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Abstract Deposition of aerosols to the surface ocean is an important factor affecting primary production
in the surface ocean. However, the sources and fluxes of aerosols and associated trace elements remain

poorly defined. Aerosol 2!°Pb, 2!°Po, and "Be data were collected on US GEOTRACES cruise GP15 (Pacific
Meridional Transect, 152°W; 2018). 21°Pb fluxes are low close to the Alaskan margin, increase to a maximum
at ~43°N, then decrease to lower values. There is good agreement between 2!°Pb fluxes and long-term
land-based fluxes during the SEAREX program (1970-1980s), as well as between GP15 and GP16 (East
Pacific Zonal Transect, 12°S; 2013) at adjacent stations. A normalized fraction f(’Be, 2!9Pb) is used to

discern aerosols with upper (high f) versus lower (low f) troposphere sources. Alaskan/North Pacific aerosols
show significant continental influence while equatorial/South Pacific aerosols are supplied to the marine
boundary layer from the upper troposphere. Lithogenic trace elements Al and Ti show inverse correlations
with f{"Be, 2!°Pb), supporting a continental boundary layer provenance while anthropogenic Pb shows no clear
relationship with f(’Be, 21°Pb). All but four samples have 21°Po/?!%Pb activity ratios <0.2 suggesting short
aerosol residence time. Among the four samples (>'°Po/?!%Pb = 0.42—0.88), two suggest an upper troposphere
source and longer aerosol residence time while the remaining two cannot be explained by long aerosol
residence time nor a significant component of dust. We hypothesize that enrichments of >'°Po in them are
linked to Po enrichments in the sea surface microlayer, possibly through Po speciation as a dissolved organic or
dimethyl polonide species.

1. Introduction
1.1. Overview

Deposition of aerosols to the surface ocean, particularly the open ocean away from continental land masses, is an
important source of micronutrients, including trace metals such as Fe, Co, and Zn. The introduction of these and
other elements to the surface ocean by atmospheric deposition may alleviate nutrient limitation and spur primary
production. Iron limitation may impact ~30% of the surface ocean (Moore et al., 2013). This process links the
biogeochemical cycling of trace elements with the global carbon cycle as well as the marine nitrogen cycle.
Observations of aerosol concentrations over the open ocean remain limited due to the relatively short duration of
research expeditions and the ephemeral nature of dust events that are responsible for most transport of mineral
aerosols. However, aerosol deposition is the primary source of biolimiting trace elements to the surface ocean in
many areas of the ocean, particularly the oligotrophic subtropical gyres (Pavia et al., 2020). Global models of the
marine iron cycle have demonstrated that this process is poorly constrained, underscoring the need to improve
estimates of aerosol deposition to the ocean (Tagliabue et al., 2016).

The chemical nature of these aerosols, and post deposition fate, is influenced by their sources and exposure
to processing during atmospheric transport. For example, aerosol iron originating from combustion processes
dissolves more readily than that which is derived from lithogenic sources. Aerosol source may be inferred from
the ratio of elements contained within aerosol particles, for example, the relative abundance of a trace element
to lithogenic tracers like Al or Ti, and transport pathways deduced from air mass back trajectory modeling (e.g.,
Marsay et al., 2022). Chemical analyses of aerosols require their capture onto filters by vacuum filtration from
the atmosphere. This strategy produces a measure of aerosol loading or concentration in the air but does not
provide a means to assess deposition flux directly. An estimate of aerosol deposition velocity is needed to convert
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concentration in the air to a flux from the atmosphere to the surface ocean. Thus, additional chemical tools are
required to more fully understand the relevant processes.

The natural radionuclides 2!°Pb (half-life = 22.3 years) and "Be (half-life = 53 days) are both produced in the
atmosphere but have distinctly different sources that make them useful tracers of aerosols. 2'°Pb is a member of
the 23U-decay series and, in the atmosphere, is produced from the decay of ?*?Rn (half-life = 3.8 days) that has
emanated from rocks and soils. ’Be is a cosmogenic radionuclide produced as a result of cosmic ray spallation
on target N and O atoms in the atmosphere. These different modes of production lead to different distributions
of the two radionuclides in the atmosphere. 2!°Pb production is principally in the lower troposphere owing to its
land-based source, while "Be is dominantly produced in the upper troposphere and lower stratosphere. Production
rates of both 21°Pb and "Be vary over the Earth's surface. For 2!°Pb, the flux of ?>?Rn from the oceans is only ~2%
of that from land areas (Wilkening & Clements, 1975).

The maximum concentration of ’Be is found in the stratosphere at a height of 15-18 km (Lal & Peters, 1967),
and its production decreases by ~two orders of magnitude from the tropopause to the Earth's surface. In addition,
because the cosmic ray flux is modulated by the Earth's magnetic field, ’Be production increases from the equator
toward the pole. Indeed, the production of Be integrated over the atmospheric column increases by ~5 to 7-fold
from the equator to ~60° and remains constant from 60 to 90° (Lal & Peters, 1967; Usoskin & Kovaltsov, 2008).

Both 2'9Pb and "Be are particle reactive and are scavenged onto atmospheric aerosols. The fluxes of these radio-
nuclides to the Earth's surface are mediated by scavenging of aerosols by wet and dry deposition, with wet depo-
sition (i.e., rain, snow) generally dominating the removal from the atmosphere (Renfro et al., 2013 and references
therein), except in very arid regions (Baskaran, 2011). The fluxes of 2!°Pb or "Be (typically as dpm/cm?/y) can be
measured in several ways: direct collection of precipitation (Baskaran et al., 1993; Lozano et al., 2011; Peirson
et al., 1966; Renfro et al., 2013; Turekian et al., 1983) or as the product of the aerosol deposition (or piston)
velocity and the aerosol 2!°Pb or "Be activity. For 2!°Pb, inventories of 2!°Pb excess in soil cores (Benninger
et al., 1975; Dorr & Miinnich, 1991; Graustein & Turekian, 1986; Monaghan, 1989; H. A. Moore & Poet, 1976)
also have been used as a measure of the long-term flux.

Once scavenged by aerosols, 2'°Pb decays to the intermediate daughter 2!°Bi (half-life = 5 days) and then to 2'°Po
(half-life = 138.4 days). The relationships among the three radionuclides (i.e., the 2'°Bi/?'°Pb and ?'°Po/?!°Pb
activity ratios) have been used as tracers of aerosol residence time (Lambert & Nezami, 1965; Papastefanou, 2006;
Piliposian & Appleby, 2003; Rastogi & Sarin, 2008). Additional applications of 2!°Pb and 2'°Po include tracking
the movement of air masses and studying the provenance of aerosols (Moriizumi et al., 1996; Obrist et al., 2006;
Turekian et al., 1989). 2!%Po is also produced from 2!°Pb decay in the ocean and its biogeochemistry is distinct
from that of 2!°Pb. Po is a bioreactive element, incorporated into tissue possibly as an analog of sulfur. It also is
cycled with organic matter and may undergo sea-air exchange in association with other biovolatile species such
as dimethyl sulfide (Kim et al., 2000).

