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Abstract

:

The interaction of surface water (SW) and groundwater (GW) is becoming more and more complex under the effects of climate change and human activity. It is of great significance to fully understand the characteristics of regional SW–GW circulation to reveal the water circulation system and the effect of its evolution mechanism to improve the rational allocation of water resources, especially in arid and semi-arid areas. In this paper, Yinchuan Plain is selected as the study area, where the SW–GW interaction is intensive. Three typical profiles are selected to build two-dimensional hydrogeological structure models, using an integrated approach involving field investigation, numerical simulation, hydrogeochemistry and isotope analysis. The SW–GW transformation characteristics are analyzed with these models, showing that geological structure controls the SW–GW interaction in Yinchuan Plain. The SW–GW flow system presents a multi-level nested system including local, intermediate and regional flow systems. The runoff intensity and renewal rate of different flow systems are evidently different, motivating evolution of the hydro-chemical field; human activities (well mining, agricultural irrigation, ditch drainage, etc.) change the local water flow system with a certain impacting width and depth, resulting in a variation of the hydrological and hydro-chemical fields. This study presents the efficacy of an integrated approach combining numerical simulation, hydrogeochemistry and isotope data, as well as an analysis for the determination of GW-SW interactions in Yinchuan Plain.
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1. Introduction


The SW–GW interaction is an important component of the water cycle in a watershed. The water balance and material exchange sustain basic functions of the SW–GW ecosystem, which in turn affect the management of water resources and ecological system protection in arid areas [1,2,3]. Clearly, the SW–GW interaction is controlled by topography, geology, landform conditions, climate condition and human activities, as the dynamic mechanism and ecological effect of this interaction in arid regions is very complex.



Wang et al. [4] analyzed the typical modes, hydrodynamic process and ecological impacts exerted by interactions between the river and GW in the Junggar Basin, and they concluded that the river–groundwater transformation could be controlled by geological and lithological structures. The heterogeneity of aquifers and riverbeds, hydraulic gradients, locations and structures of rivers, etc. determine the amount, direction and spatial distribution of SW–GW exchanges [5,6]. In addition, a lot of recent studies have addressed the impact of climate change and human activities on GW circulation and related region-wide environmental issues. The impact of human activities on the water resource system is more obvious in arid and semi-arid areas, such as in river diversion by damming [7] water diversion irrigation [8], GW overdraft [9] and water quality deterioration [10], which change the original SW–GW interaction mode and decrease their exchange in some basins. Saha et al. [11] studied the dynamics of SW–GW interactions under the impact of climate change based on the temporal average contribution of GW to SW. Their results show that these contributions vary monthly, seasonally and annually due to precipitation variations. Based on long-term observation data, Wang et al. [12] deduced the strong impacts of climate change and human activities on the GW system and basin base flow. Results indicate that the interaction between GW and SW is not only controlled by natural factors, but also affected by climate and human activities [13].



Various methods and techniques have been developed to explore the SW–GW interaction (for reviews, see [3,14]. The comparison of early use is mostly measurement methods (e.g., [15,16,17,18]), and the measurement methods mainly based on the point scale SW–GW interaction flux observation, or on the results of multi-point measurement extended to the site scale, suitable for accurate field scale research. Environmental tracer methods have been widely used to determine the SW–GW interaction, such as stable isotopes (deuterium and oxygen) [19,20], radioisotopes strontium [21], radium [22], radon [22,23,24], etc.



The hydro-chemical composition records the history of water migration and transformation in processes of hydrological cycles. Wang et al. [25] used the hydro-chemical analysis method to analyze the water source and mechanism of GW recharge in the Ejina Basin, their results showing that shallow phreatic and deep confined GW differ greatly in their compositions, while the discrepancy increases along the shallow GW flow paths. Martinez et al. [26] used long-range hydro-chemical data to study the SW–GW interactions, pointing out that the hydro-chemical analysis method should be combined with the environmental tracer method in practical application.



Numerical simulation methods have been widely used in studies on SW–GW interaction processes at various spatial scales [27,28,29]. It has been proven that numerical methods are not only applicable for small-scale researches [30,31], but also for regional scale researches [4,32]. In addition, the combination of numerical simulation and field measurement, hydrochemistry and isotope methods has been quite successful. For example, Ala-aho et al. [33] developed a combined SW–GW model to research GW-Lake interaction in the Esker aquifer, based on the long-term hydro-chemical data and environmental tracer method. Martinez et al. [26] used an integrated approach combining long-term hydrochemical data, hydraulic water level data and stable and radiogenic isotope hydrology for the determination of groundwater–surface interactions in headwater catchments.



In previous studies on SW–GW interaction, conclusions have been drawn that the the efficacy of an integrated approach combining hydrochemical data, isotope hydrology and numerical simulation, etc. are highly recommended [24,34], and basin-scale studies are likewise very important for revealing scientific problems. Field scale researches can accurately depict the local water flow system, but they cannot be solely used to study the SW–GW interaction in a whole basin. This problem can be solved by extending the study area to basin-scale research, assuming the availabilities of a great deal of supporting data and complex three-dimensional geological models. As such, there are relatively few studies on the scale of regional relationships [4].



Based on the combination of field surveys, numerical simulations, hydrochemistry and isotope analyses, three typical profiles of Yinchuan Plain are selected to study the hydrodynamic processes and effects of SW–GW interaction under different geological conditions. The main purposes of this study are to: (1) build hydrogeological models of typical profiles of Yinchuan Plain by combining the drilling data and geological survey; (2) analyze the hydrodynamic field characteristics of three profiles, revealing the SW–GW interaction mechanism and evolution process of the hydro-chemical field; and (3) explore the water interaction mode and its impacts in the arid areas of Northwest China. It is expected that the research can enrich the SW–GW interaction theory, providing guidance for the regional water resource management of Yinchuan Plain.




