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Abstract

The People's Victory Canal Irrigation Area is a large gravity irrigation area in the middle and lower reaches of the Yellow
River. Groundwater hydrochemistry is controlled by geochemical weathering, precipitation, irrigation from the Yellow River
diversion, and artificial exploitation. The Piper diagram, hierarchical cluster analysis, Gibbs diagram, and ion proportion
coefficient were applied to improve our understanding of the hydrogeochemical evolution. Our results indicated that ground-
water ion concentration has prominent spatial zonation characteristics in the study area. The groundwater ion components
in the low salinity area are mainly a result of silicate and carbonate weathering, with the major hydrochemical type being
HCO;-Cl-Na-Mg and HCO;—Na-Ca. The soil salt content in the low salinity area is low. The main effect of precipitation on
groundwater chemical composition is a reduction in groundwater ion concentration by recharge. The groundwater ion con-
centration near the canal is similar to the Yellow River water. The groundwater ionic components in the high salinity area are
mainly affected by weathering, silicate dissolution, and evaporative salt rocks. The water chemical type is SO,-Cl-Na-Mg.
Expectedly, the soil salt content is high in the high salinity area. The Yellow River recharge decreased the ion concentra-
tion of groundwater near the canal. In addition, the groundwater exploitation increase results in a change in the flow field,
affecting the local groundwater chemistry. The groundwater ion concentration increases as the groundwater flow from the
high salinity area to the low salinity area. In contrast, the groundwater ion concentration in the high salinity area decreases.
We further discuss these results in the context of the complex influence of precipitation, Yellow River diversion irrigation,
and artificial exploitation on the hydrogeochemical evolution.
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water environment plays a vital role in irrigation, life, and
healthy ecological development in irrigation areas (Aksever
et al. 2016; Feng et al. 2020). The reduction of water diver-
sion from the Yellow River and excessive groundwater
exploitation led to the deterioration of the groundwater
environment in irrigated areas (Abdalla et al. 2012; Bodrud-
Doza et al. 2016; Liu et al. 2022a, b). In addition, the accu-
mulation of surface soil salinity during the dry seasons and
the leaching of soil salinity during the wet seasons further
lead to the deterioration of the groundwater environment
(Li et al. 2017). The hydrochemical characteristics are the
concentrated expression of the groundwater environment
(Aragaw et al. 2021; Heleika et al. 2021; Yang et al. 2020),
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controlled by multiple factors, including water—rock pro-
cesses, precipitation, irrigation from the Yellow River, and
artificial exploitation. Therefore, groundwater hydrochemi-
cal evolution in the irrigation area has the characteristics of
complexity, fuzziness, and uncertainty (Khanoranga et al.
2019; Lecomte et al. 2016; Zhang et al. 2019a, b, c).

The evolution of groundwater hydrochemical character-
istics largely depends on natural processes, such as hydro-
geological conditions, lithology, and water—rock interactions
(Cheng et al. 2021; El Alfy et al. 2019; Ran et al. 2018).
The hydrochemistry of shallow groundwater in alluvial
plains is primarily affected by water—rock interactions with
evaporative concentration and ion exchange, also having a
significant influence on the groundwater's chemical prop-
erties (Ahmad et al. 2020; Ma et al. 2021). Local climate
change and human activities also play an irreplaceable role
in the evolution of groundwater hydrochemistry (Okkonen
et al. 2012; Zhang et al. 2017). Precipitation influences
regional groundwater hydrochemistry mainly through two
mechanisms. The greater the rainfall amount, the greater the
groundwater recharge. As the ion concentration in the pre-
cipitation is low with the increased precipitation recharge,
the groundwater ion concentration will decrease. On the
other hand, the surface soil soluble salt components will
enter the aquifer with rain, thus affecting the chemical com-
position of groundwater (Li 2014; Sharma et al. 2018). The
People's Victory Canal Irrigation Area is a Yellow River
diversion irrigation area. The groundwater chemical compo-
sition in the irrigation area is affected by the magnitude of
the Yellow River diversion. Irrigation by the Yellow River
will infiltrate and recharge the groundwater, affecting the
groundwater quality. Leakage from the Yellow River irriga-
tion also impacts groundwater quality (Asmael et al. 2014;
Ben Ammar et al. 2016). In addition, artificial exploitation
is the primary groundwater discharge in irrigated areas.
The groundwater amount that is exploited is mainly used
for agricultural irrigation, followed by livestock watering
in rural areas. With variable exploitation, the dynamic field
of groundwater will inevitably change, affecting the evolu-
tion of groundwater's hydrochemical composition. Thus, the
dynamic groundwater environment is resulting in a complex
evolution of groundwater hydrochemistry.

The evolution of groundwater hydrochemistry has
been extensively studied previously (Wang et al. 2021a,
b; Xiong et al. 2020). Many researchers have modeled the
aquifer hydrochemistry evolution using multivariate statis-
tical analysis and mineral weathering models in different
hydrogeological systems (Keesari et al. 2021; Tyagi et al.
2009; Wang et al. 2018). However, changes in groundwa-
ter recharge and discharge conditions could also affect the
evolution of groundwater hydrochemistry. So far, few stud-
ies have investigated the effects of atmospheric precipita-
tion, water diversion irrigation, and artificial exploitation
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on groundwater hydrochemical evolution. Frequently they
analyze the influence of only a single factor on groundwa-
ter hydrochemistry. Thus, there is a lack of comprehensive
studies on the impact of recharge and discharge on hydro-
chemistry evolution. The association between atmospheric
precipitation, water diversion irrigation, artificial exploita-
tion, and groundwater hydrochemical evolution in longer
time frames is still unclear.

