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Abstract: Frequent surface water–groundwater interactions and prevalent anthropogenic inputs
make karst water systems vulnerable to human disturbance. As a typical karst region in North
China, the Jinan Spring Catchment has become increasingly threatened due to rapid population
growth and urban expansion. In this study, the local river–spring interaction and its interference
with the hydrogeochemical evolution of groundwater are evaluated based on water stable isotopes
and hydrochemistry. Twenty-two karst groundwater, eleven Quaternary pore water, sixteen spring
water, and thirty-two surface water samples were collected during low- and high-flow conditions
over the course of a year. The isotopic signatures of four different water types display significant
differences, reflecting the recharge–discharge relationship of the karst water system. Mountainous
springs feature lighter isotopes, whereas urban springs have significantly heavier isotopes. The result
of end-member mixing analysis shows that the surface–groundwater interaction varies spatially
and temporally within the spring catchment. Urban springs receive considerable replenishment
from the surface water, especially after rainy episodes (up to 50%), while mountainous springs show
little hydraulic dependence on surface water leakage (4~6%). Local mineral dissolution (including
calcite, dolomite, gypsum, and halite), CO2 dissolution/exsolution, and cation exchange are the main
hydrogeochemical processes constraining water chemistry in the spring catchment. The deterioration
of water quality can be attributed to anthropogenic influences involving the discharge of domestic
effluents, agricultural activities, and irrigation return flow. The findings of this work can improve
our understanding of the complex karst water system and serve as a reference for sustainable
groundwater management in other karst areas of northern China.

Keywords: surface water–groundwater interaction; hydrogeochemical processes; karst water systems;
Jinan springs; northern China

1. Introduction

Karst regions cover about 15% of the Earth’s continental surface [1]. Karst groundwa-
ter is amongst the most vital water resources globally, supplying approximately 25% of the
world’s population with portable water [2]. Karst aquifers are typically highly dynamic,
with water level and hydrochemistry responding to precipitation, drought, and extraction
on varying time scales [3]. Moreover, the high-permeability networks of fissures and con-
duits in karst formations render karst aquifers highly vulnerable to pollution and difficult
to remediate once destroyed [4]. Hence, improving the knowledge of the hydrological
and hydrogeochemical processes in karst water systems is essential for conserving and
protecting this invaluable resource.
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Research on karst hydrology and the water environment has provided insights into
groundwater flow observation and simulation [5,6], contaminant transport processes [7,8],
and groundwater flow and quality changes [9,10]. However, few studies are convincing
enough to interpret the effect of global change on surface–groundwater interactions in
karstic hydrological systems. Karst environments are intrinsically sensitive to external
changes and susceptible to contamination because of the rapid groundwater flow rates
and lack of filtration in karst features. Human pressure on karst systems is increasing
dramatically with rapid population growth and urbanization, accompanied by increases in
pumping, wastewater, landfills, and other sources of anthropogenic pollutants. A more
detailed consideration of the surface–groundwater connection and its effect on the hydro-
geochemical evolution of groundwater, accounting for the varying geological backgrounds
and hydrological conditions, is warranted. Understanding how natural processes and
human activities influence groundwater origin and hydrochemistry has implications for
long-term groundwater management. Nevertheless, such work is challenging due to the
geological heterogeneity of karst systems, the uneven distribution of groundwater, frequent
surface–groundwater interaction, and a high degree of hydrological variability. Further-
more, the evolution of karstic hydrological systems is a complex issue that requires the
application of proper methodologies.

Several methods have been applied in a simple or integrated way to explore the hy-
drological and hydrogeochemical processes in karst water systems during the past few
decades [11]. Environmental tracers are useful, well-developed techniques for investigating
water sources and fluxes in the hydrological cycle. Thereinto, water stable isotopes (δ18O
and δ2H), mainly affected by meteorological inputs, behave conservatively in the water
circulation and can capture the “fingerprints” of water origin and flow paths [12]. Recent
investigations of δ18O and δ2H have made advances in ascertaining the interactions of
surface water and groundwater in the stream/karst aquifer continuum [13], revealing the
recharge sources of springs and streams [14,15], elucidating the relationships among rain,
springs, and streams [16], as well as the effects of anthropogenic contaminant sources,
ecological restoration, and engineering activities on karst environments [10,17]. The ca-
pability to characterize spatial and temporal variations makes stable isotopes a means
of understanding the evolution of karstic hydrological systems [18]. The major ions in
groundwater (e.g., Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, and HCO3
−) are mainly controlled by

water–rock interactions [19], thus documenting the geochemical information of different
aquifers and providing evidence of hydrogeochemical interactions due to mixing pro-
cesses [20]. Additionally, groundwater chemistry is affected by human interference (such as
nonpoint source pollution from agricultural fertilizers and domestic sewage), with nitrates
being one of the most common contaminants [21,22]. Therefore, tracing the hydrochemical
changes in groundwater is critical for understanding the role of surface–groundwater con-
nection in hydrogeochemical evolution. The integrated application of stable isotopes and
hydrochemistry provides effective information for illuminating the formation mechanism
of groundwater chemistry and evaluating surface–groundwater interactions [23–26].

The Jinan Spring Catchment (JSC) is among the most typical representatives of karst
regions in northern China and is famous for its abundant and high-quality karst water [27].
For decades, karst groundwater has been the main source for domestic, agricultural, and
industrial usage by local residents. Moreover, the diverse and spectacular springs scattered
throughout the city have become an important tourism resource with priceless historical
and cultural value. Some of the springs can even be dated back to the Spring and Autumn
period of Chinese history, approximately 684 BC (Anonymous, Spring and Autumn Annals).
And this is also the reason why Jinan is called the “City of Springs”. In brief, spring water is
the spirit and backbone of this city, playing an irreplaceable role in the nature, culture, econ-
omy, ecology, livelihood, and social identity of Jinan. Nevertheless, rapid economic and
population growth has resulted in the overexploitation and degradation of karst aquifers
since the 1970s [28]. The most famous, Baotu Spring, first dried up in 1972 and has suffered
from frequent interruptions since then [29]. Moreover, the mean levels of Cl−, NO3

−, and
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SO4
2− in the Baotu Spring increased from 9.2, 8.8, and 6.0 mg/L in 1955 to 116.9, 70.8, and

43.5 mg/L in 2020, respectively [30]. According to the Jinan Statistical Yearbook, the GDP
grew more than 63 times from 1989 to 2018, with the build-up area increasing from 890 to
1170 km2. Hence, the water environment problems in the spring catchment are expected to
increase given future human activities and climate change, which may disturb the water
cycle and hydrogeochemical evolution through the karst water system, thus affecting the
availability of karst groundwater for different uses. This highlights the urgency of ade-
quately protecting this resource, which has great implications for the sustainable utilization
and management of groundwater [31]. The local government has implemented a series of
measures to restore the karst aquifers and maintain the perennial outflow of the springs,
including reasonable groundwater abstraction, artificial recharge, and importing water
from the Yellow and Yangtze rivers. The JSC has been studied extensively, with the main
focus on groundwater extraction strategy [32,33], groundwater quality variations [34–36],
groundwater hydrodynamic responses to exploitation and rainfall [37,38], and geothermal
water genesis and deep groundwater circulation [39,40]. However, there remains a lack
of systematic research on the water sources and groundwater hydrogeochemistry across
the entire spring catchment under the increasing impact of human activities. The surface–
groundwater interaction and groundwater chemical evolution in the spring catchment
under different hydrologic conditions are not yet clear. In order to further understand the
interference of natural processes and anthropogenic activities in the hydrogeochemical
evolution of groundwater, this study presents a comprehensive analysis of the JSC by
incorporating stable isotopes, hydrochemistry, and data analysis methods.

The objectives of the present study were (i) to identify the origin of groundwater; (ii) to
evaluate and quantify the interaction between surface water and karst groundwater during
different hydrologic conditions; (iii) to elucidate the main natural and anthropogenic factors
affecting the evolution of groundwater chemistry; and (iv) to propose a conceptual model of
hydrological and hydrogeochemical processes for the JSC. Such knowledge would further
the understanding of water circulation and hydrogeochemical evolution in the JSC and
provide a sound basis for implementing sustainable water resource management in this
area and other urbanizing karst regions.

2. Study Area
2.1. Background

Jinan City is the political, economic, scientific, and technological center of Shandong
Province in northern China, located in the middle and lower reaches of the Yellow River
Basin (Figure 1). The Jinan Spring Catchment (JSC) is situated in the middle of the urban
area, with about 5.54 million people living there, accounting for 84% of the total population
of the city. It covers an area of approximately 1500 km2, stretching from 36◦28′ to 36◦46′ N
and 116◦40′ to 117◦140′ E. The northern boundary of the catchment is the contact zone
of metamorphism and magmatism along the Yellow River; the southern border is the
groundwater divide lying in the mountainous area; and the eastern and western boundaries
are the Dongwu Fault and Mashan Fault, respectively. The catchment is a typical monoclinic
structure, with elevation descending from 961 m above sea level (m a.s.l.) in the south
to 25 m a.s.l. in the north. And the landforms transform from steep, lower mountainous
areas to continuous hilly land, to a piedmont-inclined plain, and further to the alluvial
plain of the Yellow River. The JSC has featured agriculture cover since 1980, and now its
dominant land use types are woodland (36.6%), agriculture (34.1%), and build-up area
(26.6%) (Figure 1d).
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Figure 1. (a) Location of the Jinan Spring Catchment in northern China; (b) topographic structure
and surface water system; (c) geology; and (d) land uses. The land use and land cover data were
provided by the Data Center for Resources and Environmental Sciences, China Academy of Sciences
(RESDC, 2018).

2.2. Climate and Hydrology

The JSC has a temperate continental monsoon climate with noticeable temperature
differences between winter and summer. On the basis of a 69-year record (1951–2019), the
mean annual rainfall is approximately 692 mm, the average annual temperature is about
15 ◦C, and the mean annual evaporation is approximately 1475 mm. Additionally, more
than 70% of the total annual rainfall falls from June to September, making a clear distinction
between the wet season and the dry season within a year. The Yufuhe River, Beidashahe
River, and Wohushan Reservoir are the major surface water bodies in the area. The Yufuhe
River and Beidashahe River are important tributaries of the Yellow River, both of which
originate in the northern piedmont of Mount Tai and flow northward to the urban area, and
can supply the karst aquifers by river water leaking. Other streams flowing through the
catchment generally belong to the Yufuhe River system and the Beidashahe River system,
most of which are seasonal streams during flood seasons. The rivers fill up after heavy rain
episodes and revert to minimum flows during the dry season, regulated to some extent by
upstream reservoirs.

2.3. Geological and Hydrogeological Setting

The main outcropping strata in this area are Archean metamorphic rocks, Cambrian
carbonate rocks, and Ordovician carbonate rocks, extending to the northwest and overlain
by Neoproterozoic and Quaternary sediments. The Archean metamorphic rocks (Taishan
group) form the basement of the spring catchment. The Cambrian carbonate strata are
characterized by interbeds of limestone and shale, well-exposed from south to north. The
Ordovician formation consists of thick-bedded limestone, mostly scattered in the middle
of the catchment. In addition, solution sinkholes, fissures, fractures, and conduits are
prevalent in the Cambrian–Ordovician carbonate strata, and are usually filled or semi-
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filled with calcite, dolomite, or gypsum and minor amounts of halite [41]. Carboniferous,
Permian, and Cretaceous sandstone and shale are rarely exposed and are largely overlain
by sediments. The Mesozoic intrusive rocks (gabbro and diorite) are distributed in the
northern part of the catchment and are covered by Quaternary sediment. Several faults
have developed throughout the JSC, such as the Dongwu Fault, the Mashan Fault, and
the Qianfoshan Fault, most of which are NW-trending or NE-trending, facilitating the
formation of the springs.

