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Abstract: River bank filtration (RBF) is considered to efficiently remove nitrate and trace organic
micropollutants (OMP) from polluted surface waters. This is essential for maintaining good ground-
water quality and providing high quality drinking water. Predicting the fate of OMP during RBF is
difficult as the biogeochemical factors controlling the removal efficiency are not fully understood. To
determine in-situ removal efficiency and degradation rates of nitrate and OMP indicator substances
we conducted a field study in a RBF system during a period of one and a half years incorporating
temporally and spatially varying redox conditions and temperature changes typically occurring in
temperate climates. RBF was analyzed by means of mixing ratios between infiltrated river water and
groundwater as well as average residence times of surface water towards the individual groundwa-
ter observation wells. These results were used to calculate temperature dependent first order deg-
radation rates of redox sensitive species and several OMP. Five out of ten investigated OMP were
completely removed along RBF pathways. We demonstrate that degradation rates of several OMP
during bank filtration were controlled by redox conditions and temperature whereby temperature
itself also had a significant influence on the extent of the most reactive oxic zone. The seasonal vari-
ations in temperature alone could explain a considerable percentage of the variance in dissolved ox-
ygen (34%), nitrate (81%) as well as the OMPs diclofenac (44%) and sulfamethoxazole (76%).
Estimated in-situ degradation rates roughly varied within one order of magnitude for temperature
changes between 5 °C and 20 °C. This study highlights that temporal variability in temperature and
redox zonation is a significant factor for migration and degradation of nitrate and several OMPs.

1 Introduction

The main sources of organic micropollutants (OMPs) in the aquatic system are from farm manure on
agricultural land and effluents from sewage treatment plants (STP) (Petrie etal., 2015). An important
fraction of the OMP are not fully eliminated in the waste water treatment processes and thus released
to surface waters such as rivers and lakes (Vieno et al., 2005). Within the surface waters the OMPs
are transported substantially downstream while photochemical degradation is likely to be an im-
portant loss mechanism (Boreen et al, 2003). OMPs even appear at low concentrations in
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groundwater, especially in STP effluent impacted rivers, where surface water is used indirectly for
drinking water production via bank filtration (Maeng et al.,, 2011).

River bank filtration (RBF) is an important, effective and cheap technique for surface water purifica-
tion due to filtration of suspended solids, bacteria, viruses or parasites, adsorption and biodegrada-
tion of inorganic and some organic pollutants (Hamann et al, 2016). Consequently, improved
understanding of the environmental fate and transport of wastewater-derived pollutants is essential
for effective protection of vital aquatic ecosystem services, environmental health, and drinking water
supplies. The potential for attenuation of OMP and corresponding removal rates strongly depend on
subsurface residence time, temperature (Burke et al., 2014), redox condition (Wiese et al., 2011),
particulate organic carbon content of the substrate (Hebig et al., 2017), labile dissolved organic car-
bon concentrations (Hoppe-Jones et al., 2012) and the evolving local microbial community (Ber-
telkamp et al,, 2016), all of them are site specific or strongly vary in time. Reported removal rates of
OMP varied up to three orders of magnitude among different subsurface environments and experi-
mental setups (Greskowiak et al., 2017).

An increased number of laboratory batch and column studies (Bertelkamp et al., 2014; Burke et al,,
2014; Schmidt et al, 2017) as well as modelling studies of artificial groundwater recharge
(Greskowiak et al., 2006) and bank filtration systems (Henzler et al,, 2014, 2016) revealed that fac-
tors including seasonal temperature variations, redox conditions, and physical-chemical properties
of OMP had strong impacts on their attenuation and degradation behavior. But natural attenuation
and degradation processes of OMP under a wide range of environmental conditions at the field scale
are studied rarely (Massmann et al., 2006; Heberer et al., 2008; Schaper et al., 2018) and correlation
to factors that are well known to affect the degradation rate may be weak (Greskowiak et al., 2017).
Despite the large number of OMP found in natural environments little is known about their transport
behavior in groundwater. Rather, many more experimental studies, especially field studies are ur-
gently needed to improve our understanding of degradation mechanisms and controlling factors.

The objectives of this study were: (i) to assess the behavior of representative OMPs under seasonal
varying redox states and temperatures present in the aquatic system, and (ii) to quantify in-situ deg-
radation rates and their dependence on environmental conditions during RBF. For this purpose, con-
centrations of a number of OMPs were measured at the field scale during a period of one and a half
years with a high temporal resolution of about four weeks. This unique data set allows a comprehen-
sive assessment of the interlinked processes and controls governing solute attenuation to disentan-
gle the mixed effects of seasonal variations in the redox state, temperature, occurrence of OMPs in
the surface water and the hydraulic controls during RBF.