Therefore, in this study, we focused on the groundwater
in the People's Victory Canal Irrigation Area as the research
objective. We analyzed the hydrochemical evolution char-
acteristics and the differences between primary ion sources.
Our results revealed the influence of atmospheric precipita-
tion, Yellow River diversion irrigation, and artificial exploi-
tation on groundwater chemical evolution in the irrigation
area. This paper uses multivariate statistical theory to iden-
tify differences or similarities in groundwater hydrochem-
istry properties. The Gibbs diagram and ion proportionality
coefficient method were employed to analyze the natural
origin of ion components in groundwater. The influence of
precipitation on groundwater hydrochemical components in
different areas of study was evaluated by comparing ion con-
centrations in wet and dry seasons. The correlation between
the water amount by the Yellow River diversion, the ground-
water depth, and groundwater ion concentration in the longer
time frames was investigated. As a result, the mechanisms by
which the Yellow River diversion and artificial exploitation
influence groundwater chemical evolution in irrigated areas
were further assessed.

Study area

The People's Victory Canal Irrigation Area is a typical
agricultural irrigation area in the middle and lower reaches
of the Yellow River. It is located between Latitude 35° 00
N-35° 30 N and Longitude 113° 31 E-114° 25 E (Fig. 1),
and it covers a 1486.84 km? area. The study area consists of
the alluvial plain of the Yellow River and the Taihang Moun-
tains piedmont alluvial fan plain. The terrain elevation is
higher in the southwest and lowers in the east. The climate in
the irrigated area is characterized as a warm temperate conti-
nental monsoon. The annual average temperature is 58.1 °F,
the annual mean precipitation is 581.2 mm, and the average
evaporation is 1864 mm. Precipitation mainly occurs from
July to September, which accounts for more than 70% of the
total annual rainfall.

Affected by the continuous changes in the Yellow River
bank topography, the irrigation area has formed different
topographic features such as depressions, floodplains, and
river channels. These mainly include the low-lying plain of
the original extension, the ancient Yellow River beach, the
ancient Yellow River back depressions, the Taihang piedmont
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Fig.1 Study area map

handover depression, the fortress of Sion, and the Yellow River
old road sand dune sand monopoly, Yellow River beach and
Yellow River back river depression. Initially, during the previ-
ous decades, the water used for irrigation was mainly from the
Yellow River, and groundwater was used as a supplementary
water source. More recently, the water from the Yellow River
decreased due to restrictions on the diversion gate height and
other factors. The area upstream of the irrigation canal could
still use the water from the Yellow River to irrigate farmland.
In contrast, groundwater irrigation is primarily used in the
downstream area. Since April 1952, the People's Victory Canal
Irrigation Area has been operating for 70 years, diverting 39
billion m> of water from the Yellow River, with a designed irri-
gation area of 1228.67 km? and an effective irrigation area of
922 km?. The crop planting scheme is a winter wheat-summer
corn rotation. The irrigation method adopts traditional border
irrigation, with a 1200—1800 m*/hm? irrigation volume. The
average depth of the canals in the first year of the irrigation
area is about 1-4 m, and the average groundwater depth in
the northwest area is about 2—7 m. In 2003, the G33 sampling

point in the middle of the irrigation area formed a depression
cone, with the average groundwater depth in this area at about
15 m. The average depth was 4—7 m and 9-14 m before and
after 2013, respectively.

Materials and methods
Sampling and measurement

The data used in this paper are the groundwater chem-
istry monitoring data from 1996 to 2013 and 2016 and
2021 in the People's Victory Canal Irrigation Area. The
groundwater hydrochemical data from 1989, 1990, 1996
to 2013 were obtained from the monitoring database of
the People's Victory Canal Irrigation Administration of
Henan Province. The water chemistry data were collected
by our research team in 2016 and 2021 using the 425
discrete interval sampler (Solinst, Canada). They were
sent to the First Geological and Environmental Survey
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Institute of Henan Province for testing within four days.
Our research team collected samples for the hydrogen
and oxygen isotope data in 2021. The samples were sent
to the Isotope Analysis Laboratory, Institute of Geo-
graphic Sciences and Natural Resources Research, Chi-
nese Academy of Sciences, for isotope analyses. The soil
data used were obtained from the monitoring database
of the People's Victory Canal Irrigation Administra-
tion of Henan Province from 1993 to 2013. The Yel-
low River water data were obtained from the sampling
data of the People's Victory Canal Irrigation Adminis-
tration of Henan Province and our research group. The
main indicators analyzed in this study were: Na* + K*,
Ca’*, Mg**, SOZ', HCO3, CI7, electrical conductivity
(EC) and total dissolved solids (TDS). The concentra-
tion of Na* and K* in water samples was determined by
flame atomic absorption spectrometry. The concentra-
tions of Ca** and Mg?* were determined by EDTA titra-
tion, SOi_ and Cl” ion concentrations were meaasured
by ICS-1100 ion chromatography, and HCOS ion con-
centrations were obtained using acid-base titration with
an automatic titrator. All samples passed the charge bal-
ance test (<5%), with the accuracy of each index meeting
the quality requirements. All TDS and conductivity data
points were measured using portable instruments. Hydro-
gen and oxygen (8D and 8'30) stable isotopic composi-
tions were determined by a liquid water isotope analyzer
(LGR, USA). The measurement accuracy of 8D and 3'1%0
were 0.6%o and 0.2%o, respectively. The sampling point
distribution in the study area is summarized in Fig. 2.

