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Abstract

:

Groundwater is an essential water source for drinking, domestic, irrigation and industrial production in Luxi Plain, Shandong Province, China. Understanding the spatial–temporal changes in groundwater quality and its influencing factors in the region were required for better utilization of groundwater resources and efficient design of groundwater management strategies. In this study, the hydrochemical characteristics of groundwater in the study area were analyzed, and significant evolution was found from 2018 to 2020 due to silicate and carbonate weathering, evaporation and human activities. Moreover, the entropy water quality index (EWQI) was used to assess groundwater quality from 2018 to 2020. The EWQI values in 2018–2020 were 129.5, 90.5 and 94.0, respectively, and 31.7% of the groundwater in 2019 and 20.0% in 2020 can be used directly for drinking in the study area; others can be used for domestic water or irrigation. The potable groundwater, with an EWQI value of <50 (ranked as class Ⅰ or Ⅱ water quality), was mainly distributed in the west and southeast of the study area. The potential health risk due to oral intake and dermal intake was further assessed based on the human health risk assessment (HHRA) model. The results showed that, 37.3%, 6.7% and 3.3% of the groundwater samples for adults exceeded the acceptable limit for non-carcinogenic risk of 1.0 in 2018–2020, while for children, they were 88.2%, 30.0% and 56.7%, respectively. The high non-carcinogenic risks virtually all occurred in the counties or districts with higher agricultural or economic values. This work may provide useful information for local groundwater conservation and management and help to ensure a sustainable and healthy water supply for drinking, domestic and agricultural needs.
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1. Introduction


Groundwater is one of the world’s most important natural water resources for drinking, domestic, irrigation and industrial purposes [1]. However, global climate change and excessive human activities have put severe stress on groundwater resources [2]. Groundwater quality deterioration is one of the leading problems, especially in arid and semi-arid regions where surface water and precipitation are scarce and unevenly distributed [3,4]. More efforts have been made for groundwater quality monitoring, which allows for the comparison of water quality parameters with drinking water standards to determine its suitability for drinking purposes [5]. However, in order to better understand the causes of changes in groundwater quality and to determine its appropriate use, it is necessary to conduct a comprehensive assessment of groundwater quality. Moreover, a health risk assessment is required for supporting groundwater quality assessment and environmental management.



To date, various methods have been applied to assess the water quality, including a set pair analysis model (SPA), multivariate statistical technique and entropy-weighted technique [6,7,8]. Among these methods, the entropy-weighted water quality index (EWQI) can reduce the large amounts of data into a single and informative value by assigning different entropy weights to each parameter according to its relative importance in the overall water quality [9,10]. It is accurate and reliable for reflecting the overall groundwater quality and has been widely used around the world [11,12]. However, most studies based on EWQI have focused on spatial scales or relatively short temporal scales, such as dry and wet seasons within a year [8,13,14]. Previous studies showed that there were no significant changes in groundwater chemistry within a year [8,13]. Therefore, it is necessary to identify the interannual variability in groundwater quality in a specific region.



Luxi Plain, located in the west of Shandong Province, is a typical semi-arid plain. It is a major grain-producing area that plays a significant role in the national grain supply. Groundwater is the main water source for drinking and irrigation in this surface water-scarce region. For example, as the hinterland of Luxi Plain, the local surface water supply of Liaocheng was only 1.4 × 109 m3 in 2021, while the groundwater supply was 6.4 × 109 m3, accounting for 39.4% of the total water supply [15]. However, compared to other regions in the world (Table S1), groundwater quality in some areas has been seriously affected by human activities, making the groundwater unsuitable for drinking. For example, it has been reported that the quality of shallow groundwater in the suburbs of Liaocheng is poor, with agricultural fertilization being the main pollution source [16]. At present, few studies have conducted a comprehensive groundwater quality assessment in this region. In light of this, the specific objectives were (i) to analyze the interannual variability in groundwater hydrochemical characteristics and identify their controlling factors in recent years, (ii) to determine groundwater quality and its appropriate use based on the method of EWQI and (iii) to assess the potential health risks associated with exposure to the representative toxicological substances (manganese, nitrate, nitrite and fluoride) in the groundwater of this region. These outcomes are expected to provide a scientific basis for a comprehensive understanding of the groundwater quality and for finding suitable drinking water sources in the study area.