2 Material and methods

2.1 Study site

The study site is located in Potsdam (Brandenburg, Germany), where a bank filtration water works
is operated south of the Sacrow-Paretzer-Kanal, which is part of the Havel river system connecting
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Berlin with the lower River Havel, sidestepping the city of Potsdam. The Havel is a lowland river with
a catchment area of about 24.000 km? located in northeastern Germany, flowing mainly through the
federal states of Brandenburg and Berlin. The Havel discharge is strongly regulated by several bar-
rages and large flow-through lakes (e.g. Tegeler See and Wannsee). Mean discharge at the study side
was 24 m® s'1 with a standard deviation of about 14m? s-1,

The main tributaries of the Havel are the river Spree and the Teltow Canal. Especially by these trib-
utaries the Havel is impacted by sewage treatment plant effluents from the city of Berlin (e.g.
Heberer, 2002). In total six relevant STP treat the wastewater of about 3.7 million people. The portion
of sewage effluents at the Havel discharge at the study site at mean discharge is about 16%
(~4 m3s1). The distance from the study site to the waste water effluents varies between approxi-
mately 14 km (STP Stahnsdorf and Ruhleben), 40 km (STP Wansdorf) and 60 km (STP Miinchhofe).
For details about the Potsdam/Berlin waterways and the locations of the STP see Heberer (2002).

The aquifer adjacent to the Sacrow-Paretzer-Kanal is formed by quaternary sediments mainly con-
sisting of silica sand and gravels, which are semi-confined aquifers stratified by glacial till layers from
the later Pleistocene. The glaciofluvial sediments above the till were deposited during Weichsel gla-
cial period (qgsWA), while those below belong to the Saale glacial period (qsD). The aquifer extends
from approximately 36 m.a.s.l. to 5 m below average sea-level. The aquifer is underlain by an aquitard
of the Holstein interglacial. The hydraulic conductivity of the aquifer sediments varies between 2.9 x
10-%ms-! and 1.75 x 10-°3ms-! and was slightly higher for the gsWA (6.94 x 10-4 m s'1) compared to
the gsD (2.39 x 10-* m s'1) sediments (estimates based on pumping tests).

The monitoring design consisted of six observation points; one located at the northern floodplain of
the river, three distributed along the southern river-shoreline and two further in a transect roughly
perpendicular to the river aligned along the groundwater flow direction between the river and the
pumping well gallery as ascertained by a numerical groundwater flow model (Wang et al., 2019) (Fig.
1a and b). Along this transect (W07-W03-W04) two observation wells each were placed together
with different filter screen elevation. The shallow ones are located approximately in the gsWA sedi-
ments and the deeper ones are located approximately in the qsD sediments (Fig.1c). Continuous
measurements of hydraulic heads and temperatures within the surface water and in the nine ground-
water observation wells were automatically recorded with a temporal resolution of 15 min (Rugged
TROLL 100: Accuracy, pressure: +0.1%, temperature: +0.3 °C). Daily sums of sunshine duration and
air temperature was measured at the nearby climate station in Potsdam (52°38'12.9"N,
13°06'22.3"E) of the German weather service DWD.

2.2 Water sampling and analysis

Surface water and groundwater samples were taken once a month between December 2015 and July
2017. Groundwater was pumped from the observation boreholes using the Grundfos MP 1 submers-
ible pump set with a connected, closed flow cell to measure the physicochemical parameters with
digital IDS sensors (WTW with an accuracy of temperature: +0.2%, electrical conductivity +0,5% and
dissolved oxygen £0,5), in-situ without air contact. Samples were collected after pumping a minimum
of one and a half well volumes and once the physicochemical parameters had stabilized. Surface
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water samples were taken in about 1.5 m distance to the shoreline of the river bank as grab samples
(1 1) in between 0.05 m-0.5 m below the water surface. On May 2016, December 2016, January 2017
and February 2017 surface water samples were taken at three positions along the river-shoreline.
Furthermore, on March 2017 surface water samples were collected over the course of one day every
6h (2am, 8am, 2 p.m,and 8 p.m.).

Water samples were filled in 80 ml and 250 ml brown glass bottles without any air entrapment and
brought to the laboratory at the same day or latest one day afterwards. Samples were stored at 4°C
and full water analysis was generally performed one day after sampling. Concentrations of major
anions were analyzed with an ion chromatograph (Dionex DX-120), cations with an ICP-OES (Thermo
iCAP 6300 Duo, Thermo Scientific) and dissolved organic carbon with a TOC analyzer (Shimadzu
TOC-5050A) at the Geochemisches Gemeinschaftslabor, Technische Universitat Berlin. The limit of
detection was 0.75 mg 11 for NO5,10-3 mg 1! for Fe?+, and 2 x 10-*mg 1-1 for Mn2+. The selected
pharmaceuticals were analyzed using a high performance liquid chromatography tandem mass spec-
trometry (HPLC-MS/MS) at PWU Potsdamer Wasser-und Umweltlabor GmbH (commercially accred-
ited laboratory) following the German DIN standard 38407-F36. Details concerning the procedures
as well as HPLC-MS/MS analyses can be found in Hebig et al. (2017). The limit of detection was
10 ng I for all OMPs, except for valsartan (20 ng I'1). Non-detects below the detection limit were
reported as half the detection limit. The investigated compounds were chosen because of their com-
mon occurrence in the Havel catchment and their expected fate and reactivity during bank filtration
(Heberer, 2002; Jekel et al., 2015; Schaper et al., 2018) (Table 1).
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Figure 1:  (a&b) Plan view of the study site with groundwater observation wells, groundwater
flow lines as ascertained by a numerical groundwater flow model (blue, dotted lines)
and calculated mixing ratios.(c&d) Cross section of the bank filtration transect along
W07-W03-W04 showing the idealized geological setting, idealized groundwater flow
lines and estimated hydraulic head gradients (dh), subsurface residence times (t.s and
temperature amplitudes (4) for each groundwater observation well, and the estimated
subsurface redox zonation.
Table 1: Studied organic micropollutants along with their occurrence and fate in the river and

aquifer and literature values of degradation rates (k) and retardation factors (R) during

bank filtration.

