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ABSTRACT

Groundwater is a major drinking water resource but its quality with regard to organic micropollutants
(MPs) is insufficiently assessed. Therefore, we aimed to investigate Swiss groundwater more compre-
hensively using liquid chromatography high-resolution tandem mass spectrometry (LC-HRMS/MS). First,
samples from 60 sites were classified as having high or low urban or agricultural influence based on
498 target compounds associated with either urban or agricultural sources. Second, all LC-HRMS sig-
nals were related to their potential origin (urban, urban and agricultural, agricultural, or not classifiable)
based on their occurrence and intensity in the classified samples. A considerable fraction of estimated
concentrations associated with urban and/or agricultural sources could not be explained by the 139 de-
tected targets. The most intense nontarget signals were automatically annotated with structure proposals
using MetFrag and SIRIUS4/CSI:FingerID with a list of >988,000 compounds. Additionally, suspect screen-
ing was performed for 1162 compounds with predicted high groundwater mobility from primarily urban
sources. Finally, 12 nontargets and 11 suspects were identified unequivocally (Level 1), while 17 further
compounds were tentatively identified (Level 2a/3). amongst these were 13 pollutants thus far not re-
ported in groundwater, such as: the industrial chemicals 2,5-dichlorobenzenesulfonic acid (19 detections,
up to 100 ng L-1), phenylphosponic acid (10 detections, up to 50 ng L~'), triisopropanolamine borate
(2 detections, up to 40 ng L~!), O-des[2-aminoethyl]-O-carboxymethyl dehydroamlodipine, a transforma-
tion product (TP) of the blood pressure regulator amlodipine (17 detections), and the TP SYN542490 of
the herbicide metolachlor (Level 3, 33 detections, estimated concentrations up to 100-500 ng L~'). One
monitoring site was far more contaminated than other sites based on estimated total concentrations of
potential MPs, which was supported by the elucidation of site-specific nontarget signals such as the car-
cinogen chlorendic acid, and various naphthalenedisulfonic acids. Many compounds remained unknown,
but overall, source related prioritisation proved an effective approach to support identification of com-
pounds in groundwater.
© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

ers (Wolf et al, 2012) or via bank filtration from wastewater
impacted surface waters (Heberer et al., 2004). Consequently,

Groundwater is a major drinking water resource and there-
fore its quality is of high interest. Various micropollutants
(MPs) from agriculture, households, or industry, entering aquifers
via different pathways, affect groundwater quality (Loos et al.,
2010). Whereas pesticides are applied in high amounts to agri-
cultural soils (Pimentel 2009) and then enter aquifers mainly
via seepage, pharmaceuticals, household and industrial chem-
icals may contaminate aquifers predominantly via leaky sew-
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the land use in the catchment and/or hydrogeological setting
(e.g. bank filtration, characteristics of top layers) influence the
MP pattern at the groundwater monitoring site (Stuart et al.,
2014; Ter Laak et al, 2012). Given that (i) >350,000 chemi-
cals, and mixtures thereof, are registered in national and re-
gional inventories (Wang et al., 2020), (ii) compounds undergo
transformations in the environment and engineered systems
(Kolpin et al., 2009), and (iii) “new” MPs are regularly reported
to be in the water cycle, e.g. Weber et al. (2007), Schmidt and
Brauch (2008), Reemtsma et al. (2013), Schliisener et al. (2015),
Zahn et al. (2016), Gago-Ferrero et al. (2018), Schulze et al. (2019),
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or Zahn et al. (2019), it seems insufficient to evaluate water quality
only on the basis of selected analytes.

Liquid chromatography high-resolution tandem mass spectrom-
etry (LC-HRMS/MS) enables the detection of possibly thousands of
small molecules in a water sample, both from natural and anthro-
pogenic sources. Some of these compounds can be elucidated by
broad-scope target screening where reference standards are avail-
able in the laboratory, while others are detected as part of sus-
pect screening, i.e. searching for specific structures without having
reference material at hand (Krauss et al., 2010). However, usually
most LC-HRMS/MS signals remain unknown (so-called nontargets),
and should therefore be further investigated. Spectral libraries
such as the European MassBank (Horai et al., 2010), MassBank of
North America (MoNA; http://mona.fiehnlab.ucdavis.edu/), and mz-
Cloud (www.mzcloud.org) allow structural annotation of nontar-
get signals with high confidence level (Schymanski et al., 2014b),
though their use is limited to compounds for which MS/MS spec-
tra were made accessible by other laboratories. For compounds not
present in spectral libraries, in silico fragmentation tools, e.g. Met-
Frag (Ruttkies et al., 2016), SIRIUS4/CSI:FingerID (Diihrkop et al.,
2015; Diihrkop et al., 2019), and CFM-ID (Allen et al., 2014),
in combination with large chemical compound databases such
as PubChem (Kim et al., 2019), CompTox Chemistry Dashboard
(Williams et al., 2017), or the NORMAN Suspect List Exchange
(www.norman-network.com/nds/SLE) are promising alternatives
for structural annotation. These tools enable the high-throughput
annotation of thousands of nontargets, however, with often hun-
dreds or even thousands of candidates. Thus, the final identifica-
tion with reference material remains a major bottleneck so that so
far only few nontargets have been elucidated with high confidence
in water samples (Albergamo et al., 2019; Gago-Ferrero et al., 2015;
Schymanski et al., 2014a; Tian et al., 2020).

As a consequence, nontargets of interest need to be priori-
tized before investing time and resources into structure elucida-
tion or even purchasing reference material, using one or a com-
bination of several approaches depending on the study context.
Most studies apply filters for analytical quality control, e.g. exclud-
ing compounds detected in procedural blanks and including only
compounds with high reproducibility in replicate and pooled sam-
ples (Broadhurst et al., 2018; Sangster et al., 2006). The use of
pooled samples (i.e. samples comprising aliquots of all samples)
is more common in metabolomics than in environmental studies.
Intensity is a crucial parameter in most studies (Hug et al., 2014;
Schymanski et al., 2014a), as intense signals may provide higher-
quality MS/MS data supporting elucidation. Additionally, intensity
correlates to some extent with concentration, though it is impor-
tant to highlight that high intensity or concentration does not nec-
essarily mean high toxicological risk. Furthermore, Cl and Br iso-
tope patterns may point to compounds from anthropogenic ori-
gins (Chiaia-Hernandez et al., 2014; Hug et al., 2014) and homo-
logues to larger groups of related compounds such as surfactants
(Schymanski et al., 2014a). Comparing related samples such as raw
water and final drinking water (Miiller et al., 2011) or road dust
and surface water (Seiwert et al., 2020) facilitate prioritization of
persistent signals originating from a specific source. In this regard,
multivariate statistical tools such as principal component analysis
and hierarchical clustering can be applied, for example to samples
collected along a wastewater treatment plant (Schollée et al., 2015;
Schollée et al., 2018) or a riverbank transect (Albergamo et al.,
2019), to determine nontargets with specific trends.

