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The biogeochemical cycle of trace metals plays an important role in the coastal zone. The distribution, interaction, and biogeochemical behavior of dissolved trace metals in surface and bottom seawater are still unclear. This study analyzed the distribution and performed an ecological health risk assessment of dissolved trace metals (Zn, Cd, Co, Pb and Cr) in surface and bottom seawater in the summer (August) of 2019 and 2020 in the seawater of the Yantai offshore area, China. Zinc (Zn), cadmium (Cd), cobalt (Co), lead (Pb) and chromium (Cr) ranged from 23.76–117.47 μg/L (42.67 μg/L ± 15.15), 0.21–0.51 μg/L (0.30 μg/L ± 0.05), 0.90–2.94 μg/L (1.09 μg/L ± 0.31), 0.13–1.06 μg/L (0.39 μg/L ± 0.17), and 2.00–9.9 μg/L (5.38 μg/L ± 2.99) in the summer of the two years. The average metal (Zn and Co) concentrations were slightly higher than the other Chinese coastal areas, while the major contamination pressures were from Zn and Pb. The largest contaminants were in the following order: Zn > Pb > Cd > Cr > Co. Correlation analysis, principal component analysis and hierarchical cluster were used to determine the potential origins and cause the spatial distribution of the multiple dissolved trace metals. The major sources of the trace metal contamination in study area were identified as external inputs from natural human and atmospheric settling and the natural release of the trace metals in sediments under external disturbances. Riverine inputs, the Lubei coastal current and aquaculture significantly influenced the multi-parameter horizontal distributions of the dissolved trace metals and dissolved organic carbon. Although the growth of phytoplankton was strong in summer, the uptake of Zn, Cd, Co and Pb was negligible compared with the exogenous input. The concentrations of Zn, Cd, Co and Pb were higher in the surface than those in the bottom. Monsoons, tides and wind waves also influence the migration, transformation and distribution of dissolved trace metals and dissolved organic carbon. This study provides important information on the biogeochemical cycle process (migration and conversion) and distribution of dissolved trace metals at different depths in coastal and marine pasture areas.
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1 Introduction

Semi-enclosed bays are important economic activities including fisheries, aquaculture and industrial and populated areas due to their superior natural conditions (Peng, 2015). Served as filters and buffer zones to capture pollutants from the mainland to the open ocean, their poor water exchange is not conducive to the dilution and dispersion of trace metals and other pollutants, and the environmental quality of these bays has accordingly become a critical issue (Wang et al., 2019).

Metal contamination and effects have been one of the most concerned topic in aquatic environments (Sun et al., 2019). Trace metals influence the geology, chemistry, and various marine biological processes, and form an important part of marine ecosystems. The trace metal geochemical cycles influence the structure and function of marine ecosystems (Robbins et al., 2016). The metals’ nutritional requirements differ substantially between species, and the optimal metal concentration range is usually narrow. In too high concentrations, metals can be potentially toxic. It can bioaccumulate and biomagnify, and be persistent in the environment and organisms, especially in human beings (Achary et al., 2016). Trace metals such as Zn, Co, and Cd, promote the growth of marine organisms in specific concentration ranges (Morel et al., 2003). Trace metals such as Pb and Cr are non-essential and toxic to many marine organisms (Gumpu et al., 2015; Chasapis et al., 2022). High Pb intake can lead to memory problems, kidney disease, decreased bone growth, gastrointestinal tract, and neuro-degenerative diseases (Gumpu et al., 2015; Gutierrez-Ravelo et al., 2020). Cr causes chronic renal failure, dermatitis, bronchitis and extensive lesions, kidney lesions by contaminated fish (Ali et al., 2020). Trace metal concentrations in seawater are usually extremely low, in the order of nanomoles or picomolars (Li et al., 2017). Marine geochemists, therefore, measure very rare substances, akin to isolating 1 gram of iron from 1,250 tons of salt. Marine trace metal elements research began in 1970 in the GEOSECS project. Before that, it was very difficult to detect trace metals due to the low sensitivity of instruments and cross-contamination during sampling and analysis (Li et al., 2017). The GEOSECS project, in which scientists from various countries participated, achieved fruitful scientific research results (Li et al., 2017). It is however still difficult to solve some of the existing problems in current research. The development of research in this field is relatively slow in China because of limited involvement in GEOTRACEs and a longstanding lack of sampling equipment for seawater trace metals. Marine geochemical studies rely heavily on very clean sampling and analytical tools, and the continued technological development of these tools. Chinese marine scientists have recently strengthened their research in these areas (Li et al., 2017).

