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Abstract Atmospheric deposition is an important source of iron (Fe) and perhaps zinc (Zn) to the oceans.
We present total and water-soluble aerosol Fe and Zn isotopic compositions, size-fractionated aerosol Fe
isotopic compositions, and aerosol enrichment factors from the North Pacific GEOTRACES GP15 section
(Alaska-Tahiti) during the low dust season. We found distinct bulk aerosol provinces along this latitudinal
transect: Asian aerosols (especially crustal dust) dominate at higher latitudes (52-32°N) while North
American heavier-than-crustal wildfire aerosols dominate in Equatorial Pacific deployments (20°N to 20°S).
Soluble aerosol Fe was isotopically lighter-than-crustal along the full transect, strongly indicative of a pervasive
anthropogenic Fe contribution to the Pacific. Comparison to a global aerosol deposition model corroborates that
an isotopically heavy endmember is required for wildfire Fe, attributed to pyroconvective entrainment of soil
particles. For Zn, the entire GP15 section is dominated by non-crustal anthropogenic sources, reflected by light
isotopic compositions (bulk: —0.12 + 0.08%o and soluble: —0.17 % 0.14%o).

Plain Language Summary Along with nutrients such as nitrate and phosphate, trace metals such as
iron and zinc, are required by marine microbes to carry out photosynthesis and other metabolic functions.
Atmospheric dust, a combination of natural, anthropogenic, and wildfire aerosols, is a key source of trace metals
to the surface of the oceans. Here, we present the concentration and isotopic composition of Fe and Zn in
atmospheric aerosols collected over the North Pacific Ocean in a transect from Alaska to Tahiti on the
GEOTRACES GP15 section cruise (2018). We find Fe in North Pacific aerosols is sourced principally from
natural Asian dust with a component from anthropogenic sources. However, Equatorial Pacific aerosols are also
influenced by Fe supplied from Californian wildfires, with observations and models supporting a distinct heavy
isotopic signature of this Fe source. Water-soluble aerosol Fe as well as bulk and water-soluble aerosol Zn are all
indicative of anthropogenic sources of both metals affecting surface waters throughout the section. Comparison
with a dust-deposition model allows us to improve model parameterization and refine Fe isotope endmembers.

1. Introduction

Trace metals such as iron (Fe) and zinc (Zn) are important marine micronutrients, with Fe limiting growth over
much of the surface oceans (Moore et al., 2013; Morel et al., 1994). Atmospheric dust is a key source of Fe (and
perhaps Zn) to the oceans, alongside sediments, rivers, and hydrothermal venting (Conway et al., 2024; Tagliabue
et al., 2017). Originally, atmospheric aerosol Fe was thought to consist of natural desert dust, but the importance
of anthropogenic (industry and fossil fuel combustion), biomass-burning, and wildfire sources to atmospheric Fe
aerosols has now been well established (Hamilton et al., 2022, and references therein). For example, Tang
et al. (2021) showed that atmospheric transport of Fe from Australian wildfires to the nearby surface ocean
stimulated widespread phytoplankton blooms. The presence of anthropogenically derived metals in aerosols has
been inferred using elemental enrichment factors (EFs) or enhanced elemental solubility, but these factors can be
influenced by several physical and chemical factors and are not diagnostic of anthropogenic Fe, per se (Baker &
Jickells, 2006; Conway et al., 2015).

BUNNELL ET AL.