2. Methodology


2.1. Study Area


Yinchuan Plain is located in the northern Ningxia Hui Autonomous Region of China, covering an area of 7790 km2 (Figure 1) [35,36,37]. It is in the middle-upper streams of the Yellow River and is bounded by Qingtong Gorge to the south, Shizui Mountain to the north, Helan Mountain to the west and the west margin of Ordos Plain to the east. The region belongs to moderate temperate inland arid climate, with the characteristics of extreme drought and little rainfall. The average potential annual precipitation is 184.7 mm, 70% of the annual rainfall occurs during June to September, and the average annual evaporation is 1748.44 mm from June to September, concentrated from March to October [38]. The mean annual air temperature is 8.92 °C with the highest at 23.63 °C in July and the lowest around −7.73 °C in January [35,36,37,38].



Yinchuan Plain can be divided into four geomorphic zones: mountain, plateau, plain and sand dunes. The western part is Helan Mountain, which is a high stone mountain with an overall trend of northeast 30° and an elevation of 1500 m to 3200 m. The middle part is the plain, composed of the piedmont diluvial sloping plain, alluvial–proluvial plain and river-lake plain [35,36,37]. Ditches, lakes and farmland are widely distributed. The cultivation history reaches nearly 2000 years. The east region is Taolin Salt Plateau of Ordos, with an elevation of 1300 m to 1600 m. The edge of the plateau is connected to Yinchuan Plain by a steep ridge, influenced by the erosion and cutting of the Yellow River. The sand dunes are mainly composed of fine sand with certain mobility, and it is a landscape greatly affected by GW and climate such as rainfall and wind speed.



Water as a resource in Yinchuan Plain is mainly supplied by the Yellow River, which is located on the east side of the plain, with a total length of about 191 km, and it is a perennial river carrying a large amout of sediment with an average salinity of 0.4 g/L [35,39]. There is a reservoir in the upper reaches of the study area to regulate and store the flow of the Yellow River, so the river level is relatively stable throughout the year in the study area. In addition to the main stream of the Yellow River, there are other large rivers in the area, such as the Kuishui River (originating from Gansu Province before finally joining the Yellow River) [36,39]. Yinchuan Plain is one of the oldest irrigation areas in China, with many irrigation channels and discharge ditches stretching all over the plain, such as Huinong Canel, West Canel, Qin Canel, etc. (Figure 2c). Furthermore, there are many short gullies in the surrounding mountains flowing into the Yellow River directly, providing a certain amount of runoff recharges to the piedmont [40].



The Yinchuan Plain has a land area of 7090 km2. The agricultural land is 4341 km2 including paddy fields, irrigated land, vegetable gardens, orchards, etc., mainly distributed in the plains on both sides of the Yellow River. The construction land is 1064 km2, including residential areas, industrial and mining land, transportation and water conservancy facilities. Other unused land is 1685 km2, including grassland, sandy land, swamp land, lake, river, tidal flat land, wetland, etc.



The GW in Yinchuan Plain is mainly pore water in Quaternary loose rocks. According to the analysis of geological, geomorphological and hydrogeological conditions and borehole data in the study area, it can be divided into single phreatic aquifer and multilayer aquifer system [35,36]. The single phreatic aquife are mainly distributed in the alluvial–diluvial fan area of the Yellow River in the south of Yinchuan Plain (I Zone in Figure 1), the piedmont plain area of Helan Mountain (II Zone in Figure 1), and the Yellow River floodplains in the northeast (III Zone in Figure 1). The lithology is mainly dominated by coarse sand, and the occasional cohesive soil is mostly lenticular in distribution, while the upper and lower hydraulic connections are good, thus forming a single hydrogeological structure. The multi-layer aquifer system is mainly distributed in the vast plains outside the single GW areas of Helan Mountain and the alluvial fan of the Yellow River (IV Zone in Figure 1). Sand and clayey soil layers are distributed alternately to form a multi-layer hydrogeological structure. In the multi-layer aquifer system, the quaternary water-bearing rock series can be divided into four water-bearing rock groups above approximately 400 m in depth; from top to bottom, they are the phreatic aquifer group, the first confined aquifer group, the second confined aquifer group and the third confined water; additionally, there are relatively continuous acquirers with lower permeability between aquifer groups in general [41].




2.2. Typical Profiles Settings


According to the lithology of the regional aquifer and the characteristics of GW flow, three typical profiles are selected to study interaction of the SW–GW system (as shown in Figure 1).



Profile 1: The 2D slice starting from Helan Mountain in the west, passing through piedmont floodplain, alluvial–proluvial plain, alluvial plain, and ending at the Ordos Plateau in the east. It lies in the nearly W–E direction, with a length of 58 km. This slice has the same direction of GW mainstream, covering all geological geomorphic types in Yinchuan Plain. Moreover, it passes through several major faults in Yinchuan Plain with spring outcrop.



Profile 2: This slice is located in the southern part of Yinchuan Plain, passing through the alluvial–diluvial plain, alluvial plain and hilly platform from northwest to southeast, with a length of 38 km.



Profile 3: The slice is along the Yellow River, which is the main river from south to north through Yinchuan Plain. The GW is closely connected with the Yellow River water in this basin, while the Yellow River water is used to irrigate the plain area, flowing back to the Yellow River in the form of drains and GW. Therefore, the river-basin water cycle system is dominated by the river, and the selected location coincides with the purpose of this study.




