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Abstract

:

The appropriate division of underground drinking water source protection zones is a low-cost method of preventing water source pollution and ensuring a supply of safe drinking water. Based on FEFLOW, a groundwater flow model of large water sources was established for Luan River, North China. Trace lines of particle reverse migration for 100 and 1000 days were obtained by random walks. According to the trace morphology, the water sources in the riverside water source area were divided into four categories. The first- and second-grade protection areas were delimited by ArcGIS, with areas of 0.375 and 1.20 km2. The local and global sensitivity of the permeability coefficient (K) and effective porosity (ne) effects on the area of groundwater protection zones were calculated. The area of the protection zones was positively correlated with K and negatively correlated with ne. The variation in the protected zone caused by the simultaneous changes in K and ne is the same as that of ne alone, and the global sensitivity is closer to the local sensitivity of ne. This indicates that ne has a greater impact than K on the scope of groundwater protection zones. Moreover, global sensitivity is not simply a superposition of local sensitivity, and the interaction between parameters can reduce the effect of a parameter acting alone on the delineation of protection zones. This also shows that the global sensitivity is closer to the actual situation than the local sensitivity, thus providing a scientific basis for the delimitation and monitoring of water source protection zones.
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1. Introduction


As the main water source in arid and semi-arid regions, groundwater resources play an important role in guaranteeing drinking water safety, supporting social and economic development, and maintaining ecological balance [1,2]. Riverside water intake has been used worldwide to assess water safety as it can reference both surface water and groundwater [3,4,5]. The water quality of the water source near the river is easily affected by the quality of the surface water, and the protection of groundwater resources primarily focuses on prevention, with the division of the water source protection area being an important prevention measure. Therefore, the scientific division of groundwater drinking water source protection areas is critical for ensuring the safety of drinking water for residents, preventing groundwater pollution, and protecting the ecological environment of water source areas [6,7].



Developed countries have been working on improving drinking water source protection for more than 100 years. Some representative countries, such as Germany, the UK, and the United States, have established a relatively complete classification system of groundwater source protection areas and legal and regulatory technical systems. Germany was the first country in the world to establish a drinking water source protection zone system. In the 1850s, it promulgated the “Water Law”. At the end of the 1900s, Germany established the first water source protection zone (located in the Koeln area) in the world. At present, the delimitation method involved dividing the water source protection zone into three further zones and specifying the scope and water source utilization of each zone in detail [8]. The UK uses the three-division method to delimit the water source protection area, which is divided into the inner area, outer area, and watershed area. To date, thousands of well source protection areas have been delimited [9]. The United States passed the “Federal Safe Drinking Water Act Amendment” in 1986, requiring the well source protection program (WHPP) [10]. In 1997, the US Environmental Protection Agency (EPA) further put forward very detailed guidelines for the division of water source protection areas. Common methods include arbitrary distance, calculated fixed radius, analytical methods, hydrogeologic mapping, and numerical flow or flow-and-transport models.



Research on the classification of groundwater protection zones in China started later than in developed countries. The “Law of the People’s Republic of China on the Prevention and Control of Water Pollution” promulgated in 1984 stipulated the system of establishing drinking water protection zone for the first time [11]. In 2018, the Ministry of Environmental Protection issued the “Technical Specification for the Division of Drinking Water Source Protection Zones (HJ338-2018)”, which can select different methods for the division of groundwater protection zones according to the hydrogeological characteristics and water source scale of different water sources. Overall, the classification of groundwater protection zones in various countries adopts the three-level classification method, and the corresponding classification method is selected according to the actual situation in China. Common methods include the empirical value method, the formula calculation method, the analytical model method, and the numerical simulation method.



