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ABSTRACT: High-resolution mass spectrometry (HRMS) pro-
vides extensive chemical data, facilitating the differentiation and
quantification of contaminants of emerging concerns (CECs) in
aquatic environments. This study utilizes liquid chromatography-
HRMS for source apportionment in Chebei Stream, an urban water
stream in Guangzhou, South China. Initially, 254 features were
identified as potential CECs by the nontarget screening (NTS)
method. We then established 1689, 1317, and 15,759 source-
specific HRMS fingerprints for three distinct sources, the
mainstream (C3), the tributary (T2), and the rain runoff (R1),
qualitatively assessing the contribution from each source down-

stream. Subsequently, 32, 55, and 3142 quantitative fingerprints were isolated for sites C3, T2, and RlI, respectively, employing
dilution curve screening for source attribution. The final contribution estimates downstream from sites C3, T2, and R1 span 32—96,
12—23, and 8—23%, respectively. Cumulative contributions from these sources accurately mirrored actual conditions, fluctuating
between 103 and 114% across C6 to C8 sites. Yet, with further tributary integration, the overall source contribution dipped to 52%.
The findings from this research present a pioneering instance of applying HRMS fingerprints for qualitative and quantitative source
tracking in real-world scenarios, which empowers the development of more effective strategies for environmental protection.

KEYWORDS: nontarget screening, HRMS fingerprints, qualitative analysis, dilution curves, quantitative source apportionment

B INTRODUCTION

With the increasing production and use of synthetic organic
substances in the domestic, agricultural, and industrial sectors,
contaminants of emerging concerns (CECs) (e.g, pharma-
ceuticals, pesticides, personal care products, etc.) are
frequently detected in urban waters, which often adversely
impacts both humans and ecosystems.' > However, differ-
entiating and quantifying the sources of CECs in aquatic
environments remains a challenge due to the complex nature
of the water systems and the presence of multiple sources of
contamination.*”® Previous target methods for source tracing
have predominantly depended on well-established indicator
compounds such as polycyclic aromatic hydrocarbons,”
pesticides® and metals,” and more, utilizing analytical
techniques like gas chromatography—mass spectrometry
(GC—MS) and liquid chromatography—mass spectrometry
(LC—MS), among others. Although with high sensitivity and
specificity for the contaminants selected, these approaches
inevitably miss other contaminants that are not included in the
target list and be constrained by the lack of reference standards
for CECs.'” Therefore, a comprehensive analysis is critical for
accurately characterizing their occurrence and sources.'"'>
High-resolution mass spectrometry (HRMS) is esteemed for
its ability to indiscriminately detect ionizable chemicals with
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high mass accuracy, making it unparalleled in analytical
chemistry. This capability has become increasingly prominent
in recent years, particularly in the field of screening CECs.">~"°
Coupled with chromatography, HRMS can detect hundreds to
thousands of chemicals, providing a more exhaustive picture of
contaminants present in the samples.'®™"” The comprehensive
data derived from nontarget screening (NTS) allows for the
creation of unique chemical fingerprints, presenting a
significant opportunity to elucidate the complex chemical
composition of samples and trace the origins of pollu-
13,20-22 Although such methodologies have been
successfully employed in food and herbal medicine authenti-
cation to differentiate and authenticate samples,m’24 their
application in the environmental sector is less widespread.”
Davila-Santiago used machine learning tools for chemical
fingerprinting and environmental source tracking, which

tants.
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required extensive training samples, and were constrained by
varying characteristics of the same pollution source (such as
wastewater treatment plants) across different regions, as well as
intrinsic uncertainties within the methods themselves.”® Peter
et al. employed dilution curves with hierarchical cluster analysis
(HCA) for the selection of fingerprint compounds to
differentiate and quantify pollutant source contributions from
disparate samples of specific source types and assessed the
reliability in increasingly complex background matrices.””**
However, this proven approach has been primarily utilized in
controlled laboratory environments without being extended to
the field.

Given this groundwork, the current study aims to extend the
application of the fingerprint strategy beyond the laboratory
setting. We aspire to adapt this methodology for real-world
applications, acknowledging the complexities and variations
inherent in these environments. We remain cognizant of the
unique challenges posed by such environments, yet we also
recognize the vast potential this method holds for improving
source estimation in diverse contexts. In this study, the Chebei
stream was chosen as a representative urban water with
multiple inputs (such as tributaries, rain runoff, etc.) in
Guangzhou, South China. The objectives were to (1)
characterize and trace potential source-specific CECs using
the NTS method; (2) differentiate the nontarget fingerprints
and qualitatively track their distribution in Chebei stream; and
(3) isolate the quantitative fingerprints and estimate the source
contribution. This research aspires to harness the vast potential
of HRMS for improving source estimation in diverse real-world
contexts.