The distinctly different modes of introduction of 2'°Pb and "Be to the atmosphere make them useful tracers of
aerosol source. "Be is considered a more representative tracer for upper troposphere/lower stratosphere-sourced
aerosols while 2!%Pb is a useful tracer for continental boundary layer aerosols (Koch et al., 1996). As a conse-
quence, the aerosol "Be/?!%Pb activity ratio can be used to trace the region of the atmosphere where the radionu-
clides were scavenged by aerosol particles (Graustein & Turekian, 1996; Turekian & Graustein, 2003).

1.2. GEOTRACES Pacific Sampling (GP15 and GP16)

The international GEOTRACES program provides an ideal opportunity to study simultaneously the distributions
of 21%Pb and "Be in aerosols at sea. Two cruises were conducted in the Pacific Ocean: The East Pacific Zonal
Transect (GP16) along ~12°S from October to December 2013 and the Pacific Meridional Transect (GP15) along
152°W from September to December 2018 (Figure 1). Aerosol samples from both cruises were analyzed for "Be
(Buck et al., 2019, Kadko, Aguilar-Islas, et al., 2020; Kadko, Landing, & Buck., 2020) and 2!°Pb (Niedermiller &
Baskaran, 2019; this study). Both transects began near continents (South America for GP16 and North America
for GP15) and moved to open ocean sites. The GP15 transect spanned several biogeochemical provinces, includ-
ing the high primary production areas of the Alaskan Margin, North and Equatorial Pacific as well as oligotrophic
regions associated with the subtropical gyres in both the North and South Pacific Ocean. The aerosols collected
during these two transects have different source regions and transport paths through the atmosphere as well as
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Figure 1. Aerosol sampling along the GEOTRACES GP15 (red) and GP16 (green) transects. Dots represent the midpoint of aerosol sample deployments. Arrows
indicate direction of cruise/sampling. Color scale indicates water depth.

concentrations and deposition rates of significantly different magnitudes (Buck et al., 2019; Marsay et al., 2022).
Here, we combine the aerosol Be and 2!°Pb data from both cruises to better determine aerosol fluxes and sources
of the radionuclides as well as associated aerosol trace elements. This study also adds to the combined global
aerosol data sets of 2'°Pb (and ?!°Po) and "Be (Zhang et al., 2021).

2. Methods

Bulk aerosol samples were collected throughout the cruise on 12-replicate acid-washed, 47-mm Whatman 41
(W41) ashless filter discs mounted in Advantec-MFS polypropylene open-face filter holders. Sampling details
are further described in Buck et al. (2019) and Kadko, Landing, and Buck (2020). Three filters with combined
filtered air volumes of ~360-1100 m? were provided for >'°Po and >!°Pb measurement.

The filters were placed in microwave digestion vessels, spiked with 2®Po tracer (1.76 dpm) and 10 mg stable
Pb, and totally dissolved in a mixture of concentrated 5 mL of HCl, HNO,, and HF. Sample solutions were
centrifuged, evaporated to dryness, redissolved in concentrated HCI, evaporated again, and picked up in 1.5N
HCl for plating. Po was plated onto silver discs with heating for 3 hr and the planchets were counted on Canberra
passivated implanted planar silicon (PIPS) detectors coupled to a Mirion Alpha Analyst™ alpha spectrometer.
Residual Po was removed from the initial plating solutions by suspending a piece of scrap Ag in them for 5 days,
with periodic stirring, after which they were transferred to polycarbonate bottles for storage and ingrowth of
additional 2!%Po. Selected samples were plated again after the scrap Ag removal to determine residual Po left in
the sample after this procedure; 5.0 + 1.6% of the >*Po initially added remained after the cleanup with scrap Ag.

An aliquot of each stored solution was analyzed for Pb concentration by Inductively Coupled-Plasma Mass Spec-
troscopy to determine Pb recoveries. Recoveries generally ranged from 83% to 100% (average 92 + 6%). A
second plating was carried out after ~6 months of storage to determine 2'°Pb from ingrown 2'°Po. All activ-
ities were corrected as appropriate to the time of sample collection, as described in Rigaud et al. (2013), and
complete details are given in Wei (2021). 21°Pb activities were corrected for residual Po remaining after the scrap
Ag cleanup step (see above). Detector backgrounds and blanks were subtracted from all samples. Backgrounds
were typically low, averaging 0.00018 + 0.00028 counts per minute (cpm) for 2!°Po and 0.00039 + 0.00021 cpm
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Table 1
210pp and ?'°Po Data for Aerosol Samples Collected Along the GEOTRACES Pacific Meridional Transect (GP15)
Aerosol Mid-point Mid-point Air volume 210pp + 210pg + 210po/210ph +
Cruise GEOTRACES # Deployment # Latitude Longitude (m?) (dpm/100 m?) (dpm/100 m?) (dpm/dpm)
GP15 12318 Aerl 51.1 —132.16 357.0 0.48 0.02 —0.03 0.01 —0.06 0.02
GP15 12699 Aer3 54.9 —155.45 503.4 0.12 0.02 0.05 0.04 0.42 0.34
GP15 12813 Aerd 53.3 —153.59 1089.0 0.35 0.02 —0.05 0.05 —0.14 0.14
GP15 12947 Aer5 49.5 —152 814.5 1.60 0.07 0.34 0.23 0.21 0.14
GP15 13072 Aer6 45.75 —152 550.2 1.94 0.09 —0.07 0.26 —0.04 0.13
GP15 13182 Aer7 43.25 —152 558.6 2.52 0.12 —0.19 0.32 —0.08 0.13
GP15 13288 Aer8 39.5 —152 799.8 0.56 0.06 0.49 0.17 0.88 0.32
GP15 13388 Aer9 35.75 —152 677.1 1.3 0.06 0.10 0.16 0.08 0.12
GP15 13532 Aerl0 33.25 —152 842.4 0.82 0.04 —0.02 0.10 -0.03 0.12
GP15 13716 Aerll 29.5 —152 747.6 0.51 0.02 0.34 0.10 0.67 0.20
GP15 13866 Aerl2 24.5 —152 620.4 0.67 0.03 0.03 0.09 0.04 0.13
GP15 14047 Aerl3 18.1 —153.45 532.2 0.50 0.02 0.00 0.07 0.00 0.14
GP15 14225 Aerl4 14.25 —152 744.0 0.54 0.03 —0.01 0.07 —0.02 0.13
GP15 14502 Aerl5 8.8 —152 733.2 0.17 0.01 0.00 0.03 -0.02 0.18
GP15 14633 Aerl6 5.725 —152 681.0 0.46 0.02 —0.08 0.06 —0.17 0.13
GP15 14782 Aerl7 3.45 —152 797.4 0.40 0.02 0.03 0.06 0.08 0.15
GP15 14962 Aerl8 0.415 —152 887.7 0.73 0.04 —-0.06 0.11 —0.08 0.15
GP15 15155 Aerl9 -3.1 —152 703.2 0.60 0.03 0.02 0.09 0.03 0.15
GP15 15316 Aer20 —7.75 —152 815.1 0.38 0.02 0.00 0.06 —0.01 0.16
GP15 15652 Aer21 —12.75 —152 793.2 0.17 0.01 0.12 0.03 0.68 0.18
GP15 15810 Aer22 -17.5 —152 935.1 0.32 0.02 0.01 0.04 0.03 0.12
GP15 15852 Aer23 —19.6 —151.62 459.3 0.40 0.02 —0.07 0.05 —0.18 0.13
for 2%°Po. Blank activities were 0.0023 + 0.0016 dpm for '°Po and 0.053 + 0.006 for 2!°Pb and were <0.5% of the
measured 2'°Po activities and <5% of ?!°Pb activities. Errors were propagated using standard error propagation
formulas (Rigaud et al., 2013) and included counting errors on sample, background, and blank ?'°Po and 2*Po,
spiking errors, and uncertainty of the 2*Po tracer activity.
3. Results and Discussion
3.1. 2%Po and ?''Pb Activities and Activity Ratios
The 21°Pb and 2!°Po data from the GP15 transect are given in Tables 1 and 2. 2'Pb activities range from 0.12 to
2.52 disintegrations per minute per 100 m® (dpm/100 m?). The Aerl sample was collected at ~51°N, 132°W,
before the 152°W transect sampling began. Along the 152°W transect (samples Aer3 to Aer23), the 2'°Pb
activity increases from 0.12 dpm/100 m?® at ~55°N to a maximum between 42°N and 52°N and peaking at
2.5 dpm/100 m? (~43°N; Aer7), after which it decreases to values generally less than 1.0 dpm/100 m? (Figures 2
and 3). Table 3 includes the published ?!°Pb data from the GEOTRACES East Pacific zonal transect (GP16;
Niedermiller & Baskaran, 2019). A similar trend of decreasing activities away from the continent (South Amer-
ica) is observed (Figure 3). The zonal transect (GP16) ended at 142.95°W (—11.03°S), where the 2!°Pb activity
was 0.51 + 0.02 dpm/100 m?. In comparison, two deployments during GP15 collected near that region (7.75°S
and 12.75°S; Aer20 and Aer21, respectively) have 2!°Pb activities of 0.38 + 0.02 and 0.17 + 0.01 dpm/100 m?,
respectively.
The samples collected during GP15 were measured for "Be using gamma spectrometry (Kadko, Landing, &
Buck, 2020) before they were processed for 21°Po and 2'°Pb. This resulted in a longer than usual delay, ~5 months,
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Figure 2. Aerosol 2!°Pb activities (dpm/100 m?) along the GP15 (152°W) transect. Propagated error bars are plotted but may
be smaller than the size of the symbols. Positive latitudes are north.

