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Abstract


Metal contamination in drinking water is well known; however, detailed insights into the metals/metalloids in finished water and their health effects are lacking. Water samples collected over four seasons from August 2022 to April 2023 from three locations in the Yangtze River basin in Nanjing were analyzed using inductively coupled plasma mass spectrometry to detect 33 metal/metalloid types. This study assessed seasonal and spatial variations and evaluated the removal efficiencies of advanced treatment processes. Health risks from metal/metalloid ingestion were calculated using a risk assessment model from the United States Environmental Protection Agency (USEPA). No significant regional differences in total metal/metalloid concentrations were found between the source and finished waters. Metals such as Cr, Ga, Hg, Pb, and Rb varied seasonally, peaking in winter. The advanced treatment process outperformed the conventional process for As removal. However, the removal efficiencies were lower for Mn, Cd, Hg, Se, and Zn than those of the conventional process. Positive correlations were observed among several metals, suggesting that metals may have similar sources of contamination. The main carcinogenic risk exceeded the acceptable levels in children according to the USEPA. Non-carcinogenic risks were below the threshold values, but As, Tl, and V were highlighted as key risk elements. Seasonal changes markedly influenced metal/metalloid concentrations and distributions in water, necessitating risk management focused on arsenic.
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1. Introduction


Urban drinking water quality can be influenced by various factors, including environmental pollution at water sources, aging water supply infrastructure, and secondary contamination [1]. Currently, metal pollution has become a significant global challenge for drinking water quality [2]. Sources of metal contamination in drinking water can be attributed to natural processes such as mineral weathering or human activities, including mining, agriculture, industrial production, and waste management [3]. A study by Kunfeng Zhang’s team [4] surveyed eight heavy metals (beryllium (Be), antimony (Sb), barium (Ba), molybdenum (Mo), nickel (Ni), vanadium (V), cobalt (Co), and titanium (Ti)) in the inlet and outlet waters of 146 water treatment plants in China. They found that traditional and conventional water treatment processes such as coagulation, sedimentation, and chlorine disinfection might be inadequate for removing heavy metal ions from source water, with an average removal rate of only 16.30–95.64%.



Many countries and regions have started to focus on and study metal contamination in drinking water, including the Haryana region of India [5,6], Malaysia [7], Kurdistan Region [8], Pakistan [9], Nigeria [10], and Iran [11]. These studies are not limited to traditional heavy metals such as arsenic (As), lead (Pb), and cadmium (Cd), but have also expanded to other potentially harmful metal elements such as barium, molybdenum, and antimony. Research methods have evolved from single-pollutant detection to simultaneous multi-element analysis and risk assessment, allowing for more comprehensive and precise monitoring of drinking water quality [12]. However, although existing studies cover major cities and basins, most are still focused on specific regions or types of metals, lacking comprehensiveness and universality. Many areas still lack data on the metal contamination status of drinking water. Furthermore, a lack of long-term monitoring data is a problem, limiting the accurate assessment of trends in metal pollution and long-term effects in drinking water [13].



Studies indicate that elements such as lithium (Li) and barium (Ba) also pose certain health risks in addition to the known health hazards posed by heavy metals such as arsenic and lead. Long-term exposure to lithium and barium may lead to kidney damage [14]. The extensive and systematic detection of metal elements in drinking water, along with an assessment of their potential health risks, is crucial for ensuring water safety and providing early warnings of metal health hazards [15].



This study uses Nanjing City as an example to supplement research on the presence of metals and metalloids in advanced water treatment plants and their health risks to different populations. Water samples were collected from three different water sources along the Nanjing section of the Yangtze River and from advanced treatment process plants, including source water, sedimentation effluent, ozone-activated carbon-V-type filter effluent, and finished water. A comprehensive analysis of 33 metals and metalloids was conducted in different seasons and from different water sources and plants. The health risks of these metals in drinking water for different populations were assessed using the Environmental Health Risk Assessment Model of the United States Environmental Protection Agency (USEPA). The aim is to provide data for the assessment of drinking water monitoring and safety.




2. Materials and Methods


2.1. Water Sample Collection and Preservation


From the upstream location of the Nanjing Yangtze Tunnel to the downstream Nanjing Qixia Yangtze River Bridge, three water sources were selected along the Yangtze River, Yangtze River Pukou Source, Yangtze River Yanziji Source, and Yangtze River Longtan Source, and their corresponding water plants were designated as monitoring sites. The geographic location characteristics of these three different source water plants are different and are detailed in Table 1 and Figure 1. Each of these water source sites has distinct geographical features, detailed in Table 1. The three water plants all utilize the same treatment processes: flocculation sedimentation tanks, ozone contact tanks, biologically active carbon filters, V-type filters, and liquid chlorine disinfection (Figure 2).



In August 2022 (summer), October 2022 (autumn), January 2023 (winter), and April 2023 (spring), water samples were collected from the source water, sedimentation tank output, ozone-activated carbon-V-type filter output, and final finished water at each plant. Throughout the year, in each of the four seasons, 144 water samples were collected, with 3 replicate samples of equal volume taken at each sampling point. Sampling involved rinsing the sampler, container, and stopper 2 to 3 times with the water to be collected. After sampling, the collected water samples were pre-treated to facilitate the testing of the samples in the next step. Preservatives were added as specified in Table S1, and the samples were sealed and refrigerated at 4 °C for transport back to the laboratory. In order to understand the prevalence of metals and metalloids in water-using environments and their health risks, high-throughput testing was conducted for 33 metals/metalloid metals: arsenic (As), selenium (Se), mercury (Hg), thallium (Tl), cadmium (Cd), copper (Cu), (Fe), manganese (Mn), molybdenum (Mo), sodium (Na), beryllium (Be), aluminum (Al), silver (Ag), zinc (Zn), lead (Pb, chromium (Cr), boron (B), barium (Ba), antimony (Sb), lithium (Li), titanium (Ti), vanadium (V), cobalt (Co), gallium (Ga), rubidium (Rb), strontium (Sr), zirconium (Zr), tin (Sn), cesium (Cs), nickel (Ni), magnesium (Mg), calcium (Ca), and potassium (K).




2.2. Sample Measurement


The dilution method was used as a pre-treatment for metal determination using nitric acid (1 + 99) solution, which was diluted from 1 mL of nitric acid (1.42 g/mL, Merck KGaA, Darmstadt, Germany) with purified water(Ultrapure water meter, Biosfer−40TS, Biosfer, Hangzhou, China) to 100 mL. The samples were sealed, stored at 4 °C, and transported to the laboratory. Subsequently, the water samples were filtered through a 0.45 µm membrane to remove suspended particulate matter, and the filtered samples were dispensed into several clean plastic bottles. The appropriate dilution was selected based on the expected metal concentration and the detection range of the instrument. For example, for a 10-fold dilution, we took 10 mL of the original sample and added it to 90 mL of diluent to form a total of 100 mL of diluted sample. The concentrations of metals/metalloids in the samples were determined using an inductively coupled plasma mass spectrometer (ICP-MS, model Aurora M90, Analytikjena, Jena, Germany) and an inductively coupled plasma emission spectrometer (ICP, model Varian710-ES, Agilent, Santa Clara, CA, USA). Macro-elements(mg/L) such as K, Ca, Na, and Mg were analyzed using ICP, while the remaining metals/metalloids(μg/L) were quantified using ICP-MS. The results were then calculated accordingly:


  ρ x = ρ × f .  











