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Abstract
Fifty surficial bottom sediments from the Al-Shuaiba Lagoon (80 km south of Jeddah City, eastern Red Sea, Saudi Ara-
bia) were investigated for some major and trace metals to map their concentration distribution in the lagoon, shed light on 
their origin and controlling factors, and to establish potential risks to living organisms through comparison with sediment 
quality guidelines (SQGs). Statistical analyses allowed the division of metals into five associations: (1) Mg-Ca-Sr, (2) Al-
Zn-Cr-Ni-Cu, (3) Fe–Mn-Li, (4) K and (4) Pb–Cd. Their distributions indicated that elevated values of Al, Mg, Fe, Sr, K, 
Mn, Li, Zn, Cr, Cu, Pb, Ni and Cd occurred in high intertidal areas and in mangrove sediments. These decreased gradually 
towards the deeper waters and inlet, except for Ca, which had its highest concentration in the centre of the lagoon. Major 
elements mainly appear to originate from the mineralization and evaporation of the lagoon’s water, whereas trace elements 
appear to originate from wind-blown dust and runoff, with subsequent concentration in sediments aided by adsorption onto 
fine particles and organic carbon complexes. Enrichment indices and a pollution load index (PLI) indicated that the lagoon 
sediments were highly enriched with Sr, Pb and Cd, with the latter two and PLI being the highest at the eastern side of the 
lagoon. Comparison with the SQGs showed that the concentrations of Cu, Pb and Cd are higher than the effect range low 
(ERL) and threshold effect level (TEL), but are lower than the effect range median (ERM). This suggests that these metals 
might cause an occasional threat to the biota in the eastern part of the lagoon.
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Introduction

Concentrations of heavy metals in the coastal marine 
sediments and their bioavailability in the overlying waters 
have gained a lot of attentions not only due to the danger 

associated with them, especially when they occur with ele-
vated values in reducing conditions, but also due to their 
environmental persistence, non-degradability and eco-tox-
icological risks through transfer into the food chain (Sakan 
et al. 2006; Sarkar 2018). The heavy metals have a specific 
gravity > 5 g/cm3 and some of them, such as Fe, Mn, Zn, Cu 
and Ni, are considered as essential micronutrients necessary 
for a healthy biota growth (Zhuang et al. 2009; Tiwari and 
Lata 2018; Almahasheer et al. 2018). In the open seawa-
ters and at the mouths of rivers, their bioavailability boosts 
the primary productivity in the ocean (Martin et al. 1990; 
Poulton and Raiswell 2002; Wehrmann et al. 2014). When 
the concentrations of such metals exceed the permissible 
limit, they become toxic affecting the consumers and con-
sequently increase the environmental health risks (Nagajyoti 
et al. 2010; Kumar et al. 2016; Tiwari and Lata 2018). The 
heavy metals, such as Pb, Cd, and Cr, are non-essential and 
considered highly toxic (Kumar et al. 2016; Tiwari and Lata 
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2018; Sarkar 2018; Almahasheer et al. 2018). The mobility 
and bioavailability of the above-mentioned metals in pore 
waters/sediments and the overlying waters depend on the 
interplay of many parameters, such as sediment grain size, 
pH, dissolved oxygen, salinity, redox potential, iron-man-
ganese (oxyhydr)oxides, organic carbon and living organ-
isms (Souza et al. 2015; Hariri and Abu-Zied 2018; Sarkar 
2018). Moreover, their bioaccumulation in the biota has been 
noticed and may pose a threat to consumers (e.g., Esmaeilza-
deh et al. 2016; Maurya and Malik 2019) or to the primary 
producers themselves (e.g., Usman et al. 2013; Almahasheer 
et al. 2018).

The metals Mg, Ca, K and Sr are also essential macro-ele-
ments for shell secretion of calcareous organisms and bone 
productions (Simionov et al. 2019). The concentrations of 
major metals, such as Mg, Ca, K, Sr and Al, in sediments 
of coastal marine settings are commonly used to distinguish 
between the marine and terrestrial influences. For example, 
high Mg and Sr in carbonates are markers for strong evapo-
ration as in hypersaline lagoons. Also, Al is an index of 
fine-grained aluminosilicate detritus, so it is widely used as 
a normalizer because it is not affected by the anthropogenic 
activities (Badr et al. 2009; Garcia et al. 2009). Their ratios, 
such as Mg/Ca, Sr/Ca and Mg/Sr, in skeletal carbonates are 
extensively used as proxies for paleotemperature (Tripati 
et al. 2003; Tang et al. 2012). Also, the ratios of Fe/Ca and 
Mn/Ca are considered as potential proxies for redox condi-
tions (Glock et al. 2012) and terrigenous inputs (Mulitza 
et al. 2007).

The concentrations of major and trace metals of the east-
ern Red Sea coastal sediments and its associated lagoons, 
khors, sharms and bays were investigated by many scholars 
to know the quantity of heavy metals in the studied sedi-
ments and use them as a base-line for future monitoring. 
For example, Badr et al. (2009) studied the metals in sedi-
ment cores collected from shallow depths off three major 
industrialized cities, such as Jeddah, Rabigh and Yanbu. 
They concluded that elevated concentrations of Pb were 
recorded in the core sediments off Jeddah due to use of 
gasoline; and Jeddah is the most polluted area, followed by 
Rabigh while Yanbu is the least contaminated area. Also, 
Al-Mur et al. (2017) have indicated the same conditions for 
the sediments of Jeddah’s coast, where heavy metal concen-
trations in core sediments are increased near central Jeddah 
and have become higher in recent years due to contamina-
tions by anthropogenic inputs. As a result of these anthropo-
genic inputs, some parts of Jeddah’s coastal waters became 
enriched by heavy metals (Cu, Zn, Cd, Ni, Cr and Pb) and 
sludge (organic-rich sediments) creating many dead zones 
in these localities, where organic-rich and soft substrates 
dwellers have overcome and replaced the reefal organisms 
(Abu-Zied et al. 2013, 2016; Abu-Zied and Hariri 2016; 
Abu-Zied and Orif 2019).

