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Abstract

:

With the rapid development of urbanization, the chemical evolution of groundwater has been significantly affected by human activities. However, the driving mechanisms of groundwater chemical evolution at different stages of urbanization are still unclear, which severely affects the implementation of groundwater protection. This study investigated the driving mechanisms of groundwater chemical evolution based on the long-term series (from 1985 to 2015) of hydrochemical data from 19 groundwater monitoring sites in rapidly urbanizing areas (Shijiazhuang, Hebei Province, China). The results show that the concentrations of various chemical components in groundwater gradually increase with the acceleration of the urbanization process, especially NO3−, which has increased from 13.7 mg/L in the primary stage of urbanization (PSU) to 65.1 mg/Lin the advanced stage of urbanization (ASU), exceeding the World Health Organization (WHO) drinking water standard (50 mg/L), indicating that the groundwater chemistry has been significantly affected by human activities. The main hydrochemical types have changed from the HCO3•SO4-Ca•Mg-type water in the primary stage of urbanization (PSU) to the SO4•HCO3-Ca•Mg-type water in the advanced stage of urbanization (ASU). It is worth noting that there are obvious differences in driving factors of groundwater chemical evolution at different urbanization stages. In the primary stage of urbanization (PSU), the driving factors were carbonate and rock salt dissolution, cation exchange, and industrial activities. However, in the intermediate stage and advanced stage, the driving factors were changed to carbonate and gypsum dissolution, groundwater over-exploitation, agricultural fertilization, and domestic sewage. Based on the above conclusions, it is suggested that future groundwater management should control the amount of agricultural fertilizers, apply scientific fertilization, and prohibit the discharge of various types of non-compliant sewage, while strengthening the supervision of groundwater extraction to reduce the impact of urbanization development on the groundwater chemical evolution process.
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1. Introduction


Groundwater, as an essential component of water resources, plays a vital role in maintaining ecological balance, ensuring residents’ livelihoods, and supporting socio-economic development [1,2,3,4,5,6]. The variation of chemical components in groundwater has significant impacts on water quality and human health, making it extremely important to understand the hydrochemical evolution process of groundwater thoroughly [7].



Groundwater chemical evolution is mainly controlled by anthropogenic activities (sewage discharge, agricultural fertilizer, mining operations, etc.) and natural factors (aquifer lithology, soil characteristics, groundwater–rock interaction, etc.) [8,9,10]. For example, researchers discovered that the HCO3-Cl-type, Cl-HCO3-type, and NO3-type waters frequently appear under the influence of human activities, making groundwater chemistry more diverse and complex [11]. The combined sewage system (collecting surface runoff and sewage water in a shared system simultaneously) could accelerate the effects of sewage on groundwater chemistry [12]. Additionally, researchers have found that socio-economic development and land use types also have important impacts on the evolution of groundwater chemistry [13,14]. Nowadays, with the rapid development of urbanization and industrialization processes, the influence of human activities on the chemical evolution of groundwater increased year by year [15,16,17], and the driving mechanism of groundwater chemical evolution may have changed. However, previous studies mainly discussed the controlling factors of groundwater chemical evolution on the same time scale, but the impact of different urbanization stages on the groundwater chemical evolution has not yet been reported. This seriously limits the implementation of groundwater protection in different urbanization areas.



To fill this research gap, we selected a typical area strongly affected by human activities which experienced rapid urbanization—the Shijiazhuang section of Hutuo River alluvial fan (the largest groundwater funnel area in the North China Plain) [18,19]—as our study area. Based on the long-term series data (over 30 years) from 19 groundwater sites, we focused on discussing the driving mechanisms of groundwater chemical evolution at different stages of urbanization. The objectives of this study are the following: (1) to analyze the impact of urbanization development on groundwater components and hydrochemical types; (2) to identify the influence mechanisms of natural factors and human activities on the hydrochemical evolution of groundwater at different stages of urbanization; and (3) to reveal the driving factors of groundwater chemical evolution at different stages of urbanization through the principal component analysis (PCA). The results can provide an important reference for the study of groundwater chemical evolution in areas that have not yet experienced rapid urbanization and provide a scientific basis for the protection of groundwater in different urbanizing areas.




2. Study Area


2.1. General Setting


The Shijiazhuang section of the Hutuo River alluvial fan (with an area of about 1500 km2) is located in the piedmont inclined plain area at the eastern foot of Taihang Mountain in Hebei Province, China (Figure 1). The study area has a permanent population of approximately 5.2 million and a cultivated land area of about 60 × 104 hm2. This region has distinct seasons and belongs to a semi-humid and semi-arid continental monsoon climate. The average annual precipitation is about 550 mm/yr which is unevenly distributed over time, mainly concentrating between April and September, accounting for 70% to 80% of the annual precipitation. The annual evaporation ranges from 1600 mm/yr to 2100 mm/yr, and the average annual temperature is 13.0 °C [20].



