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Abstract
High arsenic (As) groundwater is a serious environmental problem in Yinchuan Plain, northwest China. Though some 
measures have been taken to alleviate it, the detection rate of high As in groundwater is still high. In order to understand the 
occurrence and enrichment of As in groundwater and the hydrochemical evolution, correlation analysis and interpolation 
approach were used to interpret the spatiotemporal variation of major ions and contaminants in phreatic groundwater at 30 
sampling sites during the dry season (March) and wet season (July). Some suggestions on the treatment of groundwater As 
pollution in the study area were put forward. The results reveal that the predominant hydrochemical type of groundwater 
in the study area is  SO4·Cl-Ca·Mg, followed by  HCO3-Ca·Mg type, and rock weathering is the main process regulating the 
hydrochemical characteristics. The content of groundwater As is low in the dry season but high in the wet season. However, 
the difference of As concentration between the dry and wet seasons is relatively small in the areas where surface water per-
colation is intense. The concentrations of  HCO3

−,  NH4
+,  PO4

3−, and Mn have a significantly positive correlation with the 
As enrichment in the dry season, while  HCO3

−, Fe, and Mn have a strongly negative correlation with As in the wet season. 
The content of As in surface water influences greatly to the As enrichment in groundwater. In the dry season, high arsenic is 
enriched in areas close to surface water, while in the wet season, the infiltration of irrigation water makes arsenic expand to 
the western agricultural irrigation area. The mean lung cancer risk caused by As is higher than the maximum acceptable level 
in the study area. As such, necessary actions such as adopting nanocomposites as As removal material are to be carried out.

Keywords Arsenic pollution · Groundwater quality · Kriging interpolation · Correlation analysis · Yellow River · Health 
risk

Introduction

Globalization, urbanization, and industrialization has 
increased the demand on resources, such as water, mineral, 
and new clean energy, which has attracted great attention 
from both policy makers and researchers (Li et al. 2012; Del-
gado et al. 2010). Groundwater is an important part of water 
resources. Many countries in the world use groundwater for 

municipal, industrial, and agricultural purposes. In some 
areas where surface water is scarce, groundwater is even 
used as the only source of drinking water (Wang et al. 2020). 
Therefore, the quality of the groundwater is fundamental to 
ensure the safety of groundwater supply.

Arsenic (As) is a non-metallic element and it exists in 
soil, rock, surface water and groundwater in both organic 
and inorganic forms (Bibi et al. 2015). As can be very toxic, 
especially in the form of  As3+. When the As content in the 
groundwater exceeds 10 μg/L, the groundwater is consid-
ered contaminated and its consumption will pose a threat 
to human health (He et al. 2020a). High levels of As expo-
sure (> 50 μg/L) can cause bladder, various cancers such 
as lung cancer, liver cancer, kidney cancer, and skin cancer 
(Sultana et al. 2014). Studies have already found that expo-
sure to As by dermal contact can adversely affect a woman’s 
pregnancy (Chakraborti et al. 2016). Therefore, the World 
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Health Organization (WHO) set the permissible limit of As 
in drinking water at 10 μg/L (WHO 2011) to ensure the 
safety of drinking water.

Most of the As in surface water exists as  As5+, while 
 As3+ is more common in the relatively anoxic underground 
environment.  As3+ is more active and more likely to react 
with sulfate and alcohol proteins than  As5+, so groundwa-
ter As pollution is considered a more serious problem than 
surface water As pollution (Basu et al. 2001). Therefore, a 
number of studies have been carried out on the health prob-
lems caused by groundwater As pollution (Jang et al. 2008; 
Baig et al. 2011; Sultana et al. 2014). Estimated daily intake 
(EDI), target hazard quotient (THQ), and hazard quotient 
(HQ) values are commonly used to assess the health risks 
caused by pollution (Baig et al. 2011). Some studies have 
revealed a significant correlation between As and  PO4

3−,  F−, 
Fe, and pH in groundwater, which is governed by natural 
processes such adsorption/desorption and oxidation/reduc-
tion (Smedley et al. 2005). However, anthropogenic activi-
ties can also increase the content of As in groundwater, such 
as excessive use of fertilizers and pesticides, unlicensed and 
untested sewage systems, and improper disposal of sludge 
and solid waste (Radfard et al. 2018). Several studies have 
shown that groundwater level fluctuation can significantly 
affect the occurrence forms of As. Therefore, the change 
of phreatic groundwater flow system caused by artificial 
pumping can cause a noticeable impact on groundwater As 
pollution (McBean 2012). Biswas et al. (2013) considered 
these seasonal effects and determined the As levels in irri-
gated water, soil, and grain and analyzed the relationship 
between these factors. In recent years, multivariate statisti-
cal techniques such as principal component analysis (PCA) 
and factor analysis (CA) were widely used to identify the 
chemical changes in groundwater and the factors affecting 
the content of As in different hydrochemical environments 
(Islam et al. 2017). At present, the widely used arsenic 
removal technologies include membranes, coagulation, ion 
exchange, disposable iron media, softening, etc. (Basu et al. 
2013). Nano-adsorbents such as nanoparticles of titanium 
dioxide, zinc oxide, CuO (copper oxide), and mixed metal 
oxides have been used to remove arsenic from groundwater 
(Arora. 2021). Maity et al. (2019) compared the adsorption 
performance of new natural magnetic rock materials (NMM) 
and synthetic magnetic materials (SMM) in in situ and ex 
situ groundwater arsenic removal. Their results show that the 
NMM rock materials are suitable for the removal of arsenic 
in groundwater. All these existing researches are important 
and have accelerate the progress of groundwater As research.

Groundwater As pollution in China was first identi-
fied in the 1960s. Surveys have revealed the presence of 
groundwater As in 20 provinces of China, and most of the 
high As groundwater is found in arid and semi-arid areas 
and river deltas. It is reported that about 36,000 residents 

are threatened by high-As groundwater in China (Guo 
et al. 2014). Yinchuan Plain, Hetao Plain, Huhhot Plain, 
Datong Plain, and Yuncheng Basin have been identified as 
arsenicosis endemic regions (Wen et al. 2013). As poison-
ing in the Yinchuan Plain was first discovered in 1995 (Guo 
et al. 2014). The high-As groundwater in Yinchuan Plain is 
mainly discovered in the north of the plain and distributed 
along the two ancient Yellow River channels in a strip with 
a length of about 100 km (Wen et al. 2013). Li et al. (2018) 
used Monte Carlo method to quantify the uncertainty of risk 
assessment of potential As pollution in Jianghan plain. The 
results showed that the risks caused by As had significant 
seasonal differences, with higher values in the rainy season 
and lower values in the dry season (Li et al. 2018). These 
groundwater As research focused mainly on the hydrochemi-
cal evolution and the health risk assessment of groundwater 
As (Li et al. 2018; Bian et al. 2015; Chen et al. 2017).

