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Abstract

In order to explore the chemical water characteristics of water-scarce rivers in China, the Ciyao River basin in 
Shanxi Province was taken as a case study. Water samples of the mainstream and its tributaries were collected in 
the wet, normal, and dry seasons of 2021. The composition and spatial variation of the main ions in the water body 
were analyzed using the ion chromatography (IC) instrument. In addition, Pearson correlation analyses were used 
to evaluate relevant correlation between ion concentrations. The results showed that the overall surface water in 
the study area was weakly alkaline, and the content of total dissolved solids (TDS) varied greatly, ranging from 702 
to 5091 mg/L, with an average of 2897 mg/L. The TDS showed a middle stream > downstream > upstream trend, 
and the hydrochemical type was Cl · SO4 · HCO3 – Ca · Na. The contents of most ions were significantly changed 
based on differences in sampling sites and seasons. Natural and human factors influence the chemical characteris-
tics of the river. According to the Gibbs diagram and Piper diagram (Figure 3), the ionic composition of the water 
body in the basin is mainly affected by the joint action of rock weathering and evaporative crystallization. Carbon-
ate rocks constitute the most significant rock weathering, followed by evaporative and silicate rocks. Wastewater 
from industrial enterprises, agricultural wastewater, and activities of people’s daily living also have some influence 
on rock weathering. Cation exchange is also important in forming chemical water components in the Ciyao River. 
The research results can provide technical references and a basis for regional water environment protection, water 
resources development and utilization, and watershed eco-hydrology research.
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Introduction

Environmental chemical pollution has caused many 
health concerns in the last two decades (Ge et al., 2019; 
Ke et al., 2022; Lin et al., 2021; Liu et al., 2022; Peng et al., 
2021; Tian et al., 2021; Wu et al., 2021; Yang et al., 2021; 
Yin et al., 2021, 2022; Zhang et al., 2019, 2022; Zhao et al., 
2021). The chemical composition of water is the result of 
long-term interaction between the water body and the 

surrounding environment in the process of circulation 
(Bai et al., 2022; Chen et al., 2021; Dai et al., 2022; Fang 
et al., 2021; Liu et al., 2020; Quan et al., 2021; Xu et al., 
2021; Zhang et al., 2021). The history of formation and 
chemical characteristics of water from streams can be 
indicated in the basin (Pant et al., 2018; Zongxing et al., 
2016). Research on the chemical characteristics of water 
from the water body in the basin can provide import-
ant information for understanding the composition 
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of the basin and its correlation with the environment. 
Due to the natural conditions such as topography, geol-
ogy, and climate, and the influences of anthropogenic 
production and life, changes in water quality will have 
a range of ecological effects on aquatic ecosystems and 
largely reflect the characteristics of variations in the 
basin (Fu et al., 2009). As the Ciyao river flows fast, the 
alternating period is only 16 days, and the river water 
that touches the sand and gravel in the riverbed is less, 
restricting its mineralization. As a result, the hydro-
chemical properties of river water almost completely 
rely on the nature and proportion of water sources used 
for recharge (Ruxue, 2021). Therefore, an understanding 
of the hydrochemical characteristics and genesis of the 
basin can greatly contribute to water environment pro-
tection programs.

In recent years, some research was conducted on hydro-
chemical characteristics. It achieved fruitful results, 
classifying the causes of the presence of hydrochemicals 
into natural causes and man-made causes. The research 
focuses mostly on the source of large rivers or areas rich 
in groundwater resources. For example, the analysis 
of rivers, lakes, and groundwater focused on the river 
source region (Wu et al., 2015) of the Yangtze River Basin 
(Liu et al., 2021a), the Three Gorges Reservoir region (Li 
et al., 2012), the upper reaches of the Brahmaputra River 
(Yan et al., 2022), the Basomtso lake (Luo et al., 2021) 
in Tibet, the Jialing River (Li et al., 2018), the Qin River 
(Liu et al., 2018), the Hutuo River (Huiwei et al., 2021) 
and other rivers, lakes, and groundwater sources. The 
research methods also tend to be diversified (Shen, 1983), 
including the use of Piper diagram (Li et al., 2022), Gibbs 
figure (Qi et al., 2021), water quality simulation methods 
(Jia et al., 2017), and isotope analysis methods (Liu et al., 
2019a) through which the chemical characteristics and 
genesis of river ions were explored.

