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Abstract
Groundwater is important for human survival and development, particularly in arid and semi-arid regions. This study aimed 
to analyze the hydrochemical characteristics, influencing factors, and the impact of human activities on groundwater in the 
semi-arid plains of western Jilin Province, northwest China. The study collected 88 and 151 phreatic and confined water 
samples, respectively, which were analyzed for 13 water quality indicators using statistical and graphical methods. In order 
to investigate the impact of anthropogenic activities on water quality and health risks, the improved combined weighted 
water quality index (ICWQI) based on the entropy weight, criteria importance though inter-criteria correlation (CRITIC), 
the coefficient of difference method, subjective weight based on quality grading criteria, and the water quality index (WQI) 
were proposed to evaluate the water quality of the study area. Meanwhile, the human health risk assessment (HHRA) model 
was used to assess the risks of nitrate to the health of humans in different ages and sex categories. The results indicated 
that the groundwater in the study area was weakly alkaline and the main hydrochemical types in the phreatic and confined 
water were HCO3

−·Ca–Mg and HCO3
−–Na. Rock weathering was the dominant process responsible for the generation of 

groundwater ions, the ions in groundwater primarily originate from the dissolution of halite, gypsum, and feldspar, while 
dolomitization promotes an increase in Mg2+. Human activities lead to an increase in NO3

− in groundwater and have an 
impact on water quality and human health risks. The ICWQI method was found to yield more precise and rational assess-
ments of water quality. Groundwater quality is primarily affected by nitrate ions. The areas in which groundwater nitrate 
posed a higher risk to human health were found to be mainly in the saline-alkali lands of Qian’an, Tongyu, and Zhenlai. 
Fertilizers, pesticides, and livestock farming activities contribute to the pollution of surface water. This surface contamina-
tion then infiltrates abandoned confined wells, leading to contamination of the confined aquifers. This study can improve 
the understanding of groundwater hydrochemical characteristics and the impact of human activities on groundwater in the 
study area. This study can also contribute to the study of groundwater in semi-arid regions.

Keywords  Groundwater · Hydrochemical characteristics · Human activities · Water quality index · Combined weight · 
Nitrate

Introduction

Water is vital for human survival and economic develop-
ment. Groundwater represents a major source of water and 
is important for human social development, the livelihoods 
of residents, and ecological balance and diversity (Li et al. 
2020; Ramakrishnaiah et al. 2009), particularly in arid and 

semi-arid regions (Li et al. 2015; Wang et al. 2020). There-
fore, the groundwater quality can directly affect the health 
of residents. Groundwater chemistry undergoes complex 
changes due to constant water-rock interactions (Subramani 
et al. 2010). However, groundwater pollution due to anthro-
pogenic activity has become an increasingly important fac-
tor affecting groundwater chemistry in recent decades due 
to urbanization and industrialization, resulting in localized 
nitrate pollution (Zhai et al. 2019). Achieving sustainable 
development of groundwater resources has become a major 
challenge (Abbasnia et al. 2018).
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Understanding water quality and hydrochemical charac-
teristics is a fundamental requirement for the conservation 
and rational utilization of water resources. There has been an 
increased focus on the assessment and hydrochemical char-
acteristics of groundwater in recent decades due to increas-
ing concern over groundwater protection (Li et al. 2016b). 
This focus includes many studies conducted internationally 
and in China, including investigations of groundwater in 
the Yinchuan Plain, an arid area in northwest China (Chen 
et al. 2016; Wei et al. 2022; Zhang et al. 2020), the Loess 
Plateau in northern China (He et al. 2019; Li et al. 2019b), 
western Jilin Province in northeast China (Li et al. 2020, 
2019a; Wang et al. 2022), Telangana in India (Adimalla and 
Li 2019), the Shagaya water well fields in Kuwait (Rashid 
et al. 2022), and North Sulawesi in Indonesia (Suherlina 
et al. 2022).

In previous water quality studies, a wide range of water 
quality assessment methods is used in groundwater assess-
ment, including the fuzzy comprehensive assessment method 
(Jha et al. 2020), the technique for order of preference by 
similarity to ideal solution (TOPSIS) (Gorgij et al. 2019), the 
trapezoid grey relational degree method (Yan et al. 2016a), 
the Bayesian water quality assessment model (Tang et al. 
2022), the artificial neural network method (Abba et al. 
2022), and the water quality index (WQI) (Mladenovic-
Ranisavljevic et al. 2018). The WQI is commonly used to 
assess water quality and was first proposed by Horton and 
Uddin (1965) and Brown et al. (1970). Nevertheless, the 
WQI suffers from a lack of objectivity in the determination 
of the weights of its component indicators (Bordalo et al. 
2006; Li et al. 2010), leading to recent interest in improv-
ing weighting in the WQI. The methods developed for 
objective weighting of the WQI include the entropy weight 
method (Naik et al. 2022), CRITIC (Zhang et al. 2020), and 
integrated data envelopment analysis (DEA) (Oukil et al. 
2022). The different weighting methods are characterized 
by different priorities and reference standards. Some stud-
ies have attempted to develop a more reasonable and objec-
tive index weighting method by combining weighting. Ding 
et al. (2022) combined the analytic hierarchy process (AHP) 
and entropy weight method within an improved comprehen-
sive water quality identification index; Zhao et al. (2021) 
combined entropy weight and over-standard multiple and 
single-factor assessment methods and a fuzzy synthetic 
assessment method to evaluate the water quality of Chagan 
Lake. The combination of subjective and objective weight-
ing is emerging as a novel trend to enhance the weighting 
of WQI indicators. For example, Yan et al. (2016b) used 
AHP, the entropy method, and coefficient of variation to 
combine subjective and objective weights within the estab-
lishment of an urban drinking water quality model. These 
studies have advanced the comprehensive weighting method 
and confirmed its feasibility. The water quality index (WQI) 

employs a multi-indicator evaluation approach, considering 
the differences among various individual and overall indica-
tors in water quality assessment. By appropriately assigning 
weights, it effectively captures and incorporates the unique 
characteristics and importance of each indicator. This allows 
for a comprehensive and accurate water quality assessment 
in specific research contexts, aligning perfectly with the 
objectives of our study. However, the previous WQI method 
calculates indicator weights from an overall perspective, dis-
regarding differences in individual indicator weights. This 
deficiency can result in deviations in water quality assess-
ment outcomes from the actual conditions.