Based on the urbanization rate (the urban population accounts for the proportion of the total population), the study area was divided into three stages of urbanization. The first stage (1985~1995) is the primary stage of urbanization (PSU) (the number of samples is 57), with an urbanization rate less than 30.0%; the second stage (1986~2005) is the intermediate stage of urbanization (ISU) (the number of samples is 57), with an urbanization rate between 30.1% and 50.0%; and the third stage (2006~2015) is the advanced stage of urbanization (ASU) (the number of samples is 38), with an urbanization rate between 50.1% and 75.0%.




2.2. Geological and Hydrogeological Conditions


The strata in the study area are primarily composed of Quaternary sediments, and the lithology mainly consists of clay loam, sandy loam, sandy-silty clay, and gravel and sand layers of different particle sizes. The lithology of Quaternary sediments is mainly composed of clayey loam, sandy loam, sand-bearing clayey loam and pebbles, gravel, and sand layers of different particle sizes. The sediments came from the western Taihang Mountains and were mainly transported by the Hutuo River. Quaternary stratigraphic lithology includes lower Pleistocene (Q1), Middle Pleistocene (Q2), Upper Pleistocene (Q3) and Holocene (Q4). The stratigraphic lithology of Q1 is mainly composed of medium-coarse sand, medium-fine sand, and clay and clay loam with a thickness of 200–300 m. The stratigraphic lithology of Q2 is mainly composed of sandy gravel, pebbles, medium-coarse sand, and part of medium-fine sand with clayey loam and sand-bearing clayey loam, and its thickness of 50–80 m. The formation lithology of Q3 is mainly composed of sandy loam, clay loam and sand bed, and sand gravel, with the thickness of 50–70 m. Q4 is mainly composed of sandy loam, silty sand and part of sandy gravel, and clay loam, with a thickness of 5–20 m.



The main aquifer in the study area belongs to the Quaternary super-thick, multi-layer aquifer system in the Hebei Plain, China. Groundwater mainly occurs in the strata of Upper Pleistocene and Lower Pleistocene, and the aquifer lithology mainly includes sand gravel, coarse sand with gravel, and medium sand. The water table depth ranges from 12 to 240 m, and the aquifer thickness is between 20 and 140 m, both showing good conductivity and water yield. Shallow groundwater is mainly supplied by atmospheric precipitation infiltration, lateral runoff, surface water infiltration, and agricultural irrigation return flow, among which atmospheric precipitation infiltration is the primary recharge method. Discharge is mainly through artificial extraction, followed by lateral runoff. Deep groundwater flows from the northwest to the southeast, mainly recharged by lateral runoff, and is discharged through lateral runoff and artificial extraction. Long-term severe over-extraction has led to the formation of the largest falling funnel in the North China Plain in the study area, which also affected the groundwater chemical evolution.





3. Materials and Methods


3.1. Data Sources


Groundwater samples were obtained from eight field surveys conducted during the dry season between 1985 and 2015. The samples consisted of nineteen regular groundwater monitoring stations (the total number of samples is 152). Samples were collected by pumping groundwater from the wells and storing it in one 1.5 L high-density polyethylene sampling bottle for analyzing the hydrochemical parameters. Before taking the samples, the bottle was rinsed 3 times with groundwater at the sampling site. Before collecting samples, these wells were purged for 5–10 min until the pH of the groundwater was stable. The untreated samples were used for anion analysis, while those used for cation analysis were acidified with HCl to pH < 2. All the samples were then stored in the icebox at 4 °C prior to further analysis.



The hydrochemical indicators include pH, potassium (K+), sodium (Na+), calcium (Ca2+), magnesium (Mg2+), chloride (Cl−), sulfate (SO42−), bicarbonate (HCO3−), nitrate (NO3−), total dissolved solids (TDS), and total hardness (TH). pH was measured in situ using portable electrodes. The anions were measured using a spectrophotometer, while the cations were determined using an inductively coupled plasma-emission spectrometer. TH was measured by the ethylene–diamine–tetraacetic acid (EDTA) titration method. Details of the analytical parameters, methods and detection limits are presented in Supplementary Table S1.



The quality assurance and quality control (QA/QC) for analysis strictly followed the guidelines set by the methods for examination of drinking natural mineral water in China (GB/T8538-2008) [21].




3.2. Data Analysis


In this study, Piper trilinear diagrams are used to interpret water chemical types (the chemical types of groundwater are named according to Shukarev classification) [11] and their variation characteristics. Gibbs diagrams, ion ratio analysis, and principal component analysis (PCA) are used to identify the main controlling factors of water chemical changes.



