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As one of China's nine border provinces, Jilin Province is an important window for China's “Belt and Road” to open up to the north, and an important channel for China's foreign trade and foreign exchanges. Therefore, understanding hydrogeochemical characteristics is very important for effective water resources management in Jilin Province. A total of 64 groundwater samples were collected from 32 monitoring Wells in Jilin Province. Use of hydrogeochemical analysis techniques, WQI index and human health risk index methods to assess hydrogeochemical processes and groundwater quality, including the determination of hydrogeochemical parameters, conventional ions, trace elements and stable isotopes (δD and δ18O). The results show that the groundwater is slightly alkaline, the cations are mainly Na+, Ca2+, Mg2+, and K+, and the anions are mainly [image: image], Cl−, and [image: image]. Most of the groundwater samples belong to Ca-HCO3 and Na-HCO3 types, which are formed by the dissolution of calcite, dolomite, gypsum, silicates and carbonates. Stable isotope analysis shows that groundwater recharge in Jilin mainly comes from atmospheric precipitation at an altitude of 1,430~2,348 m. The strong correlation between trace elements indicates a common source. Most of the groundwater quality index (WQI) in the study area is Class I to Class III, and hazard quotient (HQ) and hazard index (HI) are both below 1. This indicates excellent water quality and minimal health risks associated with human consumption. It is worth noting that trace elements are enriched in the Tanlu fault zone. It provides scientific guidance for the utilization and allocation of groundwater resources in Jilin Province.
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1 Introduction

Groundwater is the primary source of freshwater worldwide, catering to the drinking and irrigation needs of billions of individuals. Compared to surface water, groundwater is generally considered to be a cleaner water resource. This is because groundwater is protected by different geological strata and is therefore less vulnerable to contamination from anthropogenic sources (An et al., 2023). In sub-humid and semi-arid areas, water quality directly affects human health, soil fertility, crop growth and the overall environment (Farhadkhani et al., 2018; Guo et al., 2022). Water quality is under threat from a number of sources around the world. In developing countries, where more than half of the world's population lives, about 20%−25% of people have access only to polluted drinking water (Yousefi et al., 2018; Adelodun et al., 2021). In arid regions, the main or even the only source of fresh water available to mortals is groundwater. The advantages of groundwater resources over surface water include widespread distribution, consistent volume, and superior quality, rendering groundwater an essential water supply source, particularly in humid regions (Dash et al., 2019; Hao et al., 2023). Nevertheless, with the rapid development of society, the influence and interference of human activities on the hydrosphere are intensifying. For example, human sewage discharged daily into groundwater has increased significantly. Large-scale pumping and irrigation could drastically alter the hydrodynamic conditions and environment of aquifers (Wang et al., 2022). In the 21st century, the global recognition of groundwater management's significance has grown. The chemical makeup of groundwater has close links to the type of aquifer, the duration of water-rock interaction, and the influences of natural or anthropogenic activities (Maliva, 2020).

Water quality is crucial for human well-being and health. It must be taken into account to ensure that water resources are safe for consumption and use. Groundwater quality and its processes can be assessed over time and space using hydrogeochemical analysis. According to the hydrogeochemical analysis technology, Piper three-line diagram and Gibbs diagram are used to identify the evolution of the chemical composition of groundwater (Li et al., 2020; Zhong et al., 2022). These analytical methods have been extensively used to evaluate groundwater quality and hydrogeochemical changes of pollutants, such as fluoride (Qiu et al., 2023), nitrate (Li et al., 2023), and trace elements (Bodrud-Doza et al., 2019; Aithani et al., 2020). Moreover, numerous countries across the globe have undertaken assessments to evaluate the presence of trace elements in water quality and their potential risks to human health. In the 1960s, Horton introduced the earliest water quality index (WQI), and numerous techniques for assessing water quality have been developed since (Adimalla and Taloor, 2020). Although water quality assessment methods have developed rapidly in recent years, human health risk assessment still relies heavily on the models proposed by the US Environmental Protection Agency (USEPA) or their improvements (Zhang et al., 2018).

The quality of groundwater for drinking water in the Nur region of southern Ghana has been assessed using the WQI (Adimalla and Qian, 2019). The assessment of the WQI was carried out in the Upper Awash River Basin in Ethiopia. Based on the results of water chemical analysis, the samples were classified into three WQI categories: excellent (58.82%), good (35.29%), and poor (5.88%) (Haji et al., 2021). Groundwater in industrialized and densely populated areas of southern India has a high level of nitrate contamination, rendering it unsuitable for drinking. Nitrate levels are elevated in semi-arid regions, requiring treatment before consumption, particularly for children who are more vulnerable to non-carcinogenic hazards. Inadequate sanitation facilities, insufficient wastewater treatment, and seepage runoff have a detrimental effect on water quality in Srikakulam district of Andhra Pradesh (Nadikatla et al., 2020; Soujanya Kamble et al., 2020; Panneerselvam et al., 2023). Studies in Pakistan found that heavy metal contamination in food crops poses health risks to humans and animals. Thereby mandating the implementation of measures to minimize pollution. The assessment of groundwater showed that 3.23% of samples were excellent, 93.54% were good, and 3.23% were poor according to water quality standards. Geologic processes and human activities play a significant role in the chemical properties of groundwater (Kawo and Karuppannan, 2018; Khaliq et al., 2022). The water quality in the Mesta River catchment, Bulgaria, was assessed using a novel approach combining CCME WQI and SOM, enabling precise evaluation by water management authorities (Yotova et al., 2021). The water quality of the Turnasuyu Stream was evaluated, revealing very good quality with low levels of trace elements, posing no health risks (Ustaoglu et al., 2020). Water quality, concentrations, and health risks of heavy metals in eight major lakes in Kenya were evaluated, with varying levels of contamination identified and the need for remediation policies highlighted (Githaiga et al., 2021). Groundwater quality in a semi-arid area of China was assessed, with suitable drinking water sources identified and health risks due to contamination highlighted (Zhang et al., 2020). An analysis of groundwater in Shandong Province, China revealed conflicting results between water quality and health risk assessment, emphasizing the necessity of adjusted standard (Liu et al., 2021). The water quality of rivers in the Tibetan Plateau was compared to global averages, Chinese national standards, and World Health Organization drinking water guidelines. Most rivers were found to be uncontaminated, but some basins showed excessive concentrations of toxic elements, warranting long-term monitoring (Qu et al., 2019).