At present, the main development direction is in the application of the numerical simulation method to delimit groundwater protection zones, especially large-scale water source areas [12]. The numerical simulation method can solve many kinds of groundwater flow problems and reflects the migration law of pollutants, allowing for a more accurate delimitation of the protection zone. Zeferino redefined the water source well protection zone located in a disturbed aquifer in the densely populated urban area of Monticho, Portugal through numerical simulation, considering the population growth and the changes in flow, drawdown, and hydraulic gradient after the increase in groundwater exploitation [13]. Amin delineated the well protection zone in Iranshahr using GMS simulations of pollutant sources and migration paths [14]. Staboultzidis simulated the hydrogeological conditions near water source wells in the Keritis River Basin in Greece through the numerical simulation method and completed the division of the protection zones in this area [15]. Gurwin used MODFLOW to simulate the movement of the groundwater flow field in a water source area in southwest Poland and delineated the scope of water source protection zones at all levels based on the distance traveled by protons in the aquifer [16].



Nevertheless, hydrogeological parameters have high spatio-temporal variability, a complex aquifer structure, and uneven spatio-temporal distribution of source and sink items. There are many uncertainties in groundwater numerical models, which often directly affect the quality of the simulation and prediction [17]. Among the many uncertain factors, hydrogeological parameters have a great influence on the model operation results and have thus become the major focus of research into the uncertainties associated with groundwater numerical models. Parameter sensitivity analysis is a common method in uncertainty research, which is important to analyze parameter sensitivity in groundwater numerical models to determine the main controlling factors affecting the groundwater flow field. Sensitivity analysis can evaluate the influence of the parameter uncertainty of groundwater numerical models on simulation results. The analysis methods include local and global sensitivity analyses [18,19]. Local sensitivity analysis is used to test the influence of the change in a single parameter on the results of a groundwater numerical simulation. Local sensitivity analysis is easy to conduct, but the influence of the interaction between parameters on the model output cannot be considered. Moreover, there are certain limitations associated with the calculation and analysis. The global sensitivity analysis considers the influence of different parameter values and the interaction between the model parameters during the calculation process. There are many methods for conducting global analysis, such as the multiple regression method [20], the Morris method [21], the Fourier Amplitude Sensitivity Test [22], and the Sobol’ method based on variance analysis [23]. The Morris method, which is different from other methods with thousands or even tens of thousands of samples, can give the initial value of the parameter, give a particular disturbance (such as 10% or 20%) on the basis of the initial value, and determine the sensitivity of the parameter through the combination of different lines of the matrix.



In light of the above, this study used FEFLOW to establish a groundwater flow model for a large groundwater source near Luan River, and preliminarily delineated the first- and second-grade protection zones of the groundwater source based on particle tracing technology. The Morris method was used to conduct a global sensitivity analysis on the influence of the permeability coefficient (K) and effective porosity (ne) on the area of the protection zone so as to determine the main controlling factors affecting the division of groundwater protection zones in the study region.




2. Materials and Methods


2.1. Geography and Hydrogeology of the Study Area


The study area is located in the western suburb of Chengde, Hebei Province, China, 160 km away from the capital Beijing (40°57′–41°00′ N, 117°40′–117°44′ E). The study area is located in the intermountain valley, and the Luan River passes through it in a nearly northwest–southeast direction. The surrounding mountains are mostly between 400 and 700 m above sea level, and the highest point is 905.4 m. The mountains are mainly composed of Neoarchean Xiaowagou gneiss (Xwgn), Zhongying gneiss (Zgn), and early Proterozoic Shuiquangou porphyritic monzogranite (SPt1). The Luan River Valley extends for about 10 km; the width of the valley is generally 200–300 m, 521 m at the widest point and 172 m at the narrowest point. The elevation of the valley bottom is 368–400 m; the terrain is relatively open and flat, and the cross-section of the valley is generally U-shaped.



The study area has a semi-arid and semi-humid continental monsoon climate. Meteorological details for the study area are shown in Figure 1. Monitoring data from the Luanping county meteorological monitoring station for the past 50 years (1973–2018) show that the annual average precipitation is 545.97 mm. Over the past 10 years (2009–2018), precipitation has been relatively stable with little inter-annual change. Rainfall is distributed unevenly and varies greatly throughout the year, mostly from June to August, which accounts for 60% to 80% of annual rainfall in most years. The evaporation in the study area is large, and the annual average evaporation is 1591.3 mm, which is 2.9 times the annual average rainfall.



