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Abstract Atmospheric deposition represents a major input for micronutrient trace elements (TEs) to the
surface ocean and is often quantified indirectly through measurements of aerosol TE concentrations. Sea

spray aerosol (SSA) dominates aerosol mass concentration over much of the global ocean, but few studies

have assessed its contribution to aerosol TE loading, which could result in overestimates of “new” TE inputs.
Low-mineral aerosol concentrations measured during the U.S. GEOTRACES Pacific Meridional Transect
(GP15; 152°W, 56°N to 20°S), along with concurrent towfish sampling of surface seawater, provided an
opportunity to investigate this aspect of TE biogeochemical cycling. Central Pacific Ocean surface seawater Al,
V, Mn, Fe, Co, Ni, Cu, Zn, and Pb concentrations were combined with aerosol Na data to calculate a “recycled”
SSA contribution to aerosol TE loading. Only vanadium was calculated to have a SSA contribution averaging
>1% along the transect (mean of 1.5%). We derive scaling factors from previous studies on TE enrichments in
the sea surface microlayer and in freshly produced SSA to assess the broader potential for SSA contributions

to aerosol TE loading. Maximum applied scaling factors suggest that SSA could contribute significantly to the
aerosol loading of some elements (notably V, Cu, and Pb), while for others (e.g., Fe and Al), SSA contributions
largely remained <1%. Our study highlights that a lack of focused measurements of TEs in SSA limits our
ability to quantify this component of marine aerosol loading and the associated potential for overestimating new
TE inputs from atmospheric deposition.

Plain Language Summary Sea spray aerosol (SSA) generated by breaking waves and bursting
bubbles can dominate the particle population in the marine atmosphere. We investigated whether this
mechanism could mobilize significant amounts of trace elements (TEs)—nutrient and pollutant elements
present in the surface ocean in very low concentrations. Previous studies have suggested that TEs could
become enriched on SSA during its formation, relative to their concentrations in seawater, and this could
make the process a more significant source for aerosol concentrations of some elements. But for others,

the SSA contribution is always likely to be insignificant. Our calculations based on sea salt and TE aerosol
concentrations in the atmosphere and dissolved TEs in the surface ocean suggest that SSA does not contribute
significantly to total aerosol TE loading, with the possible exception of vanadium, which has relatively higher
concentrations in seawater than the other elements considered. This study highlights that this process remains
poorly quantified due to limited direct measurements.

1. Introduction

Aerosols originating from natural and anthropogenic sources play multiple important roles in the global climate
system, including direct radiative forcing through scattering or absorption of solar radiation, through acting as
cloud condensation nuclei, and through their redistribution of nutrients and pollutants by long-range atmospheric
transport and deposition (Boucher et al., 2013). This latter facet can lead to aerosols impacting biogeochemical
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cycles and ecosystems at a great distance from their emission regions (Hamilton et al., 2020; Mahowald
et al., 2005, 2017; Shaw, 1995).

Mineral aerosol (dust) is the major aerosol component responsible for atmospheric transport of iron (Fe) and
several other trace elements (TEs), including aluminum (Al), titanium (Ti), manganese (Mn), and cobalt (Co)
(Jickells et al., 2005; Mahowald et al., 2009, 2018), following mobilization from arid continental regions during
wind events (Kaufman et al., 2005; Merrill et al., 1989; Prospero et al., 2002; Zhang et al., 1997). Volcanic erup-
tions and wind erosion of glacial till also introduce mineral aerosol to the atmosphere (Achterberg et al., 2013;
Langmann et al., 2010; Prospero et al., 2012). Subsequent atmospheric deposition is an important TE delivery
mechanism to the surface ocean, where the rate of supply can influence primary production and phytoplankton
community structure (C. M. Moore et al., 2013; Jickells et al., 2005; J. K. Moore et al., 2004; Martin et al., 1990).
For several elements with lower concentrations in lithogenic material, including vanadium (V), nickel (Ni),
copper (Cu), zinc (Zn), and lead (Pb), anthropogenic emissions and biomass burning are more important sources
for atmospheric delivery to the oceans (Mahowald et al., 2018; Pacyna et al., 2016). Furthermore, despite the
lower content of Fe in combustion emissions, there is evidence that these aerosols nevertheless significantly
contribute to the atmospheric deposition of soluble Fe (Desboeufs et al., 2005; Ito et al., 2019; Pinedo-Gonzalez
et al., 2020; Sholkovitz et al., 2009).

Despite the importance of dust and anthropogenic emissions for atmospheric transport of nutrients and pollutants,
the aerosol mass concentration in the marine atmosphere is often dominated by sea spray aerosol (SSA; Arimoto
et al., 1995; Boucher et al., 2013; Duce et al., 1980; Prospero, 1979), an estimated 2-100 x 10" g per year of
which is emitted from the ocean surface (de Leeuw et al., 2011). SSA is formed by the bursting of bubbles at the
sea surface, following their entrainment in the upper water column by breaking waves and at higher wind speeds,
by the tearing of wave crests (Blanchard, 1989; de Leeuw et al., 2011). This sea-to-air mass flux is dominated by
inorganic sea salt, particularly for the larger particles produced, but numerous laboratory and field studies have
also shown a significant organic fraction, particularly in submicrometer size aerosols, while microorganisms
can also be emitted during bubble bursting (Aller et al., 2005; Blanchard & Syzdek, 1970; Cavalli et al., 2004;
O’Dowd et al., 2004; Prather et al., 2013).

The potential for sea-to-air transport of TEs during the production of SSA, either as a “recycled” input by resus-
pension of previously deposited aerosols, or as a source of “new” aerosol TEs, remains understudied. A handful
of studies have indicated that this contribution may amount to a small but significant percentage for TEs, includ-
ing Al, V, Fe, Cu, and Zn (Arimoto et al., 2003; Cattell & Scott, 1978; Weisel, Duce, Fasching, et al., 1984). A
significant sea spray contribution to total aerosol TE loading would result in overestimates of new atmospheric
delivery to the surface ocean if overlooked in measurements of aerosol TE concentrations or deposition fluxes.
As a result, the topic is worthy of investigation as part of multidisciplinary community research projects, such as
GEOTRACES and the Surface Ocean Lower Atmosphere Study.

However, such measurements are complicated by the difficulty of separating aerosol TEs associated with SSA
versus dust and other aerosol types. A handful of previous studies have attempted to do so by using purpose-built
equipment to sample an isolated parcel of near-ocean atmosphere while simulating SSA formation (Pattenden
et al., 1981; Piotrowicz et al., 1979; Weisel, Duce, Fasching, et al., 1984) or by using radioactive isotope tracers
(van Grieken et al., 1974).

In this paper, we make use of the low dust concentrations measured during the U.S. GEOTRACES Pacific Merid-
ional Transect to investigate this facet of TE biogeochemistry. We use concurrent measurements of aerosol and
surface ocean TE concentrations to estimate the minimum contribution of SSA to aerosol TE loading, assuming
that there is no TE enrichment relative to surface seawater composition during sea spray formation. In addition,
we use data from previous studies on TE enrichments in the sea surface microlayer and from studies focusing on
freshly produced SSA to estimate the maximum SSA contribution to TE aerosol loading.

