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Abstract: With the rapid development of cities in northwest China, there has been an increasing focus on 

groundwater pollution in plateau cities, specifically the common occurrence of nitrate pollution. The special 

climatic, geological, and geomorphological characteristics of plateau and river valley cities contribute to 

distinct groundwater chemical characteristics. Therefore, the formation and evolution process of groundwater 

nitrate contamination differs from that of plain cities. To explore these issues, we conducted an analysis of eight 

major ions in various groups of water samples from rivers, springs, and groundwater in Haidong. By utilizing 

factor analysis and correlation analysis, we were able to identify the characteristics and formation of 

groundwater chemistry and nitrate pollution in Haidong. Our findings reveal that the chemical characteristics 

of groundwater in Haidong are primarily controlled by rock weathering, mineral dissolution, and evaporation, 

leading to the formation of highly mineralized groundwater. Additionally, the excessive nitrate content in 

certain areas is a result of domestic sewage discharge and agricultural fertilizer use, exceeding Chinese 

drinking water health standards. Furthermore, for cities located in valleys, the geological structure significantly 

impacts the nitrate content of groundwater in different regions. Areas with obstructed groundwater flow tend 

to have higher nitrate levels, while regions with unobstructed groundwater experience lower nitrate 

concentrations. Notably, shallow groundwater is more vulnerable to nitrate pollution compared to deep 

groundwater. This study holds great significance in understanding the chemical characteristics of groundwater 

and the formation and evolution of nitrate pollution in highland river valley cities. 

Keywords: hydrochemical characteristics; nitrate; source; valley city 

 

1. Introduction 

The scarcity of water resources is currently a pressing issue faced by many countries. 

Groundwater, as a vital component of freshwater resources, is directly linked to the safety of our 

drinking water. However, with the progression of the economy and society, groundwater pollution, 

particularly from nitrate, has become increasingly severe [1]. Nitrate pollution has led to a decline in 

water quality in numerous countries, significantly impacting the health of residents who rely on 

drinking water. Elevated levels of nitrate in drinking water pose various health risks, such as 

methemoglobinemia, gastrointestinal diseases, and blue baby syndrome, thereby increasing the 

susceptibility to cancer [2–5]. Nitrate exhibits high mobility, and groundwater, characterized by its 

substantial volume and slow flow rate, serves as a long-term reservoir for nitrate following surface 

leaching. Over time, the concentration of nitrate in groundwater gradually accumulates [6]. Multiple 

natural and human-induced factors contribute to nitrate pollution sources. Research has indicated 

that in rural areas, the leakage of agricultural fertilizers and the discharge of livestock manure are the 

primary contributors to nitrate pollution [7–9]. However, in urban areas, with the growth of urban 

populations, the main sources of nitrate pollution have shifted to domestic sewage discharge, landfill 
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leakage, and nitrate infiltration in urban grasslands, which cannot be overlooked [10–13]. These 

factors collectively contaminate shallow groundwater. In a study conducted by He [14] in the 

Yinchuan Plain, a semi-arid region of China, groundwater nitrate pollution was modeled using a 

random forest approach. The findings revealed that urban land has emerged as a major contributor 

to nitrate pollution, primarily due to rapid urban development. Furthermore, it is crucial to 

acknowledge that not only shallow groundwater, but also deep groundwater, which serves as a 

pathway for pollutants due to deep well exploitation, is contaminated to some extent and poses 

significant challenges in terms of remediation [15,16]. 

China is among the countries worldwide that face severe surface and groundwater pollution 

issues, despite notable progress in water pollution control over the past two decades [17–19]. 

Nevertheless, new challenges continue to arise, particularly with regard to the increasingly 

prominent problem of nitrate pollution. Multiple samples have shown nitrate levels surpassing the 

World Health Organization’s drinking water standards (50mg/L), highlighting the urgency of 

addressing nitrate pollution [20–22]. Controlling nitrate pollution is imperative, as it not only ensures 

the provision of safe drinking water for residents but is also closely linked to the achievement of 

sustainable development goals [23]. Currently, the standard limit for nitrate in drinking water in 

China stands at 44.3 mg/L, considering the existing conditions of nitrate pollution in groundwater. 

Scholars from around the world have extensively studied the characteristics, sources, migration, 

transformation, and risk assessment of nitrate pollution [7,16,24,25]. Isotopic methods are frequently 

employed for identifying the sources and transport of nitrate contamination in groundwater. 

