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Oceanic efflux of ancient marine dissolved organic
carbon in primary marine aerosol
Steven R. Beaupré1*, David J. Kieber2, William C. Keene3, Michael S. Long4†, John R. Maben3,
Xi Lu1, Yuting Zhu2‡, Amanda A. Frossard5, Joanna D. Kinsey6§, Patrick Duplessis7,
Rachel Y.-W. Chang7, John Bisgrove2

Breaking waves produce bubble plumes that burst at the sea surface, injecting primary marine aerosol (PMA)
highly enriched with marine organic carbon (OC) into the atmosphere. It is widely assumed that this OC is mod-
ern, produced by present-day biological activity, even though nearly all marine OC is thousands of years old,
produced by biological activity long ago. We used natural abundance radiocarbon (14C) measurements to show
that 19 to 40% of the OC associated with freshly produced PMA was refractory dissolved OC (RDOC). Globally,
this process removes 2 to 20 Tg of RDOC from the oceans annually, comparable to other RDOC losses. This
process represents a major removal pathway for old OC from the sea, with important implications for oceanic
and atmospheric biogeochemistry, the global carbon cycle, and climate.
INTRODUCTION
Most dissolved organic carbon (DOC) in the sea is remarkably old
[averaging up to 6500 radiocarbon (14C) years] (1–3), persisting
much longer than the time scales for mixing by the global system of
ocean currents (250 to 1700 14C years) (4). Combined with the small
range ofDOC concentrations in the deep sea (~34 to 45mM), these 14C
ages suggest thatmostmarineDOC is refractory (RDOC)with respect
to its biogeochemical degradation and is present everywhere in the
ocean as mixtures with lesser amounts of recently produced DOC
(2, 3, 5, 6). Since marine RDOC has neither accumulated to high con-
centrations (ca. ≤45 mM, globally) nor attained immeasurable 14C
ages, it must be removed somewhere. However, this apparent longevity
implies slow lossmechanisms that are difficult to identify and constrain
(7). Despite large uncertainties (2), several removal mechanisms for
RDOChave been proposed, including biological losses in the water col-
umn (7, 8), photochemical oxidation in sunlit surface waters (9), inter-
actions with particulate OC (POC) at depth (8, 10), and degradation in
hydrothermal vent systems (11–13). Recently, an additional removal
pathway for RDOC was proposed on the basis of observed organic en-
richments of primary marine aerosol (PMA) produced by bursting
bubble plumes at the sea surface from the North Atlantic surface and
deep seawater (14). PMA flux calculations further suggested that the
injection of RDOC into the atmosphere in association with PMA and
its subsequent photochemical oxidation was a potentially important
and hitherto unrecognized RDOC loss mechanism (14). The proposed
atmospheric loss ofmarine RDOC is of particular interest owing to the
associated impacts on nutrient cycling, tropospheric chemistry, and
Earth’s radiation balance (15). Despite its potential importance, the
fraction of RDOC that was injected into the atmosphere associated
with newly formed PMA was not determined (14).

Here, we directly determined the fraction of RDOC associated with
nascent PMA using natural abundance 14C signatures (D14C values) as
robust tracers of PMA organic matter (OM) sources. We measured the
D14C values ofmodel PMA (mPMA)OMproduced fromnatural, near-
surface (5 m) seawater pumped at 4 liters min−1 into the base of a high-
capacity PMA generator (16) modified by replacing the glass frit with a
Venturi nozzle to generate bubbles (see Materials and Methods). The
seawater in the generator was taken from two biologically productive
and two oligotrophic hydrographic stations in the Northwest Atlantic
Ocean during a research cruise fromSeptember toOctober 2016 aboard
the R/V Endeavor (Fig. 1). Basic physical and chemical properties were
also measured for each station to provide context when interpreting
D14C values; ancillary measurements included seawater temperature,
wind speed, salinity, chlorophyll a (Chl a), and DOC concentrations
(Table 1).
RESULTS
Since all D14C values are corrected for isotopic fractionation (see
Materials andMethods) and the 14C half-life (5730 ± 40 years) is much
longer than the time scale of aerosol formation, the D14C values of
mPMA OM constituents must have been equal to the D14C values of
their sources in the ocean (1, 17). Therefore, we comparedD14CmPMA
OM values to D14C signatures of possible source materials, including
RDOC (DOC samples collected from a depth of 2500 m), recently
produced OM [i.e., the D14C value of near-surface dissolved inorganic
carbon (DIC)], and DOC in surface seawater at these stations.

Except for the coastal Rhode Island station near Block Island,
which was occupied during the passage of a gale with winds gusting
to 44 m s−1 (Fig. 1 and Table 1), all mPMA OM D14C values (−188 to
−149‰) were statistically indistinguishable, averaging −164 ± 20‰
(1370 ± 210 14C years; Table 2 and table S1). The range of D14C values
was dominated by measurement uncertainty (table S1), constraining
the natural variability ofD14C values ofmPMAOMsources across these
stations to less than ±20‰. These mPMAOM D14C values were higher
than the D14C values of bulk DOC from near-surface seawater at each
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station (−291 to −234‰; Table 2) and lower than the “modern”
DIC D14C values in near-surface seawater (+19 to +43‰; Table 2
and Fig. 2). Therefore, the aerosol generation process must have
selectively scavenged an isotopically distinct reservoir of surface-
active organic constituents that were not exclusively generated from
recently produced OM.