Complex processes control the transportation of trace metals in dynamic coastal systems. These systems have been studied in detail, but are still not fully understood (Li et al., 2017). Limited temporal and spatial data, and clean sampling and analytical procedures are the major obstacles to better understanding the behavior of trace metals in coastal areas. Recent scholarly research has promoted the understanding of the distribution and the biogeochemical behaviors of trace metals in coastal waters (Jiann et al., 2009; Achary et al., 2016; Wang et al., 2018c; Zhao et al., 2018). Investigations on the Bay of Bengal coast in Bangladesh, for example, showed that As, Cr, Cd, and Pb have reached high pollution levels due to the impact of anthropogenic activities on the surface and subsurface waters and sediments during the winter and summer (Ali et al., 2022). Clean sampling and analysis techniques for trace metals have improved the technology for determining dissolved trace metals in the Chinese coastal seawaters, and more reliable data have therefore been obtained. Wang et al. (2018b) and Jiann et al. (2009) have studied the distribution and behavior of trace metals (Cd, Cu, and Ni) in the surface waters and sediments of the East China Sea (ECS). Zhao et al. (2018) reported on the occurrence and potential risks of seven dissolved trace metals (Hg, Cd, Pb, As, Cr, Cu, and Zn) in Xiangshan Bay, China. In the offshore area of Dalian Bay, Sun et al. (2019) examined the concentration and pollution characteristics of dissolved trace metals (Cu, Pb, Zn, Cd, Hg, and As). Lu et al. (2020) studied the distribution of four size fractions of dissolved Cu, Pb, and Cd and the related influence on surface waters of the Yellow Sea, while Wang et al. (2015) analyzed the spatial distribution of dissolved and particulate trace metals (Cu, Cd, Zn, and Pb) in Jiaozhou Bay, Yellow Sea. In the Dingzi Bay and Laoshan Bay, the spatial distribution of selected trace elements (Hg, As, Pb, Cu, Cd, Cr, and Zn) and their potential ecological risk have been investigated by Pan et al. (2014) and Wang et al. (2019). Li et al. (2015) studied the spatial and temporal distribution of dissolved trace metals (Ag, Cd, Co, Cu, Ni, Pb, and Zn) in the surface and bottom seawater of Bohai Bay and Laizhou Bay over two years. The concentrations of dissolved metals from the two years are very similar at the surface and bottom locations. Although many researchers have increasingly concerned about trace metals in coastal areas and estuaries around the globe, dissolved trace metal concentrations and spatial distribution were seldom reported in seawater of the coastal areas of China (Wang et al., 2018). Studies on dissolved trace metals in coastal waters mainly focused on the surface seawater, while few studies focused on the bottom seawater. Only a few studies focused on the difference in the distribution of dissolved trace metals from the surface and bottom seawater and how they interact. The coastal sea is the most physically and biogeochemically active area because of the high degree of boundary exchanges and processes (Dai et al., 2012). The distribution and biogeochemical behaviors of dissolved trace metals in the coastal areas, therefore, remain unclear.

Five trace metals (Zn, Co, Cr, Cd, and Pb) in the Yantai offshore area (YOA), North Yellow Sea (China) were detected in this study. In addition to the determination of physicochemical parameters, the ecological risks and potential sources of trace metals were also explored in detail. These data were generated from the surface and bottom seawater in the summer (August) of 2019 and 2020 using clean sampling and analysis techniques for trace metals. In summer, with the rise of the temperature, the content of organic matter is higher, and the biological activities become more frequently. (Hatje et al., 2003; Zhang et al., 2022). The aquaculture organisms in the study area are in the feeding and rapid growth period. At this time, the distribution of trace metals was relatively complex, which was also a significant health concern at this time. The overall study aimed to assess the potential ecological risk, explore the mutual influence of total dissolved trace metals from the surface and bottom water in the coastal sea, and improve the understanding of the distribution and biogeochemical behaviors of these trace metals in the YOA including the Yantai Sishili Bay Marine Ranch.



2 Methods


2.1 Study region

The Yellow Sea is a typical semi-enclosed continental shelf marginal sea, with abundant oil and gas fields, and supports economic activities including fisheries and aquaculture. The waves, tides, and ocean currents undergo seasonal changes (Wang et al., 2003; Chen and Yu, 2011; Wang et al., 2020). The Yellow Sea is in the temperate zone and belongs to the East Asian monsoon climate with obvious seasonal changes (Li D. et al., 2022). Strong winds of magnitude 6 or higher occur in the Yellow Sea area all year round. These winds are mainly distributed from the Bohai Strait to the sea area near Chengshan Jiao at the top of the Shandong Peninsula (including the study area). From June to August, the prevailing wind direction in the study area is south and southeast. Most of the tidal currents in the Yellow Sea are regular semi-diurnal currents, but irregular diurnal currents occur near the coast of Yantai (Mask et al., 1998).

Yantai city is located in the North Yellow Sea with a long coastline, rich ocean resources, and unique advantages. The Guangdang, Han, and Nian Rivers, etc. occur along the coastline (Figure 1A) (Wang et al., 2013). Runoff injection from land-based sources, industrial and agricultural wastewater, urban sewage, and mariculture discharge have contributed to the deterioration of the marine environment in the YOA (Li M. et al., 2022). In the past, sea cucumbers, prawns, oysters, scallops, kelp, flounder, and other seafood were mainly cultured in traditional rafts in the Yantai Sishili Bay. The marine aquaculture was the main factoraffecting environmental changes in the Yantai Sishili Bay. The deterioration of the marine environment is attributed to high-density aquaculture, the single aquaculture mode, and the direct discharge of a large number of aquaculture wastes into the sea. To improve the marine ecological environment and promote sustainable and green development of these fishery resources, Yantai has planned the construction of four marine ranching demonstration areas, which includes the sea area of the Yantai Sishili Bay. Figure 1 shows a schematic diagram of the spatial layout of the YOA, including the Yantai Sishili Bay Marine Ranch area.




Figure 1 | (A) Map of the study area, (B) Schematic diagram of the spatial layout of the Yantai Sishili Bay Marine Ranch and (C) Sampling sites in the YOA, China. In Figure B the colored lines represent a schematic diagram of the spatial layout of the Yantai Sishili Bay Marine Ranch and its surrounds: The orange line represents the offshore recreational sea fishing belt, the dark blue line indicates the coastal sightseeing fishery belt; the pink line represents the bottom sowing area of sea treasures in the northeastern peninsula; the purple dotted lines represent the main area of artificial reef construction in Jiaodong Peninsula; the blue dotted line represents the Yanwei offshore shellfish ecological park; the light blue line represents the marine ranch prohibited development zone. Marine dumping area in Yantai area in 2019: Dark spot represents the temporary dumping area; and the orange spot shows the formal dumping area. The major sea currents include ① Liaonan Coastal Current; ② Lubei Coastal Current; ③ Yellow Sea Warm Current.



