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ABSTRACT: Elucidating the influence of oceanic biological 813C = -20 t0 -23 %o 513C = -18 t0 -22 %o

tivi th i iti t 1 (SSA) i
activity on the organic composition of sea spray aeroso (SSA) is o ® ov sy ° ® ev...
crucial to understanding marine cloud properties relevant to O\\_I_ L .\\—L /e Aea prlav
climate. Numerous marine field studies designed to address this e ;@8 — Aeroses

topic have yielded conflicting results mainly as a result of the
inability to distinguish primary SSA composition from terrestrial
and marine secondary organic aerosols. In this study, two
laboratory-induced phytoplankton blooms were conducted in an
isolated system without background aerosol contributions. Values
for 6"°C were measured for SSA (§"Cgg,) along with seawater
particulate and dissolved organic carbon (6"°Cpoc and 6" Cpoc) to
track changes in carbon transfer and composition between seawater
and SSA. Contrary to common assumptions, §>Cgg, values were
not equivalent to §"*Cpoc. The consistently less negative 6'*Cggy values indicate that nascent 6'°Cgg, reflects specific changes in
relative contributions to SSA from the available seawater carbon pools, as a function of biological activity. A dual-source isotopic
mixing model revealed that the difference between 5"*Cgg, and 6"*Cpoc was explained by increased relative contributions of “freshly
produced” organic carbon (OC) to SSA, with the largest contribution of “freshly produced” OC occurring 2—3 days after the
maximum chlorophyll-a concentrations. This finding is consistent with previous mesocosm studies, showing that organic enrichment
in SSA requires processing by heterotrophic bacteria after periods of high primary productivity. This work examining the biological
influences on SSA organic composition and nascent 6"°Cgg, values provides new insights into ocean-to-SSA carbon transfer
dynamics, which can be used in future field studies to improve estimates of anthropogenic influences on the carbon composition of
the marine environment.

KEYWORDS: carbon isotopes, sea spray aerosol, particulate organic carbon, dissolved organic carbon, phytoplankton bloom,
sea surface microlayer, aerosol source apportionment

B INTRODUCTION The basic principles controlling SSA formation and organic
enrichment have been extensively studied with air entrainment

Sea spray aerosol (SSA), formed by bubbles bursting at the
from breaking waves forming bubbles, which then rise,

ocean surface, is one of the most abundant aerosol types

globally."> SSA covers a broad size range from 0.01 to >10 um scavenging oréalllic material during their ascent to the air—
in diameter’ and consists of complex mixtures of inorganic sea interface. SSA is formed primarily by two separate
ions, organic molecules, and marine microorganisms (e.g., mechanisms when bubbles burst at the ocean surface. Film

phytoplankton, bacteria, and viruses) found in the ocean.*”® drops, which are mostly sub-micrometer in size, are formed

Earth’s radiative budget is impacted by SSA through direct from the bursting of the bubble film, the top part that
scattering of sunlight and seeding clouds,”” and the extent to protrudes from the ocean surface.'” Jet drops are formed from

which SSA affects the Earth’s radiative budget depends upon the collapse of the bubble cavity and represent the majority of
the particle size, number concentration, and chemical

composition. Higher SSA organic carbon (OCgg,) content
has been shown to decrease hygroscopic growth factors and
reduce the light-scattering ability of SSA.'® Additionally, the
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super-micrometer SSA as well as contributing some to sub-
micrometer SSA."> Because SSA formation takes place at the
air—sea interface, the sea surface microlayer (SSML), the top
1—1000 pm of the ocean enriched with organic compounds,
plays an integral role in ocean-to-SSA transfer of organic
species.'”"” The SSML forms on the ocean surface at low wind
speeds in tropical and subtropical regions.'® Organic material
accumulates on the bubble surface during its ascent, and
organic species in the SSML are concentrated on the bubble
film, leading to an enrichment of organic matter in SSA,
especially sub-micrometer film drops, once the bubbles burst at
the air—sea interface.

Despite the abundance of research addressing transfer
processes of organic species into SSA, the relationship between
oceanic biological activity (i.e., phytoplankton blooms) and
SSA chemical composition remains a highly debated topic
among researchers.””'”™>* As the main primary producers in
the ocean, phytoplankton convert inorganic CO, to organic
biomass. Initially, most of this “freshly produced” organic
biomass is particulate organic carbon (POC), operationally
defined as organic particles of >0.7 ym in diameter.”> During
initial bloom growth, POC consists mostly of whole, living
phytoplankton, and the emergence of large bacteria and
organic aggregates also contributes to POC biomass after the
initial growth phase.”>~” As a bloom progresses, phytoplank-
ton exudates, death, and bacterial processing result in
degradation of “freshly produced” organic material to smaller
sizes of <0.7 um, termed the dissolved organic carbon (DOC)
pool.'”*” Degradation of this organic material continues long
after phytoplankton bloom senescence, resulting in an
abundance of older, “aged” OC, most of which is DOC, in
oceanic regimes with low biological activity.

Because “aged” OC is far more abundant than “freshly
produced” OC in most oceanic regimes, some researchers have
concluded “aged” OC is the only important carbon pool that
contributes to OCgg.'”'”*° Contrary to this, many field
measurements indicate that OCgg, concentrations correlate
with primary productivity and track with chlorophyll a (chl a),
implying a substantial contribution of “freshly produced” OC
to SSA in oceanic regimes of high biological activity.”' ~** To
resolve these discrepancies between field studies, it would be
prudent to elucidate the contribution of “freshly produced”
OC to OCggs. However, in the marine environment, this is
complicated by numerous factors, including formation of
marine secondary organic aerosol (SOA), interference from
terrestrial aerosol sources, chemical transformations during
atmospheric transport, and bacterial enzymatic de%radation of
labile, “freshly produced” OC in the seawater.”*™>* The first
two factors contribute interfering marine aerosol carbon with
an organic composition different from pure SSA, while the
latter two can obscure chemical distinctions between newer,
“freshly produced” and older, “aged” OC in SSA. A recent
mesocosm study focusing on the effects of seawater biology on
SSA chemical composition found that enrichment of aliphatic
organics in SSA was different for two consecutive phytoplank-
ton blooms and controlled by the bacterial enzymatic activity
in the seawater as well as microbial degradation of “freshly
produced” OC.>* The variability in conclusions drawn from
the abundance of research highlights the necessity for
laboratory studies of isolated, nascent SSA to provide insight
into ocean-to-SSA organic transfer during periods of high
biological activity and identify the seawater carbon sources
contributing to OCggy.
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Stable carbon isotopic analysis is an excellent technique for
identifying and quantifying sources of carbon species. To date,
the primary application of stable carbon isotopic measure-
ments (6"°C) to marine aerosols has been for source
apportionment to determine the fractional contributions of
OCgsa (fssa) versus anthropogenic aerosol carbon (fy,) to
the marine environment. These source apportionment
calculations are made using a dual-source isotopic mixing
model (eq 1) with the assumption that the two sources
contributing to aerosol carbon in the marine environment are
SSA and anthropogenic aerosols.** >’

