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Daya Bay, especially in the northwestern region, which is a nature reserve with larval economic fish and shrimp populations, is no longer an unpolluted marine environment due to the recent increases in anthropogenic activities. This study collected seasonal surface sediment samples from 20 sites in northwestern Daya Bay to evaluate pollution and ecological risks and to identify possible sources and transport pathways of heavy metals (Cd, Pb, Cr, Cu, Zn, Hg, As). The results showed that all the heavy metal concentrations were below the established primary standard criteria, except for concentrations of Cr in spring, as well as Cu and Zn in autumn at several sampling stations, which had excess rates of 35, 4.76, and 4.76%, respectively. The geoaccumulation index (Igeo) values of heavy metals indicated that all sites had unpolluted to moderate pollution levels. In comparison to the samples collected in autumn, those in spring experienced a higher degree of pollution, particularly Cr and As. The ecological risk indices of heavy metals in sediments ranged from 225.86 to 734.20 in spring and from 196.69 to 567.52 in autumn, suggesting that most sites had a moderate ecological risk or a considerable ecological risk, and very few a had high ecological risk. Moreover, ArcGIS10.2 software was used to visualize their spatial distribution, and the results were similar in both spring and autumn. The results of the Pearson correlation analysis and principal component analysis showed that Cu, Hg, and Pb might be affected by anthropogenic activities, and As might be derived from natural sources such as atmospheric inputs. A cluster analysis showed that heavy metals were mainly affected by the negative impacts of human beings on the environment.
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INTRODUCTION
Surface sediments are a significant component of aquatic environments. In many areas, the heavy metals in the surface sediment are gradually increasing and have become a growing topic of interest worldwide (Ranjbar Jafarabadi et al., 2017; Nel et al., 2020). This is because of their enrichment, nonbiodegradability, or long biological half-life, as well as their inherent toxicity, extensive sources, biogeochemical recycling, and ecological risks (Ranjbar Jafarabadi et al., 2017; Shakouri and Gheytasi, 2018; Xu et al., 2018). Most heavy metals are incorporated into the sediment once they enter the marine environment. Therefore, sediments are considered a source of metals, and they also record anthropogenic impacts (Kang et al., 2017). With rapid industrial and economic development, many coastal bays are subjected to severe heavy metal pollution arising from anthropogenic activities (Qian et al., 2014; Lu et al., 2017; Zhang P. et al., 2017; Liang et al., 2018; Pan et al., 2020).
Marine conservation areas are intertidal or subtidal environments and encompass the overlying water, other geographical features (such as the coast, estuary, wetlands, and islands), and associated flora and fauna (Ervin et al., 2010; Gaines et al., 2010; Zhang Y. et al., 2017). Marine protected areas are of great significance in the protection of biodiversity and can enhance ecological function and reduce the decline of marine biomass (Ervin et al., 2010). The “Baguang-Aotou-Xiachong” area of Daya Bay, which acts as a buffer zones between the land and the sea, is vulnerable to natural processes and anthropogenic activities. Since the 1980s, there have been large-scale anthropogenic activities along the coastline, such as mariculture, ports, nuclear power stations, and petrochemical industries (Yu et al., 2010; Gu et al., 2016). Various kinds of pollution enter Daya Bay, causing serious heavy metal contamination.
The source, migration, transformation, and destination of heavy metals are hot topics in the study of sedimentary environments. Rivers are an important nonpoint source of pollution and have attracted much research attention. There are five main rivers in northwestern Daya Bay, namely, the Danao River, the Zao River in the south, the Yanqian River, the Baigang River, and the Xiayong River. The upstream industries on these rivers are intensive and include processing and metal industries. Although there have been several previous studies on heavy metal contamination in Daya Bay in recent years, these studies mainly investigated the present situation of heavy metal pollution in the bay as a whole (Yu et al., 2010; Zhao et al., 2016), and there was no specific research on the effects of terrestrial pollutants on heavy metals in marine surface sediments. Most previous researchers divided heavy metal pollution sources into either natural or anthropogenic (Lu et al., 2017; Lü et al., 2018) and lacked a specific relationship between the heavy metals and the sampling stations. Moreover, the effect of sewage outfall on marine protected areas was ignored when identifying heavy metal sources. Therefore, the objectives of this study were as follows: 1) to study the spatial distribution of heavy metals in the Daya Bay area based on the GIS interpolation method; 2) to estimate the degree of heavy metal contamination using the geoaccumulation index (Igeo) and potential ecological risk index (RI); and 3) to identify the sources and transport pathways of heavy metals.
