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Abstract

:

Managed aquifer recharge (MAR) is an increasingly popular technique; however, the significance of groundwater flow dynamics is rarely examined in detail regarding MAR systems. In general, a high hydraulic gradient is not favoured for MAR implementation, as it causes higher water loss and mixing of recharge water with native groundwater. However, during groundwater-dependent ecosystem (GDE) rehabilitation, these hydraulic gradient-driven flow processes can be taken advantage of. The aim of this research is to test this hypothesis by evaluating the effect of groundwater table inclination, topography, and other local characteristics on MAR efficiency from the perspective of GDE restoration. MAR efficiency was examined from recharge to discharge area in a simple half-basin based on theoretical flow simulations, using GeoStudio SEEP/W software. Different scenarios were compared to analyse the groundwater level increase and the infiltrated water volumes and to assess the efficiency of MAR based on these parameters in each scenario. The theoretical results were applied to a close-to-real situation of Lake Kondor, a GDE of the Danube-Tisza Interfluve (Hungary), which dried up in the past decades due to groundwater decline in the area. Based on the results, initial hydraulic head difference, model length, and hydraulic conductivity are the most critical parameters regarding water level increase at the discharge area. The water amount needed for increasing the water table is mainly influenced by the thickness of the unsaturated zone and the material properties of the aquifer. The findings can help better understand MAR efficiency in light of local groundwater flow processes and contribute to optimising MAR systems. The results of the study suggest that, if water is infiltrated at the local recharge area, the water table will also increase at the corresponding discharge area, which positively effects the connected GDEs. This approach can serve as a nature-based solution (NBS) to sustain sensitive ecosystems in changing climatic conditions.
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1. Introduction


Managed aquifer recharge (MAR) is a group of diverse methods to purposefully recharge groundwater for subsequent recovery or environmental benefits [1]. It has numerous positive effects on the environment, as it helps improve water quantity and quality, build underground water storage, sustain groundwater-dependent ecosystems (GDEs), reduce land subsidence, etc. [2,3,4,5,6].



In certain cases, the main aim of MAR implementation is not specifically or exclusively water retention and later abstraction, but the rehabilitation of groundwater reserves and groundwater-dependent ecosystems [7,8,9]. Instead of working against nature (as a general practice), if natural processes are understood and proactively utilised, solutions mimicking nature could form a base for future improved management of natural resources. These nature-based solutions can enhance natural groundwater recharge only if the natural groundwater flow characteristics are considered. In this regard, MAR can be used to enhance natural recharge. Therefore, it can be considered as a nature-based solution (NBS) [10,11]. Groundwater and aquifer-related NBS, such as MAR, have the potential to alleviate the impacts of extreme hydroclimatic conditions by managing infiltration and providing ecological benefits for groundwater-dependent ecosystems [11].



Even though the popularity of MAR systems is increasing, and the range of applications is getting broader, including monitoring, risk, impact assessment, and legal and institutional aspects [12,13,14,15,16,17], groundwater flow systems and their regional and local characteristics [18,19], e.g., distribution of natural recharge and discharge areas, as well as groundwater table inclination, are generally not considered in MAR research.



Nevertheless, there are MAR types that take advantage of the sloping terrain, especially those which are aimed at collecting water (e.g., stormwater). These methods include recharge dams, sand dams, subsurface dams, barriers, and bunds [20]. Dune filtration also takes advantage of the hydraulic gradient, where the main aim of water infiltration is water quality improvement. The Aquifer Storage Transfer and Recovery (ASTR) method aims at water purification, as well, for which a low or moderate lateral flow rate can be beneficial [21,22]. In most cases, high hydraulic gradient and high lateral flow rate are considered disadvantageous, as these allow the mixing of recharged water with native groundwater [23,24,25]. It is especially crucial in the case of underground water storage in brackish aquifers [22,26,27].



In MAR-related research, recharge processes, mounding, and attenuation are frequently assessed either from theoretical (e.g., [28,29,30,31,32]) or from practical (e.g., [33,34,35]) points of view. In contrast, the effects and significance of hydraulic gradient and flow dynamics for a simple basin are rarely investigated in detail, although from a modelling perspective, hydraulic gradient is often considered (e.g., [27,36,37,38,39]). Some research focuses on recharge and mounding processes (e.g., [40,41,42]) and others on contaminant attenuation and mixing of injected water with native groundwater (e.g., [27,38,43]). On the other hand, the potential positive effects of groundwater flow have not been systematically investigated before.



In light of recent climate change [44,45] and its cross-sectoral effects (e.g., [46,47]), nature-based solutions and managed aquifer recharge are getting more important to adapt to climate change and increase sustainability [48,49,50]. Recent research proved that climate change has an effect on groundwater flow systems and, consequently, on groundwater-dependent ecosystems, as well (e.g., [51,52,53,54]). Human activities, such as groundwater abstraction, land drainage, canalisation, etc., can have similar impacts by decreasing the water table and altering local flow systems (e.g., [51,55]). Managed aquifer recharge can help mitigate these consequences by reversing these processes (e.g., [56,57]). Although high horizontal hydraulic gradient is often not favoured for MAR implementation, as it causes higher water loss and mixing of recharged water with native groundwater [23,24,58], in the case of GDE rehabilitation, these processes could be taken advantage of.



Based on these theoretical assumptions, the two main aims of this research are the following:




	i.

	
to evaluate the effects of groundwater table inclination and further influencing parameters (topography, model length, groundwater depth, material properties, heterogeneity, and infiltration basin parameters) on downgradient water level increase and to estimate infiltration-based MAR efficiency from the perspective of water level and GDE restoration for a simple half-basin; and




	ii.

	
to demonstrate the applicability of this method through a close-to-real situation, answering the hypothetical question: “Can this be a possible measure to rehabilitate the former Lake Kondor, Danube-Tisza Interfluve, Hungary?”










2. Theoretical Models


2.1. Methods


The effects of groundwater table inclination on managed aquifer recharge with an infiltration basin were investigated from recharge to discharge area for a theoretical shallow half-basin [59,60,61,62,63,64] (Figure 1) through theoretical model scenarios.



For comprehensive analysis, two-dimensional saturated–unsaturated numerical flow simulations were carried out using the GeoStudio SEEP/W finite element software, which was designed for modelling variably saturated porous media [65]. The transient flow problem is described by the following differential equation (diffusion equation) Equation (1):


   ∂  ∂ x     K    θ    x x     ∂ h   ∂ x     +  ∂  ∂ z     K    θ    z z     ∂ h   ∂ z     + Q =    m w   γ w    ∂ h   ∂ t      



(1)




where h is the hydraulic head [m], Kxx is the hydraulic conductivity in the x-direction [m/s], Kzz is the hydraulic conductivity in the z-direction [m/s], Q is the applied boundary flux [m3/s], θ is the volumetric water content [-], mw is the slope of the saturated water content function, γw is the water specific weight [kN/m3], and t is the time [s] [65]. The hydraulic conductivity in the saturated zone is constant; however, it is dependent on θ and estimated by the van Genuchten method [66] in the unsaturated zone. Steady-state calculations were performed using a simplified version of Equation (1) (t = 0) to determine the initial conditions for the time-dependent calculations.