513Cmarine = (fSSA)(él:;CSSA) + (j;mh)((sncanth) (1)

The calculation requires precise knowledge of the nascent SSA
carbon isotopic composition (§"*Cgg,), but determination of
this value in the marine environment is complicated by
photochemical aging of primary SSA, formation of marine
SOA, and contributions from terrestrial aerosols. Historically,
because “aged” OC is the most abundant surface ocean OC
reservoir, most studies assume that §'>Cgg, is the same as §'°C
for seawater DOC, from around —20 to —23%0.>”~>° This
assumption has come under scrutiny recently, with measure-
ments of primary marine aerosols in the North Atlantic
indicating a trend of less negative §'*C values during periods of
high biological activity.”* The researchers attributed this to
incorporation of “freshly produced” organic species into SSA.
Additional isotopic studies on marine aerosols led to the
proposal that two distinct carbon pools, nominally “freshly
produced” and “aged” OC, were both contributing to OCggy."
The study, however, did not include seawater 5"*Cpoc and
5"Cpoc measurements that may have allowed for quantifica-
tion of their relative contributions.

Building upon previous research, this study aims to quantify
the contribution of “freshly produced” OC to OCg, by
combining 6"*Cgg, measurements with seawater 5"*Cpoc and
5"Cpoc measurements. Often during phytoplankton blooms,
significant §'3C increases of 3—5%c occur in “freshly
produced” OC, leading to 5"°C for “freshly produced” OC
that is isotopically distinct from §'3C values for “aged” OC.*""**
This is due to either less '>C isotopic discrimination by
phytoplankton during CO, fixation or phytoplankton fixation
of isotopically heavier (less negative) bicarbonate as
competition increases for available CO,.*'~* It was stated
above that generally in the marine environment “freshly
produced” OC is predominantly POC, while the majority of
“aged” OC is DOC. When this is the case, the 6"*C values for
“freshly produced” and “aged” OC can be approximated with
measurements of seawater 6"*Cpoc and 6" 3Cpoc. Therefore, eq
2a, a dual-source isotopic mixing model analogous to eq 1,
allows for calculation of the fractional contribution for “freshly
produced” OC to OCgg, (eq 2b).

613CSSA = (ffreshOC)((SBCPOC) + (f;lgedOC)(élscDOC)
(22)
613CSSA _ 613CDOC

13 13
o CPOC -0 CDOC

= fractiong, g, oc (2b)

In this study, two separate phytoplankton blooms were
induced by nutrient addition to an isolated system containing
natural seawater. Carbon concentrations and §°C values for
POC, DOC, SSML, and SSA were measured along with
phytoplankton and bacterial abundance to elucidate the

https://dx.doi.org/10.1021/acsearthspacechem.0c00072
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contributions to SSA from “freshly produced” and “aged”
organic material. For these experiments, “freshly produced”
OC refers to organic material produced during the
phytoplankton bloom experiments and “aged” OC refers to
organic material present in the initial seawater before nutrient
addition. The findings confirm previous research indicating a
significant contribution of “freshly produced” OC to OCgg,,
providing insight into how biological activity impacts nascent
6"Cgsp values in the marine environment and ocean-to-SSA
carbon dynamics.

B EXPERIMENTAL METHODS

Marine Aerosol Reference Tank (MART) Bloom
Experiments. Two separate phytoplankton bloom experi-
ments, henceforth referred to as MART1 and MART?2, were
carried out in the same MART system for 2—3 weeks each.**
In each experiment, the 210 L tank was filled with 120 L of
natural, filtered (50 ym Nitex mesh to remove zooplankton)
seawater collected from Ellen Browning Scripps Memorial Pier
(32.8634° N, 117.2546° W) on April 23, 2018 and May 31,
2018 for MART1 and MART?2, respectively. After seawater
was added, a water chiller was attached to maintain a constant
water temperature of 18 °C throughout the experiment, the
first chl a measurement was made, and the seawater was left
overnight to equilibrate. The next morning, initial samples of
DOC, POC, and SSML were collected, followed by the
addition of Guillard’s f/20 diatom growth medium with
sodium metasilicate™ and the activation of solar simulator
lamps to continuously supply ~70 uE m™> s™! photosyntheti-
cally active radiation to the MART for biological growth.*
Phytoplankton speciation was not determined for these
experiments, and microbial communities in the initial seawater
were not altered in any way before the addition of growth
medium. Keeping the initial seawater unaltered, other than the
adding growth nutrients, allows the MART experiments to
reproduce the chemical complexity of the open ocean.

To aerate the seawater, particle-free room air was pumped
into the MART through Tygon tubing until chl 4, measured
once daily via a calibrated, hand-held fluorometer (Aquafluor,
Turner Designs), reached ~12 pg L7'. The 12 ug L'
threshold has been employed in previous MART experiments
to ensure a significant amount of phytoplankton growth before
turning on the pump used for water recirculation in the
MART, which can lyse fragile cells inhibiting phytoplankton
growth.46 The morning after chl a reached ~12 ug L™, the
Tygon tubing was moved from the seawater to the MART
headspace to flow in particle-free air at 6 L min™'. Once
particle concentrations in the MART fell below 1 cm™, aerosol
production via the plunging waterfall technique®* was
commenced with a 4 second interval on—oft waterfall cycle.
The plunging waterfall generates SSA with particle size
distributions representative of oceanic wave breaking,3’44 and
a centrifugal pump attached to the MART recirculates water
from the bottom of the tank to replenish the waterfall
Extensive methodology and specific chemical and biological
details for this type of experiment are described elsewhere.*®

