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Abstract 14 

Stable water isotopes, organic micropollutants and hydrochemistry data such as main ions are 15 

powerful tools to identify different water types in areas where knowledge of the spatial 16 

distribution of different groundwater is critical for water resources management. An important 17 

question is how the assessments will change if only one or a subset of these tracers is used. In 18 

this study, we estimate spatial artificial infiltration along an infiltration system with discharge 19 

- river stage relationships and classify different water types based on the mentioned 20 

hydrochemistry data for a drinking water production area. Managed aquifer recharge with 21 

surface water into the aquifer is used to create a hydraulic barrier between contaminated 22 

groundwater and drinking water wells. We systematically compare the information content 23 

from the applied tracers and illustrate the differences in distribution and calculated mixing 24 

ratios. Despite uncertainties in the mixing ratio the overall spatial distribution of artificial 25 

infiltration is very similar for all tracers. Highest infiltration occurred in the eastern part of the 26 

infiltration system whereas at the western part infiltration is low. A more balanced infiltration 27 

within the infiltration system could lead to a better distribution of the elevated groundwater 28 

mound, preventing natural inflow of potentially contaminated groundwater.  29 

  30 
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1. Introduction 31 

Water supply in urban areas with long industrial history is challenging due to high water 32 

demand of population and industry [1]. Furthermore, groundwater contamination and areas 33 

potentially affecting the water quality makes water supply a very complex issue [2, 3, 4]. To 34 

realize the water demand and protect water resources, groundwater recharge plays an 35 

important role [5]. However, where natural recharge rates are too small, managed aquifer 36 

recharge (MAR) can be a measure to provide a water surplus and to dilute potentially 37 

contaminated groundwater [6]. Moreover, MAR can lead to an elevated groundwater mound, 38 

which serves as a barrier preventing natural inflow of potentially contaminated water coming 39 

from adjacent areas [7, 8]. Therefore, knowledge of flow paths and distribution of artificial 40 

infiltration is essential for adequate groundwater management [9, 10]. A solid understanding 41 

of flow processes in the subsurface and associated uncertainties are further required for 42 

mathematical model predictions to simulate for instance changing boundary conditions and to 43 

optimise the water supply system. Although a comprehensive description of all subsurface 44 

heterogeneities is never obtainable [11, 12, 13], a solid process understanding is crucial for 45 

water management strategies.  46 

Typically, tracers are used to gain information about subsurface processes. For instance, 47 

stable water isotopes, organic micropollutants and hydrochemistry data such as main cations 48 

and anions are known to be powerful tools to identify the distribution of different water types 49 

in areas where detailed knowledge of artificial infiltration distribution is critical for water 50 

resources [14, 15, 16]. Variations in stable water isotopes (e.g. oxygen-18 (δ 18O) and 51 

deuterium (δ 2H)) within the groundwater samples can be used to create an interrelationship 52 

between groundwater and the source of origin [15, 17]. Since the composition of stable water 53 

isotopes is typically not altered in the aquifer by water-rock interactions it is another tool to 54 

understand mechanisms of groundwater circulation such as mixing between different water 55 

types. Present pollutions in surface water or groundwater can be additionally used to 56 

understand subsurface processes [18, 19]. Although these contaminations are typically 57 

unwanted in the aquifer, they can provide insights into flow and transport processes [20]. 58 

Anthropogenic markers such as artificial sweeteners (e.g. acesulfame) are increasingly used, 59 

especially in the context of infiltration with surface water into the groundwater [21, 22, 23, 60 

24, 25]. The use of these indicator substances allows determining specific pathways [26, 27] 61 

because higher concentrations can be found usually in effluent dominated river water, and 62 

thus can be used as a tracer to estimate the interaction between surface water and groundwater 63 

[28, 29].  64 
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According to Massmann et al. [30] and Gasser et al. [31] the application of multiple tracers 65 

offer more insight than from a single tracer and is required to quantify uncertainty due to 66 

aquifer heterogeneity and different subsurface processes. The interpretation of subsurface 67 

processes based on multiple tracers is however less common [32]. Therefore, we 68 

systematically investigate the effects of using different tracers to identify the spatial 69 

distribution of artificially infiltrated water for a study area in northern Switzerland. Here 70 

drinking water production is in an urban area with different landfills and industrial zones. 71 

