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Abstract

:

Groundwater is an important source for drinking, agricultural, and industrial purposes in the Linfen basin of the Eastern Chinese Loess Plateau (ECLP). To ensure the safety of drinking water, this study was carried out to assess the quality using the water quality index (WQI) and potential health risks of groundwater using the human health risk assessment model (HHRA). The WQI approach showed that 90% of the samples were suitable for drinking, and Pb, TH, F−, SO42−, and TDS were the most significant parameters affecting groundwater quality. The non-carcinogenic health risk results indicated that 20% and 80% of the samples surpassed the permissible limit for adult females and children. Additionally, all groundwater samples could present a carcinogenic health risk to males, females, and children. The pollution from F−, Pb, and Cr6+ was the most serious for non-carcinogenic health risk. Cd contributed more than Cr6+ and As to carcinogenic health risks. Residents living in the central of the study area faced higher health risks than humans in other areas. The research results can provide a decision-making basis for the scientific management of the regional groundwater environment and the protection of drinking water safety and public health.
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1. Introduction


Groundwater is an indispensable part of human living space and the hydrological cycle, providing high-quality freshwater resources for human beings. It is important for domestic, industrial, and agricultural use globally [1,2,3,4]. For drinking purposes, approximately one-third of the world’s population rely on groundwater as a water source [5,6,7]. Especially in arid and semi-arid areas where the precipitation is scarce and the surface water sources are limited, groundwater has become the main water source, or even the only one [2,8]. As the most important water source for human survival, groundwater quality is vital to human health. However, with the continuous population growth and rapid economic development, groundwater pollution has become an urgent problem endangering public health and has put pressure on groundwater resources worldwide [9,10]. For example, studies have shown that 2 types of birth defects and 15 types of cancer may be related to long-term exposure to NO3− contaminated groundwater [11,12,13]. Even at the same groundwater NO3− concentration, children and infants have greater health risks than adults, especially infants prone to a disease known as “blue baby syndrome”, i.e., methemoglobinemia [14,15]. Fluoride is a major pollutant in groundwater on a global scale as about 260 million people suffer from endemic fluorosis and other diseases due to the intake of high fluoride in groundwater [16,17]. Potentially toxic elements (PTEs) in groundwater can cumulate in the human body throughout almost the human lifespan and cause many diseases, a matter of great concern for the past several years [18,19,20,21]. Anthropogenic sources of groundwater pollutants include fertilization, livestock waste, domestic sewage, landfill, metal industry, mining, and other industrial activities. Processes controlling concentrations of physicochemical parameters in groundwater are mainly the mineral dissolution, sorption and desorption processes, ion exchange, reduction and oxidation processes, and chemical weathering [22,23,24,25,26].



Groundwater environment assessment is the basis of sustainable utilization of regional groundwater resources and is of great significance to ecological environment protection. Various scientific approaches have been introduced to assess groundwater quality. Some of these methods include set pair analysis [27], hierarchical analysis [28], matter-element extension analysis [29], fuzzy comprehensive assessment method [2], and water quality index (WQI) [6,8]. The WQI is an efficient tool to access water quality and its suitability for drinking purposes. It was first developed by Horton [30] and since has been widely used in numerous water quality assessment works [31,32,33,34,35]. Varol and Davraz [6] used WQI and multivariate analysis to evaluate groundwater quality and its suitability for drinking and agricultural uses in the Tefenni plain, Turkey. Using an improved water quality index, Zhang et al. [36] considered that groundwater will be affected by the geological environment and human factors during the flow process in Guanzhong Basin, China. In recent years, groundwater quality assessment and spatial analysis based on combining Geographic Information System (GIS) with WQI methods have proven to be a powerful tool for spatial information management of groundwater resources [37,38,39].



Many scholars have also carried out human health risk assessments (HHRA) to directly and quantitatively reflect the negative health impacts of polluted water on human beings. This method has been widely used in the evaluation of different water bodies, such as rivers [40,41], lakes [42], and wetlands [43], which provide useful insight to ensure human health. For groundwater, Guo et al. [44] found that groundwater arsenic pollution caused by landfill leachate leakage poses unacceptable carcinogenic risks to people of all ages. Farmers continually applying fertilizers during the period between the rainy and dry season leads to the mobilization of NO3− and PTEs from cultivated soils to groundwater under favoring geochemical conditions in the dry season. Therefore, the non-carcinogenic risk in the dry season is higher than in the rainy season [1,45,46,47,48]. Kaur et al. [12] suggested that the hazard quotient values determined by deterministic and probabilistic approaches were nearly identical, and groundwater in most of the Panipat district in India is not suitable for direct drinking purposes.



The Chinese Loess Plateau (CLP) is a cradle of human civilization, where the groundwater plays an important role in the residents’ lives and industrial and agricultural production. Due to the arid climate and increasing human activities, there is a serious shortage of water resources and a significant decline in water quality in the CLP [40]. Recently, health risks due to different water pollutants have been assessed on the CLP, such as fluoride [16], nitrogen [49], and arsenic [50]. However, these studies were mainly concentrated in the middle of the CLP. As for the Eastern Chinese Loess Plateau (Shanxi Province), the status of the groundwater environment and the threat of pollutants to human health are still unclear.



Therefore, this study was carried out to evaluate the quality and human health risks concerning groundwater in the Linfen Basin, a typical basin on the Eastern Chinese Loess Plateau. The objects of this study are (1) to analyze the hydrochemical characteristics of groundwater, (2) to evaluate groundwater quality using WQI, and (3) to assess the health risks of F−, nitrogen, and PTEs (Fe, Mn, Hg, As, Cd, Cr6+ and Pb) to adults and children through drinking water intake and dermal contact. A spatial distribution map of groundwater quality and health risks in the study area was produced using Inverse distance weight (IDW) interpolation in GIS. This study can provide meaningful support for local governments in groundwater quality protection and groundwater resource management.