Sample Collection for SSA, POC, DOC, SSML, and
Bacteria. SSA were collected by pulling air from the MART
headspace onto 47 mm pre-combusted (500 °C, >4 h) quartz
fiber filters at 5 L min~". A diffusion dryer filled with silica gel
was placed before the filters to dry the aerosols before
collection. SSA samples consisted of total suspended particles
(TSP) collected for >40 h to ensure adequate sample loadings
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for isotopic measurements. Field blanks were collected at the
end of the experiments in addition to 3 day collection filters
without aerosol generation (see Methods S1 of the Supporting
Information for more details). All SSA samples and blanks
were stored at —12 °C in plastic Petri dishes wrapped with
Teflon tape. The DOC, POC, SSML organic carbon
(OCggm), and bacteria were collected at the beginning and
end of each SSA sampling period. The glass plate method'’
was employed to collect SSML, with care taken to ensure that a
30 cm length of the glass plate was lowered and raised through
the seawater at a consistent rate of 5—6 cm/s for every
collection.'® This process was repeated to collect 40 mL of
combined seawater and organics in the SSML into a
combusted glass vial, corresponding to a SSML thickness of
100 pm across the entire tank surface. The SSML samples were
not filtered; therefore, OCggy; contains a combination of both
POC and DOC. Bulk seawater was collected from a spigot on
the MART located 23 cm below the water surface. The bulk
seawater was filtered through a combusted 0.7 ym Whatman
glass fiber filter (GF/F) to separate POC from DOC, and two
40 mL DOC aliquots were collected into combusted glass vials.
The POC filters were collected into plastic Petri dishes and
stored at —12 °C, while SSML and DOC vials were
immediately acidified to pH 2, wrapped with Teflon tape,
and stored at room temperature. Heterotrophic bacteria in the
bulk seawater were enumerated using a BioRad ZES flow
cytometer after staining with SYBR Green I (catalog S7563,
Thermo Fisher).

6"3C Analysis for SSA, POC, DOC, and SSML. Isotopic
analyses are reported in conventional delta notation stand-
ardized to Pee Dee Belemnite by eq 3.

el
¢
sample

sBc = — 1| x 1000

13C

(=

12

>standard (3)

SSA Isotopic Analysis. Right after collection, SSA samples
and field blanks were cut in half; half was immediately analyzed
for 6"*C analysis, and the other half was stored frozen.
Following established methods in the Thiemens Stable Isotope
Lab at University of California, San Diego (UCSD), the filter
half for §"°C analysis was placed in a 20 cm long quartz tube
containing 250 mg of CuO and attached to a vacuum line.
After evacuation, a valve was closed to seal the tube, and an
850 °C combustion furnace was placed on the quartz tube for
3 h to convert all carbon to CO,. CO, was then cryogenically
separated, the total carbon yield (umoles of CO,) was
measured by capacitance manometry, and later converted to
the OCgs, concentration using the total volume of air
collected. Subsequently, CO, was collected into a sample
tube, and 5"*C analysis was conducted on a MAT 253 isotope-
ratio mass spectrometer. SSA samples were not corrected for
carbonates; therefore, OCgg, refers to organic carbon and
carbonates combined. However, research shows that carbo-
nates have a minimal effect on 6'°C of marine aerosols.”®
Measured SSA concentrations and §"*C were corrected for
filter blanks, as described in Methods S1 of the Supporting
Information.

Isotopic Analysis for POC, DOC, and SSML. The OC
concentrations and &C values for POC samples were
measured at the Scripps Institution of Oceanography Stable
Isotope Laboratory using a Thermo Finnigan DeltaPlus

https://dx.doi.org/10.1021/acsearthspacechem.0c00072
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Figure 1. Time series displaying the chl g, heterotrophic bacteria, POC, DOC, and OCggyy concentrations for (a) MART1 and (b) MART?2. The
dashed lines denote that measurements were made at individual time points. The initiall DOC measurements for (a) MART1 and (b) MART2
(Day 1) were made before nutrient addition, which contributes 12 4uM DOC. Vertical error bars are included for all species, but uncertainty was
smaller than the data points for POC, DOC, and OCggy; concentrations.

isotope-ratio mass spectrometer interfaced with a Costech
4010 elemental combustion analyzer. Error analyses were
made by measuring GF/F blanks to correct for amounts and
isotopes (see Methods S1 of the Supporting Information). SSA
isotopic analysis was not carried out on this instrument
because OC amounts were below the limit of quantitation.
Acidified, liquid DOC and SSML samples were sent to G.G.
Hatch Stable Isotope Laboratory in Ottawa, Canada, for §"*C
analysis on an OI Analytical Aurora model 1030 W total
organic carbon (TOC) analyzer interfaced to a Finnigan
DeltaPlus XP isotope-ratio mass spectrometer with a lo
analytical precision of +0.2%o.""

Aerosol Size and Mass Measurements. Aerosol size and
mass distributions were measured during MART2 (Figure S1
of the Supporting Information) by combining data from a
Scanning Mobility Particle Sizer (SMPS, TSI, Inc. model
3936) and an Aerodynamic Particle Sizer (APS, TSI, Inc.
model 3321). These measurements demonstrate the consistent
aerosol size distributions produced by the MART system and
allow for calculation of the total SSA mass concentration. More
information on aerosol size measurements and analysis is
provided in Methods S2 of the Supporting Information.

Lipid Biomarker Analysis for SSA. Lipid analysis of SSA
samples was performed at the UCSD Lipidomics Core. Both
lipid-attached and non-esterified (i.e., “free”) fatty acids (FAs)
were isolated from SSA samples via a conventional Bligh—Dyer
extraction.”” Subsequently, the isolate was saponified to
convert lipid-attached FAs to “free” FAs, and all “free” FAs
were extracted and derivatized for quantitative analysis on an
Agilent 5975 gas chromatography—mass spectrometer. More
details for lipid extraction and preparation are given in
Methods S3 of the Supporting Information, and a
comprehensive description of sample preparation and analysis
is available from ref S0.