2.3. Methods and Data Collection


An integrated approach is employed to characterize hydrodynamic processes of the SW–GW system in this study, including (1) geological drilling and hydrogeological survey; (2) hydro-chemical investigation; (3) isotope analysis; and (4) numerical simulation.



The drilling data are used to establish the geological structure of the profile, and the hydrochemistry method is used to reveal the source, origin and migration law of the water body by recording the migration and transformation information of the water body during the course of runoff. The deuterium and oxygen isotopes of the water body are used to investigate the source of water body recharge and the mutual transformation relationship between different water bodies [26,42]. Radioactive tritium isotopes are used to calculate the age and renewal rate of GW, to indicate water cycle information and to mark migration of the water source in the aquifer [43].



A total of 110 GW samples are collected for hydro-chemical analysis, including 66 shallow and 44 deep GW samples (Figure 1). 122 deuterium and oxygen stable isotopes of water samples are collected, including 61 shallow GW samples, 17 lake water samples, 27 water samples from drainage ditches, 11 Yellow River water samples and 6 spring water samples (Figure 2a). The data are derived from data published by Qian et al. [36]. The shallow GW is divided into 4 groups according to the GW system as shown in Figure 2a. According to the long-term monitoring data of Yinchuan Station in the Global Network of Isotopes in Precipitation (GNIP) Database of International Atomic Energy Agency, the weighted averages of δ2H and 18O in precipitation are −42.7‰ and −6.34‰. The δ2H and δ18O equation of atmospheric precipitation is obtained as follows in terms of the least square method: δ2H = 7.22δ18O + 5.5.



The river water level monitoring data are obtained from the Qingtongxia Hydrological Station. The GW level monitoring data are derived from the Hydrogeological and Environmental Geological Survey and Evaluation Project of Ningxia Economic Zone along the Yellow River [38] and the National GW Monitoring Project [44]. The time period of monitoring data expands from April 2014 to December 2015, and distribution of the water level monitoring points on the profile is shown in Figure 2b.



94 groups of GW tritium isotope samples are collected, and the tritium data of 54 sets of isotopes on the profile (Figure 1) are derived from data published by Chen et al. [45]. Radioactive tritium is used to calculate mathematical physical models of GW age, mainly including the piston flow model (PFM), exponential model (PEM), exponential-piston model (EPM) and dispersion model (DM) [46]. Based on the geological conditions of Yinchuan Plain, the DM is selected to estimate the tritium age of GW samples. First, the tritium content of the local meteoric water is restored, and the tritium monitoring data of the meteoric water (1986–1992 and 1999–2000) could be obtained from the Yinchuan Station of International Atomic Energy Agency (IAEA). According to the difference correlation method [47], Doney model method [48], triangle extrapolation method (surrounding stations are Hong Kong, Harbin, and Urumqi) and Vienna-related method [49], the tritium contents in the meteoric water during the four periods (1953–1959), (1960–1986), (1992–2004) and (2004–2009) are restored, respectively. Meanwhile, the tritium in the meteoric water after 2010 has been restored to the pre-nuclear explosion level of about 18TU, affected by rainfall [50]. FlowPC 3.1 [51] and the DM are selected to calibrate the tritium age of GW samples. During calculation, the optimal fitting of the output tritium content calculated with the model is carried out by using the sampling data of different years at the same sample site, so that the accurate GW dispersion parameters of different hydrogeological units and the retention time of the sample site are obtained. Finally, the parameters are applied to the corresponding hydrogeological units, and the retention time of the tritium model of individual samples in certain units was calculated using this method [45].



Regarding the average annual GW renewal rate, the full mixing model proposed by La Salle et al. [52] is adapted; assuming that GW is completely mixed in the aquifer, the annual average renewal rate of the aquifer is calculated by the radioactive decay of 3H, and the annual input in a time step for the year. The model expression is as follows: assuming that the aquifer is stable; that is, the input of water is equal to the output and the GW is continuously recharged and completely mixed. The tritium content in the GW is calculated by radioactive decay and annual input variations:


   H  g w i     3  =   ( 1 −  R i  )  3   H  g w i       − 1    e  − λ   +  R i    3   H  0 i    



(1)




where, 3Hgwi is the 3H content (TU) of GW in the year i, and Hgwi−1 is the 3H content (TU) of GW in the year i − 1; H0i is the 3H content (TU) of input water in year i; Ri is the annual renewal rate (%/a) in year i; λ is the radioactive decay constant, at 0.05626/a. Calculation is made from 1952 (before the atmospheric nuclear explosion), the 3H content of GW before 1952 is 10TU, then 3H concentration in GW in 1952 is:


   H  g w 1952     3  =    H 0    3    λ / R + 1    



(2)







If the recharge has a linear relationship with the annual precipitation, then the annual renewal rate (Ri) is equal to the average renewal rate (R) multiplied by the percentage of the annual precipitation (Pi) to the annual average precipitation (Pm). Taking into account the maximum precipitation value (Pt) at which recharge takes place, this relationship is usually not fully applicable in arid and semi-arid areas, so the annual renewal rate in this work is expressed as follows [53]:


   R i  =   R (  P i  −  P t  )    P m  −  P t     



(3)







According to the meteorological data of Yinchuan Plain Meteorological Station since 1952, the atmospheric rainfall in 1980 is selected as the maximum precipitation (193.9 mm). In the calculation of Equations (1) and (2) of the full mixing model, the relation curve between 3H isotope in GW and the annual renewal rate can be obtained; then, the type curve method is adopted according to the measured 3H value of GW, and the GW renewal rate at the sampling point can be obtained [54].