It is possible that themPMAformationprocess selectively incorporated
surface-active OM with a single age of 1370 ± 210 14C years. However,
this is unlikely because it implies that only a small percentage of OM
within a relatively narrow age range (0.0002 to 0.0011% of total DOC
at a depth of 5 m) was aerosolized to the exclusion of surfactants asso-
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ciated with both RDOC (≥~50% of surface DOC) and recently
produced OM that had a D14C value equal to that of DIC in the surface
water (2). It is also possible but unlikely that, at the other extreme, only
fossil RDOC (D14C = −1000‰) andmodern OMwere emitted into the
atmosphere in association with mPMA. If this were the case, then
19 ± 2% of mPMA OMwould have been generated from fossil RDOC
in near-surface waters. However, surface-active RDOC competes for
space on rising bubble surfaces with other fractions of surface-active
OMpresent in seawater. Therefore, it ismore likely that themPMAgen-
erated from near-surface seawater at Georges Bank and in the Sargasso
Sea was derived from blends of surfactant OM (including both RDOC
Fig. 1. Map of hydrographic stations (BI, GB, SSW, and SSN; circles), cruise track (red line), and Chl a concentrations (color field) during research cruise
EN-589 aboard the R/V Endeavor. The average Chl a concentrations during occupation of each hydrographic station are indicated by the colors of their
corresponding markers. The background color field indicates the spatial distribution of monthly averaged surface Chl a concentrations retrieved by the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor on the Aqua satellite from September for 2013 through 2017. Satellite-derived Chl a data were downloaded
from NASA (https://disc.gsfc.nasa.gov/). Isobaths in meters are depicted by gray contour lines. Bathymetry data were downloaded from GEBCO (www.gebco.net/).
Additional descriptions of each station are listed in Table 1. BI, Block Island; GB, Georges Bank; SSW, Sargasso Sea West; SSN, Sargasso Sea North.
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and modern OC) in near-surface seawater that span the full range of
possible RDOC D14C signatures. Assuming that bulk DOC from the
deep ocean (2500 m) is representative of RDOC in the surface ocean,
then mPMA RDOC D14C values cannot be greater than the lowest re-
gionally observed deep-water DOC D14C value (i.e., −457 ± 8‰, n = 3)
(2, 3, 5, 18). These constraints dictate that the maximum proportion of
RDOC in mPMA OM generated from coastally productive and oligo-
trophic seawater (stations: Georges Bank, Sargasso Sea West, and
Sargasso Sea North) ranges from 19 ± 2 to 40 ± 4% on average (Table
2 and Fig. 2). This calculated range is insensitive to whether mPMA
OM originated exclusively from DOC or, at the other extreme, exclu-
sively from POC and RDOC, assuming that the D14C signatures of
POC, DIC, and recently produced DOC are approximately equal
(seeMaterials andMethods).Accordingly, theseD14Cobservations place
strong constraints on the proportion of RDOC in mPMA, but they
cannot constrain whether the surface-active constituents of RDOC
andmodernDOCare incorporated intomPMA in the sameproportions
that they are found in near-surface seawater.

The mPMA OM generated from coastal Rhode Island seawater
had D14C values that were significantly higher (−50 and −6‰) than
near-surface DOC (−227‰) but comparable to near-surface DIC
(+23‰) (Table 2). This indicates that the relative contributions of
RDOC to mPMA OM at the coastal Rhode Island station ranged from
undetectable to statistically significant (7 to 15%) (Table 2), which were
considerably less than that observed at Georges Bank and the oligo-
trophic Sargasso Sea (19 to 40% RDOC). These results suggest that
the OM source for mPMA may be more variable in coastal regions
worldwide because of influences such as surface runoff, estuaries,
submarine groundwater discharge, wind-driven coastal upwelling,
or storm-driven sediment resuspension. Therefore, the mPMA OM
constituents at this station could have been almost entirely modern
and marine in origin or, by conservation of mass, mixtures containing
Beaupré et al. Sci. Adv. 2019;5 : eaax6535 23 October 2019
various proportions of RDOC, modern marine OM, and terrestrially
derived OM enriched with bomb 14C (1, 18, 19). For example, on the
basis of conservation of mass, one possible scenario is that the highest
observed mPMA OM D14C value (−6‰) could have resulted from a
mixture of 19 to 40% RDOC (−1000 to −457‰) and as much as 60
to 81% of riverine DOC (+242 to +295%) that was modestly enriched
with bomb 14C. The small mPMA sample sizes in this study precluded
additional measurements, such as d13C, that could have been used to
constrain the influence of terrestrial OM, if any, on the observed
D14C values at this station.