The JSC is a karst water system with high heterogeneity and well-developed karst
fissures, fractures, and conduits in the carbonate rocks [31]. The aquifer system consists of
three layers. The first layer is the Quaternary aquifer in loose sediments, which plays an
important role in the percolation of precipitation and irrigation return flow. The Quaternary
aquifer is approximately 5–40 m thick, and the exploitation potential for water supply
is limited. The second layer is the karst aquifer in the Cambrian–Ordovician carbonate
strata, in which the high-permeability networks of fissures and conduits function as large
pathways for subsurface flow and surface water seepage. The third layer is fractured
water in Archaean bedrock, which has limited fracture development and is commonly
regarded as an aquitard. Quaternary and karst groundwater account for almost 80% of
total groundwater discharge, while the Archaean aquifer only exists in specific structures
and contributes little to local water resources. Karst groundwater is mainly recharged
by atmospheric precipitation, with additional recharges including surface water leakage,
irrigation return flow, and inflow from the overlying Quaternary aquifer [42]. Depending
on hydrogeological conditions, the JSC is divided into three sections: the indirect recharge
area (IRA) in the south, the direct recharge area (DRA) in the middle, and the discharge
area (DA) in the north (Figure 2). Driven by topography, karst groundwater flows from
south to north and overflows as springs in the DA due to blockage by Mesozoic igneous
rocks. The most famous springs in the urban area are named the Four Famous Springs,
i.e., Baotu Springs, Zhenzhu Springs, Heihu Springs, and Wulongtan Springs, which are of
great aesthetic and cultural value. Apart from springs, artificial exploitation for different
uses is currently the major form of groundwater discharge in this area.
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Figure 2. Conceptual hydrogeological cross-section of the Jinan Spring Catchment. See profile
orientation in Figure 1.

2.4. Groundwater Exploitation and History of Springs Drying Up

In the early stages, artificial exploitation of groundwater in Jinan was on a modest
scale, and groundwater was mainly discharged into springs and rivers. As recorded,
the total spring flow in the JSC ranged from 3 × 105 to 4 × 105 m3/d in the 1960s and
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reached a maximum of 5.1 × 105 m3/d in 1962. With the development of socio-economics
and urbanization, the demand for groundwater has been increasing, and the pumping
rate in this area increased remarkably from 10 × 104 m3/d in 1960 to 30 × 104 m3/d
in 1980. Artificial pumping is generally concentrated from April to July and October to
November each year, according to the seasonal tillage (spring plowing and winter wheat
irrigation). Thus, the groundwater level usually declines gradually in March, reaches its
lowest level in May before the start of the rainy season, and returns to the highest level
of the year in September–October. Impacted by artificial pumping, the spring discharge
has dropped dramatically since the 1960s, resulting in the loss of spring groups and
the degradation of spring-dependent ecosystems [43]. For example, the most famous
spring, Baotu Spring, experienced a break in 1972 and has often dried up during the dry
season ever since (Figure 3). Between 1999 and 2002, it stopped overflowing for a total
of approximately 926 days [44]. In addition, the groundwater quality in the area has
become progressively more saline since the 1960s, with salinity and hardness increasing
each year [45]. Remarkably, the average content of chloride, nitrate, and sulfate in the Baotu
Spring changed from 9.2, 8.8, and 6.0 mg/L in 1955 to 116.9, 70.8, and 43.5 mg/L in 2020,
respectively [30].
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the Baotu Spring from 1955 to 2020.

A series of steps have been taken to maintain the continuous outflow of these springs.
For instance, the local government started to reduce groundwater exploitation in this
region in 2002 and transferred artificial pumping from urban to suburban areas. As the
urban pumping rate dropped from 30 × 104 m3/d to 12 × 104 m3/d, the decline in
groundwater level slowed and even recovered in some years, while the spring discharge
remained relatively low. More powerful measures were subsequently implemented, such
as importing water from the Yellow River and Yangtze River and artificial recharge. And
the water transferred from other basins has become a major source of water supply in Jinan
City, accounting for 44% of the total water use in 2017 [46]. The intensity of groundwater
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exploitation has been effectively narrowed after the cessation of pumping in the well field
at Mount La and Dayang village in the area. The above approach has had some effect and
contributed to the restoration of spring discharge and the water environment. However,
the springs are still at risk of drying up and deteriorating water quality during the annual
dry season under the impact of natural climatic and anthropogenic activities.

3. Materials and Methods
3.1. Water Sampling and Measurement

Two sampling campaigns were conducted in May 2020 and October 2020, correspond-
ing to the low-flow and high-flow conditions in the study area, respectively. A total of
81 water samples were collected, including 49 groundwater samples (22 karst GW, 16 spring
water, and 11 Quaternary GW) and 32 surface water samples. All sampling locations are
shown in Figure 4. The primary principle of surface and groundwater sampling campaigns
is to follow the rough flowing direction of the stream network and karst aquifer. Moreover,
the sampling sites were selected to be representative of the indirect recharge area (IRA),
direct recharge area (DRA), and discharge area (DA) of the Jinan Spring Catchment (JSC).
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Surface water sampling was carried out along the Yufuhe River and the Beidashahe
River, with samples taken at a depth of 15 cm below the water surface. Karst groundwater
samples were pumped from monitoring wells (well depths between 200 and 400 m) drilled
in carbonate aquifers. Due to the lack of monitoring wells in some areas, certain production
wells were also used. Quaternary GW samples were taken from irrigation and domestic
supply wells (well depths ranging from 10 to 40 m) drilled in the Quaternary aquifer.
Before sampling, the wells were pumped for at least 30 min to stabilize the physicochemical
parameters (temperature, pH, electrical conductivity, and dissolved oxygen). Spring water
samples were directly collected from the springs outcropped in the study area, in the
urban area and the southern mountainous area. At each sampling site, triplicate water
samples were collected for the analysis of cation, anion, and stable isotopes, respectively.
Samples for hydrochemistry analysis were filtered on site through 0.45 µm membrane
filters and immediately collected into 100 mL HDPE bottles (pre-washed at least three times
with sampled water). The samples prepared for cation analysis were acidified to pH < 2
by adding high-purity H2SO4. The samples prepared for δ2H and δ18O analysis were
preserved in 5 mL glass bottles without any air space. All water samples were overflowed,
tightly capped, sealed with parafilm to isolate them from air contact, and stored at 4 ◦C
until analysis.

Electrical conductivity (EC, µS/cm), pH, water temperature (T, ◦C), dissolved oxygen
(DO, mg/L), and oxidation reduction potential (ORP, mV) were measured in situ using
a portable multi-parameter digital meter (HQ40d, HACH, Loveland, CO, USA), which
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was calibrated beforehand. Most of the water samples had pH values between 6.5 and
8.9, indicating that the carbon species were mainly dissolved as HCO3

−. The HCO3
− was

determined by titrating with 0.02 mol/L sulfuric acid within 24 h of sampling, and methyl
orange was used as an indicator. The hydrochemistry analysis of the water samples was
conducted in the physical and chemical analysis laboratory of the Institute of Geographic
Sciences and Natural Resources Research (IGSNRR), Chinese Academy of Sciences (CAS).
Major cations (Ca2+, Mg2+, Na+, and K+) were measured using inductively coupled plasma
optical emission spectrometry (ICP-OES, Optima 5300DV, PerkinElmer, Waltham, MA,
USA). Major anions (Cl−, SO4

2−, and NO3
−) were analyzed by ion chromatography (IC,

ICS-2100, Dionex, Sunnyvale, CA, USA). The limits of detection of ICP-OES and IC are both
1 mg/L, and the analytical precision for major ions was within 1%. For all water samples,
charge balance errors were less than 8%. The saturation index (SI) values of minerals
and the partial pressure values of CO2 (logPCO2) in water samples were calculated using
PHREEQC 3.6.2 [47]. Stable isotope (18O and 2H) analysis was performed by a liquid water
isotope analyzer (DLT100, Los Gatos Research, San Jose, CA, USA) at the Key Laboratory
of Water Cycle and Related Land Surface Processes of IGSNRR, CAS, with precisions of
±1‰ and ±0.1‰ for δ2H and δ18O, respectively. The results were expressed in parts per
thousand (‰) deviations relative to the international standard (V-SMOW, Vienna Standard
Mean Ocean Water) and calibrated using IAEA standards.

3.2. Data Analysis Methods

The two-way ANOVA was performed to examine the influence of water types and
hydrological conditions on the variations of physicochemical and hydrochemical parame-
ters [48]. Normality and homogeneity of variances were evaluated using the one-sample
Shapiro–Wilk and Levene’s tests, respectively. Logarithmic transformations were required
for DO, Na+, K+, HCO3

−, SIcalcite, SIdolomite, SIgypsum, and logPCO2 to obtain a normal
distribution. For abnormally distributed or unequal variance variables (p < 0.05), the non-
parametric Dunnett’s test was used. Multiple comparisons were conducted using Least
Significant Difference (LSD) test.

3.3. End-Member Mixing Analysis

An end-member mixing analysis (EMMA) was carried out based on measured con-
servative parameters to assess the potential mixing between groundwater and surface
water. The fraction of surface water (f SW) in each sample is calculated using the following
formula [49]:

fSW =
Csam − CGW

CSW − CGW
× 100%, (1)

where Csam, CGW, and CSW denote the concentrations of a selected indicator in the consid-
ered sample, karst GW, and surface water, respectively. Application of EMMA requires
that (i) the selected indicators for end-members be representative and distinctive, and (ii)
the selected indicators be only sensitive to the mixing process and rarely influenced by
other factors.

4. Results
4.1. Physical and Hydrochemical Characteristics of Water Samples

The statistical summary of the physicochemical and isotopic parameters of water
samples is shown in Table 1. The results of a two-way ANOVA are presented in Table 2.
Most of the physical and chemical indicators were found to vary across a large range
in surface water, both during low- and high-flow conditions (Figures 5 and S1). The
pH showed statistically significant differences in terms of water types and hydrological
conditions (p < 0.001, Table 2).
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Table 1. Statistical summary of physicochemical parameters of water samples collected during low- and high-flow conditions in the Jinan Spring Catchment.

Sampling
Time

Water
Type Statistic T pH EC ORP DO Na+ K+ Ca2+ Mg2+ Cl− SO42− NO3− HCO3− TDS δ18O δ2H d-

Excess logPCO2 SIcalcite SIdolomite SIgypsum SIhalite SIquartz

(°C) (µS/cm) (mv) (mg/L) (‰)

Low flow
(n = 32)

Surface
water

(n = 12)

Mean 22.1 8.72 605.6 105.8 8.74 34.2 2.9 80.7 20.6 48.4 104.2 22.0 144.0 391.8 −5.7 −46 −0.8 −3.74 1.14 1.96 −1.63 −7.60 −0.22
SD 3.5 0.45 238.8 39.3 1.87 43.0 1.9 30.5 6.6 42.2 56.0 17.8 63.8 150.9 1.0 6 3.2 1.34 0.19 0.47 0.18 0.59 0.87

Min 14.6 8.08 324.0 14.6 6.39 11.7 1.1 38.3 11.6 14.7 50.4 0.7 28.4 185.6 −6.9 −53 −5.1 −6.88 0.81 1.22 −2.08 −8.30 −1.67
Max 26.2 9.51 1235.0 171.7 11.53 168.5 7.7 117.0 37.6 169.5 276.4 57.4 217.5 775.3 −4.0 −34 6.4 −1.87 1.41 2.50 −1.48 −6.14 1.29

Quaternary
GW

(n = 5)

Mean 15.6 8.42 706.0 124.0 6.81 36.7 1.2 130.4 20.4 50.7 151.0 33.8 237.8 554.2 −6.5 −49 1.7 −4.05 1.30 1.98 −1.28 −7.45 0.14
SD 2.9 0.26 171.0 31.6 2.21 26.0 0.8 16.4 7.1 30.6 59.7 15.1 46.4 133.9 1.0 5 3.0 2.24 0.37 0.75 0.17 0.52 0.66

Min 13.0 8.12 509.0 81.5 4.28 14.9 0.4 105.6 9.2 25.4 85.3 16.1 189.1 397.1 −7.8 −57 −3.1 −8.04 1.06 1.57 −1.53 −7.99 −1.03
Max 20.1 8.72 896.0 157.9 8.31 77.4 2.2 145.6 28.4 100.1 225.5 53.2 286.7 705.0 −5.1 −44 5.3 −2.74 1.95 3.30 −1.08 −6.69 0.51

Karst GW
(n = 7)

Mean 16.9 8.13 554.0 83.0 6.09 20.5 1.9 101.1 17.3 30.5 92.9 44.6 239.0 428.3 −7.4 −56 3.3 −2.88 0.78 1.05 −1.60 −7.87 0.50
SD 2.4 0.27 210.4 45.7 0.41 6.1 1.2 45.1 4.5 16.8 49.8 25.7 128.8 184.9 0.7 4 2.1 0.48 0.25 0.41 0.36 0.45 0.14

