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Introduction: The Zhengzhou section of the lower Yellow River is an ecologically vulnerable region, where the groundwater chemistry has experienced significant variations due to the combined effects of natural factors and human activities.Methods: In this study, we employed methods such as the Piper trilinear diagram, Gibbs plot, ion ratio coefficient method, and multivariate statistical techniques to explore the major controlling factors influencing groundwater chemical evolution.Results: The results indicate that 46% of shallow groundwater in the intensive conversion zone between surface water and groundwater is of the HCO3—Na·Ca·Mg water type. Influenced by lateral infiltration from the Yellow River, groundwater on both sides of the river evolves into Cl·SO4·HCO3 and Cl·HCO3 types. Groundwater near the riverbanks and ponds, directly replenished by Yellow River water or by leakage, is more significantly impacted by human activities compared to other regions. Factor analysis indicates that the chemical evolution of regional shallow groundwater is primarily controlled by factors such as mineral dissolution, human activities, and Yellow River water recharge. More pronounced water-rock interactions in unconfined aquifers, leads to an increase in the concentrations of conventional components like TDS and Mg2+.Discussion: Due to the long-term unidirectional transformation of surface water into groundwater, SO42- and Na+ in the groundwater are strongly influenced by surface water. NO3− is mainly affected by human activities, including domestic and agricultural activities. The concentrations of Fe and Mn are primarily influenced by the high background values of aquifer sediments and, to a lesser extent, by the significant enhancement of the aquifer’s reducing conditions, leading to higher concentrations of Fe and Mn in groundwater. The findings of this study provide theoretical and data-based support for the scientific formulation of groundwater protection and rational development measures.Keywords: hydrochemical characteristics, unconfined aquifers, Yellow River, water-rock interactions, lateral infiltration, human activities
1 INTRODUCTION
Ecological protection and high-quality development in the Yellow River basin have become major national strategies, and the downstream alluvial plain area is one of the most ecologically fragile zones in the basin. Due to the combined impacts of factors such as climate change (Marganingrum et al., 2023) and human activities (Zhou et al., 2025), the hydrochemical evolution of regional groundwater has undergone fundamental changes, leading to groundwater quality deterioration, water scarcity, and a series of ecological and environmental issues (Cao et al., 2022). Therefore, studying the hydrochemical characteristics and evolution mechanisms of groundwater is of great significance for water resource conservation, rational development and utilization, and ensuring ecological security (Zaryab et al., 2023; Chen et al., 2021).
The hydrochemical evolution of groundwater is typically studied using hydrochemical diagrams and multivariate statistical analysis (Zhai et al., 2024; Su et al., 2024). This evolution is mainly influenced by the combined effects of natural and anthropogenic factors. In the lower Yellow River, groundwater is affected by geological conditions, rock weathering, evaporation concentration, and water-rock interactions, leading to increased concentrations of total dissolved solids (TDS) and arsenic (As), among other elements (Chen et al., 2023; Ren et al., 2024). Human activities, such as industrial and agricultural practices, contribute to elevated concentrations of sodium (Na+) and nitrate (NO3−) (Meng et al., 2022). Lateral recharge from the Yellow River and irrigation from the river have caused increases in fluoride concentrations in groundwater (Wang et al., 2024; Wangs et al., 2025). Previous studies have mainly focused on qualitatively assessing the effects of natural and anthropogenic factors on groundwater chemistry. Consequently, increasing attention has been given to distinguishing the primary controlling factors of groundwater chemical composition and quantitatively assessing the contribution of each factor (Tu et al., 2023). The identification of groundwater chemical composition sources primarily involves methods such as chemical mass balance models and multivariate statistical models. The chemical mass balance method requires real-time monitoring of pollution sources in the study area and continuous updates of the source composition spectrum (Zhao et al., 2021), making it costly and highly susceptible to human influence. Traditional multivariate statistical methods, such as Principal Component Analysis (PCA) (Lv et al., 2021) and Cluster Analysis (CA) (Xia et al., 2021), cannot accurately quantify the contribution of pollution sources. The Absolute Principal Component Score-Multiple Linear Regression (APCS-MLR) method first applies PCA for dimensionality reduction to extract the main influencing factors of hydrochemical components, then calculates the absolute scores of each factor, and finally applies linear regression to calculate the contribution of each factor to water quality (Muangthong and Shrestha, 2015; Zhang et al., 2020). This approach, which relies on extensive water quality data, enables both qualitative identification and quantitative analysis of factors influencing hydrochemical evolution, making it increasingly applicable in groundwater and soil pollution studies (Li et al., 2021; Xu et al., 2022).
