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Abstract

:

The total Hg and methyl Hg in waters and sediments, as well as particulate total Hg (PTHg), were analyzed to study their distribution and partitioning in the Danshuei River Estuary (DRE), northern Taiwan. TOC and grain size were also determined in the sediment samples. The dissolved total Hg (DTHg) in waters ranged from 24.0 to 45.8 ng/L. The dissolved methyl Hg (DMeHg) concentrations contributed 0.6–30.4% of the DTHg pool, with the higher percentage appearing in the upper estuary. The DMeHg concentration positively correlated with the Chl.a within the estuary, suggesting that phytoplankton plays an important role in influencing the DMeHg concentration. The partitioning results indicated that DTHg chiefly dominates the THg (DTH + PTHg) pool, especially at a salinity of >15 psu region. The value of partition coefficient, log(KD), was within a range of 3.54 to 4.68, and the value linearly decreased with increasing salinity. The sediment total Hg (STHg) concentrations ranged from 80 to 379 ng/g, and most data exceeded the NOAA guidelines value (ERL < 150 ng/g), indicating that the DRE is contaminated with Hg. The STHg concentrations inversely and positively correlated with the grain size and TOC content, respectively, suggesting that sediment Hg distributions are strongly influenced by the both parameters.
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1. Introduction


Mercury ranks as one of the most toxic among the trace metals present in the aquatic environment [1]. Mercury is released and mobilized through natural processes, mainly from mineral weathering, forest fires and degassing of the earth’s crust. Anthropogenic mercury sources include artisanal gold mining, Hg mines, coal combustion and Hg-contaminated effluent discharged from specific chemical industries which is ultimately transported into the marine environment [2,3]. Inshore mercury pollution caused a huge disaster throughout the food chain in Minamata Bay, Japan, during the 1950–1970 period [4]. This resulted in mercury becoming one of the most critical trace metals examined in environmental studies [1,5]. The geochemistry of Hg in the marine environment, especially in estuary and inshore areas, is complicated because of the characteristics of the element [6,7,8,9,10,11]. Mercury occurs in three valency states (0, +1 and +2); divalent Hg is commonly present in oxidized water and sediment in the marine environment [12]. The most striking phenomenon of Hg among the metal elements is that Hg (0) in the water column can exist in the gas phase and escape into the atmosphere, allowing it to be transported far from the source [13,14]. Mercury ions have high affinity with particles and can be adsorbed into the water column [10,15,16]. Mercury ions easily form stable complexes with Cl−, such as HgCl2−, HgCl3−, HgCl4−2, under Cl− enriched solution, which generally leads to increased Hg solid phase dissolution [2,17,18]. In addition, mercury easily forms organic-Hg complexes with dissolved organic matter due to its very high stability constants with organic ligands [19,20]. Methylated Hg is of particular concern because methylmercury (MeHg) (which caused the Minamata Bay tragedy) is a neurotoxin that can bio-accumulate and bio-magnify in the food web [4,5]. MeHg is commonly detected in the water column and sediment, especially in anoxic sediment [8,9,10,11,16], because anoxic bacteria, such as iron/sulfate reducing bacteria, are responsible for converting inorganic Hg+2 into MeHg [21,22]. Methylmercury formation in the aquatic environment is rather complicated, and is influenced by many environmental factors, such as temperature, pH, redox potential, the structure of the bacterial community and the presence of inorganic and organic complexing agents [2,12,21,23]. Phytoplankton seem to play an important role in regulating the MeHg content in seawater because MeHg concentrations in phytoplankton can be 100,000 times higher than that in seawater [24,25]. The biological effect further complicates Hg geochemistry in the estuarine environment [26,27,28,29].



