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Estuarine sediments serve as significant reservoirs for mercury (Hg) and methylmercury(MeHg), which can also interconvert in the external environment. The release of Hg in response to human activities raises concerns about its potential ecological and human health effects. Sediment samples were collected in December 2021 from four locations (sites), and Hg cycling by measuring the concentrations of, and controls on, the spatial distribution of total Hg (THg) and methylmercury (MeHg) in high-tidal zone (HTZ) and mid-tidal zone (MTZ) sediments of a mangrove forest (MF) and oyster farm (OF) was examined in northwestern Zhanjiang Bay, including simultaneous determination of sediment particle size, oxidation-reduction potential (Eh), pH, total organic carbon (TOC), sulfide concentration (S2-), and sulfate reducing bacteria (SRB). The research results indicated that concentrations of both THg and MeHg ranged between 20.0–104.0 ng/g and 0.011–0.277 ng/g in the sediments, respectively. The highest methylation potentials within the MF and OF were in sediments located approximately 10–15 cm below the surface. MeHg in the HTZ of the OF was likely derived from exogenous inputs as Hg methylation appears limited, and the formation of MeHg depended not only on the amount of inorganic mercury available for methylation in SRB, but also on the TOC, pH, Eh and S2- content in the sediment. A risk assessment of MeHg during the anthropogenic disturbance of this estuaries conducted on individuals eating oysters demonstrated that health risks are low.
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1 Introduction

Mercury (Hg) is a persistent, priority pollutant on a global scale due, in part, to is toxic effects on human and ecosystem health, its ability to be easily transported in the Earth’s near surface environment. Natural sources of Hg include volcanic eruptions, hydrothermal activity, forest fires, earthquakes, and sediment (Gonzalez-Raymat et al., 2017), whereas anthropogenic sources include fossil fuel power plants, chlor-alkali plants, and Hg amalgamation mining activities, to mention a few (Liu et al., 2021). Once released to the Earth’s surface, its biogeochemical cycling is highly complex. Elemental (Hg0) can, for example, exist as a stable gaseous species that may be converted by a wide range of redox, phase, and biologically mediated transformations into other chemical forms, including oxidized mercury (HgII), methylmercury (MeHg), dimethylmercury (DMeHg), and ethylmercury (EtHg). MeHg, an organic form of Hg, is of particular concern because of its ability to be readily absorbed and bio-accumulated in biota, where it may subsequently be bio-magnified up the food chain. In fact, the predominant pathway of human exposure in many areas is the consumption of contaminated biota, particular sea food. Once ingested, MeHg is highly toxic and can damage the central nervous system (Rice et al., 2010; Li and Cai, 2013).

MeHg is produced by the conversion of HgII to MeHg in anaerobic environments by methylating bacteria, including sulfate-reducing bacteria (SRB) and, to a much lesser degree, iron-reducing bacteria and methanogens (Regnell and Watras, 2018; Villar et al., 2020; Eckley et al., 2021). The processes of methylation are not well understood, but it is influenced by the amount of inorganic and dissolved organic matter as well as sulfur compounds in the water and sediments (Eckley et al., 2021). MeHg demethylation is a reverse process of Hg methylation. It simultaneously occurs in the sites (sediment, periphyton, and water) that methylation takes place. Within aquatic environments, some methylation may occur in anoxic waters where the water column is stratified, but the overwhelming majority of methylation takes place in anoxic sediments, particularly within the first few centimeters of the water-sediment interface, where there tends to be a relative abundance of methylating bacteria. Similar to methylation of Hg, biotic process was suggested to be the dominant pathway of Hg demethylation in sediment and periphyton, however this process has not been confirmed in natural environments. But methylation typically overrides demethylation and determines the net production of MeHg in sediment and periphyton (Li and Cai, 2013).

Due to the possible local increase in mercury input in estuaries and general coastal environments in recent years, the level of methylation in estuarine environments can be especially pronounced because of the abundance of organic matter and sulfur compounds in the underlying sediments as well as the widespread occurrence of anoxic conditions (Crane, 2006). While the cycling of Hg and MeHg production has been extensively studied in estuarine environments, the influence of localized human activities and morphological changes on estuaries and MeHg production, and their results impacts on human health, remain a relatively understudied topic. This is particularly true of mangrove forests (MF), because sediments in MF often serve as an important sink of many heavy metal pollutants (Castro et al., 2021), including MeHg, as they represent depositional environments that possess the conditions conducive to methylation, including high OM and sulfur ion (S2−) concentrations and local anoxic conditions (Morel et al., 1998; Wolfenden et al., 2005; Drott et al., 2007; Fitzgerald et al., 2007). At the same time, mangrove sediments may also serve as a source of MeHg as it can be released from the sediments into the water column as a result of tidal action (Benoit et al., 2009; Seelen et al., 2021). However, investigations pertaining to the contamination of the Bay’s sediments in general, and MeHg in particular, are currently lacking. One issue of particular concern is the potential for human activities to disturb MFs, such that it increases the production of MeHg and/or the remobilization of MeHg from the sediments. For example, increased nitrogen loading in estuaries is associated with increased deposition of organic carbon to the sediments due to the production and sedimentation of detrital particulate organic matter, thereby affecting the production of MeHg (Chen et al., 2021).