MATERIALS AND METHODS
Study Area and Sample Collection
Daya Bay (latitude 22°25'∼22°50'N, longitude 114°30'∼114°55'E) has a subtropical climate, high temperatures, rainy conditions, and the prevailing monsoon dominates. It is a submerged valley in a mountainous area, which is more than 30 km from south to north. The gulf of Daya Bay has the characteristics of a subsidence mountain coast. The seabed topography of Daya Bay gradually deepens from the top of the bay, with an average depth of 11 m. The study area includes areas of petrochemical industrial, ports, seawater aquaculture, and densely populated towns. It can be used as a typical study area for the effects of human activities on heavy metal pollution in Daya Bay.
The research area, also known as the Baguang-Aotou-Xiayong area, is located on the northwestern side of Daya Bay. Twenty surface sediment samples were collected in the bay in late spring (April) and early autumn (September) of 2016 (Figure 1).
[image: Figure 1]FIGURE 1 | Sampling sites of surface sediment in Daya Bay.
Analytical Methods
Sediment samples were collected using an oceanic 50 mud collector. For each sample, the top 5 cm of sediment was sampled. The samples were placed in precleaned polyethylene bags and stored at 4°C in the laboratory until analysis.
The sediment samples were freeze-dried. Decomposition of the sample was performed through ultrasonic oscillation before instrumental measurement. Grain size samples were analyzed using the laser diffraction method (Mastersizer2000 Malvern, United Kingdom). The measurement scope of the appliance was 0.02–2000 μm, and the relative error of repeated measurements was less than 3. A sieve analysis method was used for particle sizes larger than 2000 µm. Dried and homogenized samples were analyzed using microwave digestion. After weighing 0.3 g of each sample in a high-pressure Teflon bomb, 8 ml concentrated HNO3 (65%) and 2 ml H2O2 (30%) were added. The sample was covered with a watch glass for 24 h to prevent interference. Samples were then digested using the Ethos Plus microwave laboratory station (Milestone, Sorisole, Italy) with the following temperature stages, all at 1000 W: 30–200°C for 15 min, 200°C for 40 min, followed immediately by ventilation at room temperature for 18 min. Extracts were then transferred into 50 ml flasks and heated until 1 ml remained. After cooling, the concentrated extract was diluted to 5 ml with ultrapure water and mixed well.
The concentrations of mercury (Hg) and arsenic (As) were measured with an atomic fluorescence (AFS, 830, Hitachi, Japan). Copper (Cu), lead (Pb), cadmium (Cd), and chromium (Cr) in the sediments were determined with flame free atomic absorption spectrometry (AAS, Z2000, Hitachi, Japan), and zinc (Zn) by flame atomic absorption spectrometry (AAS, Z2000, Hitachi, Japan).
Quality Assurance and Quality Control
The quality assurance of the analytical process for the dissolving heavy metals in the sediments was implemented using the methods released by the National Research Center for standard GB17378-2007. Each sample was measured three times or more to determine the precision and accuracy. The measured blank values were not greater than the corresponding method detection limit. In addition, the deviation of these values was less than 6% in all analyses. Before operation, all applied glassware (bottles, tubes, etc.) in the lab were soaked with 10% HNO3 (w/w) for more than 2 days and rinsed in deionized water.
Evaluation of Heavy Metals Contamination
Geoaccumulation Index
The useful and common index to define and estimate metal contamination in sediment (Müller, 1979) is the geoaccumulation index (Igeo). It is defined as:
[image: image]
where Ci stands for the concentration of the examined metal i and [image: image] stands for the geochemical background concentration of the metal i (Zhang, 1991). The selection of background value is an important aspect in the assessment of pollution status (Naifar et al., 2018). Factor 1.5 stands for the background matrix correction factor because of lithogenic effects (Müller, 1979). The [image: image] values are divided into the following 7 categories: unpolluted level (<0); unpolluted to moderate level (0–1); moderate level (1–2); moderate to strong level (2–3); strong level (3–4); strong to extremely strong level (4–5); extreme level (>5).
