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Abstract: With the rapid development of urbanization, the chemical evolution of groundwater is significantly
affected by human activities. However, the driving mechanisms of groundwater chemical evolution at different
stages of urbanization remain unclear, severely impacting 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 urbanization process, especially NOz,
which has increased from 13.7 mg/L in the primary stage of urbanization (PSU) to 65.1mg/L in the advanced
stage of urbanization (ASU), exceeding the WHO drinking water standard (50mg/L), indicating that the
groundwater chemistry has been significantly affected by human activities. It is interesting to find that the
main hydrochemical types have changed from HCOs3*SOs+-Ca®Mg type water in the PSU to SO+ HCOs-Ca*Mg
type water in the ASU. It is worth noting that there were obvious differences in driving factors of groundwater
chemical evolution at different urbanization stages. 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 of groundwater chemical evolution 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.

Keywords: urbanization; groundwater chemistry; water-rock interaction; multivariate statistical
techniques; driving mechanisms

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 (Li
et al., 2021; Pashaeifar et al., 2021; Peng et al., 2022; Quinn and Oster, 2021, Sacc et al., 2022, Qin et al.,
2023). The concentration and variation of various chemical components in groundwater have
significant impacts on water quality and human health, making it extremely important to thoroughly
understand the hydrochemical evolution process of groundwater (Stanley and Doyle, 2002, Israr et
al., 2022).

In recent years, with the rapid development of urbanization and industrialization processes,
groundwater chemistry has been significantly affected by human activities such as sewage discharge
and agricultural activities (Akakuru et al., 2022; Kai and Peng, 2018, Rai and Saha, 2015; Villegas et
al., 2013; Sinha et al.,, 2019;). Some researchers have studied the hydrochemical evolution in the
Heilonggjiang area, China and found that groundwater chemical components are not only controlled
by water-rock interaction, evaporation, and cation exchange but also impacted by domestic sewage
(Liu et al., 2022). Huang et al. (2013) discovered that the HCOs-Cl type, CI-HCOstype, and NOs-type
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waters frequently appear under the influence of human activities, making groundwater chemistry
more diverse and complex. Additionally, researchers have found that socio-economic development
and changes in land use also have some impact on the evolution of groundwater chemistry (Barron
et al., 2013, Zhang et al., 2020). However, previous studies mainly focused on the influencing factors
of groundwater hydrochemical evolution at the same time scale, while research on the impact of
different stages of urbanization on the driving mechanisms of groundwater chemical evolution has
not yet been reported.

To fill this research gap, we selected a typical area which strongly affected by human activities
and experienced rapid urbanization —the Shijiazhuang section of Hutuo River alluvial fan (the largest
groundwater funnel area in the North China Plain) (Huang et al., 2015; Liu et al., 2017; Zheng et al.,
2010; Zheng et al., 2010) 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: (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; (3) to reveal the driving factors of groundwater
chemical evolution at different stages of urbanization through principal component analysis (PCA).
The research results can provide important reference for the study of groundwater chemical
evolution in areas yet to experience rapid urbanization and scientific basis for the protection of
groundwater in rapidly urbanizing areas.

2. Materials and Methods

2.1. Study area overview

The Shijiazhuang section of Hutuo River alluvial fan is located in the piedmont inclined plain
area at the eastern foot of Taihang Mountain in Hebei Province, China, with an area of about 1500Km?
(Figure 1). The study area has a permanent population of approximately 5.2 million and a cultivated
land area of about 60 x 10* hectares. The region has distinct seasons and belongs to a semi-humid and
semi-arid continental monsoon climate. The average annual precipitation is about 550 mm, unevenly
distributed over time, mainly concentrating between April and September, accounting for 70% to
80% of the annual precipitation. The annual evaporation ranges from 1600mm to 2100mm, and the
average annual temperature is 13.0°C (Ren et al., 2020).
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Figure 1. Distribution map of groundwater sample sites.


https://doi.org/10.20944/preprints202307.0039.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2023 d0i:10.20944/preprints202307.0039.v1

2.2. Geological and hydrogeological conditions

The strata in the study area are primarily composed of Quaternary sediments, and lithology
mainly consists of sub-clay, sub-sandy soil, sandy silt clay, and gravel and sand layers of different
particle sizes. Groundwater mainly occurs in the strata of Upper Pleistocene - 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 240m, and the aquifer thickness is between 20 and 140m, both
showing good conductivity and water yield. Shallow groundwater mainly receives recharge from
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 northwest to southeast, mainly recharged by lateral runoff, and discharges
mainly through lateral runoff discharge 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 affects groundwater chemical evolution.

