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Abstract

:

The Yangtze River Basin, one of China’s five major watersheds and a primary source of drinking water for the country, is experiencing serious environmental pollution as heavy metals are discharged into its rivers. To evaluate the water quality of the river, determined water quality parameters were compared with the maximum permissible limit values recommended by the World Health Organization and Chinese drinking water standards. Physical and chemical analyses were conducted on water samples taken from 19 locations along the river’s path. The study quantified the contents of sodium (Na), magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba), lithium (Li), cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), scandium (Sc) and mercury (Hg). The results show that the average values of Mg, Sr, Co, Cu, Fe, Mn and Sc are higher than the historical background values. Moreover, through a correlation analysis it was concluded that these nutrients and trace metals have high values due to anthropogenic pollution in the study area. The computed WQI values range between 9.59 and 20.26, indicating excellent water quality in the river basin. Finally, hazard quotient (HQ) values show that exposure to the detected pollutants will have no adverse effects on human health and does not pose a potential non-carcinogenic risk.
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1. Introduction


Heavy metals in the environment pose a serious threat to wildlife and human health because they are bioavailable and can be absorbed and enriched through the food web [1]. The circulation of heavy metals in the environment has been extensively studied, primarily in the atmosphere [2]. Heavy metals in the environment can come from fly ash generated by the combustion of solid fuels [3], dried granular sludge, and digested materials from agricultural biogas plants [4]. However, rivers can serve as a primary pathway for transporting these heavy metals or other pollutants to the ocean [5]. According to previous studies, rivers export 54–61 micrograms of arsenic and 0.3–5.5 micrograms of arsenic to global oceans annually [5,6]. Changes in river hydrology on a regional scale due to man-made or natural environmental changes can affect metal transport and related biogeochemical processes in land and marine environments. This impact has been shown to be significant on both regional and global scales and has global significance [7].



The quality of water resources is crucial to the stability of the ecological environment and to the healthy development of cities, especially in China. It is estimated that more than 200 million people in China still use polluted water sources [8]. The main reason for this is the low utilization rate of water resources per capita, resulting in a shortage of water resources. In such cases, residents are forced to use unsafe water sources [9]. In fact, it has been reported that there are over 700 chemical pollutants in water [10]. Among these pollutants, trace metals are one of the most dangerous due to their high toxicity and carcinogenicity [11].



As a result of a large number of investigations, researchers have concluded that the water quality in North China is significantly worse than that in South China, especially with regard to the water quality of water sources and the content of trace metals. The Liaohe River and the Huaihe River, especially the Haihe River, are seriously polluted [12]. Among trace metals, arsenic (As) is the main pollutant [13]. Approximately 1.85 million people drink water with an As content exceeding 50 μg/L. Various human activities such as mining, aquaculture and dam building can discharge trace metals into rivers, lakes and reservoirs, thus polluting the water body and affecting the water quality of nearby and downstream areas [14]. As a result of its high toxicity, a simple comparison between the concentration of trace metals in water and the guiding value is not sensitive enough to evaluate their negative impact on humans. Even if the concentration in water reaches the national standard, trace metals still pose significant health risks [13]. Health risk assessments typically employ methods recommended by the U.S. Environmental Protection Agency. In fact, there is uncertainty in the process of health risk assessments. Monte Carlo simulations can accurately evaluate health risks [15].



The Yangtze River Basin, one of China’s five major watersheds and a primary source of drinking water for the country, is experiencing serious environmental pollution as heavy metals are discharged into its rivers. Despite a large number of investigations into water quality (such as As, CD, Cu, Zn, Pb, Zn, etc.), previous studies have been limited to conventional monitoring in a single tributary, river reach or watershed [14]. There has been a comprehensive survey of volatile organic compound pollution in major river basins [16], but there is a lack of analysis of trace metal pollution.



In view of the above reasons, it is important to investigate the distribution of heavy metals, the degree of pollution and the potential ecological risk in this area. The main objectives of this study were (1) to monitor the hydrogeological characteristics of 19 sample points in the upper reaches of the Yangtze River, (2) to evaluate the physicochemical characteristics of water sources in the basin, (3) to use the WQI to evaluate river water quality and discuss the impact of each water quality parameter on the WQI value and finally (4) to calculate the HQ to evaluate the impact of pollutant exposure on human health. The research results will help reveal the presence of trace metals in China’s primary drinking water sources and aid in maintaining public health in the Yangtze River Basin.




