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Mussels are considered highly efficient marine biomonitors, tracing anthropogenic and natural variations in heavy metals and various organic compounds. While heavy metals depuration processes in biomonitors are of growing interest, less knowledge is available regarding their Pb isotopes and rare earth elements (REEs) accumulation-release dynamics, and their response to short-term anthropogenic and terrigenous perturbations. Here, we report the results of a relocation experiment where a group of mussels (Brachidontes pharaonis) were extracted from a contaminated lagoon in the Gulf of Aqaba, northern Red Sea, and placed in water tanks that were flushed continuously with fresh, uncontaminated seawater. Specimens were removed periodically from the water table over a period of 13 weeks and trace and REEs and Pb isotopic compositions were determined separately for mussel’s shells and soft tissues. The results display a clear decrease over time in the concentrations of various heavy metals and REEs in the soft tissue, in concert with a similar shift in the Pb isotopic compositions toward seawater values. By contrast, the elemental and Pb isotopic composition of the shell presents little change over time. Coupling between the Pb isotopic composition of corresponding soft tissue and shell samples allows back-calculation of the timing and magnitude of abrupt pollution events and presents a novel approach for monitoring short-term pollution events. Nevertheless, given the coastal setting of the studied samples, it is important to consider the effects of terrigenous material on the results. Accordingly, Al-normalized element concentrations, Pb isotopes and calculated Ce anomalies, are used to identify two distinct terrigenous end members controlling the contaminated lagoon and the pristine site. The study demonstrates the potential of using mussels as robust biomonitors of natural and anthropogenic environmental perturbations through the combination between elemental concentrations and the isotopic composition of Pb.
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INTRODUCTION

Concentrations of heavy metals in the oceans, perturbated by anthropogenic processes, are particularly high in coastal areas (e.g., Steding et al., 2000; Buck et al., 2005; Xu et al., 2014), especially those proximal to big cities, where the discharge of untreated industrial and human waste is most significant (Van Geen et al., 1997; Boyle, 2019). Yet, evaluating the degree of contamination in coastal environments remains challenging because of the complexity in sampling and analyzing water samples and the short residence times of some contaminants in seawater following pollution events. Alternatively, it is possible to use the abundances of contaminants in solid phases within the marine environment as temporal and spatial tracers of pollution. These could be suspended or deposited sediment particles that may adsorb dissolved elements onto their surface from surrounding water, or living organisms that actively circulate seawater and hence incorporate dissolved elements internally, i.e., biomonitors (Rainbow, 2002). An advantage of using marine biomonitors is the ease of processing and analyses (relative to seawater) and their supposedly short response time to local changes in seawater heavy metal contents, whereas solid sediment particles tend to accumulate surrounding elements overtime but do not respond to short term perturbations in the seawater composition. Various species have been recognized to serve as reliable biomonitors, including ascidians, polychaetes, copepods, mussels, clams, oysters, snails and fish (e.g., Hutchinson et al., 1995; Van der Oost et al., 2003; Horiguchi, 2006; Cebrian et al., 2007; Raisuddin et al., 2007; Zhou et al., 2008; Zega et al., 2009; Moloukhia and Sleem, 2011; Carmichael et al., 2012; Tzafriri-Milo et al., 2019). Of these, mussels have been recognized as particularly reliable biomonitors because they have the ability to filter high volumes of water, allowing for the relatively significant accumulation of pollutants in their tissue (Phillips, 1976; Roditi et al., 2000). The use of mussels as biomonitors was introduced in the mid-1970s by Goldberg (1975), who proposed that specimens from coastal and open ocean sites could be beneficial to assess the spatial and temporal trends of various compound concentrations, such as halogenated hydrocarbons, transuranics, heavy metals, and petroleum. This resulted in the establishment of the global program known as “Mussel Watch” (Goldberg et al., 1978; Farrington et al., 1983), which widely uses mussels from the genus Mytilus for marine biomonitoring. The intertidal mussel Brachidontes pharaonis from the family Mytilidae is present in the coasts of the western Pacific Ocean, Indian Ocean, Red Sea, and Mediterranean Sea (Taylor, 1971; Sasekumar, 1974; Barash and Danin, 1986; Morton, 1988). Several studies have demonstrated the metal bio-accumulation capacity of B. pharaonis at polluted and pristine locations along the coasts of the Mediterranean Sea (Göksu et al., 2005; Karayakar et al., 2007; Dar et al., 2018; Hamed et al., 2020). However, to the best of our knowledge, none has presented the depuration dynamics of this species.

Despite numerous studies of the accumulation of heavy metals in mussels (e.g., Chan, 1989; Naimo, 1995; Yap et al., 2003; Fung et al., 2004; Zuykov et al., 2013; Liu and Wang, 2016), their elemental retention and depuration dynamics are still of growing interest. In addition to anthropogenic inputs, terrigenous sources such as atmospheric deposition, rivers and sediments are a prominent source of heavy metals and other elements to the marine environment (Turekian, 1977; Bruland et al., 2013). Similar to anthropogenic pollution such as discrete events of oil pollution and industrial or sewage discharge, terrigenous inputs can also have an abrupt nature, with relatively short episodes of increased fluxes such as dust storms (Mahowald et al., 2009; Ternon et al., 2010), flash floods (Katz et al., 2015), and large-scale sediment resuspension events (Bruland et al., 2008; Torfstein et al., 2020). The terrigenous components may also contribute anthropogenic sourced metals, as these may adsorb heavy metals onto their surfaces during transportation (Nriagu and Pacyna, 1988; Cziczo et al., 2009). Due to the complexity of sampling these and other anthropogenic driven events, examples of the use of mussels as biomonitors for abrupt pulses of marine pollution are scarce.