Though much attention has been paid to groundwater As 
research in recent year in Yinchuan Plain, the significant 
seasonal effect and spatial variation of groundwater As pol-
lution in the Yinchuan plain have not been fully understood. 
Therefore, in this study, multivariate statistical techniques 
were used to identify the hydrogeochemical processes of 
groundwater As in Yongning County of the Yinchuan Plain, 
and the spatiotemporal variation of As was determined by 
Kriging interpolation method. The results will help many 
researchers to gain further understanding into the distribu-
tion and migration of arsenic contamination in the study 
area. It will also be the theoretical basis for the local deci-
sion makers to take action for the subsequent prevention and 
control of arsenic pollution.

Study Area

Location, Climate, and Hydrology

The study area is located in Yongning county, central Yin-
chuan Plain of Ningxia Autonomous Region, stretching 
within longitude 106°00′36″-106°31′20″E and latitude 
38°20′51″-38°38′25″N. The entire Yinchuan Plain can be 
divided into piedmont alluvial inclined plain, alluvial plain, 
and alluvial and lacustrine plain from west to east. It belongs 
to the arid continental climate, with a rapid warming spring, 
a short summer and autumn, and a long winter. The annual 
temperature in this area varies greatly, with the annually 
average minimum temperature of − 20.8 ℃ in winter, and 
the annually average maximum temperature of 35.9 ℃ in 
summer. The rainfall in this area is limited but the sunshine 
is abundant (Wu et al. 2015). The average annual precipi-
tation is 182.6 mm, and the evaporation in the study area 
is approximately ten times of the rainfall. The rainfall is 
mainly concentrated from July to September, and the rainfall 
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in these three months accounts for about 70% of the total 
rainfall in a year.

Yinchuan basin is a fault basin formed in the Cenozoic 
age with an overall stretching trend of NNE. The thickness 
of the Cenozoic formation can be 7000 m, and the maxi-
mum thickness of the Quaternary deposits is over 2000 m 
(Qian et al. 2012, 2013). The study area has an agricultural 
history of over 2000 year by diverting water from the Yel-
low River. The first agricultural irrigation period starts in 
late April every year and stops in middle September. The 
second irrigation period ranges from the middle November 
to late December. The percolation of canal water and infil-
tration of irrigation water can promote a great impact on 
groundwater. The dynamics of phreatic groundwater vary 
correspondingly to the irrigation period. March represents 
the dry season, while July represents the wet season in the 
study area (Fig. 1).

Hydrogeology

According to the groundwater occurrence conditions and 
lithologic characteristics in the Yinchuan Plain, the main 
focus of the present study is the loose rock pore water. The 
whole plain can be divided into single phreatic water zone 
and multi-layer structure groundwater zone (Fig. 2) accord-
ing to the geology, geomorphology, and hydrogeological 
conditions (Qian et al. 2013), while the present study area 
is mainly situated in the multi-layer structure groundwater 
zone.

The single phreatic groundwater is mainly distributed 
along the foot of the mountains in the west of the plain 
(mainly the piedmont alluvial inclined plain), while the 
multi-layer structure groundwater is found in the alluvial 
plain and the alluvial and lacustrine plain (Su et al. 2020). 
The multi-layer structure area includes phreatic aquifer, 
the upper confined aquifer, and the lower confined aqui-
fer from top down. The thickness of the phreatic aquifer 
is thick in the south and thin in the north. The thickness 
of the phreatic aquifer is thick in the center of the plain 
and becomes thinner towards east and west. The phreatic 
aquifer is mainly composed of fine sand, silt, and sand 
gravel. The water abundance of the phreatic aquifer is less 
than 1000  m3/d. The irrigation water of the Yellow River 
is the main recharge source of the phreatic groundwater. 
As a traditional irrigation area with an irrigation history 
of 2000 years, the leakage of the Yellow River diversion 
canals and irrigation infiltration recharge account for more 
than 70% of the total recharge in the area (Qian et al. 2012, 
2013, 2014). Under the influence of topography, geomor-
phology, hydrogeological conditions, and other factors, the 
lateral discharge to the Yellow River has become one of 
the ways for groundwater discharge in addition to artificial 
abstraction and groundwater evaporation.

Fig. 1  Geographical locations of the study area and sampling sites
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Material and Methods

Sample Collection and Analysis

In the study, a total of sixty groundwater samples were col-
lected from the phreatic aquifer in March (dry season) and 
July (wet season) in 2018 (30 in March and 30 in July). 
All groundwater samples were tested in the laboratory of 
Ningxia Institute of Land and Resources Investigation and 
Monitoring. Before collection, the wells were kept pumping 
for 10 to 15 min. When sampling, all samples were col-
lected in white plastic bottles. The bottles were rinsed and 
washed 2 or 3 times thoroughly with the groundwater to 
be sampled before sampling. During the sampling process, 
the coordinates of the sampling points were recorded by a 
portable GPS.

The physicochemical parameters analyzed for each water 
sample include water temperature (T), pH, chemical oxy-
gen demand (COD), dissolved total solids (TDS), total hard-
ness (TH), major ions, and some trace elements. The major 

cations include  Ca2+,  Mg2+,  Na+,  K+, and  NH4-N, and the 
anions include  HCO3

−,  Cl−,  SO4
2−, and  NO3-N. Total iron 

(TFe), Mn, free  CO2,  F−,  PO4
3−, and As in groundwater 

samples were also determined. The temperature and pH were 
measured in the field by a pre-calibrated portable Hanna pH 
meter with an accuracy of 0.1 ℃ and 0.02 pH. The collec-
tion, preservation, and transportation of samples were pro-
cessed according to national standards, and the preservation 
and testing of water samples were carried out in accordance 
with the methods stipulated in the Standards for drinking 
water quality (Ministry of Health of the PRC, Standardiza-
tion Administration of the PRC 2006). Among the analyzed 
parameters,  Na+ and  K+ were measured using a flame pho-
tometer (Systronics k-1/mk-III).  HCO3

−,  Cl−,  SO4
2−, and  

 NH4-N were measured using titrimetric method. TDS was 
measured by drying and weighing method, and  Ca2+,  Mg2+, 
and TH were measured by EDTA titrimetric method. The 
ion chromatography method was used to determine the con-
centration of  NO3–N. (Wu et al. 2017). The concentrations 
of TFe and Mn were determined by plasma emission spec-
trometry methods (Rice et al. 2017). The ion-selective elec-
trode method and hydride generation atomic fluorescence 
spectrometry method were used to determine the  F− and 
As, respectively (Rice et al. 2017). In the study, duplica-
tion was introduced to ensure the accuracy of the analysis. 
After analysis, charge balance error percentage (CBE%) was 
introduced and only those with CBE% lower than 5% were 
used in the study.