2. Materials and Methods


2.1. Study Area


2.1.1. Location and Climate


The study area was Liaocheng City, Shandong Province, which is known as the hinterland of Luxi Plain. It covers approximately 8715 km2 and is located between 116°16′ E to 116°32′ E and 35°47′ N to 37°05′. The prefecture-level city of Liaocheng administers eight county-level divisions, including two districts (Dongchangfu, Chiping), one county-level city (Linqing) and five counties (Donge, Gaotang, Guangxian, Shenxian and Yanggu) (Figure 1). Liaocheng features a semi-arid continental climate, with low precipitation and intensive evaporation. The average annual precipitation and evaporation in this area are 578.7 mm and 1708.7 mm, respectively. Half of the precipitation is concentrated from June to August, while the minimum rainfall is in January.




2.1.2. Geology and Hydrogeology


The geomorphic type of the study region belonged to the Yellow River alluvial plain. Except for Paleozoic strata distributed in the southeast of the region, the rest are covered by Quaternary strata with a thickness ranging from 30 to 270 m. Generally, two types of aquifers can be classified within the Quaternary deposits: phreatic aquifer and confined aquifer, and the phreatic aquifer is the main aquifer for water supply [17], so this study mainly focused on it. The development, distribution and burial of the phreatic aquifer are affected by the Yellow River channel. In the main stream of the Yellow River channel, the phreatic aquifer is thicker. In the transition zone between the channel and the margin, the thickness of the phreatic aquifer is 5–15 m, with the lithology mainly composed of fine sand and silt. While in the marginal zone of the channel, the thickness of the aquifer is less than 5 m, with the lithology being silt and fine sand [18]. Groundwater replenishment in this area is mainly from precipitation and river and irrigation infiltration, and it is discharged through artificial extraction and evaporation.





2.2. Sample Collection and Analysis


This study was a relatively long-term activity aimed to identify spatial–temporal changes in groundwater quality in Luxi Plain. Groundwater sample sites were evenly distributed throughout the study area, and samples were collected annually from 2018 to 2020. A total of 51, 60 and 60 samples from different sites were collected in August 2018, August 2019 and September 2020, respectively. The latitude/longitude of each sample site was accurately recorded with a portable GPS device.



At each sample site, the well was pumped for 15–20 min before sampling to ensure that the collected water could accurately reflect the status of local groundwater [19]. The parameters were analyzed using standard procedure. To measure pH and total dissolved solids (TDS), a portable pH/TDS meter (DZB-712F, Leici, Shanghai, China) was used during sampling. At the laboratory, calcium (Ca2+), magnesium (Mg2+), sodium (Na+) and manganese (Mn2+) were measured using a direct-reading inductively coupled plasma atomic emission spectrometer (ICAP6300, Thermo Scientific, Waltham, MA, USA). The detection limits of ICAP6300 for Ca2+, Mg2+, Na+ and Mn2+ were <0.002 mg/L, 0.02 mg/L, 0.02 mg/L and 0.05 mg/L, respectively. Ion chromatography (ICS-2100, Dionex, Sunnyvale, CA, USA) was adopted for analyzing chloride (Cl−), sulfate (SO42−), nitrate (NO3−), nitrite (NO2−) and fluoride (F−) with the detection limits of <0.1 mg/L. Moreover, total hardness (TH), bicarbonate (HCO3−) and carbonate (CO32−) were measured using titration according to the standards described in Standard Methods for the Examination of Water and Wastewater, 20th edition [19]. The certified reference materials (provided by the China National Institute of Metrology, Beijing, China) were used to estimate analytical errors, which were usually below 5%.



For checking the anion–cation balance of each sample, ionic balance errors (E, %) were calculated, which can be expressed as follows [13].


  E ( % ) =    ∑  Ca −  ∑  An        ∑  Ca +  ∑  An       × 100 ,  



(1)




where Ca and An were the cations and anions in each sample, respectively. All the ions were expressed in milliequivalent per liter (meq/L) of each sample. It was commonly recognized that the ionic balance error (E) within ±10% was the acceptable data for study [20]. In this study, the E values of all samples were proved acceptable.




2.3. Entropy Water Quality Index


EWQI was developed by integrating the concept of entropy weight into the traditional WQI [5]. In recent years, EWQI has gained widespread use in water quality evaluations because of its accuracy and reliability [5,21]. The detailed steps for calculating EWQI include the initial matrix Xij construction, data standardization, information entropy (ej) calculation, entropy weight (wj) and quality rating scale (qj) calculation and EWQI calculation [4,5], as shown in Figure S1a. Due to the Chinese standard of pH (SpH) ranges from 6.5 to 8.5, the pH quality rating scale (qpH) needed to be calculated according to Equation(2) to ensure its value was positive [5].


   q  pH   =    C  pH   − 7    S  pH   − 7   × 100 ,  



(2)




where CpH was the detected pH value of each sample. SpH was determined by CpH; if CpH was ≥7, SpH was 8.5, and while CpH was <7, SpH was 6. 5.




