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ARTICLE INFO ABSTRACT

Editor: Jay Gan Urban biocides used in facade paints and renders to prevent algae and fungal growth are released into the
environment during rainfall, subsequently contaminating groundwater. However, quantitative data on the
Keywords: emission, transport and infiltration of urban biocides at the district scale are generally lacking. In this study, we
Biocide fluxes quantified the fluxes of the urban biocide terbutryn and its major transformation product, terbutryn-sulfoxide,

Sustainable stormwater system

District scal from building facades into stormwater, sediment, soil, and vegetation within a seven-year-old district employ-
1Strict scale

Plant uptake ing sustainable stormwater management such as infiltration trenches and ponds. Combining four months of field
Leaching transport model observations with district scale modeling, we estimated initial concentrations of terbutryn in facade paint,
Triazine herbicide quantified the emissions of terbutryn and terbutryn-sulfoxide from facades to soil, and evaluated terbutryn
storage in soil under various painting scenarios. Terbutryn concentrations in sustainable stormwater manage-
ment systems ranging from 2 to 67 ng L™}, frequently exceeding predicted no-effect concentrations. The constant
release of terbutryn and its transformation products in runoff highlighted the chronic exposure of non-target
organisms to urban biocides. Terbutryn concentrations in topsoil and pond sediment indicated accumulation,
while concentrations exceeding 1 pg g~} in the vegetation suggested plant uptake. Model results revealed that a
substantial portion (27 to 73 %) of biocides infiltrated near facades through permeable surfaces like gravel, while
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a smaller portion (7 to 39 %) reached the stormwater management systems. Additionally, significant biocide
leaching in the topsoil (30 cm below the surface) underscored the potential for biocide contamination in
groundwater. Overall, this district-scale study and modeling approach provide a comprehensive framework for
evaluating scenarios and measures for sustainable stormwater management to mitigate the infiltration of urban

biocides into groundwater.

1. Introduction

Current urban planning incorporates sustainable stormwater man-
agement (SSM) strategies at the district scale to facilitate the direct
infiltration of stormwater runoff through ditches and swale systems,
directing it towards groundwater (Barbosa et al., 2012; Goulden et al.,
2018). However, stormwater carrying urban contaminants, such as
biocides, may infiltrate the soil, thereby posing a risk of groundwater
contamination (Hensen et al., 2018; Linke et al., 2021; Vijayaraghavan
etal., 2021). In urban settings, biocides are commonly added to building
materials, such as facade paint and render, to prevent infestations by
algae, mosses, fungi, and bacteria (Burkhardt et al., 2011; Paijens et al.,
2021). Biocides can leach from facades during rainfall events, leading to
constant emissions over time (Hensen et al., 2018; Junginger et al.,
2023; Linke et al., 2021; Paijens et al., 2021; Vega-Garcia et al., 2020).
In addition, the release of biocide transformation products (TPs)
following photodegradation on the facades can exceed that of biocides
(Bollmann et al., 2016, 2017b; Hensen et al., 2018; Junginger et al.,
2023; Linke et al., 2021). Consequently, urban biocides and their TPs
have been frequently detected in rivers, soil, and groundwater, with
concentrations surpassing predicted no-effect concentrations (PNEC)
(Burkhardt et al., 2011; Hensen et al., 2018; Linke et al., 2021, 2023;
Paijens et al., 2021; Quednow and Piittmann, 2007; Wittmer et al.,
2010).

Knowledge of the distribution of biocides and their infiltration to-
wards groundwater at the district scale is currently limited, which hin-
ders the identification of measures to mitigate biocide emission,
transport and groundwater contamination. This mainly arises from the
scarcity of comprehensive datasets and modeling approaches at the
district scale. Previous studies primarily focused on biocide release from
freshly painted experimental facades (Junginger et al., 2023; Vega-
Garcia et al., 2020), and their subsequent infiltration through storm-
water management systems, including biocide leaching from soil into
groundwater (Hensen et al., 2018; Pinasseau et al., 2020). The prefer-
ential infiltration of biocides through soil macropores may significantly
contribute to biocide leaching into groundwater (Bork et al., 2021).
However, comprehensive district-scale quantitative estimations of
biocide transport are particularly lacking, including long-term (>1 year)
emissions from facades, hotspots of biocide degradation and accumu-
lation, and preferential pathways of biocide infiltration to groundwater.

To estimate long-term biocide emissions from facades, various
models, including COMLEAM (Construction Material Leaching Model)
and FReWaB-PLUS (Freiburger Regenwasser-Bewirtschaftung — Plus
Stofftransport), have been developed (Bork et al., 2022; Burkhardt et al.,
2020; Coutu et al., 2012a; Wittmer et al., 2011). These models integrate
material properties, building geometry, and weather data, encompass-
ing variables such as rainfall, wind speed, and wind direction, to infer
wind-driven rain as the primary factor driving biocide emission. How-
ever, substantial variations exist among the models concerning the
spatial and temporal resolutions of biocide emission. Additionally, the
models ability to quantify biocide emission and transport is constrained
by the heterogeneity of the district catchment, including land-use,
permeable surface-soil interfaces, the age and orientation of facades,
and prevailing hydro-climatic conditions. As a result, current models do
not account for the release and transport of biocide TPs from facades
(Burkhardt et al., 2020; Coutu et al., 2012a) despite evidence of biocide
transformation on the facades (Bollmann et al., 2016; Junginger et al.,
2023). Overall, comprehensive modelling approaches of biocide

emission, infiltration and leaching into soil and groundwater at the
district scale are mostly lacking. This hinders the identification of
management scenarios to protect water quality within SSM schemes,
while also addressing ecotoxicological risks.