In the formula:




	
  ρ x  —the mass concentration of the element to be measured in the water sample, expressed in micrograms per liter or milligrams per liter (μg/L or mg/L).



	
  ρ  —the mass concentration of the element to be measured is determined from the standard curve, expressed in micrograms per liter or milligrams per liter (μg/L or mg/L).



	
  f  —dilution factor of the water sample.









2.3. Quality Control


For various elements, spike recovery tests were performed on the same water sample at three concentration levels: high, medium, and low. Each concentration level was measured six times to determine the relative standard deviation (RSD) and recovery rate. The recovery rates for all elements ranged from 92.2% to 114.3%, and the precision ranged from 0.2% to 7.5%. Environmental standard samples of water quality and multi-element mixed standard samples (purchased from Tanmo Quality Inspection Technology Co., Ltd., Changchun, China, code: BYT40043, batch number: B23030049) were also analyzed concurrently, and the results met the quality control requirements. The detection limits were calculated by 11 determinations of metal blank solutions at 3 times the standard deviation. The detection limits are listed in Table S2.




2.4. Standard Curve


The dilution solution for the standard solution consisted of 1% nitric acid by volume: We measured 10 mL of nitric acid (analytical grade) and added ultra-pure water up to 1000 mL. We took an appropriate amount of the standard solution and diluted it stepwise using the diluent to prepare a series of standard solutions at concentrations of 0.01 μg/L, 0.05 μg/L, 0.1 μg/L, 0.5 μg/L, 1.0 μg/L, 5.0 μg/L, 10 μg/L, 50 μg/L, 100 μg/L, and 200 μg/L. For metals/metalloids other than K, Na, Ca, and Mg, the range of the standard curve for these elements was 0 to 200.0 μg/L, with correlation coefficients (r) all greater than 0.9990. The standard curves are shown in Table S3.




2.5. Exposure Assessment


The exposure calculation formula for the drinking water pathway is: ADD = [(Cs × IR × EF × ED)/(BW × AT)]. The relevant parameters are given in Table S4.




2.6. Cancer Risk Assessment Model


Cancer risk is denoted by the risk value, which refers to the probability of developing cancer over a certain period due to exposure to a specific carcinogenic substance. The calculation formula is: Risk = ADD × SF, where SF (slope factor) represents the carcinogenic slope factor ([mg/(kg·d)]−1), which is a numerical value used to quantify the cancer risk associated with a specific chemical substance through oral, inhalation, or skin-contact exposure pathways. It indicates the increased cancer risk per unit dose of the chemical substance. The US Environmental Protection Agency (USEPA) stipulates that the acceptable cancer risk for the population ranges from 10−6 to 10−4. The International Commission on Radiological Protection (ICRP) recommends a maximum acceptable risk value of 5 × 10−5.




2.7. Non-Carcinogenic Risk Assessment Model


Non-carcinogenic risk is described using the Hazard Index (HI), which is calculated using the formula: HI = ADD/RfD, where RfD (reference dose) is the estimated daily exposure level that is not likely to cause adverse health effects over a lifetime of exposure ([mg/(kg·d)]−1). The benchmark for HI is 1. If HI is greater than 1, it indicates that the pollutant poses a risk to human health; if HI is less than or equal to 1, it suggests that the level of harm from the pollutant is acceptable. For relevant parameters, see Table S5.




2.8. Risk Assessment


By integrating the annual average concentrations of metals in the finished water from the upstream, midstream, and downstream facilities, the health risk values for carcinogenic substances (Risk) and the risk values for non-carcinogenic substances (HI) in the drinking water of Nanjing are calculated. This assessment helps to determine the potential health impacts from both carcinogenic and non-carcinogenic substances present in the water supply.




2.9. Health Risk Assessment Parameters


In this study, As, Cd, and hexavalent Cr6+ are considered definite human carcinogens and are assessed accordingly. The remaining metals are assessed as non-carcinogenic substances. The specific values of the slope factor (SF) and reference dose (RfD) for each metal can be found in Table S5. These values are determined based on the reference values published by the Integrated Risk Information System (IRIS) of the USEPA [16].




2.10. Statistical Methods


Excel 2019 was used for data entry and SPSS 27.0 was used to test the data for normal distribution. The result was that the data for metals did not conform to normality; thus, the data for metals/metalloid concentrations in the source and effluent water for each season were standardized and log10-transformed before using ANOVA for comparative analyses between regions and seasons. The test level was α = 0.05. Figure 2 and Figure 3 were plotted using the online analysis platform https://www.bioincloud.tech (accessed on 16 July 2024). Arcgis was used to plot the sampling points, and GraphPad Prism 9 was used to plot the box and line plots.





3. Results


3.1. Metal Levels in Source Water and Finished Water from the Nanjing Section of the Yangtze River Basin


The PCA revealed no significant differences in the total concentrations of metals/metalloids among the upstream, midstream, and downstream regions in either the source or finished water (Figures S1 and S2). However, specific metals/metalloids showed notable variations (Table 2 and Figure S5).



The concentrations of various metals in the source water were analyzed across upstream, midstream, and downstream water treatment plants, after which statistical significance tests were conducted. The results indicated significant differences for certain metals of different locations. The Li, Ti, and V concentrations were higher in the upstream region, with Li showing the greatest fluctuation, reaching 12.267 μg/L. As and Se also had higher concentrations upstream, particularly the former, with a concentration of 3.305 μg/L. The statistical analysis revealed that As concentrations were significantly higher in the upstream and downstream regions compared to midstream (p = 0.038), while Se concentrations were significantly lower in the midstream compared to the upstream and downstream regions (p = 0.001).



The following metals and their respective concentrations were significantly higher in the midstream compared to the upstream and downstream regions: Al (p = 0.026), with a median of 37.748 μg/L; Ni (p = 0.013), with a median of 0.687 μg/L; and Zn (p = 0.003), with a median of 13.622 μg/L. The concentration differences of Mn among the three locations were also significant (p = 0.037). These data indicate significant differences in the concentrations of certain metals of different water treatment plant locations, particularly As, Se, Al, Mn, Ni, and Zn.



The upstream region showed higher concentrations of Li, Ti, and V in finished water (Table 3 and Figure S6), with Li exhibiting the greatest fluctuation, reaching 12.211 μg/L. As and Se also had higher concentrations upstream, particularly the former, with a concentration of 1.390 μg/L. A statistical analysis showed that As concentrations were significantly higher in the upstream and downstream regions compared to midstream (p = 0.001), while Se concentrations were significantly higher in the midstream compared to the upstream and downstream regions (p = 0.023). Al, Cu, and Zn concentrations were significantly higher in the midstream compared to the upstream and downstream regions (p = 0.001 for Al and Cu; p = 0.002 for Zn), with median values of 136.339 μg/L, 2.136 μg/L, and 41.759 μg/L, respectively. Ba concentrations were also higher in the midstream region (p = 0.048). The following metals and their respective concentrations were significantly higher downstream compared to the upstream and midstream regions: Mo (p = 0.001), with a median of 5.764 μg/L; Mg (p = 0.001), with a median of 10.864 μg/L; and Ca (p = 0.041), with a median of 62.171 μg/L.



