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Abstract

The Al-Kharrar Lagoon (KL) and Salman Bay (SB) are located on the eastern Red Sea coast, Saudi Arabia. The concentrations of
heavy metals such as Fe, Mn, Zn, Cu, Ni, Pb, Co, and Cd in their bottom sediments were measured and correlated with the surface
water temperature, salinity, pH and dissolved oxygen (DO), organic carbon (OC), carbonates, and sediment grain size. The
highest concentration of metals in the KL is mostly attributed to influx of siliciclastics from wadies to the center and south-eastern
parts of the lagoon where metals were directly correlated with salinity, pH, and mud. At the inlet stations, the metals were the
lowest indicating that the KL acts as a buffer zone, preventing metals from dispersion into the Red Sea waters. But also, the
enrichment factor (EF), there, for Mn, Zn, Cu, Co, and Ni, was the highest due likely to the effectiveness of biosorption by mucus
algae that proliferate on coral debris and sand grains. The metals had no relationships with the OC, but with mud and Fe-Mn
oxides due possibly to the presence of high DO. The brine waters of SB showed inverse relationships with the metals that
ascribed probably to the occurrence of many soluble salts preventing precipitation of heavy metals into the sediments.
Normalizing the heavy metals with Fe and the world average shale indicated that the bottom sediments of the KL and SB were
uncontaminated and mainly influenced by natural sources.
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Introduction

Heavy metals (commonly of Fe, Mn, Al, Cu, Zn, Cd, Ni, Cr,
Co, Pb, Ag, and As) in the shallow water sediments of the
eastern Red Sea coast have been studied by many authors in
order to evaluate their natural background levels against the
effect of anthropogenic activities (El Sayed and Basaham
2004; Turki 2007; Badr et al. 2009; Pan et al. 2011; Abu-
Zied et al. 2013; Ghandour et al. 2014; Basaham et al. 2015;
Abu-Zied et al. 2016; Youssef and El-Sorogy 2016; Abu-Zied
and Hariri 2016; Al-Mur et al. 2017). Some of these studies
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have showed that the shallow water sediments of the Red Sea
that are far away from cities are not polluted and have natural
heavy metal accumulations except, for example, those of the
coastal area of Jeddah City that has been highly affected by
human and industrial pollutions leading to occurrence of high
concentration of heavy metals in their sediments (Abu-Zied
and Hariri 2016; Al-Mur et al. 2017). In the un-polluted areas,
the nearshore sediments of the Red Sea were mainly com-
posed of biogenic sands with very low metal concentrations
which primarily originated from the influx of wadies that are
numerous in the eastern coastal plain of the Red Sea (Abu-
Zied and Hariri 2016). These wadies are active for a short
period during winter and originate from the escarpment of
the Al-Hejaz and Asir mountains; they end with mouths (such
as bays, lagoons and sharms) or disappear in the alluvium of
the eastern coastal plain of the Red Sea.

Few studies have dealt with the factors that control the
concentrations of heavy metals in nearshore sediments of the
Red Sea. Among of these studies, Abu-Zied et al. (2013,
2016) and Abu-Zied and Hariri (2016) have showed that the
distribution and accumulations of heavy metals (e.g., Fe, Mn,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-018-3838-2&domain=pdf
http://orcid.org/0000-0002-5704-1132
mailto:rabuzied@kau.edu.sa

495 Page 2 of 20

Arab J Geosci (2018) 11: 495

Cu, Zn, Cd, Ni, Cr, Co, and Pb) in the surficial bottom sedi-
ments of the eastern coast of the Red Sea have been affected
by factors such as temperature, salinity, pH, dissolved oxygen,
organic carbon, carbonates, sediment grain size, closeness to
natural or pollution point-source, and redox potential. Also,
the degree of bioavailability, mobility, and toxicity of heavy
metals in the environment depend strongly on their specific
chemical forms (Yu et al. 2010; Tamunobereton-ari et al.
2011). Pan et al. (2011) studied the speciation of heavy metals
(Cd, Zn, Ag, Cu, Pb, As, and Hg) in the sediments of eastern
coast of the Red Sea and concluded that the sequential extrac-
tion indicated that the anthropogenic input of metals was not
significant in the studied areas except in the local fish market
of Jeddah City. They also mentioned that the metals of the
exchangeable phase which is an indication of the anthropo-
genic origin and of high potential bioavailability were low in
all studied sites, whereas those of Fe-Mn oxides and organic
phases were high in the sediments of the local fish market of
Jeddah City. This is because of Fe-Mn oxides and organic
matters are important metal scavengers in sediments through
various mechanisms including coprecipitation, adsorption,
surface complex formation, and ion exchange.

In addition, bacteria play a role in metal distributions, rela-
tionships, and Fe-Al complexation in metal-polluted lake sed-
iment due to having mineral coatings of varying composition
and texture formed by adsorption of detrital clay and precipi-
tation of authigenic oxides and clay (Jackson et al. 2011). They
also reported that some bacteria mobilize metals by releasing
water-soluble chelating agents, while others immobilize them
by producing H,S. Also, algae, specially the brown secaweed
Sargassum sp., can mediate and change the concentration of
heavy metals in seawaters and hence in sediments due to hav-
ing high potentials for the accumulation of heavy metals, as
compared to other algal genera (Da Costa et al. 2001; Bina
et al. 2006). They also mentioned that this seaweed is mainly
constituted by the polysaccharide alginate (usually calcium,
magnesium, sodium, and potassium salts) produced due to
the interaction between alginic acid and alkaline and alkaline-
earth elements from seawater, then acting as efficient ion-
exchangers (biosorbents) for heavy metals present in solution.

The heavy metals in seawaters and sediments have a two-
fold of importance. They are essential nutrients for marine or-
ganisms and become very toxic if its concentrations exceed the
requirements of metabolic processes of these organisms which
are being used as good food sources for human (Du Laing et al.
2009; Tamunobereton-ari et al. 2011; Oves et al. 2016). Also,
Tchounwou et al. (2012) reported that metals such as Co, Cu,
Cr, Fe, Mg, Mn, Mo, Ni, Se, and Zn are essential nutrients that
are required for various biochemical and physiological func-
tions, but inadequate supply of these micronutrients results in a
variety of deficiency diseases or syndromes.

The Saudi Red Sea lagoons and bays and its natural re-
sources that are close to coastal cities are at risk due to
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pollution from domestic and industrial wastes and their use
as fish farms (Abu-Zied et al. 2013; Al-Mur et al. 2017).
Such anthropogenic activities are, at present, growing rapidly
and could lead to increase of heavy metal concentrations
above the permissible limits and change the water quality of
these aquatic environments (Badr et al. 2009), especially the
ones (Al-Kharrar and Salman lagoons) that are under the con-
cern of this study.

Therefore, this study aims to determine the concentrations
of the heavy metals such as iron (Fe), manganese (Mn), nickel
(Ni), zinc (Zn), copper (Cu), cobalt (Co), cadmium (Cd), and
lead (Pb) in the surficial bottom sediments of Al-Kharrar
(hypersaline) and Salman (brine pool) lagoons in order to
compare them with the natural background level and make
distinction between the heavy metal inventory of these la-
goons. Also, the heavy metal concentrations in the studied
sediments will be correlated with the hydrogeochemical pa-
rameters (temperature, salinity, pH, dissolved oxygen, and
organic carbon and carbonates) and sediment grain size to
shed light on the factors affecting their concentrations and
distribution.

