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Abstract 8 

The persistence of the artificial sweetener acesulfame potassium (ACE) in wastewater 9 

treatment and subsequently in the aquatic environment has made it a widely used marker of 10 

wastewater in both surface water and groundwater. However, the recently observed 11 

biodegradation of ACE during wastewater treatment has questioned the validity of this 12 

application. In this study, we assessed the use of ACE not only as a marker of wastewater, 13 

but also as a transient wastewater tracer that allows both the calculation of mixing ratios and 14 

travel times through the aquifer as well as the calibration of transient groundwater flow and 15 

mass transport models. Our analysis was based on the data obtained in a nearly 8-year river 16 

water and groundwater sampling campaign along a confirmed wastewater-receiving 17 

riverbank filtration site located close to a drinking water supply system. We confirm that 18 

temperature controls ACE concentrations and thus their seasonal oscillation. River water data 19 

showed that ACE loads decreased from 1,500-4,000 μg·s−1 from December to June (cold 20 

season; T<10°C) to 0-500 μg·s−1 from July to November (warm season; T>10°C). This 21 

seasonal oscillation was transferred to the aquifer and preserved >3 km through the aquifer, 22 

with ACE concentrations oscillating between values below the detection limit in the warm 23 
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season to 0.15 μg·L−1 in the cold season. The seasonal variation in ACE degradation during 24 

wastewater treatment enables the sweetener’s use as a transient tracer of wastewater inflows 25 

and riverbank filtration. In addition, the arrival time of the ACE concentration peak can be 26 

used to estimate groundwater flow velocity and mixing ratios, thereby demonstrating its 27 

potential in the calibration of groundwater numerical models.  28 

 29 

Keywords: environmental tracer; wastewater treatment; riverbank filtration; groundwater 30 

model; groundwater age; emerging contaminant. 31 
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1. Introduction 48 

Environmental tracers are natural or anthropogenic substances that, while present in 49 

concentrations that do not pose a risk to human health, can still be measured in surface water 50 

and in groundwater. They have thus been exploited in assessments of the source, trajectory, 51 

and mixing dynamics of wastewater released into the environment (Massmann et al., 2008; 52 

McCance et al., 2018; Stoewer et al., 2015; Turnadge and Smerdon, 2014). The most useful 53 

environmental tracers are hardly degradable by biochemical processes during wastewater 54 

treatment or subsequently in the aquifer, are widespread in the environment, and their 55 

concentrations fluctuate over time. 56 

The potassium salt of acesulfame (ACE) is 200× sweeter than sugar, which together with 57 

its stability (Li et al., 2021; Lino et al., 2008) accounts for it being the most widely used sugar 58 

substitute, whether in food, cosmetics, or medicines. The accepted daily intake of ACE is 59 

15 mg·kg−1 of body weight (USFDA, JECFA). However, since ACE cannot be metabolized 60 

in the human body after ingestion, it is excreted unchanged through the renal system 61 

(Renwick, 1986). Consequently, most of the consumed ACE finally ends up in wastewater 62 

treatment plants (WWTPs), from where it is discharged into the environment (Volz et al., 63 

1991). As ACE is highly hydrophilic, following its release from WWTPs into streams it 64 

spreads easily through the aquatic environment and is therefore frequently detected in surface 65 

water, groundwater, and even drinking water (Buerge et al., 2009; Gan et al., 2013; Scheurer 66 

et al., 2011, 2009). ACE has been globally measured in wastewater effluents, with 67 

concentrations ranging from below the limit of quantification (LOQ) to 2500 μg·L−1 (e.g., 68 

Arbeláez et al., 2015; Belton et al., 2020; Buerge et al., 2009; Gan et al., 2013; Kokotou and 69 

Thomaidis, 2013; Lee et al., 2015; Loos et al., 2013; Ordóñez et al., 2012; Sanz-Prat et al., 70 
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2020; Scheurer et al., 2009; Van Stempvoort et al., 2020). Average ACE concentrations of 71 

