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Abstract

In order to characterize the groundwater characteristics in the southwestern region of Dongping 
Lake, statistics, Piper plot, Gibbs plot, and ion comparison were used to analyze 48 samples, 
evaluate the drinkability and irrigation suitability of groundwater in the SDLR area, and assess 
the human health risks associated with nitrate and fluoride pollution. The groundwater in the SDLR 
area is weakly alkaline, hard freshwater. Karst water shows the SO4·Cl-Ca·Mg type, while pore water 
is mainly composed of HCO3-Ca·Mg and SO4·Cl-Ca·Mg. Rock weathering is mainly caused by carbonate 
dissolution, with a small amount of silicate and gypsum input being the main factors dominating 
the hydrochemical characteristics; cation exchange is also an important hydrochemical mechanism. 
All samples of NO₃⁻ meet the Class III limit (≤88.6mg/L), mainly from feces and sewage. The evaluation 
of irrigation water quality shows that salinization is more harmful than alkalinity, and most water 
samples are suitable for irrigation. Poor quality water is limited to the north. The human health risk 
model shows that 60% of the samples pose a non-carcinogenic threat, with children being more affected 
than adults; oral intake is the main route. High-risk areas are concentrated in the north and southwest. 
The research results provide a scientific basis for sustainable groundwater management in SDLR.

Keywords: groundwater, major ions, hydrogeochemical signatures, quality assessment, the southwest 
Dongping Lake region
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Introduction

Groundwater offers numerous advantages, 
including its widespread distribution, excellent water 
quality, and low susceptibility to pollution [1, 2]. 
As a globally significant water source and strategic 
resource, groundwater fundamentally sustains urban 
domestic water supplies, underpins socioeconomic 
stability, and maintains ecological equilibrium [3-5].  
The hydrogeochemical signature of groundwater 
is affected by multiple factors, including geology, 
hydrogeology, climate, land use patterns, and human 
activities[6]. During the runoff process, it continuously 
exchanges materials with the surrounding environment 
[7-9].

As the socio-economic landscape evolves rapidly, 
anthropogenic impacts on groundwater systems are 
becoming increasingly significant. Consequently, 
understanding the hydrogeochemical signatures of 
regional groundwater and identifying the factors that 
shape them is essential for sound governance and 
sustainable utilization of groundwater resources. For 
instance, Esmaeili Vardanjani et al. examined the 
formation of hydrochemical components in groundwater 
in the Kadkan Region of northeastern Iran [10]. Their 
findings indicate that geological conditions, mineral 
weathering and dissolution, and the ion composition 
of groundwater are the primary determinants of the 
hydrochemical composition in that area. Rosenthal et al. 
performed a systematic investigation of hydrochemical 
evolution processes in saline groundwater systems 
spanning the western Negev (Israel) and central 
northern Sinai (Egypt) regions [11]. They identified  
a significant correlation between groundwater 
salinization and natural factors, such as geological 
structures. Given the relatively slow natural runoff 
and self-renewal rates of groundwater, the likelihood 
of relying solely on natural recovery in the event of 
pollution is minimal. Consequently, it is imperative to 
conduct thorough testing and evaluation during the 
development and utilization of groundwater. Li et al. 
assessed the quality of groundwater in the Pinggu Basin 
of Beijing [12]. Their analysis demonstrated an Entropy 
Water Quality Index (EWQI) range of 25-141 across the 
basin, with over 50% of samples meeting Grade 1 or 2 
classification standards. Geospatial assessment indicated 
that while southwestern and northwestern sectors 
exhibited substandard water quality, the majority of 
groundwater samples maintained potability thresholds 
suitable for human consumption. Pham and Nguyen 
employed multivariate statistical analysis and GWQI 
to assess groundwater quality in Gia Lai Province, 
Vietnam. Groundwater quality was categorized into 
four grades: excellent (44%), good (40%), poor (12%), 
and very poor (4%). Potential sources of groundwater 
variability include domestic and industrial wastewater 
discharge, landfill leachate from burial grounds, aquifer 
characteristics, and seawater intrusion [2]. Biswas et 
al. effectively assessed the suitability of groundwater  

for irrigation in their study area using USSL and Wilcox 
diagrams [13]. Conducting a health risk assessment is 
essential to safeguard human health from the impacts of 
pollutants. The United States Environmental Protection 
Agency (USEPA) has developed a method to evaluate the 
health risks posed by pollutants through ingestion, skin 
contact, and inhalation [14]. Long-term consumption of 
groundwater containing elevated nitrate concentrations 
has been associated with the development of 
methemoglobinemia, increased risk of gastrointestinal 
cancers, and various other negative health outcomes. 
In a health risk assessment of pollutants in Yan’an City, 
Shaanxi Province, it was determined that nitrate posed 
the highest non-carcinogenic risk, followed by fluoride 
[15]. Similarly, Din et al. found that drinking water 
containing fluoride and nitrate from various regions in 
Pakistan presents potential health risks through oral 
intake [16]. These risks are particularly pronounced 
in children compared to adults, with nitrate posing  
a greater risk than fluoride.

