg/kg) previously
reported [26] (Table 4). Fe in sediments has a range of 12,000–30,850 mg/kg, and an average
of 22,669 mg/kg (Table 3 and Figure 3k), compared to higher (35,744 mg/kg) [27], and
lower Fe levels (2665–3400 mg/kg) reported in the drain soil/sediments [11,26] (Table 4).

The results showed high spatiotemporal variability for Ba, As and Pb for the summer
sediment samples (Figure 3a–c), where S1 (upstream) indicated the highest levels, and the
lowest values were detected at S5 (downstream). The high spatiotemporal variability of
Cu, Mn, Ni, Cr, V, Al, and Fe was observed in the winter sediment samples (Figure 3d–k).
Most metals in the drain sediments have a northward decreasing trend (Figure 3), except
for V, the highest value recorded in S5 at the drain outlet south of Lake Manzala (Figure 3i).

In comparison to similar metal levels in other areas in Egypt and worldwide, the
average levels of most metals in the investigated sediments exceed those reported in
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sediments of Lake Manzala [1,21], El-Kharja, Egypt [56], Hurghada, Red Sea, Egypt [67];
Lake Victoria, East Africa [52]; Ghana [68]; and Tempi River, Iran [55], however, below
those detected in sediments of the Nile River, Egypt [29], and Kosovo [51] (Table 4).

Table 4. Average concentrations of heavy metals (mg/kg) in the studied sediments compared to
those of national and international studies.

Location Pb Cu Mn Ni Zn Cr Al Fe Reference

Bahr El-Baqar drain, Egypt 32.36 109 474 35.43 69.31 64.62 22,485 22,669 This study
Bahr El-Baqar drain, Egypt 59.37 250 23.84 101 34.77 3247 2665 [26]
Bahr El-Baqar drain, Egypt 100 32.50 158 23.50 [63]
Bahr El-Baqar drain, Egypt 67.12 168 102 194 178 35,744 [27]
Bahr El-Baqar drain, Egypt 43.09 123 67.83 133 112 [14]
Bahr El-Baqar drain, Egypt 36.64 65.70 58.98 73.22 90.56 107 47.45 [22]
Bahr El-Baqar drain, Egypt 506 180 933 218 [10]
Bahr El-Baqar drain, Egypt 11.95 21.38 10.96 3399 [11]

Lake Manzala, Egypt 21.39 17.50 29.08 33.14 343 [1]
Lake Manzala, Egypt 32.94 668 29.00 54.92 41.22 13,564 [21]
Nile sediments, Egypt 41.05 10.40 1288 15.57 114 110 56,059 [29]

El-Kharja, Egypt 3.43 4.17 124 150 3.57 4.85 174 175 [56]
Hurghada, Egypt 18.42 9.65 31.89 8.16 21.8 30.35 [67]

Lake Victoria, East Africa 0.45 1.58 0.16 [52]
Dar es Salaam, Tanzania 2274 178 3071 27,966 [53]

Bontanga Reservoir, Ghana 0.11 11.69 0.09 0.65 263 [68]
Tembi River, Iran 182 51.50 409 87.80 35.00 42.00 232 [55]

Lake Badovci, Kosovo 167 61.20 660 305 122 276 17,002 19,084 [51]
Coromande Coast, India 49.62 76.45 27.98 78.76 110 7144 [69]

3.3. Statistical Correlations
3.3.1. Pearson Correlations

Significant Pearson-coefficient correlations between heavy metals in the studied drain
water and sediments were represented in Figure 4. In water samples, Cu is positively
correlated with Fe (R2 = 0.93; p < 0.01; Figure 4a), which is comparable to the correlation
between Cu and Fe in sediments of Lake Manzala [1]. The correlation between Ni and Zn
is also high (R2 = 0.85; p < 0.05; Figure 4b), whereas the correlation between Zn and Al is
negative (R2 = 0.83; p < 0.05; Figure 4c).