PCA is a very powerful technique applied to reduce the dimensionality of a dataset consisting of a large number of interrelated variables, while retaining as much as possible the variability presented in the dataset. Before inputting the data into the model, Kaiser–Meyer–Olkin and Barlett’s sphericity tests were performed on the research data. The results showed that the KMO values were 0.502, 0.454, and 0.621 for the three urbanization stages and Barlett’s sphericity test values were 820, 1272, and 468 (p < 0.001), respectively, indicating that the water chemistry data met the requirements of PCA. In our study, the normalized variables (groundwater parameters dataset) were performed to extract the significant principal components and further reduce the contribution of variables with minor significance. These PCs were subjected to varimax rotation (raw) to generate original variables. Following this, eigenvalues >1 were selected as the new orthogonal variables. According to the literature, the factor loadings of “strong”, “moderate”, and “weak” correspond to the absolute loading values of >0.75, 0.75–0.50, and 0.50–0.30, respectively [22].



Data analysis and processing were carried out using SPSS 21 (SPSS Inc., Chicago, IL, USA), Origin 2022, and ArcGIS 10.5 software (ESRI Inc., Redlands, CA, USA).





4. Results and Discussion


4.1. Analysis of Groundwater Chemical Composition Characteristics


4.1.1. pH


The pH of groundwater in the study area ranges from 7.18 to 8.20, with an average of 7.56, and shows a neutral to weak alkaline water. This is closely related to the formation lithology (limestone is the main rock type in this area) and the over-extraction of groundwater (which results in more salt-based ions being present in groundwater) [23]. The pH fluctuations of different monitoring stations within different urbanization stages are small, meeting the WHO drinking water standard (between 6.5 and 8.5) [24]. The average pH values for the three development stages (PSU, ISU, and ASU) are 7.56, 7.52, and 7.50, respectively, showing no significant changes. Meanwhile, there is an inverse relationship between pH and major cation concentrations (Figure 2). This may be related to the carbon dioxide emissions from industrial and agricultural activities entering groundwater through precipitation infiltration, leading to a decrease in the pH value and an increase in cation concentration.




4.1.2. Ion Characteristics Analysis


We analyzed the characteristics of the primary ion components in groundwater during the three urbanization stages based on a semi-logarithmic plot (Figure 3) and Supplementary Table S2. As seen in Figure 3, the concentration of major ions in groundwater increases with urbanization, and reaches the highest value during the AUS. This indicates that frequent human activities have a strong impact on the chemical composition of groundwater [25]. During the PSU, ISU, and ASU, the Ca2+ concentrations are 103 mg/L, 114 mg/L, and 128 mg/L, respectively, all exceeding the WHO water quality standard [26]. This may be related to the lithology of the strata in the study area and long-term over-extraction [27]. In addition, the concentrations of TH (485 mg/L) and NO3− (65.1 mg/L) in the ASU also exceed the WHO water quality standard. The high concentration of TH is mainly due to the continuous increase in Ca2+ and Mg2+ concentrations, while the excessive NO3− level is mainly related to human activities [28]. Previous studies have found that NO3− in groundwater in the Hutuo River Basin mainly comes from domestic sewage and chemical fertilizers [14].





4.2. Hydrochemical Type Analysis


Based on the Piper trilinear diagrams, we studied the hydrochemical types of groundwater in this area. The three results show that the main hydrochemical type of groundwater in the study area is HCO3•SO4-Ca•Mg (Figure 4). During the PUS, the hydrochemical types were mainly HCO3•SO4-Ca•Mg or HCO3-Ca•Mg, accounting for 98.3%, while the rest were of the SO4•HCO3-Ca type. During the IUS, HCO3•SO4-Ca•Mg and HCO3-Ca•Mg accounted for 86.0% of the total water samples, and there was a significant decrease compared to the previous stage. A total of 14.0% of water samples were of the SO4-Ca•Mg or SO4-Ca type in the IUS. For the AUS, the proportion of HCO3•SO4-Ca•Mg or HCO3-Ca•Mg decreased to 73.7%, the SO4-Ca•Mg type accounted for 15.8%, and an additional 10.5% of Cl•HCO3•SO4-Ca•Mg-type water appeared. It can be seen that different patterns of hydrochemical types are presented at different levels of urbanization. This changing trend is mainly due to the fact that during the PSU, the hydrochemical types of groundwater in the study area are less affected by human activities and are mainly controlled by the characteristics of the strata. However, in the AUS, when the socio-economic development accelerated, the water demand for the industrial and agricultural industries increased sharply, along with the shortage of surface water sources, which lead to severe over-extraction of groundwater. In addition, the non-compliant discharge of domestic and industrial wastewater causes an increase in the concentration of major ions in the groundwater and results in a change in hydrochemical types [29]. It can be seen that the impact of human activities on the hydrochemistry of groundwater gradually increases with the rapid development of urbanization and industrialization, resulting in a diversified and complex trend of hydrochemical types.