B MATERIALS AND METHODS

Chemicals. The analytical standards were purchased from
Alta Scientific (Tianjin, China). Formic acid of LC/MS-grade
with purity exceeding 99% was procured from DiKMA
Technologies, California. LC/MS-grade ammonium acetate,
with purity greater than 99%, was sourced from CNW
Technologies, Shanghai, China. Methanol (both LC/MS and
high-performance liquid chromatography (HPLC)-grade),
LC/MS-grade water, and a variety of solvents, including
dichloromethane, acetone, and n-hexane (all HPLC-grade),
were obtained from Fisher Scientific, Pittsburgh, PA.

Sample Collection, Preparation, and Extraction.
Water samples were collected on May 16, 2022, following a
rainfall, from selected sites along the Chebei stream (sites C1—
C9, as shown in Figure S1). Within this stream, a tributary was
identified as a presumptive source of contamination from
which samples were gathered from sites T1 and T2. Another
source sample was collected from site R1, which represents a
potential source of rain runoff and is located in the proximity
of site C6. We utilized precleaned 4 L amber glass bottles for
sample collection, which were thoroughly rinsed with hexane,
acetone, and methanol prior to use. All samples were stored at
4 °C in a refrigerator and were extracted within a period of 24
to 72 h. To isolate the quantitative fingerprint for each source,
we assessed the peak area responses using source dilution
curves of all nontarget detections found in the source
fingerprints of three distinct sources: C3 represents the
mainstream source, T2 represents the tributary source, and
R1 represents the rain runoff source. This was performed
across various source concentrations (100, 40, 16, 6, 2.5, 1, and
0.1% v/v). The term “fingerprint” refers to the collective
nontarget HRMS detection characteristic of a specific sample

or source. It is important to note that dilution was conducted
prior to solid phase extraction (SPE) by means of dilution with
LC/MS-grade water.

From the initial 4 L of water, 3 L was divided into three 1 L
bottles for triplicates. Each water sample was initially filtered
utilizing 0.45S ym glass fiber membranes (50 mm diameter,
Jinteng, China) and subsequently spiked with a set of 10
isotope-labeled internal standards (Table S1). Replicated
extractions of the samples were conducted using an automated
SPE instrument (Fotector Plus, RayKol, China) in conjunction
with an Oasis HLB cartridge (6 cc, 500 mg, Waters). Prior to
extraction, the Oasis HLB cartridge underwent precondition-
ing with 10 mL of methanol and 10 mL of deionized water at a
consistent flow rate of 3 mL/min. Water samples (1 L) were
then introduced to the preconditioned SPE cartridges and
maintained at a flow rate of 12 mL/min. Following this step,
the cartridges were rinsed with deionized water (10 mL, 4 mL/
min), air-dried under nitrogen for 25 min, and then eluted with
methanol (administered twice, 5 mL each time). The eluates
(100% methanol) were subsequently reduced to 1 mL (the
enrichment factor was 1000-fold) by nitrogen, employing an
auto multiple sample concentrator-MPEva GS (Relabor
Instruments, Guangzhou, China), and then spiked with five
isotopically labeled internal standards (Table S1). To
conclude, the extracts were transferred to 2 mL amber glass
vials and stored at —20 °C until further analysis was
conducted.