The aim of this study was thus to quantify biocide emission, trans-
port, and storage at the district scale, focusing on the associated eco-
toxicological risks and biocide infiltration into soil within the context of
SSM. Terbutryn, a commonly used herbicide in paints, was selected as a
model urban biocide due to its widespread use in facade paints and
renders, its ubiquitous detection in urban areas (Bollmann et al., 2017a;
Hensen et al., 2018; Quednow and Piittmann, 2007), and its known
toxicity (Burkhardt et al., 2009; Kresmann et al., 2018). The field
campaign involved a four-month monitoring of hydroclimatic parame-
ters, water runoff, and terbutryn and its transformation products (TPs)
in water, soil, sediment, and plants within a 2.4-hectare district (Schil-
tigheim, Strasbourg, France) designed with an SSM scheme. These field
observations were complemented by a modeling approach to estimate
the initial concentration of terbutryn in building paint, evaluate terbu-
tryn emissions in runoff from building facades, and assess soil infiltra-
tion towards groundwater, as well as storage and degradation at the
district scale. The modeling examined the effects of various facade
painting scenarios, with and without terbutryn, on the accumulation of
terbutryn and its primary transformation product, terbutryn-sulfoxide,
in soil over 30 years.

2. Material and methods
2.1. Study site

The study area, covering 1.24 ha within a 2.4 ha district, is located in
Schiltigheim in the northern part of Strasbourg, France (coordinates:
48°36/'31.7'N, 7°44'54.8"E; Fig. 1). Constructed in 2014, the district in-
cludes two sub-catchments, with water drainage directed either towards
a vegetated stormwater infiltration pond or an infiltration trench
(Figs. S1 and S2). The infiltration zone was designed to channel the
district rainwater into the subsurface. The underlying soil primarily
consists of sandy loess, with a hydraulic conductivity of 10~* m s~ In
the pond, a small area remains permanently flooded. However, during
periods of elevated water levels, water can infiltrate through a desig-
nated infiltration area. During heavy storm events, excess water is
directed into infiltration wells surrounding the pond. These wells bypass
the loess layer and infiltrate water directly into a sand and gravel layer at
a depth of 4 m.

The trench functioned similarly to a swale system, facilitating water
infiltration into the soil. Under normal conditions, it allowed water to
infiltrate by gravity through the vegetated surface, which has a hy-
draulic conductivity of 10™% m s~1. However, during heavy rainfall, the
low permeability of the loess soil may cause water levels to rise.
Therefore, an overflow system was installed to divert excess water to the
infiltration basin.

The district comprises ten buildings and a playground area. Field
sampling and monitoring were conducted between May 5th and August
24th, 2021. During this period, the wind, which was the driving force
behind wind-driven rain, predominantly came from the south.

The land use and sub-catchments that discharge either into the
trench or pond system were identified by field survey with a specific
focus on the ground-facade interface and from LIDAR (Light Detection
and Ranging) data, respectively (Figs. 1, S1-S2 and Table S1). The land
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use categories of areas directly adjacent to facades included lawn,
impermeable pavement, gravel, concrete pathways, and wood chips. For
areas not directly adjacent to facades, land use categories included
concrete pathways, paving with narrow spacers, irregular stone paving,
and various permeable surface-soil interfaces such as lawn, gravel, and
playground areas (Fig. 1). Empirical runoff coefficients were obtained
from the FReWaB-PLUS database (Bork et al., 2022) (Table S1b and
Fig. 1).

Building attributes, including height and surface area, were extrac-
ted from LIDAR data and analyzed within a GIS (Fig. S3) to estimate
facade areas. The proportion of windows, determined through on-site
photographs and field surveys, was considered to contribute to facade
runoff but not to biocide leaching. Windows represented 23.5 % and
25.3 % of the building surfaces for pond and trench catchments,
respectively.

Continuous monitoring of runoff at the outlets of the sub-catchments,
specifically the trench and pond inlets (Fig. 1), was conducted using a
flowmeter (ISMA DLK 102) with a 1 min resolution. This flowmeter was
connected to a venturi channel equipped with an ultrasonic sensor. The
water level within the pond was monitored using a CTD diver (DI 282)
with a 5 min resolution, incorporating barometric compensation (Baro-
Diver DI 800). Elevation-storage curves for the trench and pond were
derived from water level and LIDAR data.

