Analysis of the surface water/groundwater interaction using the gas tracers during a dynamic test: a case of induced infiltration from the river in the piedmont area 
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ABSTRACT

We discuss a study that aimed to understand the genesis and inflow conditions of abstracted water by intake with induced infiltration located at a mountain river. A simple approach based on a combination of two research techniques was used: two-component water mixing modelling and studies of the variability of concentrations of environmental tracers in a dynamic test. This approach is versatile, easy to apply and modify, and can be good method for controlling surface/groundwater interactions. We used the gas tracers because gas exchange and dissolution of gases in infiltrating rainwater gives it a unique gas signature that is largely retained in groundwater. We focus on understanding river/aquifer interactions at the scale of reach of an intake. To understand these issues, a two-day field hydrogeological experiment based on a pumping test of increasing intensity was conducted. At each pumping stage, groundwater and river samples were collected to determine the concentration of noble gases, CFCs, SF6, stable isotope content, and  chemical composition of the water. The study results indicate a short pressure propagation time between the intake and the river, which results in inflow of water already at low water abstract by the intake. Despite limited river water inflow, there was a continuous hydraulic contact river/aquifer, largely independent of changes in pumping intensity. As pumping intensity increased, the river/aquifer hydraulic system tended towards stabilised conditions of mixing and inflow to the intake. In general, a small proportion of river water (up to 26%) was found in the exchange flux between the river and groundwater.

1. INTRODUCTION
The analysis of surface and groundwater interactions is one of the most interesting, but often more difficult issues in environmental research. This issue can be considered at different scales, from point measurements to regional approaches, at the scale of one or many catchments. Some authors (Dahl et al., 2007) propose an arbitrary division of these impacts into three levels: sediment scale (< 1 m), reach scale (1–1000 m) and catchment scale (> 1000 m). This division gives a good approximation to the hierarchy of groundwater flow systems and their interactions. Hyporheic processes dominate the sediment scale (e.g. Biksey and Gross, 2001; Banzhaf et al., 2011; Wolke et al., 2020), while local and regional groundwater flow systems dominate the reach and catchment scales, respectively (Lines, 1996; Winter et al., 1998). 
The size of the study area therefore determines different methodological approaches and research objectives (Woessner, 2000; Sophocleous, 2002). Due to their complex nature, groundwater-surface water interactions integrate many different scientific disciplines and require a broad approach to understand them. Different types of methods and tools are used to study surface water-groundwater interactions: from typical hydrological, (bio)geochemical methods, to environmental tracers (isotopes, dissolved gases), to geophysical methods and GIS techniques. For example, Baskaran et al. (2009) used a combination of major ion, stable isotope (δ2H and δ18O) and radioactive isotope (222Rn) studies to better understand groundwater-surface water interactions in the Border Rivers catchment in Australia. A similar research approach is presented by Visser et al. (2016), who used measurements of dissolved noble gas concentrations (He, Ne and Ar), stable isotope determinations (δ2H and δ18O) and 3H activity, and radiocarbon analyses to investigate the mechanisms and time scales of groundwater recharge by river water in three different contrasting study areas in the USA. An interesting example of a two-year study conducted in a small aquifer system recharged by river water infiltration in the Linsental area (Switzerland) was presented by Beyerle et al. (1999). These authors used gas tracers (noble gas isotopes, CFC-11 and CFC-12) and tritium activity measurements to calculate the age of groundwater and the circulation and mixing conditions of groundwater and surface water in a river valley area in a foothill region. One of the conclusions of this work was that the proportion of water from deeper aquifer systems in water abstracted at infiltration intakes in such areas may be at least 50%. A conceptually and methodologically similar example of a two-year measurement of stable/radioactive isotopes and gaseous environmental tracers (noble gases and SF6) in the study of groundwater/surface water interactions and in particular infiltration rates in the Namoi River area (Australia) was presented by Lamontagne et al. (2015). Another example of a two-year study, this time of stable isotopes (δ2H and δ18O) in groundwater, surface water and precipitation in a temperate climate in a northern European catchment area (Latvia), was presented by Kalvāns et al. (2020). These authors pointed out that the seasonal variation in the isotopic composition of surface water is largely due to evapotranspiration, and that isotopic enrichment of overlying soil water is transferred to groundwater and streams as a distinct, although short isotopic signal. Another interesting example of studying river and groundwater mixing ratios and travel times using a novel combination of in situ noble gas analyses (4He and 222Rn) during a groundwater pumping test conducted in a pre-alpine river valley (Switzerland) is presented by Popp et al. (2021). These authors, testing the sensitivity of the estimated mixing ratios to different imposed time lags (i.e. the delay between the time a source/end member enters the system and the time it is observed in the mixture), concluded that time lag had a negligible effect on the estimated mixing ratios of river waters and groundwater. Another interesting result of this study was the indication that the riverbed has major control over the travel time of infiltrating river water, resulting in relatively long travel times between the river and the riverbank, compared to the total estimated travel times from the river to the well. Groundwater-surface water interactions are generally studied at the river scale and classified as connected or disconnected systems (Brunner et al., 2011). A key issue for surface waters and groundwater interactions is the nature of the hydraulic relationship between the river and the aquifer. The main factors controlling this relationship are the variation in thickness of the clogging layer, the riverbed and the differences in position between the groundwater table and the river water level. The clogging of streambeds can be caused through sedimentary processes (Schalchli, 1992), biological activity (Treese et al., 2009), or the combination of both (Battin and Sengschmitt, 1999). The thickness of the clogging layer and its spatial variation may change as a result of various natural factors (e.g. high water levels) causing decolmatization of the river channel (Simpson and Meixner, 2012; Przybyłek and Kasztelan, 2017). At the same time, changes in the hydraulic properties of the river channel can have very different temporal and spatial dynamics (Doppler et al. 2007; Genereux et al. 2008; Hatch et al. 2010). In most cases, both the thickness of the clogging layer and its hydraulic permeability independently control the state of disconnection between the river and the aquifer (Brunner et al., 2011). Issues concerning the influence of hydrological and geological controls on mass transfer in the river-aquifer interface system were also analysed by Tang et al. (2015), investigating the influence of riverbed hydraulic conductivity patterns on exchange fluxes. These authors conducted multivariate 3D modelling of the river-aquifer system using advanced data filtering methods (Kalman EnKF and NS-EnKF filters), including for the case where the riverbed and aquifer hydraulic parameters are characterised by sets with non-MultiGaussian distributions. Such a case is the most probable, as the processes shaping the riverbed structure (sedimentation and/or erosion) are mainly dependent on highly variable flow velocity. According to the authors, for non-MultiGaussian distributions the hydraulic properties of the riverbed seem to be less important for the subsurface flow than the hydraulic properties of the aquifer. Another interesting example of the study of water transfer dynamics at the river-aquifer interface was presented by Schilling et al. (2017), where an approach based on a combination of the stochastic 1-D criterion with an analysis of the spatial structure of the clogging layers and the potential for resaturation was used. Among other things, this work presents how the spatial structure of clogging layers and aquifers influence the propensity for unsaturated zones to develop below the river bed. The authors also indicated in their study that the factors which control the degree of horizontal redistribution of water are mainly the variance of hydraulic conductivity and the correlation length of hydraulic conductivity.