In the Zhengzhou section of the lower Yellow River, the riverbank floodplain is extensive with numerous villages scattered throughout, experiencing significant pollution from production and daily life activities. This floodplain serves as both a flood discharge zone for the Yellow River and essential land for residents’ production and daily life. Yellow River water infiltrates into the aquifer, carrying its hydrochemical components as well. Urban wastewater and infiltration from precipitation or surface water further complicate the hydrochemical evolution process of groundwater (Yuan et al., 2024; Chen et al., 2023). This study investigates the hydrochemical characteristics of groundwater in the lower Yellow River region near Zhengzhou, utilizing methods such as Piper trilinear diagrams, Gibbs plot, ion ratio analysis, and multivariate statistical techniques to further explain the main controlling factors of groundwater chemical evolution in the region. The results of this study provide theoretical and data-based support for the formulation of groundwater conservation and rational development measures, which are of great significance for the ecological preservation of the Yellow River Basin.
2 MATERIALS AND METHODS
2.1 Study area overview
This study focuses on the Yellow River floodplain in Zhengzhou (Figure 1). The study area has a temperate continental monsoon climate with distinct seasons. The average annual temperature is 15.4°C, and the average annual precipitation is 631.3 mm. Water resources are widely distributed in the region, with the Yellow River being the largest river and primary water source. Additionally, surface water bodies such as ponds and irrigation channels crisscross the area.
[image: Figure 1]FIGURE 1 | Distribution of sampling sites in the study area. (A): Geographical location of study area; (B): Spatial distribution of sampling sites in the study area.
The study area is part of the Yellow River alluvial plain, characterized by vast and flat terrain. The land inside the levee consists mainly of depositional landforms, with relatively flat floodplains. Due to artificial modifications and natural river evolution, the boundary between the high and low floodplains has become indistinct, with the terrain gently sloping towards the riverbed. The recent Yellow River alluvial deposits inside the levee consist of floodplain sediments, with the upper layer being composed of loose grayish-yellow silty clay interbedded with gray-black silt layers, while the lower layer consists of brownish yellow to light gray fine to medium-coarse sand interspersed with small gravel. These sediments are loose, water-saturated, and exhibit stable distribution patterns (Figure 2).
[image: Figure 2]FIGURE 2 | Hydrogeological profile (along line A-A′ in Figure 1) of the study area.
Groundwater in the study area is mainly unconfined pore water within loose rock formations, characterized by widely distributed aquifers with large thicknesses and abundant water resources. The primary recharge sources of shallow groundwater include atmospheric precipitation, lateral infiltration from the Yellow River, seepage from irrigation channels, and return flow from irrigation. Evaporation and extraction are the main discharge processes for groundwater. The flow of shallow groundwater is controlled by topography and recharge sources. As the Yellow River serves as a natural divide between surface water and groundwater, the groundwater flow direction south of the river gradually transitions from west to east, then southeastward.
2.2 Sample collection and testing
In June 2023, 30 shallow groundwater and 3 Yellow River water samples were collected from the Zhengzhou floodplain (Figure 1). The groundwater samples were primarily obtained from domestic wells and agricultural irrigation wells, with sampling depths ranging from 5 to 50 m. Before sampling, wells were pumped for approximately 30 min, and the sampling bottles were rinsed three times with the raw water sample. After collection, the samples were immediately preserved in a portable refrigerated storage box. The hydrochemical samples were sent to the Groundwater and Mineral Water Monitoring Center at the Institute of Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences, for testing. The test results underwent charge balance verification, with all relative error absolute values remaining within 5%.
2.3 Research methods
2.3.1 Contrast Coefficient variance
Variance is used to quantify the degree of dispersion of a random variable from its expected value (mean). Since the absolute values of different groundwater chemical components may vary significantly, direct variance comparison is not feasible. Therefore, the contrast coefficient (V) is defined as the ratio of each sample’s variable (Xi) to the average value of that variable ([image: image]). This transformation standardizes the data, as the mean value of the contrast coefficient V is equal to 1, allowing for meaningful variance comparisons (Equation 1).