The study area
Al-Kharrar Lagoon

Al-Kharrar Lagoon (KL) is located 9 and 140 km north of
Rabigh and Jeddah cities, respectively. It occurs in the center
of the eastern coast of Red Sea, Saudi Arabia, between lati-
tudes 22.84° and 23.00° N and longitudes 38.83° and 38.98°
E (Fig. 1). The KL is a normal to hypersaline water body with
a salinity ranging from 38.8 to 41.5%o, during winter (this
study). It has an elongated shape parallel to the Red Sea with
a total area of 82 km? and elongated small islets at its northern
and center of its southern parts (Fig. 1). Mangrove shrubs
grow abundantly around the islets and at the northern and
southern shorelines (Fig. 1). It is only connected with the
Red Sea water via a narrow (120 m wide) and deep (14 m)
inlet located at its northwestern corner (Al-Dubai et al. 2017).
The eastern side of the KL is connected with several dry
wadies (such as: Rabigh, Rahab, Murayyikh and Al-Khariq)
originating from the escarpment of the Al-Hejaz mountains
(Fig. 1). These wadies feed the KL with an irregular influx
of freshwaters only during winter for a short period. The influx
of freshwaters via the Wadi Rabigh is no longer reaching the
KL since 2009 due to the construction of Rabigh Dam about
35 km east of Rabigh City.

Salman Bay

Salman bay (SB) is located north of Jeddah City, center of the
eastern coast of Red Sea, Saudi Arabia (Fig. 1). It occurs
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Fig. 1 Location map of the study areas. a Al-Kharrar Lagoon; b Salman Bay. The station sites indicated by red circles

between latitudes 21.84° and 21.95° N and longitudes 38.96°
and 39.04° E (Fig. 1). The SB has an elongated shape parallel
to the Red Sea with a total area of 32 km? (Fig. 1). It is only
connected with the Red Sea water via a very narrow, shallow
inlet located at its northwestern corner. It is a brine water body
with a salinity ranging from 70 to 80%o, during winter (this
study). Owing to shallowness of SB and restriction of water
exchange between it and Red Sea, its water quality is deterio-
rated. Field work indicated that the SB is not connected either
to wadies of the catchment area or to industrial effluents, but
layer of black sludge was noticed on its eastern shoreline. The
brine waters of the SB are used for salt extraction by the SASA
salt company located at the eastern coast of the bay (Fig. 1).

Materials and methods

Field work Twenty five and Thirteen surficial (upper 2 cm)
bottom sediments were collected from the Al-Kharrar Lagoon
(KL) and Salman Bay (SB) during December 2016, respective-
ly. The KL samples were collected on board using the Van
Veen grab sampler and those of the SB were collected from
close to shoreline using a stainless steel knife. Immediately after
collection, the substrate types were described, and the upper
2 cm was cut off and placed in plastic bags, then transported
to laboratory for geochemical and heavy metal analyses. At
each station of the sediment samples, the hydrochemical

parameters such as water depth (measured by Eco-sounder
UWTEC), temperature, salinity, pH, and dissolved oxygen
(DO) were, in situ, measured by YSI 556 MPS Meter. At some
stations of the KL (KH3, KHS, and KH10), vertical profiles for
water column temperature, salinity, and DO were undertaken.
The coordinates of sediment samples at each station were de-
termined by Garmin II GPS and listed with substrate types and
hydrochemical parameters in Table 1.

Granulometry Sediment grain size variations were determined
by wet sieving method; this is because the collected sediment
samples are small and consist mainly of bioclastics grains that
when dried, they get solidified. So, it is better to disintegrate
them by wet sieving. A known dry weight of the sediment
sample was passed through > 2 and 0.063 mm sieve openings
using a shower of tape water until all mud grains passed
through the 0.063 mm sieve opening. The fractions that were
retained in the sieves were dried in an oven at 60 °C for 72 h.
After that, the dried fractions in each sieve were weighed to
determine the percentages of the gravel (>2 mm) and sand
(0.063—2 mm) fractions. Mud fraction was determined by
subtracting the total gravel and sand fraction from the total
dry weight of sediments.

Geochemical analysis It was performed on bulk sediment dry
weight, because it is a good representation for all metals since
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some samples contain insignificant amounts of fine-grained
sediments and simplifies sample processing and potential ar-
tifacts that might change the original composition (Herut and
Sandler 2006). Sediment samples were dried on room temper-
ature. Total organic carbon (OC) was determined by the loss
on ignition (LOI) technique (Heiri et al. 2001; Abu-Zied et al.
2011). Total carbonate (CaCO;) was determined by etching
0.5 g of the dry weight sediment sample in 50 ml of 1 M HCI
solution at room temperature for 24 h. After that, the residue
was filtered, oven dried, and weighed. Then, the CaCOs; in the
sediment sample was determined by the loss in weight.
Concentration of heavy metals (Fe, Mn, Zn, Cu, Ni, Pb, Co,
and Cd) in bulk, dry weight sediment samples was measured
by the atomic absorption spectrophotometer (AAS), GBC-93,
Australian Model at the National Institute of Oceanography
and Fisheries, Hurghada, Egypt. Approximately, 0.5 g of each
pre-powdered samples was digested with a mixture of concen-
trated HF, HNOs, and HCIO; acids (5:3:1). The digested so-
lution was evaporated to near dryness. The digested samples
were filtered and diluted with de-ionized water (Chester et al.
1994). After that, measurement of heavy metal concentrations
was undertaken by the AAS, GBC-932. To insure that maxi-
mum accuracies have been obtained, the AAS was adjusted to
provide mean value of triplicate measurements of each metal
with precision of < 3% and detection limit of 0.01 mg/kg; the
obtained results were expressed in mg/kg (Table 2). The zero
level of the AAS was adjusted by blanks and the quality con-
trol tools were adopted to avoid possible contamination.

8.69
8.53
8.48
8.66
8.60
8.52
8.59
8.61
8.65
8.29
8.80
8.61
0.14

4.73
3.90
3.52
5.46
3.87
5.49
5.49
5.26
5.03
3.47
5.49
4.53
0.82

66.29
69.91
68.97

70.85
71.68
71.82
66.29

82.19
71.83
422

Sur. temp. Bot. temp  Sur. salinity Bot. salinity Sur. DO Bot. DO Surface pH Bottom pH
68.12
70.28
68.32

