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Environmental significance

Storms mobilize organophosphate esters,
bisphenols, PFASs, and vehicle-derived
contaminants to San Francisco Bay watersheds+

Katherine T. Peter, ©2° Alicia Gilbreath,® Melissa Gonzalez,®® Zhenyu Tian, ©¢
Adam Wong,® Don Yee, Ezra L. Miller, © ¢ Pedro M. Avellaneda, ¢ Da Chen, ©¢
Andrew Patterson,’ Nicole Fitzgerald,® Christopher P. Higgins, &9

Edward P. Kolodziej 2" and Rebecca Sutton & *©

In urban to peri-urban watersheds such as those surrounding San Francisco Bay, stormwater runoff is a major
pathway by which contaminants enter aquatic ecosystems. We evaluated the occurrence of 154 organic
contaminants via liquid chromatography coupled to tandem mass spectrometry, including organophosphate
esters (OPEs), bisphenols, per- and polyfluoroalkyl substances (PFASs), and a suite of novel urban stormwater
tracers (SWCECs; ie., vehicle-derived chemicals, pesticides, pharmaceuticals/personal care products,
benzothiazoles/benzotriazoles). Time-averaged composite sampling focused on storms in highly developed
watersheds over four wet seasons, with complementary sampling in less-urban reference watersheds, near-
shore estuarine sites, and the open Bay. Of the targeted contaminants, 68 (21 SWCECs, 29 OPEs, 3
bisphenols, 15 PFASs) were detected in =10 of 26 urban stormwater samples. Median concentrations
exceeded 500 ng L™ for 1,3-diphenylguanidine, hexa(methoxymethyl)melamine, and caffeine, and exceeded
300 ng L' for 2-hydroxy-benzothiazole, 5-methyl-1H-benzotriazole, pentachlorophenol, and tris(2-
butoxyethyl) phosphate. Median individual PFAS concentrations were <10 ng L™, with highest concentrations
for PFHxA (180 ng L™, PFOA (110 ng L™, and PFOS (81 ng L™Y). In six of eight urban stormwater samples
analyzed for 6PPD-quinone (a tire rubber-derived transformation product), concentrations exceeded coho
salmon acute toxicity thresholds, suggesting (sub)lethal impacts for sensitive species. Observed concentrations
were generally significantly higher in highly developed watersheds relative to reference watersheds, but not
statistically different in near-shore estuarine sites, suggesting substantial transient exposure potential at
stormwater outfalls or creek outflows. Results emphasized the role of stormwater in contaminant transport,
the importance of vehicles/roadways as contaminant sources, and the value of monitoring broad muilti-
analyte contaminant suites to enable comprehensive source and toxicity evaluations.

Stormwater runoff transports complex contaminant mixtures to receiving waters. However, sampling efforts often focus on limited chemical/use classes and
exclude sampling during storms (i.e., during peak mass transport). Notably, vehicle/roadway-derived contaminants have largely undefined toxicity but are

globally reported in stormwater (including here) at high concentrations/mass loads. Understanding the occurrence/concentrations of diverse contaminants in

stormwater is critical to effective source control and treatment. Data reported here demonstrate that urban stormwater transports significant levels of emerging

contaminants to receiving waters, including many classes (e.g., OPEs, bisphenols, PFASs, pharmaceuticals) for which prior studies have focused on wastewater
transport. Overall, results inform the extent and scale of future monitoring efforts in San Francisco Bay and other urbanized estuaries, enabling improved

stormwater management.
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Introduction

Stormwater runoff from urban to peri-urban landscapes is
increasingly recognized as an important transport pathway for
organic contaminants to receiving waters. While many “tradi-
tional” stormwater monitoring efforts have focused on metals,
polychlorinated biphenyls, polycyclic aromatic hydrocarbons, or
legacy pesticides, these efforts exclude the thousands of emerging
organic contaminants that are widely used in industrial,
commercial, and residential settings. Research that broadens the
“analytical net”—Dby either using targeted analytical methods that
include more contaminant classes or non-targeted analyses—is
increasingly reporting highly complex contaminant mixtures in
stormwater and roadway-impacted receiving waters.*™

Many classes of emerging contaminants demonstrate char-

acteristics of ubiquitous use, known or suspected toxicity, or
reported occurrence in stormwater. For example, the total
concentrations of organophosphate ester (OPE) flame retar-
dants and plasticizers® in stormwater were correlated to
transportation-related land use in Hong Kong, China.® OPEs are
associated with a variety of toxic effects, including endocrine
disruption and neurotoxicity, with some members of this class
also suspected carcinogens.” Bisphenols, including bisphenol A
(BPA) and replacement analogues, widely used in polycarbonate
plastics, exhibit endocrine disrupting effects (among other toxic
impacts) and are commonly detected in the global environ-
ment.® Per- and polyfluoroalkyl substances (PFASs) used as fire
extinguishing agents and to provide water/oil resistance within
many consumer products, are now detected ubiquitously in the
environment, wildlife, and humans.*** PFASs are either highly
persistent or degrade to other highly persistent PFASs, and are
associated with a wide variety of toxic effects in both wildlife
and humans."” Additionally, there exist many poorly docu-
mented contaminants derived from vehicles or roadways, or
specifically from tire rubbers, in environmental matrices."
Examples include 6PPD-quinone (6PPDQ; 2-anilino-5-[(4-
methylpentan-2-yl)Jamino]cyclohexa-2,5-diene-1,4-dione),
a transformation product of the rubber antiozonant 6PPD (N-
(1,3-dimethylbutyl)-N"-phenyl-p-phenylenediamine)  that is
acutely toxic to coho salmon,* the rubber vulcanization accel-
erator 1,3-diphenylguanidine,”” and the corrosion inhibitor 5-
methyl-1H-benzotriazole.’®* Although these compounds have
now been globally reported in stormwater and other environ-
mental matrices, the toxicity of most such chemicals remains
largely undefined.

Surrounded by a densely populated urban area, San Fran-
cisco Bay, California, USA is an important and representative
location to evaluate the occurrence of organic contaminants in
stormwater runoff and associated receiving waters. Apart from
the City of San Francisco, which has a combined sewer system,
the region is served by separated stormwater infrastructure that
delivers significant legacy contaminant loads to the Bay.* Past
receiving water monitoring efforts reported 13 OPEs*' and >100
pharmaceuticals and personal care products and four alkyl-
phenols® in Bay water, sediment, and tissue samples. Shima-
buku et al. (2022) evaluated the occurrence of and correlations
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between 22 OPEs and 16 bisphenols in Bay surface water and
conducted a screening-level ecological risk assessment.>® Over-
dahl et al. (2021) applied non-targeted analysis to municipal
wastewater effluent and to Bay water samples from sites influ-
enced by different transport pathways, including municipal
wastewater, agricultural runoff, and urban stormwater." That
study documented polar organic pollutants such as pesticide
transformation products, polymer additives, and rubber vulca-
nization agents,® indicating the role of key and diverse
contaminant transport pathways to the estuary. Lindborg et al.
(2023) sampled Bay water, stormwater runoff, and municipal
wastewater effluent for ethoxylated surfactants.> However,
studies to date did not include robust sampling of stormwater
during storm events when the majority of contaminant mass
loads are transported to receiving waters. Furthermore, most
studies focused on one or two chemical type/use classes, rather
than providing a more comprehensive and quantitative
contaminant dataset. Understanding the occurrence and
concentrations of a broad range of emerging contaminants in
stormwater runoff is critical to informing effective stormwater
management, source control, and treatment decisions.

To address these data gaps, we applied a comprehensive suite
of targeted analytical methods based on liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS) to quantify
154 analytes from four major contaminant groups: 27 polar
organic contaminants of emerging concern that serve collectively
as a novel stormwater tracer suite (SWCECs; including vehicle-
derived chemicals, pesticides, pharmaceuticals/personal care
products, and benzothiazoles/benzotriazoles), 34 OPEs, 17
bisphenols, and 76 PFASs. Sample collection primarily targeted
storm events in highly urbanized watersheds using time-averaged
composite samples to represent an average of an entire storm
event, rather than a single snapshot within the contaminant
“pollutograph.” Complementary sampling occurred in less
urbanized reference watersheds, at near-shore Bay sites with tidal
mixing, and in the open Bay to evaluate contaminant occurrence
and to advance our understanding of fate and transport within
receiving waters. The results can inform the extent and scale of
future monitoring efforts (e.g., site quantity and selection criteria,
prioritization of contaminants and chemical classes, etc.) in San
Francisco Bay and other urbanized estuaries while increasing our
understanding of the occurrence of multi-class emerging organic
contaminants and enabling evaluation and management of
stormwater.

