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ABSTRACT: Organic emissions from coastal waters play an important but
poorly understood role in atmospheric chemistry in coastal regions. A
mesocosm experiment focusing on facilitated biological blooms in coastal
seawater, SeaSCAPE (Sea Spray Chemistry and Particle Evolution), was
performed to study emission of volatile gases, primary sea spray aerosol, and
formation of secondary marine aerosol as a function of ocean biological and
chemical processes. Here, we report observations of aerosol-phase
benzothiazoles in a marine atmospheric context with complementary
measurements of dissolved-phase benzothiazoles. Though previously
reported dissolved in polluted coastal waters, we report the first direct
evidence of the transfer of these molecules from seawater into the
atmosphere. We also report the first gas-phase observations of benzothiazole in the environment absent a direct industrial,
urban, or rubber-based source. From the identities and temporal dynamics of the dissolved and aerosol species, we conclude that the
presence of benzothiazoles in the coastal water (and thereby their emissions into the atmosphere) is primarily attributable to
anthropogenic sources. Oxidation experiments to explore the atmospheric fate of gas-phase benzothiazole show that it produces
secondary aerosol and gas-phase SO2, making it a potential contributor to secondary marine aerosol formation in coastal regions and
a participant in atmospheric sulfur chemistry.
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■ INTRODUCTION

Coastal oceans are often enriched with organic species from
both biogenic and anthropogenic sources. Biogenic sources
include phytoplankton, which convert CO2 to ocean biomass
that is then transformed by the microbial loop.1,2 Direct
anthropogenic sources of marine organics in seawater include
wastewater discharge and urban runoff (often enriched with
personal care products), trash, and shipping pollution.3−5

Phytoplankton blooms occur naturally but also can be induced
by anthropogenic discharges of fertilizer enriched runoff and
can be enhanced by climate change induced perturbations to
ocean temperatures and chemistry.6−9 Ocean-derived organic
species can be transferred from the ocean to the atmosphere
through two major mechanisms, both of which can influence
atmospheric chemistry over the ocean. The first of these
produces sea spray aerosol (SSA) from bubble bursting and
wind shear at the surface.10 The second method involves the
emission of volatile organic compounds (VOCs) from the
ocean surface, either through volatilization or interfacial
reactions producing volatile products.11−13

The composition and properties of organic material emitted
from the ocean are important areas of atmospheric research, as
they influence marine atmospheric chemistry and public

health. Salt and organics have different cloud and ice
nucleation properties, meaning that organic enrichment of
SSA is important for climate.14−17 Marine VOCs oxidize in the
atmosphere, where they can form secondary marine aerosols
(SMA).18 Recent laboratory and field studies have suggested
that SMA may play a significant role in cloud formation over
the ocean,19,20 making the emission and oxidation processes of
marine volatile organics a critical area of atmospheric
chemistry research. Organic enriched marine aerosols are
also a growing area of concern in public health, as they can
expose coastal communities to marine toxins and pollutants,
including biogenic toxins from harmful algal blooms,
pesticides, and phthalates.21−23

Production of plasticizers, pharmaceuticals, pesticides, and
more, over the course of the last century, has led to a portion
of dissolved organic matter (DOM) in marine ecosystems
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being classified as anthropogenic dissolved organic carbon
(ADOC).24 The 100,000+ commercialized synthetic com-
pounds produced by humans have been continually increasing
in both number and concentration in many environments.25,26

These human-produced compounds tend to be hydrophobic
and, for the most part, have completely unknown breakdown
byproducts, toxicities, and fates in the environment.27,28

Though there is no study to our knowledge that has reported
total anthropogenic DOM concentrations in coastal waters
near populated areas, it is expected that this number will be
greater than the <1 uM, or 0.05 to 1% of total DOM, reported
for water collected from the open ocean due to the more
concentrated coastal inputs and sources.24,29 The hydrophobic
fraction of these species will be highly concentrated at the
surface of the ocean, joining biogenically formed molecules in a
1−100 μm thick region known as the sea surface microlayer
(SSML).30 Many studies have shown that the ocean surface is
a source of organic material for both SSA and SMA,
significantly contributing to the overall chemistry and proper-
ties of these aerosols.31,32,15,33,13,34