2.3. Data sources and research methods

2.3.1. Data sources

The groundwater chemistry data in this study were obtained from the monitoring data of 19
regular groundwater monitoring stations between 1985 and 2015. The hydrochemical indicators
include pH, K*, Na*, Ca>, Mg?, CI,, SO+, HCOs, NOs;, total dissolved solids (TDS), and total hardness
(TH).

2.3.2. Research methods

Based on the urbanization development level, the study area divided into three stages of
urbanization. The first stage (1985~1995) is the primary stage of urbanization (PSU), with an
urbanization rate less than 30.0%; the second stage (1986~2005) is the intermediate stage of
urbanization (ISU), with an urbanization rate between 30% and 50%; the third stage (2006~2015) is
the advanced stage of urbanization (ASU), with an urbanization rate between 50% and 75%.

In this study, Piper trilinear diagrams are used to interpret water chemical types and their
changing characteristics; Gibbs diagrams, ion ratio analysis, and principal component analysis (PCA)
are used to identify the main controlling factors of water chemical changes; map-making software is
used for mapping. Data analysis and processing were carried out using SPSS 21(SPSS Inc., Chicago,
IL, USA), Origin 2022, and ArcGIS10.5software (ESRI Inc., Redlands, CA, USA).

3. Results and Discussion

3.1. Analysis of groundwater chemical composition characteristics

3.1.1.pH

The pH of groundwater in the study area ranges from 7.18 to 8.20, with an average of 7.56, and
showing neutral to weak alkaline properties. This is mainly because the study area is a semi-humid
and semi-arid region with less precipitation, coupled with long-term over-exploitation of
groundwater, which results in more salt-based ions being present in the groundwater. The pH
fluctuations of different monitoring stations within different urbanization stages are small, meeting
the WHO drinking water standard (pH between 6.5 and 8.5) (Cotruvo, 2017). The average pH values
for the three development stages (PSU, ISU, and ASU) are 7.56, 7.52, and 7.50, respectively, showing
a decreasing trend. Also, 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 enter groundwater through precipitation infiltration due to the rapid urbanization in recent
years, and leading to a decrease in pH value and an increase in cation concentration.
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Figure 2. Relationship of pH and the sum of major cations in groundwater.

3.1.2. 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. As seen in Figure 3, the concentration of major
ions in groundwater increases during three urbanization stages, and the degree of increase in the
concentration of various ions is more apparent in the AUS. This indicates that frequent human
activities have a strong impact on the chemical composition of groundwater. During the PSU, ISU,
and ASU, the Ca? concentrations are 103 mg/L, 114 mg/L, and 128 mg/L, respectively, all exceeding
the WHO water quality standard. This may be related to the lithology of the strata in the study area
and long-term over-extraction (Fei et al; 2022). In addition, the concentrations of TH (485 mg/L) and
NOs (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 Ca? and Mg? concentrations, while the concentration
of NOs exceeding standard is mainly related to human activities (Mukate et al., 2022). Previous
studies have found that NOs in groundwater in the Hutuo River Basin mainly comes from domestic
sewage and chemical fertilizers (Zhang and Wang, 2020).
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Figure 3. Characteristics of changes in the major chemical components of groundwater.
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3.2. Hydrochemical type analysis