2. Materials and Methods


2.1. Study Area


Linfen Basin (35°23′–36°57′ N, 110°22′–112°34′ E) is situated in the southwest of Shanxi Province and includes Huozhou City, Hongtong County, Yaodu District, Quwo County, Xiangfen County, Yicheng County, and Houma City (Figure 1). It covers an area of ~4686 km2. It is surrounded by the Hanhou Mountains to the north, the Emei platform to the south, the Taiyue and Zhongtiao Mountains to the east, and the Luoyun Mountains to the west. The area has been subjected to semi-arid and semi-humid monsoon climatic conditions, with mean annual precipitation of 420 to 550 mm, and mean annual temperatures of 10 °C [51]. The study area is not only an important irrigated agricultural area in the Loess Plateau but also the main supply center of energy sources in China. The area is rich in mineral resources, of which coal is the largest mineral resource. The main rivers in the study area are the Fenhe River, Xinshuihe River, Qinhe River, Huihe River, Ehe River, and Qingshuihe River. The total amount of regional water resources is 1.52 billion m3, of which the river runoff is 1.32 billion m3 (including 0.48 billion m3 of spring water), and the groundwater resource is 1.026 billion m3. The water resource in this area is scarce, with the per capita water resource occupancy being only 350 m3 [52].



The interior of the basin is dominated by Quaternary strata. The Lower Pleistocene is mainly yellowish-brown and grayish-yellow silty sand and sandy clay. This layer is widespread in the basin and is about 200 m thick in the middle of the basin. The Middle Pleistocene is a set of sand, sandy soil, and loam interbedded sediment, which has a thickness of ~150 m. The Upper Pleistocene in the piedmont inclined plain area is sand gravel mixed with sandy soil. Near the river valley, it is mostly sandy soil and loam deposited in river and lake facies, and the thickness of this layer is 30–50 m. The stratum lithology of Holocene is sandy soil, loam, sand, and gravel, which is mainly distributed in the Fenhe terrace. The exposed strata in the mountain area include gneiss, limestone, shale, sandstone, mudstone, sandy conglomerate, and loess [53]. The fault structure in the study area is complex, mostly being hidden faults, and the intersection of large faults is a favorable part of modern hot springs and mineralization [54].



According to the burial depth and hydraulic characteristics of the aquifers in the study area, the pore water of loose rocks in the study area can be divided into phreatic water, middle-layer confined water, and deep-layer confined water. Phreatic aquifers are mostly distributed in the middle of the basin, loess tableland, and piedmont inclined plain in a belt shape, and the aquifers are mainly medium and fine sand. Compared with the eastern piedmont and the central part of the basin, the middle-layer confined water aquifer in the western piedmont has a large thickness and coarse particles and has good water storage conditions. The distribution characteristics of deep-layer confined water are consistent with that of middle-layer water, and the aquifer is mainly sand and sand gravel. Groundwater recharge mainly includes lateral runoff, surface water seepage, and precipitation infiltration. The discharge of groundwater mainly depends on evaporation and artificial mining [54,55]. In the slow flow season, groundwater mainly belongs to the (SO42−-Ca2+) type, the (HCO3−-Ca2+-Na+) type, and the (HCO3−-Mg2+-Na+) type. In the quick flow season, groundwater is dominated by the (HCO3−-Ca2+-Na+) type and the (HCO3−-SO42−-Ca2+-Na+) type [4]. In general, the groundwater depth in the study area shows a trend of high in the east and low in the west. The buried depth of groundwater in Yaodu and Xiangfen is generally deeper than that in other areas at 35–45 m (Figure 1).




2.2. Sampling and Analysis


Groundwater quality assessment and human health risk assessment based on 10 groundwater hydrological long-term monitoring wells set up by Shanxi Provincial Department of Water Resources in the study area. Groundwater samples were collected in 2017 and were used for the analysis of water quality parameters, including pH, total hardness (TH), total dissolved solids (TDS), sulfate (SO42−), chloride (Cl−), fluoride(F−), cyanide, volatile phenols, chemical oxygen demand (CODMn), nitrate (NO3-N), nitrite (NO2-N), ammonia nitrogen (NH4-N), and PTEs (Fe, Mn, Hg, As, Cd, Cr6+, Pb) for each sample. Sample collection, preservation, transportation, and testing were carried out in strict accordance with the Technical Specifications for Environmental Monitoring of Groundwater [56]. Before sampling, wells were pumped for 10 min to remove stagnant water. All sampling containers were thoroughly cleaned with the groundwater to be sampled. To ensure the stability of the elements, the samples analyzed for TH, Fe, Mn, Cd, and Pb were mixed with HNO3 solution, the samples for the analysis of NH4-N were mixed with H2SO4 solution, and the samples for cyanide and Cr6+ analysis and for Hg and As analysis were mixed with NaOH and HCl, respectively. All samples were then sealed tightly and immediately sent to the laboratory of Linfen Hydrology and Water Resources Survey Branch for analysis (within 24 h). pH was measured directly in the field using a portable pH meter. TH was analyzed using the EDTA titration method. TDS was determined by the drying and weighing approach. SO42−, Cl−, F−, NH4+, NO3−, and NO2− were tested using an ion chromatograph (ICS-600). Fe, Mn, Hg, As, Cd, Cr6+, and Pb were measured using inductively coupled plasma-mass spectrometry (ICP-MS). Groundwater was filtered using a 0.45 μm filter before their analysis. During the analysis, distilled water and replicates were introduced to ensure the reliability of the results. The replicates had a relative error within ±5%, indicating acceptable analytical accuracy. IDW interpolation method has been widely used to study the spatial distribution of groundwater quality parameters. IDW uses the deterministic model method to calculate the unknown value according to the nearby points rather than the far-off ones. This interpolation method fits well for real-world parameters [37,38,39]. IDW interpolation results were verified by overlapping field survey data and laboratory analysis results. The pixel values of the IDW interpolation map match well with those of field verification data.