However, these methods face challenges in accurately reflecting the complex biochemical processes 

and lagging nature of groundwater [26–28]. Kazakis and Voudouris [16] utilized an improved version 

of the DRASTIC method, integrating quantitative parameters and modifying the category range and 

final index of parameters to assess the vulnerability and pollution risk of porous aquifers to nitrate. 

Building upon the chemical characteristics of groundwater, Xiao et al. [25] investigated the chemical 

processes occurring in the semi-arid mountain front of northern China and evaluated groundwater 

risk using the entropy weight water quality index. Dragon et al. [24] employed factor analysis to 

identify geochemical processes influencing groundwater chemistry, while also examining the 

influence of aquifer flow systems on groundwater chemistry in Poland’s Vilkopolska region. Lahjouj 

et al. [29] studied the distribution of nitrate in the Quaternary aquifer of the Sais Basin during both 

spring and fall seasons using statistical methods, discovering that the impact of other chemical 

components on groundwater nitrate varied between seasons. Additionally, hydrochemistry and 

isotope tracing methods were employed by Sun et al.[7] to explore the chemical characteristics of 

groundwater in mountainous regions of North China and assess the influence of lateral recharge on 

nitrate transport flux. Among these studies, hydrochemistry and multivariate statistical analysis 

methods were most commonly utilized to uncover the sources and transformation processes of 

various chemical components within groundwater. 

Haidong, located in northwest China along the banks of the Huangshui River, holds significant 

importance. As a typical valley city, Haidong’s groundwater resources are closely tied to its rivers. 

Unlike most cities, the groundwater flow system in river valley cities primarily centers around the 

main river valleys within the basin. This unique characteristic facilitates frequent water exchange 

between groundwater and river water. However, being situated in a plateau area, Haidong exhibits 

distinct lithological and structural characteristics that differ significantly from those of plain cities. 

These differences give rise to special recharge and discharge properties of groundwater, further 

influencing the distribution patterns of pollutants. Over the past few years, the rapid urban 

development of Haidong has adversely affected its groundwater quality[30,31]. In certain areas, the 

nitrate content in groundwater exceeds the drinking water standards set by the World Health 

Organization (50mg/L). This study selects the Ping’an - Ledu Basin in Haidong as the study area, 

considering its unique geological and geomorphic conditions. By employing hydrogeochemical and 

multivariate statistical analysis methods, this research endeavors to investigate the chemical 

characteristics of groundwater, as well as the sources and distribution patterns of nitrate pollution. 
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2. Study Area 

2.1. Physical Geography 

The investigated region lies at the junction of the Qinghai-Tibet Plateau and the Loess Plateau, 

and it is characterized by the Huangshui River passing through the entire study area from west to 

east (Figure 1), making it a typical valley city. The study area is located at longitudes 101.95 and 

102.64 E, and latitudes 36.4 and 36.71 N. The altitude ranges from 1862 m to 4051 m, and it experiences 

a semi-arid continental climate. The average annual temperature ranges from 0.3 ℃ to 6.8 ℃, with 

an average annual precipitation of 327.7 mm. Precipitation shows significant spatiotemporal 

differences, with higher rainfall observed in the mountainous areas to the north and south compared 

to the central basin. Additionally, precipitation is mainly concentrated between June and September. 

The study area experiences relatively strong evaporation, with an average annual evaporation of 

1580.84 mm. The basin is supplied by multiple tributaries on both the north and south sides, with the 

Yinsheng River being the largest tributary in terms of water volume and an important water source 

for Haidong. 

 

Figure 1. Figure for showing (a), (b) and (c): geographical location, sampling points, and (d): cross 

section of the study area. 

2.2. Geological Conditions 

The sedimentary rock layers in the study region consist primarily of three formations, listed 

from youngest to oldest: (1) The surface is covered with Quaternary loess, with varying thicknesses 

that gradually increase from the Huangshui River towards the north and south sides, ranging from 
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2 to 30 meters. (2) Beneath the loess, there is a Quaternary gravel layer that gradually decreases in 

thickness from the Huangshui River towards the north and south sides, ranging from 3 to 8 meters. 