The Gulf of Aqaba (GoA) is a deep oligotrophic water body connected to the Red Sea across the shallow Straits of Tiran in its southern part (Figure 1). The regional climate is extremely arid (rainfall <30 mm/year), therefore freshwater input from precipitation and fluvial run-off are quantitatively insignificant, with only a few rain events and associated flashfloods each winter, compared to high fluxes of atmospheric dust deposition (Genin et al., 1995; Almogi-Labin et al., 2008; Genin, 2008; Lazar et al., 2008). Two major cities reside in the northern tip of the GoA: Eilat (Israel) and Aqaba (Jordan) (Figure 1). Marine based commerce activity, together with the environmental impacts of big cities, are often in conflict with the well-being of natural resources, making the GoA marine habitats highly sensitive to anthropogenic contamination (Abelson et al., 1999; Wielgus et al., 2004). A man-made inland lagoon (the “Peace Lagoon”, Figure 1) was constructed to support the development of tourism along the seashore. Yet overestimates of the water exchange rates with the open sea had resulted in an almost isolated inland lagoon with very little water exchange with the open waters. Consequently, the lagoon accumulated contaminants and organic material over time, and its interstitial waters became anoxic. At present, the lagoon is considered contaminated and unfit for recreation activities.
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FIGURE 1. (A) Location map. The location of the Interuniversity Institute (IUI) for Marine Sciences, where the mussels were relocated to, is marked by an empty triangle in panel (B). The location of the Peace Lagoon is presented in panel (C), including the exact site of sampling (white triangle). Map taken from Google Maps.


Several previous studies have provided information about metals in, or near, the GoA, ranging between analyses of seawater (Chase et al., 2011, 2006; Chien et al., 2019; Benaltabet et al., 2020), atmospheric dust (Chen et al., 2008; Torfstein et al., 2017; Chien et al., 2019) and studies of surface sediments (Al-Taani et al., 2014; Barakat et al., 2015). Despite these efforts, we still lack a clear understanding of the sources of contamination, their spread range and their long and short-term impact on the GoA and its marine ecosystem.

In addition to the use of heavy metal distributions as tracers of anthropogenic contamination processes, lead (Pb) isotopes (204Pb, 206Pb, 207Pb, and 208Pb), whose relative abundances often differ between natural and anthropogenic sources, make it possible to infer the source of Pb pollution in the environment (e.g., Boyle et al., 1986; Erel et al., 2002; Komárek et al., 2008). Indeed, the Pb isotopic composition of mussels has previously been used to trace the source of environmental pollution in coastal environments (Labonne et al., 2001, 1998; Richardson et al., 2001; Dang et al., 2015).

The distribution of Rare Earth Elements (REEs) in seawater has been shown to be a useful proxy for quantifying and distinguishing between terrigenous and anthropogenic inputs to the oceans (de Baar et al., 1985; Elderfield, 1988; Hatje et al., 2016). In recent years, the increasing use of REEs in industrial (La, Ce, Pr, Sm, Nd, and Tm) and medical (Gd) fields have resulted in their intrusion into the marine environment and subsequent accumulation in marine biota (Gwenzi et al., 2018; Squadrone et al., 2019). The low concentrations of REEs in seawater hamper their application as in-situ marine-environmental monitors. By contrast, elevated abundances in various marine organisms renders them useful biomonitor for REEs in the marine environment (Bonnail et al., 2017; Ma et al., 2019; Wang et al., 2019).

In this study, we explore the depuration process of heavy metals, REEs and Pb isotopes in mussels (B. pharaonis). To this end, a native population living in the Peace Lagoon (Figure 1) were relocated to pristine seawater tanks in the Interuniversity Institute (IUI) for Marine Sciences (Figure 1) where heavy metals concentrations were shown to be lower compared with the north shore, in the vicinity of the lagoon (Herut et al., 1999; Chase et al., 2011, 2006; Chien et al., 2019). The shell and soft tissues were analyzed for their heavy metal and REEs concentrations and Pb isotopic composition over a period of 13 weeks in order to demonstrate the depuration trends from highly contaminated values to the low and natural baseline.



MATERIALS AND METHODS


Experimental Setup and Sample Processing

A batch of 18 adult (∼3 cm in length) Red Sea mussels B. pharaonis were collected from the Peace Lagoon in the north beach of Eilat (32°54′84.4″N 34°96′82.3″E) and translocated to a running seawater tank in the IUI (Figure 1) for the rest of the depuration experiment. The water tank volume was 120 liters with a flowing water rate of 8.5 liters per minute. A pair of mussels was removed every week during the first 6 weeks (Tables 1–3). The two last samples were removed after 12 and 13 weeks. A pair of mussels was sampled immediately after extraction from the Peace Lagoon (i.e., at “day 0”, without being exposed to the water tank).