The primary objectives of this study were to: (1) characterize the sediments within high- to mid-tidal areas of the Zhanjiang Bay estuary within a MF and an OF in terms of the parameters that are likely to influence Hg speciation and methylation, including particle size, Eh, total organic carbon (TOC) and sulfide concentrations (S2−) as well as SRB; (2) explore the influence of these factors on the concentrations and vertical distribution of Hg and MeHg within the sediments, (3) document the potential for Hg methylation within the MF and OF, and (4) determine the human health risks posed by Hg when oysters raised within an OF are consumed. This study furthers our understanding of the biogeochemical cycling of Hg in estuarine environments, and the potential risks of Hg methylation and MeHg bioaccumulation within oyster farms near mangrove forests in Zhanjiang Bay, and other coastal areas.




2 Material and methods



2.1 Study area

Zhanjiang Bay is located adjacent to the South China Sea and is surrounded by three islands that create a semi-enclosed, shallow bay. A dyke has been built on the west side of Zhanjiang Bay, connecting Donghai Island and the interior of Zhanjiang City (Figure 1B). On both sides of the dyke, there are areas of OF and MF, with an area of approximately 12 square kilometers for OF. OF near mangroves is done through poles inserted in high densities into the sediments (Figure 1C), resulting in severe siltation. Abundant organic matter from oysters’ feces and MF’ litter jointly create anaerobic environment for mercury methylation. However, it is currently unclear which external input or on-site production is the main source of MeHg in the research location.




Figure 1 | (A) Location of Zhanjiang Bay in China; (B) location of sampling sites within the Bay; (C) photograph of oyster cultivation conducted by inserting into the sediments.






2.2 Sample collection and analysis

Sediment samples were collected in December 2021 from four locations (sites), two in the high-tidal zone (HTZ) and two in the mid-tidal zone (MTZ) of each “cover type”, including sites HTZ-MF, MTZ-MF, HTZ-OF and MTZ-OF (Figure 1). The reason for choosing these four regions was because the HTZ was more influenced by land and human activities, while the geological and environmental types of the mid tide zone and low tide zone were similar but sampling in the mid tide zone was safer and more convenient. A stainless-steel sampling tube was used to collect a sediment profile to a depth of 25 cm. Once collected, the sediment cores (profiles) were subdivided into samples at 5 cm intervals. Eh of the pore waters was measured using a redox potentiometer (Nanjing Dropper Instrument and Equipment Co., LTD. FJA-6). The remaining samples were placed in glass bottles, and transported to the laboratory where fresh and wet samples were analyzed for sulfide (S2−) content, particle size distribution, and SRB (as described below). The remaining portion of the samples were freeze-dried, ground, and passed through a 0.15 mm nylon sieve, before they were analyzed for TOC, THg, and MeHg. Six oysters of different sizes collected on-site in the OFs were randomly selected from numerous individuals about to enter the consumer market and transported to the laboratory. The oysters were washed with ultrapure water, and the size and weight of the oysters were recorded.



2.2.1 Analysis of the sediments

The particle size distribution of the sediment samples was analyzed using a Mastersizer 2000 (Malvern, UK) laser particle size analyzer. TOC concentrations were determined using the K2Cr2O7 OX-RE-VL based, Walkley-Black (WB) titration method as described by Gaudette et al. (1974). The analysis of S2− in the sediments was determined using a Sulfur Ion Selective Electrode (PXSJ-226, Shanghai Instrument and Electricity Scientific Instrument Co., Ltd.), and was carried out following the method of Wildish et al. (1999). The occurrence of SRB in the sediments was determined using a multitube fermentation technique via incubation at 29 ± 1°C for 21 d. The presence of SRB was indicated by the production of a black precipitate in the tube with a hydrogen sulfide odor. A most probably number (MPN) method was used to count the SRB in the analyzed samples. Sample blanks were also analyzed. If a blank appeared positive, the assay had been contaminated and the data were considered invalid.