B RESULTS AND DISCUSSION

POC-DOC-0Css, Dynamics during Phytoplankton
Blooms. Phytoplankton bloom progression for both experi-
ments was monitored by measuring the chl g, heterotrophic
bacteria, POC, DOC, and OCgg; concentrations. These
results are shown in Figure 1 and Table S1 of the Supporting
Information. Initially, chl a was 2.1 ug L™" in MART1 and 1.5
ug L' in MART?2, increasing after nutrient addition to similar
maxima of 27 and 28 ug L™/, respectively. These blooms are
more intense than most in open marine waters, which typically
have peak chl a values between 1 and 10 ug L' but are
consistent with previous MART experiments using the same
nutrient addition.**>"> After SSA production commenced,
the chl a concentrations for both experiments decreased below
2 ug L™" within 2 days, remaining below this level for the rest
of the experiment. The sharp chl a decline is partially caused
by the aforementioned damage to fragile phytoplankton cells
from the centrifugal pump used for SSA generation, and
previous MART studies exhibit this same decline, with chl a
values dropping to pre-bloom levels in 2—3 days. As a result,
most experimental measurements were conducted after the chl
a maximum. In the open ocean, breaking waves produce SSA
during all bloom phases. However, the highest OC enrichment
in SSA often occurs after the chl a peak, suggesting that the
bloom decay phase may be the most important for transfer of
“freshly produced” OC into SSA.**>*>*

The initial MART1 and MART?2 POC concentrations of 46
and 34 uM increased several fold during the experiments to
similar maxima of 160 and 151 uM, respectively. Oceanic POC
concentrations occasionally reach 100 M during intense
phytoplankton blooms, but the POC concentrations above 150
UM reported here are higher than most open ocean
observations.” The large POC concentration increase can be
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Figure 2. 5"3C values for POC, DOC, SSML, and SSA throughout (a) MART1 and (b) MART?2, overlaid on the chl a time series. Because SSA
was sampled continuously while POC, DOC, and SSML were only measured at individual points, this figure plots the average of two seawater 5'°C
values, one at the beginning and end of each SSA collection (Table S1 of the Supporting Information), with the data points in the middle of the
collection period (further details in Methods S4 of the Supporting Information). This facilitates an easier comparison between §'*Cgg, and the
seawater 5°C values, showing that 5"*Cgg, is consistently less negative than 6"*Cpoc. Horizontal error bars for SSA indicate the collection duration
for each sample, and data points represent the middle of the sampling period. Vertical error bars, calculated as explained in Methods S1 of the
Supporting Information, are shown for each species and are approximately the height of the data point for 5"*Cpoc and §*Cggyyy.-

attributed to increased carbon fixation during phytoplankton
growth and indicates that the majority of the POC in both
experiments is “freshly produced” OC. A decrease in the POC
concentration would be expected to accompany the
phytoplankton death, as indicated by the chl a decline, but
the POC concentration was almost the same 2 days after the
chl a peak in MART?2 and had even increased slightly 3 days
after the chl a peak in MART1. Figure 1 shows that the trends
in POC concentrations after the chl 4 maximum in MART1
and MART? are closely linked to changes in the heterotrophic
bacteria concentrations. In both experiments, as chl a began
declining, heterotrophic bacteria concentrations rose sharply,
reaching their maxima 3 and 2 days after the chl a peak for
MART1 and MART2. The bacteria concentrations showed
similar increases of 5—6-fold in both experiments compared to
the initial seawater concentrations. The initial seawater bacteria
concentrations were higher for MART1 than MART?2, which
likely explains why bacteria concentrations reached a higher
peak in MART1 than MART?2. Nevertheless, the maximum
concentrations in both experiments were on the order of 10’
cells mL™', which is similar to previous MART bloom
experiments as well as phytoplankton blooms in the open
ocean.’”***>5% When phytoplankton blooms decay, hetero-
trophic bacteria concentrations often increase when bacteria
assimilate “freshly produced” OC, including phytoplankton
exudates and detritus.>>*® The close trend suggests that, after
the chl a peak, heterotrophic bacteria contribute significantly
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to POC biomass, implying that a considerable portion of the
“freshly produced” OC has undergone bacterial processing.

The initial DOC concentrations were 136 yM for MART1
and 141 puM for MART2, which reached similar maximum
values of 218 and 202 uM during both experiments.
Accounting for the 12 yM increase from nutrient addition,
the DOC concentrations increased by 70 and 49 uM for
MART1 and MART?2, respectively, compared to the pre-
bloom concentrations. These smaller concentration changes
indicate that the DOC is mostly comprised of “aged” organic
material present in the initial seawater before bloom growth
began. Importantly, in comparison to the POC concentration
increases of 114 and 117 uM, it is clear that the majority of
“freshly produced” OC was in the form of POC for both
experiments.

The OCggyy concentrations showed similar trends for both
experiments, with the largest OCggyy, concentrations, 333 uM
for MART1 and 421 yM for MART?2, occurring immediately
after the chl a peak. The OCggyy concentration was higher in
MART?2 than MARTI1 following the chl a peak, but both
decreased to stabilize around 250 yM as the experiments
progressed. For both experiments, no measurements of
OCggyy, were reported for days when room air was being
bubbled into the seawater, which included the day of
maximum chl a concentrations. Although bubbling air into
the seawater in the isolated MART is necessary to facilitate
phytoplankton growth, this process does not occur in oceanic
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Figure 3. Fractional contribution of “freshly produced” OC to OCgg,, fractiong,g, oc, overlaid on the chl a time series for (a) MART1 and (b)
MART?2. (c) Combined fractiong,y, oc data from MART1 and MART? plotted in days after the chl a maximum to help facilitate experimental
comparison. Both experiments show a similar time lag between the chl 4 maximum and the largest fractiong,, oc. This time lag, which was 2 days
for MART1 and 3 days for MART?, suggests that “freshly produced” OC may undergo bacterial processing before being efficiently transferred into
SSA. Fractiong.g, oc was calculated using eq 2b and the isotopic values from Figure 2 (see Methods S4 of the Supporting Information for more
details). Vertical error bars were calculated from the 5"*Cgg, uncertainty in Figure 2, and the horizontal error bars represent the collection duration
for each SSA sample, with data points placed at the middle of the sampling period.

environments and the air bubbles likely transported organic
material to the seawater surface, leading to an overenrichment
of organics in the SSML. For this reason, with the exception of
day 1 before bubbling was initiated, OCggyy measurements
were only reported after the bubbling was stopped and SSA
production had commenced.