The Danshuei River Estuary (DRE), the largest in northern Taiwan, located on the outskirts of Taipei, is impacted by treated and untreated domestic sewage effluent discharge and is the subject area of this study. The DRE is seriously polluted by nutrients and trace metals [30,31]. As a result, the upper DRE estuary contains relatively higher total dissolved nitrogen (>500 μm), mainly in the form of ammonium, and phosphorus (>10 μm) concentrations. Nutrient pollution causes phytoplankton blooms and relatively higher chl.a concentrations (>40 μg/L) that are commonly detected in the hypoxic upper estuary [32,33]. Historically, domestic sewage is a significant source of Hg in the aquatic environment. The element enters domestic sewage from a variety of sources, such as effluents from chlor-alkali synthesis, the wood pulping industry, electrical equipment (thermometers, barometers, batteries, switch gears, fluorescent lamps), hospital and dental waste, paints, fertilizers, pharmaceuticals and agricultural chemicals [34]. Recent studies have indicated that municipal raw sewage contains dissolved total Hg (DTHg) at an average concentration of approximately 310 ± 239 ng/L [34]. The corresponding value is as high as 3400 ± 2600 ng/L in developing countries such as China, with approximately 95% of the total Hg in the influent sewage efficiently converted into sewage sludge. The DTHg concentration therefore reduces to 160 ± 130 ng/L in effluent sewage [35]. However, the DTHg concentration in effluent sewage is still one to two orders of magnitude higher than that in the marine environment [2,3]. Thus, municipal sewage is a major source of the anthropogenic Hg which reaches the marine environment [35,36]. This phenomenon has also been observed in the inshore off the DRE, because Taipei’s largest sewage treatment plant (STP), i.e., the Bali STP, is located on the west bank of the Danshuei estuary mouth. The primarily treated effluent is discharged into the coastal seawater off the DRE mouth through an ocean outfall pipe. The dissolved total Hg concentration detected in seawater around the ocean outfall pipe area ranged from 21 to 177 ng/L, while the values reduced to 6–80 ng/L in seawater outside the DRE mouth. It is also estimated that the annual discharge of total Hg (dissolved plus particulate Hg) from effluent is approximately 428 ± 200 kg/year [37]. However, study of the geochemical behavior of Hg within the DRE is very limited, with most studies focusing on nutrients and trace metals [31,32,33,34]. In order to better understand the impact of the effluents of the STPs located in the upper estuary of DRE and the Bali STP, as well as of the geochemical behavior of Hg within the DRE, this work presents a study of the distribution, speciation transformation and partition of Hg within the DRE by analyzing different Hg species, including the total Hg and methyl Hg in water and sediment samples. Particulate total Hg (PTHg) in water samples was also analyzed. The Fe and Mn in particles and sediments, as well as grain size and TOC content in sediment, were analyzed in order to understand the interactions between Hg, Fe, Mn and C. It is well documented that the geochemical behavior of Hg in the estuary is influenced by many factors, such as ionic strength, adsorption/desorption from particles, interaction with DOC, redox potential and phytoplankton, as mentioned above.




2. Sampling and Methods


2.1. Study Area


A detailed description of the morphology, the catchment area, the hydrodynamics and the various qualities of the water in the DRE can be found elsewhere [31,32,38]. A brief description of the study area is given below. The drainage area of the DRE is 2726 km2 and six million people, i.e., over a quarter of Taiwan’s entire population, reside around the Danshuei River system. Three sewage treatment plants (STP) are located in the river estuary system (Figure 1). The largest, i.e., the Bali STP, with daily sewage treatment of approximately 1.05 × 106 m3/day, is located outside the west bank of the Danshuei estuary mouth. The treated effluent is discharged into the seawater through an ocean outfall pipe. Two other STPs are located on the upper estuary, and treated effluent is discharged into the river. These two STPs have daily sewage treatment of approximately 5.8 × 105 m3/day. The average concentrations of dissolved oxygen, SPM and ammonium in the discharge effluent are 1.8 mg/L, 11.7 mg/L and 5.0 mg/L, respectively [39]. Due to the discharge of municipal waste water over a long period of time, there is a long record of nutrient pollution in the DRE [31]. According to a survey of water quality data in the catchment area of the Danshuei River carried out by the EPA, Taiwan (https://wq.epa.gov.tw/EWQP/zh/ConService/DownLoad/HistoryData.aspx, accessed on 27 August 2021) the total dissolved inorganic nitrogen (TDIN) and total dissolved phosphorus (TDP) concentrations observed at the three stations located in the main tributaries of the DRE ranged from 49 to 774 μm (average 240 μm) and 0.65 to 222 μm (average 15 μM) during the period of 2002–2016 [33]. Relatively higher ammonium (>500 μM) and dissolved phosphate (>10 μm) concentrations can now be commonly detected in the upper estuary, where hypoxia and dissolved oxygen increases in correlation with increasing salinity due to the mixing of the outflow with intruding seawater [32,33]. Water quality data regarding Hg in the catchment area of the Danshuei River are not available as all values are typically lower than the detection limit, i.e., <150 ng/L (https://wq.epa.gov.tw/EWQP/zh/ConService/DownLoad/HistoryData.aspx, accessed on 27 August 2021). In addition, the DRE has also been mildly polluted with trace metals since 1980, when the economy began to undergo a period of intense development [40]. However, trace metal contamination gradually decreased, mostly due to the introduction of regulations in the Taipei metropolitan area [30].




2.2. Sampling


The DRE estuarine surface waters were collected on 3 January, 25 March and 16 July, 2020 by employing a small fishing boat. The sampling stations are located in the tidal area of the estuarine system (Figure 1). The estuarine water samples were collected by hand using a 2.5-L Go-Flo bottle at a depth of about 1 m. One portion of the collected water was placed in a dissolved oxygen (DO) bottle and the mixture reagent (MnCl2/NaOH/NaI) was added immediately to pickle the DO sample [41]. Afterwards, the collected water was split into three other clean bottles. One was for the measurements of pH, salinity, dissolved silicate and Chl.a concentration. The remaining two samples were stored in acid cleaned 1-L Nalgene polyethylene terephthalate bottles (PET). The PET bottles were rigorously cleaned prior to use by soaking in a detergent solution followed by a mixture consisting of 50% (v/v) hydrochloric acid and 50% (v/v) nitric acid. The surficial sediment samples were also collected using a grabber and placed in clean plastic bags after finishing water collection. In order to minimize changes in Hg species in the samples over time, the collected samples were immediately stored in an icebox on the boat. All sampling operations were completed within 4 h in each survey. The samples were returned to the laboratory as soon as possible.