Groundwater is artificially recharged by infiltrating water from the river Rhine by an 72 

excavated system of channels and ponds and lead to an elevated groundwater mound, which 73 

serves as a barrier to prevent inflow of contaminated regional groundwater. However, a range 74 

of chlorinated solvents were measured in the abstracted groundwater. Therefore, it is essential 75 

to have detail knowledge about the temporal and spatial infiltration pattern at the study site. It 76 

is expected that in areas where infiltration rates are low, the regional groundwater component 77 

is dominating the water composition. Using solely total infiltration rates as an indicator for the 78 

elevated groundwater mound will not provide the required information about the spatial 79 

pattern. Moreover, using groundwater levels only will not help to identify mixing ratios and 80 

possible upwelling through, for instance, factures which seems to be possible due to the 81 

geological setup at the study site. Therefore, artificial infiltration rates along a constructed 82 

infiltration system were estimated and all aforementioned tracers were acquired during one 83 

field sampling campaign. These data were already incorporated in a larger dataset where flow 84 

and transport processes were identified by a multivariate statistical analysis [32]. In this study 85 

aquifer mixing in the subsurface is identified, where a higher amount of artificial infiltrated 86 

surface water is mixed with water originating from the regional flow pathway in the vicinity 87 

of the drinking water wells. Although the groundwater mixing was identified the spatial 88 

distribution and mixing ratios were uncertain and were not investigated systematically. 89 

Furthermore, the highest potential risk for drinking water supply was estimated in the western 90 

part of the study area where fractures exist. The authors state that particular wells with a 91 

higher proportion of regional water coming most likely from the south should be further 92 

investigated. Following this suggestion, we calculate mixing ratios based on selected water 93 

type endmembers and subsequently spatial differences in mixing ratio distributions between 94 

the different tracers are identified. 95 
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2. Study area  96 

The study area is located in north-western Switzerland and is an essential drinking and 97 

industrial water site for the region. Two main aquifers namely the Quaternary Rhine gravel 98 

and the underlying karstified Upper Muschelkalk limestone aquifer are present, where the 99 

Quaternary aquifer is largely used for drinking water production.  100 

The 50-60 m thick limestone of the Muschelkalk represents a highly fractured and karstified 101 

aquifer with an average hydraulic conductivity of 1.3*10-4 m/s [33], ranging between 1*10-3 102 

m/s and 2*10-6 m/s [34] depending on the position. The fluvial-glacial gravels from 103 

Quaternary strata appear with a varying thickness of 5 to 50 m on top of the bedrocks. The 104 

thickness close to the main drinking water wells (i.e. the pumping well gallery, Figure 1) is 105 

around 20 to 40 m. The average hydraulic conductivity is 3.1*10-3 m/s [33].  106 

The regional flow direction is from south to north to the river Rhine. However, the artificial 107 

river water infiltration highly influences the groundwater flow (Figure 1). Increasing water 108 

demand led to an installation of an artificial groundwater recharge system in 1958 and was 109 

further designed in order to maintain a hydraulic gradient towards areas of potential risk (e.g. 110 

urban areas, landfills, industrial areas, highways, rail tracks and a harbour for the chemical 111 

industry, Figure 1). Surface water is extracted from the river Rhine in the direct vicinity of the 112 

study area and a first purification follows directly. Then, the surface water is inducted at the 113 

eastern location of the system (Figure 1 and 3) and is distributed in the 3500 m long 114 

infiltration channels (area: 7000 m²) and in the six ponds (area: 4000 m²). The distribution of 115 

the surface water follows the flow gradient (east to west) and is solely manually adjusted by 116 

open or closing different weirs, which also controls the distribution between parallel channels. 117 