2.2.2 Analysis of THg in the sediment and oyster samples

THg was analyzed using an Atomic Fluorescence Spectrometer (SK-AFS, Jinsuokun, Beijing, China) with a standard curve correlation coefficient (R2) of 0.999. Diluted aqua regia (50%, HCl: HNO3 = 3:1 v/v) was added to the tubes to digest the sediments (Ding et al., 2011). The quality control standard concentration for sediment was 0.048 µg/g; the analyzed value was 0.043 μg/g, with a recovery of 90.0%. Dried oyster samples, along with quality control samples, were digested using a microwave digestion system (Qiu et al., 2006). The analyzed biotic standard consisted of shrimp (GBW10050; GSB-28) with a control concentration of 0.049 μg/g; the measured value was 0.050 μg/g, with a recovery of 101.9%. Sediment and biotic samples are expressed on a dry-weight basis.




2.2.3 Analysis of MeHg in sediments and oysters

MeHg in sediments and oysters were measured using an Automated Alkyl Mercury Analyzer (Tekran 2700, Canada) (Qiu et al., 2009). Dry sediment was weighed into a 50 mL centrifuge tube, to which 1.0 ml of 2 mol/LCuSO4, 5.0 ml of an acidic KBr solution and 10 ml of CH2Cl2 were added to extract MeHg. The MeHg in the sample solution was then ethylated using NaBEt4 to form gaseous diethyl-mercury, and DMeHg was converted into gaseous methyl-ethyl-mercury. The method’s detection limit was 1.0 pg. Quality control and verification were carried out at the same time using a method blank, parallel sample and a certified reference material. MeHg recovery from the sediments ranged from 90% to 110%.

Similarly, six oysters were accurately weighed and placed into their respective Teflon bottles, to which 5 ml of 250 g/L KOH-CH3OH solution was added, and then allowed to digest in a water bath at 75°C for 3 h. The bottles were shaken every 30 minutes to ensure that the digestion solution fully reacted with the sample. After digestion, the Teflon bottle was removed from the water bath and cooled to room temperature, after which 3 ml of concentrated HCl was added. The remainder of the procedure followed the steps described above for the analysis of MeHg in sediments. MeHg recovery for the utilized fish standard (tormart-3, DORM-4) was between 90% and 110% (Qiu et al., 2009).




2.2.4 Hg and MeHg exposure risk assessment for the consumption of oysters

An exposure risk assessment quantifies risk by combining hazard identification and dose effects to assess the probability that the contaminant will result in a health hazard for human (Feng et al., 2013). The needed parameters were calculated as follows.

 

 

where PDIs from Equation 1 is the Probable Daily Intake, defined as the average daily intake of a contaminant by means of the food to be ingested; the average daily intake is expresses per body weight, bw, (μg·kg−1·d−1); bw was assumed here to be 60 kg; C is the concentration of Hg and MeHg in oysters (ng·g−1); IR is the intake reference, defined as the average daily intake of food (kg·d−1); here, it was assumed to be 5.5 g/d of oysters, which is based on the daily consumption of fish; HRI from Equation 2 is the Human Health Risk Index, and RfD is the reference dose, which is the amount that can be safely consumed (µg·kg−1·d−1). HRI is obtained from the ratio of PDIs and the Joint FAO/WHO Expert Committee on Food Additives recommended reference dose (RfD) for inorganic Hg and MeHg (Liang et al., 2015). The RfD for inorganic mercury is 0.57 μg/(kg·d) and for MeHg is 0.23 μg/(kg·d); the maximum allowable exposure set by the US EPA for MeHg is 0.1 μg·kg−1·d−1. If the HRI is >1.0, the population possesses a high health risk.





2.3 Statistical analysis

Maps of sampling stations were generated using ArcGIS 10.2. The Pearson’s correlation analyses between MeHg, THg and selected environmental factors in sediments were performed using SPSS 24.0. Statistical significance of the Spearman correlations was set at a level of 0.05 (p<0.05) and/or 0.01 (p<0.01). Data plots were constructed using Origin 9.0 software.





3 Results and discussion

The environment change of water bodies caused by aquaculture not only leads to an increase in organic matter, but also causes changes in many physical and chemical parameters of water bodies, including a decrease in dissolved oxygen in water, an increase in organic matter and sulfate in sediments, hydrogen sulfide, a decrease in pH values, and the destruction of biological and microbial communities, thereby affecting the generation of MeHg (Yan and Feng, 2012). The above factors will also change with the increase of sediment depth and further affect the vertical distribution of Hg and MeHg.