in processing samples for initial 2!°Po. Aerosol samples typically have ?'°Po << 21%Pb (?!Po/?!Pb activity
ratio <0.2; Baskaran, 2011), and thus most of the initial >'°Po measured was produced by 2!°Pb decay in the
sample since collection. Subtracting the blank and ingrown '°Po from the measured 2!°Po produced low 2!°Po
and 2'°Po/?!Pb values with large errors clustering around zero (Table 1; Figure 4). We report all these values
in Table 1, including the negative ones, because they indicate that initial >'°Po activities were low for most of
the samples. Exceptions were evident for deployments centered around 54.9°N (Aer3), 49.5°N (Aer5), 39.5°N
(Aer8), 29.5°N (Aerll), and 12.75°S (Aer21) (Table 1). The highest ratio was found at 39.5°N with a value of
0.88 + 0.32. These samples are discussed in more detail in Section 3.4.

Activities of "Be were measured on all aerosol samples from both GP15 and GP16 and the data have been
published (Buck et al., 2019; Kadko, Aguilar-Islas, et al., 2020; Kadko, Landing, & Buck, 2020). We include
them in Tables 2 and 3 because we will use the "Be/?'°Pb ratio as an aerosol source tracer.

3.2. Atmospheric 2Pb Fluxes

Here, we determine 2'°Pb fluxes as the product of the bulk deposition velocity (i.e., transport due to both wet
and dry deposition) determined from ’Be and the aerosol >'°Pb activity. Beryllium is a particle-reactive element
and can be scavenged from seawater, for example, in the coastal ocean. However, earlier work (Bloom &
Crecelius, 1983; Merrill et al., 1960; Silker, 1972; Silker et al., 1968) found that particulate "Be activities in the
open ocean are typically <10% of the total "Be inventory (Silker, 1972; Kadko & Prospero, 2011). Indeed, Kadko
and Prospero (2011) found good agreement between the independently measured atmospheric flux of "Be and
water column inventories. Coupled with undetectable particulate activities (Andrews et al., 2008), these results
suggest that the rate of scavenging of "Be is negligible in the open ocean relative to its half-life (53 days) and
makes possible its use as a quasi-conservative tracer of ocean mixing rates in the upper water column.

Young and Silker (1980) proposed that measuring the profile of "Be in the upper ocean and determining its
inventory (dpm/m?) could be used to calculate its flux from the atmosphere (dpm/m?/y) as aerosols are scavenged
by wet and dry deposition, as noted above. Simultaneous measurement of the aerosol activity of "Be (dpm/m?)
provides a means of determining the deposition velocity of aerosols that supply ’Be (and presumably >'°Pb and
trace elements) to the ocean surface (Young & Silker, 1980):

_ F7Be

= (1)

where V, is the bulk deposition velocity (m/y), F,p, is the 'Be atmospheric flux (dpn/m?/y), and ["Be] is the
aerosol "Be concentration (dpm/m?). Equation 1 assumes steady state for the 'Be flux and thus its inventory
in the upper water column Kadko and Olson (1996); Kadko and Prospero (2011); Young and Silker (1980).
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Figure 3. Compilation of aerosol 2!Pb activities (dpm/100 m?) along both the GP15 (152°W) and GP16 (12°S) transects; Data for GP16 are from Niedermiller and

Baskaran (2019).

Kadko and Prospero (2011) found that temporal variation of the "Be flux determined from the ocean inventories
near Bermuda was within ~25% (480 + 100 dpm/m?/d) and was comparable to the flux determined by direct
collection of precipitation (480 + 270 dpm/m?/d).They also observed that only 5% of the "Be inventory could be
supplied by dry deposition, reinforcing that most "Be (and implicitly 2!°Pb) is delivered to the ocean surface via
wet deposition.