2.2. Sampling

Water sampling was conducted using an automated sampler (ISCO
Avalanche) with 12 bottles (330 mL). The sampler was connected to the

e des Vosg®®

B Trench
B4 pond

Subcatchment delineation

3 Pond

3 trench

Landuse B,
Il Concrete pathway

| I Conventionnal roof

___| Extensif green roof

[ Gravel

[] Gravel roof

[] Irregular stone paving

Bl Lawn

Il Paving (4mm)

[ Rubber playground

Il Wood chips
Autosampler
& flowmeter
0 25 50

Science of the Total Environment 954 (2024) 176269

flowmeter to enable discharge-proportional sampling. A sampling
strategy was devised to cover both minor and major runoff events. For
the first 9 bottles, 110 mL of water was collected for every 1 m° of runoff,
distributed over three consecutive increments into the same bottle.
Subsequently, 110 mL was collected after every 10 m® of runoff, again in
three separate increments, until all 12 bottles were filled. The recorded
water level dynamics and elevation-storage curves were employed to
reconstruct runoff dynamics during major events on June 22nd and July
15th, when venturi channels were flooded, hindering accurate runoff
measurement and automated sampling.

Grab water samples were collected weekly or bi-weekly from both
the trench and the pond, except when water levels dropped below 5 cm,
preventing sampling. These samples, totaling 5 L for the trench and 10 L
for the pond, were collected by taking 5 subsamples using a cleaned
telescopic scoop, which were then combined into a single composite
sample. All water samples underwent sequential filtration at 11 pm
(Whatman 1001-047) and 0.45 pm (CA membrane filter) and were
stored at 4 °C for <24 h until further analysis.

Soil and sediment samples were collected monthly from May 4th to
July 27th, 2021. Subsamples were collected from the uppermost 10 cm
within a 50 x 50 cm area. To maintain consistency, surface materials
such as grass, roots, and debris within the top 5 cm were removed using
a cleaned shovel. The shovel was thoroughly cleaned, starting with the
removal of large particles and debris. It was then washed with demin-
eralised water, scrubbed with a stiff brush, and followed by another
rinse with demineralised water. In the trench, five soil subsamples were
collected at 1 m intervals across a 5 m span from the main inlet and
combined to create a single composite sample. In the pond, five

Rue des Vosges

Fig. 1. Landuse and sustainable stormwater management systems of the Adelshoffen district (Schiltigheim, France).
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sediment samples were taken from various locations and analyzed
individually. The samples were stored at 4 °C and biocide extracted
within 24 h (see Section 2.3). Physico-chemical characteristics of the
mixed composite soil and sediment samples (Table S2) were measured
using standard analytical procedures (Table S2).

In the infiltration pond, specimens of Phragmites sp. (Cav.), covering
60-80 % of the pond surface, were collected from five randomly selected
locations. Five grass samples were collected from the trench, with one
sample taken at each meter interval across a 5 m stretch starting from
the inlet. The five plant samples were divided into their aerial and root
parts, which were combined separately into one composite sample. All
collected samples were transported to the laboratory within 2 h. The
roots were washed in ultrapure water for 10 min, with the water
replaced until turbidity remained constant. They were then rinsed twice
with a 0.9 % NaCl solution (ACS reagent, >99.0 % in ultrapure water) to
eliminate sediment (Gilevska et al., 2022). The samples were then ho-
mogenized using a blender (Bosch MSM66110) and frozen at —20 °C
until biocide extraction.

2.3. Biocide extraction and analysis

Biocides in sediment, soil and plant samples were extracted in trip-
licates using a ultrasonic-assisted solid-liquid extraction protocol
(Gilevska et al., 2022), detailed in SI. Briefly, 5 g of soil or sediment (dry
weight) and 3 g of plant material were placed in an amber glass
centrifuge tube. Samples were extracted using 3 mL DCM:Pentane (3:1,
v:v), followed by vortexing (5 s) and ultrasonication (5 min). The sol-
vents were separated from the sample by centrifugation at 2400 rpm for
20 min. Supernatants were transferred to amber glass vials, and the
procedure was repeated two more times. The solvents were evaporated
under a Nj stream and resuspended in 1 mL of acetonitrile. All samples
were cleaned before measurement using anhydrous magnesium sulfate
(MgS0y4, 75 mg) and primary-secondary amine (PSA bond silica, 13 mg).

Terbutryn, four of its TPs (terbutryn-sulfoxide, terbutryn-2-hydroxy,
terbutryn-desethyl, terbutryn-desethyl-2-hydroxy), diuron and octyli-
sothiazolinone were quantified using HPLC-MS/MS (Dionex/Thermo
Scientific UltiMate Dionex 3000 coupled to Thermo Scientific TSQ
Quantiva), with LOQ < 4.5 ng L™ (Junginger, 2023; Junginger et al.,
2022). Instrument settings and recovery rates are provided in Table S3.

2.4. Hydrological balance at the district scale

A hydrological balance for the trench and pond sub-catchments was
established by considering rainfall, direct infiltration at the base of
building facades, diffuse infiltration across buildings, and runoff from
ground-facade and surface-soil interfaces (Fig. 1). Infiltration and
evaporation were also estimated for the trench and the pond as key el-
ements of the SSM in this district. Combined with biocide concentration
data, this enabled the quantification of biocide emission and transport
under different painting scenarios. The campaign targeted two distinct
periods: from May 5th to May 31st, 2021, referred to as the ‘spring
period’, and from June 20th to August 5th, 2021, denoted as the ‘sum-
mer period’ (Fig. S4). Precipitation was recorded with a local weather
station (DAVIS Vantage Vue 6020) located at the field site, with mea-
surements taken at a 10 min resolution.