The study area is a quaternary single-structure phreatic aquifer, which spreads continuously and stably along the Luan River valley in strips (Figure 2 and Figure 3). The surface of the study area is generally deposited with brownish-yellow clay sand to a depth of 5.5 m. The lithology of the aquifer is mainly sand gravel with a particle size of 2–15 cm and filled with medium-coarse sand. The thickness of Quaternary aquifers is generally 7–9 m and locally 10–14 m. The water-rich area is mainly concentrated on the side beach and floodplain. The water inflow of a single well in this area is 925–4888 m3/d, with an average of 2334 m3/d. The groundwater level in the study area is relatively shallow, with 1.5–3.7 m in the floodplain and the first terrace, and 4.5–7.5 m in the second terrace and the piedmont. The groundwater runoff has clear phreatic characteristics, which is completely controlled by the topography and is consistent with the direction of surface water flow. Good fresh water with TDS less than 500 mg/L is widely distributed in the study area, and the hydrochemistry type is relatively simple, mainly HCO3-Ca.




2.2. Methodology


In this study, the aquifer structure and hydrogeological boundary conditions were determined through boreholes and field investigation. FEFLOW was used to simulate groundwater flow. According to the flow model, using the particle tracking method, ArcGIS was used to delineate the groundwater protection zone and calculate the area. The different impact factors (K, ne) were adjusted to explore their impact on the delineation of the protection zone. Local and global sensitivity analysis methods were used to determine the influence of different impact factors on the classification of the protection zone.



2.2.1. Data Sources


Based on the data from 94 boreholes constructed and 18 boreholes collected, the Kriging interpolation method was used to obtain the contour map of the Quaternary roof and floor elevation in the study area. The groundwater flow field was determined from two water level measurements (December 2019 and June 2020). Parameters such as the aquifer permeability coefficient and rainfall infiltration coefficient were obtained through data collection and field tests such as the pumping test. The series data of rainfall and evaporation from 2010 to 2019 were obtained from the Luanping County meteorological monitoring station, and the dynamic groundwater level data were obtained from the Sandaohe national hydrology station. The groundwater exploitation data were calculated by the quota method by investigating the population, livestock, agricultural planting structure, and area in the study area.




2.2.2. Hydrogeological Conceptual Model


The range of the model is nearly NW–SE along the direction of the Luan River, with a length of about 5.21 km from north to south, a width of 0.25–1.12 km from east to west, and an area of about 4.82 km2. As shown in Figure 4, the lateral recharge of the upstream groundwater is the lateral inflow boundary (boundary “AB”), and the recharge of the gully underflow is also considered as the lateral inflow boundary (boundary “EF”, “GH”, “IJ”, “KL”, “MN”, “OP”). The downstream runoff discharge of the groundwater is the lateral outflow boundary (boundary “CD”). A total of 45 groups of riverbed riser tests were arranged in the field along the Luan River to obtain the vertical permeability coefficient of the riverbed. The results show that the vertical permeability coefficient of the riverbed has a great difference in space: the value is 0.021~8.500 m/d, and the overall variation coefficient is 1.29. The river is considered as the 3rd-kind boundary condition (Cauchy type), and the rest of the boundary is the water-impervious boundary. According to the histogram of 102 boreholes that exposed the Quaternary system, the depth of the Quaternary basement in the study area is 6.0~16.0 m, with the average and median values of 11.0 m and 9.0 m, respectively. The contours of the Quaternary depth is shown in Figure 4. According to the borehole data, Kriging interpolation was used to obtain the Quaternary top and floor elevations, which are the upper and lower boundaries of the vertical direction of the model.