In long-term (> several months) studies of river-watershed interactions, significant variation in river and/or groundwater flow may occur as a result of river flow events. This problem was investigated, among others, by McCallum et al. (2010), who analysed solute transport within the aquifer during and after single and multiple river flow events (Cockburn River, Australia) during a 9-month study. In order to understand how bank storage processes may influence the chemistry of groundwater discharge to a stream following flow events, the authors applied a chemical base flow separation technique based on the chemical composition of stream water and two end-members. They found, among other things, that changes in groundwater chemical composition after river flow events predicted by a simple two-component model of stream-aquifer flows show remarkable similarity to changes in river chemistry measured. Based on these observations, it was found that, depending on the location of the groundwater sampling site and the temporal synchronization with the flow event, the contribution of river water to aquifer recharge can vary by ca. 17%. Three-dimensional flow patterns at the river-aquifer interface at significant and rapid fluctuations of river water level (Danube, Vienna region, Austria) were also the subject of a year-long study by Derx et al. (2010). Using 3-D modelling studies, it was shown that river water level fluctuations are one significant mechanism responsible for increasing the extent of the river-aquifer mixing zone. These authors also suggest that the increase of the mixing zone extent is not only caused by dispersion but also by advection. 
A novel approach of deciphering the different sources of surface water and their mixing in space and time based on employing the hydraulic mixing-cell simulation (HMC) that allowed us to quantify the mechanisms that induce and maintain the occurrence of surface water (i.e. delivery processes) and the geographical sources of surface water is presented by Glaser et al. (2021). In their study, the authors found that, among other things, the spatial variability of the delivery processes and the geographical sources of surface water is smaller than expected from the heterogeneous patterns and surface saturation frequencies observed. The important role of subsurface water for the generation of riparian surface saturation and intermittent streamflow was also pointed out. Other interesting examples of surface-subsurface water interaction studies conducted at different scales, aspects and environmental conditions are presented by, among others: Crandall et al., 1999; Brodie et al., 2009; Baskaran et al., 2009; Kumar et al. 2009; Marković et al. 2013; Arnold et al., 2016, Vrzel et al., 2019; Xueru et al., 2018; Tang et al., 2019.
Studies of dissolved gases in water are important in understanding surface water-groundwater interactions and can provide a good approximation of the processes occurring in the gas-water-rock matrix phase system. This is particularly important for range-scale studies where differences in the isotopic and/or physical and chemical composition of surface water and groundwater may be negligible. However, even in such a situation, there may be noticeable differences in concentrations of gases, such as CFCs or SF6, between surface and groundwater. This study focuses on understanding the interaction between river and groundwater at the scale of influence of a groundwater intake located in close vicinity of Czarny Dunajec. Aquifer systems in river valleys are typical sites for water intakes with induced infiltration, as induced bank filtration can be a cost-effective pre-treatment technology. In general, such intakes exploit water consisting of a mixture of groundwater and river water. Depending on the hydrogeological and operating conditions, the mixing ratio of these waters can vary significantly. Thus, in general, the susceptibility of drinking water to pollution depends on the proportion of river water (relative to groundwater) and the residence time of the groundwater, which largely determines the vulnerability of aquifer systems to pollution. Understanding the mechanisms shaping these factors is important for predicting the potential impact of contaminants on water supplies and developing management approaches to maintain water quality. Therefore, one of our objectives was to determine the extent to which surface water and groundwater may mix in the study area. Further research objectives were to determine the temperature (NGT) and altitude of groundwater recharge areas. The aim of this study was to understand as fully as possible the conditions of groundwater circulation, inflow and mixing with river water under conditions of interaction between the infiltration intake and the river. In order to understand these issues, a two-day hydrogeological study was conducted, consisting of a three-stage test pumping of varying intensity. During each stage of test pumping, water samples were taken for physical and chemical analysis and to determine the concentration of dissolved gases and stable isotopes in the water. The primary focus was on dissolved in water gases analysis based on the assumption that gas exchange and dissolution in infiltrating rainwater gives it a unique gases signature that is largely retained in groundwater. The gaseous tracers used in the study enter the aquifer system through a variety of pathways. Gases such as Ne, Ar, CFCs and SF6 primarily enter the aquifer with infiltrating rainwater. The situation is different in the case of He, which enters the aquifer mainly from the deeper rock bed. Apart from the deposits of radioactive elements there are no significant sources of this gas below the surface and/or on the ground. Measurement of excess He concentrations reflects among other the residence time of groundwater and/or inflow of older groundwaters into the aquifer system; surface waters have a relatively constant He content resulting from equilibrium concentrations. CFCs and SF6, on the other hand, are often used as environmental tracers to determine the circulating conditions and age of young groundwater, as the variability in atmospheric concentrations of these gases is highly dynamic (Montzka et al., 2018; Rigby et al., 2019). However, unlike noble gases and SF6, which are virtually chemically unreactive under normal conditions, CFCs can degrade microbially to varying degrees, especially in a reducing environment, which can lead to a reduction in their content in groundwater (Khalil and Rasmussen, 1989; Oster et al. 1996; Horneman et al., 2008). SF6 is predominantly a gas of anthropogenic origin; however, its sources may also be geogenic (Harnish and Eisenhauer, 1998; Koh et al., 2007). Unfortunately, it is not possible to distinguish geogenic SF6 from anthropogenic SF6 and to determine their quantitative relationship to each other, potentially limiting the use of this compound as a tracer for groundwater dating (Busenberg and Plummer, 2008; Ranchoux et al., 2021). Given the absence of crystalline and/or volcanic rocks in the deeper subsurface that may be potential sources of excess SF6, it was assumed that there were no geogenic sources of this gas in the study area and it was used, like CFCs, as an environmental tracer. A more extensive description of the occurrence in the natural environment, dynamics of changes in atmospheric concentrations of the discussed gases and examples of their application in hydrogeological studies can be found in papers, among others: Cook and Solomon, 1997; Alvarado et al., 2005; Bartyzel and Różanski, 2016; Darling et al., 2012; Chambers et al., 2019.
