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Abstract Distributions of the natural radionuclide 2'°Po and its grandparent 210py, along the GP15 Pacific
Meridional Transect provide information on scavenging rates of reactive chemical species throughout the water
column and fluxes of particulate organic carbon (POC) from the primary production zone (PPZ). '°Pb is in
excess of its grandparent **Ra in the upper 400-700 m due to the atmospheric flux of >'°Pb. Mid-water
219pp /22Ra activity ratios are close to radioactive equilibrium (1.0) north of ~20°N, indicating slow
scavenging, but deficiencies at stations near and south of the equator suggest more rapid scavenging associated
with a “particle veil” located at the equator and hydrothermal processes at the East Pacific Rise. Scavenging of
210pp and 2'°Po is evident in the bottom 500-1,000 m at most stations due to enhanced removal in the nepheloid
layer. Deficits in the PPZ of 210pg (relative to 2!°Pb) and 2'°Pb (relative to *Ra decay and the 210py,
atmospheric flux), together with POC concentrations and particulate 2'°Po and 2'°Pb activities, are used to
calculate export fluxes of POC from the PPZ. 2'°Po-derived POC fluxes on large (>51 pm) particles range from
15.5 + 1.3 mmol C/m*/d to 1.5 #+ 0.2 mmol C/m?/d and are highest in the Subarctic North Pacific; *'°Pb-derived
fluxes range from 6.7 + 1.8 mmol C/m%/d to 0.2 # 0.1 mmol C/m?/d. Both *'°Po- and *'°Pb-derived POC fluxes
are greater than those calculated using the **Th proxy, possibly due to different integration times of the
radionuclides, considering their different radioactive mean-lives and scavenging mean residence times.

1. Introduction

Natural radionuclides of the U-and Th-decay series have proved very useful in studying ocean processes,
including, but certainly not limited to, understanding the mechanisms and rates of scavenging of particle-reactive
trace elements. Polonium-210 (*'°Po: half-life = 138.4 days) and its grandparent, lead-210 (*'°Pb: half-
life = 22.3 years), both members of the 2*%U decay series, are considered particle-reactive in their respective
marine geochemistries, and their oceanic distributions have been studied for over 60 years (e.g., Bacon
et al., 1976; Chung & Craig, 1983; Chung & Wu, 2005; Craig et al.,, 1973; Kim & Church, 2001; Nozaki
et al., 1976; Rama et al., 1961; Somayajulu & Craig, 1976; Spencer et al., 1981; Thomson & Turekian, 1976;
Tsunogai & Nozaki, 1971). '°Po in seawater is produced predominantly through the decay of >'°Pb (via the 5-day
half-life intermediate >'°Bi). >'°Pb is produced ultimately from decay of its grandparent, dissolved **°Ra, and is
also added to the surface ocean from the atmosphere, where it is produced by the decay of >*?Rn that has emanated
principally from continental rocks and soils. The **?Rn flux from continental rocks and soils is much greater than
that from the surface ocean, and consequently, the 2'°Pb flux to the Earth's surface is generally higher over the
continents than over the ocean.

Early results documenting distributions of 2'°Po and '°Pb in the oceans (Bacon et al., 1976, 1988; Chung &
Finkel, 1988; Cochran et al., 1983; Nozaki & Tsunogai, 1976; Nozaki et al., 1976; Thomson & Turekian, 1976;
Tsunogai & Nozaki, 1971; see also Cochran, 1992) showed that 210pp was scavenged relative to radioactive
equilibrium with its grandparent >*Ra and that >'°Po was more rapidly removed from surface waters than >'°Pb
(activity ratio >'°Po/*'°Pb in solution <1). At depth, however, >'°Po can be released from sinking particles such
that the activity ratio of 210po 219py in solution is more than 1 (Bacon et al., 1988; Cochran, 1992; Cochran
et al., 1983). Excess 219pg has also been observed in surface waters within upwelled coastal filaments as the
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products of particle respiration (e.g., NO;~, NO, ) are transported upward by the upwelling process
(Kadko, 1993).