4.3. Factors Driving Hydrochemical Evolution


4.3.1. Analysis of Controlling Factors Based on Gibbs Diagram


Rock weathering, precipitation, and evaporation control the changes in natural water chemical components. In this study, a Gibbs diagram was used to analyze the main controlling factors of hydrochemical evolution in the three urbanization stages of the study area. As shown in Figure 5a,b, the groundwater sample points in the three urbanization stages are mainly distributed in the rock differentiation zone, indicating that rock weathering is the main controlling factor of the hydrochemistry in the study area. However, the Gibbs diagram can only explain the natural factors controlling groundwater composition qualitatively but cannot distinguish the influence of human activities. As Section 4.2 shows, in recent years, with the rapid development of the economy, human activities have caused variations in the hydrochemical types of the study area, which will inevitably affect the controlling factors of its hydrochemistry.




4.3.2. Water–Rock Interactions


The source of groundwater chemistry components was identified (carbonates, silicates, and evaporites) through the relationship between Ca2+/Na+ and Mg2+/Na+ molar ratios [30,31]. As shown in Figure 6a, groundwater samples from the three urbanization stages mainly fall within the carbonate and silicate weathering control zones, indicating that the cations and bicarbonate anions in the water bodies of the study area mainly come from carbonate and silicate weathering dissolution.



By calculating the ratio of Na+ and Cl− in groundwater, we further determined the main hydrochemical processes and ion sources. As shown in Figure 6b, Na+ and Cl− in water samples from different urbanization stages show a positive correlation, which suggests that Na+ and Cl− may have a common source (such as halite dissolution). For the PSU, ISU, and ASU, 56%, 70%, and 68% of water sample points fall above the y = x line, indicating that Na+ in groundwater comes not only from halite dissolution but also from carbonate and silicate weathering dissolution or cation exchange [32].



Based on the equivalent ratio of [Ca2+ + Mg2+] and [HCO3− + SO42−], the influence of carbonates and silicates on the formation of water chemical components can be distinguished (Figure 6c). Water samples from the PSU, ISU, and ASU mainly fall above the y = x line, with proportions of 70%, 79%, and 94%, respectively. This indicates that carbonate weathering plays a dominant role in hydrochemical formation during these urbanization stages, and the effect increases gradually with the improvement in urbanization level. The reason may be that the intensification of groundwater exploitation has caused changes in the groundwater dynamic field [33] and increased the time and distance of groundwater runoff. Therefore, there were more carbonate mineral components and the pollutants generated from human activities entered into groundwater. According to the ratio diagram of Ca2+ and SO42− (Figure 6d), except for the two water sample points below the y = x line in the ASU, the remaining water samples are above the y = x line. Ion concentrations show an increasing trend at different urbanization stages, but the correlation between Ca2+ and SO42− is not significant, indicating that they are not from the same source. In addition, Ca2+ may also be affected by carbonate and silicate weathering dissolution and reverse cation exchange.



As mentioned above, cation exchange may have a significant impact on the hydrochemical components of groundwater in the study area. The relationship between [Na+ + K+-Cl−] and [Ca2+ + Mg2+]-[HCO3− + SO42−] was used to demonstrate the effect. If they exhibit a linear relationship with a slope close to −1, it indicates that cation exchange is an essential mechanism in the groundwater chemical evolution process.



As shown in Figure 6e, 44%, 30%, and 31% of water sample points fall in quadrant II during each stage, indicating that reverse cation exchange occurs between Na+ in groundwater and Ca2+ and Mg2+ in soil/rock at these sites. A total of 24%, 28%, and 14% of water sample points fall in quadrant IV, indicating positive cation exchange between Ca2+ and Mg2+ in groundwater and Na+ in soil/rock. Additionally, 31%, 42%, and 55% of water sample points fall in quadrant I during the three urbanization stages, indicating that ion exchange is not the only factor determining Ca2+, Mg2+, and Na+ content in groundwater. From the results, it can be seen that during the PSU and ISU, cation exchange can be considered an essential mechanism for hydrochemical action in the study area. However, during the ASU, the proportion of water sample points falling in quadrants II and IV decreases, and the slope of the regression equation (k = −0.722) increases, indicating that the influence of cation exchange on the groundwater evolution process has diminished. The reason for this temporal change is related to the relatively stable groundwater environment and slow infiltration rate in the early stages, which provides favorable conditions for cation exchange. However, with the development of social economy, the original groundwater environment has been destroyed, and the emergence of descending funnels has accelerated the seepage velocity of groundwater [23], resulting in the predominance of the leaching effect. At the same time, the return water from agricultural irrigation will also have a vital impact on the water chemistry [34].