The Chl.a samples were filtered using a Whatman GF/F filter (25 mm). The filtrates were analyzed for pH, salinity and dissolved silicate, and the filters were examined for Chl.a concentration. Analyses of these parameters were completed within 48 h after returning to the laboratory. The water samples for Hg measurement were filtered using an acid-cleaned Nuclepore membrane (0.45 μm) under a laminar flow hood prior to analysis. The filtered samples were analyzed for the dissolved total Hg (DTHg) and MeHg (DMeHg). The filtered samples for the measurement of DTHg were stored in Teflon bottles into which a BrCl solution was immediately added to oxidize the organic Hg into inorganic Hg for 24 h at room temperature. The DMeHg samples were stored in PET bottles in a refrigerator. Analyses of DTHg and DMeHg were completed within 72 h after returning to the laboratory. The suspended particulate matter (SPM) loaded filters were dried to constant weight in a flow hood at room temperature. The SPM was obtained from the difference in filter weight before and after filtration. The SPM loaded filters were analyzed for the particulate Hg concentration.



The sediment sample in each station was divided into three portions in the laboratory. One of the untreated samples was directly analyzed for grain size. Another was freeze-dried for 5 days using a freeze drier instrument. Afterwards, the dried sediment samples were ground with a mortar and pestle and stored in clean sealed PVC bags in a freezer until analysis.




2.3. Analysis


Dissolved oxygen was determined using a colorimetric method [41]. Salinity and pH were determined using a salinity meter (Suntex SC-110) and pH meter (Sartorius PB-10). The filters for chlorophyll-a measurements were extracted in 10 mL 90% HPLC-grade acetone, following a method described by Strickland and Parsons [42]. Dissolved silicate was analyzed using a method described in [43]. DTHg and DMeHg concentrations in the estuarine waters were analyzed using USA EPA Methods 1631 [44] and 1630 [45], respectively, as well as the cold vapor atomic fluorescence spectroscopy (CVAFS) method, which employed an atomic fluorescence spectrophotometer (Brooks Rand Model III, Brooks Rand Instruments, Seattle, WA, USA) to determine the Hg concentration. The MeHg distillation system (Brooks Rand Model III, Brooks Rand Instruments, USA) was used to distill the MeHg in the samples prior to determining the Hg concentration. In order to understand the DTHg and DMeHg analytical quality in the water sample, simultaneous DTHg and DMeHg evaluations in seawater were performed using the spiked method. The DTHg and DMeHg spiked concentrations were 50 ng/L and 2 ng/L, respectively. The DTHg and DMeHg analytical recoveries in the spiked seawater were 89.95 ± 3.86% and 96.50 ± 9.33% (n = 6), respectively, suggesting that the analytical quality was reliable.



The total Hg concentrations in the particulate and sediment samples were determined using the USA EPA Method 7474 [46]. The analytical procedure was slightly modified but similar to the method described in [47]. The Fe and Mn concentrations were also determined for both extracted solutions using flame or furnace atomic absorption spectrophotometry employing the Perkin Elmer Analyst 900. A detailed description of the total Hg analytical procedure can be found in [48]. The MeHg concentration in the sediment sample was determined using the NIEA Method S341.60B (Taiwan, EPA), which refers to the method published by Hintelmann [49], who used the H2SO4/KBr/CuSO4 mixture as the attacking reagent to chemically extract MeHg from a sediment sample. The analytical procedure is briefly described below. Approximately 0.5 g of the dried sample was placed in a 50 mL PP centrifuge tube and a 5ml mixture reagent (H2SO4 and KBr) and 1 mL CuSO4 reagent were added to extract the MeHg at room temperature for 1 h. Afterward, 10 mL CH2Cl2 was added to the PP centrifuge tube and awaited for 1 h. The samples were then shaken vigorously in a shaker for 1 h. Afterwards, the sample was centrifuged at 3000 rpm for 10 min, and 2 mL of the CH2Cl2 chemical in the bottom layer of the tube was extracted using an autopipette and placed into a clean PP tube. Then, 40 mL Milli-Q water was added to the MeHg extraction PP tube and the tube was heated in a water bath at 50 °C for 4 h to remove the CH2Cl2. After cooling, the extracted solution was diluted to 40 mL with Milli-Q water and the MeHg concentration was determined in the solution using the same analytical procedure as that for the water sample without the distillation procedure.



The dried sediments were also analyzed for total organic carbon (TOC) using a Horbia carbon analyzer 8210 after smoking with concentrated HCl acid in a closed container for 48 h to remove inorganic C. The detailed TOC analytical procedure can be found in Fang and Hong [50]. The sediment grain size measurement was based on the analytical method published by Folk [51]. The grain size in each sample was divided into four fractions: medium sand (MS > 177 μm); fine sand (FS, 125–177 μm); very fine sand (VFS, 63–125 μm) and mud (<63 μm). In order to evaluate the analytical accuracy of the total Hg concentration in the sediment sample, simultaneous total Hg determination in the MESS-3 reference material (from the National Research Council, Ottawa, ON, Canada) was performed using the same analytical procedure. The analytical concentration was 0.092 ± 0.0033 mg/kg (n = 6), and the analytical accuracy was 101.16 ± 3.62%, suggesting that the analytical quality was reliable.