Methods

Chemicals and reagents

Details are provided in Text S1 and Table S1.f

Sampling sites and events

This study primarily focused on sampling in the San Francisco
Bay Area (CA, USA) during storm events over four wet seasons
(Fall 2018 - Spring 2022) at urban stormwater runoff sites (n =
21 creeks, storm drains, pump stations, and outfalls; n = 10
storm events; 1-3 events per site) and less urban reference sites
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(n = 4 creeks; n = 4 storm events; 1 event per site) (Fig. 1).
Complementary sample collection (leveraging the related
Regional Monitoring Program for Water Quality in San Fran-
cisco Bay) for select contaminants also occurred (1) at the edge
of the Bay within two hours after a storm event (“near-field,”
estuarine samples representing tidal mixing with stormwater
runoff; n = 3 sites; 1 sampling event) and (2) in the open Bay
during the wet season (n = 4 sites; 1 sampling event, ten days
after a large storm event). Site locations, sample event dates/
times, and key site and storm characteristics are summarized
in Text S2 and Tables S2, S3.F

Urban stormwater site selection criteria included watershed
land use >80% urban (including residential, commercial,
industrial, and transportation) and watershed size generally >1
km?. Selected sites had 69-100% highly developed land uses
(average 93%), average 65% impervious area,” and drainage
areas 0.66-50 km?>. Site selection was influenced by indepen-
dent legacy contaminant monitoring efforts, yielding a bias
towards higher industrial land use (0-37%, average 10.6%) than
the regional average (3.5%). Reference sites had >90% low
intensity land use (with average impervious area 4%) and
drainage areas 12-23 km?”. Although reference watersheds
contained less industrial and commercial land use than urban
stormwater sites, some contaminant sources do exist (e.g,
residential construction, urban product usage), given high

10
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overall urbanization of the Bay Area (for detailed land use
percentages and imperviousness characteristics by watershed,
see Table S21). Near-field estuarine sites were also selected
based on highly urban watershed land use (>92%) and
a feasible/safe access point at the Bay's edge. Overall, site
selection aimed to avoid any significant hydraulic or contami-
nant influence of combined sewer systems that are present
regionally. Open Bay sites were a subset of existing sites
sampled independently each month by the U.S. Geological
Survey that were closest in proximity to near-field sites.

Due to the region's Mediterranean climate, most Bay Area
waterways are nearly or completely dry during both the dry season
(summer) and non-storm conditions within the wet season
(autumn - spring). All sampled storms (n = 11) were forecast for
>1.3 cm within 6 h. Actual rainfall during sampled storms was
0.2-5.4 cm (average 2.6 cm), with 2 h maximum rainfalls of 0.2-
2.3 cm. One first-of-season event (11/26/2019) was sampled at four
sites. Among other site/storm event pairs, ~93% (n = 27/29) had
one-week antecedent rainfall >2.54 mm, while ~55% (n = 16/29)
had one-week antecedent rainfall >6.35 mm.

Sample collection

Sample analyses focused on four classes of emerging contami-
nants that required multiple sampling techniques: a suite of
novel stormwater tracers (SWCECs; including 6PPDQ), OPEs,

.‘ - -
SAN RAFAEL 4°° , RICHMON
L i ! ‘= SAMPLING LOCATIONS WATERSHEDS
i uT
24,\4!/1-"! 4 Open Bay I Near-Field Drainage NV
2622 16 48 a Near-field I Reference Drainage
32-+* (Tributary-Bay interface) UrbanStormwater D CA
13 / ®  Reference Drainage
28w
374K OAKLAND + Urban Stormwater AZ
3
30 ‘}
SAN FRANCISCO 21
1 TGP
¢ 27
Label Site Name Label Site Name
1 Open Bay - 23 17 US - Millbrae Creek
(L 2 Open Bay - 31 18 US - SC100-CTC500A
v’v","silf—m 3 Open Bay - 33 19 US - Sunnyvale East Channel
4 Open Bay - 34 20 US - Santa Fe Channel West
SAN MATEO : 5 NF - San Leandro Bay 21 US - Zone 12 Line |
12 . ¥ y FREMONT 6 NF - Redwood Creek 22 US - Meeker Slough
""’ V' ¢ 4 7 NF - Stevens Creek 23 US - SC100-CTC400A
¢ 8 Ref - West Union Creek 24 US - Santa Fe Channel East
9 Ref - Berryessa Creek 25 US - Kerner Pump Station
8 7
‘l A 9 10 Ref - Rodeo Creek 26 US - Santa Fe Channel
1/9‘_/14 l*' " Ref - Wildcat Creek 27 US - Zone 12 Line M
7 SAN JOSE 12 US - Belmont Creek 28 US - Emeryville Crescent North
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,X 0 10 20 A8 15 US - Green Hills Creek 31 US - Ettie St. Pump Station
N T Kilometers ‘1 16 US - Cerrito Creek 32 US - Gilman Outfall

Fig. 1 Map of sampling sites, with inset map providing broader context for the sampling region (San Francisco Bay) within California. The
sampling site markers represent the four types of sampling sites—open Bay, near-field (NF), reference (Ref), and urban stormwater (US)—and
indicate the specific sampling locations. Site numbers adjacent to site markers on the map correspond to site names provided in the lower right-
hand table. Watersheds corresponding to the near-field, reference, and urban stormwater sampling sites are denoted on the map and colored by

drainage type.
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bisphenols, and PFASs. At urban stormwater and reference
sites, time-paced composite samples were collected using
a variable number of sub-samples (typically 3-7; sub-sample
size/quantity selected to ensure sufficient composite sample
volume for analysis and to represent most of the storm hydro-
graph, given estimated storm duration). Sub-samples for PFASs
were stored in separate 50 mL polypropylene centrifuge tubes
for compositing at the laboratory. Sub-samples for OPEs,
bisphenols, and SWCECs were field composited in amber glass
containers. We note that many sites were sampled only once,
limiting substantive analyses with respect to relationships
between observed contaminant concentrations and hydrologic
conditions such as storm size, intensity, or antecedent dry
period.

All near-field and open Bay samples were single time-point
grabs, with salinity measurements also recorded (via salinity
refractometer). Additional sample collection details, including
class/site-specific sample collection techniques and field blank
collection methods, are provided in Text S3 and Table S4.1 All
samples were refrigerated at 4 °C generally for <12 h before
packaging on ice for overnight shipment to each analytical
laboratory.

Sample extraction and analysis

Analytical laboratories included University of Washington
Tacoma (UWT) for SWCECs (including 6PPDQ), Eurofins West
Sacramento (Eurofins) for supplemental 6PPDQ, Southern Illi-
nois University (SIU) for OPEs and bisphenols, Colorado School
of Mines (Mines) and Eurofins for PFASs. All reported concen-
trations describe total water values (i.e., concentrations include
both dissolved-phase and particle-bound analytes). Complete
sample extraction and analytical method details are in Text S4f
and summarized below.

Stormwater tracer CECs

Extraction and quantitative analysis of 25-27 SWCECs
including 6PPDQ, other vehicle-derived chemicals (n = 6),
benzothiazoles and benzotriazoles (BTH/BTR, n = 4), pharma-
ceuticals and personal care products (PPCPs, n = 6), and
pesticides (n = 8-10; pentachlorophenol and mecoprop
analyzed only in 2018-2020, except for two samples in 2021) was
based on previously published methods.'®* Because 6PPDQ
was not yet discovered (and therefore lacked an available
analytical standard or LC-MS/MS method) at the start of this
study, samples collected through 10/24/2021 were first analyzed
for other SWCECs, with subsequent re-analysis of the 10/24/
2021 event samples with a 6PPDQ-specific LC-MS/MS method.
Samples collected 11/4/2021 and later were analyzed with
a combined (SWCECs/6PPDQ) LC-MS/MS method. Sample
extraction and instrumental analysis details are summarized
below, with complete details in Text S4.1 and Tables S5, S6.F
Briefly, samples were split into 1 L triplicates (duplicates for
2021 samples) and spiked with an ISTD mixture (50 uL; n = 14;
concentrations 2-20 pg L™" in final extracts, see Table S7t) and
25 ng (50 pL) 6PPDQ-d; (the latter spiked only in final extracts
for the 10/24/2021 sampling event; not spiked for events before

This journal is © The Royal Society of Chemistry 2024
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10/24/2021). Extraction used SPE cartridges (200 mg, 6 mL Oasis
HLB, Waters, MA) and elution with methanol (4 x 2.5 mL); after
concentration to 1 mL, final extracts were stored at —20 °C until
instrumental analysis. Samples with analytes detected at
concentrations above the calibration curve range were diluted
10-fold and re-analyzed via the combined LC-MS/MS method.
Duplicate method blanks (1 L ultrapure water spiked with
ISTDs) were extracted and analyzed in every batch. If enough
field water was available, a matrix spike/recovery sample was
prepared (50 uL methanolic spike, n = 24 stormwater-derived
analytes other than 6PPDQ, 50-500 ng L™ " in water).