1 of 10



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113877

Recent work has made use of aerosol Fe isotope composition (§°°Fe) as a tracer for natural and anthropogenic Fe
(Mead et al., 2013; Kurisu et al., 2016a, 2016b, 2019, 2021, 2024; Conway et al., 2019). Some of these studies
have applied a distinct §°°Fe endmember to each source. For example, Conway et al. (2019) utilized 5°°Fe as a
source tracer in aerosols over the North Atlantic, with an isotopically constrained two-component mixing model,
where insoluble natural Fe aerosols exhibit near-crustal 5°°Fe (4+0.09%o) while more soluble anthropogenic Fe
aerosols have very low 8°°Fe (—1.6%o). They found crustal Saharan Fe dominated bulk aerosols in the subtropical
Atlantic, but up to 100% of soluble Fe was derived from combustion near North America and Europe (Conway
et al., 2019). Using aerosols from Japan, Kurisu et al. (2016a, 2016b) showed the &°Fe of the Asian anthro-
pogenic endmember could be extremely low, but was also particle size-dependent; §°°Fe of large particles was 0.0
to +0.3%o while the fine particles, which are more likely to be entrained into the upper troposphere and deposited
over the ocean, were much lower (particles —3.2 to —0.6%0, water-soluble Fe down to —3.9%o0). Based on
combustion- and smelting-dominated small aerosol particles releasing soluble Fe as low as —4.7%o, Kurisu
et al. (2019) proposed a soluble anthropogenic aerosol 8°°Fe endmember of —4.4 + 0.3%o for Asian aerosols,
lighter than that used for the Atlantic. Using this endmember and two-component mixing, combustion contributes
up to 50% of fine and 21% of coarse aerosol Fe over the western North Pacific Ocean, with much lower con-
tributions in the east than west (Kurisu et al., 2021, 2024).

However, one piece of knowledge currently missing for using 8 °Fe as a source identification tool is the isotopic
signature of wildfire-sourced Fe. Although it has been argued that wildfire Fe is light due to light plant material
(Guelke & von Blankenburg, 2007; Guelke-Stelling & von Blanckenburg, 2012; Mead et al., 2013), recent work
has identified the importance of pyroconvective soil entrainment during wildfires, where much (potentially two-
thirds) of the wildfire-derived Fe may be expected to be sourced from local soils (Hamilton et al., 2022). To date,
the only study of &°°Fe from wildfires found the Fe released was heavier than the (combustion-dominated)
background, perhaps attributed to soil entrainment (Kurisu and Takashi, 2019). However, direct measurements of
the properties of Fe from wildfires are lacking, and as such, use of §°°Fe endmembers to quantify sources remains
problematic in areas where wildfire aerosols are prevalent (Hamilton et al., 2020).

Although Zn aerosol concentrations and EFs have been well studied, the use of 8°°Zn in open ocean aerosols is a
relatively new tracer, and is not nearly as well studied as 8°°Fe. To date, only three studies have reported open
ocean aerosol 8°°Zn and they have all been from the Atlantic Ocean; as such, we lack a global understanding of
aerosol 8°°Zn systematics. Initial estimates of soluble aerosol 5°°Zn from the North Atlantic Ocean showed
lithogenic compositions (+0.34 + 0.14%o; Little et al., 2014), while more recent work from the North and
Equatorial Atlantic found bulk and soluble aerosol 8°°Zn to vary over a larger range, from —0.12 to +0.41%o and
—0.21 to +0.25%o, respectively, indicative of an anthropogenic contribution (Packman et al., 2022; Zhang
et al., 2024), which is thought to be lighter-than-crustal (—1.1 to +0.1%o; Gioia et al., 2008).

Here, we present 8°°Fe and 6%°Zn from bulk and ultrapure water-leached aerosols and the &°°Fe of size-
fractionated bulk aerosols collected during the US GEOTRACES GP15 section, which took place from
September—November 2018 (during the low dust season) from Alaska to Tahiti along 152°W (Figure 1a). North
Pacific atmospheric circulation has three major features where: (a) westerly winds travel from Asia across the
North Pacific, (b) air masses continue across North America, (c) air masses reaching North America are retro-
flected off the coast and travel back east to Asia (Figure 1a; Parrington et al., 1983; Marsay et al., 2022a, 2022b).
Accordingly, here, aerosol deployments are categorized as Asian Outflow (5-11; 52°N to 32°N) or Equatorial
Pacific (13-23; 20°N to 20°S) based on 5-day HYSPLIT back trajectory models and general North Pacific at-
mospheric circulation (Marsay et al., 2022a, 2022b). Deployments 1 and 3 are classified as Margin deployments
as they were collected close to the continental margins and are likely dominated by proximal and local sources, as
such they are not discussed at length here.