2. Methods
2.1. Sample Collection

Sampling was conducted on board the R/V Roger Revelle as part of the U.S. GEOTRACES GP15 Pacific
Meridional Transect (henceforth GP15) during September—November 2018. After an initial southeasterly transit
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Figure 1. Map of the study area for the U.S. GEOTRACES GP15 transect with (a) aerosol deployments represented by
black (odd deployments) or white (even deployments) lines spanning from deployment to recovery positions and (b) towfish
sampling locations, represented by black dots.

offshore from the Alaskan shelf, GP15 followed a north-south transect along the 152°W meridian between 52°N
and 20°S, before ending at Papeete, Tahiti on 24 November (Figure 1). The transect was carried out over two legs
(RR1814 and RR1815) with a personnel exchange in Hilo, Hawaii (21-24 October).

Aerosol sample collection, including full details of individual deployments, has been described in Marsay
et al. (2022) and was consistent with protocols from previous U.S. GEOTRACES cruises. Briefly, bulk aerosol
samples were collected over 1-4 days using high-volume aerosol samplers (~1.2 m? air min~!; Tisch Environ-
mental, model 5170V-BL) deployed on the forward rail of the ship's 03 deck, approximately 16 m above sea
level. Sampling was sector-controlled to avoid contamination from the ship's stack exhaust, and filters (47 mm
diameter; Whatman 41) were acid-washed before use to reduce TE blanks. After recovery, filters for bulk TE
analyses were transferred to petri slides and stored frozen until processing ashore, while separate replicate filters
were leached with ultrapure water at sea (details below).

Surface seawater sampling was carried out using a towfish deployed from the starboard side of the vessel at a
depth of ~3 m (Bruland et al., 2005) with seawater pumped through Teflon tubing from the fish into a clean
“bubble” set up onboard. Filtered samples (0.2 pm AcroPak) were taken while underway just before arrival at
each hydrostation and occasionally during transit approximately halfway between stations (Figure 1). Sampling
into acid-cleaned plastic bottles was conducted following GEOTRACES protocols (Cutter et al., 2017) before
distribution of samples to the various groups measuring specific TEs.
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2.2. Sample Processing and Analysis

Treatment and analysis of filters for aerosol TE measurements are described in full in Marsay et al. (2022).
Briefly, triplicate filters from each deployment were digested with concentrated nitric and hydrofluoric acids
and hydrogen peroxide and the residues redissolved in 0.32 M double-distilled HNO, for the analysis of Al, Ti,
V, Mn, Fe, Co, Ni, Cu, Zn, and Pb by inductively coupled plasma mass spectrometry (ICP-MS; Perkin Elmer
NexION 300D), using a seaFAST S2 system (Elemental Scientific Inc.; ESI) without preconcentration. Meas-
ured TE concentrations were blank corrected by subtracting the mean digestion blank for unused filters, then
normalized to pmol/m? by dividing by the volume of air sampled. All bulk aerosol TE concentrations used in this
paper are archived at the Biological and Chemical Oceanography Data Management Office (BCO-DMO; Buck
et al., 2021a, 2021b).

Additional filters from each deployment were treated at sea with a rapid flow-through leach using 100 mL of
ultrahigh purity (UHP) water (Buck et al., 2006) with an acid-washed 0.2 pm polycarbonate backing filter (What-
man Nuclepore) installed on the filter rig behind each sample filter. A 5 mL subsample from each leach was stored
frozen until the return to shore, then thawed in a refrigerator before being analyzed for major ions by ion chroma-
tography (Dionex ICS-2100). Concentrations of major cations (Na*, Ca**, Mg?*, and K*) and anions (C1~, NO3,

and SOﬁ') were determined against external standards prepared with ACS grade salts (Fisher). Aerosol major ions
data are available through BCO-DMO but only the Na+* data are presented here (Buck et al., 2022a, 2022b).
The Na* data were generated using a Dionex IonPac CS12 chromatography column (4 X 250 mm) at 40°C. The
eluent was 20 mM methanesulfonic acid.

For shipboard determination of dissolved Al, filtered samples were drawn into acid-washed 125 mL polym-
ethylpentene bottles and analyzed within 24 hr of collection. Samples were acidified to 0.006 M HCI using
subboiling distilled HCI and were microwaved in groups of four for 3 min at 900 W to 60 + 10°C. Samples were
allowed to cool for at least 1 hr prior to analysis of Al by Flow Injection Analysis (FIA), using methods of Resing
and Measures (1994). FIA results, normally reported in nM units, have been converted to nmol/kg by dividing
by the density of seawater at 20°C and its measured salinity. These data are archived at BCO-DMO (Hatta &
Measures, 2022a, 2022b).

Samples for dissolved Co were collected and stored in acid-washed low-density polyethylene (LDPE) bottles
(Nalgene) at 4°C prior to analysis. Analysis was carried out by cathodic stripping voltammetry, following an
established 1h UV oxidation procedure (Chmiel et al., 2022; Hawco et al., 2016; M. A. Saito & Moffett, 2001).
All data are archived at BCO-DMO (M. A. Saito, 2021; M. Saito, 2020).

Surface seawater samples for analyses of dissolved Mn, Ni, and Pb were collected in LDPE bottles, acidified to
0.024 M HCI (Fisher Optima) and analyzed using the methods of Biller and Bruland (2012), with adaptations
as described in Parker et al. (2016). Briefly, this method involves preconcentration of the metals onto Nobias
Chelate PA-1 resin (Sohrin et al., 2008). Seawater is buffered to pH 6.0 + 0.2 just before loading onto the resin
columns and eluted with 1 M HNO, (Fisher Optima). Seawater extracts were analyzed on a sector field ICP-MS
(Thermo Scientific Element XR) and calibrated with standard addition curves made in low-metal seawater. Data
used in this study are archived at BCO-DMO (Freiburger et al., 2022a, 2022b).

Subsamples for dissolved Fe, Cu, and Zn analyses were collected in LDPE bottles, acidified to 0.024 M HCl
(Fisher Optima), and analyzed using a seaFAST system (ESI) following the methods of Lagerstrom et al. (2013),
as updated in Jensen et al. (2020). This method involves a 25X preconcentration of metals onto Nobias Chelate
PA-1 resin after they are spiked with a solution enriched in ’Fe, %Cu, and %Zn and buffered inline to pH
6.2 + 0.2. The metals are back-eluted into 1.6 M HNO, (Fisher Optima) and quantified using isotope dilution
after analysis on a Thermo Scientific Element XR ICP-MS. Figures of merit for this method can be found in
Jensen et al. (2020) and all the data used are found in Table S1.