Coastal lagoons, situated at the interface of land and 
sea, are generally shallow water bodies having limited 
exchange with sea, and support high biological produc-
tivity and rich biodiversity (Amir et al. 2019, 2020). The 
bottom sediments of the eastern Red Sea coastal lagoons, 
such as Al-Kharrar (Khor Al-Kharrar), Salman Bay (for-
merly called Ras Hatiba), Al-Shuaiba, and Al-Mejarma, 
were investigated with respect to heavy metals, which are 
mostly originated from the biogenic remains and terres-
trial influx with no imprint of pollution sources (Basaham 
et al. 2015, 2019; Youssef and El-Sorogy 2016; Hariri 
and Abu-Zied 2018). However, Youssef and El-Sorogy 
(2016) concluded that the bottom sediments of the Al-
Kharrar Lagoon had elevated concentrations of Pb and Cd 
that exceeded the environmental background values and 
sediments classified into non-polluted to heavily polluted 
with Pb, non-polluted to moderately polluted with Cu, and 
non-polluted with Mn, Zn, Cd, and Cr.

The Al-Shuaiba Lagoon (ASL) has a wealth of primary 
producers, such as mangroves, sea-grasses, macro-algae 
and unique faunal groups (Abu-Zied et al. 2011), so it is 
very attractive for many visitors and planners. The present 
environmental conditions and benthic foraminifera of the 
ASL were investigated by Abu-Zied et al. (2011) and Abu-
Zied and Bantan (2013). They concluded that the lagoon is 
a hypersaline basin with highest salinity and temperature of 
60% and 33 °C, respectively. This allowed proliferation of 
unique benthic foraminiferal assemblages in the bottom sedi-
ments of the lagoon. Only two studies were carried out on 
the concentrations of metals in the ASL (Abohassan 2013; 
Basaham et al. 2019). Basaham et al. (2019) investigated 
the elemental composition of sediments from the centre and 
inlet of ASL and concluded that the siliciclastic elements 
were related to terrigenous influx mainly by aeolian trans-
portation, whereas carbonate-related elements were mainly 
of biogenic origin of calcareous skeletal remains. Abohas-
san (2013) concluded that the mangrove sediments were 
the main stocks for heavy metals in the ASL followed by 
mangrove woods and a minimal amount (< 3.5%) of heavy 
metals was returned back to the sediment via litter fall out 
of which, less than 1% was removed away from the man-
grove system via tidal activities. Therefore, this study aims 
to determine the concentrations and spatial distributions of 
some major and trace metals in the bottom sediments of 
the whole area of the ASL and its inlet. More light will 
be shed on the controlling parameters that affect the metal 
quantities and distributions in the ASL sediments. Moreo-
ver, metals enrichments will be assessed using indices, such 
as enrichment factor (EF), contamination factor (CF), geo-
accumulation index (Igeo) and pollution load index (PLI). 
The consensus-based sediment quality guidelines (SQGs) 
are employed to determine the extent of metals’ toxicity on 
the lagoon’s organisms.
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The study area

The Al-Shuaiba Lagoon (ASL), often called “Al-Shuaiba 
Al-Kabirah”, is located 80 km south of Jeddah City (Saudi 
Arabia) on the eastern Red Sea coast between latitudes 
20° 42′ to 20° 51′ N and longitudes 39° 26′ to 39° 32′ 
E (Fig. 1). It is one of the Red Sea coastal lagoons that 
break the continuity of the Pleistocene reefal limestone 
terraces of elevation between 1 and 3 m a.s.l (Abu-Zied 
et al. 2011). These Pleistocene terraces separate the west-
ern side of ASL from the Red Sea, except at a very narrow 
inlet (about 60 m wide and 6 m deep) permitting two water 
layers to pass through (Abu-Zied et al. 2011). In the east, a 

very low-land borders the ASL and allows the tidal waters 
(0.25 m) to run over a wide area (Fig. 1).

Mangrove trees cover about 10% of the total areas of the 
ASL (Fig. 1), whereas the seagrasses and macro-algae (and 
filamentous green algae) dominate the rest of the lagoon 
substrates (Abu-Zied et al. 2011). The bottom sediment of 
the ASL is mainly composed of bioclastic grains, such as 
small molluscs, shell fragments, benthic foraminifera, cor-
alline algal remains, pellets and lime mud (Abu-Zied and 
Bantan 2013, 2015).

The ASL has hypersaline waters with a maximum salin-
ity and temperature of 56% and 33 °C at the shallow inter-
tidal parts, then these values decrease to 38% and 29 °C at 
the inlet, respectively (Abu-Zied et al. 2011). The lagoon 
gained these conditions because it is a small and shallow 

Fig. 1  Location map of Al-Shuaiba Lagoon, eastern Red Sea, showing the sample sites as crosses, modified after Abu-Zied and Bantan (2013)
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basin (maximum water depth of 3 m), occurring under arid 
warm climate with scarce rainfall (63 mm/yr) and no riv-
erine influx (Abu-Zied and Bantan 2015). The lagoon sur-
face water’s pH was the highest (8.5) at the inlet and the 
southern part of the lagoon, whereas at the intertidal area 
dominated by mangrove tress, it decreased to 8.2 (Abu-Zied 
et al. 2011).

Materials and methods

Sediment collection

Fifty surficial bottom sediment samples were used in this 
study (Fig. 1). Details on sample locations and coordinates 
were listed in Abu-Zied et al. (2011), see also Supplemen-
tary Information SI-1. These samples were collected from 
the upper 1 cm of the bottom sediments of the ASL during 
May–June 2010 using a knife when water depth is less than 
1 m and on board by the Van Veen grab sampler at deeper 
waters, then stored in polyethylene jars. In the laboratory, all 
samples dried in an oven at 50 °C for 24 h and archived for 
further analysis, see Abu-Zied and Bantan (2013) for more 
details about this.