To address the shortcomings of previous studies, the pre-
sent study developed a new compound index with subjective 
and objective weights, based on the WQI, which is referred 
to as the “ICWQI” in the present paper. In order to make 
the weight more objective, the ICWQI integrates two objec-
tive weighting methods which refer to different standards, 
namely, the entropy weight and CRITIC methods. Further-
more, this study innovatively employs graded quantitative 
criteria (qi) as subjective weights based on objective weight-
ing to account for both overall and individual indicator vari-
ability. By combining subjective and objective weights, the 
resulting combined weights are more objective and accurate.

Previous research has demonstrated variations in hydro-
chemical compositions among different regional types. 
However, these studies have primarily focused on admin-
istrative districts, agricultural zones, or semi-arid basins, 
neglecting investigations in semi-arid low-lying plains. The 
western part of Jilin Province in northeast China is a typical 
semi-arid low-lying plains, characterized by a large area of 
saline-alkali land, lakes, and marshes resulting from strong 
evaporation, differing from other research areas in terms 
of its unique hydrological and ecological features. The low 
precipitation and high evaporation in the area have contrib-
uted to the dominant role of groundwater in limiting human 
activities and economic development. Recent studies on the 
western region of Jilin Province have mainly focused on eco-
system service capacity (Li et al. 2016a), the requirements of 
the ecological environment (Zhang et al. 2016a), rainfall and 
groundwater prediction (Lu et al. 2015; Yang et al. 2009), 
groundwater exploitation schemes (An et al. 2015), and soil 
salinization (Li et al. 2022). Studies on hydrochemistry have 
mainly focused on the migration, distribution, and assess-
ment of the risk of harmful groundwater elements, such as 
fluorine, arsenic, and cadmium, to human health (Adeyeye 
et al. 2021; Cao et al. 2009; Jianmin et al. 2015; Xu et al. 
2020, 2021; Zhang et al. 2003), as well as on the evolution 
of hydrology and geochemistry (Li et al. 2019a). Recent 
groundwater quality assessments have mainly focused 
on Chagan Lake (Zhang et al. 2016b; Zhao et al. 2021), 
Songyuan City (Yan et al. 2021), and Songnen Plain (Chen 
et al. 2021). However, there is insufficient knowledge of the 
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hydrochemical characteristics, water quality, and risks posed 
to human health by nitrates of groundwater over the entire 
western plain of Jilin Province.

This study presents the first systematic analysis of the 
hydrochemical characteristics and formation mechanisms in 
the semi-arid low plain region. It investigates the impact of 
human activities on groundwater from the perspectives of 
water quality and health risks, while proposing an improved 
combined weighting water quality index method (ICWQI). 
This study is of significant importance in understanding the 
hydrochemical characteristics of groundwater in semi-arid 
regions and comprehending the impact of human activities 
on groundwater in such areas. It also emphasizes the signifi-
cance of groundwater management and protection in these 
regions.

Study area

The study area of the present study was the western low 
plain area of Jilin Province and the southern part of Song-
nen Plain (Fig. 1 a). The study area has a flat terrain and is 
bordered by the Taoer River alluvial fan in the northwest, 

the tableland in the east, and the Nen River valley plain 
in the northeast. The study area falls within the Baicheng 
and Songyuan administrative regions and covers an area of 
30,324.18 km2. The climate of the study area is a temperate 
continental monsoon, with low precipitation and high evapo-
ration. The average annual temperature and precipitation in 
the study area range between 3 and 6 °C and 400 and 500 
mm, respectively. Pleistocene subsidence in the Songnen 
Plain resulted in the formation of several different subsid-
ence areas in the study area, which subsequently developed 
into many lakes and marshes (Lin et al. 2005).

The main rivers in the study area are the Songhua, Taoer, 
and Huolin rivers, which have a centripetal distribution. 
Groundwater flows along the topography from the west, 
south, and east to the center and north, and flows into the 
Taoer and Nen rivers in the north (Li et al. 2020). The domi-
nant land use types in the study area are cropland, barren 
land, and grassland, accounting for 45%, 27%, and 13% of 
the total area, respectively, and are widely distributed in 
various areas of the western low plains (Fig. 1 b). As shown 
in Fig. 1 c, fine sand and loess aquifers dominate the study 
area, and groundwater recharge mainly occurs through rain-
fall infiltration, with lateral runoff recharge having a smaller 

Fig. 1   Map of the low plain area of western Jilin Province showing the topology (a) and the distribution of groundwater sampling points in the 
current study; land use (b); and a diagrammatic sketch of the hydrogeologic section (c)
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contribution, whereas evaporation and artificial exploitation 
are the main forms of groundwater output (Li et al. 2020). 
Sand and gravel layers constitute the main lithology of the 
confined aquifers, which are characterized by buried depths 
of 40–60 m, thicknesses of 10–30 m, and impermeable mud-
stone floors.