2 RESEARCH AREA
2.1 Hydrogeological and hydrological settings
The main source of drinking water in the study area is a Quaternary aquifer. This aquifer occurs within the Orawa-Nowy Targ Basin (ONTB), which is an extensive mid-mountain depression extending for about 50 km. Tectonic activity and regional compression during the formation of the pre-Carpathian sinkhole were important in the ONTB genesis and development (Pomianowski, 2003). The Quaternary ONTB aquifer is formed by sands and gravels of different grains, sometimes with coarse fractions or clay inserts (Fig. 1). 
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Figure 1. The synthetic hydrogeological cross-section
The Quaternary aquifer may be regarded as relatively homogeneous in the scale of the conducted studies, as indicated by similar borehole profiles and little variation in filtration coefficient, which varies from 3.9 to 6.3 m∙24h-1. The Quaternary aquifer can be recharged both by infiltration of precipitation water in the ONTB area (with the average annual precipitation of about 850 mm∙yr-1) and by lateral groundwater inflow from the flysch aquifer (the importance of this inflow is discussed in detail later). In the peripheral parts of the ONTB, ascensional groundwater inflow from the deeper bedrock is possible through tectonic faults (Fig. 2). 
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Figure 2. Conceptual model of recharging the ONTB aquifer system

Groundwater flow within the ONTB is directed to river valleys of Czarny Dunajec and Biały Dunajec. The groundwater table and directions of groundwater flow are shown in Fig. 3. 
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Figure 3. The geological/tectonically settings, wells' localization, groundwater table (DEM layer from geoportal.gov.pl)
In the ONTB peripheral zones, the Quaternary aquifer is hydraulically connected to the flysch aquifer (Eocene/Palaeocene, Magura Nappe). The lithological structure of the flysch aquifer (alternating sandstones and shales) and the varied tectonics may lead to significant local changes in water flow conditions between these aquifers. In the flysch aquifer there are mainly fracture waters, mainly in sandstone banks. The flysch rocks form a aquifer system with double-porosity, built of detrital rocks, which locally may be characterised by high microporosity. Numerous and intense tectonic disturbances additionally complicate conditions of groundwater circulation and water exchange between the flysch and Quaternary aquifers. The flysch aquifer is characterised by low resources, resulting from poor collector properties of flysch sediments that do not accumulate large quantities of water despite high average precipitation (> 1000 mm∙yr-1).
Czarny Dunajec is a river with large and rapid water level fluctuations and varying flow rates. The width of the river in the study area is about 25–30 m and the depth is usually 0.5–1.0 m. In the upper part, Czarny Dunajec has the character of a typical mountain river, while in the study area the river slows down considerably and behaves more like a lowland river. Wałęga et al. (2014), considering data from 1980–2009 for Czarny Dunajec, report that the NQ and SQ ranges are 0.48–1.67 and 2.63–6.67 m3∙s-1, while the SNQ and SSQ values are 0.97 and 4.3 m3∙s-1, respectively. The research and sampling were performed in the period without intense and prolonged precipitation, the flow in the river during well pumping was essentially constant and oscillated in the range of 4.5–5.0 m3∙s-1 (Fig. 4).
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Figure 4. Flow rate of the Czarny Dunajec river and the amount of precipitation (the data source is the Institute of Meteorology and Water Management - National Research Institute in Poland, the locations of the measuring water gauge, and rain gauge is shown in Fig. 3)

Czarny Dunajec is a river mainly recharged by groundwater, although, as a result of groundwater abstract, the flow direction may change and river water may locally seepage into the aquifer. Under natural conditions, Czarny Dunajec drains the aquifer at low/medium river water levels, while surface water may seep into the groundwater system during high water levels and floods. In extreme cases, during the great floods of 1997 and 2001, the Grel intake was completely inundated by river water, resulting in microbiological contamination of the wells and the need to shut down the intake while the contamination was removed. 
The geological structure of the riverbed and its spatial pattern are not known in the study area. Thus, the variation in the thickness of the clogging layer, which in most cases determines the water transfer between the aquifer and the river in a key way, is not known. 
The Grel groundwater intake is situated on the left bank of Czarny Dunajec and consists of three bore wells: C-1, C-2 and C-3, supplying the town of Nowy Targ with drinking water. The volume of groundwater abstract by the Grel intake is about 1000 m3∙24h-1. The depression cone formed as a result of water abstraction is 5.2 to 9.2 m deep in individual wells. The city of Nowy Targ has also other groundwater intakes abstracting the Quaternary aquifer, which are described in detail in the study by Nowobilska-Luberda et al. (2013). 