2.3. Water Quality Index


The WQI approach can not only comprehensively express the water quality information of groundwater but also quantitatively evaluate and compare the pollution degree of different water quality parameters [57]. This index is a mathematical instrument used to transform large quantities of water characterization data into a single number, representing the water quality level [32]. Firstly, each chemical parameter was assigned a weight (wi) according to its impact on human health and groundwater quality. In this study, the highest weight of 5 was assigned to the parameters like TH, TDS, SO42−, F−, Fe, Mn, Cd, Cr6+, and Pb due to their major importance in water quality assessment. These parameters are characterized by serious health effects and, when above critical concentration limits, may limit the usability of groundwater for domestic and drinking purposes [37,58]. Other parameters were assigned different weights ranging from 2 to 4. The relative weight is computed using the following formula:


       W i   =     w i     ∑   i = 1   n   w i         



(1)




where Wi is the relative weight, wi is the weight of each parameter, and n is the number of parameters.



Then, the quality rating for each parameter is assigned by dividing its concentration in each water sample by its limit defined by the Chinese national standards [59] and multiplying the result by 100:


       q i   =     C i     S i       ×   100       



(2)




where qi is the quality rating, and Ci is the concentration of each parameter in each water sample. Si is the drinking water standard for each parameter set by the Chinese national standard [59].



To calculate the WQI, the SIi has to be determined firstly:


        SI  i     = W   i       ×   q   i       



(3)






       WQI =     ∑    i = 1   n     SI  i       



(4)




where SIi is the subindex of the ith parameter. The WQI values are classified into five categories: excellent water (<50), good water (50–100), poor water (100–200), very poor water (200–300), and unsuitable water (>300) [57].




2.4. Human Health Risk Assessment


The human health risk assessment is the basis for controlling groundwater pollution and ensuring a safe drinking water supply [49,60,61,62]. Groundwater can affect human health through various exposure pathways, the most common of which are drinking water intake and dermal contact [63]. The model recommended by the Ministry of Ecology and Environment of the P.R. China [64] based on the United States Environmental Protection Agency models [65] was adopted in this study. There are many agricultural and industrial production activities in the study area. Therefore, representative pollutants F−, nitrogen (NO3-N, NO2-N, NH4-N), and PTEs (Fe, Mn, Hg, As, Cd, Cr6+, and Pb) are selected as the parameters of risk assessment. Due to differences in the physiology of males, females, and children, this study separately evaluated the health risks of oral intake and dermal intake.



The non-carcinogenic risk through drinking water intake is calculated as follows [60,63]:


        Intake   oral    =     C   ×   IR   ×   EF   ×   ED     BW   ×   AT         



(5)






        HQ   oral    =      Intake   oral       RfD   oral          



(6)







The non-carcinogenic risk through dermal contact is expressed as follows [42]:


        Intake    dermal       =     DA   ×   EV   ×   SA   ×   EF   ×   ED     BW   ×   AT         



(7)






       DA = K   ×   C   ×   t   ×   CF       



(8)






         SA = 239   ×   H    0  . 417         ×   BW    0  . 517         



(9)






        HQ   dermal    =      Intake   dermal       RfD   dermal          



(10)






        RfD    dermal         = RfD    oral        ×   ABS    gi        



(11)




where Intakeoral, Intakedermal, HQoral, HQdermal, RfDoral, and RfDdermal represent the chronic daily dose via ingestion and dermal contact (mg/(kg day)), the hazard quotient through oral and dermal exposure pathways, reference dose for oral and dermal contact pathways (mg/(kg day)), respectively. C, DA, SA, and ABSgi are the pollutant concentration of groundwater (mg/L), exposure dose (mg/cm2), skin surface area (cm2), and gastrointestinal absorption factor, respectively. The definitions and values of other parameters are shown in Table 1 and Table 2.



The total non-carcinogenic risks are calculated as follows [1,29,45]:


        HQ  i     = HQ    oral      + HQ    dermal        



(12)






        HI   total    =     ∑    i = 1   n     HQ  i       



(13)




where HQ is the non-carcinogenic hazard quotient and HI is the hazard index. i represents the risk assessment parameters. When the value of HQ and HI is less than 1, it is safe for human health. HI > 1 indicates unacceptable risk, and residents are exposed to non-carcinogenic risks [60,64].



In addition to non-carcinogenic risk, As, Cd, and Cr6+ can also create carcinogenic risks for humans [7,41]. The carcinogenic risk through drinking water intake and dermal contact is calculated as follows:


        CR   oral      = Intake    oral        ×   SF    oral        



(14)






        CR    dermal         = Intake    dermal        ×   SF    dermal        



(15)






        SF    dermal       =      SF   oral       ABS   gi          



(16)






        CR    total         = CR     oral         + CR    dermal        



(17)




where CR denotes the carcinogenic risk. SF is the slope factor for the carcinogenic contaminants (mg/(kg day))−1. The SForal values for As, Cd, and Cr6+ are shown in Table 2. The average time (AT) for carcinogenic risk is set at 27,740 days for both adults and children, as the harm to human health caused by cadmium, chromium, and arsenic will last a lifetime [64]. The acceptable limit for CR is 1 × 10−6.





3. Results and Discussion


3.1. Hydrochemical characteristics of Groundwater


The statistical results of water quality for groundwater samples are given in Table 3. pH is one of the most important parameters for evaluating the suitability of drinking water [60]. The Chinese national standard proposes that the pH value of groundwater suitable for drinking is 6.5–8.5 [59]. As Table 3 shows, pH values of the groundwater range from 7.27 to 7.85, with a mean value of 7.59. Therefore, the groundwater in the study area is weakly alkaline water that can be used for drinking.