Based on the Piper trilinear diagrams, we studied the hydrochemical types of groundwater in
the study area. The results show that the main hydrochemical type of groundwater in the study area
is HCO3¢SOs-Ca®Mg (Figure 4), which is specifically manifested as: during the PUS, the
hydrochemical types are mainly HCO3®SOs-Ca®*Mg or HCOs-Ca®Mg, accounting for 98.3%, with
1.70% of water samples being SO4¢HCO:s-Ca type. During the IUS, HCO3¢S0Os-Ca®Mg and HCOs-
Ca®Mg account for 86.0% of the total water samples, and there was a significant decrease compared
to the previous stage, while 14.0% of water samples are SO+ HCOs-Ca®Mg or SOs-Ca type. For the
AUES, the proportion of HCO3#504+-Ca®Mg or HCOs-Ca®Mg decreases to 73.7%, SO+¢ HCOs-Cae Mg
accounts for 15.8%, and an additional 10.5% of Cl1eHCOs¢S0Os-Ca®Mg type water appears. 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 mainly controlled by the
characteristics of the strata. However, in the AUS, with the socio-economic development accelerates,
the water demand for industrial and agricultural was increased sharply, along with the shortage of
surface water sources, thus leading 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 result in a change in hydrochemical types. 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.
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Intermediate stage of urbanization
A Advanced stage of urbanization

I HCO;-Ca*Mg type

II SO, Cl-Na type

< III HCO;-Na type

IV SO,Cl-Ca*Mg type

50% 0% 0% 50% 100"/:

Ca* cr

100%

Figure 4. Piper trilinear diagram of groundwater in different stages of urbanization.
3.3. Factors driving hydrochemical evolution

3.3.1. Analysis of controlling factors based on Gibbs diagram

Rock weathering, precipitation, and evaporation control the changes in natural water chemical
components. In the study, 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 Figures 5a
and 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 qualitatively explain the
natural factors controlling groundwater composition but cannot distinguish the influence of human
activities. As section 2.2 shows, in recent years, with the rapid development of socio-economic,
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human activities have caused changes in the hydrochemical types of the study area, which will
inevitably affect the controlling factors of its hydrochemistry. Further analysis will be conducted in
the following sections.
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Figure 5. Gibbs diagrams for groundwater in different stages of urbanization.

3.3.2. Water-rock interactions

The source of groundwater chemistry components were identified (carbonates, silicates, and
evaporites) through the relationship between Ca?/Na* and Mg?/Na* molar ratios (Tiwari et al., 2017;
Wang et al., 2020). As shown in Figure 6 a, 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 6 b, Na* and Cl- in water samples from
different urbanization stages show a positive correlation, which suggesting 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 not only comes from halite
dissolution but also originate from carbonate and silicate weathering dissolution or cation exchange
(Xiao et al., 2023).

Based on the equivalent ratio of [Ca?+Mg?] and [HCOs+504*], the influence of carbonates and
silicates on the formation of water chemical components is 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%


https://doi.org/10.20944/preprints202307.0039.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2023

d0i:10.20944/preprints202307.0039.v1

respectively. This indicates that carbonate weathering plays a dominant role in hydrochemical
formation during these urbanization stages, and the effect increases gradually with increasing
urbanization level. The reason may be that the exploitation of groundwater intensifies caused
changes in the groundwater dynamic field, and increased the time and distance of groundwater
runoff. Therefore, there were more carbonate mineral components and the pollutants generated from
human activities enter into groundwater, which the carbonate dissolution was exacerbated. Based on
the ratio diagram of Ca? and SOs* (Figure 6d), except for two water sample points below the y=x line
in the ASU, the remaining water sample points are above the y=x line. Ion concentrations show an
increasing trend at different urbanization stages, but the correlation between Ca? and SO+ is not
significant, indicating that they are not from the same source. In addition, Ca?* may also be affected
by carbonate and silicate weathering dissolution and reverse cation exchange.
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Figure 6. Relationships between major ions for groundwater samples in different stages of
urbanization (a)(Ca*/Na*)vs.(Mg?/Na*);(b)Cl- vs.Na*;(c)[Ca>*+Mg?] vs. [HCOs+S04]; (d)SO+*
vs.Ca%;(e):[Na+K*-Cl'] vs. [Ca?+Mg?-HCOs-SO4].