The deposition velocities based on "Be were calculated and reported by Kadko, Landing, and Buck (2020) for
GP15 and Buck et al. (2019) for GP16. For GP16, the method described above was used at each station (Buck
et al., 2019). In the case of GP15, upwelling of "Be-deficient water at the equator alters the "Be inventory so
that it does not reflect the atmospheric deposition. As a consequence, Kadko, Landing, and Buck (2020) devel-
oped a relationship between deposition velocity and climatic average rainfall that facilitated determination of
the deposition velocity in the upwelling region near the equator. Rainfall data were obtained from the Global
Precipitation Climatology Project and used to calculate the relationship between rainfall and V, for GP15 (Kadko,
Landing, & Buck, 2020). The deposition velocity values used are summarized in Tables 2 and 3. Values on GP15
average 2.7 + 1.5 cm/s (2330 + 1300 m/d) and 1.8 + 0.7 cm/s (1560 + 600 m/d) on GP16. These are within the
range of deposition velocities reported for 2'%Pb (0.1-5.0 cm/s), derived in a similar fashion (Baskaran, 2011). In
oceanic settings, for example, Turekian and Cochran (1981a, 1981b) reported values of 0.25 cm/s and 1.0 cm/s for
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Enewetak during the dry and wet seasons, respectively, and ~3 cm/s for Hawaii. Turekian et al. (1983) measured
1.0 cm/s during the summer season in Bermuda.

The atmospheric flux of !%Pb (F,,,p,) is calculated from the bulk deposition velocity as
Foiory = Vi X [ Pblatm 2)

where [2'Pb]atm is the aerosol activity of 2!1°Pb. 2!9Pb fluxes calculated using Equation 2 are given in Tables 2
and 3. For GP16 (Table 3), we recalculated the 2!°Pb flux using the "Be-derived deposition velocities for each
sample (Buck et al., 2019). The 2!°Pb fluxes reported by Niedermiller and Baskaran (2019) are included in
Table 3 for comparison. The latter fluxes assumed a constant deposition velocity of 1 cm/s (864 m/d). The recal-
culated 2'°Pb fluxes are somewhat larger than those of Niedermiller and Baskaran (2019) because the "Be-derived
deposition velocities are generally >864 m/d. In the discussion that follows, we use the recalculated GP16 values
to compare with the GP15 results.

The 2!°Pb flux reflects the cumulative production from 2?2Rn and scavenging as an air mass moves over the conti-
nent and the ocean. For example, Turekian et al. (1989) showed that the 2!°Pb flux in the North Pacific as a func-
tion of longitude decreased markedly from values over Japan (~2 dpm/cm?/y) to ~0.5 dpm/cm?'y within 1000 km
of the continent, decreasing further to ~0.2-0.3 dpm/cm?/y by 6,000 km, and remaining constant across the
eastern North Pacific. They attributed this pattern to rapid scavenging of continent-derived 2'°Pb in the marine
boundary layer as the air mass moved over the Pacific. The 2!°Pb flux over the open North Pacific was then
controlled by exchange of aerosols between the upper troposphere and marine boundary layer.

The 2'9Pb flux varies with latitude along the GP15 section (Figure 5). Although the Alaskan margin is close to
the North American continent, it has the lowest 21°Pb flux of the transect, with an average of 0.18 dpm/cm?y.
Five-day air mass back trajectories show that the air sampled during deployments Aer3 and Aer4 had circulated
over the Gulf of Alaska in the days prior to sampling (Marsay et al., 2021). In contrast, the back trajectories calcu-
lated for the Aer5-7 deployments farther south indicate transport from Russia in the 5-10 days prior to sample
collection, and the 2!9Pb fluxes are higher. The maximum 2!°Pb flux is 1.69 dpm/cm?/y as measured in Aer7 at
43°N. This partly reflects the air movements as the aerosol becomes dominated by the westerlies originating from
Asia (Tsunogai et al., 1985). Such a trend is echoed by trace element data (e.g., Al, Ti), which will be explored
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219Pp Fluxes and the Normalized "Be/*'°Pb Fraction-f(’Be, *'°Pb)- for Stations Along the GEOTRACES Pacific Meridional
Transect (GP15)
210Pp flux
Aerosol A 210pp "Be® fCBe, "R (dpm/em?ly)
GEOTRACES # ID # (m/d) (dpm/m?) + (dpm/m?) + + +
12318 Aerl 2040 0.0048 0.0002 0.0622 0.0094 049 0.01 0.36  0.01
12699 Aer3 2140 0.0012 0.0002 0.0184 0.0066 0.54 022 0.09 0.01
12813 Aer4 2040 0.0035 0.0002 0.0366 0.0015 044 0.02 0.26 0.01
12947 Aer5 2340 0.016 0.0007 0.1567 0.0054 043 0.02 1.37 0.06
13072 Aer6 2240 0.0194 0.0008 0.266 0.0079 051 0.02 159 0.07
13182 Aer7 1840 0.0252 0.0011 0.2935 0.0089 047 0.02 1.69 0.08
13288 Aer8 1640 0.0056 0.0006 0.1232 0.0053 0.62 0.04 034 0.03
13388 Aer9 1940 0.013 0.0006 0.2730 0.0076 0.61 0.02 092 0.04
13532 Aerl0 1610 0.0082 0.0004 0.1818 0.0073 0.63 0.03 048 0.02
13716 Aerl1 1540 0.0051 0.0002 0.2770 0.0083 0.80 0.03 0.29 0.01
13866 Aerl2 1740 0.0067 0.0003 0.1754 0.0075 0.66 0.04 043 0.02
14047 Aerl3 1540 0.0050 0.0002 0.0975 0.0106 0.60 0.08 0.28 0.01
14225 Aerl4 3840 0.0054 0.0003 0.0792 0.0084 0.53 0.06 0.76 0.04
14502 Aerl5 5240 0.0017 0.0001 0.0413 0.0046 0.65 0.09 033 0.02
14633 Aerl6 6340 0.0046 0.0002 0.0984 0.0059 0.62 0.05 1.06  0.05
14782 Aerl7 1840 0.0040 0.0002 0.1848 0.0079 0.78 0.043 0.27 0.01
14962 Aerl8 1240 0.0073 0.0004 0.1373 0.0053 059 003 033 0.02
15155 Aerl9 1190 0.0061 0.0003 0.1222 0.0105 0.60 0.06 0.26 0.01
15316 Aer20 1640 0.0038 0.0002 0.1492 0.0074 0.75 0.05 0.23 0.01
15652 Aer2l 1740 0.0017 0.0001 0.1080 0.0076 0.83 0.08 0.11 0.01
15810 Aer22 2140 0.0032 0.0002 0.1482 0.0066 0.78 0.04 025 0.01
15852 Aer23 2440 0.0040 0.0002 0.2147 0.0133 080 0.06 036 0.02

*Calculated using rainfall versus V, relationship in Kadko, Landing, and Buck (2020). "Data from Kadko, Landing, and

Buck (2020). °Normalized fraction of "Be/?'°Pb-see text.