Benzothiazoles are a class of anthropogenic pollutants that
have been previously reported and in a variety of freshwater
and coastal aquatic environments, including the southern
California coast,35−40 but they are also produced biogenically
from select marine microbiological species.41,42 Benzothiazole
(hereafter BT) (C7H5NS) is an aromatic heterocyclic organic
compound containing both sulfur and nitrogen. Benzothiazoles
are here defined as compounds containing a benzothiazole
moiety. Benzothiazoles are high production volume chemicals
used in a wide range of industrial and consumer products, with
significant sources including rubber production, leather and
paper production, antifreeze, herbicides, textiles, and plastics.35

They are found in both urban runoff and wastewater, with
urban runoff frequently the more concentrated of the two
source groups.43 A review of the ranges of measured
concentrations of dissolved BT and 2-(methylthio)-
benzothiazole in stormwater runoff and wastewater effluent
at sites along the southern California coast (ranging from 0.05
to 0.5 μg/L for BT and 0.04 to 0.3 μg/L for 2-(methylthio)-
benzothiazole) can be found in Zeng et al.40 Benzothiazoles
have been observed in the dissolved-phase in a variety of
coastal marine settings and used as tracers of wastewater
discharge.38,40,37,36 This compound class is a growing area of
concern in both marine ecosystem and public health;
benzothiazole derivatives from rubber leachates are toxins
hazardous to marine microbiology, and various benzothiazoles
are human dermal sensitizers, endocrine disruptors, carcino-
gens, and genotoxins.35,44−46

In this study, we investigate the transfer of benzothiazoles
from coastal water into the atmosphere through a controlled
mesocosm study. While dissolved benzothiazoles have been
reported in the water in a variety of coastal regions, we report
observations of benzothiazoles in sea spray aerosols and
emitted VOCs, showing for the first time that polluted coastal
oceans likely emit these chemicals to the atmosphere.
Furthermore, we explore the atmospheric oxidation and
aerosol formation potential of gas-phase BT, which has
implications for air quality in both polluted coastal regions
and urban or industrial centers in which benzothiazoles are
most concentrated (Figure S1).

■ MATERIALS AND METHODS

Experimental Campaign, Sample Collection, and
Online Analysis. The results from this study derive primarily
from Sea Spray Chemistry And Particle Evolution (Sea-
SCAPE) 2019, a collaborative mesocosm experiment described
in Sauer, Mayer, and Lee et al..47 Coastal water (12,000 L)
from Ellen Browning Scripps Memorial Pier (hereafter Scripps
Pier) in La Jolla, CA, was transported into an indoor wave
chamber facility (hereafter referred to as the wave channel), in
which mechanically generated waves break on an artificial
beach to create realistic primary sea spray aerosols. The natural
coastal water was amended with nutrients to initiate an algal
bloom of the naturally existing phytoplankton species,
including three bloom experiments, replicating methodology
described in Wang et al.48 Water from the wave channel was
diverted through an inert glass and Teflon chamber forming an
isolated sampling vessel (ISV), allowing analysis of gas-phase
marine emissions. This analysis focuses on the third algal
bloom experiment, which lasted 20 days from July 24 to
August 12, 2019, and is described in detail in Sauer, Mayer,
and Lee et al.47

Periodically over the course of the bloom, water from the
SeaSCAPE channel was collected for offline analysis of
headspace gases (described below) and of extracted DOM
chemical composition (also described below). One water
sample directly from Scripps Pier was collected on July 23 for
DOM extraction and analysis of dissolved analytes under
ambient conditions. Submicron aerosol samples from the
channel were collected on quartz fiber filters (Pallflex
Tissuequartz) using a custom designed automated sequential
sampler. Additional sample collection and storage details can
be found in Supporting Information section 3 (SI.3). ISV
VOCs were collected on custom triple bed sorbent tubes
(Camsco). Samples (2 L) were collected every 2−3 days
during the early stages of the bloom and 1−2 times per day
during peak biological activity. Sorbent tube material and
sampling details can be found in SI.1 and SI.4. VOCs both
within the ISV and in the channel were additionally measured
by Vocus proton-transfer-reaction time-of-flight mass spec-
trometer (Vocus PTR-TOF by Aerodyne/Tofwerk).47 Follow-
ing the conclusion of SeaSCAPE, the Vocus was relocated to
the end of the Scripps Pier for ambient coastal VOC sampling.
A full description of Scripps Pier VOC sampling can be found
in SI.5.
Collection and extraction of marine DOM was performed

using solid-phase extraction (SPE) by PPL resin (Bond Elut,
Agilent), following methods previously characterized in
Dittmar et al. and described in detail in SI.6.49