Dissolved species

Application{Use

Occurrence and time of the
maximum river concentration

Fate and condition of degradation
in the aquifer

Kiteragareld ™" | (RBF)

Riiterature (RBF)

acesulfame sweetener summer conservative 0.000 ! 1.0
bezafibrate lipid regulator winter not detected =71107% 72 107
carbamazepine antiepileptic summer anoxic 0.011 7 1.72-257
clofibric acids lipid regulator not detected = 0.038—0.150 ™ 13
diclofenac analgesic winter oxic 0.022 3 =26.0 2
ibuprofen analgesic winter not detected >1.1107% 2 1.0 2
pentoxifylline vasodilatic not detected - — —
phenazone analgesic no seasonality oxic 0.012 7—p.062 .07
primidone anticonvulsant no seasonality conservative 8610°7 107
sulfamethoxazole antibiotic no seasonality anoxic 0.032 7 107
valsartan antagonistic winter oxic = =
*1 Henzler et al, (2014), 2 Hamann et al. (2016), ** Burke et al. (2014), ™ Wiese et al. (2011), *® Greskowiak et al. (2006),
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2.3 Calculation of mixing ratios and residence times

In order to estimate the mixing ratio between infiltrated surface water and original groundwater (i.e.
dilution of effluent impacted river water with groundwater) at each observation well we used natu-
rally occurring solute concentrations, assuming a linear mixing model between independent
endmembers. The mixing ratios between the members were evaluated by means of multivariate sta-
tistical analysis using the MIX code (Carrera et al., 2004). MIX contains a maximum likelihood method
to estimate mixing ratios, while acknowledging uncertainty in endmember concentrations. To im-
prove the quality of computations three species were included in our analyses (acesulfame, Cl-, Na+).
An essential assumption for the calculation of the mixing ratios is that the included species exhibit a
conservative behavior and that their values significantly differ between surface water and ground-
water. The values of groundwater endmembers were taken from the deep groundwater observation
well U100 assumed to be not affected by infiltration from the Sacrow-Paretzer-Kanal.

Average residence times of surface water towards the individual groundwater observation wells
were evaluated based on the propagation of the seasonal temperature signal into the aquifer. The
seasonal temperature signal is transported into the saturated sediment via advection and conduction
but is retarded to a certain degree depending on heat capacity and thermal conductivity of the satu-
rated sediment (that means the thermal front moves slower than the water particle or conservative
solutes itself and the amplitude of the seasonal temperature signal is reduced with increasing
transport distance) (Munz and Schmidt, 2017). Nonetheless, seasonal temperature signals can pen-
etrate at least to distances of several tens of meters into the aquifer upon bank filtration and can
therefore be detected in equipped, standard observation boreholes in the vicinity of the river (Wang
et al.,, 2019). Aquifer residence times can be assessed based on the time shift of the fitted, sinusoidal
temperature oscillation to the measured temperature data. The temperature time lag (difference in
temperature time shift between surface water and groundwater observation well) can be converted
to an estimate of the aquifer residence time using the thermal retardation factor relating the flow
velocity of a water parcel (conservative transport) to that of advective-conductive transport of tem-
perature (Hoehn and Cirpka, 2006). Where the measured groundwater temperature data show a
clear sinusoidal pattern and amplitude, the propagation of the river temperature is well applicable.
In the last years this concept has also been applied to the more dynamic situation of hyporheic ex-
change flows and residence times, analytically as well as numerically (e.g. Munz et al., 2016; Munz et
al,, 2017).

2.4 Potential for pharmaceutical removal - degradation rates

The river-groundwater interface is considered as being a hotspot for microbial activity and biogeo-
chemical reactions, for horizontally dominated exchange within the hyporheic zone (e.g. Trauth et
al,, 2015) or for groundwater recharge as in river bank filtration (e.g. van Driezum et al., 2018). If
concentrations of dissolved substances observed in the groundwater do not agree with the predicted
concentrations by means of the mixing ratios, than removal processes must be occurring also, includ-
ing chemical or biological degradation. The redox zonation within the aquifer is characterized by the
disappearance of oxygen (1 02), nitrate (! NO3) or the appearance of manganese ( T Mn2+) and iron
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( T Fe?*) as suggested by Massmann et al. (2008) rather than by their redox potential. Sulphate re-
duction was monitored based on sulphate decrease.

To evaluate the role of aerobic respiration on DOC we used metabolism calculation as proposed by
Battin (1999), evaluating the difference in DO concentration between river and groundwater (ADO)
against the difference in DOC concentration between river and groundwater (ADOC). Assuming a
molar respiratory quotient of 1 :1, i.e. metabolism of one mole of DOC requires one male of oxygen
(idealized stoichiometry of aerobic, microbially mediated processes: CH,0 + O, — C0,+H20) ADO in
this case is equal to ADOC.

The potential for pharmaceutical removal of a given compound during RBF (at the river-groundwater
interface and along subsurface flow paths) was quantified by the percentage of removal (PR) for each
individual pollutant (Heberer et al., 2008; Massmann et al., 2008) depending on the time of infiltra-
tion (temperature and redox condition within the aquifer), their concentration in the recharge
sources, the corresponding surface water - groundwater mixing ratios and the subsurface residence
times.