Analytical Methods. Extracts analysis followed methods
described previously.””*" Briefly, the extracts underwent
analysis through ultraperformance liquid chromatography
(UPLC), coupled with an Xevo G2-XS quadrupole time-of-
flight HRMS (Waters). The analysis was conducted in two
separate runs, one using electrospray ionization (ESI) in
positive mode (ESI+) and the other in negative mode (ESI-).
UPLC separation was achieved by employing an ACQUITY
UPLC BEH C18 column (150 mm X 3.0 mm, 1.7 ym, Waters)
complemented by a guard column (2.1 mm X S mm, 1.7 ym),
both operating at a temperature of 40 °C. The system was set
to introduce an injection volume of 1 uL at a flow rate of 0.35
mL/min. For ESI+, the mobile phase was composed of 5 mM
ammonium acetate and 0.1% formic acid in water (component
A), and pure methanol (component B). For ESI—, the mobile
phase consisted of 0.05% formic acid in water (A) and
methanol (B), respectively. The binary gradient program was
set as follows: 2% B from 0 to 0.5 min, 98% B from 18 to 24
min, reverting to 2% B at 24.1 min; with a total runtime of 27
min. For mass spectrometric analysis, the extracts were
subjected to independent analyses by both data-independent
acquisition (DIA) and data-dependent acquisition (DDA). For
DIA, the MS* mode was adopted to capture both MS' and
MS? data in the m/z range of 50—1000. The MS' spectra were
acquired with a collision energy of 0 eV, whereas the MS?
spectra were generated using a ramping collision energy
between 15 and 45 eV, with a scan time set at 0.2 s/spectrum.
For DDA, MS? data were gathered for the seven most
abundant masses using the same m/z range (50—1000),
collision energy (15—45 eV), and total scan rate (S Hz) with
DIA mode.

To ensure quality assurance and control (QA/QC), mass
accuracy was regularly calibrated by injecting a Leucine
Enkephalin solution every 15 s before each analytical run.
The mass resolution for the instrument, as measured using
Leucine Enkephalin with m/z of 556.2771 in positive mode
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and 554.261S in negative mode (used as the lock mass for the
Waters Xevo G2-XS quadrupole time-of-flight HRMS), stood
at approximately 30,000. Triplicates of laboratory and field
blanks were extracted and processed using the same materials
and methods used for the samples. For every 12 samples, two
solvent blanks (pure methanol) and one internal standard
(ISTD) control sample, incorporating 10 extracted and five
instrumental ISTDs, were sequentially analyzed to monitor the
analytical performance. Deviations of ISTD retention time
(RT) were maintained below 0.1 min, and mass errors of
ISTDs did not exceed 10 ppm in all of the samples.

Data Reduction and Analysis. We implemented a self-
developed Python package, PyHRMS (https://pypi.org/
project/pyhrms/), which has been utilized in previous
works,””™>* to extract and align compound features (charac-
terized by RT-exact mass pairs), group isotopes/adducts into
nontarget compounds, filter detections, and perform statistical
analyses. Prior to this analysis, the raw data was transformed
into the mzML format via MSconvert.”* Only signals with a
mass intensity >500, peak areas >5-fold relative to blanks
(including solvent and field blanks), and p value <0.05
(determined through p-tests comparing each set of sample data
to solvent and field blanks) were selected for further analysis.
Features originating from various adducts, such as [M + H]",
[M + Na] *, [M + NH,]%, [M + K] * adducts, and C/Cl/S/Br
isotopologues, were identified and grouped together as a single
component. MS? spectrum information, procured from either
DIA or DDA data, was assigned to each distinct feature.
Subsequently, these features underwent matching with three
principal databases: (1) an in-house database encompassing
approximately 2000 CECs, which include pharmaceuticals,
personal care products, pesticides, and veterinary drugs, among
others, with each compound preanalyzed to register its
corresponding RT, m/z, and MS* fragments; (2) NORMAN
Suspect List Exchange (NORMAN-SLE);”* (3) Massbank of
North America (MoNA) (https://massbank.us/downloads,
LC-MS Spectra).*

Compound identifications were attributed to confidence
levels based on their degree of alignment with reference
standards and MS? libraries.”” The highest level of confidence
(Level 1) was conferred upon matches with accurate mass
(deviation <10 ppm), RT (deviation <0.1 min), and at least
two matching MS® fragment (deviation <0.01S Da) with
reference standards. Level 2 confidence was assigned to
matches with accurate mass and a minimum of three fragment
ions matching the MS? libraries. The graphical representations
elucidating the identification confidence levels (levels 1 and 2)
are depicted in Figure S2. For compounds matched with RT
(deviation <0.1 min), MS' (deviation <10 ppm), and with no
more than one corresponding MS fragment (deviation <0.015
Da) and compounds only matched with accurate mass and no
more than two fragment ions, they were classified as level 4. In
the methodology of our study, we focused on the quantitative
match of MS* fragments, choosing not to consider their
relative abundance. Although the direct comparison of raw
spectral data is theoretically optimal, it relies on the premise
that database spectra and measured spectra are produced
under the same collision energy conditions—a scenario that is
frequently unattainable with the use of online databases. The
consideration of fragment abundance in the comparison
process can inadvertently result in false negatives. Our chosen
approach, which emphasizes the detection of the fragment
presence, is designed to circumvent this issue. This method has

been previously validated in our earlier research,* reinforcing
its reliability and effectiveness in MS> comparison under
variable analytical conditions.