The environmental parameters (measured at each sample 
site) used in this study, such as water depth, pH, salinity, 
temperature, organic carbon (LOI) and sediment grain sizes 
as gravel, sand and mud, were taken from Abu-Zied et al. 
(2011) and Abu-Zied and Bantan (2013). The pH, salinity, 
temperature and DO were measured for the waters of the 
ASL and since this lagoon is very shallow, these parameters 
seem affecting the underlying sediments. These parameters 
are also listed in the Supplementary Information SI-1.

Elemental analysis

Aliquots of the sediment samples were dried at 100 °C for 
24 h to remove waters, then ground using an agate pestle 
and mortar. Accurately weighed 0.2 g of each sample was 
digested with hot concentrated nitric acid under reflux for 
24 h. This is because the studied sediments are mainly com-
posed of carbonate-rich materials with rare lithogenous 
particles (Abu-Zied and Bantan 2015), which dissolve eas-
ily using  HNO3 (Rodger and Davies 1992; Clemente et al. 
2008). For more details about the methodology see Abu-
Zied et al. (2013) and Abu-Zied and Hariri (2016). Digested 
samples (solutions) were then evaporated to near dryness 
and diluted to constant volume (25 ml) with 10% HCl. After 
that, the concentrations of Al, Mg, Ca, Fe, Sr, K, Mn, Li, 
Zn, Cr, Cu, Pb, Ni and Cd were measured using Inductively 
Coupled Plasma-Optical Emission Spectrometer (ICP-
OES) available at Faculty of Meteorology, Environment 
and Arid Land Agriculture, King Abdulaziz University. The 

measurements were carried out by ICP-OES after calibration 
against standard curves of 100 ml of multi-element standard 
solution (766,333.1208, Applichem Panreac) with accuracy 
higher than 96.5%. The detection limits for the measured 
elements (μg/L) as follows: 3 (Al), 0.1 (Mg), 0.02 (Ca), 2 
(Fe), 0.06 (Sr), 20 (K), 0.4 (Mn), 0.3 (Li), 1 (Zn), 2 (Cr), 
0.4 (Cu), 10 (Pb), 5 (Ni), and 1 (Cd). To ensure best quality 
control and avoid cross-contamination, the glasswares were 
rinsed three times with diluted acid (Merck Suprapur grade) 
and last time with deionized water. The concentrations of 
the measured elements are presented in the supplementary 
information SI-1 and in graphs as mg/kg of bulk dry weight 
sediments.

Statistical analysis

Three approaches were used in this study, such as Pearson’s 
correlation coefficients (r), the principal component (PCA) 
and factor analyses (FA). The matrix of the Pearson’s cor-
relation coefficients (r) was constructed by Excel 2013, 
whereas the PCA and FA were performed using the Past 
software (Hammer et al. 2001). The PCA is a correlation 
matrix, which normalizes all the studied variables; compo-
nents 1 and 2 explained 38.5 and 10.5% of the total data 
variability, respectively (Fig. 2). In the FA, factors 1 and 
2 explained 67.4 and 16% of the studied variables (Fig. 2).

Enrichment/pollution indices: In this study, many indices 
were employed, such as the enrichment factor (EF), con-
tamination factor (CF), geo-accumulation index (Igeo) and 
pollution load index (PLI). This is because the enrichment 
of metals in the surficial sediments of the ASL whether from 
natural or anthropogenic processes cannot be determined 
by the metal concentrations alone. The derivation of these 
indices, in essence, was achieved by comparing the meas-
ured metal concentrations against the natural background of 
world average shale (Turekian and Wedepohl 1961) and nor-
malizing by Al (Thomson et al. 2001; Badr et al. 2009; Diop 
et al. 2015). Al is used as a normalizer in this study instead 
of Fe and Li, because Al showed direct positive relationships 
with most of the studied metals, see Table 1. Also, Al is the 
main component of the fine-grained aluminosilicates and 
its concentrations are not influenced by the anthropogenic 
inputs (Garcia et al. 2009).

The EFs of elements were calculated using this equation: 
EF = (M/Al)sample/(M/Al)background (Sutherland 2000), where 
(M/Al)sample denotes to the measured concentration of an 
element in the studied sample divided by Al of the same 
sample, and (M/Al)background denotes to the concentration 
of an element and Al in the world average shale (Turekian 
and Wedepohl 1961). The EF values have been catego-
rized into five classes, such as low level enrichment from 
natural origin (EF < 2), moderate enrichment (2 ≤ EF < 5), 
significant enrichment (5 ≤ EF < 20), very high enrichment 



Environmental Earth Sciences (2021) 80:385 

1 3

Page 5 of 20 385

(20 ≤ EF < 40) and extremely high enrichment (EF > 40) 
(Sutherland 2000).

The CF was also calculated based on the background of 
world average shale (Turekian and Wedepohl 1961), using 
this equation: CF =  Msample/Mbackground. When CF < 1, it indi-
cates low level of contamination, the value of 1 ≤ CF < 3 
indicates normal level of contamination, the value of 
3 ≤ CF < 6 denotes to a considerable level of contamina-
tion and excessive level of contamination is indicated when 
CF > 6 (Hakanson 1980).

The Igeo Index was calculated using this equation 
Igeo = log2 (Cn/(1.5 × Bn)). The Cn is the measured con-
centration of metal (n), and Bn the metal’s concentration 
in the average shale (Turekian and Wedepohl 1961). It 

separates sediments quality into different classes: unpol-
luted (Igeo < 0), unpolluted to moderately polluted 
(0 ≤ Igeo < 1), moderately polluted (1 ≤ Igeo < 2), moder-
ately to heavily polluted (2 ≤ Igeo < 3), heavily polluted 
(3 ≤ Igeo < 4), heavily to extremely polluted (4 ≤ Igeo < 5) 
and extremely polluted (Igeo > 5) (Muller 1969; Hu et al. 
2019).