The first order degradation rate constant (k) was calculated with respect to the subsurface residence
time, the retardation factor and the corresponding mixing ratios, between the river and W07
(oxic), or between W071ow and W03 Low (anoxic) in respect to the subsurface zone where the ob-
served substances were clearly degraded. For oxic degradation the degradation rate is likely much
higher in the immediate vicinity of the streambed then further downgradient (Henzler et al., 2014),
and hence the quantified degradation rates potentially underestimate local rates close to the
streambed. If dissolved substances were completely degraded along their subsurface flow path (con-
centration in the observation well is equal to the detection limit) the calculated rate constants have
to be regarded as minimum values of degradation rates. If a calculated degradation rate was slightly
negative it was set to zero and the difference in concentrations between river and observations well
was attributed to be caused by uncertainties in the detected concentrations or underestimated de-
sorption processes.

2.5 Statistical analysis

To assess sampling variability in the source concentrations, all OMP recorded in the river were re-
ported along with their spatial and temporal variations. Therefore we used the average of the stand-
ard deviations of all river concentrations per sampling campaign (SDspace) and the standard deviation
of all concentrations measured during one day (SDtime)-

Multiple regression models were used to identify the influence of physicochemical aquifer parame-
ters (T, DOC, pH, EC and Eh) on the fate of redox sensitive species and observed OMP. If the reported
p-values were smaller than 0.01 the parameter was assumed to have a significant effect on the ob-
served concentration. For all parameters having a significant effect a linear model was fitted to the
experimental data and was evaluated in terms of R2 To characterize the non-parametric relation-
ships between predictor variables and the observed concentrations we used Spearman’s rank corre-
lation coefficient. For the statistical analyses the variables were log-normalized, when bivariate
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relations showed a clear nonlinear behavior (e.g. DO versus T). To perform the statistical analyses
we used the software environment R (R Development Core Team, 2011).

3 Results

3.1 Hydraulic situation and temperature dynamics

Seasonal variation in river water level at the study site (situated at river kilometer 20-21) ranged
between 29.8 m.a.s.l. (February/ March) and 29.4 m.a.s.l. July/August). The yearly water level fluctu-
ation was about only 0.4 m within the observation period between December 2015 and July 2017.
Rainfall induced discharge events occurred in July 2017 resulting in a short peak in river water level
of about 29.8 m.a.s.l. (Fig. 2a). The boundary condition of river water level, which only varies slightly,

in combination with the quasi continuous pumping rates at the waterworks caused an almost tem-

Ah

porally constant hydraulic gradient (dh) from the river toward the pumping well gallery (dh = "

where Ah is difference of hydraulic head and AL is horizontal distance), yielding to continuous river
water infiltration into the aquifer via bank filtration. Based on the hydraulic conditions the RBF sys-
tem is seen to be fairly stable without pronounced flood events that induce short term variations in
mixing ratios and residence times.

Seasonal temperature extremes ranged between a minimum of 1 °C in winter (December-February)
and a maximum of 22 °C in summer June-August). Temperature variation in the river could be ap-
proximated well by a sinusoidal function (R* = 0.94) with amplitude of about 10.1 °C (Fig. 2c and d).
The seasonal temperature signal (thermal front) penetrates into the aquifer by heat advection and
conduction. Sinusoidal temperature oscillations at the groundwater observation wells were reduced
in amplitude and shifted towards later times compared to the temperature oscillation in the river
(Fig. 2c). The temperature amplitude reduced to 0.4 °C at a distance of about 120 m (W041ow) from
the river shore line. Strong seasonal temperature oscillation with minimum temperatures below 6 °C
only occurred within the nearshore aquifer, along the first 10-20 m of the infiltration zone (W07).
For a detailed spatial temperature distribution within the aquifer see results of transient 3-D model-
ling of flow and heat transport of Wang et al. (2019).
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Figure 2: Time-series of (a) river water level and precipitation, (b) hydraulic head gradient be-
tween river and groundwater observation well and (c&d) temperatures with fitted si-
nusoidal function. In all graphs, the grey shaded area denotes times when river
temperature was below 11.7 °C (yearly average).

3.2 Mixing ratios and residence times

The concentrations of acesulfame, chloride and sodium in the river tend to vary seasonally with max-
imum concentrations in october/november 2016 and minimum concentrations in may/june 2016
and 2017 (Fig. SM-1). The seasonal course of these conservative substances at the groundwater ob-
servation wells followed the trend observed in the river, but was individually shifted in time. The
concentration range at the observation wells was close to the range observed in the river (Fig. SM-
1). Average background concentration of deep, lateral groundwater (U100) was about 1224 ng 11 for
acesulfame, 32 mg 1! for sodium and 46 mg 1! for chloride.

Generally the groundwater observation wells are dominated by infiltrated surface water throughout
the entire observation period. The spatial distribution of the average mixing ratios is illustrated in
Fig. 1b. The portion of surface water in the aquifer at the near shore is above 94% whereby the sur-
face water contribution at W07uicn is 100% (no mixing effects of the source concentrations). Details
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about the deviation between measured and calculated concentrations are presented in detail in Table
SM-2. The average uncertainty of the mixing ratios of the observation wells dominated by surface
water infiltration ranged between -3.0%(W08) and 2.5% (WO07.0w) (Tab. SM-2).