The goal of this study was to comprehensively evaluate the
quality of water derived from 60 groundwater monitoring sites in
Switzerland. To do so, all detected LC-HRMS signals were to be re-
lated to their potential sources (urban, agricultural), followed by
structural elucidation of the most prominent ones, focusing in par-
ticular on potential MPs from urban sources. Our hypothesis was

Water Research 196 (2021) 116994

that by combining an appropriate nontarget prioritization strategy
with a highly automated structure elucidation workflow, we would
find previously unreported compounds in groundwater. First, we
performed an extensive target screening for 498 MPs to classify
the samples according to their dominating urban and agricultural
pollutants. Next, all LC-HRMS signals were classified based on their
pre-dominating occurrence in urban or agricultural sources, which
was assessed by comparing samples with high vs. low urban or
high vs. low agricultural influence. Structure elucidation focused on
nontargets from potentially urban sources because we investigated
already in detail major agricultural MPs, i.e. pesticides and their
transformation products (TPs), in a similar sample set (Kiefer et al.,
2019). Accordingly, most intense nontargets from potentially urban
sources and, in addition widespread nontargets, were annotated
with candidate proposals using MetFrag and SIRIUS4/CSI:FingerID
and finally elucidated with reference standards, if commercially
available. To not overlook important urban MPs with lower signal
intensity, we applied additionally a suspect screening for 1162 po-
lar, and therefore mobile, compounds from mainly urban sources.

2. Methods
2.1. Groundwater samples

The applied nontarget screening approach aimed to classify
nontargets with regards to their origin (urban, agricultural), based
on their occurrence at monitoring sites that are i) urban im-
pacted, ii) agriculturally impacted, or iii) show only low an-
thropogenic impact. Therefore, 60 monitoring sites (44 abstrac-
tion wells, 16 springs) were selected out of >500 sites from
the Swiss National Groundwater Monitoring NAQUA (www.bafu.
admin.ch/naqua) based on long-term monitoring data collected
within NAQUA. Twenty sites contained MPs from pre-dominantly
urban sources (pharmaceuticals, sweeteners), while 20 other sites
showed high frequency or concentrations of MPs from agricultural
sources (pesticides and their TPs). A further 20 sites exhibited
comparably low anthropogenic contamination. Several sites were
not clearly classifiable as urban- or agriculturally-impacted due to
the occurrence of pollutants from both source types.

The 60 groundwater samples were collected in laboratory glass
bottles (previously annealed at 500 °C; 1 L bottles, SIMAX Kava-
lier, Czech Republic) in May and August 2018 within the routine
sampling of NAQUA. Samples were stored cooled for up to four
weeks and then frozen at —20 °C until measurement. For quality
control, pooled samples were prepared, i.e. samples consisting of
an equal amount of each sample. For this, aliquots (5 or 10 mL) of
each groundwater sample were transferred to laboratory glass bot-
tles (0.5 L or 1 L) using a 5 mL brown glass vial before samples
were frozen. To determine contaminations from sampling, sam-
ple storage or handling, ultrapure water (>18 MScm, Barnstead
Nanopure Diamond system) was filled into laboratory glass bottles,
transferred during sampling into another bottle (at five monitoring
sites), and then stored and processed analogously to the ground-
water samples as blank samples.

2.2. Sample preparation via vacuum-assisted evaporation

To avoid losses of polar compounds during sample enrichment,
samples were concentrated via vacuum-assisted evaporation, anal-
ogously to Mechelke et al. (2019) though with slight modifications.
Samples were transferred to BUCHI glass vials (1 mL appendix,
previously annealed at 450 °C) at a volume of 120 mL and spiked
with 35 isotope-labelled internal standards at 100 ng L~!. Samples
were evaporated on a Syncore® Analyst (BUCHI, Switzerland) for
7-8 h to approximately 1 mL at 20 mbar and 45 °C (appendix
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cooled at 7-10 °C) using the back-flush unit. The concentrate vol-
ume was adjusted to 1.6 mL by adding ultrapure water using an-
nealed glass Pasteur pipettes (747715, Brand GmbH, Germany). The
BUCHI vials were rinsed thoroughly with the concentrate to re-
duce analyte losses due to sorption. Finally, the concentrate was
centrifuged at 3720 g (Heraeus Megafuge 1.0 R, Thermo Fisher Sci-
entific, U.S.) in annealed vials and transferred to 1.5 mL vials (pre-
viously annealed at 500 °C; vials: 080400-XL; screw caps: 090301;
BGB Analytik, Switzerland). Analogously to the samples, four cali-
bration standards (1, 10, 100, 1000 ng L~! in ultrapure water), four
spiked samples (1, 10, 100, 250 ng L-1), six pooled samples (i.e.
replicates) and seven field and laboratory blank samples (ultrapure
water spiked with internal standards) were prepared for quality
control and target quantification. For details on spike solutions, see
SI-Al.

2.3. LC-HRMS/MS analysis

Samples were measured in triplicate in a randomized order. Af-
ter nine sample injections (three triplicates), a blank was injected,
followed by a pooled sample for quality control. The concentrated
samples (140 pL, i.e. 10.5 mL of the original sample) were injected
to a LC system consisting of a PAL RTC autosampler (CTC Analyt-
ics, Switzerland), a reversed phase C18 column (Atlantis T3, 3 pm,
3 x 150 mm; Waters, Ireland), and a Dionex UltiMate 3000 RS
pump (Thermo Fisher Scientific RS). The gradient elution started
with 100% water (containing 0.1% formic acid) to achieve an op-
timal retention of polar compounds. Then, methanol (containing
0.1% formic acid) was added and increased to 95% from 1.5 to
18.5 min, and finally kept constant for 10 min. The flow rate was
0.3 mL min~!. For details, see Table SI-Al.

Analytes were ionized in electrospray (3.5/—2.5 kV) and de-
tected on an Orbitrap mass spectrometer (Fusion Lumos, Thermo
Fisher Scientific, U.S.) with a resolution R of 240,000 (at m/z 200,
full width at half maximum (FWHM)) in MS1 full-scan mode (m/z
100-1000), followed by three to four data-dependant MS/MS full-
scans (high-resolution product scans; R 30,000 FWHM at m/z 200;
cycle time 1 s; isolation window of precursor 1 m/z). Internal cali-
bration (EASY-IC™) ensured a mass accuracy of <+2 ppm in MS1
scans for 99.8% of detected target compound peaks and internal
standard peaks (<+1 ppm for 98.4% of peaks). AcquireX software
(Deep Scan; Thermo Fisher Scientific, U.S.) was used to increase
MS/MS coverage. In the first triplicate injection, data-dependant
MS/MS full-scans were triggered based on a mass list contain-
ing target compounds. Then, AcquireX performed peak picking and
added detected features (m/z and retention time) to the mass list
so that in the second triplicate injection, data-dependant MS/MS
full-scans were triggered based on the mass list modified by Ac-
quireX. Before the third injection, AcquireX shifted features, for
which MS/MS scans were already acquired during the second in-
jection, from the mass to the exclusion list so that these features
were not triggered again. If no features from the mass list were
detected, the MS/MS scans for the most intense signals were ac-
quired. Triggered features were excluded dynamically for 3 s. For
details, see SI-A2.