TABLE 1. Heavy metal concentrations (μg/g dry weight) in mussel shells and soft tissue.
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TABLE 2. Rare earth element concentrations (ng/g dry weight) in mussel shells and soft tissue.
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TABLE 3. Pb isotopes in mussel shells and soft tissue.

[image: Table 3]After removal from the water tank, the samples were carefully transferred to a clean lab where they were processed in a class 100 environment. Samples were first rinsed in ultrapure MQ water (18.2 MΩ cm) and sonicated over several cycles to remove external debris and particles. The shell and soft tissue were then separated and freeze-dried. After weighing the dry samples, the shell was gently leached with 0.05 N HNO3, to remove the outer rim that could have potentially been contaminated during the sampling, or contain external residue. We are aware that this might also be the part of the shell that could have formed during the experiment, but in terms of mass balance, this would be negligible and probably not observed when measuring the untreated bulk shell sample.

The soft tissue was digested in acid cleaned Teflon (PFA) beakers (Savillex, United States) through several cycles of heated H2O2–HNO3 mixtures, while the shells were digested using 1 N HNO3. All reagents used in this study were ultrapure solutions (commercial or in-house double distilled) and their concentrations were adjusted with ultrapure MQ water. Generally, two biological replicates were processed and analyzed for soft tissue elemental abundances while one individual was used for soft tissue and shell Pb isotopic composition. The number of replicates used for elemental abundances and Pb isotopic composition at each sampling date is given in Tables 1–3.



Analyses of Trace and Rare Earth Elements Concentrations

The digested samples were dried on a hotplate, re-dissolved in 3% HNO3, and analyzed for their trace (Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Pb, and Th) and REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) abundances on an Agilent 7,500cx ICP-MS at the Institute of Earth Sciences, Hebrew University of Jerusalem. A multi-elemental standard solution (3% HNO3 matrix) was used for instrumental signal calibration. Each sample was spiked online with internal standards (Sc, Re, and Rh) to follow and correct for instrumental drifts. Additional monitoring of the intra- and inter- session drift was achieved through the analyses of an in-house standard solution every 10–15 samples, yielding a long term precision of <2% (2σ). The results were corrected for procedural blank values.



Analyses of Pb Isotopic Composition

The remaining solution after ICP-MS analysis was dried, re-dissolved in 1 N HBr, and then Pb purified using standard ion chromatography (e.g., Torfstein et al., 2018) and the details are summarized hereafter. The HBr solution was taken through a series of purification steps to separate a purified Pb fraction. First, 100 μl of AG1X-8® 100–200 mesh anion resin were loaded onto Teflon micro-columns and cleaned over repeated cycles of MQ water and 6 N HCl. The samples were then loaded to the columns and the matrix was removed using 1 N HBr and 2 N HCl. Pb was eluted into Teflon beakers using 6 N HCl. The samples were then dried and re-dissolved in 3% HNO3 doped to 50 ppb Tl to account for instrument mass fractionation. These aliquots were analyzed for their Pb isotopic composition on a Neptune Plus multi collector ICP-MS, together with repeated measurements of the NIST SRM-981 standard which was used for accuracy and instrumental drifts corrections.



Data Treatment

The uncertainty for elemental concentrations is based on the standard deviation of duplicate samples (i.e., two biological replicates), except when duplicates were not available, in which case the relative uncertainty average of the rest of the samples was applied (Tables 1, 2 and Figure 2). The detection limits were defined as three-fold the standard deviation of full procedural blanks processed and analyzed with the samples (n = 3). Samples below blank or detection limit values, the higher of the two, are marked by “nd” in Tables 1, 2.
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FIGURE 2. Elemental concentrations (μg/g dry weight) in the soft tissue (black squares) and shell (gray circles). The solid (black) and dashed (blue) curves represent power law fits for the elemental abundances from days 0–91 and 13–91, respectively, with the corresponding R2 values. Error bars mark the standard deviation of duplicate analyses (see section “Data treatment” for details). Ce is presented as ng/g (dry weight) and its temporal evolution is similar to that of the other REEs (Table 2).


The uncertainty for Pb isotopic ratios was evaluated on the basis of a biological duplicate processing and analyses (sample from day 0 for the soft tissue and sample from day 35 for the shell). The standard deviation from the average of the duplicates was applied to the rest of the samples (Table 3 and Figure 3).
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FIGURE 3. Pb isotopic compositions in the soft tissue (black squares) and shell (gray circles) for (A) 208Pb/206Pb and (B) 206Pb/207Pb. The solid (black) and dashed (blue) curves represent power law fits for the elemental abundances from days 0–91 and 13–91, respectively, with the corresponding R2 values. Error bars mark the standard deviation of one duplicate analyses, which was applied to the rest of the samples (see section “Data treatment” for details). The pale blue bar represents the range of seawater Pb isotopic compositions in the GoA (Benaltabet et al., 2020).




RESULTS


Heavy Metals and REEs

Elemental abundances were measured in a total of 17 soft tissue and seven shell samples (Tables 1, 2). A large suite of elements displays a general ongoing decrease in soft tissue concentrations with time from day 0 to 91. These include Al, V, Cr, Mn, Fe, Co, Ni (Figure 2), and the REEs (Table 2). Other elements show a more moderate decrease (Pb, Cd, and Zn) or a negligible change with time (Cu) (Figure 2). Regardless of the general trend, all elements (besides Mn and Cu) displayed a sharp increase in soft tissue concentrations at day 13, after which concentrations continued to gradually decrease. Compared to the soft tissue, the shell fraction concentration presented little change over time in all elements apart from Mn, which shows a coeval decrease in both fractions.