Correlation Analysis

Multivariate statistical techniques are widely used in 
groundwater hydrochemical analysis (Wu et al. 2014, 2020). 
Correlation analysis was used to determine the correlations 
between each pair of the physicochemical. In the study, the 
correlation of variables was determined by Pearson correla-
tion coefficient, which is defined as the quotient of covari-
ance and standard deviation between two variables (Eq. 1):

The value of r ranges between − 1 and 1. The closer the 
value is to 1, the greater the positive correlation between the 
variables. On the contrary, the closer the value is to − 1, the 
greater the negative correlation between the variables. The 
correlation coefficient of 0 indicates that the two variables 
are not correlated. Pearson correlation coefficients were cal-
culated with SPSS 25.0 for Windows (Li et al. 2013).
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Fig. 2  Zoning map of aquifer structure in Yinchuan Plain
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Kriging Interpolation

Kriging interpolation is the best interpolation method of ana-
lyzing spatial self-covariance. It can effectively transform the 
discrete point information into continuous area information 
(Hu and Shu 2015). Kriging is widely used in groundwater 
simulation, soil mapping, and other fields (Bargaoui and 
Chebbi 2009). It considers the variation distribution of spatial 
attributes in the spatial position, determines the distance range 
that has influence on the value of a point to be estimated, and 
then uses the sampling points in this range to estimate the 
attribute value of the point to be estimated. Mathematically, 
this method can provide an optimal linear unbiased estimation 
(the definite value at a certain point) for the object studied. 
According to the measured data, after the structural analysis, 
a weight coefficient is given by the data of the known points, 
and the weighted average is carried out to obtain the value of 
the point to be estimated in the range (Guagliardi et al. 2012; 
Li et al. 2014). The equations are as follows (Eqs. 2 and 3):

where, x0 denotes the point to be estimated, the Z*(x0) is the 
estimated value of x0, λi is the weight coefficient, xi is the 
known points, Z(xi) is the measured data, r (xi, xj) is a vari-
ation function, and u is a Lagrange multiplier.

According to Eq. 3 and the transformation relations of vari-
ance function, the theoretical variance σ2 can be calculated as 
per Eq. 4 (Guagliardi et al. 2012).

To judge the accuracy of the interpolation, an ideal vari-
ance σ0

2 can be determined, and the difference between σ0
2 

and σ 2 can be used to judge the accuracy of the interpolation. 
If the difference is unacceptable, the number of interpolation 
points can be modified until the difference between σ0

2 and 
σ2 becomes acceptable. In this study, the surfer 13 software is 
used to generate the ordinary Kriging interpolation, and 3556 
nodes were generated in the X direction, while 2595 nodes 
were selected in the Y direction.
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Results and Discussion

Physicochemical Characteristics of Groundwater

Table 1 shows the statistical results of the groundwater 
chemical compositions in the dry and wet seasons. As 
shown in Table 1, pH varied in the ranges of 7.05–8.10 
in the wet season, and ranged from 7.42 to 8.27 in the 
dry season. All groundwater samples are weakly alkaline. 
The total hardness (TH) of the aquifers, which reflects the 
total concentration of  Ca2+ and  Mg2+ and the soap neu-
tralizing power of a water sample (Cotruvo and Bartram 
2009; Lidia 2014; Wu et al. 2017), ranged from 159.96 to 
1254.57 mg/L in the dry season, and varied in the range of 
254.93–1244.55 mg/L in the wet season. In this study, the 
TH values of 20 samples in the wet season and 21 samples 
in the dry season exceed the national guidelines (Gen-
eral Administration of Quality Supervision, Inspection & 
Quarantine of China and Standardization Administration 
of China 2017). The total dissolved solids (TDS) in the 
study area ranged between 315.76 and 2174.24 mg/L in 
the dry season, and ranged from 329.47 to 2194.48 mg/L 
in the wet season. According to the mean TDS values in 
the dry and wet seasons, phreatic groundwater is brackish 
water.

Values of  Ca2+,  Mg2+,  Na+, and  K+ varied in the 
range of 34.03–172.17  mg/L, 18.21–200.31  mg/L, 
22.0–329.6 mg/L, and 2–17 mg/L, respectively, in the dry 
season, and varied in the range of 44.04–172.17 mg/L, 
31.56–213.66 mg/L, 20.8–612.8 mg/L, and 3–22 mg/L in 
the wet season, respectively. The relative abundance of 
the major cations in the sampled groundwater is in the 
order of  Na+ >  Mg2+ >  Ca2+ >  K+ according to the average 
concentration expressed in mmol/L. Among the cations, 
 Na+ has the highest mean value (157.89 mg/L), and one 
sample in the wet season has very high  Na+ concentration 
of 612.8, which is significantly higher than the accept-
able limit of 200 mg/L specified in the drinking water 
standard of China (General Administration of Quality 
Supervision, Inspection & Quarantine of China and Stand-
ardization Administration of China 2017). Some studies 
have shown that sewage irrigation may be responsible for 
the high content of  Na+ in groundwater (Wu et al. 2013, 
2017). However, in the present study, intense groundwater 
evaporation is believed to be the main reason for the high 
concentration of  Na+ in phreatic groundwater, because the 
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water level depth in the study area is very small and the 
evaporation rate is very high. The value of  K+ is very 
low, with a maximum of 5.43 mg/L, probably as a result 
of the weak mobility due to biological activity (Brunner 
and Baccini 1992; Wu et al. 2017). For anions, the over-
all mean concentrations of  Cl−,  SO4

2−, and  HCO3
− are 

165.59 mg/L, 300.95 mg/L, and 439.34 mg/L, respectively. 
The major anions, expressed in mmol/L, are in the order 
 HCO3

− >  Cl− >  SO4
2−.  HCO3

−,Ca2+, and  Mg2+ are the 
main ions in the study area, which may be due to the dis-
solution of calcite  (CaCO3) and dolomite (CaMg(CO3)2) 
in the study area. The overall mean value of  SO4

2− is 
300.95 mg/L, and the maximum concentrations of it in 
the dry and wet and seasons are 769.82 and 913.65 mg/L, 
respectively, both of which far exceed the national stand-
ard for drinking water quality (General Administration of 
Quality Supervision, Inspection & Quarantine of China 
and Standardization Administration of China 2017).