As a vital water resource in the Dongping Lake 
Basin, groundwater serves as an essential component 
supporting regional socio-economic progress. Current 
research on the hydrochemical characteristics of 
groundwater and their controlling factors in the 
Dongping Lake basin remains relatively limited.  
For instance, Zhao et al. performed a hydrogeochemical 
investigation examining groundwater composition and 
formation mechanisms in Liangshan County [17], Hu et 
al. evaluated the quality of Dongping Lake groundwater 
during the dry season using cloud models [18], and Qin 
et al. characterized the hydrogeochemical features and 
evaluated groundwater quality surrounding areas of 
Dongping Lake [19]. Despite these efforts, research on 
different types of groundwater in the SDLR remains 
limited. There has been little work to systematically 
couple the hydrochemical evolution mechanism of 
SDLR with the human health risks posed by nitrate 
and fluoride, and this gap urgently needs to be filled. 
Consequently, this study selected 48 groundwater 
samples from the southwestern area, comprising 8 karst 
water samples and 40 pore water samples. By employing 
statistical analysis and comprehensive hydrochemical 
methods, the study aims to elucidate the characteristics 
of groundwater hydrogeochemistry and analyze 
its influencing factors. This research will provide  
a scientific foundation for the sustainable exploitation, 
utilization, and governance of groundwater in SDLR.

Study Area

The SDLR is located at the western edge of Shandong 
Province and the northwestern corner of Jining City 
(Fig. 1), which is situated in the bordering zone of two 
provinces and five prefectures (cities). The geographic 
coordinates are 115°51′37″~116°21′26″ east longitude 
and 35°36′36″~35°58′29″ north latitude. This district 
serves as a significant commercial grain production base 
county, characterized by deep, fertile soils, where arable 
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land predominates as the primary land use type (Fig. 2). 
Traffic is very convenient, with railway, highway, and 
water transport in the region. A comprehensive and more 
developed transport network for regional industrial and 
agricultural production provides convenient transport 
conditions. The area has a warm-temperate monsoon-

type continental climate, with four distinct seasons, rain 
and heat at the same time, frequent droughts, and floods. 
In the SDLR, the water system is well-developed. With 
the exception of the Yellow River beach area, which 
falls within the Yellow River Basin, the remainder of 
the region is part of the Huaihe River Basin. The Yellow 
River is adjacent to the northern part of the area, and 
there are irrigation canals all over the area, while the 
Beijing-Hangzhou Canal runs through the middle of the 
SDLR in a north-west-south-east direction, intersects 
with other rivers in the area, and flows into Nansihu to 
the south of SDLR. The SDLR is located in the western 
part of the Luzhong mountainous area on the edge of the 
Taishan Mountains, which is the edge of the transition 
from the Luzhong mountainous area to the North China 
Plain, and is situated in the superposition zone of the 
Yellow River alluvial deposits and the Wensi River 
alluvial deposits, which is the confluence of the east and 
west waters. There are mountains, rivers, lakes, dykes, 
and plains in the territory, and the terrain is gentle, high 
in the north-west and low in the south-east.

Based on the occurrence conditions, hydraulic 
connections, and stratigraphic and lithological 
relationships of groundwater in the study area, aquifers 
can be categorized into three types: loose rock pore 
aquifers, carbonate rock fracture-karst aquifers, and 
other aquifers. Quaternary loose deposits, which are 
extensively distributed throughout the area, include the 
Wen River and Yellow River alluvial deposits. These 
loose rock pore waters constitute the main water source 
in SDLR. Karst water in carbonate rock fissures is 
predominantly found in the Xiao’an Mountain area of 
Liangshan in the north. The lithology primarily consists 

Fig. 1. Geographic distribution of sampling sites within the 
SDLR.

Fig. 2. Land use situation in SDLR.
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of limestone, mudstone, dolomite, and dolomitic 
limestone from the Middle and Upper Cambrian and 
Ordovician periods. The presence of extensive rock strata 
and developed karst fissure networks creates optimal 
hydrogeological conditions for groundwater storage and 
circulation, leading to substantial groundwater reserves.

Groundwater movement in the region is influenced 
by geological structures, topography, meteorological 
conditions, hydrological factors, and human 
activities. Shallow pore water is primarily affected by 
meteorological and hydrological factors, whereas deep 
pore water and fracture-karst water are predominantly 
controlled by geological structures. The sources of 
pore water include atmospheric precipitation, lateral 
infiltration from the Yellow River, infiltration from 
channel water, and irrigation seepage. The primary 
discharge method is artificial extraction, followed by 
evaporation. Fracture-karst water is mainly recharged 
through lateral groundwater runoff, supplemented by 
atmospheric precipitation and overflow from upper 
Quaternary pore water. The sole discharge pathway 
for karst water is artificial extraction, which is 
predominantly found in shallow areas around Liangshan 
County. It is primarily used for industrial production 
and urban domestic water supply.

Materials and Methods

Collecting and Testing

For this research, 48 samples were systematically 
obtained during March 2023. Among them, there are 
8 karst water samples and 40 pore water samples, and 
the geographical positions of the sample points are 
depicted in Fig. 1. During the sampling process, the 
wells were pre-pumped for 10 minutes before sampling 
to ensure that fresh groundwater samples were obtained. 
Sampling was conducted using four sterile polyethylene 
containers, each rinsed thoroughly (≥3 times) with 
native groundwater prior to final sample collection. 
During the collecting process, the water flowed slowly 
into the sampling bottles until they were completely 
filled, then the caps were tightened and sealed. After 
sampling, samples were immediately refrigerated during 
storage and transportation to ensure preservation, with 
expedited delivery to the laboratory for subsequent 
water quality analyses.