Dissolved V analyses followed the isotope dilution method of Ho et al. (2018). Briefly, acidified 14 mL subsam-
ples (0.024 M HCI; Fisher Optima) taken from high-density polyethylene bottles were spiked with a >°V-enriched
solution (44.3% °V; Oak Ridge National Laboratories) and extracted/preconcentrated into 1 mL of eluate (1.6 M
HNO,; Seastar Baseline) using a seaFAST system with Nobias Chelate PA-1 resin (Biller & Bruland, 2012;
Sohrin et al., 2008). A similar online seaFAST extraction procedure is described by Hathorne et al. (2012) for
rare earth elements. Eluates from the seaFAST system were analyzed by Thermo Scientific Element XR ICP-MS
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Table 1 operated in medium resolution and using a PC3 sample introduction system

Summary (Range, Mean + 1o) of Aerosol Trace Element, Na, Dust, and Sea
Salt Concentrations During U.S. GEOTRACES GP15, and the Mean (+10)
Percentage Lithogenic Contribution to Total Aerosol Trace Element and Na
Concentrations

Concentration Concentration  Lithogenic contribution

range mean + lo (%; mean + lo)
pmol/m?
Al 104-645 296 + 162 77 + 38
Ti 1.2-18 50+45 100
A% 0.10-7.6 21+24 I1+11
Mn 0.3-3.3 1.1£0.8 81 +33
Fe 11-146 52 +38 94 +42
Co 0.026-0.124 0.066 + 0.026 19+ 10
Ni 0.39-2.5 1.2+£0.7 2.3 gg 1.3
Cu 0.36-9.3 20+22 27+25
Zn 2.1-18.7 7.1+3.9 1513
Pb 0.03-3.82 0.41 + 0.80 41+23
nmol/m?
Na 33-379 126 + 80 0.10 £ 0.10
ng/m?3
Dust? 18-283 80 + 72 -
Sea salt® 2,448-28,353 9,439 + 5,965 -

Note. Lithogenic contributions are calculated based on the aerosol Ti
concentration and the average element/Ti ratio of the upper continental crust
composition (Taylor & McLennan, 1995). Ti is 100% by definition.

aDust concentrations calculated from Ti data and assuming all Ti is from
crustal material with an average 0.3% Ti content by weight (Taylor &
McLennan, 1995). "Sea salt concentration calculated from Na data and
assuming all Na is from sea salt with an average 30.7% Na content by mass
(Prospero, 2002).

(ESI) to obtain the intensities of **V and 3'V. Additionally, 4’Ti and *’Cr
were monitored to correct for any >°Ti or *Cr isobaric interference on 3°V;
the correction was generally <1%. Figures of merit for this method can be
found in Ho et al. (2018) and the data are found in Table S1.

3. Results

3.1. Aerosol Trace Element Concentrations

Aerosol TE and Na concentrations during GP15 are summarized (range and
mean + one standard deviation [1s]) in Table 1. The transect took place
outside of the usual springtime peak in North Pacific aerosol concentra-
tions associated with eastward transport of mineral aerosol and industrial
emissions from Asia (Hsu et al., 2008; Merrill et al., 1989; Parrington
et al.,, 1983). Consequently, measured aerosol TE concentrations were
some of the lowest reported from GEOTRACES studies, particularly for
elements typically dominated by mineral aerosol concentrations (Marsay
et al., 2022). Mineral aerosol concentrations, calculated from Ti data and
assuming an average upper continental crustal (UCC) Ti content of 0.3%
(Taylor & McLennan, 1995), ranged from 18 to 283 ng/m? and are presented
in Figure 2. Using aerosol Al and an average UCC Al content of 8.04% gives
a similar range (35-216 ng/m?). Estimates of the mineral aerosol contribu-
tion to aerosol loading for each TE were calculated based on Ti data and
average UCC ratios from Taylor and McLennan (1995) and are summarized
in Table 1.

Soluble Na concentrations in GP15 aerosols spanned 33-379 nmol/m?
(Table 1). Assuming that all measured soluble Na are derived from sea salt
with an average 30.7% Na contribution by mass (Prospero, 2002), we calcu-
late sea salt concentrations (as an approximation of SSA) during GP15 of
2,448-28,353 ng/m? (mean of 9,439 ng/m?). Thus, SSA loading was between
24x and 1,026X (median 149x) greater than mineral aerosol loading in
samples collected throughout the GP15 section (Figure 2). These calcula-
tions assume that none of the Na associated with mineral aerosol is extracted
into the soluble phase by the UHP water leach. However, we also calculated

a theoretical mineral aerosol contribution to Na (Na,, ), based on the Ti concentration (which is assumed to be
completely crustal in origin) and the average Na/Ti ratio of crustal material (Taylor & McLennan, 1995), (Na/

Ti),,4» such that:

Najin, = Ti X (Na/Ti)iicn (€]

Given the relatively low-mineral aerosol concentrations encountered during GP15, this calculation indicates that

dust would have contributed ~0.1% of the measured Na on average (maximum 0.4%), and thus, no lithogenic

corrections were applied to the Na data.

3.2. Surface Seawater Trace Element Concentrations

Concentrations of dissolved TEs measured in a total of 54 surface seawater samples collected by towfish are

summarized in Table 2 (range and mean + 1o) along with salinity. For some elements, fewer than 54 data points

are available due to subsamples not being collected or to occasional data points not meeting quality control verifi-

cation. Spatial variations in dissolved TE concentrations are not discussed here as they will be addressed in future

papers focused on water column TE distributions.

For each towfish sample, the Na concentration was also calculated based on the salinity measurement (Guildline

Autosal salinometer) of a dedicated subsample and by normalizing to a seawater Na concentration of 469 mmol/kg
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(a) 30000 at salinity 35 (Pilson, 2013). From the calculated Na and dissolved TE concen-
— trations, the TE/Na molar ratio was calculated for each towfish sample. Mean
mg 25000 4 4 (+10) TE/Na values across the GP15 section are summarized in Table 3.
g 20000 + ] B
g 15000 1 | 4. Discussion
S Previous studies have suggested that in remote ocean regions with low-mineral
% 10000 i aerosol loading, SSA can contribute significantly to aerosol concentrations of
§ 5000 4 i some TEs (Arimoto et al., 2003; Duce et al., 1983; Weisel, Duce, Fasching,
H D H D H H D et al.,, 1984). Given the wide disparity in dust and sea salt concentrations
0 e e e e e e e e e e R D during GP15 and the small contributions to many of our measured TEs from
g g g § g g g § if § ii § if § ii § § § § g § lithogenic materials (with the exceptions of Al, Ti, Mn, and Fe; Table 1), we
PRENONDOOANRAENON®OO =N investigated whether TEs associated with sea salt could contribute signifi-
(b) 300 cantly to the totals measured during GP15.
o 250 + § Our initial calculations relate aerosol data directly to measured concentra-
%) M tions of dissolved TEs in surface seawater based on the assumptions that
§ 200 + a 7 TE/Na ratios in SSA are representative of those in bulk surface seawater
§ 150 4 | within the sampling region and that only dissolved phase TEs are incor-
Q porated during aerosol production. However, neither of these assumptions
® 100 + i are necessarily representative of SSA production. Numerous studies have
2 demonstrated small but significant fractionation of major cations in SSA,
= 50t N relative to seawater, and larger enrichments of organic material, along with
0 D D MININIRIRIS D 1l m . D ||] H H D D : D the incorporation of marine particulate material into SSA (Aller et al., 2005;
>EPEZIZZZZIEEZZZEEIEZZR Duce & Hoffman, 1976; Jayarathne et al., 2016; Keene et al., 2007; Quinn
9993939882200k RRNN et al., 2014). Such enrichments have been associated with the scavenging of
(c) surface-active material from the upper ocean by bubbles as they rise to the
1100 .
o 1000 } w i seg surface gnd with the fact that tho‘se‘ bubbles pass through the sea surface
© microlayer, itself an environment distinct from bulk seawater, before they
S 600 + b burst to produce SSA (Aller et al., 2005; Jayarathne et al., 2016; Robinson
S 5001 i etal., 2019).
@®
g 400 1 Few studies have tried to measure TE enrichment directly in naturally
g 300 4 4 produced SSA. Weisel, Duce, Fasching, et al. (1984) used a Bubble Interfacial
% 200 - | Microlayer Sampler (BIMS) in the Sargasso Sea to measure TE concentra-
£ tions in SSA derived from purposefully generated bubbles. They calculated
& 1007 | enrichment factors (EFs) for Al, Sc, V, Mn, Fe, Co, Cu, Zn, and Pb in these
ot """ aerosols relative to surface seawater and sodium concentration, such that:
TR R R ]
8288388323020 0 82RB EF = (/N /i1 /na), )
Aerosol deployment #