Variability in the proportion of mPMA-associated RDOC was not
attributed to differences in Chl a or the proportion of recently produced
DOC among these stations because Georges Bank and coastal Rhode
Island had different mPMA D14C values despite similar algal biomass
and OC concentrations (2.49 ± 0.75 and 3.05 ± 0.59 mg liter−1 Chl a;
~90 mM DOC), while Georges Bank and the Sargasso Sea had in-
distinguishable mPMA D14C values even though the Sargasso Sea
stations had considerably less Chl a and DOC (~0.04 ± 0.01 mg liter−1

Chl a; ~72.5 mMDOC) (Table 1). Since the Sargasso Sea is represent-
ative of ~90% of the ocean surface and the proportion of mPMA-
associated OM is not positively correlated to Chl a (20), we assume that
19 to 40% represents a reasonable estimate of the global annually aver-
aged proportion of RDOC in PMA OM (table S2).
DISCUSSION
Bursting bubbles generated from breaking waves at the sea surface
deliver between about 8 and 50TgCyear−1 ofOM from the ocean to the
atmosphere in association with PMA (21–24). Since between 19 and
40% of this material is RDOC, PMA production will remove between
2 and 20 Tg RDOC year−1 from the global ocean (Fig. 3 and table S2).
Once in the atmosphere, the RDOC associated with PMA may be
Table 1. Hydrographic stations occupied in 2016 during research cruise EN-589 aboard the R/V Endeavor. Sea surface temperature (SST), sea surface
salinity, wind speed, and Chl a are reported as the mean ± 1 SD.
Property

Hydrographic stations
GB
 SSW
 SSN
 BI
Station name
 Georges Bank
 Sargasso West
 Sargasso North
 Coastal Rhode Island
Occupation dates
 18 to 22 September
 24 to 30 September
 1 to 7 October
 10 to 14 October
Latitude (°N), longitude (°W)
 41.40, 67.47
 35.04, 69.98
 36.26, 64.78
 41.18, 71.16
Bottom depth (m)
 ~ 41
 ~ 5190
 ~ 4960
 ~ 42
SST (°C)*
 18.6 ± 0.3
 27.5 ± 0.5
 26.3 ± 0.3
 17.3 ± 0.2
Salinity (ppt)*
 31.8 ± 0.1
 35.3 ± 0.1
 35.6 ± 0.1
 31.7 ± 0.7
Wind speed (m s−1)*
 9.0 ± 3.3
 13.5 ± 5.5
 13.5 ± 5.2
 15.2 ± 10.7†
Chl a at 5 m (mg liter−1)‡
 3.05 ± 0.59
 0.04 ± 0.01
 0.05 ± 0.01
 2.49 ± 0.75
DOC at 5 m (mM)§
 89.4 ± 5.4
 74.0 ± 1.0
 71.2 ± 1.8
 91.9 ± 1.0
*Mean ± 1 SD calculated from measurements recorded every 10 min using R/V Endeavor’s array of underway sensors and continuous in-line seawater system,
which sampled seawater from ~5 m below the sea surface. Measurements for calculating means and SDs spanned 6.06 days at GB (n = 873), 4.97 days at SSW
(n = 717), 4.99 days at SSN (n = 720), and 2.69 days at BI (n = 389). †Wind speeds ranged from 2 to 44 m s−1 while occupying BI, averaging 26.19 ± 8.23 m s−1

on 10 October. ‡Mean Chl a concentrations and SDs (n = 30 to 62). §Mean ± 1 SD reported for DOC concentrations from SSW (n = 2) and SSN (n = 3).
Single SDs calculated from replicates at BI (±0.7 mM, n = 2) or propagated from manometry (±0.6 mM, n = 1) were less than the typical reproducibility of replicated
standards (±1 SD = ±1.0 mM) and therefore reported as ±1.0 mM.
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degraded photochemically (as discussed below), transported landward,
and/or redeposited at the sea surface (Fig. 3). The production rate of
PMA RDOC represents the maximum loss rate of RDOC from the
ocean assuming that 100% is mineralized, degraded into more biolog-
ically labile DOC (14, 15), and/or sequestered inland.

The PMA-mediated efflux of RDOC to the atmosphere (2 to
20 Tg C year−1) is a significant component of the global RDOC budget,
comparable to rates of degradation in hydrothermal systems (1 to
1.4 Tg C year−1) (11–13), biological loss in the water column (≤43 Tg C
year−1) (2), and incorporation into POC in the deep ocean (25 to
50 Tg C year−1) (8, 10) but significantly less than published photo-
chemical loss rates (300 to 1300 Tg C year−1) (table S3) (9, 25). The
photochemical degradation of RDOC is larger than all other losses by
nearly two orders of magnitude with uncertainties that are larger than
all other processes combined. Even after considering these uncertain-
ties, the total RDOC loss rate (326 to 1394 Tg C year−1) remains signif-
icantly larger than the estimated production rate (43 TgC year−1) (8) by
283 to 1351 Tg year−1, with the PMA-mediated RDOC efflux exacer-
bating the imbalance to 285 to 1371 Tg C year−1. Since all rates in this
budget are based on limited observations, this imbalance is likely due to
large uncertainties associated with all sources and losses. A better
understanding of RDOC cycling in the ocean requires additional
high-precision observations of natural variability and modeling of all
of these processes.