3. MATERIALS and METHODS
3.1 Field and laboratory tests 
As part of our study, a two-day field hydrogeological experiment was conducted, involving three stages of controlled, variable rate pumping. During the pumping, specific depressions were maintained in individual wells at successive stages of pumping. The pumping was carried out after a technical break of several days in the operation of the intake, resulting from maintenance of the water supply system and the water treatment plant. Information on pumping and sampling is summarized in Fig. 5. 
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Figure 5. Concept diagram of research and wells pumping conditions
Results of field measurements are presented in Table 1. During each stage of test pumping, groundwater and river water samples were taken for determination of concentrations of gases (He, Ne, Ar, CFC-11, CFC-12 and SF6) and other environmental tracers. Groundwater samples were collected directly from the wellhead using a system that prevents atmospheric air from reaching the collected water samples or degassing the samples. Samples were collected into 2.9 dm3 steel vessels designed to allow gas extraction from water using the headspace method (Najman and Sliwka, 2016). Determinations of the concentrations of gases dissolved in water were performed using the gas chromatography (GC) method in the laboratory of the Institute of Nuclear Physics PAN in Kraków. Due to the low He concentrations in the analysed waters, the analysis of the samples was performed using an additional chromatographic system with a cryogenic sample enrichment system (Śliwka et al., 2004; Mochalski et al., 2007). In the case of He, which is a mixture of 3He and 4He isotopes, measurement of the total He concentration provides a good approximation of the amount of the 4He isotope migrating from the deeper bedrock into the aquifer (Kotowski and Najman, 2015). The 3He/4He ratio varies with the type of geological environment and can change over time (Lupton and Evans, 2013), however, in most cases it does not exceed 1.0∙10-5. More information on the sampling and measurement methodology using the GC method is provided in the papers of Śliwka et al. (2004) and Najman and Śliwka (2016).
Additionally, determinations of stable isotopes δ2H and δ18O as well as physical and chemical analyses were performed. The δ2H and δ18O determinations were performed in a laboratory of Faculty of Physics and Applied Computer Science of the University of Science and Technology in Kraków using a Finnigan MAT 251 Ratio Mass Spectrometer. The oxygen isotope composition of water samples δ18O was determined using the CO2 equilibration method (Epstein and Mayeda, 1953). Sample preparation was performed using a Multiprep® automatic line coupled with a dual-inlet Finnigan Delta S mass spectrometer. The measurements of the hydrogen isotope composition δ2H were carried out on gaseous hydrogen produced in the reaction of water reduction on metallic zinc (Kendall and Coplen, 1985) at 550 °C. Granular zinc supplied by the Indiana University (USA) was used. Results are reported in % deviation from the internationally accepted V-SMOW (Vienna Standard Mean Ocean Water) standard. Analytical uncertainties are equal ± 0.1% for δ18O and ± 1% for δ2H.
The range of physical and chemical analyses of groundwater and river water included 48 indicators (Table 2). The chemical analyses were conducted by the accredited laboratory of the Faculty of Geology, Geophysics, and Environmental Protection of the University of Science and Technology in Kraków. Major, minor and trace dissolved elements were analysed by ICP MS (Elan 7500). Concentrations of anions were determined by HPLC (Alliance HPLC System).
3.2 Surface and groundwater mixing models
In order to determine the physically possible extent of mixing of groundwater and river water in the water flowing into the studied wells, two different mixing models were used. Two-component and three-component models were used, investigating the different environmental tracers in each model. Both models calculated the proportion of river water and groundwater (recharge by rainwater) in the stream of water inflow the intake, i.e. within the depression cone area. Outside the cone of depression the direction of groundwater flow is reversed and the groundwater recharges the river.

Modelling of end-member water sources mixing may be considered correct if: (I) all the various sources have been identified, (II) concentrations of end-members are constant over time, (III) tracers used are conservative, and (IV) dispersion is negligible. As there was no significant surface (or subsurface) runoff during the pumping and sampling period (see  Fig. 4), it is assumed that the aquifer and the river are the main sources of water, while other tributaries are incidental and do not have a significant impact on mass transfer. Given the short duration of the study, we also assume that the concentrations of all end-members will not vary significantly over time. Some of the tracers we used are not conservative, however given the short study time we believe that they may have been used, as discussed further in section 5.2. Given the small area of the study area it can also be assumed with high probability that dispersion is negligible.
With the help of two-component model it is possible to easily determine the maximum contribution of river water to water from the intake' well by modelling of concentrations of the studied component in river water (CR) and in mixed water from the intake (CW). CFCs were used for calculations with the two-component model because for these chemical compounds the differences between their concentrations in groundwater and river water were the greatest (Table 1). This allowed them to be used as reference points in the analysis of the water source end-members. Significant differences in concentrations of CFCs were also observed in water samples collected from individual wells during successive stages of pumping (Table 1). In the case of other environmental tracers, the variation in their concentrations in groundwater and river water was not so significant, sometimes only slightly exceeding the range of uncertainty of measurement of concentrations of these substances. This applies mainly to noble gases, stable isotopes, and to some extent to major and minor ions and SF6 (Tables 1 and 2). Therefore, CFC-11 and CFC-12 were considered to be the most suitable tracers in this case for two-component modelling of groundwater and river water mixing. Taking into account the direction of groundwater flow, time variation of sampling, very large differences in CFCs concentrations between groundwater and river water and significant distances of wells from the river (from 60 m to 170 m), it was assumed that the samples collected during the first pumping stage represent groundwater without significant admixtures of river water (this applies mainly to C-1).
The two-component model is described by the relation: 
CW = fR ∙ CR + (1 – fR) ∙ CGW



 [1].
where:
CW – concentrations of CFCs in well water (C-1, C-2 and C-3 wells), it is a mixture of groundwater and river water;
CR – concentrations of CFCs in river water;
CGW – concentrations of CFCs in groundwater inflowing to the Grel intake;
fR – proportion of river water in well water (Table S1);
(1 – fR ) – proportion of groundwater in well water (Table S1).