3. Results


3.1. pH, DO, SPM, Chl.a, Silicate


The values obtained in the three surveys are plotted in Figure 2, which shows that the pH (7.38–8.21) and DO (1.61–7.72 mg/L) values gradually increased with increasing salinity due to the river water mixing with seawater. The DO values at the upper estuary, salinity < 5 psu region, during the 25 March survey revealed a hypoxic condition, agreeing with previous studies which indicated that the upper DRE estuary always exhibits hypoxic conditions because of pollution with the treated/untreated domestic wastewater discharge. The DO values gradually increased with increasing salinity due to the intrusion of oxic seawater [31,32]. The SPM concentrations (6.70–56.8 mg/L) within the DRE were not significant and varied to minor degrees in the different surveys. The Chl.a concentrations (0.70–55.1 μg/L) within the DRE generally exhibited a decrease with increasing salinity and showed minor variations across the three surveys. The Chl.a concentration in the upper DRE estuary generally remained at a relatively higher concentration, i.e., >30 μg/L, probably due to enrichment with nutrients [31,32,33]. The silicate concentration in the DRE ranged from 10.6 to 187.9 μm across the three surveys, and exhibited fairly conservative behavior, suggesting there was no major removal or introduction of silicate during river water and seawater mixing within the estuarine system.




3.2. Dissolved Hg and Particulate Hg, Fe and Mn


The DTHg, DMeHg and particulate total HG (PTHg) concentration ranges within the DRE obtained in the three surveys are listed in Table 1. Their concentrations against salinity are plotted in Figure 3. The DTHg and DMeHg concentrations within the DRE ranged from 24.0 to 45.8 ng/L and 0.27 to 9.64 ng/L, respectively, and both concentrations obtained in the different surveys varied only a little. The DTHg distributions exhibited a slight increase with increasing salinity. A higher DMeHg concentration (3.0–9.6 ng/L) appeared in the salinity < 1 psu region, while the concentration dropped significantly in the salinity 1–5 psu region. Afterwards, the DMeHg concentration remained slightly lower with increasing salinity.



The particulate total Hg (PTHg), Fe (PTFe) and Mn (PTMn) concentrations within the DRE ranged from 1.02 to 55.13 ng/L, 52.5 to 843.7 μg/L and 1.43 to 64.4 μg/L, respectively. Their estuarine distributions are plotted in Figure 3. The PTHg concentration generally decreased with increasing salinity but exhibited a little scattering. The PTFe concentration showed a significant decrease within salinity < 10 psu; afterwards, the concentration gradually decreased with increasing salinity. In contrast, the PTMn distribution exhibited a little scattering and varied among the different surveys. Overall, the PTMn estuarine distribution also showed that the concentration decreased moving seaward.




3.3. Sediment Grain Sizes and TOC


The sediment grain sizes and TOC concentrations in the DRE sediments ranged from 6 to 466 μm and 0.13 to 2.08% in the three surveys; their values, plotted in Figure 4, indicate that both showed a little scattering across the different surveys, but consistently displayed finer grain size with higher TOC concentration. The sediment grain sizes at the middle estuary stations (station 5–9) were mostly dominated by very fine sand (63–125 μm) and mud (<63 μm), which were relatively smaller than those found at the upper (1–4) and the lower estuary (11–14) stations. The sediment grain sizes in the upper and lower estuary stations were mainly dominated by medium (>177 μm) and fine sand (125–177 μm). In contrast, the TOC concentrations from the middle estuary stations were relatively higher than those at the upper and the lower stations.




3.4. Hg, Fe and Mn in Surface Sediment


The sediment total Hg (STHg), Fe (STFe) and Mn (STMn) concentrations within the DRE ranged from 80 to 379 ng/g, 1.81 to 6.28% and 200 to 658 μg/g, respectively. Their concentrations at the studied stations are also plotted in Figure 4. The sediment methyl Hg concentrations, ranging from <0.01 to 0.75 ng/g, were relatively minor and generally <0.5% of the STHg pool within the DRE. The STHg distribution corresponded quite well with the TOC distribution, also indicating that the concentrations at the middle estuary stations were relatively higher than those at the upper and the lower stations. In contrast, the STFe and STMn distributions exhibited a little scattering, and no specific trend could be described.





4. Discussion


4.1. Hg, Fe and Mn in Water


The DTHg concentrations found within the DRE ranged from 24 to 46 ng/L; these values were relatively higher than those reported in developed countries such as the USA and France. Table 2 compares the DTHg, DMeHg and PTHg concentrations reported in the recent literature for other estuaries around the world with those from DRE. It seems that the DTHg concentration range in the estuarine environment can be generally divided into three groups based on the Hg contamination status: <10 ng/L, less Hg-contaminated environment; 11–100 ng/L, mildly Hg-contaminated environment; and >100 ng/L, seriously Hg-contaminated environment. The DTHg concentrations in seawater reported in the literature rarely exceed the EPA USA (940 ng/L) or the EAP Taiwan (1000 ng/L) standards. However, a relatively high DTHg concentration, i.e., 2700 ng/L, was observed in Wuli RE, China; this was attributed to discharge from the Chlor-alkali plant [52]. Moreover, extremely high DTHg concentrations were observed in small streams in Wanshan (880 μg/L, [53]) and Tongguan, China (10.6 μg/L, [54]), respectively, which were attributed to Hg and Au mining activity.