’21;%2;7613 luxes and the Normalized "Be/*'°Pb Fraction-f(’Be, *'°Pb)- for the GEOTRACES East Pacific Zonal Transect (GP16)

Mid-point ~ Mid-point 210ppd "Be® 210pp 210pb

- - flux® flux®

GEOTRACES  Aerosol v, (dpm/ (dpm/
# ID#  Latitude® Longitude* (m/d) (dpm/m?) + dpm/m®) +  f('Be,?Pb) + cm?/y) + cm?/y) +
2322 Aer2 —12.03 —78.43 835 0.0197  0.0007 0.305 0.024 0.58 0.05 0.60 0.02 0.620 0.020
3293 Aer4 —12.00 -84 1526 0.0099  0.0004 0.167 0.024 0.60 0.10 0.55 0.02 0.310 0.012
3768 Aer6 —13.00 —96.50 2076  0.0026  0.0001 0.123 0.025 0.81 0.21 0.20 0.01 0.082 0.003
8358 Aer8 —15.50 —106.60 2489  0.0029  0.0001 0.102 0.028 0.76 0.26 0.26 0.01 0.090 0.004
8821 Aerl0 —14.88 —113.87 1330 0.0023  0.0001 0.113 0.020 0.82 0.19 0.11 0.00 0.073 0.003
9263 Aerl2 —13.27 —122.50 1028 0.0102  0.0004 0.164 0.042 0.59 0.18 0.38 0.02 0.323 0.012
9718 Aerl4 —11.64 —131.50 2127 0.0024  0.0001 0.089 0.030 0.77 0.33 0.19 0.01 0.076 0.003
10082 Aerl6 -11.17 —14148 1186  0.0051  0.0002 0.163 0.017 0.74 0.09 0.22 0.01 0.162 0.007

“Negative latitudes are south; negative longitudes are west. "From Buck et al. (2019). “Recalculated using V, from Buck et al. (2019) and *!°Pb activity from Niedermiller

and Baskaran (2019). ‘From Niedermiller and Baskaran (2019).
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Figure 5. 2'9Pb fluxes along the GP15 transect. Solid diamonds represent prior measurements of flux through annual
collection of wet deposition at Fanning Island (~4°N) and Oahu (~20°N) (Turekian et al., 1989). The solid triangle is based
on the aerosol 2!°Pb value from the closest sample of the GP16 transect (Niedermiller & Baskaran, 2019), recalculated in the
present study using the deposition velocity derived from ’Be (Table 3). Positive latitudes are north.

in more detail below. The strength of the westerlies wanes in the tropical Pacific and remoteness from the conti-
nental land mass causes the 2!°Pb fluxes to decrease progressively in the tropical and equatorial/South Pacific,
where values are consistently less than 1 dpm/cm?/y. This agrees with previous values for the North Pacific
(Tsunogai et al., 1985; Turekian et al., 1989). Indeed, the 2°Pb fluxes determined from the GP15 sampling at
Aerl13 and Aerl7 agree well with the previously determined values at Oahu (21°N 157°W) and Fanning Island
(4°N 159°W), respectively (Figure 5). The latter were determined through direct collection of precipitation over
approximately 1 year as part of the SEAREX program (Turekian et al., 1989). At Oahu, ?!°Pb fluxes also were
determined through the inventories of 2!°Pb in soil profiles (Turekian et al., 1989), and the results were in good
agreement, as seen in other comparisons of 2!°Pb fluxes determined through direct collection of precipitation
and inventories in soil profiles. The general agreement between these prior measurements of direct 2!°Pb depo-
sition and the 2!°Pb fluxes calculated from the short-term aerosol collection during GP15 is encouraging and
suggests that multiyear variation in flux is within ~20%, as indicated by land-based studies of 2!°Pb flux (Renfro
et al., 2013 and references therein).

The recalculated GP16 2!°Pb fluxes are also consistent with previous flux measurements in the Pacific
(Niedermiller & Baskaran, 2019; Tsunogai et al., 1985; Turekian et al., 1989) and are largely consistent with
the values given by Niedermiller and Baskaran (2019) using an assumed value of V,. The GP15 and GP16 tran-
sects approach one another at ~12°S and the fluxes determined from Aer20 and Aer21 (centered around 7.75°S
and 12.75°S, respectively) during GP15, bracket the value from the sample centered at 11.17°S during GP16
(Figure 6). These agreements generally confirm the long-term constancy of the 2!°Pb flux, which as noted above,
is largely considered to be insensitive (+20%) to annual variations at a given site (Baskaran, 2011; Turekian
et al., 1977). For the GP16 transect, the highest 2'°Pb flux is 0.6 dpm/cm?/y, found in the coastal station that
is heavily influenced by continental-derived 2!°Pb (Figure 6). This contribution of continental aerosol will be
explored further below (Section 3.3.2) using the "Be/?!Pb ratio.
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Figure 6. '°Pb fluxes along GP15 and GP16 transects. GP16 fluxes have been recalculated from Niedermiller and Baskaran (2019); see Table 3 and text for

discussion.

3.3. Application of the "Be/?'’Pb Ratio as an Aerosol Source Tracer-the Normalized Fraction,
f(’Be, 210Pb)

3.3.1. Definition and Calculation

In the application of "Be and 2!°Pb as aerosol source tracers, Graustein and Turekian (1996) proposed the use of a
“normalized fraction of "Be with respect to 2'Pb in a given sample” rather than the 7Be/?'°Pb activity ratio. They
denoted the normalized fraction as f{’Be, 2!°Pb), defined as

fBe, 20pp) = B¢ 3)

7Be + n?'0Pb

where 7 is approximated by the ratio of the standard deviation of "Be in a given set of samples to that of 2!°Pb. A
full derivation of f{’Be, 2!Pb) is given in Graustein and Turekian (1996). The parameter is independent of precip-
itation scavenging and is a linear function of mixing in a two-component system. Graustein and Turekian (1996)
argued that high values of f{’Be, 2!°Pb) correspond to upper atmosphere aerosol sources while low values repre-
sent continental boundary sources The values of f{(’Be, 2'°Pb) can approach unity as an upper limit for strato-
spherically sourced aerosols and range to low values for those sourced in the lower troposphere boundary layer.
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Figure 7. Normalized ratio f{’Be, >'°Pb) calculated from Zhang et al. (2021) and plotted as a function of elevation of
sampling site. Only data with known altitudes are plotted. Only stations above 1000 m are selected for linear regression
(R? = 0.478).

Graustein and Turekian (1996) applied the normalized fraction to determine sources of ozone to an ocean island
setting. However, despite the usefulness of this parameter, only a handful of studies have subsequently made
use of it (Lozano et al., 2011). Nevertheless, there are numerous studies that report both "Be and 2!°Pb data, and
Zhang et al. (2021) recently compiled these into a single database. Zhang et al. (2021) gave site information as
well, and we have calculated the f{’Be, 2!°Pb) values for each site using the standard deviations of "Be and 2'°Pb
for the entire data set. We separated the values by location into “marine,” that is, oceanic and coastal sites, and
“continental,” that is, land-based but noncoastal sites. Sites were also grouped according to altitude (elevation)
and the resultant values of f{(’Be, 2!°Pb) are plotted in Figure 7.

The values of f{’Be, 2'°Pb) increase linearly with altitude above 1000m, as expected, because cosmogenic 'Be
dominates the aerosols collected in the upper atmosphere. A linear trend is observed for these high-altitude sites,
despite the clear dearth of data above 1000m, compared with sites that are <1000m. Low-altitude aerosols display
arange of f{’Be, 2!Pb) values, varying between 0.27 and 0.98. This is similar to the range observed by Graustein
and Turekian (1996), ~0.2 to ~0.9, at their site in the Canary Islands.