The water samples were tested by the Experimental 
Testing Centre of Lunan Geological Engineering Survey 
Institute of Shandong Province, which mainly tested 
the principal hydrochemical constituents in the water 
samples. The pH was measured using a pH meter (Hash, 
HQ40d), total dissolved solids (TDS) was determined by 
the weighing method (electronic balance, ME204E/02), 
and total hardness (TH) was calculated. Concentrations 
of major ions – Na+, K+, Mg2+, Ca2+, SO4

2-, Cl-, and NO₃⁻ – 
were quantified by ion chromatography (Thermo Fisher, 
Aquion, USA), while HCO3

- was measured by titration 

(acid burette). To ensure data reliability, an ion balance 
check was performed on all samples prior to analysis. 
The results showed that the ion balance errors were 
within ±5% [20], confirming the accuracy and reliability 
of the data used in this study. Furthermore, in the cation-
to-anion ratio diagram (Fig. 3), all water samples cluster 
near the 1:1 line, providing further corroboration of the 
ionic equilibrium.

Methods of Analysis

This investigation utilized statistical methods and 
boxplot visualization to characterize and compare 
the fundamental hydrochemical properties of distinct 
groundwater classifications in SDLR. Groundwater 
hydrochemical facies were delineated through Piper 
trilinear plot analysis, with Gibbs diagrams and ionic 
proportional relationships employed to elucidate 
the dominant controlling mechanisms of water 
chemistry evolution. The basic statistical analysis of 
hydrochemical data was conducted using Excel, box 
plots were generated with Origin 2021, Piper plots were 
created using Aq·QA, and Gibbs and ion ratio plots were 
also produced in Excel. Additionally, Photoshop was 
employed for image processing and enhancement.

Assessment of Irrigation Water Quality

The sodium adsorption ratio (SAR) reflects the 
relative dominance of Na+ in groundwater exchange 
reactions compared to other components (Equation (1)) 
[21, 22]. According to the USSL diagram, irrigation 
water is classified based on two criteria: Salinization 
Hazard (by EC): low (0~250), moderate (250~750), high 
(750~2250), or very high (> 2250); Alkalinity Hazard 
(by SAR): low (0~10), moderate (10~18), high (18~26), 
or extremely high (>26). By integrating these two 

Fig. 3. Cation-to-anion ratio diagram.
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division of endemic fluorosis disease areas, the method 
of determining the endemic fluorosis disease areas in 
China and the division of the degree of the disease areas 
is clearly stipulated, and the appropriate interval of the 
quality concentration of fluorine in drinking water is 
0.5~1.0 mg/L [21]. As a pervasive environmental issue, 
groundwater NO₃⁻ contamination is particularly severe 
in regions with intensive agriculture. Given China’s 
status as a major agricultural nation, the extensive use 
of nitrogen fertilizers and high irrigation demands have 
exacerbated NO₃⁻ pollution in its agricultural basins 
[26]. To quantify the associated human health risks, we 
employed the U.S. Environmental Protection Agency’s 
risk assessment model to evaluate the risks separately 
for adults and children [14, 21]. The computational 
expression is presented in Equations (8-14) [21]:

	 	 (8)

	 	 (9)

	 	 (10)

	
HQoral = 	 (11)

	 HQder = 	 (12)

	 	 (13)

	 	 (14)

CDI is drinking water intake (mg/kg/d); Cj represents 
ion concentration (mg/L); IR denotes daily water 
consumption rate (L/d); EF signifies exposure frequency 
(d/a); ED indicates exposure duration (a); BW stands for 
average body weight (kg); and AT represents the mean 
exposure time (a) [21].

DAD is the exposure measure of groundwater 
under the dermal contact route (mg/kg/d), DAevent is the 
absorbed dose during dermal contact (mg/cm2), EV is 
the number of dermal contact events per day (times/d), 
SA is the surface area of exposed skin (cm2), Kp is the 
permeability coefficient of the hazardous substance 
(cm/h), Cj is the concentration of the contaminant in 
groundwater (mg /L), and tevent is the word skin contact 
duration. HQ is the non-carcinogenic risk factor; HIi is 
the non-carcinogenic risk index for a single pollutant i 
for all exposure routes; THI is the total non-carcinogenic 
risk index for n pollutants via all exposure routes [21]; 
RfD is the reference dose (mg/kg/d), with the RfD for 
NO₃⁻ taken as 1.6 and that for F- taken as 0.06 [14]. 

The non-carcinogenic health risk assessment of 
SDLR groundwater was conducted by quantifying risk 
values across all exposure pathways and evaluating them 
against established reference thresholds. Per USEPA 
health risk assessment guidelines, the threshold value 

sets of criteria, a comprehensive classification system 
was developed, resulting in 16 distinct categories of 
irrigation water quality. 

	 	 (1)

Percent sodium (%Na) serves as a reliable indicator 
for evaluating groundwater irrigation suitability 
(Equation (2)) [23]. Elevated Na+ levels may adversely 
affect soil structure by decreasing permeability, and 
%Na is computed based on the formula below. The 
Wilcox plot characterizes both Na% and EC and is 
divided into a total of five zones, which are: excellent 
to good, good to permissible, permissible to doubtful, 
doubtful to unsuitable, unsuitable [21, 24].

	 	  (2)

Evaluation of Drinking Water Quality

The entropy weighted water quality index (EWQI) 
method was used to evaluate the suitability of drinking 
groundwater in the following steps (Equations (3-7)) 
[25]:

	 	 (3)

	 	 (4)

	 	 (5)

	 	 (6)

	 	 (7)

Where, Pij denotes the standardized value for each 
parameter; ej represents the information entropy of 
individual factors; wj corresponds to the weighting 
coefficient; q j indicates the concentration ratio, cj 
signifies the measured concentration in sampled 
specimens, and sj adopts the standard concentration 
value of Ⅲ water in the Groundwater Quality Standard 
(GB/T 148148-2017). Groundwater potability was 
categorized into five distinct classes according to 
EWQI values: excellent (0~25), good (25~50), moderate 
(50~100), poor (100~150), and very poor (150~200).

