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Understanding the water quality and its influencing factors of different water

bodies is essential for managing water resources in closed inland lake basins

in semi-arid regions. However, generally, groundwater or surface water is

assessed separately, and the differences among different water bodies are

neglected. This study assessed the water quality and its influencing factors

of different water bodies in the Daihai Lake Basin (a closed inland lake basin

in a semi-arid region) by analysing the hydrochemical data of groundwater,

and spring, river, and lake waters in the dry and wet seasons. The dominant

hydrochemical type of groundwater (81.48%), spring water (80%), and river

water (83.33%) was HCO3
−Ca•Mg, while that of lake water was Cl-Na

(100%). Groundwater, spring water, and river water were suitable for drinking

and agricultural irrigation; however, the groundwater quality was worse in

the wet season than in the dry season. Na+ and Cl− majorly affected

the lake water quality. The mean NO3
− concentration in groundwater was

28.39 mg/L, and its non-carcinogenic hazard quotient indicated that high

risk areas were mainly distributed in Tiancheng and northern Maihutu. The

hydrochemical compositions of groundwater, spring water, and river water

were mainly influenced by rock (silicate and carbonate) weathering and cation

exchange, and agricultural activities were the main sources of groundwater

NO3
−. Moreover, the lake hydrochemical composition was mainly affected

by evaporation and halite dissolution. Thus, groundwater NO3
− pollution and

lake water salinisation should be prioritised. These findings provide a more

thorough understanding of water quality and its influencing factors in the

closed inland lake basin in the semi-arid region, and can be used to develop

the protection of ecosystems and water resources management strategies in

the Daihai Lake Basin.
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Introduction

Water resources are extremely important to promote
socioeconomic development and maintain and conserve
ecosystems, especially in semi-arid regions (Xiao et al., 2014;
Abboud, 2018; Liu et al., 2022). In addition, the sustainable
development of water resources plays an important role in
the future social development, as water quality influences
human health, quality of life, and crop growth (Wang and
Li, 2022; Xiao et al., 2022). The concentration and occurrence
of chemical components in water will have direct influence
on the water quality (Talib et al., 2019; Sunkari et al.,
2022). Hydrochemical components in natural water are the
products of the interactions between water and the surrounding
environmental factors during the water cycle. Processes, such
as atmospheric precipitation, rock weathering, and evaporation,
usually control the continuous changes in the hydrochemical
components in natural water bodies (Zhou et al., 2016; Hua
et al., 2020; Yan et al., 2021). In recent years, anthropogenic
activities associated with rapid industrialisation, agricultural
development, and urbanisation have continuously changed
hydrochemical components, thereby constantly deteriorating
the water resources (Armengol et al., 2017; Wang et al., 2022b).
Therefore, prevention and mitigation of water pollution is
necessary to ensure water security at a global scale.

Analysing the hydrochemistry and water quality cannot
only identify the mechanisms of interaction between water
and the surrounding environmental factors, but also reflect
the status of regional water quality, thus, allowing for more
rational protection and sustainable utilisation of water resources
(Ghezzi et al., 2019; Xiao et al., 2021; Wang and Li, 2022).
Under natural conditions, weathering of rocks due to water can
lead to the dissolution of various minerals, which results in the
gradual accumulation of chemical ions in water (Zhou et al.,
2016; Ren et al., 2020). Contrastingly, pollutants originating
from anthropogenic activities may occur in water within a
relatively short period (Yan et al., 2021). The hydrochemistry of
water bodies, particularly source and aggregation mechanisms
of ions in water, can be assessed through methods, such
as multivariate statistical analysis (Yidana et al., 2008; Mao
et al., 2021), Piper diagram (Piper, 1944), Gibbs diagram
(Gibbs, 1970), and ion ratios (Xiao et al., 2016; Ren et al.,
2020). Additionally, water quality index (WQI) can effectively
combine multiple physical and chemical parameters into a
comprehensive value, and the method can reflect the overall
status of water quality and is widely used in the water quality
evaluation (Abbasnia et al., 2018; Rabeiy, 2018; Yan et al., 2021).
Electrical conductivity (EC), sodium adsorption ratio (SAR),
sodium percentage (Na%), and permeability index (PI) are
effective indices for comprehensively evaluating the suitability
of water for agricultural irrigation (Brindha and Kavitha, 2014;
Liu et al., 2021). In addition, health risk assessment (HRA)
can quantitatively describe the risks posed by water to human

health, thereby providing essential information for water quality
evaluation and water resource management (Su et al., 2017;
Adimalla et al., 2020). These above-mentioned indices and
HRAs, which can evaluate the suitability of water, have been
widely applied previously in arid and semi-arid regions. For
example, studies have been conducted on the Aksu River,
Turkey (Sener et al., 2017), groundwater in Central Sindh,
Pakistan (Talib et al., 2019), groundwater in the Ningxia, China
(Wang et al., 2022b), and groundwater in the Upper Egypt
area (Rabeiy, 2018). These studies separately assessed the water
quality of either groundwater or surface water. However, while
studying regional water quality, different water bodies and
seasonal variations must be considered. Therefore, investigating
the water quality and its influencing factors of different water
bodies is significant to ensure the sustainable utilisation of water
resources in a lake basin.