Min 12.4 7.70 259.0 4.1 5.80 11.5 0.6 42.3 9.8 5.3 34.0 4.9 122.9 184.4 −8.5 −62 0.2 −3.53 0.42 0.48 −2.18 −8.76 0.27
Max 19.7 8.51 817.0 136.1 6.38 28.9 3.3 157.6 22.7 55.5 175.9 88.7 434.9 702.0 −6.4 −49 5.9 −2.15 1.10 1.63 −1.15 −7.38 0.74

Spring
water
(n = 8)

Mean 17.1 8.23 637.1 114.0 6.37 25.8 1.6 110.9 23.6 46.0 88.4 45.0 218.2 450.4 −7.4 −56 2.5 −2.98 0.94 1.46 −1.54 −7.64 0.47
SD 1.6 0.17 130.4 20.0 1.15 13.2 0.6 23.9 2.9 24.8 23.4 22.1 26.6 79.8 1.0 4 2.8 0.18 0.11 0.27 0.18 0.54 0.12

Min 14.6 8.02 409.0 93.4 4.29 11.5 1.0 71.0 20.7 9.5 49.6 23.7 179.6 327.2 −9.5 −62 −1.3 −3.16 0.80 1.11 −1.83 −8.45 0.33
Max 18.6 8.41 804.0 149.0 7.72 49.0 2.8 140.3 29.4 73.6 120.0 94.4 248.9 547.5 −6.5 −51 7.5 −2.75 1.12 1.87 −1.35 −7.02 0.70

High flow
(n = 49)

Surface
water

(n = 20)

Mean 15.3 7.58 664.1 146.6 10.35 35.1 5.2 111.0 28.5 51.5 104.8 23.6 300.6 495.3 −7.5 −56 4.1 −2.75 0.44 0.50 −1.49 −7.54 0.30
SD 2.0 0.46 234.8 17.3 2.13 28.6 4.9 31.0 8.9 42.7 25.8 17.0 118.5 157.4 1.0 5 3.7 2.03 0.48 0.96 0.18 0.60 0.87

Min 8.7 6.66 286.0 100.8 6.02 11.9 1.5 50.6 9.4 11.1 46.2 0.8 100.1 216.2 −9.0 −65 −3.2 −8.89 −0.36 −0.99 −1.98 −8.43 −2.69
Max 18.2 8.49 1140.0 167.5 15.74 112.6 20.0 163.1 47.9 144.6 146.7 57.2 668.8 799.5 −5.2 −45 8.4 −1.21 1.51 2.70 −1.29 −6.38 0.99

Quaternary
GW

(n = 6)

Mean 16.3 6.93 847.0 153.9 6.04 33.2 1.9 158.5 31.2 50.4 94.1 39.4 468.9 643.3 −7.9 −58 4.7 −1.38 0.04 −0.40 −1.60 −7.61 0.80
SD 0.4 0.34 313.5 20.6 2.07 26.6 0.9 77.8 14.7 40.5 64.1 48.1 239.6 251.5 1.2 8 4.0 0.48 0.24 0.48 0.60 0.70 0.09

Min 15.8 6.40 352.0 123.1 3.03 13.0 0.6 56.7 10.8 8.8 6.8 9.1 287.5 249.5 −8.6 −68 0.0 −1.94 −0.21 −0.93 −2.78 −8.49 0.73
Max 16.8 7.33 1211.0 171.3 8.52 82.2 2.7 292.6 56.1 104.7 204.1 130.6 927.5 949.3 −5.5 −44 8.4 −0.54 0.48 0.50 −1.10 −6.70 0.98

Karst GW
(n = 15)

Mean 15.3 6.98 719.3 156.5 8.49 19.5 1.6 150.4 31.6 34.3 85.5 50.5 392.9 569.9 −8.6 −61 7.3 −1.49 0.03 −0.40 −1.50 −7.87 0.91
SD 2.2 0.37 170.2 18.6 2.13 8.8 1.4 40.8 10.2 17.7 36.7 29.1 107.9 141.1 0.9 3 4.3 0.39 0.41 0.77 0.23 0.46 0.18

Min 9.1 6.41 466.0 125.3 5.60 6.4 0.7 82.8 17.2 6.1 36.1 15.3 218.7 359.0 −9.8 −65 −0.7 −2.30 −0.88 −2.03 −1.97 −8.97 0.57
Max 18.5 7.71 1048.0 200.0 14.90 33.7 6.2 211.0 51.1 61.7 180.5 107.1 668.8 795.9 −6.8 −55 13.4 −0.99 0.60 0.63 −1.09 −7.33 1.11

Spring
water
(n = 8)

Mean 16.9 6.78 798.8 173.3 6.89 25.1 1.9 159.8 39.1 48.8 97.6 58.0 409.4 635.1 −8.5 −60 8.1 −1.26 −0.10 −0.58 −1.42 −7.63 0.91
SD 1.6 0.39 195.8 25.4 1.18 11.5 0.7 45.0 11.0 26.0 26.6 46.9 95.2 178.3 0.6 3 1.7 0.42 0.38 0.78 0.18 0.54 0.16

Min 14.1 6.40 511.0 139.2 4.94 11.5 1.4 100.9 30.1 9.0 57.1 22.3 336.8 417.7 −9.3 −64 6.3 −2.15 −0.66 −1.57 −1.70 −8.49 0.77
Max 18.2 7.67 1102.0 225.4 9.13 46.1 3.5 248.7 63.9 86.3 134.6 170.7 634.6 989.5 −7.8 −56 10.9 −0.70 0.70 1.17 −1.22 −7.00 1.21

Note(s): Abbreviations: n = quantity of samples; Mean: mean value, Min: minimum value, Max: maximum value, SD: standard deviation.
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Table 2. Summary of a two-way ANOVA on the variations of physicochemical parameters and stable isotopes of water samples in the Jinan Spring Catchment.

T pH EC DO ORP

Source of variation df MS F p MS F p MS F p MS F p MS F p
Water types (Wt) 3 35.235 6.814 ** 2.121 14.360 ** 72,722.923 1.589 ns 190.994 5.196 * 2093.917 2.858 *
Hydrological conditions (Hc) 1 63.475 12.275 ** 28.333 191.852 ** 28,8791.792 6.310 * 124.551 3.388 ** 43,146.596 58.897 **
Wt × Hc 3 60.493 11.699 * 0.151 1.020 ns 15,438.886 0.337 ns 195.975 5.331 ns 1569.102 2.142 ns
Residual 73 5.171 0.148 45,769.803 36.758 732.574

Na+ K+ Ca2+ Mg2+ Cl−

Source of variation df MS F p MS F p MS F p MS F p MS F p
Water types (Wt) 3 1027.946 1.647 ns 34.605 4.705 * 9431.633 6.067 ** 187.410 2.370 ns 1395.253 1.254 ns
Hydrological conditions (Hc) 1 19.119 0.031 ns 9.704 1.319 ns 25,511.579 16.410 ** 2463.615 31.151 ** 96.164 0.086 ns
Wt × Hc 3 13.544 0.022 ns 7.746 1.053 ns 593.339 0.382 ns 67.834 0.858 ns 10.377 0.009 ns
Residual 73 624.162 7.354 1554.606 79.086 1112.684

SO4
2− NO3

− HCO3
− 2H 18O

Source of variation df MS F p MS F p MS F p MS F p MS F p
Water types (Wt) 3 3033.205 1.780 ns 3841.047 4.999 * 66,818.380 5.199 * 273.985 10.976 ** 10.016 11.165 **
Hydrological conditions (Hc) 1 3094.559 1.816 ns 724.910 0.944 ns 559,437.431 43.530 ** 863.532 34.594 ** 31.303 34.891 **
Wt × Hc 3 2749.242 1.613 ns 112.965 0.147 ns 4767.358 0.371 ns 44.247 1.773 ns 0.736 0.821 ns
Residual 73 1704.500 768.312 12,851.784 24.962 0.897

d-excess TDS logPCO2 SIcalcite SIdolomite
Source of variation df MS F p MS F p MS F p MS F p MS F p
Water types (Wt) 3 70.714 5.828 ** 77,101.839 3.026 * 6.397 3.752 * 0.776 5.898 ** 3.799 7.403 **
Hydrological conditions (Hc) 1 266.265 21.945 ** 280,740.037 11.020 ** 47.925 28.11 ** 14.494 110.111 ** 55.557 108.274 **
Wt × Hc 3 10.631 0.876 ns 7455.843 0.293 ns 1.975 1.159 ns 0.278 2.109 ns 0.802 1.563 ns
Residual 73 12.133 25,475.720 1.705 0.132 0.513

SIgypsum SIhalite SIquatz
Source of variation df MS F p MS F p MS F p
Water types (Wt) 3 0.050 0.744 ns 0.433 1.406 ns 2.344 6.797 **
Hydrological conditions (Hc) 1 0.002 0.034 ns 0.008 0.026 ns 4.251 12.324 **
Wt × Hc 3 0.148 2.198 ns 0.033 0.106 ns 0.041 0.119 ns
Residual 73 0.067 0.308 0.345

Note(s): df denotes degrees of freedom, MS denotes mean square, F denotes the F statistic. p denotes the level of significance; ** represents significance at p ≤ 0.001; * represents
significance at p ≤ 0.05; ns represents not significant.
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Surface water was generally alkaline throughout the study period, while groundwa-
ter (Quaternary GW, karst GW, and spring water) was slightly alkaline during low-flow
conditions and weakly acidic during high-flow conditions. Moreover, the mean pH values
in surface water were significantly higher than those of Quaternary GW, karst GW, and
spring water, regardless of season (p < 0.05, Figure S1). This observation is consistent with
the fact that groundwater is more aggressive than surface water, particularly in karst re-
gions [50,51]. In addition, pH showed a significant decreasing trend from low- to high-flow
with respect to all four types of water (Figure S1), which suggests the enhancement of
water aggressiveness after rainy episodes. Water temperature (T) demonstrated significant
differences in terms of both water types and hydrological conditions (p < 0.001, Table 2).
The temperature was ranked as surface water > spring water > karst GW > Quaternary
GW during low-flow conditions, and spring water > Quaternary GW > karst GW > surface
water during high-flow conditions. Surface water temperature dropped significantly from
low- to high-flow conditions, whereas groundwater temperature remained relatively stable
(Figure S1), which may be related to the varying degrees of influence of air temperature.
Furthermore, the water temperature showed a significant interaction effect between differ-
ent water types and hydrological conditions (p < 0.05; Table 2), implying the complexity of
the karst water system. Both DO and ORP exhibited statistically significant differences in
water types and hydrological conditions (p < 0.05 or p < 0.001, Table 2). A marked rise in DO
from low- to high-flow conditions was observed in all analyzed water except Quaternary
groundwater (Figure S1). Furthermore, surface water had the highest DO level, possibly
due to its exposure to the atmosphere. Spring water and karst GW had relatively lower DO
contents, which indicate a depleted state of oxygen in the aquifer. It is worth noting that all
water samples are oxic (DO > 0), which could limit the denitrification process but favor the
bacterial metabolism of certain organic compounds. With regard to ORP, all four types of
water showed an increase from low- to high-flow conditions (Figure S1). Surface water and
karst GW had relatively lower ORP, which may be ascribed to sewage inputs or industrial
waste. EC only demonstrated significant differences in hydrological conditions (p < 0.05,
Table 2), i.e., the EC of high-flow conditions was higher than that of low-flow conditions.
This result may be associated with an enhanced degree of water–rock interaction or the
input of contaminants after rainy episodes. In addition, EC was ranked as Quaternary GW
> spring water > surface water > karst GW during low-flow conditions, and Quaternary
GW > spring water > karst GW > surface water during high-flow conditions. Quaternary
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GW showed the highest EC level among the four types of water, regardless of hydrological
conditions, possibly due to its susceptibility to evaporation and sewage infiltration. More-
over, extensively varying ranges in EC value were observed for all types of water, which
may indicate the spatiotemporal variability of hydrochemistry in the JSC.