2. Materials and Methods


2.1. Study Area


The Yangtze River, the third longest river in the world (6400 km), originates in the Qinghai Tibet Plateau and flows through densely populated eastern China. In the past few decades, the Yangtze River Basin has become one of the most developed industrial zones in the world. However, human activities (such as agriculture, animal husbandry and mining) have aggravated heavy metal pollution and serious soil erosion in the basin [17] (Figure 1).




2.2. Sample Collection


In order to understand the content and distribution of heavy metals in the Yangtze River, samples were collected from different locations of the main stream and major tributaries along the river (Figure 1) using techniques described in previous studies [18]. Samples were taken at nine points (JA (Jiangan), HJ (Hejiang), BN (Banan), MD (Mudong), FD (Fengdu), YY (Yunyang), WS (Wushan), TPX (Taipingxi) and YC (Yichang)) in the main stream of the Yangtze River and ten points (XZ (Jinshajiang), XJ (Minjiang), HS (Tuojiang), CS (Chishuihe), BN (Jiantanhe), HC (Jialingjiang), WL (Wujiang), GY (Xiaojiang), DC (Daninghe) and XK (Xiangxihe)) in the tributaries. The samples were collected in April 2021. Before sampling, all bottles in the laboratory were soaked in 10% nitric acid (volume/volume) solution for at least 24 h and then rinsed with milli-Q water (18.2 MΩ cm). Other cleaning steps followed the methods established by the U.S. Environmental Protection Agency.



According to the literature published on other rivers [18], river water was collected from about 1 m below the water surface using pre-cleaned amber glass bottles and peristaltic pumps [18,19]. Sampling was avoided on days with precipitation [19]. The sample sites were selected in the mainstream and nearby tributaries which have no known impact from nearby point sources, such as wastewater discharge [20]. The impact of tides on estuarine sampling points was limited. At each site, three or four water samples were collected (1000 mL bottles), depending on the particle concentration in the water column. The water temperature (T, °C) and pH were determined in situ using portable electronic instruments.



In order to understand the content and distribution of heavy metals in the Yangtze River, all water samples were filtered from 300 to 1000 mL of river bulk water through cellulose nitrate membrane (Whatman, product code: 10401170) with pore size of 0.45 µm. The filtered water samples were preserved by adding 4 mL/L 11.6 M trace-metal-grade hydrochloric acid (HCl, equivalent to 0.4% of the sample volume) and stored in cool and dark conditions. The samples were transported to our laboratory in Wuhan within 24 h. The filtered water and particle samples were stored at 4 °C or frozen until analysis.




2.3. Analytical Methods


Water samples were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) (iris intrepid II XSP duo of the United States), and the analysis accuracy was better than 10%. The specific analysis method draws on previous articles [21,22]. Method validation and quality control samples were performed using standard reference materials (SRM, SPEX, certifiprep, Inc., Metuchen, NJ, USA). The elements analyzed included sodium (Na), magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba), lithium (Li), cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), scandium (Sc) and mercury (Hg). Spectral pure oxide or metal elements w > 99.97% were used to prepare a mass concentration of 500 μg/mL and 1000 μg/mL of standard stock solution. According to the properties of each standard material and the content of the elements to be measured, the standard stock solution was gradually diluted. The mass concentration of each element is shown in Table 1. The standard solution medium was 2% nitric acid (STD1).



To determine the element detection limit, a sample blank solution was continuously measured 11 times and the standard deviation was calculated. Three times the standard deviation value is used as the detection limit. Eight samples were weighed in parallel, the solution was prepared and the content of the elements was measured in the sample solution and the spiked sample solution six times. The average value was taken and the recovery rate after spiking was calculated. The wavelength, detection limit, % recovery and %RSD are shown in Table 2.




2.4. Water Quality Index


The water quality index (WQI) is a ratio that reflects the comprehensive impact of different water quality variables and is considered to be a powerful tool that can comprehensively reflect the water quality of rivers [13].



The calculation is as follows:


   WQI    =  ∑   [  Wi ×  (  Ci / Si  )   ]  × 100  



(1)




where Wi = wi/∑wi, in which wi is the weight attributed to the target element according to the relative perceived effect of the target element on human health and the importance of ingestion [23]. In this study, Σwi is 29 (Table S1), Ci represents the concentration of each trace element in each water sample and Si represents the Chinese drinking water guidelines for each trace element. Then, the calculated WQI value is divided into five categories: excellent water (WQI < 50), good water (WQI = 50–100), poor water (WQI = 100–200), extremely poor water (WQI = 200–300) and unsuitable water (WQI > 300).