The Daihai Lake Basin is an important ecological area of
the Inner Mongolia Autonomous Region. The water resources
play critical roles in ensuring regional ecological environmental
security and sustainable socioeconomic development in this
basin. In recent years, the ecological environment of the Daihai
Lake Basin has received widespread concern. Previous studies
on the ecological environment of this area have mainly focused
on climate change (Xu et al., 2004), ecological restoration (Wang
et al., 2019), and lake water quality and quantity (Liang et al.,
2021; Ma et al., 2022; Ren et al., 2022). However, comprehensive
research on the water quality and its influencing factors in the
Daihai Lake Basin is lacking. Being a semi-arid, closed inland
lake basin, the shortage of water resources in the Daihai Lake
Basin has hindered local economic development (Wang et al.,
2022a,c). Additionally, this basin is a farming-pastoral ecotone,
and thus, the excessive use of fertilisers and pesticides and
irrational discharge of domestic wastewater can deteriorate the
water quality (Liang et al., 2021; Sun et al., 2021). These adverse
factors have been threatening the local population health,
and agricultural development. Therefore, a comprehensive
hydrogeochemical study is necessary to determine the water
quality and its influencing factors of different water bodies in
the region during the dry and wet seasons that can contribute to
improving the understanding of the changes in the water quality
of the regional water resources. Additionally, considering that
the hydrochemistry of the lake basin is changing rapidly, up-
to-date observational data must be used to comprehensively
explore the water quality status and its influencing factors to
formulate adaptive water resource management and pollution
control strategies.

The main aims of the present study were to: (1) identify
the hydrochemical characteristics of different water bodies in
the Daihai Lake Basin, (2) assess the suitability of different
water bodies for drinking and irrigation use and evaluate the
potential human health risk of NO3

− in groundwater, and (3)
determine the main factors influencing the water quality of the
different water bodies. The findings of this study can contribute
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to development and implementation of efficient strategies for
water resource management and protection in the Daihai Lake
Basin and provide a reference for water quality studies of water
resources in other closed inland lake basins.

Study area

The Daihai Lake Basin (∼2341.67 km2; 40◦11′–40◦48′ N,
112◦16′–112◦59′ E) is a typical closed inland lake basin on the
Inner Mongolia Plateau (Figure 1) with a temperate continental
semi-arid monsoon climate. The average temperature is 6.09◦C
and multi-annual average precipitation is 415.55 mm. In the
study area, the annual precipitation distribution is uneven,
with significant dry and wet seasonal changes. It is mainly
concentrated in June–September (wet season), accounting for
76.94% of the annual precipitation. The dry season is from
October to May of the next year. Further, the multi-year average
evaporation is 1795.96 mm.

Daihai Lake, a closed lake with an average water depth of∼4
m and surface area of ∼55 km2, is the most important natural
lake in this basin. The main sources of lake water are surface
runoff, groundwater supply, and lake surface precipitation. Most

rivers in the basin are seasonal rivers, and currently, only the
Gongba, Tiancheng, and Suodaigou rivers are perennial rivers,
which eventually flow into Daihai Lake. In recent years, the
area of Daihai Lake has decreased sharply, water quality has
deteriorated, and the flora and fauna in and around the lake
have diminished on a large scale. Consequently, the lake basin
ecosystem is on the verge of collapse, and thus, efforts to
conserve the Daihai Lake ecosystem are urgently required.

Daihai Lake is located at the lowest elevation in the
region. Furthermore, the Daihai Lake Basin is surrounded
by Matou Mountain in the south, Manhan Mountain in the
north, and a rifted basin in the centre. These mountainous
ranges are inclined to the centre of the basin and are the
main groundwater recharge areas consisting of harder gneisses
and basalts. Cutting of mountain gullies exposes aquifers,
thus, creating more springs in the mountains. The runoff
area is majorly a slope plain near the foothills, mainly the
middle and upper parts of the alluvial fan, and the aquifer
comprises sand and gravel. Local groundwater is recharged
by precipitation infiltration, lateral recharge in hilly areas,
and infiltration recharge of surface water (floods and spring
water). Groundwater movement changes according to the
changes in lithology and hydraulic gradient. In the Daihai

FIGURE 1

Geographical location and sampling points of the Daihai Lake Basin.
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Lake shore area and the floodplain fan margin, the hydraulic
gradient decreases. The aquifer mainly comprises Quaternary
sandy soil, and the buried depth of the water level is
relatively shallow; therefore, groundwater discharge is mainly
through evaporation. Further, groundwater in this basin forms
a complete hydrogeological unit from the mountain areas
and piedmont gravel plains, which receive recharge from
precipitation, to recharge runoff areas and the runoff discharge
areas of the fine soil plains.

Materials and methods

Sample collection and analysis

In consideration of the regional hydrogeological condition,
groundwater flow field, lake morphology, and river-lake link,
we selected 27 groundwater sites, 5 spring water sites, 3 river
water sites, and 5 lake water sites, respectively, to carry out the
sampling during the dry season (April) and wet season (July)
of 2021 (Figure 1). At each sampling sites, we used two clean
polyethylene plastic bottles (500 mL) rinsed thrice by the source
water to collect samples, and then sealed to avoid air bubbles
and transported back to the laboratory for further testing and
analysis. The groundwater samples mainly originated from the
pore water of quaternary loose rocks were taken from the free
surface of civilian wells ranging from 6 to 60 m depth. The
collected water source was flowed for at least 10 min prior
to water sampling to accurately reflect the groundwater at the
position. Spring and river water samples were sampled at a depth
of 0.2 m from the surface. Lake water were collected using 1.5 L
plexiglass sampler at a depth of 0.5 m from the surface and at a
depth of 0.5 m from the bottom to ensure reliability and validity
of the data. During sampling, a global positioning system was
used to accurately determine the geographical coordinates and
elevation of the sampling site.