The formula for calculating the contrast coefficient variance is as follows:
[image: image]
Where: Vi is the contrast coefficient for the ith chemical component of groundwater; [image: image] is the mean value of the contrast coefficient for the ith chemical component.
When [image: image] >1, it indicates that the chemical component is strongly influenced by human activities; When 0.5< [image: image] < 1, it indicates a moderate influence of human activities; When [image: image] < 0.5, it suggests the component is less influenced by human activities.
2.3.2 APCS-MLR analysis method
The APCS-MLR model is based on factor analysis (PCA) to derive the absolute principal component score (APCS) and uses multiple linear regression (MLR) to calculate the contribution of each factor to each sample. After standardizing the factor data, PCA is conducted to calculate factor scores. A zero-concentration sample is introduced and standardized for PCA to compute factor scores. The APCS value for each factor is obtained by subtracting the factor score of the zero-concentration sample from that of each actual sample. Using APCS as the independent variable, and the observed values for each factor as dependent variables, multiple linear regression analysis is performed. The regression coefficients allow conversion of APCS into the contribution of each factor to the sample’s chemical composition,as shown in Equations 2, 3.
The contribution formula for known sources to water quality is:
[image: image]
The contribution formula for unknown sources to water quality is:
[image: image]
Where: aim is the multiple regression coefficient for source m on indicator i; bi is the constant term in the multiple linear regression for the ith factor; APCSk is the absolute principal component score for factor k; aim × APCSim represents the contribution of source m to factor k.
The limitations of APCS-MLR mainly include the following aspects: 1. Subjectivity of parameter presetting: The APCS-MLR method requires presetting the number of principal components, which is subjective and may affect the accuracy of the results.2. Limitations of assumptions: This method assumes that pollution sources are independent, but there may be mutual influences between pollution sources, which may lead to inaccurate results.
3 RESULTS
3.1 Main ion statistical characteristics
The statistical parameters of hydrochemistry for groundwater and surface water samples are presented in Table 1.
TABLE 1 | Statistical parameters of the dissolved chemical components of groundwater.
[image: Table 1]The pH values of groundwater range from 7.17 to 7.75, indicating weak alkalinity. The variation range of TDS and total hardness exhibit significant variation, ranging from 337 to 2,546 mg/L and 213 to 1,509 mg/L, respectively. The mean values are 716 mg/L and 453 mg/L, respectively, classifying the water as high-TDS and hard water. The mean TDS value is significantly higher than the global average of 100 mg/L, reflecting the intense water-rock interaction in the region. The major cations in groundwater are Ca2+, with concentrations ranging from 42.1 to 313 mg/L (mean: 100 mg/L), followed by Na+, with concentrations ranging from 28.3 to 306 mg/L (mean: 88.4 mg/L). The predominant anions are HCO3−, with concentrations ranging from 237 to 684 mg/L (mean: 449 mg/L), followed by SO42-, ranging from 6.88 to 312 mg/L (mean: 110 mg/L).
For surface water, the main cations are Na+, with concentrations ranging from 91.7 to 94.6 mg/L (mean: 93.1 mg/L), followed by Ca2+, ranging from 43.9 to 51.0 mg/L (mean: 48.3 mg/L). The main anions are HCO3−, with concentrations ranging from 216 to 230 mg/L (mean: 225 mg/L), followed by SO42-, ranging from 205 to 218 mg/L (mean: 211 mg/L).
The coefficient of variation (Cv) provides insight into the complexity of the factors influencing the formation and evolution of groundwater chemical components. Typically, Cv ≥ 1 indicates strong variability, 0.1 < Cv < 1 indicates moderate variability, and Cv ≤ 0.1 indicates weak variability. For the statistical parameters of groundwater, except for pH, which exhibits weak variability, all the other ion components display moderate variability. For surface water, in contrast, all statistical parameters exhibit weak variability.