2.2.3. The Governing Groundwater Flow


The recharge, runoff, discharge, and water levels of groundwater in the simulation area change with time, showing the characteristics of unsteady flow. The parameters vary spatially, which reflects the heterogeneity of the groundwater system. The groundwater flow in the simulation area was generalized into heterogeneous and unstable groundwater flow systems. Combined with boundary conditions, the following two-dimensional mathematical model was used to describe the groundwater flow:
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where h is the water level elevation of aquifer (m); K(x, y) is the horizontal permeability coefficient (m·d−1); W represents the rainfall, evaporation, or infiltration (m·d−1); μ is the specific yield (dimensionless); h0 is the initial water level distribution of aquifer (m); Kn is the permeability cot of boundary surface in the normal direction (m·d−1); n is the normal direction of the boundary surface; H is the boundary water level elevation (m); and q is the flow rate at the boundary, where inflow is positive, the outflow is negative, and the water impervious boundary is 0 (m·d−1).




2.2.4. Model Input


The model adopts a triangular mesh for discretization. The size of the base grid is 40 m, and it is refined along the river and at the boundary. The size of the refined grid is 20 m. The whole simulation area is dispersed into 7235 plane nodes and 13,526 triangular units. Hydrogeological parameters involved in the model, such as hydraulic conductivity, porosity, rainfall infiltration coefficient, and field infiltration coefficient, were obtained through a borehole pumping test and data collection, and the values varied from 30 to 459 m·d−1, 0.15–0.18, 0.1–0.24, and 0.25, respectively. It was assumed that horizontal isotropy and vertical conductivity were 0.1 times Kx. The division of aquifer permeability coefficient and riverbed vertical permeability coefficient were shown in Figure 5. Precipitation, irrigation return water, and evaporation adopted a unified non-point source sink item. Precipitation and evaporation were based on the measured values of meteorological stations. Irrigation in the study area is mainly concentrated from May to August, and irrigation infiltration was apportioned throughout this period to 10%, 40%, 40%, and 10%, and it was taken as zero in other months. The infiltration from piedmont gullies was distributed according to the monthly precipitation ratio. The groundwater extraction was summarized as the point discharge of 11 populated areas in the study area. The flow field measured in December 2018 was taken as the initial head, and the simulation period was from January to December 2019. The flow field measured in June 2019 and the monitoring data of the long-observation well were used as the basis for model verification.




2.2.5. Model Output


The groundwater flow field measured in June 2019 was used as the basis for model verification. The model error was determined by comparing the simulated water level of the observation well with the measured water level. The residual error of the model fitting was 0.12 and the error was 2.86%. The flow field fitting is shown in Figure 6, and the correlation between the simulated water level of the observation well and the measured water level is shown in Figure 7. The simulation results show that the flow field calculated in the study area conforms to the flow law of groundwater in the area, and there was high consistency between the measured and simulated values. The model can therefore reflect the groundwater flow in the water source area and meet the accuracy requirements for prediction.



The mass balance results provide important information on the quantity and reliability of the groundwater models [24]. The groundwater balance situation in the study area in 2019 (Table 1) was obtained according to the operation results of the groundwater numerical model, and the equilibrium difference in the study area in 2019 was 110.5 × 104 m3, indicating a positive equilibrium. Based on the long-bore dynamic monitoring data, the storage variable of the study area in 2019 was 31.82 × 104 m3. According to the provisions of Water Resources Investigation and Evaluation and Supplementary Rules for Groundwater Resources and Exploitation, the accuracy of equilibrium results was tested based on the relative equilibrium difference, determined as follows:


δ = X/Qtr × 100








where δ is the relative equilibrium difference (%); X is the equilibrium absolute difference, X = Qtr − Qtd ± ΔW; ΔW is the groundwater storage variable (104 m3), which has a negative value for positive equilibrium and positive value for negative equilibrium; Qtr is the total groundwater recharge (104 m3); and Qtd is the total groundwater discharge (104 m3). According to the regulation, ∣δ∣ ≤ 10% means that the equilibrium calculation accuracy meets the requirements.



According to the calculation results of region equalization and storage variables, the relative equalization difference in the study area is 7.22%, which meets ∣δ∣ ≤ 10%, indicating that the calculation results of model equalization meet the accuracy requirements.