Despite the lack of significant differences in the total concentrations of metals, the significant concentration variations of highly toxic metals such as As, Pb, and Cd in different regions indicate the need to optimize water treatment processes for different areas and establish continuous monitoring mechanisms to ensure water quality safety.




3.2. Seasonal Distribution Characteristics of Metals


The PCA (Figures S3 and S4) revealed seasonal differences in the concentrations of metals/metalloids in the source water and finished water. Specifically, the concentrations of certain metals/metalloids varied significantly across different seasons in the source water (Table 4, Figure 3 and Figure S6). In the spring, concentrations of Li, Ti, and Ga were higher, with Li showing the greatest fluctuation, reaching up to 9.765 μg/L. Statistical analysis showed that As concentrations in spring were significantly higher than in other seasons (p = 0.001), reaching 2.354 μg/L, as were Rb concentrations (p = 0.001). In winter, Sr and Ca concentrations were significantly higher than in other seasons, with Sr reaching 266.769 μg/L and Ca reaching 59.610 μg/L (p = 0.002 and 0.001, respectively). Additionally, Tl and Pb concentrations were significantly higher in winter (p-values of 0.001 and 0.001, respectively). In autumn, V and Zn concentrations were significantly higher than in other seasons, with V reaching 2.142 μg/L and Zn reaching 32.093 μg/L (p = 0.001 and 0.001, respectively). Al concentrations were also higher in autumn, reaching 26.171 μg/L (p = 0.002). In summer, Co and Cd concentrations were significantly higher than in other seasons, with Co reaching 0.465 μg/L and Cd reaching 0.726 μg/L (p-values of 0.007 and 0.001, respectively). Additionally, B concentrations were lower in summer, at 28.115 μg/L (p = 0.009).



The concentrations of certain metals/metalloids in finished water also varied significantly across different seasons (Table 5, Figure 3 and Figure S6). The statistical analysis showed that concentrations of Li, Ti, and Ga were higher in the spring (p = 0.001), with Li showing the greatest fluctuation, reaching up to 9.778 μg/L, whilst Ti and Ga concentrations reached 25.367 μg/L and 12.323 μg/L, respectively. The same analysis showed that V, Co, and Rb concentrations were significantly higher in summer than in other seasons (p = 0.001), with V reaching 2.347 μg/L, Co reaching 0.099 μg/L, and Rb reaching 3.191 μg/L. It was also found that Sr, Zr, and Al concentrations were significantly higher in autumn than in other seasons (p = 0.001), with Sr reaching 264.888 μg/L, Zr reaching 0.488 μg/L, and Al reaching 93.276 μg/L. Finally, the analysis showed that Tl, Hg, and Ca concentrations were significantly higher in winter than in other seasons (p = 0.001), with Tl reaching 0.062 μg/L, Hg reaching 0.386 μg/L, and Ca reaching 90.536 μg/L. Additionally, Cd concentrations in summer were significantly higher than in other seasons, reaching 0.605 μg/L, while in winter, the concentration was even higher, reaching 0.781 μg/L (p = 0.001). Pb concentrations in summer were also significantly higher, at 0.020 μg/L.



Combined with Figure 3, these results show that metal concentrations were significantly higher in winter and spring than in the other seasons, suggesting that these two seasons have the most significant differences in water quality and may pose a greater threat to health risks, thus requiring special attention and optimization of water treatment processes to ensure safe water quality.




3.3. Metal Removal Efficiency


The analysis of metal removal from raw water showed that the removal percentages of various metallic elements ranged from −144.22% to 100.00% (Table S7). Among them, the concentrations of the following four macroelements did not vary much: Na, Ca, K, and Mg. Trace elements such as Pb, Mn, Zn, Cu, and Co showed high removal rates of more than 30%. In addition, elements such as Bi, Ti, V, Sb, Cd, Tl, Se, Sr, and Li had lower removal rates ranging from 10% to 30%. Elements with removal rates below 10% included Sr, K, Na, and Mg.



In terms of negative removal rates, Al, Be, Cr, Mg, and Li had very low removal rates, ranging from −144.22% to−15.96%. In addition, Sn and Mo had removal rates ranging from −63.61% to −50.00%. Elements such as B, Ba, and Zr showed slight increases in removal rates, with negative removal rates ranging from −0.55% to 1.66%.



Further analysis was conducted on the metal removal efficiencies at different stages of treatment in the Nanjing Municipal Water Plant, including post-precipitation output water, ozone-activated carbon-V filter output water, and post-chlorination output water (Table S6). During the post-precipitation stage, Zn, As, Cd, Co, Cr, Se, Cu, and Mo exhibited high removal efficiencies. Conversely, Al, Mn, and Ni showed increased concentrations, indicating negative removal efficiencies, whereas Sn, Sb, Cs, Hg, Tl, and Be had low or near-zero removal efficiencies.



In the ozone-activated carbon-V filter stage, high removal rates were observed for Pb, Al, Mn, Ni, Co, Sn, and Cu. However, Cd, Mo, Se, and Zn had negative removal efficiencies, indicating an increase in concentrations during this stage. Be, B, Sb, Cs, Hg, Tl, and V showed unchanged or lower removal performances.



An effective removal of Li, V, Ga, As, Sb, Ba, and Mo was observed during the chlorination treatment (finished water) stage. At the same time, concentrations of Cr, Cu, Mn, Ni, and Zn increased, while Co, Rb, Sn, Cs, Hg, Tl, Be, Cd, and B had low or negative removal efficiencies.



Overall, Pb, Cu, Co, and Mn showed high removal efficiencies across multiple treatment stages, while Al, Ni, and Zn exhibited increases in some stages. Additionally, Tl, Be, and Sn generally had low or indistinct removal efficiencies throughout the water treatment process.




3.4. Metal Inter-Correlation Analysis


We identified positive correlations (r > 0.7) among the studied elements through a Spearman correlation analysis of the concentrations of metals/metalloids in source water and finished water.



In the source water, multiple groups of metals/metalloids exhibited positive correlations, potentially indicating shared pollution sources or similar geological or environmental influences. Specifically, the positively correlated metal/metalloid pairs included the following (Figure 4): Sr with Cr and Hg; B with Ti and Mo; Fe with Cu, Pb, and Zr; Ti with B and Ga; Li with Hg; Ga with Pb; Mo with B; Cu with Fe; Cr with Sr; Pb with Fe, Ga, and Zr; Zr with Fe and Pb; and Hg with Sr and Li.