Fig.2 Location map showing

113°40'0"
sampling site of the study area ¥ W0
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Analysis of geochemical processes

A Piper diagram was used to study groundwater types and
analyze hydrochemical composition processes (Liu et al.
2018a, b; Piper 1944). The Gibbs diagram can identify the
composition and variation trends of hydrochemical ions in
natural water and determine the degree of hydrochemical
formation controlled by precipitation, rock weathering, or
evaporation concentration (Qu et al. 2019). To reflect the
hydrochemical evolution process and characteristics, one
year was chosen for every five years from 1996 as a repre-
sentative year. Five years in total were selected to analyze
the evolution process of groundwater hydrochemistry in the
study area.

Hierarchical cluster analysis

Hierarchical Cluster Analysis classified the groundwater
chemical composition using a multivariate statistical analy-
sis approach (Azevedo et al. 2021; Chang et al. 2018; Rah-
man et al. 2017). All eight hydrogeochemical parameters
measured (TDS, EC, Na* + K*, Ca>*, Mg**, SO;~, HCO;,
CI™) were implemented in the cluster analysis (Tirumalesh
et al. 2010). To prevent the sample distance from being
affected by parameter magnitude differences, the Z-score
was used to standardize groundwater data. Ward's link-
age method and Euclidean distance were used to classify
groundwater samples. Then the average values of various
groundwater physical and chemical parameters were calcu-
lated (Cui et al. 2020; Huang et al. 2021).
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Isotope mixing model

Stable isotope technology is cam accurately indicate the
material source and the geochemical processes experienced
by the geological body. We used a Bayesian mixture model
(MixSIAR version 3.1.10) to quantify the contribution ratio
of different groundwater recharge sources in the study area
(Cui et al. 2021; He et al. 2020; Rodriguez et al. 2016; Tran
et al. 2019). The principle is as follows:

X; = Z:=1 Pi(Si + Cye) ey
Six ~ N</4jk, a)jzk>

Cix ~ N(&ik’ Tfk)

ey~ N(0.07)

where X; is the jth isotope value in the ith mixture water
sample (i,j=1,2,3,...,n), and k is the potential isotope
source; S; is the jth isotope value of the kth endmember,
Hjr> ;i are the mean and standard deviation of S;; Py is the
contribution ratio of each source, that is calculated by the
model; Cj is the fractionation factor of the kth endmember
on the j isotope, 4; is the mean of the fractionation factor,
7 is the standard deviation; ¢, is the residual error, which
represents the undetermined variable between different sin-
gle mixtures, the mean is 0, and the standard deviation is O

Atmospheric precipitation, irrigation from the Yellow
River, and artificial exploitation differentially affect the
groundwater chemical evolution in the high, and low salin-
ity areas. Representative points were selected in both areas
to analyze the differences in the degree of influence. GO6
and G11 groundwater sampling points represented low salin-
ity areas, while G09 and G13 groundwater sampling points
represented high salinity areas. GO6 and G09 are located far
from the canal, and G11 and G13 are located far from the
canal. However, since the volume of groundwater exploited
and used for agricultural irrigation in the study area is not
measured, studies so far have shown that the main factor
affecting the groundwater depth is artificial exploitation,
with the groundwater level declining year by year, showing
characteristics of artificial exploitation (Liu et al. 2018a, b).
Therefore, this study reveals the influence of exploitation on
groundwater hydrochemistry by evaluating the relationship
between groundwater depth and hydrochemical composition.

The Hierarchical Cluster Analysis and correlation anal-
ysis were carried out using SPSS 22. The Stuff diagram,
Piper diagram, Gibbs diagram, and ion ratio diagram were
performed in Origin 2021. The study area's geographical
positioning and the sampling points distribution map were
drawn by ArcGIS 10.3.

Results and discussion

Hydrochemical characteristics of groundwater
in the irrigation areas

The relationship of cationic concentration in the study
area groundwater was as follows: Na* + K*> Ca®" > Mg**
(Fig. 3). The highest SOZ_ concentration was observed in
the northwest region, while the HCO; concentration was
higher in the other regions. The lowest ion concentration
in groundwater sampling sites was observed in 1996. The
Na* + K* mean concentration was 100 mg/L, the mean
HCO; concentration was 288.87 mg/L, and the mean TDS
value was 673.51 mg/L. The highest concentration of ions in
groundwater sampling sites was observed in 2021. The aver-
age Na* + K* concentration was 206.08 mg/L, the average
HCO; concentration was 595.96 mg/L, and the average TDS
concentration was 1516.36 mg/L, which were about twice
the average values of 1996 (Table 1). The spatial concentra-
tion distribution of each ion and TDS was not uniform in
the study area. SO>~, Na™ + K™, CI~, Mg?* and TDS con-
centrations were higher in the northwest region than in other
regions. The average TDS of groundwater sampling points in
the northwest region in 2016 was 3203 mg/L, while in other
regions, it was 942 mg/L.