Figure 2. Concentrations of (a) sea salt aerosol and (b) mineral aerosol for
GP15 aerosol deployments Aer03—Aer23, calculated from aerosol Na and Ti
concentrations, respectively (see text for details). Note different concentration
scales. Also shown is (c) the mass ratio of sea salt to mineral aerosol for each
sample. Note break in y-axis.

where (TE/Na),,
(TE/Na),, is their ratio in surface seawater. From the Sargasso Sea sampling,

is the ratio of a TE to Na in BIMS-generated aerosols and

Weisel et al. reported EF values as high as 20,000 for some elements.

Based on these aspects of SSA production, we therefore also use data from
the Weisel et al. study along with an assessment of the relative concentra-
tions of dissolved and particulate TEs in surface waters and data from studies
quantifying TE enrichment in the surface microlayer. From these evaluations,
we quantify potential scaling factors that should be applied to bulk surface

seawater dissolved TE concentrations to estimate TE incorporation into SSA. We then apply these scaling factors

to the GP15 data to assess potential SSA contributions to aerosol TE loading.
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Table 2 4.1. Sea Spray Aerosol Contributions Based on Towfish-Dissolved TE

Summary of Dissolved Trace Element Concentrations and Salinity From
Surface Seawater Collected by Towfish Along the GP15 Transect

Concentration Number of
Concentration range mean + lo samples
nmol/kg
Al 0.5-8.6 2.3 3 2ol 48
v 27.7-33.8 30915 54
Mn 0.45-7.39 0.99 + 0.99 54
Fe 0.06-0.48 0.19 £ 0.11 46
Ni 1.7-6.4 2.7+09 54
Cu 0.39-3.54 0.81 + 0.60 54
Zn 0.03-0.71 0.12 £ 0.11 50
pmol/kg
Co <DL*-562 12 +21° 33
Pb 2-52 23+10 54
Salinity 31.4-36.3 344+13 54

2Some Co concentrations below method detection limit (<DL) of 1.7 pmol/
kg. "Excludes two high Co concentrations from Station 1 (562 pmol/kg) and
Station 2 (239 pmol/kg). For 10 samples with Co < DL, a concentration equal
to the 1.7 pmol/kg DL is used.

Concentrations

Due to the specific sampling strategies used during GP15, towfish and aero-
sol sample collections did not correspond directly (Figure 1), while it is
likely that not all SSA collected during any one aerosol sampling originated
within that specific area of sample collection. Thus, seawater TE/Na ratios
were averaged from any towfish samples collected within +1° latitude of the
deployment span of each aerosol sample and then combined with Na data
from that aerosol sample to calculate a theoretical SSA contribution to the TE
concentration (in pmol/m?). For each sample, these concentrations were then
expressed as a percentage of the total aerosol concentration of each element.

Except for V, SSA TE contributions calculated without any scaling factors
applied averaged <0.1% for all elements considered (Table 3), with the maxi-
mum contribution of each (always <1%) calculated for Aer04, which had
the highest soluble Na concentration (Figure 2). The calculated SSA contri-
bution for V averaged 1.5 + 1.8% (median: 1.1%) along the GP15 section
(Figure 3). In the North Pacific (samples Aer03—Aer12), where mineral aero-
sol loading was higher and oil combustion emissions are thought to have
had a strong influence on aerosol V loading (Marsay et al., 2022), the SSA
contribution averaged (+10) 0.32 + 0.29%, with the highest contribution of
1.1% for Aer04, as for other measured TEs. However, the lower loading of
total aerosol V in the equatorial Pacific (Aer13—Aer23) combined with the
relatively high concentration of V in seawater resulted in a higher calculated
SSA contribution to V during Leg 2 with an average of 2.7 + 1.9% and a
maximum contribution of 7.1% (Aer16).

4.2. Incorporation of Particulate TEs Into Sea Spray Aerosol and Implications

Bubbles are capable of transporting particulate materials as they rise through the surface ocean (Wallace &
Duce, 1975), and this material can be transported across the sea-air interface as evinced by the presence of
intact and fragmented bacteria and phytoplankton in SSA (Aller et al., 2005; Blanchard, 1989; Blanchard &
Syzdek, 1970; Guasco et al., 2014; Patterson et al., 2016).

Table 3

Mean (+10) Dissolved Trace Element (TE)/Na Ratios From GP15 Towfish
Samples and the Range and Median (in Parentheses) of Percentage Sea
Spray Aerosol (SSA) Contributions to Aerosol TE Load

Seawater TE/Na (pmol/mmol) % SSA contribution

Al 50+4.6 All <0.001% (2 x 1074%)
\% 67.1£1.5 0.08%-7.1% (1.1%)

Mn 22+23 0.003%-0.32% (0.02%)

Fe 0.42 +0.24 All <0.001% (1 x 1074%)
Co 0.08 + 0.25 <0.001%-0.128% (0.002%)
Ni 59+21 0.006%-0.60% (0.05%)
Cu 1.8+1.4 <0.001%—-0.421% (0.009%)
Zn 0.27 £ 0.25 <0.001%-0.013% (4 x 10~*%)
Pb 0.051 + 0.021 <0.001%-0.022% (0.003%)

Note. % SSA contributions are derived from aerosol Na data and the seawater
TE/Na ratio from nearby towfish samples.

No particulate TE measurements were made on towfish samples during GP15.

However, such measurements were made on towfish samples during the U.S.
GEOTRACES GP16 section in the eastern South Pacific, which intersected
the southern end of the GP15 transect and took place at the same time of year.
Using a combination of dissolved and particulate TE data from each GP16
towfish sample, we calculated an average scaling factor (Table 4) to apply to
the GP15 towfish data to account for surface water particles being incorpo-
rated into SSA. This average scaling factor increases SSA contributions by
less than a factor of 2 for all elements except Fe and Zn (which increase by
a factor of 3; Table 4). The highest scaling factor calculated for any GP16
station was 11, for Zn, which would still only result in a maximum SSA
contribution to aerosol Zn of <0.2%. Thus, we conclude that accounting for
surface ocean particulate TE concentrations would have little effect on our
calculated SSA contributions.