Detailed information on all identifications is available in
Table S2. Subsequently, compounds matched with RT and
MS' underwent semiquantification via the relative response
factor (RRF) method,’® employing a five-point internal
standard calibration curve and extraction ISTD (i.e.,
Atrazine-DS or Propylparaben-D4). The RF of the target
compound was initially calculated by using its peak area and
known concentration. Then, the RRF, calculated by comparing
the RF of the target compound to the RF of the reference
standard, was applied to determine the concentration of the
target compound in the sample.

HCA was conducted utilizing seaborn® and Complex-
Heatmap40 packages in python, to compare and differentiate
the chemical profiles of the samples. The HCA primarily
utilized Euclidean distances as a measure of dissimilarity
among the data points, and the linkage criteria applied during
the analysis defaulted to the ‘single’ method. All other
parameters in the analysis adhered to their default settings.

Bl RESULTS AND DISCUSSION
Tracing Identified CEC Origins in Chebei Stream. A

comprehensive analysis of all samples from Chebei Stream
resulted in the recognition of 26860 distinct features across
both ionization modes. After an extensive database compar-
ison, we identified 254 features with different degrees of
confidence. To detail, 45 features corresponded to level 1
(matching RT, MS', and a minimum of 2 fragments), 77 to
level 2 (matching MS' and at least 3 fragments), and 132 to
level 4 (either matching RT, MS*, and up to 1 fragment, or just
MS' and up to 2 fragments) (Table S2). The identified
compounds encompassed a diverse range of categories,
including pharmaceuticals (n = 86), pesticides (n = 70),
industrial materials (n = 39), natural products (n = 22),
veterinary drugs (n = 14), personal care products (n = 10),
plasticizers or flame retardants (n = 8), and food additives (n =
5). The considerable presence of both pharmaceuticals and
pesticides can be ascribed to the pathway of the stream
through densely populated regions and its proximity to
extensive farmlands. Urban areas contribute pharmaceutical
compounds, stemming from domestic use, into the sewage
system.41 Farmlands, on the other hand, introduce pesticides,
which are prevalent in modern agriculture, into the
surrounding environment.*” During periods of rainfall, runoff
from these areas, which may contain both agricultural
chemicals and, in some cases, domestic wastewater, enters
the stream. This leads to the heightened occurrence of these
compounds.™’

The distribution and prevalence of identified CECs at each
site (Figure S3) underscore the stark compositional disparity
between the mainstream and its intersecting tributaries (sites
T1 and T2) as well as the rain runoff (site R1). Initial sampling
at site C1 yielded 112 detected CECs, increasing to 160 at the
final site, C9. Notably, while 50 of the identified CECs were
universally detected across all sites, 40 were exclusively present
at either the tributaries or rain runoff. The influx from
tributaries and the rain runoff shifts the mainstream’s
composition, thereby accentuating the pivotal role these
water sources play. For the objectives of this research, although
these compounds may not necessarily originate from
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Figure 1. (a) Heatmap for the concentration level of 46 CECs (detected at a minimum of two points) in sampling sites (the concentration is
available in Table S3). Boxes A, B, and C highlight groups of indicator compounds that were origin from upstream, tributary, and rain runoff,
respectively. (b) Average pollutant concentrations change between midstream and upstream (mid vs up), downstream and midstream (down vs
mid) areas. The carrot and green represent a decrease and increase of concentrations, respectively.

conspicuous point sources, we have opted to consider the
tributaries and rain runoff as point source contamination sites.

In our pursuit to deepen our understanding of CECs
distribution, we focused our analysis on certain compounds for
which we have established standards. As shown in Figure 1, the
semiquantitative data reveals that these 46 CECs (Table S3),
detected at two or more sites, displayed average concentrations
ranging from 0.30 to 1111.4 ng/L, and median concentrations
from 0.0 to 492.14 ng/L. The introduction of water from the

tributaries and rain runoff instigated fluctuations in compound
concentrations. Specifically, the tributary input induced an
increase in concentration for 14 compounds and a decrease in
concentration for 23. In parallel, the rain runoft input incited
an increase for 37 compounds and a decrease for 9. These
variations in compound concentrations following the tributary
and rain runoff inflows indicate two key processes. The
compounds are either introduced by these sources (ie.,
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Figure 2. Hierarchical cluster analysis of the (a) C3 and tributary source type (i.e,, T1 and T2), (b) T2 and upstream source type (i.e, C1, C2, and
C3), and (c) R1 and upstream source type (i.e., C3—CS and T2). Each row represents an average of three replicate samples, and each vertical line
represents an individual compound with color representing log(peak area) (absent = dark blue, increasing to yellow, light red, and dark red with
increasing peak area). The dotted box highlights groups of indicator compounds that were completely unique to the other source type. The solid

box shows representative identified unique CECs.