Compared with other river basins in China, the water 
chemistry characteristics of water-scarce rivers in the 
north have not been systematically and deeply studied, 
and the study of the whole basin and seasonal changes 
needs to be improved (Zhang et al., 2015a). Therefore, it 
is necessary to continue to carry out an in-depth study 
of the water chemistry characteristics of rivers with low 
natural runoff in the north, mainly relying on the tailwa-
ter of sewage plants, to provide a basis for exploring the 
future exploration of rivers artificially recharged with 
tailwater and global climate and environmental changes. 
This paper is based on river water sampling in the main 
tributaries in the Ciyao River Basin in Shanxi Province 
in the months of April, June, August, and October 2021, 
which cover three hydrological periods of wet, normal, 
and dry seasons, and in combination with the existing 
environmental background data of the basin, we ana-
lyzed the contents and temporal-spatial distribution 

characteristics of main cations and anions in water 
body samples from different sampling segments. We 
explored the main controlling factors of hydrochemis-
try to provide basic data for further research on water 
quality changes in the Ciyao River and a scientific basis 
for understanding the watershed water environment and 
resources.

Material and Method

Overview of the study area and sample collection and 
analysis

Overview of  the study area
The Ciyao River is a primary tributary of the Fenhe 
River, the second largest tributary of the Yellow River, 
with a total length of 86.4 km and a total drainage area 
of 1059.83 km2. Originating from the Taling Village 
in the mountainous area of Jiaocheng County and 
the Yangtian Pool in the mountainous area of Qingxu 
County, it is in the central part of Shanxi Province, on 
the left bank of the middle reach of the Fenhe River, 
and in the east of the Wenyu River, mainly flow-
ing across three counties (municipalities), namely, 
Qingxu, Jiaocheng, and Fenyang. West Shihou Village, 
Jiaocheng, is where the Ciyao River begins and the con-
fluence of the Hupingshi River, the Wayao River, the 
Dongshihou, and the total escape outlet of sub-chan-
nels 1 and 2 of the Fenhe River irrigation area, with a 
five-finger shaped layout. The range of the watershed is 
shown in Figure 1.

Sample collection and analysis
In accordance with the relevant contents of Water qual-
ity-Guidance on Sampling Techniques (HJ 494-2009) and 
the geomorphic characteristics of the Ciyao River Basin, 
and by taking into account the location of the confluence 
of various tributaries, seven sampling sites were set up 
in the trunk stream and tributaries of the Ciyao River: 
(1) Lingdi; (2) Jiaocheng; (3) Dongshihou; (4) Wuliang, 
(5)  Nanxian; (6) Peihui; and (7)  Sangliushu. Sections 1 
and 2 are located in the upper reach, sections 3, 4, and 5 
are in the middle reach, and sections 6 and 7 are located 
in the lower reach, and sampling was done in the wet 
(June and August), normal (April), and dry (October) 
seasons in 2021.

To maintain the consistency of sampling conditions, 
we chose the days in which there was no rain for 72 h 
(Markich and Brown, 1998). Before collecting samples, 
each sample vial was scrubbed with hydrogen nitrate 
and then flushed with distilled water. Water samples 
were collected in 2 L polypropylene vials and passed 
through a 0.45-mm CA (Cellulose Acetate) membrane 
filter. The samples were placed in a clean and self-sealing 
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polyethylene (PE) bag and stored in the refrigerator at 
4°C until a test was conducted.

We collected 21 samples from 7 sites and determined and 
analyzed 12 key metrics: Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, 
HCO3

−, CO3
2−, NO₃−, total dissolved solids (TDS), total 

hardness (TH), and pH value. TDS was determined using 
the dry weight method, TH was determined through 
complexometric titrations, pH value was determined 
with an FE-20pH meter (METTLER TOLEDO), and the 
concentrations of the remaining ions were determined 
using the ion chromatography (IC) instrument (Thermo 
Fisher Scientific (China) Co., Ltd.).