Over the past decades, numerous scholars have conducted in-depth research in the Jilin. For instance, the groundwater in Da'an City, Jilin Province, was evaluated based on the Water Level Sequence Data and the Mine Groundwater Sustainability Index (MGSI). It is suggested by the study that future water resource management should consider replacing groundwater with surface water or other water sources to reduce groundwater extraction (Fang et al., 2022). Assessments of groundwater in Jilin Province indicated low pollution risks and suitability for drinking (Huan et al., 2018). The majority of the underground water in the Jilin section of Songhua River was found to be suitable for drinking, according to the WQI, Health Quotient (HQ), and Health Index (HI) evaluation methods (Tong et al., 2021). Furthermore, the WQI of Dehui City, Jilin Province, was conducted using fuzzy comprehensive evaluation and multivariate statistical analysis, which indicated good water quality (Chai et al., 2020). Analysis of groundwater samples in Jilin Province suggested their suitability for irrigation (Xiao et al., 2016). Additionally, the groundwater hydrochemistry of multiple aquifers in Qian'an City, Jilin Province, was studied to evaluate the non-carcinogenic health risks associated with groundwater (Adeyeye et al., 2021). The impact of the natural environment and human activities on Fe and Mn levels in Changchun City's groundwater was investigated, identifying their sources and the role of anthropogenic fertilization (Zhang et al., 2021). Furthermore, a groundwater flow model was established using GMS to gain better understanding of the groundwater system responsible for the Jilin City area (Qiu et al., 2015).

Despite the significant progress achieved in previous studies on groundwater, the scope and comprehensiveness of this research are broader. This study combines hydrogeochemical analysis with water quality assessment to provide a comprehensive evaluation of groundwater in Jilin Province. The motivation behind this study is driven by concerns for environmental protection, water resource management, as well as the impact of groundwater on human health and ecosystems. By investigating the hydrogeochemical properties and evaluating the water quality of groundwater in Jilin Province, we can gain a comprehensive understanding of groundwater quality in the region. This includes identifying the types and concentrations of dissolved substances in the water and assessing whether the groundwater meets relevant water quality standards and criteria. This research presents empirical evidence that can be utilized to manage and safeguard groundwater in Jilin Province. It furnishes valuable insight to residents and decision-makers to ensure the sustainable utilization and safety of groundwater.



2 Geological profiles

Jilin Province (Figure 1), situated in the heart of northeastern China, lies between 121°38′-131°19′ east longitude and 40°50′-46°19′ north latitude. Comprising nine prefecture-level administrative regions, it hosts a large population within a total area of 18.74 × 104 km2, accounting for approximately two percent of the country's overall area. Jilin Province borders Heilongjiang and Liaoning Provinces. It has a temperate continental monsoon climate with rainy summers and snowy winters. The annual temperature ranges from −2 to 6°C, and average precipitation is 400–600 mm, varying from southeast to northwest (Adeyeye et al., 2021; Chen et al., 2021). Jilin Province is home to five major river systems: Songhua River, Liao River, Tumen River, Yalu River, and Suifen River (Jilin Provincial Environmental Protection Bureau, 2022). Among them, Songhua, Tumen, and Yalu River systems originate from Changbai Mountain, radiating outwards. The Liao River system originates from Mount Guangtou in Pingquan County, Hebei Province, and flows into the western and eastern parts of Jilin Province as the tail section of the West Liao River and most of the East Liao River, as well as parts of the Zhaosutai River. Suifen River originates from the northern side of the Dalongce range in Wangqing County, Jilin Province, enters Heilongjiang Province, and finally empties into the Sea of Japan through Russia. The distribution of annual runoff of Jilin Province's rivers ranges from the Changbai Mountain area to the west, extending to the hilly and plain areas, and the depth of runoff decreases along with the elevation and precipitation (Chen et al., 2021). In summary, Jilin Province possesses abundant water resources but also faces water quality issues and challenges that require proper management and protection.


[image: Figure 1]
FIGURE 1
 Distribution map of monitoring well sampling points in Jilin Province [prominent faults in Jilin province encompass the Nen Jiang fault (NJF), the Yitong-Shulan fault (YSF), the Hun Jiang fault (HJ), Yalu River fault (YRF), Dunhua-Mishan fault (DMF), the Second Songhua River fault (SSRF), and several minor faults (SF) (Sheng et al., 2014; Fowler et al., 2019)].


Jilin's primary rock is magmatic, dominated by granites in eastern mountainous areas like Jiaohe and Wangqing. Residual slope deposits from weathered granite are found in Panshi, Liaoyuan, and other places. Lava platforms in Changbai Mountain and Dunhua consist mainly of different types of basalts, while Jurassic volcanic rocks are in Wangqing and north Dunhua (Huan et al., 2018). Jilin Province is traversed by three distinct geological units, extending from southeast to northwest: the Changbai Mountain Range, the Songliao Plain, and the Greater Khingan Mountains (Cai et al., 2003). Mineralization levels gradually increase from east to west. In the eastern region, which includes the Greater Khingan Mountains and the Changbai Mountain hilly area, rainfall is abundant but groundwater conditions are unfavorable. The hilly terrain of the Greater Khingan Mountains favors the occurrence of groundwater, but precipitation is relatively low. The northwestern region is affected by climate, human activities, land desertification, salinization, and groundwater pollution, resulting in deteriorating water quality and high mineralization levels (Liu et al., 2017).