In the finished water, significant positive correlations remained among certain metals/metalloids despite the treatment processes. The following strongly correlated pairs were included (Figure 5): Sr with Hg; Ba with Tl; B with Ti, Ga; Fe with Zn; Ti with B, Ga; Rb with Sb; Co with Cd, Tl, and Cr; and Cs with Pb. This suggests that the treatment efficiencies of these metals/metalloids may produce co-exposure characteristics. In the correlation study of finished water, a negative correlation was found between Al and Hg, as well as Ba. This indicates that as the concentration of aluminum increases, the concentrations of mercury and barium decrease, suggesting that the added coagulants may specifically remove Hg and Ba. Additionally, Fe showed positive correlations with several metals, such as Cu, Zr, and Pb, indicating that these metals may have common exposure sources during the treatment process. This situation could stem from the corrosion and aging of metal pipes and construction materials used in the treatment process, leading to the leaching of these metals.




3.5. Carcinogenic Health Risk Evaluation


The health risks associated with the presence of As, Cd, and Cr6+ in drinking water are detailed in Table 6. The order is ranked by annual carcinogenic risk: As > Cd > Cr6+. The USEPA stipulates that an acceptable range for carcinogenic risk to the population is between 10−6 and 10−4, and the International Commission on Radiological Protection (ICRP) recommends a maximum acceptable risk level of 5 × 10−5. Our comparison analysis reveals that the annual risk values of the three carcinogenic heavy metals in drinking water exceed the ICRP risk level. The cumulative carcinogenic health risk for children surpasses the USEPA risk level, while the cumulative carcinogenic health risks are close to the threshold for adult men and women.




3.6. Non-Carcinogenic Health Risk Evaluation


The health risk assessment of metals in drinking water is presented in Table 7. The cumulative annual health risks for metals in the finished water from the advanced treatment processes in Nanjing’s urban area are as follows: adult males (0.314), adult females (0.275), and children (0.667). The cumulative annual HI is less than 1, which is within the acceptable limits. The primary contributors to the metal health risks are As (30.82%), Tl (3.92%), and V (1.88%).





4. Discussion


Since 2021, 15 municipal water plants in Nanjing have been using advanced water treatment technologies to meet stricter environmental standards and improve public health. This study collected raw and finished water samples from three water plants (upstream, midstream, and downstream) between 2019 and 2021. A total of 20 metals, including As, Cd, Cr, Pb, Hg, Se, Al, Fe, Mn, Cu, Zn, Sb, Ba, Be, B, Mo, Ni, Ag, Tl, and Na, were tested in the finished water samples. Additionally, 10 metals, including Cd, Cr, Hg, Mn, Pb, As, Fe, Cu, Se, and Zn, were tested in the raw water samples.



One-way ANOVA revealed no significant differences in metal concentrations among the three regions (Table S8). From 2019 to 2021, the concentrations of certain metals in source water exhibited seasonal variations, including Hg, Mn, As, Fe, Cd, Zn, and Cu (Table S10). Table S11 compares the metal removal rates of conventional and advanced treatment processes. The advanced process achieved similar rates for lead and copper and outperformed the conventional process for arsenic removal.



Advanced processes have similar removal rates for Pb and Cu, and they outperform traditional processes in removing As. However, advanced processes have lower removal rates for Fe, Mn, Cd, Cr, Hg, Se, and Zn.



In advanced treatment processes, the addition of ozone oxidation and activated carbon adsorption does not significantly improve the efficiency of metal removal. Muthaian Jaya Rajan found that, although activated carbon can adsorb some metal ions, its removal efficiency in practical applications is limited by water chemistry conditions, leading to constraints in the effectiveness of activated carbon in treating these metals [17]. Additionally, this study found a positive correlation between Fe and Mn during the water treatment process, indicating competitive adsorption between these metals. The advanced treatment processes showed reduced removal efficiency for Fe and Mn, likely due to their competition for adsorption sites on activated carbon, which diminishes the overall removal effectiveness [18].



Variations in metal concentrations are influenced by a variety of factors. Changes in metal concentrations are influenced by a variety of factors, mainly including geographic features, human activities, and seasonal variations. In the upstream region, the mouth of the Chili River, characterized by mudflats, reeds, construction sites, and residential buildings, shows higher concentrations of lithium, titanium, vanadium, arsenic, and selenium. This is likely due to construction activities and residential runoff introducing pollutants into the water body. In the midstream region, near the Nanjing Yangtze River Bridge wetland park and residential areas [19], higher concentrations of aluminum, manganese, nickel, and zinc are observed, attributed to natural soil erosion, industrial discharges, and residential runoff. Downstream, at the estuaries of the Rowazikou and Jiuxiang Rivers, which are surrounded by villages, farmlands, and industrial parks, elevated levels of molybdenum, magnesium, and calcium are noted, likely stemming from agricultural runoff and industrial activities. Seasonal variations are also an important factor affecting metal concentrations in the downstream region, in addition to the high likelihood of sewage discharge from nearby industrial areas. Studies indicate that industrial activities in autumn may lead to increased metal concentrations, whereas in winter, low temperatures may cause metal ions to deposit, settling at the bottom of water bodies or adhering to suspended particles and thereby leading to increased concentrations [20]. Additionally, rainfall [21] and surface water runoff can also affect the distribution and movement of metals in water bodies. Overall, controlling and managing metal pollution in water bodies requires a comprehensive consideration of geographical, climatic, and human factors.



This study indicates significant positive correlations among various metals in both source water and finished water, which may stem from the same pollution sources or similar geochemical characteristics. For example, the correlation between chromium and nickel might arise from their common use in industrial processes [22]. Similarly, the high correlation between iron and copper could reflect their similar geochemical behaviors in water, such as forming complexes with organic or inorganic substances [23].



This research also finds that the advanced drinking water treatment processes still have limitations in terms of removing metal elements. Some metal concentrations in certain finished waters continue to increase despite the use of advanced treatment techniques. This could be due to the ozone being a strong oxidizer, which may also accelerate the corrosion of metal components in pipes and equipment despite effectively killing pathogens and removing certain organic matter, thus leading to the release of metal ions into the water [24]. Biofilms might form in the water treatment system, especially in the activated carbon filters. The microbial activity in these biofilms or during backwashing could cause metal ions to dissolve or release into the water [25]. Notably, aluminum levels increased in all three water plants, which was likely caused by the flocculants added during the treatment process, such as polyaluminum chloride [26].



Strong positive correlations exist between Li and Hg, Ga and B, and Mo and B among the metals with negative removal efficiencies. This may be due to the interactions of metal elements in the environment, forming complex chemical substances such as compounds, complexes, precipitates, and colloids [27,28]. The properties of these substances can become varied due to the complexity of interactions between metals [29]. This increases the complexity and cost of the technologies needed to remove these metals, which consequently adds to the difficulty of metal removal [30,31]. It is therefore necessary to consider the interactions between metals in order to more effectively remove metal pollutants from water.