As mentioned above, cation exchange may have a significant impact on the hydrochemical
components of the study area's water. The relationship between [Na*+K*-Cl] and [Ca?+Mg?]-[HCOs
+5042] was used to demonstrate the effect. If they show a linear relationship with a slope close to -1,
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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 Ca?* and Mg?*
in soil/rock at these sites; 24%, 28%, and 14% of water sample points fall in quadrant IV, indicating
positive cation exchange between Ca? and Mg? 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 Ca?, Mg, 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
provided favorable conditions for cation exchange. However, with the development of social
economy, the original groundwater environment has been damaged, the emergence of falling funnels
has accelerated the seepage velocity of groundwater, resulting in the predominance of leaching effect,
and at the same time, the return water from agricultural irrigation will also have a certain impact on
the water chemistry (Lii et al., 2020).

3.3.3. 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 NOs/Na* and 5O+*/Na* ratios. As can be seen from
Figure 7, during the PSU, ISU, and ASU, the ratios of NOs/Na* are 0.140 to 1.32, 0.160 to 1.33, and
0.320 to 1.26, respectively, while those of SO4/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; in the ISU and ASU, the groundwater is jointly affected
by industrial and agricultural activities (circled areas in the Figure 7), and the influence of agricultural
activities is more significant in the ASU. The main reasons are that during the initial stages of
urbanization and industrial development, the industrial development mode was relatively extensive,
environmental protection awareness was insufficient, and the discharge of industrial wastewater had
a certain impact on hydrochemistry. At this time, agricultural development was relatively slow, with
less fertilizer application (average of 0.324 t/hm?), 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 pollution
on water chemistry, thus, the content of SO+ remained relatively stable. At the same time, agriculture
is in a period of rapid development, excessive agricultural fertilization (average application amounts
of 0.742 t/hm? and 0.940 t/hm?) causing the nitrogen fertilizer not used by plants to be carried into
groundwater through agricultural irrigation, and leading to an increase in NOs content in
groundwater, which is manifested over time as the rate of increase in NOs content is higher than that
of SO4*. Compared to the ISU, the NOs content in the ASU relatively stable, but the SO4* content has
increased for some water samples. This may be due to intensified water-rock interactions (such as
gypsum dissolution) related to groundwater over-extraction.
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Figure 7. Variation relationship of SO4/Na* and NOs-/Na*in different stages of urbanization.

3.4. Driving mechanism of water chemistry temporal evolution

Groundwater chemistry evolution is influenced by a combination of various factors. In this
study, PCA was used to identify the driving factors for water chemistry evolution during the three
urbanization stages in the study area. Ten water quality parameters (pH, K*, Na*, Ca?, Mg?, Cl-, SOs*
, HCOs, NOs, TDS, and TH) were selected for PCA analysis. Before entering the data into the model,
Kaiser-Meyer-Olkin and Barlett's sphericity tests were performed on the research data, with the
results showing KMO values of 0.502, 0.454, and 0.621 for the three urbanization stages and Barlett's
sphericity test values of 820, 1272, and 468 (P<0.001), indicating that the water chemistry data met the
requirements for PCA. 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 ten water chemistry indicators

(Table 1).
Table 1. PCA analysis results at each stage of urbanization.
Prlmary. sta.ge of Intermediate stage of urbanization Advanced stage of urbanization
Parameters urbanization
PC1 PC2 PC1 PC2 PC1 PC2 PC3
TDS 0.985 -0.089 0.957 0.106 0.272 0.708 0.511
Ca? 0.952 -0.205 0.925 -0.113 0.796 0.523 0.183
Mg?* 0.922 -0.102 0.062 0.806 0.980 0.032 0.086
NOs 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
SO 0.868 0.061 0.934 -0.188 -0.074 0.243 0.916
HCOs 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 ¢, 5 12.0 484 215 495 248 12.6
rate%
Cumulative
contribution 62.3 744 48.4 69.9 49.5 743 86.9