2.4. Numerical Model Building


The numerical model of GMS software developed by Aquaveo LLC. is adopted in this paper to explore the hydrodynamic process of the SW–GW interaction under different patterns based on two-dimensional steady-state flow in the section. Every model of the three typical profiles was generalized into a stable GW system with heterogeneous anisotropy, according to characteristics of the aquifer structure, lithology and GW flow.



Profiles 1 and 2 are selected along the direction of groundwater flow, and groundwater flow in the east–west direction dominates the flow field. The groundwater regime indicates that the groundwater levels are relatively steady [55]. Therefore, Profiles 1 and 2 in the east–west direction were selected for this study, while Profile 3 was chosen to be parallel to the Yellow River to study the interaction between the river and groundwater, as well as to investigate the relative magnitude of flow in the north–south direction. Besides, steady-state 2D numerical models for these 3 profiles were studies to reveal more detailed features of vertical flows while maintaining computational cost in an affordable range.



The boundary conditions of Profiles 1 and 2 are as follows: The west lateral boundary is the border between the Quaternary of Yinchuan Plain and the bedrock of Helan Mountain; the stratum lithology on the left of the border is mainly Tertiary bedrock; the GW recharge of Helan Mountain to the plain is mainly manifested as the underseepage in the process of mountain flood dispersion; the movement of GW is mainly vertical; therefore, the west boundary is generalized as an impermeable boundary. Floods pass through the piedmont alluvial fan of Helan Mountain, most of them infiltrating to recharge the GW, so the west upper part of this area is set as the constant flow rate boundary, and the wells module is used for constant flow recharge. On the alluvial–proluvial plain and fluviolacustrine plain of the study area, the upper boundary is a free surface of the phreatic aquifer, which is closely related with irrigation channels, agricultural irrigation, precipitation, evaporation of submerged surface and drainage ditches in the areas. The GW level is mainly affected by agricultural irrigation, and its variation range is small. The phreatic water level is used as a constant head boundary in order to better control the flow simulation, and the water elevation is set as a constant head. The east boundary of Profiles 1 and 2 is the border between Yinchuan Plain and Ordos Platform, it is generalized as a constant flow rate boundary; the bottom boundaries of Profiles 1 and 2 are defined in the bottom of the third confined aquifer group in Yinchuan Plain with a large buried depth and very small GW exchange; so such boundaries are generalized as impermeable boundaries (Figure 3a). The upper boundary of Profile 3 is a constant head boundary and the head value is the water level of the Yellow River, while the two sides (east and west) are flow rate boundaries.





3. Results


3.1. Groundwater Flow Modeling


Wang [55] established numerical models for Profiles 1 and 2 and validated these models using the water level data in 2014 and 2015. In Profile 3, 18 GW level monitoring points (see Figure 2b for locations) along the Yellow River in 2014 and 2015 are taken as the fitting targets, and the parameters are adjusted and corrected by using the trial-and-error correction method. The GW level simulation values in the calibrated model are compared with the observed values (Figure 3b). The simulation results show that the wat‘er level fitting is relatively poor in the upper Yellow River alluvial fan area (the errors of red dots such as Q36 and Q37 are between 1.4 m and 1.9 m), their larger errors result from the larger hydraulic gradient of GW and more significant seasonal fluctuation of GW level in the area [56]. The fitting effect of the water level in the plain area is good, with an error of within 0.6 m, and the error is mainly due to the heterogeneity and anisotropy of the medium [57]. The overall error of Profile 3 is calculated by the root mean squared error (RMSE), the RMSE of GW level simulation results is only 0.93 m, so the simulation can reflect the characteristics of GW flow field and can be used to reveal GW flow mode in the modeled hydrogeological profile.



The initial parameters of the model in Profile 3 are based on drilling data and empirical values, and previous studies [38,58] are referred; the variation range of the horizontal permeability coefficient (Kh) is 102–10−3 m/d, and the vertical permeability coefficient (Kv) is 0.1–0.2 times the horizontal ones; the variation range of porosity ratio is 0.35–0.55. The model parameters after calibration are shown in Table 1.




3.2. Profile 1


Figure 4 shows the hydrogeological structure and SW–GW flow system in Profile 1. In this system, SW and GW transform 3–5 times. GW flows mainly from the single GW area in the west to the lake area in the middle of the plain, and to the Yellow River. This profile contains a three-stage SW–GW flow system; namely, the local flow system, intermediate flow system and regional flow system. Among them, the depth of the local flow system is about 100 m, and the influence length-scale is about 2–5 km. There are several local GW flow subsystems from the piedmont diluvial sloping plain to the central alluvial–diluvial plain and fluvial plain. Simulation results have shown that there is a rapid local GW flow system with a seepage rate of 0.02–0.07 m/d in the piedmont and alluvial–diluvial fan nearby, and the aquifer is mainly recharged from precipitation and surface runoff. In the alluvial and lacustrine plain, there are several local GW flow subsystems with a seepage rate of about 0.01 m/d. The depth of the intermediate flow system is about 200 m, and the influence width is about 20 km. The GW is eventually discharged to Yuehai Lake, and the seepage rate of the GW is 0.01–0.05 m/d. The depth of the regional flow system is >300 m, and the influence width is about 40 km. The GW discharges to the Yellow River, finally. According to the isotope analysis results, the age of the shallow GW in the alluvial and diluvial fan in the piedmont is less than 30 years, and the GW renewal rate is 0.4–1.2%·a−1. In the alluvial plain and lacustrine plain, the age of the shallow GW is less than 65 years, and the GW renewal rate is 1.3–7%·a−1; the age of deep GW is >65 years, and the GW renewal rate is slow at around 0.1–0.5%·a−1.