2. Materials and Methods

Aerosol samples were collected as part of the US GEOTRACES GP15 section, with collection, processing, and
digestion/leaching techniques previously described (Marsay et al., 2022a, 2022b) or in Supporting Informa-
tion S1. Aerosol Fe and Zn concentrations and isotopic ratios (§°°Fe and §°°Zn) in digested (bulk or different size-
fractions) or ultrapure water leached (soluble) aerosols were determined at USF using a Thermo Neptune MC-
ICP-MS following previously published methods (Conway et al., 2019; Sieber et al., 2023a; see Supporting
Information S1 for details and uncertainty of ICP-MS measurements).
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Figure 1. (a) GP15 aerosol deployment map overlaid on CAM6-MIMI bulk
aerosol Fe output during GP15 (3 October 2018). (b) GP15 bulk and soluble
aerosol 5°°Fe, (c) coarse and fine size-fractionated aerosol 5°°Fe, and

(d) bulk and soluble aerosol 5°°Zn. Gray boxes denote the crustal range of
5°°Fe (—0.01 to +0.19%o; Gong et al., 2017) and 8°°Zn (+0.20 to +0.42%o;
Little et al., 2014). Note the size-fractionated deployment latitudes do not
overlap exactly with regular deployments and the x-axis passes

through +0.09%o.

Aerosol Fe data was simulated using the Mechanism of Intermediate
complexity for Modeling Iron (MIMI) embedded within the Community
Earth System Model's (CESM) atmospheric model: Community Atmosphere
Model v6 (CAM6) (Hamilton et al., 2019, 2022). Information regarding er-
rors and uncertainty of the model output can be found in Supporting Infor-
mation S1. The §°°Fe signature of natural dust is well constrained (+0.09%o),
and an anthropogenic signature of —1.60%0 (as proposed by Conway
et al. (2019)) was used here as an initial endmember for anthropogenic,
shipping, and wildfire 8°°Fe. Subsequently, the 5°°Fe of anthropogenic,
wildfire, and shipping Fe endmembers and CAM6-MIMI concentration
output for dust, anthropogenic, and shipping Fe were then all optimized to
improve the correlation between model and measured data (see Supporting
Information S1).

3. Results

Bulk aerosol Fe during GP15 were elevated within the Asian Outflow study
region (37.7-155.1 pmol m™) compared to the Equatorial Pacific (22.4—
65.1 pmol m™), up to two orders of magnitude lower than the high dust
season as sampled on the 2005/2006 CLIVAR P16 cruise (23—
2,350 pmol m™3 ; Buck et al., 2013). GP15 soluble aerosol Fe ranged from 0.3
to 7.1 pmol m™. Margin deployments bulk Fe was 13.2-36.3 pmol m~> and
soluble Fe was 0.9-3.7 pmol m™>. Bulk aerosol Zn was less variable across
the entire transect (3.9-17.2 pmol m~>), as was soluble Zn (1.6—
8.0 pmol m™?). Compared to nearby data collected during the high dust
season (mean 90 pmol rn_3; along 160°W, Furutani et al., 2010), bulk GP15
aerosol Zn was an order of magnitude lower.

GP15 Asian Outflow bulk aerosols were identified as crustal
(+0.09 + 0.10%0), with 8°°Fe from —0.03%o to +0.07%¢ (Figure 1). By
contrast, GP15 Equatorial Pacific bulk aerosols ranged from +0.15%o to
+0.41%o (Figure 1). Similarly, the coarse size fraction (>0.95 pm) of Asian
Outflow aerosols was also crustal (+0.02 to +0.20%0), while the coarse
fraction in Equatorial Pacific aerosols were slightly elevated (40.15 to
+0.27%o). Lastly, the fine fraction aerosols (<0.95 pum) were light in the
Asian Outflow region (—0.39 to —0.25%o), while Equatorial Pacific aerosols
showed slightly higher 5°°Fe values in comparison (fine fraction: +0.06 to
+0.36%o0). Soluble &°°Fe for the Asian Outflow and Equatorial Pacific were
both light, ranging from —1.28 to —0.45%0 and —0.71 to +0.02%o, respec-
tively. Size-fractionated samples for Margin deployments are not reported as
concentrations were below detection for each filter stage.