Research has shown that metals in the environment can mutually influence each other’s distribution and concentration. The release of one metal, such as Cu or Pb, can lead to the displacement and increased mobility of others, such as Cd or Zn [31,32]. In this study, significant positive correlations were found among metals with higher health risk levels (HI > 10−2), such as Ba and Tl and B and Mo [33,34]. These correlations suggest that high concentrations of one metal may drive increases in others, amplifying health risks. Therefore, environmental monitoring and management should consider the interactive effects of multiple metal contaminations and not only individual pollution levels.



It was found that the health risks of three carcinogenic metals to children exceeded USEPA standards according to risk assessment aspects, possibly due to children’s smaller size and physiological functions that have not fully matured, making them more sensitive and more susceptible to these metals/metalloids. The concentrations of metals are influenced by geographical location and seasonal changes, indicating complex and variable pollution sources. Metal pollution is a significant issue for the safety of public drinking water, especially in areas with frequent industrial activities. However, there is a possibility of the study results deviating from the true situation due to incomplete risk assessment parameters for metals, a lack of representativeness of water samples, limited sampling quantity, and the non-differentiation of Cr valence states in the study, where risk assessment was primarily for Cr6+, which could have led to an overestimation of the risk. In other words, this study may not fully reflect the actual conditions of the researched area. Therefore, the final results of this study could vary from reality, and further improvements are needed in future work.




5. Conclusions


The concentrations of total metals/metalloids did not vary regionally, but varied seasonally. There were significant differences in the concentrations of certain metallic elements between different water treatment plant sites, particularly As, Se, Al, Ba, Cu, Mo, Zn, Mg, and Ca. These findings are important for understanding the spatial distribution of metal pollution in water bodies. The concentrations of some metals/metalloids varied significantly from season to season in both raw and finished water, especially Li, Ti, V, Co, Ga, Rb, Sr, Zr, Al, Tl, Hg, Ca, As, and Cd. These findings are important for understanding the seasonal variations in metal contamination in water bodies. Advanced Nanjing water treatment processes have limited effectiveness in removing metals/metalloids. The risk assessment showed that the cumulative carcinogenic risks for adult males, adult females, and children were 9.56 × 10−5, 8.37 × 10−5, and 2.03 × 10−4, respectively, with the risks for children exceeding the acceptable levels established by the USEPA (1 × 10−6 to 1 × 10−4). Moreover, As was found to be the predominant carcinogenic element. The non-carcinogenic health risk assessment resulted in HI values of 0.314, 0.275, and 0.667 (HI < 1) for adult males, adult females, and children, respectively, with As, Tl, and V being the elements associated with the highest risk.
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Figure 1. Map of the three adoption sites. 
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Figure 2. Water treatment process at Nanjing. 
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Figure 3. Concentrations of metals/metalloids in source and finished water during different seasons. 
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Figure 4. Network analysis of metals/metalloids in source water. 
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Figure 5. Network analysis of metals/metalloids in finished water. 
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Table 1. Geographical characteristics of three water sources in the Nanjing section of the Yangtze River basin.
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	Source Water
	Geographic Location Characteristics





	Upstream
	The mouth of the Chili River is surrounded by mudflats and reeds, with a large number of construction sites and residential buildings in the vicinity.



	Midstream
	The Yangtze River shoreline around the Nanjing Yangtze River Bridge is a wetland park, with several residential areas along the route.



	Downstream
	The estuary of the Rowazikou River, which is surrounded by villages and farmland, and the estuary of the Jiuxiang River, which is surrounded by large areas of farmland, residential areas, and industrial parks










 





Table 2. Concentrations of metals/metalloids in source water across different locations.
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	Upstream Water Plant
	Midstream Water Plant
	Downstream Water Plant
	p





	Li
	9.201 (7.981, 12.267)
	6.320 (6.096, 9.852)
	8.743 (6.890, 12.472)
	0.132



	Ti
	0.787 (0.721, 23.736)
	0.694 (0.632, 20.021)
	0.852 (0.646, 25.802)
	0.952



	V
	1.827 (1.568, 2.128)
	1.871 (1.591, 2.020)
	1.652 (1.340, 2.372)
	0.292



	Co
	0.094 (0.059, 0.490)
	0.092 (0.035, 0.144)
	0.099 (0.058, 0.125)
	0.375



	Ga
	0.048 (0.030, 11.956)
	0.045 (0.013, 11.537)
	0.034 (0.030, 0.282)
	0.987



	As
	2.151 (1.923, 3.305)
	1.974 (1.861, 2.071)
	2.170 (1.810, 2.228)
	0.038 *



	Se
	0.712 (0.493, 1.227)
	0.168 (0.000, 0.239)
	0.571 (0.147, 1.565)
	0.001 *



	Rb
	3.172 (2.864, 4.256)
	2.998 (2.947, 3.103)
	2.675 (2.216, 3.216)
	0.267



	Sr
	277.469 (216.966, 298.296)
	206.680 (182.709, 253.183)
	252.375 (208.579, 286.796)
	0.071



	Zr
	0.281 (0.000, 0.545)
	0.029 (0.000, 0.442)
	0.330 (0.029, 0.327)
	0.050



	Ag
	N.D.
	N.D.
	N.D.
	-



	Sn
	0.000 (0.000, 0.005)
	0.000 (0.000, 0.024)
	0.000 (0.000, 0.011)
	-



	Sb
	0.436 (0.398, 0.534)
	0.436 (0.295, 0.551)
	0.429 (0.399, 0.489)
	0.125



	Cs
	0.029 (0.010, 0.141)
	0.031 (0.013, 0.038)
	0.011 (0.010, 0.030)
	0.062



	Hg
	0.010 (0.000, 0.224)
	0.006 (0.000, 0.018)
	0.010 (0.000, 0.155)
	0.461



	Tl
	0.020 (0.000, 0.069)
	0.018 (0.007, 0.026)
	0.021 (0.000, 0.073)
	0.714



	Pb
	0.000 (0.000, 0.021)
	0.000 (0.000, 0.318)
	0.204 (0.019, 0.211)
	0.852



	Al
	13.971 (1.162, 284.756)
	37.748 (25.446, 73.060)
	13.309 (9.382, 26.167)
	0.026 *



	Cr
	0.751 (0.313, 2.054)
	0.305 (0.205, 0.961)
	2.175 (0.584, 2.427)
	0.465



	B
	35.789 (24.465, 38.213)
	35.455 (25.280, 48.621)
	35.738 (28.989, 45.119)
	0.076



	Ba
	60.288 (52.386, 80.994)
	52.203 (44.715, 53.079)
	54.393 (53.796, 57.405)
	0.101



	Be
	0.000 (0.000, 0.031)
	N.D.
	0.100 (0.000, 0.039)
	-



	Cd
	0.496 (0.039, 0.721)
	0.389 (0.025, 0.726)
	0.038 (0.019, 0.726)
	0.055



	Cu
	1.537 (0.000, 2.952)
	1.413 (0.000, 2.238)
	1.408(1.278, 4.944)
	0.084



	Fe
	1.058 (0.890, 674.299)
	2.144 (0.909, 9.800)
	14.975 (3.624, 37.456)
	0.376



	Mn
	0.777 (0.206, 109.171)
	0.837 (0.577, 20.905)
	0.830 (0.471, 1.337)
	0.037 *



	Mo
	1.474 (1.201, 1.966)
	2.596 (1.306, 3.000)
	2.101 (0.104, 2.079)
	0.442



	Ni
	0.403 (0.000, 1.168)
	0.687 (0.590, 1.553)
	0.521 (0.096, 0.598)
	0.013 *



	Zn
	0.514 (0.205, 49.435)
	13.622 (3.023, 51.644)
	0.917 (0.302, 32.098)
	0.003 *