The OCgg, concentrations for MART1 and MART? ranged
from 3.45 to 5.83 pugC m™ (mean of 4.93 ugC m™) and
3.86—5.52 ugC m™ (mean of 4.47 ugC m™), respectively
(Figure S2 of the Supporting Information). The higher OCgg,
concentrations compared to open ocean measurements reflect
higher SSA particle concentrations from the MART, but
carbon comprised only 1—2% of TSP SSA mass (Figure S3 of
the Supporting Information), comparable to marine observa-
tions.”>”’” Similar values for OCgs, concentrations in both
experiments is consistent with similar seawater OC concen-
trations and reproducibility of the SSA generation method.

Seawater 6'3C Constraints on Nascent §'3C., in the
Marine Environment. Conducting experiments in an isolated
environment enabled the first measurement of §°Cg, on
nascent SSA without any background aerosol contributions.
Figure 2 shows that §'*Cgg, was statistically less negative than
the average 5"°Cpoc value for each SSA collection period
throughout the entirety of both blooms, except for MART2 on
days 15—17. This establishes that §'*Cgg, is not necessarily
equivalent to §"*Cpq, as has been widely assumed by previous
researchers. Interestingly, 5'°Cgs, fell between 6"3Cpoc and
88Cpoc for the entirety of the MART1 and MART2
experiments, suggesting that the difference between §"Cggy
and 6" Cpoc can be used to assess the contribution of “freshly
produced” OC to OCgg,. This observation is consistent with
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our earlier hypothesis that OCgg, is comprised of both “freshly
produced” and “aged” OC. As described below, validation of
this initial hypothesis prompted a more detailed and
quantitative examination of how these seawater carbon pools
contribute to OCgq, and influence marine 6'3Cgg, values.

To estimate the contribution of “freshly produced” OC to
OCqs, using the isotopic mixing model introduced in eq 2b,
two conditions were mentioned that must be met: (1) §"*Cpoc
and §Cpoc must have isotopically distinct values from one
another, and (2) the POC pool should be comprised primarily
of “freshly produced” OC, while the DOC pool should be
predominantly “aged” OC. As anticipated, increased amounts
of isotopically less negative, “freshly produced” OC during the
phytoplankton growth phase, most of which was POC, caused
5Cpoc to increase by 3—4%o in the two experiments (Figure
2). In contrast, §"*Cpoc displayed only modest changes during
the phytoplankton growth phase and was distinctly more
negative than §"*Cpoc throughout both experiments, fulfilling
the first condition. With regard to the second condition, as
detailed in the “POC-DOC-OCgs, Dynamics during
Phytoplankton Blooms” section, the POC and DOC
concentrations in Figure 1 show that most POC is “freshly
produced” OC, while DOC is primarily “aged” OC. Because
the two conditions were satisfied in both experiments, the
fractional contribution of “freshly produced” OC to OCgg, for
each SSA sample, termed fractiong.y, oc, was calculated and
displayed in Figure 3 by approximating that “freshly produced”
OC had isotopic values equivalent to 5"*Cpoc and “aged” OC
the same as 6"Cpqc.

Figure 3 shows the proportional contribution of “freshly
produced” OC to OCgg, necessary to account for the
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difference between §'*Cgg, and 6Cpoc for each collection.
The fractiong,y, oc values ranged from 7 to 63%, and a
contribution of “freshly produced” OC to OCgg, was necessary
to explain the measured 5"*Cgg, value for every SSA sample in
both experiments, demonstrating that OCgss composition in
the marine environment will nominally be comprised of both
“freshly produced” and “aged” OC. These findings directly
contradict the assertion by some researchers that OCgg, is
comprised of only organic species from the “aged” OC
pool."***** Complementary to the findings in this work, a
recent study by Beaupre et al.’® in the Western Atlantic
compared radiocarbon signatures for OCgg, with dissolved
inorganic carbon (DIC), a proxy for “freshly produced” OC,
and surface DOC, a proxy for “aged” OC. Using their surface
DOC measurements as the “aged” end member and surface
DIC measurements as the “freshly produced” end member,
additional calculations akin to eq 2b indicate that “freshly
produced” OC in the Western Atlantic comprises 19—88% of
OCggs- These measurements confirm that “freshly produced”
OC is significantly incorporated into OCgg, in the marine
environment and show good agreement with the contribution
of “freshly produced” OC to SSA observed in this work.
Although one might expect that higher amounts of “freshly
produced” OC in our nutrient-enhanced biological growth
experiments would lead to higher fractiong.g, oc values, much
of this organic material may have been whole phytoplankton
and cell detritus too large to be transferred into SSA. Their
radiocarbon measurements were conducted on SSA from
natural seawater without any stimulated biological growth,
suggesting that the fractiong.y, oc values and OCgg,
compositions in our experiments are similar to what would
be expected in the natural marine environment.

The radiocarbon measurements showed that the contribu-
tion of “freshly produced” OC was largest in coastal regions
with elevated chl a values, reinforcing the importance of
biological activity on OCgg, composition. However, it was also
found to be as high as 37% in low biological activity oceanic
regimes, suggesting that “freshly produced” OC is a substantial
contributor to OCgg, under most oceanic conditions. The
authors point out that, while radiocarbon measurements reveal
the age of carbon in SSA, 5'3C measurements would have been
useful to characterize the sources of carbon contributing to
OCgga. In this study, the §°C measurements identified two
distinct seawater carbon pools contributing to SSA, with
“freshly produced” OC consisting mostly of POC and “aged”
OC primarily composed of DOC. Quantifying the incorpo-
ration of these two isotopically distinct carbon sources into
SSA will improve our understanding of §*Cgg, variability.