An important aspect of the behavior of Po that helps explain these observations of *'°Po/?!°Pb disequilibrium is
its assimilation into cells, possibly as an analog of sulfur (Fisher et al., 1983, 1987). Stewart and Fisher (2003a,
2003b) showed that Po uptake in marine phytoplankton cultured in the laboratory comprised both a surface-bound
fraction and a cellular fraction associated with protein. Indeed, 30%—60% of the total Po was present in the
cytoplasm. Such behavior helps account for the observed links between chlorophyll a (denoting living organic
matter), productivity, particulate carbon concentration (POC) and the rate of Po scavenging (Choi et al., 2014;
Hong et al., 1999; Nozaki et al., 1997, 1998; Sarin et al., 1999). The Po assimilated into the cytoplasm by
phytoplankton may be released as the organic matter decomposes during sinking. Thus, Po may behave more like
carbon than Th or Pb with respect to its scavenging on particulate organic matter and involvement in marine food
webs. This aspect makes it a potentially powerful tracer of POC export, in a complementary fashion to the use of
Z34Th as a POC flux proxy (e.g., Buesseler et al., 1992).

The export and fate of sinking POC through the mesopelagic are critical to understanding the efficiency of the
biological pump and, ultimately, its control of atmospheric CO, (Passow & Carlson, 2012). **Th/***U and
210pq, 219pp disequilibria (and other radionuclide proxies of POC and particle flux; Hayes et al., 2018) have
increasingly been used in this manner (Anand et al., 2018; Buesseler et al., 1992; Buesseler, Benitez-Nelson,
et al., 2020; Ceballos-Romero et al., 2016; Friedrich & Rutgers van der Loeff, 2002; Horowitz et al., 2020;
Lemaitre et al., 2018; LeMoigne et al., 2013; Nozaki et al., 1997; Owens et al., 2015; Roca-Marti et al., 2016;
Shimmield et al., 1995; Stewart et al., 2007, 2010; Verdeny et al., 2009). Both the **Th/***U and ?'°Po/*'°Pb
proxies rely on the fact that the daughter nuclide is more particle more reactive than the parent and thus is
scavenged preferentially. In the upper ocean, scavenging is often mediated by the biogenic production and sinking
of particles, and thus the deficit in the daughter radionuclide relative to radioactive equilibrium with the parent can
be converted to a radionuclide flux, and ultimately into a POC flux if the ratio of POC to daughter radionuclide on
sinking particles is known. The half-lives of **Th and >'°Po are significantly different— 24.1 days for >**Th and
138.4 days for >'°Po- suggesting that they integrate export over different time scales. These radionuclide POC-
flux proxies serve as complements to each other and to other approaches such as measurements of nutrient cycling
and balances as well as deployment of sediment traps (Buesseler et al., 2007) and are especially useful in cases
where the latter (i.e., traps) cannot be readily used due to logistical constraints.

The GEOTRACES Pacific Meridional Transect cruise (GP15) was carried out in 2018 (09/18-11/25/2018) along
152°W from Alaska to Tahiti (Figure 1). The cruise was divided into two legs. Leg 1, designated RR1814, ran
from 9/18-10/21/2018 and included stations 1-18.3. Leg 2, designated RR1815, ran from 10/25-11/24/2018 and
included stations 18.6 to 39. At its northern end, the cruise sampled the shelf/slope in the interior Gulf of Alaska.
The transect crossed numerous biogeochemical “provinces,” including the relatively productive region of the
eastern subarctic Pacific and the high productivity Subarctic Frontal Zone at 42°N, the oligotrophic North Pacific
subtropical gyre, the productive equatorial region, and the highly oligotrophic South Pacific subtropical gyre
(Figure 2). The transect also intersected hydrothermal plumes extending from the Juan de Fuca Ridge (35°N),
Loihi Seamount (19°N), and the East Pacific Rise (EPR) (9°N, 15°S). Here we report the activities of 219pg and
219pp in the dissolved and particulate fractions of water samples collected on GP15. Our goal is to use these
radionuclides as coupled and single tracers of scavenging rates and POC export along the transect.