4.3.3. Impact of Human Activities on Groundwater Chemical Composition


The influence of human activities on groundwater chemical composition during urbanization stages was studied using the relationship between NO3−/Na+ and SO42−/Na+ ratios. As can be seen from Figure 7, during the PSU, ISU, and ASU, the ratios of NO3−/Na+ are 0.140 to 1.32, 0.160 to 1.33, and 0.320 to 1.26, respectively, while those of SO42−/Na+ are 1.13 to 5.00, 0.670 to 2.37, and 0.850 to 4.11. The distribution of water samples on the graph indicates that both ratios show an overall increasing trend, but the main controlling factors are different. In the PSU, the groundwater chemistry in the study area is mainly affected by industrial activities, while in the ISU and ASU, the groundwater is jointly affected by industrial and agricultural activities (circled areas in Figure 7), and the influence of agricultural activities is more significant in the ASU. The main reasons are that the industrial development mode was relatively extensive, environmental protection awareness was insufficient, and the discharge of industrial wastewater may have significant impact on hydrochemistry during the initial stages of urbanization and industrial development. At this time, agricultural development was relatively slow, with less fertilizer application (average of 0.324 t/hm2), and the impact of agricultural activities on groundwater chemistry was limited. Therefore, the impact of industrial activities on groundwater chemistry was greater than that of agricultural activities. During the ISU and ASU, due to government supervision and increased environmental awareness, the treatment and discharge of industrial pollutants were controlled to a certain extent, mitigating the impact of industrial emissions on groundwater chemistry. Thus, the content of SO42− remained relatively stable. At the same time, agriculture is in a period of rapid development, and excessive agricultural fertilization (average application amounts of 0.742 t/hm2 and 0.940 t/hm2) leads to the infiltration of unused nitrogen fertilizer from plants into groundwater through agricultural irrigation or rainfall, leading to an increase in NO3− content in groundwater. It is manifested that over time, the increase rate of NO3− content is higher than that of SO42−. Compared to the ISU, the NO3− content in the ASU was relatively stable, but the SO42− content increased in some water samples. This may be due to intensified water–rock interactions (such as gypsum dissolution) related to groundwater over-extraction and industrial pollution [35].





4.4. Driving Mechanism for Temporal Evolution of Hydrochemistry


Groundwater chemistry evolution is influenced by a combination of various factors. In this study, PCA was used to identify the driving factors for hydrochemical evolution during the three urbanization stages in the study area. Eleven water quality parameters (pH, K+, Na+, Ca2+, Mg2+, Cl−, SO42−, HCO3−, NO3−, TDS, and TH) were selected for PCA analysis. Based on eigenvalues >1, two, two, and three main factors controlling water chemistry evolution in the PSU, ISU, and ASU were identified, explaining 74.4%, 69.9%, and 86.9% of all variables, respectively, representing all information from the eleven water chemistry indicators (Table 1).



In the PSU, PC1 explained 62.4% of the total variable information, and the indicators exhibiting strong positive correlations with PC1 were TDS, Ca2+, Mg2+, NO3−, TH, SO42−, and HCO3−, while Cl− had a moderate positive correlation with PC1. As proven in Section 4.3.2, TDS, Ca2+, Mg2+, TH, HCO3−, and Cl− were mainly related to carbonate dissolution. Previous studies have shown that NO3− in the water environment mainly comes from chemical fertilizers, sewage, manure, and soil nitrogen [36,37]. At this stage, the amount of agricultural fertilization is relatively small, the population density was low (230 people/km2), and the concentration of NO3− in groundwater was relatively low (mean value was 13.7 mg/L), indicating that the impact of agricultural activities on groundwater chemistry was limited. In addition, coal was the main fuel for industrial activities (mining activities, coking plants, power plants, etc.) in this period, and the sewage treatment capacity was relatively weak. Large amounts of discharged industrial wastewater will inevitably permeate into groundwater and lead to an increase in SO42− concentration in groundwater [38]. Therefore, SO42− in groundwater mainly originated from industrial activities. Thus, PC1 represents the control of groundwater chemistry by carbonate dissolution and industrial activities. PC2 explained 12.0% of the total variable information, Na+ and K+ showed strong positive correlations with PC2, and pH displayed a moderate positive correlation. Based on previous analysis, Na+ mainly originates from halite dissolution and cation exchange in the study area. The pH was influenced by various factors and did not have directionality, and the pH was relatively stable (7.20~8.15) during this period. Therefore, PC2 represents groundwater chemistry controlled by halite dissolution and cation exchange.