LC-MS/MS analyses used an Agilent 1290 Infinity HPLC with
reverse-phase C18 analytical and guard columns, coupled to an
Agilent G6460A triple-quadrupole MS using electrospray ioni-
zation (ESI+/—) and dynamic multiple reaction monitoring,
with parameters previously reported.'®** Data acquisition and
sample quantification employed Agilent Mass Hunter Quanti-
tative Analysis software. Two individual ion transitions were
monitored where possible, with the higher peak area ion for
quantification and the other for qualification. Calibration
curves (5-7 points) had R* > 0.99. The method detection limit
(MDL) and method quantification limit (MQL) were determined
as the lowest concentrations giving signal to noise (S/N) ratios of
3 and 10, respectively (Tables 1 and S8+).

A subset of samples (n = 5) was also analyzed for 6PPDQ by
Eurofins (Table 1). Complete sample extraction and instru-
mental analysis details are in Text S4.2 and Tables S9-S12.7
Briefly, field samples and quality control (QC) samples in
250 mL amber glass bottles were fortified with 10 ng (0.5 mL)
3Ce-6PPDQ for isotope dilution quantitation. SPE used 200 mg,
6 mL Strata-XL 100 pm polymeric reversed phase cartridges
(Phenomenex, 8B-S043-FCH) and elution with acetonitrile
(5 mL + 4 mL). Eluents were spiked with 10 ng (0.5 mL) 6PPDQ-
ds as a QC injection ISTD, then adjusted to 10 mL with aceto-
nitrile. Samples were sealed and briefly vortexed before ali-
quoting a small volume for analysis. LC-MS/MS analyses used
a Shimadzu Exion LC with separation on a solid-core C18
column, coupled to a SCIEX 5500+ operating in positive
polarity. An initial six-point calibration using an average
response factor was injected prior to sample analysis, with
percent recovery of the "*C¢-6PPDQ standard evaluated for QC.
Samples exceeding the calibration range were diluted and
reanalyzed.

Organophosphate esters and bisphenols

Extraction and quantitative analysis of 34 OPEs and 17
bisphenols followed a previously published method.?* Complete
details of sample processing, extraction, and instrumental
analysis are in Text S4.3 and Tables S13-S15.1 Briefly, samples
(~1 L) were filtered (0.45 pm, nylon membrane filter; Whatman)
to separate dissolved and particulate phases for independent
extractions, then spiked with ISTDs for isotope dilution quan-
titation (10 ng each for OPEs, 20 ng for bisphenols; see Table
S157). Filtered water samples were liquid-liquid extracted with
DCM (25 mL, three times); dried particulates were extracted by
ultrasonication with HEX:DCM, 1:1 v/v (5 min, twice,

Environ. Sci.. Processes Impacts, 2024, 26, 1760-1779 | 1763
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Table 1 Average 6PPDQ concentrations during storm events in San
Francisco Bay Area in 2021-2022. NA indicates a sample was not
analyzed by the laboratory

6PPDQ [ng L]

(% RPD?)
Site Type® Site® UWT Eurofins
Open Bay 23 <MDL NA
31 <MDL NA
33 <MDL NA
34 <MDL NA
Reference West Union Creek <MDL 0.85
Wildcat Creek® 1.5 (200)? NA
Near-field San Leandro Bay” 16 (13) NA
Redwood Creek® 22 (18) NA
Stevens Creek® 28 (21) NA
Urban stormwater ~Calabazas Creek® 57 (5.3) NA
Green Hills Creek® 27 (22) NA
Millbrae Creek® 25 (4) NA
Sunnyvale East Channel® 63 (4.8) NA
Meeker Slough 135(7.4) 88
Kerner PS 150 (0) 84
Santa Fe Channel 130 (0) 87
Emeryville Crescent North  NA 240

“ Reference, near-field, and urban stormwater sites are listed in order of
increasing percent imperviousness in the watershed. All sites were
sampled in 2021 except Emeryville Crescent North, which was
sampled in 2022. ” For open Bay site 34 and Millbrae Creek, the
reported relative percent difference (RPD) was calculated from two
field replicates (two laboratory replicates were first averaged for each
field replicate); for all other UWT analyses, RPD was calculated from
two laboratory replicates. Eurofins analyses used a single replicate.
UWT MDL 2.5 ng L', MQL 5.1 ng L '; Eurofins MDL 0.54-
3.1 ng L™!, MQL 1.7-10 ng L™' (Table S$12). ¢ Results are semi-
quantitative. ? The reported average is below the MDL (2.5 ng L™%)
because it represents the average of duplicate samples, with one
result <MDL (considered zero for the calculation) and the other >MDL.

supernatant removed between rounds). For a given matrix,
resulting extracts were combined, concentrated, and split into
two equal volume aliquots. The aliquot for OPE analysis was
solvent-exchanged to hexane, then cleaned further using SPE
cartridges (1 g ammonium silica; Biotage, Charlotte, NC). The
aliquot for bisphenol analysis was concentrated to near-dryness
and reconstituted in methanol. Final extracts (~200 pL) were
spiked with an injection ISTD to evaluate instrumental perfor-
mance (10 ng 'C;TPhP for OPEs; 10 ng d;sBPA for
bisphenols).

LC-MS/MS analyses used a Shimadzu HPLC coupled to an AB
SCIEX Q Trap 5500 MS, using ESI+ for OPEs, ESI— for bisphe-
nols, and MRM, with quantitative and qualitative ion pairs for
each analyte (Table S15%). Calibration curves (n = 5-7 points; 0-
200 ng mL " for OPEs and 0-50 ng mL " for bisphenols) had R
> 0.99. Results for field samples were corrected for observed
blank contamination. Final concentrations from dissolved
water and particulate fractions were summed to produce total
water concentrations (used in all analyses in this study). MDLs
were defined as three times the standard deviation of the noise
when injecting a low concentration mixture of target analytes.
MQLs were either assessed by multiplying the standard devia-
tion of replicate analyses (n = 8) of matrix spikes from each

1764 | Environ. Sci.. Processes Impacts, 2024, 26, 1760-1779
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matrix type (Optima water or clean filter) by a Student's t-value
designated for a 99% confidence level (analytes without detec-
tions in laboratory blanks) or calculated as the average
concentration in blanks plus three times the standard deviation
in blanks (analytes detectable in laboratory blanks) (Table
S16t).

PFASs

Stormwater sample preparation occurred at both Mines (first
three wet seasons) and Eurofins (last wet season), with
composited samples from the second and third wet seasons
archived for analysis by Eurofins in 2022. Samples from the first
wet season were analyzed for 45 PFASs at Mines by established
methods,*® with subsequent samples analyzed for 73 PFASs at
Eurofins using a modified version of USEPA Method 1633.”
Complete details of sample processing, extraction, and instru-
mental analysis are in Texts S4.4, S4.5 and Tables S17-S19.}

For samples from the first three wet seasons, triplicate
composite total water samples were prepared by combining
replicate sub-samples. Based on a previously published
method,* composite samples were sub-sampled (2 mL) and
prepared for analysis by adding 0.528 mL methanol, 0.292 mL
isopropyl alcohol, 0.101 mL basic water (0.01% ammonium
hydroxide in water), 0.303 mL 2,2,2-trifluoroethanol, and
0.112 mL PFAS ISTD mixture (2000 ng L~ '; Table S177). Samples
were vortexed (60 s) then sonicated (1 h, 50-55 °C). For samples
from the fourth wet season (Fall 2021 - Spring 2022), single
composite total water samples were prepared by combining up
to five storm event sub-samples (each fortified with PFAS ISTDs,
total concentration 1.25-2.5 ng mL~" in final sample extract;
Table S191) in an HDPE bottle. Composite samples were
extracted using multi-phase SPE (weak-anion exchange/
graphite carbon black). Elution used 8 mL of 0.4% ammo-
nium acetate in methanol (first used to serially rinse sub-
sample tubes and the HDPE bottle). Eluents were adjusted to
80:20 methanol : water, briefly vortexed, and stored at 2-6 °C
prior to analysis.