2. Materials and Methods
2.1. Dissolved Samples

Water samples for 2'°Po and *'°Pb were collected at 12 stations along the GP15 transect (Figure 1) and processed
on board through the initial plating of Po. Surface water (~3 m) was collected using a towed GeoFish sampler
designed to collect trace-metal clean near-surface water samples (https://www.bco-dmo.org/instrument/549).
These samples (10L) were not filtered (so they represent total activities of 219pg and 2'°Pb) but were acidified with
HCI soon after collection. For dissolved activities, samples (10L) were collected using the Scripps Ocean Data
Facility (ODF) rosette. Samples were filtered through Acropak filter cartridges (0.8 pm/0.45 pm) and acidified to
pH ~2 with 40 mL of 6N HCI. They were then shaken well to homogenize. Iron (10 mg Fe, as FeCl; solution) was
added along with 10 mg of stable Pb carrier (in 2N HNO;) and 1.76 dpm of 209pg tracer (in 2N HNOg; National
Institute of Standards and Technology 4326a). The mixture was shaken and left for 24 hr for tracer/carrier
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Figure 1. Map of the GEOTRACES GP15 Pacific Meridional Transect showing stations sampled for >'°Po and ?'°Pb.

Stations 1 and 3 are on the Alaska shelf and slope; Stations 8-39 are along 152°W. Station 18.3 sampled the Puna Ridge and
nearby station 18.6 sampled the Loihi Seamount. Water depth contours (m) are scaled at right.
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Figure 2. Net primary production along the GP15 transect integrated over the prior 6 months of the cruise. Recalculated and
plotted using ArcGIS from the MODIS r2018 satellite product collated by the monthly CbPM HDF files by Oregon State
University Ocean Productivity (Westberry et al., 2008). Retrieved from http://orca.science.oregonstate.edu/1080.by.2160.
monthly.hdf.cbpm2.m.php. Boundaries designated by horizontal dashed lines are: Subarctic- north of ~47°N; North Pacific-
~7°=47°N; Equatorial- ~7°N—12°S; South Pacific-south of 12°S (Kenyon, 2022).
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equilibration. Iron hydroxide was precipitated by adding concentrated NH,OH to raise the pH to 8-9. The Fe
(OH); precipitate was allowed to settle for 24 hr after which the sample was filtered through a 142 mm diameter
1.2 pm Versapor filter. The precipitate was dissolved in 20 mL of 6N HCI, and the solution was diluted with DI
water to make 80 mL of 1.5 N HCI. Ascorbic acid was added to the 1.5 N HCI solution and polonium was plated
onto silver planchets (Flynn, 1968; Lee et al., 2014) mounted in Teflon planchet-holders fitted with magnetic stir
bars. Plating proceeded on magnetic-stirrer hot plates heated to 80°C for 3 hr. Planchets were then removed from
the solution, rinsed, and allowed to dry. Dried Po-plated planchets were returned to the shore-based laboratories
(Stony Brook University; Florida International University) for alpha counting.

The residual plating solutions were transferred to 125 mL polycarbonate bottles for transport back to Stony Brook
University. Due to the long transit back from the Pacific (~3 months), it was decided to eliminate any residual
209pg and 2'°Po left in the sample after plating by suspending a piece of scrap silver (~0.5 g) in the sample for
5 days at sea. The silver was then removed with the time of removal noted. This clean-up step was checked upon
sample return to the laboratory by replating several samples without any additional *>’Po added. We found that
5.0% =+ 1.6% of the initial Po remained, and correction was made to the calculation of 210py, activities to account
for residual 2'°Po and *°Po. Additionally, to check the clean-up procedure, two samples were purified by ion
exchange after their return to the lab. The agreement was within 6% (within counting error), indicating that the
clean-up step using scrap silver was sufficient. An additional aliquot of >°’Po was added to the stored samples, and
after ~6 months of storage, Po was plated again using the procedure described above. Determination of the
recovery of Pb from precipitation through storage is described below.