The PLI was calculated using this equation: 
PLI = (CF1 × CF2 × CF3…CFn)(1/n). When PLI value > 1 
indicates sediments are polluted whereas when it is < 1 
indicates no pollution (Chakravarty and Patgiri 2009). The 
sediment quality guidelines (SQGs) used in this study are 
following those of Long et al. (1995) and MacDonald et al. 
(2000).

Fig. 2  Scatter plots of A, the 
correlation-based principal 
component (PCA) and B, factor 
analyses (FA). Environmental 
parameters, such as sediment 
grain sizes (mud, sand and 
gravel fractions), organic carbon 
(LOI), depth, temperature, 
salinity and pH, were taken 
from Abu-Zied et al. (2011) and 
Abu-Zied and Bantan (2013). 
Dissolved oxygen (DO) is only 
presented here but it was meas-
ured during the same field work 
of the above parameters
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Results and discussion

Metals spatial distributions and their relationships 
with the environmental parameters

The best grouping of metals in the sediments of ASL is 
reconstructed by their distributional patterns and using 
three approaches, which are Pearson’s correlation coef-
ficient (r) and the scatter plots of the principal component 
(PCA) and factor analyses (FA). These techniques allowed 
the division of metals into five associations: (1) Mg-Ca-Sr, 
(2) Al-Zn-Cr-Ni-Cu, (3) Fe–Mn-Li, (4) K and (4) Pb–Cd 
(Fig. 2).

The association Mg-Ca-Sr: It is made of major elements 
that predominate in warm shallow tropical environments, 
showing concentrations with averages of 13,546 ± 3032, 
10,112 ± 376, and 3986 ± 1022 mg/kg of bulk sediments, 
respectively (Fig. 3). These elements could have originated 
from the lagoon’s water mineralization during evaporation 
concentration of the lagoon’s waters and precipitation of 
biogenic and non-skeletal carbonates. Ca concentration 
in the studied sediments showed lower values than those 
of the Red Sea coast (Table 2). This association showed 
a close affinity to pH, temperature, salinity and DO as 
indicated by the plot of FA (Fig. 2). However, they showed 
no affinity to the water depth, organic carbon (LOI) and 
sediment grain sizes (Fig. 2). Such relationships are not or 
very weakly developed in the correlation matrix (Table 1) 
and in the plot of PCA (Fig. 2). In the plot of PCA, Ca is 
strongly positively correlated with Pb, Cd, mud and salin-
ity; it is strongly inversely correlated with Mg, Sr, pH, 
sand, and water depth (Fig. 2). The Mg and Sr showed 
their maximum values in the sediments of supra-, and 
inter-tidal areas that are characterized by the highest tem-
perature and salinity of 33 °C and > 52% (Abu-Zied et al. 
2011), whereas their low values were recorded in the cen-
tre of the ASL (Fig. 3). On the contrary, the highest values 
of Ca occurred in the centre of the ASL and its low values 
were recorded in the supra-, and inter-tidal areas (Fig. 3). 
This is probably related to occurrence of high temperature 
and salinity in these areas allowing precipitation of high 
Sr-Mg-carbonates in forms of aragonite and calcite (Ries 
2010), and additionally incorporation of Mg promotes the 
precipitation of Sr (Weinbauer and Velimirov 1995).

In the Red Sea’s lagoons, aragonite is the dominant 
mineral, representing about 40% of the total bulk sedi-
ments whereas the calcite and dolomite represent values 
of 13 and 23%, respectively (Bantan and Abu-Zied 2014). 
It is also reported that aragonite and high-Mg calcite are 
the dominant carbonate phases in warm tropical to sub-
tropical waters (Stanienda-Pilecki 2018; Basaham et al. 
2019). This may explain why the intertidal area of ASL 

contains the highest concentrations of Mg and Sr. Similar 
testifying results were also reported by many authors. For 
example, Sunagawa et al. (2007) indicated that increasing 
temperature promotes the precipitation of aragonite (not 
calcite), which is enriched in Sr. On the other hand, Wein-
bauer et al. (2000) indicated that temperature promotes 
the incorporation of Mg in biogenic calcite whereas the 
Sr concentration is inversely related to the growth rate and 
consequently the concentrations of Mg and Sr in some 
organisms could be used as ecological indicator for tem-
perature and growth rate. Tang et al. (2012) discussed that 
non-lattice sites were probably related to site defects with 
preferential incorporation of larger cations such as  Sr2+ 
than  Ca2+, especially during fast precipitation that resulted 
in more Sr partitioning into calcite. However, many studies 
reported that salinity has no effect on the incorporation 
of Sr and Mg into the calcite lattice (Rosales et al. 2004; 
Gussone et al. 2010). Tang et al. (2012) also concluded 
that the discrimination of  Sr2+ versus  Ca2+ during calcite 
formation is mainly controlled by precipitation rate and is 
weakly influenced by ionic strength or salinity. Toler et al. 
(2001) also mentioned that biogenic high-Mg calcite tends 
to be particularly abundant in shallow tropical carbonate 
reefs and shelf environments, where seawaters are super-
saturated with respect to  CaCO3 and thermodynamically 
favors the precipitation of high-Mg calcite or aragonite 
crystals.

The association K: It showed concentration with an aver-
age of 2137 ± 1904 mg/kg of bulk sediments (Fig. 3). The 
maximum values were recorded in the sediments of supra-, 
and inter-tidal areas of the ASL where temperature and 
salinity increased to 33 °C and > 52% (Abu-Zied et al. 2011); 
its low values were recorded in the sediments of the inlet and 
southern part of the lagoon (Fig. 3). It shows, more or less 
a gradient in its concentration increasing from south (inlet) 
to the upper part of the lagoon following the surface water 
salinity (see Abu-Zied et al. 2011). It is displayed alone in 
the scatter plot of FA, showing no close affinity with the 
environmental parameters, such as the water depth, LOI and 
sediment grain sizes (Fig. 2). This is in agreement with those 
of the Pearson’s correlation matrix (Table 1). In the plot of 
PCA, the K is strongly positively correlated with the Al, Zn, 
Cr, Ni, Cu, Fe, Mn and Li; and it is weakly correlated with 
temperature, gravel and organic carbon (Fig. 2). The K in 
the ASL sediments is possibly originated from the lagoon’s 
waters mineralization as a result of high evaporation and 
precipitation of salts and carbonates. The wind-blown dust 
could also contains K-rich clay minerals.