pH and total dissolved solids (TDS) of the different
water samples were measured on site using a WTW Multi
3630 multimeter (Germany) with measurement accuracies
of± 0.004 and± 0.5%, respectively. Ca2+, Mg2+, Na+, and K+

concentrations were measured by inductively coupled plasma
optical emission spectrometry, SO4

2− concentration was
determined by ion chromatography, and NO3

− concentration
was determined by UV–Vis spectrophotometry. Further,
HCO3

− concentration, Cl− concentration, and chemical oxygen
demand (COD) were measured by acid-base indicator titration,
silver nitrate titration, and potassium permanganate titration,
respectively. The specifc analytical methods and their resources
and equipments were listed in Supplementary Table 1 in
Supplementary material. The same sampling methods and
instruments were used for all samples. The accuracies of the
hydrochemical data were verified using the charge balance
error (CBE = |

∑
Zmcation−

∑
Zmanion|∑

Zmcation+
∑

Zmanion
× 100%). The CBE of all

samples ranged from 0.04 to 5.59%, with a mean of 3.03%, which
verified the reliability and accuracy of the data.

Data analysis

Data analysis process
The general hydrochemical characteristics and types of

water resources were determined using descriptive statistics
and the Piper diagram. WQI was used to evaluate the
potability of water, while EC, SAR, Na%, and PI were used to
comprehensively evaluate the suitability of water for agricultural
irrigation. The model recommended by the United States
Environmental Protection Agency (USEPA, 1989) was used
to assess the risk posed by groundwater NO3

− to human
health through groundwater consumption. Further, Gibbs
diagrams and ion ratios were used to determine the main
influencing factors controlling the hydrochemistry, ion sources,
and hydrogeochemical processes.

Evaluating the water quality for drinking
WQI was used to evaluate the potability of water resources

in the Daihai Lake Basin. Eleven water quality parameters were
selected, namely, pH, TDS, Ca2+, Mg2+, Na+, K+, HCO3

−,
SO4

2−, Cl−, NO3
−, and COD to calculate the WQI, as follows:

Wi =
wi∑n

i = 1 wi
(1)

qi =
Ci

Si
× 100 (2)

WQI =
n∑

i = 1

(Wi × qi) (3)

where Wi is the relative weight and wi is the weight of each
parameter. The weight range of water quality parameters was
2–5 (Supplementary Table 2 in Supplementary material),
which has been verified in previous studies (Xiao et al., 2014;
Yan et al., 2021). Further, n is the number of parameters,
qi is the quality level of the ith parameter, Ci is the
concentration of each parameter in each sample (mg/L, except
for pH), and Si is the permissible value of each parameter.
Considering the background conditions of water quality and
the physical condition of the residents in China, this study
adopted the guideline values of Drinking Water Quality
of the People’s Republic of China (GB5749-2006) (Ministry
of Health, 2006) as permissible values for drinking water
parameters. The WQI values were divided into five classes:
excellent (WQI < 25), good (25 < WQI < 50), moderate
(50 < WQI < 100), poor (100 < WQI < 150), and very poor
(150 < WQI).

Evaluating the water quality for irrigation
The Daihai Lake Basin includes a large farmland area

(Supplementary Figure 1 in Supplementary material)
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(Liang et al., 2021), and the water resources in the basin play an
important role in agricultural development. Excessive salinity
in irrigation water can cause soil salinisation, whereas high
Na concentrations can cause soil alkalinisation, compaction,
and reduced permeability (Abbasnia et al., 2018; Bouimouass
et al., 2022). Therefore, EC, SAR, Na%, and PI were used to
comprehensively evaluate the suitability of water for agricultural
irrigation. Each indicator was calculated as follows:

EC = 10
logTDS

+0.215
1.0061 (4)

SAR =
Na+√

Ca2++Mg2+

2

(5)

Na% =
Na++K+

Ca2++Mg2++Na++K+
× 100 (6)

PI =
Na++

√
HCO−3

Ca2++Mg2++Na++K+
× 100 (7)

where the units of all cations and HCO3
− are meq/L, and the

units of EC, Na%, and PI are µs/cm, %, and %, respectively.

Human health risk assessment
HRA can quantitatively describe the impact of toxic

substances in groundwater on human health (Xiao et al., 2022).
The HRA model and criteria provided by the USEPA were
used to assess the health risks of NO3

− pollution in the
groundwater of the Daihai Lake Basin to the local residents.
As NO3

− is a non-carcinogenic toxic substance and the risk
assessment of toxic substances is based on the reference dose,
this study adopted a non-carcinogenic HRA model, which can
be calculated as follows:

HQ =
ICD

DRf
(8)

where HQ is the non-carcinogenic risk index (dimensionless),
ICD is the average daily exposure dose of a non-carcinogenic
substance (mg/kg/d) and is calculated according to the Eq. 9,
and DRf is the reference dose of a specific non-carcinogen in
groundwater (mg/kg/d). The non-carcinogenic risk threshold
HQ recommended by the USEPA is 1. HQ values of < 1 and > 1
indicate that the non-carcinogenic health risk to humans caused
by nitrogen pollution is within acceptable and unacceptable
levels, respectively; thus, higher the HQ value, greater the non-
carcinogenic health risks.