The subsurface residence times ranged between 18 d close to the river and 438 d close to the pump-
ing well gallery (Fig. 1c). Residence times of W08 (49d) and W09 (59d) were slightly higher than
those of W07uicu-A temperature retardation factor of 2.4 was used for the analyses, calculated from
literature derived values of the heat capacity and thermal conductivity for sandy materials (Ston-
estrom and Blasch, 2003). Addressing the uncertainty in the temperature retardation factor, which
reasonably might vary between 2.1 and 2.7, would end up in variations in the estimated aquifer res-
idence times of +2 days for W07uicu and of £15 days for W03 ow.

3.3 Redox condition in the aquifer

The river water was almost saturated with O; during the entire observation period varying between
12 mg 1 in winter and 5 mg1-! in summer. Mean nitrate concentration in the river was 5.2 mg 1t with
slight seasonal variation with a maximum of 9.4 mg I'1in winter and a minimum of 4.1 mg I-1in sum-
mer, following the course of the oxygen concentration (Fig. 3a). In comparison to the permanent oxic
river water, the groundwater at the observation wells was substantially reduced. In WO07+icn and
WO07Low, close to the river shore line (13.5 m) with a depth of 0.1-2.1 m and 5.6-7.6 m below the river
bottom, respectively (Fig. 1c), the redox condition displayed strong seasonal variations (Fig. 1d). In
summer all oxygen was removed before reaching the first groundwater observation well (W07uicn),
Only when aquifer temperatures were below 11 °C, from December 2015 until June 2016 and from
December 2016 until April 2017, oxic conditions were encountered in W07y with maximum con-
centrations of 3 mg 1. Shortly after the observed peak in oxygen, also the NO3 concentration reached
its maximum of 6 mg I'* which was comparable to the corresponding NO3 concentration within the
river at the time of infiltration (t..s ~ 18 d). Only on 30.08.2016, when temperature at W07uicu was
highest (20.2 °C) the NO3 concentration decreased to zero. In W07uicy Mn2+ appeared only in au-
tumn, at times when 0, had been fully depleted and shortly after the NO3 concentration decreased
to zero (Fig. 3b).

At WO07.0w Mn2* and Fe2* appeared between June 2016 and January 2017 when the oxygen and ni-
trate were completely degraded (Fig. 3c). In winter 2017 no O breakthrough was observed and max-
imum concentration of NO3 peaked at March 2017 with concentration up to 3 mgl-! for a short period
(roughly half of the corresponding river concentration). Wells W03,ow and WO04.ow, far from the
shore line, never contained oxygen or nitrate, but iron concentration of up to 1 mg I'1. No sulphate
reduction was observed at the observation wells with exception of W07.ow. Average sulfate concen-
tration in the river and W04 ow was about 187 mg l-land 194 mg |, respectively.

On top of the seasonal variations, the NO3z concentrations dropped to zero during the rainfall induced
discharge events in July 2017. That occasional drop down propagated towards the near shore obser-
vation wells. In contrast no substantial event based variation in Oz, Mn2+ and Fe2* concentration were
observed neither in the river nor in the groundwater observation wells.
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Figure 3:  Concentration of the redex indicators (02, NO3, Mn2+, Fe2+) in (a) the river, (b) WO07uicu
and (c) W07.0w between December 2015 and July 2017. In all graphs, the grey shaded
area denotes times when river temperature was below 11.7 °C (yearly average). Note
the decrease in scaling of the y-axes from a-c

3.4 DOC

Throughout the year, river DOC concentrations were quite constant with a mean value of 6.9 mg-C
11 and a standard deviation of 0.6 mg-C I-1. Average groundwater DOC concentrations were always
less than river water concentrations (Fig. SM-3). The DOC concentration from the river towards the
observation wells decreased only within the first meters of the infiltration area (oxygenated zone).
The DOC concentration between river and W07uicu decreased in average of about 4.2 mg-C I-! be-
tween April and November 2016 (~64% of the total DOC present) and of about only 1.5 mg-C 11
between December 2016 and July 2017 (~23%). The degree of DOC removal fluctuated slightly be-
tween both periods but did not show any seasonality, nor did it show a clear relation to the hydraulic
conditions. Throughout the entire observation period the ADO exceeds the ADOC. An according me-
tabolism plot for W07xign is shown in (Fig. SM-4).

3.5 Concentration of OMP in the river and in the aquifer

Fig. 4 shows the observed OMP concentrations in the river along with the spatial and temporal vari-
ations. Observed concentrations were comparable along the river and over the course of one day (cp.
SDspace and SDiime in Figs. 5 and 6). The surface water is well mixed by frequently induced turbulent
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water circulation through shipping. Observed concentrations were typically in the higher nanogram
per liter level, except valsartan which occur in the mg per liter level (Fig. 4).