Single Pollution Indices (Cf)
The Cf is a commonly used index to evaluate the degree of contamination for sediments in aquatic ecosystems and to reveal the contamination level for an individual metal (Loska et al., 1997). Its calculation is shown with equation below:
[image: image]
where Ci is the concentration of the examined metal i and Bi is the geochemical background concentration of the metal i.
Potential Ecological Risk Index (RI)
To explore ecological risk in the heavy metals, the RI index is introduced (Hakanson, 1980), and its calculation formula is as follows:
[image: image]
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where [image: image] stands for the potential ecological risk factor for each heavy metal, and[image: image]stands for the toxic-response factor for individual heavy metal i. The toxic response factors for Cu, Pb, Zn, Cd, Cr, Hg, and As are 5, 5, 1, 30, 2, 40, and 10, respectively (Hakanson, 1980). The RI is divided into 4 categories: (Hakanson, 1980): <150 (low ecological risk), 150 ≤ RI < 300 (moderate ecological risk), 300 ≤ RI < 600 (considerable ecological risk), and >600 (very high ecological risk). [image: image] is the contamination factor for individual examined metal i, [image: image] stands for measured actual concentration for metal i in the surface sediment, and [image: image] is the background value for metal i.
Statistical Analysis and Geochemical Mapping
The data normality was assessed by the Kolmogorov–Smirnov and Shapiro–Wilk normality tests. Additionally, Pearson correlation analysis, principal component analysis (PCA), and cluster analysis (CA) were conducted in SPSS 22.0 and R3.2.2 to explore the possible sources of the heavy metal elements and their relevance to other metals, respectively. Ultimately, the Kriging interpolation method was introduced to interpolate the values of the calculated indices and heavy metals concentration (Karim and Williams, 2015; Tian et al., 2017), which revealed the visualization of the heavy metal index and their spatial distribution by ArcGIS10.2 software.
RESULTS AND DISCUSSION
Concentration of the Heavy Metals in Marine Surface Sediments of Daya Bay
As shown in Figure 2, the grain size of the surface sediment at each station was quite different. Generally, the surface sediments were primarily composed of silt and clay in spring and autumn with mean sizes of 6.78φ and 6.18φ, respectively. The percentage of silt varied between 14.94 and 67.10%, and the percentage of clay ranged from 3.42 to 44.02% in spring. Similarly, the percentage of silt varied between 18.98 and 78.66%, and the percentage of clay ranged from 5 to 44.12% in autumn. The results showed that the average grain size in spring was smaller than that in autumn.
[image: Figure 2]FIGURE 2 | The grain size of surface sediment in Daya Bay in spring (A) and autumn (B).
The average amount of organic carbon in autumn was lower than that in spring (Table 1), and the decomposition of total organic carbon was closely related to the migration and transformation of heavy metals in sediments.
TABLE 1 | Descriptive statistics of heavy metal concentrations in surface sediments (mg/kg) in Daya Bay.
[image: Table 1]As shown in Table 1, the concentrations of Cd, Pb, Cr, Cu, Zn, Hg, and As were 0.07–0.42, 28–55, 62–101, 13–82, 79–141, 0.01–0.07, and 6.7–11 mg/kg in spring, respectively. Moreover, in autumn, the respective concentration ranges for individual heavy metals were as follows: Cd, 0.05–0.27 mg/kg; Pb, 24–49 mg/kg; Cr, 24–62 mg/kg; Cu, 12–35 mg/kg; Zn, 90–182 mg/kg; Hg, 0.02–0.06 mg/kg; As, 6.9–8.6 mg/kg. According to their average concentrations, the examined metals in the sampled sediment can be arranged in the following order for both spring and autumn: Zn > Cr > Pb > Cu > As > Cd > Hg. Except for Hg and Zn being equal, the mean concentrations were higher in spring than in autumn for individual heavy metals. Additionally, the coefficients of variation (CVs) of the heavy metals in spring were 58.08, 17.59, 11.93, 53.19, 13.76, 39.68, and 12.10%, respectively. Correspondingly, the heavy metal CVs in autumn were 57.55%, 15.50%, 15.60, 29.33, 18.78, 38.20, and 7.79%, respectively. The results demonstrated that the concentrations of heavy metals (Cd, Pb, Cu, Hg, As) were relatively discrete in spring.