The Piper diagram is presented in Figure 6 to characterize the principal hydrochemical
facies and evolutionary trend of water in the study area. For surface water and groundwa-
ter during low-flow conditions, most data were scattered in zone A of the cation triangle,
indicating the dominance of the calcium type, or located in zones E and B of the anion trian-
gle, suggesting the dominance of the bicarbonate type and no dominant type, respectively
(Figure 6). After projection to the upper rhombus, the data were dispersed in zones 5 and 9,
implying calcium and mixed types, respectively (Figure 6). The major hydrochemical facies
of the surface water and groundwater were Ca-HCO3·SO4 (56%), Ca-HCO3·SO4·Cl (14%),
and Ca·Mg-HCO3·SO4 (13%). From the perspective of ion abundance, the major cations
were dominated by Ca2+, followed by (in decreasing order) Mg2+ > Na+ > K+. Notably,
Ca2+ alone accounts for 62.3% of the total cation budget, whereas Ca2+ and Mg2+ account
for 84.1%, more than five times that of Na+ and K+ (15.9%), indicating the predominance of
carbonate weathering. On the other hand, the anion proportions were ranked as HCO3

− >
SO4

2− > Cl− > NO3
−. The dominant anion is HCO3

−, which accounts for 45.6%, followed
by SO4

2− and Cl− with 30.2% and 16.4%, respectively. NO3
− was the least abundant

anion in the area, with an average proportion of 7.8%. The contribution of HCO3
− and

SO4
2− is more than twice that of Cl−, suggesting that the weathering of carbonate and

evaporite could be crucial processes that affect water chemistry in the study area. As
regards the surface and groundwater samples collected during high-flow conditions, data
were concentrated in zone 5, with cations and anions falling in zones A and E, respectively
(Figure 6). Ca-HCO3 (37%), Ca·Mg-HCO3 (25%), and Ca·Mg-HCO3·SO4 (23%) were the
common hydrochemical facies. The abundance patterns of cations and anions were the
same as those of low-flow conditions, although the contributions of each ion changed
somewhat. The overall evolution of water chemistry from low- to high-flow conditions
shows an increase in Ca2+, Mg2+, and HCO3

− proportions and a decrease in Na+, Cl−,
SO4

2−, and NO3
− proportions (Figure 6b).
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The major chemical components of surface water and groundwater are shown in
Figure 5. Surface water was less mineralized compared with groundwater, with mean TDS
of 391.8 mg/L and 495.3 mg/L during low- and high-flow conditions, respectively. The
principal hydrochemical facies in surface water were Ca-HCO3·SO4 and Ca·Mg-HCO3·SO4
during low- and high-flow conditions, respectively, showing the dominance of Ca2+, Mg2+,
and HCO3

− (Figure 6). However, the Ca2+ and HCO3
− contents in surface water were

significantly less than in Quaternary GW, karst GW, and spring water (p < 0.05, Figure 5).
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Moreover, surface water featured lower levels for major ions, except for Na+, K+, and Cl−,
than groundwater, possibly due to its susceptibility to dilution by various recharge sources,
e.g., aquifers and local tributaries. The average Na+ contents in surface water during
low- and high-flow conditions were 34.2 mg/L and 35.1 mg/L, respectively, significantly
higher than karst GW (p < 0.05, Figure 5). The enriched levels of Na+ were accompanied
by increased Cl− levels, both of which varied extensively during both low- and high-
flow conditions. Additionally, surface waters exhibited K+ concentrations significantly
higher than Quaternary GW, karst GW, and spring water (p < 0.05, Figure 5). The NO3

−

concentrations in surface water ranged from 0.7 to 57.4 mg/L (mean = 22.0 mg/L) during
low-flow conditions and from 0.8 to 57.2 mg/L (mean = 23.6 mg/L) during high-flow
conditions, showing that surface water is not contaminated by nitrate, except at a few sites
(i.e., J18 and JN77). It is worth noting that surface water showed higher concentrations of
all analyzed chemical components during high-flow conditions than in low-flow conditions
(Figure 5). This suggests the enrichment of major ions in surface water with rising flow
conditions, which could result from potential mechanisms like chemical weathering, road
salts, and sewage inputs [52].

Quaternary GW featured the highest TDS values of the four types of water through-
out the study periods, ranging from 397.1 to 705.0 mg/L (554.2 mg/L) during low-flow
conditions and from 249.5 to 949.3 mg/L (643.3 mg/L) during high-flow conditions. The
major hydrochemical facies in Quaternary GW during low- and high-flow conditions were
Ca-HCO3·SO4 and Ca-HCO3, respectively, showing a considerable reduction in SO4

2−

(Figure 5). This suggests the occurrence of processes of dilution or removing SO4
2− from

the Quaternary aquifer. For Quaternary GW, relatively higher concentrations of major
ions (except Na+, Cl−, and SO4

2−) were observed during high-flow conditions (Figure 6),
suggesting an enriched solute load after rainy episodes. The SO4

2− concentration in Qua-
ternary GW was the highest of all four types of water during low-flow conditions and
substantially reduced during high-flow conditions (Figure 5). In addition, Quaternary
GW showed Na+ and Cl− contents close to surface water, higher than those of karst GW
and spring water regardless of the season (Figure 5). In contrast, the Ca2+ and HCO3

−

levels of Quaternary GW were comparable to karst GW and spring water and significantly
higher than surface water throughout the study period (p < 0.05, Figure 5). Such differences
between Na+ and Cl− and Ca2+ and HCO3

− may suggest possible hydrogeochemical inter-
actions between Quaternary GW, surface water, and karst GW. Furthermore, Quaternary
GW NO3

− concentrations ranged from 16.1 to 53.2 mg/L (mean = 33.8 mg/L) and 9.1 to
130.6 mg/L (mean = 48.1 mg/L) during low- and high-flow conditions, respectively. There-
into, three of the eleven samples exceeded the WHO limit value (50 mg/L) for drinking
water [53].

For karst GW, the TDS ranged from 184.4 to 702.0 mg/L (mean = 428.3 mg/L) and 359.0
to 795.9 mg/L (mean = 569.9 mg/L) during low- and high-flow conditions, respectively,
showing an obvious increasing trend (Figure 5). The principal hydrochemical facies of
karst GW transformed from Ca-HCO3·SO4 during low-flow conditions to Ca-HCO3 and
Ca·Mg-HCO3 during high-flow conditions, showing increased Ca2+, Mg2+, and HCO3

−

abundance and decreased [Na++K+], Cl−, and SO4
2− abundance (Figure 5). From the

perspective of ion contents, Ca2+, Mg2+, HCO3
−, Cl−, and NO3

− increased from low- to
high-flow conditions, while Na+, K+, and SO4

2− decreased more or less (Figure 5). In
karst GW, Ca2+ and HCO3

− are the dominant ions, exhibiting significantly higher contents
than surface water regardless of the season, indicating the predominance of carbonate
weathering. The concentration of Mg2+ in karst GW was lower than other types of water
during low-flow conditions, whereas it increased substantially during high-flow conditions
(Figure 5), reflecting varying degrees of dolomite dissolution. Furthermore, karst GW
had the lowest Na+, K+, and Cl− contents (Table 1), were significantly lower than surface
water (p < 0.05, Figure 5), especially during high-flow conditions. Karst groundwater
also showed the lowest SO4

2− levels during both flow conditions, varying extensively
within space (Table 2). This result is probably associated with the evaporite weathering
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that occurs locally in the formation. The NO3
− concentrations in karst GW ranged from

4.9 to 88.7 mg/L (mean = 44.6 mg/L) and 15.3 to 107.1 mg/L (mean = 50.5 mg/L) during
low- and high-flow conditions, respectively, showing an increasing trend. Notably, ten of
twenty-two samples exceeded the WHO standard for drinking water (WHO, 2011). The
wide range of NO3

− levels could be related to the high instability of nitrate in the karst
aquifer and the spatial variability of its input or transformation in the study area.

Spring water was characterized by TDS ranging from 327.2 to 547.5 mg/L (mean =
450.4 mg/L) and 417.7 to 989.5 mg/L (mean = 635.1 mg/L) during low- and high-flow
conditions, respectively, showing an obvious increasing trend. The main hydrochemical
facies of spring water changed from Ca-HCO3·SO4 and Ca-HCO3·SO4·Cl during low-flow
conditions to Ca-HCO3 and Ca·Mg-HCO3 during high-flow conditions, with reduced
[Na+ + K+], Cl−, and SO4

2− abundance. In terms of ion contents, all major ions except
Na+ increased during high-flow conditions (Figure 5). The hydrochemistry of spring
water appeared fairly close to that of karst GW (Figure 5), and the latter is often the
primary source of spring water. However, spring water was slightly more mineralized
than karst GW, as were the concentrations of major ions (Table 1). This could be related to
mineralization along flow paths, mixing with polluted water, or sewage infiltration near
spring areas. Additionally, spring water had greater Cl− levels than karst GW, comparable
to surface and Quaternary GW (Table 1). It is worth noting that spring water had the
highest NO3

− contents among the four types of water, regardless of the season, ranging
from 23.7 to 94.4 mg/L (mean = 45 mg/L) and 22.3 to 170.7 mg/L (mean = 58.0 mg/L)
during low-flow and high-flow conditions. The spring water NO3

− level was significantly
higher than surface water and increased from low- to high-flow conditions (p < 0.05,
Figure 4). In particular, the Beiqiu Spring (i.e., J25, JN80) showed NO3

− contents of
94.4 mg/L and 171 mg/L in May and October, which far exceeded the WHO drinking
water quality standard.

Overall, the aqueous chemistry of these four waters (surface water, Quaternary GW,
karst GW, and spring water) was somewhat similar in terms of different parameters, imply-
ing that they may have undergone comparable geochemical processes or hydrogeochemical
interactions in the subsurface continuum.

4.2. Stable Isotopes (δ18O and δ2H) in Surface Water and Groundwater

The isotopic signatures of the water samples collected during low- and high-flow con-
ditions were generally distributed close to the LMWL and GMWL for the duration of the
study (Figure 7a), indicating the overall meteoric origin of surface water and groundwater
in the study area. There were distinct differences (persisting beyond seasonal variation)
between the isotopic compositions of surface water, Quaternary GW, karst GW, and spring
water (p ≤ 0.001, Table 2). In addition, the δ18O and δ2H in all four types of water showed
significant temporal trends (p < 0.05, Figure 7), i.e., shifting towards isotopic enrichment
during low-flow conditions and vice versa, which reflects the effect of atmospheric meteo-
rological conditions in the study area.

Plotting data from two sampling campaigns in the isotope plot (Figure 7a) revealed
noticeable differences between the more enriched rivers and streams and the more depleted
springs and karst GW. Surface water was characterized by the most enriched isotopic
compositions throughout the study period, with mean values of up to −5.7‰ for δ18O and
−46‰ for δ2H (Table 1). Moreover, the majority of surface water samples were distributed
to the lower right of the LMWL (Figure 7a), indicating the impact of evaporation, which
was also evident from the slopes of the evaporation line (EL) for surface water samples
during low- (5.76) and high-flow conditions (5.06). By contrast, spring water and karst GW
featured the most depleted isotopic compositions during low- and high-flow conditions,
respectively, both of which were significantly lighter than that of surface water (p < 0.05,
Table 1). Moreover, much narrower ranges of isotopes were observed in karst GW and
spring water relative to surface water (Figure 7). Karst GW showed δ18O and δ2H values of
−8.5‰ to −6.4‰ (mean = −7.4‰) and −62‰ to −49‰ (mean = −56‰) during low-flow
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conditions, and −9.8‰ to −6.8‰ (mean = −8.6‰) and −65‰ to −55‰ (mean = −61‰)
during high-flow conditions. The isotopic signatures of spring water resembled karst
GW during low-flow conditions, with δ18O of −9.5‰ to −6.5‰ and δ2H of −62‰ to
−51‰, whereas they were slightly more enriched during high-flow conditions, with δ18O
of −9.3‰ to −7.8‰ and δ2H of −64‰ to −56‰. Quaternary GW featured an intermediate
isotopic composition between surface water and karst GW, or spring water. Mean isotopic
values changed from −6.5‰ for δ18O and −49‰ for δ2H during low-flow conditions to
−7.9‰ for δ18O and −58‰ for δ2H during high-flow conditions. The isotopic signature of
Quaternary GW was higher than karst GW and spring water (p < 0.05, Figure 7a), slightly
lower than surface water, but without significant difference. Therefore, from the perspective
of stable isotopes, Quaternary GW could have close connectivity with surface water and
karst GW. Furthermore, Quaternary GW samples from high-flow conditions exhibited
broader variation ranges of δ18O and δ2H values compared with the low-flow conditions.
This may be associated with evaporation processes or recharge from evaporated river water.
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Figure 7. Dual isotope plot (center) and box plots (left, bottom) showing δ18O versus δ2H, along with
the evaporation line (EL) (a) and d-excess versus δ18O (b). The global meteoric water line (GMWL,
δ2H = 8 δ18O + 10 [54]) and local meteoric water line (LMWL, δ2H = 7.46 δ18O + 0.9 [55]) are given
for reference.