tributaries or rain runoff), or their concentrations are affected
due to dilution by the incoming water.

Our comparative examination of CEC concentrations in the
mainstream and its tributaries has provided key insights into
the potential origins of specific contaminants. A suite of 10
pollutants, including erythromycin, penoxsulam, triadimefon,
etc., which had been frequently detected in surface waters,**~*°
were discernible both upstream and downstream but were
notably absent in the tributary. This observation suggests that
the sources of these pollutants are likely located upstream.
Conversely, fluxapyroxad, acetaminophen, and isoprothiolane,
undetected upstream, were found at both the tributary T2 and
the downstream locations. These findings could potentially
implicate tributary T2 as a source of these pollutants. This
highlights the site-specific distribution of these compounds,
even within the homogeneous urban context encompassing
both the mainstream and its tributaries. In addition, dichlorvos,
cetirizine, diphenamid, etc. showed a pronounced presence
downstream of R1, with minimal detection at site C5 and
upstream. This implies that R1 could be a plausible source of
these contaminants. These substances, commonly found in
agricultural, residential, and medical settings, can infiltrate
water systems via rain runoff, improper disposal practices, or
leakage from sewage infrastructures.”’ ~*’ While previous
studies do not specifically detail the occurrence of these
substances, the general understanding of their sources and
pathways supports our findings and interpretations.

We are currently providing a preliminary understanding of
the contribution of distinct sources to specific contaminants.
However, the full range of contaminants, particularly those not
yet identified, is not entirely accounted for in our current

analysis. In the downstream regions, where the confluence of
multiple sources occurs, the attribution of contamination to a
particular source becomes a complex endeavor. This complex-
ity is amplified when our analysis is constrained exclusively to
identifiable end-members exclusively. The dynamic contribu-
tions from various sources and the origins of additional
unidentified compounds thus represent key areas necessitating
comprehensive investigation in our further analysis.

Isolation and Application of Fingerprints for Qual-
itative Analysis. Tributaries flowing into a river can
significantly alter the presence and composition of CECs
within the water body. Such inflow may dilute specific CECs
and introduce novel contaminants.””' To thoroughly under-
stand the impacts of incoming water on the mainstream, we
applied a fingerprinting strategy based on HRMS. HRMS
fingerprints from each source usually relate to particular
environmental phenomena, providing an opportunity for
qualitative source differentiation before engaging in extensive
identification efforts.””~>* It is crucial to note that successful
source tracking hinges on the ability to establish compositional
uniqueness. Sources with minimal chemical complexity might
present differentiation and tracking challenges.”’

We utilized hierarchical cluster analysis (HCA) to establish
source-specific HRMS fingerprints by identifying unique
compounds for each source. As depicted in Figure 2a, we
discovered that 67% (n = 3361) of S050 nontarget compounds
in site C3 were also detected in one or both tributary sites (i.e.,
T1 and T2). This overlap is attributed to the shared water
origin (i.e., rain runoff or the upstream Pearl River), leading to
similar primary compositions in the mainstream and
tributaries. However, 33% (n = 1689) of the detected C3
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Figure 3. (a—1) Distribution of C3, T2, and R1 fingerprints in each site. Blue points, red triangles, and yellow squares represent C3, T2, and R1
fingerprints, respectively. (m) The number of C3, T2, and RI fingerprints detected in each site.

signature compounds were exclusively distinct and absent in
tributary source types. These unique C3 compounds, including
26 identified CECs such as carbofuran, chlorantraniliprole,
penoxsulam, triadimefon, etc., corroborated our semiquantifi-
cation results. The unique C3 composition compared to those
of T1 and T2 can be attributed to the disparate paths of the
mainstream and tributaries, which inevitably introduce diverse
compounds. These unique compound compositions form a
distinct fingerprint for each source, paving the way for further
applications.

