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Abstract

:

Geochemical analysis of the 23 sediment samples collected from a short (0.6 m long) core retrieved from the coastal creek that was previously connecting the northern and southern Al-Shuaiba Lagoons, Red Sea, Saudi Arabia, was accomplished to assess the elemental enrichment levels and the natural and anthropogenic driving forces for this enrichment. Statistical analysis and upcore variation in elemental concentrations enabled subdivision of the core formally into three units, lower, middle, and upper. The enriched elements in the lower and middle units display poor to negative correlations with the enriched elements in the upper unit. The lower unit is enriched in elements (Mo, As, U, and Re) suggesting deposition under anoxic conditions, possibly related to the Medieval Climate Anomaly. The middle unit is enriched in the carbonate-related constituents (CaCO3, Ca, and Sr). The upper unit is enriched in elements that co-vary significantly with Al suggesting increased terrigenous supply associated with the construction of the road between the two lagoons. The enrichment of elements in the lower and middle units is naturally driven, whereas the enrichment of lithogenic elements in the upper unit, though of geogenic origin, is induced after the road construction.
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1. Introduction


Coastal lagoons are the most used, fragile, vulnerable, and threatened coastal ecosystems [1,2,3,4,5]. They hold varieties of important living resources of commercial and ecological interests. They are affected by several natural and anthropogenic pressures and threats. Climate changes, rock weathering, soil erosion, and volcanic eruptions are the most common natural threats. On the other hand, anthropogenic perturbations vary from various industrial and agricultural activities, burning of fossil fuels, untreated waste discharges, increasing nutrient supply, unplanned coastal urbanization, road runoff, dumping, and leachate from landfills [5,6,7]. These threats have a massive direct and indirect negative effect and increase the pressure on the marine coastal ecosystem. Water stagnation and poor flushing rates that are caused either by natural and/or anthropogenic processes are among the most serious environmental problems in coastal lagoons. Water stagnation puts pressure on the coastal water and sediment quality encourages the appearance of harmful algae and bacteria and eliminates oxygen from the ecosystem by anaerobic bacteria with the subsequent release of H2S that can kill a variety of invertebrates and fishes and causes anomalous enrichment of the redox-sensitive metals [8]. Consequently, these coasts become unsuitable for aquaculture, fisheries, and coastal touristic and recreation activities.



The natural and anthropogenic threats and their environmental consequences are imprinted in the chemical composition of the lagoonal bottom sediments. These threats lead to the enrichment of bottom sediments with potentially toxic elements. Metal enrichment can endanger aquatic life and destroy ecosystems [9,10]. The concentrations of trace elements in the sediments provide key information about potential anthropogenic pressures on the ecosystem, as well as potential internal sources in these ecosystems. Sediments are a possible source and/or a carrier for metals [11,12] and they may limit their bioavailability or allow their remobilization and re-suspension in the water column depending on bottom redox conditions [13,14]. Under certain conditions, the enriched toxic metals can be released into the water column and become a threat to aquatic ecosystems as well as a health risk to humans due to their toxicity, persistence, and ability to accumulate in living organisms [5,15,16]. Therefore, the study of sediment geochemistry is crucial to monitor the aquatic ecosystem as it provides information about the redox bottom conditions, contamination level, and ecotoxicological risk [5,17]. The chemical composition of shallow subsurface coastal sediments provides a historic record of natural and anthropogenic influences on coastal systems [18,19,20].



Along the Saudi Red Sea coast, there are over 20 hypersaline coastal lagoons with unique environmental characteristics [21]. Among them, Al-Shuaiba and Al-Kharrar Lagoons are the most studied [22,23,24,25,26,27]. At Al-Shuaiba area some 80 km south of Jeddah City, there are two lagoons, the northern and southern Al-Shuaiba Lagoons (Figure 1a), that are sites for rare traditional fishing. In the past, water was freely circulated between the two lagoons through a shallow and small channel/creek and the oxygen concentration in the water was normally replenished. In the early 1980s, the two lagoons were separated by a paved road, which ended water circulation and the area has undergone dramatic environmental changes (Figure 2). Water circulation in the channel to the north of the southern Al-Shuaiba Lagoon is sluggish and essentially stagnant, resulting in the accumulation of organic matter from dead organisms and plants from the nearby mangroves.



Most of the previous studies in the Al-Shuaiba area were carried out on the southern Al-Shuaiba Lagoon bottom sediments and the shallow subsurface sediments of the tidal flat to the east. The effect of meteorological forcing and tide on the flushing of Al-Shuaiba Lagoon was studied by Ahmad and Sultan [28] and Al-Barakati [29]. The mineralogical and chemical composition of the southern Al-Shuaiba Lagoon bottom sediment was studied by Al-Washmi and Gheith [22] and Basaham et al. [26], whereas Abu-Zied and Bantan [24] studied the benthic foraminiferal distribution and their environmental controls and usefulness in sea-level reconstruction. Abu-Zied and Bantan [30] studied the vertical variations of benthic foraminifera and major and trace elements and their environmental and paleoclimatic significances in shallow subsurface sediments of the tidal flat east of the southern Al-Shuaiba Lagoon. Al-Farawati et al. [31] studied the speciation and distribution pattern of phosphorus in the sediments of the northern Al-Shuaiba Lagoon.