The model geometry and the applied boundary conditions (Figure 1b–d) imitate a theoretical half-basin with water divides at the two sides and an impermeable boundary at the bottom. Due to geometrical reasons (symmetry of the whole basin; Figure 1a), the lateral boundaries at the recharge and discharge areas can be approximated with a no-flow boundary [59,60,61,62,63,64], which can be described by the following equation, Equation (2):


  −  n  ·  ρ w  ·  q  = 0  



(2)




where n is the normal vector, ρw is the water density, and q denotes the Darcy flux. These boundary conditions were used for both steady-state and time-dependent calculations (Figure 1b,c).



The position of the water table was prescribed by constant heads on the left and right sides of the model (Figure 1b). The initial condition for the time-dependent groundwater flow problem was the pressure or hydraulic head distribution obtained from the stationary solution of Equation (1).



The infiltration basin was only active in the transient models and was specified by constant head-type boundary conditions (Figure 1c), which generated a time-dependent flux (Q) from the basin to the model.



Simplified basins are used in many cases to understand processes operating on the effect of basin-scale groundwater flow on different processes (e.g., [59,60,61,62,63,64]). Adequately, these simple boundary conditions were selected to focus on the groundwater table and its direct effects on managed aquifer recharge and to avoid the interaction of different processes, such as precipitation, evapotranspiration, and lateral flow.



Six main scenario groups (SGs) were implemented, consisting of 295 scenarios in total (see Table 1 for parameters) to investigate the effect of water table inclination (Δh), as well as topographic differences (Δz), model length (L), elevation of water table (left—hl and right—hr), material properties (i.e., horizontal hydraulic conductivity (Kxx), anisotropy (ε = Kxx/Kzz), saturated water content (θs)), heterogeneities of the porous media, and parameters of the infiltration basin, such as width (w) and water depth (d).



The geometry of the base model (Figure 1d) can be described by its length (L), depth (D), and topographic difference (Δz). The model length was 2000 m for most scenarios and was changed only in SG-2 (Table 1). The model depth was 40 m on the left side of the model in every scenario and 60 m on the right side in most scenarios, except for SG-1, where the topography slope was tested (Table 1). The elevation (Z) was defined as 0 at the lower left corner of the model, thus the topographic elevation on the left side of the model was 40 m and changed based on Δz on the right side of the model. The topography was linear in each case. At the bottom of the model (Z = 0–35 m), the general mesh size was 10 m, and at the top of the model (Z > 35 m), the mesh size was 2.5 m. The element thickness in the y-direction was defined as 1 m. Each model had an infiltration basin on the right side, which can be characterised by its width (w) and its water level depth (d). The basin was 2 m deep in every scenario, the width was 100 m, and the water level depth was 1 m for most of the scenarios, except for SG-6 (Table 1). The mesh was generated by using quadrants and triangles. The number of elements for the most frequently used geometry (L = 2000 m, Δz = 20 m, w = 100 m) was approx. 8200.



The selected geological properties are imitating a porous aquifer consisting of silty sand [67,68], which is characteristic of the analysed case study area as well. Most model scenarios were homogeneous and isotropic, except for SG-4 and SG-5, where these physical features were tested (Table 1). The general material properties were the following: horizontal hydraulic conductivity in the saturated zone (Kxx): 10−5 m/s, saturated water content (θs): 0.35, residual water content (θr): 0.035 [67,68]. The inbuilt silty sand sample curve was used to estimate the volumetric water content function. For SG-4, the anisotropy coefficient of hydraulic conductivity (ε = Kxx/Kzz) was changed between 1 and 100. For SG-5, five types of heterogeneous geological settings were used: a 10-m-thick layer or different lenses of 400 m length intersected the model domain between Z = 25 and 35 m (Figure 1d) with different hydraulic conductivity values (K’xx changing between 1∙10−7 and 1∙10−5 m/s; Table 1). In these scenarios, the mesh was further refined between Z = 25 and 35 m, using a general mesh size of 2.5 m to achieve more reliable results.



Each scenario included a steady-state and a transient model. The initial conditions for the hydraulic head distribution were calculated by steady-state solutions, where constant hydraulic heads were described on the left and right-hand sides of the model. On the left side, the hydraulic head (hl) was 38 m, so the water level depth at this point was 2 m (except for SG-3, see Table 1). On the right side, the hydraulic head (hr) was the function of Δh, which is the hydraulic head difference between the two sides of the model (i.e., water table inclination). This parameter was tested in SG-1–4 and SG-6. The hydraulic head difference (Δh) as a parameter was chosen instead of hydraulic gradient due to the fact that the hydraulic gradient is dependent on hydraulic head difference and model length, as well.



In the transient models, the initial hydraulic conditions were provided by the steady-state models, and hl and hr were not specified. The infiltration basin was defined by a fixed hydraulic head at the bottom of the basin maintaining a 1 m water column (h = Z + 1) throughout the modelling time (except for SG-6/B; Table 1). A total simulation time of five years was used in every scenario. The simulations had 100 exponentially increasing time steps from which every fourth was saved.



Two main monitoring locations were selected (hl and the bottom of the infiltration basin) with two parameters in order to compare the results of different scenarios. Water level increase (ΔΨ) noticed at hl (at the local discharge area) was analysed, as it is one of the main interests of this study. Furthermore, the cumulative volume of water entering the model domain from the infiltration basin (Vtot) was also evaluated.



For the interpretation of the efficiency of each scenario regarding water level increase at the discharge area, we introduced the following equation, Equation (3):


  E I =    Δ Ψ     V  t o t     · L · y  



(3)




where EI [-] is the efficiency index, ΔΨ [m] is the water level increase on the left side of the model at the location of the initial water level (hl), Vtot [m3] is the cumulative water volume entering the model from the infiltration basin during the examined time period, L [m] is the length of the model, and y [m] is the element thickness of the model in the y-direction, which was defined as 1 m. Thus, the most efficient system is the one which can achieve a higher water level increase with a smaller infiltration volume in the model domain for a selected time interval. (Note that, if the main aim of water infiltration is water storage without the risk of flooding the downgradient areas, this equation can be inverted).




2.2. Results


2.2.1. Topography and Hydraulic Head Difference (SG-1)


The first scenario is where the topography is flat (Δz = 0 m) and the water level does not have any changes (Δh = 0 m). Here, the water level is at 2 m depth everywhere along the cross-section (L = 2000 m). Figure 2 illustrates the water level increase on the left side of the model (ΔΨ) and the cumulative amount of water infiltrated from the infiltration basin (Vtot) in time. It shows that the water level starts to increase visibly after approx. 1.5 years and reaches an increase of the order of 0.1 m. By maintaining a 1 m water column in the basin, 100 m3 of water infiltrates from the basin within five years (Figure 2). The infiltration is more rapid at the beginning, and then the process starts to slow down.



For SG-1, seven different scenario types were created, changing Δh values between 0 and 6 m to follow the effect of groundwater table inclination (Table 1). Each of these scenarios was run with different topography, where Δz ranged from 0 to 40 m, creating 29 scenarios in total. (Note: scenarios with no slope in topography, but when the hydraulic gradient was higher than zero, were not considered in this study, as they do not represent real conditions.)



Water level increase starts sooner for the scenarios with Δh = 6 m than for those with Δh = 0 m (Figure 3a,c,e,g). For the latter ones, it takes two to three years to show a visible difference. The main infiltration phase occurs later in case of higher topographic differences (Figure 3b,d,e,h). In the case of Δz = 40 m (Figure 3h), it starts between 100 and 200 days, depending on Δh.