Compared with the marine sediment quality standards (GB18668-2002) (China), the concentration of Cr (excess rate: 35%) in spring and copper (excess rate: 4.76%) and zinc (excess rate: 4.76%) in autumn exceeded the primary standard criteria (MSQ-1), and all the others were below the primary standard criteria. The mean and standard deviations of all the heavy metals in the research area and other relevant regions were calculated and are displayed in Table 2. The average concentration of these examined metals in the research area was higher than that in other related regions in spring, with the exception of mangrove areas and Beibu Bay. However, in autumn, all examined heavy metals were in the mean interval of other relevant areas except Zn, Pb, and Cu.
TABLE 2 | Concentration (mg/kg) comparative summary for heavy metals in surface sediment of the research region and other relevant areas.
[image: Table 2]The Spatial Distribution of Heavy Metals
The spatial distributions of heavy metal concentrations in the research region were displayed in Figures 3 and 4, and they showed similar overall patterns. The highest concentrations occurred near Chunzhou and Dazhou Island in spring and autumn, decreasing to the periphery (except for As in spring). Cd, Zn, and Hg showed the same spatial distribution in both spring and autumn, with their highest values occurring near Dazhou Island, especially east of Yalin Bay. The lowest concentrations occurred in the northeastern part of the research area. The maximum values of As occurred in the northeastern part of the study area in spring, and in the central regions in autumn, which was different than observed in a previous study (Dou et al., 2013). Since there is no major rivers discharge into Daya Bay and human activities are concentrated in the vicinity of the continental shelf, higher concentrations of these heavy metals are expected to be inside of the bay (Yu et al., 2010). In general, all heavy metals changed unobviously in spring and autumn except As, which might be due to the small seasonal variation of outlet input volume, and the significant changes of As in spring and autumn might be related to the influence of atmospheric deposition (Lü et al., 2018). Due to the southerly and easterly wind blowing in spring and the northerly wind in autumn in Daya Bay, precipitation in the bay is greater in summer and autumn, explaining the greater seasonal variation in As.
[image: Figure 3]FIGURE 3 | Spatial distribution of heavy metals in surface sediments of the study area in spring.
[image: Figure 4]FIGURE 4 | Spatial distribution of heavy metals in surface sediments of the study area in autumn.
Heavy Metals Contamination and Their Ecological Risk
As illustrated in Figure 5, the Igeo values of the measured heavy metals were: 0.79 to 3.37 (average 1.57) for Cd, -0.24 to 0.74 (average 0.33) for Pb, 0.89 to 1.59 (average 1.24) for Cr, 0.43 to 3.09 (average 1.37) for Cu, 1.28 to 2.12 (average 1.82) for Zn, -0.24 to 1.98 (average 1.12) for Hg, 0.78 to 1.49 (average 1.12) for As in spring, and 0.30 to 2.74 (average 1.10) for Cd, -0.46 to 0.57 (average 0.22) for Pb, -0.48 to 0.89 (average 0.63) for Cr, 0.31 to 1.86 (average 1.21) for Cu, 1.47 to 2.49 (average 1.82) for Zn, 0.28 to 1.93 (average 1.03) for Hg, 0.82 to 1.14 (average 0.97) for As in autumn. These values show that there was a significant difference between spring and autumn. For these metals, their average pollution level can be ranked in descending order in spring: Zn > Cd > Cu > Cr > As = Hg > Pb, while in autumn the order is Zn > Cu > Cd > Hg > As > Cr > Pb. According to Müller’s (Müller, 1981) criteria, the [image: image] values of heavy metals indicated unpolluted to moderate pollution in the study area. However, the [image: image] values during spring indicated a higher level of pollution than those in autumn, especially for Cr and As. Previous studies (Zhao et al., 2016) have demonstrated that the mean [image: image] values for Cd, Cr, Cu, Hg, and Zn were less than zero ([image: image] < 0), indicating limited pollution in Daya Bay and the adjacent shelf. In contrast, the mean [image: image] values for As and Pb reached 0.07 and 0.49, respectively, suggesting moderate pollution levels by these metals in the study area in 2008. The results showed that the environmental quality of sediments in Daya Bay deteriorated. In general, the distribution trends in spring and autumn were very similar, which might be due to the effect of sewage on heavy metals being greater than that of river-derived pollutants.