3.2 Groundwater hydrochemical types
The Piper tri-linear diagram visually presents the major ion composition of groundwater and plays an important role in revealing the evolution of groundwater chemical components. According to the Shukarev classification method, the shallow groundwater in the study area is classified into nine types (Figure 3; Table 2). The HCO3—Na·Ca·Mg type accounts for the highest proportion (45.95%), followed by HCO3—Ca·Mg (13.51%) and Cl·SO4·HCO3—Na·Ca·Mg (13.51%). The Yellow River water is classified as Cl·SO4·HCO3—Na·Ca·Mg type.
[image: Figure 3]FIGURE 3 | Piper plot of groundwater in study area.
TABLE 2 | Statistics of groundwater hydrochemical types in study area.
[image: Table 2]3.3 Spatial characteristics of groundwater chemistry
The groundwater types in the study area are relatively stable (Figure 4). Among the anion types, groundwater is predominantly HCO3—type, which is widely distributed on both the northern and southern banks of the Yellow River in the area. The Cl·SO4 type is distributed on both sides of the north levee. The Cl·SO4·HCO3 type has a localized distribution, mainly occurring in the sections of the river adjacent to the central part of the Yellow River. The Cl·HCO3 and SO4·HCO3 types are sporadically distributed. In terms of cation composition, groundwater is primarily Na·Ca·Mg type. On both sides of the northern and southern levees of the Yellow River, Ca·Mg type water is present. The Na·Ca type is present on the wider side of the northern levees and the sections of the river adjacent to the central part of the Yellow River. Overall, the dominant groundwater type in the area is HCO3—Na·Ca·Mg.
[image: Figure 4]FIGURE 4 | Groundwater chemistry types Map of the study area.
4 DISCUSSION
4.1 Analysis of groundwater hydrochemical characteristics
4.1.1 Rock weathering and leaching processes
The Gibbs diagram illustrates the intrinsic relationship between TDS, the cation ratio Na+/(Na++Ca2+), and the anion ratio Cl−/(Cl− + HCO3−), classifying the controlling factors of natural water chemistry into three categories: precipitation dominance, water-rock interaction dominance, and evaporation concentration dominance (Gibbs 1970).
According to the Gibbs diagram of karst groundwater in the study area (Figure 5), most samples are distributed between the rock weathering and evaporation zones. However, the Yellow River water in this area has been supplying groundwater for a long time, and the impact of Yellow River water on the chemical composition of groundwater cannot be ignored. Due to the replenishment from the Yellow River, the water table in this area is relatively shallow (3.4m–13.2m), evaporation serves as one of the main discharge mechanisms for shallow groundwater. Six shallow groundwater samples in the area have TDS values ranging from 1 to 3 g/L, categorized as slightly brackish water. These samples are mostly distributed near surface water bodies such as rivers and ponds, in low-lying areas where groundwater levels are shallow and strongly affected by evaporation and concentration.
[image: Figure 5]FIGURE 5 | Gibbs plot of groundwater in the study area. (A): TDS VS c(Na+ )/c(Na+ +Ca2+); (B): TDS VS c(Cl−)/c(Cl−+HCO3−).
For most water sample points, the Cl−/(Cl− + HCO3−) and c (Na+)/c (Na++Ca2+) ratios are less than 0.5, indicating that, overall, the concentration of c (HCO3−) is higher than that of c (Cl−), and the concentration of c (Ca2+) is higher than that of c (Na+). As the Na+/(Na++Ca2+) ratio increases, TDS content does not show significant variation, which may be attributed to cation exchange processes.
4.1.2 Cation exchange and Adsorption processes
Many scholars have analyzed cation exchange processes in groundwater using the relationship γ [(Ca2+ + Mg2+) − (HCO3− + SO42-)] and γ (Na+ − Cl−) (Carol et al., 2013; Liu et al., 2015). Figure 6 illustrates the correlation between the residual Ca2+ and Mg2+ generated by the dissolution or precipitation of calcite, dolomite, and gypsum, and the residual Na+ generated by the dissolution or precipitation of halite.
[image: Figure 6]FIGURE 6 | Relationship between γ[(Ca2++Mg2+) − (HCO3−+ SO42-)] and γ(Na+−Cl−) of groundwater.
