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Dolomite, as a typical carbonate rock, exhibits a dual-porosity and fracture medium 
structure, which provides buffering systems for hydrogeochemical processes while 
forming unique material migration pathways. To reveal the chemical evolution 
patterns of karst spring water, this study collected long-term main ion chemical 
characteristics of karst spring water and comprehensively applied methods such 
as the Piper trilinear diagram, Gibbs model, ion ratios, and factor analysis to 
identify hydrochemical evolution characteristics and influencing factors in the 
spring catchment. The entropy-weighted water quality index (EWQI) was used 
for water quality assessment, and the potential risks of NO3-N were evaluated 
using the human health risk assessment (HHRA) model. The results showed: (1) 
The spring water in the study area is dominated by HCO3

− and Ca2+, primarily 
derived from dolomite dissolution, with a hydrochemical type of HCO3-Ca·Mg. 
(2) The hydrochemical evolution in the study area is jointly influenced by rock 
weathering, cation exchange, and human activities, where Na+ and Cl− exhibit multi-
source characteristics, mainly from atmospheric deposition and anthropogenic 
activities. (3) According to the Chinese “Groundwater Quality Standard” (GB/T 
14848-2017), all spring water in the study area falls within the “good to excellent” 
category. Additionally, Pearson correlation analysis between EWQI and selected 
indicators revealed that Ca2+, NO3-N, and Cl− are key factors controlling water quality. 
Health risk assessment indicated low non-carcinogenic risks for adults (male and 
female) and children, with adult males showing higher risks than children and adult 
females. This study holds significant implications for understanding hydrochemical 
evolution in dolomite karst areas and ensuring national water resource security 
and coordinated ecological-economic development in Southwest China.
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1 Introduction

Karst groundwater, as a global strategic resource, supplies 
drinking water for approximately 25% of the world’s population and 
plays a central role in the ecosystem services of karst systems (Peng 
et al., 2018; Ford and Williams, 2007). In China, the annual karst 
groundwater reserve reaches 203.967 billion m3, accounting for 26.2% 
of the total national groundwater resources. Previous studies on karst 
groundwater have predominantly focused on limestone catchments 
due to its higher dissolution rate compared to dolomite (Zhao et al., 
2014) as well as the scattered distribution of dolomite. This has led to 
a long-term lack of systematic research on the hydrochemical 
evolution mechanisms of dolomite karst regions (Goldscheider, 2005). 
Addressing these gaps, investigating the geochemical characteristics 
and origins of karst groundwater, and clarifying the sources of 
hydrochemical components and water-rock interaction mechanisms 
are crucial for exploring hydrochemical evolution patterns in dolomite 
karst areas and establishing a universal hydrogeochemical baseline for 
regions like South China.

The relatively high magnesium ion content in water is a key 
distinguishing feature of karstic dolomite regions compared to 
other karst areas. Generally, the molar ratio of Mg2+/Ca2+ in 
dolomite regions ranges from 0.3 to 0.8, while in limestone regions 
it is below 0.2 (Diamond et al., 2024; Hilberg and Schneider, 2011). 
In southwestern China, under the influence of a humid climate, 
most dolomite karstic waters exhibit typical hydrochemical 
characteristics with low Mg2+ and high HCO3

− concentrations (Wu 
et  al., 2009). Notably, climatic conditions significantly regulate 
hydrochemical features: humid climates dilute dissolved 
substances, whereas arid regions show opposite patterns (Long 
et  al., 2015). For instance, some dolomite karst regions in 
South  Africa demonstrate typical arid hydrochemical 
characteristics (Diamond et al., 2024). In the Dingling area of the 
Qaidam Basin, magnesium ion concentrations in dolomite aquifers 
even reach 2–3 times those of calcium ions (Zhang et al., 2019). 
Topographic conditions also impact hydrochemical profiles—
consider the calcitic Alps region in northern Germany and Austria, 
where substantial elevation gradients accelerate groundwater 
circulation, resulting in dolomite karstic waters with moderately 
elevated Mg2+ but low total dissolved solids (TDS) (Aquilina et al., 
2003). Aquifer depth is another critical factor: water in deep 
retention zones (>200 m) achieves more stable hydrochemical 
composition due to comprehensive water-rock interaction, 
typically manifest as Na-HCO3 type waters, while shallow waters 
(≤200 m) are predominantly Ca-Mg-HCO3 type (Gu et al., 2002; 
Leketa and Abiye, 2021). However, human activities can drastically 
alter hydrochemical characteristics—for example, mining activities 
may shift water chemistry from Mg-HCO₃to Mg-SO4 (Leketa and 
Abiye, 2021) or produce HCO3·SO4-Mg·Ca mixed types (Li et al., 
2023). Lithological variations also induce significant hydrochemical 
changes: limestone interbeds in dolomite formations can reduce 
Mg2+/Ca2+ ratios (Wang et  al., 2022), while dolomite-evaporite 
mixed deposits generate complex hydrochemical profiles 
dominated by Mg2+, Ca2+, SO4

2−, and Cl− ions (Barberá et al., 2014; 
Acero et  al., 2015). Thus, while dolomite karst waters share 
fundamental hydrochemical patterns governed by dolomite 
dissolution, they exhibit pronounced regional variations influenced 
by geological structures, climatic conditions, hydrogeological 

features, and anthropogenic activities. This comprehensive analysis 
highlights the intricate interplay between geological setting and 
environmental factors in shaping karst hydrochemical systems 
(Diamond et al., 2024).

The Shibing dolomite karst landform in Guizhou, as the only karst 
system globally developed under tropical-subtropical climatic 
conditions, has been officially inscribed on the UNESCO World 
Heritage List as the core component of the “China Southern Karst” 
World Natural Heritage system (UNESCO World Heritage 
Committee, 2014). This Shibing karst research area exemplifies the 
morphological characteristics and evolutionary patterns of tropical-
subtropical dolomite karst, serving as a model region for karst 
landform dynamics and hydrochemical process studies (Li et al., 2012; 
Zhang et al., 2012). However, current research on Shibing’s dolomite 
karst remains limited, particularly regarding the control mechanisms 
of its karst environment on regional hydrochemical processes. 
Investigating the chemical characteristics and ion sources of 
groundwater in this area is critical for understanding the formation 
and evolution of its karst landform. This study aims to analyze 
groundwater chemistry and quality assessment in Shibing’s karst 
springs, conduct health risk assessment, and explore controlling 
factors of watershed hydrochemistry through human activities, 
atmospheric precipitation, and mineral dissolution. The research 
seeks to provide scientific basis for sustainable utilization of karst 
groundwater resources and elucidate the geomorphological processes 
of subtropical dolomite karst systems.