2.4. Target screening

For each target compound, extracted ion chromatograms were
plotted with the MSnbase R package (Gatto and Lilley, 2012) and
visually inspected. If the target compound was detected in ground-
water samples, the concentration was determined using Trace
Finder 4.1 (Thermo Fisher Scientific, U.S.) based on the peak area
ratio of the target compound to that of corresponding internal
standard. If no structurally identical isotope-labelled internal stan-
dard was available, an internal standard was selected with similar
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retention time as the analyte and resulting in a relative recovery
close to 100% in the spiked samples using an in-house R script
(Schollée, 2018). For details on target quantification including de-
termination of limit of quantification (LOQ), see SI-A3.

2.5. Suspect and nontarget screening

Measurement files were converted to mzXML format using
MSConvert 3.0, ProteoWizard (Chambers et al., 2012) and then pro-
cessed in the enviMass workflow (envibee GmbH, Switzerland).
Data post-processing was conducted in the R environment, version
3.6.3 (R Core Team, 2020).

2.5.1. Data pre-processing

Data pre-processing was performed using the enviMass work-
flow (version 4.2633) including peak picking, mass recalibration,
retention time alignment, intensity normalization based on me-
dian intensity of internal standards, replicate filtering, and target
and suspect annotation. Features, i.e. chromatographic peaks de-
fined by their m/z and retention time, that likely resulted from
the same compound (adducts, isotopologues) were grouped into so
called components based on intensity correlation and m/z distance.
The most intense feature within a component was used for further
data analysis. Settings (e.g. m/z and retention time tolerances) were
optimized until 87% of target peaks (detected with Trace Finder
4.1, Section 2.4) were found. 62% of target peaks that were not de-
tected were <10 ng L~! or exceeded the LOQ (Section 2.4) by less
than factor 5; other non-detects were mostly related to large re-
tention time shifts (i.e. exceeding the retention time tolerance for
targets) or poor peak shape. For final settings, see SI-A4.

Finally, a table containing the peak height intensity pattern of
each component across the samples (so-called profiles) was ex-
ported. Profiles were prioritized for further inspection by excluding
those with a retention time <3 min, average sample/blank inten-
sity ratio <5, and maximum peak intensity <108. For comparison,
a peak height intensity of 10% corresponded to a concentration of
>10 ng L~! for approximately 90% of targets ionizing in positive
ionization mode and 35% of targets ionizing in negative ionization
mode.

It should be noted that for some compounds several compo-
nents might exist (e.g. positive and negative ionization, in-source
fragments). Moreover, for some target compounds, two or three
profiles were observed, often related to shifting retention times
or peak picking artefacts. Therefore, profiles differing in m/z by
<2 ppm and retention time <30 s were grouped using an in-house
R function (Schollée et al., in preparation). Peak intensities were
averaged across replicates.

2.5.2. Prioritization of profiles using sample classification

To classify nontarget compounds according to their potential
origin (urban, agricultural), groundwater samples were first clas-
sified based on the sum concentration of 269 targets from pre-
dominantly urban origin (pharmaceuticals and their TPs, sweeten-
ers, industrial chemicals, biocides, illicit drugs, personal care prod-
ucts, and others, SI-B1) and 229 targets from predominantly agri-
cultural origin (pesticides and their TPs, SI-B1). Samples were de-
fined as having high urban influence if the sum concentration of
urban targets was >100 ng L~1; otherwise, they were defined as
samples with low urban influence. Likewise, samples for which
the sum concentration of agricultural targets exceeded 100 ng L~!
were defined as having high agricultural influence, and otherwise
as having low agricultural influence. The cut-off of 100 ng L-! was
guided by the European Union’s drinking water standard for single
pesticides and relevant pesticide TPs (European Commission, 1998).
The sum concentration (instead of concentrations of single com-
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pounds) was used so that the classification depended not only on
single targets with high concentrations.

Next, the ratio of a compound’s average intensity in samples
with high urban/agricultural influence to that of its average inten-
sity in samples with low urban/agricultural influence was calcu-
lated as a measure for the likelihood that the compound originated
from urban sources or agricultural sources, respectively:

Measure for _average intensity in samples with high urban influence
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SIRIUS4/CSI:FingerID. Both in silico fragmenters were used with
a list of >988,000 compounds of potential environmental rele-
vance, including those in CompTox (Schymanski, 2019), PubChem-
Lite tierl (Bolton and Schymanski, 2020), NORMAN SusDat (Nor-
man Network et al., 2020), STOFF-IDENT (Letzel et al., 2017), the
original dataset used for UBAPMT (Arp and Hale, 2020), i.e. Ex-

(1)

urban origin ~— average intensity in samples with low urban influence

Measure for

average intensity in samples with high agricultural influence

agricultural origin ~— average intensity in samples with low agricultural influence

If the compound was not detected in one of the sample groups,
it was assumed that the compound was detected in one sam-
ple with the minimum intensity observed in the whole dataset to
avoid dividing by O.

Profiles were classified as follows:

potential urban MP: measure for urban origin >5 and measure
for agricultural origin <5,

potential agricultural MP: measure for urban origin <5 and
measure for agricultural origin >5,

potential urban and agricultural MP: measure for urban origin
>5 and measure for agricultural origin >5,

not classifiable: remaining profiles.

Here, the decision to use a factor of five as threshold was
guided by profiles annotated as target compounds, i.e. >80% of
profiles of urban targets and >90% of profiles of agricultural tar-
gets, respectively, showed on average more than five times higher
intensities in samples with high urban/agricultural influence vs.
samples with low urban/agricultural influence. However, it should
be pointed out that some target compounds, which would be clas-
sified as “potential urban and agricultural MP”, likely originate only
from urban sources (e.g. x-ray contrast agent diatrizoic acid).

To gather more information on potential sources, the most in-
tense profiles in each group (urban, urban/agricultural, agricul-
tural profiles with maximum intensity >5 x 10%; not classifiable
profiles with maximum intensity >107 and >30 detections) were
retrospectively screened for in the effluent of two Swiss munic-
ipal wastewater treatment plants (24 h composite samples, dry-
weather conditions). For this, extracted ion chromatograms (EICs)
were generated for blank and effluent samples, measured with a
comparable method (without enrichment), using the R package
MSnbase (Gatto and Lilley, 2012). The EICs were then checked for
peaks with intensity >10° and deviating <1 min from the average
retention time of the corresponding profiles (SI-C2).

Total concentrations in each sample were estimated assuming
that the compounds ionize either less efficiently than, as efficiently
as, or more efficiently than the 113 targets compounds (92 in pos-
itive ionization mode, 21 in negative ionization mode) spiked in to
groundwater samples (1, 10, 100, 250 ng L~1). Here “less efficiently
than”, "as efficiently as”, and "more efficiently than” correspond to
the 25th, 50th and 75th percentile of target compound peak inten-
sities. For details, see SI-AS5.

2.5.3. Elucidation of suspects and nontargets

Nontargets: Structural elucidation of nontargets focused on
profiles that were classified as potentially of urban or urban and
agricultural origin and that had maximum intensity >5 x 106,
and on all profiles that had maximum intensity >107 and >30
detections. For each profile, MS1 and MS/MS data were ex-
tracted from the sample with highest precursor intensity using
the RMassBank package (Stravs et al., 2013). Structural propos-
als were then assigned using both MetFrag CL 2.4.5 (using func-
tions from the R package ReSOLUTION, Schymanski (2020)) and

(2)

tended PMT (H.-P. Arp and S.E. Hale, personal communication),
SwissPest19 (Kiefer et al., 2020b), as well as 71 additional poten-
tially mobile pesticide transformation products (T. Poiger, personal
communication). For details, see SI-A6.