The concentrations and spatial distribution of both THg and MeHg depend on the sedimentologic, geochemical, and compositional nature of the estuarine sediments. Here, we explore the sedimentologic characteristics of the sediments that are of most importance in controlling Hg concentrations at a site and compare how they differ as a function of their position within the tidal zone and between the MF and the OF. All of the collected parameter data are presented as a function of depth below the water-sediment interface. This has been done because vertical variations in these parameters, as well as in THg and MeHg, provide insights into the rates and location of methylation and the potential sources of MeHg.



3.1 Sedimentological and geochemical characteristics of the MF and OF sediments

As shown in Figure 2, sediments in the study area were dominated by silt and sand-slit sediments. Sediments of the MF possess higher clay-sized particle contents than sediments of the OF (Table 1).The sedimentology of the bottom sediments within the MF and OF differs, in part, because of the surface cover’s ability to trap sediment. For example, the complex root system of mangrove trees tend to capture suspended particulate matter, resulting in the formation of sandy bottom sediments in MFs (Bouillon et al., 2004; Kristensen et al., 2008). However, sediments within the OF, devoid of mangrove trees, simultaneously receive suspended particles from tidal processes and oyster excrement. The grain size distribution of the sediments, particularly the abundance of silt- and clay-sized particles, is an especially important parameter controlling the sequestration of Hg in the deposits. This follows because of the high surface area and general reactivity of fine particles, that enhances their relative ability to sorb metals.




Figure 2 | Texture of the sediments sampled within the study area. The position of each symbol in the triangle diagram is determined by the average value of the granularity.




Table 1 | Sediment characteristics of the MF and OF samples within the intertidal zone of Zhanjiang Bay, including their particle size distribution (i.e., percent clay, silt and sand), Eh, SRB, S2− and TOC.



The composition of the sediments not only influences the reactivity of the materials, and their ability to sequester Hg, but is believed to affect its Eh. Related studies had shown that the Eh of estuarine surface sediments typically ranges from −213 mV to 512 mV (Sunderland, 2003). In this study, except for site HTZ-OF, dominated by areas of bare sediment, the average Eh of the sediments at sites HTZ-MF, MTZ-MF and MTZ-OF averaged −166.6 mV, −79.3 mV and −92.1 mV, respectively (Table 1). The Eh values observed at site HTZ-OF were strongly positive, except for the interval between 20–25 cm. As noted in the introduction, reducing conditions are required for the significant production of MeHg by SRB. Therefore, the reducing environment of sediments in the study area met one of the conditions for MeHg formation, but whether this process was also influenced by other factors needed further investigation.

Acidic substances in MF plant litter, including tannins, resins, and low molecular weight organic acids acidify the sediments. These effects can be especially pronounced in areas characterized by high organic matter contents (Chai et al., 2020; Shi et al., 2020). The pH of MF sediments in the study area generally ranged between 6 and 6.8, although values as low as 5.92 were recorded at stie MTZ-MF. In contrast, the pH of sediments within the OF were typically above 7.00, which is similar to the pH of nearshore water bodies. Sediment pH has a significant impact on the availability, migration, and transformation of Hg by influencing its solubility, and by regulating the types and activities of microorganisms in the sediments (Correia and Guimarães, 2016, 2017). To some extent, the lower pH in the MF sediments promoted the desorption of mercury ions from the adsorption phase and further participation in methylation reactions.




3.2 Relations between S2-, TOC, and SRB in sediments

Previous studies have demonstrated that TOC combined with sulfur plays an important role in controlling the production of MeHg in sediments (Shen et al., 2020). In this study area, the median TOC contents in sediments of the HTZ-MF and MTZ-MF were 12.4 and 25.5 mg/g. The differences presumably reflect a relatively high cover of vegetation and biological activity within the MF, including at site MTZ-MF. The vertical variations in TOC contents at site MTZ-MF were smaller than at site HTZ-MF, as illustrated by its coefficient of variation (Table 1). However, site MTZ-OF is affected by more significant tidal exchanges and human activities. Thus, within sediments from the OF, the vertical variations in TOC observed in the HTZ-MF were smaller than those in the MTZ-OF (see coefficient of variation for TOC, Table 1).