When sample points are in the fourth quadrant, Na+ and K+ adsorbed on the surfaces of aquifer rocks and soils undergo exchange with Ca2+ and Mg2+ in the groundwater. Conversely, when sample points are in the second quadrant, the reverse occurs, a phenomenon known as reverse cation exchange. Many sampling points in the area fall within the cation exchange zone, indicating that during groundwater flow, Ca2+ and Mg2+ exchange with Na+ and K+ adsorbed on rock surfaces. This exchange process results in the precipitation of Ca2+ and Mg2+, leading to a reduction in their residual concentrations. A small number of sampling points fall in the second quadrant, indicating that a reverse cation exchange has occurred between Na+ and K+ in the groundwater and Ca2+ and Mg2+ adsorbed on rock surfaces.
4.1.3 Mineral dissolution processes
Ion ratio diagrams help further identify the sources of major ions in groundwater (Reddy and Kumar, 2010; Zhou et al., 2021). The relationship diagram γ (Na+ + K+) vs γ (Cl−) can be used to determine the sources of Na+, K+, and Cl− in groundwater (Fu et al., 2018; Sami 1992). Most shallow groundwater samples in the study area are positioned above the y = x line (halite dissolution line) in Figure 7A, where the molar concentration of Na+ is significantly higher than that of Cl−. This suggests that, in addition to rock salt mineral dissolution, other sources also contribute a considerable amount of Na+. The Na+/Cl− concentration ratio in seawater and atmospheric precipitation is 0.86, while the ratio resulting from the weathering dissolution of silicate rocks is greater than 1, indicating that Na+ in groundwater is influenced by the dissolution of silicate minerals.
[image: Figure 7]FIGURE 7 | Ion ratio diagram of groundwater in the study area. (A): γ(Cl−) VS γ(Na+ + K+); (B): γ(Cl−) VS γ(SO42-+ HCO3−).
The dissolution of carbonate rocks, silicate rocks, or evaporite salts is the main source of Ca2+ and Mg2+ in groundwater (Fang et al., 2021). The molar ratios of γ(Ca2+)/γ(HCO3−) produced by the dissolution of calcite (carbonate rock), dolomite (carbonate rock), and gypsum (evaporite) are 1:2, 1:4, and 1:3, respectively. Γ (Ca2+ + Mg2+) – γ (SO42- + HCO3−) indicates whether there is an increase or decrease of Ca2+ and Mg2+ relative to the dissolution of carbonate rocks and evaporite salts. If the dissolved solutes in the water originate solely from the weathering dissolution of carbonate rocks and gypsum, the ion ratio (SO42- + HCO3−): (Ca2+ + Mg2+) would be 1:1, according to their dissolution equation. When water sample points lie above the 1:1 line, it indicates a dominant contribution from carbonate dissolution; points below the 1:1 line suggest that other mineral dissolutions also contribute to an excess of γ (SO42- + HCO3−) relative to γ (Ca2+ + Mg2+). Figure 7B shows that the concentration relationship of some water samples aligns closely with the 1:1 line, indicating that the primary sources of Ca2+, Mg2+, HCO3−, and SO42- components in groundwater are the dissolution of carbonate rocks and gypsum minerals. Some water samples fall below the 1:1 line, indicating that silicate rock dissolution also plays a role in the study area.
4.2 Impact of human activities
The variance of the contrast coefficient can be used to distinguish whether the formation of groundwater chemical components is mainly driven by natural geochemical evolution or significantly influenced by human activities. A larger contrast coefficient variance for a groundwater chemical component indicates a stronger influence of human activities (Zhang et al., 2018). The study area has numerous surface water bodies, including the Yellow River, as well as floodplain wetlands inside the levee and depressions on the outer side of the levee. The floodplains are inundated during floods and directly recharged by Yellow River water. Since the riverbed is elevated above the outer levee areas, the river water seeps laterally under high hydraulic pressure, recharging the surrounding areas, and forming depressions on the back side of the levee, which characterizes the unique hydrological features in the lower reaches of the Yellow River.
As shown in Table 3, groundwater near floodplain wetlands and depressions (P1) is more strongly affected by human activities, while groundwater in other areas (P2) is less impacted. The contrast coefficient variance values for Mg2+, Cl−, and NO3− in the P1 area are all greater than 1, indicating that these three components are strongly influenced by human activities. Na+, Ca2+, and SO42- are moderately affected, while other ions are less affected by human activities. In the P2 area, human activities have a moderate effect on NO3− but little effect on the other ions.