The hydro-chemical types of GW show obvious zonation along the direction of GW flow from the piedmont to the Yellow River, driven by the hydrodynamic process of SW–GW interaction. In the local flow system, the chemical types of GW in the piedmont plain of Helan Mountain are mainly HCO3•Ca, HCO3•Ca•Mg. The TDS is about 0.2–0.3 g/L, and the hydrochemistry is mainly dominated by dissolution and filtration [37,39]. On the alluvial plain, the anion chemical type of GW was transformed from HCO3•SO4 to HCO3•SO4•Cl, and the cation was transformed from Ca, Ca•Na or Ca•Mg type to Na•Mg or Na type from the west to the east. The TDS varied from 0.6 to 2.5 g/L, and the hydro-chemical reaction was mainly dominated by evaporation [37,39]. In the intermediate flow system, the chemical types of GW in the piedmont plain are mainly HCO3•Ca•Mg type, while in the alluvial-diluvial plain and alluvial plain, the chemical types of GW are mainly HCO3•SO4•Ca, HCO3•Na•Mg type, and the TDS is less than 1 g/L.




3.3. Profile 2


Figure 5 shows the hydrogeological structure of Profile 2. It can be seen that GW flows into the Yellow River from east and west sides, and SW and GW transform 2–3 times. It contains a two-stage GW circulation system. The seepage path is about 3–8 km long in the local flow system with a depth of about 60–80 m, and the GW seepage rate is about 0.01–0.05 m/d. The seepage path of the intermediate flow system is generally about 12–20 km long and up to 320 m deep, and the GW seepage rate is about 0.0004–0.02 m/d. As shown by the isotope analysis results, the age of GW in the local flow system is shorter than 65 years, and the renewal rate of GW is mostly 0.3–15%·a−1, with a strong alternation of GW circulation and a strong renewal capability. The age of GW in the intermediate flow system is longer than 65a, with a renewal rate of 0.1–0.2%·a−1, representing a slow circulation.



According to hydro-chemical analysis, in the western part of the Yellow River, the GW in the local flow system is dominated by HCO3•SO4 type, and the TDS is less than 1 g/L. GW in the intermediate flow system evolved from HCO3•SO4•Cl type to Cl•SO4 type, and the TDS is about 1 g/L. In the eastern part of the Yellow River, the chemical types of shallow and deep GW are mainly Cl•SO4•Na or Cl•SO4•Na•Mg and the TDS of GW is between 0.5 g/L and 2.7 g/L. The GW in the platform is dominated by SO4•Cl•Na type, mainly affected by precipitation and lixiviation (37), and the TDS is about 0.6–2.8 g/L.




3.4. Profile 3


Figure 6 shows the hydrogeological structure of Profile 3, containing local and intermediate flow systems, with depths within 80 m and 180 m, respectively, and SW and GW transforming 2–3 times, forming a GW flow system dominated by rivers. In the upstream of the Yellow River, the seepage path in the local flow system is 8–12 km, with a seepage rate of about 0.0002–0.0006 m/d (Figure 7), the seepage path in the intermediate flow system is about 35 km, with a seepage rate of 0.0002–0.0004 m/d. The GW is mainly recharged by river, precipitation and agricultural irrigation. In the middle and lower reaches of the Yellow River, the seepage rate of the local flow subsystem is about 0.0004–0.0006 m/d, and the seepage path length is 15–35 km. The aquifer is mainly supplied by river seepage and lateral GW runoff on both sides. Isotope analysis results show that the ages of GW along both sides of the Yellow River are short, especially the local flow system of the upper reaches, whose renewal rate of GW is 5–50% a−1. The renewal rate of GW is relatively slow and is around 0.1–6% a−1 in the intermediate flow system.



The hydro-chemical type of the Yellow River water in the upstream is dominated by HCO3•SO4•Ca•Mg•Na, and the hydro-chemical type of shallow GW is mainly HCO3•SO4•Ca•Mg and HCO3•SO4•Ca•Na•Mg (similar to the chemical type of the Yellow River water), with varying TDS of 0.5–0.9 g/L in the GW, indicating that there is a direct mutual recharge relationship between the Yellow River and GW. In the middle reaches of the Yellow River, the hydro-chemical types of shallow GW are diversified, including HCO3•SO4•Ca•Mg, HCO3•Cl•Na•Mg, SO4·Cl·Na·Mg, HCO3•SO4•Na•Mg•Ca, etc., and the TDS is 0.7–1.4 g/L. In the downstream, the chemical types of shallow GW are mainly Cl•SO4•Na•Mg, Cl•SO4•Na, SO4•Cl•Na and Cl•SO4•HCO3•Na•Mg, and the TDS is 1.5–9 g/L. The TDS of shallow GW changes from low to high along the Yellow River, and the TDS of deep GW is mostly less than 1 g/L.