2 Materials and methods

2.1 Study area

The study area is located in the northeastern part of 
Shibing County, Qiandongnan Miao and Dong Autonomous 
Prefecture, Guizhou Province (107°52′37″E–108°28′47″E, 
26°46′46″N–27°20′16″N). It lies at the transition zone of the Yunnan-
Guizhou Plateau’s eastern edge. The climate is subtropical monsoon 
humid, with an average annual temperature of 14.8 °C and a mean 
annual precipitation of 1,220 ± 85 mm. The soil is predominantly 
lime soil, covering 68% of the county’s area, mainly distributed in 
karst peak-cluster depressions, followed by yellow soil, concentrated 
in non-karst mountainous areas. Vegetation exhibits significant 
vertical zonation: evergreen broad-leaved forests dominate above 
800 m, while karst shrub-fern communities prevail between 500 and 
800 m, and secondary shrub-grass communities dominate below 
500 m. The drainage system belongs to the Yuan River basin of the 
Yangtze River Basin, with the Wuyang River as the main water 
system. There are 24 karst springs with discharge rates exceeding 
1 L/s in the county (Zhang, 2023). The topography is characterized 
by a NW-SE trending step-like distribution, with the highest point at 
Leigong Mountain (1728 m) and the lowest at the Wuyang River 
canyon (320 m), creating a relative elevation difference of 1,408 m. 
Typical karst features include peak-cluster valleys, sinkhole 
depressions, and natural stone bridges. The study area lies at the 
junction of the Yangtze Craton and the Jiangnan Orogenic Belt, with 
tectonic frameworks controlled by multi-stage tectonic movements 
during the Caledonian and Yanshan periods. Geologically, it is part 
of the continuous carbonate rock sedimentary area of the Lower 
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Cambrian Niuwaitang Formation to Qingxudong Formation (Ꞓ1), 
with the core exposed by the Shibing Syncline, where the Qingxudong 
Formation dolomite outcrops in the syncline core, flanked by the 
Gaotai Formation and Shishuiwu Formation limestones.

Two springs, PS and BS, were selected as observation points in 
Shibing County. Both are exposed in the Upper Cambrian Lushan 
Formation (Ꞓ₃l) dolomite strata, characterized by medium-to-fine-
grained dolomite, representing typical groundwater discharge points 
in the southeastern Guizhou dolomite karst area. The springs belong 
to different supply basins and have no direct hydraulic connection. PS 
Spring orifice is located at the front edge of an alluvial fan, covering an 
area of 2  m2. It is surrounded by mixed evergreen and deciduous 
broad-leaved forests, with rapeseed and cabbage cultivated on the 
surrounding slopes, while rice paddies are distributed in the 
depressions. Cultivated land accounts for approximately 65% of the 
area, and woodland makes up about 30%. Vegetables are cultivated in 
multiple cycles per year, while rice is grown once a year. Nitrogen-
phosphorus-potassium compound fertilizers, as well as nitrogen 
fertilizers such as urea and ammonium sulfate, are the most commonly 
used fertilizers in the nearby cultivated land. Livestock manure such as 
cattle and chicken manure is also applied. As a historical drinking 
water source, the spring is located about 800 m from the residential 
area. Although the current permanent population in the village is 
small, it was once the main source of domestic water and agricultural 
irrigation for local residents. BS Spring orifice develops at the erosional 
basement level of the core valley in an anticline, with a water discharge 
area of 1  m2. It receives dual recharge through karst fissures and 
conduits, demonstrating significant flow stability. The topographic 
units consist of steep gully slopes and erosion terraces. Approximately 
75% of the surrounding area is cultivated with vegetables, while the rest 
is mainly shrubland. The vegetable varieties are primarily leafy greens 
and peppers. Nitrogen fertilizers, NPK compound fertilizers, and 
chicken manure are commonly used for vegetable cultivation. Due to 
the multiple cropping cycles of vegetables per year, the amount of 
fertilizer applied is relatively high. The spring is only 150 m from the 
residential area, and human activities are frequent. Historically, it has 
always been a primary source of domestic water and agricultural 
irrigation for the villagers. In recent years, a storage pool has been 
constructed to facilitate water collection (Figure 1).

2.2 Sampling and testing

In 2023, both springs were monitored under a systematic 
monthly sampling regime. One sampling point was established at 
each vent; the vents issue from separate, hydraulically disconnected 
recharge areas and are regarded as representative discharge points of 
their respective spring basins. A total of 24 samples were collected 
over the year, providing a comprehensive record of the hydrochemical 
signatures of the two catchments. Polyethylene plastic bottles were 
used for sampling. Before sampling, the bottles were thoroughly 
cleaned with distilled water and rinsed multiple times with the 
sample water to prevent contamination. On-site, the coordinates 
(latitude and longitude) and elevation of the sampling points were 
recorded. A portable multi-parameter water quality meter (DZB-718 
model) was used to measure pH, water temperature, and total 
dissolved solids (TDS) in situ. After sampling, the bottle caps were 
sealed with film to prevent air entry. The samples were analyzed in 

the laboratory of the National Engineering Research Center for Karst 
Desertification Control. Cations were analyzed using inductively 
coupled plasma optical emission spectrometry (ICP-OES), anions 
using ion chromatography, and nitrogen species using a flow analyzer. 
To ensure the accuracy and reliability of the results, the testing 
methods followed the recommended procedures in the Groundwater 
Quality Standard (GB/T 14848-2017), with regular calibration and 
quality control using standard solutions. The test results met the 
required quality standards.

2.3 Methods

Data processing and statistical analysis were conducted using 
Excel 2016. Pearson correlation analysis and principal component 
analysis were performed using SPSS 19.0. Piper trilinear diagrams, 
Gibbs diagrams, and ion ratio plots were created using Origin 2022. 
The Piper trilinear diagram was used to analyze the hydrochemical 
types of the spring water (Piper, 1944), while the Gibbs diagram and 
ion ratio analysis were employed to investigate the hydrochemical 
characteristics and primary ion sources.

Groundwater quality evaluation, as a critical method for 
identifying current pollution status, serves as the foundation for 
health risk assessments of groundwater. In recent years, the Water 
Quality Index (WQI) has been widely applied in groundwater quality 
studies across different regions due to its unique advantages (Liu and 
Zheng, 2022). However, the subjective selection of parameters in WQI 
can sometimes compromise the objectivity and accuracy of 
evaluations. To address this, the Entropy-Weighted Water Quality 
Index (EWQI) was developed to provide a more scientific and rational 
assessment of groundwater quality (Wang and Li, 2022). The entropy-
weighted water quality index (EWQI) was applied for water quality 
assessment (Wang and Li, 2022), and the specific steps are shown in 
Equations 1–7 below:

	(1)	 Construct the characteristic matrix X for water 
chemistry components

	

… 
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	(2)	 Determine the standardized parameter matrix Y
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	(3)	 Calculate parameter ratios Pij and entropy values Ej

	 =
= ∑

m

ij ij ij
i 1

P y / y
	

(4)

	 =
= ×∑

m

j ij ij
i 1

1E P lnP
lnm 	

(5)

	(4)	 Compute entropy weights Wj and groundwater quality 
classes qj

	
( )

=
= − −∑

n

j j j
i 1

w 1 E / 1 E
	

(6)

	
= ×jj

j

C
q 100

S 	
(7)

FIGURE 1

(a) Location of the study area and distribution of sampling points. (b) Study regional geological maps.
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In this equation,

	•	 m: Number of water samples.
	•	 n: Number of selected water chemistry component parameters.
	•	 xij: Concentration of parameter j in the i-th sample (mg L−1).
	•	 Cj: Concentration of parameter j in groundwater samples 

(mg L−1).
	•	 Sj: Parameter limit value (mg L−1).