2.9 μg·L−1 (<LOQ to 53.7 μg· L−1) in surface water and 0.653 μg· L−1 (<LOQ to 9.7 μg· L−1) 72 

in groundwater have been reported in Europe, America, and Asia (Belton et al., 2020). 73 

Although the adverse effects of sweeteners at the high concentrations used in foodstuffs (taste 74 

threshold of 8.94 mg L−1) continue to be debated, the concentrations found in surface, 75 

groundwater, or drinking water are considered to be below those exerting toxic effects 76 

(Belton et al., 2020; Dietrich et al., 2021). 77 

 The persistence of ACE after human ingestion and municipal wastewater treatment 78 

(Buerge et al., 2009; Gan et al., 2013; Jekel et al., 2015; Oppenheimer et al., 2011; Scheurer 79 

et al., 2009; Soh et al., 2011; Subedi and Kannan, 2014; Tran et al., 2015) makes it an 80 

excellent tracer of: wastewater input into environmental waters (Ishii et al., 2021; Lange et 81 

al., 2012; Scheurer et al., 2011, 2009; Sérodes et al., 2021; Van Stempvoort et al., 2013, 82 

2011b), septic wastewater plume migration in aquifers (Robertson et al., 2013; Snider et al., 83 

2017; Spoelstra et al., 2020; Van Stempvoort et al., 2011a; Wolf et al., 2012), and riverbank 84 

filtration (Datel and Hrabankova, 2020; Engelhardt et al., 2014a, 2014b, 2013; Roy and 85 

Bickerton, 2010; Sanz-Prat et al., 2020). In fact, ACE meets most of the requirements of an 86 

ideal wastewater tracer (Dickenson et al., 2011; Gasser et al., 2010; Oppenheimer et al., 87 

2011) as: i) it is found in most wastewater sources globally, ii) it is present in wastewater at 88 

concentrations well above the LOQ (≈0.01 μg·L−1) (Buerge et al., 2009), iii) once in the 89 

aquifer, it travels in the dissolved phase at the average groundwater velocity, with no losses 90 

by chemical or biological attenuation processes (Datel and Hrabankova, 2020; Hwang et al., 91 

2019; Roy and Bickerton, 2010), iv) it is either absent or it is present at concentrations orders 92 

of magnitude lower in natural groundwater, given its anthropogenic origin, and v) it can be 93 
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easily analyzed with affordable techniques, minimal matrix interference, and good accuracy 94 

and precision. 95 

However, despite the utility of ACE as a wastewater marker in rivers, lakes, and aquifers, 96 

reports of its biodegradation during municipal wastewater treatment and via biotic processes 97 

have questioned its value as an environmental tracer (e.g., Castronovo et al., 2017; Huang et 98 

al., 2021; Hwang et al., 2019; Kahl et al., 2018; Van Stempvoort et al., 2020), which has 99 

mostly included its use in calculations of groundwater residence times, the calibration of 100 

transient hydrogeological models, and the differentiation of multiple sources of 101 

contamination (Engelhardt et al., 2014a, 2013; Gerber et al., 2018; Purtschert, 2008; Van 102 

Stempvoort et al., 2013). Buerge et al. (2011) reported the dissipation of at least 60% of ACE 103 

during aerobic incubation over 70 days while Burke et al. (2014), using material from the 104 

oxic to suboxic zone of a riverbank filtration site in a laboratory column experiment, reported 105 

ACE attenuation of almost 50% and the temperature dependence of the reaction, as ACE was 106 

eliminated at 20°C but not at 6.5°C. The biodegradation of ACE by nitrifying activated 107 

sludge reached 21% after 7 days (Tran et al., 2014). Castronovo et al. (2017) reported ACE 108 

biodegradation in German and Swiss WWTPs under aerobic and anaerobic conditions and 109 

the transformation of ACE into sulfamic acid. Recently, a lab-scale study demonstrated that 110 

ACE can be catabolized completely by an enrichment culture in which it is the sole carbon 111 

source (Kahl et al., 2018), while other studies have shown the involvement of different 112 

bacterial strains in ACE degradation (Huang et al., 2021; Kleinsteuber et al., 2019).  113 