Given the spatial distribution and structural characteristics of the sampling points in the study area, the sample sites are segmented into three divisions: plain area, fault zone area, and volcanic area. Sites QA, AG, CL, DDS, THT, SG, TQ, and JH lie within the plain region, while YBT, CYC, LY, and TM belong to volcanic areas. The remaining sample sites fall within the fault zone.



3 Sampling and methods


3.1 Groundwater samples collection and analysis

During 2016, 64 groundwater samples were collected from 32 locations in the study area. The samples, classified as shallow groundwater, were gathered from observation wells at depths ranging from 0 to 20 m. The sample sites, including AG, AT, BB, BC, CL, CYC, DDS, DHKHT, DHNGQ, EM, FM, FY, HC, HL, HN, JH, LG, LH, LJ, MHK, QA, QG, SG, SL, SP, THT, TM, TQ, WQ, YBT, YF, and YGB, are illustrated in Figure 1 and detailed in Table 1. Groundwater samples were filtered using a 0.45 μm filter and collected in 50 ml polyethylene bottles. At least four bottles were collected per water sample and stored in a refrigerator with ice to maintain a constant temperature of 4°C during storage (Adimalla and Taloor, 2020). To ensure sample integrity, each bottle was soaked in ultra-pure water for 3 days and thrice rinsed with groundwater prior to sampling. Furthermore, after collecting water, 14 M HNO3 was gradually added to acidify the sample to a pH <2. The bottle was then sealed to prevent exposure to light and to ensure that the sample is not exposed to air until analysis. All water samples were processed within 1 week.


TABLE 1 Location of monitoring well in Jilin Province.

[image: Table 1]

The collected water samples were transported to the laboratory for compositional analysis, focusing on their hydrogeochemical and isotopic characteristics. The chemical composition of the water, encompassing cations (Na+, K+, Ca2+, and Mg2+) and anions (Cl−, Br−, [image: image], and [image: image]), was determined by Dionex ICS-900 ion chromatograph with AS40 automatic sampler provided by the Key Laboratory of Earthquake Prediction of China Earthquake Administration, with the reproducibility within ±2% a limit of detection of 0.01 mg/L. The concentrations of [image: image] and [image: image] were determined using 0.05 mol/L HCl, 0.1% methyl orange, and 1% phenolphthalein procedures with a ZDJ-100 potentiometric titrator, which exhibited a reproducibility within ±2%. The analysis of the trace elements was completed at the Test Center of the Institute of Nuclear Industry Geology, using an element-type inductively coupled plasma mass spectrometer ICP-MS. Hydrogen and oxygen isotopes were analyzed with MAT 253, and Vienna Standard Mean Ocean Water (V-SMOW) served as the reference sample. The δ18O and δD values were measured with an accuracy of ±0.2% (2SD) and ±1% (2SD), respectively.

[image: image]

When the anions and cations balance error is less than ±5%, the determination results of the main ions in water can be used to analyze the hydrogeochemical characteristics (Bianchini et al., 2005).



3.2 Mineral saturation states

The saturation index method is widely used to assess and investigate the mineral saturation state in relation to groundwater (Giggenbach, 1988). The saturation index method is defined as follows:

[image: image]

where Ksp represents the equilibrium constant of the mineral dissolution reaction, and IAP denotes the active product of related ions in mineral dissolution reactions. According to the solubility product rule:

When SI > 0, compounds originate from groundwater deposition.

When SI = 0, the dissolution and precipitation of the compound are in equilibrium.

When SI < 0, compounds are unsaturated in groundwater and have a tendency to dissolve.



3.3 Water quality index

The WQI is the optimal environmental standard and one of the most effective tools. WQI provides a single value that represents the overall water quality at a specific location and helps in specifying environmental management strategies to control groundwater pollution (Soujanya Kamble et al., 2020). To assess the cumulative impacts of various harmful elements on aquatic ecosystems, a comprehensive pollution index known as the WQI was employed. The WQI is calculated using the following method (Qu et al., 2019):

[image: image]

In the formula, Ci represents the concentration of element I detected in the water, while Qi represents the water quality standard limit for element I. The variable n indicates the number of elements. The WQI is divided into four categories:

1. Category I (almost uncontaminated): WQI ≤ 1.

2. Category II (mildly contaminated): 1 < WQI ≤ 2.

3. Category III (moderately contaminated): 2 < WQI ≤ 3.

4. Category IV (heavily contaminated): WQI > 3 (Qu et al., 2019).



3.4 Human health risk

Common exposure pathways for human beings are typically considered to be direct ingestion and dermal absorption by the skin (through activities such as showering/bathing and swimming) (Gao et al., 2019; Tong et al., 2021). The non-carcinogenic human health risks of ingestion (HQingestion) and dermal contact (HQdermal) were used to calculate the hazard quotient (HQ) (Githaiga et al., 2021; Tong et al., 2021). The steps outlined by US EPA (2004) were followed in the calculation of HQingestion and HQdermal risks.