NO3
− in groundwater enters the human body mainly

through drinking water. The average daily exposure dose (ICD)
is calculated as follows (Qasemi et al., 2018; Liu et al., 2021):

ICD =
C × IR × EF × ED

BW × AT
(9)

where C is the measured concentration of NO3
− in groundwater

(mg/L), IR is the drinking water rate (L/d), EF is the exposure

frequency (d/a), which is the time of exposure in a year, ED
is the duration of exposure (a), indicating the number of years
that the human has consumed the toxic substance throughout its
life, BW is the average body weight of the inhabitants (kg), and
AT is the average exposure time (d), that is, the average time of
exposure. Supplementary Table 3 in Supplementary material
lists the parameters of the HRA model for groundwater NO3

−

used in this study.

Results

Hydrochemical composition

The statistical results for the hydrochemical parameters
are shown in the Table 1, Supplementary Table 4 in
Supplementary material, and Figure 2. The average pH of the
groundwater, spring water, river water, and lake water ranged
from 8.03 to 9.19, indicating weakly alkaline water bodies in
the Daihai Lake Basin. The average TDS values of groundwater,
spring water, and river water were all less than 1000 mg/L, while
the average TDS value of lake water was 23725 mg/L, indicating
that the lake water was mainly salt water, whereas the other water
bodies were fresh water. The orders of cation concentrations
in groundwater, spring water, river water, and lake water were
Ca2+ > Na+ > Mg2+ > K+, Na+ > Ca2+ > Mg2+ > K+,
Na+ > Ca2+ > Mg2+ > K+, and Na+ > Mg2+ > K+ > Ca2+,
respectively, indicating that the dominant cations were Ca2+

(44.04%), Na+ (54.32%), Na+ (45.15%), and Na+ (94.22%),
respectively, in the four sample types; furthermore, the orders of
anion concentrations were HCO3

− > Cl− > NO3
− > SO4

2−,
HCO3

− > SO4
2− > Cl− > NO3

−, HCO3
− > Cl− > SO4

2−

> NO3
−, and Cl− > HCO3

− > SO4
2− > NO3

−, respectively,
indicating that the dominant anions were HCO3

− (74.31%),
HCO3

− (74.04%), HCO3
− (79.48%), and Cl− (84.88%),

respectively, in the four sample types. Marginal differences were
observed in the ion concentrations between the dry and wet
seasons in groundwater, spring water, and lake water, whereas
the ion concentrations in the river water were higher in the dry
season than in the wet season (Figure 2 and Supplementary
Table 4). Overall, the hydrochemical characteristics between
the different water bodies showed some differences, with the
exception of river water, which showed marginal seasonal
variation.

The NO3
− concentration in groundwater ranged from

2.25 to 167.83 mg/L, with an average of 28.39 mg/L, and it
exceeded the permissible limit (44.29 mg/L) of the standards
of Drinking Water Quality of the People’s Republic of
China (GB5749-2006) (Ministry of Health, 2006) in 18.52%
of the samples. However, the NO3

− concentrations in the
spring water, river water, and lake water were relatively
low. The COD concentrations in groundwater, spring water,
and river water were low, but they ranged from 19.8 to
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TABLE 1 Statistics of main chemical parameters of water in the Daihai Lake Basin.

Type Parameters pH TDS Ca2+ Mg2+ Na+ K+ HCO3− SO4
2− Cl− NO3− COD

Groundwater Min 7.21 368.00 25.49 5.97 14.46 0.33 188.94 1.27 5.32 2.25 0.08

Max 9.14 1530.00 112.19 47.10 149.09 6.86 408.00 85.40 323.00 167.83 4.69

Mean 8.03 648.63 57.37 21.17 50.32 1.40 269.69 28.15 36.68 28.39 0.88

SD 0.51 251.57 18.58 9.65 37.68 1.15 57.10 20.38 53.61 29.41 0.81

CV(%) 6.41 38.79 32.38 45.56 74.89 81.96 21.17 72.40 146.14 103.60 91.46

Spring water Min 7.18 382.00 9.58 2.72 13.94 0.49 185.89 18.80 7.86 0.37 0.46

Max 8.97 1385.00 71.39 19.34 309.29 3.96 426.63 127.08 127.75 21.90 1.36

Mean 8.05 656.20 50.19 13.16 77.33 1.67 271.82 45.70 37.93 11.67 0.75

SD 0.58 385.48 22.56 6.01 118.44 1.26 82.53 43.07 47.51 8.90 0.25

CV(%) 7.21 58.74 44.94 45.70 153.17 75.78 30.36 94.23 125.25 76.31 34.11

River water Min 7.91 584.00 29.41 22.39 30.74 1.44 280.36 22.17 17.10 0.33 1.22

Max 9.41 1142.00 79.15 49.81 153.39 4.49 524.14 93.36 162.51 7.60 6.34

Mean 8.47 786.17 54.10 34.35 74.89 2.53 376.86 39.49 54.71 3.08 3.73

SD 0.55 262.45 21.16 11.79 47.62 1.07 103.55 27.16 56.19 3.10 1.86

CV(%) 6.51 33.38 39.12 34.33 63.59 42.31 27.48 68.78 102.71 100.63 49.97

Lake water Min 8.73 23400.00 8.13 271.38 4698.75 14.20 962.96 298.24 7645.50 9.57 19.80

Max 9.97 24100.00 10.82 311.45 5462.50 17.65 1176.27 308.46 7908.73 11.75 24.75

Mean 9.19 23725.00 9.19 296.09 5234.60 15.80 1070.81 304.05 7776.42 10.08 22.05

SD 0.42 236.00 0.73 14.18 273.71 1.47 60.20 3.33 80.09 0.63 1.69

CV(%) 4.62 0.99 7.98 4.79 5.23 9.33 5.62 1.10 1.03 6.22 7.68

Min, minimum; Max, maximum; SD, standard deviation; CV, coefficient of variation; Unit: mg/L, except for pH.