Spatial clustering characteristics of groundwater
in irrigation areas

Q-mode hierarchical cluster analysis divided groundwater
samples into two clusters, A and B. Cluster A was further
divided into three subsets, Al, A2, and A3 (Fig. 4). The
samples in cluster A had a low TDS, with an average of
935.32 mg/L and a range from 194.83 to 2280.10 mg/L.
Cluster A groundwater had an extensive distribution area in
the study's middle and lower parts and the eastern region.
The landform features were mainly the ancient Yellow River
beach and Yellow River old road sand dune sand monopoly.
Cluster B groundwater had a high TDS, with an average of
3347.16 mg/L and a range from 2596.60 to 4431.50 mg/L.
Cluster B groundwater was mainly distributed in the north-
west area, and the landform features were the ancient Yellow
River back depression and the Taihang piedmont handover
depression. After combining cluster analysis results and geo-
morphological features, the study area was divided into high
and low salinity regions (Fig. 5).

The cluster A1 groundwater sampling points were mostly
from the low salinity area in 2016 and 2021 and were
mainly the HCO; water type. The Cluster A3 groundwa-
ter sampling points were from the low salinity area from
1996 to 2011 and had a low ion concentration. The relative
ratios of hydrochemical ions in Cluster A3 and Cluster Al
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groundwater were similar. The ionic abundance followed
the order: Na* + K*>Mg**>Ca’" and HCO; >SO; > CI".
Cluster A2 groundwater comprised the G04, GO8, GO9 and
G10 groundwater sampling points from 1996 to 2011. Com-
pared with the Al and A3 clusters, the A2 cluster samples
Nat + K*, SOi_, CI™ concentration was higher. The G24
groundwater sampling site formed cone of depression
at 2001, and the A2 cluster groundwater was affected by
groundwater flow from the high salinity area to the low
salinity area, increasing the concentration of hydrochemi-
cal ions (Liu et al. 2022a, b). Cluster B comprised the G13,
and G12 groundwater sampling points from 1996 to 2011
and included the G14, and G23 groundwater sampling points
in 2016 and 2021. The ionic abundance followed the order:
Na* + K*>Mg**>Ca** and SO;">Cl~>HCO;. This area
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was characterized as a saline-alkali land, and the groundwa-
ter salinity was higher than in other areas.

Groundwater hydrochemical types

The groundwater hydrochemical types in the low salin-
ity area were slightly different from year to year, while
in the high salinity area remained stable across the whole
period (Fig. 6). The percentage of alkaline-earth metal ions
(Ca*" + Mg”") was lower compared to the alkaline metal
ions (Na® + K*) in most groundwater samples in 1996,
2001, and 2011. The 1996, 2001, and 2011 groundwater
samples from the low salinity area were dominated by the
HCO;-Cl-Na-Mg water type. On the other hand, the hydro-
chemical type of the high salinity area was SO,—Na-Mg.
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Table 1 The statistical
characteristics of groundwater

hydrochemical parameters. All
sample concentrations are in
mg/L

Years Statistic values pH TDS Ca**  Mg>* Na*+K' CI” soi* HCOZ
1996 Minimum value 830 250.15 19.70 23.70 35.50 17.40 16.00 183.50
Maximum value 8.50 2280.10 175.10 193.20 291.40 175.70 1336.50 445.10
Mean 837 673.51 64.61 53.52 100.40 83.05 231.41 288.87
Standard deviation 0.06 619.18 43.81 47.99 92.60 51.06 389.24 78.24
Coefficient of variation 0.01 0.92 0.68 0.90 0.92 0.61 1.68 0.27
2001 Minimum value 7.00 29330 16.10 1.60  62.70 35.90 44.10 110.10
Maximum value 8.20 2827.05 219.00 148.00 509.70 51270 1589.40 649.90
Mean 7.61 1031.48 55.66 5475 22533 163.53  340.25 323.09
Standard deviation 044 77732 5440 4096 16043 123.72  477.17 161.35
Coefficient of variation 0.06 0.75 0.98 0.75 0.71 0.76 1.40 0.50
2006 Minimum value 820 49447 30.10 39.30 75.00 79.80 60.90 182.10
Maximum value 7.20 222375 165.70 192.90 379.80 311.20 1069.10 518.80
Mean 748 1059.12 82.35 80.63 181.59 17433  371.86 356.43
Standard deviation 0.29 578.04 4296 4245 105.00 81.38 331.29 98.75
Coefficient of variation 0.04 0.55 0.52 0.53 0.58 0.47 0.89 0.28
2011 Minimum value 6.50 39280 1940 1640 103.10 59.80 17.90 248.80
Maximum value 7.20 2337.56 227.30 137.70 346.40 351.10 1195.60 630.40
Mean 6.90 961.57 58.34 5698 218.61 161.89  293.00 363.56
Standard deviation 0.19 57750 58.51 40.62 76.94 89.73  348.20 121.64
Coefficient of variation 0.03 0.60 1.00 0.71 0.35 0.55 1.19 0.33
2016 Minimum value 7.18 65251 57.25 4840 7494 67.11 67.67 327.13
Maximum value 7.83 443150 471.86 331.85 660.51 853.60 2051.30 763.42
Mean 7.51 136790 147.84 98.64 197.34 204.30  404.04 574.02
Standard deviation 0.15 997.83 9225 69.96 151.44 189.04 558.45 101.54
Coefficient of variation 0.02 0.73 0.62 0.71 0.77 0.93 1.38 0.18
2021 Minimum value 720 750.70 77.55 5217 44.77 63.67 168.49 431.17
Maximum value 8.20 4145.50 406.83 231.83 613.74 903.05 2121.44 841.40
Mean 7.52 176136 188.75 114.46 239.86 277.80 621.78 638.35
Standard deviation 0.28 102824 110.32 61.92 160.14 24245 567.41 134.40
Coefficient of variation 0.04 0.58 0.58 0.54 0.67 0.87 0.91 0.21