This gravel layer serves as the main aquifer in the study area. (3) Underlying the gravel layer are 

mudstones and sandstones deposited during the Paleogene and Cretaceous periods. Additionally, 

large deposits of glauberite and gypsum rocks are present. Tectonic activities have had a significant 

impact on the study area, resulting in the formation of synclinal folds and the Huangshuihe 

Depression as the main geological structures. Furthermore, local areas exhibit small-scale synclinal 

water storage structures (Figure 1) due to these tectonic influences. 

2.3. Human Activities and Land Use 

The study area is situated in the Huangshui River Valley, serving as a significant focal point for 

both urban and rural communities. In recent years, there has been a considerable increase in urban 

population, leading to rapid advancements in agriculture and animal husbandry. The land in the area 

is categorized into seven land use types: grassland, forest land, shrub land, cultivated land, barren 

land, construction land, and water bodies. Barren land and construction land are primarily found in 

Ping’an District and Ledu District, the two urban areas. Grassland, forest land, and shrub land are 

predominantly located in mountainous and hilly regions. Cultivated land is predominantly 

distributed in the river valley areas on both sides of the Huangshui River and its tributaries, mainly 

used for growing crops such as wheat, potatoes, and rapeseed. To enhance agricultural production, 

fertilizers and commercial organic fertilizers are employed in the arable land. 

3. Materials and Methods 

3.1. Sample Collection and Measurements 

A total of 108 groundwater and surface water samples were taken from the study area in 2022, 

of which groundwater samples included 70 domestic well water samples with a sampling depth of 

5-10 m and 25 spring water samples, and 13 surface water samples from the Huangshui River and its 

tributaries. Well water samples were obtained from wells at a depth of 5-10m, while spring water 

samples were directly collected from exposed springs. These sampling points were strategically 

distributed near the Huangshui River and its tributaries, as shown in Figure 1. Upon collection, the 

samples were analyzed by Qinghai Jiuliu Engineering Exploration and Design Institute. The water 

chemistry parameters examined in this study included pH, Na+, Ca2+, Mg2+, Cl-, SO42-, HCO3-, OH-, 

NO3-, total dissolved solids (TDS), and total hardness (TH). 

To ensure the accuracy and effectiveness of water sample analysis, the ion balance error (E) is 

calculated using the following formula (Equation (1)): 𝐸 = ∑𝑐𝑎𝑡𝑖𝑜𝑛 − ∑𝑎𝑛𝑖𝑜𝑛∑ 𝑐𝑎𝑡𝑖𝑜𝑛 + ∑𝑎𝑛𝑖𝑜𝑛 × 100% (1) 

In Equation (1), the content of anions and cations is expressed in meq/L, and the result of E 

within ±5% indicates the reliability of the water sample analysis results [32]. The E in this test are all 

within the range of ±5%, and the water sample testing accuracy is very good. 

The remote sensing image dataset and land cover dataset used in this study are respectively 

from the Geospatial Data Cloud site, Computer Network Information Center of the Chinese Academy 

of Sciences (https://www.gscloud.cn). 

3.2. Correlation Analysis 

Correlation analysis is a statistical method utilized to examine the relationship between two or 

more variables, where correlation coefficients are used to quantify the correlation between these 

variables. Considering the presence of potential outliers in the chemical parameters of water samples, 

the Pearson correlation coefficient is deemed unsuitable for this study. Instead, the Spearman 

correlation coefficient was employed to ascertain the correlation between the following water sample 

parameters: pH, Na+, Ca2+, Mg2+, Cl-, SO42-, HCO3-, OH-, NO3-, TDS, and TH. When the correlation 
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coefficient ranges from 0 to 1, it indicates a positive correlation between the variables. Conversely, a 

correlation coefficient ranging from -1 to 0 signifies a negative correlation. A correlation coefficient 

of 0 denotes no correlation between the variables. The Spearman correlation coefficient is computed 

using the formula presented below (Equation (2)). 

𝜌 = 1𝑛∑ ቀ൫𝑅(𝑥௜) − 𝑅(𝑥)തതതതതത൯൫𝑅(𝑦௜) − 𝑅(𝑦)തതതതതത൯ቁ ∙௡௜ୀଵටቀ1𝑛∑ ൫𝑅(𝑥௜) − 𝑅(𝑥)തതതതതത൯ଶ௡௜ୀଵ ቁ ቀ1𝑛∑ ൫𝑅(𝑦௜) − 𝑅(𝑦)തതതതതത൯ଶ௡௜ୀଵ ቁ (2) 

In Equation (2), 𝑅(𝑥) and 𝑅(𝑦) represent the positions of 𝑥 and 𝑦, respectively, 𝑅(𝑥)തതതതതത  and 𝑅(𝑦)തതതതതത represent the average positions of 𝑥 and 𝑦, and 𝑛 represents the total number of samples. 