The occurrence of OMPs in the river was grouped according to their occurrence and seasonal varia-
tion in their concentrations (Fig. 4, Table 1) and their fate and conditions of degradation in the aquifer
(Table 1, Figs. 5 and 6). In the deeper, lateral groundwater
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Figure 4: Concentrations of OMP in the river grouped according to their occurrence and seasonal
variations (a-c) between February 2016 and July 2017. In all graphs, the grey shaded
area denotes times when river temperature was below 11.7 °C (yearly average). Diclo-
fenac, valsartan and gabapentin plotted in different scaling.
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Figure 5: Concentrations of (a) phenazone, (b) diclofenac, and (c) valsartan in the river and
groundwater observation wells between February 2016 and July 2017. In all graphs,
the grey shaded area denotes times when river temperature was below 11.7 °C (yearly
average). Note that the y-axis in b&c is log scaled.

(U100) out of the observed OMPs only acesulfame (¢y190 = 1224 ng11), primidone (¢y190 = 31 ng 1)
and phenazone (¢y19¢ = 935 ng 1'1) were detected.

Phenazone, sulfamethoxazole, and ibuprofen substantially varied in their measured concentration
between mid-June and mid-July 2017 (Fig. 4) when the water level and discharge in the river quickly
raised due to strong precipitation events (Fig. 2). The concentration increased after the rise up of the
water level by about 35% (phenazone), 28% (sulfamethoxazole), and 760% (ibuprofen). Afterwards
the concentrations of phenazone and sulfamethoxazole decreased below the pre-event concentra-
tion, whereas the concentration of ibuprofen stayed above the pre-event concentration (56%).

The results of the degradation rates and the statistical analyses are presented in Table 2. The results
highlight the significant effect of seasonal temperature variations on the fate of redox sensitive spe-
cies and several OMP within the shallow aquifer. Within the thermally active zone (WO07uien) the
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seasonal variations in temperature alone can explain a considerable percentage of the variance in DO
(34%), nitrate (81%) as well as diclofenac (44%) and
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Figure 6: Concentrations of (a) sulfamethoxazole, and (b) carbamazepine in the river and
groundwater, observation wells between February 2016 and July 2017. In all graphs,
the grey shaded area denotes, times when river temperature was below 11.7 °C (yearly
average).

Table 2: First order degradation constant (*uncertainty of the calculated rates based on the un-
certainties of mixing ratios, residence times and retardation factors), multiple regres-
sion p-values and coefficient of determination (R?) for linear model fits between redox
indicators/OMP versus temperature, and Spearman's rank correlation coefficient of
OMP versus the redox indicators. Dark colors indicate higher absolute correlations. Red
indicates negative, blue positive correlations.

Dissolved average k (SDym.) R? Spearman's rank correlation coefficient
species [d" Solute~T T 0 NOs  Mn®' Fe”
oxXyEen 0.196 + 0.021 (0.062) 0.34*

nitrate 0.077 £+ 0.009 (0.059) 0.81%* -0.89

manganese(l|) - -

iran(il) -

diclofenac 0.071 £ 0.008 (0.035) 0.44** -0.68 0.52

phenazone 0.068 + 0.008 (0.029) 0.28*% 0.50 0.72
valsartan 0.128 + 0.057 (0.072) 0.04 0.57 -0.66 0.46
sulfamethoxazole 0.036 £ 0.004 (0.028) 0.76%* -0.89 0.57 0.41 -0.83
carbamazepine > (0,039 0.28* 0.84 0.62 -D.84

*% prvalue < 0,001 * pvalue < 0.01
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sulfamethoxazole (76%). For these substances we observed a negative correlation between temper-
ature and concentration in the water sample. In contrast only a minor part of the variance in phena-
zone and carbamazepine can be explained by seasonal variations in temperature (28%). For these
substances we observed a positive correlation between temperature and concentration in the water
sample.

4 Discussion

4.1 Redox zonation and nitrate removal

At the river groundwater interface the dissolved organic carbon (DOC) concentrations substantially
decrease (SM-3), according to this interface being considered a hotspot for microbial activity and
biogeochemical reactions. Along the subsurface flow path of the bank filtrate distinguishable redox
zones develop due to the sequential order of terminal electron acceptors such as oxygen, nitrate,
manganese- and iron-oxides and hydroxides. The observed redox zonation highly depended on the
environmental temperature which can explain 34% of the variance in DO and 81% of the variance in
NO3 using a simple linear model.

The highest rates of oxygen consumption in the aquifer (PR > 99% at W07) occurred when ground-
water temperatures where high (Fig. 3b). In winter, when average temperature in the aquifer falls
below 8 °C oxygen consumption rates significantly decreased resulting in a breakthrough of oxygen
at W07xigh (PR = 75%). The decrease in oxygen concentration along the subsurface flow path is pre-
sumably caused by intense heterotrophic aerobic respiration of DOC as a river-borne carbon source
and particulate organic matter (POC) present in the aquifer. At all times, but particularly in winter,
the molecular decrease in oxygen between river and W07uicu exceeded the decrease in DOC (Fig. SM-
4). This indicates that besides dissolved organic carbon, POC present in the aquifer or, more likely,
fresh organic matter of the clogging layer may act as an additional electron donor during RBF as has
been previously found in riverbank filtration settings (Grunheid et al., 2005).

The percentage of nitrate removal between river and W07 ranged between 6% and 89%. Only for
langer flow paths towards W03 the entire nitrate load imported from the river into the aquifer was
removed (PR > 99%). Nitrate degradation rates of the near groundwater zone were about 1/5 of first
order rate constants of RBF and artificial recharge sites reported for Berlin (Henzler et al., 2016;
Greskowiak et al., 2006) and about one order of magnitude smaller than for natural riparian zones
(Trauth etal., 2018).