The EWQI classification is shown in Table 1. Generally, an EWQI 
value > 100 indicates water quality unsuitable for drinking.

The U.S. Environmental Protection Agency (USEPA)-developed 
human health risk assessment (HHRA) model was used to evaluate 
the potential harmful effects of groundwater pollutants on human 
health (Liu et al., 2022). This research considers two exposure routes: 
oral ingestion via drinking water and dermal absorption through 
direct contact. The corresponding intake calculations are shown in 
Equations 9–12 (Wu et al., 2020):

	
× × × ×

=
×iCDI iC IR ABS EF ED

BW AT 	
(9)

	
× × × × ×

=
×iCDD iC SA KP EV ED CF

BW AT 	
(10)

	

( )
= i i

i
CDI CDD

HQ
RfD 	

(11)

	 =
=∑

n

i
i 1

HI HQ
	

(12)

The key parameters and risk assessment criteria as follows:
Parameters:

	•	 CDI (Drinking Water Intake Dose): mg·(kg d)−1.
	•	 CDD (Dermal Contact Dose): mg·(kg d)−1.
	•	 HQ (Hazard Quotient for Non-Carcinogenic Risk): 

dimensionless.
	•	 HI (Hazard Index for Total Non-Carcinogenic Risk): 

dimensionless.
	•	 RfD (Reference Dose for Drinking Water Exposure): mg·(kg d)−1.
	•	 Ci (Contaminant Concentration in Groundwater): mg L−1.

All other parameters are presented in Table 2 (Ministry of Ecology 
and Environment, 2020; Lv et al., 2025).

Risk Assessment Framework:
Considering physiological differences across age and gender 

groups, this study categorizes the local drinking water population into 
three groups:

	•	 Children (0–12 years).
	•	 Adult males (≥13 years).
	•	 Adult females (≥13 years).

Health risk assessment is conducted separately for each 
demographic group. The risk classification criteria are:

	•	 When HI/HQ < 1: The health risks caused by contamination 
remain within acceptable control limits.

	•	 When HI/HQ > 1: Health risks become uncontrollable, with 
non-carcinogenic risks increasing proportionally with higher 
HI values.

3 Results

The descriptive statistical results of physicochemical indicators for 
PS and BS in the study area are presented in Table 3 and Figure 2. The 
pH values of the two karst springs ranged from 7.2 to 8.83 (mean 7.9) 
for PS and 7.08–8.69 (mean 7.84) for BS (Table 1), exhibiting weak 
alkalinity, which is related to the extensive distribution of carbonate 
rocks in the study area (Li et al., 2021c). The total dissolved solids 
(TDS) ranged from 329.8 to 650.21 mg L−1 (mean 453.73 mg L−1) for 
PS and 321.3–391.1 mg L−1 (mean 353.86 mg L−1) for BS, both 
classified as fresh water. The TDS values at all sampling points in the 
spring catchment did not exceed the third-grade standard for 
groundwater quality (1,000 mg L−1), and the coefficients of variation 
were all below 0.5, indicating stable TDS levels in the groundwater. 
Due to the slower hydrological cycle of karst spring water compared 
to surface or underground river water, the water-rock dissolution 
process was more complete, leading to higher concentrations of 
hydrochemical components. High concentrations of Ca2+ and HCO3

− 
were the primary contributors to elevated TDS values. Notably, all 
karst spring samples in the study area had TDS values higher than the 
global average (100 mg L−1) (Li et al., 2022).

The cations in the two springs are mainly Ca2+ and Mg2+, 
accounting for 79.97 and 18.85% of cation concentration in PS, and 
78.53 and 18.29% in BS, respectively. The concentration order was 
Ca2+ > Mg2+ > K+ > Na+. The anions are mainly HCO3

− and SO4
2−, 

accounting for 91.34 and 4.87% of anion concentration in PS, and 
89.76 and 6.27% in BS, respectively. The concentration order was 
HCO3

− > SO4
2− > NO3

− > Cl−. The coefficients of variation for Mg2+, 
SO4

2−, and HCO3
− were all below 0.5, indicating minimal spatial 

concentration variation. However, the coefficient of variation for Ca2+ 
in PS exceeded 0.5, possibly due to temporal changes in water-
rock interactions.

The Piper trilinear diagram intuitively describes the composition 
of groundwater ions and its hydrochemical type, enabling qualitative 
identification of groundwater hydrochemical properties and 
controlling factors. In the study area, the cations of karst spring water 
were mainly concentrated in the Ca-type region (Figure 3), while the 
anions were distributed in the HCO3

− type region. According to the 
Sukhov classification, the hydrochemical type of the spring catchment 

TABLE 1  Classification of EWQI.

EWQI range Level Category

EWQI < 25 1 Excellent

25 ≤ EWQI < 50 2 Good

50 ≤ EWQI < 100 3 Moderate

100 ≤ EWQI < 150 4 Poor

EWQI ≥ 150 5 Very poor

https://doi.org/10.3389/frwa.2025.1694469
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org


Jinglin et al.� 10.3389/frwa.2025.1694469

Frontiers in Water 06 frontiersin.org

was predominantly HCO3-Ca·Mg, indicating that the hydrochemical 
evolution was primarily controlled by carbonate rock dissolution. The 
Piper trilinear diagram showed no significant differences in 
hydrochemical types between PS and BS.