The cycling of sulfur can affect MeHg production by restricting the migration of Hg within the sediments (Padalkar et al., 2019). In this study, we considered S2− concentrations in the sediment pore waters because (1) it can directly influence the formation of Hg sulfides, and (2) it is, in some cases, related to the magnitude of MeHg production. Table 1 shows that the average S2− content of the sediments from both the MF and OF were higher in the high-tide zone than in the mid-tide zone. In general, sediment in the HTZ-MF contained more S2−, and the correlation coefficient was smaller than that in other areas. The elevated levels of S2− within sediments of the HTZ may be due to the enhanced exchange of sediment pore waters with seawater within the MTZ, as this process led to higher concentrations of sulfate and dissolved oxygen (Wilms et al., 2007). In addition, the breeding density of oysters within the HTZ-OF and the MTZ-OF is likely to have affected the S2− content of the sediment, which, in combination with the deposition of organic matter associated with oyster feces, is more likely to form a reducing environment.

SRB can promote the methylation process of mercury, which had been confirmed by many studies (Azaroff et al., 2020). The highest SRB count (130 ind./g) was observed in sediments between a depth of 5–10 cm at site HTZ-MF. Compared with that of the OF, the higher TOC and clay-sized particle contents in the sediments of the MF create more widespread anoxic conditions that are suitable for the establishment and growth of SRB. Therefore, the median abundance of SRB in sediments from the MF was higher than in the OF.




3.3 Spatial distribution of THg in the MF and OF sediments

Concentrations of inorganic Hg exert a significant control on MeHg production. Given that most of the Hg in the sediments is inorganic, THg concentrations provide insights into the amount of inorganic Hg that is available for methylation. As shown in Figure 3, the THg content at site HTZ-MF decreased slightly with increasing depth, ranging from about 35.5 to 20.0 ng/g. Mangrove leaves absorb Hg through stomatal gas exchange, and leaf fall transfers Hg to the soil, which may exceed the direct input of Hg to the sediments by atmospheric wet deposition. Due to dense vegetation and rich biological diversity in the MTZ-MF, THg concentrations ranged from 76.0 to ~104.0 ng/g at stie MTZ-MF. Vertically, concentrations increased with depth, reaching a maximum concentration of 104.0 ng/g at a depth of 15–20 cm and a minimum concentration of 76.0 ng/g in the surface layer (0–5 cm). These values are lower than those measured for THg in MF sediments in Guangdong, Guangxi, Fujian, Zhejiang and Hainan provinces in southern China, which ranged from 50–200 ng/g (Duan et al., 2021). The lower values within Zhanjiang Bay may be due to the limited industrial development in Zhanjiang and the implementation of strict environmental protection measures. The observed trend in THg with depth may result from bioturbation that physically mixes “fresh” sediments at the surface with older sediments (Tseng et al., 2001; Benoit et al., 2009).




Figure 3 | Distribution of THg and MeHg in sediments as a function of depth.



The THg content at site MTZ-OF ranged from 27.0 to 89.0 ng/g, whereas the MeHg content ranged from 0.031 to 0.202 ng/g. The THg concentrations in the MTZ-OF exhibited trends similar to those in the HTZ-OF. The 5–10 cm and 15–20 cm layers of sediment had relatively more silty sand than the other sediments, which may have resulted in a loss of THg and MeHg by means of in situ dissolution. In general, THg concentrations are elevated within the upper 10 cm of the sediment, and subsequently, decrease with depth. The enrichment of THg in the surface sediments may be associated with the sorption of Hg to organic matter (OM) within the water column, including oyster fecal excreta, metabolites, bait residues and marine plankton carcasses, which settles on the surface of the sediments.




3.4 Controls on the distribution of MeHg in the MF and OF sediments

Concentrations of MeHg ranged from 0.011~0.128 ng/g. Spatially, MeHg at site HTZ-MF exhibited a vertical trend similar to that of THg, with the exception of a peak in concentration at a depth of 10–15 cm (Figure 3). Concentrations of MeHg above the peak are slightly higher than those below the peak. A predominance of MeHg in the surface sediment is consistent with the results of Sunderland et al. (2006) who found that MeHg production occurred mainly in the approximately 15 cm thick, active surface layer (Sunderland et al., 2006).MeHg concentrations in the MTZ-MF ranged from 0.05 to 0.277 ng/g; the maximum concentrations being more than twice as high as was found at site HTZ-MF. However, the maximum MeHg concentration at site MTZ-MF was found at a depth of 10–15 cm, as it was at site HTZ-MF. Presumably, this depth interval at both sites provided the most suitable conditions for SRB to participate in methylation reactions (Benoit et al., 1999). As shown in Figure 3, the MeHg content ranged from 0.168–0.211 ng/g at site HTZ-OF. The maximum concentrations of MeHg are about twice as high as those observed at site HTZ-MF.