In the drain sediments, Ni (R2 = 0.85) and Fe (R2 = 0.91) exhibit substantial positive
correlations (p < 0.05) with Al (Figure 4d,e), while Ni shows a moderately positive correla-
tion with Fe (R2 = 0.74, Figure 4f). In addition, Cu in water was positively correlated with
Zn (R2 = 0.78; p < 0.05) in sediments (Figure 4h), but Ni in water was negatively correlated
with Pb (R2 = 0.81; p < 0.05) in sediments (Figure 4g). Similarly, Mn in sediments and Fe in
water exhibit a moderately negative correlation (R2 = 0.75; p < 0.05; Figure 4i). It was found
that Pb and Mn in the water and Cu in sediment samples have no discernible relationships
with other metals.
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Figure 4. Bivariate plots of significant relationships between heavy metals in water and sediments of
Bahr El-Baqar drain: Cu versus Fe (a), Zn versus Ni (b), and Zn versus Al (c) in water (mg/L); Ni
versus Al (d), Fe versus Al (e), and Ni versus Fe (f) in sediments (mg/kg); Pb in sediments (mg/kg)
versus Ni in water (mg/L) (g), and Zn in sediments (mg/kg) versus Cu in water (mg/L) (h), and Mn
in sediments (mg/kg) versus Fe in water (mg/L) (i).

3.3.2. PCA Analysis

PCA is frequently used together with correlation analysis and is considered a useful
tool to identify and evaluate potential sources of metals [5,22,28,31–33,67]. The PCA results
that are shown in Figure 5, confirm those obtained from the Pearson correlation between
the studied heavy metals in the drain water and sediments.
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In water samples, 83.6% of the total variance of the data was explained by the first
(PC1) and second (PC2) principal components. PC1 explained 47.1% of the cumulative
variance and significantly and positively correlated with Pb, Ni, and Zn. PC2 explained
36.5% of the cumulative variance and showed highly positive loadings for Cu, Mn, and
Fe (Figure 5a). Additionally, Pb loadings were high in the third component (PC3), which
explained 14.55% of the cumulative variance, and the fourth component (PC4) accounted
for 1.85% of the cumulative variance and had significant loadings of Ni and Al. PCA
analysis of the investigated metals in water revealed highly significant correlations between
Mn, Ni, Pb, and Zn on one hand, and Cu, and Fe on the other hand, while Al showed no
correlations with other metals (Figure 5a).

In sediments, PC1 and PC2 explained nearly 75% of the cumulative data variance
(Figure 5b). PC1 explained 56.44% of the cumulative data variance and showed high
positive loadings of Ba, Ni, Zn, Fe, and Al. PC2 accounted for 18.55% of the cumulative
data variance and had a high positive loading of Mn and V (Figure 5b). PC3 explained
14.60% of the data’s cumulative variance and revealed significant positive loadings of
Cu and Cr, whereas PC4 explained 10.41% of the cumulative data variance and showed
substantial positive loadings of As and Pb. PCA applied to metals in the drain sediments
indicated highly significant correlations between Ba, As, Cu, Cr, Mn, Ni, Pb, Zn, Fe, and
Al, however, V showed no correlations with other metals (Figure 5b). The metals that are
positively correlated with each other most likely come from a common source [31]. The
PCA revealed that anthropogenic activities may influence the sources of Ba, As, Cu, Cr,
Mn, Ni, Pb, Zn, Fe, and Al in sediments, while V would come from different anthropogenic
sources (Figure 5b).

3.4. Metal Pollution Indices in the Drain Sediments
3.4.1. Enrichment Factor (EF)

The average EFs varied from 0.36 to 10.02 and decreased in the following sequence:
Cu (10.02) > Pb (7.68) > V (6.65) > Ni (5.62) > Zn (5.01) > As (3.14) > Mn (1.31) > Cr (0.92)
> Al (0.60) > Ba (0.36) (Table 5 and Figure 6a). The average EFs of Cu, Pb, V, Ni, and Zn
show moderate to significant enrichment by agricultural, urban, and industrial discharges
into the drain [5], whereas the EFs of Ba, Cr, Mn, and Al show low enrichment (EF < 1.50),
indicating that these metals come mostly from crustal sources (Figure 6a).
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Figure 6. The average values of enrichment factor (EF; (a)), contamination factor (CF; (b)), geo−accumulation
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heavy metals in sediments of Bahr El−Baqar drain.

Table 5. The enrichment factor (EF) of the investigated metals in the drain sediment samples.