The YOA is a semi-closed bay with poor water exchange, which is not conducive to the dilution and diffusion of trace metals and other pollutants (Pan et al., 2020). The major currents in the vicinity of the Yantai Sishili Bay Marine Ranch are the Liaonan Coastal Current (LnCC), the Lubei Coastal Current (LbCC), and the Yellow Sea Warm Current (YSWC) (Figure 1B) (Liu et al., 2017; Li et al., 2020). The flow direction of the LnCC remains unchanged throughout most of the year. But in summer, it has a large range at the surface sea and a small range at the bottom sea, along with a large flow velocity and narrow flow range (Chen et al., 2013). The low salinity LnCC provides abundant materials for the coastal waters (Xu et al., 2018), which may affect and control the ecological characteristics of the sea areas. The waters near the northern coast of the Shandong Peninsula are hydrodynamically active and are affected by the LbCC. This activity leads to the accumulation or outward transport of sediments from the Yellow River (Chen et al., 2013; Li et al., 2020). The LbCC and the LnCC formed a large counterclockwise vortex in the North Yellow Sea. This vortex transports offshore materials and deposits the Yellow River sediment in the middle of the North Yellow Sea. The YSWC, which is a branch of the Kuroshio Current, merges a stream of high temperature and high salinity water into the LbCC, after which it flows out of the strait (Mask et al., 1998; Xu et al., 2009). In summer, the more prominent bottom cold ocean water masses of the Yellow Sea weaken the YSWC (Dai et al., 2009). Typhoons and temperate storm surges affect the coastal area of Yantai, and nearshore red tides mainly occur in the Yantai Sishili Bay. The occurrence and flow of the ocean currents, typhoons, and storm surges would all affect the water quality (including trace metals) in the YOA area (Wang et al., 2020; Li D. et al., 2022). The marine ranch aims to build a “smart ocean” in the future. This will improve in-situ long-term monitoring and real-time dynamic monitoring of the distribution and characteristics of major environmental factors and how they change over time. Improving the monitoring methods for dissolved trace metals, understanding their spatial changes over time, and doing pollution assessments, are urgent in the major Yantai Sishili Bay marine ranch areas. (Dai et al., 2009).



2.2 Sample collection

Twenty-four survey stations were set up in the YOA in August 2019 and 2020 (Figure 1). Surface water samples (1-2 m deep) and bottom water samples (about 2 m above the water bottom) were collected. The contours corresponding to the depth of the station point were shown in Figure S1. The samples were analyzed for physicochemical parameters, including Dissolved oxygen (DO), Water temperature (T), pH, salinity (S), Chlorophyll a (Chl a), DOC (Dissolved organic carbon) and DIC (Dissolved inorganic carbon), and total dissolved trace metals (Zn, Co, Cr, Cd, and Pb). The sites collected in 2019 year (without S22) and 2020 year (without S14, S15, S19, S21, S23 and S24) were not the same because of the various cruises of our institute. Only the physicochemical parameters (DO, T, pH, S, and Chl a) on sites S1-S13 in 2019 year and 2020 year were provided from Research Station of our institute. These effects were however eliminated in subsequent explorations. Strict clean trace metal sampling procedures were maintained from water sampling to testing. Samples were collected with a 2.5 L pre-cleaned polypropylene sample collector that had been pre-rinsed three times by the seawater in the field and was then stored in pre-cleaned low-density polypropylene bottles (NalgeneTM, Thermo Fisher Scientific, Inc.). The samples were then kept at a temperature of 4 °C and brought back to the laboratory. At the laboratory, it was immediately filtered by a peristaltic pump (Cole-Parmer Inc.) through acid-treated 0.45 µm Millipore filters (Pall Corporation) into the pre-cleaned polyethylene bottles. Some samples for total dissolved metals were acidified to pH< 2 with high-purity HNO3 in a clean and low-temperature environment and stored until measurement. Other samples, earmarked for analyzing DOC, were stored at -20°C without acidification. The cleaning process by Lu et al. (2019) was used to clean the sample collector and sample bottles before sampling.



2.3 Dissolved metal analysis

The dissolved trace metal concentrations of selected metals (Zn, Co, Cr, Cd, and Pb) were determined after the samples had been collected using an inductively coupled plasma mass spectrometer (ICP-MS, ELAN DRC II, PerkinElmer® USA) (Lu et al., 2020). The ICP-MS method was verified to ensure the accuracy of the subsequent experimental methods. The ICP-MS method blanks were estimated by detecting diluted 0.5% HNO3 10 times with ultra-pure water. The detection limits (LOD) and Quantification limits (LOQ) for Zn, Co, Cr, Cd, and Pb were three times and ten times the standard deviation (3r or 10r) of the blanks, respectively. Table S1 shows the corresponding results and linear correlations (R2). The data presented high R2 and low LOD and LOQ, which verified the accuracy of the experimental detection method.



2.4 Determination of physicochemical parameters

Dissolved carbon concentrations (DOC and DIC) were measured with a TOC-VCPH total organic carbon analyzer (Shimadzu, Japan) (Lu et al., 2020; Yang et al., 2020). A CTD (Conductivity, Temperature, Depth) and a YSI sensor (Yang et al., 2022) were used to determine the DO, T, pH, S and Hitachi F-7000 fluorescence spectrophotometer was used to determine chlorophyll a (Chl a) (Yang et al., 2022). The detection precisions for S, T, DO, pH and Chl a were ±0.01‰, ± 0.1°C, ± 0.1mg/L, ± 0.01, and 0.01μg/L, respectively.



2.5 Correlation analysis, principal component analysis, and hierarchical cluster analysis

The Probability-Probability plot and the Kolmogorov-Smirnov test were used to check the normality of the data. Pearson correlation analysis was used to identify the correlations among the surface and bottom variables, respectively. The upper statistical analysis was performed using IBM SPSS Statistics 25.0 and presented through Origin 2021b.