Rainfall and runoff events for the spring and summer periods were
defined by a minimum of 20 h without precipitation. Rainfall intensity
and depth were evaluated using the IETD R package (Duque, 2020). The
rainfall volume for each event was calculated for the trench and pond
sub-catchments, considering their respective areas.

For each rainfall event, the cumulative runoff volume entering both
the trench and the pond, along with the corresponding diffuse runoff
coefficient, were computed using the flowmeter dataset. During intense
runoff events, when the venturi channel and flowmeter were flooded,
the runoff volume entering the pond was reconstructed using water level
sensors and the surface-elevation-storage curve. The filling-emptying
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dynamics in the trench and pond were corrected by accounting for
evaporation from the submerged surfaces and infiltration. The daily
potential evapotranspiration (PET) was provided by MeteoFrance
(Entzheim, located 11.5 km southeast of the district at 48.55°N, 7.63°E).
Pond and trench infiltration rates were estimated from recorded water
levels and elevation-storage curves using linear and exponential models
(R Im and nls regression functions). These calibrated infiltration rates,
derived from observed filling-emptying dynamics, were consistent with
values provided in the SSM technical report of the district, which were
based on in situ soil infiltration tests.

2.5. Biocide long terms release and transport under painting scenarios

A model was developed to examine the long-term biocide release and
transport from facades to urban topsoils under two contrasting painting
scenarios. Both modeling scenarios involve repainting in 2024, a decade
after the construction of the district in 2014, following the manufac-
turer's recommendations. In scenario P1, facades were repainted with
the same type of paint used in 2014, containing the same amount of
terbutryn. Under this scenario, biocide emissions during the 2024-2034
period are similar to those of the 2014-2024 period, leading to
continued accumulation in soils and water. In scenario P2, facades were
repainted with biocide-free paint, covering the previous layers and
resulting in zero biocide emissions from the facades. In this case, biocide
emissions only occurred during the 2014-2024 period. Therefore, it is
important to assess the degradation and retention time of biocides in soil
once emissions cease. Model calculations were extended until 2045 to
examine the release and persistence of biocides in topsoil. We hypoth-
esized that all facades were painted in the same manner and with the
same paint, given that the entire district was built at the same time.

In brief, we built upon an existing biocide leaching model (COM-
LEAM, (Burkhardt et al., 2020)) that provides mathematical formula-
tions for biocides leaching. Facade leaching experiments conducted by
our team were used to calibrate the model (Junginger et al., 2023). The
leaching model was further supplemented by transport, infiltration, and
reaction processes. Infiltration coefficient were extracted from the
database of FReWaB-PLUS (Bork et al., 2022). Additionally, degradation
rates of terbutryn and terbutryn-sulfoxide were incorporated based on
laboratory and outdoor experiments (Junginger, 2023; Junginger et al.,
2022). Hence, the biocide emission and transport model comprises the
following components: (i) terbutryn transformation on facades into its
major transformation product, terbutryn-sulfoxide, depending on solar
irradiation since the last rain event (Junginger et al., 2023); (ii) terbu-
tryn leaching from facades, using a modified version of COMLEAM
(Burkhardt et al., 2020), with parameters tailored from field surveys,
accounting for leaching of both terbutryn and terbutryn-sulfoxide; (iii)
direct infiltration and runoff at the ground-facade interface, diffuse
runoff and infiltration occurring during transport into stormwater
management systems, and direct pond and trench infiltration; and (iv)
first-order kinetics for terbutryn degradation into terbutryn-sulfoxide, as
well as the further degradation of terbutryn-sulfoxide into secondary
transformation products in the topsoil.

Biocide emission from facades was modeled at an hourly resolution
(SL, Section 1.4) following the COMLEAM guidelines, while biocide
transport, degradation, and sorption were computed at a daily resolu-
tion. Since no information on initial terbutryn (Cp) concentrations on
building facades was available at the district scale, a back calculation of
Co was performed using the model, starting from 2014 and utilizing
concentration data of biocide in runoff collected in 2021.

The predicted masses of biocides and TPs infiltration into topsoil (M.
Infpiocide+Tp) and those reaching the SSM systems, i.e., trench or pond
outlets (M.Outletpipcige+7p) in each sub-catchment (SC) were calculated
with Egs. (1) and (2), respectively. These calculations were based on the
diffuse runoff coefficient for the sub-catchment (RCpirr, sc) calculated
from the 2021 campaign, the direct runoff coefficient (RCpirecr, sc)
according to ground-facade types, the FReWaB-PLUS database, and the
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emitted mass of biocide and TP from facades (Epjocide+TP):

M.Infyce. 1 (SCit) = (1 7RCDIRECT‘SC) X (1 *RCDIFF.SC) X Epiocige-p (SC, t)
(@]

M.Outletyiociges1p (SC, t) = RCpirecr.sc X RCpirrsc X Ebiocide+1p (SC, t) ()]

The topsoil biodegradation half-lives (DTsp) for terbutryn were
derived from outdoor lysimeter experiments conducted in 2021 within
the district under similar climatic conditions and for typical top surfaces
of SSM districts. The DTs values for sand, gravel, and soil were 68, 64,
and 61 days, respectively (Table Slc), based on previous leaching ex-
periments described in Junginger et al. (2023). Similar DTsq values were
obtained for terbutryn-sulfoxide according to the lysimeter experiments.
Partitioning between sorbed and dissolved phases in topsoil was esti-
mated using the partitioning coefficients (Kp) derived from the organic
carbon-water partitioning coefficients (Koc) (European Commission,
2011) and the organic carbon content (OC) specific to various surface-
soil interfaces (Table S1b). In the absence of specific references, the
Koc values for terbutryn were used for terbutryn-sulfoxide. At each daily
time step, a linear sorption equilibrium in the soil was assumed,
considering both freshly infiltrated terbutryn and terbutryn-sulfoxide
alongside the pre-existing stock. Only the dissolved fraction of terbu-
tryn and terbutryn-sulfoxide was considered available for degradation.