Site Ba As Cr Cu Mn Ni Pb V Zn Fe Al

Summer
S1 0.87 7.89 0.20 4.81 1.09 4.80 60.26 2.45 5.28 1.00 0.61
S2 0.76 6.94 0.40 8.35 0.73 6.08 7.29 2.92 11.44 1.00 0.64
S3 0.59 0.88 0.81 8.38 1.03 5.61 4.65 3.04 9.10 1.00 0.60
S4 0.59 5.09 0.23 3.39 1.15 4.40 1.08 2.39 3.47 1.00 0.55
S5 0.66 4.86 0.33 2.40 1.32 4.69 1.04 2.77 2.64 1.00 0.43

Winter
S1 0.03 1.71 1.79 21.69 1.88 7.24 1.65 3.99 3.56 1.00 0.62
S2 0.02 1.10 1.36 17.14 1.53 6.23 0.44 3.99 6.93 1.00 0.66
S3 0.03 0.49 1.15 18.49 1.50 4.65 0.22 2.40 2.05 1.00 0.63
S4 0.04 1.50 1.29 6.52 1.25 6.32 0.11 4.35 2.45 1.00 0.68
S5 0.02 0.97 1.71 9.07 1.63 6.26 0.06 38.27 3.20 1.00 0.65

Mean 0.36 3.14 0.92 10.02 1.31 5.62 7.68 6.65 5.01 1.00 0.60

3.4.2. Contamination Factor (CF)

The average CFs varied from 0.12 to 5.08 and decreased in the following sequence: Cu
(5.08) > V (3.33) > Pb (2.89) > Ni (2.61) > Zn (2.09) > As (1.72) > Mn (0.62) > Cr (0.47) > Fe
(0.45) > Al (0.28) > Ba (0.12) (Table 6 and Figure 6b). The average CFs of Ba, Cr, Mn, Fe, and
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Al in the drain sediments show low contamination (CF < 1), and the mean CFs of As, Pb,
Ni, and Zn show moderate contamination (1 ≤ CF < 3), whereas those of Cu and V show
considerable contamination (3 ≤ CF < 6) (Figure 6b).

Table 6. The contamination factor (CF), pollution load index (PLI), and degree of contamination (DC)
of the investigated metals in the drain sediment samples.

Site Ba As Cr Cu Mn Ni Pb V Zn Fe Al PLI DC

Summer
S1 0.33 3.00 0.08 1.83 0.41 1.83 22.90 0.93 2.01 0.38 0.23 0.92 33.92
S2 0.22 2.00 0.12 2.40 0.21 1.75 2.10 0.84 3.30 0.29 0.18 0.68 13.40
S3 0.22 0.33 0.31 3.17 0.39 2.13 1.76 1.15 3.45 0.38 0.23 0.74 13.52
S4 0.25 2.17 0.02 1.44 0.49 1.88 0.46 1.02 1.48 0.43 0.24 0.54 9.86
S5 0.16 1.17 0.08 0.58 0.32 1.13 0.25 0.66 0.63 0.24 0.10 0.34 5.31

Winter
S1 0.02 1.05 1.11 13.38 1.16 4.47 1.02 2.46 2.20 0.62 0.39 1.07 27.88
S2 0.01 0.57 0.70 8.81 0.79 3.20 0.23 2.05 3.56 0.51 0.34 0.73 20.77
S3 0.02 0.28 0.66 10.54 0.86 2.65 0.13 1.37 1.17 0.57 0.36 0.59 18.58
S4 0.02 6.20 0.76 3.85 0.74 3.73 0.07 2.57 1.45 0.59 0.40 0.78 20.36
S5 0.01 0.51 0.91 4.81 0.87 3.32 0.03 20.28 1.70 0.53 0.34 0.68 33.31

Mean 0.12 1.72 0.47 5.08 0.62 2.61 2.89 3.33 2.09 0.45 0.28 0.70 19.69

3.4.3. Pollution Load Index (PLI) and Degree of Contamination (DC)

The PLI levels in the studied sediments ranged from 0.34 to 1.07 with an average of 0.70,
indicating that the drain sediment quality has low, baseline, and progressive contamination
(PLI > 1) (Table 6 and Figure 6c). The DC values varied from 5.31 to 33.92 with an average
of 19.69 (Table 6 and Figure 6c), indicating low (DC < n), moderate, and a considerable
degree of contamination (2n ≤ DC < 4n, where n = 11) (Figure 6c).