The association Al-Zn-Cr-Ni-Cu: It showed concentra-
tions with averages of 30,180 ± 20,392, 70 ± 65, 41 ± 19, 
16 ± 6 and 40 ± 28 mg/kg of bulk sediments, respectively 
(Figs. 3 and 4). This association showed their maximum 
values in the northern and eastern sides of the lagoon 
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Fig. 3  Concentration (mg/kg) distribution of the metals Mg, Ca, Sr, K, Al and Zn in the surficial bottom sediments of Al-Shuaiba Lagoon
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Fig. 4  Concentration (mg/kg) distribution of the metals Cr, Ni, Cu, Fe, Mn and Li in the surficial bottom sediments of Al-Shuaiba Lagoon
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where the supra-, and inter-tidal areas are more spacious 
with high plant cover, such as mangroves, macro-algae and 
seagrasses (Abu-Zied et al. 2011). In the plot of PCA, they 
are positively inter-correlated but with no affinity to envi-
ronmental parameters, such as pH, sand, mud and water 
depth and other elements, such as Ca, Mg and Sr (Fig. 2). 
They are inversely correlated with the DO and more or less 
directly correlated with LOI, gravel, surface temperature 
and salinity; and they are strongly correlated with Fe, Mn, 
and Li (Fig. 2). These correlations are also indicated by 
the Pearson’s correlation matrix (Table 1).

All elements of the association Al-Zn-Cr-Ni-Cu showed 
their low values in the centre of the ASL and inlet sedi-
ments, except Zn that remarkably increased to > 60 mg/
kg in the inlet sediments (Figs. 3 and 4). The increase of 
Zn in the inlet sediments could be likely related to boat 
activities, such as decay of boat painting and oil spills at 
the boatyard area, which is located at inner inlet. Another 
explanation for the increase of Zn in the inlet could be 
naturally occurring due to biosorption by mucus algae that 
proliferate on coral debris and coarse grains of the inlet’s 
sediments (Hariri and Abu-Zied 2018).

Occurrence of Al (major element) with the minor ele-
ments Zn, Cr, Ni and Cu in one association may indicate 
that they originated from the same sources, such as wind-
blown dust enriched in aluminosilicate minerals (Basa-
ham et al. 2019), runoff from the surrounding low-land 
during the rainy seasons and in-wash of sediments by 
tidal currents, that run over for > 5 km on the low-land 
in the eastern side of the lagoon. A similar association 
(Al-Zn-Cr-Cu) was also recorded in a short sediment core 
recovered from shallow waters off Jeddah City (Badr et al. 
2009). The elements Zn, Ni and Cu showed pronounced 
concentrations in the northern and eastern sides of the 
lagoon where mangroves, seagrasses and macro-algae pro-
liferate, which may act as bio-accumulator and sinks for 
heavy metals (Lacerda et al. 1993; Tam and Wong 2000; 
Almahasheer et al. 2018). These vegetations absorb nutri-
ents and elements from the surface and underlying layers 
of the lagoon’s sediments. When their leaves or branches 
shed, they fall to the bottom of the lake and decompose, 
returning the elements back to the bottom sediments. With 
this process going for a long period of time, these elements 
accumulate in mangrove’s sediments and lead to increase 
the organic matter contents, which in turn also attract and 
store the elements due to their strong adsorption capac-
ity (Lacerda et al. 1993; Tam and Wong 2000; Abu-Zied 
et al. 2013). Also, Mercone et al. (2001) indicated that the 
organic carbon is responsible for the elevated values of Cu, 

Cr, Ni and Zn in the organic-rich sediments (sapropel S1) 
of core LC-21 retrieved from the eastern Mediterranean.

The association Fe–Mn-Li: It showed concentrations with 
averages of 4899 ± 2939, 91 ± 56 and 79 ± 75 mg/kg of bulk 
sediments, respectively (Fig. 4). The distributional patterns 
of Fe, Mn and Li are similar, suggesting same sources and 
displaying their maximum values in the northern and eastern 
sides of the lagoon where the supra-, and inter-tidal areas are 
more spacious with high plant cover, such as mangroves, 
macro-algae and seagrasses; their low values were recorded 
in the centre of the ASL and inlet sediments (Fig. 4). This 
association showed no affinity to the environmental param-
eters, such as DO, surface temperature, salinity, water depth, 
LOI and sediment grain sizes, as indicated by the plot of FA 
(Fig. 2). In the plot of the PCA, the association Fe–Mn-Li is 
positively correlated with the association Al-Zn-Cr-Ni-Cu, 
and weakly correlated with the LOI (Fig. 2). These correla-
tions are also in agreement with the Pearson’s correlation 
values where the Fe and Mn are strongly positively corre-
lated, r = 0.95 (Table 1).

The association Fe–Mn with Li may indicate that they 
could have originated from same source. Their sources 
in the ASL’s sediments could possibly come mainly from 
wind-blown dust, runoff and uptake from lagoon’s water by 
aid of organic carbon (Thomson et al. 2001). Fe and Mn 
are very similar in their biogeochemistries, and mainly pre-
sent in seawaters as oxyhydroxides and particulate phases, 
which have a great potential for scavenging of many trace 
elements (Raiswell et al. 2006; Raiswell and Canfield 2012; 
Wehrmann et al. 2014). However, the Fe is more sensitive 
to oxidation than Mn. In the Vistula Lagoon (Baltic Sea) 
metal–organic complexes contributed up to 20% of the total 
manganese flux and up to 70% of the total iron flux (Pakho-
mova et al. 2007).