Additional climatic data was collected to simulate biocide emission
and persistence from 2014 to 2045. Hourly rainfall and daily evapora-
tion, wind speed, and global irradiation data from 2014 to 2021 were
duplicated to cover a 30-year period (2014-2045), assuming steady
climate conditions across scenarios. Hourly rainfall from 2014 to 2021
was calculated as the mean value of the two closest rain gauges (Schil-
tigheim gauge, 5 km southeast, and Bischeim gauge, 5 km northwest).
Daily data on evaporation, wind speed and direction, and global irra-
diation were obtained from the MeteoFrance weather station in
Entzheim for the period 2014 to 2021. These data were used to calculate
wind-driven rain, which is more reliable than vertical rain for predicting
biocide leaching in the leaching model (Bester et al., 2014; Bollmann
etal., 2014). Global irradiation data for each azimuth was obtained from
the EU photovoltaic GIS (European Commission, 2022). This data was
used to generalize equations relating irradiation and biocide release,
initially derived for experimental facades oriented only to the West
(Junginger et al., 2023 and Fig. S5).

The COMLEAM leaching model was originally developed for appli-
cation to a limited subset of buildings, considering each segment of
facade as a unit characterized by uniform height, window proportion,
and orientation (i.e., N, NW, W, SW, S, SE, E, and NE). However, given
the significant number of facade segments at the district scale (i.e., 323
in Adelshoffen district) and associated computation time, facade por-
tions were aggregated based on their orientation, associated sub-
catchment (i.e., connected to trench or pond), and combination of
facade-ground-land use interfaces. This aggregation resulted in 11 seg-
ments used to calculate direct and diffuse infiltration and runoff fluxes.
Diffuse infiltration and runoff between the ground-facade interface and
SSM were calculated for each land use and averaged per sub-catchment
(Table S1c). Equations and data processing steps are provided in the SI
(Section 1.4).

3. Results
3.1. Hydrological balance at the district scale

In 2021, recorded rainfall was 109 mm in spring and 299 mm in
summer, contributing to a total annual rainfall of 929 mm. The event-
based runoff coefficients showed little variation, with the trench hav-
ing a coefficient of 39 + 7 % and the pond 36 + 4 % for moderate in-
tensity events (<200 m® precipitation/event; n = 11 events for the
trench, and n = 31 for the pond). For the trench sub-catchment, the
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cumulative runoff volume represented 40 % of the total rainfall volume
in spring and 30 % of the rainfall volume in summer (Fig. S8 and S9a).
For the pond sub-catchment, the cumulative runoff volume during the
spring and summer periods (Fig. S9b) corresponded to 40 % and 90 % of
the rainfall, respectively, with three storm events generating more
intense runoff in the pond than in the trench sub-catchment. Empirical
runoff coefficients (Table S1b) derived from the land-use map and
FReWaB-PLUS database were 44 % and 49 % for the trench and pond
sub-catchments, respectively (Table Slc), showing <5 % deviation
compared to observed runoff coefficients. Wind directions and speeds
are provided in Fig. S6 (SI). On a seasonal scale, direct evaporation from
the trench and pond was 20 to 50 times smaller than the rainfall volume
(Fig. S7).

In both sub-catchments, only a minor portion of runoff from facades,
and consequently, the emitted biocides, eventually reached the trench or
the pond. Direct infiltration at ground-facade interfaces accounted for
73 % in the trench sub-catchment and 31 % in the pond sub-catchment
(Table Sl1c). For the remaining water from direct runoff, diffuse infil-
tration between the base of facades and SSM ranged from 60 % to 70 %
in the trench sub-catchment and from 10 % to 65 % in the pond sub-
catchment, considering minimal and maximal runoff coefficients.
Hence, at the district scale, 72 % to 86 % of direct rainfall volume and
facade runoff infiltrated into the soil, while the remaining volume
fraction entered into the SSM.

3.2. Biocides concentration in pond and trench

Terbutryn was consistently detected in soil, sediment, and plants in
2021 (Fig. 2). Weekly grab samples of water from the infiltration trench
revealed concentrations of terbutryn and its four TPs higher than those
observed in the pond (Fig. 2a). Additionally, concentrations of terbutryn
TPs in the trench frequently surpassed those of terbutryn itself. The
consistent detection of terbutryn and its TPs seven years after the district
construction aligns with previous studies, highlighting the continuous
release of terbutryn and its TPs from facades over time due to wind-
driven rain (Hensen et al., 2018; Linke et al., 2021; Wicke et al.,
2022). High concentrations for terbutryn-sulfoxide, identified as a major
terbutryn TP formed during photodegradation on facades and biodeg-
radation (Bollmann et al., 2016, 2017a; Junginger et al., 2022), were
predominantly observed in the trench. This finding aligns with previous
field studies (Bollmann et al., 2016; Burkhardt et al., 2011; Hensen et al.,
2018; Linke et al., 2021).