TH represents dissolved Ca2+ and Mg2+ in groundwater. High TH in groundwater may affect the taste of drinking water and reduce the efficacy of detergents [34]. In addition, regarding human health, the long-term drinking of extremely hard water may increase the incidence of urolithiasis, anencephaly, prenatal mortality, and some cancer-related cardiovascular diseases [68]. In this study, TH varies between 167 and 869 mg/L with a mean of 426 mg/L. According to the national Chinese drinking water standards, samples S1, S9, and S10 are extremely hard water, with TH exceeding the acceptable limit of 450 mg/L for drinking. These samples are predominantly distributed in the southern part of the study area (Figure 2a). TH enrichment in groundwater may be due to the dissolution of soluble salts and minerals, as well as to human intervention [2].



TDS is one of the major water quality parameters, mainly representing the various minerals present in the water [6]. TDS varies in a wide range of 280–1312 mg/L, with a mean value of 689 mg/L (Table 3). Based on TDS content, Liu et al. [69] categorized waters as freshwater (TDS < 1000 mg/L) and brackish water (TDS > 1000 mg/L). Only sample S10 in Yicheng is brackish water (Figure 2b). Generally speaking, higher TDS usually indicates stronger water-rock interaction and may also be affected by domestic wastewater, irrigation return flow, and fertilization [1,70]. High TDS in groundwater is generally harmless in healthy people and may cause constipation or have a laxative effect, but it may have a greater impact on people with kidney and heart disease [6,33,71].



Cl− and SO42− in groundwater are mainly related to the regional lithological conditions and are also affected by anthropogenic sources [68]. The concentration of Cl− is between 7.93 and 88.1 mg/L and is lower than the Chinese national standard of 250 mg/L. The concentration of SO42− in the study area ranged from 68 to 536 mg/L, with a mean of 182.16 mg/L. Samples S5 and S10 exceeded the acceptable limit of SO42− for drinking. High SO42− concentration is observed in the Yaodu and Yicheng parts of the central and south of the study area (Figure 2c). The Ordovician karst aquifers widely distributed in the study area are affected by gypsum dissolution, and the hydrochemical type of groundwater is SO42−·HCO3−-Ca·Mg. In addition, the oxidation of sulfur in coal-bearing strata (S + O2 + 2H2O→SO42− + 4H+) will also cause increased sulfate concentration in groundwater [72]. Therefore, the high mean value of SO42− in this study is probably due to the high natural background value rather than pollution.



F− in drinking water is essential for human health at low concentrations, such as protecting teeth from caries [2]. However, excessive fluoride intake can cause dental fluorosis, skeletal fluorosis, and thyroid disease in adults [17,73]. The Chinese national standard stipulates that F− concentration in drinking water should be less than 1.0 mg/L. In this study, F− is in the range of 0.25–1.71 mg/L, with an average value of 0.75 mg/L. Two groundwater samples in Yaodu did not meet the requirement of the national standard (Figure 2d). The high concentration of fluoride in groundwater may be mainly related to the lithology of the region, especially the dissolution of fluoride-bearing minerals [16,74].



Both cyanide and volatile phenol are toxic organics. The concentration of cyanide in all groundwater samples is less than 0.0004 mg/L. For volatile phenols, except for sample S10 in Yicheng, whose value is 0.002 mg/L, the other samples are 0.0003 mg/L. CODMn is an indicator that can indirectly reflect the organic pollution of groundwater [44,74]. The CODMn values for the samples are observed to be from 0.1 to 0.9 mg/L, with an average of 0.25 mg/L. Sample S10 in Yicheng has the highest volatile phenol and CODMn values. As shown in Table 3, the concentrations of cyanide, volatile phenol, and CODMn are all within the drinking water standard limit stipulated by the national standard, indicating that the groundwater is less affected by organic pollution.



In recent years, nitrogen pollution (NO3-N, NO2-N, and NH4-N) has become a hot issue for many researchers due to its adverse effects on groundwater quality and human health [2,12,14,49,74,75,76]. The extensive use of nitrogenous fertilizers in agricultural activities is one of the most common sources of nitrogen pollution in groundwater [1,63]. Measured values of NO3-N, NO2-N, and NH4-N are in the range of 0.002–11.3, 0.004–0.7 and 0.025–0.16 mg/L, respectively. Higher NO3-N and NO2-N concentrations are observed in the central and southwest parts of the area, while a high value of NH4-N is mainly distributed around Yicheng (Figure 2e–g). According to the Chinese standards, groundwater is unacceptable for drinking when the NO3-N, NO2-N, and NH4-N concentration in groundwater is higher than 20, 1, and 0.5 mg/L, respectively. Therefore, the groundwater in the study area is less contaminated with nitrogen and is suitable for drinking.



PTEs content in groundwater is usually low. However, even in very low concentrations, -they can create biological toxicity and pose serious threats to aquatic ecosystems and human health [20,21,41]. As shown in Table 3, the Fe, Mn, Hg, and Cr6+ concentrations range from 0.03 to1.41, 0.01–0.139, 0.00001–0.00006, and 0.004–0.034 mg/L, respectively. The concentrations of As, Cd, and Pb are 0.0002, 0.002, and 0.011 mg/L, respectively. The mean concentration of metals is in the following order: Fe > Mn > Pb > Cr6+ > Cd > As >Hg. All metals, except for Fe, Mn and Pb, are within the permissible levels for drinking water. Samples with high concentrations of Fe and Mn are mainly found in the southeastern parts of the basin (Figure 2h,i). Fe and Mn have similar geochemical behavior. Their dissolution and migration to groundwater are affected by reduction conditions, residence time, well depth, and salinity [77]. The similarity in the spatial distribution of Cr6+ and NO3−-N concentrations may be related to the synergistic role of nitrogen (N)-bearing fertilizers to elevated Cr6+ concentration in groundwater. This may be due to the production of H+ and soil acidification during the nitrification process of NH4+ oxidation to NO3−, favoring the increased dissolution of Cr3+ which is subsequently oxidized into Cr6+ by natural and/or anthropogenic factors [46,47].