During the ISU, PC1 explained 62.4% of the total variable information, and indicators exhibiting strong positive correlations with PC1 included TDS, SO42−, Ca2+, and TH, while Cl− and K+ + Na+ showed moderate positive correlations with PC1. Among them, TDS, SO42−, Ca2+, and TH were mainly related to carbonate and gypsum dissolution. As proven in Section 4.3.3, with the gradual implementation of government environmental protection policies, strict supervision of industrial non-compliant emissions has reduced the impact of industrial pollution on groundwater chemistry, and SO42− concentration (151 mg/L) was relatively stable. Thus, PC1 represents that the groundwater chemistry was controlled by carbonate and gypsum dissolution. PC2 explained 21.5% of the total variable information. Mg2+ and pH showed strong positive correlations with PC2 and HCO3− and NO3− displayed moderate positive correlations. As known from Section 4.3.2 and Section 4.3.3, this stage belongs to a period of rapid agricultural development, with increased groundwater extraction intensity and high fertilizer application (0.742 t/hm2). This not only affects water–rock interactions but also allows unutilized nitrogen fertilizers to infiltrate groundwater through irrigation return water and rainfall runoff [23]. The combined effect of these factors leads to an increase in Mg2+, HCO3−, and NO3− concentrations. Additionally, livestock breeding and domestic sewage also affect groundwater chemistry. Therefore, PC2 represents that the groundwater chemistry was controlled by groundwater extraction intensity, agricultural fertilization, and domestic sewage.



In the ASU, PC1 explained 49.5% of the total variable information. Indicators showing a strong positive correlation with PC1 included Mg2+, Cl−, and TH, while Ca2+ and K+ + Na+ had a moderate positive correlation with PC1. Mg2+, TH, and Ca2+ primarily originated from carbonate dissolution, while Cl− and Na+ mainly came from halite dissolution (as proven in Section 4.3.2). Therefore, PC1 represents the groundwater chemistry controlled by carbonate and halite dissolution. PC2 explained 24.8% of the total variable information. NO3−, HCO3−, and TDS showed a strong positive correlation with PC2, while pH had a moderate negative correlation. Section 4.3.3 has proven that high concentrations of NO3− primarily come from fertilizers and sewage during this stage. The negative correlation between HCO3− and pH indicated that decarbonation occurred in groundwater [39]. Under intense human exploitation of groundwater, water–rock interactions were enhanced, and the concentration of TDS was increased ultimately [40]. Therefore, PC2 represents that the groundwater chemistry was controlled by agricultural activities, sewage, and extraction intensity. The main factor PC3 explained 12.6% of the total variable information, and the indicator that showed a strong positive correlation with PC3 was SO42−. In this period, the concentration of SO42− was close to that of the previous period (180 mg/L and 190 mg/L, respectively), both originating from gypsum dissolution. Thus, PC3 represents that the groundwater hydrochemistry was controlled by gypsum dissolution.





5. Conclusions


This study is the first to identify the characteristics and driving mechanisms of groundwater chemistry evolution at different urbanization stages in the world. The results showed that with the acceleration of urbanization, the concentration of various groundwater chemical components gradually increases, especially NO3−, which has risen from 13.7 mg/L in the primary stage of urbanization (PSU) to 65.1 mg/L, exceeding the World Health Organization (WHO) drinking water standard (50 mL/L), indicating that groundwater chemistry was significantly influenced by human activities. The hydrochemical type changed from HCO3•SO4-Ca•Mg in the PSU to SO4•HCO3-Ca•Mg in the advanced stage of urbanization (ASU). Groundwater chemical processes have shifted from being primarily controlled by dissolution and filtration in the PSU to joint control by dissolution, filtration, and human activities in the ASU. Based on PCA analysis, the driving factors for groundwater chemistry evolution were identified. In the PSU, the driving factors of groundwater chemical evolution were carbonate and rock salt dissolution, cation exchange, and industrial activities. However, in the intermediate stage and advanced stage, the driving factors were changed to carbonate and gypsum dissolution, groundwater over-exploitation, agricultural fertilization, and domestic sewage. Based on these conclusions, we recommend controlling the amount of agricultural fertilization, scientific fertilization, and prohibiting non-compliant sewage discharge in future groundwater management. Additionally, supervision of groundwater extraction should be strengthened to reduce the impact of urbanization on groundwater chemistry evolution.
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Figure 1. Distribution map of groundwater sample sites. 
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Figure 2. Relationship between pH and the total cations in groundwater. 
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Figure 3. Characteristics of changes in the major chemical components of groundwater. 
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Figure 4. Piper trilinear diagram of groundwater in different stages of urbanization. 
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Figure 5. Gibbs diagrams for groundwater in different stages of urbanization ((a) Cl−/[Cl− + HCO3−] vs. TDS; (b) Na+/[Na+ + Ca2+] vs. TDS). 
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Figure 6. Relationships between major ions for groundwater samples in different stages of urbanization (a) (Ca2+/Na+) vs. (Mg2+/Na+); (b) Cl− vs. Na+; (c) [Ca2+ + Mg2+] vs. [HCO3− + SO42−]; (d) SO42− vs. Ca2+; (e) [Na+ + K+-Cl−] vs. [Ca2+ + Mg2+-HCO3−-SO42−]. 
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Figure 7. Variation relationship of SO42−/Na+ and NO3−/Na+ in different stages of urbanization. 
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Table 1. PCA analysis results at each stage of urbanization.
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Parameters