In contrast to terbutryn, diuron concentrations in the trench were
consistently lower than those in the pond but still exceeded 100 ng L™*
(Fig. 2b). Notably, OIT was not detected in either SSM system. The
variable concentrations of terbutryn and diuron in the pond and trench
suggest that different types of paints, each containing distinct pro-
portions of terbutryn and diuron, were used in these sub-catchments.
However, differences in the initial concentrations of biocides among
the buildings cannot be ruled out.

In both the trench and the pond, runoff concentrations regularly
exceeded the PNEC values for terbutryn (ranging from 3 to 34 ng L™1)
and diuron (20 ng L™Y) (Burkhardt et al., 2009; Kresmann et al., 2018).
Therefore, even seven years after the construction of the district, eco-
toxicological risks associated with biocides existed, especially consid-
ering the chronic exposure of soil and aquatic organisms (Reil3 et al.,
2024). However, there is a lack of sufficient ecotoxicological data
related to the effect of urban biocides on the soil as well as surface water
and sediment microbiomes (Reil et al., 2021). Additionally, the cumu-
lative inhibition of bacterial growth observed over time in the case of
terbutryn (Fernandez-Calvino et al., 2021) suggests that chronic expo-
sure to biocide, such as ongoing facade runoff during each rainfall event,
may be underestimated.

Soil and sediment samples provided evidence of terbutryn retention
during infiltration processes. Terbutryn accumulated notably in the
trench soil (Fig. 2¢), with concentrations exceeding 1.5 pg kg%, whereas
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Fig. 2. Concentrations of (a) terbutryn and its transformation products in the pond (n = 13) and trench (n = 6), (b) diuron in the pond (n = 13) and trench (n = 6),
and (c) terbutryn in sediment (n = 20), soil (n = 4), and plants and roots (ng kg’1 dry weight). Dashed lines indicate PNEC values for terbutryn (ranging from 3 to 34
ng L) and diuron (20 ng L™1). Gircles represent outliers, identified as data points that are >1.5 times the interquartile range from the top or bottom of the box.

concentrations in pond sediment reached 0.5 pg kg~!. The higher con-
centrations of terbutryn in the trench soil can be attributed primarily to
greater terbutryn emissions within the trench sub-catchment, as
observed in runoff (Fig. 2a). Additionally, the higher organic carbon
content in trench soil compared to pond sediment (Table S2) may lead to
higher sorption and thus more accumulation of terbutryn in the trench.
Considering high sorption capacity (log Kow = 3.43; Finizio et al., 1991)
and moderate persistence (DTsg, soil ~ 60 days) of terbutryn, both
sediment and soil can mitigate terbutryn transport towards ground-
water. Conversely, diuron was not detected in pond sediment and trench
soil despite although it was quantified in runoff (Fig. 2a) and persisted in
soil (DTsg, soil = 29 days, (Junginger, 2023)). This aligns with the higher
mobility of diuron in soil (log Kow = 2.45; Finizio et al., 1997) and
potential transport towards groundwater. Altogether, these results
highlight contrasting accumulation patterns of terbutryn and diuron in
topsoil, depending on their propensity to sorb and dissipate. The accu-
mulation of biocides and their transformation products in soil and
sediment carries the risk of chronic ecotoxicological effects, which may
be heightened by additive or synergistic interactions resulting from the
co-occurrence of biocides (Reil et al., 2024).

Terbutryn was also detected in plant and root samples within the
trench and pond systems, with concentrations exceeding 1 pg kg™ ?
(Fig. 2¢). This confirms the occurrence of plant uptake, a phenomenon
not previously reported for biocides in urban environments. Plant up-
take of biocides could potentially serve as a significant sink for these
substances in urban areas. It is possible that plants passively uptake and
eventually metabolize urban biocides, thereby mitigating their transport
towards groundwater. For instance, the uptake of terbutryn has been
documented in parrot feather (Myriophyllum aquaticum) (Gao et al.,
2000; Turgut, 2005). Similarly, the uptake and metabolization of iso-
thiazolinones by hydroponically grown Arabidopsis was observed
(Muerdter et al., 2022). Aquatic plants may thus contribute to phytor-
emediation strategies for various biocides. A more comprehensive un-
derstanding of plant uptake rates and the overall mass flux into plants at
the district scale, as well as its seasonal variation, necessitates further
investigation.