Ca**+Mg** concentration in groundwater samples in 2006
and 2016 and 2021 was higher than in 2001 and 2011. The
percentage of alkaline earth metal ions (Ca®" + Mg**) was
greater compared to the alkaline metal ions (Na™ + K*). In
2006 and 2016, the groundwater hydrochemical type in the
low salinity areas was HCO5;—Na-Ca, while in the high salin-
ity areas was SO,-Cl-Na-Mg. The Yellow River water chem-
ical types were HCO;-Cl-Na-Ca and HCO;-SO,—Ca-Na. In
the enlarged view of Fig. 6, the chemical water types of
groundwater sampling points near the irrigation canal were
similar to the Yellow River water. The canal system's effec-
tive utilization coefficient in the irrigation area was only
0.4-0.5, and the Yellow River water leakage was relatively
large. The sampling points similar to the Yellow River
hydrochemical types were distributed at the head of the
canal, indicating that the water leakage and recharge from
the Yellow River have a profound impact on groundwater
hydrochemistry.

8D and 820 characteristics of study area water
groups and recharge of groundwater

Hydrogen—oxygen stable isotope relationships are essential
for groundwater recharge sources and migration processes
(Fan et al. 2017; Guo et al. 2022; Liu et al. 2021; Wang
et al. 2019; Xu et al. 2022). To analyze the precipitation
recharge of groundwater, long-term monthly-scale atmos-
pheric precipitation isotope data from the Zhengzhou
Observatory were obtained from the International Atomic
Energy Agency. The hydrogen and oxygen stable isotope
values in monthly precipitation at Zhengzhou Station
varied greatly. The variation ranges of 8D and §'%0 were
—92.8%0~— 4%0 and — 13.15%0 ~ — 0.21%eo, respectively,
and the weighted averages were — 55.11%o and — 7.31%o,
respectively. Hydrogen and oxygen isotope data in precipi-
tation were used to calculate the local atmospheric precipi-
tation line equation (LMWL): 8D =6.7488'80 —2.71. Its
slope was smaller than the global atmospheric precipitation
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line equation (GMWL): 8D =8.136'%0 +10.8. The Yel-
low River water is vital in recharging groundwater in the
irrigation area. The Yellow River water 8D and 8'30 val-
ues were — 9.17%o0 and — 65.79%o, respectively. The aver-
age values of 8D and 8'®0 in groundwater were — 62.7%o
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and — 8.9%o, and the range was — 73.1%o0 ~ — 56.4%0¢ and
— 10.66%0 ~ — 7.47%o, respectively. Most groundwater sam-
ples were below the LMWL (Fig. 7), similar to the Yellow
River water's hydrogen and oxygen isotopic composition.
This indicated that the water recharge from the Yellow River
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and the atmospheric precipitation are the primary sources of
groundwater recharge.

The atmospheric precipitation and the Yellow River
water were selected as the two endmembers of groundwater
sources. The atmospheric precipitation endmember dD and
830 composition values were — 55.11%o and — 7.31%o, and
the Yellow River water endmember values were — 62.7%o
and — 8.9%o, respectively. According to the MixSIAR
Bayesian mixed model results, the groundwater in the high
and low salinity areas was affected by the Yellow River
water recharge. The Yellow River water recharge accounted
for 50-80% in most sampling points, while the atmospheric
precipitation was also a major source of groundwater
recharge in the low salinity area.

Hydrogeochemical processes

Understanding the formation mechanism of groundwater
hydrochemistry is essential to discussing the relationship
between groundwater and aquifer lithology in the study
area (Sun et al. 2019; Wu et al. 2018; Yuan et al. 2022;
Zhang et al. 2019a, b, c¢). In groundwater flow, a series of
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reactions with the surrounding environment will result in
changes in the hydrochemical composition. Yellow River
water and groundwater in the low salinity area are mainly
distributed in the rock weathering range (Fig. 8), indicating
that rock weathering is the main factor controlling ground-
water hydrochemistry. The groundwater samples in the high
salinity area are close to evaporation, indicating that this
process has a specific influence on salt accumulation (Chen
et al. 2020; Qian et al. 2020).

Endmember diagrams were constructed to further analyze
the rock types involved in the rock weathering processes
driving groundwater hydrochemistry. They are composed
of the Ca**/Na™ ratio against the weighted ratio of Mg**
/Na* and HCO3/Na*. Weathered sources generally include

carbonate, silicate, and evaporite (Peng et al. 2021; Zhang
et al. 2022). Most of the groundwater samples in the study
area were located in the weathered endmembers of silicate
(Fig. 9a), indicating that silicate weathering mainly affected
groundwater's chemical composition. As shown in Fig. 9b,
the groundwater samples in the high salinity area were clus-
tered to the evaporite, indicating that silicate and evaporite
weathering was affecting the groundwater in the high salin-
ity area (Wang et al. 2021a, b).