Human activities have a strong impact on the qual-
ity of groundwater. The concentrations of  NO3-N and 
 NH4-N in the study area are relatively high, ranging from 
0–94.92 mg/L and 0–5.44 mg/L, respectively, in the dry sea-
son, and 0–96.05 mg/L and 0–4.66 mg/L in the wet season, 
respectively. Among them, the concentration of  NO3-N in 
5 samples in the dry season and 1 sample in the wet season 
exceeds the national standard (20 mg/L). In both the dry 
and wet seasons, the concentration of  NH4-N in 5 samples 

exceeds the national standard (0.5  mg/L), respectively. 
The high concentration of  NO3-N and  NH4-N indicates the 
industrial and agricultural pollution in the study area. The 
concentration of  F− in the study area is in th range of 0.03 
-1.10 mg/L in the dry season and 0.10–1.80 mg/L in the wet 
season, and the overall mean concentration is 0.442 mg/L. 
The concentration of  F‒ in the study area is low, and only 
4 samples exceed the national drinking water standard 
(1.0 mg/L).

The iron and manganese pollution in the study area 
is significant. The iron concentration is in the range of 
0–7.4 mg/L and 0.01–4.84 mg/L in the dry and wet seasons, 
respectively. The mean concentrations of iron in the dry and 
wet seasons are 1.17 and 1.13 mg/L, respectively, which are 
much higher than the national drinking water standard of 
China (0.3 mg/L). The Mn concentration is in the range of 
0.003–1.038 mg/L and 0.002–1.114 mg/L in the dry and wet 
seasons, respectively. The results show that half of the water 
samples collected have higher Mn concentration than the 
national drinking water standard, which indicates the wide 
distribution of manganese pollution. In this study, the As 
concentration ranges from 0 to 0.029 mg/L in the dry season, 
and from 0 to 0.0048 mg/L in the wet season. The average 
concentration of As is 0.0016 mg/L in the dry season and 
0.0014 mg/L in the wet season. As content in the dry sea-
son has two excessive points, but for most samples, arsenic 
content in the wet season exceeds the dry season, and the 

Table 1  Statistical analyses of chemical parameters (units for all parameters are mg/L except pH)

The number of samples beyond the standard limits (the national standards were referenced first for the calculation of NSBL

Indices Dry season Wet season Overall mean National standards NSBL

Minimum Maximum Mean Minimum Maximum Mean

pH 7.42 8.27 7.66 7.05 8.10 7.42 7.54 6.5–8.5 0
TH 159.96 1254.57 580.99 254.93 1244.55 591.31 586.15 450 41
COD 0.78 3.24 1.65 0.56 4.85 1.15 1.40 3 3
TDS 315.76 2174.24 1045.51 329.47 2194.48 1080.54 1063.02 1000 27
Na+ 22.0 329.6 153.71 20.8 612.8 162.05 157.89 200 11
K+ 2 17 5.17 3 22 5.68 5.43 – –
Ca2+ 34.04 172.17 97.85 44.04 172.17 98.10 97.97 – –
Mg2+ 18.21 200.31 81.76 31.56 213.66 84.13 82.95 – –
Cl− 33.16 356.27 161.552 33.61 423.49 169.62 165.59 250 12
SO4

2− 48.92 769.82 294.31 60.95 913.65 307.58 300.95 250 27
HCO3

− 28.23 689.33 428.97 210.08 761.54 449.7 439.34 – –
CO2 8.26 24.77 13.62 4.13 16.51 12.38 13.002 – –
NO3-N 0 94.92 8.80 0 96.05 6.866 7.84 20 6
NH4-N 0 5.44 0.51 0 4.66 0.35 0.46 0.5 10
PO4

3− 0 0.04 0.0067 0 0.05 0.0046 0.0057 – –
F− 0.03 1.10 0.404 0.10 1.8 0.48 0.442 1 4
As 0 0.029 0.0016 0 0.0048 0.0013 0.0014 0.01 2
Mn 0.003 1.038 0.245 0.002 1.114 0.29 0.269 0.1 30
Fe 0 7.4 1.17 0.01 4.84 1.13 1.14 0.3 19
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As content is quite different between the dry season and the 
wet season. It indicates that the concentration of As in the 
phreatic aquifer is significantly affected by the season, and it 
may be related to the climate, recharge, and discharge of the 
groundwater as well as human irrigation activities. The aver-
age annual precipitation in the area is 182.6 mm; therefore, 
the Yellow river introduced into the channels for irrigation 
may be the secondary source of Arsenic. The As level in 
the water of the upper reaches of the Yellow river ranged 
for 0.0023–0.0104 mg/L (Tian et al. 2017), which is higher 
than the average arsenic concentration in the study area. In 
addition, the study area has intense agricultural activities, 
and nitrogen fertilizer is the most used fertilizer followed 
by compound fertilizer, phosphate fertilizer, and potash fer-
tilizer. Besides, hexazole alcohol, fluoramide, triadimefon, 
and other pesticides are also used in agriculture in the study 
area, which may be the causes of groundwater contamination 
in the study area.

The averages of all the elements in the study area show 
only slight changes in the dry and wet seasons. It indicates 
that the hydrogeological environment and hydrochemical 
processes in the study area are basically the same in both 
seasons. The contents of  Na+,  K+,  Ca2+,  Mg2+,  Cl−,  SO4

2−, 
 HCO3

−,  F−, and Mn in the wet season are slightly higher 
than those in the dry season. This indicates that the leach-
ing of irrigation water and rainfall during the wet seasons 
can introduce more soluble salts into groundwater. The infil-
tration of surface water or rainwater can also elevate the 
groundwater level, resulting in more groundwater evapo-
ration and increasing their concentrations. In addition, the 
changes of hydrodynamics can also accelerate the dissolu-
tion of minerals such as carbonates and gypsum, increas-
ing the concentrations of major ions. On the contrary, the 

contents of  NO3-N,  NH4-N,  PO4
3−, As, and Fe in the wet 

season are slightly lower than those in the dry season, indi-
cating that the dilution effect of irrigation water and rainfall 
on these elements or ions is greater than the evaporation 
effect.