Furthermore, after studying nine German WWTPs, Kahl et al. (2018) concluded that 114 

ACE removal efficiency is highly variable during the year, with a clear seasonal pattern, 115 

especially in small to medium WWTPs, where the temperature-driven removal of ACE plays 116 
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an important role. Monthly median removal exceeded 95% from July to October/November, 117 

with < 15% of the ACE removed between January and April. Literature data suggest that the 118 

degradation of ACE in WWTPs first occurred in 2010, with a greater capability in small to 119 

medium plants without oxygen and temperature impediments. Li et al. (2020) reported 120 

removal rates of 74 ± 42% in a study carried out in 69 WWTPs across Australia. Despite this 121 

seasonal removal, after analyzing 12 WWTPs and 7 septic systems, Van Stempvoort et al. 122 

(2020) demonstrated that the residual concentrations of ACE in effluents and septic plumes 123 

are still sufficient to allow the use of ACE as a tracer for identifying the presence or absence 124 

of wastewater in groundwater.  125 

Environmental tracers whose concentrations exhibit large oscillations in their amplitude 126 

and duration have a broad range of applications (Herrera et al., 2022b, 2022a; Massoudieh, 127 

2013; Thiros et al., 2021). As daily or weekly oscillations of a tracer are damped after a few 128 

meters of traveling through an aquifer (Brünjes et al., 2016), tracers with seasonal oscillations 129 

are more suitable for large-scale tracing (Molina-Giraldo et al., 2011). However, the 130 

suitability of ACE as a transient environmental tracer has yet to be determined. Thus, in this 131 

study we assess the use of ACE as a transient tracer of wastewater after its seasonally varied 132 

biodegradation during municipal wastewater treatment. Our results show that, as a transient 133 

tracer, ACE has several important applications, including in calculations of groundwater 134 

travel times and mixing ratios, the identification of wastewater sources, especially in urban 135 

environments, and in reducing the uncertainties in groundwater flow and mass transport 136 

models. Moreover, its use can improve investigations of riverbank filtration systems that can 137 

affect water quality in drinking water supply systems. 138 
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2. Materials and methods 139 

A river water and groundwater ACE sampling campaign of nearly 8 years duration was 140 

carried out along a confirmed wastewater-affected riverbank filtration site. In addition, the 141 

transport of ACE through the aquifer was simulated in a groundwater flow and ACE transport 142 

model, described below. 143 

2.1. Study area 144 

The investigation area is located in a pre-alpine catchment in Europe, covering an area 145 

of 5 km2. It was extensively described in previous studies (Bichler et al., 2016, 2014; Brünjes 146 

et al., 2016; Stoewer et al., 2015) (Fig. 1). In brief, the site is characterized by a temperate 147 

climate with a long-term annual mean precipitation of 1,300 mm and a mean air temperature 148 

of 8.9°C. Groundwater recharge, estimated according to the FAO guideline, is between 25% 149 

and 65% of total rainfall (Allen et al., 1998). 150 

FIGURE 1 151 

The study area is composed of two fluvio-glacial aquifers, Aquifer 1 and Aquifer 2, 152 

converging at the confluence of the respective rivers (Rivers 1 and 2), and whose basements 153 

consist of impermeable tertiary rocks (Fig. 1). The aquifers are largely unconfined or 154 

semiconfined and are composed of a heterogeneous matrix of gravel, sand, and clay. The 155 

thickness of the quaternary sediments ranges from a few meters to 70 m, with an average 156 

saturated thickness of 15 m and a maximum of 30 m (see vertical profiles in Fig. 1). Hydraulic 157 

conductivities are estimated to be in the range of 10–5,000 m·d−1, based on pumping tests 158 

and estimations from other, analogous sites (Theel et al., 2020). Water column pressure is 159 

continuously measured at 31 wells using data loggers. 160 
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The mean discharge of River 1, recorded at a gauging station located approximately 3 161 

km upstream of the investigation area, is 8.5 m3·s−1; the flood discharge, with a return period 162 

of one year, is 38 m3·s−1. Part of the discharge of River 1 is diverted upstream of the 163 

investigation area, leading to a constant discharge into the latter of 1.2 m3·s−1. The average 164 

discharge of River 2 is 1.3 m3·s−1. In addition, 4 km upstream of the study area, River 1 165 

receives the effluent of a WWTP at an average rate of 0.11 m3·s−1 (Brünjes et al., 2016). The 166 