Principle component analyses (PCA) were used to evaluate the possible origins of the dissolved trace metals in the surface and bottom seawater of the YOA (Poupard et al., 2005; Yano et al., 2019). The Keiser-Meyer-Olkin (KMO, 0.722) and Bartlett’s tests (<0.000) indicated that the PCA results were an effective method. The Hierarchical Cluster analysis (HCA) was used to evaluate the correlations between the concentration of dissolved trace metals and the sampling sites seawater of the YOA for the different years. HCA could be used to trace similarities and differences between variables, which could be used to further verify the results of the PCA analysis (Ma et al., 2016). PCA and HCA were created using Origin 2021b (Dang et al., 2021).



2.6 Water quality assessment method and principal component analysis method

This study evaluated seawater contamination by toxic substances by using contamination factors (Cƒ) and contamination degrees (Cd) (Hakanson, 1980; Lv et al., 2015; Wang et al., 2018). Cƒ and Cd represent the contamination of single elements and overall trace metals, respectively.

	

Cheavy metal equals the mean concentrations of trace metals, (i =Zn, Cd, Co, Pb, Cr); whereas Cbackgroundequals the background concentrations of the corresponding trace metals in the seawater. Background data for trace metals in seawater are lacking in the YOA. The grade-one seawater quality standard for China was therefore used as the background concentration (i.e.20 µg/L Zn, 1 µg/L Cd, 30 µg/L Co, 1 µg/L Pb and 5 µg/L Cr; GB 3097-1997) (AQSIQ, 1997). The Cƒ and Cd values were evaluated as recommended by Hakanson (i.e. Cƒ< 1 Low, 1≤ Cƒ< 3 Moderate, 3 ≤ Cƒ< 6 Considerable and Cƒ ≥ 6 Very high; Cd< 5 Low, 5 ≤Cd< 10 Moderate, 10≤Cd< 20 Considerable and Cd ≥ 20 Very high) (Hakanson, 1980).




3 Results and discussion


3.1 Investigation of hydrological parameters and dissolved carbon distribution

DO, Chl a, and S distribution were shown in Figure S2. The water temperature was high (T = 25.27 ± 0.81°C) (Table S2) and reached the optimum temperature for the growth of most phytoplankton (Wang et al., 2018a). The salinity (S = 31.05 ± 0.20 ‰) and pH value (7.93 ± 0.15) only varied to a limited extent (Table S2 and Figure S2). The distribution of salinity in the surface and bottom waters were almost similar to the results of Dai et al. (2009). The salinity distribution of the YOA surface water decreased from the inshore to the offshore, indicating that it was not strong freshwater signals input as shown in other regions, such as the Yangtze River and the Yellow River, etc (Li et al., 2015; Wei et al., 2016; Wei et al., 2016b). Compared to the surface water, bottom water had relatively higher salinity and lower temperature (Table S3 and Figure 5), which has been frequently observed in previous studies (Li et al., 2017).The salinity of the surface water was lower than the bottom water, indicating that it was also influenced by the external freshwater input from the River (Li et al., 2015). Theoretically, there is no direct correlation between DO and pH. DO and pH were positively correlated in this. Based on the DO and Chl a distribution in the YOA, the distribution trends of the content of both in the surface and bottom water were similar. The DO distribution of surface water was influenced by the Chl a, which was similar to the Liu et al. (2019b) study. The large variation in the spatial distribution of Chl a concentration was similar to the considerable spatial and temporal variability of phytoplankton blooms (especially in summer) previously studied by Fu et al. (2009).

DOC affects the chemical properties of the surrounding environment, including the behavior of trace metals and pollutants (Bhatt and Gardner, 2008; Birkel et al., 2017). A survey of the dynamics of DOC in water bodies will help in understanding its role in the variability of trace metals in the environment. The Joint Global Ocean Flux Study (JGOFS), which has been completed, provides a deeper understanding of the role of carbon in Marine biogeochemical processes. Scientific understanding of the role of DOC in the marine biogeochemical cycle of trace elements is however not perfect (Biller and Bruland, 2013). Figure 2 shows DOC and DIC in the YOA in August 2020. The DOC concentration of the surface and bottom of the main seawater is 0.72–1.08 mg/L and 0.41–0.54 mg/L, respectively (Hansell and Carlson, 1998). The average concentration of DOC in the estuary around the study area is about 5.28 mg/L. The DOC concentration in the estuary is usually higher than that of the open ocean due to the influence of the continental input in the coastal waters. The nearshore DOC concentration in this study is the highest in the estuary, followed by the nearshore and then the ocean (Hansell and Carlson, 1998; Dittmar et al., 2006). The mean DOC concentration of the bottom water was lower than the surface water in August. These results were similar to those of the northern Shandong Peninsula (Yang and Gao, 2019). Compared with the other areas in August, the DOC concentration is higher than that in the ECS (Zheng et al., 2018) but lower than the Canadian Shelf of the Beaufort Sea Green Bay (DeVilbiss et al., 2016).




Figure 2 | Spatial distribution of the DOC and DIC (unit: mg/L) in the YOA in August 2020 for surface seawater, and bottom seawater.