3.4.4. Index of Geo-Accumulation (Igeo)

The average Igeo values in the drain sediments, according to Müller’s classification [44]
and their corresponding contamination intensity, varied from 0.44 to 30.05 and decreased
in the following sequence: Al (30.05) > Fe (29.43) > Mn (18.65) > Ba (12.81) > Zn (12.39) > Cr
(12.27) > V (11.83) > Cu (10.61) > Ni (9.33) > Pb (7.64) > As (0.44) (Table 7 and Figure 6d).
The Igeo of all investigated metals (Ba, Cr, Cu, Mn, Ni, Pb, V, Zn, Fe, and Al) exhibited class
7 (Igeo >5) indicating extremely contaminated sediments; however, As exhibited class 1
(Igeo 0–1) indicating uncontaminated to moderately contaminated sediments (Figure 6d).

Table 7. The geo-accumulation index (Igeo) of the investigated metals in the drain sediment samples.

Site Ba As Cr Cu Mn Ni Pb V Zn Fe Al

Summer
S1 15.28 2.17 10.28 9.69 18.24 8.93 13.22 10.95 12.51 29.24 29.89
S2 14.68 1.58 10.87 10.08 17.26 8.87 9.77 10.81 13.22 28.84 29.54
S3 14.72 −1.00 12.27 10.48 18.15 9.15 9.52 11.26 13.29 29.23 29.86
S4 14.89 1.70 10.60 9.34 18.48 8.97 7.58 11.08 12.07 29.40 29.91
S5 14.22 0.81 10.34 8.02 17.85 8.23 6.70 10.46 10.84 28.58 28.72

Winter
S1 11.23 0.66 14.12 12.56 19.73 10.22 8.73 12.35 12.64 29.94 30.61
S2 10.52 −0.23 13.46 11.95 19.16 9.74 6.57 12.09 13.34 29.67 30.44
S3 10.85 −1.25 13.37 12.21 19.28 9.46 5.74 11.51 11.73 29.82 30.50
S4 11.36 0.41 13.58 10.76 19.07 9.96 4.80 12.42 12.04 29.87 30.67
S5 10.41 −0.38 13.84 11.08 19.30 9.79 3.82 15.40 12.27 29.72 30.44

Mean 12.81 0.44 12.27 10.61 18.65 9.33 7.64 11.83 12.39 29.43 30.05
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4. Discussion
4.1. Heavy Metal Pollution Levels in the Drain Water and Sediments

The study findings revealed that Fe has the highest average level (1.16 mg/L) in the
investigated water samples, while Ni has the lowest level (0.07 mg/L). These results agree
with those of; Fe > Zn > Cu > Ni > Mn [21], and Fe > Zn > Pb > Cu [1] in the water of Lake
Manzala, but not with; Ni > Pb > Fe > Zn > Mn > Cu [46], and Pb > Mn > Cu > Zn [10] in
Bahr El-Baqar drain water (Table 2). Manganese sources are both natural (e.g., geologic
weathering), and anthropogenic (e.g., coal mining, bitumen extraction, steel manufacturing,
pulp, and paper mills, and wastewater and sewage discharge) [64]. The highest Mn level
(0.55 mg/L) in water was recorded in S3 (Figure 2c), due to fertilizer-rich agricultural
drainage water and the nearby fish farms [62]. Both Pb and Cu displayed similar spatiotem-
poral trends (Figure 3a,b). Similarly, in S3, summer water samples had the highest Mn
level (0.55 mg/L), whereas winter samples had lower Mn levels on average of 0.23 mg/L
(Figure 2c). The highest seasonal levels of Pb and Cu were detected in water samples from
S3 (in the middle of the drain), this site has dense agricultural activities and dense traffic
within a highly populated area, whereas the lowest levels were observed at S5 (at the drain
end south of Lake Manzala). Spatiotemporally, low Ni levels were detected in the summer
samples (< 0.05 mg/L), compared to higher levels in winter samples at S5 (Figure 2d).
Additionally, the average Zn level (1.13 mg/L; Table 1) is five times higher than the U.S.
EPA maximum concentration for irrigation (0.20 mg/L).