[image: image]

Among them, the average daily dose of intake and skin adsorption is represented by ADDingestion and ADDdermal, measured in μg/kg/day. Cw is the average concentration of trace elements in various water samples, expressed in μg/L. IR refers to the ingestion rate, which is 2.0 L/day for adults and 0.64 L/day for children. EF indicates the exposure frequency, calculated as 350 days/year. The duration of ED exposure is 30 years for adults and 6 years for children. BW represents the average weight, with adults at 70 kg and children at 15 kg. AT stands for the average time, where for non-carcinogens, AT = ED × 365 days/year, and for carcinogens, AT = 365 days/year × 70 years. SA denotes the exposed skin area, which is 18,000 cm2 for adults and 6,600 cm2 for children. ET indicates the exposure time, with adults at 0.58 and children at 1 h per day. These exposure parameters were referenced from the US EPA (2004), Zhang et al. (2020) and Haji et al. (2021). Kp (cm/h) is the Dermal Permeability Constant expressed in cm/h. The values are as follows: 1.0 × 10−3 for Al, As, B, Ba, Cd, Mo, Se, Sr, Mn, Fe, Cu, and V; 2.0 × 10−3 for Cr; 4.0 × 10−4 for Co; 1.0 × 10−4 for Pb; 2.0 × 10−4 for Ni; and 6.0 × 10−4 for Zn (Ustaoglu et al., 2020; Githaiga et al., 2021).

The evaluation formula of potential non-carcinogenic risk is as follows:

[image: image]

Among the variables mentioned, HQ represents the hazard quotient, which is a dimensionless measure of the potential hazard through ingestion or skin absorption. RfD refers to the reference dose for oral toxicity of a specific metal. ABSg is the gastrointestinal absorption factor, expressed as a dimensionless value, with reference values derived from the US EPA's Risk-Based Concentration Table. HI stands for the hazard index, which is a dimensionless value, indicating the potential non-carcinogenic risk associated with all heavy metals. Adverse health effects may occur when HQ or HI values exceed 1, whereas values below 1 indicate no adverse effects on human health (US EPA, 2004). The classification of HI is as follows: HI < 0.1 indicates a negligible non-carcinogenic risk, 0.1 ≤ HI < 1 suggests a low non-carcinogenic risk, 1 ≤ HI < 4 implies a moderate non-carcinogenic risk, and HI ≥ 4 denotes a high non-carcinogenic risk (Tong et al., 2021).

Software packages such as The Origin 2021b, Surfer 17.1, and Grapher 17.3 were employed for the generation of plots. By utilizing these tools, plots were efficiently generated and information was effectively presented through advanced data visualization and graphical analysis features.




4 Results

The typical concentrations of conventional constituents within the groundwater samples were calculated, and their average values represent the overall state of the standard ion concentration indices throughout the entirety of the study (refer to Supplementary Table 2). The mean cation concentration in the groundwater system is ordered from highest to lowest as Na+ >Ca2+ >Mg2+ >K+, with Na+ being the most prevalent cation. Conversely, the average anion concentration ranks as Cl− > [image: image] > [image: image], with Cl− and [image: image] predominating as the most common anions in the groundwater. The total dissolved solids (TDS) concentrations across the three groundwater systems exhibited variation, ranging between 6.48 and 210.99 mg/l in the volcanic area, 61.69 and 7,441.63 mg/l in the fault zone, and 126.11 and 6,279.65 mg/l in the plain area. The pH values for these groundwater systems spanned from 7.42 to 8.21, 7.14 to 9.62, and 7.72 to 9.24 respectively, indicating that the groundwater was generally weakly alkaline.



5 Discussion


5.1 Stable isotopes

It is known that the global meteoric water line (GMWL) can be expressed as δ2H = 8 × δ18O + 10 (Craig, 1961), and the local meteoric water line (LMWL) specific to Jilin is δ2H = 8.04 × δ18O + 6.88 (Liu et al., 1997). As can be observed in Figure 2, the isotope values in the study area deviate from GMWL and LWML.


[image: Figure 2]
FIGURE 2
 Relationship between δ2H and δ18O in water bodies in different regions.


Groundwater samples in fault area and plain area are distributed on both sides of GMWL and LMWL, indicating that they are replenished by atmospheric precipitation. Oxygen isotopes can be found drifting to the right of the atmospheric precipitation line in Region1. This may be due to the isotope imbalance between atmospheric precipitation and rocks, and the oxygen isotope exchange between water and rock minerals, resulting in the enrichment of heavy isotopes in groundwater (Strohmenger et al., 2022; Zhou et al., 2022a,b). Oxygen isotopes in Region 2 drift to the left of the precipitation line, indicating that the precipitation in the study area may have experienced certain evaporation before reaching the surface, resulting in light oxygen isotope values (Ren et al., 2018; Al-Gburi et al., 2022; Su et al., 2022). The oxygen isotope values in volcanic areas are obviously biased and are distributed in the upper right of the precipitation line. This suggests that Changbai Mountain snowmelt water may serve as an additional source of recharge, indicating the possibility of other sources besides atmospheric precipitation (Qiao et al., 2019; Li et al., 2022; Strohmenger et al., 2022). With the increase in temperature and evaporation, the δ18O of snowmelt water becomes more and more abundant, the recharge elevation is high and the recharge path is long, which leads to the slow runoff process and intensifies the interaction between water and surrounding rock. In addition, the main source of water vapor in the study area is brought by the Pacific monsoon, and is transported over long distances and continuously depleted, so the hydrogen and oxygen isotope values in the Changbai Mountain volcanic area are heavy (Feng et al., 2022; Li et al., 2022).

Because all water samples in the study area are from atmospheric water, the elevation effect of δ2H and δ18O in atmospheric water can be used to estimate the recharge altitude of water samples in the study area. Therefore, use Formula 1 to estimate the height of the recharges, ranging from 1,430 to 2,348 m (Table 2).