WWTP serves a population of 27,000 inhabitants. The wastewater contribution to River 1 167 

leads to a wastewater load of 1.3% of the volumetric flow rate during average flow 168 

conditions. The level of River 1 is always above the water table, which favors riverbank 169 

filtration from stretches identified in previous studies (Bichler et al., 2016) and highlighted 170 

in red in Fig. 1. The infiltration rate is in the range of 100–400 L·s−1, calculated based on the 171 

difference between the river discharge measured above and below the release site. 172 

Close to the confluence of Rivers 1 and 2 and 3,250 m downstream of the riverbank 173 

filtration, a drinking water supply system extracts an average of 1,500 L·s−1. The waterwork 174 

operates a horizontal drain that uses gravity to remove groundwater from the aquifer and then 175 

drive the water to the collector well. The last 130 m of the horizontal drain are sealed. 176 

Three different water types at the investigation area were identified in an earlier study 177 

(Bichler et al., 2016): regional recharge harder groundwater (RGW), bank-filtration-178 

influenced softer groundwater (BF), and groundwater with a higher NaCl content. All three 179 

types belong to the calcium–magnesium–bicarbonate water type that is typical of waters in 180 

limestone-dominated catchments (Appelo and Postma, 2005; Hoehn and Scholtis, 2011). The 181 

RGW type, characterized by high levels of mineralization (TDS: 577 mg·L−1) and a high 182 

chloride concentration (9.8 ± 1.8 mg·L−1), is not affected by riverbank filtration. BF water is 183 
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a mixture of RGW and riverbank filtrate and is characterized by less mineralization (TDS: 184 

359.4 mg·L−1) and a lower chloride concentration (7.5 ± 1.4 mg·L−1). Based on mixing ratios 185 

of chloride and gadolinium, the fraction of riverbank filtrate was estimated to be 76–100% 186 

in the infiltration area and 37–67% near the waterwork (Bichler et al., 2016). ACE 187 

concentrations range from below the LOQ up to 0.5 μg·L−1. Water samples with a higher 188 

NaCl concentration (NaCl type) are restricted to Aquifer 2. 189 

2.2. Sample collection 190 

River water was collected as grab samples weekly from May 1, 2020 to December 17, 191 

2021 at three points (R1.1, R1.2, and R1.3 in Fig. 1). Since the anthropogenic origin of ACE 192 

and its persistence in municipal treated wastewater were demonstrated by Bichler et al. 193 

(2016), long-term sampling was not considered for the WWTP influent/effluent. 194 

Groundwater ACE concentrations were assessed every 2 weeks from March 10, 2014 to 195 

December 15, 2021. The horizontal drain (D1) was sampled at its start and end points (D1-196 

A and D1-B, respectively). D1-A was reached using a vertical pipe equipped with a tap, and 197 

D1-B directly from the collector well. 198 

2.3. Laboratory analyses 199 

ACE was analyzed following the method described by Scheurer et al. (2009). In short, 200 

samples prepared using solid-phase extraction were analyzed using liquid chromatography 201 

on an HPLC system (1200 SL; Agilent Technologies, Japan) connected to an API 4000 Q-202 

trap triple-quadrupole mass spectrometer (Applied Biosystems/MDS Sciex Instruments, 203 

USA) operated in negative electrospray ionization mode. The LOQ was 0.02 μg·L−1, with a 204 

standard deviation of 0.004 μg·L−1. 205 
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2.4. Numerical model 206 