FIGURE 2

Ion concentrations of in groundwater (A), spring water (B), river water (C), and lake water (D).
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24.75 mg/L, with an average of 22.05 mg/L, in lake water,
thus, exceeding the permissible limit (3 mg/L) of the GB5749-
2006 standards (Ministry of Health, 2006) and the Class V
limits (10 mg/L < COD ≤ 15 mg/L) of the Environmental
Quality Standards for Surface Water of the People’s Republic of
China (GB3838-2002) (Ministry of Ecology and Environment,
2002). These results indicated severe organic pollution in Daihai
Lake.

Hydrochemical types

RockWare AqQA software was applied to produce the Piper
diagram for hydrochemistry during the dry and wet seasons
(Figure 3). The groundwater, spring water, and river water
samples were mainly distributed in Zone III, accounting for
81.48, 80, and 83.33% of the samples, respectively, indicating
that the hydrochemical types of these water were mainly
HCO3

−Ca•Mg type; further, some groundwater, spring water,
and river water samples were distributed in Zone II (HCO3

−Na
type), accounting for 14.81, 20, and 16.67% of the samples,
respectively, and a small proportion of groundwater samples
were distributed in Zone I (SO4•Cl-Ca•Mg type), accounting
for 3.7% of the samples. All the lake water samples were

distributed in Zone IV, indicating that the hydrochemical type
of the lake was Cl-Na type.

Water quality evaluation

Drinking water quality assessment
WQI was used to evaluate the potability of the water

resources in the Daihai Lake Basin. The average WQI of
groundwater was higher in the wet season (50) than in the dry
season (46.71). Figure 4 shows that the proportions of good
and moderate water quality of the groundwater samples were
70.37 and 29.63% in the dry season, respectively, while they were
62.96 and 33.33%, respectively, in the wet season. Therefore,
this indicates that the water quality was good and suitable for
drinking in most parts of the Daihai Lake Basin. Notably, the
proportion of good water quality of the groundwater samples
decreased from the dry season (70.37%) to the wet season
(62.96%), whereas an opposite trend was observed for the
proportion of moderate water quality. In addition, during the
wet season, groundwater samples were observed to have very
poor quality. These results suggested that the groundwater
quality decreased from the dry to wet season. The groundwater
samples with poor water quality were distributed in Tiancheng.

FIGURE 3

Piper diagram of hydrochemistry in the Daihai Lake Basin.
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FIGURE 4

Spatial distribution of water quality assessment results in dry (A) and wet (B) seasons in the Daihai Lake Basin.

In addition, the good-quality groundwater samples were found
in the recharge runoff areas in the piedmont, while the
moderate-quality groundwater samples were scatted over the
groundwater runoff discharge areas of the plain (Figure 4).

The spring water and river water samples in the dry and wet
seasons showed good and moderate water quality, respectively,
and the changes across the dry and wet seasons were stable,
indicating that the spring water and river water qualities were
good and suitable for drinking. Furthermore, all lake water
samples in the dry and wet seasons showed very poor water
quality, with an average WQI value of >800. Thus, the quality
of the lake water was very poor, which made it unsuitable for
drinking. The Na+ and Cl− concentrations in the lake water
were 26.17 and 31.11 times higher than the standard values,
respectively, and the concentrations of other ions were 0.12–9.87
times of the standard values, indicating that water quality in the
lake was mainly affected by Na+ and Cl−.

Irrigation water quality evaluation
High ion concentrations in water affect the vegetation

growth; therefore, estimating whether the water is suitable
for irrigation, and ultimately crop growth, is necessary. The
USSL diagram (USSL, 1954) was applied to analyse water
salinity and determine whether the water was suitable for
irrigation. Highly saline irrigation water is usually not conducive
to water infiltration, and can consequently deteriorate soil
quality. Figure 5A shows that most groundwater, spring water,
and river water samples in the dry and wet seasons were
distributed in the C2S1 and C3S1 zones, with the proportions
of groundwater and spring water samples in the C2S1 zone
being 20.37 and 30%, respectively, and the proportions of
groundwater, spring water, and river water samples in the C3S1

zone being 79.63, 50, and 100%, respectively. All lake water
samples were distributed in the C4S4 zone. Irrigation water with
high Na+ content reduces soil fertility. Wilcox (1955) classified
irrigation water quality based on Na% and EC. According to
this classification, most groundwater, spring water, and river
water samples in the dry and wet seasons were distributed in the
excellent to good and good to permissible zones (Figure 5B).
Specifically, the proportions of groundwater and spring water
samples in the excellent to good zone were 20.37 and 30%,
respectively, while the proportions of groundwater, spring water,
and river water samples in the good to permissible zone were
62.96, 50, and 83.33%, respectively. However, all lake water
samples were distributed in the unsuitable zone. Doneen (1964)
classified water quality into three categories according to the PI.
Accordingly, most groundwater, spring water, and river water
samples, accounting for 75.93, 60, and 100%, respectively, in the
dry season and wet season were distributed in the Class I zone,
while all lake water samples were distributed in the Class II zone
(Figure 5C). In summary, groundwater, spring water, and river
water in the dry and wet seasons were suitable as water sources
for agricultural irrigation, while lake water, which showed poor
irrigation water quality, was extremely unsuitable for irrigation.