Materials and methods

Sample collection and analysis

Water samples were collected in the study area between 
November 5 and 27, 2020. In total, 88 and 151 submersible 
and confined water samples, respectively, were collected, 
including 86 and 65 Quaternary and Neogene water samples, 
respectively (Fig. 1). Groundwater sampling was conducted 
in accordance with the Technical Specifications for Ground-
water Environmental Monitoring (HJ/T164-2004). During 
sampling, source groundwater was first pumped for 5 min 
to avoid stagnant water in the pipes. Each water sample was 
filtered through a 0.45-μm filter membrane and sealed in a 
100-mL polyethylene sampling bottle. Each sample bottle was 
rinsed 2 to 3 times with the sample water source before taking 
the sample. Each sampling point was sampled in triplicate. 
The water samples for measurement of cations were acidified 
with 10% HNO3 to a pH < 2. Water temperature and pH were 
measured in situ using a calibrated Hanna (HI99131) portable 
pH/temperature analyzer, whereas alkalinity was measured 
in situ by Gran titration. The collected water samples were 
sent for water chemistry analysis to the Pony Water Qual-
ity Testing Company within a week. Water quality testing 
methods were according to the Standard Inspection Method 
for Drinking Water (GB57550-2006). Groundwater cations 
(K+, Na+, Mg2+, and Ca2+) were measured by inductively 
coupled plasma atomic emission spectrometry (ICP-AES; 
optima 7000DV), whereas anions (Cl−, SO4

2−, NO3
−, and F−) 

were measured by ion chromatography (ICS-600). HCO3
−, 

chemical oxygen demand (COD), and total hardness (TH) 
were determined by titration. The results of groundwater qual-
ity analyses were within the allowable error range (± 5%) for 
water chemistry analysis.

Acquisition of land use types

The present study used remote sensing image data for the 
period June to September 2020. The dataset was obtained from 
the Data Center for Resources and Environmental Sciences, 
Chinese Academy of Sciences (RESDC) (http://​www.​resdc.​cn). 
Cloud cover within the image data was < 2% and the band data 
followed a normal distribution with a meta-size of 30 × 30 m. 
ENVI5.3 software was used to conduct radiometric calibra-
tion and atmospheric correction for Landsat8 Operational Land 

Imager (OLI) remote sensing images, thereby eliminating the 
influences of the sun and atmosphere and improving the accu-
racy of land-use-type classification. The obtained raster image 
was divided into six land-use types using the ArcGis10.2 plat-
form: (1) cropland; (2) forest; (3) grassland; (4) buildings; (5) 
water bodies; (6) barren land.

Water quality index method based on combination 
weighting

The weights of ICWQI were objectively selected based on 
the entropy weight and CRITIC methods. In addition, graded 
quantitative criteria values for the samples were introduced 
based on objective weighting to increase the weighting of 
anomalous indicators. The specific steps followed to derive 
the index are detailed below.

Creation of an initial water quality matrix

The initial water quality matrix was established for the water 
quality indicators of different samples in the study area:

where m and n are the numbers of water samples and water 
quality indices, respectively.

Data standardization

There was a need to standardize the different water quality 
indicators. This was achieved using the min-max normaliza-
tion method:

where xij is the jth index value of the ith water sample and (xij) 
min and (xij)max represent the minimum and maximum values 
of the jth index of the ith water sample, respectively. After 
standardization, a Y matrix was established:

Combination weight calculation

Entropy weight method  The entropy weight method is 
a weight assessment method that considers the degree of 

(1)X =

⎡⎢⎢⎢⎣

x11 x12 ⋯ x1n

x21 x22 ⋯ x2n

⋮ ⋮

xm1 xm2 ⋯ xmn

⎤⎥⎥⎥⎦

(2)yij =
xij − (xij)min

(xij)max − (xij)min

(3)Y =

⎡⎢⎢⎢⎣

y11 y12 ⋯ y1n

y21 y22 ⋯ y2n

⋮ ⋮

ym1 ym2 ⋯ ymn

⎤⎥⎥⎥⎦
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confusion in the data. The present study applied the entropy 
weight method to calculate the weight of each water quality 
index:
Calculation of information entropy 

In the formulation: pij =
yij∑n

i=1
yij

 , k = 1∕lnm.

Weight determination 

In the formulation: wj1∈[0,1], 
∑n

j=1
wj1 = 1.

CRITIC weight  The CRITIC weight method considers data 
volatility and index conflict, and is calculated using the steps 
below.
Calculation of the standard deviation 

Construction of the correlation coefficient matrix 

Calculation of the weight of each indicator 

Determination of the quantitative standards of grading 

where Ci is the measured concentration of the Jth index; CpH 
is the measured pH concentration; and Sj is the standard limit 
of groundwater quality.

Combined objective weight  The weights wj1 and wj2 
obtained by the entropy and CRITIC methods, respectively, 
were combined and weighted by the difference coefficient 
method:

(4)Hj = −k
∑n

i=1
pijlnpij

(5)wj1 =
1 − Hj∑m

j=1
1 − Hj

(6)�j =

√
1

m − 1

∑n

i=1
(xij − xj)

2

(7)
rij =

∑m

i=1
(xi − xi)(xj − xj)�∑m

i=1
(xi − xi)

2 ∑n

j=1
(xj − xj)

2

(8)

�
wj2 =

Cj∑n

i=1
Cj

Cj = �j

∑n

j=1
(1 − rij)

(9)qi =
Ci

Sj
× 100,

(10)qpH =

{
CpH−7

8.5−7
× 100CpH > 7

7−CpH

8.5−7
× 100CpH < 7

(11)wo = (1 − �)wj1 + �wj2

where wj1 is the index weight obtained by the entropy weight 
method; wj2 is the index weight obtained by the CRITIC 
weight method; wO is the combined weight; α is the propor-
tion of the CRITIC-calculated weight within the combined 
weighting. The difference coefficient method was used to 
reduce the influences of subjective factors:

where n is the number of assessment indices of the entropy 
weight method; w1, w2, …, wn is the weight of the assess-
ment index determined by the entropy weight method.

Combined weight  The objective weights were multiplied by 
the sample grading criteria and then normalized to produce 
the final combined weights for the improved combined WQI 
method (ICWQI):

where wz is the combined weight.

Calculation of the improved combined water quality index

The improved combined weighted water quality index (ICWQI) 
was obtained by multiplying the quantitative criteria of each 
index classification by the combined weight and summing

Classification of groundwater quality

The calculated ICWQI was categorized into classes I to V as 
(I) excellent: ICWQI < 50; (II) good: 50 < ICWQI < 100; 
(III) medium 100 < ICWQI < 200; poor (IV) 200 < ICWQI 
< 300; (V) very poor ICWQI > 300.