	
Primary Stage of

Urbanization

	
Intermediate Stage of Urbanization

	
Advanced Stage of Urbanization




	
PC1

	
PC2

	
PC1

	
PC2

	
PC1

	
PC2

	
PC3






	
TDS

	
0.985

	
−0.089

	
0.957

	
0.106

	
0.272

	
0.708

	
0.511




	
Ca2+

	
0.952

	
−0.205

	
0.925

	
−0.113

	
0.796

	
0.523

	
0.183




	
Mg2+

	
0.922

	
−0.102

	
0.062

	
0.806

	
0.980

	
0.032

	
0.086




	
NO3−

	
0.882

	
−0.167

	
0.016

	
0.599

	
0.139

	
0.925

	
0.185




	
TH

	
0.868

	
0.011

	
0.870

	
0.013

	
0.834

	
0.331

	
0.227




	
SO42−

	
0.868

	
0.061

	
0.934

	
−0.188

	
−0.074

	
0.243

	
0.916




	
HCO3−

	
0.859

	
−0.183

	
−0.401

	
0.646

	
0.036

	
0.851

	
0.239




	
Cl−

	
0.612

	
−0.003

	
0.801

	
0.179

	
0.963

	
−0.052

	
−0.196




	
K+ + Na+

	
−0.039

	
0.827

	
0.765

	
0.014

	
0.744

	
−0.077

	
0.583




	
pH

	
−0.082

	
0.704

	
0.209

	
0.793

	
−0.045

	
−0.787

	
0.138




	
Eigenvalue

	
6.23

	
1.20

	
4.84

	
2.15

	
4.95

	
2.48

	
1.27




	
Contribution rate%

	
62.3

	
12.0

	
48.4

	
21.5

	
49.5

	
24.8

	
12.6




	
Cumulative contribution rate%

	
62.3

	
74.4

	
48.4

	
69.9

	
49.5

	
74.3

	
86.9

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  water-15-02917


  
    		
      water-15-02917
    


  




  





media/file8.jpg
100,000

10,000

1000

100

TDS[mg/L]

“The primary stage of urbanization
The intermediate stage of urbanization
“The advanced stage of urbanization

00

02 04 0.6
C1™/[C1” +HCO, " |[meq/L]





media/file11.png
100,000

10,000}

1000¢

TDS(mg/L)

10}

100+

O The primary stage of urbanization
©  The intermediate stage of urbanization
v The advanced stage of urbanization

-t
wet®
ant®
.
Ll
aet®
et
-

et
as®
et

0 0.2

0.4
Na*/(Na™+Ca*")(

0.6
meq/L)





media/file6.jpg
' The primary stage of urbanization
‘The intermediate stage of urbanization
The advanced stage of urbanization