A two-dimensional (2D) model encompassing the investigation area was established to 207 

simulate groundwater flow and ACE transport from River 1 to the drinking water supply 208 

system. The numerical model was set up in the finite-element code FEFLOW®, which allows 209 

the solving of equations describing groundwater flow and mass transport under saturated 210 

conditions (Diersch, 2014). A summary of the main features of the model and its parameters 211 

is provided in Table SI-1. The FEFLOW® internal grid-builder routine was applied to 212 

generate a numerical mesh consisting of 15,512 triangular elements and 7,944 nodes. The 213 

simulation covered the period September 1, 2020 to December 31, 2021, with an automatic 214 

time step control scheme and a maximum time step of 1 day. The simulation period was 215 

selected to allow the reproduction of ACE propagation through the aquifer for more than one 216 

complete seasonal biodegradation cycle. Initial conditions for all hydraulic and transport 217 

variables were calculated in a previous steady-state simulation representing the mean 218 

hydrogeological functioning of the system for the last decade (2012–2021). An initial spin-219 

up period of 2 months was considered sufficient for the simulation results to become 220 

independent of the initial conditions.  221 

Groundwater inflow through the upstream boundaries of Aquifers 1 and 2 was simulated 222 

using a Cauchy-type boundary condition (BC) with a reference hydraulic head time series 223 

based on the levels measured in neighboring wells. An ACE concentration of 0 μg·L−1 was 224 

set at these boundaries. The downstream boundary was a Cauchy-type condition with a 225 

reference hydraulic head based on the levels measured at the closest monitoring well. A free-226 

mass outflow BC was applied to this downstream boundary. Recharge by precipitation was 227 

set on the model based on data registered at the local weather station and considering the 228 
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local infiltration rate. The ACE concentration in the recharge from precipitation was set to 0 229 

μg·L−1. Riverbank filtration was reproduced through a Well-type BC for water flow and a 230 

Cauchy-type BC for ACE mass based on the transient seasonal ACE concentration measured 231 

in river water. No-flow and no-mass-flow conditions were applied to all remaining 232 

boundaries. The horizontal drain collecting groundwater was represented by discrete 1D 233 

elements with high hydraulic conductivity. At the end of the screened stretch of the drain, a 234 

Well-BC was operational, with the extraction flow measured using a flow meter. 235 

The model was automatically calibrated against the hydraulic heads and ACE 236 

concentrations using FEPEST®, which is the FEFLOW®-integrated version of the model-237 

independent parameter estimation code PEST (Doherty, 2015). Transmissivity, specific 238 

storage, and porosity were calibrated considering 183 pilot points for each of these 239 

parameters. Tikhonov, Singular Value Decomposition, and SVD-Assist were chosen for 240 

regularization by prior information, subspace, and super parameters, respectively. Initial and 241 

preferred values of transmissivity were chosen by taking into account pumping test 242 

information and the real saturated thickness in each zone of the aquifer. Transfer rates 243 

associated with Cauchy-type BCs and the longitudinal and transverse dispersivities (linking 244 

the two parameters by a ratio of 10:1) were also calibrated. A Python plugin developed with 245 

the integrated Interface Manager (IFM) enabled the calibration of Well-type BCs and the 246 

subsequent estimation of the infiltration rate from the riverbank filtration source. 247 

3. Results and discussion 248 

3.1. Seasonal oscillations of ACE allows its use as transient tracer 249 
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ACE concentrations showed a clear temperature-linked seasonal oscillation pattern, with 250 

maximum concentrations in the range of 0.2–1 μg·L−1 occurring between December and June 251 

(cold season; T<10°C) and minimum concentrations of 0–0.1 μg·L−1 between July and 252 

November (warm season; T>10°C) (Fig. 2A and Table SI-2). Due to the small catchment 253 

area, the ACE concentrations were within the lower range of those reported for rivers 254 

worldwide (Belton et al., 2020). Seasonal oscillation was confirmed by calculating the total 255 

load in River 1, eliminating dilution by discharge; ACE loads were 1.5–4 mg·s−1 during the 256 

cold season, which was still around one order of magnitude above the loads of 0–0.5 mg·s−1 257 

measured during the warm season (Fig. 2B and Table SI-2). Therefore, dilution by changes 258 

in river discharge can be ruled out as the process explaining the seasonal oscillation of ACE 259 

concentrations. Also, previous studies showed that ACE consumption throughout the year is 260 

fairly stable or even slightly higher in summer, when the demand for sweetened foodstuffs, 261 

especially beverages and ice cream, increases (Lange et al., 2012; Li et al., 2021), which 262 

would lead to a seasonal pattern opposite to that observed. In addition, the calculated daily 263 

per capita ACE load of 0.8 ± 0.8 mg resulting from the warm season (calculated considering 264 