2.4. Human Health Risk Assessment


In this study, the human health risk assessment (HHRA) model was adopted to describe the degree of potential risk to children and adults, which was established by the United States Environmental Protection Agency (USEPA) [22]. Generally, water environment pollution has a negative influence on human bodies via two main pathways: drinking (oral intake) and bathing (dermal intake) [23]. The potential risks reflected the additive effects of the two pathways. The detailed calculation processes and the parameters used for calculation can be found in the Supplementary Materials (Figure S1b and Table S2).



In this study, representative toxic indicators, such as manganese, fluoride, nitrate and nitrite, were selected as health evaluation parameters. The values of RfDoral (mg/(kg·d)), RfDdermal (mg/(kg·d)) and ABSgi (gastrointestinal absorption factor) for manganese were 0.14, 0.14 and 1, respectively [13,24,25]. For nitrate, the three values were 1.6, 1.6 and 1; for nitrite, they were 0.1, 0.1 and 1 and for fluoride, they were 0.04, 0.04 and 1, respectively [13,25]. If HI < 1, it indicated that the non-carcinogenic risk was acceptable; if HI > 1, it indicated that the risk was unacceptable and the groundwater will have an adverse effect on human health [24,25,26].




2.5. Statistical Analysis


Groundwater quality and health risks analyses from 2018 to 2020 were performed via Kriging interpolation based on ArcGIS 10.7. The Piper and Gibbs analyses were implemented using Origin 2017.





3. Results and Discussion


3.1. Changes in Hydrochemical Characteristics of Groundwater


To better understand the basic chemical characteristics of groundwater in Liaocheng, Luxi Plain, 11 physiochemical parameters were statistically analyzed. The detected values of these parameters and the drinking water quality limits for each parameter were listed in Table 1.



The pH is an important parameter that specifies whether the water is acidic or alkaline. The pH values varied from 6.91 to 7.76, 7.10 to 8.10 and 7.20 to 8.10, with average values of 7.39, 7.46 and 7.60 in 2018–2020, respectively. This indicated a slightly alkaline water quality in the study area. All the pH values were within the recommended range of 6.5 to 8.5 [27].



Total dissolved solids (TDS) represent the total amount of salt dissolved in the water [28]. In 2018–2020, TDS values showed a large range, from 214 to 7680 mg/L with the mean values of 2088.9, 1797.0 and 1664.2 mg/L, respectively. These values far exceeded the acceptable limits stipulated by China (<1000 mg/L), the World Health Organization [29] (<1000 mg/L) and the Central Pollution Control Board (<500 mg/L) [30]. Bai et al. [31] classified waters as freshwater (TDS < 1000 mg/L), brackish water (1000 ≤ TDS < 3000 mg/L) and saline water (3000 ≤ TDS < 10,000 mg/L) based on TDS content. Although the average TDS decreased during 2018–2020, 61.7% of the samples were still of the brackish water class and 6.7% of saline water in 2020. The high TDS levels in groundwater resulted from the high concentration of soluble fractions, such as Na+, Ca2+, Mg2+, Cl− and SO42− (Table 1). Generally, TDS is used to reveal the degree of rock–water interactions, but irrigation return flows, domestic wastewater and chemical fertilizer infiltration can also affect TDS levels in groundwater [32,33].



The total hardness (TH) is principally caused by Ca2+ and Mg2+ in water [34,35]. The average values of TH in 2018–2020 were 761.0, 785.3 and 738.4 mg/L, respectively, exceeding the national standard stipulate of 450 mg/L [27]. Sawyer and McCarty [36] classified water based on its TH, which is soft when TH values were lower than 75 mg/L; moderately soft when values ranged from 76 to 150 mg/L; hard when values ranged between 151 and 300 mg/L and very hard when higher than 300 mg/L. Accordingly, the groundwater in this study region belonged to a very hard category. The changes in TH values during the three years were in line with that of the Ca2+ and Mg2+ concentrations.



Na+ concentrations in the groundwater samples were in the range of 33.50–1420, 29.7–961 and 19.2–901 mg/L in 2018, 2019 and 2020, with averages of 296.8, 271.0 and 215.4 mg/L, respectively. Although the average values showed a decreasing trend from 2018 to 2020, more than 35% of samples failed to meet the relevant standard (<200 mg/L) in 2020. Among the trace metal cations, the superfluous manganese (Mn2+) in the groundwater is relatively common, which can bring a series of adverse factors to daily life and industrial manufacturing. The concentration of Mn2+ in more than 88% of samples exceeded the drinking standard (<0.1 mg/L) during 2018–2020, suggesting that Mn2+ was an important indicator that affected the groundwater quality in this study area.