Nontargets were prioritized for confirmation based on multi-
ple lines of evidence as in the following: (i) a positive hit in the
MS/MS libraries NIST17 (National Institute of Standards and Tech-
nology, US. Department of Commerce), MoNA (LC-MS/MS spec-
tra obtained from https://mona.fiehnlab.ucdavis.edu/downloads in
December 2019) or MassBank (obtained from https://github.com/
MassBank/MassBank-data in December 2019) using the NIST Mass
Spectral Search Program (version 2.3) or in mzCloud (selected hits
manually checked), (ii) performance of in silico fragmentation, (iii)
peak shape, (iv) intensity and detection frequency, (v) plausibility
of retention time, and (vi) availability of reference material.

Suspects: The suspect list comprised 1162 MS-ready struc-
tures, all with heteroatoms and exact masses >100, and was com-
piled from Schulze et al. (2019), KEMI Market List (Fischer, 2017),
UBAPMT (Arp and Hale, 2020), and Extended PMT (H.-P. Arp and
S.E. Hale, personal communication). The Extended PMT dataset was
filtered for compounds classified as very mobile (vM) and “highly
expected in the environment” (H.-P. Arp, personal communica-
tion, e.g. due to high production volumes). The KEMI Market List,
containing >25,000 chemicals that are expected on the EU mar-
ket (e.g. industrial chemicals, pharmaceuticals, pesticides), was re-
stricted to compounds that are more likely to occur in groundwa-
ter. Therefore, only compounds were selected that exhibited a high
water exposure index (>15; water exposure index ranges from 1
to 27) and were classified as (potentially) mobile or very mobile
(pot M/VM, M/vM, or vM) based on speciation and logDqy (pre-
dicted by JChem for Office, version 19.22.0.548; ChemAxon Ltd.)),
as described by Arp and Hale (2019).

Profiles annotated with the suspect list by enviMass
(Section 2.5.1) were prioritized in a similar workflow as non-
target profiles. MetFrag and SIRIUS4/CSI:FingerID were run using
both the suspect list and PubChemlLite tierl (Bolton and Schy-
manski, 2020) as databases to check how well the measured
MS/MS spectrum fits to the suspect compared to other candidates
(SI-A6). Only suspects ranked amongst the top 3 candidates of
SIRIUS4/CSI:FingerID were checked manually, as described for
nontargets.

Prioritized suspects and nontargets were classified, in accor-
dance with Schymanski et al. (2014b), (i) as confirmed struc-
tures where reference material was available for identity confir-
mation (Level 1), (ii) as probable structures where an MS/MS li-
brary match was achieved (Level 2a) or (iii) as tentative structures
where tentative identifications were based solely on MS/MS inter-
pretation (Level 3). The annotation of MS/MS fragments with struc-
tural proposals for tentatively identified compounds was supported
by CFM-ID 3.0. Level 1 candidates were identified and quantified
as follows. Ten selected samples were enriched and measured to-
gether with four calibration standards (1, 10, 100, 1000 ng L) and
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Fig. 1. Classification of samples according to the concentration sums of urban and
agricultural targets. Dashed lines mark the threshold of 100 ng L~ used for classifi-
cation. Size of circles correlates with number of detected targets (1-74 per sample).
Axes are log-scaled.

six spiked samples (100, 250, 1000 ng L~!) with adjusted MS/MS
settings. The determined calibration model was applied to the pre-
viously measured samples for quantification. The quality of quan-
tification was evaluated for each compound based on relative re-
coveries in spiked samples and the reproducibility of concentra-
tions in the samples, which were each measured twice. Not every
compound could be quantified satisfactorily so that in some cases,
either concentration ranges or no concentrations are reported. Fur-
ther details regarding structural confirmation, quantification and
associated MS/MS spectra can be found in SI-A7, SI-A12, and SI-B4,
respectively.

3. Results and discussion
3.1. Sample classification based on targets

The extent of urban and/or agricultural influence on the 60
groundwater monitoring sites was evaluated based on the sum
concentration of 269 urban and 229 agricultural target compounds
(for concentrations of individual targets see SI-B1, and for targets
with detections > 100 ng L~! see Table SI-A7). Accordingly, 17 sites
showed only low urban and agricultural influence, 18 sites were
predominantly influenced by agricultural targets, 22 sites were in-
fluenced by agricultural and urban targets and three sites were
predominantly impacted by urban targets (Fig. 1). These classifi-
cations, which were based on the here presented target screening,
were consistent with classifications based on long-term monitoring
data for 53 out of 60 monitoring sites (for details see SI-A8). For
most monitoring sites the classification was also consistent with
the land use of the catchment, i.e. sites with high urban influence
were often close to settlements or to wastewater impacted surface
waters (bank filtration), sites with high agricultural influence were
usually in areas with intensive agricultural land use, and the catch-
ments of sites with low urban and agricultural influence were usu-
ally dominated by grassland or forest.

Urban classification was primarily associated with the sweet-
ener acesulfame, the biocide TP N,N-dimethylsulfamide (may also
originate from the banned plant protection product tolylfluanid),
the industrial chemical melamine, and the corrosion inhibitor ben-
zotriazole, i.e. if one of these targets is removed from the dataset,
then two to five sites are no longer classified as having “high ur-
ban influence” or “high urban and agricultural influence” (Fig. 1).
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Analogously, the agricultural classification was most driven by a TP
of the fungicide chlorothalonil (R471811), which was the only tar-
get compound detected in each sample (maximum concentration
2200 ng L~1; Kiefer et al. (2020a)). For further details, see Figure
SI-A2. If samples were classified based on detection frequency of
urban or agricultural targets, using a cut-off of e.g. 10 detections,
then 44 sites would be classified in the same way (Figure SI-A3).
Here it should be noted that some pesticides may also be used as
biocides (e.g. N,N-dimethylsulfamide (TP), triazine herbicides) and
some pharmaceuticals are also used as veterinary drugs. Therefore,
these targets may be related to urban and agricultural activities,
potentially resulting in a wrong classification of some sites.

3.2. Classification of nontargets

In the 60 groundwater samples, 6504 intensity profiles across
samples (hereafter "compounds”) were detected with maximum
intensity >10% (Table 1), including 4800 nontargets and 98 tar-
gets in positive ionization mode and 1573 nontargets and 33 tar-
gets in negative ionization mode. The total number of compounds
was likely slightly lower, due to ambiguities that arise during com-
ponentisation of isotopologues and adducts, e.g. ten target com-
pounds were associated with several profiles. Furthermore, some
compounds might be detected in both ionization modes, such as 15
target compounds. Of the 6373 nontargets, 4027 (63%) were found
in less than five out of six pooled sample replicates or the intensity
showed a relative standard deviation of >50% (in pooled samples
with detections, see Table 1), indicating that either the concentra-
tion was too low to be reproducibly detected (potentially due to
dilution during mixing of sample aliquots) or that the peak shape
was not reproducible. Moreover, for 296 compounds, the maximum
intensity in the pooled samples was even higher than the maxi-
mum intensity in the groundwater samples. This may be related
to contamination during sample handling or peak picking artefacts
(e.g. noise).