The dissolved carbon data showed a clear spatial distribution pattern. All the DOC and DIC values increased from the inshore to the offshore, from west to east, and from the surface to the bottom stations. Contrary to what was expected, the DOC value of the seawater was low in the nearshore and high in the far shore areas. This means that human activities and river input did not have a dominant influence on the DOC of the seawater. Previous studies have also shown that annual DOC discharged into the coastal ocean is relatively low compared to the total marine DOC pool (Dai et al., 2012). The concentration of DOC in the far shore area is higher than near shore the seawater. This is probably because this area is in or near the fish and shellfish breeding area (Figure 1), where phytoplankton grows easily and where the biomass of various organisms also increases. The high values of dissolved oxygen in the far shore area also prove this (Table S2). The Lubei Coastal Current flowing from west to east may influence the DOC concentrations, which gradually increase from west to east. The upper-ocean has a low DOC concentration. The DOC concentration might be affected by the low vertical stability of the water body and by the upwelling dilution of the low concentration of DOC in the bottom water due to the impact of cyclone in late July 2020. There is also a growing body of evidence for the discharge of submarine groundwater into the coastal ocean. This influence of this discharge is however currently difficult to estimate because the DOC data for the subsurface estuaries where the groundwater mixes with the seawater are very limited (Dai et al., 2012). The distribution of DIC in the study is similar to the results (Yang and Gao, 2019). The low DIC concentration in the surface seawater in August is caused by high primary productivity. The DIC concentration of the underlying layer is also significantly higher than the surface layer, which may mainly be due to the oxidation of the underlying organic matter.



3.2 Dissolved trace metal distribution


3.2.1 Zn, Cd, and Co

Figures 3, 4 show the distribution of dissolved Zn, Cd, Co, Pb, and Cr in the surface and bottom seawater of the YOA in August 2019 and 2020. Marine organisms accumulate trace metals such as Zn, Cd, and Co in their tissues and bones. These trace metal elements are essential for biological growth and are therefore often referred to as trace nutrients. Zn and Cd are absorbed by plankton in the upper water body and are vertically distributed in ocean waters (Bruland et al., 2013). When the organisms die, part of the biogenic material is recycled in the water body of the biosphere, while part moves to the middle and deep ocean water layers via particle sedimentation (Zhang et al., 2022). These trace metals, therefore, occur at low concentrations in surface water layers and high concentrations in the middle and deep ocean water layers. Contrary to the expected, Zn and Cd concentrations were high in the surface seawater layer and low in the bottom seawater layer (Table S2). The horizontal distributions of the Zn and Cd were similar in the surface and bottom layers for both sampling years. The Cd concentration of the S16 station was higher than other stations for both the surface and bottom layers in 2020, and the spatial distribution of Cd in the two layers was not completely consistent. The vertical distribution of Co was the same as those of Zn and Cd, and the concentration was higher in the surface seawater layer and lower in the deep seawater layer. The interannual variation of the Co content was the same as the Cd with unconspicuous spatial distribution difference of content, with the 2020 Co concentrations being slightly higher than the 2019 Co concentrations. The surface Zn concentrations decreased from the nearshore to the offshore stations in 2019. The results support the fact that the main transport pathway of Zn into the ocean is through continental runoff. The bottom seawater distribution of Zn was similar to that in the surface seawater for all stations except for stations S9, S21, and S24 (Li et al., 2015).




Figure 3 | Spatial distribution of Zn, Cd, Co, Pb, and Cr (unit: μg/L) in the YOA in August 2019 for surface seawater and bottom seawater.






Figure 4 | Spatial distribution of Zn, Cd, Co, Pb, and Cr (unit: μg/L) in the YOA in August 2020 for surface seawater and bottom seawater.



Zn, Cd, and Co were essential elements of the biogeochemical cycle (Morel and Price, 2003), as evidenced by the negative correlation of Chl a with them (Table S3 and Figure 5). The metabolic requirements for these elements were however low relative to the available metal concentrations in the coastal seawater and did not impact their spatial distribution appreciably. Their seawater distribution may be the result of several processes: (1) The water moves eastward along the Shandong Peninsula with the LbCC (Li et al., 2017). This hypothesis must however be confirmed by appropriate trace metal concentrations in the easterly or westerly seas, but no relevant water samples were collected for testing. (2) Elevated metal concentrations were found at stations S15, S18, S21, and S24 in 2019 which correspond to the S16 and S22 stations of 2020, which may be caused by local point source emissions. Many rivers empty into the YOA, including the Guangdang River, the Han River, and the Nian River, etc. (Figure 1B). In addition, the water depth is shallow and the exchange capacity is poor in the YOA. The water body is relatively aged, and desorption or remineralization can resuspend sediments and cause the metals to migrate from the solid phase into the water body (Santschi et al., 1990; Cantwell et al., 2008; Kalnejais et al., 2010; Lue et al., 2010). This resuspension has caused an increase in metal concentrations around this area. The high metal concentrations occur in both the surface and bottom seawater layers, which supports this hypothesis (Figure 3). (3) The spatial difference in the metal content is small and may be affected by marine disasters. On August 11, 2019, the storm surge of Typhoon Lekima caused the highest tidal level station in the YOA to reach blue status (Paul et al., 2018). In late July 2020, cyclone 200722 caused a wave with an effective wave height of 4.0 meters in the Yellow Sea. Tides and windblown waves are the main hydrodynamic factors that control the motion and mixing of seawater. They may also play the important role in the biogeochemical behavior of dissolved trace metals in the YOA (Lu et al., 2021).




Figure 5 | Pearson correlation diagram for the physicochemical parameters and dissolved trace metal concentrations in the study area (Left: surface layers correlation diagram; Right: bottom layers correlation diagram).