5. Discussion
5.1. Mixing Processes and Karst Water Flow System
5.1.1. Stable Isotopes as Indicators of Water Origins

Water stable isotopes (δ18O and δ2H) are natural and conservative tracers of the
water cycle, the variation of which is generally driven by hydrological processes in the
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basin [56]. Thus, stable isotopes are widely used for evaluating hydrological processes
across space and time at multiple scales [13]. In this study, the isotopic compositions of
water were studied in an effort to investigate water sources, subsequent evaporation, and
mixing processes between different waters. In the JSC, surface water and groundwater
are mainly derived from atmospheric precipitation, as confirmed by the approximately
linear relationship of δ18O and δ2H along the LMWL (Figure 7). The overall trend of δ18O
and δ2H in Figure 7 also showed clear seasonal changes, with more enriched isotopes
during low-flow conditions and more depleted isotopes during high-flow conditions. This
result reflects the impact of meteorological conditions and fits with the precipitation isotope
characteristics of the monsoon climate region in China [53]. It should be noted that there
was significant overlap in the isotopic ranges of the four water types during both low- and
high-flow conditions, possibly indicating the general existence of water mixing in the JSC.
Additionally, some data were distributed above the LMWL with a negative shift in δ18O,
especially pronounced during high-flow conditions. This could be due to the exchange with
CO2, which is common in systems with high ratios of CO2 to water, e.g., CO2 geological
sequestration [57].

The heavier isotopic compositions are indicative of evaporative enrichment in corre-
sponding water samples, which tend to deviate towards the right of the LMWL. Based on
the higher isotopic values and larger deviation from the LWML (Figure 7), it can be inferred
that the effect of evaporation was stronger during low-flow conditions relative to high-flow
conditions. This finding is further confirmed by the d-excess (d-excess = δ2H – 8*δ18O [58]),
which displayed a clear increment from low-flow to high-flow conditions. Moreover, two
clusters of water samples could be identified for each sampling period according to the plot
of d-excess versus δ18O (Figure 7b). Karst GW and spring water samples typically fell in the
upper-left of the diagram, with lower δ18O and greater d-excess values, forming the karst
GW-related cluster. The other cluster is mainly composed of surface water samples with
higher δ18O and lower d-excess values, plotted in the bottom-right of the diagram, making
up the surface water cluster of the JSC. By comparison, we can distinguish the degree of
evaporation in these two clusters of water samples. Surface water featured significantly
lower d-excess values than karst GW-related clusters (p < 0.05, Figure 7b), indicating a
higher extent of direct evaporation in the rivers and streams. Furthermore, changes in the
overlap between the karst GW and surface water clusters may indicate variations in the
interaction between surface water and groundwater (Figure 7b).

The variation in water isotope values reflects the influence of prior precipitation and
can reveal the input of water from different sources [59]. Karst GW was depleted in heavy
isotopes and mainly distributed along the LMWL, with some data even falling exactly
on the LMWL (Figure 7). This indicates that karst GW in the JSC primarily originates
from precipitation, corroborating the findings of Wang [40]. Karst water flow systems
typically have widespread heterogeneous porosity, such as sinkholes, caves, conduits,
faults, fractures, and fissures, which can act as preferential channels for subsurface flow
in the karstic terrain and permit the rapid infiltration of rainfall [15]. Thus, the karst GW
collected in the southern mountainous area retains a pristine isotopic composition similar to
prior precipitation and can represent one of the water sources involved in mixing processes
in the JSC. Surface water had a clear enrichment in stable isotopes and deviated from the
LMWL during both flow conditions (Figure 7). This result demonstrates the prevalence of
evaporative fractionation in surface water, which is also confirmed by the d-excess values
(Figure 7b). Additionally, δ18O and δ2H in surface water were progressively enriched from
upstream to downstream, indicating that the degree of evaporation increased as the rivers
and streams flowed towards the urban area. Consequently, the lower reaches of the Yufu
River (J04 and JN05) showed the most enriched isotopic compositions during both sampling
campaigns (Figure 7). And the recharge from the Yufu River to other water may cause an
increment in δ18O and δ2H. Previous surveys found that downstream sinking zones allow
rapid infiltration of water from the Yufu River into the underlying aquifers [60]. Therefore,
the Yufu River seems to be another water source involved in the mixing processes in the JSC.
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As shown in Figure 7, there is a higher overlap between surface water and karst GW isotopic
compositions during high-flow conditions than during low-flow conditions. This may
indicate an enhanced interaction between surface water and groundwater as flow increases.
Notably, several surface water samples (e.g., J17, J21, and J22 during the low-flow period
and JN35, JN36, and JN62 during the high-flow period) showed depleted isotopic signatures
comparable to karst GW (Figure 7). These samples were taken from spring-fed lakes or
tributaries, or from water bodies that receive recharge from the karst aquifer, which are
largely distributed in the discharge area of the catchment. The isotopic signatures of spring
water are highly overlapping with karst GW (Figure 7), demonstrating that the latter is the
primary source of spring water, which is consistent with the prior findings [61]. However,
it is worth noting that spring water samples are approximately clustered into two groups
during each sampling period (Figure 7), which may indicate the effect of different water
sources. Springs in Group 1 (e.g., J09, J31, and J32 from LF and JN53, JN80, and JN81 from
HF) showed lighter δ18O and δ2H, comparable to karst GW (Figure 7). This observation
indicates that they were primarily replenished by the karst aquifer, which is derived from
atmospheric precipitation that rapidly infiltrates the epikarst through fractures and fissures
with little evaporation. These springs were found in the southern mountainous area, thus
being termed “mountainous springs”, such as Beiqiu Spring, Cheziyu Spring, and Niyu
Spring. Springs in Group 2 (e.g., J11, J23, J24, and J25 from LF and JN33, JN37, JN38, and
JN39 from HF) exhibited surface water-like isotopic compositions (Figure 7). These springs
were located in the northern urban area, termed “urban springs”, such as Baotu Spring,
Heihu Spring, Wulongtan Spring, and Zhenzhu Spring. And the similarities in the isotopic
compositions of urban springs and surface water suggest recent communication between
springs and the surface environment. This may be due to the interaction of karst GW with
sinking surface water during its transfer from the mountainous area towards the alluvial
plain. The widespread fractures and conduits in karst terrains typically serve as large
channels for surface water leakage and groundwater flow [62]. Furthermore, multiple
tectonic movements have generated a large number of faults and fractures in the JSC,
which act as water-conducting pathways, enhance water–rock interaction, and promote the
development of conduits and fissures [58]. Other researchers have also reported the role
of faults and fractures in connecting surface water, shallow groundwater, and underlying
aquifers [10,63]. Therefore, the enrichment in δ18O and δ2H in urban springs is most likely
caused by recharge from the Yufu River, which is related to the sinking zone and the
high-angle fractures near the river. In addition, the altitude effect of water isotopes could
also have a certain contribution to the discrepancy in δ2H and δ18O of mountainous springs
and urban springs [12]. The fact that the average elevation of the southern mountainous
area (405 m) is noticeably higher than that of the urban area (31 m) lends evidence to
this explanation. Quaternary GW had enriched isotopic signatures comparable to surface
water during low-flow conditions, whereas Quaternary GW showed depleted isotopic
compositions similar to karst GW during high-flow conditions. This result could signify
better connection of Quaternary aquifers with surface water during low-flow conditions
and the predominance of connection with the karst aquifer during high-flow conditions.
The apparent change reflects variations in surface–groundwater interactions, possibly due
to fluctuations in groundwater levels caused by varying flow conditions.

5.1.2. Mixing Processes in the JSC

Based on what was discussed in the last section, it can be observed that there were
significant differences and overlaps between the isotopic ranges of surface water and karst
GW. On the other hand, the isotopic signatures of spring water and Quaternary GW were
approximately linearly distributed between surface water and karst GW. Hence, a likely
binary mixing of surface water and karst GW can be inferred in the JSC. This means that, in
a simplified context (ignoring other possible end-members due to lack of data), there could
be two distinct water sources involved in the mixing system of water in the study area:
(1) karst GW (EM1, (δ18O)KG: −8.5‰ in May and −9.2‰ in October) collected at relatively
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high elevations that experiences little evaporation; (2) surface water from the Yufu River in
the downstream leakage section (EM2, (δ18O)SW: −5.0‰ in May and −6.3‰ in October)
that shows clear evidence of evaporative fractionation. Thus, these two end-members were
chosen to represent a variety of water compositions in this study, from Quaternary GW that
was impacted by evaporative enrichment (with higher δ18O) to spring water less affected
by such enrichment (fresh and with lower δ18O).

An end-member mixing analysis (EMMA) was carried out to quantify the connectivity
between surface water and karst GW. Stable isotopes and chloride are routinely conservative
indicators that can be used in the EMMA [13,36]. However, within the JSC, where halite is
commonly found in the limestone strata, stable isotopes are likely to be more accurate than
chloride. Therefore, only δ18O data were assessed in mixing calculations this time. The
results of the EMMA are summarized in Figures S2 and S3. For karst GW, the estimated
surface water mixing fractions (f SW) ranged from 0 to 53% (mean = 23%) and from 0 to
83% (mean = 25%) during low- and high-flow conditions, respectively. Among them, the
f SW in J28, JN85, JN51, and JN52 was 0, indicating that karst GW at these sites received
negligible recharge from surface water at the time of sampling. In contrast, the f SW in karst
GW samples near the rivers, e.g., J01, JN45, JN74, and JN76, showed relatively higher f SW
(up to 83%). This suggests the mixing process between the river and karst GW and also
reflects the strong infiltration capacity of the streambed. From the perspective of spatial
variability, the karst GW samples in IRA showed lower f SW values than those in DRA
and DA, possibly due to topographic and hydrological conditions (Figure S3). Since the
IRA is situated in mountainous surroundings with steep hills and rugged terrain, it is not
favorable for surface runoff to infiltrate. Moreover, the relatively higher groundwater level
in this area could lessen or dilute the river water leakage via the streambed. The DRA, on
the other hand, is located in the alluvial plain with gentle terrain and considerable sinking
zones, which facilitates significant surface water leakage. For surface water, the mixing
fractions (f SW) ranged from 35% to 100% (mean = 72%) during low-flow conditions and
from 6% to 100% (mean = 56%) during high-flow conditions. It is worth noting that some of
the surface water samples have significantly lower f SW values (down to 9%), implying that
these sampling sites receive substantial replenishment from the karst aquifer. In particular,
Daming Lake (J22/JN36) and Baihua Lake (J17/JN35) featured f SW values of 45–55%
throughout the study period, which confirms the notion that they are spring-fed lakes. As
for spring water, an obvious discrepancy emerged between the f SW of mountainous and
urban springs (Figure S2). Urban springs showed higher f SW values with an increasing
trend from low- to high-flow conditions, whereas mountainous springs had lower f SW
values with little seasonal variation. This indicates that urban springs are hydraulically
connected to rivers or lakes and receive a considerable contribution from them during
high-flow conditions. In contrast, mountainous springs have a weak hydraulic connection
to surface water and remain in a relatively natural state. Quaternary GW featured larger
ranges of f SW, varying from 5% to 98% (mean = 50%) and 22% to 100% (mean = 42%),
respectively, for low- and high-flow conditions (Figure S2). Notably, J27 and JN47 exhibited
f SW values of 98% and 100%, respectively, revealing these locations as being replenished by
primarily sinking surface water. The results of end-member mixing analysis revealed that
surface water–groundwater interactions are prevalent in JSC. However, such connections
between surface water and groundwater may vary throughout the catchment and an entire
hydrological year due to the heterogeneity of geological characteristics and changing flow
conditions in the JSC.