Health risk assessment of NO3
−

NO3
− pollution of groundwater has become an increasingly

common phenomenon, especially in areas with developed
agricultural and animal husbandry sectors (Liu et al., 2022).
Long-term drinking of such NO3

−-contaminated groundwater
can lead to methemoglobinemia, cancer of the digestive system,
and blue baby syndrome (Gao et al., 2020; Wang and Li, 2022).
The results of this study showed high NO3

− concentrations
in the groundwater in the Daihai Lake Basin. Therefore, the
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FIGURE 5

Classification of irrigation water quality in the Daihai Lake Basin according to USSL (A), Wilcox (B), and PI (C).

HRA model and criteria provided by the USEPA were used
to evaluate the health risks of NO3

− in groundwater to local
residents. The corresponding HRA results showed that the HQ
of children and adults in the dry season ranged from 0.08 to
3.12 and 0.05 to 1.92, respectively, with mean values of 0.82
and 0.5, respectively, whereas in the wet season, it ranged from
0.07 to 5.24 and 0.04 to 3.23, respectively, with the mean values
of 0.96 and 0.59, respectively. The proportion of groundwater
samples with HQ <1 was 77.78 and 74.07% for children during
the dry and wet seasons, respectively, whereas for adults, the
proportion of groundwater samples with HQ <1 was 88.89 and
85.19%, respectively (Figure 6). This indicated that groundwater
in most areas posed an acceptable health risk for children and
adults. However, in the wet and dry seasons, areas with HQ >1
for children and adults were mainly distributed in Tiancheng
and northern Maihutu, indicating that the groundwater in these
areas posed an unacceptable risk to the health of children and
adults. Notably, the mean HQ value and the proportion of
groundwater samples with HQ >1 were higher for children
and adults in the wet season than in the dry season, indicating
that the risk of NO3

− in the groundwater in the wet season
was higher than that in the dry season. Additionally, NO3

− in
groundwater showed a significantly larger spatial distribution of
health risks to children than to adults.

Discussion

Natural factors influencing water
quality

The Gibbs diagram is widely used to analyse the main
factors controlling hydrochemical composition and evolution
(Gibbs, 1970; Zhou et al., 2016; Ren et al., 2020). Figure 7

shows that all groundwater, spring water, and river water
sampling points were located in the area of rock weathering
dominance, indicating that rock weathering majorly controlled
the water chemistry of these water bodies. Further, continuous
leaching of groundwater, spring water, and river water during
runoff caused the dissolution of minerals through water-rock
interaction, thereby contributing to the chemical composition
in the water. Abundant precipitation and increased leaching
during the wet season raised the ion concentrations in the
groundwater and the proportion of pollutants entering the
groundwater through precipitation infiltration, consequently,
resulting in relatively poor groundwater quality, especially in
the Tiancheng. In addition, in the groundwater recharge runoff
areas, where groundwater flow was faster and hydrodynamic
conditions were stronger, continuous leaching resulted in the
removal of salt ions and pollutants from the stratum, while the
opposite was true in the groundwater runoff discharge areas.
Therefore, the groundwater quality in the recharge runoff areas
were better than that in the runoff discharge areas. Further,
all lake water sampling points were located in the area of
evaporation dominance, indicating that evaporation mainly
influenced the lake water chemistry. Precipitation, groundwater,
and river water were the main sources of water recharge
to the lake. During groundwater and river water runoff, the
hydrochemical ions from upstream continued to accumulate in
the lake. In addition, because Daihai Lake is a closed inland lake
in a semi-arid region, lake water was not leached throughout
the year, but was lost through evaporation (Zhao et al., 2020).
Therefore, continuous evaporation resulted in the saturation
and eventually precipitation of the carbonate ions, and the
concentrations of Na+ and Cl− gradually increased.

The main hydrochemical process can be further determined
by calculating the ratio of cations to anions in water (Yang
et al., 2016; Bouimouass et al., 2022). For example, during
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FIGURE 6

Spatial distribution of the results of health risk assessment of groundwater NO3
− in the Daihai Lake Basin for children during the dry season (A),

adults during the dry season (B), children during the wet season (C), and adults during the wet season (D).

the dissolution of halite, the ratio of Na+ to Cl− is 1:1 (Xiao
et al., 2014; Ren et al., 2020). Figure 8A shows that most
groundwater, spring water, and river water samples fell above
the y = x line, indicating that the Cl− was not available in
sufficient proportion to balance Na+ possibly because of the
weathering and dissolution of silicate rocks or cation exchange.
Generally, halite dissolution causes water sampling points to
be on the y = x line (Rajmohan and Elango, 2004; Xiao
et al., 2021). Consistent with this previous finding, the lake
water sampling points were distributed around the y = x line
(Figure 8A), suggesting that Na+ and Cl− in the lake water
were influenced by the dissolution of halite. Figure 8B shows
that most groundwater, spring water, and river water sampling
points were distributed below the y = x line, indicating that the
weathering and dissolution of silicate rocks majorly affected the
hydrochemical components of groundwater, spring water, and

river water (Yang et al., 2016). However, the lake water sampling
points were distributed on both sides of the y = x line. The
ratio of (Ca2++ Mg2+) to HCO3