(1) Elevation effect formula of the value of δ2H precipitation in China (Zhou et al., 2022a,b):

[image: image]


TABLE 2 Elevation of groundwater replenishment in Jilin Province.

[image: Table 2]



5.2 Hydrochemical characteristics of groundwater

The concentration ratios of cations (K++Na+, Mg2+, and Ca2+) and anions (Cl−, [image: image], and [image: image]) in water samples collected from 32 stations were analyzed. The prevalent chemical types of groundwater are Ca·Na-HCO3 and Na-HCO3, followed by Na-HCO3·Cl and Na-Cl. Figure 3, which displays a Piper diagram using the hydrogeochemical data, indicates that the chemical types of groundwater samples vary spatially in this area, likely owing to local geological structures, properties of the surrounding rocks, and hydrothermal conditions (Deshaee et al., 2020; Qi and Tong, 2023). As can be seen from Figure 3, most of the points in the plain area are concentrated in zone 6, where the water chemical type is Na-HCO3. The points in the volcanic area are basically concentrated in region 3, and the hydrochemical type is Ca·Na-HCO3. The sites in the fault zone are concentrated in region 1 and 4, which may be mainly attributed to the dissolution of calcite, dolomite, and other minerals in the surrounding rocks, thereby enriching the water with Ca and HCO3 ions (Guo et al., 2018; Lei et al., 2022).


[image: Figure 3]
FIGURE 3
 Piper ternary map of Jilin groundwater sample.


It can be seen from Figure 4A that the ratio of Ca2+ to Mg2+ is >1 in basically all regions, indicating that Ca2+ treatment comes not only from calcite, gypsum, and cation exchange (Ndoye et al., 2023). In Figure 4B, it can be found that the ratio of Ca2+ to [image: image] is ~1 in the fault area, 1/2 in the volcanic area, and 1/4 in the plain area. This indicates that Ca2+ and [image: image] in the fault zone are derived from the dissolution of dolomite and calcite, in the volcanic area they are completely derived from the dissolution of calcite, and in the plain area from the dissolution of dolomite (Heiß et al., 2020; Liu et al., 2022) As can be seen from Figure 4C, the groundwater sampling points in the fault zone and volcano area are mainly distributed on the line of γ(Ca2++Mg2+)/γ([image: image] + [image: image]) = 1, indicating that Ca2+, Mg2+, [image: image] and [image: image] in the groundwater in these regions are mainly derived from the dissolution of dolomite and gypsum. The sampling points of groundwater in the plain area fall below the straight line, which shows that Ca2+, Mg2+, [image: image] and [image: image] in the groundwater in the plain area mainly come from the dissolution of sulfate and silicate (Ndoye et al., 2018, 2023).


[image: Figure 4]
FIGURE 4
 Bivariate diagrams of (A) Ca2+ vs Mg2+, (B) Ca2+ vs [image: image], (C) (Ca2+ + Mg2+) vs ([image: image] + [image: image]).


Groundwater of different types shows differences and similarities in its chemical composition characteristics, reflecting the variations in groundwater hydrogeochemical formation mechanisms. Gibbs diagrams and rock end-member element ratio diagrams can be used to analyze the hydrogeochemical origins of various groundwater. The Gibbs diagram is widely used to identify the natural mechanisms (rock weathering, precipitation, and evaporation) that affect the dissolved chemical constituents of surface water and groundwater (Gu et al., 2022; Bian et al., 2023). Based on Figures 5A, B, it can be observed that the majority of sampling points in the study area are distributed in the weathered rock zone and are far from the influence of atmospheric rainfall. This indicates that the major ion composition of the groundwater in the study area is primarily controlled by rock weathering processes. This can be attributed to the relatively deep groundwater level in the study area, which is less influenced by atmospheric rainfall and evaporation (Adeyeye et al., 2021). However, due to the influence of structural conditions, there is development of fractured lava, providing favorable conditions for rock weathering. Basically, most of the water samples in the plain area and the volcanic area, as well as some water samples points in the fault zone fall outside Gibbs, which indicates that it may be affected by cation exchange. The results indicated that Ca2+ and Mg2+ in aqueous medium were replaced by Na+ and K+ (Zhou et al., 2022a,b).


[image: Figure 5]
FIGURE 5
 Gibbs diagram of controlling mechanisms for groundwater in the study area (A, B) and rock end-member element ratio diagrams (C).


According to Figure 5, the distribution of water sample points in the study area is centered on the distribution of silicate rock and extends to the two ends of evaporative rock and carbonate rock. It is worth noting that the water sample points in the volcanic area and plain area are more concentrated in the end elements of the silicate rock, indicating that the chemical characteristics of the groundwater in the volcanic area and plain area are mainly controlled by the weathering of the silicate rock. The water samples in the fault zone area are scattered in the figure, which indicates that the groundwater water sample points are mainly controlled by carbonate rock and silicate rock, and the evaporative rock salt is less controlled (Adeyeye et al., 2021; Zhou et al., 2023).



5.3 Mineral saturation states (SI)

According to the simulation results, it can be seen that Anhydrite, Aragonite, Calcite, Dolomite, Fluorite, Gypsum, and Halite in groundwater are all in an unsaturated state (Figure 6), which indicates that most of the elements come from rock differentiation.


[image: Figure 6]
FIGURE 6
 Saturation index of selected minerals in groundwater samples.


As can be seen from the Table 3, the maximum SI value of Anhydrite, Aragonite, Calcite, Dolomite, Fluorite, Gypsum, and Halite in the volcanic area is lower than that in the fault zone and plain area. A higher SI value indicates that these minerals are higher in content and stay in the aquifer for a long time (Wang et al., 2022). This phenomenon might denote variations in the attributes of the adjacent rock, suggesting that there hasn't been any establishment of ionic equilibrium between the water and the rock, that the dissolution process is still ongoing, or that a blend of hot and cold water is occurring (Zhou et al., 2022a,b).