Offline Analysis. A high-resolution Orbitrap spectrometer
equipped with a modified Atmospheric Pressure Chemical
Ionization source (APCI-Orbitrap, ThermoFisher) was used to
detect VOCs in the headspace of collected water during the
SeaSCAPE campaign in a method adapted from Roveretto and
co-workers.50 Operational details can be found in SI.7.
Aerosol filters, DOM, and VOC sorbent tubes were all

analyzed by thermal desorption two-dimensional gas chroma-
tography coupled with electron ionization time-of-flight mass
spectrometry (TD-GCxGC-ToF-MS) on two separate instru-
ments covering differing volatility ranges. DOM and aerosol
samples were analyzed on GCxGC A, while VOC sorbent
tubes were analyzed on GCxGC B (details in SI.2). DOM and
aerosol samples were normalized by internal standard and
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derivatized to enhance recovery of polar organics. TD-GCxGC
methodology is described in detail in Worton et al. and details
specific to this analysis can be found in SI.9.51

From SeaSCAPE samples, 754 unique aerosol organics and
991 unique DOM organics were compiled into libraries of
mass spectra and retention indices (internal standard
normalized position in the volatility dimension) were
catalogued. Of these unique organic species, 12 SSA organics
and 6 DOM organics were identified as benzothiazoles based
on matches and similarities to authentic standards and species
catalogues in the NIST-14 mass spectral database according to
four classes of identification certainty (see Table 1). Each
observed benzothiazole was assigned to a benzothiazole
external standard chemical proxy for quantification based on
exact match or chemical similarity and proximity in GCxGC
space. Proxy assignments and additional details can be found in
SI.11.
Benzothiazole Oxidation Study. To complement the

mesocosm study and better understand the atmospheric fate of
gas-phase BT, we used a Potential Aerosol Mass Oxidation
Flow Reactor (PAM-OFR) in a separate laboratory oxidation
study to produce BT oxidation products. PAM-OFR operation
and calibration details can be found in SI.16. BT was
introduced into the PAM-OFR through two methods; in the
first, liquid BT dissolved in a methanol carrier was introduced
in a plug injection experiment at a constant exposure setting. In
the second, a BT permeation tube continuously introduced
gas-phase BT at different OH concentrations (2.9, 3.5, and 4.9
days equivalent aging). Particle formation and size distribu-
tions, SO2 production, and HSO4

− production from the BT
oxidation experiments were all monitored (SI.16).

Reported herein we show that BT and benzothiazole-moiety
compounds are not just present in sea spray aerosols but also
show an ability to form secondary aerosols using an oxidative
flow reactor to simulate photochemical aging.

■ RESULTS AND DISCUSSION

Gas-Phase Benzothiazole Observations. In the early
stages of the SeaSCAPE experiment, a significant and
unexpected peak was observed to correspond to C7H5NSH

+

(BT) by APCI-Orbitrap headspace VOC analysis. Gas-phase
BT and its isomeric identity was confirmed using the
Orbitrap’s tandem mass spectrometry capabilities and the
clear observation of the benzene and cyclic ring (containing
the nitrogen and sulfur) fragments. This peak’s identity was
later confirmed and quantified by offline TD-GCxGC-ToF-MS
analysis of sorbent tube samples collected from the SeaSCAPE
ISV (14 ev and 70 ev EI spectra illustrated in Figure S2). Time
resolved measurements of the ion corresponding to gas-phase
benzothiazole were obtained by the Vocus throughout
SeaSCAPE. A quantitative comparison of GCxGC and Vocus
benzothiazole and summed monoterpene ISV measurements is
shown in the SI (Figure S4), while absolute quantities
measured by each instrument differ, variability over the
SeaSCAPE bloom and relative abundances of significant
observed gases agree, with R2 of 0.91 and 0.98 for
benzothiazole and summed monoterpenes, respectively.
Gas-phase benzothiazole has been reported in atmospheric

measurements in the contexts of freshly shredded rubber,35

urban traffic, and coal burning in a region with plastic
production,52 but emissions of gas-phase benzothiazole from
coastal waters are, to our knowledge, a novel finding. As