2.2.6. Demarcation of Groundwater Protection Zones


The classification of protected areas based on numerical methods is mainly based on the concept of a “hydraulic intercept zone”. Without considering the vertical velocity component, the hydraulic intercept zone refers to the plane area delineated by the horizontal trace of particle migration from the pollution point to the water source well within a given time [25]. Based on the results of stress periods and water exchange between grids obtained by running FEFLOW, the trace lines of water source wells are reversely tracked by random walks. If the trace length is less than two times the well spacing, each well is categorized into the first level protection zone. If the trace length is more than two times the well spacing, the wells are regarded as well groups to delimit the protection area [26]. By delineating the track range of each water source well (group) after 100 and 1000 d (protection zone classification standard), the scope of primary and secondary protection zones was delineated for the numerical simulation method.



The mass balance equation implemented for the tracing was as follows:


   ∂  ∂ x    (  n  v x   )  +  ∂  ∂ y    (  n  v y   )  = W  








where n is the effective porosity of rock; vx and vy are the components of the average linear groundwater flow vector on the coordinate axis (m·d−1); and W represents the inflow and outflow amount of source and sink item per unit volume of the aquifer (1·d−1).




2.2.7. Sensitivity Analysis


In this study, local sensitivity and global sensitivity analyses were carried out on the groundwater source protection zone determined by the particle tracking method. The factors most sensitive to the delineation of the groundwater protection zone were identified.



The function f(x) has several parameters. The local sensitivity is the change in the function f(x) caused by a slight change in one of the parameters. The mathematical expression of the local sensitivity analysis is as follows:


  S = ∂ f  (   x 1  ,  x 2  … ,  x i  , … ,  x n   )  / ∂ x  ∣  x =  x i     








where S is the sensitivity value of the function f(x) at the parameter xi. The larger the value of ∣S∣, the more sensitive the parameter xi and thus the greater the influence on the function f(x).



The Morris method is a widely used global sensitivity analysis method, which was proposed in 1991 and improved by Campolonge [27]. The Morris method can quickly screen out sensitive parameters. This method consists of a single random “one change method” experiment, in which the initial value of a given parameter is provided and a certain disturbance (such as 10% or 20%) is then derived based on the initial value, and the influence of changing the value of each parameter is successively evaluated through the combination of different rows of the matrix [28].



The Morris method calculation formula is:
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where Si (X, Δx) is the sensitivity index of parameter i; y(x) is the output result of the model; X = (x1, x2,…, xn) is the n-dimensional vector of parameters; and Δx is the change in x.






3. Results and Discussion


3.1. Particle Trace Characteristics


All actions that could cause direct pollution to the water source are prohibited within the first-grade water source protection zone. Within the second-grade protection zone, it must be ensured that the main pollutants in the area gradually decrease with the flow content in the process of migration to the water source well to ensure that the water quality meets the specified requirements, and sufficient buffer distance must be reserved to deal with sudden water source pollution. According to the requirements in the Technical Specification for the Division of Drinking Water Source Protection Areas, the particle tracking time should be set at 100 and 1000 d when delimiting the first- and second-grade protection zones, respectively. Based on the simulation results of the groundwater flow field and the location of water source wells in the study area, the particle reverse trace line was obtained by using the random walks function in FEFLOW. The simulation results show that the trace length of the first-grade protection zone is 35–523 m, and the trace length of the second-grade protection zone is 50–1800 m.



The hydraulic connection between the groundwater and river changes under the exploitation of riverside source areas, causing the shape of the trace lines to become more complex. In this study, it was found that the trace pattern of the riverside source area can be divided into four types: I exploited water from lateral runoff, II exploited water from the river, III exploited water from lateral runoff and the river, and IV exploited water from lateral runoff, river, and regional runoff on the other side of the river. As shown in Figure 8, the exploited water from the water source wells J06, J14, J15, J23, J24, and J26 come from the lateral runoff of the nearby area (upstream or valley boundary), which belongs to Class I. The water source wells J10, J12, J13, J16, J17, J18, J19, J20, J21, J22, J27, J29, and J30 are located close to the river and the exploited water comes from the river, which belongs to Class II. Water source wells J04, J07, J08, and J32 are exploited from lateral runoff and rivers in the surrounding area, which belongs to Class III. The trace of water source wells J01, J02, J03, J05, J09, J11, J25, J28, and J31 cross the river and belong to Class IV.