Health Risk Assessment

As an important resource for human survival, the 
amount of fluorine in groundwater is closely related to 
human health [21]. In the GB17018-1997 standard for the 
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for the target hazard index (THI) is established at 1.0. 
A THI exceeding this benchmark (THI>1.0) signifies 
that environmental exposure poses unacceptable non-
carcinogenic health risks, whereas values below 1.0 
(THI<1.0) indicate risk levels within the safe exposure 
limits.

Results and Discussion

Statistical Analysis of Water Chemistry

Statistical approaches facilitate characterization of 
fundamental hydrochemical properties of groundwater 
systems while elucidating their genetic mechanisms 
and evolutionary processes. The descriptive statistics of 
predominant ionic constituents in SDLR groundwater 
are presented in Table 1. The analysis revealed mean 
pH levels of 7.4 and 7.6 for karst water and pore 
water, respectively, demonstrating a weakly alkaline 
groundwater environment across the SDLR. In the SDLR, 
the TDS concentrations of karst water and pore water 
varied between 697-1,800 mg/L and 137-3,690 mg/L, 
with mean values of 1,268.88 mg/L and 1,264.08 mg/L, 
respectively. Similarly, TH levels ranged from  
317-853 mg/L and 118-1,660 mg/L, averaging 622.88 mg/L 
and 1,660 mg/L, respectively. The mean values were 
622.88 mg/L and 596.55 mg/L. Based on TDS and TH 
classification criteria, the predominant groundwater 
type in SDLR was identified as hard-saline water.  
In terms of mean values, the main anions and cations  
in karst water were HCO3

⁻ (454.75 mg/L) and Ca2+ 
(179.53 mg/L), respectively; while the primary cation in 
pore water was Na+ with a mean value of 318.32 mg/L, 
and the main anion was HCO3

⁻ with a mean value of 
707.43 mg/L (Table 1). Comprehensive analysis revealed 
distinct ionic dominance patterns: in karst water, anion 
abundance followed HCO3

⁻>SO4
2⁻>Cl->NO₃⁻ and cations 

Ca2+>Mg2+>Na+>K+, while pore water exhibited the 
same anion ordering but differed in cation dominance 
(Na+>Ca2+>Mg2+>K+).

Hydrochemical Type

The Piper trilinear diagram [27] is a widely used 
method for water chemistry fractionation, with the 
advantage of being free from human influence [15]. 
The Piper diagram has a rhombus and two triangles, 
where the triangles show the relative proportions of 
anions and cations, and the rhombus demonstrates the 
overall hydrochemical characteristics [15, 18]. Fig. 4 
presents the hydrochemical Piper diagrams, illustrating 
the distinct characteristics of various groundwater types 
within the SDLR. The hydrochemical analysis reveals 
distinct distributions for different water types. On the 
cation triangle diagram, samples are predominantly 
located in the central mixed zone. In contrast, on the 
anion triangle, they cluster near the HCO3

⁻ end-member. 
When projected into the rhombus diagram, most 
samples fall within regions ① and ③, corresponding to 
the HCO3-Ca·Mg and SO4·Cl-Ca·Mg types, respectively. 
Karst water samples are primarily classified as SO4·Cl-
Ca·Mg (region ③), while pore water exhibits a more 
complex composition, spanning multiple regions but 
concentrating in regions ① and ③. This distribution 
confirms the previously documented anion evolution 
from HCO3 to SO4 and SO4·Cl types during the transition 
from pore to karst water along the runoff pathway.

Analysis of Factors Influencing 
Groundwater Hydrochemistry

Weathering of Rocks

Overall, the water chemical characteristics of 
groundwater are predominantly influenced by three key 

Table 1. Statistical results of groundwater in SDLR.

Karst water Pore water

Max Min Mean Max Min Mean

TDS mg/L 1800 697 1268.88 3690 137 1264.08

TH mg/L 853 317 622.88 1660 118 596.55

pH 8.4 7.1 7.4 8.5 7.0 7.6

Ca2+ mg/L 345 41.2 179.53 248 36.4 107.13

Mg2+ mg/L 99.5 9.96 59.28 258 5.07 80.84

Na+ mg/L 241 56.5 147.44 855 6.46 228.90

K+ mg/L 4.07 0.13 2.24 11.5 0.16 1.72

HCO3
- mg/L 613 340 454.75 1080 123 707.43

SO4
2- mg/L 734 52.4 324.30 1240 11.1 250.80

Cl- mg/L 348 128 210.75 643 4.98 154.56

NO₃⁻ mg/L 79.3 0.54 32.25 61.13 0.31 9.47
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factors: rock weathering, atmospheric precipitation, and 
evaporative crystallization [15, 28, 29]. The Gibbs plot is 
a semi-logarithmic coordinate model that uses the mass 
concentration of TDS on the vertical axis and the ratios 
of the mass concentrations of Na+ to Na++Ca2+ and Cl- 
to Cl-+HCO3

- on the horizontal axis [30]. In the Gibbs 
model, the middle to the left, the upper right, and the 
lower right represent the three control zones of rock 

weathering, evaporation and crystallization, and then 
atmospheric precipitation, respectively, as depicted 
in Fig. 5. This model is widely applied in the analysis 
of the hydrochemical genesis of groundwater [15, 
28]. Projecting the groundwater sample points in the 
SDLR into the Gibbs model, the distribution of the 
water sample points is predominantly observed within 
the control area governed by rock weathering (Fig. 5).  

Fig. 4. Piper trilinear map of groundwater in the SDLR.