5.2. Factors Controlling the Hydrochemistry of the Jinan Spring Catchment

The hydrochemistry of natural water is the result of the long-term interaction of water
with the surrounding environment during the water cycle and can reflect information about
flow paths [64]. In general, the chemical compositions of water come from atmospheric
precipitation, rock weathering, and regional geologic and anthropogenic inputs [65]. The
semi-logarithmic diagrams proposed by Gibbs [66] are widely used to identify the major
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factors controlling water chemistry [67]. As shown in Figure 8, the water samples from May
and October mainly fell in the rock weathering dominance zone, illustrating the dominance
of geogenic factors on water chemistry during both low- and high-flow conditions. In
other words, rock-dominated geochemical processes (i.e., water–rock interactions) are
the prevailing mechanisms responsible for the chemical compositions of the sampled
waters, consistent with the karstic nature of the JSC. It is noteworthy that groundwater (i.e.,
Quaternary GW, karst GW, and spring water) had relatively higher TDS values and lower
Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) ratios compared to surface water, indicating
that rock weathering plays a greater role in underground aquifers than in rivers, streams, or
reservoirs. Moreover, groundwater samples showed a marked increase in TDS values and
a decrease in Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) ratios from low- to high-flow
conditions (Figure 8). This result suggests that the enhancement of carbonate dissolution
(releasing Ca2+ and HCO3

−) following the rainy episode outweighed the dilution effect
caused by rising flow. Furthermore, such seasonal variation in dissolved ions may reflect
the climatic control over certain geochemical processes in the study area [68]. On the other
hand, surface water showed wider ranges of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−)
than groundwater, suggesting the impact of multiple factors apart from rock weathering.
And the TDS values of surface water exhibited no discernible variation as the Na+/(Na+

+ Ca2+) ratio increased from low to medium. This may be associated with the exchange
between Ca2+ in the water and Na+ in the rock, seeing that the molar mass of Ca2+ (40)
is nearly twice that of Na+ (23). For instance, J04 and JN10 were plotted in the middle or
right of the Gibbs diagram with Na+/(Na+ + Ca2+) ratios greater than 0.5, suggesting the
occurrence of cation exchange.
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The results of the Gibbs diagram for this study are in good agreement with those
obtained for basins draining from similar lithological and climatic environments [69,70].
However, it should be noted that the Gibbs diagrams cannot determine the influence of
human inputs on water chemistry. Nitrogen concentrations in October were substantially
higher than those in May, which may reflect a higher risk of anthropogenic NO3

− pollution
during high-flow conditions.

5.3. Sources of Major Ions
5.3.1. Hydrogeochemical Processes

Correlation analysis and R-type clustering were used in this study to identify the
linkage between hydrochemical variables of the surface and groundwater, as compiled
in Figure 9 and Figure S4. EC had the best positive correlations with TDS, as expected,
since adding dissolved ions or constituents to the water makes the electrical conductivity
go up [71]. Furthermore, EC showed correlations with most of the ions in surface and
groundwater during both low- and high-flow conditions, possibly due to the extensive
water–rock interaction in the area (Figure 9). Thereinto, EC had relatively better correlations
with carbonate system-related parameters such as HCO3

−, Ca2+, Mg2+, and logPCO2,
indicating the prevalence of carbonate weathering in the study area.
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Since the main formation lithology in the JSC is carbonate rock, carbonate minerals
(calcite and dolomite) tend to dissolve into the surface runoff and underground flow,
as shown in Equations (2) and (3). And this statement is supported by the significant
correlations of Ca2+-HCO3

−, Mg2+-HCO3
−, and Ca2+-Mg2+ pairs. It is worth mentioning

that the correlation coefficient of Ca2+-HCO3
− for groundwater slightly increased from low-
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to high-flow conditions (Figure 9), illustrating enhanced dissolution of carbonate along with
rising flow. Moreover, the increasing partial pressure of CO2 during high-flow conditions
(Table 1) and the positive correlation of logPCO2-HCO3

− in surface and groundwater
reflect the local reactivity between recently generated runoff and soluble rocks. As the
groundwater flow rate rises after rain episodes, the erosion capacity of groundwater also
markedly improves, thus leading to enhanced weathering of aquifer matrix rocks [72].
Furthermore, the logPCO2 showed negative correlations with pH and positive correlations
with EC, Ca2+, and Mg2+ (Figure 9). This result indicates that CO2 levels regulate the
acidity of natural water in the study area and, as a consequence, affect a range of chemical
and physical processes, especially the dissolution and precipitation of carbonates [16,73].
Therefore, CO2 dissolution could be one of the principal factors influencing the chemical
characteristics of water in the JSC. SO4

2− showed strong correlations with Ca2+ in both
surface and groundwater, suggesting a close relationship between water, evaporites, and
soil sulfate. This is consistent with previous findings that the dissolution of gypsum and
anhydrite often occurs in karst areas [10]. Additionally, Ca2+ and SO4

2− exhibited higher
correlation coefficients in groundwater than in surface water, implying that gypsum was
more adequately dissolved in the groundwater environment. Mg2+ and SO4

2− showed
significant correlations in surface water but not in groundwater, possibly illustrating
different origins of SO4

2− in sampled waters. This result corroborates the finding of
Zhang [74], who reported that the dissolved sulfate in the JSC derives from a mix of
multiple sources. Throughout the study period, Na+ and Cl− showed significant positive
correlations in both surface and groundwater. This observation demonstrates the lithogenic
origins of the Na+ and Cl−. The highly positive correlations between Na+ and SIhalite also
supported the ongoing interaction of halite with water. Furthermore, Na+ and Ca2+ showed
significant correlations in both surface and groundwater during high-flow conditions
but no correlations in either surface or groundwater during low-flow conditions. This
difference may be related to the effect of cation exchange in rainy seasons, which affects the
concentrations of Na+ and Ca2+ [75]. Another explanation for this relationship could be
the joint dissolution of halite and gypsum, as can be inferred from the good correlations of
SO4

2−-Cl− and SIgypsum-SIhalite pairs.

CaCO3 + CO2 + H2O ↔ Ca2+ + 2HCO3
− (2)

CaMg(CO3)2 + 2CO2 + 2H2O ↔ Ca2+ + Mg2+ + 4HCO3
− (3)

CaCO3 + CaMg(CO3)2 + 3CO2 + 3H2O ↔ 2Ca2+ + Mg2+ + 6HCO3
− (4)

Finally, it is noteworthy that NO3
− and EC showed significant correlations in both

surface and groundwater during high-flow conditions while exhibiting no correlations
during low-flow conditions. This discrepancy could suggest that nitrate contamination
became more severe with rising flow, as also seen from the elevated NO3

− level from May
to October (Figure 5 and Table 1). Additionally, significant correlations between NO3

−,
Cl−, and SO4

2− were observed in surface water during high-flow conditions. This may be
indicative of anthropogenic inputs (e.g., agricultural fertilizers, sewage), as is discussed in
more detail below.

Based on the discussion above, the weathering of local rocks is the dominant mecha-
nism influencing the water chemistry in the JSC. The stoichiometric relationship among
the major ions can further determine the possible reactive minerals. Gaillardet et al. [76]
developed an end-member diagram depicting the ion ratios between Ca2+, Mg2+, Na+,
and HCO3

− (molar concentration) to clarify the impact of the three principal weathered
rocks (carbonate, silicate, and evaporite) on the hydrochemistry. As shown in Figure 10a,b,
water samples were primarily plotted in the triangle-shaped zone formed by the three
end-members, illustrating that carbonate, silicate, and evaporate contribute together to
the water mineralization in the study area. Notably, surface and groundwater shifted
towards silicate and carbonate, respectively, during high-flow conditions. This trend may
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indicate that silicate weathering in surface water and carbonate weathering in groundwater
intensify after rainy episodes.
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Theoretically, the stoichiometric relation between [Ca2+ + Mg2+] and [HCO3
− + SO4

2−]
would follow 1:1 if carbonate and gypsum are the primary sources of corresponding ions.
As shown in Figure 10c, water samples were predominantly spread along the 1:1 line,
supporting the dominance of carbonate and gypsum dissolution. Particularly, considerable
samples fell close to the upper left side of the 1:1 line, showing the excess of [Ca2+ + Mg2+],
which could be related to silicate weathering. Reverse cation exchange could also lead
to excessive [Ca2+ + Mg2+] over [HCO3

− + SO4
2−]. This process usually occurs in the

low-permeability zones (like clay) or the immobile zones within the local fracture system,
which can be facilitated by the storage of sodium-rich water [77]. And in the plot of Ca2+

versus SO4
2−, most samples were concentrated along the upper left portion of the 1:1 line

(Figure 10d). It seems that gypsum dissolution was not the primary factor affecting water
chemistry in the study area, but it did have some effect, possibly acting as a weathering
agent for the carbonate rocks.

In Figure 10e, most of the water samples were distributed between the 1:1 and 1:2
lines, suggesting the combined impact of calcite and dolomite dissolution. The congruent
dissolution of calcite and dolomite was an important process affecting water chemistry [78].
Since calcite dissolution yields only Ca2+, while dolomite dissolution yields both Ca2+

and Mg2+, the ratio of Mg2+ to Ca2+ can reflect the relative contributions of calcite and
dolomite to water mineralization. According to Equation (4), the ratio of Mg2+ versus
non-gypsum sourced Ca2+ (i.e., Ca2+–SO4

2−) should be 1:1 when only dolomite dissolves,
1:2 when calcite and dolomite dissolve in equal amounts, and less than 1:10 when only
calcite dissolves. In Figure 10f, surface water samples mainly fell between the lines of 1:1
and 1:2, indicating the dominance of dolomite dissolution in the surface water environment.
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By contrast, groundwater samples were mostly plotted between the 1:2 and 1:10 lines,
illustrating the predominance of calcite dissolution in underground aquifers. Furthermore,
several samples were spread out over the 1:1 line, showing an excess of Mg2+ over Ca2+.
This could be related to dedolomitization, an irreversible process that is often observed in
karst water systems containing evaporite sulfate [79,80]. Gypsum or anhydrite dissolution
adds Ca2+ to the water, which may cause oversaturation and precipitation of calcite, thereby
reducing Ca2+ and HCO3

− and further promoting dolomite dissolution. The net result
is the transformation of dolomite to calcite in the aquifer matrix and increasing Mg2+

and SO4
2− levels in the water. The significant correlations between SIgypsum and Mg2+ in

surface and groundwater support this explanation (Figure S5). Moreover, SIgypsum and
Mg2+ showed higher correlation coefficients in October than May, suggesting that there
is more intensive dedolomitization in the surface–groundwater system of the JSC after
rain episodes.

As halite dissolution releases equal amounts of Na+ and Cl−, Na/Cl will be close
to 1 if Na+ derives from halite. In Figure 10g, the majority of data were distributed
in the lower left corner and along the 1:1 line, illustrating that halite was the primary
source of low Na+ and Cl− levels. Furthermore, several samples were markedly biased
above the 1:1 line, indicating additional contributions of Na+ from other sources. Silicate
weathering, hydrolysis of Na-bearing minerals (e.g., mirabilite, feldspar, muscovite), and
cation exchange can cause excess Na+ over Cl−. Anthropogenic input can also lead to
excessive Na+ in the water [81].

Ion exchange also affects the water chemistry of a region. The relationship of [Ca2+

+ Mg2+-HCO3
−-SO4

2−] versus [Na+ + K+-Cl−] is often used to identify the cation ex-
change [82]. The chloro-alkaline indices (CAIs) were applied to further assess the ion
exchange reactions between water and its host rock [83]. The indices can be calculated
using the following formula:

CAI − I =
Cl− −

(
Na+ + K+)

Cl−
(5)

CAI − II =
Cl− −

(
Na+ + K+)

HCO−
3 + SO2−

4 + CO2−
3 + NO−

3
(6)

where all ions are given in meq/L. A CAI < 0 indicates cation exchange, with Ca2+ (or
Mg2+) being absorbed by the rocks and Na+ (or K+) being released into the water, whereas
a CAI > 0 indicates that the Na+ (or K+) in the water is replaced by the Ca2+ (or Mg2+) from
the rocks. Figure 10i shows that surface water samples primarily fell into the CAI < 0 area,
while GW samples were mainly located in the CAI > 0 area. This discrepancy is particularly
noticeable during high-flow conditions. After rainy episodes, the groundwater level may
rise, resulting in the replenishment of surface water and an increase in the Ca2+ content
in rivers or lakes. As a consequence, this promotes cation exchange in favorable locations.
On the other hand, the large amount of Na+ in surface runoff could be transferred to the
aquifer through the epikarst and sinking zones, facilitating the reverse cation exchange
between groundwater and the aquifer matrix.