The Ca®* and Mg?* in natural water mainly come from
carbonate weathering and the dissolution of gypsum (Fang
et al. 2021; Giri et al. 2022; Zhang et al. 2019a, b, c). When
the (Ca2+ /Mg2+) / HCO; ration is 1, it indicates that Ca**
and Mg?* in groundwater are derived from carbonate. Most
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groundwater samples exhibited (Ca**/Mg**)/HCO; =1
(Fig. 10a), indicating that they were mainly affected by
carbonate weathering. The groundwater samples in the
high salinity area deviated higher than the 1 ratio, indicat-
ing that Ca®* and Mg?" in the high salinity area were not
only from carbonate weathering, but also from evaporite,
such as gypsum. Water-rock interactions play an essential
role in groundwater hydrochemistry. The Na*/Cl~ ratio is
close to 1 if Na™ originates mainly from halite. When Na*
/C1” > 1, it means that either silicate weathering or cation
exchange occurs (Lin et al. 2021; Zhao et al. 2007). Most of
the groundwater samples in the study area had Na*/Cl™ ratio
valus above 1 (Fig. 10b), indicating that the groundwater was
mainly affected by silicate weathering. The (Ca®* /Mg*")
/HCO; to (SOi_ /HCO;) ratios can be used to further ana-
lyze the carbonic acid and sulfuric acid participation in the

weathering of carbonate in groundwater. When the ratio is
1, carbonic acid is responsible for the weathering of carbon-
ate, and when the ratio is 2, sulfuric acid is responsible for
the weathering of carbonate minerals (Wang et al. 2020).
As shown in Fig. 10c, the groundwater sample had ratio
values between 1 and 2, indicating that both carbonic acid
and sulfuric acid participate in weathering groundwater
carbonate. The groundwater will exchange material with
the surrounding rocks during its flow. The cations in the
groundwater will be adsorbed on the rock surface due to
its negative charge, releasing the original cations into the
groundwater. The alternating adsorption of cations is very
important to groundwater chemical evolution (Chen et al.
2021; Gao et al. 2022; Liu et al. 2022a, b). The ratio of
(Ca® +Mg** — SO;~ — HCO; )(Na* + K* + CI™) reflects
the alternating adsorption of cations. If cation exchange
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occurs, the above ratio is negative. Most of the ground-
water sample points were distributed along a straight line
with a slope of — 1 (Fig. 10d), indicating a profound cation
exchange reaction in the groundwater.

Therefore, from the above observations, it can be con-
cluded that the groundwater ionic components in the low
salinity area were mainly derived from silicate and carbon-
ate weathering. On the other hand, the groundwater ionic
components in the high salinity area were mainly affected by
silicate and evaporate weathering. The alternating adsorp-
tion of cations has an effect on the ionic composition of
groundwater in the high and low salinity areas.

Effects of atmospheric precipitation on groundwater
hydrochemistry

In the low salinity area, precipitation recharge significantly
affected the variation in groundwater hydrochemical com-
position (Fig. 11a). The Na* + K*, CI~, HCO); concentration
and TDS in the wet season were lower than in the dry season.
The mean Na* + K*, C1, HCO; and TDS concentrations of
the G11 groundwater sampling point in the wet season were

101.96 mg/L, 59.15 mg/L, 314.51 mg/L, and 423.20 mg/L,
respectively. On the other hand, these concentrations in the
dry season were 118.24 mg/L, 66.97 mg/L, 409.57 mg/L,
and 506.71 mg/L, respectively. Thus, the ion concentration
during the wet season was significantly lower compared
to the dry season. Notably, the average annual precipita-
tion from 1996 to 2003 was 616.81 mm, and the average
precipitation from 2004 to 2013 was lower at 511.97 mm.
In a similar trend, the average concentrations of other ions
except for Ca** in the GO6 groundwater sampling point were
lower from 1996 to 2003, than from 2004 to 2013. From
1996 to 2003, the mean Na* + K*, CI~, HCO; and TDS
concentrations were 77.97 mg/L, 70.74 mg/L, 325.28 mg/L,
380.24 mg/L, respectively, compared with 135.80 mg/L,
70.74 mg/L, 391.45 mg/L, and 532.72 mg/L from 2004
to 2013, respectively. The groundwater ion concentration
decreased significantly during the years with higher precipi-
tation. Therefore, the decrease in groundwater ion concen-
tration through recharge by precipitation in the low salinity
area is the main contributor to its chemical composition.

In the high salinity area, the variability trends between
the wet and dry periods significantly differed from the low
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Fig. 11 Comparison of ion concentrations in groundwater during wet and dry seasons. All sample concentrations are in mg/L
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salinity area (Fig. 11b). The mean Na* + K* and SO;~ and
TDS concentrations in the G13 groundwater sampling point
during the wet season were 361.45 mg/L, 1153.39 mg/L,
and 2450.19 mg/L, respectively. The values measured dur-
ing the dry season were 372.17 mg/L, 1194.04 mg/L, and
2446.25 mg/L, respectively, with the average ion concentra-
tion during the wet season being similar compared to the dry
season. It shows that precipitation was not the major driver
for the change in groundwater hydrochemical composition.
The variation of soil average ion concentration during the
wet and dry seasons in the high salinity area is presented
in Table 2. The high salinity area had a significantly higher
average soil ion concentration than the low salinity area
(Table 3). Furthermore, the average soil ion concentration
in the dry season was higher than that in the wet season in
the high salinity area. This indicates that in the high salin-
ity area, soil soluble salts are leached into the aquifer with
precipitation, decreasing the content of soluble salts in the
soil significantly, while the concentration of solute compo-
nents in groundwater increases. Therefore, the soil soluble
salts leaching with precipitation into the aquifer is the main
driver of the hydrochemical composition of groundwater in
the high salinity area.

In conclusion, the groundwater recharge by precipitation
in the low salinity areas and the ion concentration decrease
are the main effects on groundwater hydrochemical com-
position. The soil soluble salt content was high in the high
salinity area, and the soluble soil salts leaching into the aqui-
fer with the precipitation during the wet period significantly
affected the hydrochemical composition.