Fig. 5. Gibbs diagram of groundwater hydrochemistry in SDLR.
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This pattern of distribution suggests that rock weathering 
is the primary factor shaping the hydrogeochemical 
signatures of groundwater in the SDLR.

The proportions of major ions in groundwater 
can serve as a basis for further elucidating the 
principal sources of these ions in groundwater [18, 31].  
The dissolution of halite (NaCl) constitutes a substantial 
source of Na+ and Cl- in groundwater. Consequently, 
from a theoretical standpoint, the ratio of Na+/Cl- 
would be expected to approximate 1 if the primary 
origin of Na⁺ and Cl⁻ in groundwater is the dissolution 
of halite [4, 32]. A scatter plot showing the Na+ to Cl- 
ratio in the groundwater of the SDLR is presented in 
Fig. 6a). It is noted that the majority of water sample 
points are predominantly located along the 1:1 line, 
suggesting that the Cl- in groundwater is not sufficient 
to fully counterbalance the Na+. This suggests that 
salt rock dissolution is not the primary source of Na+ 
and Cl- in groundwater. Furthermore, the surplus 
Na⁺ could potentially stem from the dissolution 
of silicate rock minerals or from cation exchange 
reactions. Analogously, if the dissolution of gypsum 
(CaSO4·2H2O) is the predominant source of Ca2+  
and SO4

2- in groundwater, the ratio of Ca2+ to SO4
2- 

would be expected to be near 1 [13, 15]. As depicted in 
Fig. 6b), the distribution of groundwater sampling points 
in the SDLR primarily lies to one side of the 1:1 line, and 
some of them are close to the 1:1 line, which indicates 
that gypsum dissolution exists in the groundwater in the 
SDLR, but it is not the only source of Ca2+ and SO4

2-

. Weathering of carbonate rocks is an important factor 
affecting Ca2+and HCO3

- content in groundwater [18, 33]. 
Fig. 6c) shows the ratio relationship between Ca2+and 

HCO3
- in groundwater in the SDLR, and it can be seen 

that most of the water sampling points are near to 1:1 
line and 1:2 line or are located in the middle of the 
distribution of the two lines, which indicates that the 
carbonate rock mineral dissolution is the main source of 
Ca2+and HCO3

- in groundwater in SDLR. The ratio of 
(Ca2++Mg2+) to (HCO3

-+SO4
2-) is frequently employed to 

assess the influence of silicate rock, carbonate mineral, 
and gypsum dissolution on groundwater chemistry [15, 
18, 33]. In Fig. 6c), a portion of the water sampling 
points lies below the 1:1 line, which may be related 
to agricultural activities within the SDLR. Certain 
fertilizers contain substantial amounts of Ca2+, and 
fertilization practices often introduce both NO₃⁻ and 
additional Ca2+ simultaneously, thereby resulting in 
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this distribution pattern at the sampling points. Fig. 6d) 
illustrates that the majority of groundwater sampling 
points in the SDLR fall above the 1:1 line, with a few 
positioned along it. Such a trend underscores the 
predominant role of carbonate mineral weathering in 
shaping the region’s groundwater chemical composition. 
Additionally, it suggests that there is also dissolution 
occurring from silicate rock minerals and gypsum.

Cation Exchange

Cation exchange typically represents another 
significant process governing groundwater chemical 
evolution in regional aquifers [15, 34]. The correlation 
between Ca2+ + Mg2+ - HCO3

- SO4
2- versus Cl- - Na+ - 

K+ can be used to identify the cation exchange process. 
A ratio approximating unity suggests cation exchange 
plays a substantial role in the groundwater system [34]. 
Fig. 7a) demonstrates that SDLR groundwater samples 
predominantly follow a 1:1 trend line. The regression 
equation (y = 0.9884x - 0.8455, R² = 0.8288) exhibits  
a slope approximating unity, indicating cation exchange 
significantly influences groundwater chemistry in 
southwestern Dongping Lake.

Additionally, the Chlor-alkali index (CAI) serves 
as a reliable indicator for ascertaining the direction of 
cation exchange processes [5], and the CAI calculation 
formula is shown in Equations (15) and (16). If the 
values of CAI-1 and CAI-2 are both negative, it indicates 
that forward cation exchange occurred, that is, Na in 
the aquifer was exchanged with Ca2+ in the aqueous 
solution (Equation (17)); if the values of CAI-1 and  
CAI-2 are both positive, it indicates that reverse 
exchange has occurred, that is, Ca2+ in the aquifer is 
exchanged with Na+ in the groundwater (Equation 
(18)) [5]. Fig. 7b) demonstrates that the majority of 
SDLR groundwater samples plot in the CAI<0 domain, 
evidencing forward cation exchange wherein aquifer 
Na+ is replaced by aqueous Ca2+. 

	 	 (15)

	 	 (16)

	 	 (17)

	 	 (18)

The groundwater environment has become 
increasingly impacted by anthropogenic influences, 
particularly in regions experiencing substantial human 
activities, due to swift socio-economic growth, rapid 
urbanization, and population expansion [15, 34]. 
Groundwater nitrate primarily originates from industrial 
and agricultural operations, along with domestic 
wastewater effluents. NO₃⁻ concentration levels can 
effectively reflect the degree of anthropogenic influence 
on groundwater systems [13]. Fig. 8 illustrates the 
concentrations of NO₃⁻ in various types of groundwater 
within the SDLR. For karst water and pore water, the 
NO₃⁻ concentrations varied between 0.54 mg/L and 
79.30 mg/L, and between 0.31 mg/L and 61.13 mg/L, 
respectively. The mean concentrations were 32.25 mg/L 
for karst water and 9.47 mg/L for pore water. In most 
cases, NO₃⁻ levels in SDLR groundwater remain below 
the Class III water quality threshold (88.57 mg/L) 
set by groundwater standards. This suggests that the 
groundwater is relatively less affected by anthropogenic 
inputs. In contrast, karst water is more significantly 
influenced by human activities than pore water.  
This is attributed to the shallow depth of karst water, 
which ranges from 20 to 30 meters, often shallower than 
the sampling depth of some pore water. Additionally, 
karst water is more extensively exploited and utilized, 
making its susceptibility to human inputs more 
pronounced.