3.3. Factor Analysis 

Hidden interconnections frequently exist among different chemical parameters of groundwater. 

Factor analysis can be employed to categorize these potentially related variables into several 

independent primary factors, which can effectively demonstrate the associations among the initial 

variables [18,33]. This approach is commonly used in hydrogeochemistry research, enabling the 

examination of relationships among various indicators and the determination of hydrogeochemical 

evolution mechanisms. The modeling process of factor analysis is outlined below. 

Assuming that the water sample has a total of 𝑝 variables 𝑋௜ (parameter to be analyzed), there 

is a set of common factors 𝐹ଵ ,𝐹ଶ ,…𝐹௠ (𝑚 < 𝑝 ), and special factors 𝜀௣ . Variable 𝑋௜ , 𝐹௠  and 𝜀௣ 

satisfy the following model (Equation (3)): 

൞𝑋ଵ = 𝛼ଵଵ𝐹ଵ + 𝛼ଵଶ𝐹ଶ +⋯+ 𝛼ଵ௠𝐹௠ + 𝜀ଵ𝑋ଶ = 𝛼ଶଵ𝐹ଵ + 𝛼ଶଶ𝐹ଶ +⋯+ 𝛼ଶ௠𝐹௠ + 𝜀ଶ………𝑋௣ = 𝛼௣ଵ𝐹ଵ + 𝛼௣ଶ𝐹ଶ +⋯+ 𝛼௣௠𝐹௠ + 𝜀௣ (3) 

In Equation (3), 𝜀௜ is the special factor of 𝑋௜, 𝛼୧୨ is the load of the 𝑖௧௛ variable on the 𝑗୧୨ factor. 

The model satisfies the following three assumptions: (1) common factors are not correlated with each 

other; (2) Special factors are not correlated with each other; (3) There is no correlation between 

common factors and special factors. 

In this study, hydrochemical parameters were used as raw variables to establish an orthogonal 

factor model. The common factors and factor loading matrix were obtained through principal 

component analysis, and the factor rotation was performed to determine the significance of each 

common factor. The factor analysis model is implemented using R 4.3.0. 

4. Results and Discussion 

4.1. Hydrochemical Characteristics 

The statistical results of hydrochemical parameters of collected groundwater and river water 

samples are shown in Table 1. The levels of ions in groundwater are significantly higher than those 

in river water. This is largely attributable to the poorer fluidity of groundwater and frequent 

exchange between river water and other water bodies, which in turn creates higher levels of ions in 

groundwater. The levels of Na+ (2.54-2008.59mg/L), K+ (0-168.92mg/L), SO42- (9.61-2713.7mg/L)， Cl- 

(10.64-3772.25mg/L), and NO3- (0-301.6mg/L) vary greatly among different groundwater samples, 

with CV values of 122.07%, 143.96, 90.36%, 146.31% and 147.77% respectively. However, the changes 

of HCO3- (203.57mg/L-689.53) and pH (7.01-8.3) were small in both groundwater and river water, and 

the water samples in the study area were alkaline. The consentration of SO42-, TDS (235.29-9235.48 

mg/L) and TH (230.18-3522.82 mg/L) in groundwater are typically elevated, with more than 50% of 

the samples surpassing the Chinese drinking water hygiene standards. Furthermore, certain 

groundwater samples exhibit NO3- concentrations that significantly exceed the Chinese standard for 

drinking water hygiene. The pH of groundwater ranges from 7.01 to 8.26, which falls within the 6.5-

8.5 range stipulated by Chinese drinking water standards.The adbundance of cation in groundwater 
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is ranked: Na+>Ca2+>Mg2+>K+, and the adbundance of annion in groundwater is ranked: SO42->HCO3-

>Cl->NO3-. 

Table 1. Results of hydrochemical analysis. 