Water level increase after five years ranged from 0.13 m to 0.61 m for the scenarios with Δh = 0 m and ranged from 2.55 m to 2.85 m for the scenarios with Δh = 6 m (Figure 4a). The results related to Δz = 10 m showed the lowest values in general, while the highest ones were noticed in connection with Δz = 40 m (Figure 4a). Concerning the infiltrating water amount in five years, Vtot ranges between 1089–1903 m3, 3149–3928 m3, 5251–5975 m3, and 7435–8045 m3 for Δz = 10, 20, 30, and 40 m, respectively. In every case, the highest Vtot values are related to the lowest Δh values (Figure 4b). Overall, the scenarios described by Δh = 0 m show the lowest efficiency values (EI = 0.15–0.19), while the highest ones are connected to those scenarios with Δh = 6 m (EI = 0.76–4.86). Higher Δz resulted in lower efficiencies, and these differences are more significant for higher Δh values (Figure 4c).




2.2.2. Model Length (SG-2)


Different model lengths represent the different distances between the recharge area (the location of the MAR system) and the discharge area (the location of a groundwater-dependent ecosystem). Three scenarios were tested in this regard with a length of 2000 m, 5000 m, and 10,000 m. The hydraulic head difference ranged between 0 and 6 m, while the depth of the model (D = 40 m) and the topography (Δz = 20 m) were constant (Table 1).



Water level increase ranged between 0.37–2.55 m, 0–0.88 m, and 0–0.46 m for the scenarios with lengths of 2000, 5000, and 10,000 m, respectively (Figure 4d). The infiltrated water amount is similar for all the scenarios. The highest difference can be noticed in the case of Δh = 6 m, where Vtot is 3149 m3, 2976 m3, and 2926 m3 for the scenarios with L = 2000, 5000, and 10,000 m, respectively (Figure 4e). The highest efficiencies (EI = 0.19–1.62) are related to the smallest model (L = 2000 m); however, the other two scenario types (L = 5000 m and L = 10,000 m) can be similarly efficient (EI = 0–1.48 and EI = 0–1.58; Figure 4f). Regarding different Δh scenarios, similar patterns can be noticed with SG-1.




2.2.3. Elevation of Water Table (SG-3)


The aim of changing the position of the water table was to understand how this parameter influences the obtained results regarding different Δh scenarios (Δh = 0–6 m). For these scenarios, the topography and the model length were fixed (Δz = 20 m, L = 2000 m). Two main scenario groups were created: (i) SG-3/A, where the hydraulic head on the left side (hl) was changed between 36–39 m (meaning, 4–1 m water depth on the left side), in this case, hr changed based on Δh; (ii) SG-3/B, where the hydraulic head on the right side was changed (hr) between 36–39 m (meaning, 22–19 m water depth on the right side), in this case, hl changed based on Δh (Table 1). These parameters were specified for the steady-state models determining the initial conditions.



For SG-3/A, water level increase ranged between 0.23–2.06 m, 0.28–2.2 m, 0.37–2.57, and 0.31–3.19 m for the scenarios with hl values of 36, 37, 38, and 39 m, respectively (Figure 4g). The results related to Δh = 0 m showed the lowest ΔΨ values, while the highest ones were noticed in connection with Δh = 6 m. Vtot ranges between 3521–4241 m3, 3329–4051 m3, 3152–3895 m3, and 2942–3724 m3 for hl = 36, 37, 38, 39 m, respectively. In every case, the highest Vtot values are related to the lowest Δh values (Figure 4h). In general, EI was lower for scenarios with a deeper water table (hl = 36 m, EI = 0.11–1.17), and it was higher for scenarios with a higher water table (hl = 39 m, EI = 0.17–2.17) (Figure 4i).



For SG-3/B, ΔΨ values are similar for all scenario types (hr values of 36, 37, 38, and 39 m) and change only with respect to Δh (Figure 4j). The results related to Δh = 0 m showed the lowest values (ΔΨ = 0.25–0.33 m), while the highest ones were noticed in connection with Δh = 6 m (ΔΨ = 1.69–1.85 m). Vtot ranges between 4311–4532 m3, 4121–4402 m3, 3899–4219 m3, and 3781–4051 m3 for hr = 36, 37, 38, and 39 m, respectively. In this case, the highest Vtot values are related to the highest Δh values (Figure 4k), contrary to the results obtained for SG-3/A. In general, EI was lower for scenarios with a deeper water table (hr = 36 m, EI = 0.11–0.75) and higher for scenarios with a higher water table (hr = 39 m, EI = 0.17–0.91). Regarding different Δh scenarios, similar patterns can be noticed with SG-1 (Figure 4l), both in the case of SG-3/A and SG-3/B.




2.2.4. Material Properties (SG-4)


Variation in material properties was investigated to reveal their influence on the efficiency of water replenishment. The horizontal hydraulic conductivity (Kxx), anisotropy coefficient (ε), and saturated water content (θs) were varied separately, creating SG-4/A, SG-4/B, and SG-4/C, respectively (Table 1). For these scenarios, the topography, the model length, and the water level at the left side were fixed (Δz = 20 m, L = 2000 m, hl = 38 m), and Δh changed between 0 and 6 m.



The horizontal hydraulic conductivity was changed between 1∙10−7 m/s and 1∙10−5 m/s (SG-4/A). Water level increase after five years ranged from 0 m to 0.37 m for the scenarios with Δh = 0 m and ranged from 0.44 m to 2.54 m for the scenarios with Δh = 6 m (Figure 5a). The results related to Kxx = 1∙10−7 m/s showed the lowest values, while the highest ones were noticed in connection with Kxx = 1∙10−5 m/s (Figure 5a). Concerning the infiltrating water amount in five years, Vtot ranged between 3168–3904 m3 and 508–539 m3 for the scenarios with horizontal hydraulic conductivities of 1∙10−5 m/s and 1∙10−7 m/s, respectively. The highest Vtot values are related to the lowest Δh values, in general (Figure 5b). In most cases, the highest EI values were noticed in connection with Kxx = 1∙10−5 m/s (EI = 0.19–1.6); however, with higher Δh values, lower Kxx values could also result in high efficiency indices (e.g., Δh = 6 m Kxx = 1∙10−7 m/s, EI = 1.73; Figure 5c).



The anisotropy coefficient (ε) varied between 1 and 100, which means that the vertical hydraulic conductivity was decreased compared to the horizontal hydraulic conductivity (Table 1). Water level increase ranged between 0.37–2.54 m, 0.33–2.65 m and 0–2.14 m for the scenarios with the anisotropy coefficients of 1, 10, and 100, respectively (Figure 5d). Concerning the infiltrating water amount in five years, Vtot ranged between 3153–3919 m3, 2772–3278 m3, and 706–1305 m3 for ε = 1, 10, 100, respectively (Figure 5e). Compared to the other two scenario types, for those with ε = 100, they showed increasing Vtot with increasing hydraulic head difference. Apart from Δh = 0 m, the highest efficiencies are related to ε = 100 (EI = 0.84–3.29), and the lowest ones are related to ε = 1 (EI = 0.19–1.61; Figure 5f).