None of the previous studies has committed an investigative effort to document the potential impacts of road construction on the water and sediment quality of the area. The environmental deterioration and adverse effect of road construction on sediment chemical composition are therefore a target of this work. It is crucial to determine sediment geochemistry and assess if any metal enrichment has been caused or amplified by the construction of the road in the early 1980s and the resultant stagnation. The present work, therefore, aims to (1) reveal the vertical profiles and assess the degree of enrichment of the environmentally sensitive major and trace elements prior to and after the construction of the road; (2) determine the reason(s) and sources of elemental enrichment; and (3) evaluate the most suitable redox-sensitive elements. To investigate the history of the channel and the beginning of the anthropo-pressure, coring of the bottom sediments of the channel/creek connecting the two lagoons was conducted.




2. Area of Study


The northern and southern Al-Shuaiba Red Sea hyper-saline coastal lagoons (Figure 1a) were formed by the sub-pluvial to pluvial Pleistocene erosion and subsequently submerged by a sea-level rise during the early-middle Holocene [21,32,33]. They are bounded to the west by raised coral terraces of Pleistocene age and the east by a vast tidal flat. They show unique environmental characteristics as they are connected to the Red Sea through narrow inlets with water depths of 7 and 15 m, respectively. The climate is tropical with warm and dry conditions throughout the year, scarce rainfall (63 m/year), and no riverine inflow. The annual average evaporation rate over the Red Sea is 2.06 ± 0.22 m/year [34,35].



The lagoons are separated by a paved road that ended the water circulation. They lack industrial, freshwater, and terrigenous sediments influx. The lagoonal bottom sediments consist of calcareous biogenous sediments admixed with relatively rare siliciclastic and traces of evaporite deposits [21]. The texture of the bottom sediments ranges between sandy mud and gravelly sand. The sand to gravel size fraction is dominated by skeletal remains of coral debris, coralline algae, molluscan shells, foraminifera, sponges, and bryozoans. The sediment distribution is controlled by the shape and size of the inlet, water depths, and tidal currents. The colour of sediments varies in the two lagoons, with dark sediments mainly found at the periphery of the lagoons. The bottom sediments of the northern lagoon are brown to grey, whereas they range from yellow to grey in the southern lagoon. Fine sediments are dark with shades of grey, and the coarse sediments are light with shades of yellowish to greyish brown. The coarse sediments including shells are stained grey to black due to the reducing environment and formation of authigenic pyrite. Stagnant conditions prevail inside the lagoons due to insufficient water exchange with the open sea, and the lack of rainfall causes hyper-saline conditions [21]. Dark grey sediments occur in quiescent reducing areas where currents are almost negligible and incapable of re-suspending and transporting sediments. The reducing environment is further enhanced by restricted water exchange between the Red Sea and the lagoons. Organic-rich sediments with a pungent smell are dark-coloured and enriched in mangrove and dark stained shells and coral debris remains reflecting the development of reducing conditions [21].



Basaham et al. [26] distinguished two groups of elements in the southern Al-Shuaiba lagoonal bottom sediments. The first group defines elements that are associated with detrital minerals such as silicates (Al-Fe-Si), feldspars (K-Rb-Ba), and heavy minerals (V-Cr-Zr, Ti-Y-Nb). They are highly enriched in the shallow nearshore sediments. The second group defines elements Ca and Sr that are associated with carbonate minerals and are concentrated in the deeper parts of the lagoon. Mangrove (Avicennia marina) stands are scattered around the small islands and along the eastern margins of the lagoons. Seagrass and macro-algae dominate the shallow parts of the lagoons [36]. Abu-Zied and Bantan [30] recorded benthic foraminiferal assemblages, Monalysidium acicularis, Quinqueloculina cf. Q. limbata, and Coscinospira hemprichii that are sensitive indicators of sea-level changes.




3. Materials and Methods


A short core (0.6 m long) was obtained by simple manual push and rotation from the channel that connects the two Al-Shuaiba Lagoons in a water depth of 0.6 m. The core was collected by a simple manual push with rotation using a PVC tube with a 6.35 cm internal diameter. Twenty-three samples were collected from the upper 0.55 m at 1.5 to 2-cm sampling intervals (Figure 1b). Dissolved oxygen (DO), water salinity, and pH were measured for the surface water, sediment-water interface, and interstitial waters using a handheld multi-parameters instrument YSI 556 MPS (YSI Environmental, Yellow Springs, OH, USA). The samples were dried at room temperature then at 105 °C for 24 h to remove water. The concentrations of major (>1%), minor (between 1% and 100 μg/g), and trace (equal to or below 100 μg/g) were performed using the multi-acid digestion package ICP-ES/MS (MA200) at the Bureau Veritas Mineral Laboratories (BVML, Vancouver, Canada). A 0.25 g of the sample was heated in HNO3, HClO4, and HF to fuming and taken to dryness. The residue was then dissolved in HCl. The concentrations of elements were determined using the ICP-MS with a Perkin Elmer Elan 6000 ICP (Perkin Elmer, Waltham, MA, United States) mass spectrometer and the concentrations were expressed as μg/g. Procedural blanks and certified reference materials OREAS 25A-4A and OREAS 45E were prepared using the same analytical procedure and reagents and analyzed for the BVML quality assurance/control (QA/QC) protocol. Organic matter content was determined by loss of weight by ignition (LOI550) in a muffle furnace at 550 °C for 2 h [37]. To assess the possible elemental enrichments, the enrichment factor (EF; [38]) is determined as follows:


EF = ([X]/[R])sample/([X]/[R])reference








where X is the concentration of an element and R is the concentration of the normalizer. The reference material used in this study is local reference corresponding to uncontaminated sediments in the same core. It represents the average chemical composition of three samples from the core assumed to correspond to sediments deposited prior to the complete closure of the canal. Since it is conservative and of natural origin, titanium (Ti) was chosen as a normalizer. Ti is contributed mainly by and is located entirely in heavy and clay minerals. Five categories of enrichments are defined [39]: EF < 1.5 no enrichment; 1.5 < EF < 5 moderate; 5 < EF < 20 significant; 20 < EF < 40 very high; and EF > 40 extreme. In addition, the data of some elements were also normalized against the most abundant lithogenic element—aluminum (Al). Pearson correlation and multivariate analysis were performed using IBM SPSS Statistics for Windows, Version 20.0. (IBM Corp., Armonk, NY, USA). The principal component analysis (PCA) was used to determine relationships among variables and simplify the analytical dataset. The sample matrix consists of 23 sediment samples and 30 variables.