Table 1. Identities, Solubilities, and Concentrations of Benzothiazoles Observed at SeaSCAPEa

compound identity
solubility in water

(mg/L)
aerosol-phase mean concentration

[s.d.] (ng/m3)
DOM-phase concentration- 7/23 ambient sample

(μg/L)

benzothiazoleb 1684 13 [4.7] 0.29
phenylbenzothiazoleb,g 8.804 0.64 [.30] 0.0093
2-(methylthio)benzothiazoleb 66.61 1.4 [.77] 0.96
butylbenzothiazoled 12.8 9.2 [4.8] 0.017
Alk-benzothiazole (1)c 12.8h 0.59 [.44]
Alk-benzothiazole (2)c 12.8h 0.032 [.033]
Alk-Benzothiazole (3)c 12.8h 0.028 [.031]
Alk-benzothiazole (4)c 12.8h 0.045 [.043]
Alk-benzothiazole (5)c 12.8h 0.0067 [.0071]
2-o-tolylbenzothiazoled 4.81 0.012 [.0088]
3-methyl-3H-benzothiazol-2-oned 1319 0.31
3-ethylbenzothiazolin-2-thionee 0.32 [.26]
N-ethyl-2-benzothiazoleaminee 142.2i 0.17 [.043]
R-mercaptobenzothiazolef 0.05096i 0.030 [.021]
R-2(3H)-benzothiazolonee 2354i 0.032 [.039] 0.016

aAerosol-phase concentrations are reported as an average and standard deviation of concentrations over the full experimental campaign, while
dissolved phase concentrations are reported from the initial pre-experiment sample for comparison to other ambient sampling measurements of
benzothiazoles. bIsomer specific identification confirmed via an authentic standard. cSeries of alkyl benzothiazoles, identified via high (>750) match
factor with spectrum of butylbenzothiazole and location in GCxGC space. Based on kovats indices, likely C4−C7 straight- and branched-chain alkyl
benzothiazoles. dIdentified via high (>800) match factor with a NIST14 mass spectral database entry along with Kovats index matches from
previously published isolation where available. eClassified as benzothiazole due to relatively high (>700, <800) NIST match factor with named
benzothiazole or by a high match factor but kovats index disagreement; novel compound without published mass spectra, tentatively identified as
benzothiazole due to mass spectral indicators. fIdentity unknown, but based on the mass spectrum assigned the identity of R-
mercaptobenzothiazole, with R an unknown group likely containing heteroatom(s). gNote that there are two distinct speciations of phenyl
benzothiazoles observed between the two phases; 2-phenyl benzothiazole is observed in the aerosol phase, while an undetermined alternate phenyl
benzothiazole isomer is observed in the dissolved phase. hThere were no predicted or experimental solubility values for C5+ Alk-benzothiazoles;
therefore, they were assigned solubility of butyl benzothiazole. iNote that the exact identities of these species are unknown but the solubilities
match those of the identified chemically similar benzothiazoles named in column 1.
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benzothiazole is a common anthropogenic contaminant that
could potentially be added if the water were mishandled, we
confirmed the presence of benzothiazoles in the collected
coastal water absent perturbations from transport into the
SeaSCAPE wave channel. Benzothiazole was consistently
found in all monitored phases (dissolved, aerosol, and gas)
(Table 1; Figure 1), and dissolved-phase concentrations did
not increase between the first sample (collected directly at
Scripps Pier) and the next DOM sample, collected from the
channel 2 days following transport. Additionally, the ion
corresponding to gas-phase BT was observed by the Vocus
PTR-MS at the end of Scripps Pier directly following the
SeaSCAPE experimental campaign, confirming that gas-phase
BT is present in the local coastal marine atmosphere. End-of-
pier BT concentrations averaged 2.5 ppt (compared to a
detection limit of 0.5 ppt for a 10 s averaging time, averaged
over the entire ∼1 month measurement period), and
SeaSCAPE ISV concentrations (as quantified by GCxGC)
averaged 53 ppt. Given the elevated water temperature,
enclosed conditions, and low gas-phase flow rate of the
SeaSCAPE ISV (described in Sauer, Mayer, and Lee et al.),
absolute gas-phase ISV concentrations exceeding ambient
concentrations at the end of the pier is indicative of emissions
to the gas phase.47