Parameters Units 
Maximum Minimum Mean Median CV 

standard 
GW SW GW SW GW SW GW SW GW SW 

Na+ mg/L 2008.6 476.3 2.54 4.04 249.2 157.8 159.4 81.1 122.1% 95.5% 200 

K+ mg/L 168.9 56.3 0 0 21.9 13.2 9.9 5.1 144% 130.4% / 

Ca2+ mg/L 571.1 288.58 36.1 52.1 211.3 128.4 180.4 91.2 57.6% 58.3% / 

Mg2+ mg/L 509.1 104.49 0 15.8 92.5 53.3 76.6 45.6 78.9% 61.1% / 

Cl- mg/L 3722.3 506.94 14.2 10.64 308.1 168.4 198.5 85.1 146.3% 100.1% 250 

SO42- mg/L 2713.7 1068.7 9.6 38.42 636.1 389.8 446.7 266.6 90.4% 88.9% 250 

HCO3- mg/L 689.5 378.32 203.6 201.37 403.6 267.5 408.8 256.3 24.2% 18.3% / 

NO3- mg/L 301.1 77.96 0 5.39 29.3 21.1 11.3 15.4 147.8% 89.8% 44.3 

pH / 8.3 8.26 7.01 7.21 7.5 7.9 7.5 8.1 3.45% 4.3% 6.5-8.5 

TDS mg/L 9235.5 2346.6 278.1 235.29 1714.3 1032.8 1349 698.2 80.6% 75.8% 1000 

TH mg/L 3522.8 1105.9 230.2 210.17 909.5 540 840.7 445.4 60.8% 57% 450 

1 GW: groundwater.; SW: surface water; CV: coefficient of variation.2 Standard: Standard for Drinking Water 

develped by China (GB 5749-2022). 

Based on the diagram of The Piper (1944) (Figure (2)), the chemical composition of the 

groundwater samples can be categorized into three types: HCO3-SO4-Cl-Ca-Na, HCO3-SO4-Ca-Mg, 

and SO4-Na. Similarly, the chemical composition of the river water samples can be classified into two 

types: HCO3-SO4-Cl-Ca-Na and HCO3-SO4-Ca-Na. It is worth noting that the chemical composition 

of the river closely resembles that of the groundwater. This can be attributed to the fact that the rivers 

in the study area are primarily fed by groundwater discharge, with the exception of specific storage 

areas. Moreover, the rivers receive additional recharge from surface runoff, which chemically 

resembles precipitation and has relatively low ion levels. Consequently, the chemical composition of 

river water is comparatively lower than groundwater. Interestingly, more than half of the 

groundwater samples exhibited high total dissolved solids (TDS) due to significantly elevated levels 

of SO42-, Cl-, and Na+. As a result, certain regions within the study area have highly mineralized 

groundwater. 

 

Figure 2. Piper diagram shouwing the chemical of groundwater samples and surface water samples. 
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According to the distribution of each chemical constituent (Figure (3)), groundwater with high 

TDS is primarily found on the periphery of river valleys. This particular groundwater exhibits a 

chemical composition dominated by SO42-, Cl-, and Na+. Conversely, HCO3-, Ca2+, and Mg2+ are 

relatively evenly distributed in the water samples and serve as the main ionic components in 

groundwater with low TDS. These low TDS groundwater sources are primarily found along rivers. 

The distribution of NO3- displays regional variations, with higher concentrations observed in the 

western part of the study area compared to the eastern part. In fact, more than half of the water 

samples in the western region exceeded the Chinese drinking water standard for NO3-. However, in 

the eastern region, a majority of the water samples complied with the Chinese drinking water 

standard for NO3-. Nonetheless, sporadic occurrences of high NO3- levels exceeding the Chinese 

drinking water standards were observed in certain areas within the groundwater distribution. 

 

Figure 3. Distribution of chemical constituents in groundwater samples and surface water samples. 

4.2. Result of Factor Analysis 

Factor analysis was conducted on the groundwater samples in the study area, targeting the eight 

major ionic constituents. Factor rotation was applied to obtain three principal factors (Table 2). 