26.09
28.17
28.22
28.05
26.71
27.62
23.68

28.83
1.90

24.61
28.12
28.83
26.39

E’ g Meanwhile, the chemical reagents are of high analytical grade
v T § > and all of glassware were washed with diluted acid and later
__§ E g rinsed with double-distilled water before use.
Q . . . . .
g 8 gn ”§n Es5 5 % Enrichment and pollution factors were applied in this study
o é é 2 ;"’ 8 Tf Tf g to normalize and compare the metal concentrations of the stud-
5‘ 2 g 8 % é ;4: 222 ied sediments between different parts of the lagoons and be-
Elpg=E3 % = e tween lagoons itself and to see the degree of metal enrichment
= A R =T 2 Qo . R . . . . .
S|l 5= = 5 & EsEE in the studied sediment samples relating this enrichment either
n »n MM IMEK N N A . .
to natural or anthropogenic sources. Armstrong-Altrin and
g Machain-Castillo (2016) reported that the enrichment factor
%‘ F222823238 (EF) is a useful tool to evaluate the heavy metal contamination
Al ecese=ses in sediments against their natural background. In this study, the
R S N enrichment factor (EF) of the recorded metal concentrations
SlegIceeaas was applied using the Fe as normalizer to correct for difference
=] —_ = = O A O O . . . . . .
Elos o555 in sediment grain size (Loring 1991; Acevedo-Figueroa et al.
E 25 2% 5855% 2006). This is also because Fe showed a perfect correlation (»
values were higher than 0.9) with all metals. The EF was cal-
_ ;Q ?3, ::r, §\°, E ?,j fg :; :g culated using this equation: EF = (M/Fe)seqiment/(M/F€)packground
% E28LAI”IEIA (Abrahim and Parker 2008; Ghandour et al. 2014; Nowrouzi
=) ER R A A R and Pourkhabbaz 2014; Youssef and El-Sorogy 2016). The
é 5 f:, :T, %, %, %, ?T, 21 f: f: (M/Fe)sediment represents the metal concentrations in the studied
§ s sediments and the (M/Fe)packgrouna Tepresents the metal concen-
|~ o — o o o > trations in the average shale background (Turekian and
v O -~ 0 g — = = = . .
= % s < <<t <c<<< o ER Wedepohl 1961). The EF < 1.5 indicates that the metals are
= v vn N N . "2 1. VN NN N = < > = -
gl < S > < wm originated from natural sources, whereas the EF > 1.5 means
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Table 2 Percentages of sediment grain sizes, organic carbon (OC), CaCOj;, and concentrations (mg/kg) of heavy metals Fe, Mn, Zn, Cu, Ni, Co, Cd,
and Pb in the bulk surficial bottom sediments (dry weight) of Al-Kharrar Lagoon and Salman bay during December 2016
Area/S.No. % Gravel % Sand % Mud %OC % CaCO; Fe Mn Zn Cu Ni Pb Co Cd
Al-Kharrar
Lagoon
KHI 28.20 68.12 3.68 5.13 97.17 1585.7 71.7 342 5.76 1.60 ND 4.72 0.00
KH2 1.59 95.95 2.46 4.70 96.80 1797.3 1203  0.19 4.78 8.71 0.00 0.84 0.00
KH3 247 94.50 3.02 5.36 90.08 1899.7 111.1 1.06 4.26 5.36 0.00 8.33 0.00
KH4 14.44 75.13 10.43 543 93.75 4658.6 1556 271 6.37 2.84 0.00 3.19 0.00
KH5 7.36 41.05 51.59 5.88 79.26 9307.1 211.3 1053 1279 1587 0.00 8.89 0.00
KH6 7.62 76.14 16.24 3.74 77.78 14,535.1 3484 1924 1813 2451 0.00 5.08 0.00
KH7 3.70 20.98 7533 5.81 59.72 20,4239 3824 2510 2361 2792 000 744 0.00
KH8 1.94 14.98 83.08 11.25  60.38 19,305.8 3974 2130 20.81 2475 0.00 11.30 0.00
KH9 4.61 29.70 65.69 9.89 68.91 30,021.9 470.0 36.62 36.17 4599 0.00 1446 0.00
KHI10 0.75 4.82 94.42 1456 3047 25986.8 4227 2997 2971 39.09 0.00 1541 0.00
KHI11 0.20 4.15 95.66 11.39 48.04 19,989.9  373.1 2624 21.69 19.15 0.00 9.02 0.00
KH12 2.57 11.32 86.11 12.77  64.00 9927.0 2083 1283 13.58 12.06 0.00 7.30 0.00
KHI13 1.02 25.58 73.39 941 76.67 14,703.7 270.1 1651 17.55 1925 0.00 7.23 0.00
KH14 0.85 5.64 93.51 11.39  68.03 17,2562  319.2 2141 22,18 2522 0.00 6.53 0.00
KHI15 1.30 3.59 95.12 13.85 6293 4101.0 116.8  4.16 8.95 0.00 1.27  4.10 7.83
KH16 3.05 53.88 43.07 5.48 83.19 22,108.1  390.5 25.82 2540 3216 0.00 10.53 0.00
KH17 422 13.80 81.98 1520 53.44 22,025.7 3644 2548 2489 31.53 0.00 9.08 0.00
KHI18 242 6.55 91.04 8.00 53.00 6713.0 149.1 793 11.29  8.17 0.00  0.00 0.00
KHI19 4.01 85.61 10.38 6.67 94.66 31,3632 4724 3894 3637 4239 0.00 15.10 0.00
KH20 0.44 2.53 97.03 13.27  33.06 32,5019 4567 4337 43.06 56.76 0.00 13.07 0.00
KH21 0.71 3.40 95.89 9.76 28.36 31,8239 4779 4343 3556 45.08 0.00 1441 0.00
KH22 1.71 4.04 94.25 6.33 22.86 31,061.1  510.1 4334 31.69 4552 0.00 12.11  0.00
KH23 0.37 2.67 96.95 5.26 20.31 32,3324 4959 4628 37.54 47.19 0.00 13.80 0.00
KH24 0.57 4.19 95.24 4.59 14.81 31,520.8  490.1 41.10 3396 43.63 0.00 13.57 0.00
KH25 0.00 6.45 93.55 4.39 331 31,386.8 4322 4329 3444 46,60 0.00 1393 0.00
Min. 0.00 2.53 2.46 3.74 331 1585.7 71.7 0.19 4.26 0.00 0.00  0.00 0.00
Max. 28.20 95.95 97.03 1520  97.17 32,5019 510.1 4628 43.06 5676 127 1541 7.83
Average 3.84 30.19 65.96 8.38 59.24 18,733.5 3289 23.61 2242 26.85 0.05 9.18 0.31
STDEV 5.98 32.98 36.24 3.66 27.90 11,201.6 1434 1546 11.80 17.09 025 453 1.57
Salman Bay
SAl 14.02 57.03 28.95 13.51  49.21 5423.1 96.9 14.09 495 0.00 0.00 0.00 0.00
SA2 9.38 80.27 10.35 3.30 90.38 4947.1 100.0 1298 425 2.73 0.00 2.06 0.00
SA3 5.28 35.11 59.61 14.81 6348 4449.0 43.0 6.36 6.72 0.00 0.00  0.00 0.00
SA4 242 58.28 39.29 7.08 84.26 4329.4 65.1 5.07 4.08 1.10 1.80 1.87 2.96
SA5 21.62 65.26 13.13 5.56 69.85 3888.8 54.9 4.96 3.67 0.26 0.00  0.00 0.00
SA6 18.93 43.65 37.42 11.85 79.82 10,402.8 1399 9.03 18.32  0.00 0.00  0.00 0.00
SA7 5.23 49.47 4531 23.19  57.00 7725.7 94.3 1241 1038  4.06 0.00 0.00 0.00
SAS8 14.35 65.85 19.80 13.85 66.88 7261.7 91.8 1029  9.07 2.51 0.00 2.63 0.00
SA9 0.00 66.93 33.07 6.86 60.00 9517.9 1533 941 7.65 1026  0.00 1.29 0.00
SA10 3.57 60.59 35.84 8.13 69.23 81974 1432  10.60 8.08 7.32 0.00 3.73 0.48
SAll 14.50 44.19 41.31 10.59  83.19 7380.2 139.7 1023  7.63 7.09 0.00 0.00 0.00
SAI2 9.78 69.92 20.30 8.93 58.62 3141.0 48.0 7.78 9.25 0.00 0.00  0.00 0.00
SA13 7.05 74.99 17.96 5.11 86.55 3268.5 53.3 2.51 2.79 0.00 0.00  0.69 0.00
Min. 0.00 35.11 10.35 3.30 49.21 3141.0 43.0 2.51 2.79 0.00 0.00  0.00 0.00
Max. 21.62 80.27 59.61 23.19  90.38 10,402.8 1533 1409 1832 1026 1.80 3.73 2.96
Average 9.70 59.35 30.95 1021 70.65 6148.7 94.1 8.90 745 2.72 0.14 094 0.26
STDEV 6.59 13.22 14.22 532 13.04 2406.7 39.7 343 4.06 347 0.50 1.26 0.82

that the metals are relatively higher than the natural background
due to contribution from natural and/or anthropogenic sources
(Zhang and Liu 2002; Xu et al. 2015; Al-Mur et al. 2017).
Contamination factor (CF) was applied to determine the
degree of anthropogenic contamination to the studied sedi-
ment samples. It was calculated using this equation: CF =
Miediment/Mbackgrouna- When CF <1, this indicates that the
heavy metal concentrations in sediments are uncontaminated,

@ Springer

whereas CF > 1 means that the sediments are contaminated
(Hakanson 1980; Tomlinson et al. 1980).