From the 6373 nontargets, 331 (5%) were classified as potential
urban MPs, 945 (15%) as potential agricultural MPs, and 1892 (30%)
as potential MPs from urban and agricultural sources. The remain-
ing 3205 (50%) could not be assigned to one of these groups (not
classifiable) and might be compounds of natural origins (Table 1,
Fig. 2). More than 90% of profiles annotated as target compound
were classified correctly, which was expected because classification
criteria (>5 times higher intensity in contaminated samples) were
guided by the target compounds.

The “not classifiable” target compounds (centre of Fig. 2) were
unclassified due to one or more of the following reasons: (i) a
compound was incorrectly annotated (different compound with
similar retention time); (ii) a compound had a noisy EIC, resulting
in too many detections by enviMass; (iii) a compound originates
from multiple sources (the sweetener saccharin may originate from
wastewater or from pig manure (Buerge et al., 2011) and can there-
fore occur at less contaminated sites); (iv) a compound was de-
tected in only one sample with low urban and agricultural influ-
ence (site-specific); (v) a compound had shifting retention time
and was therefore not correctly grouped; (vi) compounds that have
probably been spread ubiquitously, such as banned triazine pesti-
cides and their TPs; and (vii) a compound eluted very early and
was therefore affected by ion suppression. This early-eluting com-
pound was melamine, an industrial chemical and TP of the larvi-
cide cyromazine, which is often applied to manure (ECHA, 2015).
Based on concentrations (determined with a structurally identical
internal standard), melamine would be correctly classified as an
MP from urban and agricultural sources. This compound was, how-
ever, hardly retained by the applied chromatographic method (re-
tention time 3.4 min), eluting together with salts and other highly
polar compounds, leading to strong ion suppression effects and,
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Classification of target and nontarget compounds as well as characterisation of nontarget compounds regarding maximum inten-
sity, retention time, and detections in the 60 groundwater samples. Numbers in brackets correspond to the percentage of profiles
that are less relevant for structure elucidation (e.g. false positives): (i) profiles with early retention time (3-4 min, i.e. salts and
very polar compounds), (ii) profiles, for which a very broad (>5 min) peak shape is likely (i.e. if >2 profiles with retention time
>10 min were grouped; potential natural organic matter (NOM), see SI-A9 for explanation), or (iii) profiles, for which the max-
imum intensity in the pooled samples was higher than the maximum intensity in the samples. The category “reproducible in
pooled samples” provides the number of nontargets detected in at least five out of six pooled sample replicates with relative
standard deviation <50% (calculated in pooled samples with detections).

Urban and Agricultural

Agricultural ~ Not Classifiable  Total

Urban
All Compounds 345 (26%) 1929 (8%)
Targets
Urban Targets 14 (0%) 21 (0%)
Agricultural Targets 0 16 (0%)
Nontargets
Total (without Targets) 331 (27%) 1892 (8%)
Retention Time <4 min 68 (100%) 81 (100%)
Reproducible in Pooled Samples 122 (20%) 517 (9%)

Potential NOM 9 (100%) 34 (100%)
Intensity >5 x 108 56 (38%) 323 (12%)
Intensity >107 21 (19%) 156 (15%)
Intensity >5 x 107 2 (0%) 11 (0%)
>30 Detections 10 (40%) 24 (17%)
Intensity >107 & >30 Detections 6 (33%) 12 (25%)
Intensity >107 & <30 Detections 15 (13%) 144 (14%)
Site-specific (1 Detection) 23 (17%) 727 (6%)

1013 (21%) 3217 (48%) 6504 (30%)
1 (0%)

67 (1%)

6 (17%) 42 (2%)
6 (0%) 89 (1%)

945 (22%)
140 (100%)

3205 (48%)
1127 (100%)

6373 (31%)
1416 (100%)

318 (19%) 1389 (43%) 2346 (31%)
44 (100%) 244 (100%) 327 (100%)
86 (24%) 394 (72%) 859 (42%)
30 (30%) 191 (76%) 398 (46%)
3 (33%) 38 (82%) 54 (59%)
51 (24%) 862 (44%) 947 (43%)
14 (21%) 97 (86%) 129 (71%)
16 (38%) 94 (67%) 269 (34%)
110 (39%) 106 (65%) 873 (16%)
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Fig. 2. Compounds were classified based on their occurrence and intensity in sam-
ples with urban or agricultural influence. Each circle represents one compound; size
of circle correlates with detection frequency in samples (1-60). Compounds to the
right of/above the blue/red lines (logyo(5)) show, on average, more than five times
higher intensities in samples with high urban/agricultural influence than in samples
with low urban/agricultural influence. Compounds on the diagonals are artefacts re-
sulting from the replacement of non-detects with the minimum intensity observed
across the whole dataset (see Section 2.5.2).

in turn, low intensity (which is used for automatic classification),
which hampered proper classification. In total, 20% of all detected
compounds eluted between 3 and 4 min. Half of these compounds
are located in the centre of Fig. 2, indicating either their ubiqui-
tous occurrence or their possible misclassification, as in the case
of melamine.

In addition, many compounds with broad late-eluting peaks,
positive mass defect values and higher m/z were located in the

centre of Fig. 2. Many were assigned as potential natural organic
matter and occurred either at each site or were randomly dis-
tributed (see SI-A9 for details; Table 1).

Further characterization and elucidation focused on the more
intense compounds classified as potential MPs from urban or ur-
ban and agricultural sources (maximum intensity >5 x 10%) and
the most prominent compounds from the remaining dataset (>107,
>30 detections). From the resulting 488 compounds in the pos-
itive and negative mode (SI-B2), 480 compounds had at least
one MS/MS spectrum, demonstrating the effectiveness of AcquireX
(Section 2.3). AcquireX increased the MS/MS coverage for the 488
nontargets by 39% (for suspects an increase of 73% was observed;
detailed discussion in SI-A10). Overall, 409 compounds were an-
notated with between 1 and 576 candidate proposals using Met-
Frag and/or SIRIUS4/CSI:FingerID. Most compounds without candi-
date proposals (80%) eluted before 4 min and therefore might be
artefacts from the LC-HRMS/MS analysis.

To get further evidence for an anthropogenic origin, 562 com-
pounds were checked for characteristic isotope patterns such as Cl
(SI-C1) and for their occurrence in effluent samples of two munic-
ipal wastewater treatment plants (SI-C2, including 74 agricultural
compounds with maximum intensity >5 x 106, which were not
part of the 488 compounds). At least 39 of the 488 compounds
contained one or more Cl atoms (see SI-B2 and discussion in SI-
A9) based on their isotope pattern. In terms of occurrence, 38%
of the 56 urban compounds were detected in at least one of the
two effluent samples, only 12% of the 323 urban/agricultural com-
pounds and 12% of the 86 agricultural compounds showed a peak
in the effluent samples. Interestingly, also a high percentage of the
97 not classifiable compounds (39%) were found in the wastewa-
ter effluents (SI-B2). However, the majority of these not classifiable
compounds (70%) eluted between 3 and 4 min, i.e. they were pos-
sibly misclassified or occur naturally (e.g. salts).