Bulk aerosol 8°°Zn were consistently lower than crustal (+0.31 =+ 0.11%o)
within the Asian Outflow and Equatorial Pacific, ranging from —0.12 to
0.00%0 and —0.29 to —0.02%o, respectively (overall mean: —0.12 = 0.08%o).
Similarly, soluble aerosol 8°7Zn were also low across the section (overall
mean: —0.17 £ 0.14%o), with Asian Outflow soluble Zn aerosols ranging
from —0.18 to 0.00%0 and Equatorial Pacific aerosols between —0.35%0 and
+0.09%o. Bulk 8°°Zn for margin deployments was —0.02%o to +0.01%o and
soluble 8°°Zn was —0.23%o to 40.19%o.

4. Discussion

First, we discuss sources of aerosol Fe and Zn to the Asian Outflow and
Equatorial Pacific deployments, based on §°®Fe and 8°°Zn of bulk, soluble,
and size-fractionated (only 8°°Fe) aerosols of the two regions as well as va-
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Figure 2. GP15 bulk aerosol 8°Fe compared to V (a) and Al (b) EFs. Gray boxes denote the crustal range of &°°Fe (—=0.01 to
+0.19%0; Gong et al., 2017), and bulk enrichment factors are from Marsay et al. (2022a, 2022b). Size-fractionated Asian
Outflow and Equatorial Pacific V (c), (e) and Al (d), (f) EFs. Note the starred datum not included in fields in a and b is also
characterized by elevated V, Cd, Pb EF (Marsay et al., 2022a, 2022b and Figure S1 in Supporting Information S1) suggesting
it is influenced by a different mix of sources.

nadium (V; an anthropogenic aerosol tracer) and aluminum (Al; a lithogenic tracer) EFs (from Marsay
et al., 2022a, 2022b). GP15 EFs were calculated relative to the Ti content of the sample and Upper Continental
Crust (UCC) (taken from Marsay et al., 2022a, 2022b; Equation S3 in Supporting Information S1). Second, we
use measured bulk Fe concentrations and °°Fe with model output to better constrain CAM6-MIMI Fe sources
and aerosol §°°Fe endmembers for the North Pacific Ocean (Hamilton et al., 2019, 2022).

4.1. GP15 Bulk Aerosol Fe Sources

Asian Outflow deployments exhibit higher Fe concentrations than Equatorial Pacific deployments. Aerosol Fe
traveling from northern Asia to North America is thought to consist of loess from the Chinese Plateau and Gobi/
Taklamakan desert dust mixed with anthropogenic aerosols produced around industrial hubs as a result of the
transport of dust from Asia (Huang et al., 2010). GP15 bulk and size-fractionated 5°°Fe signatures as well as V
and Al EFs indicate the source of Fe to Asian Outflow deployments is Asian dust comprised of both crustal and
anthropogenic components (Figures 1 and 2). While bulk and coarse aerosol §>°Fe, and Al EFs are all indicative
of the presence of lithogenic Fe, fine aerosol 8°°Fe was lower indicating the presence of anthropogenic Fe
(Figures 1 and 2). Anthropogenic material dominating the fine aerosols is also supported by elevated V EF in the
fine fraction (Figure 2). A similar dichotomy between coarse and fine 5°°Fe (and anthropogenic contributions)
was reported for North Pacific aerosols by Kurisu et al. (2021, 2024).
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Based on North Pacific atmospheric circulation, Asian dust retroflects along the coast of California, so Equatorial
Pacific deployments are also influenced by some amount of Asian dust. However, bulk, coarse, and fine aerosols
are all crustal or slightly heavier, indicating a different and/or additional source supplying elevated &°°Fe
compared to the Asian Outflow deployments (Figures 1 and 2). This finding is consistent with Kurisu et al. (2021)
and Labatut et al. (2014), who saw 8°°Fe values up to +0.42%o in North Pacific aerosols, observations they were
unable to fully explain. Recently, however, Hamilton et al. (2022) calculated up to two-thirds of Fe produced
during wildfires is composed of soil-derived Fe (i.e., one-third is likely to be plant-derived Fe in fire plumes).
While the range of 8°°Fe measured in global soils ranges from —0.5%o to +0.95%o, Californian soils are in the
upper end (+0.20%o to +0.95%o, Johnson et al., 2020 and references therein). Consequently, elevated 5°°Fe in the
Equatorial Pacific bulk, coarse, and fine aerosol samples are consistent with wildfire aerosols being influenced by
isotopically heavy soil-derived Fe (Figures 1 and 2).