Marine-derived OC is highly enriched in submicrometer mPMA
(particle diameter, <1mm) relative to seawater (14, 26)with enrichments
as high as 104 to 106 for particle diameters ca.≤0.1 mm (14). Inorganic
constituents of mPMAproduced from open ocean seawater are not sig-
nificantly enriched relative to seawater composition (26). In addition,
the mass of inorganic sea salt constituents is associated primarily with
the relatively short-lived supermicrometer-size fractions, whereas ap-
proximately 70% of the mass of the OM in freshly produced marine
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aerosol is associated with submicrometer-size fractions (14, 26) that ex-
hibit atmospheric lifetimes against deposition of several days to a week
or more and, thus, may be transported long distances from production
sites. Given this lengthy residence time in the atmosphere and the
expected rapid (hours) chemical evolution of marine-derived PMA
under highly acidic and oxidizing conditions (15), it is reasonable to
conclude that most RDOC associated with PMA will chemically
evolve through primary and secondary photochemical reactions
(Fig. 3). As PMA ages, these processes could generate biologically la-
bile organic compounds including aldehydes, ketones, and organic
acids, as well as mineralized products (e.g., carbon dioxide, carbon
monoxide, nitrate, ammonia, and phosphate). Subsequent deposition
of these marine-derived aerosols to the ocean or land will deliver sub-
strates and nutrients to fuel aquatic food webs. In addition to the pro-
duction of biological substrates and photomineralized products, the
photochemical aging of PMA RDOC will also result in the photo-
chemical formation of reactive volatile products (e.g., CO, glyoxal,
acetaldehydye, and halogens) and radical transients (OH, peroxides,
etc.) (15, 27) that will affect NOx cycling, ozone formation, and
secondary organic aerosol production, especially in marine regions
remote from anthropogenic influences.

Our estimated total removal flux of RDOC via PMA production
represents upper limits for the combined losses of transport to land
and oxidation in the atmosphere to biologically labile or volatile
forms of DOC since not all products of atmospheric oxidation will
be biologically labile or volatile, as polymerization reactions may also
occur. Additional research is needed to further constrain the fluxes.
Notwithstanding these limitations, we expect that the production of
PMA represents a significant removal pathway for RDOC from the
oceans not only in terms of its impact on the cycling of carbon in
the oceans but also with respect to its expected impact in the atmo-
sphere. These impacts will be sensitive to increases in surface ocean
Table 2. Radiocarbon signatures (D14C values) and proportions of RDOC in mPMA OM. Proportions assume mPMA OM result from mixtures of OM recently
produced in the near-surface ocean (D14C of DIC at 5 m) and RDOC, with RDOC D14C values constrained between those of fossil molecules (−1000‰) and
DOC collected from 2500 m (averaging −457 ± 8‰, n = 3; table S6). Near-surface DOC D14C values are shown for comparison. All mPMA D14C values were
measured from individual samples generated over the course of 24 hours, except where noted, and reported with single SDs propagated from blank-correction
calculations. All DIC and DOC D14C values are reported as the average and single SD of duplicate measurements at each station, except where noted. All D14C
identification numbers are reported in tables S1 and S4 to S7.
Station

D14C (‰)
 Proportion of RDOC in mPMA
DIC
 DOC
 mPMA
 Fossil RDOC
 2500-m DOC
GB
19 ± 2
 −248 ± 14
 −140 ± 23*
 0.16 ± 0.02
 0.33 ± 0.05
19 ± 2
 −248 ± 14
 −177 ± 56†
 0.19 ± 0.06
 0.41 ± 0.12
19 ± 2
 −248 ± 14
 −188 ± 47
 0.20 ± 0.05
 0.43 ± 0.10
SSW
 43 ± 2‡
 −291 ± 4§
 −166 ± 20
 0.20 ± 0.02
 0.42 ± 0.04
SSN
 43 ± 2‡
 −234 ± 7||
 −149 ± 69
 0.18 ± 0.07
 0.38 ± 0.14
BI
 23 ± 3
 −227 ± 4
 −50 ± 11
 0.07 ± 0.01
 0.15 ± 0.02
23 ± 3
 −227 ± 4
 −6 ± 29
 0.03 ± 0.03
 0.06 ± 0.06
Averages excluding coastal Rhode Island
 −164 ± 20
 0.19 ± 0.02
 0.40 ± 0.04
*mPMA generated during daytime (~12 hours between sunrise and sunset). †mPMA generated during nighttime (~12 hours between sunset and
sunrise). ‡Individual measurements at SSW and SSN were not significantly different and therefore averaged (n = 2). §Individual measurement
with uncertainty reported as single SD propagated from blank-correction calculations. ||Average and SD of triplicate measurements (n = 3).
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turbulence predicted to accompany climate change (28), which are
expected to increase fluxes of PMA RDOC to the atmosphere. Over-
all, the results of this study have wide-ranging implications for the
interrelated disciplines of chemical and biological oceanography,
atmosphere-ocean interactions, atmospheric chemistry, the global
carbon cycle, and climate.
MATERIALS AND METHODS
Study sites
A research cruise (EN-589) was conducted from mid-September to
mid-October 2016 aboard the R/V Endeavor to study chemical and
physical properties of mPMA at four hydrographic stations in the
northwesternAtlantic Ocean. Two stations were in biologically produc-
tive waters at Georges Bank and off Block Island in coastal Rhode
Island, and two stations were in the oligotrophic Sargasso Sea (SSW
and SSN) (Fig. 1). Associated physical and chemical characteristics of
each hydrographic station are presented in Table 1.