Decreasing DO concentrations favor anaerobic heterotrophic denitrification, limited by the inhibition
effect of DO and the temperature dependent degradation rates. Several studies observed a threshold
in DO concentrations of about 2 mg I'1 below which denitrification activity strongly increases
whereby various nitrogen species can be efficiently assimilated, transformed or permanently re-
moved (Rivett et al., 2008). Finally, temperature is a crucial control on the activity of both, aerobic
and anaerobic bacteria, significantly affecting degradation rates in hyporheic zones (Hill et al., 1998),
riparian groundwater (Trauth et al., 2018) and RBF systems (this study).
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4.2 Concentration of OMP in the river

Seasonal changes in concentrations in the surface water are caused by changes in precipitation and
dilution and by changes in elimination rates through photochemical degradation, biodegradation,
and/or adsorption processes (Loraine and Pettigrove, 2006). The seasonal course of acesulfame and
carbamazepine concentrations, which have been found to be stable in surface aquatic environments
(Tixier et al., 2003), were related to changing dilution of effluents with maximum concentrations in
october 2016 after a long period of low river discharge. Maximum variation in observed concentra-
tions caused by dilution at the study site is expected to be about +60% caused by variations in the
river discharge to effluent discharge ratio (assuming a constant input by the STP). Clofibric acid was
not detected in the surface water during the entire observation period even though it is assumed to
exhibit a significant persistence in the aquatic system (Tixier et al., 2003). Some of the compounds
observed, e.g. phenazone, primidone, and sulfamethoxazole, seem to show a significant persistence
in the surface water though these substances partly are affected by degradation and sorption pro-
cesses in an aquatic environment (Meierjohann et al., 2016). Seasonal variation in degradation and
sorption processes, which tend to increase with increasing temperature, seems to compensate sea-
sonal variations in observed concentrations due to dilution (Fig. 4b).

Concentrations of most OMP in the Havel river system tend to vary seasonally, with higher concen-
trations in winter and lower concentrations in summer most likely caused by photochemical degra-
dation (Boreen et al., 2003). In winter the global radiation is low (often below 200 W m-2) and the
sunshine duration is short (often below 1 h d-1). Under these conditions photo transformation is lim-
ited as an elimination pathway. The opposite conditions are prevailing in summer with high global
radiation up to 1100 W m-2 and daily sunshine duration up to 15 h d-! creating excellent conditions
for photochemical degradation of the pharmaceuticals. The observed concentrations of valsartan (CC
= -0.85, R? = 0.72), diclofenac (CC = -0.87, R? = 0.67) and bezafibrate (CC = -0.86, R? = 0.76) were
found to significantly decrease with sunshine duration of the previous month.

4.3 Concentration of OMP in the aquifer
4.3.1 Persistent OMP

Primidone and acesulfame were detected in the bank filtrate (Fig. SM-1). Especially the artificial
sweetener acesulfame is assumed to be persistent in the aquatic environment and thus supposed to
act as an ideal wastewater marker (Engelhardt et al., 2013). Recently Burke et al. (2014) demon-
strated that acesulfame was not attenuated in laboratory column studies under cold conditions (6.5
°C) but displayed slight removal under warm conditions (19.5 °C). We found that acesulfame was
transported within the aquifer in a conservative manner under anoxic aquifer conditions, quite inde-
pendent of the temperature conditions (k equal to zero). Only under the oxic conditions between
09/2016 and 04/2017 we observed slight degradation of acesulfame (average k = 0.009 d7,
SDtime = 0.005 d-1).

-16 -



Autorenfassung des Artikels: Munz, Oswald, Schafferling, Lensing (2019): Temperature-dependent
redox zonation, nitrate removal and attenuation of organic micropollutants during bank filtration

4.3.2 Degradation under oxic aquifer condition

Out of the nine compounds detected in the surface water, bezafibrate (k > 0.13 d-1), and ibuprofen
(k> 0.09 d1) were not present any more in the bank filtrate. These substances are well known to be
biodegradable under oxic conditions, while the minimum in-situ degradation rates at our site with
rather short-distance RBF were substantially higher than previously reported during long-
term/long-distance RBF (Table 1). The calculated degradation rates in combination with the low
source concentration in the river during summer, when the extent of the oxic zone is narrow, are
sufficient for a complete removal of these substances at the nearshore aquifer throughout the entire
observation period.

Phenazone, diclofenac and valsartan, were efficiently attenuation under oxic conditions in winter
when temperature was low and oxygen was present in the near shore aquifer. The removal rates of
these compounds decreased under anoxic conditions up to a persistent behavior in summer when
temperatures were high and oxygen did not penetrate into the aquifer. Based on the experimental
data alone it is not possible to clearly quantify the single effect of temperature and the redox regime
on the degradation rates due to the cross correlation between both effects within the nearshore ag-
uifer. Burke etal. (2014) observed a significant decrease in phenazone degradation rates in saturated
laboratory columns under oxic/penoxic conditions at a temperature of 19.4 °C (k=5.53 d'1) and a
temperature of 6.5°C (k=1.64 d-1). Within that temperature range, the removal rate constant of
phenazone decreased by a factor of 3 but was about two orders of magnitude higher than degradation
rates found in this study. Average phenazone concentrations at W03 (548 ng 1'1) and W04
(779 ng I'1) were predominantly higher than the concentrations in the river (74 ng I-1). About half of
these values could be explained by mixing with the lateral groundwater flow constituting an addi-
tional source with much higher phenazone concentration (cy199 = 935 ng1-1). Desorption seems not
to be a suited explanation since phenazone is reported not to be subject to sorption/desorption in an
aquifer (Henzler et al., 2014; Massmann et al., 2008).