Fig. 7. Ca2++Mg2+-HCO3
- SO4

2- vs. Cl- -Na+-K+ and CAI-1 vs. CAI-2 in groundwater in SDLR.
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Determining the origins of nitrate in groundwater is 
essential for effective pollution prevention and control, 
as well as for the sustainable development, utilization, 
and management of groundwater resources. The ratios 
of NO₃⁻/Ca2+ and SO4

2-/Ca2+ are frequently employed 
to identify pollution sources, including industrial and 
mining effluents, agricultural runoff, and domestic 
sewage [7]. 

Fig. 9a) demonstrates that the water sampling 
points in the SDLR were predominantly aligned along 
the horizontal axis, suggesting that agricultural runoff 
and domestic wastewater were the primary sources of 
groundwater NO₃⁻. In addition, Cl- is a conservative 
element that does not readily react in groundwater 
and can be used to indicate water pollution. If Cl- is 
contained in fertilizers, it increases with the increase 
of NO₃⁻, while human and animal manure or domestic 
wastewater are usually characterized by high Cl- and 
low NO₃⁻ [35, 36]. Therefore, the NO₃⁻/Cl- value can be 

used to analyze the source of NO₃⁻. Fig. 9b) presents the 
Cl- versus NO₃⁻/Cl- scatter plot for SDLR groundwater, 
with sample clustering in the lower right quadrant 
suggesting feces and wastewater-derived nitrate as 
the dominant contamination source. During the field 
sampling process, it was noted that the use of farmyard 
fertilizer was prevalent, which aligns with the analysis 
that the NO₃⁻ content in groundwater is closely linked to 
human and animal manure. Additionally, denitrification 
occurred in some water sample points during the 
migration of nitrogen through the soil with groundwater.

Water Quality Evaluation

Irrigation Water Quality Assessments

From the sodium adsorption ratio index, the vast 
majority of pore water and all karst water fall within the 
low alkalinity damage range, with only one pore water 

Fig. 8. Line graph of NO₃⁻ concentration in groundwater in SDLR.
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sample site in the moderate alkalinity damage range. 
These results demonstrate that the majority of SDLR 
groundwater meets agricultural irrigation standards 
without inducing substantial soil alkalization. Fig. 10a) 
reveals that karst aquifers are principally confined 
to the C3-S1 zone, exhibiting elevated salinity but 
limited alkaline properties. One karst water sample 
point is in a region of very high salinity, indicating 
that its conductivity is very high and it is unsuitable for 
irrigation. Pore water predominantly occurs within two 
distinct hydrochemical zones: the C3-S1 region and the 
C4-S2 region. A singular pore water sample located in 
the C4-S3 zone, displaying exceptionally high salinity 
and alkalinity, indicates compromised water quality, 
rendering it agriculturally unsuitable. Another pore 
water sample is in the C1-S1 region of low salinity and 
low alkalinity, indicating low conductivity, low sodium 
adsorption ratio, and very good water quality suitable 
for irrigation. In summary, karst action, such as the 
dissolution of carbonate minerals, may contribute to the 
increased conductivity of karst water, but the overall 
water quality is generally good. Pore water is widely 
distributed and may be influenced by local geological 
conditions, such as the dissolution of salt formations, or 
anthropogenic activities, such as agricultural irrigation 
and pollution, leading to significant variations in 
conductivity and sodium adsorption ratios.

Wilcox diagram analysis (Fig. 10b)) reveals that 
50% of the eight karst water samples classify as ‘good’ 
quality, while the remaining 50% are in the water quality 
reserve category based on sodium percentage criteria. 
Quality assessment of the 40 pore water samples reveals 
the following distribution: 1 sample (2.5%) falls within 
the excellent category, 14 samples (35%) in the good 
category, 13 samples (32.5%) in the usable category,  
7 samples (17.5%) in the permissible reserve category, 
and 5 samples (12.5%) in the unsuitable category. 
Overall, there is no salinity risk in the karst water 
samples from the SDLR, and these samples are suitable 

for irrigation. However, 12.5% of the pore water samples 
exhibit a serious salinity risk, suggesting that water 
samples from some areas within the study region are not 
suitable for irrigation.

Drinking Water Quality Assessments

This study selected Na+, Cl-, SO4
2-, NO₃⁻, F-, TDS, 

TH, and pH as evaluation factors. Results indicate that 
the EWQI values for water samples in the study area 
ranged from 19.95 to 272.24, with an average of 127.01. 
According to the EWQI classification, only 16.67% 
of samples in the study area were rated as excellent or 
good, indicating overall poor water quality. The majority 
of water samples (54.17%) were classified as poor or 
very poor, rendering them unsuitable for drinking. 
The EWQI distribution map (Fig. 11) intuitively shows 
that the green area (EWQI>150) is concentrated in 
the northern part of the study area, including 4 karst 
water samples and 12 pore water samples, while the 
water quality in the southern region is relatively good. 
Combined with the distribution of land use in SDLR, 
areas with poor water quality correspond to agricultural 
and urban land use, which indicates that agricultural and 
domestic wastewater discharge may lead to deterioration 
of water quality.