The water content is an important governing factor of groundwater flow in the unsaturated zone; thus, the saturated water content was tested as well. The saturated water content changed between 0.25 and 0.45. Water level increase after five years ranged from 0.14 m to 1.19 m for the scenarios with Δh = 0 m and ranged from 1.92 m to 4.3 m for the scenarios with Δh = 6 m (Figure 5g). The results related to θs = 0.45 showed the lowest values, while the highest ones were noticed in connection with θs = 0.25 (Figure 5g). Concerning the infiltrating water amount in five years, Vtot ranged between 2642–3279 m3 and 3546–4421 m3 for the scenarios with a saturated water content of 0.25 and 0.45, respectively. The highest Vtot values are related to the highest θs and lowest Δh values (Figure 5h). The highest EI values were noticed in connection with θs = 0.25 (EI = 0.68–3.25), and the lowest were noticed in connection with θs = 0.45 (EI = 0.06–1.08; Figure 5i). Regarding different Δh scenarios, similar patterns can be noticed for SG-1 (Figure 4l) in all three scenario groups (SG-4/A, SG-4/B, SG-4/C).




2.2.5. Heterogeneity (SG-5)


The effect of heterogeneity was analysed by creating five different geometries (see Figure 1d for details):




	
with a continuous layer (“Layer”);



	
with a lens below the recharge area (“Lens RA”);



	
with a lens below the throughflow area (“Lens TA”);



	
with a lens below the discharge area (“Lens DA”);



	
with all three of these lenses (“Lenses”).








The hydraulic conductivity of the main model domain was kept at Kxx = 1∙10−5 m/s, while K’xx was changed between 1∙10−5 and 1∙10−7 m/s for the intersecting layer and lenses. For these scenarios, the topography, the model length, the water level at the left side, as well as the hydraulic head difference, were fixed (Δz = 20 m, L = 2000 m, hl = 38 m, Δh = 3 m).



For most of the scenarios, water level increase ranged between 0.98 m and 1.25 m, while for “Lens DA”, it ranged between 1.25 m and 1.58 m, showing an increasing trend towards lower K’xx/Kxx ratios (Figure 6a). For “Lens DA” and “Lens TA”, Vtot ranged between 3472–3505 m3. In the case of the other three scenario types, it varied between 2958 m3 and 3505 m3, showing an increasing trend towards higher K’xx/Kxx ratios (Figure 6b). The Efficiency Indices were similar (EI = 0.63–0.91), “Lense RA” showed a decreasing trend, and “Lense DA” showed an increasing trend towards lower K’xx/Kxx ratios (Figure 6c).




2.2.6. Parameters of the Infiltration Basin (SG-6)


The aim of changing the infiltration basin parameters was to understand their effect on the water level increase and their efficiency regarding water replenishment. The basin width (w) and the water depth in the infiltration basin (d) were varied separately, creating SG-6/A and SG-6/B, respectively (Table 1). For these scenarios, all other parameters were constant, except for Δh, which varied between 0 and 6 m, similar to SG-1–4.



The width of the basin was cut to half and was doubled (w = 50, 100, 150 m). Water level increase after five years ranged between 0.3–2.44 m, 0.37–2.54 m, and 0.46–2.66 m for the scenarios with a width of 50, 100, and 150 m, respectively (Figure 7a). In every case, the highest ΔΨ values are related to the highest Δh values. Concerning the infiltrating water amount in five years, Vtot ranges between 2929–3633 m3, 3168–3904 m3 and 3375–4162 for w = 50, 100, and 150 m, respectively (Figure 7b). In every case, the highest Vtot values are related to the lowest Δh values. Below Δh = 2 m, the scenarios described by w = 50 m showed the lowest efficiency values (EI = 0.17–0.32), and the ones with w = 150 m showed the highest ones (EI = 0.22–0.35). However, above Δh = 2 m, this relationship is reversed: the scenarios with w = 50 m resulted in the highest EI values (EI = 0.73–1.66), and the ones with w = 150 m showed the lowest efficiencies (EI = 0.7–1.57; Figure 7c). Regarding different Δh scenarios, similar patterns can be noticed to SG-1.



Four different scenarios were investigated regarding water column height in the basin: 0.5, 1, 1.5, and 2 m. In the case of the latter one, the basin was completely full. Water level increase after five years ranged between 0.35–2.51 m, 0.37–2.54 m, 0.39–2.57 m, and 0.4–2.6 m for the scenarios with a water depth of 0.5, 1, 1.5, and 2 m, respectively (Figure 7d). In every case, the highest ΔΨ values are related to the highest Δh values. Regarding the cumulative volume of infiltrated water in five years, Vtot ranges between 3063–3821 m3, 3168–3904 m3, 3225–3983 m3, and 3293–4069 m3 for d = 0.5, 1, 1.5, and 2 m, respectively. In every case, the highest Vtot values are related to the lowest Δh values (Figure 7e). Below Δh = 2 m, the scenarios showed similar Efficiency Indices (EI = 0.18–0.2 for Δh = 0 m and EI = 0.33 for Δh = 1 m); however, above Δh = 2 m, a decrease in EI was noticed towards higher d values (EI = 0.51–1.64 for d = 0.5 m and EI = 0.49–1.58 for d = 2 m; Figure 7f). Regarding different Δh scenarios, similar patterns can be noticed for SG-1.





2.3. Interpretation


The simulated scenarios have demonstrated the effect of groundwater table inclination on infiltration-based MAR efficiency in a simple groundwater basin (with one recharge and one discharge area). The obtained results revealed the significance of the hydraulic gradient. Higher initial hydraulic gradients (i.e., increasing Δh) induced a higher water level increase at the discharge area (ΔΨ, Figure 3a,c,e,g and Figure 4a). The achieved water level increase is approx. one order of magnitude higher in the case of Δh = 6 m than in the case of Δh = 0 m (Figure 4a). At the beginning of the modelling period (t = 0 yr), the difference between the results is slight, and in the course of time, it becomes more significant (Figure 3a,c,e,g). On the other hand, higher topography slopes (i.e., increasing Δz) induce only a slightly higher ΔΨ in five years (Figure 4a). Increasing water level on the left-hand side can be explained by a higher induced hydraulic gradient between the infiltration basin and the discharge area. This phenomenon was noticed in the case of every scenario group, where Δh was changed (SG-1–4, SG-6).



Increasing the hydraulic head difference caused a slight decrease in the amount of cumulative water volume (Vtot, e.g., Figure 4b,e,h) infiltrating from the infiltration basin. On the other hand, by comparing scenarios with different topography, more significant changes can be noticed (Figure 4b). In the case of Δh = 6 m, there is a sevenfold difference between the cumulative water volume (Vtot = 1089 m3 and 7435 m3) related to the scenarios with Δz = 10 m and Δz = 40 m, respectively (Figure 4b). These differences can be explained by the storage capacity of the model domain. Higher Δz means a thicker unsaturated zone, thus more water can be stored, and it takes more time for the infiltrated water to reach the initial water table. As hl is initially fixed in these cases, hr changes based on Δh. In the case of Δh = 6 m, hr is closer to the surface, causing a thinner unsaturated zone. This way, water reaches the saturated zone sooner than in the case of Δh = 0 m.



Comparing the achieved water level increase in five years for the different scenarios, the results show that Δh is an important factor in increasing the water level downgradient and has a stronger effect on water level increase than Δz (Figure 4a). However, the amount of water recharging from the infiltration basin is influenced considerably by the topography (Δz), i.e., the thickness of the unsaturated zone (Figure 4b). The efficiency index (EI) is increased by increasing hydraulic gradient (Δh), while it is decreased by higher surface elevations (Δz) (Figure 4c).