mPMA generator
The design and operation of the mPMA generator are described in de-
tail elsewhere (16), with the following modifications. The lower portion
of the model ocean in the generator was reconfigured to accommo-
date two machined Teflon, force-air Venturi nozzles that produced
adjustable bubble-size distributions bracketing those generated by
breaking waves on the surface of the open ocean (29–32). The Venturi
nozzles replaced the banks of sintered glass frits, the pipe section hous-
ing, the air manifold, and associated plumbing used in the design by
Long et al. (16). In the reconfigured design, two ports were added to
Fig. 3. Major production and loss pathways for marine RDOC. These include (i) photochemical degradation via sunlight (hn) in seawater to form CO2 and other
oxidized products, some of which are biologically labile or chemically reactive; (ii) biological, chemical, and physical formation and loss processes associated with living
and nonliving POC; (iii) degradation during transit through hydrothermal vent systems; and (iv) the association of RDOC with rising bubble plumes and subsequent
emission into the atmosphere as a component of PMA. The RDOC associated with PMA may then be photochemically degraded (see Discussion) and/or (v) transported
inland or (vi) returned to the sea.
Fig. 2. Radiocarbon constraints on the proportion of RDOC in mPMA from
the Sargasso Sea and Georges Bank. Possible proportions of RDOC in mPMA,
DOC from 5-m-deep seawater, and DOC from 2500-m-deep seawater are con-
strained by their measured D14C values (horizontal solid lines), D14C uncertainties
(±1 SD; dark gray shading), and conservation of mass to lie within the gray wedge.
The fraction of RDOC in each reservoir (i.e., mPMA, 5 m of DOC, and 2500 m of
DOC) has (i) a lower value that is bounded by the conservative mixing line between
D14C measurements of DOC from 2500 m (−457‰) and DIC from 5 m (+19 to
+43‰, y-axis intercept), denoted as the 2500-m DOC mixing line, and (ii) an upper
value that is bounded by the mixing line between fossil DOC (assumed −1000‰)
and DIC from 5 m, denoted as the fossil DOC mixing line.
5 of 9
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mount the Venturi nozzles to the lower portion of the model ocean at
depths of 35 and 74 cm below the air-water interface. All results re-
ported here corresponded to mPMA produced using the 74-cm-deep
Venturi nozzle.

Unfiltered seawater from a depth of ~5 m was delivered by the
ship’s clean seawater line to the base of the generator at 4 liters min−1.
Seawater exited the generator by draining evenly over an annular rim
at the model air-water interface, which continuously removed the sea-
water surface and minimized formation of standing bubble rafts that
suppress mPMA production (26, 33). Ultrapure sweep air hydrated
to a relative humidity of 80 ± 2% was flowed through the headspace
above the seawater reservoir at 70 liters min−1 to entrain mPMA
produced by bubbles that rose to and burst at the air-water interface.
Particles and reactive trace gases in the feed air were removed up-
stream of the generator by pumping high-efficiency particulate air
(HEPA) filtered air through an in-line 47-mm-diameter quartz-fiber
filter (Pall Tissuquartz, no. 2500 QAT-UP), two columns containing
activated charcoal positioned in tandem, a second quartz fiber filter,
and three mist chamber assemblies containing high-purity deionized,
low-OCwater (26). The generator was a closed systemmaintained at
slight positive pressure with respect to the ambient atmosphere,
which precluded contamination from the ambient atmosphere during
PMA generation, collection, and characterization of physical proper-
ties. Blank tests revealed no detectable particles (<2 cm−3) in the head-
space air.

Properties of bubble plumes produced by the Venturi within the
generator (including plume depth, void fraction, bubble size
distribution, Hinze scale, and bubble residence time in the water col-
umn) overlapped the reported ranges of those produced in the surface
ocean by ambient windwaves [e.g., see (29–32)]. These results indicated
that bubble plumes within the generator and, by extension, the
corresponding mPMA production via bubble bursting were reasonably
representative of ambient conditions over the open ocean.

The sweep air transferred particles produced by bubble bursting in
the generator to the sizing instruments and sampling devices and was
not meant to mimic winds over the sea surface. The relative humidity
of sweep air was set to ~80% so that particles dehydrated to conditions
representative of those in themarine boundary layer before character-
ization. However, the total flow rate of sweep air was prescribed opera-
tionally on the basis of the combined flow rates required by sizing
instruments and sampling devices.