For altitudes below 1000m, aerosols from continental and marine sites have means (+1SD) of 0.63 + 0.13 and
0.85 + 0.12, respectively. Such a difference is expected because marine aerosols far from land can be inter-
preted as dominated by upper atmosphere influences compared with continental aerosols. Some of the spread
in the marine and continental data may be due to differences in "Be production as a function of latitude (Lal
& Peters, 1967; Usoskin & Kovaltsov, 2008). We tested this possibility using the data compilation of Zhang
et al. (2021). Across latitudes, no systematic variability is seen in aerosol "Be (Figures S1 and S2 in Supporting
Information S1) at either marine or coastal sites, implying that latitudinal differences in "Be production (Usoskin
& Kovaltsov, 2008) are not reflected in aerosol ’Be measurements at the Earth's surface, possibly due to atmos-
pheric mixing.

Temporal differences in "Be production caused by solar variability also could affect "Be production. This vari-
ability could be a factor when comparing the GP15 and GP16 data because the transects were carried out five
years apart (2013 for GP16 and 2018 for GP15) and solar production (as indicated by sunspot number) was ~4
times higher in 2013 than in 2018 (https://wwwbis.sidc.be/silso/monthlyssnplot). Terzi et al. (2020) examined
the relationship between annual average ground-level Be in aerosols measured from 2004 to 2018 at 62 stations
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Figure 8. f("Be, 2!°Pb) along the GP15 transect. Horizontal lines represent the mean (solid) + one standard deviation
(dashed) calculated from all stations, from the compilation of Zhang et al. (2021) grouped into Marine (open ocean and
coastal sites) and Continental (continental interior sites). Positive latitudes are north. See text for discussion.

worldwide as part of the International Monitoring System. In comparison with cosmic ray flux (inversely related
to solar activity) over the same period, only 18 of the stations displayed a significant positive correlation. They
concluded that at most stations any relationship was obscured by atmospheric processes and air-mass mixing.
Consequently, we do not consider it further in interpreting the GP15 versus GP16 f(’Be, 2!°Pb) data.

We also tested for latitudinal dependence of f{"Be, 2°Pb) that might be caused by latitudinal variation in "Be
production. For the continental sites, no significant variation is seen with latitude, consistent with the "Be aerosol
data cited above and the dominance of 2!°Pb flux from continental land masses (Figure S4 in Supporting Infor-
mation S1). In contrast, the marine sites do show a dependence, with higher values at high southern latitudes
(Figure S3 in Supporting Information S1). However, these sites are farthest from continental land masses (and
hence a source of 2°Pb), and we hypothesize that differences in f{’Be, 2!°Pb) at marine sites provide a context
for understanding the provenance of aerosols. We extend this approach to the aerosol f{’Be, 2!°Pb) results from
samples collected on GP15 and GP16.

3.3.2. Application of f("Be, 2'9Pb) to GEOTRACES GP15 and GP16

Values of f(’Be, 2!°Pb) in aerosols collected on GP15 range between 0.43 and 0.83 (Figures 8 and 9; Table 2).
Low values are found near the Alaskan Margin and the high latitudes of the Northern Pacific while high values
are evident in the Equatorial/South Pacific region. Indeed, the southernmost four samples all have f{’Be, 2'Pb)
values greater than or approximately equal to the mean of all marine sites worldwide, while only two samples
exceed the marine mean among the remaining samples. Comparison of the pattern of 2!Pb fluxes along the GP15
transect with that of the f{’Be, 2!°Pb) values shows an inverse relationship, such that regions with higher 2'°Pb
flux (Figure 6) have lower f(’Be, 2'°Pb) (Figure 9). Aerosols in the northern part of the transect are dominated
by lower troposphere sources while the marine boundary layer in the southern part of the transect is supplied by
aerosols from the upper troposphere. This conclusion is similar to that of Turekian et al. (1977, 1989) based on
the variation of 2!°Pb fluxes away from the Asian landmass in the North Pacific. We observe the lowest values
of f(’Be, ?'%Pb) on the GP15 transect for the samples collected in closest proximity to continental landmasses,
which is consistent with the prediction that aerosols there are dominated by continental sources. This is also
true for two samples from the easternmost deployments during GP16 (Figure 9). Indeed, Figure 9 shows similar
trends in f{’Be, 2'°Pb) away from Alaska along GP15 and from South America during GP16. The offshore portion
of GP16 generally has values of f{’Be, 2!°Pb) comparable to those of Equatorial/South Pacific samples during
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Figure 9. f(’Be, 2'Pb) along the GP15 (152°W) and GP16 (12°S) transects.

GP15 (Figure 9; Tables 2 and 3). All but one sample in this region have f{’Be, 2!°Pb) values above or equal to the
marine mean, reaching as high as 0.82. Aerosols with f{’Be, 2!°Pb) in this range were considered to have an upper
troposphere/lower stratosphere provenance by Graustein and Turekian (1996).

3.3.3. Links Between f(’Be, 21°Pb) and Trace Elements

Trace element concentrations (Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Pb) were measured on aerosol samples
collected during the GP15 transect (Marsay et al., 2021). On GP16, concentrations of a smaller suite of aerosol
trace elements (Al, Ti, V, Mn, Fe, Cu, Cd, Pb) were reported (Buck et al., 2019). Here, we highlight patterns of
Al, Ti, Fe, Pb, Co, and Zn on GP15 and Al, Ti, and Fe on GP16 relative to f{(’Be,?'°Pb). (On GP16, the Pb and Co
data sets are incomplete due to loading often less than instrumental detection limits and are excluded. The filters
used on GP16 were found to have unacceptably high blank concentrations for Zn.) Of the elements considered, Al
and Ti are thought to be tracers of crustal (lithogenic) material. Figures 10 and 11 show the trends of the selected
trace elements and f(’Be, >'°Pb) along the GP15 and GP16 transects, respectively. For GP15, Al, Ti, Fe, Pb,
and Co show highest concentrations in the North Pacific (Figure 10). Values generally decrease south of 35°N,
although Al and Pb shows maxima at ~10°N. The values of f{’Be, ?!°Pb) show the inverse trend with low values
coincident with high trace element loading. Along the transect, the peaks of f{’Be, >'°Pb) generally correspond
to low concentrations of lithogenic trace elements such as Al and Ti (Figure 10). In the North Pacific, the section
of GP15 closest to continental land masses, the highest Al and Ti concentrations have the lowest f{’Be, 2'°Pb)
values, consistent with a lower troposphere source of the aerosols. Conversely, in the South/Equatorial Pacific,
the f(’Be, 2'%Pb) is equal to or greater than the global marine f{’Be, '°Pb) mean and has low aerosol Al and Ti
loading, consistent with an upper troposphere source of aerosols. A notable exception to this pattern is the Al
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Figure 10. Aerosol trace element concentrations and f{’Be, 2!°Pb) along the GP15 transect (152°W). Positive latitudes are
north.

and f{"Be, 2!°Pb) values at ~5°N on GP15 (Figure 10) and Al, Ti, and Fe at 120°W on GP16 (Figure 11). Lead
shows a weaker relationship with f{’Be, 2!°Pb), although data from both transects show that away from continen-
tal influence, aerosol concentration is low, and aerosols in the marine boundary layer are primarily sourced from
the upper troposphere.