3.2.2 Pb and Cr

Pb and Cr are considered the most biologically toxic heavy metal pollutants. These two trace metals accumulate in organisms through multiple channels, which may be toxic and pose health risks to animals and humans (Xu et al., 2009; Zhao et al., 2018). The vertical distribution of Pb and Cr in seawater belongs to the surface enrichment type. Pb is mainly released into the atmosphere through mining mineral resources or fossil fuels. The Pb is then absorbed by atmospheric aerosol particles, and transported to the surface oceans via rainfall (Li et al., 2010; Bruland et al., 2013). Biologically induced oxidation-reduction reactions cause high Cr(III) concentrations in the surface seawater layer. The metal concentrations of Pb and Cr decreased from the surface to the bottom seawater layers (Table S2 and Figure 4). The Pb concentrations do not decrease from the coastal to the offshore areas, as observed in Bohai Bay (Li et al., 2015). The Pb concentration at station S13 is higher than in the surrounding sea area and may be due to input from the dumping area (Figure 1B). In 2020, the Pb concentration in the surface seawater layer at site S16 was abnormally high, similar to the other four trace metals (Zn, Cd, Co, and Cr), and may be caused by input from the Nian River (Figure 1C). The surface layer may be affected by the LbCC, atmospheric input, the influx of many rivers, and typhoons and storms, which may all cause the uneven distribution of the metals in the bottom seawater layer (Li et al., 2017; Pan et al., 2020). The variation of Cr in the bottom and surface seawater layers was relatively consistent, but its inter-annual variation was large. The Cr distribution decreased and then increased from the nearshore to the offshore areas in 2020. This was probably because the main source of Cr in this sea area is the input to the coastal water (Figure 1C). The coastal sightseeing fishery belt is the intermediate transition zone (with stations S1–S5, S16, S17) (Figure 1B), and Cr easily became enriched in the fish (Lin et al., 2021), which led to the decrease of Cr concentrations in the seawater. The Cr concentrations in the offshore seawater were higher and increased from the northwest to the northeast. The Yanwei offshore shellfish ecological park is also located northwest of the study area (Figure 1B), and the shellfish also became easily enriched by Cr. The LbCC however also affected the seawater Cr concentrations from west to east (Figure 1B). Studies that show serious Cr pollution of aquatic products along the Yellow Sea support this hypothesis (Lin et al., 2021). Preliminary conclusions from the above analysis are that the Pb and Cr concentrations may be the result of the complex combination of the following main processes. The main sources of Pb and Cr are the atmosphere and coastal water. The LbCC, aquaculture water bodies, and natural disasters all affect their distribution (Li et al., 2017; Pan et al., 2020). To investigate the possible sources, sinks, interrelationships, and the water quality of the trace metals in the YOA, a more detailed study was carried out in section 3.3.




3.3 Comparison of dissolved trace metals in the YOA with other coastal areas

The mean dissolved trace metals in the surface and bottom seawater Zn, followed by Cr, Co, Pb, and Cd. These results agree with most other research on dissolved trace metals (Table S2) (Wang et al., 2019). The dissolved trace metal concentrations in the YOA were compared with those in other bays and seas (Table 1). The Zn concentrations in the YOA are higher than in the other bays and seas but are comparable with the Zn concentrations in the Kaohsiung Harbour and on the Southwest coast of the Bay of Bengal (Lin et al., 2013; Achary et al., 2016). The Cd levels in the YOA are higher than in Bohai Bay and Laizhou Bay but lower than in the Yellow River Estuary in China (Li et al., 2015; Wang et al., 2019). The Cd concentrations are higher than the Cd levels in Port Jackson, Australia, the Mersey estuary, UK, and San Francisco Bay, USA, while they are comparable with or lower than the Cd levels in the other world bays and seas (Flegal et al., 1991; Comber et al., 1995; Hatje et al., 2003). The Co concentrations in the region are higher than in other sea areas but lower than in the Macrotidal Ennore creek, India (Jayaprakash et al., 2015). The Pb levels are lower than in other bays and seas, but higher than the Pb levels in Bohai Bay and Laizhou Bay, China (Li et al., 2015). The average Cr concentrations compare well with those of the other sea areas.


Table 1 | Dissolved trace metal concentrations in seawater compared to other regions in the world (ug/L).





3.4 Statistical analysis

The distribution and transport of trace metals were controlled by the physicochemical processes. Table S3 and Figure 5 show the Pearson correlation coefficients between the concentrations of the dissolved trace metals and the physicochemical parameters. Based on the Pearson correlation test there were positive correlations between Zn, Cd, Co, and Pb in the surface seawater layers (Pan et al., 2014; Sun et al., 2019). These results suggest that the sources of those trace metals sources are similar. The sources may be associated with surface fluvial inputs (see sections 3.2.1 and 3.2.2). Cr however only correlated positively with Cd and Co. DO and Chl a concentration correlated negatively with Zn, Cd, Co, and Pb concentrations, suggesting that phytoplankton growth produced more dissolved oxygen and consumed these metals (Liu et al., 2019b). This paper treats Pb as a toxic metal (Gumpu et al., 2015; Gutierrez-Ravelo et al., 2020). The T concentrations were positive correlations with Cr concentrations. These results were similar to the study of Wang et al. (2019). In the bottom seawater layers, DIC and DOC correlated positively with Co and Cr (Pan et al., 2014), but not with other dissolved trace metals. DIC and DOC showed concentration distributions similar to Co and Cr at the bottom seawater (Figures 2, 4). Dissolved organic compounds in water contain complex trace metals (Dyrssen et al., 1988). This study does however not show any significant or systematic correlation between the bottom-layer total dissolved metal concentration and the DOC concentrations. These results are similar to the results of Jiann et al. (2013). Natural organic matter complexation is therefore not the main factor controlling the trace metal concentrations. Follow-up PCA results confirmed this observation. DOC has no obvious contribution to trace metals compared with other factors, and accounts for only 4.5% of PC2. The Zn concentrations were strongly negatively correlated with Co and Cr, and the Co concentrations showed a strong positive correlation Pb and Cr. The S concentrations were also positive correlations with Cr and not correlated with any of the dissolved trace metals (Wang et al., 2018c). There were also positive correlations between DIC and DOC and DO and pH, and negative correlations between T and S (Wang et al., 2018c; Li et al., 2017) in the water body. These results suggest that, unlike for surface trace metal sources, the dominant source of the bottom metal distribution was not just river input.