Pb Isotopes

The isotopic composition of Pb was measured on a subset of 10 soft tissue and 6 shell samples (Table 3 and Figure 3). The soft tissue samples display a gradual shift in 206Pb/207Pb and 208Pb/206Pb compositions from 1.199 to 1.176 and 2.052 to 2.077, respectively. At day 13, similar to the elemental abundance patterns, the 206Pb/207Pb and 208Pb/206Pb soft tissue compositions shift sharply toward higher and lower ratios, respectively. Thereafter, the isotopic ratios continue their initial trend and shift toward lower 206Pb/207Pb ratios and higher 208Pb/206Pb ratios. By contrast, and similar to elemental abundance patterns, the shell compositions display little variation regardless of the time the sample was exposed to pristine seawater. Moreover, this unchanging composition corresponds, within uncertainty, to the composition measured in the soft tissue at the start of the experiment, which represents the lagoon environment.



DISCUSSION


Long-Term Depuration Trends in Elemental Abundances

To a first order, all metals (except for Cu) and REEs studied here display a gradual decrease in the soft tissue concentrations (Tables 1, 2 and Figure 2), from the moment they were moved from the lagoon environment to the water tanks. Although not measured directly in this study, seawater elemental concentrations in the vicinity of the IUI and the lagoon can be estimated based on previous studies (Chase et al., 2011, 2006; Chien et al., 2019). Previously reported surface dissolved Al, Mn, Fe, Co, Cu, Zn, Cd, and Pb concentrations near the IUI coast are generally lower than surface concentrations at the north shore near the lagoon and are more similar to surface concentrations measured at the open sea (Figure 1, Station A), further away from shore (Supplementary Table 1). Moreover, Herut et al. (1999) have shown that native gastropods (Cellana rota) in the vicinity of the IUI presented lower levels of soft tissue Zn, Fe, Cu, and Mn when compared with specimens from the GoA north shore. These observations suggest that the decrease in soft tissue concentrations over time represents the elemental depuration as a result of the relocation from the lagoon to the pristine IUI environment.

The decrease in elemental abundances is observed 5 days after the relocation to the water tanks, as soft tissue concentrations decreased by 51 to 86% between days 0 and 5. These rates are similar to the rapid depuration rates demonstrated by the mussel Perna virdis (Yap et al., 2003) and the bivalve Paphia undulata (El-Gamal, 2011). No significant decrease trend is observed in the mussel’s shells because the fraction of the shell that formed during the experiment is negligible relative to its bulk weight. Hence, it appears that while the soft tissue can biomonitor short-term changes in the organism’s environment, the shell represents long-term chronic conditions. It is recognized that the elemental evolution trends are noisy, most likely reflecting the combined natural variability between different specimens, their initial heterogeneity in the lagoon and their individual response to the relocation which could be influenced by their different dry weights (ranging between 10–63 mg) and size, and possibly even their position in the water tank (Phillips, 1980).

To better understand the dynamics of metal concentrations in the soft tissue, the Pearson correlation coefficient (r) was examined between all studied metals in the samples collected after the relocation at days 5–91 (Table 4), as any deviation from a linear relationship between metals might suggest a different depuration dynamic modulating soft tissue metal concentrations. Soft tissue Al, V, Cr, Fe, Co, Ni, Zn, Cd, and Pb concentrations between days 5 and 91 present positive correlations with one another (r = 0.76–0.98, p < 0.03). When the day 0 samples, which represent the lagoon compositions, are also considered in the calculation, the correlation yields significantly lower values (Supplementary Table 2). Regardless of the calculation time span, it appears that the soft tissue passively records the ambient seawater composition of these metals, without an apparent preference. Inversely, poor correlations are presented for Mn and Cu when compared with the other metals suggesting that there might be other controls on their soft tissue abundances.


TABLE 4. Pearson correlation coefficient values (r) for soft tissue trace elements concentrations for samples collected between days 5 and 91 with corresponding p-values in brackets.

[image: Table 4]Soft tissue Cu concentrations do not present the same depuration trend similar to the rest of the metals, as they remain relatively constant over the course of the relocation experiment (Figure 2). This could be the result of chronically high dissolved Cu concentrations at the GoA western coast, which may be similar to those at the lagoon. However, as established before (Supplementary Table 1; Chase et al., 2011) high dissolved Cu concentrations are less plausible and a biological mechanism through which the soft tissue retains Cu might explain the constant Cu concentrations throughout the experiment. Similar observations were made by Lorenzo et al. (2003), who transferred mussels (Mytilus edulis) from a Cu enriched environment to clean seawater and reported low Cu depuration rates relative to the model expected rates, owing to biological regulation of Cu. It is worth noting that despite the difference in species, the final soft tissue Cu concentrations reported by Lorenzo et al. (2003) were similar to those presented here (Figure 2). Furthermore, in a metal depuration experiment performed on the Mediterranean mussel Mytilus galloprovincialis, relatively low Cu depuration rates were observed (Anacleto et al., 2015). A possible explanation is that mollusks might actively retain high levels of Cu (and Zn) through metallothioneins, as these are biologically essential metals (Amiard et al., 2006). Similarly, soft tissue Zn, Cd, Fe, and Mn concentrations at day 91 are within the same order of magnitude as the values reported for the gastropod C. rota (Herut et al., 1999) near the IUI coast, while Cu concentrations are ∼15–40 times higher. Moreover, while Cr, Mn, Ni, Cd, and Pb soft tissue concentrations at day 91 are similar to the average natural values reported for in-situ B. pharaonis by Hamed et al. (2020) in the Mediterranean Sea, Fe, Cu, and Zn are higher by a factor of ∼12, 15, and 10, respectively. It is conceivable that when exposed to high ambient levels of bio-essential metals, B. pharaonis will actively retain optimal high soft tissue concentrations (White and Rainbow, 1982; Amiard et al., 2006).