4.3. Application of SSA Trace Element Enrichments Determined in the
Sargasso Sea

The BIMS study conducted in the Sargasso Sea is one of very few studies
that have attempted to measure TEs specifically associated with SSA. The
average BIMS-derived EF values from Weisel, Duce, Fasching, et al. (1984)
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Figure 3. Aerosol V concentrations (Marsay et al., 2022) displayed alongside percentage contributions to aerosol V from sea
spray aerosol (calculated as described in the text). Note that the scale bar for the latter only extends to 10%.

are listed here in Table 5. Assuming the Sargasso Sea BIMS data to be representative of the open ocean, we used
these EF values with our calculated TE/Na ratios from towfish samples and applied them to the GP15 aerosol
Na data. Unsurprisingly, this greatly increased the calculated SSA contributions for some TEs (Figure 4) with
median values across all aerosol samples ranging from 0.1% (Co) to 106% (V). However, this approach also
gave SSA contributions of >100% in some cases for Zn (1 sample), Cu (2 samples), Mn (3 samples), and V (11
samples, including 10 from Leg 2) (Figure 4). For V and particularly for Mn, this is inconsistent with the low
enrichments of these elements relative to crustal material in GP15 aerosol samples. Aerosol Mn/Ti ratios across
the section averaged only 1.3 times that of crustal material as indicated by an average ~80% lithogenic contribu-
tion to aerosol Mn loading (Table 1). Aerosol V enrichment, relative to crustal material, was lower during Leg
2 than Leg 1 (Marsay et al., 2022), which is inconsistent with the high SSA contributions to Leg 2 aerosol V
suggested by applying the BIMS-derived sea spray enrichment for V to Leg 2 data.

These results thus suggest that the enrichments observed in SSA from Sargasso Sea BIMS samples are not directly
applicable to Pacific Ocean aerosols and raise the question of their wider applicability beyond the Sargasso Sea
region. As previously mentioned, there have been very few studies that have directly addressed potential enrich-
ments of TEs in SSA. However, we note that of the few other previous studies, summarized in Table 5, the enrich-
ments calculated for the Sargasso Sea study are at the high end of estimates for Cu, Fe, Zn, and Pb (Pattenden
et al., 1981; Piotrowicz et al., 1979; Weisel, Duce, Fasching, et al., 1984).

An earlier BIMS study in Narragansett Bay by Piotrowicz et al. (1979) determined average EFs for Fe and
Zn in SSA of ~80 and ~200, respectively; much lower than 10,000 and 20,000 reported for the Sargasso Sea
study. The same study also reported Cu EFs averaging ~200, which are somewhat closer to the value of 800
reported for the Sargasso Sea. However, the Piotrowicz et al. study was also conducted in an estuarine environ-
ment, which is distinct from the open ocean in terms of TE loading and biological processes and so not directly
comparable. Measurements made using a similar sampling approach in the North Sea by Pattenden et al. (1981)
reported EFs of <2-76 for Co (similar to the Weisel et al. average of 60), <50 for Zn, and 100400 for Pb (both
much lower than the Sargasso Sea values). Van Grieken et al. (1974) used a radioactive isotope, Zn, to study
potential enrichment of Zn in SSA in a series of laboratory experiments and reported EFs of up to ~50, relative
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Table 4 to unfiltered seawater; again much lower than Zn enrichments reported by

Dissolved and Particulate Trace Element (TE) Concentration Ranges From
Towfish Samples Collected at Stations 7-36 of the U.S. GEOTRACES
Eastern Pacific Zonal Transect and the Resulting Median Scaling Factor
(Range in Parentheses) to be Applied to GP15 Dissolved TE Data

Dissolved TE ~ Particulate TE  Scaling factor (dTE + pTE)/dTE

concentrations  concentrations
(dTE)? (pTE)® Median Range
nmol/L
Al 0.65-1.02 0.29-2.32 1.7 (1.3-3.9)
v 31.9-34.7 0.02-0.28 1.00 (1.00-1.01)
Mn 0.51-3.83 0.02-0.06 1.03 (1.01-1.05)
Fe 0.03-0.12 0.14¢ 32 (2.2-5.7)
Ni 2.14-3.46 0.02-0.17 1.02 (1.01-1.06)
Cu 0.42-1.36 0.02-0.05 1.04 (1.03-1.06)
Zn 0.01-0.29 0.02-0.10 2.8 (1.1-11.2)
pmol/L
Co 3-67 2.0-12.6 1.3 (1.1-2.0)
Pb 12-19 0.29-0.62 1.03 (1.02-1.04)

“Dissolved TE data are published in or associated with: Ho et al. (2019) (Al);
Ho et al. (2018) (V), Resing et al. (2015) (Mn, Fe); Boiteau et al. (2016) (Ni,
Cu); John et al. (2018) (Zn), Hawco et al. (2016) (Co); and Boyle et al. (2020)
(Pb). PParticulate TE data are from Biological and Chemical Oceanography
Data Management Office data set #648543 (Sherrell et al., 2016). “Only
two particulate Fe concentrations were above the detection limit (both
0.14 nmol/L); this value is used for all stations when calculating the scaling
factor.

Weisel et al., while Walker et al. (1986) reported EFs of 30-600 for the radi-
onuclides Pu and Am in similar experiments.

We suggest some potential explanations for the much higher EFs calculated
in the Sargasso Sea study. One is that the collected SSA included “recy-
cled” mineral aerosol that had been scavenged from surface waters by the
BIMS-generated bubbles. The study took place in July, which is during the
seasonal maximum for episodic Saharan dust transport to the Sargasso Sea
and surface waters were likely impacted by the deposition of mineral dust in
the preceding days and weeks (Arimoto et al., 1995, 2003). In addition, for
Fe and Co, the Sargasso Sea BIMS study compared the aerosol data to seawa-
ter TE/Na ratios derived from Pacific Ocean data (Weisel, Duce, Fasching,
etal., 1984). For Fe, the seawater concentration used (~1 nM) is significantly
lower than the ~5 nM concentrations of total dissolvable Fe that has been
measured in surface water Sargasso Sea samples influenced by summertime
dust deposition (Sedwick et al., 2005). This, however, would only affect
the BIMS-derived Fe EF by a factor of five, which would still suggest an
EF of 2000 for Fe. It is also acknowledged in the Sargasso Sea study that
the calculated Mn and V enrichments represent maximum values estimated
from measurable samples with other samples being indistinguishable from
filter blanks (Weisel, Duce, Fasching, et al., 1984). For these reasons, we
consider the EFs determined in the Sargasso Sea study to represent maxi-
mum scaling factors that could be applied to calculate the contribution of
SSA to aerosol TEs.