27,000 inhabitants) was more than one order of magnitude lower than the daily per capita 265 

loads reported for other central European countries (e.g., Switzerland: 5.7–17.6 mg, 266 

Germany: 5.8–12.7 mg, Austria: 4.9 mg; Lange et al., 2012), which indicated that an 267 

additional process is responsible for ACE removal during the warm season. This was 268 

supported by also calculating the daily per capita ACE load during the cold season, which 269 

was 8.8 ± 3 mg, an amount closely aligned with the loads reported for other central European 270 

countries. 271 

FIGURE 2 272 
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The recently discovery of a temperature-dependent seasonal biodegradation of ACE 273 

during wastewater treatment (Kahl et al., 2018) is the most straightforward explanation for 274 

the observed seasonal oscillations in the ACE concentration and the almost perfect 275 

correlation between ACE loads (Fig. 2B) and water/air temperature (Fig. 2C). Minimum air 276 

and river-water temperatures were reached in January 2021 (T≈0°C), after a sharp 277 

temperature drop beginning in August 2020 and preceding a gradual temperature rise until 278 

June 2021. The same asymmetric trend characterized ACE loads, although with a delay of a 279 

roughly two months, probably due to the time required by bacteria to equilibrate to the new 280 

temperature (compare Fig 2B and C). In addition, the ACE concentration changed rapidly, 281 

reflecting the sudden rise in the load in January and the sharp decrease in June. Although 282 

degradation rate calculations were not within the scope of this study, the measured ACE 283 

concentrations and loads were in accordance with the rates estimated by Kahl et al. (2018) 284 

for other WWTPs in Germany, i.e., close to 0% during the cold period and close to 100% 285 

during the warm period. 286 

Although this seasonal oscillation may be less prominent in wastewaters from large 287 

WWTPs, in which both the temperature and available oxygen are controlled (Kahl et al., 288 

2018), this pattern can probably be globally extrapolated to most surface waters receiving 289 

wastewater contributions from small and medium WWTPs, especially because the ACE 290 

concentration in the study area was lower than that measured in other rivers globally. The 291 

effect of dilution by discharge or any hypothetical oscillation in ACE consumption over the 292 

year would be limited to short periods, such as the peak that occurred in January 2021, which 293 

was mainly explained by a significant reduction in river discharge during that month (Fig. 294 

2A). An increase in ACE consumption during the Christmas holidays could also help to 295 



Non-peer reviewed EarthArXiv preprint 

14 
 

explain the slight asymmetry in the seasonal oscillation of the ACE load, with a maximum 296 

occurring in January rather than in the middle of the cold season (Fig. 2B). 297 

3.2. ACE seasonal oscillation propagates from surface- to groundwater 298 

The ACE concentrations measured in groundwater, at D1-A and D1-B (Fig. 1), 299 

demonstrated the transfer and persistence of the seasonal oscillation of ACE into and through 300 

the aquifer (Fig. 3 and Table SI-2). The ACE concentration in groundwater sampled at the 301 

drinking water supply system oscillated between 0 μg·L−1 in the warm season and up to 0.15 302 

μg·L−1 in the cold season. This seasonal change was propagated by the river water that 303 

infiltrated 3,250 m upstream of the drinking water supply system, indicating a fairly 304 

conservative behavior through the aquifer and demonstrating that the ACE seasonal 305 

oscillation can be tracked at distances of several kilometers. 306 

FIGURE 3 307 

The similarity of the ACE concentrations measured at D1-A and D1-B was consistent 308 

with a preferential flow from D1-A to D1-B along the horizontal drain (see Fig. 1). The small 309 

reduction in the ACE concentration from D1-A to D1-B can be explained by contributions 310 

of external water to the drain along this stretch, which is screened along most of its length. 311 