3.3. Characterization of groundwater quality at monitoring sites

Fig. 3 illustrates the total estimated concentrations of detected
compounds at the 60 monitoring sites, after excluding potential
false positives (see figure caption). The total concentrations were
estimated assuming that the compounds ionize, on average, as ef-
ficiently as the target compounds (Section 2.5.2).
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Nontarget Screening
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Fig. 3. Total concentrations determined in target screening (left) and estimated total concentrations determined from nontarget screening (right) for each monitoring site.
The colour code indicates the potential source of the contamination. Concentrations were estimated assuming that the nontargets ionize on average as efficiently as target
compounds (same ionization efficiency for each nontarget). Therefore, concentrations of urban and agricultural targets determined in the target screening may differ from
estimated concentrations of targets determined in the nontarget screening. To reduce false positives, compounds were excluded if they (i) were identified as potential natural
organic matter (broad peak, retention time >10 min, SI-A9), (ii) had retention time <4 min, (iii) had a maximum intensity in the pooled samples that was larger than the
maximum intensity in the samples (296 compounds), or (iv) were not reproducibly detected in the pooled samples (<5 detections or relative standard deviation >50%). The
early-eluting compounds were excluded because they are likely to be misclassified (intensity does not necessarily correlate with concentration) or to be of natural origins
(e.g. salts). The exclusion of compounds not reproducibly detected in the pooled samples may lead to an underestimation of site-specific pollution. See Figure SI-A6 to Figure
SI-A11 for similar plots based on detections or estimated concentrations, with and without excluded compounds.

The target screening, shown for comparison, demonstrates that
anthropogenic activities affect the monitoring sites to very differ-
ent extents. Total target concentrations ranged from 12 to 7000 ng
L-1. For most monitoring sites, the nontarget screening confirmed
the contamination trend observed in the target screening. Monitor-
ing sites with few target detections also had less nontarget detec-
tions than sites where several targets were found (Figure SI-A7).
Most not classifiable nontargets were detected in positive ioniza-
tion mode (Figure SI-A8). To estimate which percentage of total
contamination was explained by the target screening for 498 MPs,
we compared the estimated concentration of targets with the esti-
mated concentration of nontargets from each source (without not
classifiable/site-specific nontargets, i.e. only 1 detection, and with-
out potential false positives). According to this approximation, the
targets would explain 4 to 72% of the total contamination in indi-
vidual samples (median: 34%; pooled samples: 30-33%; based on
detections: 8-28%, median: 16%, pooled samples 10-11%). Assum-
ing that nontargets ionize as efficiently as target compounds, 46
nontargets had concentrations >100 ng L~! in at least one ground-
water sample. However, it should be kept in mind that these es-
timates are subject to various uncertainties: (i) the classification
might be erroneous; (ii) the true ionization efficiency of individ-
ual compounds might differ considerably from the ionization ef-
ficiency assumed by our quantification approach (same ionization
efficiency for all compounds); (iii) matrix effects (ion suppression
and enhancement) may influence signal intensities and thus the
estimated concentrations in individual samples; (iv) some potential
MPs might have been detected several times, e.g. in both ionization
modes or due to insufficient componentisation (see Section 3.2).

Despite these uncertainties, nontarget screening indicated that
the contamination from agriculture at sites with high agricul-
tural influence might be considerably higher than assumed based

solely on target screening. Indeed, based on the roughly esti-
mated compound concentrations, 21-96% of potential agricultural
MPs, detected at sites with high agricultural influence, would not
be explained by targets (median: 49%, pooled samples: 48-52%;
based on detections: 62-89%, median 77%, pooled samples: 81%).
This was at first glance surprising since we had previously per-
formed a suspect screening for most registered pesticides, includ-
ing their TPs, using samples from partially the same monitoring
sites (Kiefer et al., 2019). The suspect list comprised more than
1000 pesticide TPs, compiled from various sources and mostly ob-
served within the European pesticide registration. However, for
many pesticides applied in Switzerland between 2005 and 2017,
relatively few TPs could be gathered for the suspect list; for 26%
of pesticides transformation data was unavailable or inaccessible.
Considering that for some pesticides, e.g. chlorothalonil, more than
20 TPs are known (EFSA, 2018), it is likely that the suspect list
lacked important TPs, which were therefore not detected using the
suspect screening approach.

Whether groundwater quality is indeed more affected by agri-
culture than by urban activities (as indicated by the target screen-
ing) remains unclear. Many nontarget compounds were jointly as-
signed to both urban and agricultural sources (“potential urban
and agricultural MPs”; Fig. 3: purple), though some of these prob-
ably originate from only urban sources, as shown for some identi-
fied compounds (see Table 2 and Section 3.4.2). One monitoring
site differed strongly from the remaining sites in terms of esti-
mated concentrations, total number of nontarget compounds and
the number of site-specific compounds (Fig. 3, Figure SI-A6 to Fig-
ure SI-A11). Strikingly, this site was not suspicious in the target
screening, except for high concentrations of the pesticide cycluron
(140 ng L-'; SI-B1), which was banned in Switzerland in 2005 and
in the EU in 2003 (European Commission, 2002). The elucidation
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Identified suspects and nontargets, reported previously in literature and ordered according to confirmation confidence and detection frequency in groundwater. The Pub-
Chem Compound ID (CID) is provided as identifier. Further identifiers (InChIKey, SMILES) and quantification results are listed in SI-B4. For MS/MS fragments, see SI-A12.
See SI-B2 and SI-B3 for all prioritized nontargets and suspects, including annotated candidates. References point to studies reporting prior detections in environmental

samples; n.q. = no quantification.

Maximum
concentration No. of

Literature on environmental

Compound Screening  Classification inng L1 detections Use/sources occurrence
Trifluoroacetic acid* Suspect Not Classifiable >5000 60 Various sources Berg et al. (2000),
Level 1, CID 6422 Scheurer et al. (2017)
Trifluoromethanesulphonic Suspect Agricultural 90 53 Industrial chemical Zahn et al. (2016)
acid*
Level 1, CID 62406
Atrazine-desethyl-desisopropyl Nontarget Agricultural 90 51 Pesticide TP BMASGK (2018)
Level 1, CID 18831
Perfluoropropanesulfonic Acid Nontarget Urban & Agricultural 5-30 51 Perfluorinated Mak et al. (2009)
Level 1, CID 9859771 compound
Oxypurinol* Nontarget Urban 300 20 Pharmaceutical TP Funke et al. (2015)
Level 1, CID 135398752
Methyldiphenylphosphine Nontarget Urban & Agricultural n.q. 23 Industrial chemical Brand et al. (2018)
oxide**
Level 1, CID 75041
Edetic acid (EDTA)" Suspect Urban n.qg. 20 Industrial chemical Schmidt et al. (2004)
Level 1, CID 6049
2-Acrylamido-2-methyl-1- Suspect Urban & Agricultural 90 13 Wide-spread use Schulze et al. (2019)
propanesulfonic acid (AMPS)" (industry and
Level 1, CID 65360 households)
Perfluorobutylsulphonamide Nontarget Urban & Agricultural n.q. 13 Perfluorinated Chu et al. (2015) in fish
Level 1, CID 10958205 compound
Methenamine* Suspect Urban <200 11 Wide-spread use Knepper et al. (1999)
Level 1, CID 4101 (industry and
households)