4.4. Consideration of the Surface Microlayer

Given the lack of corresponding SSA TE data sets outside of the Sargasso
Sea BIMS study, we also consider reported enrichments of TEs in surface
microlayer samples. The surface microlayer (SML) is an almost ubiqui-

tous thin film (10-100s of pm thickness) at the air-sea interface (Cunliffe et al., 2013). It is physicochemically
and biologically distinct from bulk seawater, being enriched in organic molecules (carbohydrates, lipids, and
proteins) as well as bacteria and phytoplankton (Cunliffe et al., 2013; Hardy, 1982), which could potentially be
the cause of enrichments observed in SSA. Enrichments of surface-active organic material within the SML are

::;:;itid Enrichment Factors for TEs in Studies of Sea Spray Aerosol
Sargasso Sea®  Narragansett Bay? North Sea®  Gulf of Mexico!
Al 5,000 - - -
A% 100 - - -
Mn 1,000 - - -
Fe 10,000 83 - -
Co 60 - <2-76 -
Ni - - - -
Cu 800 210 - -
Zn 20,000 230 <50 <2-50
Pb 4,000 - 140410 -

*Averaged values, summarized in Table 4 of Weisel, Duce, Fasching,
et al. (1984). Averaged values, summarized in Table 1 of Piotrowicz
et al. (1979). ‘Range of five samples, summarized in Table 3 of Pattenden
et al. (1981). “Estimated range shown across size fractions in Figures 7 and 8
of van Grieken et al. (1974).

thought to originate largely from phytoplankton exudates in the bulk surface
ocean, which are scavenged by bubbles as they rise to the surface (Robinson
etal., 2019; Wurl et al., 2011).

Given the incorporation of TEs into biogenic material and the complexation
of dissolved TEs by certain organic molecules, it may be expected that they
too would be enriched in the SML relative to bulk seawater. A handful of stud-
ies have indeed measured enrichments of TEs in surface microlayer samples
(summarized in Table 6). Although not all samples or elements have shown
SML enrichments, the small number of measurements reveals occasional
enrichments of up to one or two orders of magnitude across multiple TEs
with EFs of several hundred reported for Fe and Pb in the Mediterranean
Sea and the North Atlantic, respectively (Tovar-Sanchez et al., 2019, 2020).
While SML studies of TEs often measure concentrations of an unfiltered
sample and report total TE content, Ebling and Landing (2015) differentiated
measurements into dissolved and particulate fractions, demonstrating that the
greatest TE enrichment is usually seen in the particulate phase.

Based upon this small number of data sets, it is clear that the SML can be
enriched in TEs relative to bulk seawater for both dissolved and particulate
fractions. As the SML represents the interface between ocean and atmosphere
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Table 6
Reported Surface Microlayer (SML) Enrichment Factors for Trace Elements
Region Al A% Mn Fe Co Ni Cu Zn Pb References
Narragansett Bay - - - 2-28 - 1.8-2 34 - 1.2-2 Duce et al. (1972)*
Hawaii - - - 4.2 - - 3.1 2.8 - Barker and Zeitlin (1972)°
Florida Keys <1-4 <1-2 <1-1.2 <1-3 - <1-1.3 <1-1.1 <1-6 <1-3 Ebling and Landing (2017)¢
Mediterranean - 1-2 - 4-896 8-62 1.1-1.8 1.7-21 4-34 1.2-17 Tovar-Sanchez et al. (2020)¢
Mediterranean - - - 92 3 2 4 - 139 Tovar-Sanchez et al. (2019)°
Antarctic - - - 22 4 1.7 8 - 17
NE Atlantic 2006 - - - 193 20 2 111 - 804
NE Atlantic 2007 - - - 99 17 4 148 - 193
Arctic - - - 50 6 2 13 - 69
Mediterranean Ebling and Landing (2015)"
Total 14 - <1-1.2 <1-4 1-1.8 <1-1.9 <1-4 <1-1.9 1.2-1.6
Dissolved <1-1.5 - <1-1.1 <1-3 <1-1.6 <12 <1-3 <1-1.8 1.1-1.3
Particulate 1-14 - 1-5 1-5 1-5 2-3 <1-16 1-6 1-13

Note. Measurements were made on unfiltered samples or are combined concentrations from different analyzed phases. Some enrichment factors were calculated on
paired SML and seawater samples, others used average SML and seawater concentrations from several samples.

aBased on combined concentrations from each analyzed fraction in SML and seawater from 20 cm depth (Table 1 of Duce et al., (1972)). "Based on reported average
concentrations in unfiltered sampled from SML and seawater from 60 cm depth (Table 3 of Barker and Zeitlin (1972)). °Based on total concentrations (dissolved + labile
and refractory particulate fractions) in SML and seawater from ~30 cm depth over two sampling periods (from data submitted to Biological and Chemical Oceanography
Data Management Office). “Based on concentrations in unfiltered samples from SML and seawater from ~1 m depth (Table 1 of Tovar-Sanchez et al. (2020)). *Based
on averaged concentrations for SML and seawater from 1 m depth from multiple unfiltered samples in each region (Table 1 of Tovar-Sénchez et al. (2019)). Dissolved
and particulate fractions are shown separately, as well as enrichment factors for total concentrations, based on concentrations in SML and seawater from ~30 cm depth
(Table 7 of Ebling and Landing (2015)).

and the last contact between bubbles and seawater before they burst, it is reasonable to expect that these enrich-
ments may be transferred to the SSA. However, the enrichments reported in these few studies cannot account
for the much higher EFs reported for SSA collected by the BIMS. One caveat to this comparison is that SML
enrichments relative to bulk seawater are calculated based upon an operationally defined microlayer thickness
(ranging from 26 to 150 pm in the studies summarized in Table 6). Duce et al. (1972) noted that if the true SML
thickness is less than this, the samples being collected will be partially diluted by the inclusion of underlying
seawater. They calculate that a true SML thickness of just a few molecular layers (~10 nm) would result in an
underestimation of SML enrichment from their samples by a factor of 1.5 x 10%; thus, a measured Cu EF of five
would actually represent an enrichment of the order of 75,000. Values such as this, however, are even greater than
the enrichments reported for SSA by Weisel, Duce, Fasching, et al. (1984).

Another way in which measured SML enrichments may underestimate TE enrichments in SSA is through satu-
ration. Data from the Sargasso Sea BIMS study appeared to show that Zn and Pb became more enriched in
SSA for bubbles produced at greater depth, suggesting an ongoing scavenging of these elements as the bubbles
rose through the water column (Weisel, Duce, Fasching, et al., 1984). In theory, the bubble surface could there-
fore become more enriched in these elements than their corresponding enrichment in the SML with this poten-
tially preserved during SSA formation. Such a depth-related dependency of TE enrichment was not observed for
elements other than Zn and Pb, though the authors noted that any correlation could be masked by uncertainty in
measurements.

4.5. Does Sea Spray Aerosol Contribute Significantly to Aerosol TE Loading During GP15?

Without a focused sampling strategy that can isolate SSA from continental dust and anthropogenic aerosols, it is
not possible to precisely quantify the contribution of SSA to the total aerosol loading of TEs. However, we can
speculate based on the influences previously discussed. In Figure 4, we plot the range of percentage SSA contri-
butions to GP15 aerosol TEs based on measured aerosol Na concentrations and the following four scenarios:
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Figure 4. Percentage contributions from sea spray aerosol to GP15 aerosol trace element (TE) concentrations calculated
using aerosol Na concentrations and towfish dissolved TE/Na ratios only (Scenario 1; black triangles) and with different
scaling factors applied to the resulting data: red-inverted triangles—Scenario 2, scaled to account for particulate TE
contributions; blue circles—Scenario 3, scaled using maximum surface microlayer enrichments from Table 6; green
crosses—Scenario 4, scaled using enrichment factors from Weisel, Duce, Fasching, et al. (1984) Bubble Interfacial
Microlayer Sampler (BIMS) data. For each scenario, individual data points are based upon individual aerosol samples
collected along the section.