The changes in anion concentrations, such as SO42−, Cl−, NO3−, F− and NO2− in groundwater, were also analyzed. The average concentrations of both SO42− and Cl− exceeded the maximum allowable limit in 2018–2020, and an increasing trend was observed, whereas NO3−, F− and NO2− showed a subsequent decrease during these three years. Although the decreasing trend of the average value was observed, the highest NO3− concentrations were still up to 77.20 and 78.40 mg-N/L in 2019 and 2020, respectively. The acceptable levels for drinking water quality, as defined by the WHO [29], China [37] and CPCB [30], are below 11.2 mg-N/L, 10 mg-N/L and 10 mg-N/L, respectively. The NO3− concentration is primarily an indicator of anthropogenic activities. It was reported that the relationship of NO3−/Na+ and SO42−/Na+ can reflect the impact of agricultural and industrial activities on groundwater [38]. In the present study region, the average values of NO3−/Na+ were higher than 0.03 from 2018 to 2020, and the average values of SO42−/Na+ were lower than 1.53. These results indicated that the NO3− in groundwater was mainly derived from agricultural activities. Indeed, higher agricultural practices have been observed in the study area, as agriculture is the primary economic source for the residents [39]. Most sample sites were located in agricultural areas, which resulted in a high NO3− concentration in these samples, such as Houying, Zhouzhuang and Beijie sample sites located in Dongchangfu, Shenxian and Chiping, respectively. It was also found that the variation coefficients (CVs) of NO3− and NO2− were relatively high (Table 1), implying that they were the sensitive factors and their content varied with environmental changes.



Chemical oxygen demand (COD) concentration can reflect the extent of contamination in groundwater. The COD values of the samples ranged from 0.05 to 4.16 mg/L, 0.71 to 8.39 mg/L, 0.81 to 7.26 mg/L, with the mean of 1.44, 1.68 and 1.85 mg/L in 2018, 2019 and 2020, respectively. Most of the collected groundwater samples were within the allowable drinking water limit (<3.0 mg/L). Only three samples in 2018, two samples in 2019 and seven samples in 2020 were over the acceptable limit of drinking water.



Overall, TDS and TH in the study region were relatively high in 2018–2020, which exceeded the acceptable limit for drinking purposes. Although the concentration of major irons showed a decreasing trend from 2018 to 2020, the average concentrations of Na+, Mn2+, SO42− and Cl− still surpassed the drinking standard limit in 2020. COD and NO3− are indicators of groundwater pollution, primarily caused by human activities [40]. The variation coefficients (CVs) of NO3− and NO2− were relatively high, indicating that the groundwater in the study region was polluted to varying degrees by agricultural activities. Additionally, the CVs of TDS, TH and other ions, except for NO3− and NO2−, were low during the three years, suggesting that the contribution of water–rock interaction to water quality was larger than that of other factors in this region.




3.2. Sources of Ions and Controlling Factors


The most reliable information on ion sources in groundwater can be predicted via Piper’s trilinear diagram [41,42,43]. Figure 2 illustrated the hydrogeochemical characteristics of groundwater samples in 2018 and 2020. It can be seen that the Na + K facies type dominated in 2018, and there were almost no Ca type water, as shown in the lower left triangle of the Piper diagram. The sources of Na are complex, and the very high concentration of Na may be derived from a combination of rock mineral dissolution and human activities [44]. However, groundwater types continuously evolved to Ca types, and the samples with Na + K facies type decreased from 56.9% to 16.7% in 2020. As indicated from the right triangle, the HCO3 type predominated in both 2018 and 2020, at 74.5% in 2018 and 75.0% in 2020, followed by the no dominant type. Almost no SO4 and Cl types of water were observed in the study area over the study period. It can be inferred that rock weathering plays a crucial role in determining the groundwater chemistry. Generally, different rock weathering results in varying combinations of ions in a solution [45]. For instance, Ca and Mg mainly originate from the weathering of carbonates, silicates and evaporites. Na and K originate from the weathering of evaporites and silicates. HCO3 originates from carbonates and silicates, while SO4 and Cl originate from evaporites [46]. In the study region, most of the ions are mainly derived from silicates and carbonates (Figure S2), which can be determined by the relationships of [Mg2+]/[Na+] and [Ca2+]/[Na+] [45]. Complex hydrogeochemical types of groundwater were observed from the upper diamond-shaped field. Nearly all samples belonged to HCO3-Na, HCO3-Ca·Mg and SO4·Cl-Na types in 2018, whereas in 2020, a water type has evolved in which HCO3-Na and SO4·Cl-Na type water both decreased to 8.3%, and SO4·Cl-Ca·Mg type water increased from 3.9% to 15%.