Previously reported Henry’s law constants for BT (KH′,
estimated from vapor pressure and solubility in Reddy et al.,
predicted from structure through various methods as reported
in Sander, and predicted from structure based on HENRYWIN
v. 3.10, EPA EPI Suite) range from 1.5 × 10−5 to 2.6 × 10−4

(dimensionless gas over liquid, converted assuming 25
°C).53,54 Under the aqueous concentration (0.29 μg/L at
day 1 sampling time, as shown in Table 1) and temperature

conditions observed at SeaSCAPE, this would imply a
maximum equilibrium gas concentration of BT between 0.7
and 12 ppt, a factor of 75−4.4 below the average
concentrations observed in the ISV (53 ppt). A simplified
partitioning experiment using benzothiazole and reference
species dissolved in simplified simulated seawater in concen-
trations mirroring those identified in the SeaSCAPE DOM
(described in SI.10) did not detect benzothiazole above a
detection limit of 10 ppt, supporting the conclusion that
observed gas-phase concentrations of benzothiazole in the
SeaSCAPE ISV cannot be adequately explained by ideal air
water partitioning governed by Henry’s law. This implies that
some ocean-atmosphere transfer mechanism other than
idealized aqueous partitioning plays an important role in gas-
phase BT emissions. It should also be noted that the lowest
reported Henry’s law constant of BT, that reported by
HENRYWIN v. 3.10, EPA EPI Suite, is the most commonly
referenced value across popular chemical information
repositories (such as PubChem and ChemSpider) and has
been used to assume negligible volatilization of benzothiazole
from organic rich aquatic systems (wastewater), rendering this
finding of elevated benzothiazole emissions from real organic-
rich aquatic systems particularly important.55

Aerosol and DOM Benzothiazole Observations and
Comparisons. In addition to BT, a suite of larger compounds
containing a benzothiazole moiety were observed in both the
aerosol and dissolved phases (Table 1). BT accounts for 50%
of the total mean benzothiazole carbon pool in the aerosol
phase and is the second most significant contributor to
dissolved benzothiazoles at 43% of the mean DOM
benzothiazole carbon pool. DOM BT concentrations measured
directly at the pier (0.29 ± 0.15 ug/L), reported in Table 1, fall

Figure 1. Time series of biological activity indicators and water temperature (A) and atmospheric benzothiazoles (B) at a SeaSCAPE 2019 bloom 3
experiment. Atmospheric benzothiazole concentrations are differentiated into gas-phase BT from the dome (black circles) and submicron nascent
sea spray aerosol phase benzothiazoles from the wave chamber (colored bars). A detailed discussion of uncertainties can be found in the Supporting
Information.
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within reported ranges of observed BT in freshwater aquatic
environments along the southern California coast, which range
from 0.05 to 0.5 μg/L.40 2-(Methylthio)benzothiazole, a
commonly reported tracer species for benzothiazoles originat-
ing from wastewater or runoff,40,43 is the most abundant
benzothiazole species observed in the dissolved phase at 47%
of mean DOM benzothiazole carbon pool. Butylbenzothiazole,
a species not previously reported in environmental measure-
ments and present at near detection limit levels in the
dissolved phase, contributes the second highest fraction of the
aerosol benzothiazole carbon pool (37%), while 2-
(methylthio)benzothiazole contributes the third highest
fraction at 6%.
The time series of gas and aerosol-phase benzothiazoles

provide valuable insights into likely sources and transfer
processes governing marine benzothiazole emissions (Figure
1). Prior to August 5, a key biological transition period
between peak chlorophyll and peak heterotrophic bacteria
during which many key biogenic gases peak (as illustrated in
Figure S3), gas and aerosol-phase BT are highly correlated (R2