3.5 Spatial distribution of methylation potential in MF and OF sediments

The ratio of MeHg to THg (%MeHg) is often used as an indicator of the Hg methylation potential (Liem-Nguyen et al., 2022). As shown in Figure 3, the methylation potential of Hg in MF and OF sediments varied from 0.05% to 0.75%, which is comparable to that estimated for nearshore sediments in the East China Sea (0.02% to 0.64%) (Zhao et al., 2019) and the estuarine sediments in New England (0.4%) (Taylor et al., 2012). It is lower, however, than that in the Southern Baltic sea (0.12–1.05%) (Bełdowski et al., 2014) and aquatic sediments across western North America (0.7%) (Fleck et al., 2016). The Hg methylation potential at site HTZ-OF increased with depth between 0 and 20 cm, reaching a maximum of 0.75% between 15–20 cm (Figure 3). Usually, only a small fraction (< 1–10%) of Hg in coastal sediments typically occurs in the form of MeHg, the majority of which is produced in the sediments. However, sediments at site HTZ-OF possessed limited quantities of SRB, and the lack of favorable conductions for Hg methylation suggests that the existing MeHg originated primarily from exogenous inputs. At site MTZ-OF, the THg contents and the quantity of SRB in some sediment layers were high. However, sediments at the site also exhibited high S2− concentrations and low TOC levels, suggesting that the methylation potential, which represents the net production of MeHg, was low in some sediment layers at site MTZ-OF.

In fact, the HTZ-MF had a maximum methylation potential (an indicator of net MeHg production) of 0.37% at a depth interval of 10–15 cm; the methylation potential in the sediments at depths of 0–5 cm and 10–15 cm was relatively high, 0.33% and 0.29%, respectively. In addition to the quantity of inorganic Hg that SRB can be used for methylation, the amount of MeHg formation depends on (1) the OM, sulfate, and S2− contents of the sediment, and (2) the local Eh (Ullrich et al., 2001; Benoit et al., 2003; Chen et al., 2008). Therefore, the relationship between the above factors and mercury methylation in the study area needs further confirmation.




3.6 Environmental factors controlling the vertical distribution of THg and MeHg

Table 2 shows that THg concentrations are significantly negatively correlated with TOC (r = −0.950, p<0.05) in sediments at site HTZ-OF, and significantly positively correlated with Eh (r = 0.912, p<0.05) at site MTZ-OF. THg of the MF showed no significant correlations with any of the selected environmental parameters; correlation coefficients varied across the study areas, even yielding opposing values. This finding is consistent with the work of Shi et al. (2020). They found no significant correlations between Hg contents and TOC, pH, salinity, and the amount of clay, fine chalk, coarse chalk and sand in mangrove sediments. OM often controls the spatial distribution of Hg in aquatic sediments (Li et al., 2015; Xiao et al., 2017). It is not surprising, then, that sediment THg and TOC are often significantly positively correlated (Xue et al., 2019; Zhao et al., 2019). However, we observed a significant negative correlation between THg and TOC in sediments of the OF, suggesting that OM, which contains both Hg-binding and hydrophilic groups, was combined with Hg and facilitated the transfer of Hg from the solid phase to the water column rather than the opposite process.


Table 2 | Correlation coefficients between THg and selected environmental factors.



As shown in Table 3, MeHg in the HTZ-OF was positively correlated with sand (r = 0.930, p < 0.05) and negatively correlated with the amount of sandy, silt-sized (r = −0.902; p < 0.05) and clay-sized (r=−0.947; p < 0.05) sediments. The above results are contrary to the research of Haris et al. (2017) and Castro et al. (2021) who found that sediments with small particle sizes were significantly positively correlated with MeHg. High concentrations of fine sediments suggest a slow rate of water movement through the relatively stable bottom sediments, which allowed epiphytes (a complex consisting mainly of algal, protozoan, fungal and bacterial strains) to grow in the sediments and methylate Hg under low Eh conditions (Yáñez et al., 2013). The lack of an influence of particle size on MeHg within the study area also suggests that the MeHg at site HTZ-OF is mainly exogenous.


Table 3 | Correlation coefficients between MeHg and environmental factors.