2.5. Health Risk Assessment


At present, different studies use different health risk assessment methods and mathematical models, but they share the same principles [24]. In this study, the health risk assessment method recommended by the US Environmental Protection Agency was used. Direct human ingestion and skin contact (shower/bath and swimming) are generally considered the main routes of exposure [13]. Therefore, the average daily dose (ADD) for direct ingestion (ADDingestion) and skin absorption (ADDdermal) were calculated using the revised formula recommended by the US Environmental Protection Agency:


    ADD ingestion   =  (   C w  × IR × EF × ED  )  /  (  BW × AT  )   



(2)






    ADD dermal     =  (   C w  × SA ×  K p  × ET × EF × ED × 10 − 3  )  /  (  BW × AT  )   



(3)




where ADDingestion and ADDdermal represent the average daily dose (μg/kg/day) through ingestion and skin absorption, respctively; BW is the average weight (kg); AT is the average exposure time (days); Cw is the average concentration of heavy metals in the water (μg/L); IR is the intake rate (L/day); EF is the exposure frequency (days/year); ED is the exposure duration (years); SA is the exposed skin area (cm2); ET is the exposure time (h/day); and Kp is the permeability coefficient of the skin in water (cm/h). All exposure parameters were taken from Wang et al. [25] and the U.S. Environmental Protection Agency. The parameter values are listed in Table S2.



In this study, the hazard quotient (HQ) was used to evaluate the possible non carcinogenic risk associated with trace metal intake (i.e., oral intake). The hazard index (HI), which represents potential non carcinogenic risk caused by all heavy metals, was calculated as follows:


   HQ    = ADD / RfD  



(4)






    RfD dermal     =    RfD  ×   ABS g      



(5)






   HI    =  ∑   (    HQ ing     +     HQ derm    )   



(6)




where RfD is the oral toxicity reference dose of a specific metal. The RfDingestion and RfDdermal values are listed in Table S2. When HQ or HI > 1, it may have adverse effects on health; however, HQ or HI < 1 indicates no adverse effects on human health.




2.6. Statistical Analysis


SPSS 22 (IBM Corp., Armonk, NY, USA) and Origin 2017 (Originlab Corp., Northampton, MA, USA) were used for basic statistical analyses, such as normality and equal variance tests of data. The results were considered significant at p < 0.01 ** and < 0.05 *.





3. Results and Discussion


Generally speaking, the regional geology of the river and the surrounding human activities can affect its hydrology and water quality [26]. In turn, hydrochemical indicators such as hydrology and water quality can reflect the changes in the basin and serve as good indicators for whether the land surrounding the river can be used. Therefore, different water types and water quality are defined in long runoff rivers. Some studies have pointed out that diffuse pollution is the main factor leading to the deterioration of river water quality [27]. In this study, to determine the water quality of the Yangtze River, samples were collected from 19 different locations along the main stream and major tributaries. The results of physical and chemical analyses of river water are shown in Table 3, with a basic statistical summary attached.



3.1. Physical and Chemical Properties and Distribution of Water Samples


The pH value of water indicates its acidity or alkalinity, which is an important parameter for drinking and irrigation water. It has a profound impact on water quality, affecting the solubility of metals and the alkalinity and hardness of water [30]. The pH value of the upper Yangtze River ranges from 7.83 to 9.24, which shows that water samples are alkaline. Generally, high pH values are determined in places which come into contact with carbonate rock. In addition, the samples collected in the dry period have higher pH values than those collected during wet periods [23]. We sampled in April, which is part of the dry season for the Yangtze River, so the pH values were high. During our sampling period, the water temperature changed in the range of 14.70–21.00 °C. The lowest temperature value was measured at WL (Wujiang) and the highest temperature value was measured at WS (Tuojiang). The conductivity (EC) of water is directly related to the concentration of its dissolved solids. In addition, pollutants can lead to high EC values in surface water. The EC value ranged from 349.40 to 671.00 μS/cm with the maximum value also found in WS (Tuojiang). A high EC value indicates a high concentration of ions and/or dissolved solids in groundwater. This also indicates local changes in aquifer systems and soil type [31]. Generally speaking, the pH value, temperature and EC value of water samples vary widely. The main reason may be the large altitude difference, because our sampling range is relatively wide and basically covers the whole upper reaches of the Yangtze River.