Comprehending hydrogeochemical processes relies on the grasp of mineral dissolution
and precipitation. The saturation index (SI) values are commonly employed to assess the
saturation states of various mineral phases in water [84]. A SI > 0 or SI < 0 implies that the
corresponding mineral is either oversaturated or undersaturated. As depicted in Figure 11,
the SIhalite and SIgypsum values for all water samples were below zero, indicating that halite
and gypsum were unsaturated and tended to dissolve in water. Furthermore, SIhalite and
SIgypsum increased slightly with EC, suggesting that halite and gypsum played a joint role
in the mineralization of water within the study area (Figure 11). In contrast, SIcalcite and
SIdolomite had values over zero for considerable samples, suggesting a prevalence of calcite
and dolomite oversaturation. However, it should be noted that there were still certain
samples at undersaturation or near equilibrium. Moreover, SIcalcite and SIdolomite decreased
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somewhat with EC and displayed a tendency to precipitate (Figure 11). This finding implies
that the dissolution of calcite and dolomite has already affected the hydrochemistry of the
JSC, which could also be seen from the dominance of Ca-HCO3 or Ca·Mg-HCO3 types in
hydrochemical facies. Furthermore, the majority of SIquartz was distributed above the line of
SI = 0 except for a few surface water samples, indicating that quartz was well-precipitated
in the water (Figure 11). In order to appreciate the seasonal variation in mineral dissolution
and precipitation, the statistical results of SI values are presented in Figure S6. Both SIcalcite
and SIdolomite showed an obvious decline from low-flow to high-flow conditions, possibly
due to the dilution effect caused by increasing discharge. And an enhancement in carbonate
dissolution can be inferred from the rising logPCO2 from low- to high-flow conditions
(Figure S6). Additionally, SIgypsum and SIquartz exhibited a modest rise from low- to high-
flow conditions, indicating that the dissolution of gypsum and quartz became stronger in
response to rising flow conditions.
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The above findings reveal that mineral dissolution, CO2 dissolution/exsolution, and
cation exchange are the main hydrogeochemical processes controlling the water chemistry
in the JSC. Calcite and dolomite are the major mineral phases, followed by gypsum, halite,
and quartz. However, such patterns may vary in space and time due to the variable nature
of lithological and hydrogeological conditions in karst regions, as well as anthropogenic
interferences.

5.3.2. Anthropogenic Influences

A number of global locations are undergoing massive industrialization and urbaniza-
tion, leading to human activities having a non-negligible impact on the chemical composi-
tion of water [85,86]. The JSC has seen rapid population and economic growth in recent
decades, along with a profound rise in sewage, landfills, and human-induced pollutants.
Hence, it is critical to identify anthropogenic influences when evaluating the controlling
mechanisms of hydrochemistry in the JSC.
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According to Figure 5 and Table 1, karst GW and spring water had relatively higher
NO3

− levels. This could be indicative of anthropogenic NO3
− sources associated with land

use, such as agricultural fertilizer and domestic sewage. In the JSC, the dominant land use
pattern is woodland (36.6%), arable land, and build-up area [87], which were consistent with
the observations during the field survey and sampling. Furthermore, the intricate surface–
groundwater interaction, coupled with rapid groundwater velocity and poor filtration in
the epikarst, makes the karst aquifer vulnerable to human contamination [88]. Therefore,
the high NO3

− levels found in the karst aquifer were most likely caused by anthropogenic
nitrogen inputs coming from the large areas of arable land and dense human settlements in
the study area. Elevated molar ratios of Cl−/Na+ or NO3

−/Na+ are typical characteristics
of human-contaminated water [89]. As shown in Figure 12a, a large number of samples
were located near the upper right corner. This suggests that agricultural activities are
the main source of nitrate in the surface–groundwater system of JSC, whereas the input
from municipal sewage is minor. Agricultural inputs (e.g., fertilizers) generally have high
NO3

− contents and low Cl− contents, while domestic effluents such as human excreta,
animal excrement, and septic sewage show high Cl− values and low NO3

−/Cl− ratios [90].
In Figure 12b, karst GW exhibited relatively higher NO3

−/Cl− ratios with lower Cl−

concentrations, suggesting the dominance of agricultural inputs on nitrate pollution in
the karst aquifer. In contrast, surface water and Quaternary GW samples displayed lower
NO3

−/Cl− ratios, reflecting the impact of domestic effluents. The anthropogenic impacts
on nitrate and chloride might be particularly noticeable during high-flow conditions, as
shown by the significantly positive correlation between NO3

− and Cl− (p < 0.05, Figure 9).
Notably, there was a marked discrepancy in spring water samples; urban springs had lower
NO3

−/Cl− ratios and higher Cl− contents, whereas mountain springs showed the opposite
trend. This distinction may suggest that the nitrate in these springs comes from different
sources. And this result also reflects the spatial variability of major nitrate sources across
the study area. Furthermore, denitrification is supposed to be minor given that all samples
had over 3 mg/L of dissolved oxygen—an aerobic environment.
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The use of synthetic nitrogen fertilizer and animal manure for farming has long been
blamed for increasing the risk of NO3

− contamination [91,92]. When more fertilizers are
applied than the crop can absorb, excess ammonium (the main ingredient in nitrogen
fertilizer) is stored in the soil. In aerobic environments, soil microbes convert ammonium
into nitrate by nitrification [93], as described below:

Step I: 2NH4
+ + 3O2 → 2NO2

− + 2H2O + 4H+ (7)

Step II: 2NO2
− + O2 → 2NO3

− (8)
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Note that H+ is produced during nitrification, which may reduce the pH level and
promote carbonate dissolution. This could partly explain the negative correlations between
NO3

− and pH and the positive correlations between NO3
− and HCO3

− in surface water
samples (Figure 9), which in turn confirm the occurrence of the nitration process in rivers
or streams. Therefore, the significant correlations found between NO3

− and Ca2+, and
SO4

2− in surface water may be associated with the use of Ca(NO3)2 and (NH4)2SO4
fertilizers. And the observed strong correlations between NO3

− and Na+ and K+ may
support the notion that anthropogenic activities also had an impact on Na+ and K+ levels
in the study area. This agrees with prior reports that the main human-influenced ions in
the JSC are NO3

−, Cl−, and SO4
2−, followed by Na+ and K+ [41,71]. In karst areas, surface

pollutants like nutrients and pesticides can be injected straight into deep aquifers due to
the high degree of surface–groundwater interaction and the rapid infiltration nature of
karst landscapes [94]. Hence, the elevated NO3

− levels in groundwater in October may
be because rainfall mobilized the nitrate that had accumulated in the epikarst and flushed
it to the aquifer through the fissures and conduits. And this process counteracted the
dilution effect due to rising flows. The observed significant correlation between NO3

−

and EC in groundwater during high-flow conditions supports this explanation (Figure 9),
which means that groundwater mineralization increases with nitrate concentrations. In
addition, surface water showed no significant increase in NO3

− (Figure 5), indicating that
the nitrate inputs from leaking sewers may be rather stable or masked by the dilution
effect. Overall, it is likely that the combination of precipitation and leakage aggravates
nitrate pollution in karst GW and spring water, whereas, on the other hand, it decreases
the nitrate burden in surface water and Quaternary GW. This hypothesis fits with recent
studies that have reported the impact of surface water leakage and antecedent rainfall on
NO3

− concentrations in karst regions [95].
It is worth noting that the NO3

− concentrations observed in this study are higher than
those reported by Wang (2016) [39], who found that deep aquifers had NO3

− contents
below 15 mg/L and received little recharge from upper unconfined aquifers. Accord-
ing to the declining trend in nitrogen fertilizer consumption in Jinan over the past two
decades (SPBS, 2000–2021 [96]; Figure S7), the alarming NO3

− levels in karst GW may
not be a recent occurrence but rather a residual consequence of prior nitrate pollution.
Given the long history of farming activities in the JSC, agricultural practices such as the
application of synthetic fertilizers and animal manure for tillage and the post-dumping
of crop residues could have already raised the soil nitrate contents in soil or water. The
accumulated nitrate loads in the epikarst, together with the practice of traditional flood
irrigation, would contribute to elevated groundwater NO3

− concentrations. Furthermore,
extensive groundwater pumping may alter the previous hydrodynamic conditions, enhanc-
ing the downward leakage and irrigation return flow. Consequently, this could result in an
increased NO3

− input to the groundwater or perhaps cause contamination. On the other
hand, the NO3

− enrichment in karst aquifers is hard to eliminate given the relative lack
of microbes in confined aquifers [97]. Therefore, the increase in nitrate levels in the JSC
is probably due to the combined effect of local hydrogeological settings and cumulative
anthropogenic activities.

5.4. Hydrogeochemical Evolution during Flow Paths

The inverse geochemical simulation was used to ascertain the water–rock interactions
and the hydrogeochemical evolution as groundwater flows from the southern mountainous
area to the northern urban area. Two flow paths were selected to simulate the groundwater
geochemical processes based on the groundwater flow direction in the study area. The
water samples collected along the flow paths include J09, J01, J10, and J24 in May and JN53,
JN83, JN48, and JN39 in October, which correspond to the section locations in Figure 4.
Based on the formation lithology of the study area, the preceding discussion of groundwater
chemistry, and mineral SI values, the mineral phases for inverse modeling were determined.
Calcite, dolomite, and gypsum were considered to quantify carbonate dissolution and
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precipitation, sulfate dissolution, and dedolomitization. Halite and quartz dissolution were
also anticipated, as mentioned above, and therefore included in the model. Furthermore,
CO2 gas was expected in water flow and added to the flow path since the studied surface
and groundwater in the JSC generally evolve under open carbonated system conditions.
The inverse modeling results using PHREEQC software are presented in Table 3.

Table 3. Results for the inverse geochemical modeling of selected water samples, showing molar
transfer in the mineral properties along the flow paths (unit: mmol/L).

Phase May October Formula

Path A Path B Path A Path B
IRA → DRA DRA → DA IRA → DRA DRA → DA

Calcite 1.172 −1.612 1.635 −1.037 CaCO3
Dolomite 0.023 −0.093 0.686 0.660 CaMg(CO3)2

Halite 0.967 0.696 0.181 1.034 NaCl
Quartz −0.053 −0.061 −0.271 0.026 SiO2

Gypsum 1.176 0.274 0.081 0.392 CaSO4:2H2O
CO2(g) 2.495 −3.089 3.598 2.288 CO2(g)

NaX - - 0.016 −0.076 NaX
CaX2 - - −0.023 0.152 CaX2

Note: Locations of the sampling sites are shown in Figure 3. Positive values indicate dissolution; negative values
indicate precipitation. IRA represents indirect recharge area; DRA represents direct recharge area; DA represents
discharge area.

As a typical karst fissure water system in North China, the JSC is characterized by
large-scale and deep burial with low flow velocities and long flow paths, causing more
adequate water–rock interactions [98]. Water chemistry in karst regions is the result of the
water–carbonate rock–CO2 gas–aquatic organism interaction, significantly impacted by soil
CO2 and rainfall [98]. Therefore, the main drivers of hydrogeochemical evolution in the
study area may be climate (rainfall and temperature) and topography. During low-flow con-
ditions, the groundwater flow along Path A exhibited the dissolution of calcite, dolomite,
gypsum, and halite and the precipitation of quartz. The hydrogeochemical processes were
dominated by the dissolution of carbonate and evaporite minerals. From IRA to DRA, the
relatively long flow path and groundwater residence time allow for extensive water–rock
interaction, which results in substantial mineral dissolution and CO2 uptake during water
flow. In the case of Path B, the groundwater flow dissolved halite and gypsum and pre-
cipitated calcite, dolomite, and quartz, accompanied by the degassing of CO2 (Table 3).
Groundwater with high PCO2 issuing as springs and resurgent streams will lose CO2 as
it approaches equilibrium with the atmosphere [99,100]. In DA, groundwater overflows
from the underground to the surface in the form of springs, causing a sudden drop in air
pressure, which could lead to massive outgassing of CO2 and substantial precipitation of
carbonates from the groundwater. Therefore, the hydrogeochemical evolution from DRA
to DA showed a predominant occurrence of evaporite dissolution and carbonate precipita-
tion. Additionally, dedolomitization caused gypsum dissolution and calcite precipitation.
Furthermore, quartz remains in a precipitated state in both flow paths, implying its minor
influence on water chemistry. During high-flow conditions, the hydrogeochemical pro-
cesses along Path A included the dissolution of calcite, dolomite, halite, and gypsum, the
precipitation of quartz, and the dissolution of CO2. This observation was basically the same
as that during low-flow conditions, most likely the result of long-term interaction between
groundwater and the surrounding environment, indicating the essential role of lithology
and topography in hydrogeochemical evolution from IRA to DRA. As for groundwater
flow along Path B, the hydrogeochemical processes mainly involved the precipitation of
calcite, the dissolution of dolomite, halite, quartz, and gypsum, and the absorption of CO2.
It seems that the hydrogeochemical evolution of the DRA to the DA in October involved
more dissolved minerals compared to that in May, suggesting more complex and intense
water–rock interactions due to enhanced flow conditions.
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The inverse modeling demonstrates that the hydrogeochemical evolution in the JSC is
closely linked to the dissolution and precipitation of carbonate, as well as the dissolution
of halite and gypsum and the effects of dedolomitization. However, the main dissolved
mineral phases may vary in different flow paths and flow conditions.