In the HTZ-MF, MeHg was positively correlated with S2− (r = 0.880, p<0.05), and TOC was weakly or negatively correlated with MeHg contents at sites MTZ-MF and MTZ-OF. These relationships show that TOC is not a major factor influencing the methylation of Hg in estuarine wetland sediments. The poor correlation may also be due to the presence of high concentrations of other metals that compete with Hg for binding or adsorption sites on TOC (Xu et al., 2014). The oxidizing conditions induced by aquatic plants tended to cause Cd, Pb, and Zn, rather than Hg, to be bound to the Fe-Mn oxide fraction. Alternatively, it is possible that TOC provides energy and electron donors to demethylating bacteria and facilitates the demethylation of Hg. Of course, further experiments are needed to verify the above speculation. The distribution of MeHg in sediments can often be predicted by THg concentrations (Yu et al., 2021), but THg is not the only important factor determining MeHg abundance in sediments (Petranich et al., 2018). Similarly, no association had been found between THg and MeHg in the current research area. In fact, THg and MeHg were even found to be negatively correlated in the freshwater sediments of Scottish canals (Cavoura et al., 2017).




3.7 Correlation of methylation potential and various environmental factors

We further explored the influence of selected environmental factors on the distribution of the methylation potential in the sediment profiles. Table 4 shows that the correlation between THg and methylation potential is weakly negative. The highest percentages of MeHg in sediments at sites HTZ-OF and MTZ-OF have the lowest THg concentrations. This phenomenon has been recognized in other areas, and is known as the “Hg accumulation paradox” (Haris et al., 2017; Mondal et al., 2018). This paradox may be related to microbial demethylation that is induced by high THg concentrations, such that the rate of demethylation increases with increasing THg concentrations (Schaefer et al., 2004; Haris et al., 2017). The methylation potential was significantly positively correlated with MeHg (r=0.619, p<0.01), positively correlated with Eh (r=0.455, p<0.05), and weakly negatively correlated with THg, TOC, S2−, and SRB. The positive correlation of methylation potential with MeHg and Eh occurs because methylation is enhanced at the interface between aerobic and anoxic zones, as these regions are most favorable to SRB activity. This interface also be used to undergo adsorption-desorption of Hg between the particulate and water phases and redox reactions (King et al., 2001; Jiang et al., 2015; Zhu et al., 2018). For example, inputs of degradable OM promoted sulfate reduction to inorganic sulfur that combined with Hg ions to form a Hg precipitate, which reduces the bioavailability of Hg ions for methylating microorganisms (Wang et al., 2022). Previous studies have shown that the highest SRB activity occurs at a redox potential of −200 mV (Wildish et al., 1999; Sunderland, 2003), which is consistent with the results of the this study in which higher methylation potentials at site MTZ-OF occurred at Eh values of −117.2 mV and −139.1 mV, respectively. However, it is unclear whether the increase of MeHg in sediments during hypoxic events, which result from the decomposition of algae by bacteria following red tides, is caused by the redox environment at the sediment–water interface that created favorable conditions for methylating bacteria, or to the release of MeHg from interstitial water within the sediments (Sunderland et al., 2006; Merritt and Amirbahman, 2008). Distinguishing these specific factors is difficult through simple statistical analysis. Nonetheless, the results demonstrate that the amount of MeHg accumulated in the study area through methylation was limited.


Table 4 | Correlation coefficients between methylation potential and environmental factors.






3.8 Risk assessment of eating MeHg contaminated oysters

Approximately 70–90% of Hg in seafood is in the form of MeHg (Canuel et al., 2006). In the research area, oysters had an annual output value of 7 billion yuan, with an annual production of up to 400000 tons, accounting for 10% of the country’s total. Therefore, oysters could be used as a representative food for human consumption of seafood. The high levels of industrial and social activity in coastal areas, combined with the influx of Hg from sewage and dry and wet atmospheric deposition, result in high Hg inputs to estuaries. Part of this Hg may be transformed into MeHg, and accumulated by biota, thereby posing a risk to coastal dwellers eating sea food. Therefore, Hg monitoring and the assessment of potential ecological and human health risks of MeHg exposure are needed (Wiener et al., 2007).

The oyster, a shellfish that feeds on OM in water, can be used as a sentinel organism due to its nutritional value and significant, widespread consumption.  As presented in Table 5, the THg and MeHg contents of six oysters were found to range from 128.74 to 187.04 ng/g and 0.71 to 6.63 ng/g, respectively. Using formulas (1) and (2) provided in the Methods section, the HRI values of THg and MeHg obtained from consuming oysters in the study area were much lower than 1.0, there was no correlation between the MeHg, and the potential health risk of Hg. However, there are still potential flaws in the calculation results of mercury exposure risk. Especially, it should be taken into account that the underrepresentation caused by the small number of experimental individuals, as well as the fact that oysters may have different mercury concentrations due to their different life states, size classes, and other environmental factors. Therefore, it is necessary to further study the potential factors mentioned above in the future to correct possible errors in the results.