The three-component model used stable isotopes (2H and (18O) whose contents were determined in well water and in river water. The OPIC ver. 3.1 calculator (Online Isotopes in Precipitation Calculator) was used to determine the isotopic composition of precipitation water/groundwater (http://www.waterisotopes.org). The isotopic composition estimates by the OPIC are calculated from a global data set according to an algorithm developed by Bowen and Wilkinson (2002) and refined by Bowen and Revenaugh (2003) and Bowen et al. (2005). The data used by the OIPC are derived primarily from the International Atomic Energy Association/World Meteorological Organization Global Network for Isotopes in Precipitation (GNIP Database). The three-component model is described by the relations:
fPR = (18OW – (18OR)∙(18OPR – (18OR)-1


 [2]
fR = (18OW – (18OPR )∙(18OR – (18OPR)-1 = 1 – fPR

 [3]
where:
fPR – groundwater recharge, here understood as groundwater recharged by local precipitation in the aquifer recharge area;
fR – river water recharge;
(18O – Oxygen-18 to Oxygen-16 isotope ratio of water sample, in ‰ (respectively: W – well water, mixture of groundwater and river water; R – river water; PR – rainwater/groundwater, annual averaged composition (18OLPR value acc. to Bowen G.J. 2021).
In order to determine the height of groundwater recharge areas, the relationship determined for the Tatra region (Zuber et al., 2008) was applied: 
h18O [m a.s.l.] = –445.3 ∙ (18O + 3704


[4] 
h2H [m a.s.l.] = –69.1 ∙ (2H + 4054


[5]
where:
h18O – groundwater recharge areas altitude determined based on the contents of (18O; 
h2H – groundwater recharge areas altitude determined based on the contents of (2H. 
The magnitude of the groundwater table fluctuation (hfluc) was determined from Ne concentrations. A linear relationship was used to determine the fluctuation (Ingram et al., 2007; Visser et al., 2016).
hfluc [m] = 0.0247 + 0.0569 ∙ Ne



[6]
where: 
Ne – measure of noble gas excess air component, ΔNe = [Nesample /Neequilibrium – 1 ] ∙ 100 %
4 RESULTS
The results of the field tests and measurement of gas tracers’ concentrations are summarised in Table 1.
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The results of physical and chemical analyses of studied water are shown in Table 2.
[image: image7.jpg]2. The chemical composition of waters in the Grel intake and river water
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Table 3 shows the estimate altitudes of groundwater recharge areas.
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The share of river waters in the Grel intake' water estimated on the basis of (18O determinations (three-component model) was presented in Table 4.
[image: image9.jpg]Table 4. The share of river waters in the Grel intake' water
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5. DISCUSSION OF THE RESULTS
5.1 Surface water/groundwater circulation
Identification of aquifer system recharge areas is important in the context of water quality management and protection against pollution. The results of estimation of groundwater recharge areas altitude show that the areas are situated at the ordinates from 915 to 974 m a.s.l. (Table 3). However, it is not possible that these results refer to Quaternary aquifer as outcrops of this aquifer occur at much lower ordinates, which is true not only for the Grel intake area, but for the whole ONTB area. The ONTB extends at 490–650 m a.s.l. and its bottom is even up to 1000 m lower than the surrounding mountain massifs. Therefore, it may be assumed with high probability that the obtained results apply to waters of the flysch aquifer, the recharge area of which is situated at the foot of the Tatra Mountains, about 25 km to the south of the studied area. Only there, in the nearest vicinity of the study area, are areas with altitudes of the order of 900 m a.s.l. and above. According to Zuber et al. (2008) the average contents of (18O and (2H in springs and waters from shallow wells in the foothills of the Tatra Mountains (located in the area at the altitudes of 915–974 m a.s.l.) vary in the range: (18O from –10.59±0.07 to –11.66±0.11‰ (altitudes 920 and 974 m a.s.l., respectively) and (2H from –74.25±0.6 to –78.0±1.2‰ (altitudes 915 and 974 m a.s.l., respectively). These values are similar or slightly higher than those measured for water from Grel intake. As the water from the Grel intake is in fact a mixture of ground and river waters, the calculated altitudes of recharge areas may be considered correct under the assumption that the contribution of groundwater to the well water is dominant and/or isotopic composition of well water and river water are very similar. Only then will the results obtained be largely free of the difficult to determine influence coming from the admixture of river water. Since both assumptions are fulfilled (see Table 1 and section 5.2) the calculated altitudes of the groundwater recharge areas can be considered reliable.
Groundwater recharge areas are characterised by specific air temperatures depending on their altitude relative to sea level. Groundwater recharge usually reaches equilibrium at temperature the roof of aeration zone. The concentrations of Ne and Ar dissolved in water, compared with solubility curves of these gases as a function of temperature, provide a basis for estimating the temperature at which groundwater recharge took place. Thus, using Ne and Ar concentrations, the temperatures existing in the past at the groundwater table in the recharge area were calculated (Noble Gas Thermometry, NGT). NGTs can vary considerably in mountainous regions (Manning and Solomon, 2003), but generally reflect average annual air temperature. The calculated NGTs are very similar to each other and their variability slightly exceeds the uncertainty range of their determinations (Table 1). The calculated NGTs indicate recharge of the aquifer system by infiltration waters in the modern period. The mean NGT value of the inflowing waters to the intake is 5.9±1.0 °C and is higher than the mean air temperature (about 4.5 °C) observed in the 1971–2000 period in the area of recharge of the flush level at the foot of the Tatra Mountains. The NGT values exceeding the mean annual temperature may be explained by the presence of deep geothermal system in carbonate rocks of the Mesozoic and Eocene and thermal convection which is marked in overlying flysch rocks as “thermal blanket effect”. The thermal blanket effect is especially visible in the area neighbouring with the studied area (Bańska Niżna, about 10 km to the south), where as a result of heated the overburden rocks by the groundwater flowing below, temperature these rocks about 10 °C higher than temperature resulting from geothermal gradient (Kępińska, 2001). The comparison of water temperature in springs occurring in the area of recharging of the flysch aquifer also gives a good picture of the situation. Springs occurring in Eocene rocks (geothermal collector) have distinctly elevated temperature (6.0–6.7 °C) in contrast to water temperature of springs in sedimentary rocks of the Lower Nappe series, which varies from 4.0 to 4.8 °C (Małecka, 1997). The Quaternary sediments forming the rock matrix of the aquifer in the ONTB area are outside the influence range of the geothermal system and cannot be heated by geothermal waters in any way. In this context, the results of the investigations confirm once again that the groundwater inflow from the flysch aquifer is key important in recharging the Quaternary aquifer in the study area.