TABLE 3 Water sample mineral saturation index (SI).

[image: Table 3]

There exists a dynamic disequilibrium state between calcite and dolomite in the water bodies (Figure 7). Calcite displays an undersaturated state in ordered dolomite, indicating that the dissolution rate of calcite in the water is higher than its precipitation rate. In disordered dolomite, calcite is slightly undersaturated but closer to saturation compared to ordered dolomite (Zhou et al., 2022a,b). Under high-temperature conditions, ordered dolomite exhibits an unstable phase due to its structure's susceptibility to change at high temperatures. The undersaturated state may be linked to the presence of non-stoichiometric dolomite, where the chemical composition is not entirely matched. Additionally, increased cation disorder also affects the stability of ordered dolomite, leading to its undersaturated state. The maintenance of this undersaturated state is closely linked to the associated kinetic processes (Apollaro et al., 2020).


[image: Figure 7]
FIGURE 7
 Saturation index of calcite vs. saturation indices of ordered/disordered dolomite.




5.4 Source of trace elements

The extent of water-rock interaction is provided with insights by trace element contents and formation processes in groundwater, which are influenced by mineral composition and rock properties (Fowler et al., 2019). The determined concentrations of 21 trace elements are summarized in Supplementary Table 3. The results of Pearson correlation analysis among all individual trace elements are shown in Figure 8.
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FIGURE 8
 Correlation matrix of trace elements based on Pearson correlation coefficient [(A) Fault zone; (B) Volcano; (C) Plain].


The chemical composition of groundwater is constantly influenced by water-rock interaction, evaporation and concentration, filtration and ion exchange, resulting in dynamic equilibrium (Shvartsev et al., 2018). Therefore, there is a connection between the chemical components of groundwater. Through Figure 8, the correlation degree between elements can be accurately described, and the correlation intensity between ions can be measured more accurately. As can be seen from Figure 8, in the fault zone, Li, Sr, As, B, Ba, Se, Cr, and Ti show strong correlations, while Fe, Zn, and Co are highly correlated. In the volcanic area, Li, Sr, B, Ba, Cr, Zn, Pb, and W display strong correlations, whereas Al, Mn, Fe, Ni, Cu, As, Se, Cs, Co, Rb, Mo, Ti, and Zr are strongly correlated. In the plain area, Al and Zn demonstrate strong correlations, Li, Sr, As, B, Se, Cr, and Ni show strong correlations, and Mn, Fe, Co, and Ti are highly correlated, whereas Pb, Ba, Cs, Mo, and Zr exhibit strong correlations. Due to the common occurrence of Li, Sr, As, B, and Ba in groundwater and their potential significant environmental and health implications in the groundwater cycle, such as water pollution or toxicity (Haji et al., 2021; Tong et al., 2021), the discussion will focus primarily on the sources of these five trace elements.

Sr and B replace elements in amphibole minerals in volcanic and magmatic rocks. Sr replaces Ca or K, while Ba replaces K. Sr is more mobile and therefore more abundant in water. In the lithosphere, Sr exists primarily as strontium sulfate (SrSO4) and strontium carbonate (SrCO3), known as lapis lazuli and strontianite respectively. During underground water flow, Sr can undergo adsorption-desorption or cation exchange on active mineral surfaces (Morales-Arredondo et al., 2022). Ba primarily originates from barium-rich volcanic rocks or terrigenous marine deposits (Anadón et al., 2013). After the dissolution of barium from volcanic rock, barium and carbonate ions precipitate and bind in the formation due to limestone erosion and the presence of carbonate ions (Sun and Yao, 2005). Fixed barium carbonates can dissolve under acidic, high-temperature, high-pressure, and strong reducing conditions, leading to their abundance in water formations. There are extensive granite bodies in the fault zone, including potassium feldspar and plagioclase, while the volcanic area is mainly composed of porphyritic basalt and porphyrite, among which contain Sr and Ba rich clinopyroxene and plagioclase. In addition, there are volcanic and granite rocks deep in the plain area, which are also rich in Sr and Ba elements. Therefore, these rocks could be a potential source of trace elements Sr and Ba in the study area. Geothermal fluid upwelling commonly contains Li, B, and As as typical elements (Wang et al., 2022). Lithium silicate minerals form in volcanic and magmatic rocks, indicating deep fluid upwelling. The chemically reactive nature of lithium allows it to enter groundwater through hydrolysis (Zhang et al., 2003). The presence of B in water may originate from sediments, particularly fine particles, which make up the aquifer matrix. It may also be associated with an increase in aquifer salinity (Vinnarasi et al., 2022). The presence of As mainly originates from the dissolution of As-rich minerals in the upper crust rocks during water-rock interaction. It is then exposed to the surface with the rise of geothermal fluids (Wang et al., 2022). Granite and metamorphic rocks exist in the fault zone, while volcanic rocks, basalt, and granitic syenite exist in the volcanic area. In the plain area, there are clinopyroxene and plagioclase. Granite, metamorphic rocks, and clinopyroxene are the main enriched rock types for Li, while volcanic rocks and basalt are rich in B and As elements. Therefore, it is possible that Li, B, and As in the study area originate from these rocks. In the study area, volcanic and metamorphic processes in the volcano region can release a substantial amount of gases and minerals into groundwater, including sulfides, carbonates, and metallic elements. The release and redistribution of these substances can alter the abundance and correlation of certain elements in groundwater, thereby impacting its water quality characteristics. Fault zones serve as pathways for hydrothermal fluids to emerge from underground, carrying rich dissolved minerals. The dissolved minerals and elements in the hydrothermal fluids further influence the correlation of elements in groundwater. Moreover, the high temperatures in the deep subsurface enhance the intensity of water-rock interactions, enabling a significant influx of minerals from rocks into groundwater. As a result, there is a strong correlation among these five trace elements in water samples due to the reactions between groundwater and surrounding rocks during the circulation process.