Average degradation rates of diclofenac of the near groundwater zone were about 0.07 d-1. Generally
diclofenac is known to be better attenuated at higher temperatures whereby the temperature effect
observed during infiltration was rather low due to the strong variations in river concentrations
which were almost zero in summer. However the observed rate constant in laboratory column
studies with undisturbed sediment cores from a riverbank filtration site at Lake Wannsee
substantially decreased by a factor of 1.6 for the temperature settings of 6.5 °C (k = 6.4 d-1) and
19.4°C (k = 10.4 d1) (Burke et al.,, 2014), but were about two orders of magnitude higher than
degradation rates found in our field study, which is often the case for degradation rates (e.g. Watson
et al,, 2005). When aquifer conditions turned anaerobic diclofenac behaves persistent (Burke et al.,
2014) and can be transported over longer distances within the aquifer. The measured breakthrough
of diclofenac at W03 (tres = 104 d, Ruiciofenac ~ 1) in between 02 /2017 and 05/2017 with concentrations
of about 200 ng 1! were related to high concentrations in the river paired with anoxic aquifer
conditions between 10/2016 and 01/2017, whereas the breakthrough at W04 resulted from the
previous year when high river concentrations paired with anoxic aquifer conditions at the nearshore
aquifer between December 2015 and March 2016. But it remains unclear why in W03 no
breakthrough of diclofenac was observed in spring 2016 under these circumstances.
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Average degradation rates of valsartan of the near groundwater zone were about 0.13 d-1. Despite
the degradation valsartan was still detected within the aquifer, demonstrating the relevance of this
compound for drinking water suppliers. Thus, more information on the environmental behavior of
valsartan is needed.

4.3.3 Degradation under anoxic aquifer condition

Carbamazepine was detected in all near shore observation wells caused by low degradation rates of
carbamazepine under prevailing oxic condition along the river shore line. In contrast to the generally
reported high persistence of carbamazepine in groundwater environments (Heberer, 2002; Schmidt
et al., 2017; Wiese et al.,, 2011) under anoxic conditions we observed high elimination rates up to
100% (k> 0.039 d-1). Moreover, we found that occurrence of iron reducing conditions dominate car-
bamazepine degradation in groundwater.

Average degradation rates of sulfamethoxazole were in the range of other bank filtration sites (Grun-
heid et al., 2005; Henzler et al., 2014), but were found to significantly depend on groundwater tem-
peratures (Fig. 6), likely due to decreased microbial activity at lower temperatures.

5 Conclusion

Greskowiak et al. (2017) reveals a huge natural variability in compound specific first-order degrada-
tion rate constants even for similar types of field studies. They clarified some of the tremendous un-
certainties about the influencing factors, and how and to what degree they affect the degradation
process in a specific environment. Our study is a step forward to quantitatively verify environmental
effects on the in-situ variability in degradation rate constants. River and groundwater hydrological
and hydrochemical data were analytically and statistically evaluated to quantify the environmental
factors that control attenuation efficiency of nitrate and trace organic micropollutants from polluted
surface waters during river bank filtration on a row of monitoring wells with groundwater travel
times ranging between 18 and 438 days. The presented dataset for RBF at field scale from a monthly
sampling campaign during a one and a half year period incorporates temporally and spatially varying
redox conditions and temperature changes typically occurring in temperate climates. Our study em-
phasizes that degradation rates of several OMP during bank filtration are controlled by redox condi-
tions and temperature whereby temperature also has a significant influence on the extent of the most
reactive oxic/suboxic zones. We highlight, that temperature plays a crucial role in controlling in-situ
degradation rates which were found to vary within one order of magnitude for temperature changes
between 5 °C and 20 °C. Comparing to degradation rates commonly derived from laboratory experi-
ments these in-situ values are more representative with regard to the geological aquifer complexity
and biogeochemical conditions of natural systems. Comparing the determined first-order degrada-
tion rate constants of this study with those of Greskowiak et al. (2006) and Henzler et al. (2014), who
modeled the coupled transport and degradation of several OMP, it seems that at least the magnitudes
of rate constants are transferable from one field site to another for comparable hydrogeological and
geochemical aquifer conditions. This has important implications for local and catchment scale man-
agement strategies aiming to reduce future pollutant concentrations in drinking water production
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wells. Especially those substances showing enhanced degradation only under oxic conditions poten-
tially threaten groundwater quality if they infiltrate under anoxic conditions into the aquifer (e.g.
diclofenac, phenazone, valsartan). However, for other OMP such as carbamazepine the presence of
anoxic conditions seems to yield substantial removal potential decreasing the exposure of down-
stream pumping wells. To refine the estimation of the degradation parameters presented herein, fur-
ther investigations as well as simulations including the spatially and temporally variable
temperature and redox conditions of the RBF site are needed, especially to support guideline values
for OMP in river and groundwater used for drinking water supplies.
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