Similarly, 24% (n = 1317) of the 5527 T2 compounds were
completely unique to the upstream source type (C1—C3)
(Figure 2b). This group included 12 identified CECs, such as
isoprothiolane, acetaminophen, etc. Meanwhile, 65% (n =
15,759) of R1 signature compounds were entirely unique to
the upstream source type (C3—CS and T2) (Figure 2c). This
group included 40 identified CECs, such as diclofenac,

sulfapyridine, lincomycin, etc. These fingerprint compounds
(Table S4) deliver more statistical power than target analysis
for tracking and differentiating sources, emphasizing their
significance in the study of environmental contaminants.
Upon establishing the unique fingerprints for each source,
we can effectively trace these signatures from upstream to
downstream sites. Illustrated in Figure 3a—c, the number of C3
fingerprint compounds in upstream sites (i.e, C1 and C2) is
736 and 1058, respectively. When the tributary water merges
with the mainstream, it introduces T2 source fingerprint
compounds (Figure 3e). The water at site C4, now a
confluence of the two sources, contains 921 and 144
fingerprint compounds from the C3 and T2 sources,
respectively. The observed decrease in the number of
fingerprint compounds can be attributed to three primary
reasons: (1) dilution from both sources leading to lower
detection limits for some compounds, particularly those with
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Figure 4. Screening process of C3, T2, and R1 quantitative source fingerprints, respectively. Original fingerprint (FP) compounds represent the
fingerprint compounds established for qualitative analysis. Present FP compounds represent the fingerprint compounds presented in at least the top
three highest dilution levels (100, 40, and 16%). Linear FP compounds represent the fingerprint compounds that also met dilution curve linearity
requirements (peak area decreased with increasing dilution, R* > 0.8, slope > 0.3). Quantitative FP compounds represent the compounds with
peak areas at least five times greater than the extracted peak area of similar m/z values (+0.015 Da) within comparable retention time (RT) ranges

(£0.2 min).

low intensities; (2) uneven compound distribution due to
incomplete mixing of water from the mainstream and the
tributaries; and (3) potential sorption or degradation of
compounds as the merged water flows toward site C4.

As the water progresses downstream, the number of
fingerprint compounds from C3 remains relatively stable
(ranging from 799 to 928), while the number of fingerprint
compounds from T2 increases from 144 at site C4 to 477 at
site C7 and 414 at site C8. This increase suggests that water
from the tributaries is progressively mixing with the main-
stream. This mixing effect was also noted when rain runoff,
characterized by a substantial 15,759 fingerprint compounds at
source R1, entered the mainstream, where it decreased to 1308
at site C6 and 863 at site C7 and then rose to 1929 at site C8.

Nevertheless, at site C9, the number of fingerprint compounds
from all three sources significantly decreased. The reduction
(from 799, 414, and 1929 to 430, 165, and 389 for C3, T2, and
R1 sources, respectively) occurs due to the influx of two
additional tributaries (Figure S1), which considerably dilute all
the fingerprint compounds. We note that, despite site C9 being
over 4 km away from sources C3 and T2 and 3 km away from
R1—with the presence of other tributary and rain runoff inputs
into the mainstream—we can still discern a portion of the
original fingerprints. This robust tracking ability underscores
the effectiveness of the fingerprinting technique, akin to
isotopic tracing, in pinpointing sources even in the face of
dilution and other complex environmental factors.
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The distribution of source fingerprint features in C3, T2,
and R1 offers a qualitative evaluation of fingerprint fidelity in
the midst of reduced source concentrations and a complex
background matrix. The focus on occurrence, without
accounting for relative abundance, however, suggests that
further assessments are needed for the more quantitative
applications of these fingerprints. This fingerprinting approach,
which parallels isotopic tracing, is not only efficient but also a
cost-effective solution for tracing contaminants back to their
sources.

Criteria for Quantitative Fingerprint Screening and
Its Application in Source Estimation. Quantitative source
estimation, as illuminated by early studies,””**>° has shown
promising results particularly when employing dilution curves
for quantitative fingerprint compound selection. In order to
understand the dilution behavior and select appropriate
fingerprint compounds, we conducted dilution curves for
samples from C3, T2, and R1 sources. The process of sample
dilution inevitably affects the detectability of certain features,
pushing some below the detection thresholds. The low-
intensity features, despite their potential significance, may not
be suitable for quantitative analysis due to matrix dilution
effects.’®”” However, our study circumvented the consider-
ation of environmental matrices, instead utilizing source
sample dilution curves and raw peak area data, given the
absence of established standards for nontarget data.”” Previous
studies support this approach, suggesting that normalizing to a
single internal standard does not consistently improve
precision and could potentially yield inferior results.”®>”