Pollution load index (PLI) was calculated using this equa-
tion: PLI=(CF, x CF, x CFj...CF,)"™. When PLI <1 indi-
cates there is no pollution and PLI > 1 indicates there is a
pollution (Tomlinson et al. 1980; Al-Mur et al. 2017).

Index of geoaccumulation (Igeo) was calculated using this
equation: Igeo=1og, (Cn/(1.5 x Bn)) following Muller
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(1969). The Cn is the measured concentration of metal (n),
and Bn the metal’s concentration in the average shale
(Turekian and Wedepohl 1961). The factor 1.5 is introduced
to include possible variations of the background values due to
lithogenic effects. Value < 0.0 indicates the sediments uncon-
taminated, and 0—1 indicates that the sediments are uncontam-
inated to moderately contaminated.

Statistical analysis The relationships and structures that may
exist between the recorded heavy metals, hydrogeochemical
parameters, and sediment grain size were best obtained by the
correlation matrix of the principal component analysis (PCA)
and by the correlation similarity index of the R-mode hierar-
chical clustering (UPGMA algorithm), using the PAST soft-
ware (Hammer et al. 2001). Also, the Bray-Curtis similarity
index of the Q-mode hierarchical clustering (UPGMA algo-
rithm) was performed for the data of Salman Bay.

Results
Al-Kharrar Lagoon
Hydrogeochemical parameters

Bathymetry of the Al-Kharrar Lagoon (KL) shows a gradual
increase in the depth towards its opening (inlet) with the Red
Sea, reaching a maximum water depth of 15 m at station 1
(Table 1). In the center of the lagoon water depth stabilizes
around 8 m. In the upper lagoon (southern part), water depth
averages 4 m which rapidly decreases to 0.5—-1 m near-shore
of the southern stations (Table 1).

Surface water temperature of the KL averaged 27.3 +
0.8 °C during December 2016 (Fig. 2). It showed maxi-
mum values up to 29 °C at the inner inlet stations KH1-4,
but at the rest of the studied stations, it decreased to an
average value of 26.5 °C (Fig. 2). The bottom water tem-
perature showed the same pattern as those of the surface
water temperature, but with a subtle decrease in its mean
value of 27 £0.8 °C (Table 1).

Surface water salinity of the KL averaged 40.8 + 1%o dur-
ing December 2016 (Fig. 2). It showed the lowest values
38.8%o at the inner inlet stations KH1-4. It increased to
41.5%0 at the stations of the southern part, the upper lagoon
(Fig. 2). Bottom water salinity of the KL showed the same
pattern as those of the surface water salinity, displaying an
average of 41.1+0.8%o0 (Table 1). At the stations KH1-10,
the bottom water salinity increased from those of the surface
water by about 0.5%o, whereas at the rest of the stations
(southern stations), the surface and bottom salinities are more
or less similar, but with a subtle surface salinity increase of
about 0.1%o0 (Fig. 3, Table 1).

The surface and bottom water pH were very similar in all
stations, displaying average values 8.87 and 8.86, respectively
(Fig. 2, Table 1). The surface and bottom water dissolved
oxygen (DO) were also the same in all stations, displaying a
mean value of 6.4 mg/l (Fig. 2, Table 1). In all the studied
stations (except stations KH7-10), the surface DO was a
slightly higher than those of the bottom DO with a mean
difference of 0.1 mg/1 (Table 1). At the stations KH7—10 (cen-
ter of the lagoon, 8 m water depth), the bottom water DO
decreased from the overlying surface DO by a value of
0.5 mg/l (Fig. 3).

The vertical profiles of temperature, salinity, and dissolved
oxygen in the water column of the KL showed that the water
column consists of surface and bottom layers (Fig. 3) (Al-
Dubai et al. 2017). The surface layer was less saline, warm
with high DO, whereas the bottom layer was more saline,
colder with slightly low DO (Fig. 3).

The total LOI organic carbon (OC) in the surficial bottom
sediments of Al-Kharrar Lagoon (KL) averaged 8.4 +4%. It
was the lowest near the inner inlet stations (KH1-7) and at the
south-eastern stations of the lagoon, displaying value of 5%
(Fig. 4). In the center of the lagoon, the OC was the highest
displaying a value of 12% (Fig. 4). The CaCOj in the surficial
bottom sediments of KL averaged 59.24% +28. It was the
highest near the inner inlet stations (KH1-4), displaying value
of 95% (Fig. 4). In the center of the lagoon, it decreased to
50%. At the south-eastern stations of the lagoon, the CaCO;
decreased to the lowest value of 25% (Fig. 4).

Sediment grain size

The gravel fraction (>2 mm) represents about 5 to 10% of the
total bottom sediments (dry wt) at the inlet stations of the KL
(Fig. 4). At these stations, it consists of rounded, yellow to
brown-coated coral debris, small bivalves, and gastropods. In
the rest of the lagoon, it is very low or absent, consisting only
of small bivalves and gastropods, echinoid fragments, and the
larger benthic foraminifera Sorites.

The sand fraction (0.063—2 mm) is the highest at the
inlet stations of the lagoon, representing about 80% the
total bottom sediments (Fig. 4). It is composed of the same
bio-clastics of the gravel fraction, but with a plenty of
benthic foraminifera. In the rest of the lagoon, it is very
low (15%), enriched with small bivalves and benthic fora-
minifera and with small components of small gastropods,
echinoid fragments/spines, and ostracod shells. At the
south-eastern stations, the above components are dominat-
ed by the mica flakes.

Mud fraction (>0.063 mm) is very low (14%) at the inlet
stations of the KL (Fig. 4), whereas, in the rest of the stations,
it is the highest reaching 90% of the total bottom sediments
(dry wt) of the KL.

@ Springer
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Salman Bay, December 2016

Heavy metals

Fe concentration in the surficial bottom sediments of Al-
Kharrar Lagoon (KL) averaged 18,500+ 11,200 mg/kg
(Fig. 4). It was the lowest at the northern stations, near
the inlet stations, displaying values around 1500 mg/kg.
After that, Fe concentration increased gradually as it
moves through the lagoon’s center and towards the south,
reaching concentrations up to 30,000 mg/kg (Fig. 4). At
the south-western stations, it showed low values around
10,000 mg/kg, whereas, at the south-eastern stations of
the lagoon, highest concentrations of Fe were recorded
with values up to 30,000 mg/kg (Fig. 4).

The spatial concentration distribution patterns of the rest of
metals (Mn, Zn, Ni, Cu, and Co) in the surficial bottom sed-
iments of KL are very similar to those of the Fe. The concen-
tration of Mn averaged 330 + 140 mg/kg (Fig. 4). It was the
lowest at the northern stations, near the inlet stations,
displaying values around 100 mg/kg. After that, Mn concen-
tration increased gradually as it moves through the lagoon’s
center and towards the south, reaching concentrations up to
400 mg/kg (Fig. 4). At the south-western stations, it showed

@ Springer

low values around 200 mg/kg, whereas, at the south-eastern
stations of the lagoon, highest concentrations of Mn were
recorded with values up to 500 mg/kg (Fig. 4).