	Mg
	9.872 (3.203, 12.140)
	7.523 (6.875, 11.490)
	9.685 (8.590, 10.750)
	0.136



	Ca
	47.092 (35.346, 64.348)
	38.613 (32.469, 39.807)
	39.812 (38.345, 59.853)
	0.193



	K
	3.774 (2.582, 4.398)
	3.171 (2.623, 3.526)
	3.326 (2.745, 4.368)
	0.157



	Na
	21.450 (14.246, 26.168)
	17.732 (12.794, 18.227)
	0.480 (0.258, 1.166)
	0.066







Notes: Numbers in parentheses in the table are median values for the metals measured, with quartiles (p25 and p75) in parentheses. Metal concentrations are in µg/L, N.D. means that concentration does not meet detection limit.* denotes p less than 0.05.













 





Table 3. Concentrations of metals/metalloids in finished water from different water plants.
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	Upstream Water Plant
	Midstream Water Plant
	Downstream Water Plant
	p





	Li
	8.104 (7.085, 11.851)
	8.522 (6.138, 9.412)
	9.722 (6.651, 12.211)
	0.031 *



	Ti
	0.739 (0.635, 24.556)
	0.962 (0.579, 17.046)
	20.712 (0.749, 25.389)
	0.932



	V
	1.723 (1.572, 2.348)
	1.401 (1.401, 1.896)
	1.772 (1.515, 2.220)
	0.106



	Co
	0.101 (0.058, 0.117)
	0.087 (0.037, 0.099)
	0.098 (0.040, 0.103)
	0.889



	Ga
	0.039 (0.019, 12.324)
	0.033 (0.033, 0.424)
	0.059 (0.020, 12.470)
	0.988



	As
	1.126 (1.050, 1.275)
	1.261 (1.226, 1.371)
	1.072 (0.987, 1.390)
	0.001 *



	Se
	0.268 (0.230, 2.272)
	0.458 (0.448, 0.483)
	0.252 (0.173, 2.035)
	0.023



	Rb
	2.764 (2.610, 3.913)
	3.063 (2.906, 3.201)
	3.226 (3.049, 3.285)
	0.088



	Sr
	252.076 (209.236, 275.043)
	233.685 (189.703, 252.073)
	243.993 (204.835, 256.085)
	0.012



	Zr
	0.057 (0.031, 0.226)
	0.411 (0.032, 0.423)
	0.275 (0.031, 0.390)
	0.673



	Ag
	N.D.
	N.D.
	N.D.
	-



	Sn
	0.000 (0.000, 0.039)
	0.000 (0.000, 0.005)
	0.020 (0.000, 0.962)
	0.100



	Sb
	0.496 (0.431, 0.505)
	0.440 (0.276, 0.509)
	0.446 (0.361, 0.471)
	0.387



	Cs
	0.019 (0.010, 0.042)
	0.038 (0.013, 0.040)
	0.010 (0.003, 0.020)
	0.952



	Hg
	0.000 (0.000, 0.386)
	0.000 (0.000, 0.009)
	0.010 (0.000, 0.126)
	0.419



	Tl
	0.020 (0.000, 0.063)
	0.016 (0.000, 0.023)
	0.020 (0.000, 0.070)
	0.172



	Pb
	0.021 (0.000, 0.021)
	0.000 (0.000, 0.014)
	N.D.
	-



	Al
	68.220 (55.308, 297.686)
	93.276 (64.757, 136.339)
	33.236 (18.126, 74.218)
	0.001 *



	Cr
	0.196 (0.183, 1.944)
	0.283 (0.190, 0.392)
	0.233 (0.219, 1.750)
	0.500



	B
	38.952 (30.244, 49.673)
	41.371 (28.307, 43.284)
	35.032 (30.589, 41.950)
	0.098



	Ba
	54.248 (48.861, 63.481)
	55.242 (47.507, 56.356)
	53.850 (49.492, 56.171)
	0.048*



	Be
	0.000 (0.000, 0.042)
	0.000 (0.000, 0.103)
	0.020 (0.000, 0.020)
	-



	Cd
	0.020 (0.005, 0.670)
	0.487 (0.029, 0.767)
	0.390 (0.028, 0.414)
	0.976



	Cu
	1.004 (0.858, 1.456)
	1.791 (0.735, 2.136)
	0.529 (0.418, 1.072)
	0.001 *



	Fe
	3.377 (0.000, 15.818)
	8.495 (3.941, 24.020)
	2.951 (0.000, 8.879)
	0.613



	Mn
	0.141 (0.000, 2.572)
	0.297 (0.207, 2.800)
	0.416 (0.178, 1.502)
	0.667



	Mo
	1.075 (0.000, 1.356)
	2.631 (1.759, 5.764)
	3.686 (1.261, 3.686)
	0.001 *



	Ni
	0.519 (0.000, 0.542)
	0.422 (0.000, 0.464)
	0.569 (0.000, 0.958)
	0.965



	Zn
	3.112 (0.484, 4.416)
	2.587 (1.447, 41.759)
	1.208 (0.802, 1.541)
	0.002



	Mg
	10.068(9.348,10.927)
	8.135 (7.559, 10.706)
	10.578 (9.905, 10.864)
	0.001



	Ca
	39.245 (37.728, 44.966)
	39.489 (33.326, 43.285)
	39.736 (33.731, 62.171)
	0.041 *



	K
	3.559 (2.742, 4.610)
	3.154 (2.632, 3.344)
	3.197 (2.637, 4.718)
	0.153



	Na
	22.039 (14.240, 26.929)
	15.910 (12.907, 21.306)
	8.613 (5.122, 14.227)
	0.069







Notes: N.D. means that concentration does not meet detection limit.* denotes p less than 0.05.