Using the volume of the pond, calculated from the storage-elevation
curves, the mass of compounds in the water can be determined based on
the measured concentrations. In general, the retained mass of terbutryn
and its TPs in both the trench and pond water consistently remained
below 1 mg for each compound. However, during a heavy rainfall event,
the stored masses in the pond water increased significantly, reaching up
to 8 mg for terbutryn, 42 mg for terbutryn-sulfoxide, 8 mg for terbutryn-
2-hydroxy, 3 mg for terbutryn-desethyl, and 7 mg for terbutryn-

desethyl-2-hydroxy. This corresponded to emitted masses of 2 pg m >

of facade for terbutryn and 10, 2, 3, and 1 pg m~2 for terbutryn-
sulfoxide, terbutryn-2-hydroxy, terbutryn-desethyl, and terbutryn-
desethyl-2-hydroxy, respectively, on July 13th. These release rates are
lower than those reported in other studies, which often exceed 100 pg
m~2 per rain event (e.g., Bollmann et al., 2016; Junginger et al., 2023).
Given the advanced age of the facades at our field site compared to the
freshly painted facades in the literature, and considering that only a
portion of the facades was likely exposed to weathering due to pre-
vailing wind directions, our results are consistent with the values re-
ported in the literature. Similar patterns were observed for diuron, with
stored masses generally below 20 mg but increasing up to 250 mg during
the same heavy rainfall event. This corresponded to an emitted mass of
61.4 pg m~2 for the entire district catchment. Consequently, although
intense rainfall events were not consistently associated with elevated
biocide concentrations due to dilution, they can lead to significant mass
fluxes due to constant biocide emission from facades. Intense rainfall
events may induce rapid direct infiltration or through infiltration wells
around the pond bypassing filtering soil layers, transporting significant
biocide loads towards groundwater. The biocide loads transported via
infiltration wells were estimated at 150 and 530 pg of terbutryn, and 13
and 10 mg of diuron, for the events on May 18, 2021, and August 24,
2021, respectively.

Overall, the field campaign enabled the identification of prevailing
biocide pathways from facades to groundwater at the district scale.
However, deriving a comprehensive biocide mass balance was not
achievable solely from observed data in accessible compartments, i.e.,
runoff, SSM systems, and topsoils. A modeling approach was thus
developed and deployed at the district scale to estimate emissions since
the district construction and to explicitly evaluate the reactive transport
of biocides from facade to topsoil.

3.3. Biocide emissions and ecotoxicological risks on the district scale

The emission and transport model used observed biocide concen-
tration data in runoff to estimate the initial concentration (Cgp) of ter-
butryn on facades following painting in 2014. Cy was back-calculated
assuming that all the buildings were painted with paints containing
terbutryn, as confirmed by local stakeholders. The occurrence of diuron
in runoff suggested that other biocides were used in paints and renders
at the district scale. The initial COMLEAM emission equations were
modified using data from a previous outdoor facade experiment
(Junginger et al., 2023). Considering data uncertainty, the terbutryn Cy
varied from 24 mg m~2 (low Cp) to 82 mg m~2 (high Cp).
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Previously reported total terbutryn concentrations in paints were
notably higher, spanning from 250 to 4000 mg m~2 (Burkhardt et al.,
2011; Coutu et al., 2012b; Schoknecht et al., 2016). This suggests that
either paints with lower terbutryn concentrations were used in the dis-
trict, or some facades were painted without terbutryn. The consistency
in estimated Co values based on terbutryn, terbutryn-sulfoxide, and their
sum (terbutryn + terbutryn-sulfoxide) underscored the robustness of the
ratio between terbutryn and terbutryn-sulfoxide in the biocide emission
model for Cy estimation (Fig. S13).

In 2015, one year after district construction, the predicted cumula-
tive emissions of terbutryn and terbutryn-sulfoxide from facades at the
district scale ranged from 4.4 to 15.7 g, equivalent to 0.4 to 1.5 mg m? of
facade (Fig. 3). Terbutryn contributed only 24 % of the total emissions,
while terbutryn-sulfoxide accounted for the remaining 76 %. Terbutryn
and terbutryn-sulfoxide emissions exhibited a slight decline over time,
resulting in total emissions on the district scale ranging from 43.3 to
146.0 g (i.e., 4.1 to 14.0 mg m?) after 10 years.

At the ground-facade interface, predicted concentrations of terbu-
tryn in runoff for each rainfall event were several orders of magnitude
higher than the PNEC values and the annual average environmental
quality standards (AAEQS) of 0.065 pg L~! (Whitehouse et al., 2011)
(Fig. 4). Considering the upper limit of the initial terbutryn concentra-
tion (Cp) estimate, terbutryn concentrations in runoff entering the SSM
exceeded PNEC values for 59 % of the events, while the AAEQS was
surpassed in 12 % of the events. Currently, there is a scarcity of eco-
toxicological studies and data available for terbutryn TPs, limiting risk
estimations (Luft et al., 2014). Nevertheless, terbutryn TPs may exhibit
similar toxic effects. The PNECs and AAEQ values for the mixture of both
terbutryn and terbutryn-sulfoxide may be lower or equivalent to those of
terbutryn alone.

The predicted biocide storage capacity of topsoil (0-30 cm) varied
across district compartments, including ground-facade interfaces, areas
between these interfaces and SSM systems, and under SSM systems, such
as trench and pond. After one-year equivalent rainfall (Fig. S14a), 98 %
of the terbutryn and its TPs that directly infiltrated at the ground-facade
interface leached from the topsoil, potentially reaching the groundwater
(Fig. 5). In comparison, after ten years of equivalent rainfall
(2014-2024), 80 % of terbutryn and its TPs leached from topsoil
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Fig. 3. Cumulative emissions of terbutryn, terbutryn-sulfoxide, and total
biocide (terbutryn + terbutryn-sulfoxide) from 2014 to 2024 in the Adelshofen
district (Schiltigheim, France), along with associated uncertainties (blue, red,
and grey shaded areas), considering low and high initial terbutryn concentra-
tions (Cop) in paints.
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following diffuse infiltration from ground-facade interfaces to the SSM
systems (Fig. S14b), while 87 % leached beneath SSM systems
(Fig. S14c).