Out of the entire suite of metals studied, Mn is the only metal that presents higher or similar concentrations in the shell compared to the soft tissue (besides Al and Fe, which show similar concentrations at day 84). In addition, only Mn shell and soft tissue concentrations are significantly correlated (r = 0.97, p < 0.01), implying that they are both modulated by the same mechanism. In their study of the mussel M. eduils, Freitas et al. (2016) have shown that shell Mn contents are not directly controlled by ambient dissolved and particulate Mn concentrations nor by kinetic effects, but are mediated by a physiological mechanism associated with the extra-pallial fluid (EPF). It is possible that the decrease in shell Mn after the relocation to the water tanks is coupled to the decrease in soft tissue Mn and related to the connections between the soft tissue and the shell through the EPF (Crenshaw, 1972; Freitas et al., 2016). This might also explain the lack of correlation between soft tissue Mn and other metals, given the high affinity of the EPF to Mn2+ (Yin et al., 2005).



Al-Normalized Ratios, REE, and Pb Isotopes as Proxies for Terrigenous Inputs

Terrigenous inputs such as rivers, atmospheric aerosols and terrestrial and marine sediments are the main sources of metals to the oceans (Turekian, 1977; Bruland et al., 2013) with Al being a prominent proxy used to evaluate terrigenous fluxes to the marine environment (Baker et al., 2016; Jickells et al., 2016). To better characterize the controls of terrigenous components over the elemental compositions discussed here, we present the mussel’s soft tissue metal concentrations normalized to Al (Supplementary Figure 1). The Al-normalized metal ratios allows a better estimation of relative elemental depletion/enrichment in various organic (Bekteshi et al., 2015) and inorganic phases (Shelley et al., 2015; Jickells et al., 2016). Following the relocation of the mussels from the lagoon to the water tanks, all metal/Al ratios between days 0 and 5 displayed a significant increase and remained relatively constant thereafter. This shift clearly depicts the transition from the terrigenous dominated and Al rich shallow lagoon, where exchange with open seawater is limited, to the relatively Al-depleted seawater environment. Moreover, while most metal/Al ratios shifted by up to two order of magnitude, the increase in Fe/Al ratios was smaller (Supplementary Figure 1), reflecting the joint association of both Fe and Al with terrigenous material. For comparison, the Al-normalized Th abundances remains relatively stable throughout the entire duration of the experiment, reflecting the strong association of Th with terrigenous inputs.

The transition to a pristine environment is further illustrated in the mussel’s soft tissue Pb isotopic composition, which is considered in the context of previously reported GoA seawater Pb compositions (Figure 4) and its respective end members (Lee et al., 2015; Chien et al., 2019; Benaltabet et al., 2020). These include seafloor sediments, open Red Sea waters and aerosols, the latter being the most significant source of anthropogenic Pb to the GoA (Chien et al., 2019; Benaltabet et al., 2020). The initial Pb isotopic composition of both the shell and the soft tissue at day 0 represents the lagoon end member, which presents a mixture between sediments and GoA open seawater. Five days after the translocation, the soft tissue presents open seawater compositions, portraying the organism’s rapid response to its ambient seawater Pb composition. However, this trend stops at day 13, when the soft tissue isotopic composition shifts toward the lagoon end member. The sample collected at the following week at day 21 and all subsequent samples, presents Pb compositions similar to open seawater, portraying the organism’s prolonged response to ambient pristine waters. The composition of the shell did not overlap with the GoA seawater field throughout the entire experiment, depicting the limited response of the shells to the translocation.
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FIGURE 4. The isotopic composition of 208Pb/206Pb versus 206Pb/207Pb in soft tissue (squares) and shells (circles). Colored markers represent the different samples through the length of the experiment. Shaded areas represent the regional end members: GoA seawater (blue field; Benaltabet et al., 2020), atmospheric aerosols (Chien et al., 2019), GoA leached and residual sediment fractions (Benaltabet et al., 2020), which represent the carbonate (orange field) and silicate (light blue field) fractions of bottom sediments, respectively. Red Sea seawater compositions (purple field) are assumed to correspond with Arabian Sea compositions (after Lee et al., 2015). For more information regarding the suggested end members the reader is referred to Chien et al. (2019) and Benaltabet et al. (2020). The day 0 shell and soft tissue composition represents the lagoon end member (gray field).