In conclusion, the chemical composition of groundwater was determined by rock weathering and also affected by anthropogenic activities during the study period. Cation exchange processes are non-obvious during the study period due to the poor relationship of [Na+-Cl−] and [Ca2++Mg2+-SO42−-HCO3−] (R2 = 0.79 in 2018, 0.51 in 2020) [47], as shown in Figure S3. Moreover, there were differences in chemical types of groundwater in different counties, so groundwater in different counties should be used for different purposes.



Gibbs diagrams [48] can effectively illustrate the primary factors influencing the water quality. According to the diagram (Figure 3), a significant evolution of ions in the water was observed during 2018–2020. Almost all the samples were distributed in the rock dominance zone and evaporation dominance zone of the Gibbs plot, indicating that, apart from rock weathering processes, the groundwater hydrochemistry was also regulated by climatic factors. As groundwater flows underground and comes into active contact with rocks, water–rock interactions are generally the common factor that influences the evolution of natural groundwater chemistry [21]. Moreover, due to the fact that the study region is semi-arid, groundwater in this area experiences intense evaporation. Groundwater evaporation can elevate the concentrations of major ions and TDS, potentially leading to the precipitation of minerals, such as silicate and carbonate minerals. This phenomenon may cause the plots to shift towards the evaporation dominance zone on the Gibbs diagrams [21]. Notably, some samples were plotted out of the frame, and more samples were found in 2018. It was reported that the ion components of global water are almost always within the Gibbs plot, but when influenced by human activities, the samples may fall outside the frame [44]. This result was consistent with the ion source analysis mentioned above. Compared to 2020, groundwater in this region was more significantly affected by human activities in 2018.




3.3. Groundwater Quality Assessment


In order to intuitively understand the groundwater quality in Luxi Plain, 11 parameters were selected to evaluate the water quality. The entropy weight (Wj) and entropy value (Wj × qj) of each parameter were calculated, as shown in Table 2. A high Wj value indicated a large impact on groundwater quality [5]. During the study period, NO2− has the highest Wj, followed by NO3−, revealing that nitrogenous materials have a larger influence on water quality than other parameters.



In 2018, NO3− had the highest entropy value, followed by Mn2+, Cl− and SO42−, while in 2019, the entropy value of all the parameters decreased, but NO3− and Mn2+ were still relatively high. In 2020, the entropy value of Cl− and SO42− were observed to elevate again. Various researchers have reported that nitrogenous substances are infrequent in the geological terrains, and the occurrence of nitrate in the groundwater was mainly of an anthropogenic nature [49,50]. While Mn is primarily derived from Mn-containing compounds in the primary sedimentary environment, the alkaline environment and high TDS in groundwater can promote the dissolution of Mn [51].



In the study area, the average EWQI value in 2018 was 129.5, indicating that the water quality was rated as class Ⅳ and, therefore, unsuitable for drinking. In 2019 and 2020, the values decreased to 90.5 and 94.0, and water quality was rated as class III (Table 3). In 2018, 19.6% of the samples were ranked as class Ⅱ water quality, 45.10% were rated as class Ⅲ and 9.8% and 25.5% were rated as class Ⅳ and Ⅴ, respectively. In 2019 and 2020, the water quality remarkably changed for the better, the class Ⅴ water decreased to 13.3% and 15.0%, respectively, indicating that the impact of human activities on groundwater quality decreased in 2019 and 2020. This result was in accordance with Section 3.2. Notably, the observed EWQI in 2020 was slightly higher than in 2019, which may mainly result from climatic factors. According to Table 3, 20.0% of the groundwater in the study area was of class Ⅰ and Ⅱ in 2020 and can be used directly for drinking. Additionally, 43.33% of class Ⅲ groundwater could be used for domestic water; 36.67% of the groundwater belonged to class Ⅳ and Ⅴ, which was completely non-potable for drinking purposes but can be used for irrigation and industrial production.



EWQI spatial distribution maps were obtained with ArcGIS in 2018–2020 according to the EWQI rating system (Figure 4). The class Ⅲ and Ⅳ groundwater zones almost covered the whole study area. From 2018 to 2020, the areas with class Ⅴ groundwater zones decreased, while the areas with class Ⅲ groundwater zones increased. The groundwater with class Ⅰ and Ⅱ quality was mainly distributed in the west of Guanxian and Linqing and southeast of Donge. The class Ⅴ groundwater zones were mainly distributed in farmland areas of Guanxian, Linqing, Yanggu and Gaotang in 2020. Therefore, in the long run, the discharge of sewage and manure needs to be controlled. Moreover, precise and scientific fertilization based on local crop type needs to be studied in Liaocheng.