Gibbs diagram is usually used to judge the natural evolu-
tion of surface water and the origin of ions, and it has also 
been widely used in the study of groundwater chemistry 
in recent years (He and Li 2020a). Gibbs diagrams classi-
fied the mechanisms which control the chemical properties 
of major dissolved salts in water into three types (Li et al. 
2012). As shown in Fig. 3, most of the samples are plotted 
in rock dominance zone, which suggests that water–rock 
interaction plays an important role in the chemical evolu-
tion of groundwater. Rock weathering and water–rock inter-
actions control the hydrochemical changes of groundwater 
in the study area. In addition, some points are plotted in 
the evaporation dominance zone, which may be attributed 
to the shallow depth and intense evaporation of unconfined 
groundwater in the Yinchuan Plain. The high groundwater 
evaporation may lead to the enrichment of As in phreatic 
groundwater.

In this study, Piper diagram (Piper 1953) was used to 
study the hydrochemical types in the study area (Fig. 4). Fig-
ure 4 shows that in the cationic triangle, most of the samples 
belong to no dominant type, and a few of them belong to 
sodium type, which indicates that the proportion of cations 
in groundwater in the study area is similar and belongs to 
mixed water. In the anionic triangle, some of the samples 
are located in the zone of no dominant type, which belongs 
to mixed water, and some of the samples are located in E 
region, which belongs to bicarbonate type. The Piper dia-
gram shows that the main hydrochemical type in the study 

Fig. 3  Mechanisms controlling 
groundwater evolution based on 
Gibbs diagram
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area is  SO4·Cl-Ca·Mg type, followed by  HCO3-Ca·Mg type 
in both seasons. The  Cl− and  SO4

2− type water is mainly 
the result of progressive salinization (Li et al. 2016), which 
comes from rock weathering and evaporation. The calcium 
carbonate type water mainly comes from the dissolution of 
carbonate. In this study, mixed  SO4·HCO3-Ca·Mg type water 
may be due to mineral dissolution and strong evaporation. 
The dissociation of dolomite adds  Ca2+,  HCO3

−, and  Mg2+ 
into the solution, and the dissolution of calcite releases  Ca2+ 
and  HCO3

− into the water (Abdalla and Al-Abri 2013; Li 
et al. 2016).

A large amount of dissolvable minerals and salts occurs 
in the sediments, which is the results of parent rock weath-
ering. The soluble salts will enter groundwater along with 
the infiltration of irrigation water and precipitation (Li et al. 
2016; He and Li 2020b). This process is classified as direct 
impacts of human activities by Li (2014). The impacts of 
human activities on the chemical compositions of ground-
water can be divided into two categories: direct impacts and 
indirect impacts (Li 2014). Direct impacts of human activi-
ties are those that directly alter the contents of groundwater 
chemical compositions. On the contrary, indirect impacts do 
not alter the contents of groundwater chemical compositions 
directly, but they can indirectly influence the contents of 
groundwater chemical compositions by altering hydrody-
namic conditions that may accelerate water–rock interaction 
processes and change groundwater evaporating intensity (Li 
2016; Li et al. 2016, 2017).

Groundwater Geochemical Processes Revealed 
by Correlation Analysis

The correlation of chemical elements in groundwater can 
help to understand the main hydrogeochemical processes 
that control the hydrochemical characteristics. The corre-
lation analysis of the main hydrochemical elements in the 
study area was carried out (Tables 2 and 3).

Most of the groundwater physicochemical indices have 
a high correlation between each other in both seasons, but 
the correlation among the elements in the wet season are 
generally higher than that in the dry season. The correla-
tion coefficients among TH, TDS,  Mg2+,  Na+,  SO4

2−, and 
 NO3-N in the wet season are very close to those in the 
dry season, which indicates that these indices are influ-
enced by similar factors in both seasons and the influenc-
ing degrees to these indices are similar. The correlations 
among pH,  NH4-N, F,  PO4

3−, COD, and As show signifi-
cant difference in the two seasons, because these indices 
may be influenced by different factors in the two seasons. 
For example, the content of COD is greatly affected by 
surface water recharge. In the dry season and wet season, 
the surface water recharging to groundwater has changed 
(Ji et al. 2020), which will alter the concentration of COD 
in groundwater, inducing the big change of the correlation 
coefficients between COD and other indices. The content 
of  PO4

3− in groundwater is strongly affected by human fac-
tors. In the study area, human activities are more intense 

Fig. 4  Hydrochemical types of 
groundwater in the study area 
based on Piper diagram
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and extensive in the wet season than in the dry season, so 
the correlation coefficients of  PO4

3− with other indices are 
different in the two seasons. Significant correlations of 
TDS with  SO4

2−,  Mg2+,  Ca2+,  Na+, and  Cl− are observed 
in both seasons, which indicates that these ions are the 
main components of TDS and rock weathering, and are 
playing an important role in the groundwater hydrochemi-
cal evolution of the study area.

To discuss more specifically, the correlation between  Na+ 
and  SO4

2− is high (r = 0.837 in the dry season and r = 0.841 
in the wet season), and the correlation among  Na+ and  Cl− is 
also high (r = 0.853 in the dry season and r = 0.717 in the 
wet season), which indicates that  Na+ mainly comes from 
the dissolution of evaporates such as halite and mirabilite 
in the study area. Some of the plots are plotted along the 
2:1 line, but some plots deviate from the 2:1 line (Fig. 5a), 
suggesting that some other factors are affecting the concen-
trations of  Na+ and  SO4

2‒. The linear relationship between 
 Na+ and  SO4

2− in the study area is y = 0.399x + 0.390. If  Na+ 
and  Cl− come solely from dissolution of halite, the samples 
should be plotted along the 1:1 line (Fig. 5b). As shown in 
Fig. 5b, the plots deviate from the 1:1 line, and more  Na+ is 
observed than  Cl‒. The  Cl‒ and  Na+ concentration conform 
to the fitting y = 0.471x + 1.494. This shows that halite disso-
lution is not the sole source of  Na+, but it plays a critical role 
in regulating the content of  Na+. In addition to the dissolu-
tion of evaporates mentioned above, cation exchange and 
silicate weathering may also contribute to the concentration 
of  Na+ in the water. The chemical reactions mentioned above 
can be expressed as follows.