3.2. Groundwater Quality Assessment


In this study, pH, TDS, TH, SO42−, Cl−, F−, volatile phenols, NO3-N, NO2-N, NH4-N, Fe, Mn, Hg, Cd, Cr6+ and Pb are selected as the parameters to evaluate the overall groundwater quality, using the WQI introduced previously. The values of cyanide, arsenic, and chemical oxygen demand in groundwater are very low, so they have little impact on water quality and can be ignored in water quality assessment. The weights and relative weights assigned to each parameter are shown in Table 4.



The calculated WQI values and water types are presented in Table 5. The results of WQI range from 23.63 to 105.96. Out of 10 groundwater samples, sample S5 is categorized as good water. Sample S10 is classified as poor water. The other 8 samples are excellent water. For the study area, the most significant parameters affecting groundwater quality are Pb, TH, F−, SO42−, and TDS.



From the spatial distribution of groundwater quality index results, it can be seen that poor quality water area is mainly located near Yicheng in the southeastern area of the study (Figure 3). The main pollutants in the groundwater in this area are TH, TDS, SO42−, Fe, Mn, and Pb, all of which exceed the upper limit for drinking purposes. The poor groundwater quality in Yicheng may be related to the buried depth of groundwater. Generally, when the groundwater is buried deeper, it takes longer for the surface pollutants to reach the aquifer. Thus, the possibility of the pollutants being adsorbed and diluted during the infiltration process becomes greater, and the degree of pollution in the groundwater system will decrease. The buried groundwater depth in the Yicheng area is shallow at 2–15 m. In addition, the lithology of the buried deep aquifer is mainly coarse sand and medium-coarse sand. The better permeability of the aquifer makes it easier for surface pollutants to seep into the groundwater, resulting in groundwater pollution. Fe and Mn in groundwater come from coal and metal deposits, especially iron ore. High TDS leads to increased ionic strength and decreased activity coefficient, which will dissolve more Fe and Mn in groundwater. In addition, the organic matter released from surface pollutants into groundwater can quickly deplete the dissolved oxygen in groundwater, resulting in a reductive hydrochemical environment more conducive to the dissolution of Fe and Mn [77].



The assessment results indicate that the groundwater in the study area is dominated by excellent water that can be used for drinking purposes. For the Yicheng area with poor quality groundwater unsuitable for drinking, groundwater pollution remediation and safe water supply measures should be implemented as soon as possible.




3.3. Human Health Risk Assessment


The health risks of groundwater in the study area were assessed based on the model introduced previously. The calculated health risks for adults and children through drinking water and dermal contact are shown in Table 6. For adult males, the HQoral values range from 0.285 to 0.827, with a mean of 0.521. The HQoral values for adult females and children range from 0.336 to 0.976 and 0.693–2.012, with an average of 0.615 and 1.269, respectively. The HQdermal values are smaller than the HQoral, ranging from 0.017 to 0.104 for males, 0.018 to 0.109 for females, and 0.026 to 0.156 for children, with means of 0.034, 0.036, and 0.051, respectively. This suggests that non-carcinogenic risk is mainly caused by oral exposure. The HItotal values for males and females range from 0.302 to 0.902 and 0.354–1.051, with means of 0.555 and 0.651, respectively. For children, the HItotal values are 0.719–2.100, with an average value of 1.320. For males, females, and children, HItotal values of 0%, 20%, and 80% of the samples exceed 1, indicating that males in the study area do not have associated non-carcinogenic health risks. In contrast, females and children face higher non-carcinogenic risks. Females and children have smaller body weights and therefore have higher average daily exposure dose of contaminants than males [50,60].



Contaminants in groundwater contribute differently to health risks. Concerning each water quality parameter, the non-carcinogenic HQ values of F−, NO3-N, NO2-N, NH4-N, Fe, Mn, Hg, Pb, Cr6+, As, and Cd are in the ranges of 0.090–1.501, 1.809 × 10−5–0.248, 5.789 × 10−4–0.025, 3.730 × 10−4–5.793 × 10−3, 1.447 × 10−3–0.165, 1.034 × 10−3–3.487 × 10−2, 5.288 × 10−4–7.444 × 10−3, 0.114–0.276, 0.030–0.540, 9.648 × 10−3–0.023 and 0.033–0.076, respectively. This result suggests that besides F−, the non-carcinogenic risks of other contaminants are acceptable to both adults and children. As shown in Figure 4, the contribution of pollutants in groundwater to the HItotal value is observed in the following order: F− > Pb > Cr6+ > NO3-N > Cd > As > Fe > Mn > NO2-N > NH4-N > Hg. F− contributes the most to non-carcinogenic risk (46.86%), followed by Pb (22.78%) and Cr6+ (11.22%). Contribution of other pollutants to the non-carcinogenic risk is less than 10%, indicating that F−, Pb, and Cr6+ may be drivers of adverse effects on human health.



The spatial distribution of HItotal values for males, females, and children is consistent with fluoride concentration (Figure 5). Higher HItotal and F− concentration mainly appear in the Yaodu, midwest of the study area. Groundwater with high F− is found in semi-arid and arid areas of northern China, such as the middle Loess Plateau [16], Ningxia plain [61], Guanzhong Plain [1,36], Hetao Plain [78], and Tianjin [17]. The respective HQ mean values of F− for males, females, and children are 0.503, 0.593, and 1.220 in the Yaodu, indicating that children are exposed to health risks from fluoride. Fluoride-bearing minerals are enriched in magmatic rocks and aluminosilicates exposed to the surface of the area, such as fluorite (CaF2), villiaumite (NaF), and biotite [79,80]. There are also many active fault zones in and around Yaodu, and fluorine-containing volatile gas or hydrothermal fluid migrates upward along the faults and penetrates groundwater, increasing the fluorine content [79]. In addition, areas with high F− in groundwater have a higher population density, and industries such as coal mining, metallurgy, and coking are concentrated. Discharge of domestic sewage and industrial wastewater is the other reason for the increase in F− concentration in groundwater. Although the Cr6+ concentration of all groundwater samples is within the desirable limit for drinking, it contributes more than 10% to the health risk, similar to Pb.