No return flow can occur due to the topographical downward slope. The ponds are connected 118 

through the infiltration channels. Only flow into the ponds can occur due to the topographical 119 

slope. No outflow exists for the infiltration system (channels and ponds), which means that all 120 

inducted surface water will be artificial infiltrated. The ground of the infiltration channels and 121 

ponds contains an approximately 40 cm thick artificial gravel layer to facilitate the infiltration 122 

into the subsurface. The inducted amount of surface water into the infiltration system depends 123 

on expected water demand, associated with changing extraction rates at the drinking water 124 

wells. Currently, the infiltrated volume is 100,000 m3/d on average which is twice as much 125 

water as abstracted [8]. Moreover, large quantities of groundwater are abstracted for industrial 126 

purpose east of the study site, and smaller amounts south of the artificial infiltration system. 127 

The approximately distance between the infiltration system and drinking water wells in the 128 

http://dict.leo.org/german-english/facilitate
http://dict.leo.org/german-english/sth.
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north is 400 m. A more detailed description of the geology and hydrogeology can be found in 129 

Spottke et al. [33] and Moeck et al. [32]. 130 

 131 

132 
Figure 1: Study area in a highly urbanized region of the River Rhine valley, northern 133 

Switzerland. Elevations range from south to north from around 290 meters above sea level 134 

(masl) to 250 masl in the vicinity of the Rhine. The northern boundary of the Hardwald is the 135 

river Rhine, urban areas and river Birs in the west, railways and industrial areas in the south 136 

as well as industrial areas in the East. A highway passes directly through the Hardwald from 137 

west to east. Artificial infiltration channels and ponds are shown in -blue. The piezometric 138 

heads are shown as black lines.  139 

3. Methods 140 

The water discharge at 14 selected locations in the channels was measured repeatedly over a 141 

time span of three months with a magnetic induction water flow meter (Company: Ott, Flow 142 

meter type: MF pro) during different discharge conditions. Water levels in the channels were 143 

recorded continuously at the selected locations (see figure 1 and 3) that were chosen based on 144 

inlet and outlet of the channels. Based on these data a discharge stage relationship was 145 

established. In addition, the discharges into the ponds were measured continuously at the inlet 146 
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of the ponds with a weir system (6 artificial ponds). These data provides directly the inflow 147 

rate into the ponds without additional measurements. Note that no outflow in the ponds or 148 

channels exists. Subsequently, a water mass balance was calculated for each section between 149 

two measurement points where the inflow rate was subtracted by the outflow rate. No 150 

infiltration occurred where outflow equalled inflow, whereas infiltration from the channel into 151 

the aquifer took place for values larger than zero. For channels with connection to ponds the 152 

inflow rate (based on the stage discharge relationship) was first subtracted by the measured 153 

inflow at the ponds (based on the weir measurement). The remaining difference was then 154 

subtracted by the outflow rate (based on the stage discharge relationship) in a second step. 155 

A sampling campaign was conducted in March 2015 with 50 groundwater sampling locations 156 

and one Rhine surface water location to quantify the distribution of artificial infiltration. The 157 

samples were collected by using stainless steel submersible pumps (Grundfos, MP1), directly 158 

from the sampling faucet of the drinking water wells and as grab samples in the infiltration 159 

system. The physico-chemical parameters temperature, pH, electrical conductivity, the 160 

oxidation-reduction-potential (ORP) and dissolved oxygen concentrations were measured in 161 

the field using portable devices (HACH-LANGE, HQ40d). Sample collection was performed 162 

after stabilization of the physico-chemical parameters from the wells and piezometers. The 163 

water samples were analysed using standardised methods for major cations and anions 164 

(Metrohm 761 Compact IC) as well as for the stable water isotope signatures (deuterium 165 

(δ2H) and oxygen (δ18O)) (Picarro L1102-I) and organic micropollutants (online solid phase 166 

extraction followed by liquid chromatography coupled with electrospray ionization to high 167 

resolution tandem mass spectrometry [35]. The measurement errors for all tracers are 168 

provided in table S1. 169 

The obtained data were subsequently used to identify water type endmembers and to calculate 170 

the mixing ratios of stable isotope composition, cat- and anions and organic micropollutants 171 

based on selected endmembers to develop a consistent system understanding. The surface 172 

water infiltration represents one endmember. Due to the large amount of artificial infiltration 173 