Dimethylbenzenesulfonic acid  Suspect Urban & Agricultural 80 10 Industrial chemical Betowski et al. (1996)
(isomers)*
Level 1
p-Toluenesulfonic acid- Suspect Not Classifiable 200-700 7 Industrial chemical Crathorne et al. (1984)
Level 1, CID 6101
5-Methoxy-2H-benzotriazole Nontarget Urban & Agricultural 3 7 Benzotriazole derivate Liu et al. (2013),
Level 1, CID 119717 or TP thereof Huntscha et al. (2014)

tentative structure
Propyphenazone Nontarget Urban & Agricultural 10 5 Pharmaceutical Heberer (2002)
Level 1, CID 3778
Pyrimidinol (2-Isopropyl-6- Nontarget Urban & Agricultural 60 2 Pesticide | biocide TP Diaz-Cruz and Barcelo (2006)
methyl-4-pyrimidone) (diazinon TP)
Level 1, CID 135444498
Fluometuron Suspect Urban & Agricultural 40 2 Pesticide | biocide Herrero Herndndez
Level 1, CID 16562 et al. (2012)
Sulisobenzone Suspect Site-specific 50-100 1 UV filter, various uses  Rodil et al. (2008)
Level 1, CID 19988
Iopromide TP 643 Nontarget Urban & Agricultural n.q. 26 Pharmaceutical TP Schulz et al. (2008)
Level 2a, CID 139597923
Iopromide TP 701 A Nontarget Urban & Agricultural n.q. 23 Pharmaceutical TP Schulz et al. (2008)
Level 2a, CID 139596314
Iomeprol TP 629 Nontarget Urban n.q. 18 Pharmaceutical TP Kormos et al. (2009)
Level 2a, CID 23189998
Triphenylphosphine oxide* Nontarget Urban & Agricultural n.q. 16 Industrial chemical Knepper et al. (1999)
Level 2a, CID 13097 (synthesis by-product)
Hexa(methoxymethyl)- Suspect Not Classifiable n.q. 7 Industrial chemical Dsikowitzky and
melamine Schwarzbauer (2015),
Level 2a, CID 62479 Bobeldijk et al. (2002)
Metolachlor TP CGA357704 <100 6 Pesticide TP Reemtsma et al. (2013)
Level 2a, CID 71312482
Chlorendic acid Nontarget  Site-specific n.q. 1 Industrial chemical, TP
Level 2a, CID 8266 of or.g.anochlorine Ying et al. (1986),

pesticides IPCS (1996)

Isomer of Nontarget Urban 1-10 15 Benzotriazole derivate Huntscha et al. (2014),
5,6-Dimethyl-2H-benzotriazole or TP thereof Trcek et al. (2018)
Level 3
Isomer of Nontarget Urban & Agricultural 10-30 14 Benzotriazole derivate Liu et al. (2013),
5-Methoxy-2H-benzotriazole or TP thereof Huntscha et al. (2014)
Level 3 tentative structure
Naphthalenedisulfonic Acids Nontarget Urban & Agricultural >500 1 Industrial chemical Jekel and Gruenheid (2005),

(various isomers)*
Level 3

Knepper et al. (1999)

* Contamination during sample processing cannot be fully excluded. Only detections are reported, meaning that the concentration in groundwater samples was at least
twice as high as the maximum concentration in 18 blank samples. Where quantification was not possible, an intensity threshold was instead applied, requiring a sample
intensity at least five times higher than the maximum intensity recorded in blank samples.

* The METLIN MS/MS library reports different MS/MS fragments than recorded in this study.
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Fig. 4. Novel MPs elucidated through nontarget and suspect screening. For more details, including structural identifiers and quantification results in individual samples, see
SI-B4. For MS/MS fragments, see SI-A12. Two metolachlor TPs were too strongly retained by LC, i.e. partially eluting in subsequent samples. logDow, pn7 (Water-n-octanol
distribution coefficient considering the speciation at pH 7) was predicted with JChem for Office (Version 17.1.2300.1455; ChemAxon Ltd.).

of some nontargets supports the hypothesis that this monitoring
site is highly contaminated (Section 3.4).

3.4. Identification of nontargets and suspects

Structural elucidation efforts were especially successful where
(i) nontargets were annotated with relatively few structural candi-
dates (12 of 21 unequivocally or tentatively identified nontargets
had <10 candidates), (ii) MS/MS spectra of the correct candidate
were available in libraries or literature (13 nontargets), (iii) useful
metadata was accessible (e.g. information on field of application
for candidates), and finally (iv) reference material could be pur-
chased.

Using 29 reference standards, we confirmed 11 suspects and 12
nontargets (Level 1) and rejected three suspects and three nontar-
gets. Moreover, five nontargets and two suspects could be identi-
fied as probable structures by a library spectrum match (Level 2a),
while a further five nontargets and five suspects were assigned
tentative structures (Level 3). Fig. 4 presents novel compounds
(Level 1 or Level 3) and Table 2 compounds, which were already
reported to be detected in environmental samples. Further details,
including quantification results and MS/MS spectra, are given in
SI-A12 and SI-B4. In addition, MS/MS spectra will be uploaded to
MassBank (www.massbank.eu).

3.4.1. Novel micropollutants

2,5-dichlorobenzenesulfonic acid is pre-registered under
REACH and was predicted as likely to be carcinogenic and persis-
tent in the environment (ECHA 2020). 2,5-dichlorobenzenesulfonic
acid was detected in 19 out of 60 samples, mostly in the low
ng L' range, in one sample at 100 ng L~!. We did not find evi-

dence for a prior detection in environmental samples in available
literature.

Phenylphosphonic acid is registered under REACH (10-100 t
a~!, ECHA (2020)) and was detected at 10 monitoring sites with
concentrations of up to 50 ng L~'. Schulze et al. (2019) compared
various analytical approaches for the analysis of polar compounds.
Phenylphosphonic acid could only be analysed by reversed-phase
LC, but the tested enrichment methods, all based on solid phase
extraction, were unsuitable for this industrial chemical. The oc-
currence in environmental samples after evaporative enrichment is
here reported for the first time.

0-des[2-aminoethyl]-O-carboxymethyl dehydroamlodipine is
a TP of the blood pressure regulator amlodipine, which is approved
in Switzerland. The TP was detected in nearly one third of the sam-
ples at concentrations <100 ng L~! and is probably reported here
for the first time in environmental samples.

Triisopropanolamine borate was detected at two monitoring
sites at concentrations of up to 40 ng L~! and was to our knowl-
edge not reported before in the environment. The sulphonamide
diuretic drug xipamide was found in two samples at 30 ng L1,
Previously, Li et al. (2017) identified xipamide only tentatively
in European wastewater-impacted rivers. Interestingly, xipamide is
not approved in Switzerland and was therefore also not on the tar-
get list (PharmaWiki, 2020). One nontarget compound, detected at
five monitoring sites and classified as a potential urban and agri-
cultural MP, was tentatively identified as the pesticide TP pyroxsu-
lam TP PSA (reference standard not available).