Considering different model lengths (L, SG-2), the higher the distance between the infiltration and the discharge area, the lower the water level increase achieved in five years. However, the EI, which represents the whole model domain (by involving L in Equation (3)), shows similar results in each case, indicating that this can be an efficient method, regardless of distance.



The relative position of the water table (SG-3) had an effect on the obtained results as well. When it is closer to the surface on the left side (hl), the water level increase is higher than in the case of deeper water tables (Figure 4g). The difference is especially significant in the case of hl = 39 m, where the water level is only in 1 m depth. The model set-up and the boundary conditions possibly induce this phenomenon. On the other hand, no significant difference can be observed in the water level increase achieved after five years if the initial hydraulic head on the right side of the model (hr) is changed (Figure 4j). The different Δh values had an effect on the water level increase in each case (SG-3/A and SG-3/B): higher Δh caused a higher water level increase. The cumulative water volume is slightly higher when the water table is deeper (Figure 4h,k), which can be explained by higher storage capacity. While, in the case of SG-3/A, higher Δh induced a lower amount of water infiltration (Figure 4h), and, for SG-3/B, a slight increase can be noticed by increasing Δh (Figure 4k). This difference is connected to storage capacity, as well. When hr was fixed (SG-3/B, e.g., hr = 38 m), Δh = 6 m meant a deeper water table at the left side (hl = 32 m), thus representing higher storage capacity than in the case of Δh = 0 m (hl = 38 m). For SG-3A, this is the other way around. Both in the case of SG-3/A and SG-3/B, efficiency indices were higher when the water table was closer to the surface (Figure 4i,l).



Regarding material properties (SG-4), horizontal hydraulic conductivity had a significant effect on both ΔΨ and Vtot. Model scenarios with higher Kxx values induced higher water level increases (Figure 5a). Almost one order of magnitude difference was noticed between the scenarios with Kxx = 1∙10−7 m/s and Kxx = 1∙10−5 m/s. The infiltrated water volume after five years also increased with higher Kxx values (Figure 5b). Efficiency indices of SG-4/A (Figure 5c) show that even smaller hydraulic conductivity values can be enough to reach sufficient water level increase downgradient with a lower amount of water infiltration.



A smaller water level increase was achieved with higher ε (Figure 5d). It had an even stronger effect on the infiltrated water amount: the difference between the scenarios with ε = 100 and ε = 1 was approx. threefold (Figure 5e). Due to these differences in most cases, higher ε resulted in higher EI (Figure 5f). If the aim of water infiltration is to increase the water level at the discharge area, lower vertical hydraulic conductivity (i.e., higher ε) can be beneficial, as the infiltrated water tends to move laterally instead.



Increasing θs resulted in a lower water level increase after five years (Figure 5d) while inducing a higher amount of infiltration (Figure 5e). These processes can be explained by higher porosity. Thus, the higher storage capacity of the modelling framework is represented. Consequently, the efficiency was the highest in the case of the lowest θs value (Figure 5f) from the perspective of GDE rehabilitation.



Concerning heterogeneities (SG-5) in the model framework, the highest water level increase could be achieved by the lens below the discharge area, especially in the case it had a low hydraulic conductivity, while the layer or the lens below the recharge area induced a smaller water level increase (Figure 6a). The cumulative water volume infiltrating from the basin was quite similar for all the scenarios with “Lens DA” and “Lens TA” showing the highest values (Figure 6b). Efficiency indices show that the lens below the discharge area can be beneficial for water replenishment, while if it is located below the recharge area, it can cause lower efficiency (Figure 6c). The efficiency of other geometries, such as the layer, depends on their hydraulic conductivity.



Compared to the previous parameters, the characteristics of the infiltration basin (SG-6) had a negligible effect on the obtained results. The widest infiltration basin (w = 150 m) and the one with the highest water column (d = 2 m) caused the highest water level increase on the left side of the model (Figure 7a,d); however, the differences between the ΔΨ values were minimal. Basin parameters also had a slight impact on the cumulative water volume infiltrated in five years (Figure 7b,e), increasing w and d, which resulted in slightly higher values. The efficiency indices showed that, with higher initial hydraulic head differences (above dh = 2 m), smaller infiltration basins and lower water columns in the basin could be slightly more efficient (Figure 7c,f). The small difference between these scenarios suggests that careful planning must be carried out in order to optimise the implementation and operation of MAR projects.





3. Case Study


3.1. Study Area


For the demonstration of the significance of groundwater table inclination and the applicability of these MAR settings for GDE replenishment, a case study was selected, and a simple basin was delineated, which reflects a close-to-real situation. The study area is located in Hungary, in the Danube-Tisza Interfluve (DTI), which is an elevated ridge region situated between the Danube and Tisza rivers (Figure 8). This is one of the biggest alluvial (cone) plains in the Great Hungarian Plain, created by the Ancient Danube in the Late Pliocene and Pleistocene. After the area had filled up, the Danube riverbed was relocated, and a strong aeolian sediment accumulation begun, creating sand dunes [69,70,71].



Water level decline started in the 1970s in the area [72], which induced a series of water-related problems: wells drying up, less available water for agriculture, disappearance of GDEs, and further socio-economic and ecological problems [73]. The causes of the water level decrease are complex, and the negative trend can both be attributed to climate change, as well as to canalisation, groundwater abstraction, land use changes, and land drainage [73,74,75]. These processes, together, caused a 2–3 m water level decline on average. However, in some areas, it even reached 6–7 m [76]. Although several plans have been prepared in the last decades to address water scarcity, the problem is still unresolved. Different replenishment scenarios were made for channelling river water from the Danube to the area either by connecting the Danube and Tisza rivers with a navigable canal or by pumping water through the existing canal network and/or newly constructed pipes (e.g., [77,78,79]). Others saw the solution in constructing reservoirs [79,80,81], even taking into consideration using them for infiltration. However, managed aquifer recharge as a potential solution has not been considered yet.



One of the lakes that dried up in the ridge region is Lake Kondor [82], which is located close to Kerekegyháza, a small rural town in the DTI area (Figure 8a,b). The lake is located approximately 5 km downgradient from the settlement. This area was selected for the purpose of the numerical simulations considering that the settlement is located on an elevated area and the lake was present in a local discharge area before it dried up [83].




3.2. Numerical Settings


As a first step, a simple basin was delineated (Figure 8) between the town (recharge) and the dried-up lake (discharge) on the basis of previous studies for the DTI [83].



Based on the results of the theoretical simulations, a test model was created to examine the influence of near-surface groundwater flow on the efficiency of infiltration-based MAR for the goals of GDE rehabilitation (Table 1). The simulated cross-section displays the main characters of the area regarding topography and hydrostratigraphy and serves only to demonstrate the applicability of the concept.



The length (L) of the model was 6500 m, the depth (D) was 38 m on the left side, and the depth was 52 m on the right side (Figure 8c). The topography was linearly increasing from 103 m to 117 m (simplified from the digital elevation model acquired from the Lechner Knowledge Centre with a resolution of 5 m). The upper part of the model (Z > 85 m) had a 2.5 m average mesh size. The lower part of the model (Z = 65–85 m) had a less detailed mesh with a 10 m average mesh size. The number of elements was 32,704.