As data NO₃⁻, Cl-, Na+, and others are not normally 
distributed, and the Spearman rank correlation 
coefficient does not directly utilize raw variable values 
but instead converts them into ranks, it is insensitive 
to outliers and does not require data to follow a normal 
distribution. Therefore, this study employs the Spearman 
rank correlation coefficient to derive the rank correlation 
coefficients between each parameter and the EWQI   
(Fig. 12b)). Variance contribution, or sensitivity analysis, 
was calculated by computing the squared values of 
the rank correlation coefficients and subsequently 
normalizing these values.

Fig. 10. Irrigation water quality assessment (a. USSL; b. Wilcox).
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As shown in Fig. 12, NO₃⁻ is the dominant 
factor, contributing 87.6% of the prediction variance.  
The rank correlation coefficient of 0.89 indicates 
that there is a relatively strong positive monotonic 
relationship between NO₃⁻ and EWQI, which means that 
the change of nitrate concentration plays a dominant 
role in the uncertainty of EWQI. Cl- contributes 11.3%, 
which is the secondary factor with substantial influence. 
The rank correlation coefficient of 0.32 indicates a 
moderate positive correlation. The contribution of Na+, 
pH, SO4

2-, TH, and TDS is less than 1%, and these 

characteristics have little effect on the variance of model 
prediction. The negative correlation (-1%) of TH is 
almost zero, indicating that there is almost no monotonic 
relationship.

Health Risk Evaluation

An ecological risk assessment for human health 
is a method that evaluates the relationship between 
groundwater chemical components and human 
health. Local populations are primarily exposed to 

Fig. 11. EWQI distribution map in the SDLR.

Fig. 12. a) Sensitivity analysis; b) Rank-related coefficient.
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contaminants through two pathways: drinking and 
dermal contact, especially through bathing. According 
to the descriptive statistics of groundwater in the SDLR, 
nearly half of the groundwater sample points have 
excessive fluoride content, which may pose health risks 
to humans. Therefore, this paper selects two indicators, 
NO₃⁻ and F-, for human health risk assessment.  
The non-carcinogenic risk index is obtained, and its 
characteristics are statistically calculated based on 
the evaluation indicators and exposure pathways.  
The results are presented in Table 2.

Table 2 demonstrates that non-carcinogenic risks 
were detected in 60.4% of the samples for both adults 
and children, with adults experiencing significantly 
lower non-carcinogenic risks compared to children. This 
disparity is primarily due to the fact that the non-cancer 
risk index is predominantly influenced by the ratio 
of average daily exposure dose to body weight, which 
varies among different exposure groups. A higher ratio 
correlates with a greater risk. As indicated in Table 2, 
the non-cancer risk associated with oral intake is higher 
than that from dermal contact, suggesting that oral 
intake is the primary exposure pathway contributing to 
non-carcinogenic risks.

Furthermore, this study also assessed non-
carcinogenic health risks based on the daily water 
consumption reference values provided by the WHO. HI 
(Hazard Index) results indicate that, based on parameters 
provided by the WHO, the non-carcinogenic risk for 
adults and children has risen to 68.75% and 72.92%, 
respectively, while the mean values have increased 
from 1.44 and 1.63 to 1.67 and 1.91. Both exceed the HI 
threshold. This demonstrates that WHO parameters may 
not be universally applicable across all regions.

From Fig. 13, it can be seen that the distribution 
of areas where both adults and children have an HI 
greater than 1 for F- is largely similar, primarily in 
the northern and southwestern parts of the SDLR. The 
most severely affected location is Yangzhuang Jitian, 
where the impact is widespread, affecting almost the 
entire town’s population of adults and children. Children 
exhibit significantly higher mean HI values compared 
to adults, suggesting that fluoride presents an elevated 

non-carcinogenic health risk to the pediatric population. 
Furthermore, the spatial distribution of high and low 
non-carcinogenic risk levels associated with nitrate 
exposure demonstrates comparable patterns between 
adults and children. The low-value areas are mainly 
located in the eastern and central parts of the SDLR, 
particularly in Hangang Township, Tuanyi Township, 
Dailukou Township, Maying Township, and Heihumiao 
Township. The spatial characteristics of HI are further 
elucidated by SDLR land use. The pronounced HI values 
in the northwestern and southern regions are attributable 
to the extensive farmland use there, presenting a marked 
agricultural signature. Conversely, the central and 
eastern areas, characterized by construction and a lake, 
correspond to zones of diminished HI. When integrated 
with the data presented in Table 2, the analysis reveals 
that the mean HI for children exceeds that of adults by 
a factor of 2.3, indicating significantly higher exposure 
levels and a more extensive spectrum of nitrate-induced 
non-carcinogenic health risks in the pediatric population. 
Furthermore, comparative risk assessment demonstrates 
that NO₃⁻ exhibits a higher mean non-carcinogenic risk 
than fluoride, with the maximum risk value for children 
surpassing that observed in adults. Regarding exposure 
pathways, oral ingestion is the primary route affecting 
health risks, significantly higher than the risks posed by 
dermal contact.

Sustainable Management  
of Groundwater Resources

Groundwater serves as the primary source of 
drinking and production water in the study area, 
playing a crucial role in supporting daily life, industrial 
production, and agricultural development [20]. To ensure 
effective management and utilization of groundwater 
resources and to achieve their sustainable use [20], the 
following measures are proposed:
(1)	The results showed that nitrate in SDLR mainly 

came from agricultural activities and domestic 
sewage. The local government should set up 
groundwater monitoring wells around agriculturally 
intensive areas and villages, focusing on monitoring 

Table 2. Health risk hazard index statistics.