Based on variations of Ne concentrations the range of fluctuations of groundwater table was calculated. These fluctuations are in the range of 1.5–1.8±0.4 m. These values are high for Quaternary aquifers in the Podhale region, where groundwater table fluctuations usually range from several tens of cm to 2 m. On the other hand, these values are definitely low for the flysch aquifers where seasonal changes of groundwater table depth may reach up to 10 m and more as a result of limited capacity of the system of cracks and fractures within the flysch aquifer system. As the water from the intake is a mixture of water from different sources, it seems most likely that this leads to homogenisation of Ne concentrations and thus to averaging of the estimated values of groundwater table fluctuations.
5.2 Mixing of the waters: the two-component model
The inflow of water to the intake during its exploitation was analysed based on the two-component model. The results of modelling can be divided into two classes of solutions: positive values and negative values. The class of positive results reflects the range of probable concentrations of CFCs in groundwater inflowing to the intake (CGW) with arbitrarily assumed proportions of mixing of river and groundwater and laboratory measured concentrations of CFCs in river water (CR) and well water (CW). The class of results with negative values is a negative modelling result (physically impossible in fact), which reflects the situation that with the assumed proportions it is not possible to obtain a mixture of water with the gas concentrations measured during the tests. The negative values obtained in the modelling indicate in a way “deficiency sizes” of CFCs in groundwater inflowing to the intake (CGW), which makes it impossible to obtain the assumed proportions of mixing of groundwater and river water. 
In general, the modelling results indicate that there is a small range of mixing of river water and groundwater for the Grel intake. This range is up to a maximum of 20% (CFC-11) and 26% (CFC-12) river water contribution, with groundwater contribution decreasing as the pumping rate increases (Fig. 6). 
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Figure 6. The results of two-component modeling - the percentage of river water in Grel intake' water

This indicates a dominant groundwater contribution, in the range of 74-80% or more. In the event that only the first water sample from C-1 is free of river water admixture, while the other samples contain significant admixture, the actual river water contribution may be higher than calculated by about a few percent. Notwithstanding this small potential uncertainty, the share of groundwater in the range 74-80% is quite high in relation to other infiltration intakes. A very similar value of the share of groundwater (65–80%) in waters abstracted by river-valley public water supply boreholes was obtained in the research of the karsts-fissure aquifer system (Swanscombe Chalk Block) conducted by Darling et al. (2010). These studies were carried out by using a similar to our set of environmental tracers (among others: δ18O, δ2H CFC-11, CFC-12 and SF6). Although the ratio of groundwater to river water in the abstracted drinking water was determined on the basis of the content of stable isotopes and the activity of tritium. In a study by Beyerle et al., 1999, under very similar environmental conditions (a river valley in a foothill region, Töss Valley, Switzerland), it was shown that in waters exploited by infiltration intakes, at least 50% is groundwater. On the other hand, an example of research from the area of Switzerland (the lower part of the Emme catchment) indicates that on average, a substantial fraction (∼70%) of abstracted groundwater originates from recently infiltrated river water (Popp et al., 2021).
However, it should be clearly noted that CFCs are not conservative tracers and may degrade in the environment. CFC-11 and CFC-12 are stable under oxidising conditions, but can degrade by microbial breakdown under reducing conditions with low oxygen. According to Oster et al. (1996), the degradation rates of CFC-11 and CFC-12 under anaerobic conditions can vary over a very wide range, from 0.05 to 3∙105 pmol∙L-1∙yr-1. For example, in shallow (< 30 m) aquifers under reducing conditions, CFC-11 and CFC-12 can be virtually completely degraded (> 95%) in waters older than 10 years (Horneman et al., 2008). On the other hand, according to Kotowski et al. (2019), CFCs can occur in groundwater 50 years or older, also at considerable depths (up to 450 m), where they can decompose at maximum rates of 1.37 to 2.3 ∙10-12 ∙pmol∙L-1∙yr-1 (CFC-11) and 0.91 to 1.64 ∙10-12 ∙pmol∙L-1∙yr-1 (CFC-12). Considering the above observations, significant microbial degradation and consequent significant change in the concentrations of CFCs during the two-day field test was considered unlikely. Also sorption of these compounds on particles of organic matter is limited due to negligible TOC values in groundwater (Table 2). In intensively agricultural areas, nitrogen production from denitrification can lead to a gas phase below the water table, preventing the conservative transport of indicator gases such as noble gases, CFCs, or SF6 (Visser et al., 2009). However, both the recharge and flow areas the flysch aquifer, and the ONTB area are not intensively fertilised, as confirmed by the very low concentrations of NO2- and NO3- ions in groundwater and river water (Table 2). Thus, denitrification should not significantly affect the concentrations of the gas tracers used in our study. Therefore, taking into account all the above observations, it was assumed that processes that reduce the CFCs content in groundwater should not significantly affect the results of water mixing modelling using these environmental tracers.
5.3 Mixing of the waters: the three-component model
The proportions of river water and groundwater in water inflowing to the intake were also analysed using the three-component model and δ18O determinations. The modelling results indicate that the proportion of river water in well water may vary in the range of 65-79% (Table 4). These shares are much higher than the values obtained using the two-component model by using CFCs (Fig. 5). These differences may be the result of several reasons.
First, according to Zuber et al. (2008) the change of δ18O value with an increase in altitude for the Tatra region is ˗0.22‰ for each 100 m increase in altitude. Thus, the calculated by used OPIC δ18OPR value of –9.9±0.1‰ (annual averaged isotopic composition of rainwater) indicates with good approximation the estimated groundwater altitude of the recharge areas.