4 Discussion

4.1 Ion sources

4.1.1 Rock weathering
Studies on the hydrochemical characteristics of karst spring 

catchments based on water-rock interaction mechanisms have shown 
that the Gibbs model can effectively identify the dominant factors 
controlling groundwater formation and evolution (Yang et al., 2021). 
Based on TDS concentration and ion ratio characteristics, the 
following discriminant system can be  established: Atmospheric 
precipitation-dominated: When TDS < 500 mg L−1 and Na+/(Na++ 
Ca2+) > 0.3 or Cl−/(Cl− + HCO3

−) > 0.2. Rock weathering-dominated: 
When 200 mg L−1 ≤ TDS ≤ 500 mg L−1 and the above ratios are <0.3 
and <0.2, respectively. Evaporation concentration-dominated: When 
TDS > 500 mg L−1 and low ratios are maintained. As shown in 
Figure 4, the water samples from PS (TDS 329.8–650.21 mg L−1, mean 
453.73 mg L−1) and BS (TDS 321.3–391.1 mg L−1, mean 353.86 mg L−1) 
were located in the rock weathering control zone of the Gibbs 
diagram. The Na+/(Na++ Ca2+) values ranged from 0.002 to 
0.015 mg L−1 (PS) and 0.006–0.047 mg L−1 (BS), while Cl−/
(Cl− + HCO3

−) ranged from 0.004 to 0.007 mg L−1 (PS) and 0.004–
0.017 mg L−1 (BS). These results confirm the dominant role of 
carbonate rock weathering and dissolution (Sheikhy Narany et al., 
2019). All samples were far from the rainfall control zone, indicating 
that despite the region’s high precipitation, its impact on groundwater 
formation was minimal. From a temporal perspective, the TDS values 
showed little variation, but their overall levels were high, suggesting 
strong water-rock interactions in the study area. PS exhibited higher 
TDS values than BS, possibly due to more intense rock weathering, as 
high concentrations of Ca2+ and HCO3

− are the primary causes of 
elevated TDS. Currently, the springs in the study area are used for 
agricultural irrigation and production water. During field surveys, it 

was observed that local residents still perform daily activities such as 
washing clothes and vegetables near the springs, indicating that 
groundwater may be influenced by human activities in addition to 
water-rock interactions (Jiang et al., 2023).

The main water-rock interactions in the spring catchment are 
primarily the dissolution of carbonate rocks (limestone and dolomite), 
followed by minor dissolution of evaporite, sulfate, and silicate minerals, 
as well as cation exchange. To better clarify the impact of evaporite, 
silicate, and carbonate rock weathering on groundwater chemistry, the 
relationships between HCO3

−/Na+, Mg2+/Na+, and Ca2+/Na+ in each water 
sample were analyzed. Based on the distinct mineral compositions of 
different rocks, their weathering releases ions in characteristic 
proportions. The dissolution of evaporites typically yields very low Ca2+/
Na+ and Mg2+/Na+ molar ratios (often <0.1) due to a dominant release of 
Na+. In contrast, silicate weathering releases a more balanced suite of 
cations, resulting in moderate ratios (Ca2+/Na+ ≈ 0.2–0.8; Mg2+/
Na+ ≈ 0.1–0.6), while carbonate dissolution, a major source of Ca2+ and 
Mg2+ but not Na+, produces ratios significantly greater than 1. Therefore, 
these molar ratios serve as effective qualitative indicators for 
distinguishing the influences of evaporite, silicate, and carbonate 
weathering on groundwater chemistry (Gaillardet et al., 1999; Jiang et al., 
2015). As shown in Figure 5, most spring samples are concentrated along 
the carbonate rock line and closer to the carbonate rock weathering 
end-member, indicating that the major ions in the study area’s 
groundwater are primarily influenced by carbonate rock weathering. This 
is closely related to the widespread distribution of limestone and dolomite 
in the catchment. A few samples also show contributions from silicate 
rock dissolution. Additionally, all samples are far from the evaporite 
range, indicating minimal dissolution of evaporite minerals (e.g., halite, 
potash). As shown in Figure 5, the PS sample location is higher than BS, 
suggesting that PS experiences stronger carbonate rock weathering, 
consistent with the conclusion from the Gibbs diagram analysis.

To further clarify the relative contributions of dolomite and 
limestone dissolution, the relationships between SO4

2− and Mg2+/Ca2+ 
(molar ratio) and between HCO3

− and Mg2+/Ca2+ (molar ratio) were 
analyzed. The Mg2+/Ca2+ molar ratio can serve as an indicator of the 
lithology of the aquifer through which groundwater flows: values 
between 0.01 and 0.26 suggest flow through limestone aquifers; values 
>0.85 indicate flow through dolomite aquifers; and values between 

TABLE 2  Parameters employed for human health risk assessment.

Parameter name Abbreviation Unit Children Female Male

Drinking rate IR L·d−1 1.2 1.85 1.85

Average body weight BW kg 19.8 50 65

Exposure time ET h·d−1 0.3 0.5 0.2

Gastrointestinal absorption coefficient ABS dimensionless 0.5 0.5 0.5

Average exposure duration AT d 365 × ED 365 × ED 365 × ED

Bathing frequency EV dimensionless 1.5 1 2

Skin permeation coefficient KP cm·h−1 0.001 0.001 0.001

Volume conversion factor CF L·cm−1 0.001 0.001 0.001

Exposure duration ED a 12 30 30

Exposure frequency EF d·a−1 365 365 365

Skin contact area SA cm2 1.20E+05 1.50E+05 1.60E+05

Nitrate reference dose RfD mg·(kg·d)−1 1.6 1.6 1.6
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0.26 and 0.85 suggest simultaneous dissolution of both limestone and 
dolomite (Long et al., 2015). As shown in Figure 6, most water samples 
from PS and BS are primarily dominated by dissolution of both 
dolomite and limestone, accounting for 91.7 and 83.3% of the samples, 
respectively. The remaining samples are dominated by limestone 
dissolution alone. Although the surface geology is predominantly 
dolomite, the subsurface contains ancient channels, solution cave 
systems, or limestone interlayers (Luo et al., 2016). When groundwater 
flows through the dolomite layers, it may first pass through limestone 
regions. Additionally, the internally developed fractures in the 
dolomite layer could create distinct permeation pathways. Some 
groundwater may rapidly traverse the dolomite fractures, while other 
flow paths move more slowly through the limestone regions, resulting 
in mixing of dissolved ions from both rock types and ultimately 
leading to the observed combined dissolution mechanism.

Ion ratio analysis can infer hydrogeochemical processes 
experienced by groundwater and describe its chemical origins and 
identify controlling factors for chemical components (Luan et al., 
2017). The relationship between HCO3

− and (Ca2+ + Mg2+) reveals the 
sources of Ca2+ and Mg2+. As shown in Figure 7a, both spring samples 
are distributed below the 1:1 line, indicating that Ca2+ and Mg2+ in the 
spring water mainly originate from the weathering and dissolution of 
carbonate minerals. To explore the balancing effect of SO4

2− on cations 
and anions, the relationship between (Ca2+ + Mg2+) and(SO4

2−/
HCO3

−)was analyzed (Figure 7b), and compared with Figure 7a. The 
results show that the positions of the spring samples have not changed 
significantly, indicating that SO4

2− has limited influence on the charge 
balance of cations and anions (Tong et  al., 2021). Based on the 
geological conditions of the study area and human activities, it can 
be inferred that the aquifer types in the spring region are primarily 
limestone and dolomite. There are no natural sources of SO4

2− such as 
pyrite or gypsum deposits, nor are there anthropogenic inputs like 
industrial discharges or wastewater effluents. As a result, the 
concentrations of sulfate in the spring water remain relatively low.