Sample analysis at Mines used HPLC coupled to a SCIEX
X500R QTOF-MS system, with calibration curves to quantify each
analyte (regression fit 1/x% analyzed every 24 h; =5 points, 1* >
0.98, concentration + 30% of known).*® Lower and upper limits
of quantitation were determined as the lowest and highest cali-
bration standards calculated to be within 30% of the expected
value, respectively. If PFASs were detected in any blanks, the MQL
was set at the concentration of the next calibration standard that
was three times greater than the concentration of that PFAS in
the blank (Table S187). Sample analysis at Eurofins used an Exion
LC system and a C18 analytical column coupled to a SCIEX 5500
mass spectrometer with ESI— and MRM; MDLs and MQLs are
provided in Table S18.f

Quality assurance review

Excepting 5% of PFAS field sample results, which were rejected
by the laboratory for errors or anomalies in the analysis/data
recording, all other field sample data (for all compound
classes) were included in an independent post hoc quality

This journal is © The Royal Society of Chemistry 2024
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assurance (QA) review of all data, conducted by San Francisco
Estuary Institute. Specific measurement quality objectives for
the compounds analyzed in this study were not previously
assigned. Thus, QA review used the approach described in the
Quality Assurance Program Plan for the Regional Monitoring
Program for Water Quality in San Francisco Bay, with accep-
tance ranges for other trace organic compound groups adapted
for compounds analyzed in this study.”® QA parameters and
results are summarized below, with additional details provided
in Text S5.1

Data quality and method performance were assessed using QC
samples (spiked recovery samples and lab duplicates). “Quantita-
tive” concentrations (average recovery 50-200%, average duplicate
relative percent difference (RPD) <65%) are known within a factor
of two and are provided without further comment. “Semi-quanti-
tative” concentrations (average recovery 25-50% or 200-400%,
RPD <120%) have uncertainties within a factor of four and can
support order-of-magnitude comparisons. Data for compounds
with performance outside of the semi-quantitative range were not
considered sufficiently quantitative for inclusion (three SWCECs,
five PFASs from Eurofins analyses; quantitative data from Mines
was available for one of these five PFASs; see Text S51).

If laboratory and field blank samples indicated potential
influence of background contamination on reported concen-
trations, and if results were not already blank-corrected or LOQ-
corrected, relevant measurements were flagged (QA codes IP,
VIP, VIPF, VIPND; Table S20%). This applied to ~1% of indi-
vidual measurements (46 of 4034). Comparison of results for
compounds analyzed by both PFAS laboratories indicated that
reporting limits were in the same order of magnitude for all
analytes except PFPeA (Mines 22 ng L™, Eurofins 2.0 ng L™1).

Statistical analyses

Where sample replicates were available, reported concentra-
tions reflect first averaging laboratory replicates, then field
replicates. For sums, averages, and bar charts, non-detects
(NDs) were considered zero; for box-whisker plots and other
statistical tests, NDs were assigned a value of half their
respective MDLs. The non-parametric Spearman's rank corre-
lation test (statistical significance level a = 0.05; only including
analytes detected in =50% of all available samples; Python
3.11.0, Python Software Foundation, 2022) was selected to
analyze pairwise correlations among individual contaminants
due to its limited sensitivity to outliers and its ability to handle
non-normal datasets (Table S247). The Wilcoxon rank-sum test
(statistical significance level « = 0.05; R 1.2.1335, R Develop-
ment Core Team, 2019) was chosen to assess differences
between urban stormwater samples and near-field and open
Bay samples (for contaminants with available data) because it
does not require normality.

Results and discussion
6PPDQ

After discovery of 6PPDQ as a transformation product of the tire
rubber antiozonant 6PPD and its identification as the toxicant

This journal is © The Royal Society of Chemistry 2024
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responsible for decades of stormwater-linked coho salmon
mortality events in Pacific Northwest watersheds,** 6PPDQ anal-
ysis was included for sampling events in autumn 2021 and later.
Detections were <MDL - 1.5 ng L' at the two reference sites
included (West Union and Wildcat Creeks), reflecting limited
roadway runoff impacts, and 25-240 ng L ™" at the urban storm-
water sites (n = 8, Tables 1 and S207). Noting that these were time-
composited samples that inherently dilute peak runoff concen-
trations, these data align with the low end of previously docu-
mented 6PPDQ concentrations in stormwater and runoff-
impacted surface waters in China (210-2430 ng L™ !),* Canada
(<MDL - 2300 ng L™ 1),'%%3 Australia (0.38-88 ng L™ '),"” and the
U.S. (36-2300 ng L ),"* including prior reports of Bay Area
creeks impacted by stormwater (n = 4/10, 120-420 ng L~ ').1*
Among urban sites in the current study, 75% (n = 6/8) exceeded
the lowest reported coho salmon LCs, (41 ng L™ "),%%23 even with
potential dilution, highlighting the potential for lethal and
sublethal impacts to sensitive species.**** Although coho salmon
are now absent from San Francisco Bay watersheds, the estuary
supports other sensitive salmonids, including an Endangered
Species Act listed population of steelhead trout.*® Furthermore,
noting previous observations of 6PPDQ concentration profiles
that correspond to or are broader than storm hydrograph
peaks,"”** peak 6PPDQ concentrations during these storm events
were likely considerably higher than the time-averaged composite
values reported here.

At near-field estuarine sites along the Bay shore, observed
6PPDQ concentrations were 16-28 ng L' (Table 1). Near-field
estuarine sampling reflected a variable amount of mixing of
creek outflow (primarily composed of stormwater runoff) with
near-shore tidal water (sample salinity range 0.16-11 g L™"). As
the first report, to our knowledge, of 6PPDQ detection in near-
shore estuarine and marine environments, these data high-
light the potential exposure of near-shore aquatic organisms to
6PPDQ concentrations similar to those observed in urban
creeks. This concentration similarity, also observed for several
other SWCECs (discussed below), indicated the potential for
more limited mixing as well as transient episodes of high
concentration, minimally diluted stormwater runoff in near-
shore marine and estuarine environments. However, in open
Bay samples collected 10 days after a storm event, dilution and/
or other fate processes reduced concentrations below detection
limits.

Other SWCECs

Beyond 6PPDQ, all SWCECs were detected in at least three
urban stormwater samples (DF 14-100%, median 86%; see
Tables 2, S21;T Fig. 2 and S17). Individual compound classes are
discussed below. Overall, we note no consistent positive pair-
wise correlations were observed for any individual SWCECs with
respect to analytes from other contaminant classes included
here (i.e., OPEs, bisphenols, PFASs). This finding is consistent
with the hypothesis that these compounds represent distinct
sources and transport processes, and thus should be individu-
ally considered important components of future monitoring
efforts.
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Table2 Concentrations of stormwater tracer CECs in San Francisco Bay Area in 2018—-2021. Units are ng L%, Detection frequency (DF) reported
as a percentage of samples analyzed. NA indicates a sample was not analyzed by the laboratory. 6PPDQ: 6PPD-quinone; DCU: 1,3-dicyclo-
hexylurea; DPG: 1,3-diphenylguanidine; HMMM: hexa(methoxymethyl)melamine; NCBA: N-cyclohexyl-2-benzothiazolamine; 2,4-MoBT: 2-(4-
morpholinyl)benzothiazole; 2-NH,-BTH: 2-amino-benzothiazole; 2-OH-BTH: 2-hydroxy-benzothiazole; BTR: benzotriazole; 5-methyl-1H-