Zn concentration in the surficial bottom sediments of KL
averaged 23 £ 15 mg/kg (Fig. 4). It was undetectable at the
northern stations, near the inlet stations. After that, Zn con-
centration increased gradually as it moves towards the la-
goon’s center, reaching concentrations up to 30 mg/kg (Fig.
4). At the south-western stations, it showed low values around
15 mg/kg, whereas, at the south-eastern stations of the lagoon,
highest concentrations of Zn were recorded with values up to
45 mg/kg (Fig. 4).

Ni, Cu, and Co concentrations in the surficial bottom sed-
iments of KL averaged 26 +17, 22+ 11 and 9 +4 mg/kg, re-
spectively (Fig. 4). They were the lowest at the northern sta-
tions, near the inlet stations, displaying values around 5 mg/kg.
After that, their concentrations increased gradually as it moves
through the lagoon’s center and towards the south, showing
concentrations up to 30, 30, and 14 mg/kg, respectively (Fig.
4). At the south-western stations, they showed low values
around 20, 20, and 6 mg/kg, respectively, whereas, at the
south-eastern stations of the lagoon, highest concentrations
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of' Ni, Cu, and Co were recorded with values up to 45, 35, and
14 mg/kg, respectively (Fig. 4).

Pb and Cd were undetected in the surficial sediments of the
KL except at station KH15 of the south-western corner of the
lagoon; they showed values of 1.3 and 7.8 mg/kg, respectively
(Table 2).

Correlation of heavy metals with the hydrogeochemical
parameters and sediment grain size

In the ordination plot of the PCA, the components 1 and 2
explain 47 and 16% of the variance, respectively (Fig. 5a).
There is a close similarity correlation between the heavy metals
Co, Ni, Zn, Mn, Fe, and Cu, and the sediment samples of the
south-eastern stations of the KL (Fig. 5a). These heavy metals
showed also direct relationships with the hydrochemical pa-
rameters such as salinity, dissolved oxygen, and pH. On the
other hand, they were inversely correlated with the water tem-
perature and carbonate (CaCO3), and they showed no correla-
tion with the OC (Fig. 5a).

The heavy metals Pb and Cd showed no relationships with
the other heavy metals and hydrogeochemical parameters
(Fig. 5a).

The water temperature and carbonates (CaCQOs) showed a
close kinship correlation with the sediment samples of the

near inner inlet stations KH1-6 (Fig. 5a). This correlation
was also indicated by the R-mode hierarchical cluster analysis
(Fig. 5b) and by the matrix of Pearson correlation coefficients
() (Table 3).

Salman Bay
Hydrogeochemical parameters

The studied stations of Salman Bay were collected from close
to the shoreline at water depths not more than 0.5 m (Table 1).
The water temperature averaged 26.4 + 2 °C during December
2016 (Fig. 2). It was the lowest (24 °C) in southern part of the
bay, stations SA1-5, but at the rest of the stations, it was the
highest, up to 28 °C.

The water salinity was averaged 71.8 £4.2 %o. Its highest
values up to 80 %o were recorded in southern part of the bay,
stations SA1-4, but at the rest of the stations, the salinity was
around 70%o (Fig. 2).

The water pH of the Salman Bay during December 2016
averaged 8.6+ 0.2 (Fig. 2). It was the highest up to 8.8 at
southern stations SA2-5, but at the rest of the stations, it
was low displaying a value of 8.55 (Fig. 2).

The dissolved oxygen was low in the Salman Bay showing
a mean value of 4.5+ 0.8 mg/l (Fig. 2). It was, more or less,
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the lowest at the southern stations, showing values of 3.5 mg/I,
but at northern stations, it increased to 5 mg/1 (Fig. 2).

The total LOI organic carbon (OC) and CaCOj in the sur-
ficial bottom sediments of Salman Bay averaged 10.2+5.3
and 70.7 £ 13%, respectively (Fig. 4). They did not show sig-
nificant changes between the southern and northern part of the
bay (Fig. 4).

Sediment grain size

The gravel fraction (> 2 mm) represents about 10% of the total
bottom sediments (dry wt) at the studied stations of the

@ Springer

Salman Bay (Fig. 4). It consists of blackish to white, solidified
sediments, with a plenty of small gastropods, mainly of
Cerithium sp., but the small bivalves are low and restricted
to the Mytilus sp. At the southern stations, the above compo-
nents are dominated by evaporitic crystals of gypsum.

The sand fraction (0.063—2 mm) represents about 60%
of the total dry wt sediments of the studied stations of the
SB (Fig. 4). It is composed of the same materials of the
gravel fraction, but with a plenty of reworked benthic
foraminifera.

Mud fraction (>0.063 mm) shows 30% of the total dry wt
sediments of the studied stations of the SB (Fig. 4).
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Fig. 5 Plots of the principal component analysis (PCA) (a) and R-mode hierarchical cluster (b) based on the hydrogeochemical parameters, sediment

grain sizes, and concentrations of heavy metals of the Al-Kharrar Lagoon

Heavy metals

The distribution of heavy metals in the Salman Bay (SB)
divided the bay into southern and northern parts. Fe concen-
tration in the surficial bottom sediments of Salman Bay (SB)
averaged 6150+ 2400 mg/kg (Fig. 4). It was the lowest at the
southern stations (stations SA1-5), displaying values around
4000 mg/kg. In the southern part of the SB, Fe concentration
increased to 8000 mg/kg, except at the stations 12—13 that
showed a value of 2500 mg/kg (Fig. 4).

The concentration distribution patterns of the rest of metals
(Mn, Zn, Ni, Cu, and Co) in the surficial bottom sediments of
SB are very similar to those of Fe. The concentration of Mn
averaged 94 + 40 mg/kg (Fig. 4). It was the lowest (60 mg/kg)
in the surficial sediments of the southern part of the SB,
displaying values around 60 mg/kg. In the northern part of
the SB, Mn concentration increased to 140 mg/kg, except at
the stations SA12—13 that showed value of 40 mg/kg (Fig. 4).

Zn concentration distribution in the surficial bottom sedi-
ments of SB averaged 9 +3 mg/kg (Fig. 4). It was, more or
less, low (5 mg/kg) in surficial sediments of the southern part
of the bay, except at the stations SA1-2, the highest concen-
tration 14 mg/kg was recorded. In the northern part of the SB,
Zn concentration increased to 10 mg/kg, except at the station
SA13 a value of 2 mg/kg was recorded (Fig. 4).

Cu concentration distribution in the surficial bottom sedi-
ments of SB averaged 7 +4 mg/kg (Fig. 4). It was the lowest
at the southern part of the bay, displaying values around
4 mg/kg. In the northern part of the SB, Cu concentration

increased to 8 mg/kg, except at the station SA13 a value of
2 mg/kg was recorded (Fig. 4).

Ni and Co concentrations in the surficial bottom sediments
of the southern part of SB were undetectable (Fig. 4). In the
northern part of the SB, they increased to the highest values of
8 and 3 mg/kg, respectively (Fig. 4).

Pb and Cd were undetected in the surficial sediments of the
SB except at station SA4 of the southern part of the bay, they
showed values of 1.8 and 3 mg/kg, respectively (Table 2).