Amongst the top ten most intense potential agricultural MPs
with a detection frequency >50%, we tentatively identified meto-
lachlor TP SYN542490 (reference standards not available). Assum-
ing a similar ionization efficiency as metolachlor-ESA and meto-
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lachlor TP CGA 368208, maximum concentrations were estimated
to be in the range of 100-500 ng L-!, which is comparable to
the concentrations of the target compounds metolachlor-ESA and
metolachlor TP CGA 368208. S-metolachlor is currently under re-
view for renewal in the EU. In contrast to our previously per-
formed target and suspect screening (Kiefer et al., 2019), which
included nine metolachlor TPs, here we had access to nine further
metolachlor TPs (including TP SYN542490; T. Poiger, personal com-
munication). They were previously observed in a lysimeter study
by the pesticide producer (Hand et al, 2016). After the detec-
tion of SYN542490, we manually screened for the remaining TPs
and tentatively identified the TPs CGA357704 (reported previously
by Reemtsma et al. (2013)), SYN542607, SYN547977, SYN542489,
SYN542491, and one or both of the isomers, namely SYN547969
and SYN542488; all of which were detected at lower intensity and
lower frequency compared to SYN542490.

3.4.2. Evaluation of pre-classification of elucidated compounds

The identification efforts focused on compounds classified
as potential MPs from urban sources and urban and agricul-
tural sources. Probably all elucidated compounds with this pre-
classification originate from urban or industrial sources, except
for the tentatively identified TP of the herbicide pyroxsulam,
namely pyroxsulam TP PSA. Furthermore, we investigated the most
intense and wide-spread potential agricultural pollutants lead-
ing to the identification of TPs of the pesticides metolachlor
and atrazine, confirming the correct pre-classification. Interest-
ingly, in addition to the mentioned pesticide TPs, we also de-
tected the short-chain perfluorinated compound trifluoromethane-
sulfonic acid (53 detections), which has previously been reported
by Zahn et al. (2016) and Schulze et al. (2019) as a wide-spread
MP with concentrations in the ng L~! to pg L~! range. The high-
est concentrations in our study (up to 90 ng L) were detected
in samples with high agricultural influence, explaining its classifi-
cation as a potential agricultural MP. In contrast to another short-
chain perfluorinated compound, trifluoroacetic acid, for which var-
ious sources have been reported including the degradation of pes-
ticides (Scheurer et al., 2017), trifluoromethanesulfonic acid is to
our knowledge not known as being of potential agricultural origin.

Four elucidated suspects could not be related to urban and/or
agricultural sources, i.e. were “not classifiable”. The industrial
chemical hexa(methoxymethyl)melamine showed, on average, only
four times higher intensity in samples with high urban influ-
ence compared to the average intensity in samples with low ur-
ban influence and was therefore “not classifiable” (threshold was
five, Section 2.5.2). In the case of p-toluenesulfonic acid, contam-
ination during sample handling or analysis led to false positive
detections in a few samples, including the blank samples. This
compound is a known background contaminant (Schulze et al.,
2019). On average its intensity was 28 times higher in samples
than in blanks, meaning it was not removed during pre-processing
(Section 2.5.1). Similarly, 1,3-diphenylguanidine was detected in all
samples and in 19 of these had an intensity five times greater
than in blanks. However, in spiking experiments (100 ng L~1) we
observed 3-4 times higher intensities in the sample matrix than
in ultrapure water (ion enhancement), suggesting that the detec-
tions with relatively high intensity might represent contamina-
tions. Therefore, 1,3-diphenylguanidine is not reported in Table 2. A
further “not classifiable” compound was trifluoroacetic acid, which
is a ubiquitously spread pollutant and may enter groundwater via
diffuse sources (atmospheric deposition, pesticide application) or
point sources (industrial emissions to rivers) (Berg et al., 2000;
Freeling et al,, 2020; Scheurer et al., 2017). Accordingly, trifluo-
roacetic acid was detected in all samples, though reliable quantifi-
cation was not possible.
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Many identified nontargets and suspects were pre-classified as
“potential urban and agricultural MP”, although they likely origi-
nate only from urban sources (e.g. TPs of x-ray contrast agent io-
promide, benzotriazole derivates, Table 2). This imprecise classifi-
cation results from the large number of monitoring sites, which
were influenced by both urban and agricultural activities, whereas
only few sites showed a high urban but low agricultural influence
(Fig. 1). To achieve a better classification of urban MPs, more mon-
itoring sites with primarily urban influence would be needed for
the workflow, but this was difficult to obtain due to the Swiss
small-scale structured landscape.

The characterization of the monitoring sites (Section 3.3) high-
lighted one site in particular, due to its especially high contam-
ination in terms of both the number and estimated concentra-
tions of detected nontargets (Fig. 3, Figure SI-A6 to Figure SI-A11).
Out of 46 nontargets with estimated concentrations >100 ng L~!
(Section 3.3; 10 of the 46 were identified), 23 were detected at this
site. The hypothesis that this site might be highly contaminated
was further supported by the elucidation of various compounds,
being either site-specific or showing highest concentrations at this
site, such as the industrial chemicals naphthalenedisulfonic acids
(various isomers, >500 ng L~!) and p-toluenesulfonic acid (200-
700 ng L-1), the diazinone TP pyrimidinol (60 ng L-1), the in-
dustrial chemicals dimethylbenzenesulfonic acids (various isomers,
80 ng L~1) and 2,5-dichlorobenzenesulfonic acid (100 ng L~1), and
chlorendic acid (Level 2a). The ECHA classifies chlorendic acid as a
carcinogen category 1B (ECHA, 2020). Potential sources include the
degradation of flame-retardant polyesters or organochlorine pes-
ticides such as endosulfan, heptachlor, or aldrin (IPCS, 1996). The
reason for this contamination is unknown, but the groundwater
from this site is not currently used for drinking water production.

4. Conclusions

By combining an appropriate compound prioritization strategy
with a highly automated structural elucidation workflow, we were
able to characterize groundwater quality in a more comprehensive
manner than previously possible using targeted methods and in
doing so, to identify as yet unreported MPs.

Nontargets were prioritized based on their potential origin for
structural elucidation. Categorisation of nontargets also pro-
vided rough estimates of the number and the concentrations
of thus far overlooked contaminants.

e A combination of computational tools supported the struc-
tural elucidation process. AcquireX improved MS/MS cover-
age for nontargets and suspects, while MetFrag and SIR-
[US4/CSI:FingerID (together with an extensive compound
database) resulted in 23 unequivocally identified and 17 tenta-
tively identified compounds. 13 of these compounds are novel.
Structural elucidation was most successful for compounds (i)
with MS/MS spectra in libraries or literature, (ii) that were as-
signed limited numbers of candidate structures, (iii) that had
accessible metadata, and (iv) for which reference material was
available.

Despite the high degree of automation of the structural elu-
cidation workflow, structural elucidation itself remains a ma-
jor bottleneck in transforming unknowns into known com-
pounds. Moreover, elucidation of compounds not presently in
any database, e.g. so far not observed TPs, is highly challenging
and was not covered at all by our elucidation approach.

¢ One groundwater sample was revealed to be much more pol-
luted than assumed based on target screening, highlighting the
relevance of comprehensive screening approaches for evaluat-
ing water quality.
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