[image: Figure 5]FIGURE 5 | Geoaccumulation index (Igeo) of heavy metals in surface sediments during spring (A) and autumn (B).
Risk assessment of heavy metals in sediments is particularly important for environmental management (Qu et al., 2016). The RI values fluctuated greatly, and ranged from 225.86 to 734.20 in spring, and from 196.69 to 567.52 in autumn, respectively. As shown in Figure 6, the highest ecological risk of all heavy metals occurred in the area near Dazhou Island in both spring and autumn, decreasing to the periphery. However, the RI values in spring were obviously higher than those in autumn. On the basis of Hakanson’s classification (Hakanson, 1980), the RI values of the heavy metals in our study suggest that most sites have a moderate ecological risk or a considerable ecological risk, and very few had a high ecological risk. Overall, the distribution trend of RI in spring and autumn was very similar to the [image: image] evaluation results, and the impact of outlets on heavy metals is greater than that of terrestrial pollutants, i.e., rivers. However, the RI values in spring were significantly higher than those in autumn. This may be due to the smaller sediment size in spring and more heavy metals being adsorbed.
[image: Figure 6]FIGURE 6 | The potential ecological risk index (RI) of heavy metals in surface sediments during spring (A) and autumn (B).
Identification of Heavy Metals Sources
Pearson correlation analysis (Figure 7) indicated that there were no relatively significant correlations between heavy metals (Cd, Pb, Cr, Cu, Zn, Hg, As) and the gravel, sand, silt, and clay measurements. A large number of studies (Swarnalatha et al., 2014; Han et al., 2017; Xu et al., 2018) have shown that changes in heavy metal contents are closely related to changes in sediment particle size. An increase in clay minerals, and their specific surface area, results in increased surface free energy and therefore greater heavy metal adsorption (Lu et al., 2017; Naifar et al., 2018). Moreover, organic matter is highly related to heavy metals in the aquatic environment through adsorption and complexion (Dou et al., 2013; Liu et al., 2017). The results of the Pearson correlation matrix show that there is a significant correlation between total organic carbon (TOC) and Cd, Pb, Hg, and Zn. Moreover, As and Cr were also strongly correlated, suggesting that they might have a common source.
[image: Figure 7]FIGURE 7 | Matrices of Pearson correlation among heavy metals (Cd, Pb, Cr, Cu, Zn, Hg, and As), gravel, sand, silt, and clay contents. Red and blue dots correspond to negative and positive correlations, respectively. Small dots with light color intensity represent low correlations, while large dots with darker colors correspond to higher correlations. The rows in the correlation matrices refer to parameters in water, and bivalves are included in a rectangular box.
Principal component analysis (PCA) processed by SPSS 22.0 was used in this research. The rotated component matrices of the PCA are shown in Table 3. The Kaiser-Meyer-Olkin (KMO) and Bartlett’s results were 0.650 and 105.62 (df = 21, Sig b < 0.001), respectively, suggesting that PCA might be useful in reducing the dimensionality. The PCA indicated that the proportion of the first two principal components among the total variants was 68.22 (Figure 8). The first principal component (PC1) with high loadings of Cu, Cr, Zn, Hg, and Pb accounted for 45.45% of the total variance, suggesting that they might have similar sources. Concentrations of Cu, Cr, Zn, Hg, and Pb were higher than their corresponding background values, and they were also present at moderate pollution levels based on their Igeo values, demonstrating that these five heavy metals were moderately affected by anthropogenic activities. The second principal component (PC2) accounted for 22.77% of the total variance, with the strongest loadings from As. According to spatial interpolation analysis, As is mainly affected by atmospheric deposition, and PC2 may represent natural sources.
TABLE 3 | Heavy metal communality of rotated component matrix for Cd, Pb, Cr, Cu, Zn, Hg, and As of surface sediments in Daya Bay.
[image: Table 3][image: Figure 8]FIGURE 8 | Component scores for the first two principal components (PC1 vs. PC2).