One of the main objectives for this study was to provide
better constraints for 6'3Cgg, values in the marine environ-
ment. The assumption that §3Cgg, is the same as 6"*Cpoc
simplified source apportionment studies because most of the
“aged” DOC pool has §"*C values that fall in a narrow range
from —20 to —23%o throughout the surface ocean.’”*" This
work demonstrates in two separate experiments that “freshly
produced” OC also contributes substantially to OCgg,.
Although the contribution of two separate carbon pools to
OCgs, complicates estimates of nascent 5'*Cgg,, the fact that
5"3Cgga consistently fell between §°Cpoc and §°Cppc for
both experiments indicates that seawater measurements of
6"Cpoc and 6"°Cpoc in the marine environment can be used
as the upper and lower bounds to constrain the range of
potential nascent §'*Cgg, values. In these two experiments,
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increased biological growth led to §"*Cpo increases of 3—4%o
above the initially measured values, similar to the increases of
3—5%o for oceanic phytoplankton bloom measurements.*"**
This resulted in large differences between 6 Cpoc and
5"Cpoc of up to 8%o, indicating that oceanic regimes with
high biological activity likely lead to less negative values and
greater variability in nascent 6'3Cgg,. Combining the isotopic
data for both experiments in Figure 2 provides an expected
range of §"Cggy values under conditions of high biological
activity. The 6"3Cgg, values, ranging from —18 to —22%o, have
both a wider range and less negative values than the normally
assumed range from —20 to —23%o, supporting this assertion.
The 1-2%o increase in TSP §Cg, observed in these
experiments agrees well with §"*C measurements of both sub-
micrometer’*° and TSP®' marine aerosols during high
biological activity periods. Although it might be expected
that “freshly produced” OC, which is mostly POC (>0.7 ym),
would not transfer as efficiently into sub-micrometer SSA,
these consistent marine observations imply that “freshly
produced” OC may contribute significantly to both sub-
micrometer and TSP SSA during periods of high biological
activity. None of the other studies included seawater §3C
measurements to supplement the aerosol data, but the
similarities between their measurements and the results in
this work indicate that the less negative §'*Cgg, values in high
biological activity regimes are likely applicable to carbon
source apportionment studies measuring TSP or sub-micro-
meter SSA.

Further evidence highlighting the importance of under-
standing the biological effects on 6'3Cgg, is given by comparing
the —21%o value used for previous marine aerosol carbon
source apportionment studies’’ >” to the least negative
5"3Cgyqs value observed in these experiments, —18%o. This
seemingly small difference of 3%o can lead to over a 30%
underestimate in the anthropogenic contribution to aerosol
carbon in marine environments (Figure S4 of the Supporting
Information). These experimental findings indicate that
seawater measurements are likely to be especially important
in oceanic regimes with high biological activity because the
larger difference between §°Cpp¢ and §*Cpo implies a larger
range of possible values for 5" Cggy.

It is also pertinent to point out that the majority of the
surface ocean has low biological activity levels, and the usual
range of §"°Cppc values in low to mid latitudes is from about
—18 to —23%0,""* similar to the normal §"*Cpec range from
—20 to —23%0.””% Still, using the fractiong,y, oc values
measured in these two experiments, the gray rectangle in
Figure S5 of the Supporting Information shows that the
expected range of values for §"*Cgg, in low biological activity
regimes is from —18.5 to —23%o if no §"*Cpoc and 5Cpoc
values are measured to provide constraints. These results
demonstrate that direct seawater 6'>Cpoc and 6Cpoc
measurements are extremely valuable for constraining nascent
5"3Cggy values in the marine environment. Incorporating these
measurements into future field studies will greatly improve the
interpretation of marine aerosol §'°C values and marine
aerosol carbon source apportionments.

Temporal Dependence of “Freshly Produced” OC
Contribution to OCgsp. The two isolated MART experi-
ments provide a time series of the biological activity effects on
seawater chemistry and nascent OCgg, composition by
measuring changes in 5 °C. A clear link between oceanic
biological activity and OCgs, composition was evident as a
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result of the fact that this study eliminated contributions from
the interfering aerosol sources mentioned previously. Most
notably, in Figure 3, both experiments exhibit the same
temporal trend in fractiong, oc, with the highest values
delayed from the chl 2 maximum by 2—3 days. Similar results
were obtained in a previous MART experiment, where mass
spectral organic biomarkers were found to increase in the days
following the chl a maximum.*® A time lag between the chl a
peak and the greatest contribution of “freshly produced”
organic material to OCggy demonstrates that phytoplankton
abundance (chl a) alone is not sufficient to explain changes in
SSA organic enrichment, implying that carbon transfer into
SSA is likely influenced by microbial processing in the
seawater. Interestingly, Figure S6a of the Supporting
Information displaying the OCgg, mass percent for three
labile phytoplankton lipid biomarkers in MART1, Cq,, Cy.s,
and C,,.4, shows that the contribution of these labile species to
SSA sharply decreases after the first 24 h. Although the
MART?2 SSA sample collected for the first 48 h after the chl a
peak was not available for lipid measurements, Figure S6b of
the Supporting Information similarly shows that the OCgg,
contribution of these labile lipid biomarkers is low for samples
collected more than 48 h after the chl a peak. Consistent with
these measurements, a recent phytoplankton bloom mesocosm
experiment found that enrichment of highly labile, aliphatic
organic matter in SSA was highest during the chl a peak, and
this enrichment mostly disappeared within 24 h after the chl a
maximum.”> This was attributed to rapid bacterial enzymatic
degradation of highly labile organic matter in the seawater,
revealing that seawater bacterial activity, in addition to
phytoplankton abundance, controls enrichment of organic
matter in SSA. This study extends the previous research on
SSA organic enrichment by demonstrating that, while the
contribution of highly labile organic species to SSA may be
highest immediately following the chl a peak, the largest
proportional contribution of “freshly produced” OC to SSA is
delayed from the chl 4 maximum by 2—3 days. These findings
suggest that the highest enrichment of “freshly produced” OC
in SSA occurs after this organic material has been partially
degraded by bacteria and imply that bacterial processing may
lead to more efficient transfer of “freshly produced” organic
material into SSA.

Similar to the findings in this work, Rinaldi et al.>® have
observed that a time lag of 5—7 days, accounting for the air
mass travel time, gives the highest correlation between chl a
and the contribution of water-insoluble organic matter
(WIOM) to sub-micrometer SSA in ocean waters with high
chl a concentrations. The authors hypothesized that this time
lag might be due to seawater biological processes producing
organic material that is more efficiently transferred into SSA
but did not directly resolve the relationship between increased
WIOM enrichment in SSA and biological processes occurring
in the seawater. Their field observations align well with our
bloom experiments, where an increased proportional con-
tribution of more insoluble, “freshly produced” OC to OCgg,
occurred 2—3 days delayed from the maximum chl a
concentration. Because most of the “freshly produced” organic
material formed during phytoplankton growth was in the POC
pool, the time lag is likely related to the degradation of “freshly
produced” POC into sizes small enough to efficiently transfer
into SSA. In this study, “freshly produced” organic material
during the phytoplankton growth phase, as indicated by chl 4,
is likely dominated by whole, living phytoplankton, many of

