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1. Introduction and objectives 

In the field of water management, one of the most promising ways 

of adapting to climate change is Managed Aquifer Recharge (MAR), 

which can be described as the purposeful recharge of water to aquifers 

for subsequent recovery or environmental benefit (Dillon et al. 2009). 

In Hungary, in addition to surface water retention, enhanced 

groundwater recharge is expected to play an increasingly important 

role in water management (OVF, 2022). 

In the Danube-Tisza Interfluve (DTI) area, groundwater levels 

have declined significantly, due to climate change and human 

activities, which has also affected the groundwater-dependent 

ecosystems (GDEs) in the area (Kovács et al., 2017). Several plans 

have been developed to address the water scarcity, mainly through 

large-scale technical investments (e.g., Danube-Tisza canal; Orlóci 

2003). The common feature of these large-scale plans is that they 

attempt to handle the problem from a surface water recharge 

perspective, ignoring the natural characteristics and the groundwater 

flow systems of the area. In this area the question of water 

replenishment needs to be approached from a different perspective, 

considering hydrogeological aspects as well. This requires the 

investigation of local-scale water recharge methods based on the 

retention and storage of local water resources. Taking local conditions 

into account, rainwater harvesting from rooftops (RRWH) combined 
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with infiltration into shallow wells (RRWH-SW) could be a 

favourable MAR method in the DTI area in several aspects. 

Considering i) the previous regional scale studies of groundwater 

flow systems in the Danube-Tisza Interfluve area (e.g., Mádl-Szőnyi 

and Tóth, 2009); ii) the case studies on rooftop rainwater harvesting 

coupled with shallow infiltration wells (e.g., Pavelic et al, 2022); and 

iii) the lack of investigation of groundwater flow from a MAR 

perspective, the main objectives of the doctoral thesis were the 

followings: 

1. assessing local groundwater flow characteristics in the study 

area from a hydraulic and hydrochemical perspective, 

2. characterising the seasonal water level and hydrochemical 

variations in the study area, 

3. studying the operation of an RRWH-SW system (developed in 

the DTI area) for two hydrological years in a porous aquifer i) 

to characterise the quantitative and qualitative potential of the 

method, ii) to determine its environmental impact, with special 

regards to possible groundwater contamination, and iii) to 

analyse changes in infiltration efficiency,  

4. evaluating the effects of groundwater table inclination and other 

parameters on infiltration-based MAR efficiency in a simple 

half-basin for the restoration of GDEs and testing of the results 

along a semi-theoretical section between Kerekegyháza and 

Lake Kondor. 
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2. Applied methods 

I used archive well data recorded at the time of construction (from 

SZTFH) to investigate the groundwater flow conditions in the study 

area. I used the available water level (71 wells in total) and 

hydrochemical parameters of the wells (34 wells in total) to prepare 

pressure-elevation profiles, tomographic fluid potential maps, 

concentration-elevation diagrams, and a Piper diagram. 

I carried out seasonal measurements in shallow dug wells in the 

vicinity of Kerekegyháza to evaluate the temporal variability of 

groundwater levels and water quality. Out of the 17 dug wells, 

identified during the first survey, seven were suitable for water level 

measurements, of which only three were suitable for water sampling. 

In case of these wells, I measured the physicochemical parameters of 

the water (temperature, pH, specific electrical conductivity, redox 

potential, dissolved oxygen) and took water samples for laboratory 

analysis (major ions, NO3
–, hydrogen and oxygen stable isotopes). The 

three wells of the rooftop rainwater harvesting experiment were also 

included in the seasonal measurements. 

I tested the applicability of the RRWH-SW method by continuous 

monitoring of a field experiment. I recorded continuous time series of 

water level, specific electrical conductivity, and temperature in the 

infiltration well (SW) and the two observation wells (P1, P2). During 

the seasonal measurements I evaluated major ions, trace elements, 

hydrogen and oxygen stable isotopes, and tritium. To interpret the 
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results, I made additional water chemistry measurements of the 

precipitation, rooftop rainwater and two control wells (KE01, KE02), 

and I assessed the grain size distribution and organic matter content of 

two sediment samples, as well as the chemical composition (after total 

extraction and sequential leaching) of two other sediment samples. I 

used daily mean temperature and daily precipitation data (from OMSZ 

and Időkép Ltd.) and water level data from shallow monitoring wells 

in the area (from ADUVIZIG) to interpret the field measurements. 