Effects of yellow river irrigation on groundwater
hydrochemistry

In the low salinity areas, the groundwater sampling points
in proximity to the canal are affected by the direct recharge
of the Yellow River. As a result, the hydrochemical compo-
sition of groundwater is comparable to that of the Yellow
River. Groundwater sampling points farther away from the
canal were less affected by the Yellow River. The analysis
of multiple groundwater sampling points in the low salin-
ity area far and near the canal was in accord with the above
trends. The GO6 and the G11 groundwater sampling points
were selected as the representative points in proximity and
farther away from the canal. From 1989 to 1990, the ion
concentration of the GO6 groundwater sampling point was
relatively similar to that of the G11 groundwater sampling
point (Table 4). In the GO6 groundwater sampling point.
the mean Mg2+, SOi_, and HCO; concentrations were
49.23 mg/L, 42.80 mg/L, and 497.23 mg/L. Similarly, in
the G11 groundwater sampling point, the mean Mg?*, SOi',
and HCOj ion concentrations were 51.38 mg/L, 74.08 mg/L,
and 496.80 mg/L, respectively. From 1996 to 2013, the
groundwater ion concentration of the GO6 groundwater
sampling point gradually reached the concentration levels
of the Yellow River. On the other hand, the ion concentra-
tion of the G11 groundwater sampling point differed sig-
nificantly (Fig. 12a, b). The mean Mg**, SOi_, and HCO;
concentrations in the GO6 groundwater sampling point were
27.38 mg/L, 127.24 mg/L, and 222.13 mg/L, respectively;
35.10 mg/L, 61.67 mg/L, 362.04 mg/L in the G11 sampling
point, and 27.81 mg/L, 128.07 mg/L, and 221.33 mg/L in the
Yellow River, respectively. Secondly, from 1989 to 1990, the
hydrochemical types of the GO6 groundwater were similar

Table 2 Variation of soil ion

P i HCO; CI 2= 2+ 2+ Nat + K* EC
concentration in wet and dry arameter 3 SO, Ca Mg a
seasons in high salinity area. All  Ayeri00 concentra- 4646 1630 122.21 23.07 854 4226 940.63
sample concentrations are in tion of soil ions in
mg/L dry season
Soil average con- 61.83 13.22 92 26.91 9.54 29.07 825.50
centration in wet
season
Difference value - 15.37 3.09 30.22 -3.85 - 1.00 13.19 115.13
Table 3 Vz.uiat.ion of soil ion Parameter HCO; cr SO Ca?t Mg2* Nat + K* EC
concentration in wet and dry - 4
seasons in low salinity area. Average concentra-  52.04 5.36 12.51 1400 343 6.31 317.43
All sample concentrations are tion of soil ions in
in mg/L dry season
Soil average con- 51.00 5.67 13.05 21.31 3.20 4.90 315.13
centration in wet
season
Difference value 1.04 —0.30 —0.54 —7.31 0.22 1.42 2.30
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Table 4 Comparison of ion
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Fig. 12 The relationship between the concentration of groundwater ions and the irrigation amount of the Yellow River in the high and low salin-

ity area. All sample concentrations are in mg/L

to the G11 sampling point, which were HCO;—Na-Mg-Ca
and HCO;-Mg-Na-Ca. From 1996 to 2013, the GO6 ground-
water sampling point hydrochemical types were mainly
HCO;-Cl-Na-Ca and HCO;-SO,—Na-Mg. The hydro-
chemical types of the Yellow River sampling points were
HCOj;-Cl-Na-Ca, and HCO;-SO,—Ca-Na, while in the G06
groundwater sampling point, they were similar to those of
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the Yellow River. The G11 groundwater sampling point
hydrochemical types were mainly HCO;—Na-Mg-Ca, and
HCO;-Cl-Na-Mg, which differed from the hydrochemical
types of the Yellow River and the GO6 groundwater sam-
pling points. Therefore, the Yellow River directly recharges
the groundwater in the low salinity area close to the canal,
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resulting in ion concentrations similar to that of the Yellow
River.

The water is diverted from the Yellow River in the high
salinity area, effectively desalinating the groundwater close
to the canal. When the water volume diverted from the Yel-
low River is large, the groundwater sampling points closer
to the canal are more affected by this desalination process.
On the other hand, when a lower volume of water is diverted,
the desalination effect of the Yellow River water on the high
salinity area is significantly reduced. The ion concentra-
tion of the G09 groundwater sampling point from 1996 to
2013, closer to the canal, was slightly lower than that of
G13 (Fig. 12c¢, d). Especially in 19962003, when the vol-
ume of water diverted from the Yellow River was large, the
ion concentration of the G09 groundwater sampling point
was significantly lower than that of the G13 (Table 5). The
Na' + K*, Cl~ and TDS concentration in the G09 ground-
water sampling point were 0.34%, 0.56%, and 0.23% lower
than the G13 groundwater sampling point. When the vol-
ume of water diverted from the Yellow River is small, the
recharge volume to the groundwater is similarly small. To
conclude, the Yellow River water is not the main factor
affecting the groundwater hydrochemistry in the high salin-
ity area. Therefore, when the Yellow River water recharge is
large in the high salinity area, it recharges the groundwater
in proximity to the canal to reduce its ion concentration,
significantly reducing the groundwater hydrochemical com-
position. The Yellow River recharge is not the main factor
affecting groundwater ion concentration when the recharge
volume is small.