The particle trace morphology of 1000 d is similar to that of 100 d, most of which are only the trace length changes, such as wells J08 and J09 (Figure 9). For the exploitation wells with a river supply source, especially the section with a large amount of river leakage, the particle traces of 1000 and 100 d are basically identical, such as the exploitation wells J16–J22 (Figure 9). The trace form can represent the groundwater source of exploitation wells, which has an important guiding role in the delineation of protection zones.




3.2. Protection Area Division and Sensitivity Analysis


3.2.1. Groundwater Protection Zones


When the trace length is less than two times the well spacing, each well is respectively designated as a protection zone by the particle trace range; otherwise, the wells are considered as a well group, and the outermost boundary of all traces is designated as a well group protection zone. Accordingly, the distribution of the groundwater protection zone in the riverside source area is shown in Figure 10. The area of the first-grade protection area of the water source area is designated as 0.375 km2, and the area of the second-grade protection area is 1.20 km2.




3.2.2. Sensitivity Analysis


The permeability coefficient (K) and effective porosity (ne) were selected as parameters of sensitivity analysis in the delineation of the protection area. The optimal value of a group of parameters obtained by manual parameter adjustment was used as the initial value. Under the condition of keeping other parameters unchanged, K and ne were each increased or decreased by 5%, 10%, 20%, and 30% simultaneously, and the particle trace range of 100 and 1000 d of the simulation was delineated. Through field data, it is found that K and ne in the study area are logarithmic, and the fitting formula is    n e  = 0.027 ln ( K ) + 0.0513   (R2 = 0.98). In about 90% of the study area, the value of K is 100–250 m/d. In this section, K and ne are positively correlated, with a correlation of 0.98. The lithology of the water source is sand gravel, and previous studies have found that K has a positive correlation with ne [29]. Therefore, in the global sensitivity calculation, K and ne increase or decrease at the same time, and thus the numerical simulation conforms to the actual situation.



Figure 11 and Figure 12 show that, under the same recharge and exploitation conditions, the areas of the first-grade and second-grade protection zones are positively correlated with K and negatively correlated with ne. Under the same amplitude, the local sensitivity ∣Sne∣ > ∣SK∣, that is, ne is more sensitive than K. When K and ne change at the same time, the change trend of the area of the protection zone caused by the joint action of K and ne is the same as that caused by ne alone; this indicates that ne plays a dominant role in the delineation of the protection zone. Therefore, the impact of ne should be taken into account in the model construction and the actual delineation of the water source protection zone.



To more intuitively compare the influence of K and ne on the particle trace range, the local sensitivity when the two parameters have a certain amplitude and the global sensitivity when the two parameters change together were calculated. Figure 13 and Figure 14 show that the global sensitivities of the first- and second-grade protection zones calculated by the Morris method are between the local sensitivities of K and ne, and the global sensitivity is closer to the local sensitivity of ne. Moreover, when the values of K and ne are changed together, they restrict each other in the global sensitivity analysis because of their mutual influence. The global sensitivity is not equal to the direct sum of the local sensitivities of the two parameters in terms of value. The change range of the global sensitivity with the change of the parameters is smaller than the local sensitivity, which indicates that the interaction between the parameters reduces the impact of a single parameter on the delimitation of the protection zone. This also shows that the global sensitivity is closer to the actual situation than the local sensitivity in practical application.