4. Results


The water salinity, pH, and dissolved oxygen (DO) vary in the channel with depth. The surface water salinity, pH, and DO are 51.56‰, 8.4 and 6.08 mg/L, respectively, and they are 39.1‰, 8.08 and 1.92 mg/L, respectively, at the sediment-water interface. A remarkable decrease in salinity (28.88‰), pH (8.01), and DO (0.51 mg/L) is recorded for the interstitial waters.



Based on the colour, sediment composition, texture and organic matter, CaCO3, and elemental concentrations, the core sediments can be subdivided into three units, upper, middle, and lower (Figure 1b). The upper unit spans the top 12 cm, marked by dark grey to black colour with stench smell. It consists of argillaceous sands with abundant algal mats. The middle unit extends from 12 to 39 cm and consists of light grey to white calcareous sands enriched in molluscan shell fragments. The lower unit extends from depths 39 to 55 cm and it consists of colour banded, massively bedded, light grey sands (Figure 1b).



4.1. Chemical Composition


The elemental concentrations and their enrichment factors, LOI550, and CaCO3 contents of 23 samples are summarized in Table 1 and the down-core variations of their concentrations are shown in Figure 3. The geochemical composition of the sediments shows a downcore co-variation of elements Al, Fe, Mg, K, Na, P, LOI550, Mn, V, Cr, Co, Ni, Zn, Zr, Rb, La, Li, Nb, Sc, and Ce. Their concentrations are higher in the upper than the middle and lower parts of the core (Figure 3). The downcore distribution pattern of these elements shows an opposite trend to Ca, Sr, CaCO3, Mo, As, U, and Re (Figure 3). The value of the LOI550 increases monotonically upcore with the highest content in the upper unit which contains the highest proportion of terrigenous mud. It varies from 3% to 15% (mean 9%). The CaCO3 decreases upcore ranging from 75% to 36% (mean 59%). On average, the most abundant major elements are Ca (22.95%), Mg (2.9%), Al (2.48%), Na (1.51%), and Fe (1.34%). Ca varies in the lower and middle parts of the core between 23.65% and 27.09 %, whereas it varies in the upper part from 14.55% to 20.51%. The Al content varies in the lower and middle parts of the core from 1.62% to 2.66%, whereas it ranges between 3.11% and 4.19% in the upper part. Similarly, the highest concentrations of Mg (4.45%), Na (2.33%), and Fe (2.09%) were recorded from the upper part of the core (Figure 3).



The most abundant trace elements in the sediments are Sr (mean 3201 µg/g) and Mn (mean 264 µg/g), whereas other trace elements occur in concentrations less than 100 µg/g (Table 1). Compared with the samples in the middle and lower units, the samples of the upper unit contain relatively high trace element content except for Mo, As, U, and Re (Figure 3). The concentration ranges of V, Cr, Co, Ni, Cu, and Zn are 25–70, 15–44, 1.9–11.2, 4.2–22.9, 5.30–24, and 9–49 µg/g, respectively (Table 1). Trends for Mo, As, U, and Re are all characterized by pronounced positive peaks marking the lower part of the core (Figure 3), corresponding to the low concentrations of other trace elements. Although the overall concentration of Cu and Zn increases upcore, the highest concentrations of the two elements appear at 7–9 cm depth (Figure 3). Lead (Pb) showed irregular variations compared with the other heavy metals (Figure 3). Sb and Sn were relatively constant in the lower part of the core and increased markedly at the depths of 3 and 6 cm, respectively (Figure 3). A clear upcore change in Al-normalized trace elements is apparent. A significant feature of the upper part is the remarkable enrichment in Al-normalized concentrations of Co, Ni, and Zn, whereas the lower part notably shows enrichment in Al-normalized Mo, As, U, and Re (Figure 4). The profiles of Al-normalized Mn and V are relatively similar showing peaks in the middle unit (Figure 4).



Aluminum (Al) shows a significant positive correlation (r ≥ 0.9) with Fe, Mg, K, P, Mn, V, Cr, Co, Ni, Zn, Zr, Ce, Rb, La, Y, Sc, and Li (Table 2). It correlates positively with OM (r = 0.86), Na (r = 0.8), Nb (r = 0.82), and Cu (r = 0.78). The significant positive correlations between Al and trace elements Mn, V, Cr, Co, Ni, Cu, and Zn (Figure 5) implies that these elements were derived from a terrigenous source and were not measurably enhanced by reduction from the water column. On the other hand, Ca shows a significant positive interrelationship with CaCO3 (r = 0.94) and Sr (r = 0.7). These three components negatively correlated with elements characteristic of the detrital fraction (Table 2), suggesting that they are present in the carbonate fraction. Trace elements Mo, As, U, and Re correlate negatively (r ≤ 0) with Al (Table 2). The significant positive correlation between Ti and Th (r = 0.75) indicates detrital fluxes and most Th is held in clay and heavy minerals [40,41].