The 2018 Californian wildfire season was one of the largest and most destructive in recent Californian history (~2
million acres burned), with infamous fires such as Camp Fire and Woolsey Fire occurring during GP15 (CAL-
FIRE, 2018). Further evidence for a wildfire soil source to GP15 Equatorial Pacific aerosols comes from Al EFs,
which are elevated above crustal values—and correlate with bulk aerosol §>*Fe—which can be attributed to the
addition of soil trace metals during wildfires (Figure 2). Indeed, Schlosser et al. (2017) showed elements such as
Fe and Al to be elevated in Western US wildfire events, which they attributed to soil entrainment, and most
recently, Perron et al. (2022) showed a near two-fold increase in Fe and Al aerosol loading during wildfire events
in Western Australia. This would provide an alternate explanation to Marsay et al. (2022a, 2022b), who attributed
the increase of Al EFs in the Equatorial Pacific to a winnowing effect of coarse mineral dust; however, loss of
coarse lithogenic particles would not be expected to lead to an increase in 8°°Fe in the bulk phase, and especially
not in the small particles as observed here.

Although the bulk and size-fractionated aerosol 8°°Fe data from Equatorial Pacific deployments are indicative of
the presence of crustal material and wildfire Fe, V EFs are much lower in these aerosols than in those from the
Asian Outflow, and correlation between increasing V EFs and decreasing bulk aerosol 8°°Fe indicates the
presence of some anthropogenic material in these aerosols (Figure 2). Thus, while bulk and size-fractionated
5°°Fe and Al EFs suggest the main sources of Fe to the Equatorial Pacific aerosols are crustal material and
Californian wildfires, elevated V EFs in the fine fraction also point to anthropogenic Fe either carried with Asian
dust or further entrained from industrial areas along North America during transport.

4.2. GP15 Soluble Aerosol Fe Sources

While there is a large disparity between the sources supplying Fe to Asian Outflow and Equatorial Pacific GP15
deployments, soluble Fe aerosols are light throughout the transect (as light as —1.28%o), indicative of more-
soluble combustion Fe. There is no obvious difference in soluble §°°Fe between the two regions despite Asian
Outflow deployments containing anthropogenic Fe from industrial processes and combustion, and anthropogenic
Fe in Equatorial deployments likely originating from a mixture of Californian and Asian industrial sources (and
perhaps plant material). Overall, the clear importance of anthropogenic Fe in setting the 5°°Fe of Asian Outflow
deployment fine particles and to soluble phase aerosol Fe across the GP15 section demonstrate the importance of
anthropogenic processes as a source of Fe to oligotrophic North Pacific surface waters which may influence
primary productivity to different degrees depending on surface regime (Konig et al., 2022).

Since there are two prominent Fe sources supplying soluble Fe to the Asian Outflow deployments (dust and
anthropogenic Fe), a two-component mixing model (Equation 4) can be utilized to calculate the relative pro-
portions of each source. Using an anthropogenic endmember of —1.6%¢ as per Conway et al. (2019), GP15
soluble aerosol Fe within the Asian Outflow contains 32%-81% anthropogenic Fe and 19%-68% dust Fe (Table
S1 in Supporting Information S1), indicating the more-soluble anthropogenic Fe comprises a notable proportion
of the soluble aerosol phase. If the lighter anthropogenic endmember of —4.3%. from Kurisu et al. (2019) is used
for soluble anthropogenic Fe, this reduces to 12%-31% anthropogenic. Notably, a two-component model cannot
be used to calculate the proportion of sources to the Equatorial Pacific deployments as there are likely at least
three sources here.
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4.3. GP15 Zn Aerosol Sources

Asian Outflow deployments have a mean bulk aerosol 8°°Zn of —0.06 + 0.08%o and soluble aerosol 5°°Zn of
—0.05 = 0.14%0 (x1SD), notably lighter than lithogenic composition (+0.31 + 0.11%o; Little et al., 2014).
Equatorial Pacific deployments had slightly lower means of —0.15 + 0.10%o for bulk and —0.24 + 0.15%0 soluble
aerosols. Bulk and soluble 8°°Zn along GP15 are, on average, lighter than reported Atlantic data (bulk: —0.12 to
+0.41%o, soluble —0.21 to +0.25%o; Packman et al. (2022); Zhang et al. (2024)). This difference is likely due to
the high lithogenic content of Atlantic aerosols influenced by Saharan dust, compared to North Pacific aerosols
during the low-dust season which are more strongly influenced by Asian anthropogenic sources; this finding is
consistent with that for Cd in GP15 aerosols, where low &' '*Cd was indicative of the dominance of anthropogenic
Cd along the section (Sieber et al., 2023b).