4.1.2 Cation exchange
Na+, K+, and Cl− may originate from evaporite dissolution, 

human activities, and cation exchange adsorption (Sae-Ju et al., 2020) 
and Cl− milliequivalents can qualitatively analyze the sources of Na+, T
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FIGURE 2

Boxplot of hydrochemical parameters of springs in the study area.
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K+, and Cl−. As shown in Figure 7c, most water samples from the two 
springs are located near the 1:1 line, indicating consistent ion sources. 
Combined with the geological background of the area, where 

evaporite minerals are virtually absent in the rock layers, these ions 
are likely derived from atmospheric deposition or human activities. 
However, some samples fall below the 1:1 line, suggesting that Na+ in 
the groundwater may also come from the dissolution of other 
sodium-bearing minerals (e.g., mirabilite and feldspar) or cation 
exchange. The Chloro-alkali Index (CAI) can further determine 
whether cation exchange or reverse cation exchange occurs (Schoeller, 
1965). A negative CAI value indicates that Ca2+ and Mg2+ in 
groundwater exchange with Na+ and K+ in the aquifer rocks; a positive 
CAI value suggests reverse cation exchange. As shown in Figure 7d, 
CAI1 and CAI2 in the spring catchment are mostly negative, with 
some samples showing positive values, indicating that Ca2+ and Mg2+ 
primarily replace Na+ and K+ in the aquifer. The cation exchange 
process increases Na+ and K+ concentrations while decreasing Ca2+ 
and Mg2+ concentrations (Liu et al., 2023). Compared to PS, BS shows 
larger deviations from the 0 point, indicating stronger cation 
exchange. This aligns with Figure 7c, where BS samples are further 
from the 1:1 line and closer to the(Na+ + K+)axis, reflecting stronger 
cation exchange capacity and higher Na+ and K+ concentrations in the 
spring catchment.

4.1.3 Contribution ratios of major cations
The solute load in surface water and groundwater is generally 

influenced by rock chemical weathering, atmospheric deposition, and 
anthropogenic inputs. The study area in Shibing County, Guizhou 
Province, is primarily composed of high-purity dolomite, with almost no 
silicate rocks. Therefore, the solutes from rock chemical weathering in 
the spring water of this study area mainly originate from carbonate rocks, 
and silicate rocks are not considered. The following Equations 13–19  
is used  (Galy and France-Lanord, 1999):

	

= + +          
  

X water X atmospheric X anthropogenic
X carbonate

	
(13)

FIGURE 3

Piper diagram of spring water in the study area.

FIGURE 4

Gibbs diagram of spring water in the study area.
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− − −     = +     Cl water Cl atmospheric Cl anthropogenic

	 (14)

	
− +   =   Cl anthropogenic Na anthropogenic

	 (15)

	

+ +

+

   = +   
 
 

Na water Na _atmospheric

Na _anthropogenic
	 (16)

	
+ + +     =     K water K atmospheric K _anthropogenic

	 (17)

	
+ + +     = +     

2 2 2Mg water Mg atmospheric Mg carbonate
	(18)

	
+ + +     = +     

2 2 2Ca water Ca atmospheric Ca carbonate
	 (19)

Where [X] water represents the ion concentration in mmol/L, [X]
atmospheric denotes the atmospheric input flux, [X] anthropogenic 
represents the anthropogenic input flux, and [X]carbonate weathering 
indicates the carbonate weathering flux. The following assumptions 
must be  satisfied during the calculation: All Cl− in river water 

originates entirely from atmospheric and anthropogenic inputs. After 
considering atmospheric input, human activities maintain a balance 
between Na+ and Cl−. There are no anthropogenic inputs of Ca2+, 
and Mg2+.

Chloride (Cl−) has relatively stable geochemical properties and is 
unaffected by physical, chemical, or microbial processes. Therefore, 
chloride is the most useful reference for evaluating atmospheric inputs 
to groundwater and surface water. To determine the atmospheric 
input of Cl− in the study area, the annual average Cl− concentration in 
rainfall collected from the watershed is multiplied by the 
evapotranspiration factor. The average rainfall and evaporation in this 
region are 1,033 mm and 780 mm, respectively, resulting in an 
evapotranspiration coefficient of 1.3. The volume-weighted average 
Cl− concentration in rainfall in Shibing County is 1.04 mg/L, so the 
estimated atmospheric Cl− contribution is approximately 
1.33 mg/L. This calculated atmospheric input may represent the 
minimum contribution to river solutes.

To estimate the atmospheric input of major ions, the ratios of ions in 
rainfall normalized by chloride (Cl−) were corrected. The calculated K+/
Cl−, Na+/Cl−, Ca2+/Cl−, and Mg2+/Cl− ratios in Shibing County rainfall 
are 0.19, 0.1, 0.77, and 0.08, respectively. Based on these ratios, the 
atmospheric contribution to spring water is relatively low for Na+ and 
Mg2+ (both below 5%), significant for K+ (average 10.5%), and 

FIGURE 6

SO4
2− vs. Mg2+/Ca2+ (a) and HCO3

− vs. Mg2+/Ca2+ (b) for spring water 
in the study area.

FIGURE 5

Plots of HCO3
−/Na+ vs. Ca2+/Na+ (a) and Mg2+/Na+ vs. Ca2+/Na+ (b) for 

spring water in the study area.
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particularly high for Ca2+ (average 42.7%). Human activities may have a 
significant impact on water chemistry. The NO₃−/Na+ molar ratio in 
these waters is very high (average 4.2), far exceeding that of most springs 
globally. Additionally, Cl− and NO₃− exhibit similar trends (Figure 8), 
indicating a common source such as fertilizers and sewage. Furthermore, 
no salt-bearing strata have been found in Shibing County. Therefore, the 
excess Cl− after atmospheric correction can be attributed to human 
activities and is balanced by Na+. Thus, it is estimated that 69.5% of Na+ 
in the spring water originates from anthropogenic inputs. Anthropogenic 
inputs of Ca2+ and Mg2+ are not considered in this study. After correcting 
for precipitation and anthropogenic inputs, the atmospheric 
contributions to Ca2+ and Mg2+ are subtracted from their total 
concentrations, and the carbonate rock weathering contributions are 
estimated (as shown in the Figure 9). Overall, carbonate rock weathering 
contributed an average of 52.3% to the cation loading of the two spring 
waters, indicating that cation inputs in these springs are predominantly 
dominated by carbonate rock weathering. This conclusion aligns with 
previous studies in karst areas (Wu et al., 2025; Han et al., 2010). Notably, 
there were no significant differences in the contribution rates of 
carbonate rock weathering between the two spring waters. The 
atmospheric source end member accounted for an average of 21.67% of 
the spring water cations. By comparing the element equivalent ratios (K+/

Na+ = 0.022, Cl−/Na+ = 1.17, Ca2+/Na+ = 0.044, Mg2+/Na+ = 0.227, SO4
2−/

Na+ = 0.121) (Keene et al., 1986) in seawater with the rainfall-weighted 
average equivalent concentration ratios of ions in precipitation from 
Guizhou Puding (Wu et al., 2011), it was observed that, aside from long-
range atmospheric transport of sea salt materials, anthropogenic inputs 
through atmospheric deposition significantly influenced solute 
concentrations in the rivers (Xu et al., 2018). The anthropogenic source 
end member contributed an average of 26.01% to the spring water 
cations, primarily driven by industrial and agricultural activities. In small 
catchments of coal-producing karst areas, industrial activities such as 
coal mining and coal washing plants have significantly elevated specific 
cation concentrations in water, occasionally becoming dominant input 
sources (Zhang et al., 2015). Generally, agricultural activities not only 
directly input cations into karst water systems but also indirectly affect 
cation balance through practices like fertilizer application, which 
increases nitrate (NO3

−) concentrations in water.