= 0.78). In both phases, BT begins relatively low before
increasing (by a factor of 5 in the gas phase and a factor of 3 in
the aerosol phase) to a peak in the afternoon through night of
July 30, after which it declines, back to initial concentrations
for the aerosol phase and to approximately double initial
concentrations in the gas phase. There is no clear temperature,
biological, or perturbation-based explanation for the July 30
peak, but in the gas phase it is observed for BT across all
instruments and sampling strategies (GCxGC, Vocus PTR-
ToF, and APCI-Orbitrap) and is common to an array of
anthropogenic gases, as illustrated in Figure S3. After August 5,
however, the BT traces of the two phases are loosely
anticorrelated with an R2 of 0.11. As previously noted, the
composition and thickness of the sea surface microlayer have
been observed, modeled, and demonstrated to play an
important role in the transfer of marine gases.11,34 Changes
in SSML composition and characteristics during the second
half of the bloom, described in Crocker et al.,, could therefore
at least partially explain the lack of correlation in this period.56

Although there are some similarities between the temporal
variability of benzothiazoles and biological indicators (specif-
ically chlorophyll-a concentrations in the bulk water), the time
series of both gas and aerosol-phase benzothiazoles are much
more similar to anthropogenic species than to any known
biogenic products. In the aerosol phase, the total benzothiazole
carbon pool time series is strongly correlated across the entire
bloom (R2 = 0.85, see Figure S8) with that of tetradecame-

thylcycloheptasiloxane (more commonly known as D7), an
anthropogenic species attributable to personal care products,57

wastewater,58 and sewage and also observed to bioaccumulate
in marine ecosystems.59 In the gas phase, BT also displays
similar temporal dynamics to anthropogenic species (Figure
S3), specifically benzophenone (a common sunscreen and
personal care product component)60 and naphthalene (a
polycyclic aromatic hydrocarbon (PAH), previously identified
as a coastal marine contaminant off the Southern California
coast and likely originating from some combination of
petroleum and combustion sources).61 While the correlations
between BT and benzophenone and naphthalene are not
strong (R2 = 0.25 and 0.35, respectively), they are far stronger
than the correlations with any of the known biogenic gases; the
R2 of the correlations between BT and isoprene, DMS, and
beta-cyclocitral are all below 0.005. While there may be some
degree of biogenic contribution to observed atmospheric
benzothiazoles, there is no compelling evidence for such a
source in the temporal variability. A full discussion of potential
sources and justification for a conclusion of a dominant
anthropogenic origin based on additional chemical indicators
can be found in the following section.
One observed aerosol-phase species deserving particular

attention is butylbenzothiazole. Although butylbenzothiazole
sulfenamides are broadly characterized rubber vulcanization
agents62 and butylbenzothiazole has been synthesized in
laboratory environments, it has never to our knowledge been
reported in the environment. During the bloom, butylbenzo-
thiazole decreases both in terms of absolute mass concen-
tration and as a fraction of the total benzothiazole carbon pool
and drives the majority of the decrease in the total aerosol-
phase benzothiazole carbon pool. To our knowledge, there are
no studies investigating the biodegradation of butylbenzothia-
zole in marine settings, but this finding in conjunction with the
significant observed aerosol levels indicates that butylbenzo-
thiazole biodegradation may be an important environmental
process. No identified benzothiazoles are observed to increase
significantly as the aerosol benzothiazole carbon pool shrinks
(see Figure S7). There are several probable contributions to
this phenomenon. The biodegradation of butylbenzothiazole
has not been studied in marine contexts, and its products may
not have published mass spectra allowing them to be
confirmed as benzothiazole biodegradation products. Addi-
tionally, benzothiazole degradation products with published
mass spectra may fall outside the TD-GCxGC’s sensitivity
range, as biological degradation often produces highly
oxygenated species not amenable to GC analysis, as described