Index Exposure pathway
Adult Children

Max Min Mean Max Min Mean

F-

Oral 1.74 0.01 0.50 4.07 0.02 1.17

Skin 2.57 0.01 0.74 7.49E-03 4.43E-05 0.002

HQ 4.08 0.02 1.18 4.31 0.03 1.24

NO₃⁻

Oral 1.20 1.52E-03 1.19 2.81 3.54E-03 0.45

Skin 2.34E-03 2.95E-06 4E-04 5.17E-03 6.52E-06 8E-04

HQ 1.21 1.52E-03 0.19 2.81 3.55E-03 0.45

HI 4.44 0.12 1.44 5.09 0.13 1.63
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the spatial and temporal changes of nitrate 
concentration, and combining isotope technology 
to trace the contribution rate of pollution. The high-
risk areas of nitrate were delineated, and targeted 
measures such as agricultural fertilizer limitation 
and priority transformation of sewage pipe network 
were implemented.

(2)	 For the phenomenon that the risk of groundwater 
salinity in some areas is serious, low-salinity surface 
water can be preferentially used to replace high-
salinity groundwater irrigation through the South-
to-North Water Diversion Project or the surface 
water diversion canal system of Dongping Lake to 
reduce the dependence on groundwater. The soil-

Fig. 13. Spatiotemporal distribution patterns of health risks associated with groundwater exposure.



15Integrated Hydrogeochemical Assessment...

groundwater salinity joint monitoring network 
was set up, and the conductivity sensor and remote 
sensing inversion technology were used to monitor 
the spatial distribution of salinity in real time and 
identify the risk area. Zhang et al. used a calibrated 
model to predict the changes in water level and 
NO₃⁻ concentration over the next 30 years in three 
different scenarios. The prediction results show that 
if no measures are taken, the concentration of NO₃⁻ 
in groundwater will further increase. In view of this, 
the first measure taken is to control the emissions 
of pollution sources, especially surface pollution 
sources; the second is to choose sites with severe 
pollution for pollution remediation [37].

(3)	Given children’s heightened vulnerability to 
environmental contaminants, protective interventions 
must be prioritized. These should include: ensuring 
safe water supplies in schools and playgrounds; 
implementing routine pediatric health screenings 
with emphasis on hematological and gastrointestinal 
parameters to monitor nitrate exposure effects; and 
strengthening health literacy programs targeting 
both youth and caregivers to foster safe water 
practices and discourage consumption of untreated 
groundwater.

(4)	Managers should rationally plan groundwater 
resources and strictly control groundwater 
exploitation; strengthen pollution prevention 
and control; promote the application of scientific 
and technological innovation in groundwater 
management.

Conclusions

(1) The mean pH values of karst water and pore 
water in the southwestern part of Dongping Lake 
were 7.4 and 7.6, respectively, indicating an overall 
weakly alkaline environment. The average values of 
TDS and TH were 1,268.88 mg/L and 1,264.08 mg/L, 
respectively. Most of the water samples were classified 
as hard-saline water. The main ions of karst water were 
characterized by Ca2+>Mg2+>Na+>K+ and HCO3

->SO4
2-

>Cl->NO₃⁻, whereas the pore water existed in the order 
of Na+>Ca2+>Mg2+>K+ and HCO3

->SO4
2->Cl->NO₃⁻.

(2) Hydrochemical analysis reveals distinct 
groundwater facies, with karst aquifers exhibiting 
dominant SO4·Cl-Ca·Mg water types, while pore waters 
predominantly classify as HCO3-Ca·Mg and SO4·Cl-
Ca·Mg. Geochemical evolution is principally governed 
by rock-water interactions, particularly the weathering 
of carbonate and silicate mineral assemblages along 
with gypsum dissolution. Furthermore, hydrochemical 
signatures in SDLR aquifers are significantly influenced 
by cationic exchange processes.

(3) The NO₃⁻ content in the groundwater in SDLR is 
relatively low, and none of the water samples exceeded 
the limit of Class III water in the standard. Its main 
sources are human and animal feces and domestic 

sewage, while denitrification has occurred in some of 
the water sample points. In addition, karst water is more 
obviously affected by anthropogenic inputs than pore 
water.

(4) The SAR calculations suggest that the risk of 
salinization exceeds that of alkali damage in the SDLR. 
Additionally, the % Na analysis indicates no risk of 
salt-alkali hazards in the karst water samples, making 
them suitable for irrigation. Notwithstanding the 
general suitability of most groundwater samples in the 
SDLR for irrigation applications, approximately 12.5% 
of pore water samples demonstrate substantial saline-
alkali hazards. Spatial analysis reveals that severely 
contaminated drinking water sources are predominantly 
concentrated in the northern sector of the study area, 
comprising 4 karst aquifer samples and 12 pore water 
samples that fail to meet potability standards. In 
contrast, groundwater with moderate water quality is 
predominantly found in the southern part of the SDLR. 
Sensitivity analysis results indicate a strong positive 
monotonic relationship between NO₃⁻ and EWQI, with 
nitrate concentration playing a dominant role in the 
uncertainty of EWQI values.

(5) Both adults and children are exposed to non-
carcinogenic health risks in 60.4% of the samples, 
with adults experiencing significantly lower risks 
than children. The primary route of exposure to 
these non-carcinogenic risks is through oral intake.  
The distribution chart of the total risk index indicates 
that high-risk areas are predominantly situated in the 
northern and southwestern regions of the SDLR.
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