1 HCO,Ca-Meg type
11 SO,Cl-Na type
Il HCO,-Na type
IV SO,+Cl-CasMeg type

00%






media/file1.png
Study area

N Legend
) o 41 ® Sites
0 650 1300 2600 Ty, Y Study area

0 10 20

I
Km O e w— km






media/file13.png
[ . _— 30 ; P
O The primary stage of urbanization a O The primary stage of urbanization b
O The intermediate stage of urbanization . . O The intermediate stage of urbanization
o Carbonate dissolution = .
4 The advanced stage of urbanization - 28 £ The advanced stage of urbanization //4,.
- - % 4
A O )
A
1k 20F o
® ;::o O A% o o A
z . . g 0 o8 o o
=" Silicate weathering =15t 0 4 P 0
) = - o 9 g ©
3 7 Eﬁ%%m 5 o O
0.1} 1.0}
d:]o O /0 E B
05F
Evaponte dissolution
0.01 ! L 1 ) 0.0 L " L L .
0.01 0.1 1 10 100 0.0 0.5 1.0 1.5 2.0 25 3.0
Ca*"/Na~ Cl ™ [meq/L]
16
10 x
C O d
14 i A FAN { ¥ A A
) & 7>
A st £, X
12} A A 0 Ag° ,
m b 3
I3 &4 aAp O —_ O % DA lﬁ(ﬁ AR R
o o A
= 10} o e-. 6 o % (% C A
=, ~3 o o
& o 2 = % @A o °
%0 ¢l ot — 0 @
= o & 90 % o
+ o O o A
= o I 800 %9 4
6k
& O 4a o D%O 3 A
o O The primary stage of urbanization , L
4r © The intermediate stage of urbanization 2t O The pnmary e?tage ofurbamzanc_m )
A The advanced stage of urbanization ¢ The intermediate stage of url?am.zanon
51 4 The advanced stage of urbanization
2 1 6 8 10 2 14 16 0 : ' . :
. 2- 0 2 4 6 10
[HCO, " +S0,* " Jmeq/L] 502" [meqL]
~
: J’\\‘ A e
T <+ A
= 2 0 - A 2"5 8
of RN
™ ¢ AlO
7 ° g
+
I O
Ov' L 1 1 'l
O $ 2 -1 D& o 1 2
= (o ¥
\
A - A 8
20 |0 The primary stage of urbanization t
% O The intermediate stage of urbanization O
& £\ The advanced stage of urbanization
3 y=-1.080X +0.444 Bk g
—_— y=-0.886X +0.720
y=-0.722X +1.560

[K™+Na™Cl" J[meq/L]





media/file7.png
O The primary stage of urbanization
© The intermediate stage of urbanization
~  The advanced stage of urbanization

I HCO;-CasMg type

II SO,*Cl-Na type

III HCO,-Na type

IV SO,Cl-CasMg type






media/file12.jpg
07 et






media/file14.jpg
[SO,>" /Na'][meq/L]

O The primary stage of urbanization
Ll A © The intermediate stage of urbanization
g° £ The advanced stage of urbanization
g
at | B &
ol 8 o
g ofe g
3t | & ac 3
a
2 4 a

Agricultural activity

0.5 1.0 1.5
[NO, " /Na*][meq/L]





media/file10.png
T

100,000 . —
O The primary stage of urbanization a
The intermediate stage of urbanization .
/v The advanced stage of urbanization .7 )
"""""""""""" . “aﬁc‘
10,000 e Ao
--------- i
xov
gt
— 1000 OA A A ;
— g i
T
)
=
oQo ........
= 100p...
..................... 7
..................... Clioffa{]
IO - . O‘,b a
.................... Iqanc
0.0 0.2 0.4 0.6 0.8
Cl /[Cl” +HCO, " J[meq/L]






media/file5.png
10,0007
—— The primary stage of urbanization

The intermediate stage of urbanization
—— The advanced stage of urbanization

® WHO Standard

Concentration(mg/L)

1000

1000
" 450 500
]
250 210
- &}
75
100
20

10}

TDS TH CI° NO, Ca®* K'+Na' Mg* $0,>° HCO;





media/file15.png
=N
T

[SOf " /Na*][meq/L]

=
o
=
W
ﬁ.
it
=
oo
o
=
=

The primary stage of urbanization
The intermediate stage of urbanization
The advanced stage of urbanization

B B

Agricultural activity

B

1 1

10
[NO, "/Na"][megq/L]





media/file3.png
18}

[am—
@)

[E—
N

Total cation [meq/l]

[am—
(\®)

[am—
-]

oo

o Primary stage of urbanization
o Intermediate stage ofurbanization

A
A Advanced stage of urbanization
R2=0.211A 2 A
U g
O
A
72 7.4 7.6 7.8 8.0 8.2 8.4

pH





media/file9.jpg
100,000,
" The primary stage of urbanization

© The intermediate stage of urbanization
4 The advanced stage of urbanization

10,000

g
g

Rock dominance

TDS(mg/L)

100

02 04 0.6 08
Na'/(Na*+Ca®**)(meg/L)






media/file4.jpg
10,000

1000|

100

Concentration(mg/L)

S

= WHO Standard

—— The primary stage of urbanization
The intermediate stage of urbanization
—— The advanced stage of urbani

450 500
B

250
[

I NO, Ca¥ K+Na Mg" SO HCO,





media/file0.jpg
A Study area

Hebei Province

o0






media/file2.jpg
=} =

Total cation [meq/I]
S

o Primary stage of urbanization
© Intermediate stage ofurbanization
 Advanced stage of urbanization

§ 5
cogg 28 R=0.057
o g
4 5
39 72 74 76 78 30 32 34