4.2 Hydrochemical control factors

Based on hydro-rock interaction and hydrogeochemical process 
studies, combined with correlation and factor analyses, the controlling 

FIGURE 7

Major ion ratio relationships in spring water of the study area.
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factors of groundwater chemistry can be effectively interpreted (Cui 
et al., 2020; Wang et al., 2024). Fourteen hydrochemical indicators 
including pH, TDS, EC, Na+, K+, Ca2+, Mg2+, HCO3

−, SO4
2−, Cl−, NO3

−, 
TN, NH3-N and NO3-N were selected for Pearson correlation analysis 
and factor analysis of PS and BS spring waters. The KMO and Bartlett’s 
sphericity test results (significance level approaching zero) confirmed 

the suitability of the parameters for factor analysis. As shown in 
Table 4, four principal components were extracted from PS samples, 
explaining 81.626% of the total variance, while four components were 
extracted from BS samples, explaining 81.993% of the variance, 
collectively representing the majority of hydrochemical information.

For PS, F1 emerged as the dominant hydrochemical controller, 
accounting for 35.21% cumulative variance (eigenvalue = 4.93). This 
factor exhibited strong positive loadings from Cl− (0.891), Na+ (0.544), 
SO4

2− (0.575), NO3
− (0.778) and TN (0.878), indicating a composite 

hydrochemical regime influenced by anthropogenic nitrogen 
dynamics and chloride mobilization. The pronounced NO3-N 
(r = 0.68) and TN (r = 0.878) loadings strongly suggest agricultural 
contamination from fertilizer leaching, corroborated by field evidence 
of nitrate-dominated nitrogen species (NO3-N/TN correlation: 
r = 0.99). Notably, NH3-N (loading = 0.414) showed moderate 
correlation with domestic sewage inputs, as evidenced by its inverse 
relationship with redox-sensitive parameters in F4 (NO3

− 
loading = −0.466). F2 (eigenvalue = 3.069; cumulative 
variance = 57.14%) primarily reflected natural geochemical processes, 
characterized by HCO3

− (0.789) and Mg2+ (0.772) loadings. This 
component aligns with carbonate dissolution dynamics in limestone 
aquifers, where groundwater-rock interaction facilitates Ca2+-Mg2+ 
exchange and secondary mineral precipitation (Li et al., 2021a; Zhao 
et al., 2021). F3 (eigenvalue = 2.056) revealed contrasting ion behavior, 
with Ca2+ showing negative loading (−0.737) and K+ positive loading 
(0.41). This pattern suggests dual control mechanisms: (1) Calcite 
precipitation buffering Ca2+ concentrations, and (2) preferential K+ 
mobilization through soil leaching, potentially mediated by cation 
exchange adsorption processes. F4 (eigenvalue = 1.372) displayed 
mixed environmental signals, with HCO3

− (0.414) and SO4
2− (0.457) 

reflecting residual dissolution processes, while negative NO3
− loading 

(−0.466) implied transient redox perturbations possibly linked to 
seasonal nitrate reduction.

For BS, F1 (Eigenvalue = 4.039, cumulative variance = 28.85%) 
Dominated by NO3

− (0.957), TN (0.93), and NH3-N (0.601), 
indicating nitrogen pollution primarily from agricultural activities 
(fertilizer leaching) and partially from domestic sewage (Gutiérrez 
et  al., 2018; Sun et  al., 2023).Figure  10 (right) shows the strong 
correlation (r = 0.99) between NO3-N and TN confirms nitrate 
dominance in nitrogen species. In the process of agricultural 
production, excessive application of nitrogen fertilizer, NO3-N and 
other nitrogen pollutants enter the underground aquifer through 
runoff or infiltration, increasing the content of NO3-N and TN in 
spring water. If the domestic sewage of nearby residents is discharged 
directly without treatment, NH3-N and other pollutants will enter 
the groundwater, which will also affect the quality of spring water 
(Zhang et  al., 2024). F2 (Eigenvalue = 3.883, cumulative 
variance = 56.21%) Linked to EC (0.868), HCO3

− (0.757), and TDS 
(0.735), suggesting mineralization processes or evaporation-driven 
concentration. F3 (Eigenvalue = 1.964, cumulative 
variance = 70.23%) Expressed inverse relationships between K+ 
(0.915) and Ca2+ (−0.56)/SO4

2− (−0.621), possibly reflecting cation 
exchange or acid dissolution in soil environments. F4 
(Eigenvalue = 1.646, cumulative variance = 81.99%) Involved minor 
SO4

2− (0.127) variations, likely related to localized 
geological heterogeneity.

In Table 4, the most prominent feature is the positive loading of 
pH (0.718) in the F1 factor of PS, while pH shows a significant 

FIGURE 8

Monthly variation in concentrations of NO₃− and Na+.

FIGURE 9

Contributions of the three sources to the total cation concentration 
in spring water.
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negative loading (−0.751) in the F1 factor of BS. Both are associated 
with nitrogen indicators (NO3

−-N, TN). This result from the factor 
analysis clearly reflects the fundamental difference in the degree of 
human activity impact they experience. The F1 of PS shows a positive 
correlation between pH and nitrogen (TN, NO3

−-N), indicating a 
relatively mild environment. The nitrogen primarily originates from 
chemical fertilizers (urea, ammonium sulfate, compound fertilizers) 
and manure applied to the surrounding farmland. These 

nitrogen-containing substances undergo mineralization and 
nitrification in the soil, ultimately forming NO3

−-N, which is leached 
into the spring water. The nitrification process produces H+, which 
should lower the pH. However, the area around PS has a considerable 
proportion of woodland (30%), providing a strong buffering capacity 
from soil organic matter and carbonate rock weathering. More 
importantly, the primary weathering process in the dolomite area —
carbonate dissolution can consume H+ and produce HCO3

−, effectively 

TABLE 4  Principal component analysis of hydrochemical components of springs.