Cross plots of the individual trace element concentrations with f{’Be,?'Pb) (Figures 12 and 13) emphasize these
relationships. Best-fit lines were calculated using a bivariate fit (Cantrell, 2008). For GP15, the correlations
with Al (r = 0.533), Ti (r = 0.595), and Co (r = 0.537), and to a lesser extent Fe (r = 0.502), show decreasing
f(7Be, 2!%Pb) with increasing elemental concentration, consistent with a lower troposphere source. Pb and Zn
show no clear relationship (P-values > 0.05) with f{’Be,?'°Pb), supporting the input of these trace elements from
both lower and upper troposphere sources. On GP16, f{’Be, ?!°Pb) shows similar relationships with Ti (r = 0.724)
and Fe (r = 0.715), and Al (r = 0.715), with stronger correlations than GP15.
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Figure 11. Aerosol trace element concentrations and f{’Be, 2!°Pb) along the GP16 transect (12°S). Negative longitudes
are west.

3.4. Aerosol Sources and 21°Po/?1%Pb Ratios Along the GP15 Transect

The 2'°Po/?!'%Pb activity ratio of aerosols primarily reflects the residence time of the aerosols in the atmos-
phere. Following its production from ???Rn gas in the atmosphere, 2!°Pb decays via the short-lived 2!°Bi
(half-life = 5 days) to 2'°Po. As 2!%Pb is quickly scavenged onto aerosols following its production, the rela-
tionships among the three radionuclides can be effectively used to determine mean aerosol residence times
(Baskaran, 2011; Burton & Stewart, 1960; Peirson et al., 1966; Semertzidou et al., 2016; Turekian et al., 1977).
Aerosol residence times are typically days to weeks (Baskaran, 2011; Carvalho, 1995; H. E. Moore et al., 1973;
Turekian et al., 1974), suggesting that the 2!°Bi/?!Pb activity ratio is expected to be near the equilibrium value of
1, but the 2'°Po/?!Pb ratio will be relatively low, <0.2 (Baskaran, 2011).

Persson and Holm (2014) compiled measurements of the 2!°Po/>!%Pb ratio in aerosols from the Arctic to Antarc-
tic and noted that the values averaged ~0.25 in the mid-latitudes. Most of the values determined on the GP15
samples are <0.2 within uncertainties. However, there are four samples with 2!°Po/?!%Pb ratios that exceed 0.2:
Aer3, Aer8, Aerll, and Aer21 (Table 1; Figure 4); two, Aerll and Aer21, have high f{’Be, 2!°Pb), 0.80 and
0.83, respectively (Table 2), suggesting that the upper troposphere aerosols that comprise them had relatively
long residence times before they entered the marine boundary layer (Poet et al., 1972; Tokieda et al., 1996;
Tsunogai & Fukuda, 1974). The values of f(’Be, 2!°Pb) are lower for the Aer3 (0.54) and Aer8 (0.62) samples,
and the 21°Po/?!%Pb ratio in Aer8 is 0.88 + 0.32, possibly suggesting that it has a significant component of dust
that has 2!°Po and 2!°Pb essentially at equilibrium (?'°Po/?!°Pb ~ 1.0). Yet, neither sample has particularly high
concentration of aerosol Al or Ti compared with other high Al and Ti samples that have low 2!°Po/?!°Pb ratios.
Moreover, GP15 samples were taken during a time of year in which dust inputs were typically low (Marsay
et al., 2021). Thus, dust may be eliminated as a cause of the anomalously high 2°Po/!Pb for this sample.

The biogeochemical cycling of 2!°Po in the surface ocean and volatilization may play a role in the observed
aerosol 21°Po/219Pb ratios. 2'%Po is typically deficient with respect to radioactive equilibrium with its grandpar-
ent 2!%Pb in surface water. This deficiency may partly be due to is its assimilation into cells as an analog of
sulfur (Cherrier et al., 1995; Fisher et al., 1983; Harada et al., 1989; Stewart & Fisher, 2003a). Stewart and
Fisher (2003b) showed that Po uptake in marine phytoplankton cultured in the laboratory is explained by both
a surface-bound fraction and a cellular fraction associated with protein. Sorption experiments have confirmed
that 2!°Po can be incorporated into proteins (Yang et al., 2015). Such behavior helps account for observed links
between chlorophyll o (as a proxy for living organic matter), productivity, POC concentration, and the rates of Po
scavenging and regeneration from sinking particles (Choi et al., 2014; Nozaki et al., 1997).

WEIET AL.

15 of 21



A7t |

. .
NI Global Biogeochemical Cycles 10.1029/2022GB007378
ADVANCING EARTH
AND SPACE SCIENCE
Al Ti
0.9 0.9
r=0.533 r=0.595
08 % 8 R?=0.284 08 C?@ R?=0.355
........ oO p-value=0.016 3 o p-value=0.0056
507 | e, = 07
o e, O a o
§ o 8 o
= o o o o K T 00 °
N SRR X
g 08 O, ° g 08 QO
L S IS o el
%= 05 o Tl o =05 o Tt -
o e o T
04 e ? 0.4 Ot
03 03
100 200 300 400 500 600 700 0 5 10 15 20 25
Al (pmol/m?3) Ti (pmol/m3)
Fe Pb
0.9
r=0.502 09 r=0.265
08 ° R?=0.252 o R?=0.0703
0.8 o
p-value=0.024 o o o p-value=0.26
307 5 07 .
g o
K [¢o) o B o o © o
g *° .2 T T ——
g e g PRERRS SRR
Sos O L [P SRRy o ST
= o = 0.5 (o] °
0.4 © 04 ° o
03 03
50 100 150 0 0.1 0.2 03 0.4 0.5 0.6 0.7
Fe (pmol/m3) Pb (pmol/m3)
Zn Co
0.9 0.9 -
r=0.212 o ™ r=0.537
0.8 o R? = 0.0450 08 o o 3 R?=0.289 )
° p-value=0.37 . o p-value=0.015
507 o 07
£ o s o R
N 06 ° % 06 ® g ®, %
L T TR PP PP PP PP P EL LT AL L L L L LA A 2 ..
0 beeeeeeseess Oeevrvrnnnnasessennnes E: o
IS o) = o
=05 o = 05 05 o
o .
0.4 o 0.4 ~, O
0.3 03 -
10 15 20 25 0 0.05 0.1 0.15

Zn (pmol/m?3) Co (pmol/m3)

Figure 12. Cross plots of f{’Be, 2!°Pb) versus trace element concentrations for the GP15 (152°W) transect. Lines are bivariate best fits.