 





Table 4. Concentrations of metals/metalloids in source water during different seasons.
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	Spring
	Summer
	Autumn
	Winter
	p





	Li
	9.765 (9.599, 10.289)
	6.675 (6.106, 6.981)
	8.744 (8.246, 9.858)
	12.566 (8.537, 13.034)
	0.001 *



	Ti
	28.875 (25.854, 29.392)
	0.645 (0.616, 0.721)
	20.623 (20.022, 29.570)
	0.855 (0.712, 0.946)
	0.001 *



	V
	1.641 (1.580, 1.701)
	2.142 (1.936, 2.373)
	1.782 (1.650, 3.153)
	1.618 (1.320, 1.674)
	0.001 *



	Co
	0.144 (0.058, 0.148)
	0.092 (0.091, 0.097)
	0.465 (0.036, 0.511)
	0.117 (0.100, 0.124)
	0.007 *



	Ga
	11.614 (11.412, 12.229)
	0.044 (0.039, 0.049)
	11.863 (11.584, 18.265)
	0.031 (0.029, 0.041)
	0.001 *



	As
	2.354 (2.146, 2.380)
	1.944 (1.938, 2.143)
	1.909 (1.319, 3.372)
	1.793 (1.819, 2.104)
	0.001 *



	Se
	0.478 (0.239, 0.507)
	0.571 (0.000, 0.679)
	0.155 (0.098, 0.169)
	1.830 (0.000, 1.870)
	0.457



	Rb
	4.128 (4.021, 4.398)
	2.858 (2.675, 3.064)
	2.456 (2.216, 3.341)
	2.765 (2.549, 3.131)
	0.001 *



	Sr
	194.733 (182.709, 214.326)
	214.754 (189.134, 216.955)
	252.895 (230.649, 289.514)
	266.769 (257.640, 280.696)
	0.002 *



	Zr
	0.250 (0.239, 0.299)
	0.029 (0.028, 0.030)
	0.412 (0.325, 0.585)
	0.000 (0.000, 0.445)
	0.001 *



	Ag
	N.D.
	N.D.
	N.D.
	N.D.
	-



	Sn
	0.033 (0.024, 0.040)
	N.D.
	0.001 (0.000, 0.010)
	N.D.
	-



	Sb
	0.540 (0.532, 0.549)
	0.439 (0.433, 0.454)
	0.429 (0.392, 0.571)
	0.400 (0.299, 0.432)
	0.001 *



	Cs
	0.020 (0.010, 0.042)
	0.029 (0.029, 0.031)
	0.013 (0.010, 0.146)
	0.010 (0.010, 0.014)
	0.001 *



	Hg
	0.006 (0.005, 0.010)
	0.000 (0.000, 0.000)
	0.010 (0.009, 0.010)
	0.166 (0.018, 0.224)
	0.001 *



	Tl
	0.029 (0.021, 0.033)
	0.019 (0.017, 0.020)
	0.001 (0.000, 0.001)
	0.070 (0.026, 0.073)
	0.001 *



	Pb
	0.020 (0.010, 0.889)
	0.000 (0.000, 0.019)
	0.316 (0.211, 4.491)
	N.D
	0.001 *



	Al
	53.779 (3.908, 65.298)
	73.559 (9.940, 133.129)
	26.171 (25.446, 293.232)
	13.909 (13.309, 37.748)
	0.002 *



	Cr
	0.301 (0.292, 0.316)
	0.584 (0.209, 0.689)
	0.602 (0.428, 0.758)
	1.985 (1.010, 2.132)
	0.001 *



	B
	53.195 (38.217, 56.245)
	28.115 (24.495, 29.301)
	42.623 (41.941, 42.609)
	35.524 (33.454, 38.532)
	0.009 *



	Ba
	56.245 (53.195, 58.359)
	50.937 (44.715, 53.577)
	54.399 (52.660, 77.855)
	58.726 (54.376, 60.530)
	0.001 *



	Be
	N.D
	0.100 (0.000, 0.105)
	0.000 (0.000, 0.103)
	0.032 (0.000, 0.040)
	-



	Cd
	0.039 (0.033, 0.041)
	0.726 (0.682, 0.729)
	0.021 (0.019, 0.207)
	0.418 (0.000, 0.507)
	0.001 *



	Cu
	2.361 (1.983, 3.035)
	0.915 (0.000, 4.945)
	1.380 (1.249, 7.414)
	1.537 (1.429, 1.812)
	0.05



	Fe
	4.868 (3.626, 150.744)
	1.096 (0.909, 35.456)
	14.088 (9.703, 674.299)
	0.908 (0.000, 2.000)
	0.001 *



	Mn
	0.770 (0.471, 20.906)
	0.574 (0.205, 0.784)
	1.316 (0.854, 109.177)
	0.104 (0.000, 1.901)
	0.001 *



	Mo
	2.064 (1.677, 2.173)
	0.513 (0.477, 1.234)
	2.101 (1.959, 2.234)
	1.590 (1.544, 3.008)
	0.001 *



	Ni
	0.675 (0.598, 0.701)
	0.406 (0.096, 1.545)
	0.694 (0.550, 1.177)
	0.000 (0.000, 1.551)
	0.001 *



	Zn
	1.724 (0.978, 16.697)
	4.717 (0.505, 13.496)
	32.093 (30.888, 50.966)
	0.206 (0.192, 3.021)
	0.001 *



	Mg
	12.115 (11.052, 12.140)
	7.715 (3.424, 9.634)
	10.724 (9.793, 10.433)
	9.704 (3.875, 9.829)
	0.160



	Ca
	37.098 (35.697, 39.608)
	45.555 (41.937, 46.796)
	38.348 (36.648, 38.345)
	59.610 (39.475, 64.345)
	0.001 *



	K
	3.956 (3.672, 4.078)
	2.591 (2.563, 2.745)
	3.397 (3.317, 3.583)
	4.368 (3.290, 4.571)
	0.001 *



	Na
	22.145 (21.142, 23.319)
	13.840 (12.794, 14.502)
	22.562 (21.760, 22.874)
	24.166 (18.228, 26.825)
	0.013 *







Notes: N.D. means that concentration does not meet detection limit.* denotes p less than 0.05.













 





Table 5. Concentrations of metals/metalloids in finished water from water plants during different seasons.
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	Spring
	Summer
	Autumn
	Winter
	p





	Li
	9.589 (9.559, 9.778)
	6.375 (6.134, 6.683)
	9.123 (8.236, 9.312)
	12.211 (8.604, 12.508)
	0.001 *



	Ti
	24.875 (24.656, 25.367)
	0.563 (0.563, 0.722)
	22.564 (21.952, 23.010)
	0.742 (0.652, 0.739)
	0.001 *



	V
	1.400 (1.375, 1.518)
	2.201 (2.124, 2.347)
	1.750 (1.713, 1.828)
	1.568 (1.330, 1.597)
	0.001 *



	Co
	0.041 (0.039, 0.058)
	0.090 (0.079, 0.099)
	0.020 (0.020, 0.021)
	0.110 (0.099, 0.122)
	0.001 *



	Ga
	12.127 (11.626, 12.323)
	0.039 (0.038, 0.042)
	12.144 (12.482, 12.971)
	0.020 (0.019, 0.024)
	0.001 *



	As
	1.284 (1.257, 1.334)
	1.231 (1.217, 1.231)
	1.303 (1.050, 1.372)
	1.301 (1.191, 1.341)
	0.460



	Se
	0.300 (0.296, 0.549)
	0.235 (0.173, 0.459)
	0.278 (0.269, 0.280)
	2.111 (0.000, 2.357)
	0.894



	Rb
	4.004 (3.777, 4.631)
	3.190 (3.150, 3.191)
	2.731 (2.609, 2.768)
	2.640 (2.594, 3.106)
	0.001 *