The geology of the research area is composed of alluvial and aeolian sediments, such as sand, silt, loess, clay, and their variations [84]. The geology is quite heterogeneous with alternating silty and sandy lenses [85], thus it had to be simplified. Three different scenarios were tested considering the theoretical models and the diverse geology (Figure 8c) using the results of Oláh [85], Yousif [86], and Szabó et al. [87] for the study area:




	
“K-1”: A homogeneous model with horizontal hydraulic conductivity (Kxx) of 5∙10−6 m/s.



	
“K-2”: A model with three layers, where the upper and lower layers were described by Kxx = 5∙10−6 m/s and the middle layer by Kxx = 5∙10−7 m/s. The upper layer was 5 m thick on the left side and 10 m thick on the right side; the bottom of the middle layer was at 85 m a.s.l.



	
“K-3”: A model with lenses, where the model domain and the lenses were characterised by Kxx = 5∙10−6 m/s and Kxx = 5∙10−7 m/s, respectively.








Similarly to the theoretical models, the model domain was kept as isotropic, the saturated water content (θs) was 0.35, the residual water content (θr) was defined as 0.035, and the in-built silty sand sample curve was used for the estimation of volumetric water content function.



The boundary conditions were defined similarly to the theoretical models: a steady-state model provided the initial hydraulic head conditions for the transient model. As a first step, a steady-state model was built, where hl = 101 m (2 m below the surface) and hr = 111 m. Thus, the hydraulic gradient is approx. 0.0015, similar to the scenarios where the length of the model was 2000 m and Δh was 3 m (SG-1, SG-3–6). A transient model of 50 years (18,250 days) was built with 200 exponentially increasing steps. For the transient model, hl and hr were not specified, and it used the steady-state model to acquire initial hydraulic head conditions. The infiltration basin was identical to the ones presented in SG-1–5 and was defined in the same way.




3.3. Results


The results of the transient simulations display that the position of the water level is increasing continuously in time on the left side of the model (Lake Kondor), reaching approx. 2.09, 1.63, and 1.93 m after 25 years and 3.15, 2.39, and 2.77 m after 50 years for K-1, K-2, and K-3 scenarios, respectively (Figure 9a). The water level reached the ground surface in approx. 23, 37, and 27 years, respectively.



The cumulative water volume infiltrating from the basin in 50 years is approx. 2413, 1871, and 2048 m3 for K-1, K-2, and K-3 scenarios (Figure 9b).



The efficiency index (EI) was calculated for every time step to understand its behaviour in time. In the beginning, the EI decreases rapidly, then after approx. 15–20 years, it remains fairly stable, especially in the case of the homogeneous and layered models (Figure 9c). Overall, K-3 showed the highest efficiency.



On the cross-section displaying the scenario with lenses (K-3, Figure 9d), the highest water level increase can be noticed around Kerekegyháza settlement (recharge area). After 25 years, the water level almost reached the surface at the discharge area, and after 50 years, water reappeared on the surface. The water level only slightly increased in the middle of the model during the modelling time.




3.4. Interpretation


The case study revealed similar findings to the theoretical models. Even with a higher distance (in this case L = 6500 m) between the recharge and discharge area, the water table can be visibly increased within a reasonable time (Figure 9d). It also confirmed that material properties and heterogeneity have a strong effect on the obtained results and can highly influence the time it is needed for the water table to reach the surface again (Figure 9a). While the homogeneous model reached the highest water table increase in 50 years (Figure 9a), the model with lenses was the most efficient from the point of view of ecosystem restoration (Figure 9c), as smaller amount of water infiltrated to achieve that (Figure 9b).





4. Discussion


4.1. Relevance and Limitations of the Theoretical Models


Although the importance of water table inclination or hydraulic gradient was not systematically investigated previously in connection with managed aquifer recharge, the theoretical model results of this study showed its significance and are the first step to understand the effect of recharge dynamics on MAR performance.



Higher initial hydraulic head difference initiated the strongest driving force and influenced the achieved water level increase in a positive way. In all the cases, the highest Δh values caused the highest efficiency indices, which clearly indicates the significance of this parameter.



Based on Darcy’s Law, the flux of groundwater flow in the saturated zone depends on the hydraulic gradient (Δh/L) and on the saturated hydraulic conductivity (K) of the aquifer [67]. We could reveal that, in addition to hydraulic gradient, hydraulic conductivity, consequently anisotropy (ε), and heterogeneity have the highest impact on the achieved water level increase at the discharge area.



Regarding the cumulative water amount infiltrating from the basin during the modelling period, the majority of the differences can be explained by storage capacity under the recharge area where the basin was settled. The parameters that had a significant effect in this regard are the topography (Δz) and water table depth, including the thickness of the unsaturated zone and the material properties of the model domain, such as hydraulic conductivity (K), anisotropy (ε), and saturated water content (θs). Heterogeneity plays a role in this regard, especially in those cases when there is a layer or lens with lower hydraulic conductivity below the recharge area. The results of this research are in accordance with the ones acquired by Wu et al. [88], who investigated the effects of geological heterogeneity on MAR efficiency.



These parameters are also important in those cases, when the aim of MAR implementation is permanent water storage in an aquifer (specially to prevent water mixing in brackish aquifers). From this point of view, exactly the opposite conditions are needed [23,24,58].



The hydrogeological delineation of adequate basins and theoretical models help the optimisation of MAR projects by offering solutions for the most efficient scenarios for groundwater level increase and ecosystem rehabilitation, and they further help to avoid negative effects, such as unwanted flooding of any area. Higher hydraulic conductivity, higher hydraulic gradient, and smaller distance between the recharge and discharge area or shallower water table could result in quicker water level increase. Thus, one must be cautious while designing MAR systems.



The modelling study has several limitations. Maintaining 1 m water level in the infiltration basin is theoretically possible, but in reality, the water source used for infiltration is not always available, and there might be seasonal differences (e.g., [89]). Precipitation, evaporation, and clogging were not investigated; however, they can have an impact on the amount of water needed in total and on the achieved water levels [35,90,91,92,93]. Thus, the volumetric water volume values display an ideal case and only serve the purpose of comparison in this research. For calculating the whole amount of water needed for water replenishment, three-dimensional models, including more complex processes, are needed. For a preliminary estimation, the results can be upscaled. In this study, a one-meter element thickness was used; thus, the results can be easily upscaled to the desired distance.



The initial water level generates a hydraulic gradient (in the case of the scenarios with Δh > 0 m); thus, a minor imbalance occurs in the water levels (0–0.2 m) in the first few time steps of the model (0–50 days, depending on the scenarios) until the infiltration from the basin takes effect on the groundwater level. For this reason, the results are less reliable in the first two months than those obtained later in the modelling time. This does not affect significantly the results of this research, as they are interpreted considerably later in time (t = 5 years).



The defined efficiency index can be a useful tool to compare different scenarios; however, it should be interpreted within certain limits. As an example, the scenario where Kxx = 1∙10−7 m/s and Δh = 6 m can seem to be highly efficient (EI = 1.73; SG-4/A, Figure 5c), because only 508 m3 water was enough to increase the water level by 0.44 m in five years. However, one must ask if a 0.44 m water level increase is enough to reach the aims of implementing the MAR system. Thus, specifying the aims of the project during the planning phase is essential both in terms of water level increase and time. The EI can be used in the context of realistic scenarios considering the available source water and the spatial extent of the project.