The Yellow River significantly impacts groundwater near
the irrigation canal. In the low salinity area, the Yellow River
recharge affects the ion concentration in the groundwater
close to the canal, making it similar to the Yellow River. In
the high salinity area, as the Yellow River ion concentra-
tion is lower than the groundwater, its recharge reduces the
groundwater ion concentration closer to the canal.

Effects of groundwater exploitation on groundwater
hydrochemistry

In the low salinity area, before the landing funnel formation
at the G24 sampling point in 2003, the ion concentration

at the GO1 sampling point was low (Fig. 13a). The mean
concentration of Na* + K*., SOﬁ‘ ions and TDS were
65.80 mg/L, 52.78 mg/L, and 362.00 mg/L, respectively,
at the GO1 groundwater sampling sites from 1996 to 2003.
These concentrations increased gradually after the for-
mation of a depression at the G24 groundwater sampling
site in 2003. The mean concentration of Na* + K*, SOZ_
ions and TDS increased 134.63 mg/L, 166.57 mg/L, and
622.04 mg/L, respectively, at the GO1 groundwater sam-
pling sites from 2004 to 2013. The mean concentration of
Na* + K, SO;" ions and TDS during 20042013 increased
by 104%, 215%, and 71%, respectively, compared with
those during 1996-2003. The increase of exploitation near
the G24 groundwater sampling point leads to the formation
of a depression cone, causing the direction of groundwater
flow to change. The groundwater from the high salinity area
flows to the G24 sampling point, increasing groundwater ion
concentration in the low salinity area.

In the high salinity area, the ion concentration in the G13
groundwater sampling point before 2003 was relatively
high (Fig. 13b). The mean concentration of Na®™ + K*,
SOi_ ions and TDS were 456.37 mg/L, 1593.40 mg/L,
and 3134.84 mg/L, respectively, in the G13 groundwater
sampling sites from 1996 to 2003. Na* + K*, SO;™ and
TDS concentration at the G13 groundwater sampling sites
decreased after 2003. The mean ion and TDS concentrations
of the G13 groundwater sampling sites from 2004 to 2013
were 295.16 mg/L, 837.96 mg/L, and 1898.93 mg/L, respec-
tively. Mean Nat + K™, SOi_ and TDS concentration were
decreased by 35%, 47%, and 39%, respectively. After 2003,
the groundwater in the high salinity area flowed to a regional
drawdown funnel, the flow rate increased, and the ground-
water ion concentration in the high salinity area decreased.

In conclusion, the groundwater production increase
causes a change in the flow direction and has a significant
impact on local groundwater chemistry. As the groundwater
flows through the high salinity area, it increases the ground-
water ions concentration in the low salinity area. On the
other hand, the groundwater of the high salinity area flows to
the funnel area, and the flow rate increases, which results in
a groundwater ion concentration decrease in the high salin-
ity area.

Table 5 Comparison of ion

JHbe Sort  Years TDS Ca** Mg>* Nat +K* CI” Neim HCO;
concentrations 1n groundwater 4

sampling points in high salinity 509 19962013 227750  142.55 16937  371.69 251.19 114697  305.58

areas. All sample concentrations

are in mg/L 1996-2003  2406.53  182.52 18495  300.45 19134 137125 22527

20042013 217427 11058 15691  428.68 299.07 96755  369.83

GI3 19962013 244822 20297  166.19  366.81 36274 117371 284.59

1996-2003  3134.84 26322  208.88 45637 43056 1593.40  260.26

20042013 189893 15477  132.03  295.16 30849  837.96  304.05
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Fig. 13 Interannual variation of groundwater ion concentration and groundwater depth in high and low salinity area

Conclusion

The groundwater ion concentration in the study area had
prominent spatial zoning characteristics. Specifically, it
was divided into two areas: the high salinity northwest area,
while the other areas had low salinity. The groundwater in
the high salinity area had a higher concentration of Na*, C1~,
and SOZ‘, the water type was SO,-Cl-Na-Mg, while in the
low salinity area, the water type was HCO;-Cl-Na-Mg and
HCO;-Na-Ca.

The study area mainly originated from rock weather-
ing processes. Specifically, they mainly originated from
silicate and carbonate weathering in the low salinity area.
In the high salinity area, silicate and evaporite weathering
were the main sources of groundwater ions.

The variation of groundwater ion concentration in the
low salinity area was mainly affected by the Yellow River
water, atmospheric precipitation, and partially by the
amount of exploitation. The soil soluble salt content was
low in the low salinity area. The main effect of precipita-
tion on groundwater chemical composition is to reduce
the ion concentration by recharge. The groundwater ion
concentration near the canal was similar to that of the Yel-
low River. The G24 groundwater sampling point in 2003
formed a landing hopper of groundwater, and the ground-
water flow direction changed, resulting in an increase in
groundwater ion concentration in the area passing through
the groundwater flow from the high-salinity area to the
low-salinity area.

The groundwater ion concentration changes in the high
salinity areas were due to more complex processes, with
the leaching of soluble soil salts being the dominant factor

@ Springer

causing the change in groundwater chemistry. In addition,
precipitation, Yellow River water diversion, and exploitation
affected the groundwater ion concentration. The soil soluble
salt concentration in the high salinity area was high, and
they were leached into the aquifer by precipitation during
the wet period. This process increased the concentration of
solute components in the groundwater. The Yellow River
recharge decreased the groundwater ion concentration near
the canal. After 2003, the groundwater in the high salinity
area flowed to the funnel area, and its flow rate increased,
resulting in a decreased groundwater ion concentration in
the high salinity area.
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