Human health risk assessment

The present study used the internationally recognized HHRA 
assessment model proposed by the US Environmental Pro-
tection Agency (USEPA) to assess the risks of groundwater 
nitrates in the study area to human health.

Nitrates can enter the body through drinking water and 
skin contact. The intake resulting from oral administration 
(drinking water) was calculated as

(12)� =
n

n − 1

[
2

n

(
w1 + 2w2 +⋯ nwn

)
−

n + 1

n

]

(13)wz =
wOqi∑n

j=1
wOqi

(14)ICWQI =
∑n

j=1
wzqi

(15)CDI =
CW ∗ IR ∗ EF ∗ ED

BW ∗ AT
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where CDI is the concentration of nitrates obtained 
through ingestion (mg·kg−1·day−1); Cw is the concentra-
tion of nitrates in groundwater (mg·L−1); IR is the ground-
water intake rate (L·day−1); EF is the exposure frequency 
(number of days in a year during which nitrate-containing 
groundwater is ingested) (day/year); ED is the duration 
of exposure (the number of years during which nitrate-
containing groundwater was ingested) (year); BW is the 
average body weight (kg); AT is the average number of 
days (days).

The dose entering the body through skin contact was cal-
culated as

where CDD is the average dose of nitrates entering the 
human body through skin contact (mg·kg−1·day−1); Ki is 
the skin permeability coefficient of pollutants (cm·h−1); 
SA is the skin contact area (cm2); AT is shower frequency 
(h·day−1); CF is a unit conversion factor; other parameters 
are as for Eq. (14).

The non-carcinogenic risk of ingesting nitrates can be 
expressed by the risk index (HQ):

where HQ is the non-carcinogenic risk index of nitrates; 
HQoral is the non-carcinogenic risk index of nitrates 
ingested orally; HQderm is the risk index of nitrates assim-
ilated through skin contact; RfDoral is the reference dose 
of nitrates assimilated through skin contact; RfDderm is 
the reference dose of nitrates assimilated through skin 
contact.

Due to significant differences in computational param-
eters between children and adults, as well as between 
adult males and females, the present study aimed to cal-
culate the potential health risks associated with exposure 
to nitrate in three distinct age groups, namely, children, 
adult males, and adult females, in the study area. The 
selected parameters were derived from relevant previous 
studies conducted in the western region of Jilin Province 
(Duan 2013). In order to better align with the actual con-
ditions of the study area, the present study referred to 
the Chinese Population Exposure Parameter Manual for 
the choice of parameters to use in the assessment (Duan 
2013). Table 1 summarizes the parameters used in the 
risk assessment.

(16)CDD =
CW ∗ Ki ∗ SA ∗ EF ∗ ED ∗ EV ∗ CF

BW ∗ AT

(17)HQ = HQoral + HQderm

(18)HQoral =
CDI

RfDoral

(19)HQderm =
CDD

RfDderm

Results

General hydrochemistry

The overall hydrochemistry of the groundwater in the study 
area was analyzed based on hydrochemical data of groundwa-
ter samples. Table 2 summarizes the hydrochemical profiles 
of collected water samples. The mean pH values of both the 
phreatic and confined aquifers exceeded 7, with a ranking 
of water samples according to pH of Neogene water sam-
ples (NW) > Quaternary water samples (QW) > unconfined 
aquifer water samples (UW). These results indicated that 
the groundwater in the study area was generally alkaline, 
whereas aquifers near the surface tended to be more acidic. 
Na+ and HCO3

− were the main cation and anion, respectively, 
in confined and phreatic aquifers. The ranking of cations 
according to average groundwater content was Na+ > Ca2+ 
> Mg2+ > K+, whereas the ranking of anions was HCO3

- > 
Cl− > SO4

2− > NO3
−. The different aquifers showed the same 

ordering of anions and cations, indicating similar groundwa-
ter hydrochemical compositions of different aquifers.

The concentration of NO3
− can reflect the impact of human 

activities on groundwater. The groundwater concentration of 
NO3

− of the phreatic aquifers ranged between 0.01 and 298 
mg L−1, while that for the Quaternary aquifer was 0.01–64 
mg L−1, and the values for the Neogene aquifer were 0.01–3. 
37 mg L−1. The result indicated that the phreatic aquifers 
were more susceptible to anthropogenic contamination. Also, 
groundwater NO3

− concentration showed the highest coef-
ficient of variation (CV) among all ions. The largest CV of 
NO3

− concentration was observed in the water samples of the 
Quaternary confined aquifer (QW), indicating NO3

− exhibits 
a pattern of localized contamination.. Total hardness (TH) 
and total dissolved solids (TDS) are two important indicators 

Table 1   Parameters of the human health risk assessment to identify 
the risk posed by groundwater nitrates in the study area to children, 
adult females, and adult males in the western plain of Jilin Province

Parameters Value

Juvenile Adult females Adult males

IR 1. 8 2 2
EF 365 365 365
ED 12 30 30
BW 30 50 65
AT 365*ED 365*ED 365*ED
Ki 0. 001 0. 001 0. 001
SA 12,000 16,000 17,000
EV 0. 3 0. 5 0. 2
CF 0. 002 0. 002 0. 002
RfDoral 1. 6 1. 6 1. 6
RfDderm 0. 8 0. 8 0. 8
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of groundwater quality, and groundwater with elevated TH 
and TDS values is not suitable for drinking. The average TDS 
concentrations of the water samples of the unconfined aqui-
fer (UW), Quaternary aquifer (QW), and Neogene aquifer 
were 991.04 mg L−1, 642.29 mg L−1, and 517.63 mg L−1, 
respectively, whereas the average TH concentrations were 
464.63 mg L−1, 297.08 mg L−1, and 211. 22 mg L−1, respec-
tively (Table 2). The quality of groundwater in the study area 
generally met the quality standard, with only the TH of the 
phreatic water samples slightly exceeding the allowable qual-
ity standard of groundwater in China (SGQC2017) of 50 mg 
L−1. Most samples showed TDS values that were within the 
allowable quality standard (SGQC2017) of 1000 mg L−1, 
with only some water samples of the phreatic and Neogene 
confined water aquifers exceeding this standard. HCO3

− and 
Na+ contributed the most to TDS in these water samples.