The Fe and Mn concentrations in marine sediments are 
influenced by the redox potential, where under reducing con-
ditions,  Fe2+ and  Mn2+ become soluble and release from the 
sediments; and under oxidizing conditions these ions leave 
the overlying water to be deposited on the sea floor (Mer-
cone et al. 2001; Pakhomova et al. 2007; Abu-Zied et al. 
2013; Wehrmann et al. 2014). In the ASL, these ions did 
not show a special response to the organic-rich substrates of 
the mangroves’ environment, but instead they showed the 
highest concentrations in the supra-, and inter-tidal areas 
whether with organic-rich substrates or not (Fig. 4). This 
may suggest that the upper 1–2 cm of the organic-rich sub-
strates of the mangroves is oxic and the redox-cline occurs 
below this. This might limit the recycling of Fe and Mn 
to the overlying intertidal waters. Pakhomova et al. (2007) 
concluded that organically complexed Fe and Mn were in 
most cases not involved in the benthic exchange processes. 
Also, the mangroves’ environment is characterized by low 
water dynamics so many authors have considered it as a 

Fig. 5  Concentration distribution of the metals Pb and Cd (mg/kg) 
and elemental ratios of K/Ca, Mg/Ca, Fe/Ca and Mn/Ca in the surfi-
cial bottom sediments of Al-Shuaiba Lagoon
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trap for fine particles, which is the main sink for heavy met-
als (Lacerda et al. 1993; Tam and Wong 2000; Alsamadany 
et al. 2020).

The association Pb–Cd: It showed concentrations with 
averages of 37 ± 49 and 1.6 ± 2 mg/kg of bulk sediments, 
respectively (Fig. 5). The distributional patterns of Pb and 
Cd are similar, suggesting same sources and possibly same 
recycling under the environmental conditions of the ASL. 
They displayed their maximum values in the sediments of 
eastern side (rich in mangroves, macro-algae and seagrasses) 
of the lagoon whereas in the rest of lagoon and inlet, the Pb 
and Cd concentrations are nearly absent (Fig. 5). This asso-
ciation showed no affinity to the rest of studied elements and 
environmental parameters, such as pH, DO, surface tempera-
ture, salinity, water depth, LOI and sediment grain sizes, as 
indicated by the plot of FA (Fig. 2). This is in agreement to 
those of the Pearson’s correlation values, except Pb showed 
strong positive correlation (r = 0.88) with the DO (Table 1). 
A similar association (Pb–Cd) was also recorded in a short 
sediment core recovered from shallow waters off Jeddah City 
(Badr et al. 2009). In the plot of the PCA, the Pb and Cd are 
positively correlated with mud, salinity and Ca; they are 
strongly inversely correlated with pH, sand, water depth, Sr 
and Mg (Fig. 2), indicating the effect of redox conditions on 
their concentrations in the sediments.

The Pb and Cd are non-essential metals and not required 
by micro-organisms, but they are toxic and can be accu-
mulated in living organisms, causing various diseases and 
disorders even at relatively low concentrations (Rubio-Fran-
chini et al. 2008; Pehlivan et al. 2009; Tangahu et al. 2011). 
Their sources in the ASL sediments could have come from 
atmospheric fallout (Frignani et al. 1997; Nagajyoti et al. 
2010; Basaham et al. 2019), runoff and uptake from lagoon’s 
water by aid of organic carbon. The highly elevated Pb and 
Cd in the organic-rich substrates of the mangroves indicate 
that the abundance of organic matter in the bottom sediments 
of the lagoon creates an environment with a high demand 
for oxygen, especially during summer when the degradation 
of the organic matters intensified. It is known that the man-
grove sediments are anaerobic and reduced, rich in sulphide 
and organic matter content, thus favouring the retention of 
the water-borne heavy metals (Lacerda et al. 1993; Tam and 
Wong 2000). Under post-oxic and anoxic conditions, Cd gets 
fixed in sediments forming an insoluble species with trace 
sulphide, whereas in oxic conditions, it decreases in the sedi-
ments due to its release in the overlying waters as soluble 
species (Thomson et al. 2001). Thus, it is likely that occur-
rence of organic complexes and limited dissolved oxygen 
in the substrates of the mangrove trees allowed the reten-
tion of more Pb and Cd in eastern side of the ASL, where 
organic matters could create a complexing reaction, and 
decreases the metallic bioavailability. Little is known about 
the behavior of Pb at the redox-cline. However, after high 

turbidity and aeration of bottom sediments, the released Pb 
and Cu were almost totally scavenged in the 4 h by the newly 
precipitated Fe oxyhydroxides, while more than 50% of the 
mobilized Cd remained in the dissolved fraction (Caetano 
et al. 2003). Also, Spencer et al. (2003) concluded that Pb 
(and Cu and Zn) commonly co-precipitates with sulphides 
below the redox-cline and therefore may show enrichment 
at depth.

Elemental ratios

In this study, the minor/trace elements are normalized 
against the major elements, such as Al, Ca and Mg, to shed 
light on source of elements and their geochemical processes, 
such as mineralization and redox conditions. Al is mainly 
originated from aluminosilicate detritus, while elevated val-
ues of Ca and Mg are indication of high salinity seawaters. 
It was mentioned that element/Al ratios reflect source char-
acteristic as well as weathering and transportation (Piper 
and Calvert 2011).