The analyzed heavy metals in the drain sediment samples showed that Fe has the
highest levels (22,669 mg/kg), followed by Al (22,485 mg/kg), while As has the lowest
levels (1.79 mg/kg) (Table 3 and Figure 3). High levels of Ba were detected in the drain
sediments at S1 may come from industrial wastes dumped into the Qalubiya drain by the
oil companies in Shubra El-Khema city and the industrial area in Obour city, north Cairo.
Ba could be naturally released into the environment from the weathering of carbonate rocks
and minerals. While most anthropogenic releases of Ba come from industrial processes such
as oil exploration [57]. In Red Sea beach sediments, high concentrations of Ba were found
ranging from 182 to 6776 mg/kg [57]. Mn cycling in sediment is affected by the oxygen
content of the overlying water, the penetration of the oxygen into the sediments, and the
benthic organic carbon supply [64]. The highest V level (1146 mg/kg) was recorded in S5
near Lake Manzala (Figure 3i), this excessive V is hazardous, carcinogenic, and should be
managed similarly to Pb, As, and Hg [66]. The extremely high Fe and Al levels in the drain
sediments are referred to as excessive drainage of domestic, agricultural, and industrial
wastes into Bahr El-Baqar drain.

The average levels of Ba and As (53.68 and 1.79 mg/kg, respectively) in the drain
sediments are below the recommended values for Canadian soil quality (500 and 12 mg/kg,
respectively) [60]. While, levels of Pb and Zn (32.68 and 138.12 mg/kg, respectively)
exceed the U.S. EPA permissible limits (10 and 123 mg/kg, respectively) in sediments [70].
Levels of Pb and Zn are below the European and Canadian soil quality standards [61,62]
(Table 3). The average levels of Cu, Ni, and Cr (132.1, 52.14, and 74.7 mg/kg, respectively)
exceed the U.S. EPA limits (25 mg/kg) and Canadian soil quality guidelines (63, 50, and
64 mg/kg, respectively) [62,70] (Table 3). The average V level in the drain sediments
(188.33 mg/kg) exceeds the Canadian soil quality guideline (130 mg/kg) [62] (Table 3),
while the average Fe level (22,669 mg/kg) is about 75-fold higher than the WHO/FAO safe
limit (300 mg/kg) of iron in soil [71]. Despite As having the lowest values in sediments, it
is the most toxic and mobile inorganic metal, and higher As levels may cause arsenic-borne
diseases (e.g., melanosis, keratosis, and skin cancer) [59]. It is reported that elevated values
of Pb, Cu, Mn, and Zn in soils nearby Bahr El-Baqar drain were directly connected to the
long-term use of this contaminated water for irrigation [6,10].
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4.2. Metal Pollution Indices in the Drain Sediments

The calculated five metal pollution indices EF, CF, PLI, DC, and Igeo are reported in
Tables 5–7, while the average values of the indices along the sediment study sites (S1–5)
were illustrated in Figure 6. The maximum EF was 60.26 for Pb in summer samples at
site-S1 (near the beginning of the drain), followed by 38.27 for V in winter samples at S5
south Lake Manzala (Table 6). While the lowest EF was 0.02 for Ba at S2 and S5 (Table 5
and Figure 6a). The EFs in the examined drain sediments (0.36–10.02) are greater than the
EFs of 1.30–3.70 reported for Lake Manzala sediments [21] and less than 5 for Lake Nasser
sediments [34].

The calculated CFs (0.12 to 5.08) are consistent with those reported in soils near
Kitchener drain, Northern Nile Delta, Egypt [5]. Furthermore, the CFs of Pb in this study
(0.03–22.90) are higher than (0.17–3.28) in Lake Manzala sediments [1] and <1 in Lake
Nasser sediments [34]. It is noted that some sites of Pb (CF: 22.90 at S1) and V (CF: 20.28 at
S5) show very high contamination (CF > 6) (Table 7). In comparison to summer samples,
most CFs in winter samples displayed increased contamination (Table 6 and Figure 6b).
Site S1 near the beginning of the drain had the highest PLI and DC values (1.07 and 33.92,
respectively), and S5 near the drain outlet south of Lake Manzala had the lowest PLI and
DC values (0.34 and 5.31, respectively) (Table 6 and Figure 6c).