Dissolved oxygen (DO) determines the biological changes among aerobic or anaerobic organisms; thus, measuring the DO is very important for maintaining the aerobic treatment processes aimed at purifying domestic and industrial wastewater. The optimal value for good water quality is between 4 and 6 mg/L, which ensures healthy aquatic organisms within a body of water [23]. The dissolved oxygen (DO) values of our water samples measured on site ranged from 5.07 to 13.67 mg/L. The highest dissolved oxygen value was measured in GY (Xiaojiang). The turbidity ranged from 0.34 to 4.12 NTU, with an average of 1.64 NTU; 100% of the water samples did not exceed the recommended value of 5 NTU.



Hardness refers to the total concentration of calcium and magnesium dissolved in water. Water can be classified as soft, hard, medium hard or very hard based on its hardness. The total hardness (TH) of the Yangtze River samples analyzed ranged from 149.89 mg/L to 249.55 mg/L. The average value was 181.65 mg/L (Table S3). The classification of groundwater quality in the study area according to hardness content (Table 4) showed that 94.74% samples were hard. Ca2+ and Mg2+ are the main cations in river water. The dissolution of carbonate minerals (such as calcite, dolomite and aragonite) and carbonate cements in the formation can produce Ca. The main sources of magnesium in natural water are ferromagnetic minerals (olivine, diopside, biotite and amphibole) in igneous and metamorphic rocks and magnesium carbonate (dolomite) in sedimentary rocks [32]. The main source of magnesium in groundwater is magnesium-containing minerals in the study area, such as dolomite and magnesium sulfate minerals. Domestic hard water is undesirable because it causes metal corrosion due to scale deposition in pipes, boilers and storage tanks. It may also reduce people’s perception of water quality and may pose a threat to human health, leading to diseases such as urolithiasis, anencephalia, prenatal mortality, some types of cancer and cardiovascular disease [33].




3.2. Major Trace Metals in the Yangtze River


Trace metals, derived from natural processes and related to human activities, may exist in natural surface and groundwater, such as Hg, Ba, cobalt, Sr, Cu, Fe and Mn, and are one of the important factors affecting water quality [34]. Sr, Ba, Li, Co, Cu, Fe, Mn, Sc and Hg analyses were carried out, the average value of which in water samples were determined as follows: Sr > Fe > Ba > Mn > Sc > Cu > Li > Co > Hg.



The spatial variance of the studied variables along the Yangtze River is shown in Figure 2, Figure 3, Figure 4 and Figure 5 in the form of error bar plots. As can be seen from Figure 2, the curves for Cu and Co were very similar, the high concentrations of which were all in urban areas (YY and YC), where anthropogenic activities rather than natural events are the predominant factors. The highest concentration of Fe and Mn were both measured in BN (Figure 3), also belonging to Chongqing urban area. Co is important as a indicator of aluminosilicate content in the environment and concomitant background crustal levels of metals [29]. We found that the mean concentration of Co was higher than the background values in Yangtze River [35]. In general, 100% of our samples exceeded the background values for Co, indicating the accumulation of this metal in the river. Some experts have associated increased Co concentrations in rivers with sewage effluents [36]. Concentration accumulation has also been observed in some other rivers in previous studies [28]. For example, the Co concentration in Poyang Lake has increased slightly, indicating that it has been affected by human activities. This is consistent with previous studies showing how human activities [37], such as hydraulic engineering, shipping, mining and agriculture, can affect metal concentrations [38].



Figure 4 shows that rare earth elements such as Li, Sr, Sc and Ba are stable within a hyper gene environment and may represent the whole composition of source rocks [39]. During the sampling period, the concentration of Hg ranged from 0.26 to 5.55 ng/L (Figure 5 and Table 3), which falls within the allowable limits set by both the WHO [40] and China [41].