(100,000 m3/d on average), this endmember strongly controls groundwater flow and 174 

composition. The second endmember represents the regional groundwater. Here, the sample 175 

with the most distinct differences in all tracers compared to the surface water was selected. 176 

Compared to the infiltrated surface water, this selection is uncertain but represents the best 177 

guess based on the available data set. 178 
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For the stable water isotope, persistent organic micropollutants and cat- and anions the linear 179 

mixing was calculated as follows: 180 

𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑎𝑎 × 𝐺𝐺𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑛𝑛 + 𝑏𝑏 × 𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅      (1) 181 

𝑎𝑎 + 𝑏𝑏 = 1           (2) 182 

𝑏𝑏 =  𝐺𝐺𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼−𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀

𝐺𝐺𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼−𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
         (3) 183 

where 𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀 is the isotope (organic micropollutants, or cat- and anion) composition based on 184 

the infiltrated Rhine water composition (𝐺𝐺𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) and the regional groundwater 185 

composition (𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅). The factors a and b show the portion of infiltrated water (a) and 186 

regional water (b) for the sampling location (𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀) where mixing occurred. For the cat- and 187 

anions the mixing ratio was calculated based on each of the considered cat- and anion. For the 188 

latter the cat- and anions were scaled in order to avoid that a single cat- or anion dominates 189 

the mixing ratio due to higher concentration differences. Although we are fully aware that 190 

precipitation, dissolution and degassing might change the results for the cat- and anions, we 191 

chose a simple linear mixing equation due to the relatively short residence times of less than 192 

20 days on average between infiltration channels and pumping wells [36]. The average of 20 193 

days represents the maximum breakthrough, but first arrivals can be observed after one day 194 

already. It is assumed that mineral precipitation and dissolution effects are minor. However, at 195 

the boundaries of the study area where longer mean residence times are expected, the mineral 196 

precipitation and dissolution might affect the mixing ratios. This issue is discussed in the 197 

result sections 4.5 and 5. Uncertainty in our results was expressed as the standard deviation of 198 

mixing ratios calculated by using all tracers. The same weight for all tracers was used in this 199 

calculation to avoid preferences.  200 

4. Results 201 

4.1 Artificial infiltration rates 202 

The following section describes the channel stage-discharge relationships for one 203 

measurement location, shown as an example for all other locations. In Figure 2a a linear 204 

relationship was established with a high correlation (R) of 0.94. Based on the weekly 205 

measurements from 08.2008 to 10.2013, the variations in channel stages were relatively small 206 

(Figure 2b), corresponding to a discharge rate of 0.3±0.05 m3/s at the entrance point of the 207 

infiltration channel (range 0.23 m3/s and 0.37 m3/s, Figure 2c). 208 
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 209 

210 
Figure 2: a) Linear channel stage-discharge relationship based on seven measurements (red 211 

crosses), b) Boxplot of the weekly channel stage variation without the seven measurements of 212 

figure 2a, c) Calculated time series of discharge at the measurement location based on 213 

obtained equations from the stage-discharge relationships. 214 

Based on the obtained discharge time series for each of the 21 locations a mass balance was 215 

calculated for each section between two measurement points. Figure 3 shows the time series 216 

for the 13 sections as well as the total infiltrated amount of Rhine river water. In cases were 217 

the sum was zero (blue colour) no infiltration occurred between the measurement points 218 

whereas values larger than zero indicate infiltration loss. The highest infiltration (red colour) 219 

occurred at section 5, where the infiltration pond 6 is located (Fig. 3). Followed by infiltration 220 

at section 7, where the infiltration pond 5 can be found. These two ponds located in the 221 

Eastern part of the infiltration system, dominates strongly the infiltration regime. In the 222 

western part of the infiltration system the infiltration rate is visibly smaller (Sections 8-13). 223 