BTR: 5-methyl-1H-benzotriazole

Reference
Open Bay (n = 4) Near-field (n = 3) (n=14) Urban stormwater (n = 21)
Analyte class Analyte Min Max Min Max Min Max Min Median Max DF [%]
Vehicle-derived 6PPDQa <MDL <MDL 16 28 <MDL 1.5 25 97 240 100
DCU <MDL 12 36 60 <MDL 100 36 120 1100 100
DPG 14 90 180 660 5.6 780 290 1200 6700 100
HMMM 11 57 130 2700 0.84 44 290 990 7400 100
NCBA <MDL <MDL <MDL 5.5 <MDL 4.2 <MDL 31 100 86
2,4-MoBT <MDL <MDL <MDL <MDL <MDL 5.9 <MDL 39 88 81
BTH/BTR 2-NH,-BTH <MDL <MDL <MDL <MDL <MDL 15 <MDL 22 58 81
2-OH-BTH <MDL 96 19 1100 <MDL 250 <MDL 310 3400 86
5-Methyl-1H-BTR 56 3200 <MDL 170 <MDL 18 <MDL 430 7400 86
BTR 250 4700 <MDL 1500 <MDL 110 <MDL 290 2200 86
PPCPs Caffeine 22 38 790 1300 2.6 55 120 700 8500 100
Cetirizine <MDL 21 1.1 2.8 <MDL 1.5 <MDL 1.3 13 81
Cotinine 5.2 15 13 16 <MDL 5.6 8.2 24 130 100
Ibuprofen <MDL 35 <MDL <MDL <MDL <MDL <MDL 130 4100 62
Triclosan <MDL 1.1 <MDL <MDL <MDL <MDL <MDL <MDL 5.7 24
Pesticides Carbendazim 7.0 31 43 110 <MDL 23 39 81 530 100
DEET <MDL 9 9.9 18 <MDL 10 6.5 25 110 100
Diuron 7.4 33 130 2000 0.69 150 100 280 1400 100
Prometon <MDL <MDL <MDL 8.2 <MDL <MDL <MDL 0.38 18 57
Imidacloprid <MDL <MDL <MDL 95 <MDL 36 <MDL 27 410 90
Thiamethoxam <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 12 14
Clothianidin <MDL <MDL <MDL 7.5 <MDL 24 <MDL <MDL 20 19
Mecoprop® NA NA <MDL 18 <MDL 19 260 79
PCP? NA NA 7.4 25 94 300 450 100

“ 6PPDQ data collected only in 2021 (n = 4 open Bay, n = 3 near-field, n = 2 reference sites, n = 8 urban stormwater; highest concentration detection

at a given site considered to calculate median).
sampling event, 1/26-27/2021).

Vehicle-derived contaminants

Two tire rubber-derived contaminants exhibited median
concentrations ~8-40-fold higher than other vehicle-derived
SWCECs in urban stormwater samples, with 100% detection
frequencies: 1,3-diphenylguanidine (DPG; 290-6700 ng L',
median 1200 ng L ') and hexa(methoxymethyl)melamine
(HMMM; 290-7400 ng L', median 990 ng L") (Table 2). These
data align with previous reports of highly elevated, ubiquitous
DPG and HMMM detections in urban runoff across the US and
globally.*®'73%31:3637 The industrial compound 1,3-dicyclohex-
ylurea (DCU), also reported in tire leachates and urban
runoff,"**73® was detected in 100% of urban stormwater
samples at 36-1100 ng L' (median 120 ng L~ '; Table 2).
Likewise, N-cyclohexyl-2-benzothiazolamine (NCBA) and 2-(4-
morpholinyl)benzothiazole (2,4-MoBT), which are impurities of
vulcanization accelerators and were previously identified as
markers of tire tread wear particles in urban sediment and
dust,*** were detected in >80% of urban stormwater samples
with median concentrations of 31 and 39 ng L™ ", respectively
(Table 2). Although these data theoretically reflect total water
concentrations, SPE is optimized for extraction from the dis-
solved phase; lower concentrations of NCBA and 2,4-MoBT

1766 | Environ. Sci.: Processes Impacts, 2024, 26, 1760-1779

Mecoprop and PCP data collected at n = 14 urban stormwater sites (analyzed in only one 2021

relative to other tire-derived chemicals may thus be indicative of
their occurrence primarily sorbed to sediment or particulate
fractions, which may not be fully extracted during SPE. Limited
to no aquatic toxicity information is available for these
compounds, highlighting an important data gap that limits any
effective risk assessment for most vehicle and rubber derived
contaminants.

Notably, HMMM, DPG, and DCU were detected frequently in
reference sites, near-field Bay sites, and the open Bay (DF 100%
for all compound/site type pairs, except DF 75% for DCU in
reference sites and the open Bay), emphasizing the environ-
mental ubiquity of these tire-derived chemicals. However,
significantly lower concentrations of DPG and DCU were
detected in near-field Bay sites, the open Bay, and reference
sites relative to concentrations in urban stormwater sites (Wil-
coxon rank-sum test, p < 0.05). Likewise, NCBA and 2,4-MoBT
concentrations were <MDL - 6 ng L™ " in all near-field, open Bay,
and reference site samples (vs. <MDL - 100 ng L' in urban
stormwater sites; DF 81-86%). In contrast, although HMMM
concentrations were lower in reference sites and the open Bay
relative to observations in urban stormwater sites (Wilcoxon
rank-sum test, p < 0.05), HMMM concentrations in near-field

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Box-and-whisker plot summarizing stormwater CEC concentrations in urban stormwater samples, for vehicle-derived compounds,
benzothiazoles/benzotriazoles (BTH/BTR), pharmaceuticals and personal care products (PPCP), and pesticides. Detection frequencies (DF) are
based on 21 urban stormwater samples, except for analytes denoted by asterisk (*): mecoprop and pentachlorophenol (PCP) (n = 14). Boxes
indicate 25th—75th percentile, whiskers indicate 10th—90th percentile, and a point is plotted for every sampling event, with all non-detects (i.e.,
concentrations <MDL) plotted as 0.5*MDL (see Table S8f for MDL values). 6PPDQ: 6PPD-quinone; DCU: 1,3-dicyclohexylurea; DPG: 1,3-
diphenylguanidine; HMMM: hexa(methoxymethyl)melamine; NCBA: N-cyclohexyl-2-benzothiazolamine; 2,4-MoBT: 2-(4-morpholinyl)ben-
zothiazole; 2-NH,-BTH: 2-amino-benzothiazole; 2-OH-BTH: 2-hydroxy-benzothiazole; BTR: benzotriazole; 5-Me-1H-BTR: 5-methyl-1H-

benzotriazole.

sites (130-2700 ng L") were not significantly different from
those in urban stormwater (Wilcoxon rank-sum test, p = 0.81).
This difference indicated different transport processes for
HMMM relative to other tire-derived contaminants between
urban stormwater sites (e.g, creeks, storm drains/outfalls) and
near-shore estuarine environments. This difference also aligned
with highly positive correlations between all pairs of tire-derived
chemicals (r > 0.75) besides HMMM, and moderately positive
correlations between HMMM and all other tire-derived chem-
icals (r = 0.56-0.66) (Table S247). Additional field sampling and
laboratory studies are needed to systematically evaluate
distinctions in contaminant sources, transport, and fate in
these types of locations.

This journal is © The Royal Society of Chemistry 2024

Benzothiazoles & benzotriazoles

Benzothiazoles (BTHs) and benzotriazoles (BTRs) are
commonly used as corrosion inhibitors (e.g., in metals, anti-
freeze);'® BTHs are also used as vulcanization accelerators in tire
rubber production.”” Both classes are commonly detected in
urban matrices, including tire wear particles, road dust, sedi-
ment, wastewater, and stormwater runoff.’>***¢ Both classes
have also been associated with a variety of adverse effects in
aquatic organisms and humans, including endocrine disrup-
tion, hepatotoxicity, neurotoxicity, and carcinogenicity,*** with
predicted no effect concentrations (PNECs) for freshwater
ecosystems of 20 000 ng L~ * for BTR and 5-methyl-1H-BTR* and
33000 ng L™" for 2-OH-BTH.* All BTHs/BTRs measured here
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were detected in >80% of urban stormwater samples, with
median concentrations >290 ng L™" for all except 2-NH,-BTH
(median 22 ng L™") (Table 2). Maximum urban stormwater
concentrations of 2-OH-BTH, BTR, and 5-methyl-1H-BTR were
>2000 ng L, indicating the combined impact of a few signif-
icant sources, or contributions from many sources in
stormwater.

Both BTR and 5-methyl-1H-BTR were detected in the open
Bay at concentrations >3000 ng L' (ie., ~0.4 to 2-fold of
maximum urban stormwater concentrations and ~3 to 19-fold
higher than maximum near-field concentrations), underscoring
the role of municipal wastewater effluent as another major
pathway for discharge of benzotriazoles to the Bay."*>** BTR and
5-methyl-1H-BTR were positively correlated across all sites (r =
0.85; Table S24+), but were not correlated to any vehicle-derived
contaminants or benzothiazoles (r < 0.40; Table S24+), further
emphasizing the role of distinct source inputs. In contrast, 2-
NH,-BTH and 2-OH-BTH were both at least moderately posi-
tively correlated to all vehicle-derived chemicals except HMMM
and, for 2-OH-BTH, DPG (r = 0.53-0.73; Table S247). Finally, we
note elevated concentrations of 2-OH-BTH (250 ng L") and BTR
(110 ng L") at the Wildcat Creek reference site, a distinct
occurrence relative to concentrations observed for other analy-
tes. Although further sampling is needed to evaluate the
reproducibility of this observation and the potential impact of
localized sources, such detections indicate how widespread
some of these SWCECs are and that this site may not be an
appropriate regional reference location for future BTH/BTR
sampling.