Data analysis

We used spss18.0 to perform statistics and correlation 
analyses of the contents of hydrochemical ions in var-
ious river segments; used Pearson correlation analyses 
to evaluate relevant relationships in ion concentrations; 
used Origin 2018 to draw the Piper diagram and the 
Na end-member diagram for analyzing the influence of 
hydrochemical types and three major lithological rock 
types (silicate, carbonate, and evaporite rocks) on solutes 
in water; and used the Gibbs diagram for qualitatively 
analyzing main factors controlling the source of solutes 
in water. Statistical significance was P value < 0.05.

Results and Discussion

Analysis of major ions

Analysis of  physical and chemical properties
The surface water in the Ciyao River Basin was weakly 
alkaline, with a pH value ranging from 7.84 to 8.64 and 
a mean value of 8.2. Among seven sampling sections, 
the sampling site in the Nanxian had water bodies with 
relatively high pH values in its proximity because this 
place received a large amount of water receding from 
the farmland and wastewater from the farms nearby. 
From Table 1, it can be seen that the water body is more 
weakly alkaline in June than in other months because 
June belongs to the wet season in which it rains a lot; 
TDS ranged from 324 mg/L to 7947 mg/L with the 
mean value of 2257 mg/L and holistically TDS in the 
middle reach was greater than that in the lower reach. 
TDS in the lower reach was greater than in the upper 
reach because the area in the middle reach is densely 
populated with many industries that often discharged 
wastewater to the river, leading to an increase in TDS. 
In contrast, the area on the upper reach is dominated 
by forest land and bushes, with vegetation having strong 
abilities to constrain sediments, resulting in reduced 
TDS. The area on the lower reach is an agricultural 
land-dominated area, where serious soil and water 
loss occurred, and TDS responses increased (Williams 
et al., 1997); TH ranged from 44 mg/L to 1844 mg/L, 
with the mean value of 396.49 mg/L. The hardness of 
the water body in the Ciyao River Basin is on the higher 
side. According to the  classification of the hardness of 
water, the water in the Lingdi and the Nanxian is soft, 
Dongshihou is very hard water, and the water in other 
sampling sites is the hardest. There are some differ-
ences in the physical and chemical properties of water 
bodies from different river segments in the Ciyao River 
Basin due to topography, geomorphy, and local climate 
(DeVivo et al., 2017).

Contents of  major ions in rivers
The chemical composition of natural water is the result of 
many direct and indirect factors (Li et al., 2002). Direct 
factors include the chemical composition and proper-
ties of rocks and soil, the vital activities of organisms, 
and human activities (Liu et al., 2021b); indirect factors 
refer to conditions that decide the interactions between 
substances and water. According to the component char-
acteristics (Table 1) of major ions in the Ciyao River in 
different months, the ranges of the equivalent concen-
trations of cations Na+, K+, Ca2+, and Mg2+ in surface 
water in the Ciyao River in 2021 were 12.20–559.00 mg/L 
(with the mean value of 225.90 mg/L), 2.49–340.00 mg/L 
(55.75  mg/L), 34.40–1650.00 mg/L (342.67 mg/L), and 
9.88–194.00 mg/L (60.42 mg/L), respectively, and the 

Figure 1.  Catchment plan of Ciyao River.
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ranges of the equivalent concentrations of anions Cl−, 
SO4

2−, HCO3
−, CO3

2−, and NO₃− in surface water in the 
Ciyao River in the same year were 25.80–3130.00 mg/L 
(618.47 mg/L), 46.90–1390.00 mg/L (388.87 mg/L), 
86.00–489.00 mg/L (222.72 mg/L), 0.00–48.80 mg/L 
(8.39 mg/L), and 6.20–465.15 mg/L (79.44 mg/L), respec-
tively. The order of the main cations by the average con-
tent from high to low is Ca2+ > Na+ > Mg2+ > K+. Ca2+ 
possesses 50% of the total content of the cations, and 
Na+ possesses 33% of the total content of the cations. 
The order of the main anions by the average annual con-
tent from high to low is Cl− > SO4

2− > HCO3
− > NO3

− > 
CO3

2−. Cl− occupies 46.93% of the total content of the 
anions, and SO4

2− occupies 29.5% of the total content of 
the anions, whereas CO3

2− occupies only 0.6% of the total 
content of the anions. This indicates that major ions in 
the Ciyao River Basin were influenced by the dissolution 
of evaporite rocks and carbonates (Ning et al., 2016).