Indeed, the GP15 aerosol 8°°Zn data (and elevated Zn EF; Figure S1 in Supporting Information S1) indicate a
strong anthropogenic Zn signal in Asian dust compared to a relatively small natural Zn component within Asian
Outflow deployments; however, and unlike for Fe, the Equatorial Pacific deployments generally show elevated
Zn EF, lighter 8°°Zn, and a larger AS“anu]k_soluble than in the north (Figure S1 in Supporting Information S1),
indicative of a further isotopically light Zn source to the south. Based on our analysis of Fe sources, possible Zn
sources along the coast of western North America might be expected to be wildfire soil or plant material and/or
anthropogenic pollution. However, only limited literature data exist to establish a wildfire endmember for 5°°Zn.
Plants preferentially take up light Zn (—0.56 to —0.26%0), but pyroconvective entrainment of soil Zn would be
expected to add a near-crustal isotopic signature (+0.2%o to +0.5%0; Caldelas & Weiss, 2017; Jouvin et al., 2012;
Weiss et al., 2007). Similar to Fe, wildfire-derived Zn is likely a mixture of soil and plant derived Zn, with studies
of biomass burning showing evidence of aerosols enriched in Zn, possibly also attributed to soil entrainment
(Kurisu and Takashi, 2019; Schlosser et al., 2017). However, given the Zn content of soil is typically much lower
than Fe (soil has ~66-55,000% less Zn than Fe; Bodek et al., 1988; Lindsay, 1972), the different ratio of plant to
soil Zn (plants only have ~2-6 times less Zn than Fe; Timperley et al., 1973) would be expected to lead to a
wildfire endmember 8°°Zn that is more strongly dominated by plants and thus isotopically lighter than lithogenic
material.

It is also possible North American anthropogenic Zn could be a source of light Zn to southern GP15 aerosols, but
the decrease in bulk and soluble 8°°Zn also occurs in tandem with increasing EFs of the apparent wildfire soil
tracer, Al, and lower EFs of the anthropogenic tracer, V, as well as correlating with Ni EFs (Figure S1 in Sup-
porting Information S1). These relationships further support a wildfire source of light Zn. We note Perron
et al. (2022) showed biomass burning also entrained V and Pb in Western Australia, which they concluded came
from contaminated soil. As such, it is also possible light Zn comes from the entrainment of anthropogenically
contaminated soils during wildfires, in addition to potential additional anthropogenic sources of Zn from North
America. Further work is needed to deconvolute these potential sources.

4.4. CAM6-MIMI—GP15 Comparison

In the Atlantic, aerosol §>°Fe data has previously been used to help optimize aerosol sources using CAM4-MIMI
(Conway et al., 2019). Similarly, here, we compared bulk aerosol measurements from GP15 with simulated bulk
aerosol Fe data during the low-dust season of 2018 from the newer CAM6-MIMI model to tune model output and
provide guidance for future development. The model subdivides bulk Fe concentrations into natural dust,
anthropogenic, and wildfire components. Daily model Fe concentrations, correlated to deployment dates, were
compared with GP15 concentrations. During this low-dust season, modeled bulk Fe concentrations were up to an
order of magnitude larger than measured GP15 concentrations (Figure 3a). We improved this fit by making
reasonable adjustments to the magnitude of dust, anthropogenic (land and shipping), and wildfire Fe based on a
sum of squares analysis.