Correlation of heavy metals with the hydrogeochemical
parameters and sediment grain size

In the ordination plot of the PCA, the components 1 and 2
explain 29 and 19% of the variance, respectively (Fig. 6a). It
shows that the Fe, Mn, Ni, Cu, and Zn have direct relation-
ships with the water temperature, but their relationships with
the OC are weak. On the other hand, they are inversely corre-
lated with the water salinity, pH, and CaCOs (Fig. 6a). The
concentrations of Pb, Cd, and Co were very low or undetect-
able in the surficial sediments of Salman Bay, but they showed
direct relationships with pH, CaCOj3, and DO. On the other
hand, they are inversely correlated (or no correlation) with the
water salinity, temperature, and the other heavy metals (Fig.
6a). The abovementioned relationships were also indicated by
the correlation similarity index of the R-mode hierarchical
cluster (Fig. 6b) and by the matrix of Pearson correlation co-
efficients () (Table 3).
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Fig. 6 Plots of the principal component analysis (PCA) (a) and R-mode hierarchical cluster (b) based on the hydrogeochemical parameters, sediment

grain sizes, and concentrations of heavy metals of the Salman Bay

Comparison of Al-Kharrar and Salman Lagoons

The Salman Bay (SB) is very shallow water body, whereas the
KL has a maximum water depth of 9 m. The water tempera-
ture of the SB was lower than of the KL, although its salinity
was 72%o. The water salinity of the KL was 41%o. The pH of
both of the SB and KL was similar, whereas the DO of the SB
was lower than of the KL. The total OC and CaCO; of the SB
were higher than those of the KL.

The concentrations of Fe, Mn, Zn, and Cu in the surficial
sediments of the KL are threefold higher than those of the SB,
whereas Ni and Co of KL were 10 times higher than those of
the SB. The concentrations of Pb and Cd in the sediments of
the SB and KL were very low or undetectable (Table 4).

In Table 4, the heavy metal concentrations (Fe, Mn, Zn,
Cu, Ni, Pb, Co, and Cd) in the bottom sediments of the KL
are more or less similar to those of lagoonal conditions
such as Al-Arbaeen and Al-Shabab inlets (Abu-Zied et al.
2013), Shuaiba and Al-Mejarma lagoons (Basaham et al.
2015), and Sharm Obhur (Ghandour et al. 2014). They
showed also a similarity to those of Gulf of Aqaba (Abu-
Hilal et al. 1988) and Jizan Shelf (Basaham 2009). In other
hand, these concentrations are lower than those recorded
for the same area by Basaham et al. (2015) and the world
average shale (Turekian and Wedepohl 1961).

The heavy metal concentrations in the shoreline sediments
of SB showed, more or less, a similarity to those of the Red
Sea coast (Badr et al. 2009; Abu-Zied et al. 2013; Abu-Zied
and Hariri 2016; Al-Mur et al. 2017), but they are very low in

comparison with the lagoons of the Red Sea and the world
average shale (Table 4).

Heavy metal enrichment/pollution factors

The enrichment factors (EFs) of heavy metals (Mn, Cu, Co,
and Ni) in the studied bottom sediment samples of the KL
were slightly below 1.5 except at the near-inlet samples (lo-
cated in the channel of bottom water outflow), they exhibited
higher values than the threshold 1.5 value (Fig. 7). In the near-
inlet sediment samples, their EFs were the highest showing
3.5, 3.5, >4, and 6, respectively (Fig. 7). The EF of Zn was
around 0.5 in all stations except at the inlet, it increased to 1.
The average EFs indicated that the concentration behavior of
heavy metals relative to the world average shale in the KL
follows this order: Co > Cu > Ni>Mn > Zn (Table 5).

The PLI of the studied bottom sediment samples of the KL
was around 0.5, except, at the near-inlet samples, it decreased
to 0.0 (Fig. 7).

In the Salman Bay (SB), the EFs of the heavy metals (Mn,
Cu, and Ni) were also slightly below 1.5, whereas those of the
Zn and Co were around 0.5 (Fig. 7). The PLI of the studied
sediment samples of the SB was around 0.0 (Table 5). The
average EF of heavy metals in the SB follows this order: Cu >
Mn>Zn>Co>Ni.

In both of the KL and SB, the average CF was <1 and
average Igeo was lower than 0.0 indicating uncontaminated
sediment samples (Table 5).

@ Springer
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Discussion
Heavy metals of the Al-Kharrar Lagoon

The Al-Kharrar Lagoon (KL) is very virgin and natural, and it
is, up to date, not connected to any source of anthropogenic
pollution. Thus, its heavy metal inventory could be originated
from the siliciclastic influx through several wadies originated
from the upland Al-Hejaz catchments such as: Rabigh (south),
Rahab and Murayyikh (east), and Al-Khariq (North) and prob-
ably from in situ conditions such as separation from seawaters,
authigenic or diagenetic processes. The siliciclastic materials
of Wadi Rabigh are no longer reaching the KL since 2009 due
to the construction of Rabigh Dam about 35 km east of Rabigh
City. This conclusion is testified by comparing the recorded
concentrations of heavy metals with the world average shale

background. The enrichment/pollution factors (EF, CF, PLI,
and Igeo) applied for the concentrations of heavy metals were
lower than the threshold values of these factors, indicating
unpolluted, natural conditions for the KL. The average EFs
indicated that the concentration behavior (relative to the world
average shale) of heavy metals in the surficial bottom sedi-
ments of KL follows this order: Co > Cu>Ni>Mn > Zn.
The heavy metals of the surficial bottom sediments of KL
could be also influenced by the eolian deposition in the catch-
ment area and by the ability of sediments to bind and release
metals that mainly controlled by salinity, pH, cation exchange
capacity and organic matter content, redox conditions (Du
Laing et al. 2008). Moreover, bacteria and algae play rule in
the accumulation of heavy metals into the sediments (Da
Costa et al. 2001; Bina et al. 2006; Jackson 2008; Jackson
et al. 2011). Some sea-weeds are very efficient in scavenging

Table 5 Average values of the

enrichment factor (EF), Location Fe Mn Zn Cu Ni Pb Co Cd

contamination factor (CF), and

index of geoaccumulation (Igeo) Al Kharrar Lagoon

of heavy metals in the Al-Kharrar EF 1 1.32 0.59 1.52 1.42 0.03 1.87 12.01

Lagoon and Salman Bay CF 0.40 0.39 025 0.50 0.54 0.00 0.48 1.04
Tgeo -0.72 -0.64 -0.99 -0.56 -0.53 -0.05 -0.52 0.05

Salman Bay

EF 1 0.85 0.76 1.30 0.34 0.08 0.38 8.97
CF 0.13 0.11 0.09 0.17 0.05 0.01 0.05 0.88
Igeo -1.09 -1.17 —-1.24 -1.01 -0.88 -0.09 -0.55 0.06
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the heavy metals, and after death, they decompose contribut-
ing to the sediment budget of heavy metals; this is because
they are mainly constituted of polysaccharide alginate, usually
calcium and sodium alginates which are very efficient in scav-
enging the heavy metals (Da Costa et al. 2001).

The concentration distribution of the heavy metals Fe, Mn,
Zn, Ni, Cu, and Co in the KL showed the same pattern. These
metals were the lowest in the sediments of the near-inlet sta-
tions and at the south-western stations. On the other hand, they
were the highest in the sediments of the lagoon’s center and at
the southeastern stations, testifying the effect of wadies on the
geochemical inventory of the KL. At the near-inlet stations, the
concentration of metals was the lowest, indicating that the
siliciclastic influx from the surrounding wadies, at the present,
was not strong enough to pass through the lagoon’s inlet to the
open waters of the Red Sea. Another explanation for the low
concentration of heavy metals at the near-inlet station sedi-
ments could be attributed to the winnowing of bottom sedi-
ments which are mainly of coral debris (95% carbonates) by
currents so that one important scavenger for heavy metals such
as organic matters was the lowest in this channel (the inlet
passage). However, the EF of the bottom sediments at the inlet
stations showed a striking feature that is the EF values of the
Mn, Zn, Cu, Co, and Ni, relative to the world average shale
(Turekian and Wedepohl 1961) were the highest, but in the rest
of samples, they were the lowest. These high EF values for
metals at the inlet stations of the KL could not be anthropo-
genic but rather a natural biosorption by the polysaccharide
alginates of the mucus algae that predominate, covering the
coral debris and sand grains in this area. Xu et al. (2015) men-
tioned that EF value larger than 1.5 could indicate an important
proportion of non-crustal materials delivered from either natu-
ral processes such as biota and/or anthropogenic influences.
Also, a higher level of Zn in the deep-sea sediments of Gulf
of Mexico was attributed to long residence time of organic
matter in the water column (Armstrong-Altrin et al. 2015).