Among these factors, F1 exhibited a significant correlation with Na+ and Cl- with a factor contribution 

of 28.9%. Conversely, F1 displayed weak correlation with Ca2+ and a negative correlation with HCO3-

. This pattern can be attributed to evapotranspiration, which results in elevated levels of Na+ and Cl-

, while HCO3- and Ca2+ precipitate after reaching their saturation concentrations. F2 accounted for 

26.7% of the variability and exhibited strong correlation with Ca2+ and SO42-, while displaying 

relatively weak correlations with Na+, K+, and Cl-. This can be attributed to the fact that F2 

predominantly reflects rock weathering and the dissolution of minerals such as mirabilite and 

gypsum. F3 contributed 10.6% and demonstrated high correlation with Mg2+, HCO3-, and NO3-. In 
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contrast, it showed no correlation with Na+ and K+. F3 is likely associated with carbonate rock 

dissolution and human activities. The first two factors exhibited similar contribution rates and are 

primarily determined by climatic and geological conditions, representing the main factors 

influencing the chemical composition of groundwater. On the other hand, the third factor is primarily 

linked to groundwater pollution by sewage and agricultural effluent discharges. 

Table 2. Table of principal component rotation variable. 

Original variable 
Load of each principal component variable 

F1 F2 F3 

Na+ 0.801 0.541 0.000 

K+ 0.486 0.284 0.000 

Ca2+ 0.342 0.767 0.145 

Mg2+ 0.513 0.490 0.701 

Cl- 0.929 0.281 0.229 

SO42- 0.344 0.913 0.209 

HCO3- -0.211 0.144 0.282 

NO3- 0.157 0.000 0.380 

Eigenvalue 2.311 2.140 0.846 

Contribution of variance/% 28.9 26.7 10.6 

Cumulative contribution/% 28.9 55.6 66.2 

It can be observed that SO42- and Ca2+ exhibit strong positive correlation, with similar loadings 

across all three principal components. This suggests that these two ions share the same source, with 

only a small portion exhibiting different sources (Figure (4)). Na+ and Cl- also display a strong 

correlation, but Na+ has higher loadings for F2, while Cl- has higher loadings for F3. However, only 

HCO3- demonstrates a negative loading on F1 compared to the other ions. This implies that HCO3- 

has reached a saturated concentration in the groundwater within the study area, and its concentration 

cannot be further increased through evaporation. The higher loading of NO3- on both F1 and F3, 

together with its very low loading on F2, reflects the fact that NO3- in groundwater is primarily 

influenced by human activities and evapotranspiration, rather than mineral dissolution. 

 

Figure 4. Plot of information on each principal component. 

4.3. Mechanism Controlling Water Chemistry 

The formation of groundwater chemical characteristics is influenced by various factors, such as 

stratigraphic lithology, geological formations, climatic factors, and human activities. Gibbs [34] 

classified the mechanisms of hydrochemical formation in their natural state into three categories: rock 
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weathering, evaporation, and atmospheric precipitation. Based on this classification, Gibbs 

developed a semi-logarithmic plot representation. In this study, the Gibbs diagram was employed to 

identify the dominant factors contributing to the formation of groundwater chemistry features in the 

study area (Figure 5a). It is evident that the chemical characteristics of groundwater in the study area 

are primarily influenced by rock weathering and evapotranspiration. Conversely, the impact of 

precipitation on groundwater chemistry is minimal, aligning with the region’s low precipitation 

levels as previously indicated. 

 

Figure 5. The relationship between ions: (a) and (b) gibbs diagram indicating factors controlling the 

chemical characteristics of groundwater, (c) Na+, Ca2++Mg2+ vs Total Cations (meq/L), (d) Cl-, SO42-

+HCO3- vs Total Anions (meq/L), (e) Na+/Ca2+ vs Ca2+(mg/L) and (f) Cl-/SO42- vs SO42-(mg/L). 

4.3.1. Rock Weathering 

Weathering of rocks and mineral dissolution are the primary sources of various chemical 

constituents in groundwater [35]. As illustrated in Figure 5a,b, rock weathering and mineral 

dissolution are found to play a dominant role in the formation of groundwater chemical 

characteristics. Correlation analysis results (Table 3) indicate a significant correlation between Na+ 

and Cl- as well as SO42-. Additionally, strong correlation between Ca2+ and SO42- is observed. 
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Furthermore, HCO3- exhibits correlation solely with Ca2+ and Mg2+, with limited association with 

other ions. This suggests that the dissolution of dolomite, gypsum, halite, and thenardite in the study 

area is likely responsible for these correlations. The red layer, which contains a considerable amount 

of gypsum, thenardite, halite, and some dolomite, is widely distributed in the stratigraphy of the 