Hydrochemical types

The Piper diagram (Piper 1944) is a tool commonly used for 
analyzing hydrochemical water types. As shown in Fig. 2, the 
water samples of the three aquifers showed similar positions 
on the Piper diagram, indicating similarity in hydrochemistry 
between the groundwater of the three aquifers and a close 
hydraulic connection. The Piper diagram indicated the major 
water types of the groundwater samples to be the HCO3

−–Na 
and HCO3

− Ca–Mg types, with anions and cations domi-
nated by HCO3

− and Na+, respectively. In the phreatic aqui-
fer, some of the water samples exhibit a SO4Cl−Ca·Mg water 
chemistry, which can be primarily attributed to the presence 
of Ca2+ ions in the overlying Loess-like subsandy soil. These 

ions filter into the groundwater through the leaching of pre-
cipitation and undergo an ion exchange reaction with Na+ 
ions, resulting in the formation of CaCl2−-type water.

Discussions

Factors controlling the chemistry of groundwater

Rock weathering, evaporation, and atmospheric precipitation 
are the three major mechanisms regulating the chemical com-
position of groundwater (Gibbs 1970). The present study used 
the Gibbs plot (Gibbs 1970) to analyze the factors regulating 
the hydrochemical compositions in the study area. As shown 
in the Gibbs plot in Fig. 3, the water samples of the phreatic 
and confined aquifers in the study area were mainly distributed 
in the rock weathering zone, indicating that rock weathering 
was the main factor regulating the hydrochemistry of ground-
water in the study area. Some phreatic water samples falling 
into the evaporation-dominant zone indicate that the chemical 
composition of the groundwater is influenced by evaporation 
processes. In addition, as shown in Fig. 3 a, some of the water 
samples of the three aquifers were distributed in the middle 
right zone due to the Na+:(Na+ + Ca2+) ratio exceeding 0.5. 
This result indicated that groundwater in the study area may 
be affected by cation exchange, resulting in a high content of 
Na+. The water samples in the three aquifers in the study area 
showed similar distributions in the Gibbs plot, indicating that 
the same dominant factors regulate the hydrochemistry of 
phreatic water and confined water and that they have a close 
hydraulic connection. When compared to confined aquifers, 

Table 2   Main chemical constituents of groundwater in the western low plain of Jilin Province

UW, unconfined water; QW, Quaternary confined water; NW, Neogene confined water; Max, maximum; Min, minimum; Mean, mean value; SD, 
standard deviation; CV, coefficient of variation; Unit, mg/L, except for pH

□ □ Ca2+ Mg2+ Na+ K+ F− Cl− NO3
− SO4

2− HCO3
− TDS TH COD pH

UW Max 341. 00 287. 00 710. 00 5. 45 7. 99 1090. 00 298. 00 659. 00 1900. 00 4340. 00 1860. 00 46. 00 8. 30
Min 19. 50 8. 89 22. 80 0. 29 0. 16 2. 99 0. 01 1. 78 276. 00 261. 00 94. 80 4. 00 7. 30
Mean 94. 31 54. 75 170. 25 1. 25 1. 64 124. 17 20. 08 85. 94 614. 47 991. 04 464. 63 16. 54 7. 71
SD 61. 33 43. 42 144. 24 0. 70 1. 22 170. 87 47. 75 122. 61 281. 93 711. 63 303. 70 9. 69 0. 20
CV 65. 03 79. 31 84. 72 56. 14 74. 71 137. 61 237. 83 142. 68 45. 88 71. 81 65. 36 58. 55 2. 62

QW Max 168. 00 111. 00 483. 00 2. 20 5. 90 623. 00 64. 00 596. 00 1070. 00 1730. 00 886. 00 40. 00 8. 10
Min 20. 80 7. 23 11. 50 0. 45 0. 19 3. 07 0. 01 0. 09 168. 00 160. 00 96. 00 4. 00 7. 30
Mean 63. 29 31. 73 120. 00 1. 10 1. 28 57. 26 1. 99 52. 00 530. 28 642. 29 297. 08 11. 95 7. 75
SD 32. 77 20. 43 90. 76 0. 41 0. 98 93. 31 8. 68 94. 48 199. 74 335. 44 153. 67 7. 53 0. 17
CV 51. 78 64. 40 75. 63 36. 87 76. 65 162. 97 435. 65 181. 70 37. 67 52. 23 51. 73 63. 00 2. 22

NW Max 174. 00 122. 00 358. 00 27. 60 6. 49 714. 00 3. 37 270. 00 950. 00 2030. 00 949. 00 25. 00 11. 60
Min 6. 60 1. 38 16. 90 0. 56 0. 26 2. 62 0. 01 1. 79 2. 00 163. 00 22. 00 4. 00 7. 40
Mean 47. 34 20. 67 107. 27 2. 41 0. 88 61. 73 0. 35 36. 50 393. 29 517. 63 211. 22 8. 46 7. 90
SD 29. 26 18. 76 65. 55 4. 37 0. 81 107. 56 0. 51 42. 70 165. 71 301. 93 147. 10 4. 97 0. 61
CV 61. 80 90. 77 61. 10 181. 46 92. 93 174. 23 144. 23 117. 01 42. 13 58. 33 69. 65 58. 78 7. 71
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the submerged aquifer is prone to significant evaporation 
resulting in elevated total dissolved solids (TDS) concentra-
tions. This not only results in soil salinization but also has the 
potential to affect the water quality in the study area.

Sources of major ions

Mineral dissolution

The proportional coefficient diagram is an important tool 
for the analysis of sources of ion sources in groundwater. As 
shown in Fig. 4, the water samples of phreatic and confined 

aquifers in the study area were mainly concentrated in the 
lower right corner of the y = x line, indicating a high Na+ 
content in the study area, which can be attributed to albite 
dissolution and cation exchange.