PPCPs

Although PPCPs are historically considered markers of waste-
water impacts,®** their utility is substantially confounded by
growing recognition of substantial PPCP occurrence and
transport to receiving waters by stormwater runoff.*>** The data
collected here further support substantial PPCP mass contri-
butions from stormwater pathways. Four of five PPCPs analyzed
(caffeine, cetirizine, cotinine, and ibuprofen) were detected in
>60% of urban stormwater samples, with median concentra-
tions >100 ng L™" for both ibuprofen (<MDL - 4100 ng L™,
median 130 ng L™") and caffeine (120-8500 ng L™, median
700 ng L") (Table 2). While ibuprofen was below detection
limits at almost every other site type (reference, near-field, open
Bay), caffeine was detected ubiquitously, exhibiting near-field
concentrations (n = 3; 790-1300 ng L") that were not signifi-
cantly different from urban stormwater concentrations (n = 21;
Wilcoxon rank-sum test, p = 0.45). In less-urban reference sites
(2.6-55 ng L") and in the open Bay (22-38 ng L"), caffeine was
present at levels ~1-2 orders of magnitude lower than in urban
stormwater/near-field samples.

Based on measured concentrations, we observed moderate
to highly positive pair-wise correlations for caffeine with coti-
nine, all vehicle-derived chemicals, 2-OH-BTH, carbendazim,
and diuron (r = 0.60-0.89; Table S24%), likely reflecting
common urban transport pathways (ie., road/roadside
surfaces) and the potential for caffeine to act as a chemical
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surrogate for other urban contaminants. These data also agree
well with our previous identification of caffeine within a chem-
ical profile for which occurrence and abundance corresponded
to a watershed-scale urbanization gradient.*

Pesticides

At urban stormwater sites, the fungicide carbendazim, the
pesticide/wood preservative pentachlorophenol (PCP), the
herbicide diuron, and the insecticides N,N-diethyl-meta-tolua-
mide (DEET) and imidacloprid were detected in =90% of
samples (noting the potential impact of analytical interferences
on ubiquitous environmental DEET detections®) (Table 2). PCP,
which has a freshwater aquatic life benchmark® of 6900 ng L™*
and is being phased out in the U.S. over 2022-2027,> was
present at 94-450 ng L' in urban stormwater sites (median
300 ng L™"; DF 100%, n = 14) and 7.4-25 ng L' at reference
sites (DF 100%, n = 4) (Table 2). Throughout these data and
other datasets we have collected, PCP is surprisingly commonly
detected, potentially due to widespread use in telephone poles
and/or in railroad ties used for railways or in landscaping. Most
pesticide detections at reference sites and in the open Bay were
<MDL to 40 ng L™, Diuron was an exception, with concentra-
tions of 57 and 150 ng L' observed at two reference sites
(Wildcat and Rodeo Creeks, respectively), with implications for
careful selection of reference sites with respect to painted
structures, agricultural areas, or areas treated for weed control.
Maximum detected near-field concentrations of carbendazim,
diuron, and imidacloprid exceeded lowest available US EPA
Office of Pesticide Programs' Aquatic Life Benchmarks for
freshwater species of 99 ng L ™" (vertebrate), 130 ng L™" (inver-
tebrate), and 10 ng L™ (invertebrate), respectively.”® However,
these values are for chronic (long-term) exposure; no in-Bay
concentrations exceeded acute toxicity thresholds. Maximum
stormwater concentrations exceeded acute Aquatic Life Bench-
marks only for imidacloprid (freshwater invertebrate), high-
lighting the potential for imidacloprid to impact urban creek
invertebrates.

Concentrations of carbendazim, DEET, diuron, and imida-
cloprid at urban stormwater sites and near-field sites were not
significantly different (Wilcoxon rank-sum test, p = 0.62, 0.20,
0.45, and 0.73 respectively; PCP not analyzed in near-field
samples). This comparison again emphasized that near-shore
exposures best reflect water quality conditions and composi-
tions in urban creeks for a potentially extended time after storm
events, depending on tidal and estuarine mixing conditions.
Among pesticides, only carbendazim and diuron were positively
correlated (r = 0.92; Table S247), which might reflect the use of
both compounds as biocides in outdoor paints.”® Both carben-
dazim and diuron were previously identified as components of
an urban pesticide signature, with concentration and occur-
rence related to degree of urbanization at the watershed level.>

OPEs

Of 34 OPEs monitored, 29 were detected in =96% of urban
stormwater samples, three were detected in a single urban
stormwater sample (RBDPP, TPrP, TTBNPP), and two were not

This journal is © The Royal Society of Chemistry 2024
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Table 3 Concentrations of bisphenols and OPEs in San Francisco Bay Area in 2018-2022. Units are ng L. Detection frequency (DF) reported as
a percentage of samples analyzed. Analytes not listed (13 bisphenols — BPA-diglycidyl ether, BPAF, BPAP, BPB, BPBP, BPC, BPC-dichloride, BPE,
BPG, BPM, BPP, BPPH, BPTMC; and 2 OPEs — CrDPP, TDBPP) were <MDL at all sites

Reference (n = 4) Urban stormwater (1 = 26)

Analyte group Analyte class Analyte Min Max Min Median Max DF [%]
Bisphenols — BPA <MDL 34 1.7 18 740 100
BPF <MDL 9.2 <MDL 6.3 96 92
BPS <MDL <MDL <MDL 1.4 20 54
BPZ <MDL 4.3 <MDL <MDL 3.3 4
Organophosphate esters (OPESs) Aryl OPEs BPA-BDPP <MDL 4.1 <MDL 1.3 29 96
EHDPP <MDL 83 2.0 24 360 100
IDDPP <MDL 4.2 1.1 6.7 68 100
RBDPP* <MDL <MDL <MDL <MDL 2 4
T35DMPP <MDL 9.9 0.6 2.8 74 100
TPhP? 0.8 62 2.3 23 110 100
TMPP <MDL 61 5.2 21 510 100
Alkyl OPEs TBOEP 14 360 24 320 5900 100
TEHP <MDL 140 6.7 53 580 100
TEP 1.0 28 2.2 15 390 100
TPrP <MDL <MDL <MDL <MDL 12 4
TiBP 0.9 21 1.1 6.1 33 100
TnBP 9.9 140 14 69 300 100
Br OPEs TTBNPP <MDL <MDL <MDL <MDL 1.6 4
Cl OPEs TCEP 1.3 86 1.6 27 710 100
TCIPP 11 400 18 210 1700 100
TDCIPP 9.3 380 7.2 110 9300 100
A <MDL 13 <MDL 16 330 96
ITPs 2IPPDPP <MDL 37 0.77 14 130 100
4IPPDPP 0.48 32 0.46 8.4 130 100
24DIPPDPP <MDL 41 2.2 12 62 100
B2IPPP <MDL 23 1.5 9.6 49 100
B4IPPP <MDL 21 <MDL 4.1 76 96
B24DIPPP <MDL 19 0.93 5.3 24 100
T2IPPP <MDL 4.5 1.2 6.4 54 100
T3IPPP <MDL 8.3 0.85 5.0 33 100
TAIPPP <MDL 7.2 1.0 4.5 23 100
TBPPs 2tBPDPP 1.5 21 2.5 15 100 100
4tBPDPP <MDL 23 5.1 20 140 100
B2tBPPP <MDL 43 3.2 18 150 100
B4tBPPP <MDL 74 5.3 23 170 100
T4tBPP <MDL 50 1.4 7.8 72 100

“ Semi-quantitative analytes.

detected in any samples (CrDPP, TDBPP) (Tables 3, S22;t
Fig. 3b-d and S2-S4t). The data indicate substantial OPE loads
transport through the environment, including via stormwater
pathways. In urban stormwater samples, summed OPE
concentrations ranged from 134-14400 ng L' (median
1300 ng L™"). At reference sites, sums of OPE concentrations
were 72-1980 ng L~ '. Notably, three of four reference site
samples exhibited total OPE concentrations within a factor of
three of the median total concentration in urban stormwater
samples. This observation emphasized both the ubiquity of OPE
contamination and the continued challenge of identifying
appropriate reference sites, especially for analytes like OPEs
that can exhibit atmospheric transport. Studies elsewhere have
detected OPEs in atmospheric particles®** and rainfall.**>-¢
Three analytes—tris(2-butoxyethyl) phosphate (TBOEP),
tris(1-chloro-2-propyl) phosphate (TCIPP), and tris(1,3-
dichloroisopropyl) phosphate (TDCIPP)—accounted for 29-