The used models were adequate to analyse the effect of groundwater table inclination on MAR operation in a simple basin. GeoStudio SEEP/W [65] can be best applied to smaller-scale engineering problems and to evaluate the effect of local processes. However, to involve the impact of groundwater flow systems (considering detailed geology, topography, and recharge conditions) and different groundwater flow regimes (recharge, throughflow, and discharge areas) in MAR design, more complex models are needed. This aspect should be investigated in the future, as it can be a major influencing factor in any case, especially when basin-scale water management schemes are planned [94]. MODFLOW [95], FEFLOW [96], or COMSOL [97] modelling software tools, among others, are more applicable for larger scale models for investigating the effects and efficiency of MAR systems [38,98,99,100], even from the perspective of groundwater flow systems.




4.2. The Relevance and Limitations of the Case Study


The case study proved that the theory could be applied to real-life scenarios as well, and it is worth considering this method as a potential water replenishment measure in the area. This is especially important when considering its advantages compared to the previously offered solutions for the area’s water problems.



One of the plans in the Danube-Tisza Interfluve area was to move water from the Danube valley to the centre of the ridge through existing channels and lakes [79]. The project was expected to replace 14 million m3 of ecological water demand per year and to raise the groundwater level by 0.5–1.5 m near the reservoirs. The most significant problem is that the ridge region is topographically higher than the rivers and larger channels in the valleys, so the water has to be pumped up, which is quite expensive. Furthermore, the water can easily infiltrate from the channels, and it would not reach the higher regions in sufficient amounts.



Another concern is water quality. The lakes of the DTI area have distinct water compositions with different ecosystems, depending on their position in the complex groundwater flow systems of the area [83,101]. Thus, direct recharge of these lakes from surface river water is avoidable, and replenishment from the same flow systems could be more beneficial, more eco-friendly, and more sustainable in the long run.



In addition, the scale and necessary water need are important factors, as well. The only available natural surplus water in the ridge region originates from rainwater. Alternatively, treated wastewater might be used for infiltration in the future, as well, when the legislative background and adequate protocols are developed for it in the country.



Collecting rainwater from roofs and roads in the settlement located on the elevated part of the basin and using it for the purposeful recharge of groundwater, the water level can be increased, not only under the recharge area, but also in the surroundings of the related discharge regions (Figure 9d). Therefore, less amount of water can be necessary. By using this proposed nature-based approach, similar water quality could be achieved around the discharge area, as it has been before the water level decline. As a whole, the proposed approach can provide a small-scale, diverse, and nature-based solution for settlement-level water management and GDE rehabilitation. It can also be upscaled for the ridge region (DTI). This solution would be more environmentally and economically reliable compared to the previous plans (e.g., [77,79]).



The three evaluated scenarios (K-1, K-2, K-3; Figure 9a) showed that the water level could reach the surface again in 23–37 years, increasing the water table by 2 m. However, the obtained results are highly dependent on the geology of the model. In order to achieve more reliable results in this regard, more detailed geological and geophysical research is needed in the area. In the future, three-dimensional numerical modelling studies involving further processes, such as evapotranspiration, precipitation, and lateral flow rate, could improve the predictions, which could be used for planning purposes. Further investigation is needed to determine the factors which could shorten the time needed for replenishing Lake Kondor. Based on the theoretical model results, the infiltration basin parameters only slightly affect the achieved water level increase, thus the efficiency of other types of methods should be analysed as well. Considering that well recharge methods infiltrate water directly to the saturated zone [3,4,5], these methods might result in faster water level increase at the discharge area.




4.3. Nature-Based Solutions and GDE Replenishment


Water retention at the recharge area, using managed aquifer recharge with water sources, such as rainwater, surface runoff, or even treated wastewater, can also be beneficial on a catchment scale [7]. It can serve as a flood control measure, but as a watershed management approach, as well. Several studies confirmed [8,102,103] that MAR can cause seepage in discharge areas and springs, and it can improve the baseflow of rivers [104], which is in good agreement with the findings of this research. Based on the results of the theoretical and simplified case study models, a conceptual model was built to summarise the proposed approach (Figure 10). As water seeps into the aquifer from the infiltration basin, the water level of the basin connects with the groundwater level and a mound forms below it, thus increasing the water level at the recharge area. This water level increase has an effect on the water level at the discharge area, where the water table starts to rise, as well, due to flow dynamics, i.e., hydraulic continuity [105]. This means that the water level can be increased indirectly and, thus, not the mound formation itself is the cause of the water level increase at the discharge area, but the difference in hydraulic heads between the recharge and discharge areas, caused by the infiltration. In addition, the water level beneficially increases around the recharge and discharge area as well. Intentionally searching for related recharge and discharge areas can help to use this approach during MAR planning and operation. In contrast to the presented simple basins (theoretical models and case study), real basins are characterised by hierarchical flow systems, so their prior investigation is necessary as well.



Based on these considerations, this method can serve as a nature-based solution, as it can accelerate or rehabilitate natural processes regarding groundwater flow and can restore groundwater levels and groundwater-dependent ecosystems in an eco-friendly and sustainable way, especially using rainwater for infiltration. If the initial shallow groundwater quality is non-compliant, rainwater and runoff water infiltration can even improve it in the long run. This approach holds a combined solution applying natural groundwater processes: it may alleviate the periodic availability of surplus water and enhance soil and land moisture due to diverse hydroclimatic extreme events, i.e., floods and droughts, sometimes affecting the same locality. This approach is not only nature-based, but it can be handled as a smart solution as well, because due to the hydraulic solution, the water need for the replenishment and the environmental impacts can be decreased.





5. Conclusions


The evaluation of the theoretical model scenarios and case study scenarios led to the following conclusions:




	
The theoretical models for a simple basin revealed the significance of groundwater table inclination for infiltration-based MAR planning and operation.



	
The achieved water level increase (ΔΨ) was approx. one order of magnitude higher in the case of higher initial hydraulic head difference (Δh = 6 m) than in the case of Δh = 0 m. In addition, the distance between the recharge and discharge areas and the hydraulic conductivity has the most significant effect on the water level increase at the discharge area.



	
The results showed that the amount of water infiltrated from the infiltration basin (Vtot) is principally governed by topographic difference and the depth of water table, thus by the thickness of the unsaturated zone. There was a sevenfold difference between the cumulative water volumes related to the scenarios with Δz = 10 m and Δz = 40 m, in the case of Δh = 6 m. Furthermore, the material properties of the aquifer, such as hydraulic conductivity, anisotropy, saturated water content, and heterogeneity, have an effect on the infiltrated volumes.



	
From the perspective of groundwater-dependent ecosystem preservation and restoration, the most efficient scenarios are when the hydraulic gradient and the horizontal hydraulic conductivity are high, and the aquifer has a lower storage capacity. This means that exactly the opposite conditions are required, as in the case of long-term water storage in an aquifer.



	
The established efficiency index, involving the achieved water level increase and the infiltrated water volumes, can be used to differentiate between realistic scenarios and to optimise the MAR design in the future.



	
The investigated case study proved the applicability and efficiency of the initial concept and offered a possible water management measure for increasing the water reserves and restoring the GDE of the area. The applied approach offers a smart, diverse, and nature-based solution, and it can be advantageous compared to the previously proposed water replenishment plans for the area.