As shown in Fig. 4 b, the water samples of unconfined 
and confined aquifers in the study area were mainly distrib-
uted above the y = x line, indicating that cation exchange 
may potentially have a significant influence on the chemical 
composition of groundwater, resulting in a decline in Ca2+ 
and Mg2+ and an increase in Na+. In addition, as observed 
from Fig. 5 c, the concentration of HCO3

– is significantly 
higher than that of Ca2+, indicating that apart from car-
bonate minerals, HCO3

– has additional sources. As shown 

Fig. 2   Piper diagram represent-
ing the chemistry of ground-
water in the western plain of 
Jilin Province; UW, unconfined 
water; QW, Quaternary water, 
NW, Neogene water

Fig. 3   Gibbs plot of ground-
water hydrochemistry in the 
western plain of Jilin Province; 
UW, unconfined water; QW, 
Quaternary water; NW, Neo-
gene water
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in Fig. 4 d, some of the water samples are situated on the 
y = x line, indicating that gypsum dissolution is a significant 
source of Ca2+. Certain non-confined groundwater samples 
and Quaternary water samples lie above the reference line, 
implying that SO4

2− have additional sources. Due to the 
limited distribution of sulfide minerals in the study area, it 
is inferred that these SO4

2− may originate from anthropo-
genic activities. However, a majority of the water samples 
are located below the y = x line, suggesting that the pri-
mary source of Ca2+ is not gypsum dissolution but rather 

the dissolution of carbonates or silicates. Gaillardet et al. 
(1999) proposed ionic endmember diagrams based on the 
Ca2+:Na+, Mg2+:Na+, and HCO3

-:Na+ ratios to determine 
the types of water-rock interaction affecting groundwater 
(silicate, carbonate, and evaporation). As shown in Fig. 4 
e and f, groundwater in the study area was mainly located 
in the silicate weathering control zone, indicating that the 
hydrochemistry of the water samples in the study zone was 
mainly affected by silicate weathering. Some of the ground-
water samples are influenced by evaporation processes. Due 

Fig. 4   Ratio graphs of ions and saturation index values (SIs) for calcite, dolomite, gypsum, and halite of groundwater in the western plain of 
Jilin Province; UW, unconfined water; QW, Quaternary water; NW, Neogene water
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to the low abundance of carbonates and calcite saturation in 
the study area, the impact of carbonates on the water samples 
is minimal. Considering that the predominant silicate min-
eral in the study area is feldspar, the dissolution of feldspar 
can generate significant amounts of Ca2+, Na+, and HCO3

−. 
Building upon the previous analysis, it can be inferred that 
Na+, Ca2+, and HCO3

− in the study area primarily originate 
from the dissolution of feldspar. The relationship between 
Na++K+–Cl− and SO4

2−+ HCO3
− –Ca2+–Mg2+ has been 

illustrated in Fig. 4 g, the groundwater phreatic and uncon-
fined aquifer water samples in the ion diagram in the study 
area were distributed near the y = x line. The results showed 
that the Quaternary confined aquifer was most affected by 
albite dissolution, followed by the Neogene aquifer, and 
phreatic aquifer. The dissolution of feldspar can generate 
kaolinite, which has an affinity for ions and can facilitate 
cation exchange processes.As shown in Fig. 4 h, most of the 
phreatic and confined water samples in the study area were 
located in quadrant III, indicating that the hydrochemistry 
of the groundwater in the study area is mainly dominated 
by positive cation exchange. Figure 4 i shows the saturation 
state of concentrated minerals in the groundwater samples. 
Calcite and dolomite are saturated, while halite and gypsum 
are in an unsaturated state. Therefore, in the study area, the 
primary processes occurring are the dissolution of halite 
(NaCl) and feldspar, which contribute to the increase in 
Na+, Ca2+, and HCO3

– concentrations and promote cation 
exchange reactions. Previous studies (Blasco et al. 2019) 
have indicated that the dissolution of halite enhances the dis-
solution of gypsum, the increased calcium ion concentration 
promotes the precipitation of calcite, and ultimately leads to 
dedolomitization and an increase in Mg2+.

Anthropogenic activities

Anthropogenic activities have had a significant impact on 
the water quality of the study area, with the discharge of 
domestic, industrial, and agricultural wastes and wastewater 

increasing the groundwater concentrations of Cl−, SO4
2−, 

and NO3
−. The Cl− and SO4

2− in the groundwater samples 
were found to be mainly the result of evaporite dissolution 
and industrial activities, whereas groundwater NO3

− mainly 
originated from domestic sewage and agricultural activities. 
The proportional coefficients of Cl−, NO3

−, and Na+ were 
used to characterize the influence of anthropogenic activities 
on water quality. As shown in Fig. 5 a, some phreatic and 
Quaternary confined water samples was affected by agricul-
tural activities, whereas agricultural activities had less of 
an impact on the Neogene groundwater. Figure 5 b demon-
strates that the phreatic and the Quaternary confined water 
were affected by agricultural activities and domestic sew-
age, whereas the Neogene groundwater was less impacted by 
pollution. Previous studies have indicated that groundwater 
in the western plain region is influenced by the livestock 
manure and domestic wastewater causing higher content of 
TDS, NO3

−, Cl−, SO4
2− in groundwater (Li et al. 2020). 

Human activities have impacted the water quality of ground-
water in the study area, posing health risks to the residents.

Water quality assessment

To investigate the water quality in the study area, the ICWQI 
(the improved combined water quality index) method is used 
to assess the water quality and pollution. The combined 
weighting results are shown in Table 3. In order to illustrate 
the rationality of the improved method, this study combined 
the single factor index method and the traditional combined 
weight water quality index method to compare with the 
improved method.The “Groundwater Quality Standards for 
China (SGQC) (GB/T14848-2017)” are used as the standard 
for evaluating water quality in the study area, and for indica-
tors (Ca2+, Mg2+, K+, HCO3

−) not covered in the standard, 
constraints are applied based on the drinking water standards 
published by the World Health Organization (WHO). The 
water quality evaluation results derived from the three differ-
ent methods are summarized in Table 4. Among the various 

Fig. 5   Plot of NO3
−/Na+ versus 

Cl−/Na+ (a) and SO4
2−/Na+ ver-

sus NO3
−/Na+ (b) for ground-

water samples in the western 
plain of Jilin Province; UW, 
unconfined water; QW, Quater-
nary water; NW, Neogene water
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ions, nitrate has the highest weight, implying that anthropo-
genic activities have a significant impact on water quality.