The distribution patterns of Ca normalized K, Mg, Fe, 
Mn in the ASL’s surficial sediments showed some anomalies 
though not much prominent (Fig. 5). The K/Ca ratio in the 
ASL’s surficial sediments was 0.15 in the inlet and centre of 
the ASL, and increased to 0.25 in the northern and eastern 
sides (Fig. 5). The Mg/Ca ratio in the ASL’s surficial sedi-
ments was 1.4 throughout the lagoon; and towards centre, 
it showed the lowest value of 0.6 (Fig. 5). The ratios of Fe/
Ca and Mn/Ca, which are considered as potential proxies for 
redox conditions (Glock et al. 2012) and terrigenous inputs 
(Mulitza et al. 2007) are low, displaying values of 0.4–0.6 
and 0.01, respectively (Fig. 5). The recorded low values of 
the above-mentioned elemental ratios indicate the predomi-
nance of marine biogenic carbonate mineralization in the 
lagoon and restricted delivery of terrigenous sediment into 
the lagoon. Meanwhile, Jennerjahn et al. (2004) reported 
that the remarkable increase of Fe/Ca ratio indicates a shift 
from carbonate to lithogenic deposition.

The distribution patterns of Sr/Ca and Sr/Mg ratios in the 
ASL’s surficial sediments displayed the lowest values (0.2 
and 0.22, respectively) in the centre of the lagoon, whereas 
the highest values (0.44 and 0.28, respectively) occurred 
in the supra-, and inter-tidal areas of the lagoon (Fig. 6). 
This indicates that much more Sr-rich calcite (aragonite) was 
precipitated in the intertidal areas than in the deeper part of 
the lagoon. The intertidal areas (without mangrove trees) 
of the ASL are characterized by having shallow, agitated 
waters with high temperature and salinity (Abu-Zied et al. 
2011). Also, the Al/Ca ratio showed the lowest values (1.0) 
in the centre of the lagoon, whereas the highest values (4.0) 
occurred in the intertidal area (Fig. 6).

On the other hand, the distribution patterns of Al normal-
ized Ca, Mg, Fe, K, Zn, Cu and Ni increased in the middle 
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Fig. 6  Distribution of the elemental ratios of Sr/Ca, Sr/Mg, Al/Ca, Ca/Al, Mg/Al and Fe/Al in the surficial bottom sediments of Al-Shuaiba Lagoon
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of the lagoon displaying values of > 10, > 10, 0.8, 1.2, 0.04, 
0.01 and 0.01, respectively (Figs. 6 and 7). In the intertidal 
area of the lagoon, they were absent (Figs. 6 and 7). This 
may indicate that the bottom sediments of the lagoon’s cen-
tre are enriched by Mg-calcite, which may be incorporated 
or coated with cations, such as of Fe, K, Zn, Cu and Ni.

Metal enrichment in the ASL’s sediments

The enrichment of metals in the surficial sediments of the 
ASL was explored by many indices (EF, CF, Igeo and PLI), 
which all were compared against the world average shale 
(Turekian and Wedepohl 1961) and normalized by Al. In 
this study, the metals’ enrichment (if present) is attributed 
to natural sources since the ASL is safe, at the moment, from 
any anthropogenic activities, except there is a little fishing 
activities at the inlet. It is far from the urbanization activities 
of Jeddah City by about 80 km.

The EFs of Fe, K and Mn were < 1.0, indicating the 
enrichments of these metals in the surficial sediments of 
the ASL were very low and did not exceed the world shale 
(Table 2). The metals Cr, Zn, Cu, Ni and Li showed enrich-
ments between 2 and 5 that means they were in moderate 
enrichments, whereas the metals Mg, Ca and Pb were signif-
icantly enriched with values of 11, 8 and 13 (respectively), 
when comparing with the world shale (Table 2). The metals 
that showed EFs > 2 is possibly related to natural sources (as 
discussed above), such as mineralization of lagoon’s water, 
wind-blown dust, runoff and then uptake/concentration by 
the fine particles and organic matters. The metals Sr and 
Cd were extremely high enriched in the bottom sediments 
of the ASL, showing values of 103 and 43, respectively 
(Table 2). This is because the lagoon has hypersaline waters 
with restricted water exchange and is located under warm 
tropical climate favouring the deposition of Sr-rich carbon-
ates (aragonite). The enrichment of Cd is attributed to con-
centration in sediments by the uptake of organic complexes, 
likely, in suboxic to anoxic environments.

The CFs of metals, such as Al, Fe, Mg, Ca, K, Mn, Cr, 
Zn, Cu and Ni, were < 1.0 (Table 2), indicating the bottom 
sediments of the ASL were not contaminated by these met-
als, which showed average concentrations less than the world 
shale. The ASL’s sediments were moderately contaminated 
by Pb and Li, which showed CFs of 1.8 and 1.2, respectively 
(Table 2). They were considerably contaminated by Cd 
(CF = 5.3); and very highly contaminated by Sr (CF = 13.3) 
(Table 2). The contamination of the ASL bottom sediments 
especially of the mangrove substrates with Pb and Cd may 
induce an adverse effect on the living biota since they are 

known as toxic metals. This may be one of the common 
cause for occurrence of many dead, dwarfed and senescent 
mangrove trees at the eastern side of the ASL, where accu-
mulations of heavy metals can cause direct and/or indirect 
reduction of plant growth by adversely affecting various 
physiological and molecular activities of plants (Tiwari and 
Lata 2018).

Based on the values of the Igeo of all metals (Igeo < 0.0) 
indicated that the surficial sediments of the ASL were unpol-
luted, but they were unpolluted to moderately polluted by Sr 
and Cd, which showed Igeo of 0.92 and 0.32, respectively 
(Table 2). However, Sr is a major, non-toxic, macro-element, 
essential for calcium carbonate production.

The PLI of the essential metals (Fe, Mn, Cr, Zn, Cu, and 
Ni) and toxic metals (Pb and Cd) showed an average value 
of < 1.0 throughout the whole lagoon, except the samples 
SH27 and SH29, located in the eastern side, their PLIs 
exceeded 1.0 (Fig. 7). This indicated that the surficial sedi-
ments of the ASL were unpolluted, but at the eastern side it 
likely became naturally polluted.