To facilitate precise and quantitative estimation of the
source contribution, we employed a series of ﬁltering criteria,
consistent with the methods used by Peter et al.”” These
criteria were designed to isolate nontarget compounds that
remained consistent during the dilution process (Figure 4).
Upon the unique fingerprints established for qualitative
analysis (1689, 1317, and 15,759 of C3, T2, and Rl,
respectively), compounds found in at least the top three
highest dilution levels (100, 40, and 16%) were remained. This
filter criteria reduced the number of nontarget compounds in
the C3, T2, and R1 to 816, 746, and 8476 compounds,
respectively. Subsequently, the remaining compounds were
subject to dilution regression analysis. In particular, peak area
data were logarithmically transformed, and a dilution
regression was computed for each nontarget compound.
Nontarget compounds were retained if their dilution curve
demonstrated a peak area decrease as the source concentration
diluted and had R?> > 0.80 (minimum linearity), a slope >0.30
(equivalent to >2-fold peak area change for every 10-fold
concentration change), and p value <0.05. These criteria
narrowed down the number of compounds, resulting in 403,
521, and 6783 compounds in the C3, T2, and R1, respectively.

In a real-world context, the application of HRMS finger-
prints for quantitative analysis encounters unique challenges.
Here, target compounds are diluted by complex natural waters,
leading to a nonproportional peak area reflection of the
dilution factor. This variability in peak detection could be
attributed to potential interference from chromatographic
peaks that have close m/z and RT, or from high background
signals present in the dilution water. To address these
concerns, our final filtering criterion retained compounds
whose peak areas were at least five times greater than the
extracted peak area of similar m/z (£0.015 Da) within similar
RT ranges (+0.2 min). This measure reduces the impact of

nonunique chromatographic features from other sources,
allowing the focus to remain on unique, distinguishable
compounds. Consequently, the number of nontarget com-
pounds in the C3, T2, and R1 further reduced to 32, 55, and
3142 respectively. These remaining unique features in each
source were then utilized for subsequent quantification
processes, thereby improving source estimation precision by
reducing potential confounding factors.

For the remaining 3229 quantitative source fingerprints (32,
5SS, and 3142 in C3, T2, and R1, respectively), an individual
source contribution was calculated for each compound based
on the observed peak area, indicative of the extent of source
dilution. This procedure is comparable to employing a specific
chemical calibration curve to determine an unknown
concentration, thus, generating 3229 unique source contribu-
tion estimations for each mixture. By leveraging these
quantitative data distributions, we were able to infer the final
source contribution, portrayed as the median of these multiple
individual estimates for that some of these unidentified
compounds may trend toward over- or underestimation,
while others may produce accurate values. While peak area is
not a flawless surrogate for chemical concentration, the peak
area responses consistent with source concentration are
amenable to targeted, quantitative approaches, or site modeling
efforts. This approach emphasizes the robustness of the
analysis and underscores the importance of cautious
interpretation when dealing with data derived from nontarget
analysis.””

The final contribution estimates based on the median values
derived from multiple individual source contribution estima-
tions for C3, T2, and R1 are listed in Figure 5. By evaluating
their flow rates and cross-sectional areas, we derive an estimate
of approximately 82 and 18% for the flow contributions from
the mainstream and tributary, respectively. However, we have
no means to estimate the flow quantity of the rain runoft. The
estimated flow quantities of the mainstream and tributary were
employed to cross-verify the source contributions determined
through our fingerprinting strategy. At site C4, the mainstream
source (i.e., from site C3) accounted for a 96% contribution,
while the tributary (ie, from site T2) contributed approx-
imately 12%. These contribution rates align closely with the
estimated flow quantities (mainstream: 82%, tributary: 18%),
and the total contribution summed to 108%, approximating the
ideal 100%. Likewise, at site CS, the contributions from the
mainstream and tributary were 95 and 18%, respectively,
resulting in a combined contribution of 113%. The increase in
tributary contribution from 12% at site C4 to 23% at site C7 is
mainly attributable to the mixing process during flow. This
consistency is reflected in the qualitative analysis (Figure 3),
where the count of fingerprint compounds from tributaries
increased from 144 at site C4 to 477 at site C7.