3.3. Correlation Analysis


In this study, the results of the Pearson correlation matrix greater than 0.50 are shown in Table 5. A Pearson linear correlation matrix was generated using 17 parameters (T, DO, pH, turbidity, SAL, Na, Mg, Li, Sr, Ba, Co, Cu, Fe, Mn, Sc, Ca and Hg); the most effective water quality parameters to define any co-variation (Table 5). The obtained results indicate very strong positive correlations among pH, Na and T; turbidity, Li and Hg; SAL, Li, Sr and Sc; Na, Mg, Sc and Ca; Mg, Sr, Sc and Ca; Li, Sr and Co; Sr, Sc and Ca; Co and Cu; and Fe and Mn. Fe has very strong negative correlations with turbidity, SAL, Mg, Li, Sr and Ca. Different metals and their specific carriers form “carrier particles”, resulting in similar distribution orbits in both “laboratory” and nature [42]. Based on the above principles, the correlation coefficient between the concentration pairs of water quality parameters can show the significant correlation between nutrients and trace metals. By monitoring the trace metals and other elements in the study area, we can explore the source and activity track of trace metals in pollutants [23].




3.4. Water Quality and Health Risk Assessment


In this study, the WQI was used to evaluate the safety of water sources in the basin. The weight of parameters Mn and Hg was 5. The second highest weight of 4 was assigned to parameters of pH and Fe. The weight of Na, Mg, Ba, Ca and Cu was 2, and the minimum weight of Co was 1. Table S1 summarizes the weight (WI) of each parameter. This study refers to other research for weight definitions [23]. Mn and Hg have a significant impact on water quality, especially with regard to drinking water, while Co is considered the least important regarding water quality [43]. Trace metals from either natural or human activities may affect human health when the content reaches the level of toxic pollutants through continuous accumulation [43]. Ba, Co, Cu, Fe, Mn, pH, Hg, Na, Mg and Ca were taken into account for calculating the WQI value for each sampling location (Table S4). The analysis results from all 19 sampling points were used for quality evaluation. Furthermore, the World Health Organization [28] limits were utilized for calculations. The final WQI values of each sampling location are shown in Figure 6. The computed WQI values are between 9.59 and 20.26 of the trunk stream and between 10.05 and 25.82 for the tributary. In addition, the water quality of Yangtze River falls into the “excellent” range mainly due to the reduction in the input of municipal and industrial wastes and/or agricultural activity discharge on the banks of the river.



According to the health risk assessment model recommended by the US Environmental Protection Agency, the non-carcinogenic risks of trace metals to human health in Yangtze river were calculated. Table 6 summarizes the results for HQingestion, HQdermal and HI. We found that the HI values for adults and children fall within the safety limit (<1) (Table 6), indicating that there are no obvious health risks from water from the Yangtze River. The estimated range of HI is 0.0930 to 0.3739 for adults and 0.1502 to 0.6191 for children. These values show that the detected pollutant exposure has no adverse effects on human health and no potential non-carcinogenic risk. However, water quality issues within the middle and lower reaches of the Yangtze River appear more serious [44,45]. Therefore, we should also pay attention to the impact of human production activities such as agriculture and animal husbandry on the ecological environment of the Yangtze River.





4. Conclusions


In this study, physical and chemical analyses of water samples taken from 19 locations along the path of the Yangtze River were performed. Firstly, the results show that the average values of Mg, Sr, Co, Cu, Fe, Mn and Sc were higher than the historical background values; moreover, through correlation analyses, it is concluded that these nutrients and trace metals have high values as a result of anthropogenic pollution in the study area. Secondly, the water quality was evaluated using the water quality index (WQI). The computed WQI values were between 9.59 and 20.26; the water quality is excellent in the river basin. Finally, hazard quotient (HQ) values show that the detected pollutant exposure has no adverse effects on human health and poses no potential non-carcinogenic risk.
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Figure 1. Sampling locations in the upper part of the Yangtze River. 
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Figure 2. Spatial variance of Cu and Co (μg/L) concentrations in the sampling stations of the Yangtze River. The horizontal and solid lines in the figure represent the background values in historical documents. The x-axis is the sampling point. The left side of the vertical dotted line is the main stream and the right side is the tributaries of the Yangtze River. The y-axis is the element concentration. 






Figure 2. Spatial variance of Cu and Co (μg/L) concentrations in the sampling stations of the Yangtze River. The horizontal and solid lines in the figure represent the background values in historical documents. The x-axis is the sampling point. The left side of the vertical dotted line is the main stream and the right side is the tributaries of the Yangtze River. The y-axis is the element concentration.
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Figure 3. Spatial variance of Fe and Mn (μg/L) concentrations in the sampling stations of the Yangtze River. The horizontal and solid lines in the figure represent the background values in historical documents. The x-axis is the sampling point. The left side of the vertical dotted line is the main stream and the right side is the tributaries of the Yangtze River. The y-axis is the element concentration. 