The REE concentrations are normalized to a well-established reference composition, such as the Post Archean Australian Shale (PAAS, Taylor and McLennan, 1985), which helps reveal their relative enrichment and certain REE anomalies (e.g., Ce, Eu, and Gd), providing information regarding sources or sinks of certain elements (Elderfield and Greaves, 1982; de Baar et al., 1983; Hatje et al., 2016). For example, dissolved Ce may be oxidized from Ce3+ to Ce4+, resulting in a decrease in solubility and a negative Ce anomaly in seawater (de Baar, 1983). By contrast, anoxic conditions may result in a positive Ce anomaly in sediment’s pore-waters (Elderfield and Sholkovitz, 1987). External sources of anthropogenic Gd, associated with medical and industrial wastewaters inputs due to its use in magnetic resonance imaging, may result in a positive Gd anomaly in seawater (Kümmerer and Helmers, 2000; Nozaki et al., 2000; Hatje et al., 2014). The Ce and Gd anomalies are defined as their deviation from an expected, PAAS-normalized ratio, as defined by Eqs 1 (Mclennan, 1989) and 2 (de Baar et al., 1985):

[image: image]
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where the PAAS-normalized concentrations are indicated by subscript N and ∗ denotes the theoretical interpolated concentration based on neighboring elements. Accordingly, positive and negative Ce and Gd anomalies will feature Ce/Ce∗ and Gd/Gd∗ ratios higher and lower than 1, respectively.

Figure 5 presents the distribution of soft tissue REEs relative to the composition of PAAS, displaying an enrichment of the light REEs (LREE, La-Eu) relative to the heavy REEs (HREE, Gd-Lu). Similar observations were made for clams (Bonnail et al., 2017), fish, crustaceans, and mollusks (Li et al., 2016; Wang et al., 2019) and were suggested to stem from biological fractionation that favors LREE over HREE (Wang et al., 2019). The samples collected at day 0 display high REE/PAAS ratios (an order of magnitude higher than the rest of the samples) with no anomalies (Figure 5A), reflecting the domination of terrigenous sources in the lagoon environment. Five days after the translocation, REE concentrations decrease significantly, but shift back to higher values on day 13 while also displaying a positive Ce anomaly (Figure 5B). Afterward, the REE concentrations as well as the Ce anomaly at the samples collected at days 21–91, return to values that are similar to day 5. Moreover, following the relocation to the water tanks, the PAAS normalized pattern reveals an increasing positive Gd anomaly (Figures 5A,C), which suggests an anthropogenic source of Gd to the GoA waters.
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FIGURE 5. (A) Soft tissue REE concentrations relative to PAAS (Taylor and McLennan, 1985). Colored symbols represent the different sampling days through the length of the experiment. Error bars mark the standard deviation of duplicate analyses (see section “Data treatment” for details). (B) Ce/Ce* ratios representing the Ce anomaly throughout the experiment. (C) Gd/Gd* ratios representing the Gd anomaly throughout the experiment.




Short-Term Perturbation

During the depuration experiment, the soft tissue samples presented a 2–8-fold increase in elemental concentrations between days 5 and 13 (Figure 2), as well as a shift in Pb isotopic composition toward the lagoon and sedimentary end members (Figures 3, 4) and an increase in the PAAS- normalized REE concentrations (Figure 5). Moreover, when examining the subsequent samples, soft tissue Al, V, Cr, Mn, Fe, Co, Cd, Zn, Ni, and Pb concentrations gradually decrease from day 13 to 91, following a power law curve, with high R2 values of 0.56 for Pb to R2 = 0.95 for Co (Figure 2). When compared to the R2 values for the period between 0 and 91 days, all of the above mentioned R2 values for the period between 13 and 91 days are significantly higher. The fact that the decrease in soft tissue concentrations after day 13 closely follows a well-defined curve, suggests that the increase in concentrations in day 13 is associated with a compositional perturbation in the water tank’s seawater composition (rather than being associated with analytical noise) that effectively reset the experiment at day 13. Moreover, 7 days after the day 13 perturbation, metal levels decreased by 33 to 70%, at rates similar to the initial decrease in concentrations following the relocation to the water tanks (between days 0 to 5) and to previously reported depuration rates (Yap et al., 2003; El-Gamal, 2011). The rate of increase in soft tissue metal abundances in response to the perturbation is comparable with the increases in Cd and Zn reported by Yap et al. (2003), who exposed mussels (P. virdis) to high levels of seawater Cd and Zn in a controlled laboratory experiment and followed the change of accumulated metals over time. By contrast, the study carried out by Liu and Wang (2016), who translocated two oyster species from a natural to a contaminated environment and followed metal accumulation with time reported limited increases in the soft tissue metals concentrations after 5 days of exposure. However, the difference in metal accumulation rates compared to our results can probably be attributed to different environmental conditions (Mubiana and Blust, 2007; Casas et al., 2008) and species types (Rainbow, 2002).