Table 5 | THg and MeHg concentrations in oyster bodies and human risks.







4 Conclusion

MeHg contents were generally higher in OF sediment than sediments of the MF. Neither THg or MeHg significantly correlated with the environmental factors (except S2−) within the MF that were suspected to have controlled their concentrations in sediments. A correlation analysis indicates that the amount of MeHg accumulated through methylation was limited in the study area. Thus, we conclude that MeHg in the HTZ-OF was likely to be derived from exogenous inputs. Although the risk assessment based on existing research results indicates that the potential health risks associated with eating oyster containing MeHg in this area is low, attention should be paid to the individual differences in mercury content in oysters caused by external inputs in OF, changes in sedimentary environment, and other factors leading to additional ingestion.
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SRB 0.214 0.432 0.634 -0.197
TOC —-0.492 -0.131 -0.550 0.163
THg 0.793 —-0.342 0.748 0.091

*significant correlation at the 0.05 level (two-tailed).
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Clay (%)  Sand (%)  Silt (%)
0-5 cm 187 40.7 43.6 -1133 6.51 80 25.37 14.0
5-10 cm 13.0 51.0 359 -2122 6.64 130 3282 124
10-15 cm 11.8 56.8 314 -147.2 6.66 50 45.58 114
15-20 cm 153 410 437 -166.1 6.80 25 19.43 110
20-25 cm 150 426 423 ~1942 635 20 1141 306
14.2 46.4 394 -166.6 6.59 61 2692 159
1.50 6.41 492 34.8 0.15 40.5 11.7 743
0.11 0.14 0.12 -0.21 0.02 0.66 043 047
15.0 42.6 423 -166.1 6.64 50 B3 124
0-5 cm 23.0 264 506 1463 6.05 140 085 343
5-10 cm 229 258 513 -1260 6.12 80 631 240
10-15 cm 239 237 524 -137.0 6.26 130 20.1 255
15-20 cm 57 348 49.5 -101.2 592 130 6.42 42.8
20-25 cm 127 44.6 42.8 -178.7 6.56 80 0.14 14.5
19.6 311 493 =793 6.18 112 6.76 282
456 7.76 339 1156 022 264 7.16 9.62
0.23 025 0.07 ~146 0.04 024 106 034
229 264 50.6 -126.0 6.12 130 6.31 255
0-5 cm 12.0 57.2 30.7 91.6 774 45 932 125
5-10 cm 122 625 253 2459 7.84 9 502 112
10-15 cm 9.80 69.0 212 252.1 7.55 25 26.1 212
15-20 cm 156 508 336 168.9 7.87 2 7.93 213
025em | 155 487 358 5838 7.23 8 7.74 217
13.0 57.6 293 139.9 7.65 a5 20.2 17.6
223 748 537 1153 0.24 335 16.5 4.70
0.17 0.13 0.18 0.82 0.03 0.96 0.82 ‘ 0.27
122 57 30.7 168.9 7.74 25 9.12 252
0-5cm 154 552 295 298 7.48 50 56.52 144
5-10 cm 166 513 322 533 7.70 350 17.36 68
10-15 cm 121 58.8 292 -117.2 8.19 3B 0.67 15.2
I 15-20 cm 121 60.0 279 -1212 7.50 0 0.36 ‘ 122
20-25 cm 16.1 479 359 -139.1 7.07 0 171 35
145 546 309 921 7,59 87 153 104
1.96 454 285 426 036 133 216 454
0.14 0.08 0.09 046 0.05 153 141 044
154 552 29.5 -1172 7.50 35 171 122
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Body Body Mercury MeHg MeHg

length (cm) width (cm) (ng/q) (ng/g) HRI (x1072)
1 105 75 1647 187.05 663 301 026
2 ‘ 100 75 1662 17461 ‘ 216 281 0.09
‘ Average 103 75 1655 180.83 440 291 018
‘ 3 133 75 2037 140.19 144 225 006
4 | 12s 7.5 1958 152,02 3.05 ‘ 244 012
‘ Average 129 75 19.98 146.10 | 225 235 0.09
‘ 5 145 8.0 2115 166.87 0.7 268 003
6 140 9.0 2467 12874 0.71 207 003
Average 143 850 2291 147.81 0.74 238 003
i:!ii‘;:sment 301 e