The statistical analysis (PCA, cluster analysis, and Pearson
correlation coefficients) indicated that the metals of the KL
sediments have no relationships with the organic carbon of
the studied sediments. This may be related to the great influ-
ence of terrestrial influx on the concentrations of heavy metals
in the lagoon, and most of organic carbon (OC) is short-lived
in the lagoon’s water column and freshly derived from marine
sources such as the decay of algae and sea-grasses (Abu-Zied
and Hariri 2016). Ramos-Vazquez et al. (2017) concluded that
the river-influenced coastal areas are considered as active in-
terfaces between the continental and oceanic environments,
which have huge dispersal of detrital, fine-grained sediments
enriched in heavy metals.

Also, these organic matters may not be partially oxidized to
form complexes attractive to heavy metals due to occurrence of
highly oxygenated water. Inside the Al-Arbaeen and Al-Shabab
inlets (Jeddah’s coast), the concentrations of Fe and Mn showed

@ Springer

an inverse relationship with the OC due to the occurrence of
reducing conditions so the bottom sediments exporting Fe-Mn
to the waters, whereas outside the inlets, the OC showed a
direct relationship with Fe-Mn due to the occurrence of oxidiz-
ing conditions leading to fixation of Fe and Mn into the sedi-
ments (Abu-Zied et al. 2013). The OC was inversely correlated
with gravel and sand sediments, but with a direct correlation
with the mud fraction which showed positive relationships with
heavy metals such as Fe, Mn, Zn, Cu, and Ni. However, with a
plenty of dissolved oxygen in the KL, the organic matters are a
favorable place for aerobic bacteria to play an important role in
metal fixation. Jackson et al. (2011) discussed that most bacte-
ria play a rule in the variations of element distribution and
relationships controlling diagenesis, precipitating oxides, deg-
radation of adsorbed clay, and synthesis of intracellular and
extracellular clay. They also reported that Fe oxides precipitated
abiotically and indiscriminately on bacteria and minerals, but
Mn oxides were purely biogenic, precipitating only on certain
bacteria. Thus, it is possible that the occurrence of plenty of Fe-
Mn oxides and high oxygenated waters in the KL may be
deleterious on the role of organic matter for fixation or precip-
itation of heavy metals in the bottom sediments of the KL. On
the other hand, the heavy metals showed an opposite relation-
ships with the water temperature and CaCO;.

The heavy metals (Fe, Mn, Zn, Ni, Cu, and Co) and the
hydrochemical parameters (salinity, dissolved oxygen, and
pH) are positively correlated. Taking in our mind that the mean
source of these metals is via wadies influx, this means that these
metals come to the Al-Kharrar Lagoon (KL) as detrital, colloi-
dal, or soluble substances (as reduced forms with lower oxida-
tion state) in a freshwater medium. Once these substances,
specially the soluble substances, reach high saline, alkaline
waters of the lagoon, they get oxidized and precipitated imme-
diately near the lagoon’s shoreline or spread far away from it
depending on the magnitude of flood events. Takac et al.
(2009) reported that the decreased availability of metals is af-
fected by higher adsorption and precipitation in alkaline and
neutral environments. Also, the dissolution of heavy metals in
sediment pore-waters from minerals and their availability in a
solution decreased with increasing pH (Buykx et al. 2002).

The direct relationship of DO with the heavy metals is ap-
parent, giving information about the redox potential in the KL
that may need a further study due to its control on the bio-
availability of these metals in the lagoon’s water. Violante
et al. (2010) reported that redox reactions, both biotic and abi-
otic, are of great importance in controlling the oxidation state
and thus, the mobility and the toxicity of many heavy elements
depending on the particular metal species and microenviron-
ments. During this study (winter), the bottom water of KL was
well ventilated with DO not less than 5 mg/l; thus, any humic
substances carrying heavy metals get readily oxidized and pre-
cipitated on the lagoon’s bed. The surficial bottom sediments of
the KL have high load of heavy metals, for example; the
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concentrations of Fe, Mn, Ni, Zn, Cu, and Co were 18,734 +
11,202, 328.94 +143,26.85+ 17, 23.61 £16,22.42+12,9.18
+4.5 mg/kg, respectively. These concentrations are higher than
those of the eastern Red Sea coast sediments (Badr et al. 2009;
Abu-Zied and Hariri 2016; Abu-Zied et al. 2016; Al-Mur et al.
2017), so under reducing conditions, they may be more mobile,
exporting bio-reactive metals into the lagoon’s water. However,
the highest concentrations of Fe and Mn may be advantageous
for the fixation of extra heavy metals into the lagoon sediments,
since they have very high adsorptive capacity (Violante et al.
2008; Marchand et al. 2011; Abu-Zied et al. 2013). But, if the
precipitates formed during oxidative precipitation are nano-
particulate and colloidal, they may greatly enhance the mobility
of associated trace metals in aquatic and subsurface environ-
ments (Violante et al. 2010). Therefore, the KL acts as a buffer
zone, preventing heavy metals from dispersion into the Red Sea
waters. Kuriata-Potasznik et al. (2016) mentioned that natural
lakes, connected to rivers, can counteract stress by temporarily
removing toxic metals form circulation and depositing them
mostly around the delta, where heavy metals undergo an array
of biogeochemical processes on natural reactive surfaces such as
surfaces of clay minerals, metal oxides and oxyhydroxides, hu-
mic substances, plant roots, and microbes.

The mean concentration of heavy metals in the surficial
bottom sediments of the KL is twofold lower than those re-
corded by Basaham et al. (2015) and higher than those record-
ed by Youssef and El-Sorogy (2016) in the same lagoon
(Table 4). This is because authors did not use the surficial
(upper 2 cm) bottom sediments as this study did or may be
as a result of using different analytical techniques. They are,
more or less, similar to those of the lagoonal systems such as
Sharm Obhur (Ghandour et al. 2014), Al-Mejarma and
Shuaiba (Basaham et al. 2015). On the other hand, the heavy
metals of the KL (this study) are threefold higher (especially
Fe and Mn) than those of the open shoreline sediments of the
eastern Red Sea coast (Abu-Zied and Hariri 2016; Abu-Zied
et al. 2016; Al-Mur et al. 2017) and those of the surficial
sediments of the Salman Bay (this study). This testifies that
the lagoons of the Red Sea act as a filter inhibiting the disper-
sion of a high quantity of heavy metals into the open waters of
the Red Sea. Vodyanitskii (2010) concluded that iron com-
pounds are used as ameliorating agents and geochemical bar-
riers for fixing heavy elements. The concentrations of Ni and
Co in the KL were 10 times higher than those of the Salman
Bay, whereas the concentrations of Pb and Cd in the sediments
of the both of SB and KL were very low or undetectable,
indicating that no industrial effluents enter these water bodies
and their pristine natural conditions are still unaffected.