	
Based on the results of the theoretical and simplified case study models, a conceptual model was built: if water is infiltrated at the local recharge area (elevated area), the water table will increase at the local discharge area (local topographical depression), as well, due to hydraulic continuity, which can have a positive effect on GDEs, using natural settings and processes. Furthermore, the water level beneficially increases around the recharge and discharge area, as well.








In changing climatic conditions, this approach can serve as a smart and nature-based solution to increase the water table at discharge areas with relatively low amount of recharge water and thereby sustain sensitive ecosystems. In addition, these numerical modelling scenarios can help to better understand MAR efficiency in light of local groundwater flow processes and can contribute to better optimisation of MAR systems in the future.
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Figure 1. (a): The applied theoretical approach for a simple half-basin adapted from Tóth [59]. (b): Boundary conditions in the steady-state flow simulations. (c): Boundary conditions in the transient flow simulations. (d): The geometry, the geology, and the model parameters. The effect of heterogeneities was studied in the SG-5 scenarios (abbreviations: RA—below the recharge area, TA—below the throughflow area, DA—below the discharge area). 
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Figure 2. Water level increase (ΔΨ) and cumulative water volume (Vtot) in time (SG-1, Δz = 0 m, Δh = 0 m). 
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Figure 3. Water level increase (ΔΨ) and cumulative water volume infiltrating from the infiltration basin (Vtot) in time ((a,b): Δz = 10 m, (c,d): Δz = 20 m, (e,f): Δz = 30 m, (g,h): Δz = 40 m) for SG-1. 






Figure 3. Water level increase (ΔΨ) and cumulative water volume infiltrating from the infiltration basin (Vtot) in time ((a,b): Δz = 10 m, (c,d): Δz = 20 m, (e,f): Δz = 30 m, (g,h): Δz = 40 m) for SG-1.



[image: Water 15 01077 g003]







[image: Water 15 01077 g004 550] 





Figure 4. Effect of the topography (a–c), the model length (d–f) and the elevation of the water table (g–l) on the water level increase ΔΨ—(a,d,g,j), the cumulative volume of infiltrating water Vtot—(b,e,h,k), and the Efficiency Index EI—(c,f,i,l) after five years ((a–c): SG-1; (d–f): SG-2; (g–i): SG-3/A; (j–l): SG-3/B) plotted against the hydraulic head difference (Δh). 
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Figure 5. The effect of material properties ((a–c): Kxx, (d–f): ε, (g–i): θs) on the water level increase ΔΨ—(a,d,g), the cumulative water volume of infiltrating water Vtot—(b,e,h) and the Efficiency Index EI—(c,f,i) after five years ((a–c): SG-4/A, (d–f): SG-4/B, (g–i): SG-4/C) plotted against the hydraulic head difference (Δh). 
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Figure 6. The effect of heterogeneity (K’xx/Kxx) on the water level increase ΔΨ—(a), the cumulative water volume of infiltrating water Vtot—(b), and the Efficiency Index EI—(c) after 5 years (SG-5). 
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Figure 7. The effect of infiltration basin width (w) and water depth in the basin (d) on the water level increase ΔΨ—(a,d), the cumulative water volume of infiltrating water Vtot—(b,e), and the Efficiency Index EI—(c,f) after five years ((a–c): SG-6/A, (d–f): SG-6/B) plotted against the hydraulic head difference (Δh). 
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Figure 8. (a): Location of the study area in Hungary. (b): Location of Kerekegyháza, Lake Kondor and the line of the simulated cross-section. (c): Model geometry indicating the location of the middle layer and lenses marked by “L”. The vertical exaggeration is 1:30. Note: The map of Figure 8b uses the Hungarian EOV grid (Uniform National Projection) in which EOV X represents northing and EOV Y represents easting in meters. The topographical data were acquired from the Lechner Knowledge Centre with a resolution of 5 m. The topographical elevation is referenced to the Baltic Sea level. The water level contour map was constructed by the Kriging method based on field measurements in dug wells indicated on the map (time of measurement: 16 September 2020). 
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Figure 9. (a): Water level increase (ΔΨ), (b): cumulative water volume infiltrating from the infiltration basin (Vtot) and (c): the Efficiency Index (EI) in time. (d): Initial water level and water level increase for the case study cross-section after 25 and 50 years (K-3). The hydraulic head (h) contours represent the last step of the model (after 50 years). The vertical exaggeration is 1:30. 
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Figure 10. Conceptual approach of nature-based rehabilitation of GDEs by taking advantage of groundwater table inclination in a simple basin while using managed aquifer recharge. 
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Table 1. Model scenarios with the studied parameters for the theoretical simulations (1–6) and the case study (7).
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Parameters

	
Units

	
1. Topography

(SG-1)

	
2. Model Length

(SG-2)

	
3. Elevation of Water Table

(SG-3)

	
4. Material Properties

(SG-4)

	
5. Heterogeneity

(SG-5)

	
6. Basin Parameters

(SG-6)

	
7. Case Study

(K1–3)




	
A. Discharge Area

	
B. Recharge Area

	
A. Kxx

	
B. ε

	
C. θs

	
A. w

	
B. d






	
Length (L)

	
m

	
2000

	
2000–10,000

	
2000

	
2000

	
2000

	
2000

	
2000

	
2000

	
2000

	
2000

	
6500




	
Topography (Δz)

	
m

	
0–40

	
20

	
20

	
20

	
20

	
20

	
20

	
20

	
20

	
20

	
14




	
Hydraulic head difference (Δh)

	
m

	
0–6

	
0–6

	
0–6

	
0–6

	
0–6

	
0–6

	
0–6

	
3

	
0–6

	
0–6

	
10




	
Water level at the left side (hl)

	
m

	
38

	
38

	
36–39

	
changing based on Δh and hr

	
38

	
38

	
38

	
38

	
38

	
38

	
101




	
Water level at the right side (hr)

	
m

	
changing based on Δh

	
changing based on Δh

	
changing based on Δh and hl

	
36–39

	
changing based on Δh

	
changing based on Δh

	
changing based on Δh

	
41

	
changing based on Δh

	
changing based on Δh

	
111




	
Horizontal hydraulic conductivity (Kxx)

	
m/s

	
1∙10−5

	
1∙10−5

	
1∙10−5

	
1∙10−5

	
1∙10−7–1∙10−5

	
1∙10−5

	
1∙10−5

	
1∙10−5, layer/lenses with different K’xx changing between 1∙10−7 and 1∙10−5

	
1∙10−5

	
1∙10−5

	
5∙10−6, layer/lenses with K’xx = 5∙10−7




	
Anisotropy coefficient (ε)

	
-

	
1

	
1

	
1

	
1

	
1

	
1, 10, 100

	
1

	
1

	
1

	
1

	
1




	
Saturated water content (θs)

	
-

	
0.35

	
0.35

	
0.35

	
0.35

	
0.35

	
0.35

	
0.25–0.45

	
0.35

	
0.35

	
0.35

	
0.35




	
Infiltration basin width (w)

	
m

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
50–150

	
100

	
100




	
Water depth in the infiltration basin (d)

	
m

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
0.5–2

	
1




	
Number of scenarios

	

	
29

	
21

	
28

	
28

	
49

	
21

	
35

	
35

	
21

	
28

	
3
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