1693

which are >10 ym in diameter,”* larger than the majority of
SSA particles (Figure Sla of the Supporting Information).
Immediately following the chl a peak in both experiments, the
heterotrophic bacteria concentration swiftly increased, result-
ing in the breakdown of “freshly produced” organic material
into smaller phytoplankton exudates and detritus as well as
organic aggregates. For both MART1 and MART?2, bacterial
abundance was highest either during or before the SSA
sampling period with the largest fractiong,, oc, suggesting that
several days after the chl 4 maximum bacterial processing may
have degraded “freshly produced” OC into small enough sizes
to be more effectively enriched in SSA. The proposed
mechanism is supported by bubbling experiments on bio-
logically active seawater that showed that the "H NMR spectra
of sub-micrometer marine aerosol closely match the spectra for
POC of <10 um.”* This would also explain why the observed
time lag was longer for sub-micrometer SSA compared to this
study on TSP SSA, because the “freshly produced” OC would
need to be broken down into smaller sizes to be transferred
into the sub-micrometer aerosols. Although the exact
physicochemical mechanisms controlling the breakdown of
“freshly produced” OC and enrichment in SSA cannot be fully
resolved by these isotopic measurements, the comparable time
lag between peak chl a and maximum “freshly produced” OC
contribution to OCgg, for both MART experiments strongly
points to the important role heterotrophic bacteria play in
controlling carbon transfer during separate phytoplankton
blooms. The isotopic measurements highlight the influence of
seawater microbiology on SSA carbon transfer and composi-
tion, confirming conclusions from previous research indicating
that this influence depends upon both phytoplankton and
bacterial abundance. These insights into the chemical and
biological factors controlling carbon transfer and OCgg,
composition are important for parametrizing SSA hygroscopic
growth factors and light scattering, linking differences in OCgg,
composition with climate-relevant SSA properties.

Impact of Seawater Carbon Pools on Variability in
5"3Cssp and fractiong.eg, oc. Although 6"°Cgg, was consis-
tently higher than §"*Cpoc in both experiments, the difference
between these two values appears to be more pronounced for
MART?2, where 5"Cgg, values ranged from —18 to —21%o,
with most measurements falling outside the typically assumed
values from —20 to —23%o. Conversely, §"°Cggs values for
MART], from —20 to —22%o, remained within the normally
assumed range. A portion of the difference in §"*Cgg, values for
these experiments can be explained by the higher initial
seawater 5"°Cpoc value of —18.5%0 in MART2 compared to
—20%o0 in MART1. Both of these values fall within the typical
5Cpoc ranges observed in the surface ocean,””® and the
initial seawater for the two experiments was collected from the
same location using an identical procedure, suggesting that the
differences are simply due to variability in 6"*Cpoc at this
location on the two separate collection dates. With the
application of the same §Cpoc and fractiong.g, oc values
observed in MART?, if the initial seawater 6"*Cpoc had been
—20%o instead of —18.5%o, eq 2a indicates that the 6"3Cggy
range in MART?2 would have been up to 1%o more negative,
from —19 to —21%o. This reinforces our previous assertion
that seawater measurements of 5"*Cpoc and §"*Cpoc will help
constrain §"*Cgg, variability in the marine environment.

The other reason for less negative 5'°Cgg, values in MART?2
is shown in Figure 3, where, despite similar temporal trends,
MART?2 generally exhibited larger fractiong,y, oc values than
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Figure 4. Correlation scatter plots of (a) POC, (b) DOC, and (c) OCggyy, with OCggy, (d) OCggy with fractiong,y, oc, and (e) POC, (f) DOC, and
(g) OCggpy with fractiong.g, oc for the combined data from MART1 (dark blue dots) and MART?2 (green dots). The only significant correlation
was between the OCggyy concentration and fractiong.g, oc (g), with higher OCggyy concentrations leading to the increased proportional transfer of
“freshly produced” OC into SSA. Vertical error bars are included for all data points, and horizontal error bars represent the likely range of

concentrations during each SSA collection period.

MART]1, suggesting a greater contribution of “freshly
produced” OC to SSA for MART2. To investigate potential
factors impacting the contribution of “freshly produced” OC to
OCgg,, correlation plots were made for the combined data
from MART1 and MART2 to compare changes in POC,
DOC, and OCggy; concentrations to changes in the OCggy
concentration and fractiong.y, oc (Figure 4). The only
significant correlation for the combined experiments, R* =
0.6489, was between the OCggy; concentration and
fractiong.q, oc (Figure 4g), where higher OCggy concen-
trations corresponded to a larger fractiong.g, oc in SSA. One
plausible explanation would be that the SSML contained more
“freshly produced” OC and higher OCggy; concentrations
resulted in a larger contribution of this carbon pool to SSA.
However, if OCggyy was contributing more to OCggy, one
would expect that their chemical composition and, thus,
5" Cggpr and 82 Cgg, values should be similar. Figure 2b shows
that the two SSA samples with the highest fractiong.y, oc
values and least negative 5'*Cgg, values, MART2 on Days 6—8

and 8—10, correspond to the most negative §'*Cggyy values.
This indicates that, on these days, the OCgg, chemical
composition was actually not similar to the OCggyy
composition. Moreover, Figure 4c displays no correlation
between OCggy and OCgg, concentrations, suggesting that
increased OCggyy concentrations did not lead to larger
amounts of carbon transferred into SSA but only to an
increased proportional contribution of “freshly produced” OC
to SSA. Because changes in seawater chemical composition do
not seem to fully account for the differences in fractiong.y, oc
between MART1 and MART2, we speculate below on two
complementary explanations that address the primary for-
mation mechanisms for SSA in the context of the relationship
between higher OCgg,; concentrations and a higher
contribution of “freshly produced” OC to SSA. These
explanations are consistent with our measurements and recent
research regarding the physical processes that affect carbon
transfer into SSA.
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Figure S. Schematic depicting the relationship between the different seawater carbon pools and their transfer processes into SSA. POC formed by
primary production can be converted to DOC by microbial processing, and both POC and DOC are scavenged by bubbles, brought to the SSML,
and subsequently enriched in SSA. The size spectrum at the bottom of the schematic shows typical organisms and molecules in the seawater along
with the operational 0.7 um size cutoff used in this work for POC and DOC. Also included are the §"*Cpoc, 5"*Cpoc, 6"*Cggpy, and 6 Cggy ranges
from this work observed during periods of high biological activity as well as open ocean values from previous works (with references) for

comparison.