Scenario (1): TE/Na ratios of SSA are directly related to the concentrations of dissolved elements in near-surface
seawater (assessed using GP15 towfish data);

Scenario (2): As for the first scenario, but also accounting for potential incorporation of particulate material into
SSA by applying a scaling factor of the particulate/dissolved TE concentration ratio (assessed using average
values from GP16 towfish data; Table 4);

Scenario (3): The TE content of SSA is driven by enrichments of TEs within the surface microlayer; here, we
apply to our towfish TE/Na data the maximum observed SML EFs taken from the literature cited in Table 6;

Scenario (4): The TE content of SSA during GP15 is driven by the bubble-induced enrichments measured by
Weisel, Duce, Fasching, et al. (1984); for this scenario, we use the EFs summarized in Table 4 of that paper
and represented in our Table 5.

Figure 4 highlights that if the SSA TE/Na ratio is representative of bulk surface seawater (Scenario 1), its contri-
bution to the total aerosol TE loading during GP15 would be <1% for all elements except V, regardless of whether
a scaling factor to account for particulate TE concentrations is used (Scenario 2). Consideration of enrichments
measured in SML and SSA samples (Scenarios 3 and 4), relative to bulk seawater, changes this interpretation in
different ways for different elements as discussed below.

4.5.1. Vanadium

Of the elements considered here, V was calculated as having the highest SSA contribution to total aerosol load-
ing (averaging 1.5%) based solely on surface seawater dissolved TE concentrations (Scenario 1). This may be
partly due to the order of magnitude higher concentrations of dissolved V in surface seawater relative to the other
elements (Table 2). The aerosol V distribution during GP15 had a distinct decrease in concentrations between
the North Pacific and equatorial Pacific (Figure 3), which has been attributed to reduced influence from fuel
combustion emissions as well as lower mineral aerosol loading during the southern part of the transect (Marsay
et al., 2022). This results in significantly higher percentage contributions of V from SSA for equatorial Pacific
samples (Aerl13—Aer23; Figure 3) despite a slightly lower average sea salt aerosol concentration in this region
(Figure 2).

Due to the dominance of the dissolved fraction of V in seawater (Ho et al., 2018), application of a scaling factor
for particulate V (Scenario 2) had little influence on the range of SSA percentages, while the very limited number
of V measurements in SML samples indicate enrichment of a factor of two or less based on total V concentrations.
Application of the SSA EF calculated by Weisel, Duce, Fasching, et al. (1984) (Scenario 4) results in a significant
increase in the calculated SSA contribution to aerosol V with 11 of the 21 values being >100%. This is clearly
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an overestimate of the SSA contribution and may be partly explained by the BIMS-derived EF representing an
upper estimate due to many of their V concentrations being below the detection limit (Weisel, Duce, Fasching,
et al., 1984). Nevertheless, given the relatively high percentage contribution of SSA to total aerosol V concen-
trations calculated solely from towfish V/Na ratios in this study, it is clear that any significant enrichment (e.g.,
an EF of 10 or more) of V during the SSA production could result in it representing a substantial contribution to
aerosol V loading in some regions; for example, during Leg 2 of GP15.

4.5.2. Aluminum, Manganese, Nickel, and Zinc

Based on seawater TE/Na ratios and aerosol Na measurements, these four elements had varying but insignificant
contributions from SSA to their total aerosol loading (Scenario 1), even when accounting for particulate TE
concentrations (Scenario 2). The particularly low contributions calculated for Al (<0.002%) are likely due to it
being a major component of crustal material (~8% by weight, on average (Taylor & McLennan, 1995)), such that
any mineral aerosol present would heavily influence aerosol Al. The low contribution of SSA Zn calculated from
towfish data possibly reflects its approximately order of magnitude lower concentrations in oligotrophic surface
seawater than the other three elements (Table 2).

Of these four elements, reported SML enrichments relative to bulk seawater for Al, Mn, and Ni have been low
(EF < 5, based on maximum values from limited studies; Table 6), while reported SML EFs for Zn have reached
34 for the Mediterranean Sea (Tovar-Sanchez et al., 2020). However, for our data set, Ni is the only one of these
four elements for which the application of the SML EF pushes the calculated SSA contribution above 1% for
any samples, and this is for Aer04 only, which had the highest sea salt loading (Figure 2) and a low aerosol Ni
concentration (Marsay et al., 2022).

No BIMS enrichment data are available for Ni, but for Al, Mn, and Zn enrichments reported by Weisel, Duce,
Fasching, et al. (1984) are at least 100 times higher than the highest reported SML enrichments. For Mn, this EF
(1,000) is enough to increase the calculated SSA contribution to >100% for three samples with other samples
ranging from 3% to 64%. However, as for V, Weisel and coauthors noted that their EF value for Mn repre-
sents an upper estimate due to Mn being below the detection limit in several samples. For Al, applying the
BIMS-derived average EF (5,000) gives SSA contributions ranging from 0.2% to 4.8%. This is slightly lower than
the SSA contributions to Al of 10%-20% calculated for the western North Atlantic during the low dust season
(Arimoto et al., 2003), which were also based on observed aerosol Na concentrations and the Al/Na ratio from
the BIMS-collected samples. However, as for the other elements considered here, the lack of other such data sets
makes it difficult to assess whether the Sargasso Sea enrichments are applicable to SSA produced in the Pacific
Ocean.

Zinc had the highest average BIMS-derived EF of these four elements at 20,000. Applying this to our GP15 data
is enough to increase the average SSA contribution to 23%, which is also comparable to the average calculated
for SSA contribution to Zn at Bermuda (30 + 22%) by Arimoto et al. (2003), based on the BIMS-derived SSA
Zn/Na ratio. As for V and Mn, however, it is questionable whether the Sargasso Sea BIMS data are applicable to
the Pacific Ocean with one calculated SSA contribution (Aer04) being as high as 165%. It is also noteworthy that
other calculated EFs for Zn in SSA are much lower than that from the Sargasso Sea study (Pattenden et al., 1981;
Piotrowicz et al., 1979; van Grieken et al., 1974) and closer to the maximum SML enrichment listed in Table 6.
If we instead apply the much lower BIMS-derived EF of 230 that was determined from sampling in Narragansett
Bay (Piotrowicz et al., 1979), the maximum SSA contribution to aerosol Zn along the GP15 transect would be
just 2.9% with an average of 0.3%.