Ca2+ and  Mg2+ display significant positive correlation 
with  SO4

2− and  HCO3
− as shown in Tables 2 and 3, indi-

cating that they may have the same source in groundwa-
ter (Ren et al. 2021), such as weathering and dissolution 
of gypsum  (CaSO4·2H2O), dolomite (CaMg  (CO3) 2) and 
calcite  (CaCO3). The dissolution of calcite and dolomite 
is expressed by Eqs. (8) and (9), respectively. The plots of 
 HCO3

− versus  Ca2+ +  Mg2+ (Fig. 5c) are mainly located 
in the area between the 2:1 line and 1:1 line, and the plot 
of  HCO3

− versus  Ca2+ (Fig. 5d) is mainly situated below 
the 2:1 line, suggesting that dolomite and calcite are the 
sources of  Ca2+ and  HCO3

‒ in the groundwater of the study 
area. However, they are not the sole factors affecting the 

(5)Na2SO4 → 2Na+ + SO2−
4

(6)NaCl → Na+ + Cl−

(7)
2NaAlSi3O8 + 2CO2 + 11H2O → Al2Si2O5(OH)4 + 2Na+ + 2HCO−

3

concentration of  Ca2+. The excess of  HCO3
‒ over  Ca2+ in 

Fig. 5d reveals that cation exchange mentioned previously 
is an important process in the study area. Gypsum can be 
dissolved into water and forms  Ca2+ and  SO4

2− in ground-
water (Eq. 10). As shown in Fig. 5e, when the concentra-
tion of  Ca2+ in groundwater in the study area is lower than 
4 mmol/L, the relationship of  Ca2+ versus  SO4

2‒ conforms 
generally to the 1:1 line, suggesting that gypsum dissolution 
is dominant in the study area. However, with the increase of 
 Ca2+ concentration in groundwater, the relationship between 
 Ca2+ and  SO4

2− no longer follows the 1:1 line and the plots 
deviate towards below the 1:1 line, indicating again that 
cation exchange is an important process regulating the con-
centration of  Ca2+ in the study area.

In groundwater with high concentrations of  Ca2+ and  Mg2+, 
cation exchange between  Ca2+/Mg2+ and  Na+ may occur. 
The cation exchange results in the release of  Na+ from the 
solid surface into groundwater and increases the concentra-
tion of  Na+. There is a strong correlation between  Na+ and 
 Ca2+/Mg2+ in the dry season in the study area, while the 
correlation of  Na+ with  Ca2+ in the wet season is not signifi-
cant. This indicates that cation exchanges of  Na+ with  Ca2+/
Mg2+ are strong in the dry season, while in the wet season, 
only cation exchange between  Na+ and  Mg2+ is strong. To 
further explain the cation exchange, two chloro-alkaline 
indices (CAI-1, CAI-2) were used in this study, which can 
be expressed by Eq. 11. When the value of CAI-1 and CAI-2 
are negative, exchange between  Ca2+/Mg2+ in groundwater 
and  Na+ from solid surface occurs (Eq. 12), while when both 
values are positive, the reverse process occurs. As shown in 
Fig. 5f, the values of CAI-1 and CAI-2 for the majority of 
the samples are negative, indicating that  Na+ in the solid 
surface is exchanged by  Ca2+/Mg2+ in the groundwater. In 
this case, the  Ca2+/Mg2+ concentrations may be lowered and 
the concentration of  Na+ is increased (Li et al. 2015; Ahmed 
et al. 2012).

(8)CaCO3 + H2O + CO2 → Ca2+ + 2HCO−

3

(9)
CaMg

(

CO3

)

2
+ 2H2O + 2CO2 → Ca2+ +Mg2+ + 4HCO−

3

(10)CaSO4 ⋅ 2H2O → Ca2+ + SO2−
4

+ 2H2O

(11)
CAI − 1 =

Cl−−(Na++K+)
Cl−

CAI − 2 =
Cl−−(Na++K+)

HCO−
3
+SO2−

4
+CO2−

3
+NO−

3

(12)

{

Ca2+ + 2NaX → 2Na+ + CaX2

Mg2+ + 2NaX → 2Na+ +MgX2
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Fig. 5  Binary ionic relation between a  Na+ and  SO4
2−, b  Na+ and  Cl−, c  HCO3

− and  Ca2+ +  Mg2+, d  HCO3
− and  Ca2+, e  SO4

2− and  Ca2+, and f 
CAI of cation exchange
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Hydrochemical Environment for As Enrichment

The correlation analysis results show that the correlation 
of As with various elements is quite different in dry and 
wet periods. Significant positive correlations of As with 
 NH4

+,  PO4
3−, and Mn (correlation coefficients are 0.524, 

0.351, and 0.433, respectively) and a weak positive cor-
relation between  HCO3

− and As (correlation coefficient is 
0.238) in the dry season were observed. On the contrary, 
a strong negative correlation between As and  HCO3

− (cor-
relation coefficient is − 0.415) and weak negative corre-
lations of As with Fe, and Mn (correlation coefficients 
are − 0.279 and − 0.318, respectively) were observed in 
the wet season.

As oxidation, adsorption and desorption are common pro-
cesses regulating the concentration of As in groundwater 
(Bian et.al 2015). In addition, the enrichment and transport 
of As in groundwater are also affected by surface water infil-
tration and human activities. Table 2 indicates that As has a 
high correlation with  PO4

3−, because arsenate and phosphate 
have similar chemical structures and properties (Duan 2016), 
resulting in competitive adsorption between phosphate and 
arsenate (Alam et al. 2016). The increase of phosphate in 
groundwater from agricultural activities will promote the 
desorption of arsenate, increasing the concentration of As in 
groundwater. Under weakly alkaline conditions,  NH4

+ can 
promote the desorption of As adsorbed on the surface of iron 
and manganese hydroxides, increasing As concentration in 
groundwater. The reductive dissolution of arsenic-containing 
manganese oxides results in a positive correlation between 
Mn content and As (Eq. 13).

where  Ass represents the As complexes in solution occurring 
as uncharged or negatively charged oxyanions.

In addition, the strong correlation between As and 
 PO4

3−/NH4
+-N indicates another possible source of As in 

groundwater, i.e., chemical fertilizers and organic wastes. 
The west and north of the study area are large zone of irri-
gated agricultural areas diverting from the Yellow River. 
Untreated chemical fertilizers and organic wastes are leached 
into phreatic groundwater. On the one hand, there may con-
tain As in chemical fertilizers. On the other hand, the exist-
ence of organic wastes can promote desorption of As. These 
two ways may increase the content of As in groundwater.

Arsenite is absorbed and co-precipitated by calcite 
(Roman-Ross et al. 2006), so there is a significant negative 
correlation between As and bicarbonate when the concentra-
tion of bicarbonate is high. The negative correlation between 
As and bicarbonate may also be related to the oxidation of 
organic matter by microorganisms in the process of reducing 
hydroxide and releasing As at high temperature (Eq. 14).