4. Discussion


4.1. Interpretation to Isotopes of SW–GW Interaction in Yinchuan Plain


The GW samples of the alluvial–pluvial fan (II Zone in Figure 2) at the eastern foot of Helan Mountain are all located below this LMWL, which indicates that the recharge in this region has other sources in addition to the meteoric water. Some samples are substantially concentrated along the evaporation line defined by the surface lake water, which indicates that the proportion of local meteoric water recharge is relatively small, and that the main source of recharge should be the meteoric water from high-elevation areas with a smaller isotope ratio or ancient recharge during cold a climate. Since tritium can be detected in most samples, ancient recharge can be ruled out and GW should be recharged by the meteoric water from high-elevation areas in Helan Mountain. Some GW samples are distributed around the spring water sample, which indicates that there is a mutual recharge between spring water and GW. Qian et al. [36] believe that GW is recharged by spring water and meteoric water, and the proportion of the recharge by spring water is larger, and the lateral recharge source is partly reflected in the piedmont of Helan Mountain, which proves the existence of local water flow system in the piedmont in Profile 1. The samples of Zone I are located in the alluvial–pluvial fan of the Yellow River in the upper reaches of Yinchuan Plain. As shown in Figure 8A, the isotope ratios of GW samples in this zone are all less than the average value of LMWL of Yinchuan. δ18O varies widely and is close to the mean value of the Yellow River water, which indicates that its recharge source is the Yellow River. During the recharge process, it is affected by evaporation, and the recharge method is the irrigation with the Yellow River water. The samples of Zone III are located around the lower reaches of Yellow River in Yinchuan Plain, and the isotope results are similar to those in Zone II. Most GW samples of Zone IV deviate from the LMWL to the right side and are distributed along a line with a smaller slope than the evaporation line of SW, which shows a strong evaporation effect. Some samples are scattered evenly on both sides of the evaporation line, with values around the mean value of the Yellow River water, which indicates that the recharge source of GW is the seepage of irrigation water from the Yellow River, and is strongly affected by evaporation during recharge. The values of some samples are distributed around the mean value of the spring water, reflecting the recharge relationship between GW and spring water. The lake samples are very scattered and obviously deviate from the LMWL, and most of them are located below the LMWL of Yinchuan and along the line with a slope of 5.23 (δD = 5.23δ18O − 20.42), which indicates that the lake water is affected by evaporation. Through systematic analysis of lake isotope samples of the lake, Qian et al. [40] suggests that the lake water comes from the Yellow River water or GW, or both. This partially proves that there is a local water flow system in Profile 1 flows to the lake. As shown in Figure 8B, samples of drainage ditches are very scattered and clearly deviate from the LMWL. The isotope samples of partial drainage ditches are in the middle of GW samples in the plain area, which indicates that the water in the partial drainage ditches comes from GW and is consistent with the presence of a local flow system around the drainage ditches in Profile 2. According to the field investigation, the water in the drainage ditches mainly comes from the water runoff into the drainage ditches after the paddy fields are irrigated, GW and domestic sewage [36,38], thus leading to the above-described isotope characteristics of the water samples in drainage ditches.




4.2. Geological Structure Controlling SW–GW Interaction


Controlled by the Neotectonic Movement, Helan Mountain in the west of Yinchuan Plain has been continuously uplifted and steepened, with an elevation of 2000–3556 m, strongly cutting terrain. There is stable snow cover in winter, and rich precipitation in the rainy season. Rivers and flood channels originating in this area are mainly recharged by precipitation, glacial water, melt water and bedrock fissure water, and the water penetrates into the ground at the mountain mouth after short-term underground runoff, transforming into GW [38,58]. This area is a formation area of water resources in the watershed; with limited storage space and less GW resources, the water-rich sections are mostly concentrated in the fracture zone, fissure development section, mountain fault basin, river valley area and plain area, where relatively thick loose sediments are deposited. It is easy for flood infiltration, and most of the floods seep into the ground in the piedmont to form GW and finally enter the piedmont alluvial-pluvial fan. This alluvial-pluvial fan is a runoff transformation area of the watershed, with large storage space, abundant recharge sources and abundant storage and regulation resources, which is conducive to GW exploitation. Close to the piedmont alluvial–pluvial fan and affected by the geological structure, a set of fine-grained belts often deposits at the front of the alluvial sloping plain and the contact point of the alluvial plain [58], and the GW in the piedmont and low hills receives the meteoric water recharge and the surface flood recharge in the piedmont. The water partially seeps into the ground to form GW, moves from the high water head to the low water head, encounters the clay soil with lithology as fine particles, the GW runoff is hindered, and partially discharged to the surface in the form of spring. After partial GW enters the deep circulation, it is directly discharged to the terminal lake or the Yellow River, which constitutes the basic way of water resource transformation in arid and arid areas, i.e., SW–GW–SW. Regardless of the number of transformations, the watershed SW and GW are two different forms of the same recharge source. This kind of interaction is more common in arid and semi-arid areas of northwest China, such as southern Qaidam Basin in Qinghai [59], Junggar Basin in Xinjiang [4], Heihe River Basin [60], and Golmud River Basin [61].



The Yellow River flows from Qingtong Gorge to Yinchuan Plain. Due to the high water level in the upper reaches, a typical piedmont alluvial–pluvial fan is formed at the Yellow River water existence of the mountain mouth, and its aquifer is composed of gravel, with a loose structure, high porosity and permeability. In the alluvial–pluvial fan, the Yellow River water mainly recharges the GW. From the front edge of the alluvial–pluvial fan to the overflow zone, coarse particles are directly exposed on the ground surface or are covered only by a thin soil layer, which is very beneficial to absorb the SW from the mountain confluence. As the terrain becomes flatter, the particles become thinner, the water permeability becomes worse, the underground runoff is blocked, the water level is close to the surface because the GW is blocked and a lake or a marsh is formed. On the fine soil plain below the overflow zone, the terrain is flat, and the lithology is dominated by powder fine sand and clay, the relationship between the Yellow River and the GW becomes complicated, the Yellow River recharges the GW in the high-water period and the GW recharges the Yellow River in the low-water period. The Yellow River water and GW are mutually transformed one to three times to form a multi-stage nested flow system, in the mode of river water- GW-river water, forming another way of interaction of SW and GW in the basin.