3.4. Health Risk Assessment


As per EWQI, the groundwater in some sites was unsuitable for drinking. Consequently, the human health risk assessment in the study region is necessary, as some residents rely on groundwater for their drinking needs. As demonstrated in Table 4, the HI values varied from 0.35 to 3.65, with an average of 1.02 for adults in 2018, and from 0.64 to 6.84, with an average of 1.90 for children. In 2019, the HI values decreased, and the mean values were 0.50 for adults and 0.93 for children. However, the mean values of HI increased to 0.58 for adults and 1.08 for children in 2020. The potential risks were significantly higher in 2018 than in 2019 and 2020. Adults’ health risk results revealed that 37.3%, 6.7% and 3.3% of the groundwater samples exceeded the non-carcinogenic risk limit of 1.0 in 2018–2020, while for children, they are 88.2%, 30.0% and 56.7%, respectively. Various studies have reported similar results that infants and children were at higher risk than adults [13]. The children were more susceptible to pollution because they consume more water and food in proportion to their body weight [4]. Moreover, the risk of non-carcinogenic effects through dermal contact was significantly lower compared to the risk associated with the ingestion pathway. The highest risks of dermal contact (HQdermal) for adults and children were 0.01 and 0.03 during the three years, respectively, while the highest risks caused by oral ingestion (HQoral) for adults and children are 3.65 and 6.81, respectively. This suggested that the risks from dermal contact can be considered negligible when compared to oral ingestion. Overall, the non-carcinogenic risk of groundwater in some sample sites was relatively high under assumed conditions, and there will certainly be impacts on more people’s health if the groundwater in these sites was used for drinking in the future.



Table 5 presented the statistical summary of HQ values for manganese, fluoride, nitrate and nitrite in groundwater samples during the three years. The contributions of non-carcinogenic risk to adults and children in 2018–2020 were as follows: fluoride > nitrate > manganese > nitrite. Fluoride is widely distributed in the Earth’s crust and can be found in several fluoride-rich minerals, including (CaF2), fluorapatite (Ca5(PO4)3F), villiaumite (NaF) and topaz (Al2(SiO4)F2) [52,53]. High HCO3− and Na+ and low Ca2+ can enrich the F− in groundwater [53]. Furthermore, the groundwater in the study area exhibited an alkaline condition, which is conducive to the dissolution of fluoride minerals [23,54].



In addition, the spatial distribution results of non-carcinogenic health risks for children and adults in 2018–2020 were shown in Figure 5. The health risks for adults and children decreased from 2018 to 2020. The total non-carcinogenic risks virtually all occur in Shenxian, Yanggu and Dongchangfu in 2019 and 2020. Shenxian is the largest agricultural county in Liaocheng, followed by Yanggu [39], implying that the fertilizer may be the biggest threat to human health in these two areas. Dongchangfu has the largest economic output value in Liaocheng [39], so the high risk in this region should be attributed to human activities and special geological conditions. Consequently, treatment and remediation for groundwater with high levels of fluoride, manganese and nitrate need to be carried out in these regions. Moreover, policies should be developed to prevent and control pollution sources.





4. Conclusions


Groundwater plays a crucial role in the natural water cycle and is a vital source of the global water supply. The results observed that the hydrochemical characteristics of groundwater in the study area evolved from 2018 to 2020 due to water–rock interactions, climatic factors and human activities. The ions in groundwater were mainly derived from silicate and carbonate weathering, and the cation exchange processes were not obvious. Moreover, the groundwater quality was found to get better over time based on the EWQI; 31.67% of the groundwater samples in 2019 and 20.00% in 2020 in the study area were of class I and II quality and can be used directly for drinking, while others can be used for domestic water or irrigation. The groundwater with class I and II quality was distributed in the west and southeast of the study area. Furthermore, the results of the HHRA showed that the non-carcinogenic risk contributions to adults and children in 2018–2020 were in the order of fluoride > nitrate > manganese > nitrite. The spatial distribution maps indicated that the high health risks in 2019 and 2020 virtually all occurred in the counties or districts with higher agricultural or economic values. The outcomes of this study are expected to assist governing bodies in developing effective strategies for improving drinking water management.
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Figure 1. The study area location and sampling sites, circles refer to the sample site locations. 
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Figure 2. Piper diagram of groundwater samples in 2018 (a) and 2020 (b). 
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Figure 3. Gibbs diagrams of groundwater samples in 2018 and 2020. 
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Figure 4. Spatial distribution maps of EWQI classification in 2018 (a), 2019 (b) and 2020 (c). 
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Figure 5. Spatial distribution maps of health risks in 2018 (a), 2019 (b) and 2020 (c): adults (1), children (2). 
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Table 1. Statistical summary of chemical compositions of groundwater in the study area.
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Parameters