Temporal-spatial distribution characteristics of  major ions
The characteristics of contents of ions in different river 
segments are shown in Figure 2. Cations in surface water 
in different river segments in the Ciyao River Basin in 
different months are dominated by Ca2+ and Na+. The 
portion of the total number of Ca2+ and Na+ in the total 
number of cations in April, June, August, and October 
was 83.87, 81.13, 84.97, and 83.46%, respectively. There 
is a big difference between the contents of anions in dif-
ferent river segments, with Lingdi dominated by anions 
SO4

2− and HCO3; Jiaocheng by Cl− and SO4
2− in April, 

and SO4
2 and HCO3

− in June, August, and October; 

Dongshihou by Cl− and SO4
2−; Wuliang section by HCO3

− 
in April, Cl− in June and August, Cl−, SO4

2−, and HCO3
− in 

October; the mouth, through which Nanxian by Cl− and 
HCO3

−; Peihui and Sangliushu by Cl− and SO4
2−.

The coefficient of variation (CV) is a statistic that mea-
sures the degree of variations in various observed values. 
Normally, a CV of 0–0.15 indicates a relatively low vari-
ation, a CV of 0.16–0.35 indicates a moderate variation, 
and a CV larger than 0.36 indicates a high variation. The 
values of the coefficients of variation of major ions in sur-
face water in the Ciyao River show that the contents of 
various ions fluctuated wildly.

The concentrations of ions vary greatly from one sam-
pling site to another. Viewing from the spatial distribu-
tion, Cl−, SO4

2−, and NO3
− holistically show a trend of 

middle reach > lower reach > upper reach. Forest and 
bush lands are dominant in the upper beach of the river, 
and agricultural and construction lands are dominant in 
the middle and downstream. Differences in the type of 
land use have some influences on hydrochemical charac-
teristics. The areas of upper reaches are forest land and 
bush areas where there are very few human activities 
and basically no industrial enterprises, so the share of 
various anions is also small. The Jiaocheng, Dongshihou, 
Nanxian, and Wuliang section in the middle reach are 
construction land–dominated areas with a dense popu-
lation. Especially, on the banks of the Dongshihou, there 
are many enterprises. In the Wuliang section in Wenshui 
county, there are a lot of houses that discharge domestic 

Figure 2.  Spatial variation characteristics of main ion contents in surface water in different months (1 Lingdi, 2 Jiaocheng, 
3 Dongshihou, 4 Wuliang, 5 Nanxian, 6 Peihui, 7 Sangliushu).
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wastewater, industrial enterprises that discharge indus-
trial wastewater, and farms that discharge wastewater, 
which causes an increase in the number of Cl−, SO4

2−, 
and NO3

− (Villaverde, 2004) in water in the middle reach. 
In the lower-reach sampling sites Sangliushu and the 
Peihui Section, agricultural land dominates and the con-
tent of anions saw a certain degree of decline compared 
to the middle reaches. Among them, for example, NO3

− 
could be absorbed by plants in water or on river banks 
as the nitrogen source during its flow (Li et al., 2021a), 
However, due to the discharge of agricultural wastewater 
in the lower reaches of the Ciyao River, the concentration 
of NO3

−is maintained at a high level.

Hydrochemical types

The Piper diagram can be used to reflect the source of 
chemical phases of water samples, embody the charac-
teristics of chemical compositions of water bodies, and 
thus provide the possibility of identifying the general 
chemical characteristics of water bodies and their control 
units (Gao and Chen, 2018). By projecting the percentage 
points of major cations and anions in water bodies to the 
Piper diagram, the hydrochemical types of various Ciyao 
River segments are judged.

Based on the Shukarev classification (Gao and Chen 
2018, Zhang et al., 2015b) and Piper diagram (Figure 3), 
the hydrochemical type of the Ciyao River is Cl · SO4 · 
HCO3 – Ca · Na, which indicates that the Ciyao River 
Basin hydrochemical types could be influenced by 
the dissolution of carbonates, evaporites, and silicates 
(Zhang et al., 2015b).