This journal is © The Royal Society of Chemistry 2024

80% (median 58%) of the summed concentrations of OPEs in
urban stormwater samples, with median concentrations of
320 ng L' (range 24-5900 ng L '), 210 ng L' (range 18-
2700 ng L"), and 110 ng L ™" (7.2-9300 ng L"), respectively
(Tables 3 and S227t). These values are similar to those reported
previously in urban stormwater,**7° including a prior study of
grab samples collected from two sites in the Bay Area.*

While a fraction of these three OPEs are likely derived from
rainfall, mean precipitation concentrations reported in the
literature are generally an order of magnitude lower than mean
concentrations in urban stormwater samples observed here.**%
This suggests that other regional sources are significantly
contributing to OPE distributions on surfaces within water-
sheds, leading to their transport into streams during storm
events. These compounds and other OPEs are widely used as
additive flame retardants, plasticizers, and for other functions
in many outdoor products relevant to the stormwater pathway,
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Fig. 3 Box-and-whisker plot summarizing bisphenol (BP) and organophosphate ester (OPE) concentrations (including aryl OPEs, alkyl OPEs,
chlorinated [Cl] OPEs, ITPs [isopropylated triarylphosphate esters], and TBPPs [tert-butylated triarylphosphate esters]) in urban stormwater
samples for analytes with detection frequencies (DF) > 15%, based on 26 urban stormwater samples. Boxes indicate 25th—75th percentile,
whiskers indicate 10th—90th percentile, and a point is plotted for every sampling event, with all non-detects (i.e., concentrations <MDL) plotted

as 0.5*MDL (see Table S167 for MDL values).
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including construction materials such as paints, coatings, vinyl
resins, polyurethane foams, rubbers, and other plastics; vehi-
cles; textiles; and plastic food packaging.”® Stormwater
concentrations of TCIPP and TDCIPP were highly positively
correlated (r = 0.81; Table S247). In contrast, correlations of
these two OPEs with TBOEP were moderately positive (r = 0.57-
0.59; Table S247), a difference that might be related to different
use patterns or varying transport processes.

Many other OPEs exhibited positive pairwise correlations. In
particular, OPEs used as flame retardants were also moderately
or highly positively correlated with TCIPP and TDCIPP,
including TCEP, V6, TPhP, and several members of two newly
identified subclasses of OPEs, iso-propylated and tert-butylated
triaryl phosphate esters (ITPs and TBPPs; Table S247). Almost
no environmental monitoring data are available for ITPs and
TBPPs; this study provided some of the first observations for
aqueous samples. The sums of ITPs and TBPPs in urban
stormwater represented 6% (range 2-15%) and 8% (range 2-
22%), respectively, of the sum OPE concentrations observed in
this study.

OPEs were generally not correlated with SWCECs, including
those derived from vehicle tires (Table S241). This is of partic-
ular interest because some OPEs are used in other vehicle
components and have been observed in vehicle interiors” and
vehicle exhaust.”” While vehicles may be an important source of
OPEs to the outdoor environment and to stormwater runoff, the
lack of correlation with tire-derived contaminants suggests
differences in sources and/or transport processes. OPEs were
also generally not correlated with PFASs, but many OPEs
exhibited at least moderately positive correlations with BPA and
BPF (Table S247), discussed below. Positive pairwise correla-
tions were previously observed between OPEs and bisphenols in
ambient Bay water, suggesting similarities in sources, trans-
port, and/or environmental fate.”®

Bisphenols

Four of 17 bisphenols analyzed in this study were detected,
including BPA and three common “BPA alternatives”: BPF, BPS,
and BPZ (Table 3, S22;f Fig. 3a and S5f). Sum bisphenol
concentrations were <MDL - 47 ng L™ " at reference sites and
1.7-850 ng L' (median 23 ng L") in urban stormwater
samples. At lower concentrations, BPS (median 1.4 ng L") and
BPZ (median <MDL) were detected in 54% and 4% of urban
stormwater samples, respectively. In contrast, higher concen-
trations of BPA (1.7-740 ng L', median 18 ng L") and BPF
(<MDL - 96 ng L', median 6.3 ng L") were detected in >90% of
urban stormwater samples, with detections positively correlated
across urban stormwater samples (r = 0.91; Table S247).
Concentrations of BPA and BPF in this study were in the
lower range of values reported in a broader US study of urban
stormwater (BPA: <MDL - 2770 ng L', median 263 ng L™ "; BPF:
<MDL - 141 ng L', median 11 ng L ').> We could find only one
other report of BPS, BPF, or other BPA alternatives in the
stormwater literature,”® suggesting the data reported here are
among the first observations of broader bisphenol concentra-
tions in stormwater. Continued monitoring is needed to

This journal is © The Royal Society of Chemistry 2024
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understand the contribution of BPA alternatives to overall
bisphenol loads and associated toxicity risks in stormwater and
San Francisco Bay.

BPA concentrations exceeding 160 ng L ™" were observed in five
of 26 urban stormwater samples, with all other samples
<100 ng L. Sources of bisphenols to urban watersheds include
construction materials such as concrete, asphalt, paint, products
treated with anti-corrosion epoxy resins, and plastic pipes and
gutters; plastic and paper-based litter; and vehicle bodywork and
other parts.””® BPA and other bisphenols were also observed in
vehicle tire and crumb rubber leachate.®** BPA has been quan-
tified globally in outdoor air and is generally particle-associated;*
this suggests the potential role of deposition via precipitation to
the landscape, though few measurements in rainfall are available.
Additionally, BPA and BPF detections at two of four reference sites
were within 0.8-1.8-fold of median urban stormwater concentra-
tions, indicating these may not be appropriate reference sites for
future bisphenol-focused sampling efforts.

BPA and BPF, the only bisphenols observed with detection
frequencies =50%, were not correlated to tire-derived contam-
inants, other SWCECs, or any PFASs (Table S247). As noted
previously, moderately to highly positive correlations of BPA
and BPF with some OPEs suggested potential similarities in
sources, transport, and/or fate in stormwater.

PFASs

We focused this discussion on perfluorocarboxylic acids
(PFCAs), perfluorosulfonic acids (PFSAs), and polyfluoroalkyl
phosphate diesters (diPAPs) data because analytes from all
other PFAS classes (some of which degrade to PFCAs or PFSAs)
exhibited median concentrations <MDL in urban stormwater
samples (Table S231). PFHxA, PFOA, and PFOS accounted for
17%, 12%, and 15% (respective medians) of total detected PFAS
concentrations in urban stormwater samples and exhibited the
highest maximum concentrations across all PFASs in a given
sample. Most PFCAs (chain lengths C3-C10, C12) were detected
in =69% of urban stormwater samples, with the short-chain
compounds (PFPrA, PFBA, PFPeA, PFHxA, PFHpA) represent-
ing 38-86% (median 63%) of the total PFCA concentration in
any given sample. Median concentrations for all PFCAs ranged
from <MDL - 10 ng L™"; the highest measured concentrations
for PFCAs in urban stormwater samples were 180 ng L™ " for
PFHxA and 110 ng L * for PFOA (Table 4; Fig. 4 and S6-S77). The
maximum observed concentration for almost all PFCAs (except
PFPrA and PFTrDA) occurred at a single site (Emeryville Cres-
cent North), although specific source(s) could not be identified.
Three PFSAs (PFBS, PFHxS, and PFOS) were detected in =81%
of urban stormwater samples (all other PFSAs detected in =12%
of samples), with median concentrations of 3.0 ng L,
0.97 ng L', and 8.5 ng L™, respectively. The highest measured
concentrations for PFSAs in urban stormwater samples were
81 ng L' for PFOS and 41 ng L' for PFBS. Overall, these
observations indicated generally higher concentrations than
previously observed in urban stormwater for PFHxA, and
similar concentrations for PFOA and PFOS.*** Chemical-
specific patterns were similar to a previous monitoring study
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Table 4 Concentrations of PFCAs, PFSAs, and diPAPs in the San Francisco Bay Area in 2018-2022. Units are ng L™1. Detection frequency (DF)
reported as a percentage of samples analyzed. NA indicates a sample was not analyzed by the laboratory

Reference (n = 4)

Urban stormwater (1 = 26)