TABLE 3 | Variance analysis of contrast coefficient of groundwater hydrochemical compositions.
[image: Table 3]Previous studies (Sun et al., 2021) and this research both indicate that the concentrations of NO3−, SO42-, and Cl− in the Yellow River are higher than in groundwater, suggesting that Yellow River water has been more influenced by human activities than groundwater. Although no agricultural or aquaculture activities are conducted in the floodplain wetlands, calculations show that groundwater near surface water is more affected by human activities than groundwater in other human-impacted areas. This may be due to the direct recharge and lateral seepage of Yellow River water into the groundwater.
4.3 Influence of lateral infiltration of the Yellow River
Regardless of the season—whether flood or dry—Yellow River water in the study area primarily infiltrates into groundwater through lateral seepage or irrigation-induced infiltration. Since the operation of the Xiaolangdi Reservoir, the lateral infiltration influence zone of the Yellow River in the lower Yellow River plain has generally expanded. The Yellow River’s influence in the Zhengzhou section is the largest, with the lateral infiltration impact on the northern bank reaching 20–25 km, and on the southern side within 15 km (Su et al., 2021). The increased infiltration capacity of the Yellow River has also enhanced its impact on the water quality of the adjacent aquifers.
D and 18O isotope data reveals a close hydraulic connection between the Yellow River water and coastal groundwater, with a significant positive correlation between the groundwater level and the Yellow River water level (Zhang et al., 2021). The proportion of shallow groundwater recharge from the Yellow River ranges from 21% to 97%, and the recharge intensity of shallow groundwater on the north bank is significantly higher than that on the south bank (Yang, 2018).
In the 1990s, groundwater along the Yellow River was primarily classified as HCO3—Ca·Mg·Na type water. However, this study reveals an increase in groundwater types, including Cl ·SO4·HCO3—Ca·Mg (Na) and SO4·HCO3—Ca·Mg types. Yellow River water contains higher sulfate (SO42-) concentrations, with SO42- measured values of 108.48 mg/L in 2012, 139.4 mg/L in 2015, and 210.9 mg/L in 2023 along the lower reaches of Yellow River (Zhang et al., 2020; Yu et al., 2017). The transformation in groundwater chemical types in the Yellow River influence zone indicates the significant recharge of groundwater from the river. Moreover, along the flow direction of the Yellow River, ions like TDS, total hardness, HCO3−, Cl−, SO42- are increasing, indicating potential contamination of groundwater by the Yellow River water.
The lateral infiltration of Yellow River water and irrigation-induced infiltration using Yellow River water are unique groundwater recharge mechanisms in the Yellow River influence zone. If the water quality of the Yellow River is not effectively managed and improved, the direct recharge of its water into aquifers will negatively impact groundwater quality. Therefore, improving and regulating the water quality of the Yellow River is an urgent and key issue that requires immediate attention.
4.4 Factor analysis
Principal component analysis (PCA) was performed on 11 hydrochemical indicators of 30 shallow groundwater samples in the study area to explore the main controlling factors of groundwater chemical evolution. The Bartlett’s test for sphericity yielded a chi-square value of 1,284.5, with 78 degrees of freedom and a significance probability of 0, indicating a significance level of P < 0.001. This confirms that the hydrochemical indicators in the study area are not independent of each other but exhibit intercorrelations (normal distribution). Therefore, the selected water quality data is reasonable and suitable for principal component analysis. A total of three principal factors were extracted, with a cumulative contribution rate of 78.2% (Table 4).
TABLE 4 | PCA (Principal Component Analysis) of phreatic water in the study area.
[image: Table 4]First Principal Factor (F1): The contribution rate of F1 is 45.5%, with higher loadings on TDS, Cl−, Ca2+, Mg2+, NO3−, and Na+, all of which are positively correlated with F1. The study area is located in the Yellow River alluvial plain, where the hydraulic gradient is low and groundwater flow is relatively slow, resulting in more extensive water-rock interactions between groundwater and aquifer media. Over long periods, carbonate rocks, gypsum, and silicate minerals within the aquifer undergo dissolution and cation exchange, causing Cl−, Ca2+, Mg2+, and Na+ to become the dominant components in the groundwater. The area experiences significant human activities, and the unsaturated zone is made up of layered sandy soils with high permeability, allowing NO3− from animal manure, pesticides, and fertilizers to infiltrate the groundwater through irrigation and rainfall. As discussed earlier, human activities have a strong and moderate impact on Cl−, Mg2+, and Na+. Therefore, F1 represents the impact of water-rock interactions and human activities on the chemistry of groundwater.