Index PS BS

F1 F2 F3 F4 F1 F2 F3 F4

pH 0.718 −0.33 0.304 −0.389 −0.751 −0.153 0.342 −0.177

EC −0.201 0.88 0.208 −0.123 0.868 −0.033 −0.113 −0.361

HCO3
− 0.124 0.789 0.414 −0.31 0.757 −0.409 0.023 −0.243

TDS 0.882 −0.057 0.371 −0.084 0.735 −0.272 −0.169 −0.433

Na+ 0.544 −0.077 0.384 0.588 0.148 0.018 0.258 0.63

Mg2+ −0.315 0.772 0.11 0.423 0.771 −0.115 0.032 0.45

K+ −0.245 −0.367 0.41 −0.376 0.045 −0.047 0.915 0.26

Ca2+ −0.137 −0.341 −0.737 0.203 0.288 0.059 −0.56 0.71

Cl− 0.891 0.016 0.182 0.181 0.354 0.7 0.419 −0.039

SO4
2− 0.575 0.037 0.185 0.457 −0.548 −0.072 −0.621 0.127

NO3
− 0.778 0.272 −0.466 −0.264 0.18 0.957 −0.054 −0.021

TN 0.878 0.044 −0.3 0.118 0.237 0.93 −0.084 −0.045

NH3-N 0.023 0.746 −0.385 −0.016 0.601 −0.595 0.116 0.214

NO3-N 0.778 0.272 −0.466 −0.264 0.18 0.957 −0.054 −0.021

Eigenvalue 4.93 3.069 2.056 1.372 4.039 3.831 1.964 1.646

Contribution rate % 35.214 21.924 14.688 9.8 28.849 27.361 14.028 11.755

Cumulative 

contribution rate%
35.214 57.138 71.826 81.626 28.849 56.21 70.238 81.993

FIGURE 10

Correlation matrix plots of indicators for PS (left) and BS (right).
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neutralizing the acidity generated by nitrification. Therefore, in PS 
spring, the input of nitrogen occurs simultaneously with the natural 
carbonate buffering system. This leads to a situation where increased 
nitrogen concentrations do not cause a decrease in pH; instead, a weak 
positive correlation emerges due to the response of the buffering 
system. The high loadings of TDS and Cl− also support that this is a 
combined process of water-rock interaction and solute leaching. But 
the F1 of BS shows a strong negative correlation between pH and key 
indicators of karstification (EC, HCO3

−, Mg2+). This is the core 
“reverse characteristic.” Its proximity to the residential area (only 
150 m) means input of domestic wastewater (containing large 
amounts of organic matter and ammonium nitrogen) is a significant 
factor. The decomposition of organic matter and the nitrification of 
ammonium nitrogen both produce substantial H+, the intensity of 
which far exceeds that from agricultural sources in the PS area. 
Furthermore, the year-round multi-cropping of vegetables, with high 
application rates of chemical fertilizers and chicken manure, creates a 
continuous input of acidic substances. The acidic environment (low 
pH) strongly promotes the dissolution of carbonate rocks. More H+ 
reacts with HCO3

−, generating CO2 and water, thereby disrupting the 
equilibrium and driving more Ca2+, Mg2+, and HCO3

− from the rocks 
into the water body at a faster rate. This explains why indicators like 
EC, HCO3

−, and Mg2+ show a negative correlation with pH. The lower 
the pH, the more intense the rock dissolution, and consequently, the 
higher the concentration of these ions.

4.3 Groundwater quality assessment

Agricultural activities and unregulated discharge of domestic 
wastewater constrain groundwater quality and hydrogeochemical 
evolution, characterized by the enrichment of ions such as SO4

2−, Cl−, 
NO3

− and Na+ (Yang et al., 2023; Resz et al., 2023). The sharp increase 
in SO4

2− is primarily due to mining activities, while agricultural 
practices and uncontrolled discharge of domestic wastewater 
exacerbate the enrichment of Cl−, NO3

−, and Na+ (Yin et al., 2020). 
The ratio of TDS to Cl−/Na+ can reveal the extent of human activity 
impact on the watershed. When TDS > 500 mg L−1 or Cl−/Na+ > 1.17, 
it indicates significant human influence (Gaillardet et al., 1999). The 
TDS and Cl−/Na+ ratios in the study area’s water samples are shown in 
Figure 11. Only a small portion of PS samples exceed 500 mg L−1 TDS, 
while most spring samples have Cl−/Na+ ratios above 1.17. 
Additionally, the Cl−/Na+ ratio of PS is generally higher than that of 
BS, indicating that the study area’s water is significantly affected by 
human activities.

Using 10 parameters (pH, TDS, major ions) and the 
Environmental Quality Index (EWQI) method based on China’s 
Groundwater Quality Standard (GB/T 14848-2017), PS springs 
showed EWQI values of 24.12–30.64 (mean = 26.44), with 21.43% 
“excellent” (EWQI < 25) and 78.57% “good” (25 ≤ EWQI < 50) grades. 
BS springs exhibited superior quality (EWQI = 19.60–31.21, 
mean = 22.70), with 85.71% “excellent” and 14.29% “good” 
classifications. Both springs met direct drinking water standards (Tang 
et  al., 2023), with BS demonstrating significantly better quality 
(Figure 12).

The analysis reveals distinct hydrogeochemical mechanisms 
governing the Environmental Water Quality Index (EWQI) (Lei 
et  al., 2020). For PS, NO3-N exhibits the strongest positive 

correlation with EWQI (r = 0.68), followed by Ca2+ (r = 0.55) and 
Cl− (r = 0.52), collectively constituting the primary influencing 
factors. In contrast, the BS shows a dual-driving mechanism 
dominated by Ca2+ (r = 0.59) and NO3-N (r = 0.54) as key control 
parameters. Notably, other ions (Mg2+, K+, SO4

2−, etc.) display weak 
correlations (r < 0.4), suggesting that groundwater quality in the 
study area is primarily influenced by carbonate rock dissolution, 
with NO3-N enrichment likely driven by anthropogenic 
interventions such as agricultural non-point source pollution or 
untreated domestic sewage discharge.

To systematically evaluate parameter contributions, a stepwise 
multiple linear regression model was employed, prioritizing variables 
based on their incremental variance contribution. The modeling process 
sequentially introduced predictors from highest to lowest explanatory 
power (Zhao et al., 2012; Song, 2012). The results are shown in Table 5: 
For PS, the model demonstrates that NO3-N alone explained 47.5% of 
EWQI variance (R2 = 0.475), with model fit increasing to 70% after 
incorporating Ca2+, and reaching 90.7% (R2 = 0.907) upon adding Cl−. 

FIGURE 11

Plots of Cl−/Na+ vs. TDS.

FIGURE 12

Boxplot of EWQI index for springs.
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TABLE 5  Stepwise multiple linear regression model.