Seawater characterization
Sea surface temperature (SST) and salinity were determined at each
station with Sea-Bird Electronic SBE conductivity, temperature, and
pressure (CTD) sensors attached to a rosette used to collect seawater.
For Chl a, unfiltered seawater was collected from Niskin bottles into
1-liter brown high-density polyethylene bottles or 5-liter poly-
ethylene Cubitainers, and then 40 to 2000 ml of each sample was
filtered through a glass microfiber filter (Grade GF/F). Filters were
folded and placed into 10-ml borosilicate test tubes that were tightly
capped and stored at −20°C until analysis was performed on the
ship. Chl a was extracted from the filters by adding 4 ml of 90%
acetone in Milli-Q water and allowing the samples to extract over-
night at −20°C. Extracted samples were analyzed for Chl a according
to standard methods (34). SST, salinity, and Chl awere also measured
with R/V Endeavor’s array of underway sensors and continuous in-
line seawater system, which collected seawater from ~5 m below the
sea surface.
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Seawater DOC and DIC analyses
Seawater for analysis of DOC was collected following established pro-
cedures (35). Briefly, seawater samples were gravity-filtered from 30-liter
Niskin bottles through prebaked 47-mm-diameter Whatman GF/F
filters (no. 1825-047)mounted in precleaned stainless steel filter holders
(Pall Life Sciences, no. 2220) directly into clean 1-liter amber Boston
round bottles (Chemglass, no. CG-827-06). Each bottle was rinsed
three times with the sample before filling with ~750 ml of seawater.
Each filled bottle was placed in a polyethylene zip-sealed bag and
stored frozen (−20°C). Before use, sample bottles were precleaned
with Dr. Weigert neodisher LaboClean UW detergent, 10% HCl,
Milli-Q water (18.2 megohm∙cm), combusted at 550°C for 2 hours,
sealed with acid-rinsed (10% HCl) Teflon-lined caps (Chemglass,
no. CG-895-09), and stored in polyethylene zip-sealed bags.Whatman
filters were precombusted at 500°C for 2 hours inside separate, previ-
ously cleaned aluminum foil envelopes [rinsed with dilute detergent,
deionized water, 10% HCl, and Milli-Q water, and then combusted at
500°C for 2 hours]. Each baked filter was held in its aluminum foil
envelope and stored inside a polyethylene zip-sealed bag. Filter holders
were disassembled, precleaned by soaking in 10% HCl, rinsed with
Milli-Q water, reassembled, wrapped in precleaned aluminum foil,
and stored in polyethylene zip-sealed bags.

DOCwas extracted from the seawater samples by ultraviolet (UV)
oxidation to CO2 (35, 36) at the University of California, Irvine (UCI).
Samples were diluted withMilli-Qwater to ~1 liter, acidified with 1ml
of 85% high-performance liquid chromatography–grade phosphoric
acid, purged of residual DICwith ultrahigh purity (UHP)He, and oxi-
dized underUV radiation for 4 hours. The resulting CO2 was stripped
from the seawater with UHP He, cryogenically purified, manometri-
cally quantified, and split into separate aliquots for d13C and D14C mea-
surements by isotope ratio mass spectrometry (IRMS) and accelerator
mass spectrometry (AMS), respectively (see below). DOC concentrations
were calculated from the volumes of seawater oxidized, and
corresponding blank-corrected manometric yields of CO2.

DIC samples were collected directly from the Niskin bottles
through silicone tubing into custom 500-ml borosilicate bottles and
poisoned with 100 ml of saturated aqueous solution of HgCl2 according
to convention (37). Sample bottles were sealed with Apiezon N Grease
and solid ground glass stoppers and then stored in polyethylene zip-
sealed bags at room temperature. Before use, bottles and glass stoppers
were precleaned and stored using procedures identical to those described
above for DOCBoston round bottles. DIC was extracted from seawater
as CO2 at UCI by the headspace extraction method and split into
separate aliquots for d13C and D14C measurements (see below) (38).

Sampling and analysis of mPMA for OC
Paired mPMA samples were collected in parallel at 30 liters min−1 on
precombusted 47-mm-diameter quartz fiber filters (Pall Tissuquartz,
no. 2500 QAT-UP) mounted in precleaned stainless steel in-line
holders (Pall Life Sciences, no. 2220). One set of samples was pro-
cessed and analyzed for OC concentrations and 14C at UCI, and the
second paired set was analyzed for major ions by high-performance
ion chromatography at theUniversity ofVirginia.Major ion data were
not evaluated in our study. They are available through our project
website (www.bco-dmo.org/project/708310). Sampling times ranged
from 12 (discrete daytime or nighttime) to 24 hours. The initial pre-
treatment procedures for filters and holders were the same as those
used for seawater sampling. In addition, pairs of filters were rebaked
and held warm (500°C) in a small kiln (Skutt Firebox 8×6) for at least
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2 hours immediately before use. The filter housing was loaded and
unloaded in a Class 100 clean bench. Exposed filters for analysis of
OC and 14C were folded in half, transferred back into their original
aluminum foil envelopes and polyethylene bags, and stored frozen.

In addition to mPMA samples, dynamic handling blanks were also
evaluated for all analytes. These blanks were prepared by loading filters
into housings, mounting on the sampling port, and removing after sev-
eral seconds with no air flow. Blanks were subsequently processed using
the same procedures as samples.

At UCI, the quartz filters were fumigated with HCl to remove car-
bonates (below). Briefly, each filter was transferred into a precleaned,
prebaked, 60-mm-diameter borosilicate petri dish and coredwith a cus-
tom 38-mm ID cork borer to remove the edge and reduce the blank.
Batches of six filters in their petri dishes were fumigated inside an all-
glass desiccator for 2 hours with 20 ml of concentrated HCl that was
held in a separate 60-mm-diameter petri dish. The desiccator lid was
sealed to the kettle with 85% phosphoric acid to reduce contamination
from the decomposition or degassing of O-rings or greases.

The mPMA OM was converted to CO2 for
14C analysis via closed

double-tube combustion. Briefly, the fumigated filter centerswere rolled
with precleaned tweezers and inserted into 9-mm outer diameter
(OD) × 6.5-cm-long quartz test tubes that were held inside 12-mm
OD × 20 cm-long-quartz test tubes. The shorter inner tubes were pre-
loadedwith ~60mgof cupric oxide (CuO, an oxidant) and two grains of
silver wire, precombusted at 850°C for 2 hours, and preloaded into the
precombusted 12-mm tubes before inserting the filters. The tubes were
evacuated to ~21 mtorr, flame-sealed, combusted at 850°C for 2 hours,
and allowed to cool overnight. Five of the 28 filters collected at sea were
lost to quartz tube devitrification and rupture during combustion. The
CO2 produced from each of the remaining 23 filters was cryogenically
purified and manometrically quantified in a vacuum line. The small
mass of each mPMA sample (5 to 40 mg C) precluded complementary
IRMS d13Cmeasurements, and therefore, the samples were reserved en-
tirely for 14C measurements.