4. Conclusions


In this study, the numerical simulation method was used to delineate the groundwater protection zones of large riverside source areas through particle trace lines. The trace length (100 d) of the first-grade protection zone is 35–523 m, and the trace length (1000 d) of the second-grade protection zone is 50–1800 m. The trace pattern of the riverside source can be divided into four categories: exploited water from lateral runoff; exploited water from rivers; exploited water from lateral runoff and rivers; and exploited water from lateral runoff, rivers, and regional runoff on the other side of the river. The particle trace morphology of 1000 d is similar to that of 100 d, but only the trace length changes. The water source protection area is delimited based on the trace form, and the areas of the first-grade and second-grade protection zones are 0.375 and 1.20 km2.



The area of the protection zone was positively correlated with K and negatively correlated with ne. The change trend of the area of the protected area caused by the simultaneous change in K and ne is the same as that when ne acts alone. The global sensitivity is closer to the local sensitivity of ne, indicating that ne plays a dominant role in the delineation of the protection zone. Therefore, the influence of ne should be taken into account in the model construction and the actual delineation of the water source protection zone. At the same time, the global sensitivity is not equal to the direct sum of the local sensitivities of the two parameters, and the range of variation in the global sensitivity with the change of the parameters is smaller than that of the local sensitivity. This indicates that the interaction between the parameters reduces the impact of a single parameter on the delimitation of the protection zone and that the global sensitivity is closer to the actual situation than the local sensitivity.



Numerical simulation is an important method for groundwater protection zone division. The uncertainty of the parameters in the model seriously affects the running results of the model and the accuracy of the model prediction. Different hydrogeological conditions in the study area lead to different parameters affecting the division of the protected zone. Therefore, the precision of the main sensitive parameters should be improved as much as possible in the hydrogeological exploration of water source areas to reduce the impact of parameter uncertainty on the reliability of the division results of water source protection areas.
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Figure 1. Annual average meteorological information from Luanping meteorological station (1973–2018). 
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Figure 2. Water abundance zoning map of the study area. 
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Figure 3. Hydrogeological section perpendicular to the river (Position A–A′ is between Liudaohe Village and Qidaohe Village in Figure 2). 
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Figure 4. Model boundary condition map and Quaternary basement buried depth contour map. 
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Figure 5. Division of aquifer permeability coefficient and riverbed vertical permeability coefficient. 
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Figure 6. Flow field fitting diagram for the water source in June 2019. 
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Figure 7. Water level fitting curve of the groundwater dynamic monitoring well. 
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Figure 8. Particle trace pattern for the 100 d period in each water source well. The red dots are water source wells, and the blue dots form particle traces, indicating the source of water in the exploitation wells. According to the source of groundwater, water source wells can be divided into four categories: (c,i,k) are Class I, (f,h,j,m,o) are Class II, (b,d,q) are Class III, and (a,e,g,l,n,p) are Class IV. 
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Figure 9. Comparison of particle trace patterns of water source wells for 100 and 1000 d, where blue represents the 100 d particle trace and the green represents the 1000 d particle trace. (a) means that when the exploitation well is mainly supplied laterally, the trace morphology of 1000 days and 100 days are basically the same, but the length is increased. (b) means that when the exploitation well is mainly supplied by the river, the trace morphology of 1000 days and 100 days are are basically identical. 
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Figure 10. First-grade and second-grade groundwater source protection areas in the study area. 
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Figure 11. Variation in the area of the first−grade protection zone with K and ne. 
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Figure 12. Variation in the area of the second−grade protection zone with K and ne. 
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Figure 13. Sensitivity of K and ne to the area of the first−grade protection zone. 
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Figure 14. Sensitivity of K and ne to the area of the second−grade protection zone. 
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Table 1. Groundwater equilibrium table for the study area in 2019.






Table 1. Groundwater equilibrium table for the study area in 2019.





	
Equilibrium Terms

	
Budget (104 m3)






	
Recharge items

	
Upstream lateral recharge

	
98.5




	
River recharge

	
820




	
Irrigation + Precipitation—Evaporation

	
26




	
Gully recharge

	
145




	
Discharge items

	
River discharge

	
186




	
Artificial exploitation

	
183




	
Downstream lateral discharge

	
610




	
Equalization difference

	
110.5
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