Figure 2.Molecular distributions and molecular overlap (by mass) of benzothiazoles observed in DOM (left) and nascent sea spray aerosol (right)
at SeaSCAPE 2019.
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in Nowak et al., 2018.63 Benzothiazoles may also bioaccumu-
late in the biological species within the channel, partition into
suspended organic matter, or onto the organic film on the wave
channel surfaces or decrease as a relative fraction of submicron
organics emitted from bubble-bursting processes due to
changes in the structure and composition of the SSML.
While the most abundant benzothiazole species are common

to both dissolved and aerosol phases, unique isomers are
observed in each and the relative distribution of common
species differ (Figure 2), leading to a significant discrepancy
between the solubility distributions of the benzothiazole
carbon pools in the bulk and aerosol phases; bulk-phase
benzothiazoles are more water-soluble and less diverse in low
solubility species compared to aerosol-phase benzothiazoles
(Figure 3). Of the five species observed in both phases, the low
solubility (<15 mg/L) species are significantly enhanced as a
fraction of the total benzothiazole carbon pool in SSA (Figure
S10). Solubilities in water are estimated from log Kow
(WSKOW v. 1.41, EPA EPI Suite) with all alkyl benzothiazoles
parametrized as equal in solubility to butylbenzothiazole. The
solubility distribution discrepancy is likely due to the
concentration of low-solubility organics in the SSML64 and
previously reported film-jet sea spray aerosol formation
dynamics, which cause SSML organics to preferentially
aerosolize into smaller aerosol particles from film drops.65−67

The different benzothiazoles’ implications for climate and
public health relevant properties of sea spray aerosol lie beyond
the scope of this publication. However, the differing chemical
distributions between dissolved and aerosol phases, in
particular the abundance of low solubility benzothiazoles not
observed in the bulk water, highlight that measurements of
bulk-phase organics in ocean waters are imperfect indicators of
which organic species enrich the submicron aerosol particles.
This size population has the longest atmospheric lifetime,
dominates the marine aerosol surface area distribution, and has
the potential to be transported farthest inland. This finding
therefore has implications for marine pollutant human
exposure in coastal regions; marine pollutant monitoring
focuses nearly exclusively on the bulk water, but as this study
demonstrates, bulk water and aerosol-phase organic distribu-
tions and concentrations differ significantly, meaning that bulk
water toxin measurements may not accurately reflect the sea

spray aerosol concentrations of hazardous marine pollutants
including carcinogens and respiratory irritants not reported in
this work.

Evidence for Anthropogenic Origin. While benzothia-
zoles are high-volume industrial chemicals and are commonly
studied as wastewater contaminants in coastal areas, there are
also marine biogenic sources of benzothiazoles.41,42 Coupled
with the early bloom increase in gas and aerosol-phase
benzothiazole levels that cannot be explained by (do not
correlate with) either the rising temperatures or indicators of
biological activity (including chlorophyll-a concentrations,
heterotrophic bacteria concentrations, and peaks in typical
biogenic gases such as DMS and isoprene) (Figure 1), this
necessitates a more nuanced investigation of the most probable
origins of the benzothiazoles observed at the SeaSCAPE
campaign and in ambient air at Scripps Pier. Prominent among
benzothiazoles in both dissolved and aerosol phases and
observed in particularly high abundance in the dissolved phase
was 2-(methylthio)benzothiazole, a known and commonly
reported tracer of anthropogenic benzothiazoles originating
from runoff or wastewater.40,68,35 Compared to other
anthropogenic benzothiazole tracers, 2-(methylthio)-
benzothiazole is relatively resistant to both photochemical
and biological degradation, and is itself a biodegradation
product of another commonly reported anthropogenic
benzothiazole, 2-mercaptobenzothiazole.69 While multiple
naturally occurring benzothiazoles have been characterized
and reported, notably including several originating from the
marine bacterium species Micrococcus sp.,41 to our knowledge
none (with the exception of BT) overlap with those observed
in this study. Furthermore, the majority of reported biogenic
benzothiazoles contain hydroxy groups, a functional group that
is notably absent from all benzothiazole species observed in the
dissolved and aerosol phases.41,70 On the water collection day
for SeaSCAPE bloom 3 (July 23, 2019), the coastal current
near San Diego ran from north to south at ∼0.3 m/s
(SCCOOS HR radar online mapping, documented in Harlan
et al.),71 which would have transported the wastewater from
the nearest up-current wastewater discharge point, Oceanside
Outfall, to Scripps Pier on a time scale of 36 h (see Figure S5).
While enrichment of benzothiazoles from the Oceanside
Outfall is certainly a potential contributing factor, given the