4.2. Enrichment Factor


The enrichment factors (EF) for Fe, Mn, V, Cr, Co, Ni, Cu, Zn, Mo, As, U, and Re were calculated using the average concentration of local background and Ti as a normalizer. The EF values are shown in Table 1 and the vertical profiles for some trace elements are displayed in Figure 6. Most trace elements are depleted relative to the average local background, except for Mo, U, As, and Re in the lower unit. Elements Fe, Mn, V, Cr, Co, Ni, Cu, and Zn are generally depleted in the lower and middle units of the core, whereas Fe, V, Cr, Co, Ni, Cu, and Zn are slightly enriched (1.5 < EF < 5) in the upper unit (Figure 6). Manganese (Mn), Sb, and Sn are below the local background level (EF < 1.5). However, some samples in the upper unit show slight to moderate enrichment for Sb and Sn (1.5 < EF < 10). Some samples in the lower and upper parts show slight enrichment of Pb (1.5 < EF < 5). The lower part shows slight enrichment (1.5 < EF < 5) of Mo, As, U, and Re, whereas As, U, and Re are depleted in the middle and upper parts of the core (Figure 6).




4.3. Statistical Analysis


To determine the similarities and differences between sampling sites and to identify a potential source(s) of elements and the controlling factors on their concentration and distribution, the geochemical dataset was treated statistically using principal component analysis (PCA). The matrix includes 23 sediment samples and 30 variables. Components with eigenvalues greater than 1 were retained. The positive higher loadings of elements were used for factor interpretations.



Four components, with eigenvalues greater than 1, account for 89.28% of the total variance (Table 3). The first two components explain 68% and 10.67% of the total variance, respectively, and thus, account for most of the variance. Components 3 and 4 explaining 7.03% and 3.58% are less important. According to the loadings of components 1 and 2, elements can be roughly clustered into three primary groups. Component 1 is characterized by positive scores (>0.9) for lithogenic constituents (Fe, V, Co, Al, Zr, Y, Ni, Rb, Sc, Zn, Cr, P, Mn, Ce, Nb, and LOI550). These elements are enriched in the sediments of the upper unit. Component 2 characterizes hydrogenous elements (Mo, As, U, and Re as the main positive descriptors) and corresponds to the sediments of the lower unit (Figure 7a). The elements Mo, As, U, and Re are projected in the quadrant of negative values of component 1 and positive values of component 2, while calcareous biogenic components (Ca, CaCO3, and Sr) are in an adjacent quadrant with negative values for components 1 and 2. Elements Ti and Th are clustered into one group indicating their possible similar source and behaviour. They are projected in the quadrant with positive values of component 1 and negative values of component 2. Elements Nb, Mn, Y, Zr, Ce, and V are projected in the quadrant of positive values of component 1 and negative values of component 2 (Figure 7a). The rest of the metals (Cu, Pb, Sb, and Sn) are gathered together and may indicate another possible anthropogenic source.



The plot (Figure 7b) of component scores (Table 4) enabled clustering samples into three major groups, corresponding to the upper, middle, and lower units. Component 1 cluster samples from the upper unit that show positive scores (>1), whereas the samples of the middle and lower units display negative scores. These samples occupy the right upper quadrant and are enriched in the elements of lithogenic origin Al, Fe, Mg, Na, K, P, LOI550, Mn, V, Cr, Co, Ni, Zn, Zr, Rb, and Sc. Component 2 characterizes samples from the lower unit that show positive scores (>1). These samples occupy the upper left quadrant and are enriched in Mo, U, As, and Re. The third group of samples occupies the lower left quadrant of the figure and are dominated by carbonate-and biogenous-related elements Ca, CaCO3, and Sr (Figure 7b). The second and third groups are water derived constituents.





5. Discussion


The components of the shallow subsurface sediments of the coastal creek north of the southern Al-Shuaiba Lagoon consist mainly of lithogenous, organic matter, and water column-derived (hydrogenous and biogenous) constituents. Based on the geochemical data and statistical analysis, three levels of elemental enrichments corresponding to the lower, middle, and upper units of the core can be distinguished. The enriched elements/constituents are different in these levels reflecting the different driving forces and sources. Variations in element concentrations reflect their behaviour in the water column, redox conditions, and the rate of terrigenous and organic matter influx. The significant positive correlation between Al and trace elements (Mn, V, Cr, Co, Ni, Cu, Zn, Rb, Sc, Zr, Y, and Nb) suggests that these elements are hosted essentially by the lithogenous constituents [42]. Elements of lithogenic origin are enriched in the upper unit. The high organic carbon content in the upper unit is attributed to the high organic matter influx rather than to the depletion of oxygen in the bottom water. A clear downcore depletion in lithogenous elements is apparent below the dark grey upper unit. This depletion is attributed to the general low detrital influx and the significant dilution of the detrital component with biogenic component (CaCO3). The middle unit is enriched in biogenous constituents such as Sr, Ca, and CaCO3 [43,44]. The covariation of Sr with Ca indicates that Sr is fixed primarily in the calcareous skeletal material. The most important hydrogenous constituents are Mo, As, U, and Re, which are relatively enriched in the sediments of the lower unit.