Acid fumigation of mPMA filters
The fumigation and double–closed tube combustion procedures were
developed by exposing a series of blank filters loaded with powdered
calcite (0.1 to 9 mg CaCO3) to HCl vapors in a desiccator. Following
fumigation, residual carbonates were isolated as CO2 by acidification
with 85%H3PO4 in 5-mlMonoject vacutainer vials andmanometrically
quantified on a vacuum line. Residual carbonate was undetectable after
36 min of fumigation on filters that originally supported up to 38 mg C
and after 2 hours of fumigation on filters that originally supported up to
134 mg C. This was sufficiently long to remove the maximum antici-
pated mass of bicarbonate on the filters (≤22 mg C filter−1), estimated
from the maximum concentration of mPMANa+ observed during our
EN-589 cruise (8579 nmolNa+m−3), a typical ratio ofHCO3

− to Na+ in
seawater (~0.005 mol mol−1), the average air flow rate (0.03 m3 min−1

filter−1), and the maximum duration of mPMA sampling (24 hours)
(26, 39). Fumigation for 2 hours was deemed sufficiently long to also
remove any additional mass from carbonate ions (<80 mg C filter−1)
in the unlikely event that all Ca2+ in mPMA was exclusively CaCO3

at concentrations equal to the maximum observed during EN-589
(153 nmol Ca2+ m−3).

Isotopic analyses of DOC, DIC, and mPMA OC
All isotopic measurements were performed by the Keck Carbon
Cycle Accelerator Mass Spectrometry (KCCAMS) laboratory at UCI.
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Aliquots of CO2 extracted from DOC, DIC, and mPMA OM were
reduced to graphite using the closed-tube, zinc method (40, 41) before
14C analyses by accelerator mass spectrometry (AMS). The d13C values
of DOC and DIC were measured on separate aliquots of CO2 using a
Thermo ElectronDELTA Plus IRMS equipped with a Gas Bench II. All
isotope results were corrected for graphitization and machine back-
grounds by KCCAMS. All 14C abundances were also corrected for iso-
topic fractionation by KCCAMS, via simultaneous measurements of
12C, 13C, and 14C abundances on the accelerator mass spectrometer.
All 14C results were reported according to accepted conventions (17).
Briefly, D14C values were corrected to the year of sample collection
(i.e., 2016), any 14C ages less than 200 14C years were termed “modern,”
and 14C ages corresponding to dates after 1950were termed “>modern”
(tables S1 and S4 to S7).

Sample-handling blank filters (table S4) were used to correct raw
mPMA OMmasses and 14C abundances (table S5) for OC that may
have accumulated on the quartz filters during standard operating pro-
cedures. One blank (UCI AMS no. 192366) yielded an anomalously
high mass of C (504 mg C) compared to all others (2 to 9 mg C) and
was rejected on the basis of Chauvenet’s criterion (table S4). Specif-
ically, theZ score for UCID 192366’smass exceeded a two-tailed crit-
ical value of 1.96 = 1 − 1/4n for normally distributed data (n = 10)
and therefore was excluded from further analyses (42). Neither the
masses nor 14C abundances of the remaining blanks exhibited statis-
tically significant differences between stations or trends over time.
Therefore, all mPMA samples were corrected using the mean mass
and fraction modern (Fm) of the remaining nine sample-handling
blanks based on conservation of mass (Eqs. 1 and 2). Corrected
conventional 14C ages and D14C values were then calculated from the
corrected Fm values (17)

masssample ¼ massmeasured �massblank ð1Þ

Fmsample ≈
Fmmeasured massmeasured � Fmblank massblank

massmeasured �massblank
ð2Þ

The mPMA blank masses and 14C abundances had SDs that
were ~10× greater than the uncertainty of the mean propagated from in-
dividual manometric (pressure, temperature, and volume) and AMS
measurement uncertainties, suggesting that the observed blank variability
was largely due to filter handling rather than instrument precision.
Weighted errors of themean (s ¼ ð1=∑ð1=s2i ÞÞ1=2Þwere also examined
because the uncertainties of individual 14C abundances varied consider-
ably (e.g., D14C with ±7 to ±103‰; table S4) (43) but were found to be
even smaller than the propagated SDs of the means and not considered
further. SEs, which represent likelihoods of the mean blank properties
rather than the likelihood of an additional blank measurement, were
intermediate between SDs and propagated SDs of the mean, and there-
fore used as the best estimates for propagating uncertainties through the
blank corrections (tables S1, S4, and S5). Except formPMAsamples from
the coastal Rhode Island station, all blank-corrected mPMA OM
samples generated from 5 m of seawater had an average D14C value
of −164 ± 20‰ (n = 5; Table 2 and table S1). This uncertainty was
equal to the single SD propagated from individual measurement
uncertainties (±21‰), which suggested that the range of observed
mPMA OM D14C values at these sites was explained by methodo-
logical precision rather than natural variability.
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mPMA RDOC isotopic source apportionment
The maximum proportions of RDOC (XRDOC/PMA) in each mPMA
OM sample (Table 2) were estimated from conservation of mass and
the 14C signatures of organic source materials (Eq. 3). The proportions
were calculated with Fm, but equivalent values would have been ob-
tained from D14C values because radioactive decay corrections for sam-
ple storage periods were identical for all samples studied here