Under the two common interaction modes of SW and GW, there is a basic mode that geological and geomorphological conditions control the formation and distribution of GW, and geological structures control the interaction of SW and GW flow systems. GW is driven by gravity, SW and GW are mutually transformed for one to four times from the recharge area to the runoff area and then to the discharge area. During GW flowing, the GW flow is affected by the heterogeneity and anisotropy of aquifer and forms a multi-stage nested flow system: local flow system, intermediate flow system and regional flow system [62]. There are great differences in its runoff intensity, GW renewal rate and water chemical composition [63,64].




4.3. The Impact of Human Activity


In the alluvial–proluvial plain area of Yinchuan Plain, during spring irrigation and winter irrigation each year, a plurality of local flow systems formed by vertical seepage recharge are formed in the plain area, and the GW recharge sources are mainly the leakage of the Yellow River diversion canals and infiltration of irrigation. This form of recharge indirectly alters the movement of SW and GW. Irrigation seepage and canal leakage recharge account for 79.39% of total GW recharge sources [37,38]. In addition, the violent surface evaporation and irrational irrigation of agriculture in the plain area result in high soil salinization and nitrate content in some areas [35,41,65]. The construction of the Qingtongxia Reservoir and its dam in the upper reaches of the plain has changed the natural process and rules of the hydrological change of the original river, resulting in the decrease of the water level of the river and changes of the recharge relationship between the river and the surrounding GW. The regular sand discharge of the dam easily causes sediment deposition in the Yellow River streambed in the plain, reduces the amount of exchange between the river water and GW, and this in turn poses a threat to river and downstream ecosystems [66,67,68]. With the development of the city, the overexploitation of GW in local areas has resulted in varying degrees of regional GW drawdown funnels [41,69]. There were many lake wetlands in the history of Yinchuan Plain, and the lakes and marshes in the plain were affected by many natural factors such as land subsidence, sediment deposition, Yellow River flooding and climate drying during the geological period and human history. Since the development of the Yellow River Irrigation Area in the Han Dynasty, the changes of the lakes and marshes have been closely linked by the human development activities of the irrigation area, and the natural factors are relatively secondary [40,70].



In arid and semi-arid basins with limited water resources, human activities are closely related to the development and utilization of water resources, such as the construction of reservoirs, the diversion of river channels, the networking of river channels and canals, the transfer of water across basins, and the exploitation of GW, interfering with the SW and GW circulation to the native state, and changing the recharge–discharge relationship between rivers and groundwater aquifers [71,72], causing a decline in the exchange of SW and GW in some basins, complicating the evolution of the relationship between SW and GW, and producing a series of ecological and environmental problems [73,74].




4.4. SW–GW Interaction Process in Yinchuan Plain


The SW–GW interaction in Yinchuan Plain can be classified into three typical types by comparing and analyzing the hydrogeological structure and GW flow system of the three typical profiles in the study area: (1) SW–GW interaction in piedmont alluvial–pluvial fan. In general, the SW–GW interaction process is as follows: The GW in the mountain area is recharged by the meteoric water and ice-snow melt water, and part of the SW is transformed into GW by infiltration from the surface runoff to the piedmont alluvial–pluvial fan, some GW is affected by lithology to the edge of the alluvial fan and fine soil plain to overflow into spring, and some GW is discharged to the downstream tail-end lake or terminal river with deep circulation. During the whole circulation process, SW and GW transform 3–5 times. (2) SW–GW interaction under impact of human activities. In this type, SW and GW are transformed 2–3 times, and the Yellow River water is introduced to the irrigation area through the Yellow River diversion canal, the GW is recharged through infiltration of irrigation and the Yellow River diversion canals leakage, and is discharged through evaporation and drainage ditches. Some of the GW is also drained to the Yellow River through drainage ditches or underground runoff. (3) River water–GW interaction. In this type, the GW has a close hydraulic connection with the Yellow River water, and the Yellow River undergoes multiple interactions with GW in the course of its flow. In the upstream alluvial fan of the Yellow River, the main mode is that the Yellow River becomes disconnected with GW and recharges the GW. The Yellow River and GW in other regions have a unified infiltration curve under natural conditions. Affected by the seasonal variation, there is a big difference in the water level of the Yellow River, which makes the Yellow River recharge GW in the high-water period, while the GW recharge the Yellow River in the low-water and plain-water periods.




4.5. Exploration of GW Resources Exploitation


SW, GW and the ecological environment form a community. The dynamic process of GW interaction drives the transmission and circulation of materials and energy, and strengthens the coupling among GW, meteoric water (and evaporation), SW and the ecological environment. It is necessary to figure out the transformation principles of SW and GW with the theory of systematic hydrology cycle, and deal with the problems of regional lake and wetland protection, water resource exploration and agricultural irrigation. According to the above analysis on three typical SW–GW circulation modes and evolutions in Yinchuan Plain, combined with the current status of human activities in the region, the following recommendations are proposed for optimized allocation of GW resources:




	(1)

	
The Helan Mountain Floodplain is the main recharge area of the regional GW flow system. Because there is no perennial river in Helan Mountain, the rainfall is scarce, the recharge is limited, and the GW renewability is poor, so it is not suitable for large-scale development of GW.




	(2)

	
In the alluvial fan plain area of the upper reaches of the Yellow River, the GW in this area is mainly recharged by the Yellow River, and the sand gravel layer below the surface is conducive for the seepage of irrigation water. The GW renewability is strong and the water quality is excellent, which can be used as a water source for Yinchuan City.