− can reflect the influences of
weathering and dissolution of carbonate rocks, such as calcite
and dolomite, on the hydrochemistry (Zhou et al., 2016; Jia et al.,
2020). Figure 8C shows that the groundwater, spring water, river
water, and lake water sampling points were mainly distributed
near the y = x line and between the y = x line and the 2y = x
line, indicating that the weathering and dissolution of carbonate
rocks were the main sources of Ca2+, Mg2+, and HCO3

− in
these water bodies. Moreover, the dissolution of gypsum can
release equivalent amounts of Ca2+ and SO4

2− in water (Liu
et al., 2021). Figure 8D shows that all groundwater, spring water,
river water, and lake water sampling points deviated from the
y = x line, indicating that Ca2+ and SO4

2− in these water bodies
were not affected by the dissolution of gypsum.
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FIGURE 7

Gibbs diagram (A,B) of hydrochemistry in the Daihai Lake Basin.

In the Daihai Lake Basin, the groundwater is mainly
contained in a Quaternary aquifer composed of sand pebbles
and gravel and the lithology is mainly silicate and carbonate
rocks. Further, the relationship between the molar ratios
of Ca2+/Na+ versus Mg2+/Na+ and Ca2+/Na+ versus
HCO3

−/Na+ can be used to identify the effect of different
types of the water-rock interactions on the hydrochemical
components (Gaillardet et al., 1999). As shown in Figures 8E,F,
most groundwater, spring water, and river water sampling
points were located in the silicate control zone and between
the silicate and carbonate control zones, indicating that
the chemical components of these three water bodies were
mainly affected by the weathering and dissolution of silicate
and carbonate. Thus, the regional geological background
considerably influenced the hydrochemical composition.
Comparatively, the lake water sampling points deviated from
the silicate and carbonate control zones and were relatively
close to the evaporite control zone, indicating that the chemical
components of the lake water were influenced by the weathering
and dissolution of evaporites. In addition, as Daihai Lake is
a closed inland lake in a semi-arid region, evaporation and
concentration have influenced the chemical components of the
lake water for long periods, which in turn has increased the
concentration of salt ions in the lake water (Zhao et al., 2020).

Cation exchange has a major impact on the chemical
composition of water. The relationship between Ca2++Mg2+-
HCO3

−-SO4
2− versus Na++K+-Cl− can be applied to identify

whether cation exchange occurs in water. If it does, the ratio will
show a negative correlation, with a slope of –1 (Su et al., 2017;
Wang et al., 2022b). Moreover, the chlor-alkali index (CAI) can
indicate whether positive or negative cation exchange occurs in

water, as shown in Eqs. 10 and 11 (Abboud, 2018; Wang et al.,
2022b). If CAI > 0, Na+ (K+) in the water is replaced by Ca2+

(Mg2+) in the aquifer, whereas if CAI < 0, Ca2+ (Mg2+) in
the water is replaced by Na+ (K+) in the aquifer. As shown in
the Figure 8G, most sampling points of groundwater, spring
water, and river water, except lake water, were distributed on the
y = –x line, indicating that cation exchange considerably impacts
the hydrochemical composition of the corresponding water
bodies. Figure 8H shows that most water sampling points of
the groundwater, spring water, and river water were distributed
in the zone where CAI < 0, indicating positive cation exchange
(Eq. 12) in the corresponding water bodies, and when the Na+

content increased, Ca2+ and Mg2+ contents decreased.
Overall, the hydrochemical compositions of groundwater,

spring water, and river water in the Daihai Lake Basin
were mainly influenced by rock weathering and cation
exchange, which is consistent with the results of Zhang
(2020), indicating that natural conditions were the dominant
factors in the hydrochemical compositions of these water
bodies. Consequently, under the influence of natural factors,
the groundwater in the Daihai Lake Basin was mainly weak
alkaline with the major hydrochemical type of HCO3

−Ca•Mg,
which was in line with the results of Zhang et al. (2021) and
Wang (2021). Furthermore, the hydrochemical compositions
and chemical characteristics of spring water, river water,
and groundwater and their influencing factors were almost
consistent, suggesting a close hydraulic connection among three
water bodies, which agreed with the statements of Wang et al.
(2017) and Zhang (2020). Moreover, our evaluation results
showed that the lake water quality was very poor, which is
similar with the results of the water quality evaluation using
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FIGURE 8

Ion ratios of the water bodies in Daihai Lake Basin: (A) Cl− vs. Na+, (B) (HCO−3 + SO4
2−) vs. (Ca2+ + Mg2+), (C) HCO−3 vs. (Ca2+ + Mg2+), (D)

SO4
2− vs. Ca2+, (E) Ca2+/Na+ vs. HCO−3 /Na+, (F) Ca2+/Na+ vs. Mg2+/Na+, (G) (Na+ + K+ – Cl−) vs. (Ca2+ + Mg2+ – HCO−3 – SO4

2−), and
(H) CAI-1 vs. CAI-2.

nutrient parameters reported by Liang et al. (2021), Zhao
et al. (2020), and Wang et al. (2019), indicating that Daihai
Lake has been seriously polluted. Besides, we found that the
chemical ions in the lake water were mainly influenced by
natural factors like evaporation and evaporites, however, the
nutrients such as nitrogen and phosphorus were largely affected
by anthropogenic activities, suggesting the different pollution
ways and mechanisms.