The ACE peak in groundwater was detected in most years in March, around 2 months after 312 

the detection in river water (Fig. 3). This finding is analyzed in detail in the following section. 313 

3.3. ACE can be used to elucidate riverbank filtration and to calibrate numerical 314 

groundwater flow and transport models 315 

The numerical model reproduced the propagation of the seasonal oscillation in the ACE 316 

concentration for more than one year. The simulated riverbank filtrate propagated along the 317 
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central-eastern part of Aquifer 1 from the riverbank filtration source to the drinking water 318 

supply system (Fig. 4). The groundwater ACE concentration close to the infiltration area 319 

ranged between <LOQ in the warm session and 0.79 μg·L−1 in the cold season. The similar 320 

concentrations in river water and groundwater indicated a very good hydraulic connection at 321 

that stretch of the river. The model estimated an infiltration rate of 369 L·s−1, consistent with 322 

the measured differential discharge up- and downstream of the riverbank filtration stretch. 323 

At both sampling points of the drinking water supply system, D1-A and D1-B, the ACE 324 

concentration ranged from a minimum close to the LOQ in the warm season to a maximum 325 

of almost 0.15 μg·L−1 in the cold season (Fig. 5). The alignment of the ACE concentrations 326 

at the two sampling points indicated the fast flow along the drain. Riverbank filtration mixing 327 

ratios > 80% were calculated in the area closest to the infiltration source (Fig. 6), consistent 328 

with the mixing ratios of 76–100% estimated by Bichler et al. (2016) based on chloride and 329 

gadolinium. The mixing ratios were reduced to 27% and 22% at D1-A and D1-B, 330 

respectively. The good fit of the non-reactive model to the observed ACE concentrations and 331 

the apparent persistence of the seasonal oscillation 3 km downstream of the riverbank 332 

filtration source highlight the largely conservative behavior of ACE in the aquifer. The 333 

attenuation of the ACE concentration from river to groundwater observation points can be 334 

explained by dilution (e.g., Liu et al., 2014). 335 

FIGURE 4 336 

FIGURE 5 337 

FIGURE 6 338 

Despite the good connection between D1-A and D1-B, mixture along the open drain 339 

resulted in a delay of 3 days in the arrival of the ACE concentration peak from D1-A to D1-340 

B. Specifically, the average travel time of ACE from the riverbank filtration source to the 341 
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drinking water supply system was 64 days at D1-A and 67 days at D1-B (Figs. 5B), based on 342 

the peak concentration, with a range between 40 and 90 days.  343 

The transient behavior of ACE allows its use not only as a wastewater marker but also 344 

as a transient tracer in the identification of riverbank filtration sources and in the calculation 345 

of travel times and mixing ratios through the aquifer. A decrease in the river discharge for a 346 

period of more than one month, such as observed for River 1 in January 2021, will also 347 

contribute to an oscillation of the ACE concentration, but only if the decrease occurs during 348 

the cold season, when the ACE concentration is high. 349 

4. Use of ACE as an oscillating wastewater marker 350 

Chemical pollution of the aqueous environment, including inputs of xenobiotics, is 351 

ubiquitous. However, environmental scientists, albeit with good reason, have largely focused 352 

on the adverse effects of the constantly increasing number of trace pollutants to humans and 353 

the environment. Yet, in hydrogeology, groundwater contaminants, beginning with tritium, 354 

released via surface nuclear weapons testing, can serve as markers that can be exploited by 355 

hydrogeologists to better monitor and manage drinking water resources. 356 

In this study, the temperature-dependent transient signal of ACE was investigated with 357 

respect to its properties as a wastewater marker. With concentrations far below any relevance 358 

to human health, the seasonal oscillation in the ACE concentration was used to optimize a 359 

numerical groundwater-flow model of a riverbank filtration site affected by wastewater 360 

inputs, thus allowing both a prediction of the flow path direction and calculations of the 361 

mixing ratios and travel times. 362 

The sharp contrast in ACE loads caused by temperature-dependent biodegradation in 363 

wastewater treatment was evidenced by loads ranging from 1,500–4,000 μg·s−1 in the cold 364 
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season (December-June; T<10°C) to <LOQ–500 μg·s−1 in the warm season (July–November; 365 