Clearly, most artificial recharge occurred in the Eastern part of the infiltration system. 224 

Although smaller temporal variability for some sections can be observed, the infiltration rates 225 

are relatively stable in time and location.  226 

 227 
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228 
Figure 3: Top panel: Time series of total supply in the infiltration system (Input Q) and 229 

artificial groundwater recharge for each section. Blue colours shows no or small recharge 230 

rates whereas red colours indicate greater infiltration loss. Bottom panel: Artificial 231 

infiltration system with each section and infiltration channels (lines) and ponds (polygon).The 232 

colours for each section shows the average recharge rate, where blue colours shows no or 233 

small recharge rates whereas red colours indicate greater infiltration loss. The supply is in 234 

the south east and flow direction is to north west. 235 

4.2 Stable water isotopes 236 

Stable water isotope signatures, namely δ18O and δ2H were used to determine the 237 

endmembers 𝐺𝐺𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 applied for the calculation of mixing ratios. 238 

Because stable water isotopes are not altered in the groundwater by aquifer matrix-water 239 

interactions, they are a suitable tool to evaluate groundwater mixing [17, 37]. The stable water 240 

isotope composition was between -11.3 to -8.7‰ (δ18O) and -81.5 to -64.0‰ (δ2H). All 241 

samples follow the local meteoric water line (LMWL). Most samples show a similar stable 242 

water isotope composition compared to the infiltrated Rhine river water. Samples indicating 243 

regional groundwater have however, an enriched isotope composition, indicating different 244 
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water origins and associated mean groundwater ages. After Moeck et al. [32] the isotope 245 

composition of 𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is indicative of Muschelkalk water, which is in line with the 246 

geological model for the study area. Sampling locations between the two endmembers 247 

represent mixtures of different fractions. The mixing ratios will be discussed in section 4.5. 248 

 249 

 250 

Figure 4: δ18O - δ2H [‰] diagram with the acquired data during the sampling campaign. The 251 

black line shows the Global Meteoric Water Line (GMWL) and the dotted blue the Local 252 

Meteoric Water Line (LMWL).The GMWL was based on the work of [38], whereas the LMWL 253 

was based on time series of precipitation from Basel. The black dots represent individual 254 

samples. The Rhine surface water composition (GWinfiltration) is displayed with blue colour and 255 

the selected regional water composition (GWregional) is shown in orange colour. Both samples 256 

show the isotope composition obtained during the sampling campaign. It is assumed that the 257 

fluctuation in the isotope compositions in the bedrock is minor. The range of Rhine water 258 

isotopes is between -11.4 to -10.3 ‰ for δ18O and -81.8 to -74.1 ‰ for δ2H.  259 
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4.3 Organic micropollutants 260 

Anthropogenic markers are increasingly used in the context of (artificial) infiltration with 261 

surface water into the groundwater due to the commonly persistent behaviour. In the 262 

following, we present the relationship between the stable water isotope signatures δ18O with 263 

carbamazepine. Carbamazepine, an antiepileptic and antidepressant drug is very persistent to 264 

biodegradation [29, 31] and shows a good correlation with other persistent tracers such as the 265 

artificial sweetener acesulfame [39]. 266 

As shown in Figure 5, higher concentrations of carbamazepine are present in the infiltrated 267 

Rhine river water that also has lower values in stable isotope signatures. Sampling locations 268 

with higher concentrations of carbamazepine show a strong influence of the artificially 269 

infiltrated water. In contrast, the selected endmembers for the regional groundwater 270 

composition show a low concentration of carbamazepine (under the detection limit of 2 ng/L) 271 

associated with an enriched isotope composition, indicating that no mixing with surface water 272 

occurs. The different water origin of the regional groundwater, likely Muschelkalk water, is 273 

validated by the absence of organic micropollutants. The sampling locations between the two 274 

endmembers represent mixtures with different fractions, indicating a lesser amount of 275 

artificial infiltrated Rhine water. Note that two samples have higher concentrations than the 276 