PCA was used to correlate the different measured variables. This technique captures most of the information from the raw data and can transform a set of correlated variables into a smaller set of uncorrelated variables as principal components (PCs) (Li et al., 2000; Poupard et al., 2005).

The correlations and identified potential origins of multiple dissolved trace metals in the surface and bottom seawater were analyzed via PCA and the data was obtained via interannual monitoring. To gain a deeper understanding of the drivers and to identify correlations between raw variables, two principal components (PCs) with eigenvalues > 1 were extracted from the raw data via PCA. These two PCs explain 99.3% of the total dissolved trace metals. The first principal component (PC1) explained 94.8% of the variance and PC2 explained 4.5% of the total variance. PC1 explains as much of the variability in the data, and the subsequent components explain as much of the remaining variability as possible (Figure 6). Except for the Cr (B) and Cr (D), the other 6 dissolved trace metals showed negative loading on PC1(-0.506 - 0.557). Zn (B) and Zn (D) displayed high positive loadings (1.757- 2.006) (see Table S4 and Figure 6). A combination of natural and anthropogenic sources may therefore contribute to the variable distributions (Rajaram et al., 2020). The trace metals in the coastal seawater mainly come from atmospheric deposition and have external fluvial input (via weathering of rocks). Internal regeneration from the decomposition of particulate organisms and diffusion of the seafloor sediment from interstitial water to overlying water bodies also contribute to the heavy metal distributions. Previous studies show that Zn-containing products are widely used in fertilizers and aquaculture (including marine aquaculture) and galvanizing technology (Liu et al., 2019a; Pan et al., 2020). Many rivers, including the Guangdang River, the Han River, and the Nian River, etc. empty into the YOA (Figure 1C). These rivers may introduce anthropogenic pollution, discharged effluent, and industrial and aquaculture pollution to the ocean water (Yuan et al., 2012; Pan et al., 2020; Rajaram et al., 2020). Sea cucumbers, prawns, oysters, scallops, and other marine products are also cultivated in this region. Marine aquaculture industries often use chemical drugs to control pests. The drug residues can also cause trace metal contamination, including Zn (Wang et al., 2013). Previous studies show increased atmospheric fluxes of trace metals into the Chinese continental shelf, which may even be more important than the river inputs (Gao et al., 1992; Zhang et al., 1992). In the early summer, cold air currents can transport crustal aerosols from the northwestern desert region to the eastern coastal region. This has a significant impact on the atmospheric quality over the Yellow Sea (Gao et al., 1992). South and southeast winds are also predominant in the study area during summer (see section 2.1). This means that Pb, Cd, and Zn concentrations are much higher at the coastal stations than in the desert area (Liu, 2002). In summer, the rainfall may be more frequently scavenged from the atmosphere to the ocean. Pb was mainly released into the atmospheric aerosol particles and transported to the ocean surface through rainfall. PC1, therefore, indicates that the external input is a natural source of human and atmospheric settling. The dissolved trace metals with high PC1 scores exhibited Zn (B) and Zn (D), where the higher concentrations of Zn (B) correspond to the higher concentrations of Zn (D), and vice versa.




Figure 6 | The principal component analysis loading plot of the dissolved trace metals in the B) surface seawater and D) bottom seawater.



PC2 explains almost all the remaining component variability (Figure 6). The dissolved trace metals Zn (B), Cr (B), Zn (D), and Cr (D) for PC2 showed strong loadings compared to the other metals. Table S4 and Figure 6 show that Zn (B) and Cr (B) showed negative loading, while Zn (D) and Cr (D) indicated high positive loadings. The load on the surface and the bottom seawater layers are opposite, which means that anthropogenic sources as a natural source can be excluded. Even though the river discharge solids and dissolved substances into the oceans, the emissions from sediments are generally limited to the coastal and estuarine areas. Trace metals associated with fine-grained suspended sediments are introduced into the estuarine and coastal environments and are eventually deposited with the marine sediments. In the offshore area, sediment plays an essential environmental role in the deposition and release of different compounds in the water and may act as a large reservoir for dissolved trace metals (Pang et al., 2015; Lu et al., 2021). Hydrodynamic factors such as the coastal ocean currents, runoff, and tides, play an important role in dispersing and transporting pollutants, including trace metals, offshore. A particle tracer release off the coast of Yantai has shown that the pathway roughly coincides with the movement of the prevailing ocean currents (Sun et al., 2011). As described in section 2.1, two currents play a key role in the study area. One is the hydrodynamically active LbCC, which causes the accumulation or outward transport of sediments from the Yellow River. The LbCC and the LnCC form a large counterclockwise vortex in the sea area, which causes the deposition of the Yellow River sediment. The trace metals in these sediments may however be released back into the water when environmental conditions (redox potential, pH, and salinity) change (Sundelin and Eriksson, 2001) (i.e., the solubility of the trace metals was increased in lower pH value).

The physical disturbance of typhoons and temperate storm surges, diagenesis, and changes in sediment thickness also affect the study area and may accelerate resuspension, redistribution, and the release of sediment-bound metals into the overlying water. (Petersen et al., 1995; Tsai et al., 2015; Wang et al., 2017; Li et al., 2018; Paul et al., 2018). PC2 may therefore represent a natural source for the release of trace metals in sediments under the influence of external disturbances. This conjecture is consistent with the negative correlation between the related trace metals in the bottom and surface seawater layers.