5.5 Water quality evaluation

This research paper focused on the evaluation of the WQI index for 16 trace elements found in water samples, which are related to human health. Figure 9 displays the evaluation results. Most of all WQI values are below the safe level, and some elements show abnormal concentrations. Overall, the water quality falls between Category I and Category III, indicating that it is generally good. However, it can be observed that in the volcanic area, except for two points, the safety standard is somewhat exceeded by the element, while the other elements meet the Class I standard. Additionally, the majority of groundwater in the volcanic area is derived from the snow water on Changbai Mountain, which is of good quality due to the stable environment and limited human activities (Li et al., 2022). The elevated concentrations of Fe and Al in groundwater within the plains and fault zones may be attributed to rust and corrosion of well covers (Chen et al., 2021). Nearby industrial activities may release iron-containing wastewater and waste materials. The use of fertilizers in agricultural activities can also contribute to elevated iron levels as they may seep into the groundwater, containing iron ions (Gong et al., 2019). Additionally, the activity of the fault zone leads to an increase in the contact area between the groundwater and the underground rock, facilitating the exchange of substances between the groundwater and the fault zone, thus causing changes in dissolution, ion exchange, and chemical reactions in the groundwater. After a certain water cycle, the concentration of these elements appears to be high (Zhao et al., 2023). Based on Figure 9, it is evident that certain water samples from both the fracture area and the plain area surpass the Sr limit. The higher Sr concentration observed may be attributed to water-rock interactions with silicate and carbonate rocks in the aquifer. Sr is a bone-seeking element for humans, involved in Ca metabolism and commonly deposited in bones, it promotes bone formation and strength (Musgrove, 2021). Consequently, the water in the study area holds significant benefits for human health.
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FIGURE 9
 The WQI index of selected trace elements in groundwater of Jilin region.


It can be observed that the water quality is most affected in the fault zone, followed by the plain area, and least affected in the volcanic region. The phenomenon can be explained by the water flow from Changbai Mountain toward the west, passing through the fault zone, and then reaching the plain area. The possible reason behind this pattern is that although there is thermal activity in the volcanic region of Changbai Mountain, the circulation is not very strong, resulting in minimal impact. However, due to the presence of aquifers and their connectivity, this impact is transmitted to farther areas until it reaches the fault zone. In the fault zone, there is deep water circulation and intense water-rock interaction, leading to exchange of substances between groundwater and deep-seated rocks. As a result, elements get enriched in the fault zone, causing a higher degree of impact. In the plain area, although it is also affected, the circulation is shallow and the water-rock interaction is less intense, resulting in a relatively smaller impact.

In the fault zone and plain areas, certain individual elements exceed the permissible limits, hence necessitating the implementation of various management and protection measures. For instance, rational use of fertilizers and pesticides should be encouraged to minimize the risk of groundwater contamination. Promoting organic and ecological farming practices can also help reduce the use of chemical substances. Additionally, suitable water quality management techniques such as activated carbon adsorption and ion exchange can be employed to remove heavy metal elements from groundwater. Furthermore, it is crucial to establish a comprehensive groundwater monitoring network for regular monitoring and evaluation of water quality (Samani, 2021). Strengthening public education and raising environmental awareness are also essential in this regard.



5.6 Human health risk assessment

As depicted in Figure 10, the HQ values for HQingestion, HQdermal, and HI values in all water samples were found to be below 1 for both children and adults. This indicates that the levels of these trace elements fall within the safe range, and adverse effects or potential non-carcinogenic risks to human health are not posed. Notably, generally higher HQingestion values than HQdermal values were observed, suggesting that ingestion is the primary route of exposure and indicating a non-carcinogenic risk within the water system. In addition, it can also be found that the HQ value of adults is higher than that of children (Table 4), indicating that the potential carcinogenic risk of adults is higher than that of children. More importantly, it can be observed that the average value of HQ in the volcanic area is generally lower than the average value in the plain and fault zone areas, indicating that the cancer risk in the volcanic area is lower than that in the other two areas. Additionally, HI values ranging from 0.1 to 1 were observed at some sites (Table 4), indicating potential long-term adverse health risks, albeit at a low non-carcinogenic risk level. Therefore, strengthening monitoring of the fault zone is crucial. Additionally, the assessment of other trace metals in the water, such as Cd, As, Cr, P, B, and Ni, should be prioritized by the local government, as these may pose higher risks to human health despite meeting drinking water standards.
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FIGURE 10
 (a–d) Health risk index distribution maps for adults and children.



TABLE 4 List of human health risk assessment.
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5.7 Characteristics of trace elements near the fault zone

Lastly, the fault area deserves our attention. Numerous fault zones have been formed due to plate drift and compression. The YSF, which spans the southern region of Changchun, is a branch of the Tan-Lu earthquake zone (Sheng et al., 2014). This fault zone primarily consists of east-west faults, characterized by a large scale, prominent geological morphology, distinct geophysical attributes, and strict control over Quaternary sedimentation. The deep trenches and fissures within these fault zones receive atmospheric precipitation and surface water.