5.5. Conceptual Model and Environmental Implications

Karst groundwater is particularly susceptible to degradation because of frequent
surface–groundwater interaction, rapid groundwater flow velocities, and inadequate filtra-
tion through the high-permeability networks of fissures and conduits [62]. Human activity
exacerbates this vulnerability; many karst regions are experiencing large population growth,
urbanization, and industrialization, together with increases in wastewater, landfills, and
other sources of anthropogenic pollution [1]. A conceptual model for water sources and
hydrogeochemical evolution in the JSC was proposed to comprehend the karst water flow
system in the context of human activity, based on isotopic and hydrochemical analyses
(Figure 13).
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Figure 13. Idealized conceptual model of the Jinan Spring Catchment showing the surface–
groundwater interaction and hydrogeochemical evolution under different hydrological conditions.

The JSC covers the indirect recharge area (IRA), direct recharge area (DRA), and
discharge area (DA), stretching from steep mountainous areas to the alluvial plain of the
Yellow River. The isotopic signatures of surface water, karst GW, and spring water display
obvious seasonal and spatial variance, reflecting the recharge–discharge relationship and
the regional hydrologic cycle in this area (Figure 7). Atmospheric precipitation from
Mount Tai is the principal source for groundwater and surface water in the IRA, which
shows comparatively lower isotopic values given the temperature and altitude effects of
precipitation isotopes. Groundwater flows from south to north along the topographic
gradient and overflows as springs in the DA due to blocks of magmatic rocks. Apart
from springs, karst GW also discharges via artificial exploitation, vertical flow into the
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Quaternary aquifer, and recharge to rivers and lakes. Remarkably, springs in different
areas of the catchment exhibit varying isotopic compositions, indicating the influence of
different water sources. The mountainous springs showed lighter δ18O and δ2H values,
reflecting recharge from fresh precipitation and less evaporation due to rapid infiltration
through karst features. The urban springs exhibited heavier δ18O and δ2H values, similar
to the Yufu River, suggesting replenishment from river leakage. Moreover, the highly
permeable formations cause frequent interactions between surface and groundwater in
karst regions, which may vary throughout different sites or seasons due to the varying
geological backgrounds and hydrological conditions. The results of end-member mixing
analysis revealed temporal and spatial variability of surface–groundwater interactions in
the JSC (Figures S3 and S4). The IRA is located in the southern mountainous area with a
shallow groundwater table depth. In this area, groundwater samples showed lower mixing
fractions (f SW) than those in the direct recharge and discharge areas, due to hydrological
and topographic conditions. A relatively shallower groundwater table depth may retard
and dilute the arrival of leakage from rivers, and this is more pronounced when the
groundwater level rises during high-flow conditions [13]. Additionally, the steep slopes
of the mountainous surroundings in the IRA make it unfavorable for surface runoff to
infiltrate. Mountainous springs distributed in this area show poor hydraulic connections
with surface water and remain relatively pristine. The DRA, on the other hand, lies in a
piedmont-inclined plain with gentle terrain and numerous sinking zones, allowing massive
surface water leakage. Recharge from sinkholes and sinking rivers is concentrated through
dissolution-enlarged fissures and conduits and rapidly reaches the water table. Relatively
higher f SW values were observed in groundwater near rivers, indicating the good hydraulic
connection between the river and aquifer, accompanied by the strong infiltration capacity
of the riverbed. As for the DA, karst GW typically discharges in the form of springs or into
gaining streams. Urban springs in this area show steady hydraulic linkages to the Yufu
River and obtain significant replenishment through riverbed leakage, particularly during
high-flow conditions. Furthermore, the Yufu River is regulated by Wohushan Reservoir
and intercepted for irrigation and fisheries, which could affect the surface–groundwater
interaction in the JSC. During low-flow conditions, the Wohushan Reservoir stores water,
resulting in lower river levels downstream, which is not conducive to river seepage. As a
result, the springs and karst GW had lower f SW values. During high-flow conditions, the
reservoir discharges the prior-stored water, leading to increased water levels in downstream
rivers and enhanced river leakage in the sinking zone of the Yufu River. Urban springs
and some karst GW near rivers showed a noticeable increase in f SW values at that time.
Additionally, irrigation return flow becomes a non-negligible recharge source for karst
aquifers due to the long-term overpumping of groundwater and the practice of traditional
flood irrigation in the region. Moreover, springs may serve as recharge sites during floods
and provide an additional source of surface water for karst aquifers, thereby impacting
biogeochemical reactions [101].

In the JSC, karst GW flows from the hillslope to the urban area and generates deeper
and slower groundwater runoff, resulting in extensive interactions between water and
aquifer matrix rocks. Similar to most regions underlain by carbonate rock, bedrock ar-
chitecture and meteorological conditions are the essential factors shaping the aqueous
geochemistry in the JSC [69,70,102]. Local mineral dissolution, CO2 dissolution/exsolution,
and cation exchange are the main hydrogeochemical processes that control the hydrogeo-
chemical evolution in this region. The major mineral phases involved are calcite, dolomite,
gypsum, halite, and quartz, in descending order. Along the flow path from south to north,
ion chemistry accumulates, and the dominant anion phase changes from HCO3

− to SO4
2−

to Cl−. The increasing partial pressure of CO2 in surface and groundwater after rain
episodes and the positive correlation of logPCO2-HCO3 reflect the local reactivity between
recently generated runoff, aquifer matrix rocks, and the riverbed carbonate sediments
(Figure 9). During high-flow conditions, rainfall causes the enrichment of CO2 in surface
and groundwater, resulting in an increase in the aggressiveness of water and facilitating the
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dissolution of carbonate and evaporite rocks. During low-flow conditions, the aggressive-
ness of water decreases as CO2 degassing progresses, and as a result, mineral dissolution
tends to decline (water becomes equilibrated with the atmosphere). The JSC involves urban
and suburban areas; therefore, human activities are also influencing the water chemistry.
Anthropogenic sources like domestic sewage, industrial wastewater, agricultural fertil-
izer, irrigation return flow, and surface runoff from farming can rapidly enter the aquifer
through high-permeability networks of fissures and conduits, degrading groundwater
quality in the study area [103]. The high degree of surface water–groundwater interaction
in karst terrain can cause the injection of pollutants in surface water, such as pesticides
and metals from runoff, directly into groundwater [104]. Rapid flow velocities and the
geometry of voids can lead to turbulent flow, enabling the transport of contaminants [105].
The antecedent rainfall and land use are also important factors when exploring nutrient
cycling and biogeochemical reactions in a karst water system [95].

Overall, our findings highlighted the variability of surface–groundwater interactions
in the JSC across different locations and flowing conditions. This may have a significant
impact on water chemistry, especially the transportation and transformation of nitrate,
given the multiple anthropogenic influences. We recommend comprehensive groundwater
management strategies that consider the hydrogeochemical evolution and flow dynamics
of the JSC when coping with the complex water environment in this region.

6. Conclusions

In this study, stable isotopes, hydrochemical parameters, and data analysis methods
were integrated to gain new insights into the origin and hydrogeochemical evolution
of groundwater in the JSC in northern China. The isotopes of hydrogen and oxygen in
surface water, karst GW, and spring water display obvious seasonal and spatial variance,
illustrating the recharge–discharge relationship and the regional hydrologic cycle in this
area. Groundwater in the region is principally derived from local precipitation and interacts
with surface water during the flow from the indirect recharge area to the discharge area.
Remarkably, spring water that outflows in different areas shows an obvious discrepancy
in isotopic compositions, reflecting multiple water sources and intricate mixing processes.
The mountainous springs had lighter δ18O and δ2H values, suggesting recharge from fresh
precipitation (high altitude) and less evaporation due to rapid infiltration through karst
features. The urban springs exhibited heavier δ18O and δ2H values because of additional
replenishment from river leakage, signifying a close connectivity between surface water
and aquifer. To assess the possible mixing processes in the JSC, an end-member mixing
analysis (EMMA) with δ18O as the main conservative tracer was conducted. The mixing
results showed that the mean contribution of the surface water in the mountainous springs
was 6% and 4% during low-flow and high-flow conditions, respectively, indicating a poor
hydraulic connection between mountainous springs and surface water. In other words, over
90% of the discharge from the main perennial springs in the indirect recharge area comes
from the hosting karst aquifer, evidencing the pristine state of mountainous springs. In
contrast, the mean contribution of surface water in urban springs was 28% and 41% during
low-flow and high-flow conditions. Relatively gentle terrain and extensive development
of sinking zones in the indirect recharge area make it conducive to infiltration of surface
water. Therefore, urban springs could receive considerable replenishment from the surface
water, especially during rising flow conditions after rain episodes; in an extreme case, up to
50% of the spring discharge was found to be from the sinking Yufu River. This observation
reveals the hydraulic dependence of spring overflows on river leakage and its impact on
the hydrochemistry of the spring water.

The karstic nature of lithology is the essential factor shaping the aqueous geochem-
istry of the JSC. Natural hydrogeochemical processes (including local mineral dissolu-
tion/precipitation, CO2 dissolution/exsolution, and cation exchange) determine the major
ion chemistry of water and control its hydrogeochemical evolution. During high-flow
conditions, rainfall causes the enrichment of CO2 and results in an increase in the aggres-
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siveness of water, facilitating the dissolution of carbonate and evaporite minerals. During
low-flow conditions, the aggressiveness of water decreases as CO2 degasses, leading to
a decline in mineral dissolution. Anthropogenic influences, involving the discharge of
domestic effluents and industrial wastewater, agricultural activities, and irrigation return
flow, contribute to the degradation of water quality. Surface water showed low NO3

−

concentrations, whereas karst GW and spring water featured noteworthy NO3
− levels,

with low-flow averages of 45.6 mg/L and 45.0 mg/L and high-flow averages of 50.5 and
58.0 mg/L. Agricultural inputs are responsible for the nitrate contamination in the karst
aquifer, while domestic sewage is the dominant source of nitrate in surface water. Addi-
tionally, the remarkable NO3

− contents in the karst aquifer are likely a legacy problem
of previous overuse of fertilizer and groundwater exploitation. Antecedent rainfall and
land use patterns are also important factors when exploring the formation of localized
nitrate pollution.

The results of this study reveal the hydraulic connectivity between urban springs and
surface water and confirm that the local government’s efforts at artificial recharge have
been effective in achieving the goal of maintaining perennial spring outflow. However,
spring water quality degrades over time because of multiple water sources and anthro-
pogenic impacts. More field investigations and high-precision groundwater flow and
solute transport models are necessary to quantify the hydrological and human influences
on karst GW. Urban rivers in karst regions require competent administration because of
frequent surface–groundwater interactions and the substantial amount of anthropogenic
input through conduits and fissures, particularly during high-flow conditions. Water
management in the JSC should pay particular attention to the control and mitigation of
groundwater nitrate pollution.
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(f SW) in the sampled waters during low and high flow conditions; Figure S3: Maps showing the f SW
of the sampled waters during low and high flow conditions; Figure S4: Dendrogram showing the
result of the R-type cluster; Figure S5. The relationship between the SIgyp and Mg2+ concentrations;
Figure S6: Box plots for saturation index values of calcite (a), dolomite (b), gypsum (c), halite (d),
quartz (e) and partial pressure of CO2 (f) in water samples; Figure S7: The annual consumption of
nitrogen fertilizer, phosphate fertilizer, and potash fertilizer in Jinan City from 2000 to 2021, collected
from the Shandong Statistical Yearbook (2001–2022).
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