Figure 7 shows the two-way hierarchical cluster results of the trace metals as a dendrogram. HCA was used to sort the data by creating a dual dendrogram. The vertical dendrogram showed the trace metal clustering of the sampling sites (S1–S24) for the different years (2019 - 2020). The horizontal dendrogram shows the clustering of the trace metals in the surface and bottom seawater layers based on their similarities. The vertical dendrogram displayed 4 clusters: Cluster 1 contained S9 (2020), and Cluster 2 comprised S16 (2020). Sites S7, S9, S11, S18, S19, S20, and S24 (2019) and sites S3, S5, S10, and S22 (2020) were aggregated as cluster 3. The remaining sites were sorted into cluster 4. Cluster 1 exhibited higher Cr concentrations at the S9 site, while other trace metal concentrations were relatively low. Compared with other points, cluster 2 exposed relatively high concentrations of all the trace metals at the S16 site, which was similar to the previous analysis and conclusions. Cluster 3 displayed a similar distribution and concentration of trace metals at sites of the corresponding surface and the bottom seawater layers, where the higher concentration of the surface layer corresponds to the higher concentration of the bottom layer. HCA clustered all the trace metals in the horizontal dendrogram into 2 different clusters. Cluster 1 contained Zn (B) and Zn (D). Cluster 2 comprised the remaining trace metals in the surface and bottom layers. The HCA analysis results were the same as the PCA results.




Figure 7 | Two-way hierarchical cluster analysis for the dissolved trace metal in the B) surface seawater and D) bottom seawater and sampling sites.





3.5 Water quality assessment

The seawater quality standards of China were used to assess the concentrations of dissolved trace metals in the surface and bottom seawater of YOA (Table 2). The Cd, Co, and Cr concentrations in both the surface and bottom seawater layers were below the primary seawater quality standard of China. In August 2020, 5.88% of the Pb levels however exceeded this standard in the surface seawater layer. The Zn concentrations in all locations exceeded the primary water quality standard of China over the research period. Only in August 2020, the Zn concentration of the bottom seawater layer did not exceed the Grade 2 seawater quality standard, while over the rest of the research period, the Zn of some sites even worsened to a Grade 3 seawater quality.


Table 2 | Rates of dissolved trace metal concentrations at sampling locations exceeding the Chinese standards.



CF and CD calculations were done by using mean concentrations of dissolved trace metals over the study period (Table 2 and Figure 8). Zn had the highest CF value, followed by Pb, Cd, Cr, and Co. The CF of the Cd, Co, and Cr were low. In contrast, the CF of the Pb was low to moderate (Only at surface station S16 in 2020), whereas the CF of Zn was from moderate to considerable. This result indicated the significant contamination pressures from Zn and Pb in the YOA, which is similar to the results in the Yantai Sishili Bay (Pan et al., 2020). The CF values for Zn Cr, Pb, Cd, and Co were consistent in the surface and bottom seawater layers. The CF value of the surface layer was generally higher than that of the bottom layer, indicating an anthropogenic influence on the surface seawaters of the YOA. The CD of the YOA ranged from 2.27–9.92, indicating low to considerable levels of contamination. The contamination levels may rank differently when using the Grade 1 seawater quality standard as background data. In this case, the realistic pollution levels would be higher than in the present study.




Figure 8 | CF and CD for the dissolved trace metals in the YOA.






4 Conclusion

This study collected water samples from the YOA to assess the spatial and annual distribution of dissolved trace metals (Zn, Cr, Co, Pb, and Cd) and dissolved organic carbon (DIC and DOC) in the surface and bottom seawater. Combined influences from physical, chemical, and biological processes, as well as local sources and processes, such as coastal currents, monsoons, tides, and wind waves all, influenced the spatial distribution of trace metals and dissolved carbon. Seafood farming in marine pastures and sediment resuspension played an important role in trace element migration and conversion. The average Zn and Co concentrations in the YOA were slightly higher than in other coastal areas of China. The average Pb and Cd concentrations in the YOA were however lower than in other Chinese bays and seas. There were strong positive correlations between Zn, Cd, Co, and Pb in the surface seawater layers. This means that these metals had a similar source, which was most likely surface fluvial inputs. Overall, the CF value of the metals from the surface seawater layer was higher than that from the bottom seawater layer, confirming the anthropogenic influence on the quality of surface seawaters in the study area. This study confirmed major contamination pressures presented by Zn and Pb in the YOA.

This is the first study that has tried to elucidate the biogeochemical behaviors of these dissolved trace metals in the YOA, China. To do this, the study investigated the differences in the distribution of dissolved trace metals in the surface and bottom seawater layers. Overall, the spatial distribution of trace metals in this semi-enclosed bay was different with that in the ocean during the biologically active summer months. Contrary to the expected, the concentrations of trace Zn and Cd were higher in the surface seawater layer and lower in the bottom seawater layer. We suspect that this phenomenon was caused by the relatively low metal uptake rate of phytoplankton, which also reflected the higher external influx rate. The external input rate was generally smaller than the metal uptake rate in the ocean. In nearshore and marine transitional waters, metal uptake rates and external input rates may be almost close, which might maintain similar concentrations of trace metals in the surface and bottom seawater. At this time, the behavior of nutrient trace metals might be similar to conservative elements. Additionally, the main pollution pressure component was the Zn anomaly, which was suspected to be caused by lower phytoplankton and animal uptake and sorption rates than the external input rates in the aquaculture area. Different cultured organisms had different requirements for feed and their ability to absorb and sorption metals. In the nearshore aquaculture area, if reducing the Zn concentration in the feed, Zn would not be the pollution pressure component or Zn concentration limitation. But further researches are still needed to improve our understanding on the mechanism of those phenomenon. Trace metal data analyses in water will become more reliable and comprehensive in the future as increasing attention is focused on the development of clean sampling and analysis protocols for trace metals. This study provides important information on the biogeochemical cycling process and the distribution of trace metals at different depths in the marine pasture areas of China. The assessment of the contamination of trace metals will aid in the development of appropriate strategies and approaches for pollution control.
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