Polonium is classed with the Group 16 metalloids such as selenium and tellurium and may share biogeochemical
behavior with them. Dissolved Se in seawater is found as selenite (+1V), selenate (+VI), and dissolved organic
selenides (-II), with the latter being the predominant form in surface waters (Cherrier et al., 1995). Tellurium is
the closest neighbor to polonium in the periodic table, and Lee and Edmond (1985) argued that the geochemical
behavior of tellurium is more similar to that of polonium, showing scavenging as the dominant +VI form (e.g.,
Te(OH),) rather than existing as an oxyanion as Se does. However, Lee and Edmond (1985) noted subsurface
maxima in Te profiles, suggesting regeneration from particles. Several authors have hypothesized that Po could
exist in surface waters as dimethyl polonide (DMPo), similar to dimethyl sulfide (DMS) (Bahrou et al., 2012;
Hussain et al., 1995; Kim et al., 2000). In addition, Chuang et al. (2013) found that both organic biopolymers
(hydroxamate siderophores) and manganese and iron oxides played a role in binding polonium. Lin et al. (2021)
assessed the relative binding affinity of Po in seawater to specific phytoplankton-related biopolymers (e.g., those
associated with diatoms vs. coccolithophores). However, the relationship between the volatile pool of Po (e.g.,
DMPo) and phytoplankton/bacteria remains poorly constrained (Bahrou et al., 2012; Stewart & Fisher, 2003b).

If Po exists as DMPo, it may contribute to the aerosol burden in the marine boundary layer, much like DMS has
been shown to do. This would add ?'°Po > 2!9Pb to aerosols through volatilization or ejection of a colloidal phase
from the surface ocean. Turekian et al. (1974) hypothesized that aerosol enrichments of 2!°Po could occur in the
open ocean if plankton-rich particles became part of the aerosol burden. Indeed, enrichment of 2'°Po relative
to 21%Pb in the sea surface microlayer was subsequently demonstrated by Bacon and Elzerman (1980), primarily
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Figure 13. Cross plots of f{’Be, 2!°Pb) versus trace element concentrations for the GP16 (12°S) transect. Lines are bivariate best fits.

in coastal environments. Bulk surface water along the GP15 transect has 2!°Po/?!°Pb generally <0.5 (Cochran,
unpublished data), so simple sea salt aerosols comprising bulk seawater cannot explain high 2'°Po/?!Pb. Thus,
enrichment of 21°Po via a mechanism such as DMPo production and volatilization seems needed to explain high
aerosol 21%Po/21Pb. A potential future step into investigating this possibility is to take samples for simultaneous
measurement of concentrations of sulfur dimethyl compounds (e.g., DMS) and to measure 2!°Po and 2'°Pb on
the same samples. Stable sulfur isotopes, which fractionate differently for biotic processes relative to abiotic
processes (Calhoun et al., 1991), have provided evidence of biotic DMS production on a molecular level (Amrani
et al., 2013; Oduro et al., 2012). Using this method, biotic DMS production has been confirmed in the North and
subtropical Pacific (Amrani et al., 2013; Calhoun et al., 1991). Hence, similar biotic processes can be expected
to be responsible for the excess 2!°Po seen in the GP15 samples from the area. The compilation by Persson and
Holm (2014) mentioned above found that 2!°Po/?!°Pb in aerosols collected near the poles had a huge spread, with
values as high as 1.6. Recently, sulfur isotope anomalies indicating DMS production have been found in Antarctic
Sea ice as a result of metabolism in sea ice algae (Carnat et al., 2018). If DMPo is produced in the same manner,
it could help explain anomalously high 21°Po/?!9Pb ratios in high-latitude environments.

The Pacific Ocean has been the site for several DMS studies (Andreae & Raemdonck, 1983; Gray et al., 2011;
Kieber et al., 1996). Its diverse phytoplankton/bacteria community was demonstrated to contribute to DMS to
a great extent through biodegradation of its precursor dimethylsulfoniopropionate (DMSP; Karsten et al., 1996;
Keller et al., 1989). Coccolithophores are considered the main contributor of biotic DMSP and its global distri-
bution in surface water has been recently studied by McParland and Levine (2019). Areas in the Pacific high in
predicted DMSP emission in the summer and fall overlap with sites of elevated 2°Po/?!°Pb at 40°N (Aer8) and
near the equator (12.75°S; Aer21). This supports a potential link between DMS and DMPo. It can also serve as a
guide for selecting future sampling locations for a combined study of the relationships among DMSP, DMS, and
DMPo. Clearly, further research is needed on 2!°Po cycling in the surface ocean and possible enrichment of this
radionuclide in aerosols in high-productivity marine environments.

4. Summary and Conclusions

Aerosol measurements of 2I°Pb made as part of two GEOTRACES cruises (GP15 and GP16) in the Pacific
Ocean, coupled with "Be-derived bulk deposition velocities, are used to determine 2!°Pb fluxes at oceanic sites.
The "Be-derived 2!°Pb fluxes based on short-term aerosol collections in 2018 (GP15) agree well with longer-term
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fluxes determined by collection of precipitation at island sites during the SEAREX program in the 1970-1980s. In
addition, the "Be/?!°Pb activity ratio in aerosols expressed as a normalized fraction of "Be to 2!°Pb, f(’Be, 2!°Pb),
is an effective tracer of aerosol source. With a robust data set, f(’Be, 2'°Pb) can serve as a viable independent
tracer of aerosol provenance. High values of f{’Be, 2'°Pb) indicate an upper troposphere source of aerosols and
low values are representative of a continental boundary layer source.

Along the two transects sampled, f{’Be, 2!°Pb) increases from values more typical of continental boundary layer
sources near the continents to values indicating supply of aerosols from upper troposphere sources to the marine
boundary layer at open ocean sites. Values of f(’Be, 2'°Pb) show negative correlations with aerosol Al, Ti, and
Fe concentrations during both GP15 and GP16, reinforcing the continental source for these trace elements. The
relationship with Pb on GP15 shows a very weak correlation with f{’Be, !°Pb), suggesting that it has a mixed
upper-lower troposphere source to the GP15 study region.

The normalized fraction is also helpful in explaining anomalously high 2'°Po/?!%Pb ratios in aerosols. Most of
the samples collected on GP15 have low 2!°Po/?!%Pb (<0.2) indicating relatively short aerosol residence times.
Four samples have high 2!°Po/?!%Pb. In two of these, f(’Be, 2!°Pb) indicates an upper troposphere source and thus
potentially longer aerosol residence times. In two others, the values of f{’Be, 2!°Pb) suggest a lower troposphere
source, but low Al and Ti concentrations imply that dust is not a factor. Instead, we suggest that enrichments
of 21°Po in the sea surface microlayer as an organic Po species or possibly as volatile dimethyl polonide (DMPo)
may be the source.

Data Availability Statement

New data included in this manuscript are given in Tables 1-3 and have been submitted to the Biological and
Chemical Oceanography Data Management Office (BCO-DMO). Links to GP15 "Be and trace element data
are https://www.bco-dmo.org/dataset/781794 (Leg 1), and https://www.bco-596.dmo.org/dataset/781806 (Leg
2); for GP16, trace elements: https://www.bco-dmo.org/dataset/675632, for "Be: https://www.bco-dmo.org/data-
set/671814, and for 2!°Pb: https://www.bco-dmo.org/dataset/675403.
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