An optimized fit was found by reducing dust, anthropogenic, and shipping model Fe emissions to 70%, 25%, and
25% of base values respectively (wildfire was not changed; Figure 3a). Optimization reduced the sum of squares
from 149,000 to 23 (Table S2 in Supporting Information S1). Such optimization of the dust emissions is within
modeled uncertainties for daily dust concentrations due to the episodic nature of dust events (e.g., Hamilton
et al., 2020; Smith et al., 2017). Modeled anthropogenic emissions, however, are consistent with respect to time
(lower variability and thus lower uncertainties), and so our optimized fit suggests the base scenario of the model
over-estimates anthropogenic Asian Fe sources, transport efficiency, or some combination of both (see

BUNNELL ET AL.

6 of 10

d ‘€ "STOT "LO0SYT61

“sdiy wouy papeoy

25UQDIT suowwoy) aanear) ajqeatjdde oy Aq pauIaAoS are sa[oNIE Y (asn Jo sa[n 10 AIeIqI dul[uQ) £J[IAN UO (SUONIPUOd-PUB-SULIA)/WOY" KA[Im  KIeiqiautjuo//:sdny) Suonipuo)) pue swd ], 3y 39S *[Sz07/11/61] uo Kreiqry aurjuQ Ka[ip ‘Areiqry aremeja JO Ansioatun £q £/8€ 1 1TOP0T/6T01 0 1/10p/wod Ka[im’ Kreiqrjauty



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113877

a 225 - b 1.0

200 ° . 08 -
T o 9 1
E175 R=0.21 e 0.6 R>=0.08
S oo £ 03
H . R2=0.29 5 04 1 R>=0.31
2150 . =t
g 2 e
2 o, ] 02 + “%ag.e
£125 . 2 o .7 .
3 3 = + 0.0
g = : : . 0.0 : :
S 100 Z-10 08 06 -04 02700 0& 04 06 08 10
° = 702
= . a 2T e
2 75 | . g i ° .
= . 04 + .
(o7 . ?
© 50 . §
9] ‘e

25 o o 08 °

‘o 8 * Base CAMG-QFED Model Output - + Base CAM6-QFED Model Output
s + Optimized Concentration Model Output . + Optimized Endmember Model Output
0 . . . . . Lo
0 25 50 75 100 125 150 175 200 225 GP15 5Fe (%o)

GP15 Fe Concentration (pmol/m~)

Figure 3. Comparison of base CAM6-MIMI simulated bulk aerosol Fe concentrations (a) and 8°°Fe (b) compared to GP15
observations (red points). Optimized CAM6-MIMI simulation (blue points). Optimization, endmembers, and errors
described further in Supporting Information S1.

Supporting Information S1) to the western North Pacific region during the low dust season (Rathod et al., 2024).
The updated and optimized concentrations of dust, anthropogenic, and shipping Fe calculated by comparing
CAM6-MIMI with GP15 were subsequently used to optimize the wildfire and shipping 6°°Fe endmembers.

Subsequently, concentration-optimized model sources were assigned 8°°Fe endmembers to calculate model-
weighted bulk §°°Fe values to compare with GP15 bulk 8°°Fe (Figure 3b; Supporting Information S1). Initial
endmember choices were from Conway et al. (2019): dust: +0.10%0; wildfire: —1.60%0; anthropogenic:
—1.60%o; shipping: —1.60%o. The comparison of model and GP15 bulk 8°°Fe showed a large disparity, with the
model predicting much lighter compositions than observations (Figure 3b). We explored what might be driving
this offset by varying 5 °Fe endmembers (see Supporting Information S1), with the fit between CAM6-MIMI and
GP15 data assessed using SoSs (Table S3 in Supporting Information S1). The optimal endmembers were
+0.10%0 (dust), +0.80%o (wildfire), —1.6%o (anthropogenic), and +0.5%o (shipping), reducing the SoSs from 17
to 0.14 (Table S3 in Supporting Information S1; Figure 3b).