XRDOC=PMA ≈
Fmmeasured � FmDIC

FmRDOC � FmDIC
¼ D14Cmeasured � D14CDIC

D14CRDOC � D14CDIC
ð3Þ

The proportions of RDOC in PMAOMcalculated by this method
were insensitive to whether any or all the modern PMA OM origi-
nated from DOC or POC, assuming that DIC, POC, and recently
produced DOC in the near-surface mixed layer had nearly the same
D14C values (e.g., D14CDIC≈ D14CPOC). For example, if rising bubbles
scavenged all DOC constituents nonselectively, then the D14C value
bulk DOC in seawater would have been transferred with fidelity with
the DOC to the PMA. In these cases, the maximum proportions of
RDOC in mPMA OM would have been equal to the proportions of
DOC in mPMA (XDOC/PMA) multiplied by the proportion of RDOC
in DOC found in seawater (XRDOC/DOC). As before, these two
proportions were estimated by 14C-based expressions for conserva-
tion of mass (Eq. 4). Under these assumptions, substituting the D14C
value of near-surface DIC for the D14C values of POC reduced Eq. 4
to Eq. 3, which was the overall proportion of RDOC in PMA

XRDOC=PMA ¼ ðXDOC=PMAÞðXRDOC=DOCÞ
¼ D14CPMA � D14CPOC

D14CDOC � D14CPOC

� �
D14CDOC � D14CDIC

D14CRDOC � D14CDIC

� �

ð4Þ

Accordingly, 14C-based conservation of mass arguments yielded the
same proportions of RDOC in PMA OM regardless of whether it was
assumed that PMAOMoriginated exclusively fromDOCor, at the other
extreme, exclusively from POC and RDOC.

Global mPMA RDOC production rate assumptions
Coastal Rhode Island mPMA D14C values indicated that the flux of
RDOC to the atmosphere with PMA was possibly smaller and more
variable in coastal environments than in the open ocean. Since the
Sargasso Sea environment is representative of ~90% of the ocean sur-
face (i.e., oligotrophic, “blue” water), we assumed that the average
proportion of RDOC in mPMA observed at Georges Bank and the
Sargasso Sea represented a reasonable estimate for the annual average
proportion found throughout the world oceans. Accordingly, the
range of globally averaged annual rates of RDOC transferred from
the ocean to the atmosphere via PMA formation (2 to 20 Tg C year−1)
was constrained by the products of the ranges of published globally
averaged annual PMA OM production rates (8 to 50 Tg C year−1)
(21–24) and the ranges of 14C-based proportions of RDOC in mPMA
OM (19 to 40%) (table S2).

Estimating the concentration of aerosolizable DOC and
DO14C in seawater
The concentration of DOC aerosolized in near-surface seawater was es-
timated for each mPMA sample from the total volume of seawater that
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passed through the generator (e.g.,V = 4 liters min−1 integrated over 12
or 24 hours), the branching ratio of sweep air (r = 30 liters min−1/
70 liters min−1) that delivered aerosol to the quartz filters, the blank-
corrected mass of aerosol OC (ma) collected per filter (table S1), and
the molar mass of carbon (mC = 12.011 g mol−1) (Eq. 5)

½DOC�aerosolized ¼
ma

mCrV
ð5Þ

Accordingly, aerosolized DOC concentrations ranged from 0.48 to
1.25 nMat the coastal Rhode Island station and from0.17 nM (Sargasso
Sea North) to 1.06 nM (Georges Bank) at all other stations. Dividing
these concentrations by near-surface DOC concentrations at each sta-
tion yielded the percentage of aerosolized DOC, which ranged from
0.0005 to 0.0014% at the coastal Rhode Island station and from
0.0002 (Sargasso Sea North) to 0.0011% (Georges Bank) at all other
stations.

The concentration of 14C atoms associated with aerosolized DOC in
seawater (Eq. 6) was estimated from the molar concentration of aero-
solized DOC (Eq. 5), the blank-corrected fraction modern value (table
S1), and the 14C/12C ratio of the radiocarbon community’s absolute in-
ternational standard activity (AISA = 1.176 × 10−12), assuming mPMA
d13C ≈ −25‰ to simplify the calculation

½DO14C�aerosolized ≈AISA� Fm� ½DOC�aerosolized ð6Þ

On the basis of this calculation, the concentration of 14C atoms as-
sociated with aerosolized DOC in seawater ranged from 340 to
850 atoms liter−1 (0.6 to 1.4 zM) at the coastal Rhode Island station
and from 100 (Sargasso North) to 650 (Georges Bank) 14C atoms liter−1

at all other stations (0.2 to 1.1 zM). Assuming an AMS 14C efficiency of
5%, these concentrations correspond to having counted approximately
2 to 20 aerosolized DOC 14C atoms liter−1 of near-surface seawater per
quartz filter.
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