The cause of the perturbation between days 5 and 13 is unknown, and could be related to a natural change in the influxing seawater composition, possibly due to sediment resuspension along the coast, or to contamination of the water tank. The relatively high Ce anomaly at day 13 (Figure 5) may be indicative of a sedimentary source, as positive Ce anomalies are a common feature in some marine sediments (de Baar, 1983; Toyoda et al., 1990; Pattan et al., 2005). Moreover, several studies suggested that mollusks effectively accumulate LREEs from sediments and suspended particles (Bonnail et al., 2017; Ma et al., 2019; Wang et al., 2019). Hence, a perturbation associated with a terrigenous source will be promptly recorded in the mussel’s soft tissue. This, coupled with the shift of the Pb isotopic composition toward sedimentary compositions (Figure 4) may suggest that the cause of the perturbation on day 13 is linked to a terrigenous source. Interestingly, the Al normalized ratios of several elements (e.g., Ni, Co, Fe, Cr, V, Pb Cd, Zn, and Cu) display a relatively large shift between day 0 and day 5 but remain stable thereafter (Supplementary Figure 1), even after the day 13 perturbation. This implies that the terrigenous end member responsible for the perturbation has a different composition, characterized by a higher metal/Al ratio, compared to the lagoon end member. In other words, one terrigenous end member dominates the lagoon area and a second dominates the IUI coastal waters.

To better characterize the two terrigenous end members, the progress of the soft tissue depuration of various proxies versus Al is outlined in Figure 6. Zn and Pb were chosen to represent examples of anthropogenic metals in coastal waters (e.g., John et al., 2007; Boyle, 2019), while the shifts in the Ce anomaly value (Ce/Ce∗) and the isotopic composition of Pb (206Pb/207Pb) represent the competing influences of terrigenous and seawater end member values. The lagoon environment is dominated by mixing of a terrigenous end member (“Terr1,” Figure 6) with the seawater end member (“SW,” Figure 6). While Terr1 features high metal concentrations and high 206Pb/207Pb ratios with no Ce anomaly (i.e., Ce/Ce∗ ≈ 1), the seawater end member is characterized by low metal concentrations (Chase et al., 2011; Chien et al., 2019; Benaltabet et al., 2020), a negative Ce anomaly, a common feature in oxygenated waters (Elderfield and Greaves, 1982; Alibo and Nozaki, 1999) and low 206Pb/207Pb ratios (Benaltabet et al., 2020). After the relocation to the water tanks, the mussel’s soft tissue composition shifted rapidly to a separate mixing curve, with a different terrigenous end member (“Terr2,” Figure 6), defined by high metal abundances and lower Al contents relative to Terr1, a positive Ce anomaly and high 206Pb/207Pb ratios. Following the day 13 perturbation, the soft tissue compositions shifted toward Terr2, and thereafter subsided toward the composition of the seawater end member, as the mussels gradually depurated the accumulated metals from the perturbation.
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FIGURE 6. Soft tissue Zn (A) and Pb (B) concentrations, Ce/Ce* (C), and 206Pb/207Pb compositions (D) versus soft tissue Al concentrations. The dashed lines represent the mixing curves between the two terrigenous (Terr1 and Terr2; green and red triangles, respectively) and seawater (SW; pale blue circle) end members. Solid arrows represent the temporal trend throughout the experiment: the rapid depuration after the relocation from the lagoon environment (gray field, purple squares) to the IUI (pink squares) between days 0 and 5, the brief perturbation toward Terr2 between days 5 and 13 (blue squares), and the long term depuration between days 21 and 91 (black squares).




Long-Term Biomonitoring

Due to biological controls and the variability of elemental partitioning coefficients between seawater, soft tissue and shell (White and Rainbow, 1982; Chong and Wang, 2001; Amiard et al., 2006), metal abundances in the soft tissue and shell are markedly different (Figure 2). By contrast, the isotopic composition of the shell and soft tissue at day 0 overlap (Figures 3, 4) because Pb isotopic fractionation during assimilation is negligible (Russell Flegal and Stukas, 1987) and both phases acquired the long term local lagoon composition (Figure 4). The ratio between the Pb isotopic composition in the soft tissue and shell is expressed in Eq. 3:

[image: image]

where Rtissue and Rshell are the 206Pb/207Pb ratios (or other Pb isotopic ratios) in the soft tissue and shell, respectively. In the lagoon samples (day 0), the Rtissue/Rshell ratio presents an approximate value of one and continuously decreases as the soft tissue registers lower 206Pb/207Pb seawater compositions (Figure 3B).

Thus, mature mussels grown in stable conditions should display an identical Pb isotopic composition in both the shell and soft tissue, i.e., Rtissue/Rshell = 1. Accordingly, the coupled Pb isotopic composition of mussels soft tissue and shell can be used for long-term biomonitoring in coastal environments, even if the initial isotopic composition is unknown, as any deviation from Rtissue/Rshell = 1 will represent a shift toward a new compositional end member (Figure 7). If the perturbation is of chronic nature, the Rtissue/Rshell ratio will remain constant, representing the current long-term composition of surrounding seawater, as is the case here, where the seawater composition changed after their relocation.
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FIGURE 7. A conceptual representation of a perturbation/pollution event reflected by the ratio between soft tissue (Rtissue) and shell (Rshell) Pb isotopic compositions. (A) A perturbation represented by an exposure to end member B (dashed red line) will result in an increase in the Rtissue/Rshell ratio. Subsequently, if the contamination persists (chronic contamination), the Rtissue/Rshell ratio will remain high (until eventually the end member B signal starts dominating the bulk shell composition after a significant period of time not considered here). If the perturbation is brief, the Rtissue/Rshell ratio will gradually return to a value of 1 (end member A, dashed blue line) following a power law curve. (B) Rtissue/Rshell ratio shortly after a contamination event, depicting how a partial set of observations (e.g., black squares) can be used to extract the timing of the suspected perturbation/contamination event through back extrapolation of the calculated power law depuration curve to the contaminating end member composition (empty square).