How do these findings compare to observations? The crustal endmember is well-constrained and has not been
changed. A constrained wildfire endmember has remained elusive due to lack of data and the dichotomy of
wildfires likely being a mixture of (heavy) soil Fe and (light?) biomass Fe. While an optimal endmember choice of
+0.8%o is consistent with a dominant Californian soil contribution to wildfire Fe (4+0.2 to +1.0%0; Johnson
et al., 2020), we note using +0.4%o (reflecting a contribution of light plant material) only changes the SoS from
0.14 to 0.23 (Figure 3b; Table S3 in Supporting Information S1), suggesting there is some flexibility, and the
dynamics of different fires can be represented. This supports the explanation of the contribution of a heavy
wildfire endmember to the Equatorial Pacific deployments in this study. The shipping endmember found here is
consistent with the coarse fraction of anthropogenic combustion and of isotopically heavy fuel oil products which
may be added to open ocean waters by container vessels (+0.3%o, Kurisu et al., 2016a; 4+0.5%0, Mead
et al., 2013). There was a negligible effect on the overall fit by varying between these values (Table S3 in
Supporting Information S1). We also note the effect of varying each source depends on the deployment location.
Changing the shipping endmember predominantly influences the Asian Outflow deployments (a prominent
shipping corridor) while altering the wildfire endmember drastically affects the Equatorial Pacific deployments
(downwind of active fire regions). While this gives a first estimate of these endmembers, additional work is
needed to constrain shipping and wildfire 5°°Fe aerosol endmembers in other regions of the world.

Lastly, a comment on the anthropogenic endmember. Kurisu et al. (2019) proposed —4.3%0 for soluble
anthropogenic aerosols, lighter than our optimized endmember. However, applying —4.3%o0 to model output
resulted in a much worse model-data fit (Table S3 and Figure S2 in Supporting Information S1), suggesting this
endmember is too light for the bulk phase. However, the two findings are not inconsistent, since Kurisu et al.’s
endmember was based only on the soluble phase of the most highly fractionated small anthropogenic particles
(see Supporting Information S1), and as such is likely not appropriate for use in calculations of the anthropogenic
contribution to the bulk aerosol particles, which contain a range of particle sizes, including larger particles with
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heavier isotope compositions. As for the other sources, future work is needed to continue to refine the most-
relevant anthropogenic endmembers for different phases of marine aerosols.

5. Conclusions

Asian Outflow and Equatorial GP15 aerosol deployments display contrasts between bulk and size-fractionated
8°°Fe as well as V, Al and Zn EF due to a different relative contribution of sources. While northern bulk
5°°Fe are crustal, isotopically light fine particles and elevated V EFs both indicate the presence of anthropogenic
material. By contrast, isotopically heavy bulk aerosol Fe in the south, correlated with elevated Al EFs, indicates
wildfires from North America are an additional source of Fe to Equatorial Pacific aerosols. We attribute this
signal to pyroconvective entrainment of soil into wildfire smoke plumes along the coast of California during the
burning season. The importance of soil for raising the °°Fe of bulk aerosol is consistent with previous work
(Kurisu and Takashi, 2019) and corroborated by comparing GP15 data with daily output from a global iron
aerosol model (CAM6-MIMI; Hamilton et al., 2019, Hamilton et al., 2022), which also shows anthropogenic and
dust Fe sources are overestimated in the model. When considering the soluble supply of Fe to the North Pacific,
however, similar light §°°Fe in both Asian Outflow and Equatorial Pacific samples suggest anthropogenic Fe is a
significant component of soluble Fe throughout the GP15 section. Unlike aerosol Fe, both bulk and soluble Zn
aerosols from GP15 are dominated by light anthropogenic Zn, with a possible wildfire component in the south,
and show a relatively homogenous composition (bulk: —0.12 + 0.08%o¢ and soluble: —0.17 % 0.14%¢) along the
transect. The similarity between the mean isotopic composition of bulk and soluble GP15 aerosols, and the small
standard deviations of each provides a robust estimate of the isotopic signature of atmospheric Zn to the North
Pacific, at least during the low-dust season.

Data Availability Statement

Bulk, soluble, and size-fractionated aerosol Fe and Zn data have been accepted by the Biological and Chemical
Oceanography Data Management Office and are available for free via Conway et al. (2024a, 2024b). CAM6-
MIMI bulk aerosol Fe data can be found via Hamilton et al. (2022).
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Erratum

The originally published version of this article contained an error in the heading for Section 4.3. “GP14 Zn
Aerosol Sources” has been corrected to “GP15 Zn Aerosol Sources.” This may be considered the authoritative
version of record.
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