Before clustering, the data were processed with a single factor pollution index to reduce the error, so that the clustering result was closer to reality. Cluster analysis was conducted to examine the relationships among variables (heavy metals in the surface sediment) and sample sites (Figure 1). As shown in Figure 9A, in spring, the left vertical dendrogram (left side of the box) exhibited clustering of the sampling sites in line with heavy metal concentrations in the surface sediment. The horizontal dendrogram indicated clustering of heavy metals in line with their likenesses. In the vertical dendrogram, all the sampling sites in Daya Bay were divided into four clusters. Cluster I was composed of 8 sampling sites (B11, B13, B19, B20, B3, B9, B1, B2), cluster II contained 10 sample stations (B8, B4, B7, B15, B16, B17, B18, B6, B10, B14), cluster III contained 1 sampling site (B5), and the last site (B12) near Chunzhou Island was located in cluster IV. The results indicated that the distribution of the heavy metals was somewhat different in the 20 sampling sites. Obviously, there were distinct common characteristics in each cluster. In cluster I, Pb, Cu, and Hg in sites B19, B20, B3, B9, B1, and B2 had relatively low concentrations. These stations should have high concentrations because they are near waterways or sewage outfalls. This phenomenon might be due to the negative impact that of humans have on the environment, such as the regular cleaning of waterways (Jiang et al., 2007). In clusters II and III, all heavy metal concentrations were high, especially the Cd, Cu, and Hg concentrations. According to the spatial distribution diagram, these sites are mainly concentrated in the vicinity of Yalin Bay, suggesting that the high concentrations of Cd, Cu, and Hg were related to shellfish farming. Similar to cluster III and cluster IV, all their concentrations were also relatively higher, but Cu was notably higher. This might be due to the inflow of rivers which have plenty of industrial activities upstream, such as the Danao River and Xiachong River. Industrial activities, including the chemical production industry, cotton industry, paper industry, dyeing industry, and metalworking industry, may augment the concentrations of Cu, Pb, and Zn (Liang et al., 2018). There were 4 different clusters for the heavy metals in the horizontal dendrogram. Cluster I incorporated Cd, cluster II included Pb, Cr, As, and Hg, cluster III was made up of Cu, and the only member of cluster IV was Zn.
[image: Figure 9]FIGURE 9 | Dendrogram obtained based on hierarchical agglomerative cluster analysis (HACA) for (A) the relationship between heavy metals in surface sediments and contributing sites in spring and (B) the relationship between heavy metals in surface sediments and contributing sites in autumn, in Daya Bay in 2016.
As shown in Figure 9B, in the vertical dendrogram, the Daya Bay sampling sites can be divided into four clusters in autumn, which were the same as those in spring. Cluster I was composed of nine sampling sites (B3, B13, B9, B19, B18, B20, B1, B2, B12, B16), cluster II contained three sample sites (B6, B4, B15), cluster III contained one sampling site (B5), and finally, the remaining sites (B10, B11, B14, B8, B17) were included in cluster IV. For cluster I and cluster 3, the above sampling site clustering analysis in spring can also be applied in autumn. There were 4 different clusters for the heavy metals in the horizontal dendrogram. Cluster I consisted of Cd, cluster II included Pb, Cr, and Zn, cluster III was made up of Hg and Cu, and only member of cluster IV was As. This result is different from the results in spring, which also proves that As is affected by atmospheric deposition.
CONCLUSION
In spring and autumn of 2016, grain size and heavy metal (Cd, Pb, Cr, Cu, Zn, Hg, and As) concentrations were analyzed in surface sediment samples collected from a marine protected area with larval economic fish and shrimp populations in Daya Bay. For the physicochemical properties of the sediments, generally, the surface sediments primarily consisted of silt and clay in spring and autumn, and the average particle size in spring was smaller than that in autumn. For the heavy metal analysis, all the heavy metal concentrations were below the primary standard criteria, except for the concentrations of Cr in spring and Cu and Zn at autumn in several sampling stations. The spatial distributions of heavy metal concentrations in the study area were the same in spring and autumn, which might be due to the small seasonal variation in sewage discharge. The highest heavy metal values were found near Dazhou Island, especially east of Yalin Bay, and the lowest concentrations occurred in the northeastern part of the research area. Most of sites had a moderate ecological risk or a considerable ecological risk level, and very few had high ecological risk levels. Heavy metals are mainly derived from natural sources such as human activities and atmospheric input, and man-made sources are mainly affected negatively by human activities, such as sewage outlets, channel dredging, and shellfish farming.
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