Spring names Model Linear model R2 P

PS

1 EWQI = 21.452 + 0.689NO3-N 0.475 0.006

2 EWQI = 20.001 + 0.565Ca2++0.626NO3-N 0.79 <0.001

3 EWQI = 17.11 + 0.653Ca2++0.419Cl− + 0.392NO3-N 0.907 <0.001

BS

1 EWQI = 18.231 + 0.886Ca2+ 0.785 <0.001

2 EWQI = 14.317 + 0.844Ca2++0.38NO3-N 0.928 <0.001

3 EWQI = 11.615 + 0.899Ca2++0.261Cl− + 0.234NO3-N 0.987 <0.001

TABLE 7  Non-carcinogenic risk of NO3-N under different exposure pathways.

Population Drinking water intake risk 
index (HQoral)

Skin contact risk index (HQdermal) Overall risk index (HI)

Range average Range average Range average

Children 0.003–0.022 0.011 1.816 × 10−6 to 1.226 × 10−5 6.042 × 10−6 0.003–0.022 0.011

Adult female 0.015–0.099 0.049 4.549 × 10−6 to 3.071 × 10−5 1.514 × 10−5 0.015–0.099 0.049

Adult male 0.015–0.104 0.051 7.466 × 10−6 to 5.039 × 10−5 2.484 × 10−5 0.015–0.104 0.051

For the BS, Ca2+ served as the initial dominant factor (R2 = 0.785), with 
model explanatory power rising to 92.8% after integrating NO3-N and 
further increasing to 98.7% with Cl− inclusion. This progressive 
modeling process confirms that the synergistic interaction between Ca2+ 
and NO3-N constitutes the core mechanism driving EWQI variations. 
Notably, the late-stage strong contribution of NO3-N suggests its 
potential association with temporally variable point-source pollution.

4.4 Health risk assessment

Due to the absence of sulfate minerals and heavy metal minerals 
near the study area, combined with the fact that the surrounding areas 
of the spring are predominantly agricultural land with extensive 
nitrogen fertilizer application, surveys revealed that nitrogen fertilizers 
are heavily utilized. As seen in Table 6, Correlation analyses of various 
indicators with EWOI (Environmental Water Quality Index) 
demonstrated that NO3-N exhibited the strongest association with 
EWOI and NO3-N is a key water—quality—related index (Guo et al., 
2024). Since NO3-N can harm health through drinking water intake 
and skin contact, causing diseases like stomach cancer and 
methemoglobinemia (Xie et al., 2023; Li et al., 2021b). This study 
focuses on its health—risk effects and Table  7 shows significant 
health—risk differences among exposure pathways.

The oral ingestion pathway exhibits mean Hazard Quotient 
(HQoral) values of 0.011 (children), 0.049 (adult females), and 0.051 
(adult males), demonstrating a distinct risk gradient: adult 
males > adult females > children. Dermal contact risks are negligible, 

with HQdermal values of 6.04 × 10−6 (children), 2.48 × 10−5 (adult 
females), and 1.51 × 10−5 (adult males), all well below the safety 
threshold (HQ = 1). Integrated Total Hazard Index (HI) assessment 
confirms all sampling points meet safety criteria (HI < 1). This 
validates the current safety of groundwater for human consumption 
in the study area (Tan et al., 2023; Lü et al., 2023).

It should be  noted that drinking water intake is the main 
exposure pathway for NO3-N related health risks, and its risk 
intensity is closely related to human metabolic characteristics, which 
is why adult men show higher sensitivity (Lv et al., 2025). Although 
the overall risk is currently acceptable, pollution—source 
management still needs strengthening. First, agricultural non—
point—source pollution control should focus on regulating fertilizer 
and pesticide application. Second, direct pollution from laundry and 
vegetable—washing activities in spring—exposure areas (often in 
low—lying areas near homes) should be  managed through 
environmental publicity and the establishment of protection zones. 
These measures are of great practical value for the sustainable use of 
regional groundwater resources.

5 Conclusion

	(1)	 The spring water in the study area exhibits overall weak alkaline 
characteristics. The two springs show TDS concentrations 
ranging from 329.8 to 650.21 mg L−1 (mean = 453.73 mg L−1) 
and 321.3–391.1 mg L−1 (mean = 353.86 mg L−1), respectively, 
classified as freshwater. All sampling points comply with Class 

TABLE 6  Correlation analysis between hydrochemical components and EWQI of springs.

Pearson correlation

Spring names pH TDS Na+ Mg2+ K+ Ca2+ Cl− SO4
2− NH4-N NO3-N EWQI

EWQI of PS 0.138 0.394 0.205 −0.148 −0.175 0.634* 0.533* 0.272 0.268 0.689** 1

EWQI of BS −0.129 0.083 0.056 −0.17 −0.029 0.886** 0.255 0.138 0.083 0.474 1
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III standards of the Chinese Groundwater Quality Standard 
(TDS < 1,000 mg L−1). Dominant ions include Ca2+, Mg2+, 
HCO3

−, and SO4
2−, with hydrochemical facies predominantly 

of the HCO3-Ca·Mg type.
	(2)	 The hydrogeochemical evolution is primarily controlled by 

rock weathering (especially dolomite dissolution in carbonate 
rocks), which is the main source of Ca2+, Mg2+, and HCO3

− in 
the spring water. Cation exchange processes further modify the 
geochemical composition. Anthropogenic activities, including 
agricultural practices and domestic sewage discharge, 
predominantly influence Na+, Cl− and NO3

− concentrations.
	(3)	 In the calculation of the contribution ratios of major cations, 

carbonate weathering accounts for an average of 52.3% of the 
total cation load in the two springs, making it the dominant 
source. Anthropogenic inputs rank second, while atmospheric 
deposition contributes the least.

	(4)	 According to the China Groundwater Quality Standard (GB/T 
14848–2017) and the EWQI classification system: the water 
quality samples of PS shows 21.43% in the excellent category 
and 78.57% in the good category. The water quality samples of 
BS demonstrates 85.71% in the excellent category and 14.29% 
in the good category. Which indicates that all spring water 
samples in the study area are classified within the good to 
excellent quality range, with BS water quality significantly 
outperforming PS. Regarding health risks through drinking 
water intake: the NO3-N health risk index remains low, posing 
minimal threat to human health.

	(5)	 This is the first study to quantify triple-end-member solute 
contributions and to localize exposure parameters for HHRA 
in dolomite karst of South China and firstly established the 
control mechanisms of Mg2+/Ca2+ in karstic dolomite spring 
water, providing a methodological reference for hydrochemical 
research in other karstic dolomite regions. However, due to 
limitations in investigation precision and analytical capabilities, 
this study lacked in-depth analysis of surface water-
groundwater interactions, pollution causation mechanisms, 
and pollutant speciation. It also did not incorporate δ15N and 
δ18O of nitrate to quantify the contributions of fertilizers and 
manure. Future work should focus on these aspects to enhance 
the understanding of hydrological processes and pollution 
control strategies.
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