Secondly, the OPIC value was determined indirectly, however the occurrence of other values δ18OPR, significantly different from –9.9±0.1‰, is unlikely. A hypothetical river water contribution close to that determined for the two-component model is achieved for the δ18OPR range of –10.3 to –10.45 ‰. These values are very close to the δ18O values measured in the well waters (Table 1). Taking into account the ordinates of the recharge area it is difficult to expect that such δ18OPR contents could be correct for rainwater recharging the groundwater inflowing to the intake.
In general, we believe that there may have been considerable homogenisation of δ18O values in the path of groundwater flow (about 25 km), which makes 16O and 18O in the study area unsuitable traces for reach-scale mixing modelling. At this scale (of the order of tens to hundreds of m) changes in water isotopic composition are very small and corresponding hydrological relationships are difficult to define correctly.
5.4 Characteristics of water inflow to the intake
Taking into account the considerations presented in the previous sections, we believe that the variation of CFC-11 and CFC-12 concentrations in response to changes in well pumping rates can reflect the dynamics of water inflow to the intake with a good approximation. Spline functions were used to interpolate the results of laboratory measurements. There is a clear difference between the concentrations of CFCs in water from C-1 and the concentrations of these gases in water from the other wells (Fig. 7). 
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Figure 7. Time variation of gas tracers concentrations

This relationship is largely maintained throughout the study and is independent of changes in pumping rates. Taking into account the location of C-1 in relation to the direction of groundwater inflow to the intake, the sequence of pumping and the smallest depth of cone depression, it was assumed that the concentrations of gases in the first sample of water from C-1 may reflect with a good approximation the concentrations of these gases in groundwater inflowing to the intake.
During the first stage of pumping, a significant change of CFCs concentrations was evident, especially for C-2 and C-3. Moreover, the concentrations of these gases were clearly increasing even without changing the pumping rate, indicating a steady increase of river water contribution to the well water. It follows that the river/aquifer hydraulic system is sensitive to pressure changes and that even at relatively low well pumping rates an influx of water other than groundwater is triggered, most probably water from the zone of mixing of river water and groundwater (bank storage).
During the second stage of pumping, in spite of increasing pumping intensity (approx. 1.5–1.7 times), the dynamics of increase in concentrations of analysed gases was clearly smaller. Some stabilization of concentrations of the analysed gases is observable and in the majority of cases differences in their concentrations between the second and third round of sampling did not significantly exceed the range of measurements uncertainty. This means that the pressure propagation time between the river and the wells is most probably up to several hours. Considering the pressure propagation time ranges identified in studies by other authors (e.g. Posavec et al., 2017; Vrzel et al., 2019), a pressure propagation time of the order of a few hours should be considered very short. In this context, the difference in gas tracer concentrations between well C-1 and the other wells, may also significantly depend on the order of well pumping. The difference in pumping start time between C-1 and C-2 was 1 hour and 25 minutes, and for C-2 and C-3 the difference was 1.5 hour (Fig. 3).
During the last, third stage of the test, the pumping rate was 1.8–2.0 times higher than the initial rate. For C-1, a distinct stabilization of conditions of mixing of groundwater with fluvial water and its inflow to the wells can be properly ascertained. For C-2, a gradual increase in concentrations of the analysed gases is observed, with the dynamics of changes similar to that observed at the earlier stages of pumping. Lack of significant changes in concentrations of analysed gases at significant increase of pumping rate may indicate asymptotic heading towards balanced(?) mixing of river and groundwater. In this context, it may be assumed that the capacity (volume) of groundwater-surface water mixing zones is probably small and water from these zones was largely exchanged already during the first pumping stage. Consequently, during the second and third pumping stages, the inflow of river water to the intake was most probably already direct from the river. It can also be assumed with high probability that the largest share of river water is present in waters flowing to C-2. This is due to pumping of this well under conditions of interaction of the remaining wells of the intake and, consequently, the deepest depression cone.
What is surprising is the decrease in the concentration of CFC-12 in water from C-3 (Fig. 7). The reasons for the abrupt change in the concentration of this gas are difficult to explain at the present stage of research. Rather, microbial degradation of CFC-12 can be ruled out, as CFC-11 decomposes significantly faster than CFC-12 in the soil-water environment (Khalil and Rasmussen 1989; Sebol et al. 2007) and occurrence this process is not supported by our observational data. A marked decrease in CFCs concentrations could potentially be a clear signal of a disconnection of the river and aquifer systems. However, the decrease in CFC-12 concentrations in C-3 is not confirmed by similar directions of change in gas concentrations and physical and chemical parameters in the other wells.
For the other gases, changes in SF6 and He concentrations during successive pumping steps only occasionally exceed the uncertainty of the determination of these gases in a significant way. The exception is the significant decrease in the concentration of SF6 (C-2) during the second pumping step (Fig. 7). SF6 under normal conditions is practically chemically unreactive and in the absence of additional sources of this gas the abrupt decrease in concentration of this gas can be explained by mixing of waters of distinctly different origin and/or residence time in the aquifer. Taking into account that SF6 concentration has been increasing monotonically in the atmosphere since 1990s, it can be assumed that water could  inflow from a different (deeper?) part of the aquifer system, possibly from the area of fault zone situated close to the Grel intake (see Fig. 2).
The results of the water mixing modelling indicate that groundwater accounts for the majority (> 75%) of the water exploited on the Grel intake. Therefore, another important question is whether the start of pumping is followed by inflow of water younger or older than the first water sample from C-1. It can be seen that the He concentrations determined for the first sample from C-1 are the highest of all, suggesting the longest residence time in the aquifer (Fig. 7). On the other hand, SF6 concentrations have generally been increasing in the atmosphere since the 1960s, so the SF6 concentrations in C-1 indicate that this may be younger water than the others. In the case of CFCs, the problem is even more complex due to the reversal of the trend/direction of changes in atmospheric concentrations of these gases that occurred in the 1990s. In addition, atmospheric concentrations of CFC-11 and CFC-12 have been decreasing sequentially until recently; however, new sources of these substances have emerged that are changing the dynamics of the atmospheric decrease of these gases (Rigby et al., 2019). More importantly, because of the very large differences in CFCs concentrations between groundwater and river water, the inflow of even small amounts of river water into wells can completely mask the directions of changes in CFCs concentrations caused by the inflow of younger or older groundwater. The above problems and contradictions are difficult to resolve/understand at the present stage of research.