According to Figure 3, it can be observed that the cat-
ions in the seven sampling river sections are all close to 
the Ca2+ axis, and the distribution of anions is relatively 
scattered. The cations in the upper ridge bottom section 

are dominated by Na+ in April and June, and the mixed 
distribution of Na+ and Ca2+ in August, in October, Ca2+ 
dominated. For anions in April, August, and October 
are dominated by the mixed distribution of HCO3

− and 
SO4

2−. In June, the mixed distribution of HCO3
−, SO4

2− 
and Cl− is dominant. For Jiaocheng, the cations are dom-
inated by Ca2+ in April, Na+ in June and August, mixed 
distribution of Ca2+ and Na+ in October, Cl− in April, 
and SO4

2− in June. In April and October, the mixed dis-
tribution of SO4

2− and HCO3
− dominated. In April and 

June, Ca2+ dominated in Dongshihou followed by Na+. In 
August and October, Na+ dominated, followed by Ca2+. 
Anions in April, June, and August are dominated by Cl−, 
followed by SO4

2−, and in October, mainly by SO4
2−, fol-

lowed by Cl−. In August, Na+ is dominant, followed by 
Ca2+; the anions are dominated by HCO3

− in April, Cl− 
in June and August, while SO4

2− in October. In April, 
June and October, Na+ dominated, and the anions are 
dominated by the mixed distribution of HCO3

−, SO4
2−, 

and Cl−. The cations in Peihui section are dominated by 
Ca2+ in April, June, and October followed by Na+. Na+ is 
dominant in August, followed by Ca2+. Anions in April, 
June, and August were dominated by Cl−, and in October 
were dominated by the mixed distribution of SO4

2− and 
Cl−. The cations in April, June, and October were dom-
inated by Ca2+, and the mixed distribution of Na+ and 
Ca2+ was dominant in August. The anions in April, June, 
and August were dominated by Cl−, followed by SO4

2−. In 
October, the mixed distribution of SO4

2− and Cl− is the 
main one.

Correlation analysis

To further reveal the process and relationship of hydro-
chemical action of surface water in the Ciyao River 
(Zhang et al., 2020), we used SPSS software to conduct 
correlation analyses of hydrochemical metrics. TDS in the 

Table 2.  Correlation analysis of water chemical ions.

Factor Na+ K+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− CO3
2− NO3

− TDS

Na+ 1 0.29 0.18 0.26 0.26 0.03 0.511* 0.26 0.35 0.35

K+ 　 1 0.892** 0.773** 0.854** 0.428* 0.09 0.18 0.925** 0.889**

Ca2+ 　 　 1 0.885** 0.939** 0.611** −0.13 0.01 0.893** 0.958**

Mg2+ 　 　 　 1 0.828** 0.596* −0.25 −0.09 0.852** 0.883**

Cl− 　 　 　 　 1 0.680** −0.09 0.14 0.780** 0.974**

SO4
2− 　 　 　 　 　 1 −0.03 0.03 0.385* 0.638**

HCO3
− 　 　 　 　 　 　 1 0.19 0.03 −0.090

CO3
2− 　 　 　 　 　 　 　 1 0.01 0.121

NO3
− 　 　 　 　 　 　 　 　 1.00 0.865**

Total salt content 　 　 　 　 　 　 　 　 　 1

Note: *Means correlation is significant at the 0.05 level (both sides). **Means correlation is significant at the 0.01 level (both sides).
TDS, total dissolved solids; TH, total hardness.
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Ciyao River surface water samples was highly correlated 
with K+, Ca2+, Mg2+, and SO4

2−, as shown in Table 2. These 
ions are the main contributors to TDS in surface water. 
K+, Ca2+, Mg2+, Cl−, and SO4

2− ions also strongly correlate. 
These associated ions could be from the same source.

TDS was correlated with most of the major ions to a 
certain extent, which means that readily soluble compo-
nents are the main factors that determine TDS. TDS was 
highly associated with Cl−, which means that Cl mainly 
controls TDS−. This shows that the streamflow of this 
river is mainly from water discharges from urban sewage 
treatment plants.

Analysis of hydrochemical genesis

Action of  cation exchange
The action of alternate adsorption of cations is that under 
certain conditions, particles will absorb some cations 
in water and convert some cations previously absorbed 
into components in water (Hu et al., 2011). (Na+ – Cl−) 
and [2SO4

2− + HCO3
− – (2Ca2+ + 2Mg2+)](mmol/L) allow 

for the decision as to whether the action of (Na+ – Cl−) 
occurs. If the process of cation exchange mainly 
dominates hydrogeochemical processes, the ratio of 
(Na+ – Cl−) to [2SO4

2− + HCO3
− – (2Ca2+ + 2Mg2+)] should 

be distributed near the 1:1 line.