Figure 3. Spatial variance of Fe and Mn (μg/L) concentrations in the sampling stations of the Yangtze River. The horizontal and solid lines in the figure represent the background values in historical documents. The x-axis is the sampling point. The left side of the vertical dotted line is the main stream and the right side is the tributaries of the Yangtze River. The y-axis is the element concentration.
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Figure 4. Spatial variance of Li, Sr, Ba and Sc (μg/L) concentrations in the sampling stations of the Yangtze River. The horizontal and solid lines in the figure represent the background values in historical documents. The x-axis is the sampling point. The left side of the vertical dotted line is the main stream and the right side is the tributaries of the Yangtze River; The y-axis is the element concentration. 






Figure 4. Spatial variance of Li, Sr, Ba and Sc (μg/L) concentrations in the sampling stations of the Yangtze River. The horizontal and solid lines in the figure represent the background values in historical documents. The x-axis is the sampling point. The left side of the vertical dotted line is the main stream and the right side is the tributaries of the Yangtze River; The y-axis is the element concentration.
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Figure 5. Spatial variance of Hg (ng/L) concentrations in the sampling stations of the Yangtze River. The horizontal and solid lines in the figure represent the background values in historical documents. The x-axis is the sampling point. The left side of the vertical dotted line is the main stream and the right side is the tributaries of the Yangtze River. The y-axis is the element concentration. 
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Figure 6. The final WQI value of each sampling location of the Yangtze River. The x-axis is the WQI value and the y-axis is the sampling point. 
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Table 1. Mass concentrations of multi-element mixed standard solution.
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	Sample Number
	Na (mg/L)
	Mg, Ca (mg/L)
	Li (μg/L)
	Sr (mg/L)
	Ba, Co, Cu, Fe, Mn (μg/L)
	Sc (μg/L)
	Hg (ng/L)





	STD1
	0
	0
	0
	0
	0
	0
	0



	STD2
	0.1
	1
	1
	0.1
	5
	0.1
	0.1



	STD3
	0.5
	5
	5
	0.5
	10
	0.2
	0.5



	STD4
	1
	10
	10
	1
	20
	0.5
	1



	STD5
	2
	20
	20
	2
	50
	1
	2



	STD6
	5
	50
	50
	5
	100
	2
	5
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Table 2. Selected elements and corresponding wavelengths (nm), detection limits, % recovery and %RSD.






Table 2. Selected elements and corresponding wavelengths (nm), detection limits, % recovery and %RSD.





	Elements
	Wavelength
	Detection Limit (mg/L)
	% Recovery
	%RSD





	Na
	589.6
	0.22
	99.3
	4.32



	Mg
	285.2
	0.96
	88.6
	3.27



	Ca
	184
	0.26
	88.6
	3.56



	Sr
	407.8
	0.007
	91.2
	2.63



	Ba
	493.4
	0.01
	86.5
	2.64



	Li
	670.8
	0.028
	113.8
	4.11



	Co
	240.7
	0.0001
	84.3
	3.89



	Cu
	324.8
	0.006
	96.2
	1.56



	Fe
	259.9
	0.14
	90.3
	3.62



	Mn
	257.6
	0.003
	85.4
	2.58



	Sc
	357.2
	0.0006
	108.2
	1.32



	Hg
	184.9
	0.0012
	96.5
	2.73
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Table 3. Statistical of the physical and chemical parameters of the river water.
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Parameters

	
Minimum

	
Maximm

	
Mean

	
Standard Deviation

	
Drinking Water Guidenes

	
Historical Value of the Yangtze River




	
China a

	
WHO b






	
EC (µS/cm)

	
349.40

	
671.00

	
427.08

	
70.65

	

	

	




	
PH

	
7.83

	
9.24

	
8.22

	
0.31

	
6.5–8.5

	

	




	
Temperatmre (°C)

	
14.70

	
21.00

	
17.69

	
1.53

	

	

	




	
DO (mg/L)

	
5.07

	
13.67

	
7.78

	
1.72

	

	

	




	
SAL (ppt)

	
0.17

	
0.33

	
0.21

	
0.04

	

	

	




	
ORP

	
143.80

	
294.60

	
188.63

	
33.19

	

	

	




	
Turbidity (NTU)

	
0.34

	
4.12

	
1.64

	
1.06

	

	

	




	
Na (mg/L)

	
2.56

	
7.63

	
4.50

	
1.22

	