The elemental enrichments in the upper and lower units are the most distinctive. Both natural and anthropogenic drivers are responsible for elemental enrichments. To interpret the driving forces for these enrichments it is important to take the climatic setting of the area into account. The area, in general, is extremely hot and arid with no source of terrigenous influx except for aeolian transportation. Along the Red Sea coast, lithogenic elements are supplied from land to the coastal area mainly through wadis and by aeolian transportation [21,45]. However, the area of study is extremely arid and lacks terrigenous influx since the nearby wadis are generally inactive. Noteworthy, the increased enrichment levels of lithogenous elements in the upper part probably coincide with the road construction between the southern and northern Al-Shuaiba Lagoons. Therefore, this enrichment is induced by human activities particularly by landfills during road construction and the subsequent road runoff. Ghandour et al. [7] recorded a level of enrichment of geogenic elements in the southern nearshore zone area of Sharm Obhur, Jeddah, and they attributed this enrichment to dumping and landfills. The slight enrichment of Cu, Zn, and Pb in the upper part may be related to anthropogenic activities such as atmospheric fallout from the fuel combustion or rare boat activity.



The second most distinct enrichment level is recorded for elements Mo, As, U, and Re from the lower unit. They covary in the core suggesting that they have had a similar mechanism of precipitation. They are easily reduced and precipitated from anoxic bottom water [42,46] and, therefore, they are enriched in the much more restricted O2-deficient setting [47]. Both natural and anthropogenic drivers can be responsible for oxygen depletion. However, this event precedes the beginning of anthropo-pressure. Oxygen decline is related to a lack of oxygen supply due to density stratification. High-temperature anomalies lead to water column stratification and the development of bottom anoxia in this shallow water. In such a setting, a solar heating-induced density gradient within the water column and water stratification prevents efficient mixing. In addition, warming reduces the solubility of oxygen in the water and enhances microbial activity. The warming effect tends to be severe in semi-enclosed basins. Abundant Sorites orbiculus, high palaeo-tidal elevation, and enrichments in both δ18O and δ13C values in the shallow subsurface coastal sediments at Al-Shuaiba during the AD 1000–1550 interval were attributed to the Medieval climate anomaly (MCA) warming event [30,48]. The MCA was a period of climate perturbation during which the Earth’s temperature was similar to or slightly higher than the temperature of the 20th century [49]. The key drivers for this warming event include solar activity, ocean cycles, aerosols from volcanic eruptions, and greenhouse gases [48,49,50,51,52].



Redox-Sensitive Elements


Trace metal enrichment and trace metal ratios in the lagoonal and ocean bottom sediments have been used to address paleoredox conditions [53,54,55,56,57,58]. Molybdenum (Mo), V, Cr, Co, Ni, Cu, Zn, As, U, and Re are currently of high interest in this regard since they are reduced to a lower valency and become reactive or insoluble under anoxic conditions [54]. The trace elements in the core sediments include both hydrogenous and lithogenous components. To use trace elements as paleoredox proxy, it is important first to determine whether the elements are hydrogenous or lithogenous. A significant positive correlation between Al and trace elements indicates that the element is contained in the terrigenous component. In the present study, Al displays moderate to low correlation with Mo (r < 0.3) and negative correlation with U, As, and Re suggesting that these elements are of authigenic origin, and they are reliable paleoredox proxies. Hydrogenous elements are the ones that can be used for paleoenvironmental interpretations. Multi-elements proxies are more suitable for the analysis of paleo-redox conditions rather than a single elemental proxy [58]. Mo, As, Re, and U concentrations and their Al-normalized values show positive shifts in the lower unit, whereas no such positive shifts were observed for other elements. This suggests that the creek has experienced suboxic/anoxic bottom water conditions during the deposition of the lower unit. Enrichments in Re, Mo, As, and U are well known for numerous Phanerozoic organic-rich shales and their enrichment is usually associated with anoxic to euxinic bottom-water conditions [59,60,61]. The lithogenic origin of elements V, Cr, Co, Ni, Cu, and Zn obliterates their significances as reliable paleoredox indicators. The low concentrations and low Al-normalized, as well as EF values for these elements in the lower unit, may be explained by the “basin reservoir effect” [62]. This effect suggests that the concentrations of these elements decreased under an increasingly stagnant bottom water body due to their removal to the sediment without adequate resupply by water renewal. The depletion of Mn in the lower unit suggests that under anoxic conditions Mn occurs as Mn (II) in the dissolved phase [54]. The high solubility of Mn2+ in sediments deposited under reducing conditions may result in Mn being depleted if fixation in carbonate minerals is not possible [63].



The results presented in this study so far show that it is possible to distinguish clearly between anoxic and oxic depositional conditions for the shallow subsurface coastal sediments of the northern Al-Shuaiba Lagoon. The study helps in understanding the process of shallow water hypoxia and the most relevant redox sensitive elements.





6. Conclusions


The present study investigates the elemental enrichments and interprets them in the context of redox bottom conditions and increased terrigenous influx. The chemical data from the shallow subsurface sediments of the coastal creek that was connecting the southern and northern Al-Shuaiba Lagoons reflect environmental changes through time either due to natural and/or anthropogenic influences.



	
Based on the colour of sediments, vertical variation in elemental concentrations, and statistical analysis, the core was subdivided into three units, upper, middle, and lower.



	
The upper organic-rich unit shows enrichment of lithogenous elements and values of LOI550 (organic matter) content. Trace elements Mn, V, Cr, Co, Ni, and Zn display significant positive correlations with Al suggesting their lithogenic source. Though these elements are derived from a lithogenic source, their enrichment is related to human activity. This level is attributed to the road construction between the two lagoons. The relatively high concentrations of Pb and Cu in the upper unit are possibly related to atmospheric road dust and from the increasing movement of cars. Though the road construction limited the water circulation between the two lagoons, the sediments were deposited under oxic conditions as shown by the depletion of redox-sensitive elements.