Analyte class Analyte Min Max Min Median Max DF [%]
PFCAs PFPrA® 4.0 5.9 <MDL 5.2 37 83
PFBA? 3.5 16 3.9 7.4 32 100
PFPeA <MDL 7.9 <MDL 59 41 69
PFHXA <MDL 8.2 4 10 180 100
PFHpA <MDL 3.6 <MDL 3.9 51 88
PFOA 1.5 6.8 2.9 7.7 110 100
PFNA <MDL 1.8 <MDL 1.9 22 69
PFDA 0.41 1.6 <MDL 4.2 54 96
PFUnDA <MDL <MDL <MDL <MDL 7.5 42
PFDoODA" <MDL <MDL <MDL 1.3 9.7 69
PFTrDA <MDL <MDL <MDL <MDL 4.1 8
PFTeDA <MDL <MDL <MDL <MDL 1.5 12
PFHxDA <MDL <MDL <MDL <MDL 0.35 4
PFSAs PFPrS <MDL <MDL <MDL <MDL 0.53 4
PFBS 0.87 4.1 1.4 3.0 41 100
PFPeS <MDL <MDL <MDL <MDL 1.8 12
PFHXxS <MDL 1.1 <MDL 0.97 15 81
PFHpS <MDL <MDL <MDL <MDL <MDL 0
PFOS <MDL 11 <MDL 8.5 81 88
PFNS <MDL <MDL <MDL <MDL 0.325 4
PFDS® <MDL <MDL <MDL <MDL <MDL 0
PFDoDS <MDL <MDL <MDL <MDL 0.35 4
diPAPs 6:2-diPAP™¢ NA 0.81 1.2 3.2 100
8:2-diPAP*? NA <MDL 0.25 0.99 920
10:2-diPAP? NA <MDL <MDL 0.32 10

4 Semi-quantitative analytes. ” Sample counts differ from those stated in table headers: reference n = 2, urban stormwater n = 18.  Sample counts
differ from those stated in table headers: reference n = 2, urban stormwater n = 8. ¢ Sample counts differ from those stated in table headers:

reference n = 0, urban stormwater n = 10.

of stormwater in the San Francisco Bay Area, which analyzed
samples collected in 2010-2011.%

Moderately to strongly positive statistically significant pair-
wise correlations (r = 0.55-0.92) were observed for PFHXA,
PFHpA, and PFOA with most C5-C11 PFCAs and PFBS, and for
PFBS with PFHxS (r = 0.63) (Table S247). These correlations
were consistent with anticipated similarity in sources, transport
processes, and/or fate in urban stormwater for these individual
PFASs. Apart from well-known industrial uses such as fire-
fighting foams and metal-plating mist suppressants, PFAS
sources particularly relevant to outdoor urban environments
include construction materials such as paints and coatings,
roofing materials, outdoor textiles, solar panels, and synthetic
turf; paper-based litter; and automotive parts and fluids.*** We
note that the specific PFASs used in many of these products
likely need to undergo transformation to form the intermediate
and terminal products (PFCAs and PFSAs) analyzed in this
study. PFASs also occur in precipitation, which may contribute
to observed concentrations in stormwater.’”*®* However, rain-
water concentrations reported elsewhere are typically in the
lower range of values reported here, and the distribution of
PFASs in rainfall is generally skewed towards higher concen-
trations of the short- or ultra-short-chain PFASs,*”*® which is
inconsistent with the distribution observed in these stormwater
samples. This comparison suggests other PFAS sources or

1772 | Environ. Sci.. Processes Impacts, 2024, 26, 1760-1779

transport processes contribute more significantly to concen-
trations observed in stormwater.

To evaluate polyfluoroalkyl precursors to PFCAs that are used
directly as components of consumer products, a pilot analysis
of fluorotelomer-based diPAPs was performed on a subset of ten
urban stormwater samples. DiPAPs are commercial surfactants
used in paper products including food packaging,” among
others. They have been previously detected in indoor dust,'*
sediment,'**** and benthic organisms,'™ and are known to
transform to PFCAs'® in the environment. Detection frequen-
cies for 6:2-diPAP and 8:2-diPAP in our urban stormwater
samples were =90% (median concentrations 1.2 ng L' and
0.25 ng L', respectively). The highest measured concentration
for diPAPs was 3.2 ng L' for 6:2-diPAP (Table 4). This pilot
effort suggests these consumer goods-derived PFCA precursors
may be widely distributed in environmental matrices, albeit at
low concentrations, and are relevant to stormwater transport.

This study also provided insights about PFASs exhibiting few
or no detections in these urban stormwater samples. For
example, more recently identified PFASs of interest without
a significant presence in these stormwater samples included
HFPO-DA, ADONA, PFECA (A, B, F, G), and F53B minor (all DF
0%), and F53B major (DF 3%, detected in single sample). Flu-
orotelomer sulfonates (FTS) were observed sporadically
(median DF 0-19%) at 5 ng L ™" or less. Similarly, fluorotelomer

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Bar charts summarizing concentrations of: (a) perfluorocarboxylic acids (PFCAs) and (b) perfluorosulfonic acids (PFSAs) with detection
frequencies (DF) >15% in urban stormwater samples. Non-detects (i.e., concentrations <MDL) are not plotted (i.e., represented as a concentration of
zero) (see Table S187 for MDL values). Sample names indicate SiteType_SiteName_Year, where Ref = reference sites and US = urban stormwater sites
(site types are also separated by a black line). Site order from top to bottom is based on (1) the percent of impervious landcover in the watershed that
corresponds to each sampling site (see Table S2t), and (2) chronological order for repeat sampling at a given site (see Table S37).

carboxylic acids (FTCAs) and fluorotelomer unsaturated
carboxylic acids (FTUCAs) exhibited low detection frequencies
(DF 0-42% for individual analytes), albeit with infrequent
higher concentrations of individual analytes (5-63 ng L)
observed at four sites and consistent detection of multiple
analytes (>2-3 individual FTCA/FTUCAs) only at one site
sampled in both 2021 and 2022. Ultimately, PFAS sources,
transformation, and transport processes will need more
detailed studies to inform management of this complex class,
including for stormwater pathways.

Conclusions

Using an especially wide-ranging suite of analytical methods, we
characterized the occurrence and concentrations of 154
emerging organic contaminants in stormwater from highly
developed watersheds surrounding an urban estuary. These
data again emphasize that urban stormwater is an important
and often underappreciated transport pathway to receiving
waters for many diverse emerging contaminants,® with major
implications for water quality and ecosystem health. For many
of the contaminant classes explored here (e.g., OPEs, bisphe-
nols, PFASs, PPCPs, BTH/BTRs), prior studies have often
focused on the wastewater pathway,*'***** which likely neglects
additional loads entering receiving waters in systems with
separate stormwater infrastructure. Importantly, water-scarce
regions may consider urban stormwater capture to provide
a drinking water source. However, due to human health
concerns, PFASs and other industrial chemicals lacking

This journal is © The Royal Society of Chemistry 2024

thorough toxicological evaluations, but with toxic properties
and bioactive functional groups, may require focused manage-
ment of contaminant sources to the stormwater pathway. In
either case, improved characterization of emerging contami-
nants across stormwater and other diffuse pathways would be
needed to fully define exposures, risks, and source contribu-
tions in complex urban and near-urban systems.

Across urban stormwater sites, wide concentration ranges
were evident for many contaminants, suggesting that sampling
at higher temporal and spatial resolution will be required to
better characterize concentrations and estimate loads to San
Francisco Bay (and other urban estuaries). Such a sampling
campaign would also enable improved evaluation of contami-
nant sources and transport dynamics, including the influence
of key watershed and storm characteristics. A major data gap
relevant to both future study design and pollution prevention is
the limited information available regarding the consumer
products and other commercial applications releasing
emerging contaminants into outdoor urban environments. This
is especially true with respect to industrial chemicals and other
understudied contaminants with often surprisingly high
concentrations and/or detection frequencies. For each chemical
and/or class, a comprehensive conceptual model of runoff-
relevant sources and transport processes is needed to inform
stormwater sampling site selection. Similarly, although evalu-
ation of toxicity risks was outside the scope of the present study,
toxicity is a key factor in selection of contaminants for future
monitoring programs. Given that toxicity depends on both
contaminant concentration and exposure duration, additional
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focused sampling would also inform improved transport
models that connect stormwater hydrographs and contaminant
concentration profiles. Collectively, these models, informed by
available product testing data and toxicity information, could
also guide prioritization of analytes for stormwater monitoring,
including identification of suitable tracers that represent
specific sources, classes of contaminants, or toxicity impacts.
Data generated through this approach would better support
broader chemical, product, and stormwater management
actions that protect ecological and human health.
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