The carcinogenic risks due to exposure to As, Cd, and Cr6+ through drinking water and dermal contact are shown in Table 6. The ranges of the CRoral for males, females, and children are 6.169 × 10−5–1.165 × 10−4, 7.278 × 10−5–1.370 × 10−4, and 3.914 × 10−5–7.391 × 10−5, with means of 7.156 × 10−5, 8.442 × 10−5, and 4.540 × 10−5, respectively. The results of the CRdermal are slightly smaller than CRoral, ranging from 1.201 × 10−5–4.400 × 10−5 for males, 1.263 × 10−5–4.625 × 10−5 for females, and 4.725 × 10−6–1.730 × 10−5 for children, with means of 1.777 × 10−5, 1.868 × 10−5, and 6.989 × 10−6, respectively. As a result, the CRtotal values for males and females are 7.371 × 10−5–1.605 × 10−4 and 8.541 × 10−5–1.837 × 10−4, with means of 8.933 × 10−5 and 1.031 × 10−4. Concerning children, the CRtotal values range from 4.386 × 10−5–9.121 × 10−5 with an average value of 5.239 × 10−5. The carcinogenic risk values of all samples exceed the acceptable limit (1 × 10−6) recommended by the Ministry of Ecology and Environment of the P. R. China [64] for both adults and children. Additionally, the carcinogenic risk for adults is higher than for children, especially females. Similar results have also been found by Li et al. [60] and Zhang et al. [50] in Weining Plain and Guanzhong Plain, respectively.



For each contaminant, only the carcinogenic risk of As to children is below the acceptable limit, with an average of 8.317 × 10−7. As per the average values of the CRtotal, Cd contributes 72.63% to the total CR, Cr6+ and As account for 25.77% and 1.60% of the CRtotal, respectively. From the spatial distribution map of carcinogenic risk, it can be seen that the south-central part of the study area has a higher CRtotal value for both adults and children, especially in Xiangfen and the west Yaodu areas. The coal-bearing formations are distributed all over the Linfen Basin, except Huoshan Mountain in the east of Yaodu and Ta’ershan-Erfengshan Mountain in the south of the study area. The areas with lower CRtotal values in Figure 6 correspond to regions lacking coal-bearing formations. This result suggests that the carcinogenic risk is closely related to the regional geological environment. The natural leaching process and human mining activities will cause many hazardous substances to enter the groundwater. In agricultural activities, the application of N-bearing fertilizers and phosphorous (P)-bearing fertilizers will increase PTEs concentrations such as Cd, Cr, As, and Pb in groundwater under the appropriate favoring geochemical conditions [46,47]. Long-term drinking of such groundwater by residents will increase the risk of visceral cancers such as lung, liver, skin, and kidney [18].



Residents living in the central part of the study area face high health risks (HItotal > 1 and CRtotal > 1 × 10−6) due to the groundwater being affected by the geological environment and human activities. Therefore, government officials should pay more attention to PTEs pollution in groundwater caused by mining and the production of mineral resources. Furthermore, supplying residents with high-quality drinking water with safe concentrations of F− should be the goal of sustainable groundwater management in the Yaodu area. It is urgent to take various measures to treat the polluted groundwater before direct consumption by residents to ensure water safety and people’s health.



Additionally, compared with the results of groundwater quality assessment, we found that although most of the water quality of the study area is in good condition, both adults and children face great health risks, especially carcinogenic. Therefore, the overall groundwater assessment should be accompanied by a health risk assessment to better evaluate the suitability of groundwater for drinking.





4. Conclusions


In this study, groundwater samples from Linfen Basin were collected and analyzed for physicochemical parameters. The water quality index was used to evaluate the groundwater quality, while the health risk was assessed for adults and children concerning different exposure pathways. The main conclusions of the study are as follows:



1. The groundwater in the study area is weakly alkaline, with TH and TDS ranging between 167–869 and 280–1312 mg/L. Compared with the Chinese national standards, 30%, 10%, 20%, 20%, 10%, 10%, and 100% of the total samples exceeded the standard limits of drinking water in terms of TH, TDS, SO42−, F−, Fe, Mn, and Pb. Higher TH, TDS, SO42−, Fe, and Mn are mainly distributed in the southeastern part of the study area, while a high concentration of F− was observed in the central area of the study.



2. Most groundwater has good water quality and can be used as drinking water. Pb, TH, F−, SO42−, and TDS are the most significant parameters affecting groundwater quality. The poor quality of groundwater near Yicheng might be due to the shallow buried depth of groundwater and the good permeability of the aquifer.



3. Contaminated groundwater in the study area can pose human health risks to residents through multiple exposure pathways, including drinking water intake and dermal contact. The total non-carcinogenic health risks for males, females, and children range from 0.302 to 0.902, 0.354–1.051, and 0.719–2.100, respectively. Males do not have associated non-carcinogenic health risks, while females and children face higher non-carcinogenic risks than males. The ranges of the total carcinogenic health risks for males, females, and children are 7.371 × 10−5–1.605 × 10−4, 8.541 × 10−5–1.837 × 10−4, and 4.386 × 10−5–9.121 × 10−5, respectively. The carcinogenic risk exceeds the acceptable limit recommended by the Ministry of Ecology and Environment of the P. R. China for both adults and children. The great risks (HItotal > 1 and CRtotal > 1 × 10−6) for adults and children all occur in the central study area.
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Figure 1. (a) Spatial distribution of groundwater sampling sites and groundwater depths and (b) Regional hydrogeological map of the study area. 
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Figure 2. Spatial distributions of mass concentrations of groundwater hydrochemical parameters: (a) TH, (b) TDS, (c) SO42−, (d) F−, (e) NO3-N, (f) NO2-N, (g) NH4-N, (h) Fe, (i) Mn, (j) Hg, (k) As, (l) Cd, (m) Cr6+, and (n) Pb. 
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Figure 3. Spatial distribution of groundwater quality based on water quality index values. 
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Figure 4. Contributive ratios of contaminants in groundwater to health risks (a) non-carcinogenic risk; and (b) carcinogenic risk. 
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Figure 5. Spatial distribution of non-carcinogenic health risks for males (a), females (b), and children (c). 
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Figure 6. Spatial distribution of carcinogenic health risks for males (a), females (b), and children (c). 
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Table 1. Definition and values of key parameters for human health risk assessment.
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Parameters