The highest Igeo was 30.67 for Al at S4 near Bahr El-Baqar drain’s outlet, followed by
29.94 for Fe at S1 from the Qalubiya drain (Figure 6d), and the lowest Igeo was −1.25 for As
at S3 in the central part of Bahr El-Baqar drain (Table 7 and Figure 6d). Moreover, the Igeo
in sediments highly exceeds those previously reported in sediments of Bahr El-Baqar drain
(class 0) [11], Kitchener drain (class 1) [5], and Lake Nasser (class 0) [34].

4.3. Anthropogenic Contamination Impacts on Lake Manzala Ecosystem with Mitigation Plans

Anthropogenic activities with variable municipal, sewage, agricultural, and industrial
wastes through the five drains were the primary source of heavy metal pollution in Lake
Manzala [36]. Recently, the health risk assessment studies of the water and sediment
quality in Lake Manzala exhibited an alarming concern for the population and fishermen’s
health risk from intake of the heavy metals through fish consumption [72]. Illegal fishpond
activities inside Lake Manzala have negatively impacted the functions and biodiversity
of the lake ecosystem and consequently threatened the lake’s sustainability. Discharging
massive quantities of nutrients from the fishponds caused eutrophication and excessive
plant growth in the lake and reduce the free fishing areas and the lake’s productivity [37].
Accordingly, the current and continuous dredging activities in Lake Manzala will remove
these illegal fishponds and mud islands to improve its water flow and quality and safeguard
the lake ecosystem.

5. Conclusions

This study assessed the spatiotemporal variability and pollution grades of heavy
metals in water and sediments of Bahr El-Baqar drain, Eastern Nile Delta, Egypt. The
average levels of heavy metals (mg/L) in the drain water followed the order: Fe > Zn > Al >
Pb > Mn > Cu > Ni and were compared to values of related metals in other research studies
conducted in Egypt and around the world. Spatiotemporally, Mn, Al, and Fe showed
high spatiotemporal variations in summer samples, while Pb, Cu, Ni, and Zn indicated
high variability in winter samples. The average level of Zn (1.13 mg/L) in the drain
water samples exceeds about five times the U.S. EPA maximum concentration for irrigation
(0.20 mg/L) because of the long-term and various domestic and industrial waste discharge.

The drain sediments were highly contaminated with heavy metals (mg/kg) and
followed the order: Fe > Al > Mn > V > Zn > Cu > Cr > Ba > Ni > Pb > As and were
compared to values of similar metals in Egypt and worldwide. Spatiotemporally, S1
(Qalubiya drain) had the highest metal contents, including Ba, As, Pb, Cu, Mn, Ni, and Cr,
because of wastewater discharges from domestic and industrial districts north of Cairo.
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While S2 (Belbies drain, near Zagazig city) had the highest value of Zn, and S5 (near the
drain outlet, south of Port Said city) had the highest value of V in the studied sediments.

The results of PCA analysis supported those obtained from the Pearson correlation. In
water samples, PCA revealed a highly significant correlation between Mn, Ni, Pb, and Zn
in one group, and between Cu and Fe in a second group (PC1 and PC2 exhibited 83.60% of
cumulative data variance). In sediments, PCA showed strong positive loadings of Ba, Ni,
Zn, Fe, Al, Mn, and V (PC1 and PC2 accounted for 75% of the cumulative data variance).
The heavy metals in sediments would be migrating together and coming from similar
anthropogenic sources which are depicted from their positive and significant correlation.

The calculated pollution indices indicated high loadings of heavy metals in sediments.
EFs revealed low, moderate-to-significant enrichment, whereas CFs showed low, moderate,
and considerable contamination. PLI indicated low, baseline, and progressive contamina-
tion. DC indicated low, moderate, and considerable degrees of contamination. Igeo of all
investigated metals (except for As: class 1) indicated extremely contaminated sediments
(class 7).

From significant efforts that are being made by various Egyptian agencies to prevent
pollution of Bahr El-Baqar drain and reduce its threats to the environment and public
health, the Bahr El-Baqar water treatment plant was constructed and began operating in
September 2021 with a productivity of 64.80 m3/s. The treated water will be transformed
to reclaim new desert lands in Sinai [18].
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