This approach can also be applied to other heavy isotopic systems where no isotopic fractionation is associated with the assimilation into the shell and soft tissue (e.g., Nd, U, and Th). However, the isotopic composition of Pb is especially useful for monitoring marine pollution given its sensitivity to anthropogenic inputs and ample reports of natural and anthropogenic end member compositions (e.g., Bollhöfer and Rosman, 2001, 2000; Labonne et al., 2001; Erel et al., 2006; Boyle et al., 2014; Dang et al., 2015).



Biomonitoring of Short-Term Pollution Events

Although serendipitously demonstrated here (i.e., by the perturbation between day 5 and 13), biomonitoring of short-term (daily) events is often challenged by the rapid compositional change in soft tissue compositions in the days following the event, hampering the use of mussels and other marine filter-feeding organisms as biomonitors of abrupt and short pollution events. Nevertheless, our results provide the possibility to overcome this shortcoming by extrapolating observations backward toward the onset of the event.

Consider a pollution event that is identified along a coastline, but evidence (e.g., visual observations, smell, direct seawater analyses) only starts accumulating several days after the actual event. Thus, the exact timing and location of the contamination remain largely unknown. Yet, following alerts of a potential pollution event, it is possible to initiate continuous sampling of in-situ living mussels at a daily resolution over a period of 1–2 weeks and analyze the isotopic compositions of their soft tissue and shell. The results will yield a partial segment of the longer-term depuration pattern during which the Rtissue/Rshell ratio gradually returns to a value of 1 following a power law curve (Figure 7B). A backward extrapolation of this curve, allows determining the timing of contamination, as long as the initial contamination value can be estimated, even if only roughly. The latter can be reasonably evaluated in coastal environments where recurring pollution events take place, or by assuming a regional anthropogenic Pb isotope compositional end member. Accordingly, the time of contamination (t) can be determined using Eq. 4 solved for t:
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Where Rc represents the composition of the contaminant, Rshell is the measured composition in the shell and m is the power constant given by the depuration curve. Alternatively, if the timing (t) of the pollution event is well known, Eq. 4 can be solved for Rc and cross-referenced with literature report to learn about the source of the contaminant end member (e.g., anthropogenic or natural/terrigenous). This approach assumes that the soft tissue is a sensitive recorder of ambient seawater compositions, as seen here and by others (e.g., Yap et al., 2003; El-Gamal, 2011; Anacleto et al., 2015). Moreover, if coupled with a spatial survey, this approach can also provide information regarding the geographic sources of the contaminants, and how these progress spatially and temporally.

In summary, mussels (B. pharaonis) growing in a contaminated lagoon were relocated to a pristine environment for depuration and their soft tissue and shells were analyzed for heavy metal and REE concentrations, as well as the isotopic composition of Pb.

The shell retained its original composition and did not present significant change in metal abundances (apart from Mn) during the experiment. On the other hand, most of the soft tissue metal concentrations (Al, V, Cr, Mn, Fe, Co, Ni, Zn, Cd, and Pb) and the REEs presented a gradual decrease in concentrations in the 91 days following the relocation from the lagoon to the water tanks, with the bulk majority of the decrease (51–86%) restricted to the first 5 days. The decrease trend was disrupted by an abrupt increase in metal and REE concentrations at day 13, after which concentrations decreased gradually following a power law trend (R2 of up to 0.95).

Pb isotope ratios of both the shells and soft tissue at the lagoon represent a mixture of previously reported seafloor sediment and open seawater compositions. While the composition of the shells remains rather constant throughout the experiment (206Pb/207Pb = 1.191 – 1.199, 208Pb/206Pb = 2.051 – 2.060), the soft tissue compositions (206Pb/207Pb = 1.174 – 1.199, 208Pb/206Pb = 2.052 – 2.078) shift gradually toward open seawater values from days 5 to 91, while briefly shifting toward the sedimentary end member at day 13. This shift is also illustrated by the REEs pattern relative to PAAS, which features a positive Ce anomaly at day 13. Hence, we conclude that this compositional shift was driven by an environmental perturbation linked to a terrigenous source. By comparing soft tissue metal concentrations, Ce anomaly ratios, Pb isotopic compositions and Al concentrations, it is shown that following the relocation to the water tanks, the mussels were controlled by a separate mixing curve between GoA seawater and a local terrigenous end member (possibly marine sediments), which is different than the terrigenous end member dominating the lagoon environment.

The soft tissue of B. pharaonis may be used to biomonitor short-term environmental perturbations or pollution events. The ratio between the Pb isotopic composition of the soft tissue and shell sampled following an event may be used to determine the exact timing and possibly geographic location of the pollution, when both the latter are a-priori unknown.

By implementing geochemical tools such as Pb isotopic compositions, Al-normalization and REE patterns, we demonstrated the potential of mussels as biomonitors of short-term fluctuations or alternatively, of long-term seawater compositions. In both cases, the combined suite of geochemical proxies can be used to provide robust quantitative constraints on the sources and magnitude of pollution events, providing important tools for implementing and developing environmental management policies.
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