	
The lower and middle units of the core contain relatively higher carbonate content than the upper part. Strontium (Sr) distribution appears to be controlled by the presence of biogenic carbonate minerals. Calcium (Ca) distribution follows largely the spatial distribution of the carbonate content since Ca, Sr, and CaCO3 are biogenic components.



	
The chemical composition of the lower unit suggests deposition in poorly circulated bottom water, with prevailing suboxic or even anoxic conditions probably related to the solar forcing (Medieval climate anomaly). This is confirmed by depletions in Mn and Co and relative enrichment of Mo, As, U, and Re. The distribution pattern of the Al-normalized redox sensitive elements is characterized by markedly high values in the lower unit. They display a negative to poor correlation with Al excluding lithogenic sources. Molybdenum (Mo), As, U, and Re are reliable and most promise proxies for redox conditions since they behave conservatively in oxygenated waters and are enriched in anoxic sediments.
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Figure 1. Location map of the area of study (a) and the core sample (b). 
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Figure 2. Historic land-sat images of Al-Shuaiba area showing the evolution of the area before (a) and after the road construction (b) between the two lagoons. 
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Figure 3. The upcore variation in the concentrations of major (%) and trace elements (µg/g). Elements Al, Fe, Mg, K, Na, OM, Mn, V, Cr, Co, Ni, Zn, Zr, Ce, Nb, Rb La, Y, Li, and Sc display the same profile enriched in the upper unit, Ca, CaCO3, and Sr behave similarly and Mo, As, U, and Re show similar vertical distribution pattern. 
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Figure 4. The vertical profiles of Al-normalized elements. Note the upcore increase in the Al-normalized Co, Ni, and Zn values, and the upcore decrease in the Mo/Al, As/Al, U/Al, and Re/Al values. Values of minor and trace elements are multiplied by 10−4. 
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Figure 5. Bivariate plots between Al (%) and major (Fe %), minor (Mn) and trace elements V, Cr, Co, Ni, Cu, Zn, Mo, As, U, and Re (µg/g). Note the positive correlation with the first eight elements and the poor and negative correlation with the last four elements. 
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Figure 6. The vertical profile of EF values of environmentally significant major (Fe), minor (Mn), and trace elements. The EF values for Cr, Co, Ni, Cu, and Zn are slightly enriched in the upper unit, whereas the lower unit shows higher EF values for Mo, As, U, and Re than the other two units. 






Figure 6. The vertical profile of EF values of environmentally significant major (Fe), minor (Mn), and trace elements. The EF values for Cr, Co, Ni, Cu, and Zn are slightly enriched in the upper unit, whereas the lower unit shows higher EF values for Mo, As, U, and Re than the other two units.



[image: Minerals 11 00898 g006]







[image: Minerals 11 00898 g007 550] 





Figure 7. (a) Biplot of PC1 and PC2 (R-mode) loading and clustering of elements (variables) into lithogenous having higher PC1 and PC2 loading, redox-sensitive elements having negative PC1 and positive PC2 values, and carbonate related elements having negative PC1 and PC2 loadings. (b) Biplot of PC1 and PC2 (Q-mode) loading and subdivision of the core into three units. Samples (cases) in the upper unit having high component 1 scores are enriched in lithogenous elements, and other sediments (middle and lower units) are enriched in biogenous and hydrogenous elements. 
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Table 1. Results of chemical analysis of the shallow subsurface coastal sediments of the creek that was connecting the two Al-Shuaiba Lagoons. Ranges and average (in brackets) of concentrations, enrichment factor (EF), Al-normalized elements, and the calculated background values.
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	Element/Constituent
	Concentrations
	Enrichment Factor
	Al-Normalized
	Background Values