Based on the relationship diagram of (Na+ – Cl−) and 
[2SO4

2− + HCO3
− – (2Ca2+ + 2Mg2+)] (Figure 4), it can be 

seen that the ratios of (Na+ – Cl−) to [2SO4
2− + HCO3

− – 
(2Ca2+ + 2Mg2+)] in five sites in April were close to each 
other, the ratios for various river segments in January 
and June were near the 1:1 line, and the action of cation 
exchange occurred in April and June, which indicates that 
in the movement process of river water, Ca2+ and Mg2+ in 
water was displaced by Na+ in the outside environment, 
and the ratios of (Na+ – Cl−) to [2SO4

2− + HCO3
− – (2Ca2+ +  

2Mg2+)] in the rest of the months were all far away from 
the 1:1 line and the action in the hydrogeochemical pro-
cess was relatively weak.

Analysis of  sources and controlling factors of  major ions
By analyzing hydrochemical components in surface 
water bodies, the sources of natural hydrochemical 
compositions are mainly classified into three kinds: 
vaporization-concentration, rock weathering, and pre-
cipitation control. Many scholars used the Gibbs dia-
gram in research on groundwater’s chemical components 
and surface water’s chemical compositions (Liu and Liu, 
2022; Marandi and Shand, 2018).

To study the natural factors that affect the origin of ions, 
the relevant importance of various origin mechanisms 
for ions in river water (effects of atmospheric precipi-
tation, weathering, and evaporation–crystallization) is 

Figure 3.  Piper diagram of major ions in surface water (1 Lingdi, 2 Jiaocheng, 3 Dongshihou, 4 Wuliang, 5 Nanxian, 6 Peihui, 
7 Sangliushu).
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usually reflected in a macroscopic way using the rela-
tionship diagram of the cation’s mass concentration Na+/ 
(Na+ + Ca2+) and TDS or the relationship diagram of Cl−/
(Cl− + HCO3

−) and TDS designed by Gibbs. In the control 
area of action of atmospheric precipitation, the TDS con-
centration is low (TDS < 10 mg/L), and the ratio of Na+/
(Na+ + Ca2+) to Cl−/(Cl− + HCO3

−) is high, normally at 
0.5–1. This area is distributed on the lower-right corner 
of the Gibbs diagram; the action area of rock weathering 
is located in the middle-left part, with the TDS value nor-
mally at 70–300 mg/L and the ratio of Na+/(Na+ + Ca2+) to 
Cl−/(Cl− + HCO3

−) normally less than 0.5; the control area 
of evaporation–crystallization is on the upper-right cor-
ner of the diagram, with a higher TDS (>300 mg/L) and 
higher ratios of Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) 
(0.5 = 1).

By calculating the ratios of Na+/(Na+ + Ca2+) and Cl−/
(Cl− + HCO3

−) hydrochemical ions in various segments 
of the Ciyao River, it was found that the scope of change 
in both is large, with Na+/(Na+ + Ca2+) between 0.15 and 
0.81 and a mean value of 0.45 and Cl−/(Cl− + HCO3

−) 
between 0.11 and 0.93, with a mean value of 0.59. From 
the Gibbs diagram of hydrochemical ions in various seg-
ments of the Ciyao River (Figure 5), we can see the rela-
tionship between the cation’s mass concentration and 
TDS of the Ciyao River and that except three sections in 
April and five sections in June, most of the water samples 
fall into the Gibbs distribution model. The relationship 
diagrams of the anion’s mass concentration and TDS of 
all sites all fall into the Gibbs distribution model, which 
means anions in the surface water in the Ciyao River 
were mainly affected by evaporation–crystallization and 

Figure 4.  The relationship between (Na+ – Cl−) and [2SO4
2− + HCO3

− – (2Ca2+ + 2Mg2+)].