Figure 3. Solubility distributions of benzothiazoles weighted by contribution to cumulative observed benzothiazole carbon pools in the dissolved
(DOM) and aerosol (SSA) phases. Number of individual species within each solubility bracket in each phase indicated by n. No solubility
information for 3-ethylbenzothiazolin-2-thione is available, and it is therefore excluded from visualization.
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distance and dilution more local sources also merit
consideration. As illustrated in Figure S6, there are multiple
runoff, storm drain, and residential use discharge points along
the beach surrounding the Scripps Pier sampling location, all of
which could have washed road residues enriched in
benzothiazoles into the coastal waters.
Finally, when compared to confidently identified biogenic

and anthropogenic gas species, the temporal profile of gas-
phase BT is more similar to those of multiple positively
identified anthropogenic species than to any positively
identified biogenic species or biological indicators, as
illustrated in Figure S3 and previously noted in greater detail.
The temporal evolution of a suite of anthropogenic gases
suggests that some processes related to the establishment of
thermal, physical, and chemical equilibrium within the wave
channel and ISV caused a lagged peak in some anthropogenic
VOCs compared to bulk water temperatures and is not
indicative of a significant source of benzothiazole within the
wave channel. The identification of known tracers of
anthropogenic benzothiazole pollution, multiple logical local
sources of anthropogenic benzothiazole runoff, similarity in
benzothiazole and some other known anthropogenic VOC
temporal profiles, and absence of known biogenic benzothia-
zoles all lead to the conclusion that the source of
benzothiazoles in the SeaSCAPE and Scripps Pier studies is
primarily anthropogenic in nature. Scripps Pier lies within the
San Diego Scripps State Marine Conservation Area, a relatively
clean and protected area of coastline. Given this, the results
from this study may be considered a relatively conservative lens
into the extent to which these anthropogenic marine
contaminants may influence the composition of aerosol and
gas-phase emissions in coastal areas.
Benzothiazole Oxidation and Secondary Aerosol

Formation. In order to better understand the eventual fate
of atmospheric benzothiazole in both coastal marine and urban
settings, we investigated the atmospheric oxidation and aerosol
formation potential of gas-phase BT in a controlled laboratory
oxidation experiment. When a plug of BT (62 ug in 5 uL of
MeOH or 1%) was oxidized in the PAM-OFR to an equivalent
5 days of atmospheric aging, secondary aerosol formed, as
illustrated by the new particle formation event in Figure 4.
From this experiment, we produced a cumulative mass of 7.2
μg of aerosol during the plug injection experiment. Further
experiments are necessary to determine the aerosol yield of BT
under typical atmospheric conditions, but these results suggest

it could be significant. Products formed from this aging,
analyzed using previously described HESI Orbitrap mass
spectrometry, primarily include reduced nitrogen and CHON
species, with aerosol sulfur primarily in the form of sulfuric
acid as shown in the identified molecular species listed in SI
Table S4. In the second previously described benzothiazole
oxidation experiment, in which a constant source of gas-phase
benzothiazole from a perm tube diluted to 12.8 ppb was
oxidized at three aging equivalents ranging from 2.9 to 4.7
days, both aerosol and SO2 production were observed to
increase with oxidative aging over this range, as illustrated in
Figure S11. Aerosol mass concentrations ranged from 9 ± 2
μg/m3 at 2.9 days to 19 ± 2 μg/m3 at 4.7 days and produced
SO2 concentrations ranged from. 67 ±. 08 ppb at 2.9 days to
1.3 ±.12 ppb at 4.7 days. The aerosol size distributions peak
near 20 nm particle diameter for all exposure experiments,
indicating new particle formation from benzothiazole oxidation
(Figure S11). While conditions in the PAM-OFR do not
directly mimic those of the ambient atmosphere, the results of
the benzothiazole oxidation study indicate two things: first,
gas-phase BT has the capacity to contribute to SMA (or more
generally secondary aerosol) formation and second, BT
oxidation has the capacity to form sulfur dioxide and sulfuric
acid in the atmosphere, possibly suggesting the presence of
sulfate aerosol produced during BT oxidation. This finding has
relevance for polluted coastal marine environments, in which
both benzothiazole and other anthropogenic marine pollutants
should be evaluated for their potential influence on the
abundance and characteristics of secondary marine aerosol. It
also suggests implications for urban environments, in which
benzothiazoles are highly abundant and may contribute to
secondary organic aerosol formation and urban smog.
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