	Sr
	201.333 (179.683, 229.081)
	200.576 (189.701, 204.835)
	256.435 (254.889, 264.888)
	271.254 (253.581, 275.311)
	0.001 *



	Zr
	0.234 (0.227, 0.418)
	0.031 (0.031, 0.032)
	0.411 (0.449, 0.488)
	0.000 (0.000,0.058)
	0.001 *



	Ag
	N.D.
	N.D.
	N.D.
	N.D.
	-



	Sn
	0.006 (0.005, 0.019)
	0.000 (0.000, 0.000)
	0.000 (0.000, 0.006)
	0.040 (0.000, 0.040)
	0.021 *



	Sb
	0.501 (0.497, 0.537)
	0.444 (0.424, 0.472)
	0.515 (0.506, 0.962)
	0.361 (0.280, 0.431)
	0.001 *



	Cs
	0.017 (0.016, 0.019)
	0.037 (0.031, 0.039)
	0.011 (0.010, 0.012)
	0.014 (0.010, 0.019)
	0.001 *



	Hg
	0.003 (0.003, 0.010)
	N.D.
	0.000 (0.000, 0.010)
	0.129 (0.011, 0.386)
	0.001 *



	Tl
	0.000 (0.000, 0.020)
	0.020 (0.016, 0.020)
	N.D.
	0.023 (0.002, 0.062)
	0.001 *



	Pb
	0.000 (0.000, 0.010)
	0.020 (0.014, 0.021)
	N.D.
	N.D.
	-



	Al
	68.140 (64.757, 85.773)
	137.761 (18.126, 297.686)
	75.340 (68.220, 93.276)
	51.657 (33.235, 66.732)
	0.136



	Cr
	0.215 (0.197, 0.232)
	0.611 (0.608, 0.800)
	0.264 (0.196, 0.283)
	1.724 (0.986, 1.945)
	0.001 *



	B
	54.256 (49.524, 55.000)
	30.026 (28.307, 30.589)
	47.096 (45.242, 48.389)
	35.015 (33.189, 49.708)
	0.001 *



	Ba
	48.919 (47.845, 57.473)
	48.863 (47.822, 49.492)
	57.608 (56.256, 59.392)
	61.467 (55.242, 63.491)
	0.170



	Be
	N.D
	0.100 (0.096, 0.105)
	N.D.
	0.021 (0.000, 0.041)
	-



	Cd
	0.028 (0.021, 0.029)
	0.496 (0.339, 0.605)
	0.020 (0.020, 0.020)
	0.769 (0.419, 0.781)
	0.001 *



	Cu
	0.841 (0.742, 0.958)
	1.456 (1.072, 1.791)
	0.762 (0.734, 0.988)
	0.562 (0.523, 0.906)
	0.001 *



	Fe
	25.201 (24.020, 46.017)
	9.436 (8.495, 14.509)
	3.046 (2.915, 3.273)
	0.000 (0.000, 0.098)
	0.001 *



	Mn
	0.182 (0.177, 3.428)
	2.403 (1.459, 2.572)
	0.140 (0.139, 0.194)
	0.202 (0.000, 0.382)
	0.001 *



	Mo
	2.071 (1.716, 2.107)
	1.255 (1.151, 2.478)
	1.905 (1.876, 1.906)
	3.490 (1.410, 5.704)
	0.012 *



	Ni
	0.483 (0.443, 0.526)
	N.D.
	0.535 (0.520, 0.565)
	0.958 (0.392, 1.192)
	0.001 *



	Zn
	4.318 (0.802, 4.416)
	2.587 (1.207, 3.441)
	2.600 (2.346, 2.906)
	0.514 (0.000, 1.404)
	0.001 *



	Mg
	10.230 (7.464, 10.459)
	9.076 (3.909, 9.257)
	10.704 (10.182, 10.807)
	9.072 (6.589, 9.583)
	0.317



	Ca
	33.826 (32.615, 37.283)
	43.521 (42.815, 44.728)
	39.708 (39.247, 40.374)
	61.467 (40.036, 90.536)
	0.001 *



	K
	3.173 (3.161, 3.501)
	2.587 (2.534, 2.704)
	3.476 (3.344, 3.560)
	4.598 (3.415, 4.718)
	0.001 *



	Na
	22.240 (18.226, 22.894)
	14.055 (12.138, 14.235)
	21.708 (21.595, 22.039
	25.692 (18.320, 26.923)
	0.001 *







Notes: N.D. means that concentration does not meet detection limit.* denotes p less than 0.05.













 





Table 6. Hazard assessment of risk to different populations from three carcinogenic metals.
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	Adult Males
	Adult Females
	Children





	As
	4.36 × 10−5
	3.82 × 10−5
	9.25 × 10−5



	Cr6+
	8.33 × 10−6
	7.29 × 10−6
	1.77 × 10−5



	Cd
	4.36 × 10−5
	3.82 × 10−5
	9.26 × 10−5



	Total
	9.56 × 10−5
	8.37 × 10−5
	2.03 × 10−4










 





Table 7. Hazard assessment of health risk (HI) to different populations from non-carcinogenic metals.
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	Adult Males
	Adult Females
	Children
	
	Adult Males
	Adult Females
	Children





	Li
	1.11 × 10−2
	9.69 × 10−3
	2.35 × 10−2
	B
	1.08 × 10−2
	9.47 × 10−3
	2.29 × 10−2



	V
	4.34 × 10−2
	3.80 × 10−2
	9.21 × 10−2
	Ba
	1.90 × 10−2
	1.66 × 10−2
	4.02 × 10−2



	As
	9.69 × 10−2
	8.48 × 10−2
	2.06 × 10−1
	Be
	2.65 × 10−4
	2.32 × 10−4
	5.62 × 10−4



	Se
	3.03 × 10−3
	2.65 × 10−3
	6.42 × 10−3
	Cd
	1.43 × 10−2
	1.25 × 10−2
	3.04 × 10−2



	Sr
	9.38 × 10−3
	8.21 × 10−3
	1.99 × 10−2
	Cu
	6.41 × 10−4
	5.61 × 10−4
	1.36 × 10−3



	Sb
	2.82 × 10−2
	2.47 × 10−2
	5.97 × 10−2
	Fe
	8.09 × 10−4
	7.08 × 10−4
	1.72 × 10−3



	Hg
	3.87 × 10−3
	3.38 × 10−3
	8.20 × 10−3
	Mn
	1.21 × 10−3
	1.06 × 10−3
	2.57 × 10−3



	Tl
	5.15 × 10−2
	4.51 × 10−2
	1.09 × 10−1
	Mo
	1.13 × 10−2
	9.86 × 10−3
	2.39 × 10−2



	Pb
	7.41 × 10−5
	6.49 × 10−5
	1.57 × 10−4
	Ni
	5.54 × 10−4
	4.85 × 10−4
	1.17 × 10−3



	Al
	2.10 × 10−3
	1.84 × 10−3
	4.45 × 10−3
	Zn
	4.43 × 10−4
	3.87 × 10−4
	9.39 × 10−4



	Cr
	5.55 × 10−3
	4.86 × 10−3
	1.18 × 10−2
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