	
Units

	
Values




	
Males

	
Females

	
Children






	
Ingestion rate (IR)

	
L/day

	
1 a

	
1 a

	
0.7 a




	
Exposure frequency (EF)

	
day/a

	
350 a

	
350 a

	
350 a




	
Exposure duration (ED)

	
a

	
24 a

	
24 a

	
6 a




	
Body weight (BW)

	
kg

	
69.6 b

	
59 b

	
19.2 b




	
Average time (AT)

	
day

	
8400 a

	
8400 a

	
2190 a




	
Skin permeability coefficient (K)

	
cm/h

	
0.002 for Cr6+ and 0.001 for other parameters c




	
Contact duration (t)

	
h/day

	
0.4 d

	

	




	
Conversion factor (CF)

	
-

	
0.001 c

	

	




	
Average height (H)

	
cm

	
169.7 b

	
158 b

	
113.15 b




	
Daily exposure frequency (EV)

	
-

	
1 a

	

	








a refer to [64]; b refer to [66]; c refer to [67]; d refer to [63].
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Table 2. The values of RfD, ABSgi, and SF for different ions.
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Parameters

	
Non-Carcinogenic

	
Carcinogenic

	
ABSgi




	
RfDoral

	
RfDdermal

	
SForal

	
SFdermal






	
Cr6+

	
0.003

	
0.000075

	
0.42

	
16.8

	
0.025




	
As

	
0.0003

	
0.0003

	
1.5

	
1.5

	
1




	
Cd

	
0.001

	
0.00005

	
6.1

	
122

	
0.05




	
F−

	
0.04

	
0.04

	

	

	
1




	
NO3-N

	
1.6

	
1.6

	

	

	
1




	
NO2-N

	
0.1

	
0.1

	

	

	
1




	
NH4-N

	
0.97

	
0.97

	

	

	
1




	
Fe

	
0.3

	
0.3

	

	

	
1




	
Mn

	
0.14

	
0.14

	

	

	
1




	
Hg

	
0.0003

	
0.000021

	

	

	
0.07




	
Pb

	
0.0014

	
0.0014

	

	

	
1
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Table 3. Statistical analysis results for hydrochemical parameters of groundwater.
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	Parameters
	Min
	Max
	Mean
	Median
	SD
	C.V (%)
	Chinese Standards
	P a (%)





	pH
	7.27
	7.85
	7.59
	7.63
	0.175
	2.306
	6.5–8.5
	0



	TH
	167
	869
	426
	359
	202.768
	47.554
	450
	30



	TDS
	280
	1312
	689
	637
	282.271
	40.968
	1000
	10



	SO42−
	68
	536
	182
	136
	135.689
	74.489
	250
	20



	Cl−
	7.93
	88.10
	47.6
	49.3
	26.188
	55.055
	250
	0



	F−
	0.25
	1.71
	0.75
	0.69
	0.382
	51.226
	1
	20



	cyanide
	0.0004
	0.0004
	0.0004
	0.0004
	0.000
	0
	0.05
	0



	volatile phenols
	0.0003
	0.002
	0.00047
	0.0003
	0.001
	108.511
	0.002
	0



	CODMn
	0.1
	0.9
	0.3
	0.2
	0.229
	91.652
	3
	0



	NO3-N
	0.002
	11.300
	4.760
	2.255
	4.264
	89.567
	20
	0



	NO2-N
	0.004
	0.070
	0.015
	0.004
	0.023
	150.277
	1
	0



	NH4-N
	0.025
	0.160
	0.065
	0.034
	0.048
	73.457
	0.5
	0



	Fe
	0.03
	1.41
	0.18
	0.03
	0.411
	232.533
	0.3
	10



	Mn
	0.010
	0.139
	0.023
	0.010
	0.039
	163.918
	0.1
	10



	Hg
	0.00001
	0.00006
	0.000017
	0.00001
	0.00002
	91.319
	0.001
	0



	As
	0.0002
	0.0002
	0.0002
	0.0002
	0.000
	0.000
	0.01
	0



	Cd
	0.002
	0.002
	0.002
	0.002
	0.000
	0.000
	0.005
	0



	Cr6+
	0.004
	0.034
	0.009
	0.006
	0.009
	93.858
	0.05
	0



	Pb
	0.011
	0.011
	0.011
	0.011
	0.000
	0.000
	0.01
	100







a percentage of the sample exceeding the permissible limits. Units for all parameters are in mg/L, except for pH (non-dimensional).
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Table 4. Relative weight of hydrochemical parameters.
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	Parameters
	Chinese Standards
	Weight(wi)
	Relative Weight (Wi)





	pH
	6.5–8.5
	4
	0.0588



	TDS
	1000
	5
	0.0735



	TH
	450
	5
	0.0735



	SO42−
	250
	5
	0.0735



	Cl−
	250
	2
	0.0294



	F−
	1
	5
	0.0735



	Volatile phenols
	0.002
	2
	0.0294



	NO3-N
	20
	4
	0.0588



	NO2-N
	1
	4
	0.0588



	NH4-N
	0.5
	4
	0.0588



	Fe
	0.3
	5
	0.0735



	Mn
	0.1
	5
	0.0735



	Hg
	0.001
	3
	0.0441



	Cd
	0.005
	5
	0.0735



	Cr6+
	0.05
	5
	0.0735



	Pb
	0.01
	5
	0.0735



	
	