When rain runoff is introduced to the mainstream at C6, the
contributions from the mainstream, tributary, and rain runoff
(i.e., site R1) are 73, 22, and 19% respectively. The cumulative
contribution of all three sources ranged between 103 and 114%
from C6 to C8, closely aligning with the actual conditions. The
contribution of R1 fluctuated from 19% at site C6 to 17% at
site C7, before it escalated to 23% at site C8. This variation
aligns with the qualitative analysis (Figure 3), which revealed a
decrease in the count of rain runoff fingerprints from site R1,
from 1308 at site C6 to 863 at site C7, before increasing to
1929 at site C8. This fluctuation is primarily attributed to
uneven mixing along the mainstream. Finally, at site C9, the
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Figure S. Histograms showing the distribution of (a) C3, (b) T2, and
(c) R1 contribution estimates and number of contributing nontarget
compounds for the mixtures from sites C4 to C9. Estimates using the
3229 quantitative source fingerprints (32, 5S, and 3142 in C3, T2, and
R1, respectively). The dashed line and percentage number indicate
the median estimated source contribution. (d) The total estimated
source contribution of different sources from C4 to C9. Blue, red, and
yellow bars represented C3, T2, and Rl source contribution
estimates, respectively.

introduction of two additional tributaries led to considerable
dilution of most fingerprint compounds. This in turn prompted
a substantial reduction in contributions from all sources (the
mainstream, tributary, and rain runoff) to 32, 12, and 8%,
respectively. This reduction is also consistent with the
qualitative analysis, which showed a significant decrease in
the number of fingerprint compounds from all sources at this
final site.

Despite the intensifying uncertainty associated with non-
target estimates as source concentrations decrease, yielding
progressively fewer compounds to support estimates, nontarget
methodologies prove capable of quantifying source contribu-
tions to systems that are relatively dilute, even when the
majority of known contaminants fall below the detection limits.
This observation underlines the potential applicability of
nontarget methodologies to enhance our understanding of the
contaminant distribution within complex environmental

systems. It is important to emphasize that our adopted
approach is based on the presumption that pollutant dispersion
in the environment follows a dilution rule. Yet, the actual
behavior of pollutants can be subject to a multitude of
influences, including hydrodynamics, climatic conditions,
topographical attributes, and other environmental parameters.
These factors present a rich field for future research and need
to be incorporated into our understanding to provide a more
comprehensive and accurate depiction of pollutant behavior
and distribution.

Environmental Implications. This study has far-reaching
environmental implications, laying the groundwork for
establishing fingerprints of various contaminant sources in
real-world situations and subsequently employing them for
both qualitative and quantitative analyses. Our research
underscores the immense environmental insights that can be
harvested from nontarget HRMS data. We initially identified
novel contaminants in water samples and attempted to utilize
these compounds for source tracking. However, we discovered
that nontarget HRMS data deliver a more robust performance
for both qualitative and quantitative analyses. By leveraging the
wealth of this data, we bypassed the necessity for targeting
individual contaminants. Instead, we applied an innovative
method to quantitatively estimate the contributions of
chemical sources to multifaceted mixed systems. Peering into
the future, our methodology promises to be an invaluable asset
in situations involving downstream contamination. It would be
feasible, for example, to gather samples from all potential
sources (such as wastewater from suspected factories),
establish their unique fingerprints, and evaluate the contribu-
tion of each source to the contamination. By doing so, our
approach presents itself as a comprehensive and pragmatic tool
for environmental management and contaminant source
tracking.

Moreover, the versatility of our approach extends beyond
addressing contamination issues. It can serve as a valuable tool
in ecological conservation efforts by tracking the source of
nonpoint source pollutants, such as agricultural runoff, and
aiding in the formulation of more effective pollution control
strategies. Furthermore, our methodology can contribute to
the development of better policies and regulations by
providing more accurate data about pollution sources. It
could also help identify emerging contaminants from different
sources, allowing for early detection and mitigation.
Importantly, while our technique has demonstrated potential,
it should be acknowledged that it is still in its developmental
phase. We intend this work to be the first in a series of studies
aimed at refining our method and applying it to increasingly
complex real-world scenarios. We envision that future research
will explore the influence of various factors such as matrix
effects, the persistence of nontarget compounds, and temporal
variations in source composition on the accuracy of source
apportionment. These endeavors will enhance our compre-
hension of intricate environmental systems, improve our ability
to manage these systems effectively, and ultimately aid in the
preservation of our environment.
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