	
pH

	
TDS

	
TH

	
Na+

	
Mn2+

	
SO42−

	
Cl−

	
NO3−

	
F−

	
NO2−

	
COD




	
Chinese Standards [27].

	
-

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L




	
6.5~8.5

	
1000

	
450

	
200

	
0.1

	
250

	
250

	
20

	
1

	
1

	
3






	
2018

	
Min

	
6.91

	
613.0

	
323.0

	
33.5

	
0.01

	
29.1

	
43.6

	
0.40

	
0.31

	
0.003

	
0.05




	
Max

	
7.76

	
7680.0

	
2450.0

	
1420.0

	
1.48

	
1790.0

	
1920.0

	
177.00

	
2.27

	
4.04

	
4.16




	
Mean

	
7.39

	
2088.9

	
761.0

	
296.8

	
0.53

	
313.1

	
318.5

	
23.40

	
0.84

	
0.24

	
1.44




	
Std

	
0.20

	
1058.7

	
391.4

	
254.7

	
0.33

	
331.3

	
348.5

	
39.30

	
0.45

	
0.79

	
0.87




	
CV (%)

	
2.7

	
50.7

	
51.4

	
85.8

	
62.3

	
105.8

	
109.4

	
168.0

	
53.6

	
329.2

	
60.4




	
2019

	
Min

	
7.10

	
490.0

	
341.0

	
29.7

	
0.05

	
17.9

	
36.3

	
0.10

	
0.12

	
0

	
0.71




	
Max

	
8.10

	
6184.0

	
2289.0

	
961.0

	
1.07

	
1795.0

	
1712.0

	
77.20

	
1.57

	
0.96

	
8.39




	
Mean

	
7.46

	
1797.0

	
785.3

	
271.0

	
0.41

	
324.7

	
339.2

	
7.93

	
0.57

	
0.1

	
1.68




	
Std

	
0.20

	
1186.5

	
364.4

	
205.7

	
0.28

	
326.6

	
339.7

	
17.10

	
0.36

	
0.25

	
1.41




	
CV (%)

	
2.7

	
66.0

	
46.4

	
75.9

	
68.3

	
100.6

	
100.2

	
215.6

	
63.2

	
250.0

	
83.9




	
2020

	
Min

	
7.20

	
214.0

	
125.0

	
19.2

	
0.05

	
20.8

	
31.3

	
2.54

	
0.14

	
0

	
0.81




	
Max

	
8.10

	
6836.0

	
2363.0

	
901.0

	
0.99

	
1921.0

	
1654.0

	
78.40

	
1.40

	
0.51

	
7.26




	
Mean

	
7.60

	
1664.2

	
738.4

	
215.4

	
0.28

	
330.2

	
317.9

	
9.88

	
0.58

	
0.06

	
1.85




	
Std

	
0.21

	
1209.1

	
368.4

	
178.2

	
0.27

	
340.4

	
331.7

	
12.36

	
0.31

	
0.15

	
1.05




	
CV (%)

	
2.8

	
72.7

	
49.9

	
82.8

	
96.4

	
103.1

	
104.3

	
125.1

	
53.5

	
250.0

	
56.8











 





Table 2. Entropy weight and entropy value of each parameter.
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	Items
	Years
	pH
	TH
	COD
	Cl−
	SO42−
	Na+
	NO3−
	F−
	Mn2+
	NO2−
	TDS





	
	2018
	0.02
	0.05
	0.03
	0.10
	0.09
	0.06
	0.21
	0.06
	0.03
	0.32
	0.04



	Wj
	2019
	0.02
	0.04
	0.11
	0.07
	0.07
	0.05
	0.26
	0.08
	0.04
	0.21
	0.05



	
	2020
	0.03
	0.03
	0.08
	0.10
	0.10
	0.07
	0.15
	0.05
	0.08
	0.26
	0.05



	
	2018
	0.44
	8.28
	1.47
	12.15
	11.05
	9.02
	48.18
	4.90
	17.95
	7.71
	8.38



	Wj × qj
	2019
	0.73
	7.21
	6.26
	9.81
	8.93
	6.47
	20.96
	4.26
	14.81
	2.12
	8.92