The contribution rate of F2 is 19.2%, with high loadings on HCO3−, Fe, Mn, and K+. Quaternary sediments in the Henan Plain contain many iron-manganese nodules, which continuously dissolve into groundwater through leaching, leading to higher concentrations of iron and manganese in some areas (Sun et al., 2021). Therefore, PC2 can be interpreted as the dissolution of iron-manganese minerals.
The contribution rate of F3 is 13.5%, with SO42- showing a high loading. As discussed earlier, the continuous recharge from the Yellow River has led to an increase in SO4-rich groundwater types within the Yellow River influence zone. In addition to the dissolution of sulfate minerals, the input of SO42- from surface water also contributes significantly to SO42−concentrations. Therefore, F3 represents the influence of Yellow River water on the chemistry of groundwater.
4.5 APCS -MLR analysis
Based on the above analysis, the contribution rates of the influencing factors to the hydrochemical indicators were calculated, as shown in Figure 8. The linear fit coefficients (R2) between the observed and the model predicted values of the water chemistry factors are all greater than 0.75, and the significance level of the regression equations is p < 0.05, indicating a good linear fit.
[image: Figure 8]FIGURE 8 | Contribution rates of different factors to hydrochemical indicators.
The average contribution rates of the four sources to the shallow groundwater in the study area are: 30.6%, 27.3%, 21.0%, and 21.2%.
Water-rock interactions and human activities have a strong influence on the conventional ions, with contribution rates exceeding 50% for TDS, Cl−, and Mg2+. The contribution rates for Na+, Ca2+, and NO3− are 44.0%, 36.2%, and 37.8%, respectively.
High iron-manganese groundwater is widely distributed in the Henan Plain, mainly influenced by the high background values of the aquifer sediments. The dissolution of iron-manganese minerals accounts for 72.6% and 64.9% of Fe and Mn contributions, respectively, While the Yellow River water contributes 21.5% to Fe and 25.5% to Mn. Due to sediment deposition from the Yellow River, the aquifer has a characteristic alternating layer of sand and soil, which restricts groundwater flow and enhances reducing conditions (Qiao et al., 2022). Iron-manganese oxides will undergo reduction and dissolution under anaerobic conditions and enter the groundwater.
The contribution rates of Yellow River water to SO42- and Na+ are 43.8% and 37.1%, respectively. Both SO42- and Na+ are dominant ions in Yellow River water. The presence of numerous channels and ponds in the study area that divert Yellow River water allows surface water to recharge the groundwater through infiltration. Additionally, groundwater near the Yellow River is further influenced by lateral recharge, leading to the accumulation of these ions.
5 CONCLUSION

(1) In the surface water-groundwater exchange zone, 46% of the shallow groundwater is of the HCO3—Na·Ca·Mg type. Due to the lateral infiltration of Yellow River water, groundwater on both sides of the river evolves into Cl·SO4·HCO3 type and SO4·HCO3 type water.
(2) PCA identified water-rock interactions, human activities, and Yellow River water as the primary controlling factors affecting shallow groundwater in the study area, with a cumulative variance explanation rate of 78.2%.
(3) Sufficient water-rock interaction has led to increased concentrations of TDS and Mg2+ as major components. Since surface water is continuously converted into groundwater through lateral infiltration or irrigation-induced infiltration, SO42- and Na+ in the groundwater are strongly influenced by surface water input. NO3− is primarily affected by human activities, including domestic and agricultural practices. Fe and Mn are mainly influenced by the high background values of aquifer sediments, while the significant enhancement of the aquifer’s reducing conditions leads to higher concentrations of Fe and Mn in the groundwater.
(4) For the protection of groundwater resources in areas with strong exchange between surface water and groundwater, factors such as the Yellow River water and geographical location should be taken into account. Continuous monitoring of the Yellow River water quality is essential, as well as strict control over farmland fertilization and urban pollution discharge on both sides of the river.
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