rate%
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In the PSU, PC1 explained 62.4% of the total variable information, and the indicators exhibiting
strong positive correlations with PC1 were TDS, Ca2+, Mg?, NOs, TH, SO+, and HCOs, while CI-
had a moderate positive correlation with PC1. As proven in section 3.3.2, TDS, Ca2+, Mg?, TH, HCOs
, and CI- are mainly related to carbonate dissolution. Previous studies have shown that NOs- in the
water environment mainly comes from chemical fertilizers, sewage, manure, soil nitrogen, etc.
(Zhang and Wang, 2020), and at this stage, the amount of agricultural fertilization is relatively small,
population density is low (230 people/km?), and the concentration of nitrate in groundwater is
relatively low (13.7 mg/L), indicating that the impact of agricultural activities is not significant. But,
the coal was main fuel for the industrial activities (mining activities, coking plants, and power plants,
etc) in the phase. The large discharge of industrial wastewater will inevitably lead to an increase in
SO+ concentration in groundwater. Therefore, SO4 of 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, with Na*
and K* showing strong positive correlations with PC2 and pH displaying a moderate positive
correlation. Based on previous analyses, Na* in the study area mainly originates from halite
dissolution and cation exchange. Groundwater pH is influenced by various factors and does not have
directionality, and the pH during this period was relatively stable (7.20~8.15). Therefore, PC2
represents groundwater chemistry were 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, SO+*, Ca?*, TH, while Cl- and K* + Na* showed
moderate positive correlations with PC1. Among them, TDS, SOs%, Ca?', and TH are mainly related
to carbonate and gypsum dissolution. As proven in section 3.3.3, 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 SO+
concentration (151 mg/L) is relatively stable. Thus, PC1 represents the groundwater chemistry were
controlled by carbonate and gypsum dissolution. PC2 explained 21.5% of the total variable
information, with Mg?" and pH showing strong positive correlations with PC2 and HCOs and NOs
displaying moderate positive correlations. As known from sections 3.3.2 and 3.3.3, this stage belongs
to a period of rapid agricultural development, and increased groundwater extraction intensity and
high fertilizer application (0.742 t/hm?), this not only affect water-rock interactions but also allow
unutilized nitrogen fertilizers to infiltrate groundwater through irrigation return water and rainfall
runoff. The combined action of these factors leads to an increase in Mg, HCOs, and NOs
concentrations. Additionally, livestock breeding and domestic sewage also affect groundwater
chemistry. Therefore, PC2 represents the groundwater chemistry were controlled by groundwater
extraction intensity, agricultural fertilization, and domestic sewage.

In the ASU, PC1 explained 49.5% of the total variable information, and indicators showing a
strong positive correlation with PC1 included Mg*, CI,, and TH, while Ca* and K*+Na* had a
moderate positive correlation with PC1. Mg?, TH, and Ca? primarily originate from carbonate
dissolution, while Cl- and Na* mainly come from halite dissolution (as proven in section 3.3.2).
Therefore, PC1 represents the groundwater chemistry were controlled by carbonate and halite
dissolution. PC2 explained 24.8% of the total variable information, with indicators showing a strong
positive correlation with PC2 including NOs, HCOs, and TDS, while pH had a moderate negative
correlation. Section 3.3.3 has proven that high concentrations of NOs primarily come from fertilizers
and sewage during this stage. The negative correlation between HCOs and pH indicates
decarbonation occurring in groundwater (Zhang et al., 2011). Under intense human exploitation of
water, pressure and temperature changes in groundwater occur, and increased extraction intensity
also affects water-rock interactions, ultimately influencing TDS variations. Therefore, PC2 represents
the groundwater chemistry were controlled by agricultural activities, sewage, and extraction
intensity. The main factor PC3 explained 12.6% of the total variable information, and the indicator
showing a strong positive correlation with PC3 was SOs?. In this time period, the concentration of
SO+ was close to that of the previous period (180 mg/L and 190 mg/L, respectively), both originating
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from gypsum dissolution. Thus, PC3 represents the groundwater were controlled chemistry
composition by gypsum dissolution.

4. Conclusions

This study is the first to identify the characteristics and driving mechanisms of groundwater
chemistry evolution at different urbanization stages. The results show that the concentration of
various groundwater chemical components gradually increases as urbanization accelerates,
especially NOs, which has risen from 13.7 mg/L in the PSU to 65.1mg/L, exceeding the WHO drinking
water standard (50ml/L), indicating that groundwater chemistry is significantly influenced by human
activities. The water chemistry type is changing from HCOs®S0Os-Ca®Mg-dominated water in the
PSU to SO+¢HCOs-Ca®Mg-dominated water in the 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 of groundwater
chemical evolution 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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