5.5 Hydraulic contact river/aquifer
Taking into account deep depression cones in the studied wells (up to 16.6 m, see Fig. 3) and considerable range of depression cone (about 150–200 m), it should be considered that in some part of the river conditions may be conducive to breaking hydraulic contact between the river and aquifer and disconnection of groundwater system from the surface water system. In addition, the interaction of wells during pumping usually increases the extent range of the depression cone, which in turn may lengthen the length over which the river is disconnected. This type of effect was demonstrated in a conceptual study by Fox and Durnford (2003). According to Brunner et al. (2011), a state of hydraulic disconnection between the river and the aquifer occurs when there is an unsaturated zone between the river and the groundwater table, and the total infiltration flux across the stream width does not change measurably as the water table decreases. A break in hydraulic contact can, for example, already occur when the thickness of the unsaturated zone in the middle of the river exceeds 0.5 m (Brunner et al., 2009). In the study area, the state of the total infiltration flux is not known, but it is possible that an aeration zone with a thickness of more than 0.5 m exists under the river bed. However, the results of dissolved gas analyses indicate that hydraulic contact between the river and the aquifer existed throughout the study period (at all pumping stages). Inflow of river water was small (Fig. 4) and largely independent of changes in pumping rate. It is possible that the situation is quite complex and similar to that described by Frei et al. (2009), where small- and large-scale heterogeneity of the streambed might cause some portion of the river to be connected to and another to be disconnected from the aquifer system. It should be emphasised that on the basis of the results obtained, it is not possible to unequivocally state that the river has been disconnected from the aquifer system (even locally). However, we believe that the analysis of changes in the concentrations of gaseous tracers during variable intensity pumping allows for direct proof of the rupture of hydraulic contact between the river and the aquifer. However, this requires further research in this area, perhaps in a different pumping configuration at the Grel intake and/or research conducted at a different site.
5.6 Groundwater chemistry
Water samples for physical and chemical analyses were taken during pumping at the lowest rate. It can therefore be assumed that the addition of river water in C-1 was relatively small (3.5-6%, see. Fig. 6). In water samples from individual wells, there were noticeable differences in concentrations of some ions (e.g. HCO3, Cl) and/or values of physical and chemical parameters (EC, TDS). These differences were relative small, but are significant considering the scale of the study area. They may be due to variations in the geochemical environment and/or be related to exploitation-forced inflow of water from zones with impeded flow. Such differentiation of physical and chemical parameters is usually connected with diffusive exchange between water flowing in pore/fractures and stagnant water contained in micropores of rock layers (Małoszewski and Zuber, 1993).
In the studied area, there was a marked difference between groundwater and river water in terms of SO4 ions, whose concentrations were noticeably higher in river water. This may be due to the fact that there are no natural and significant anthropogenic sources of sulphates in the flysch aquifer. Thus, higher concentrations of SO4 ions in water from Dunajec are probably related to other sources of these ions than the inflow of waters from the flysch aquifer.
In general, the chemical composition of groundwater and river waters is quite similar and characteristic for young waters in shallow aquifer systems and/or for surface waters. The concentrations of ions or physical and chemical parameters in individual water samples are independent of each other and (except for SO4 ions) it is difficult to indicate any clear relationship between these ions/parameters.
6 CONCLUSIONS
The studies provided a better understanding of the genesis and circulation conditions of waters abstracted by the Grel intake and the nature of groundwater/surface water interaction during the operation of this intake. It was found, among other things, that the pressure propagation time between the intake and the river is short (of the order of several hours), which results in significant inflow of mixed groundwater and river water from the mixing zone of these waters even at low well pumping rates. Consequently, this can cause significant and rapid changes in the concentrations of dissolved substances in the water flowing into the intake, even under conditions of moderate operation. Another important conclusion is that irrespective of changes in the pumping rate there is a hydraulic contact between the river and the aquifer and there is no clear evidence of a hydraulic disconnection between surface and groundwater systems. At the same time, a reduction in river water inflow is observed that is largely independent of changes in pumping rates. This effect may be related to a reduction in the seepage capacity of the riverbed, most likely due to the presence of clogging layers. In general, as pumping rates increase, the river/aquifer hydraulic system tends towards stabilised conditions of mixing and water inflow to the intake.
The two-component mixing model on which we base our interpretation also has some limitations. The results of the two-component mixing modelling do not provide an exact solution, but define a physically possible range of mixing between groundwater and river water. During the inflow water to intake, the real groundwater/river water ratio is not exactly known, but it is possible to quantify the maximum contribution of river water. This approach will work well under conditions of inflow of river water to the aquifer and a significant proportion of groundwater in the mixed water, but in the case of a predominant proportion of river water in the mixed water, the solutions obtained may not be very precise.
The presented combination of testing techniques (two-component modelling and testing of environmental tracers concentrations at variable inflows) can be a good method for controlling surface water-groundwater interaction. It is a versatile approach, simple to apply and modify, and under favourable conditions may also allow direct identification of the state of river disconnection from the aquifer, which is difficult to achieve with other methods. The selection of environmental tracers, whose concentrations in groundwater and river water should be clearly different, is important in such studies. In case of short duration of studies (several days), non-conservative tracers may be used, also different from those used in our studies, which considerably extends the possibility of selection of appropriate tracers depending on local environmental conditions. It seems that in future studies of this type, additional tracer studies will be most relevant, in order to determine the extent of the mixing zone and the degree of dilution of solutes in this zone.
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