Recent bubble-bursting experiments by Chingin et al.*>*
indicate that adsorption of organics to the bubble surface
begins as a kinetic process immediately following bubble
formation but transitions into a competitive equilibrium
process as the bubble rises through the water column and its
surface becomes saturated with organics. The competitive
equilibrium process favors more aliphatic, insoluble organic
species (e.g., lipids and biomolecules), which have a higher
affinity for the bubble surface. Their research shows that, for
the seawater OC concentrations around 300 #M and bubble
rise paths around 25 cm in our MART experiments, many
bubbles will likely be saturated with organics before reaching
the SSML. Because the bubble surface will already be saturated
by the time the bubble rises to the SSML, the only way organic
species near the seawater surface can be transferred to the
bubble surface is through competitive equilibrium adsorption,
which favors more aliphatic, insoluble “freshly produced” OC.
Previous bubble-bursting studies have found that higher OC
concentrations in surface seawater lead to bubble stabilization,
increasing bubble residence time at the air—sea interface and
allowing for more equilibrium adsorption.®”**

Super-micrometer SSA is primarily comprised of jet drops,
which form from bulk seawater below the SSML;'® therefore,
their chemical composition is not expected to reflect the
composition of the SSML. This super-micrometer SSA still
includes organic material from the base of the bubble;
therefore, the competitive equilibrium adsorption could lead
to an increased proportion of “freshly produced” OC in super-
micrometer SSA. An increased proportion of “freshly
produced” OC in super-micrometer SSA would explain why
the fractiong,, oc increases but the OCgg, chemical
composition is not similar to the OCggy. On the other
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hand, sub-micrometer SSA are mostly formed from the bubble
film when the bubble bursts. Longer bubble residence at the
air—sea interface has been found to increase drainage of more
soluble, “aged” OC from the bubble film back into the
seawater, resulting in a larger proportion of “freshly produced”
OC remaining on the bubble surface before bursting to form
SSA.’ This provides a rationale for how the proportion of
“freshly produced” OC could be higher in sub-micrometer SSA
at higher OCggyy concentrations.

These two MART experiments highlight the important
influence of the SSML on carbon transfer and OCgg, chemical
composition and suggest that more comprehensive concen-
tration and chemical composition measurements of the SSML
during field studies may be useful to characterize OCggy
chemical composition in the marine environment. Addition-
ally, while our isotopic data cannot definitively establish that
changes in bubble dynamics directly affected the contribution
of “freshly produced” OC to SSA, future research focusing on
the potentially significant impact of bubble persistence and
drainage as well as size dependence of OCgs, composition
could be important to elucidate the fundamental mechanisms
controlling carbon transfer into SSA.

B CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

This study performed two phytoplankton blooms in a highly
characterized laboratory environment to evaluate the §°C
value of isolated, nascent SSA and examine how 6"Cg, is
influenced by seawater biological activity. The two phyto-
plankton bloom experiments revealed that §°Cgg, is
consistently less negative than 5"*Cpo¢ during high biological
activity regimes (Figure 2) because of a significant contribution
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of isotopically less negative “freshly produced” OC to OCggy.
Figure S depicts a simplified representation of how biological
activity affects the seawater POC and DOC pools and shows
the processes by which these carbon pools influence OCgg,
composition. The range of §'°C values observed in the high
biological activity regimes from this work are presented in
Figure 5 for POC, DOC, SSML, and SSA. Some open ocean
6C measurements made over a wider range of biological
activity levels are included from previous studies for
comparison. To our knowledge, this work provides the first
6" Cggp, measurements for a non-polluted sea surface and the
first measurements for pure, nascent §">Cgg,.

In addition to characterizing the effects of seawater chemical
composition and microbiology on §Cg,, these laboratory
bloom experiments enabled nascent §'°Cg, measurements
before any atmospheric aging occurred. This has important
implications for the OCg, composition and §C values
observed in this study compared to marine aerosols. Chemical
aging can lead to the formation of marine SOA, which is
believed to have a more negative §"°C value than primary SSA;
therefore, source apportionment studies will need to account
for the contribution of marine SOA to total marine aerosol
carbon before applying the §"*Cgg, values measured in these
experiments.””””" Dual-isotopic mixing is only able to
distinguish between marine and terrestrial aerosol contribu-
tions, but atmospheric source apportionment studies would
benefit greatly from the ability to separate primary and
secondary marine aerosol carbon. These two experiments
provide constraints on the §"*C values for primary SSA, and
applying these values to marine aerosols in the remote marine
environment (with minimal terrestrial contributions) can help
future atmospheric studies differentiate between primary and
secondary marine aerosols.

Additionally, aging of primary OCgg, often leads to §"°C
increases during atmospheric tr21nsport.7l_74 Dasari et al.”*
have used the isotopic shift between source and receptor sites
as a proxy to model the extent of aerosol aging. Field studies
often collect SSA from air masses that have been traveling
several days; therefore, this study provides an isotopic source
characterization of nascent SSA that can be integrated with
marine measurements to evaluate aging of SSA. Aerosol aging
can cause climatically significant changes in absorptivity and
hygroscopicity; >~’¢ therefore, measuring §'>C for nascent,
unaltered SSA provides a critical reference point to understand
the impact of aging on climatically relevant SSA properties.

Up to this point, many marine field studies have focused on
simple measurements of OCgg, concentrations and enrichment
factors to characterize SSA carbon. This is understandable
because identification of unaltered, “freshly produced” organic
species is complicated by rapid degradation of this highly labile
organic material in the ocean and photochemical alteration
during atmospheric transport. Nevertheless, it is highly
recommended that future field studies supplement bulk
OCgsy measurements by including direct measurements of
chemical or isotopic composition for seawater POC, seawater
DOC, OCggy, and OCgg, to address the transfer of “freshly
produced” OC into SSA. Our isotopic measurements indicate
that the most significant biological influence on OCgg,
occurred 2—3 days after the chl a peak and suggest that the
contribution of “freshly produced” OC to OCgg, is strongly
dependent upon the degradation processes and time scales for
incorporation of this organic material into nascent SSA as it
forms at the ocean surface. These findings imply that accurate
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knowledge of seawater enzymatic activity and kinetics for
microbial degradation of “freshly produced” organic material is
integral to understand biological impacts on OCggy composi-
tion, and measurements of these properties should be a focus
of future marine field studies.
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