𝐺𝐺𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 endmember which is probably related to the sampling strategy. The infiltrated 277 

Rhine river water was collected as a 24 hour mixing sample whereas each sampling point in 278 

the field was acquired as a single sample. It is known that the Rhine river water has some 279 

variability in the concentration load during the day and this might explain the small 280 

differences between 𝐺𝐺𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 and the two samples with higher concentration. During 281 

our sampling champagne precipitation occurred in the study area and could have led to higher 282 

variability in the water composition during the day compared to dry weather conditions. 283 

Furthermore, the 24 hour mixing sample of river Rhine water does not correspond completely 284 

the water composition at the pumping wells due to transport processes in the aquifer which 285 

are around 20 days until the maximum breakthrough occurred. 286 

 287 
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 288 

Figure 5: δ18O[‰] – Carbamazepine [ng/l] diagram where the black dots represent 289 

individual samples. The Rhine surface water composition (GWinfiltration) is displayed with blue 290 

colour and the selected regional water composition (GWregional) is shown in orange colour 291 

4.4 Hydrochemistry data 292 

Bivariate plots of Ca2+ and Na+ as well as of HCO3
- and SO4

2 are shown in Figure 6. These 293 

cations and anions were chosen because they show the highest variability in terms of standard 294 

deviation between all samples [32]. The infiltrated Rhine water has relatively low 295 

concentrations in cations and anions compared to the groundwater samples, with regional 296 

groundwater (second endmember) showing considerably higher mineralization. Especially, 297 

higher concentrations can be found for Ca2+ and HCO3
- likely indicating Ca-rich mineral 298 

dissolution due to the existing Muschelkalk limestone. One sample (21.C.206) shows a 299 

different concentration, located at the western edge of the study area where concentrations for 300 

all hydrochemistry parameter are highest (Table S2, supplemental online material). This 301 

sampling point is directly situated at the Rhine Valley Flexure zone and might indicated 302 

vertical exchange and upwelling of waters originating from the salt and gypsum layer [32]. 303 
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Therefore, this sampling point must be interpreted with caution and is not included for the 304 

calculation of the mixing ratios based on cations and anions.  305 

 306 

 307 

Figure 6: Relationship between cations Ca2+ and Na+ and anions SO4
2- and HCO3

-. The black 308 

dots represent individual samples whereas the regional water composition (GWregional) and the 309 

Rhine water composition (GWinfiltration) are printed in yellow and blue colours, respectively.  310 

4.5 Calculated mixing ratios 311 

The calculated mixing ratios are provided in Table S3 (supplemental online material) and 312 

indicate similarities in the mixing ratio for most of the sampling points by using the different 313 

tracers. For instance, the sampling location 21.J.102, a multilevel piezometer, shows a high 314 

fraction of infiltrated Rhine water between the top and bottom sampling depths for all tracers. 315 

The values range from 0.71 to 1, with an average of 0.95 and standard deviation of 0.06. Here, 316 

the lower values are related to the organic micropollutants, especially the 5-Methyl-317 

Benzotriazole shows smaller fractions. This value however might be affected by the 318 

aforementioned 24 hour mixing sample of the infiltrated Rhine water. The highest variability 319 

can be observed for the sampling location 21.C.71 where the fraction of infiltrated water 320 
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based on isotope data is 100%, organic micropollutants between 14% to 97% and cations and 321 

anions between 0% to 96%.  322 

Although uncertainty in terms of the variability in the fraction of infiltrated water has to be 323 

assumed for the different tracers, for most locations the calculated ratios are very similar. This 324 

can be seen in Figure 7 where the spatial distribution of three tracers is displayed as well as 325 

the calculated standard deviation based on all used tracers. The linear interpolation between 326 

all sampling points for δ18O, Carbamazepine and HCO3
- indicates that close to the infiltration 327 

channels and ponds (thick white lines) the fraction of infiltrated Rhine water is one. Overall, 328 

highest values are obtained for sampling locations in the vicinity of pond 5 and partly of pond 329 