study area. These minerals dissolve in groundwater, and the reaction process is represented by the 

following equation: 𝐶𝑎𝑆𝑂ସ ∙ 2𝐻ଶ𝑂 → 𝐶𝑎ଶା + 𝑆𝑂ସଶି + 2𝐻ଶ𝑂 (4) 𝑁𝑎ଶ𝑆𝑂ସ → 2𝑁𝑎ା + 𝑆𝑂ସଶି (5) 𝑁𝑎𝐶𝑙 → 𝑁𝑎ା + 𝐶𝑙ି (6) 𝐶𝑎𝑀𝑔(𝐶𝑂ଷ)ଶ + 2𝐻ଶ𝑂 → 𝐶𝑎ଶା +𝑀𝑔ଶା + 2𝐻𝐶𝑂ଷି + 2𝑂𝐻ି (7) 

Table 3. Correlation coefficient of major ions. 

Index Na+ K+ Ca2+ Mg2+ Cl- SO42- HCO3- NO3- 

Na+ 1        

K+ 0.5756 1       

Ca2+ 0.5999 0.3543 1      

Mg2+ 0.7325 0.4487 0.6499 1     

Cl- 0.9154 0.5499 0.5738 0.7752 1    

SO42- 0.7879 0.4445 0.8524 0.7706 0.6240 1   

HCO3- 0.0002 0.0176 0.1684 0.1604 -0.0965 0.1136 1  

NO3- 0.2418 0.1943 0.2161 0.3844 0.2519 0.1992 0.3879 1 

As shown in Figure 5c,d, when the TDS is high, the content of SO42- in groundwater is superior 

to that of Ca2+ and Mg2+, and the concentration of SO42- and Cl- is very high. As shown in Figure 5e 

and 5f, The formation of large amounts of Ca2+ and SO42- contained in groundwater in the study area 

is contributed to rock weathering and mineral dissolution, and the concentration of SO42- is slightly 

higher than the concentration of Ca2+. After analyzing the solubility of several minerals (Figure 6a), 

we found that the SI of dolomite and gypsum in the study area is greater than 0, indicating that both 

minerals are in a saturated state and Ca2+ in groundwater cannot continue to increase. The SI of 

thenardite is less than 0, indicating that thenardite in groundwater is not yet saturated and is in a 

dissolved state and SO42- in groundwater can continue to increase. Therefore, the concentration of 

SO42- in groundwater is higher than that of Ca2+. In addition, besides thenardite, the SI of halite is also 

less than 0, which is in a dissolved state, leading to a continuous increase in the content of SO42-, Na+, 

and Cl- in groundwater. Therefore, these three ions are the main ions in highly mineralized 

groundwater. 

 

Figure 6. Variation of saturation indices of several minerals. 
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4.3.2. Evaporation 

Evaporation is an important driving force controlling the formation of chemical characteristics 

of groundwater [36]. The altitude of the study area is very high, in the range of 1862 m-4051 m, which 

leads to very strong lighting in the study area. And the groundwater table in the study area is very 

shallow, in the range of 1 m-10 m. The depth to the groundwater table in the study area is very 

shallow, in the range of 1 to 10 m, and due to the high altitude, which in turn leads to strong 

evaporation of groundwater. Due to the poor mobility of groundwater, affected by evaporation, 

various ions continue to dissolve, the concentration increases. Under the influence of these two 

factors, the evaporation of groundwater in the study area is very strong, and the precipitation in the 

study area is significantly lower than the evaporation, resulting in an increase in ion concentration in 

areas with poor groundwater mobility, leading to the formation of highly mineralized groundwater. 

4.4. Analysis of the Origin of Nitrates 

Based on the distribution of nitrate content in groundwater (Figure 7), we observed a distinct 

pattern within the study area (Xiaoxia, highlighted in the red box in Figure 7a). In this area, the nitrate 

concentration in groundwater on the western side was significantly higher, with a majority of water 

samples exceeding Chinese drinking water standards. However, on the eastern side of the area, the 

nitrate concentration in most groundwater samples was considerably lower, well below the Chinese 

drinking water standards. Upon analyzing the relationship between nitrate distribution in 

groundwater and land use types, we found that the groundwater with high nitrate concentration in 

the western part of the study area primarily originates from agricultural and residential areas situated 

within river valleys. Notably, no industrial wastewater generated by factories was found in this area. 