	
200

	
7.6 [28]




	
Mg (mg/L)

	
8.78

	
17.68

	
12.52

	
2.68

	

	
30

	
8.5 [28]




	
Ca (mg/L)

	
41.13

	
71.17

	
52.13

	
7.92

	
75

	
300

	
27.9 [28]




	
Ba (µg/L)

	
26.89

	
64.48

	
40.86

	
9.95

	
700

	

	
92.57 [15]




	
Co (µg/L)

	
0.69

	
3.40

	
1.41

	
0.69

	
50

	

	
0.24 [29]




	
Cu (µg/L)

	
2.08

	
4.81

	
3.20

	
0.79

	
1000

	
2000

	
0.63 [29]




	
Fe (µg/L)

	
38.51

	
122.33

	
53.82

	
18.37

	
300

	
300

	
10 [29]




	
Mn (µg/L)

	
0.31

	
89.52

	
14.86

	
24.20

	
100

	
400

	
2.53 [29]




	
Hg (ng/L)

	
0.30

	
5.55

	
0.92

	
1.17

	
50

	
6

	
2 [29]




	
Sc (µg/L)

	
2.55

	
6.65

	
4.62

	
1.21

	

	

	
2.23 [29]




	
Li (µg/L)

	
1.42

	
1.92

	
1.62

	
0.16

	

	

	
14.1 [15]




	
Sr (µg/L)

	
489.81

	
910.04

	
687.67

	
123.90

	

	

	
290 [15]








Notes: a Chinese State Standards (GB 5749-2006). b WHO 2006.
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Table 4. Groundwater classification on the basis of total hardness (TH).
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S. No.

	
Class of Groundwater

	
Range of TH (mg/L)

	
Samples

	




	

	

	

	
No.

	
%






	
1

	
Soft

	
<75

	
Nil

	
Nil




	
2

	
Moderately hard

	
75–150

	
1

	
5.26%




	
3

	
Hard

	
150–300

	
18

	
94.74%




	
4

	
Very hard

	
>300

	
Nil

	
Nil
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Table 5. Pearson correlation coefficient matrix of analyzed variables for 19 samples.
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	T
	DO
	pH
	Turbidity
	SAL
	Na
	Mg
	Li
	Sr
	Ba
	Co
	Cu
	Fe
	Mn
	Sc
	Ca
	Hg





	T
	1.0000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	DO
	0.1262
	1.0000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	pH
	0.4455 *
	0.8279
	1.0000
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Turbidity
	−0.0324
	0.2815
	0.2577
	1.0000
	
	
	
	
	
	
	
	
	
	
	
	
	



	SAL
	0.1474
	−0.2042
	0.1106
	0.2227
	1.0000
	
	
	
	
	
	
	
	
	
	
	
	



	Na
	0.4390 *
	−0.0156
	0.2542
	0.3083
	0.7855 **
	1.0000
	
	
	
	
	
	
	
	
	
	
	



	Mg
	0.0053
	−0.2491
	−0.0013
	0.2661
	0.8688
	0.7019 **
	1.0000
	
	
	
	
	
	
	
	
	
	



	Li
	−0.0854
	0.0437
	0.1381
	0.4623 *
	0.5374 **
	0.4086
	0.4216
	1.0000
	
	
	
	
	
	
	
	
	



	Sr
	−0.0151
	0.1997
	0.3084
	0.4066
	0.6972 **
	0.3802
	0.5813 **
	0.5637 **
	1.0000
	
	
	
	
	
	
	
	



	Ba
	0.3153
	0.3315
	0.4194
	−0.3680
	0.0601
	0.0573
	0.0375
	0.0210
	0.0880
	1.0000
	
	
	
	
	
	
	



	Co
	−0.0315
	0.1344
	0.1044
	0.2654
	0.1276
	−0.0606
	−0.0501
	0.4793 *
	0.2697
	0.1284
	1.0000
	
	
	
	
	
	



	Cu
	−0.1490
	0.1912
	0.1540
	0.1457
	0.1137
	−0.1164
	0.0445
	0.3925
	0.2455
	0.3123
	0.7306 **
	1.0000
	
	
	
	
	



	Fe
	0.0472
	−0.0152
	−0.0659
	−0.5320 **
	−0.4703 *
	−0.4133
	−0.4648 *
	−0.4274 *
	−0.6447 **
	0.2882
	−0.1617
	−0.0028
	1.0000
	