6. In the southern and western part of the study area the fraction of infiltrated water decreases 330 

to considerably smaller values. Also in the south-eastern part close to the infiltration channels 331 

values smaller than 1 can be observed indicating a higher portion of regional groundwater. 332 

Although this is true for all tracers it becomes more obvious when Carbamazepine is 333 

considered to calculate the mixing ratios. In terms of uncertainty expressed as the standard 334 

deviation, the calculated fraction of Rhine infiltrated water is relatively stable (blue to green 335 

colouring) in the middle part of the study area where infiltration rates are highest, directly 336 

leading to a high fraction of infiltrated water (see section 4.1). Only in the north-western and 337 

south-eastern part the uncertainty is higher. Here, the infiltration rates are relatively small and 338 

the water fraction from the regional flow is higher.  339 

 340 
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 341 

Figure 7: Spatial linear interpolation of mixing ratios (fraction of infiltrated river water) for 342 

three selected tracers and for the standard deviation of mixing ratio calculated for all tracers. Red 343 

colouring indicates higher fractions of infiltrated Rhine surface water, whereas blue colours 344 

present lower fractions. Grey lines show the fraction contours. The solid thick white lines 345 

indicate the location of the infiltration channels and ponds.  346 

5. Discussion 347 

In this section we discuss how the selected tracers influence the system understanding. The 348 

uncertainties and drawbacks by using different tracers are summarized. Despite uncertainties 349 

in the mixing ratio due to measurement and sampling uncertainties the overall spatial 350 

distribution of artificial infiltration is very similar for each tracer. That indicates that using 351 

only one or a subset of tracers would not change strongly the spatial interpretation of water 352 

distribution. Overall, highest infiltration occurred in the eastern part of the infiltration system, 353 

located central in the study area. This is in line with results obtained from the stage-discharge 354 

relationship and validated the finding from the tracers, confirming that the intended 355 

groundwater mound exists between the artificial infiltration system and the pumping well 356 

gallery. Small differences in these findings occur however, when Carbamazepine is used. 357 
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Using this tracer still the highest infiltration occurred in the eastern part of the infiltration 358 

system but with a slightly different spatial pattern compared to most other tracers. For 359 

instance, in the south-eastern part close to the infiltration channels values smaller than 1 can 360 

be observed indicating a higher portion of regional groundwater. Although this is true for all 361 

tracers it becomes more obvious when Carbamazepine is considered to calculate the mixing 362 

ratios. In the western part, where the infiltration rates are low and the fraction of infiltrated 363 

Rhine water is small, a regional groundwater component is dominating. This result is in line 364 

with findings of Moeck et al. [32]. Based on a multivariate statistical analysis the authors 365 

found that regional water is also present in drinking water wells in the western part, where 366 

water is most likely originating from the south. These wells are therefore of particular interest 367 

because here the highest potential risk is given for drinking water supply.  368 

As stated already, the overall spatial distribution is very similar using one or a subset of the 369 

tracers but a higher variability of mixing ratios can be observed. Regarding the variability of 370 

the mixing ratios two main factors seems to be crucial. First, the sampling strategy and 371 

interval can lead to slightly different results. Differences in the concentration of the organic 372 

micropollutants are very small (e.g. < 2-16 ng/L, Carbamazepin), where deviations in 373 

chemical analyses can lead to pronounced changes in mixing ratio. As we have also seen for 374 

the organic micropollutants, a 24 hour mixing sample from the surface water can introduce 375 

uncertainty in the calculated mixing ratio. Although Carbamazepine is persistent under 376 

conditions during artificial infiltration, uncertainty was introduced due to the variable and 377 

unknown input function of the Rhine river water. As demonstrated the load of organic 378 

micropollutants in surface water can vary daily and seasonally [40, 41]. This might be of 379 

lesser importance when only the spatial distribution is required and differences between 380 

surface water and groundwater are large. However, when more precise mixing ratios are 381 

needed, times series with small sampling intervals should be chosen compared to single 382 

sampling campaigns to ensure the most reliable mixing ratio calculation. This is similar for 383 

the stable water isotopes. The Rhine and most other surface waters show at least a seasonal 384 

variation in isotope composition. It is therefore fundamental to have good understanding of 385 

residence times of artificially infiltrated water. If the residence time is larger than seasonal 386 

variability, it might be that the current input signal as an endmember is compared to samples 387 

relying on isotope composition from previous seasonal input signals. However, in our case, 388 

this might be less important due to the short groundwater residence time of less than 20 days 389 