	Ti%
	0.14–0.33 (0.21)
	-
	0.059–0.173 (0.090)
	0.215



	Al%
	1.62–4.19 (2.48)
	-
	-
	2.15



	Fe%
	0.81–2.09 (1.34)
	0.62–1.72 (1.19)
	0.497–0.590 (0.543)
	1.17



	Ca%
	14.55–27.09 (22.95)
	0.47–1.55 (0.98)
	3.473–16.722 (10.292)
	24.95



	Mg%
	1.95–4.45 (2.9)
	0.61–1.71 (1.20)
	0.942–1.484 (1.199)
	2.53



	Na%
	0.83–2.33 (1.51)
	0.66–1.97 (1.21)
	0.441–0.778 (0.620)
	1.3



	K%
	0.43–0.96 (0.59)
	0.63–1.55 (1.18)
	0.213–0.340 (0.245)
	0.53



	P%
	0.03–0.05 (0.04)
	0.68–1.51 (1.18)
	0.013–0.019 (0.016)
	0.033



	S%
	0.3–0.6 (0.44)
	0.54–1.80 (1.28)
	0.095–0.227 (0.185)
	0.37



	CaCO3%
	36–75 (59)
	-
	-
	-



	LOI550%
	3–15 (9)
	-
	-
	-



	Mn µg/g
	153–405 (264)
	0.79–1.39 (1.11)
	93.67–156.91 (108.99)
	245



	V µg/g
	25–70 (42)
	0.68–1.60 (1.18)
	15.43–20.22 (17.11)
	36.7



	Cr µg/g
	15–44 (26.96)
	0.67–1.83 (1.29)
	9.26–14.07 (10.97)
	21.7



	Co µg/g
	1.9–11.2 (5.45)
	0.51–2.23 (1.30)
	1.17–2.69 (2.10)
	4.3



	Ni µg/g
	4.2–22.9 (12.54)
	0.54–2.37 (1.37)
	2.59–6.59 (4.84)
	9.4



	Cu µg/g
	5.30–24 (11.07)
	0.53–3.15 (1.47)
	3.14–8.47 (4.36)
	7.8



	Zn µg/g
	9–49 (24.6)
	0.58–2.95 (1.49)
	5.56–14.85 (9.41)
	17



	Pb µg/g
	2.7–24.6 (10.13)
	0.26–2.82 (1.24)
	1.47–12.36 (4.08)
	8.5



	Zr µg/g
	8.5–30.7 (19.72)
	0.63–1.59 (1.10)
	5.25–9.79 (7.98)
	18.5



	Ce µg/g
	10–22 (15.3)
	0.60–1.29 (1.04)
	5.06–7.91 (6.34)
	15.3



	Nb µg/g
	1.9–4.6 (3.12)
	0.83–1.45 (1.12)
	1.04–2.02 (1.30)
	2.87



	Rb µg/g
	11.9–26.5 (16.87)
	0.59–1.60 (1.19)
	6.32–7.96 (6.87)
	14.8



	La µg/g
	5.2–11 (7.7)
	0.59–1.25 (1.00)
	2.53–4.05 (3.19)
	8



	Y µg/g
	4.5–11.7 (7.43)
	0.74–1.42 (1.12)
	2.69–4.20 (3.06)
	6.87



	Sc µg/g
	2–9 (5.09)
	0.66–1.93 (1.32)
	1.23–2.31 (2.04)
	4



	Li µg/g
	4–13.6 (8.21)
	0.56–1.89 (1.25)
	2.47–3.92 (3.28)
	6.8



	Sr µg/g
	1618–3957 (3201)
	0.36–1.32 (0.93)
	386.16–2043.83 (1416.84)
	3631



	Sb µg/g
	0.3–2.7 (0.63)
	0.72–5.97 (1.75)
	0.12–0.64 (0.24)
	0.37



	Sn µg/g
	0.2–2.6 (0.64)
	0.46–6.25 (1.54)
	0.12–0.83 (0.24)
	0.43



	Th µg/g
	0.8–3.2 (1.49)
	0.69–1.51 (1.08)
	0.44–1.70 (0.62)
	1.4



	Mo µg/g
	2.1–7.5 (4.83)
	0.45–3.10 (1.64)
	0.67–4.44 (2.09)
	3.2



	As µg/g
	5–17 (9.35)
	0.81–3.34 (1.61)
	1.91–9.04 (4.25)
	6.3



	U µg/g
	3.2–8 (5.34)
	0.57–2.55 (1.26)
	0.76–4.55 (2.40)
	4.6



	Re µg/g
	0.003–0.035 (0.013)
	0.19–4.45 (1.38)
	0.0007–0.0188 (0.0060)
	0.01
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Table 2. Pearson correlation matrix between Ti, Al, Fe, Ca, CaCO3, and LOI550 and major, minor, and trace elements in the shallow subsurface coastal sediments of the creek that was connected with the two Al-Shuaiba Lagoons.
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	Element/Constituent
	Ti
	Al
	Fe
	Ca
	CaCO3
	LOI550