In Figure 11, the x-coordinate represents groundwater locations, while the y-coordinate represents the concentration of elements within the water samples. It is evident that elements are enriched in BC, CL, DHKHT, EM, FM, HL, LH, QG, SG, SP, TQ, and YF. There are several causes for this enrichment:


[image: Figure 11]
FIGURE 11
 Enrichment map of selected trace elements at fault zones.


In the Earth's crust, water and air exhibit high sensitivity to ground stress due to their inelasticity, causing them to flow from high-pressure areas to low-pressure areas. However, significant pressure drop zones are created by the extensive scale and considerable depth of active deep fault zones. Consequently, these fault zones become crucial conduits for groundwater flow and hydraulic connections between different aquifers, resulting in hydrochemical anomalies (Huang et al., 2021). Furthermore, certain cations with strong metallic properties, including Group IA and Group IIA elements in the periodic table, transition metal elements of Group VIII, and elements of Group IIIA (also known as the “boron group”) such as Li, Sr, Ba, Mn, Fe, B, Al, etc., tend to concentrate within the enriched areas based on the properties of chemical elements themselves. These elements have a tendency to lose electrons due to their large ionic radius (Vlastélic et al., 2002), which makes them easily leached from rocks and soil by water. Therefore, in the study area near the fault zone, the rocks in the Earth's crust undergo geological processes such as faulting, deformation, and fragmentation. These geological processes cause the fractures in the vicinity of the fault zone, creating more fissures and pore spaces. These fractured zones and fissures serve as pathways for groundwater flow, allowing contact between groundwater and trace elements in the rocks, gradually leading to enrichment. During the process of groundwater flow, it rapidly transports through the fractured zones and fissures surrounding the fault zone. This fast water flow carries away trace elements from the rocks, making them more easily absorbed and enriched by groundwater. Additionally, the fault zone may involve uplift or subsidence of groundwater layers, which also contributes to the accumulation of trace elements in groundwater within that area. Interestingly, this conclusion is consistent with the findings in Section 5.5 as well.



5.8 Groundwater circulation model in Jilin

Understanding the origin and transport pathways of groundwater in the study area is crucial for studying the hydrological properties of the groundwater system. Based on previous studies and the findings of this study, we have established a conceptual model for the genesis and hydrological cycle of groundwater in the Jilin region. As depicted in Figure 12, it is evident that the primary recharge source in the study area is atmospheric precipitation. Surface runoff flows from the eastern volcanic region to the western fault zone and plain area. Groundwater circulation is more extensive in the fault zone, while it remains relatively shallow in the plain area. Although the volcanic region exhibits hydrothermal activities, the groundwater circulation is not particularly intense. During the circulation process, groundwater undergoes water-rock interactions, thereby carrying abundant geochemical information. ‘Furthermore, the results of the study indicate that faults play a significant role in controlling the movement of crustal fluids. By gaining a comprehensive understanding of the origin and transport pathways of groundwater in the study area, we can better grasp the hydrological characteristics of the groundwater system and provide valuable insights for further research in related fields.
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FIGURE 12
 Schematic diagram of groundwater circulation model in Jilin.





6 Conclusion

In this study, the authors conducted an investigation on the geochemical properties of 32 groundwater samples collected from Jilin Province. Additionally, they performed an environmental assessment on these samples. The conclusions are as follows:

(1) The hydrogen and oxygen isotopes analysis of atmospheric precipitation in Jilin Province indicates that the primary source of groundwater in the study area is atmospheric precipitation. This, combined with the replenishment elevation range of groundwater (1,430–2,348 m). Moreover, it is important to note that the chemical composition of water generally varies depending on the geographical region. In plain areas, water is predominantly characterized by Na-HCO3 composition, while in volcanic regions, it tends to exhibit Ca·Na-HCO3 composition. In fault zones, the dominant composition is Ca-HCO3. The main ion composition of groundwater is primarily controlled by the weathering of rocks, with carbonate rocks and silicate rocks having a greater influence on groundwater composition and evaporite rocks having a lesser influence. These variations in chemical composition further underscore the regional differences in water characteristics within the study area.

(2) In the study area, the water flow originates from the Changbai Mountain volcanic region and moves westward toward the fault zone and plain areas. The volcanic region exhibits a strong correlation between trace elements in groundwater due to the presence of hydrothermal activity. However, the circulation of groundwater in this region is not very intense, resulting in relatively good water quality with minimal impact. On the other hand, the fault zone, being located in a fault belt, experiences deep circulation, leading to a more pronounced interaction between groundwater and rock formations. This intense interaction contributes to a strong correlation between trace elements in groundwater. While the water quality generally meets requirements, it is significantly affected, resulting in the enrichment of trace elements in this area. In the plain areas, the shallow circulation of groundwater results in a relatively weaker correlation between trace elements compared to the volcanic region and fault zone. The water quality in this region falls between that of the volcanic region and fault zone, generally considered good with minor impact. Overall, the geochemical characteristics of trace elements in groundwater are influenced by the geological environment. Different regions exhibit variations in the content and correlation of trace elements in groundwater. Understanding these characteristics is crucial for the management and protection of groundwater resources.

(3) According to the results of water quality evaluation and human health risk assessment, the water quality in the research area is good, indicating that the damage and pollution of groundwater are relatively low. This evaluation result indicates that the research area has good sustainability of groundwater compared to the announcement issued by the Jilin Provincial Department of Water Resources. In Jilin Province, a series of ecological and environmental issues such as continuous groundwater decline, aquifer depletion, and land subsidence have hindered sustainable economic and social development. Therefore, to maintain the groundwater resources in the research area, it is necessary to strengthen groundwater management and protection efforts. In addition, it is vital to develop a robust groundwater monitoring system that can routinely monitor and assess water quality comprehensively. It is equally important to enhance public education and raise awareness of environmental issues related to groundwater protection.
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