Table 2 shows that the DMeHg concentrations reported for other estuarine environments around the world were generally relatively low, i.e., <1 ng/L, with some exceptions, such as the Tagus RE, Portugal [11] and Danshuei RE. By comparison, the DMeHg concentration found in the upper DRE estuary was relatively high, approaching to 10 ng/L, representing about 30% of the total DTHg. The DMeHg to DTHg percentage (DMeHg/DTHg) in the estuarine environment varied widely, but was generally <30% with one exception (42%) observed in the Hudson RE, USA [6]. Figure 5 shows the percentage variations of different Hg species in the dissolved and particulate phases in the DRE. Figure 5 clearly indicates that the DMeHg percentage ranged from 20 to 30% DTHg in the upper estuary (salinity < 3 psu), but the percentage sharply decreased to <10% of DTHg (salinity > 5 psu). Afterwards, the percentage decreased with increasing salinity and remained fairly constant in the lower estuary. The mechanisms which caused the DMeHg concentrations to behave in this manner within the DRE are not quite clear. Figure 6 shows that the DMeHg concentration correlates well with the Chl.a concentration, i.e., the higher the Chl.a concentration, the higher the DMeHg concentration. However, such a correlation between the DTHg and chl.a concentrations was not seen in the DRE. The DMeHg concentration, but not DTHg, correlating well with the Chl.a concentration is generally reported in the literature for estuarine and marine environments [26,27,28,58]. It has been shown that phytoplankton have a great ability to accumulate MeHg in seawater, with volume concentration factors (VCFs) ranging from 0.2 to 640 × 105 [24]. Thus, DMeHg uptake by phytoplankton can decrease the DMeHg concentration in the water column and elevate it in biota. However, phytoplankton blooms can decrease the amount of methyl Hg in phytoplankton cells, known as growth biodilution [58,59,60,61]. Remineralization from decaying phytoplankton could provide a source and elevate the DMeHg concentrations in estuarine [10,27,62], coastal [61,63] and oceanic waters [64,65]. Thus, the relatively higher DMeHg concentration found in the upper DRE estuary could be attributed to eutrophication, which increases the phytoplankton biomass and elevates the DMeHg concentration through the remineralization of organic matter in the water column, as observed in many marine environments.



Estuarine and marine sediments have been recognized as a methylmercury source to the water column, because microbial Hg methylation production is optimal near the oxic–anoxic transition zones (redox transition zone) that are commonly found close to sediment–water interfaces in marine environments [2]. Thus, MeHg in sediment can be released into the water column through the diffusion, bioturbation, tidal mixing and desorption from the resuspension process, thereby enhancing DMeHg concentrations [9,10,11,55]. A source from the sediment in the DRE cannot be ruled out, because the upper DRE estuary water column is always hypoxic due to the discharge of domestic waste water. Thus, the sediment may potentially exist in an anoxic conditions [31,32]. DMeHg estuarine distribution within the DRE exhibited removal behavior, sharply decreasing at salinity < 5 psu and remaining fairly constant below salinity > 5 psu (see Figure 3). Thus, it is unlikely that there were additional DMeHg sources, i.e., from the sediment into the water column, during this investigation.



In contrast to DMeHg, the DTHg distribution within the DRE showed a slight increase with increasing salinity, suggesting an additional DTHg source. Figure 5 shows the partition between DTHg and PTHg with the total Hg (THg = DTHg + PTHg) in the DRE, and indicates that the PTHg contribution nearly equalized that of DTHg in the upper estuary (salinity < 5 psu) region. However, the contribution of PTHg decreased to <25% of THg pool in the salinity < 15 psu region, and DTHg chiefly dominated the THg pool. The solid-solution partitioning of a constituent can be quantified using the conditional distribution coefficient, KD, given as KD = P/C, where P (ng/g) and C (ng/L) are the particulate and dissolved total concentrations, respectively. The distribution coefficient can provide a quantitative concentration partition value between the solution and particles [66]. Figure 7a shows the Hg log(KD) value plots against salinity and SPM concentrations observed in the DRE in this study. The Hg log(KD) values ranged from 3.54 to 4.68, and the value linearly decreased with increasing salinity, suggesting that the log(KD) values are dependent on the salinity. The KD values obtained in the DRE were consistent with the experimental results (3.8–4.8, Li et al. [67]), but were obviously lower than those found in the Delaware Estuary (5.02–6.01, Gosnell et al. [10]), the six tributaries to the Chesapeake Bay (5.06–5.52, Lawson et al. [68]), the New Jersey Harbor Estuary (5.3–6.5, Balcom et al. [16]), the Galveston Bay (4.6–5.2, Stordal et al. [69]), the Douro Estuary, Portugal (3.72–6.52, Ramalhosa et al. [15]) and some other European estuaries (5.08–5.9, Turner et al. [18]). In spite of this, relatively lower KD values, i.e., 1.9–2.7, have been reported for the Deule and Lys Rivers in Northern France [70]. It is worth noting that the KD values observed along the Douro Estuary varied by three orders of magnitude, suggesting that the partitioning between dissolved Hg and particulate Hg in the estuarine water was fully hydrodynamic and strongly influenced by the salinity and DOC effects [15,18]. The influence of the salinity effect on the partition coefficient (KD) is generally observed for trace metals, especially Cd and Hg, during estuarine mixing due to metal desorption from particles because of competition from increasing numbers of major cations (Na+ and Mg2+) and major anions (Cl− and SO42−) that form soluble chloro- and sulfato-complexes with metals in solution [2,17,19,71]. The DOC effect is that the stability constants for Hg–DOC complexes reported in the literature are about 1020–1028 in aquatic environments [72,73]. Thus the strong formation of Hg–DOC complexes in the water column also induces decreasing Hg adsorption on aqueous particulates [20]. In addition, other factors, such as the species of metals, the texture of particles, the resuspension of particles and residence time etc., can also interfere with particle interactions with trace metals in the water column [67,74,75]. Thus, KD values for trace metals, including Hg, may differ among different estuaries around the world [76].