Figure 5.  Gibbs diagram of water chemical ions in each reach of Ciyao River.
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rock weathering, and the difference in different sampling 
sites is significant. For the Jiaocheng, Dongshihou and 
Peihui section in April; Dongshihou; Wuliang, the mouth 
through which the Nanxian, Peihui; and the section of 
the Sangliushu in June, the relationship sites of the cat-
ion’s mass concentration and TDS fall outside the range 
of the Gibbs distribution model, and in seven out of eight 
out-of-range sampling sites, cation concentrations are 
all smaller than 0.5, which indicate a great influence of 
human activities. The sampling sites falling within the 
model range are Wuliang, Peihui, and the mouth section 
through which the Fenhe River joins the areas with low 
mass concentrations of cations. However, the TDS val-
ues for these areas are all greater than 300 mg/L, which 
means that the action of evaporation mainly controlled 
cations’ crystallization (Jang et al., 2017) and is influ-
enced by the control imposed via rock weathering to 
some extent. With the passage of time, the difference in 
influences from human activities was big, and an enor-
mous amount of industrial wastewater and urban and 
rural domestic wastewater was discharged into the river 
from the lower reach of the Jiaocheng of the Sangliushu is 
joined, causing changes in the contents of ions in surface 
water.

The lithological end-element diagram can further indi-
cate differences in rock weathering, including three kinds 
of weathering of carbonate, silicate, and evaporite rocks, 
as well as the size of the contribution of the three actions 
to the source of major ions in water bodies. Weathering 
of different rocks could result in different ions. Ca2+ and 
Mg2+ mainly resulted from weathering of carbonate, sil-
icate, and evaporite rocks; Na+ and K+ mainly resulted 
from weathering and dissolution of silicate and evaporite 
rocks; HCO3

− mainly resulted from weathering and dis-
solution of carbonate and silicate rocks; and SO4

2− and 
Cl− mainly resulted from the dissolution of evaporite 
rocks (Gibbs, 1970). From Figure 6, it can be seen that 
the sample points of water bodies in the Ciyao River are 

mostly distributed between the three end elements of 
silicate, carbonate, and evaporite rocks, but are distrib-
uted more between carbonate and evaporite rocks, which 
means that the three kinds of rock weathering are the 
important substance source of the river and the order by 
the size of the contribution from big to small is carbon-
ate, silicate, and evaporite rocks.

From the relationship diagram of Mg2+ + Ca2+/SO4
2− + 

HCO3
− (Figure 7), it can be seen that most sampling 

points fall below the Mg2+ + Ca2+/SO4
2− + HCO3

− = 1 
line. Ca2+ and Mg2+ are not enough to balance SO4

2− and 
HCO3

−, and Na+ and K+ are also needed to balance the 
anions, which means weathering of minerals in carbon-
ate rocks is an important factor that controls hydrochem-
ical content in this area (Li et al., 2021b; Liu et al., 2019b).

From the relationship diagram of Cl−/Na+ + K+ (Figure 7), 
it can be seen that most of the sampling sites fall below 
the 1:1 line, which means Na+ and K+ are not enough to 
balance Cl−, and other cations are also needed to balance 
Cl−; the excess portion of Cl− mainly resulted from the 
dissolution of evaporite rocks.

Conclusion

1.	 Surface water in the Ciyao River was weakly alkaline. 
The contents of TDS were greatly and spatially differ-
ent and holistically exhibited a trend of middle reach > 
lower reach > upper reach in the basin.

2.	 The study basin is a freshwater area with Na+ and 
Ca2+ as the main cations and Cl− and SO4

2− as the 
main anions, and the hydrochemical types are  
Cl · SO4 · HCO3 – Ca · Na.

3.	 The hydrochemical compositions of the Ciyao River 
were controlled by rock weathering, evaporation–
crystallization, and human activities, and influenced 
by the action of cation exchange to some extent. The 

Figure 6.  Relationship between Ca2+/Na+ and Mg2+/Na+ and Ca2+/Na+ and HCO3
−/Na+.
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Figure 7.  Relationship between SO4
2− + HCO3

− and Mg2+ + Ca2+ and Cl− and Na+ + K+.

order by the extent of influence of rock weathering 
on the composition of ions in this basin from large 
to small is carbonate, silicate, and evaporate rocks. 
Meanwhile, evaporation–crystallization, construction 
land–dominated land-use types, and industrial and 
domestic wastewater discharge also greatly impacted 
the hydrochemical compositions. Therefore, pro-
grams to reduce the emission of pollution sources in 
the vicinity of the Ciyao River are recommended.
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