Heavy metals of the Salman Bay

The Salman Bay (SB) is nearly closed, very shallow water
body with very high salinity up to 76%ec. It is not directly

connected to the siliciclastic materials of the catchment area.
Therefore, its heavy metals may originate from marine, atmo-
spheric sources and water runoff (winter rainfalls) from ad-
joining alluvium. The concentration of heavy metals in SB
shoreline sediments is threefold lower than those of the Al-
Kharrar Lagoon, but they are, more or less, similar to those of
the open shoreline sediments of the eastern Red Sea coast
(Abu-Zied and Hariri 2016; Abu-Zied et al. 2016; Al-Mur
etal. 2017), in spite of the spread of thick layer of black sludge
emitting bad odors at the studied sites (Fig. 8a). This means
that this black layer of sludge could be mainly derived from
the decay of algal mats that after death, they get drift by wind
and current to accumulate on the eastern shoreline of the bay;
they do not accumulate on the western side of the bay. In fact,
there is one or couple houses at the western coast of the bay,
but field observations could not attribute this black sludge to
wastewaters of these houses. To confirm that this black sludge
is attributed whether to natural or anthropogenic conditions,
stable isotopes of nitrogen (6'°N) in the organic matters
should be carried out in a further study. The EF, CF, PLI,
and Igeo of the heavy metals in the shoreline sediments of
SB showed also very low values, suggesting that these sedi-
ments may occur in uncontaminated conditions. The average
EF indicated that the concentration behavior (relative to the
world average shale) of heavy metals in the surficial bottom
sediments of SB follows this order: Cu>Mn>Zn> Co > Ni.
The heavy metal concentrations in the shoreline sediments of
SB was much lower than those recorded by Youssef (2015) in
the same area, due probably to his extraction of heavy metals
only from the shells of calcareous benthic foraminifera.

The spatial distribution of hydrogeochemical parame-
ters and heavy metals in the shoreline sediments of SB
have divided the bay into southern and northern parts.
This division is also indicated by the Q-mode hierarchical
cluster (Fig. 9). The concentrations of Fe, Mn, Zn, Cu, and
Ni were the highest in the sediments of the northern part of
the bay and decreased to lower values in the southern part,
following the trend of water temperature that increased
towards the northern part. These distribution concentra-
tions of heavy metals were in opposite correlations with
water salinity and pH which were the highest in the south-
ern part; also, the CaCO3;% showed an inverse relationship
with the heavy metals. Moreover, the OC and DO showed
no relationships with the heavy metals, except Zn and Cu
showed a weak correlation with the OC.

First, the inverse correlation between heavy metals and the
shoreline sediment carbonates (CaCOs;) of Salman Bay could
be normal due to its dilutive effect where the carbonates in the
bulk sediments were around 71% and contain a considerable
amount of biogenic components such as small gastropods that
tolerate the high salinity (76%o) of the bay (Fig. 8b). Second,
the inverse correlation between heavy metals and water param-
eters of SB such as salinity and pH is elusive. It is possible that
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Fig. 8 Field photos from the
Salman Bay. Black sludge (a) and
shingle of small gastropods (b)
spread on the eastern beach

the high salinity (brine) of the SB leads to formation of many
soluble salts preventing precipitation of heavy metals into the
sediments, and hence, they get disposed into the sea via the
inlet. Also, the precipitation of a high quantity of mineral salts
may act a dilution factor as carbonates do. However, some
results pointed out that the availability of reactive heavy metals
increased in the pore water of the sediments with increasing
salinity (McLaughlin et al. 1994; Kadkhodaie et al. 2012). Du
Laing et al. (2008) mentioned that increasing organic matter
and clay contents and sulfide contents were found to enhance
metal accumulation in the intertidal sediments, whereas higher
salinities resulted in reduced metal accumulation. Also,

Similarity
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Fig. 9 Plot of Q-mode hierarchical cluster of Salman Bay data, using
Bray-Curtis similarity and UPGMA algorithm

@ Springer

increasing metal mobilization with increasing salinities was
demonstrated by both of the laboratory (Paalman et al. 1994)
and field experiments (Hatje et al. 2003). So, the SB brine ions
could prevent heavy metals to precipitate into the sediments,
leading to the occurrence of inverse relationships between
metals in sediments and water salinity of the Salman Bay.

The water temperature in both of the Al-Kharrar Lagoon
and Salman Bay behaved with the heavy metals in two oppo-
site ways, showing an inverse correlation in the KL and direct
correlation in the SB. This indicates that each environment has
its own geological, physical, and biological characters
interacting with the chemical species to give, at the ultimate,
the geochemical inventory of the environment. For example,
the accumulation of heavy metals in the sediments of each
environment is determined by an input amount from rivers,
atmosphere or industrial and domestic waste, and the ability of
sediment to bind and release metals (Du Laing et al. 2008). All
of these processes are governed by certain biogeochemical
processes on natural reactive surfaces such as surfaces of clay
minerals, metal oxides and oxyhydroxides, humic substances,
plant roots, microbes (Jackson 2008; Kuriata-Potasznik et al.
2016), sediment characteristics such as pH, cation exchange
capacity and organic matter content, redox conditions, and
chloride content (Du Laing et al. 2008).

The southern part of Salman Bay of the highest salinity
showed a lower temperature than that recoded in the northern
part by about 3 °C. The explanation for this could be related to
the effect of brine water (salinity >50%0) on temperature
which decreases when salinity of the brine increases.

Conclusions

The concentrations of heavy metals Fe, Mn, Ni, Zn, Cu, Co,
Cd, and Pb were studied in the bottom sediments of the Al-
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Kharrar Lagoon (KL) and Salman Bay (SB) and correlated
with the hydrogeochemical parameters and sediment grain
sizes. In the KL, the concentrations of metals were the highest
in the center and southeastern stations where the influx of
heavy metal-rich siliciclastics from wadies dominated, but
they were low in the sediments of the near-inlet stations.

Also, the occurrence of hypersaline, high pH, and dis-
solved oxygen conditions in the lagoon could favor the oxi-
dation and precipitation of soluble heavy metals near the la-
goon’s shoreline or could spread far away depending on the
magnitude of the flood events.

In the KL, the metals were also directly correlated with Fe
and Mn, but with no relationships with the organic carbon due
probably to the occurrence of a plenty of Fe-Mn oxides and
highly oxygenated waters that could affect the role of organic
matters to form complexes readily for fixation and precipita-
tion of heavy metals into the lagoon’ sediments. Where, all
metals showed positive relationships with the dissolved oxy-
gen and muddy sediments.

The EF of metals in the bottom sediments of the KL were
the highest at the inlet sediments, due probably to a natural
biosorption by the polysaccharide alginates of the mucus al-
gae that cover the coral debris and sand grains in this area. In
the rest of sediment samples, the EF were the lowest far below
the threshold level, indicating that the KL was influenced
mainly by natural processes. Also, the CF, PLI, and Igeo
showed very low values, categorizing the KL under uncon-
taminated conditions.

The concentrations of Fe-Mn and Ni-Co in the sediments
of KL were threefold and 10 times higher than those of the
Salman Bay, respectively, whereas the concentrations of Pb
and Cd in the sediments of the SB were undetectable, indicat-
ing that no industrial effluents enter this water body. The oc-
currence of black sludge on the eastern shoreline of SB may
be related to the decay of algal mats, a natural process, since
the concentrations of heavy metals in this sludge and their CF,
PLI, and Igeo values were very low. The metals of the SB
showed a positive relationship with temperature and no rela-
tionships with DO, OC, carbonate, and sediment grain size,
but with an inverse relationship with salinity. The brine water
of the SB showed an adverse effect on the concentrations of
heavy metals in the sediments of the bay due to the occurrence
of many soluble salts that could preclude precipitation of
heavy metals into the sediments.
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