(13)
S + 3MnO2 − As + 4H+

→ SO2−
4

+ 3Mn2+ + 3Ass + 2H2O

where  Ass is the As complexes in solution occurring as 
uncharged or negatively charged oxyanions C, and  CH2O 
represents organic matter. FeOOH-As denotes As adsorbed 
by ferric oxyhydroxide.

As and Fe often exist in the form of sulfides in groundwa-
ter, such as pyrite (FeS-As) and arsenopyrite (FeAsS) (Ahn 
2012), and their dissolution in water can be expressed as 
follows (Duan 2016).

The increase of  Fe3+ in local sewage will enhance As 
adsorption onto the iron hydroxide surface and form arse-
nate, that is, thus reducing the content of As in groundwater. 
This means  Fe3+ should have a negative correlation with 
As. According to Eq. 14, the content of  Fe2+ and that of As 
should have been positively correlated. However, the cor-
relation analysis during the wet season shows that total Fe 
and As show a negative correlation. This indicates that  Fe3+ 
is the main form of Fe in the study area to affect As content 
in the groundwater. Figure 6 is the conceptual model illus-
trating the hydrochemical processes driving As enrichment 
in groundwater.

Temporal and Spatial Variation of As

In this study, the contour maps of As concentration and 
related ions  (HCO3

−,  PO4
3−, Mn,  NH4

+) are drawn by Krig-
ing interpolation. Figure 7 shows the contour map of As 
concentration in the dry season (Fig. 7a) and wet season 
(Fig. 7b). The concentration difference between the two sea-
sons is shown in Fig. 7c, which shows significant changes 
in the distribution of As in the phreatic groundwater in the 
dry season (March) and wet season (July). The content of 
As in groundwater is low in the dry period, and As is high 
in the north and southeast of the study area. However, As 
concentration in the wet season spreads westward compared 
with that in the dry season, and the As concentration in the 
groundwater increases in the wet season.

High As areas during the dry period are located in the 
north where canals are densely distributed and the areas 
near the Yellow River in the southeast. The closer to the 
surface water, the higher the content of As in groundwater 
can be. This indicates that the content of As in groundwa-
ter is mainly controlled by surface water. In the wet sea-
son, the Yellow River water is used for irrigation in agri-
cultural irrigation areas, and the irrigation water diverted 
from the Yellow River becomes the main recharge source 

(14)
CH2O + 4FeOOH - As + 7H2CO3 → 4Fe

2+ + 8HCO
−
3
+ 4Ass + 6H2O

(15)
2FeAsS + 7O2 + 8H2O → 2Fe(OH)3 + 2AsO3−

4
+ 2SO2−

4
+ 10H+

(16)
2(FeS - As)S + 7O2 + 2H2O → 2Fe3+ + 2SO2−

4
+ 2AsO3−

4
+ 4H+
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of groundwater. The infiltration of irrigation water may lead 
to the increase of phosphate and nitrogen in groundwater. 
In addition, the infiltration of irrigation water changes the 
dynamic conditions of groundwater, which may promote or 
inhibit a series of water–rock interactions in the groundwater 
environment. This will increase the concentration of As in 
the wet season and extend As enrichment areas towards the 
agricultural irrigation areas in the west. The above discus-
sion indicates that surface water infiltration may modify the 
subsurface environment and enhance the water–rock interac-
tions, accelerating the release of As into groundwater.

At the same time, agricultural activities are strengthened 
in the wet season, which may also lead to an increase in As 
content in agricultural irrigation areas. Figure 7c shows that 
the changes of As content are small in the areas close to the 
surface water, while in the areas far away from surface water, 
the content of As varies greatly in the two season. This phe-
nomenon is due to the fact that in the areas close to the 
Yellow River, the hydrochemical process in groundwater is 
mainly affected by the Yellow River water. The percolation 
of the Yellow River into subsurface area does not change 
significantly during the two seasons. Therefore, the As con-
centration in the two seasons does not change significantly 
in the near-river areas. However, in the far-river areas, the 
infiltration of surface water is completely different during 

the two seasons. The infiltration of surface water is strong 
in the wet season and weak in the dry season. Therefore, 
As concentration in the far-river areas varies significantly. 
In addition, the human activities are more intense in the 
far-river areas than in the near-river areas, because more 
agricultural lands are located in the far-river areas.

Figure 8 shows the contour maps of  HCO3
−,  PO4

3−, Mn, 
and  NH4-N that are significantly correlated with As during 
the dry season (Fig. 8a, c, e, g) and the wet season (Fig. 8b, 
d, f, h). As shown in Fig. 8,  HCO3

− shows an obvious sea-
sonal effect, while that of  PO4

3− does not. The contours 
of concentration distribution of Mn and  NH4-N in the wet 
season and dry season are basically the same, respectively, 
suggesting that they have no seasonal variation. It can be 
seen from the Figs. 7 and 8 that the distributions of As con-
tent in the dry season are similar to that of Mn and  NH4-N, 
indicating that they may have the same influencing factors 
during the dry season. During the wet season, the contour of 
As concentration shows an opposite trend to that of  HCO3

−, 
which confirms the results of correlation analysis.

In the dry season, the infiltration of surface water and 
disturbance of human activities to groundwater is rela-
tively smaller compared to those in the wet season. In the 
wet season, the reductive dissolution of manganese oxides 
containing As, accompanied by the competitive adsorption 

Fig. 6  Conceptual diagram of the hydrochemical process driving As enrichment
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of phosphate, carbonate, and arsenate, affects significantly 
As content in groundwater during the wet season. However, 
the distribution of As is different from that of  NH4

+ in the 
dry season. This shows that the effect of agricultural chemi-
cal fertilizers and organic wastes on the content of As in 
the dry wet season is weaker compared with the effect of 
surface water infiltration. This shows that the subsurface 
environment change caused by surface water infiltration is 
the dominant factor affecting As release into groundwater. 
In the wet season, the rise of oxygen in groundwater leads to 
the enhancement of oxidation in the subsurface areas.  Fe2+ 
and  NH4

+ are oxidized, and their controls on As content in 
groundwater is relatively weakened.  Fe3+ becomes one of 
the main elements affecting the enrichment of As in aquifers 
in the wet season.