To evaluate the effects of groundwater table inclination and further 

influencing parameters (topography, model length, groundwater 

depth, material properties, heterogeneity, and infiltration basin 

parameters), I performed two-dimensional saturated-unsaturated 

numerical flow simulations by analysing different theoretical 

scenarios. Furthermore, I tested the results along a semi-theoretical 

section between Kerekegyháza and Lake Kondor. 

3. Results, theses of the dissertation 

1. Through hydraulic data processing, construction and analysis of 

pressure-elevation profiles and tomographic fluid potential maps, 

I found that Kerekegyháza is located in a recharge area, while 

Lake Kondor (SW of the settlement) is located in a 

throughflow area. The groundwater flow direction between them 

is from NE to SW, following the topography. 
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2. I developed a complex methodology both in terms of the 

experimental system (shallow dug well with two monitoring 

wells), the investigated characteristics (complex hydrological, 

hydraulic, thermal and water chemistry parameters) and the 

investigated duration (26 months) to monitor the rooftop rainwater 

harvesting and infiltration system, which is internationally unique 

and applicable elsewhere for shallow porous aquifers and 

rainwater infiltration into dug wells. 

3. I used the long-term hydrochemical observations associated with 

the experiment to demonstrate the positive effect of rooftop 

rainwater harvesting on shallow groundwater quality. During 

the experiment, significant and sustained decrease in Mg2+, Na+,  

Cl–, SO4
2–, NO3

– concentrations and in total dissolved solids 

content were achieved. By examining the contaminants in the 

rooftop rainwater, the well water and the sediment at the bottom 

of the wells and comparing them with the relevant legislation in 

force, I found that rooftop rainwater was enriched in Zn, Sr, 

Cu, Mn, Ba and Al compared to precipitation. However, 

examination of the water from the dug well and the sediment, 

accumulating at the bottom of the well, indicates that they are 

presumably bound in the sediment and therefore do not pose a 

significant risk to groundwater quality. 

4. By comparing the hydrochemcial changes in the dug well used for 

the experiment and the other two dug wells used for rooftop 
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rainwater harvesting in the municipality, I demonstrated the 

differences in the operation of the wells, which have different 

hydraulic connections with their environment and are 

characterised by different maintenance frequencies. KE02 is 

mainly recharging groundwater, while SW is in dynamic contact 

with it; the bottom of KE01 is partially clogged due to lack of 

maintenance, so the infiltration process is slower. However, 

detailed hydrochemical measurements showed that the infiltrating 

water does not pose an environmental risk in any of the wells. 

5. Based on the analysis of water column increases during rainfall 

events and subsequent infiltration curves, I found that the 

accumulating sediments reduced the hydraulic conductivity of the 

well bottom by approximately an order of magnitude. I made a 

recommendation for predicting the inefficiency: if the ratio of the 

observed and potential water column increase is higher than 

50–60% for 3 consecutive precipitation events, clogging of the 

well bottom can be assumed and actions should be taken to 

remedy the problem. 

6. Based on the scientific results and lessons learned from the 

experiment, I made recommendations for the implementation 

of other rooftop rainwater harvesting and shallow well 

infiltration MAR systems at household level, including 

guidelines for the design, operation, maintenance and monitoring 
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of the system, thus providing a basis for the proper and safe 

application of the RRWH-SW method. 

7. Using theoretical and semi-theoretical (case study) saturated-

unsaturated numerical flow simulations, I have shown the 

importance of groundwater table inclination for the application of 

managed aquifer recharge in a simple half-basin with a recharge 

and a discharge area. Based on the results, I developed a 

conceptual model on how groundwater flow and the location of 

recharge and discharge areas can be considered during managed 

aquifer recharge planning. Water infiltration at the local 

recharge area indirectly causes water level increase at the local 

discharge area, which can sustain the groundwater-dependent 

ecosystem located there. This concept offers a water management 

approach to achieve more efficient water retention and recharge, 

both in terms of water quantity and quality. 
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