[36] and therefore the stable water isotopes represent the most likely results. 390 
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Other factors which might influence our results are precipitation, dissolution and degassing 391 

which can occur when the different waters are traveling along the flow path in the subsurface. 392 

We observed a wide variability in the mixing ratios when for instance, Ca2+, HCO3
-, SO4

2- or 393 

Na+ and Cl- are considered as a tracer for some individual sampling locations. At these 394 

locations in the southern and mainly in western part of the study area the fraction of regional 395 

groundwater is relatively high. Here, groundwater might have a different mean residence time 396 

(age) of up to several years and therefore rock-water interaction might play a more important 397 

role then for areas with freshly infiltrated water. Mixing ratios are uncertain at these specific 398 

sampling locations based on the cations and anions. Nevertheless, our simple linear 399 

calculation helps to identify important areas where further investigations have to be carried 400 

out to reduce and constrain uncertainty. For areas where all tracers provide very similar 401 

results further sampling is not required. Therefore, multitracer approaches can assist in the 402 

design of field data acquisition campaigns, enabling more efficient monitoring strategies, 403 

although dissimilar results in absolute mixing ratios are expected.  404 

Furthermore, the obtained results indicate for the study area that a more balanced infiltration 405 

between the eastern and western sections of the infiltration system could lead to a better 406 

distribution of the elevated local groundwater mound. The western part of the study area 407 

which shows under current conditions a larger fraction of regional groundwater might be 408 

better protected due to an increase in the fraction of infiltrated water. Moreover, pumping 409 

rates at drinking water wells in the western part of the study area where the fraction of 410 

regional groundwater is higher should be operated differently and should be investigated in 411 

more detail.  412 

6. Summary and conclusions 413 

In this study the distribution of artificially infiltrated Rhine river water into a sand gravel 414 

aquifer used for drinking water supply was estimated based on a combined approach of field 415 

measurements of infiltration in a channel and pond system and on hydrochemistry data such 416 

as main ions, stable water isotopes and organic micropollutants. 417 

Despite uncertainties in the mixing ratio due to measurement and sampling uncertainties the 418 

overall spatial distribution of artificial infiltration is very similar for each tracer. Highest 419 

infiltration occurred in the eastern part of the infiltration system based on all tracers and 420 

infiltration calculation based on stage-discharge relationships. The variability of the mixing 421 

ratios between all applied tracers is related to two main factors: The sampling strategy and 422 
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interval as well as rock-water interaction. Uncertainty was introduced due to the variable and 423 

unknown input function of the Rhine river water because the load of organic micropollutants 424 

in surface water can vary daily and seasonally. Furthermore, concentration differences of the 425 

organic micropollutants are very small and deviations in the analyses can lead to marked 426 

changes in the calculated mixing ratio. Moreover, non-persistent tracers have to be carefully 427 

considered to draw conclusions because rock-water interaction can influence the calculated 428 

mixing ratio as well. In this study, it was demonstrated that systematically combining a 429 

comprehensive data set can help to determine the distribution of artificially infiltrated water 430 

and to identify important areas including their uncertainty. At these locations further 431 

investigations have to be carried out. The obtained results can assist in the design of field data 432 

acquisition campaigns, enabling more efficient monitoring strategies to reduce uncertainty in 433 

mixing ratios. Overall, our approach can be easily transferred to a variety of hydrological 434 

settings to evaluate the efficiency of managed aquifer recharge for water supply and 435 

protection. Using the applied approach leads to more sound conceptual models incorporating 436 

also uncertainty, which are acting as the very basis to develop improved water resources 437 

management practices in a sustainable way. 438 
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