As shown in in Figure 7b, the Hg log(KD) values correlated well with the log(SPM) concentrations in the DRE in the present study. This finding is in contrast to results from experimental and estuarine studies, indicating that the distribution coefficient of many trace elements, especially trace metals, generally negatively correlates well with particle concentrations. This is attributed to the particle concentration effect and the associated colloidal effect [66,74,77]. The reason for the present result is probably that the higher particle and PTHg concentrations generally occurred in the upper estuary, and both concentrations significantly decreased at salinity < 10 psu. Afterwards, the particle concentrations remained fairly constant and the PTHg concentrations slightly decreased with increasing salinity. In spite of this, Fe and Mn oxyhydroxides represent important particulate Hg carrier phases in estuarine environments [7,78,79]. Figure 6c,d show that PTHg concentrations positively correlated well with the PTFe (r = 0.82, p < 0.05) and PTMn (r = 0.89, p < 0.05) concentrations, suggesting that particulate Fe and Mn serve as important carriers for PTHg in the DRE. Figure 3d shows that the estuarine PTFe distribution was similar to that of SPM (Figure 2c). Both concentrations significantly decreased within the salinity < 10 psu. These results may explain why the Hg log(KD) values correlated well with the log(SPM) concentration in the DRE.




4.2. Hg, Fe and Mn in Surface Sediment


The sediment total Hg concentrations found within the DRE ranged from 80.4 to 378.5 ng/g, and most of the data exceeded the biological effects range-low value (ERL, Hg 150 ng/g) but did not surpass the effects range-median value (ERM, Hg 710 ng/g) of the sediment quality guidelines (SQGs) of the USA EPA [80], suggesting that the DRE is contaminated with Hg. Fortunately, the sediment MeHg (a more toxic Hg species) concentrations were almost <0.5 ng/g within the DRE, and were generally <0.5% of the STHg pool. This result agrees with literature reports showing that the MeHg contribution to STHg is generally <1% in the estuarine environment, as shown in Table 3. Literature reports have indicated that total Hg concentrations in estuarine and coastal sediments could vary by one to four orders of magnitude, depending upon the Hg contamination and pollution status. For example, it is commonly found total Hg concentrations in urban estuarine sediment range from 50 to 500 ng/g (e.g., [2,81,82]), as observed in the present study. However, the total Hg concentrations in seriously polluted inshore sediment, such as those in Kastela Bay (Croatia), the Gulf of Trieste (Italy) and the Minamata Bay (Japan) can be greater than 10,000 ng/g [4,83,84].



The estuarine sediment total Hg, Fe and Mn concentration distributions within the DRE were scattered, and no specific trend could be described (Figure 4). However, plotting these concentrations with the grain size and TOC content, Figure 8 shows that the STHg concentration inversely exponentially correlated with the grain size (r = −0.83; p < 0.05) and positively correlated with TOC content (r = 0.87; p < 0.05). These results indicate that the STHg within the DRE is fundamentally influenced by grain size and TOC content. The fact that TOC content and grain size play crucial roles in controlling the STHg concentration in marine sediment is commonly seen in marine environments, because Hg has a higher affinity for organic matter, and therefore, the finer the sediment, the larger the surface area [2,48,89]. However, it was surprising to see that the Hg concentrations did not correlate well with the Fe concentrations in the sediment samples, as good correlation was observed in the particulate samples (Figure 6). No clear correlations were found between sediment grain size and TOC with Fe and Mn concentrations, suggesting that Fe and Mn concentrations in sediments within the DRE are independent of these parameters (see Figure 8). However, as observed in the present study, Fe and Mn oxides serve as important carriers in adsorbing the dissolved Hg in the water column. In spite of this, the sediment texture, i.e., quartz and calcium carbonate, which generally contain less Hg, may influence the Hg concentration in sediments and interfere with the relationships between these elements [90]. Further examination of the minerology of DRE sediment is necessary to fully identify the mechanisms which influence the geochemical behavior of Hg within DRE sediment.