T>10°C). This variation demonstrated the importance of carefully planned ACE sampling 366 

campaigns; ACE sampling conducted only during the warm season might completely miss 367 

ACE inputs whereas sampling only during the cold season could lead to an overestimation 368 

of annual ACE fluxes. The data presented herein show that a minimum of one year of 369 

sampling is needed to understand seasonal patterns of wastewater-borne ACE inputs into 370 

rivers and the influence of riverbank filtration on aquifers. 371 

Despite the strong temperature dependence of the ACE concentration in river water, 372 

ACE behavior in the aquifer was conservative. Although ACE concentrations in the study 373 

area were in the lower range of those described globally, the seasonal oscillation could still 374 

be transferred from the river to the aquifer and preserved over transport distances > 3 km. 375 

This conservative behavior of ACE in the aquifer supports its use in large-scale wastewater 376 

tracking. The seasonal oscillation in ACE was useful to calculate river water-groundwater 377 

mixing ratios and travel times of > 2 months. ACE may allow to assess even longer travel 378 

times depending on the groundwater temperature, chemistry, and flow patterns. 379 

In summary, the use of ACE as tracer may facilitate investigations of wastewater 380 

contamination in urban areas and riverbank filtration systems. Moreover as a transient 381 

wastewater tracer, ACE offers new approaches to better calculate groundwater travel times, 382 

calibrate numerical models, and identify wastewater infiltration points and mixing ratios. 383 
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FIGURE 1 589 

 590 

Figure 1: Hydrogeological setting of the investigation area. The top left map shows the region of the 591 

investigation area and the locations of the three water sampling points along the river (R-1, R1-2 and R1-3) and 592 

of the wastewater treatment plant (WWTP). The central map shows the riverbank filtration site, the hydraulic 593 

head contour lines (meters above sea level), the horizontal drain, groundwater sampling points D1-A and D1-594 

B, and the main groundwater inflows (blue lines, with the blue arrows indicating the inflow direction) and 595 

outflow (orange line and arrows). The hydrogeological configuration of the aquifer is shown in the two cross-596 

sections at the bottom right.  597 

 598 

 599 
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FIGURE 2  600 

 601 

Figure 2: A) Acesulfame (ACE) concentrations in river water at sampling points R1-1, R1-2, and R1-3 602 

(see location in Fig. 1) and river discharge. B) ACE loads for each of the three river water sampling points. C). 603 

Air and water temperature. Note the good correlation between the seasonal oscillations of temperature and the 604 

ACE load. 605 
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FIGURE 3 606 

 607 

Figure 3: A) ACE concentrations at groundwater sampling point D1-A and its comparison with the ACE 608 

concentration in river water at sampling point R1-2. A detailed view is shown for the simulated period 609 

September 1, 2020 to December 31, 2021. B) ACE concentrations at groundwater sampling point D1-B. 610 
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FIGURE 4 619 

 620 

Figure 4: Simulated ACE concentrations for a complete seasonal oscillation cycle triggered by 621 

biodegradation. Note the almost negligible ACE concentrations at the end of the warm season in November (A 622 

and D) the high ACE concentrations in March (B) and at the end (C) of the cold season. Transient ACE 623 

concentrations at sampling points D1-A and D1-B are shown in Fig. 5. 624 
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FIGURE 5 628 

 629 

Figure 5: Simulated versus observed ACE concentrations and arrival times from the riverbank filtration 630 

source to D1-A (A) and D1-B (B) groundwater sampling points. Travel times were estimated by taking into 631 

account the concentration peaks in river water (gray line) and each of the groundwater observation points. ACE 632 

concentrations below the detection limit are plotted considering half of the LOQ (0.01 μg·L−1). Dashed lines 633 

indicate the temporal location of the ACE concentration snapshots shown in Fig. 4. 634 
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FIGURE 6 650 

 651 

Figure 6: Riverbank filtration mixing ratio calculated from the model results for March 18, 2021. 652 