Comparison with the regional Red Sea, worldwide 
and SQGs

Comparing the concentrations of the studied essential metals 
(Fe, Mn, Zn, Cr, Cu, and Ni) and toxic metals (Pb and Cd) 
in the ASL with other localities in the Red Sea, worldwide 
and sediment quality guidelines (SQGs) (Table 2) helps to 
know to what extent these concentrations are similar with 
the other studies and whether they have an adverse impact on 
the living organisms in the lagoon or not. Also, the toxicity 
of metal or bioavailability cannot determined by the metal 
concentration itself, but it should be compared with one of 
the commonly used SQGs such as those of Long et al. (1995) 
and MacDonald et al. (2000).

In general, the concentrations of Fe, Mn, Zn, Cr, Cu, and 
Ni in the surficial sediments of the ASL appear to be within 
their natural range, showing values smaller than the world 
shale, while the concentrations of Pb and Cd were higher 
than the world shale (Table 2). The Fe and Mn showed 
values more or less similar to those of the Red Sea coast. 
But, these values were lower than those of the Red Sea 
lagoons, such as Al-Kharrar, Sharm Obhur, Al-Arbaeen 
and Al-Shabab (Table 2). This is due to their connection 
with lithogenic influxes from wadies and sewage influents, 
but the ASL has no connection to any of these. Also, they 
were smaller than those of the world mangrove sediments 
(Table 2).

The concentrations of Cr, Zn, Cu, and Ni were more or 
less similar to those of the Red Sea lagoons except Sharm 
Obhur, Al-Arbaeen and Al-Shabab lagoons, which con-
tained higher concentrations of these metals due to pollu-
tion sources from the municipality of Jeddah City (Abu-Zied 

Fig. 7  Distribution of the elemental ratios of K/Al, Zn/Al, Cu/Al and 
Ni/Al, and the pollution load index (PLI) values in the surficial bot-
tom sediments of Al-Shuaiba Lagoon
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et al. 2013; Ghandour et al. 2014). They showed values 
more or less similar to those of the Red Sea coast, except 
the higher values recorded by Al-Mur et al. (2107) that was 
related to occurrence of pollution sources (Table 2). Also, 
they showed similar concentrations to those of the world 
mangrove sediments (Table 2).

The concentrations of Pb and Cd were higher than those 
of the Red Sea lagoons and world shale, but they were more 
or less similar to the higher values of the polluted lagoons, 
such as the Al-Arbaeen and Al-Shabab lagoons (Table 2). 
Also, they were higher than those of the Red Sea coast, but 
they were similar to those of the polluted sediments investi-
gated by Badr et al. (2009) and Al-Mur et al. (2017). Also, 
they were more or less similar to those of the world man-
grove sediments (Table 2).

When comparing the concentrations of Zn, Cr, Cu, Ni, Pb 
and Cd in the ASL sediments with the SQGs (Table 2), it is 
noted that the concentrations of Zn and Ni are lower than 
the effect range low (ERL) of NOAA (Long et al. 1995) and 
threshold effect level (TEL) (MacDonald et al. 2000). This 
suggests that the present concentrations of these metals in 
the ASL are not associated with adverse impacts on the liv-
ing organisms in the ASL. The concentration of Cr showed 
similar conditions to that of Zn and Ni, but it is slightly 
higher than the TEL, suggesting that it may cause an occa-
sional threat to the biology of the lagoon.

The concentrations of Cu, Pb and Cd in the ASL sedi-
ments are higher than the values of ERL and TEL and lower 
than the values of effect range median (ERM) of NOAA 
(Long et al. 1995) and probable effect level (PEL) (Mac-
Donald et al. 2000) (Table 2). This suggests that these metals 
could cause an occasional threat to the biota of the lagoon.

Conclusion

The concentrations of major (Al, Mg, Ca, Sr and K) and 
trace metals (Fe, Mn, Li, Zn, Cr, Cu, Pb, Ni and Cd) in the 
surficial bulk sediments (dry wt) of the ASL were meas-
ured. Their enrichment based on comparison with the natural 
background shale and normalizing with Al decreased in the 
following order: Sr, Cd, Pb, Mg, Ca, Cu, Li, Zn, Cr, Ni, 
K, Mn and Fe. All metal spatial distributions indicated that 
the elevated concentrations occurred in the intertidal areas 
and in the mangrove sediments and decreased in a gradient 
towards the deep waters and inlet, except Ca, which showed 
elevated concentration in the centre of the lagoon.

The statistical analyses allowed the division of measured 
elements into five associations. The major metal Mg-Ca-
Sr and K associations showed a close affinity to pH, tem-
perature, salinity and dissolved oxygen (DO) as indicated 
by the FA, suggesting they could have mainly originated 
from the lagoon’s water mineralization due to evaporation 

concentration processes and precipitation of biogenic and 
non-skeletal carbonates. The associations Al-Zn-Cr-Ni-Cu 
and Fe–Mn-Li showed positive inter-relationships and direct 
correlations with organic carbon (LOI) as indicated by the 
PCA, suggesting that the main sources of them were mainly 
from wind-blown dust and runoff from the surrounding low-
land, enriched in aluminosilicate minerals, during the rainy 
seasons and in-wash of sediments by tidal currents. The 
Pb–Cd association showed strong inverse relationship with 
the pH (PCA plot) indicating the effect of redox conditions 
on their concentrations in the sediments. Elevated values of 
Pb–Cd were exclusively found in the mangrove sediments, 
implying that the occurrence of organic complexes and lim-
ited dissolved oxygen in the substrates of the mangrove trees 
allowed the retention of more Pb and Cd in the eastern side 
of the ASL, where the mangroves predominate.

The CF, Igeo and PLI values indicated that the bottom 
sediments of the ASL contain safe concentrations of Al, Fe, 
Mg, Ca, K, Mn, Cr, Zn and Ni, but they were polluted by 
Cu, Pb and Cd due to natural processes. This is also deduced 
by the SQGs where the concentrations of Cu, Pb and Cd are 
higher than the values of ERL and TEL and lower than the 
values of ERM, suggesting that these metals could cause an 
occasional threat to the living biota, especially at the eastern 
side of the lagoon.
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