5. Conclusions


This study pioneered an investigation into Hg species in a seriously eutrophic estuary, i.e., the DRE water column and its sediments. The analyzed results indicated that the DRE is contaminated by Hg, and that evidence of Hg sediment is more significant than that of the dissolved Hg. Most of the sedimentary total Hg concentrations exceeded the biological effects range low value (ERL, Hg 150 ng/g). However, the sediment MeHg concentrations were generally relatively low, i.e., <0.5 ng/g, and <0.5% of the sediment total Hg pool. In contrast, DMeHg seemed to be an important fraction of DTHg in the upper estuary, as DMeHg may contribute to 30% of DTHg pool. The importance of DMeHg was found to significantly decrease at salinity < 10 psu. Higher DMeHg concentrations were generally found to be relevant to chl.a concentrations, suggesting that phytoplankton may play a crucial role in influencing the DMeHg concentrations within the estuary.



The partitioning result indicates that the DTHg contribution nearly equalized PTHg in the upper estuary (salinity < 5 psu) region, and became the dominate species after the middle estuary (salinity < 15 psu) region. The Hg partitioning coefficient (KD) value linearly decreases with the increasing salinity, indicating Hg desorption from particles caused by the salinity effect. The KD value also showed a linear increase with log(SPM) concentration, a distinctive phenomenon rarely occurring in estuarine studies. The sediment total Hg contents within the DRE were found to be primarily governed by TOC content and grain size. Finally, it is necessary to further examine why the particulate Hg correlated with particulate Fe despite the fact that such a correlation was not seen in the sediment samples.
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Figure 1. Sampling stations (1–14) along the Danshuei River Estuary in northern Taiwan. (STP: sewage treatment plant). 
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Figure 2. Scatter plots of (a) pH, (b) dissolved oxygen (DO), (c) suspended particulate matter (SPM), (d) Chl.a, and (e) dissolved silicate against salinity in the Danshuei River Estuary, northern Taiwan. 
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Figure 3. Scatter plots of (a) dissolved total Hg, (b) dissolved MeHg, (c) particulate total Hg, (d) particulate total Fe and (e) particulate total Mn concentrations against salinity in the Danshuei River Estuary, northern Taiwan. 






Figure 3. Scatter plots of (a) dissolved total Hg, (b) dissolved MeHg, (c) particulate total Hg, (d) particulate total Fe and (e) particulate total Mn concentrations against salinity in the Danshuei River Estuary, northern Taiwan.



[image: Water 13 02471 g003]







[image: Water 13 02471 g004 550] 





Figure 4. Scatter plots of (a) grain size, (b) TOC, (c) total Hg, (d) MeHg, (e) total Fe and (f) total Mn concentrations in sediment samples at the studied stations in the Danshuei River Estuary, northern Taiwan. 
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Figure 5. Percentage of (a) DMeHg/DTHg, (b) DTHg/THg, and (c) PTHg/THg against salinity in the Danshuei River Estuary, northern Taiwan. 
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Figure 6. Scatter plots of (a) chl.a against dissolved MeHg, (b) Chl.a against dissolved total Hg, (c) particulate total Fe against particulate total Hg, (d) particulate total Mn against particulate total Hg concentration in the Danshuei River Estuary, northern Taiwan. 






Figure 6. Scatter plots of (a) chl.a against dissolved MeHg, (b) Chl.a against dissolved total Hg, (c) particulate total Fe against particulate total Hg, (d) particulate total Mn against particulate total Hg concentration in the Danshuei River Estuary, northern Taiwan.



[image: Water 13 02471 g006]







[image: Water 13 02471 g007 550] 





Figure 7. Scatter plots of log(KD) value for Hg (a) against salinity (b) against log(SPM) concentration in the Danshuei River Estuary, northern Taiwan. 
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Figure 8. Scatter plots of (a) sediment grain size, (b) sediment TOC, (c) sediment Fe, and (d) sediment Mn against sediment total Hg concentrations in the Danshuei River Estuary, northern Taiwan. 






Figure 8. Scatter plots of (a) sediment grain size, (b) sediment TOC, (c) sediment Fe, and (d) sediment Mn against sediment total Hg concentrations in the Danshuei River Estuary, northern Taiwan.
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Table 1. Concentration ranges for different species of the analyzed Hg, the percentage of methyl Hg to total Hg in water and sediment samples, and the percentages of dissolved total Hg and particulate total Hg to total Hg in waters in the Danshuei River Estuary, northern Taiwan.






Table 1. Concentration ranges for different species of the analyzed Hg, the percentage of methyl Hg to total Hg in water and sediment samples, and the percentages of dissolved total Hg and particulate total Hg to total Hg in waters in the Danshuei River Estuary, northern Taiwan.