Health risks of As

Exposure to As in drinking water can cause a series of 
diseases such as lung cancer, respiratory cancer, prostate 
cancer, high blood pressure, and diabetes (Lamm et al. 
2018; Welch et al. 1982; Ahn et al. 2020; Wang et al. 2011; 

Bräuner et al. 2014; He et al. 2020b). People exposed to high 
and medium levels of As have high rates of mortality and 
lung cancer (Khan et al. 2020). Zhao et al. (2014) conducted 
meta-analysis on the dose–response relationship between 
arsenic concentration in water and the risk of lung cancer. 
The results of analysis indicated that when As concentration 
in drinking water increased by 1 μg/L, the risk of lung can-
cer would be increased by 0.07%–0.22%. In order to quantify 
the relationship between the incidence of lung cancer and As 
concentration in drinking water, Lamm et al. (2018) calcu-
lated the incidence of lung cancer and the concentration of 
arsenic in drinking water in American counties from 2009 to 
2013 and established a linear model between the total lung 
cancer rate and the median value of As in drinking water 
(Fig. 9). Data sources of the linear model included USGS for 
arsenic exposure, NCI for lung cancer outcome, and CDC 
and US Census Bureau for covariates. To demonstrate the 
average situation of the risk in the study area, mean arsenic 
level was used to estimate the lung cancer risk in this study.

Line 1 represents the linear relationship of As with the 
total lung cancer when the median value of As is less than 
25 μg/L, and it satisfies y =  − 0.837x + 67.766  (R2 = 0.018, 

Fig. 7  Contour maps of a As in the dry season, b As in the wet season, c difference between the dry and wet seasons
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Fig. 8  Contour maps of (a, b)  HCO3
−, (c, d)  PO4

3−, (e, f) Mn, and (g, h)  NH4
+ in the dry season and wet season
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p < 0.001). In this study, the mean value of As in the dry 
season is 1.6 μg/L, and that in the wet season is 1.3 μg/L, 
indicating a total lung cancer rate of 66.43 ×  10–5 and 
66.68 ×  10–5 in the dry and wet seasons, respectively. This 
means around 66 out of 100 thousand persons may suf-
fer from lung cancer due to drinking high As water. Line 
2 is the revised relationship between the median value of 
As and the total lung cancer rate when the median value 
of As is lower than 100 μg/L. The revised relationship fits 
y =  − 0.432x + 67.125  (R2 = 0.012, p = 0.003). Calculated 
from line 2, the total lung cancer rate of As exposure in the 
study area is 66.43 ×  10–5 in the dry period and 66.56 ×  10–5 
in the wet season. Both relationships show that the total 
lung cancer rate of As exposure in the wet season is slightly 
higher than that in the dry season in the study area. The lung 
cancer risk is higher than the maximum acceptable level 
(1 ×  10–4). Thus, As treatment is required for drinking water 
in the study area.

Some existing measures can effectively control the indus-
trial point source pollution of metals and metalloids (Zhao 
et al. 2021). However, as indicated by the results of the 
present study, non-point source pollution of As is the main 
problem in the study area. Especially, the natural factors are 
probably more important than human activities. Therefore, 
the following aspects should be particularly considered for 
the treatment of As pollution in the study area.

(1) High As groundwater can be very toxic to human 
health, and water should be treated before supplied 
to reduce the As concentration. Household arsenic 

removal devices should be encouraged to residents 
living in the area. The method of adsorption and ion 
exchange is more suitable to be used as household filter 
material to remove arsenic from drinking water. The 
nanocomposites formed by some magnetic iron com-
pounds such as magnetite–maghemite or jacobsite with 
graphene (Abejón and Garea, 2015) or sand (Kango 
and Kumar, 2016) can be used as adsorption materi-
als to remove arsenic ions from drinking water, which 
has less secondary pollution. In addition, cerium, as an 
adsorbent material in the latest research, combined with 
activated carbon (Li et al. 2021) or glass fiber (Sawana 
2016), can also be used as a material for adsorption in 
household arsenic removal.

(2) Because of the close relationship between phreatic 
groundwater and surface water, surface water qual-
ity should be strictly protected. Irrigation with water 
diverted from the Yellow River should be carefully 
allocated, as agricultural irrigation is an important 
factor affecting the release of As into groundwater. In 
addition, the As release mechanisms under irrigation 
infiltration should be further explored.

(3) The infiltration of agricultural irrigation water in the 
study area is strong, so the use of As-containing pesti-
cides and fertilizers should be regulated and the content 
of As in agricultural infiltration water should be tested 
regularly. If high As concentration is detected in irriga-
tion water, it should be controlled.

Conclusions

In this study, the hydrochemical characteristics which are 
important for the enrichment and variation of As in the 
phreatic groundwater in parts of the Yinchuan Plain have 
been discussed. Correlation analysis was used to quantify the 
degree of correlation among As and other ions. The Kriging 
interpolation method was used to draw the distribution maps 
of As and the ions. The impacts of As on human health were 
discussed. The main conclusions are as follows:

(1) The ion abundance in the groundwater of the study 
area is  Na+ >  Mg2+ >  Ca2+ >  K+ for cations, and 
 HCO3

− >  Cl− >  SO4
2− for anions. The dominant hydro-

chemical type of groundwater is  SO4·Cl-Ca·Mg, fol-
lowed with  HCO3-Ca·Mg type, which are regulated by 
cation exchange, dissolution of carbonate, sulfate, and 
halite. There are a large number of water samples with 
exceeding  SO4

2−, Mn, and Fe.
(2) The correlation analysis shows As has a positive cor-

relation with  NH4-N,  PO4
3−, Mn, and  HCO3

− in the 
dry season, while As  has a negative correlation with 
As and  HCO3

−, Fe, and Mn in the wet season. The dis-

Fig. 9  Linear relationship between As level (μg/L) and the total lung 
cancer rate
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solution of manganese oxides containing As is the main 
source of As in phreatic water during the dry season. 
The infiltration of irrigation water affects the enrich-
ment of As in the phreatic aquifer during the wet sea-
son.

(3) In the dry season, high As is enriched in areas close 
to surface water, while in the wet season, the high As 
area extended to the western agricultural irrigation 
area, which is due to the irrigation that modifies the 
subsurface hydrogeochemical environment and leads 
to the temporal and spatial difference of As.

(4) The health risk of lung cancer caused by As in ground-
water is high in the study area as indicated by the linear 
fitting results. The lung cancer risk is higher than the 
maximum acceptable level. In order to solve this prob-
lem, it is necessary to make treatment before the water 
is supplied and irrigation with water diverted from the 
Yellow River should be carefully allocated. Irrigation 
water should be tested regularly for As concentration. 
Scientific research on As release mechanisms under the 
irrigation condition should be encouraged. Nanocom-
posites consisting of graphite and iron oxides or cerium 
complex can be used as adsorption material to remove 
arsenic from drinking water in domestic filtration sys-
tem to reduce the health risk.
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