	∑wi = 68
	∑Wi = 1







Units for all parameters are in mg/L, except pH (non-dimensional).
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Table 5. Water quality index values and water types in the study area.
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	Sample
	WQI
	Water Quality
	Sample
	WQI
	Water Quality





	S1
	37.91
	Excellent water
	S6
	40.77
	Excellent water



	S2
	23.63
	Excellent water
	S7
	32.88
	Excellent water



	S3
	32.20
	Excellent water
	S8
	38.36
	Excellent water



	S4
	38.83
	Excellent water
	S9
	42.18
	Excellent water



	S5
	50.17
	Good water
	S10
	105.96
	Poor water
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Table 6. The non-carcinogenic and carcinogenic risk results from drinking water and dermal contact.
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Sample

	
The Non-Carcinogenic Risk

	

	




	
HQoral

	
HQdermal

	
HItotal




	
Males

	
Females

	
Children

	
Males

	
Females

	
Children

	
Males

	
Females

	
Children




	
S1

	
0.393

	
0.463

	
0.956

	
0.018

	
0.019

	
0.027

	
0.411

	
0.482

	
0.983




	
S2

	
0.285

	
0.336

	
0.693

	
0.017

	
0.018

	
0.026

	
0.302

	
0.354

	
0.719




	
S3

	
0.436

	
0.514

	
1.060

	
0.018

	
0.019

	
0.028

	
0.454

	
0.533

	
1.088




	
S4

	
0.529

	
0.625

	
1.288

	
0.019

	
0.020

	
0.029

	
0.548

	
0.644

	
1.317




	
S5

	
0.827

	
0.976

	
2.012

	
0.043

	
0.045

	
0.065

	
0.870

	
1.021

	
2.077




	
S6

	
0.799

	
0.942

	
1.943

	
0.104

	
0.109

	
0.156

	
0.902

	
1.051

	
2.100




	
S7

	
0.455

	
0.536

	
1.106

	
0.027

	
0.028

	
0.040

	
0.481

	
0.564

	
1.146




	
S8

	
0.528

	
0.623

	
1.285

	
0.030

	
0.032

	
0.046

	
0.558

	
0.655

	
1.330




	
S9

	
0.401

	
0.473

	
0.975

	
0.043

	
0.045

	
0.065

	
0.443

	
0.518

	
1.040




	
S10

	
0.562

	
0.663

	
1.368

	
0.019

	
0.020

	
0.029

	
0.582

	
0.684

	
1.397




	
Mean

	
0.521

	
0.615

	
1.269

	
0.034

	
0.036

	
0.051

	
0.555

	
0.651

	
1.320




	
Sample

	
The Carcinogenic Risk

	

	




	
CRoral

	
CRdermal

	
CRtotal




	
Males

	
Females

	
Children

	
Males

	
Females

	
Children

	
Males

	
Females

	
Children




	
S1

	
6.169 × 10−5

	
7.278 × 10−5

	
3.914 × 10−5

	
1.201 × 10−5

	
1.263 × 10−5

	
4.725 × 10−6

	
7.371 × 10−5

	
8.541 × 10−5

	
4.386 × 10−5




	
S2

	
6.169 × 10−5

	
7.278 × 10−5

	
3.914 × 10−5

	
1.201 × 10−5

	
1.263 × 10−5

	
4.725 × 10−6

	
7.371 × 10−5

	
8.541 × 10−5

	
4.386 × 10−5




	
S3

	
6.169 × 10−5

	
7.278 × 10−5

	
3.914 × 10−5

	
1.201 × 10−5

	
1.263 × 10−5

	
4.725 × 10−6

	
7.371 × 10−5

	
8.541 × 10−5

	
4.386 × 10−5




	
S4

	
6.169 × 10−5

	
7.278 × 10−5

	
3.914 × 10−5

	
1.201 × 10−5

	
1.263 × 10−5

	
4.725 × 10−6

	
7.371 × 10−5

	
8.541 × 10−5

	
4.386 × 10−5




	
S5

	
7.631 × 10−5

	
9.000 × 10−5

	
4.841 × 10−5

	
2.054 × 10−5

	
2.160 × 10−5

	
8.079 × 10−6

	
9.686 × 10−5

	
1.116 × 10−4

	
5.648 × 10−5




	
S6

	
1.165 × 10−4

	
1.370 × 10−4

	
7.391 × 10−5

	
4.400 × 10−5

	
4.625 × 10−5

	
1.730 × 10−5

	
1.605 × 10−4

	
1.837 × 10−4

	
9.121 × 10−5




	
S7

	
6.718 × 10−5

	
7.924 × 10−5

	
4.261 × 10−5

	
1.521 × 10−5

	
1.599 × 10−5

	
5.983 × 10−6

	
8.239 × 10−5

	
9.524 × 10−5

	
4.860 × 10−5




	
S8

	
6.900 × 10−5

	
8.140 × 10−5

	
4.377 × 10−5

	
1.628 × 10−5

	
1.711 × 10−5

	
6.402 × 10−6

	
8.528 × 10−5

	
9.851 × 10−5

	
5.018 × 10−5




	
S9

	
7.814 × 10−5

	
9.218 × 10−5

	
4.957 × 10−5

	
2.161 × 10−5

	
2.272 × 10−5

	
8.498 × 10−6

	
9.975 × 10−5

	
1.149 × 10−4

	
5.807 × 10−5




	
S10

	
6.169 × 10−5

	
7.278 × 10−5

	
3.914 × 10−5

	
1.201 × 10−5

	
1.263 × 10−5

	
4.725 × 10−6

	
7.371 × 10−5

	
8.541 × 10−5

	
4.386 × 10−5




	
Mean

	
7.156 × 10−5

	
8.442 × 10−5

	
4.540 × 10−5

	
1.777 × 10−5

	
1.868 × 10−5

	
6.989 × 10−6

	
8.933 × 10−5

	
1.031 × 10−4

	
5.239 × 10−5
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