	
	2020
	1.16
	5.04
	4.94
	12.32
	12.58
	7.52
	13.93
	3.10
	14.52
	1.70
	8.78










 





Table 3. Classification of groundwater quality based on EWQI.
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	Value Range
	Rank
	2018 (51)
	Mean
	2019 (60)
	Mean
	2020 (60)
	Mean





	EWQI < 25
	1
	0
	
	1
	
	3
	



	25 ≤ EWQI < 50
	2
	10
	
	18
	
	9
	



	50 ≤ EWQI < 100
	3
	23
	
	27
	90.5
	26
	94.0



	100 ≤ EWQI < 150
	4
	5
	129.5
	6
	
	13
	



	150 ≤ EWQI
	5
	13
	
	8
	
	9
	










 





Table 4. Health risk results through different exposure pathways based on HHRA.
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Demographic

	
Min

	
Max

	
Mean

	
Median

	
Percentage of HI > 1






	
2018

	
Adults

	
HQoral

	
0.34

	
3.65

	
1.01

	
0.75

	




	
HQdermal

	
0.00

	
0.01

	
0.00

	
0.00

	




	
HI

	
0.35

	
3.65

	
1.02

	
0.75

	
19 (37.3%)




	
Children

	
HQoral

	
0.64

	
6.81

	
1.89

	
1.40

	




	
HQdermal

	
0.00

	
0.03

	
0.01

	
0.01

	




	
HI

	
0.64

	
6.84

	
1.90

	
1.40

	
45 (88.2%)




	
2019

	
Adults

	
HQoral

	
0.12

	
1.93

	
0.49

	
0.44

	




	
HQdermal

	
0.00

	
0.01

	
0.00

	
0.00

	




	
HI

	
0.12

	
1.94

	
0.50

	
0.44

	
4 (6.7%)




	
Children

	
HQoral

	
0.22

	
3.60

	
0.92

	
0.82

	




	
HQdermal

	
0.00

	
0.01

	
0.00

	
0.00

	




	
HI

	
0.23

	
3.61

	
0.93

	
0.83

	
18 (30.0%)




	
2020

	
Adults

	
HQoral

	
0.18

	
1.66

	
0.58

	
0.55

	




	
HQdermal

	
0.00

	
0.01

	
0.00

	
0.00

	




	
HI

	
0.18

	
1.66

	
0.58

	
0.55

	
2 (3.3%)




	
Children

	
HQoral

	
0.34

	
3.09

	
1.08

	
1.02

	




	
HQdermal

	
0.00

	
0.01

	
0.00

	
0.00

	




	
HI

	
0.34

	
3.10

	
1.08

	
1.02

	
34 (56.7%)











 





Table 5. Statistical summary of HQ and HI values for adults and children.
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Demographic

	
Mn2+

	
F−

	
NO3−

	
NO2−

	
HI






	
2018

	
Adults

	
Min

	
0.00

	
0.19

	
0.01

	
0.00

	
0.34




	
Max

	
0.26

	
1.43

	
2.77

	
1.01

	
3.65




	
Mean

	
0.09

	
0.53

	
0.34

	
0.06

	
1.02




	
Children

	
Min

	
0.00

	
0.36

	
0.01

	
0.00

	
0.64




	
Max

	
0.50

	
2.66

	
5.18

	
1.89

	
6.84




	
Mean

	
0.17

	
0.98

	
0.63

	
0.11

	
1.90




	
2019

	
Adults

	
Min

	
0.01

	
0.06

	
0.00

	
0.00

	
0.12




	
Max

	
0.19

	
0.99

	
1.21

	
0.24

	
1.94




	
Mean

	
0.07

	
0.31

	
0.09

	
0.03

	
0.50




	
Children

	
Min

	
0.02

	
0.12

	
0.00

	
0.00

	
0.23




	
Max

	
0.36

	
1.84

	
2.26

	
0.45

	
3.61




	
Mean

	
0.13

	
0.58

	
0.16

	
0.05

	
0.93




	
2020

	
Adults

	
Min

	
0.01

	
0.00

	
0.04

	
0.00

	
0.18




	
Max

	
0.18

	
0.88

	
1.23

	
0.13

	
1.66




	
Mean

	
0.05

	
0.36

	
0.16

	
0.02

	
0.58




	
Children

	
Min

	
0.02

	
0.00

	
0.07

	
0.00

	
0.34




	
Max

	
0.33

	
1.64

	
2.30

	
0.24

	
3.10




	
Mean

	
0.09

	
0.67

	
0.29

	
0.03

	
1.08
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