Conversely, the nitrate concentration in groundwater was low in the agricultural areas located in the 

eastern part of the study area. This suggests that agricultural activities and domestic wastewater 

likely contribute to the orgin of nitrate in groundwater. However, it is evident that other factors 

besides these also play a role in the formation of high concentrations of nitrate in groundwater. 

Further analysis of the lithology and geological structure of the study area’s inner strata reveals 

the presence of metamorphic rocks in the shallow layers in Xiaoxia. In contrast, pebble layers cover 

the shallow strata in other areas. As metamorphic rocks are impermeable, they act as barriers to the 

phreatic aquifer, preventing any connection between the groundwater on either side. The aquifer 

located upstream on the west side of Xiaoxia poses difficulties for the downward flow and discharge 

of groundwater. Instead, groundwater primarily gets discharged through the Huangshui River and 

evaporation. Consequently, nitrate generated by agricultural activities has limited mobility into the 

groundwater. With evaporation, the concentration of nitrate in groundwater steadily increases, 

leading to the formation of high-concentration nitrate groundwater. In comparison, the aquifer on 

the east side of Xiaoxia is situated downstream, facilitating unobstructed groundwater flow. Nitrate 

enters the groundwater and gets discharged downstream through runoff, making it challenging to 

develop groundwater with high nitrate concentration. 
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Figure 7. Distribution of NO3- and land use types: (a) NO3- in surface water, (b) NO3- in spring water 

and (c) NO3- in well water. 

Considering the stable bicarbonate content of groundwater in the study area, we conducted an 

analysis of the relationship between NO3-/HCO3- and (Cl-+SO42-)/HCO3- in the samples of spring and 

well water (Figure 8). We found that the spring water had significantly higher NO3- content compared 

to the well water. This disparity can primarily be attributed to the thin overlying vadose zone near 

the spring site, which allows pollutants from the surface such as agricultural fertilizers, leakage from 

landfill site and domestic sewage to infiltrate the aquifer more easily, resulting in elevated levels of 

NO3- in the spring water. In contrast, the vadose zone of the well water from deeper depths is thicker 

and offers greater resistance to pollutants. Furthermore, the upper portion of the aquifer in the study 

area consists of a layer of loess, while the soluble sedimentary rocks are located in the lower part of 

the aquifer. As a result, the chemical characteristics of the well water at deeper depths are more 

significantly influenced by rock weathering and mineral dissolution so that there are higher levels of 

Cl- and SO42- in well water than in spring water. 

 

Figure 8. Plot of NO3-/HCO3- vs (Cl-+SO42-)/HCO3- of groundwater. 
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5. Conclusions 

Valley cities in arid areas are influenced by their unique geological and climatic conditions, 

leading to distinct chemical characteristics of groundwater and pollutant transport compared to the 

cities situated in plain. In Haidong, it was found that a significant number of soluble rocks buried in 

the strata served as soluble sources. Additionally, the low precipitation and high evaporation rates 

in the study area contributed to the generally high TDS content in groundwater. 

The contamination of groundwater with nitrate in the study area is mainly attributed to the 

agricultural and residential areas. Agricultural fertilizers, livestock manure, leakage from landfill site 

and domestic pollution discharges are the primary sources. However, due to the development of 

folding, the valley cities have distinct geological and geomorphological conditions that can result in 

aquifer blockage by insoluble rocks. This limits the connectivity between upstream and downstream 

groundwater, causing nitrate to accumulate in higher concentrations in the upstream groundwater 

while exhibiting lower nitrate levels in downstream aquifers with smoother water flow. Therefore, 

when addressing groundwater pollution issues in valley cities, it is crucial to consider whether 

geological structural factors have hindered the flow of groundwater, making it difficult to discharge 

and leading to the accumulation of pollutants. In tackling such problems, manual methods can be 

utilized, such as removing obstacles or constructing underground water pipelines, to establish 

connectivity between both sides of the aquifer. These approachs can enhance the mobility of 

underground water flow and reduce the concentration of pollutants. 

Moreover, the depth of groundwater burial varies across the study area, leading to areas with 

shallow water tables being more susceptible to nitrate contamination, while deeper groundwater 

remains relatively safer. We are sopposed to strengthen the protection of shallow groundwater. 
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