	Ti
	1.00
	-
	-
	-
	-
	-



	Al
	0.19
	1.00
	-
	-
	-
	-



	Fe
	0.24
	0.98 **
	1.00
	-
	-
	-



	Ca
	−0.20
	−0.98 **
	−0.96 **
	1.00
	-
	-



	Mg
	0.13
	0.94 **
	0.89 **
	−0.96 **
	-
	-



	Na
	0.10
	0.81 **
	0.85 **
	−0.77 **
	-
	-



	K
	0.12
	0.96 **
	0.91 **
	−0.94 **
	-
	-



	P
	0.24
	0.95 **
	0.96 **
	−0.97 **
	-
	-



	S
	−0.10
	0.7 **
	0.76 **
	−0.67 **
	-
	-



	CaCO3
	−0.11
	−0.98 **
	−0.96 **
	0.94 **
	1.00
	-



	LOI550
	0.24
	0.86 **
	0.92 **
	−0.81 **
	−0.88 **
	1.00



	Mn
	0.58 **
	0.9 **
	0.92 **
	−0.89 **
	−0.84 **
	0.83 **



	V
	0.36
	0.98 **
	0.98 **
	−0.96 **
	−0.94 **
	0.86 **



	Cr
	0.28
	0.93 **
	0.95 **
	−0.94 **
	−0.89 **
	0.82 **



	Co
	0.21
	0.99 **
	0.99 **
	−0.98 **
	−0.97 **
	0.88 **



	Ni
	0.20
	0.97 **
	0.99 **
	−0.94 **
	−0.94 **
	0.9 **



	Cu
	0.11
	0.78 **
	0.84 **
	−0.75 **
	−0.77 **
	0.8 **



	Zn
	0.17
	0.94 **
	0.97 **
	−0.94 **
	−0.93 **
	0.88 **



	Zr
	0.39
	0.92 **
	0.96 **
	−0.88 **
	−0.91 **
	0.91 **



	Ce
	0.32
	0.91 **
	0.92 **
	−0.85 **
	−0.91 **
	0.85 **



	Nb
	0.67 **
	0.82 **
	0.86 **
	−0.82 **
	−0.77 **
	0.80 **



	Rb
	0.15
	0.99 **
	0.98 **
	−0.96 **
	−0.97 **
	0.87 **



	La
	0.34
	0. 9 **
	0.91 **
	−0.85 **
	−0.89 **
	0.86 **



	Y
	0.47 *
	0.94 **
	0.94 **
	−0.93 **
	−0.9 **
	0.83 **



	Sc
	0.23
	0.96 **
	0.97 **
	−0.95 **
	−0.95 **
	0.87 **



	Li
	0.16
	0.96 **
	0.97 **
	−0.94 **
	−0.95 **
	0.9 **



	Sr
	−0.04
	−0.6 **
	−0.52 *
	0.7 **
	0.50 *
	−0.29



	Sb
	0.21
	0.68 **
	0.59 **
	−0.75 **
	−0.59 **
	0.32



	Sn
	0.04
	0.63 **
	0.67 **
	−0.64 **
	−0.64 **
	0.61 **



	Pb
	0.01
	0.4
	0.41
	−0.37
	−0.42 *
	0.33



	Th
	0.75 **
	0.43 *
	0.47 *
	−0.41
	−0.36
	0.42 *



	Mo
	−0.5 *
	0.00
	0.05
	0.04
	−0.04
	0.08



	As
	−0.38
	−0.43 *
	−0.49 *
	0.34
	0.51 *
	−0.61 **



	U
	−0.35
	−0.57 **
	−0.55 **
	0.51 *
	0.61 **
	−0.51 *



	Re
	−0.5 *
	−0.5 **
	−0.55 **
	0.47 *
	0.56 **
	−0.59 **







Note: ** Correlation is significant at the 0.01 level; *correlation is significant at the 0.05 level.
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Table 3. Results of principal component (R-mode) analysis, four components (PC1-PC4) extracted with the PC1 and PC2 are the most important. Significant values are in bold.






Table 3. Results of principal component (R-mode) analysis, four components (PC1-PC4) extracted with the PC1 and PC2 are the most important. Significant values are in bold.





	Variable
	PC1
	PC2
	PC3
	PC4





	Fe
	0.99
	0.10
	0.04
	−0.01



	V
	0.99
	−0.01
	−0.11
	0.00



	Co
	0.99
	0.13
	−0.04
	−0.07



	Al
	0.98
	0.12
	−0.07
	−0.11



	Zr
	0.97
	−0.09
	0.10
	0.07



	Y
	0.97
	−0.16
	−0.12
	0.03



	Ni
	0.97
	0.19
	0.04
	0.05



	Rb
	0.97
	0.18
	−0.04
	−0.08



	Sc
	0.97
	0.10
	−0.03
	−0.02



	Ca
	−0.96
	−0.15
	0.19
	0.09



	Zn
	0.96
	0.17
	0.08
	−0.01



	CaCO3
	−0.96
	−0.12
	−0.08
	0.19



	Cr
	0.95
	0.14
	−0.06
	0.12



	P
	0.95
	0.17
	−0.16
	0.09



	Mn
	0.95
	−0.21
	−0.11
	0.15



	Ce
	0.93
	−0.09
	0.07
	−0.04



	Nb
	0.90
	−0.26
	−0.08
	0.27



	LOI550
	0.90
	0.03
	0.29
	0.02



	Cu
	0.81
	0.22
	0.27
	0.07



	S
	0.70
	0.38
	0.38
	0.08



	Sn
	0.68
	0.13
	0.21
	0.05



	U
	−0.60
	0.55
	−0.15
	0.48



	Pb
	0.42
	0.23
	0.30
	0.31



	Ti
	0.33
	−0.75
	−0.23
	0.47



	Mo
	−0.05
	0.72
	0.36
	0.12



	Re
	−0.61
	0.62
	−0.25
	0.24



	Th
	0.53
	−0.60
	−0.13
	0.35



	As
	−0.53
	0.58
	−0.52
	0.24



	Sr
	−0.54
	−0.32
	0.71
	0.10



	Sb
	0.61
	0.08
	−0.69
	−0.25



	Eigen value
	20.402
	3.201
	2.108
	1.075



	% Variance
	68.01
	10.67
	7.03
	3.58



	Cumulative variance
	68.01
	78.67
	85.70
	89.28










[image: Table] 





Table 4. Results of principal component (Q-mode) analysis, four components (PC1-PC4) are extracted with the PC1 and PC2 are the most important. Significant values are in bold.
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	Sample
	PC1
	PC2
	PC3
	PC4





	SH-1
	4.72
	0.98
	0.09
	−1.11



	SH-2
	9.83
	−0.67
	−4.35
	−0.95



	SH-3
	3.43
	0.02
	−0.77
	−1.76



	SH-4
	5.75
	0.69
	1.65
	0.66



	SH-5
	5.64
	1.53
	1.91
	1.27



	SH-6
	6.69
	1.00
	0.32
	1.16



	SH-7
	3.03
	0.08
	−0.06
	0.02



	SH-8
	4.35
	0.68
	0.32
	0.46



	SH-9
	0.55
	0.70
	2.13
	0.08



	SH-10
	−1.16
	−0.56
	1.83
	−0.69



	SH-11
	−1.06
	−1.08
	1.58
	−0.95



	SH-12
	−1.48
	−1.83
	0.99
	−1.29



	SH-13
	−1.28
	−1.80
	0.87
	0.04



	SH-14
	−3.06
	−1.49
	−0.02
	−0.84



	SH-15
	−1.67
	−5.08
	−1.29
	2.01



	SH-16
	−3.33
	−1.10
	−0.50
	−0.69



	SH-17
	−2.12
	−1.17
	0.71
	0.36



	SH-18
	−3.21
	−1.39
	−0.91
	1.54



	SH-19
	−5.25
	2.27
	−1.00
	0.27



	SH-20
	−4.12
	3.02
	−1.51
	1.34



	SH-21
	−4.76
	2.00
	−0.98
	−0.37



	SH-22
	−6.92
	1.30
	−0.23
	−1.24



	SH-23
	−4.56
	1.90
	−0.78
	0.68
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