The results consistently indicate that the water quality 
of confined aquifers is superior to that of unconfined aqui-
fers. The single-factor evaluation method only considers 
the influence of a single factor on water quality, leading to 
results that evaluate only poor water quality, namely, class 
IV (poor) and class V (very poor). The traditional com-
bined weighted water quality index method incorporates 
both subjective and objective weights, aiming to enhance 
the overall reasonableness of the weight allocation. How-
ever, this method fails to consider the differences in the 
importance of different indicators in a single sample. This 
discrepancy may result in an assessment that is excessively 
optimistic and fails to align with the actual conditions.

To address these limitations, the proposed ICWQI 
method combines objective weights obtained through 
an improved weighting method with subjective weights 
derived from graded quantitative criteria values. The 
combined weights take into account both the overall and 
individual variability of the indicators, resulting in a more 

objective and accurate water quality evaluation. The water 
quality rating distribution of the ICWQI method is similar 
to that of the traditional combination of weighted WQI 
method but has both increased objectivity and sensitiv-
ity to individual sample indicator concentration. Thus, 
the ICWQI method provides results that are more aligned 
with the actual conditions.

Hence, the ICWQI method was employed in this study 
to further analyze the water quality in the study area based 
on the evaluation results. Figure 6 shows the distribution of 
groundwater water quality grades of the three aquifers in 
the study area. The groundwater quality grade in the study 
area ranges from class III to class V, with a small number of 
samples from the confined aquifer reaching class II. These 
samples are mainly found near the Tao’er River basin, where 
the groundwater flows faster and is renewed more frequently, 
resulting in better water quality. Conversely, areas with 
poorer water quality are primarily concentrated in the central 
plains and near saline zones, where groundwater accumu-
lates in scattered lakes and is subject to strong evaporation. 
Meanwhile, agricultural land and livestock activities are 

Table 3   Result of entropy, criteria importance though inter-criteria correlation (CRITIC), and combined weighting for groundwater samples in 
the western plain of Jilin Province

Aquifer Index Ca2+ Mg2+ Na+ K+ F− Cl− NO3
− SO4

2− HCO3
− TDS TH COD pH

UW CRITIC weight 0. 036 0. 021 0. 073 0. 001 0. 001 0. 089 0. 029 0. 085 0. 212 0. 302 0. 147 0. 006 0. 000
Entropy weight 0. 046 0. 058 0. 068 0. 034 0. 045 0. 115 0. 278 0. 128 0. 049 0. 063 0. 045 0. 052 0. 020
Combination weight 0. 044 0. 050 0. 069 0. 027 0. 035 0. 109 0. 223 0. 118 0. 085 0. 116 0. 068 0. 042 0. 016

QW CRITIC weight 0. 036 0. 017 0. 092 0. 001 0. 002 0. 098 0. 012 0. 099 0. 237 0. 258 0. 139 0. 008 0. 000
Entropy weight 0. 041 0. 044 0. 046 0. 029 0. 051 0. 130 0. 361 0. 132 0. 022 0. 033 0. 038 0. 061 0. 012
Combination weight 0. 040 0. 039 0. 055 0. 023 0. 041 0. 124 0. 293 0. 126 0. 064 0. 077 0. 058 0. 051 0. 010

NW CRITIC weight 0. 036 0. 021 0. 073 0. 001 0. 001 0. 089 0. 029 0. 085 0. 212 0. 302 0. 147 0. 006 0. 000
Entropy weight 0. 046 0. 058 0. 068 0. 034 0. 045 0. 115 0. 278 0. 128 0. 049 0. 063 0. 045 0. 052 0. 020
Combination weight 0. 044 0. 050 0. 069 0. 027 0. 035 0. 109 0. 223 0. 118 0. 085 0. 116 0. 068 0. 042 0. 016

Table 4   Statistical summary 
of the ICWQI water quality 
evaluation results for 
groundwater samples of the 
western plain of Jilin Province

Rank of assessment

Max Min Average Excellent Good Medium Poor Very Poor

(%) (%) (%) (%) (%)

ICWQI UW 1188.78 132.61 401.55 14.77 27.27 57.95
QW 1106.79 97.59 301.72 1.16 29.07 30.23 39.53
NW 519.22 92.67 221.90 1.54 58.46 16.92 23.08

CWQI UW 815.70 96.33 337.22 31.82 48.86 17.05 2.27
QW 723.96 86.38 201.55 41.86 53.19 3.49 1.46
NW 392.30 71.06 176.94 63.08 36.92

One-factor 
index 
method

UW 18.18 81.82

QW 33.72 66.28
NW 64.62 35.38
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relatively concentrated. The ionic components in the water 
become concentrated in the aquifer, leading to a deteriora-
tion in the water quality.

Notably, the water quality of the confined aquifer was 
found to be significantly better than that of the phreatic aqui-
fer. However, the water quality of confined aquifers is sig-
nificantly affected by pollution, leading to poor water quality 
conditions. Previous studies have indicated that in the west-
ern plain of Jilin, pollution in confined aquifers primarily 
originates from wastewater generated by human activities 
and contaminated recharge from shallow aquifers. Surface 
wastewater infiltrates into the confined aquifers through 
abandoned confined wells, resulting in contamination of the 
confined water. Additionally, excessive groundwater extrac-
tion due to human activities causes a decline in water levels, 
allowing infiltrating groundwater from unconfined aquifers 
to contaminate the confined aquifers.