CAI-1 =
Cl− −

(
Na++K+

)
Cl−

(10)

CAI-2 =
Cl− −

(
Na++K+

)
HCO−3 +SO2−

4 +NO−3
(11)

Cation exchange (positive) : 2NaX+ Ca2+
→ 2Na+ + CaX2

(12)

Anthropogenic factors influencing
water quality

Rapid and continuous socioeconomic development and
urbanisation, and population explosion negatively influence
the aquatic environment (Gao et al., 2020; Yan et al., 2021).
Anthropogenic activities usually result in the increase of
concentration of chemical components in water; particularly,
NO3

− mainly originates from domestic sewage and agricultural
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FIGURE 9

Plot of Cl−/Na+ vs. NO3
−/Na+.

production (Liu et al., 2021; Wang and Li, 2022). The molar
ratios of NO3

−/Na+ versus Cl−/Na+ can be used as an
index to review the effect of anthropogenic activities on water
bodies (Xiao et al., 2016; Mao et al., 2021). Generally, these
molar ratios are high in polluted water. Figure 9 shows that
agricultural activities were an important source of NO3

− in
groundwater. The Daihai Lake Basin includes large cultivated
land and grassland areas, along with extensive animal husbandry
sectors (Supplementary Figure 1). The total cumulative area
of cultivated land and grassland accounts for 61.28–67.91%
of the total basin area, of which the cultivated land accounts
for the largest proportion (30.87–45.88%) (Liang et al., 2021),
indicating intensive agricultural activities in the Daihai Lake
Basin. Thus, excessive application of nitrogen fertilisers (e.g.,
NaNO3 and KNO3) and manure could increase the NO3

−

concentration in groundwater (Mao et al., 2021). Furthermore,
widespread distribution of rural areas resulted in the high-
density population (Supplementary Figure 1), producing a
large amount of untreated domestic wastewater containing
high concentration of nitrate nitrogen and affecting NO3

−

concentration directly or indirectly (Liu et al., 2021). In
particular, attention should be paid to Tiancheng and areas to
the north of Maihutu, where NO3

− pollution was relatively
serious. Spring water and river water were relatively less affected
by agricultural activities, whereas lake water was affected by
weathering and dissolution of evaporites.

Agricultural activities considerably influence NO3
−

concentration in the groundwater in the Daihai Lake Basin.
Although the health risk of groundwater NO3

− to humans
was low in most areas, areas with high local HQ and seasonal

changes were also observed. Therefore, prevention and
risk management of groundwater pollution still need to be
further strengthened.

Study limitations and future work

This study has addressed the water quality and its
influencing factors of different water bodies in the Daihai
Lake Basin during the dry and wet seasons up to certain
extent. However, the formation of water chemical ions depends
on hydrochemical evolution processes undergoing over space
and time, which has an important impact on water quality
(Yang et al., 2016; Ren et al., 2020). Future study could
increase the numbers of monitoring sites and conduct the long-
term monitoring to obtain more accurate data and reveal the
hydrochemical evolution.

Our study showed that groundwater in some areas of the
Daihai Lake Basin has been polluted. Therefore, the dynamic
monitoring of groundwater quality should be strengthened
in the future, with emphasis on the prevention and control
of agricultural non-point sources of NO3

− pollution and
effective management of domestic sewage. Further, awareness
among the citizens regarding the conservation of groundwater
quality should be promoted to reduce the associated human
health risk. In addition, replenishing water to Daihai Lake
can improve the water quality to a certain extent due to the
dilution of the pollutants, so the continuous hydrochemical
researches should be conducted to ensure the efficiency of
diversion engineering.

Conclusion

The present study highlighted the water quality and
influencing factors of different water bodies in the Daihai
Lake Basin using hydrochemical methods. The groundwater,
spring water, and river water in the dry and wet seasons were
mainly weakly alkaline fresh water, and their hydrochemical
types were mainly HCO3

−Ca•Mg, whereas the lake water
was weakly alkaline salt water, with a hydrochemical
type of Cl-Na. Except lake water, groundwater, spring
water, and river water were suitable for drinking and
agricultural irrigation applications, but the groundwater
quality in the wet season was worse than that in the dry
season. Further, high Na+ and Cl− concentrations were
the main pollution factors affecting the lake water quality.
Although 18.52% of the groundwater samples had high
NO3

− concentrations, the HRA showed that groundwater
in most areas posed an acceptable risk to human health,
whereas the areas with unacceptable risk were mainly
located in Tiancheng and north Maihutu. Rock (silicate
and carbonate rocks) weathering and cation exchange were
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the dominant factors in the hydrochemical compositions of
groundwater, spring water, and river water, and agricultural
activities were the main sources of NO3

− in groundwater.
Moreover, the hydrochemical composition of the lake water
was mainly affected by evaporation and halite dissolution.
These results indicated that the management of the water
resources in the Daihai Lake Basin should be strengthened to
control and mitigate the NO3

− pollution of groundwater and
salinisation of Daihai Lake.
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