	

	
Dissolved Hg

Conc. (ng/L)

	
Particulate Hg

Conc. (ng/L)

	
Sediment Hg

Conc. (ng/g)

	
Dissolved Methyl Hg (%) (DMeHg/DTHg)

	
Total Hg




	

	
Total

Hg

	
Methyl

Hg

	
Par. Total Hg

	
Total

Hg

	
Methyl

Hg

	

	
DTHg

(%)

	
PTHg

(%)






	
Sampled time 3 January 2020




	
Min

	
24.3

	
0.50

	
1.02

	
80.4

	
0.09

	
1.6

	
50.2

	
3.1




	
Max

	
34.0

	
7.71

	
24.3

	
363.8

	
0.32

	
30.4

	
96.9

	
49.8




	
Sampled time 25 March 2020




	
Min

	
27.7

	
0.62

	
3.78

	
115.9

	
<0.01

	
1.9

	
43.5

	
8.3




	
Max

	
43.1

	
9.64

	
41.4

	
315.9

	
0.37

	
30.4

	
91.7

	
56.5




	
Sampled time 16 July 2020




	
Min

	
24.0

	
0.27

	
5.85

	
118.1

	
0.07

	
0.6

	
30.8

	
11.3




	
Max

	
45.8

	
5.77

	
55.13

	
378.5

	
0.75

	
23.9

	
88.7

	
69.2
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Table 2. Comparison the concentration ranges of dissolved total Hg (DTHg), dissolved methyl Hg (DMeHg), and particulate total Hg (PTHg) obtained in the Danshuei River Estuary with values reported for other eutrophic estuaries around the world.






Table 2. Comparison the concentration ranges of dissolved total Hg (DTHg), dissolved methyl Hg (DMeHg), and particulate total Hg (PTHg) obtained in the Danshuei River Estuary with values reported for other eutrophic estuaries around the world.





	Studied Area
	DTHg

(ng/L)
	DMeHg (ng/L)
	DMeHg/DTHg (%)
	PTHg

(ng/g)
	Reference





	Danshuei RE, Taiwan
	24.0−45.8
	0.27−9.64
	0.6−30.4
	108.7−1429
	This study



	Wuli RE, China
	210−2700
	0.048−3.0
	0.03−0.39
	ND
	[52]



	East R/Pear R. delta, China
	11−49
	0.08−0.21
	0.2−3
	ND
	[53]



	Delaware RE, USA
	0.24−0.80
	0.01−0.16
	<2−28
	ND
	[10]



	New Jersey Harbor RE, USA
	0.18−3.29
	0.002−0.05
	0.06−18.2
	84.2−2427
	[16]



	Hudson RE, USA
	0.22−11.7
	0.01−0.16
	0.4−42.2
	ND
	[6]



	Adour RE, France
	0.1−1.16
	0.008−0.054
	2.2−10.2
	14−2314
	[8]



	Scheldt RE, Belgium
	0.44−3.0
	0.01−0.4
	ND
	40−1946
	[54]



	Soca/Isonzo RE, Italy
	2.1−31.4
	0.04−0.9
	0.2−11.6
	ND
	[55]



	Aussa-River Marano lagoon, Italy
	20−283
	ND
	ND
	1100−20.300
	[56]



	Ria de Aveiro lagoon, Portugal
	8.5−95
	ND
	ND
	100−3400
	[57]



	Tagus RE, Portugal
	3.6−65.4
	0.06−6.42
	0.5−30
	361−8625
	[11]







ND: no data.
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Table 3. Comparison of concentration ranges for total Hg (THg) and methyl Hg (MeHg), and the percentage of methyl Hg to total Hg in sediment obtained from the Danshuei River Estuary with other eutrophic estuaries elsewhere in the world.






Table 3. Comparison of concentration ranges for total Hg (THg) and methyl Hg (MeHg), and the percentage of methyl Hg to total Hg in sediment obtained from the Danshuei River Estuary with other eutrophic estuaries elsewhere in the world.





	Studied Area
	THg (ng/g)
	MeHg (ng/g)
	MeHg/THg (%)
	Reference





	Danshuei RE, Taiwan
	80.4−78.5
	0.001−0.75
	<0.01−0.34
	This study



	Haihe R, China
	60−8779
	0.8−21.7
	0.1−2.2
	[47]



	Wuli RE, China **
	800−64000
	180−35000
	0.017−0.49
	[52]



	Minamata Bay, Japan **
	340−4470
	3.5−5.06
	0.08−0.17
	[4]



	Delaware RE, USA
	100.3−862.5
	0.06−1.44
	0.1−0.45
	[10]



	Narragansett Bay, USA
	35−2629
	0.14−8.59
	0.03−1.32
	[85]



	San Francisco Bay, USA
	20−702
	0.02−3.41
	<0.2
	[14]



	Adour RE, France
	0.4−1464
	0.1−1.6
	0.01−1.8
	[86]



	Soca/Isonzo RE, Italy
	1650−17200
	0.21−6.28
	<0.12
	[55]



	Scheldt RE, Belgium
	4.0−736
	7.0−471
	ND
	[54]



	Tagus RE, Portugal
	8−49345
	0.3−32
	0.02−0.4
	[87]



	Krka RE, Croatia
	101−1418
	0.4−2.96
	<0.01−2.7
	[83]



	Kastela Bay, Croatia **
	14280−74000
	6.05−36.7
	0.04−0.18
	[83]



	Lenga RE, Chile**
	500−129000
	11−53
	0.02−5.7
	[88]







ND: No data, ** The environment was polluted by discharge from the Chlo-alkali plant.
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