	(3)

	
Current mode, i.e., relying merely on Yellow River water for irrigation, in main irrigation areas in the Yinchuan Plain should be changed. The combination of canal irrigation and well irrigation should be used to improve the drainage ditches, limit the amount of SW irrigation, and rationally develop and utilize shallow GW. This will not only prevent soil from salinization, and improve soil quality, but also reduce the inefficient evaporation of shallow GW, advance the utilization efficiency of water resources, and alleviate the contradiction between supply and demand of water resources.




	(4)

	
There are many lake wetlands in Yinchuan Plain. In order to protect the lake wetlands, we must focus on the hydrological cycle, sustain the source of lakes and pay more attention to the impact of the SW–GW interaction.











5. Conclusions


In this study, three typical profiles are selected in Yinchuan Plain. The numerical simulation combined with geological analysis, water chemistry and isotope analysis methods are used to comprehensively analyze the typical modes of SW–GW interaction in Yinchuan Plain, and the intrinsic complexity is generalized. The main conclusions are as follows:




	(1)

	
In arid and semi-arid areas, there are frequent mutual interactions between SW and GW. The geological structure controls the basic mode of SW–GW interaction. In the mountain fault basin, river valley areas and plain areas, thick loose sediments are accumulated, forming the main GW recharge area. The piedmont sag and alluvial–proluvial plain is the watershed-runoff transformation area where precipitation is rare and evaporation is intense. The downstream lake wetlands are the consumption areas of water resources.




	(2)

	
Through the construction of reservoirs, water diversion irrigation, groundwater development and other closely related activities, human activities interfere with the SW and GW circulation to the native state, change the recharge–discharge relationship between SW and GW aquifers, and cause a decline in the exchange of SW and GW. It further homogenizes the spatial distribution of GW recharge and discharge conditions, and extends the affected area, which causes variation of the dynamic field and hydro-chemical field of the GW system, even causes the great change of GW quality and induces certain negative effects on geological–ecological environments.




	(3)

	
From mountainous areas to plains, the SW–GW interaction in different geological and geomorphological units is an important feature of water resources in arid and semi-arid areas. The GW flow system controls the evolution of SW modes and the dynamics of phreatic level. The GW maintains the wetland area such as the overflow zone and the tail-end lake. To maintain the area of the lake and wetland in the Yinchuan Plain, the development of GW resources in the recharge area must be controlled regarding the regional hydrological cycle.




	(4)

	
The topography controls the material migration in the water and the lithology of the strata provides the chemical composition in the water. In arid and semi-arid areas, arid climate and strong evaporation determine the material accumulation, human activities lead to the accumulation of a certain degree of change and water chemistry has an indicative role in the circulation of GW, which can effectively reveal the SW–GW interaction. From the piedmont to the plain in Yinchuan Plain, and during the mutual interaction of SW and GW, their hydro-chemical types are HCO3, HCO3•SO4 (SO4•HCO3), HCO3•SO4•CI and HCO3•CI (CI•HCO3 or CI•SO4), and cations are transformed from Ca (Ca•Na, Ca•Mg) to Na•Mg (Na). Along the Yellow River, the evolution of GW chemistry is similar, from HCO3•SO4 to HCO3•Cl•Na•Mg and SO4•Cl•Na•Mg, and then Cl•SO4 in the lower reaches, with obvious horizontal zoning which is consistent with the topographic relief, conforms to the law of continental salt accumulation and also reflects the SW–GW interaction.









This study is of great significance to know about the SW–GW interaction relationship in Yinchuan Plain, realize the joint development of SW and GW, optimize the allocation of water resources and guide the utilization rate of water resources and ecological environment protection along the Yellow River Economic Belt.
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Figure 1. Sketch map of hydrogeology and profiles location in Yinchuan plain. 
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Figure 2. (a). The sample points of D and 18O in study area. (b). The spatial distribution of water level monitoring point. (c). The spatial distribution of river system. 






Figure 2. (a). The sample points of D and 18O in study area. (b). The spatial distribution of water level monitoring point. (c). The spatial distribution of river system.



[image: Water 12 02635 g002a][image: Water 12 02635 g002b][image: Water 12 02635 g002c]







[image: Water 12 02635 g003 550] 





Figure 3. (a). Boundary conditions of Profiles 1 and 2. (b). Comparison of observed and simulated hydraulic head (above sea level) values along the Yellow River. 






Figure 3. (a). Boundary conditions of Profiles 1 and 2. (b). Comparison of observed and simulated hydraulic head (above sea level) values along the Yellow River.



[image: Water 12 02635 g003]







[image: Water 12 02635 g004 550] 





Figure 4. Hydrogeological structure and SW–GW interaction model in Profile 1. 
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Figure 5. Hydrogeological structure and surface–GW interaction model in Profile 2. 
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Figure 6. Hydrogeological structure and surface–GW interaction model in Profile 3. 
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Figure 7. The average velocity in Profile 3. 
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Figure 8. δ2H versus δ18O diagram of precipitation, surface water and groundwater of the Yinchuan Plain study area. (a) phreatic water (I,II,III Zone) and lake water. (b) phreatic water (IV Zone) and drainage ditch water. 
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Table 1. Estimated parameters of different lithology.
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	Lithology
	Horizontal Hydraulic Conductivity

Kh (m·d−1)
	Anisotropy Ratio

Kh/Kv
	Porosity





	Gravel
	35
	10
	0.35



	Medium sand
	6.8
	10
	0.40



	Fine sand
	2.5
	10
	0.42



	Sandy loam
	0.07
	5
	0.45



	loam
	0.05
	5
	0.48



	clay
	0.002
	5
	0.55
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