4.5.3. Cobalt

SSA Co contributions calculated from GP15 towfish data (Scenario 1) covered the largest spread in values due
to Co having the greatest relative range in surface seawater concentrations (Figure 4, Table 2), but the contribu-
tions were always <0.2%, for both Scenario 1 and Scenario 2. In what may simply be a coincidence from having
a limited number of studies to compare, Co was unique among the elements considered in that the maximum
EF reported from SML studies was approximately the same as the enrichment reported for BIMS-derived aero-
sols. After applying either of these EFs, two samples that had among the lowest mineral aerosol loading during
GP15 (Aer03 and Aer04; Figure 2) had SSA contributions of 4%—8% with the remaining samples having a <1%
contribution.
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4.54. Iron, Copper, and Lead

For Fe, Cu, and Pb, maximum reported SML EFs were approximately within an order of magnitude of the EFs
reported for Sargasso Sea BIMS-generated aerosols (Tables 5 and 6). Of these three elements, Fe had the lowest
calculated SSA contribution based solely on towfish data (Scenario 1). As described previously for Al, this is
likely primarily due to it being a relatively major component of lithogenic material, thus being strongly influ-
enced by any mineral aerosol present, coupled with the low solubility of Fe in seawater and the strong biological
uptake of Fe in oligotrophic surface waters. The three elements are grouped together here because, for each,
SML EFs of >100 were applied. Again, it should be emphasized that the maximum scaling factors derived from
microlayer studies have been applied, and there have been other SML measurements of these elements that have
indicated EFs of <10 (Table 6).

In the case of Fe, the mineral aerosol contribution is so dominant that even after applying the maximum reported
SML EF, the calculated SSA contribution during GP15 is still always <1%. If instead the BIMS-derived EF of
10,000 is applied, the potential SSA contribution reaches 10% (for Aer04) but averages ~2% across the section.
This value is similar to the calculated SSA contribution to aerosol Fe at Bermuda during periods of low dust load-
ing (Arimoto et al., 2003), which also used the Sargasso Sea BIMS-derived data to calculate SSA contributions.
For Cu and Pb, applying the maximum SML EF increases median SSA contributions to ~2%, and as high as 62%
(Cu) and 18% (Pb) for Aer04, while the use of BIMS-derived EFs pushes median SSA contributions up to 7%
(Cu) and 13% (Pb) with Aer03 and Aer04 samples both having SSA Cu of >100%. Again, this indicates that at
least for Cu, the BIMS-generated SSA enrichments are not universally applicable.

The separation of truly “marine-derived” SSA contributions to the total aerosol TE load from recycled mineral
aerosol particles is difficult to accomplish even with targeted sampling. This may in part account for some of
the high EFs calculated during the Sargasso Sea BIMS study. In that case, the authors mostly used surface ocean
TE concentrations measured during the same research cruise (with the exceptions of Fe and Co) to calculate
marine aerosol EFs (Weisel, Duce, Fasching, et al., 1984). Although unfiltered seawater samples were collected
for those measurements, the extraction and analytical methods used (Bruland & Franks, 1983; Weisel, Duce, &
Fasching, 1984) did not include any digestion with strong acids, which could potentially have resulted in under-
estimated contributions from refractory particulate material (i.e., recently deposited mineral aerosol particles) in
surface seawater. If this was the case, the calculated EFs would represent overestimates due to the potential for
some of the SSA loading to be contributed by recycled mineral aerosol. This is particularly relevant given that
the BIMS study took place during the summer, when Saharan dust transport to the region is greatest, with the
elements most likely to be affected by this being the lithogenic elements of Fe, Al, and potentially Co and Mn.

Another aspect of the SSA contribution to aerosol TE loading is that mineral aerosol concentrations over the open
ocean vary to a much greater extent than do sea salt concentrations. Although dust concentrations during GP15
were relatively low, averaging <100 ng/m3, previous studies have reported average concentrations an order of
magnitude lower, for example, in the South Pacific (Arimoto et al., 1987; Wagener et al., 2008). In such cases, it
would be expected that SSA makes a more significant contribution to aerosol TE loading, assuming that surface
seawater TE concentrations do not change as sharply as aerosol concentrations. Conversely, during the springtime
maximum in dust and anthropogenic aerosol transport across the North Pacific from Asia, SSA contributions to
total aerosol TE loading would become much less significant than those calculated here. This temporal variation
in the significance of an SSA contribution to aerosol TEs has been discussed by Arimoto et al. (2003) with regard
to Saharan dust transport to Bermuda.

5. Conclusions

While direct measurements of TE concentrations in fresh SSA were beyond the scope of this study, the combina-
tion of low dust loading during GP15 and the coincident TE measurements in aerosols and surface ocean samples
has allowed us to revisit a poorly constrained aspect of TE biogeochemistry, namely, the relative contribution of
SSA to aerosol TE loading.

Calculations based on surface seawater TE concentrations and aerosol Na measurements suggest negligible
contributions of <1% for all elements considered except V, for which the SSA contribution averaged 1.5% and
reached 7%. However, this calculation excludes the potential enrichment, relative to bulk seawater, of TEs during
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SSA production, which has been suggested by a small number of ship-based and laboratory studies. If we apply
EFs derived from the most comprehensive such study carried out in open ocean waters, we find that SSA could
contribute significantly to aerosol TE loading for some elements. However, our data also reveal that a general
application of this BIMS-derived data may not be appropriate. This conclusion is supported by measured enrich-
ments of TEs in surface microlayer samples and from a handful of similar SSA-focused studies generally being
very much lower than those from the Sargasso Sea study. We suggest that further focused measurements of TE
enrichments in SSA will be useful to better understand its contribution to aerosol TE loading.

Given that in our assessment we use aerosol TE concentrations from a low-mineral aerosol loading season, we
suggest that SSA contributions to some aerosol TEs (notably Fe, Al, and Co) are insignificant on a global basis.
However, this does not preclude that, under low dust loading conditions found in certain ocean regions and
at certain times of year, the SSA contribution could represent a small but significant fraction. For some other
elements considered here, notably V, Cu, and Pb, the SSA contribution could be more important, though there
is considerable uncertainty that warrants further study. In cases where the SSA contribution to total aerosol TE
loading is significant, not accounting for it when calculating deposition fluxes from measured bulk aerosol TE
concentration data sets would result in an overestimation of the atmospheric supply of continental materials
(including lithogenic, anthropogenic, and volcanic emissions) to the surface ocean.

Data Availability Statement

The data used in this study include chemical concentration data from discrete aerosol and seawater samples.
The total aerosol trace element data (Buck et al., 2021a, 2021b) and soluble aerosol sodium data (Buck
et al., 2022a, 2022b) are archived at the Biological and Chemical Oceanography Data Management Office
(BCO-DMO). The dissolved cobalt, dissolved aluminum, dissolved manganese, dissolved nickel, and dissolved
lead concentration data from surface seawater samples are archived at BCO-DMO as well (Freiberger
et al., 2022a, 2022b; Hatta & Measures, 2022a, 2022b; M. A. Saito, 2021; M. Saito, 2020). Surface seawater data
for dissolved iron, dissolved copper, dissolved zinc, and dissolved vanadium are submitted to BCO-DMO but
have not yet been published as of the time of this submission. These data are available in Table S1 of this work
for purposes of peer review. Data archived at BCO-DMO are licensed under Creative Commons Attribution 4.0.
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