	
	
	



	Mn
	0.1667
	0.0260
	0.1970
	−0.4270
	−0.2207
	−0.1594
	−0.5009
	−0.3253
	−0.4100
	0.2223
	−0.2448
	−0.1565
	0.5883 **
	1.0000
	
	
	



	Sc
	0.1691
	−0.1755
	0.0720
	0.0691
	0.7744 **
	0.5909 **
	0.7154 **
	−0.0408
	0.5792 **
	−0.0327
	−0.1203
	−0.1226
	−0.3896
	−0.1636
	1.0000
	
	



	Ca
	0.0362
	−0.2668
	−0.0119
	0.0825
	0.9066
	0.5446 **
	0.7765 **
	0.3433
	0.7602 **
	0.0813
	0.1345
	0.1022
	−0.4680 *
	−0.2004
	0.8655
	1.0000
	



	Hg
	0.2867
	0.2321
	0.2510
	0.7011 **
	0.0475
	0.0707
	−0.0564
	0.2089
	0.3119
	−0.1359
	0.3397
	0.1807
	−0.2488
	−0.2213
	0.0002
	0.0089
	1.0000







Notes: ** p < 0.01; * p <0.05.
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Table 6. Hazard quotient (HQ) and hazard index (HI) of each investigated element in the water samples.
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Location

	
The Main Stream of the Yangtze River

	
Tributaries of the Yangtze River




	
JA

	
HJ

	
BN

	
MD

	
FD

	
YY

	
WS

	
TPX

	
YC

	
XZ

	
XJ

	
HS

	
CS

	
BN

	
HC

	
WL

	
GY

	
DC

	
XK






	
Child

	

	

	

	

	

	

	

	

	

	




	
Ba(HQing)

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.04

	
0.02

	
0.02

	
0.03

	
0.02

	
0.03

	
0.02

	
0.03




	
Co(HQing)

	
0.13

	
0.14

	
0.15

	
0.20

	
0.23

	
0.33

	
0.09

	
0.17

	
0.35

	
0.12

	
0.13

	
0.14

	
0.14

	
0.15

	
0.13

	
0.21

	
0.26

	
0.46

	
0.13




	
Cu(HQing)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Fe(HQing)

	
0.01

	
0.01

	
0.02

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
Mn(HQing)

	
0.02

	
0.00

	
0.07

	
0.04

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.03

	
0.01

	
0.07

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00




	
Hg(HQing)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Ba(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Co(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.00




	
Cu(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Fe(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Mn(HQderm)

	
0.00

	
0.00

	
0.02

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.02

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Hg(HQderm)

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02

	
0.01

	
0.01

	
0.02

	
0.01

	
0.01

	
0.00

	
0.01

	
0.01

	
0.11

	
0.04




	
HI

	
0.20

	
0.18

	
0.28

	
0.29

	
0.28

	
0.38

	
0.15

	
0.22

	
0.41

	
0.16

	
0.18

	
0.24

	
0.20

	
0.28

	
0.18

	
0.25

	
0.33

	
0.62

	
0.21




	
Adult

	

	

	

	

	

	

	

	

	

	




	
Ba(HQing)

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.01

	
0.01

	
0.03

	
0.01

	
0.01

	
0.02

	
0.01

	
0.02

	
0.01

	
0.02




	
Co(HQing)

	
0.08

	
0.09

	
0.10

	
0.13

	
0.16

	
0.22

	
0.06

	
0.11

	
0.23

	
0.08

	
0.08

	
0.09

	
0.09

	
0.10

	
0.08

	
0.14

	
0.18

	
0.31

	
0.08




	
Cu(HQing)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Fe(HQing)

	
0.01

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00

	
0.01

	
0.00

	
0.00




	
Mn(HQing)

	
0.01

	
0.00

	
0.04

	
0.03

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.02

	
0.01

	
0.04

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Hg(HQing)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Ba(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Co(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Cu(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Fe(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Mn(HQderm)

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Hg(HQderm)

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.01

	
0.01

	
0.01

	
0.00

	
0.00

	
0.01

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.04

	
0.01




	
HI

	
0.12

	
0.12

	
0.18

	
0.19

	
0.18

	
0.25

	
0.09

	
0.14

	
0.27

	
0.10

	
0.11

	
0.15

	
0.13

	
0.18

	
0.12

	
0.16

	
0.21

	
0.37

	
0.13
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