Assessment of the risk of nitrate pollution to human 
health

The contamination of groundwater inevitably increases 
human health risks. The results of the present study showed 
that groundwater nitrates were greatly affected by anthro-
pogenic activities and tended to accumulate in some areas. 
The concentration of groundwater nitrates in some regions 
of the study area exceeded the drinking water standard of 
the World Health Organisation (WHO) of 50 mg·L−1. The 
present study calculated the nitrate risk quotients according 
to Eqs. (15) to (19).The risk quotients for children, adult 
women, and adult men ranged between 0.00034 and 11.26, 
0.00025 and 7.57, and 0.00019 and 5.77, respectively. The 
rank of age and sex categories according to their risks posed 

by groundwater nitrate was children > adult women > adult 
men. The mean values ​​of the nitrate risk quotients for chil-
dren, adult women, and adult men were 0.27, 0.18, and 0.14, 
respectively. On average, the nitrate risk quotient in the study 
area falls below the threshold. However, it is worth noting 
that some water samples in the study area exceeded the non-
carcinogenic risk threshold by a significant margin.

Of the water samples, 14 phreatic water samples showed 
risk quotients that exceeded the non-carcinogenic risk 
thresholds for adult women and adult men by factors of 
1.5 and 2, respectively. The hazard quotients for children, 
women, and men ranged between 1.23 and 11.26, 1.01 and 
7.57, and 1.01 and 5.77, respectively. The hazard quotient 
for children exceeded those for adult women and adult men 
by factors of 1.5 and 2, respectively. Among the Quaternary 
confined water samples, the hazard quotient of three water 
samples exceeded the risk threshold for children, ranging 
between 1.28 and 2.42, whereas only one water sample 
exceeded the risk thresholds for adult women and adult men, 
at values of 1.63 and 1.24, respectively. All water samples of 
the Neogene aquifer showed hazard quotients < 1, indicating 
no non-carcinogenic risk. The non-carcinogenic risk posed 
by ingestion exceeded that of skin contact by a factor of 100. 
This result indicated groundwater nitrates in the study area 
pose a higher risk to the health of children. However, inges-
tion is the main source of the increased non-carcinogenic 
risk of nitrate.

As shown in Fig. 7, water samples of the phreatic aqui-
fer in the study area showed a relatively large average 
nitrate risk quotient. These water samples were mainly dis-
tributed in densely populated areas with frequent industrial 
and agricultural activities in Qian’an and Tongyu. Lake 
marshes are widely distributed near these areas, and the 
poor water quality of these areas can be mainly attributed 

Fig. 6   The spatial distribution of ICWQI of groundwater samples in the western plain of Jilin Province: a unconfined aquifer; b Quaternary 
aquifer; c Neogene aquifer
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to agricultural activities and poor water flow, with high 
evaporation resulting in the concentration of nitrates. In 
comparison, the health risks associated with confined 
aquifers are significantly lower. The water samples from 
the confined aquifer with higher nitrate risk quotient were 
distributed in the saline-alkali land in northwest Zhen-
lai County and west and southwest Tongyu County. Due 
to the absence of widespread excessive nitrate levels in 

the confined aquifer, it can be inferred that the elevated 
nitrate content in individual confined aquifers is attributed 
to surface pollution infiltrating abandoned confined wells. 
These results showed that human activities pose significant 
health risks to groundwater, particularly to phreatic aqui-
fers. The areas near lakes with intensive livestock farming 
exhibit the most apparent nitrate pollution. Surface con-
tamination can potentially contaminate phreatic aquifers 

Fig. 7   Spatial distribution of human health risks associated with 
groundwater nitrates of nitrates in the western plain of Jilin Prov-
ince: a Health risks of phreatic groundwater to children; b health 
risks of phreatic groundwater to adult women; c health risks of phre-

atic groundwater to adult men; d health risks of Quaternary con-
fined groundwater to children; e health risks of Quaternary confined 
groundwater to adult women; f health risks of Quaternary confined 
groundwater to adult men
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through abandoned confined wells. Therefore, implement-
ing important measures such as controlling the use of pes-
ticides and fertilizers, along with proper management of 
abandoned wells, is crucial for preserving the water qual-
ity of the local phreatic groundwater.

Conclusions

This study conducted a systematic analysis of the hydro-
chemical characteristics, influencing factors, and the 
impact of human activities on groundwater in the semi-
arid plains of western Jilin Province, northwest China. The 
conclusions are as follows:

(1)	 Based on the statistical and graphical analysis of 13 
water-quality indicators, it was found that the groundwa-
ter in the study area was weakly alkaline and dominated 
by the HCO3

−·Ca–Mg and HCO3
−–Na hydrochemical 

types in phreatic and confined water, respectively.
(2)	 Rock weathering was the major mechanism control-

ling groundwater chemistry; the dissolution of halite, 
gypsum, and feldspar is the primary source of ions in 
the study area.

(3)	 To evaluate the water quality of the study area, an 
improved combined weighted water quality index 
(ICWQI) was used. In comparison with other methods, 
the improved approach demonstrates better alignment 
with the actual circumstances. The research results 
reveal that nitrate exerts the greatest influence on water 
quality, indicating the significant impact of human 
activities on groundwater. Both phreatic and confined 
aquifers have been subjected to varying degrees of 
contamination, with pollution in confined aquifers pri-
marily attributed to lateral groundwater flow and the 
infiltration of surface pollutants through abandoned 
confined wells..

(4)	 The assessment using HHRA reveals that human 
activities have a significant impact on human health 
risks, particularly in phreatic groundwater. The results 
indicated that groundwater nitrates posed a higher risk 
to human health in the saline-alkali lands of Qian’an, 
Tongyu, and Zhenlai, with 15.9% of water samples 
exceeding the nitrate standard for children. Long-term 
exposure to or consumption of this groundwater thus 
poses a health risk to residents in the study area, par-
ticularly children. The lack of management in aban-
doned confined wells contributes to an increased health 
risk associated with elevated nitrate levels in certain 
confined water samples. Therefore, it is crucial to 
reduce the use of pesticides and fertilizers, as well as 
effectively manage abandoned confined wells, to ensure 
the protection of local groundwater resources.
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