Considering uncertainty propagation for the range of Cp and diffuse
runoff coefficients (Table S4), terbutryn contributed only 10 % to 24 %
of the total (terbutryn + TPs) mass in topsoil across the district. In
contrast, terbutryn-sulfoxide constituted 32 % to 76 %, while unknown
secondary TPs represented 1 % to 58 % of the total (terbutryn + TPs)
mass in soil (Fig. 5 and Table S4). Secondary TPs were predominant in
topsoil directly collecting facade runoff, whereas higher organic carbon
content likely enhanced sorption and limited the degradation of
terbutryn-sulfoxide in the SSM systems (Fig. 5 and Table S4).

3.4. Emission and transport of terbutryn and TPs under painting scenarios

In scenario P1, where buildings were repainted in 2024 with paints
containing the same concentration of terbutryn as in 2014 and consid-
ering high Cp, the mass of terbutryn and terbutryn-sulfoxide in the
topsoil increased until August 2031 and then gradually declined
(Fig. 6a). By 2045, the amount of terbutryn and terbutryn-sulfoxide in
soil (5.4 g) corresponded to 83 % of the maximum concentrations in
2031 (6.6 g) (Fig. 6a). In scenario P2, where a paint without biocides
was used in 2024, the mass of terbutryn and terbutryn-sulfoxide in the
soil decreased from 2024 onwards, with 30 % of the initial mass
remaining until 2030. By 2038, the biocide masses in the soil returned to
10 % of the maximum stored in 2024 (Fig. 6b). These findings highlight
the importance of implementing measures to prevent the release of
urban biocides in order to reduce mass flux towards groundwater. Even
in scenario P2, where no new biocides are emitted, the soil can continue
to serve as a source of biocide leaching into groundwater.

Overall, these results underscore that, even with a transition to
biocide-free facade coatings, residues of terbutryn and terbutryn-
sulfoxide may persist in soil for decades, with primary dissipation via
biocide leaching rather than degradation. This poses risks to ground-
water and drinking water. Although our study is limited to the top 30
cm, the results indicate significant infiltration towards groundwater.
This is further supported by recent detections of various urban biocides,
including terbutryn and its transformation products, in urban ground-
water systems (Hensen et al., 2018; Pinasseau et al., 2020). Further-
more, our assessment of biocide degradation only considered terbutryn-
sulfoxide, while the fate of secondary TPs, such as terbutryn-2-hydroxy
and terbutryn-desethyl-2-hydroxy (Bollmann et al., 2017a; Junginger
et al., 2022), remains unknown. Additionally, the effects on non-target
organisms in soils and groundwater remain uncertain, since compre-
hensive data on the sorption, leaching, degradability, and ecotoxico-
logical effects of terbutryn TPs in deeper soil layers are currently
lacking.

4. Conclusions

Biocides, such as terbutryn, are continuously released from building
facades during rainfall events, leading to chronic contamination of
runoff and soil in urban districts. Our study underscores the importance
of combining field investigations with modeling to quantify the emis-
sions, accumulation, and degradation of urban biocides and their
transformation products (TPs) at the district scale. Field investigations
revealed widespread contamination by terbutryn and its TPs in water,
soil, sediment, and vegetation within the district, which may affect
freshwater ecosystems even ten years after the district construction.

The developed model suggested that terbutryn contamination could
persist in topsoil for up to two decades after emissions from facades
cease. While our study advanced the understanding of the emission and
transport of terbutryn and its main TP (terbutryn-sulfoxide) in urban
districts, the combined effects of terbutryn-sulfoxide with terbutryn and
other TPs remain unknown. The long-term ecotoxicological effects in
soil, sediment, and urban water require further investigation,
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particularly considering biocide TPs. Our results emphasize the crucial
role of data availability to establish accurate biocide mass balances at
the district scale and identify entry points for biocides into the subsur-
face. This requires systematic characterization of facades and surface
areas within the district, as well as high-quality monitoring data,
including water runoff and biocide concentrations. The modeling
framework enabled to identify prevailing biocide mass transport,
including surface transport by runoff and reactive transport through
topsoil to deeper soil layers and groundwater. This framework paved the
way for assessing biocide emission, transport, and persistence in unga-
uged districts where scenarios and hypotheses must compensate for data
gaps. Predicted reactive transport of terbutryn and its TPs through soil
was significantly affected by soil properties and degradation rates. Our
approach primarily focused on topsoil reactivity (0-30 cm). Hence,
future studies may consider multi-soil layer models with specific reac-
tivity to assess biocide transport to groundwater.

Regarding Sustainable Stormwater Management (SSM), our results
indicate that biocide infiltration into subsurface and groundwater pre-
dominantly occurs near facades before reaching SSM systems.

Groundwater protection strategies may involve replacing gravel splash
strips around facades with organic-rich materials, such as wood chips, or
incorporating activated carbon filters, albeit at a significant cost.
Additionally, vegetated infiltration systems in SSM may serve as sinks
for biocides, enhancing their retention, degradation and vegetation
uptake.
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