Activities of >*°Ra were determined on 15-25 L water samples using methods described by Charette et al. (2015).
Middepth and deep samples were collected using Niskin bottles deployed on in situ pumps (Section 2.2; Charette
& Moore, 2023a, 2023b), while shallow samples were taken on water casts with the ODF rosette. Briefly, the
samples underwent gravity filtration (~0.5 L/min) through MnO, acrylic fiber to remove Ra from seawater,
followed by rinsing with deionized water, partial drying, and placement in a sealed fiber holder; the holder was
flushed with He and held for at least 5 days before analysis via ?Rn ingrowth and scintillation counting.

2.2. Particulate Samples

Particulate samples were collected by McLane in situ pumps at approximately the same depths as the water
samples but on different casts and were analyzed separately. Due to the equipment limitations and potential
hazards when doing acid digestions at sea, on-board treatment was not possible for these samples. Two particle
sizes were collected by pumping: a large particle fraction collected on a 142 mm 51 pm-polyester mesh prefilter
(Sefar 07-51/33) underlain with a 150 pm-polyester mesh filter (Sefar 07-150/41) and a small particle fraction
collected on paired 0.8 pm polyethersulfone Pall Supor800 membrane filters (Lam et al., 2015). Several blank and
backing filters were also analyzed. The filters were dried on board in a laminar flow hood, split, and placed in a
KNF Flexpak Cleanroom polyethylene bag. Aliquots sent to Stony Brook comprised 28-280 L (average ~100 L)
filtered for the small particle fraction and 60-330L (average ~250 L) for the large particle fraction. Filter aliquots
from Leg 1 were sent to the lab during the port stop in Hilo, HI on 21 October 2018. Leg 2 filters were sent back
from Papeete, Tahiti at the conclusion of the cruise on 24 November 2018. Once the filters arrived, they were
placed in microwave digestion vessels and spiked with **’Po tracer (1.76 dpm) and 10 mg stable Pb as for the
dissolved samples. Concentrated HC1, HNO3, and HF (5 mL each) were then added to the vessel. The mixture was
microwave-digested for 1 hr at 180°C. After digestion, the resulting solution was decanted into a 25 mL Falcon
tube, and the digestion vessels were rinsed with small aliquots of DI water. The Falcon tubes were centrifuged and
the supernatant pipetted into 50 mL Teflon beakers. The beakers were heated to almost complete dryness before
10 mL of concentrated HC1 was added. This process was repeated to ensure that HCI was the only acid present.
Then 20 mL of 6 M HCI was added, the solution was decanted into a glass beaker and the Teflon beaker was
rinsed with two aliquots of 30 mL DI water. Ascorbic acid was added to the solution to reduce any Fe(III) to Fe(Il)
and prevent its plating. A silver planchet embedded in a Teflon stirring magnet was added to each of the sample
solutions, and the samples were plated at 80°C for 3 hr, then rinsed with DI water and acetone, dried, and counted
in the alpha spectrometer to determine the initial *'°Po. As described for water samples, residual Po was removed
from the solution by adding scrap silver for ~5 days and then transferring the samples to 125 ml polycarbonate
bottles for storage and ingrowth of additional >'°Po. The second plating was carried out after ~6 months of storage
as described for the water samples.
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2.3. Determination of Pb Recoveries

Recovery of the Pb carrier added to the samples before precipitation (water samples) or dissolution (particle and
aerosol samples) was determined after the initial >'°Po plating. For this purpose, an aliquot of each stored solution
was taken for total Pb yield by Atomic Absorption Spectroscopy or Inductively Coupled-Plasma Mass Spec-
troscopy. Recoveries were measured for all water samples and ranged from 44% to 99%. Processing of the
particulate samples lagged that of the water samples and recoveries were not completed before the Covid
pandemic closed the laboratories at Stony Brook University for an extended period in 2020. After the laboratory
reopening, instrumentation problems further delayed measurements. When measurements finally resumed, it was
apparent that Pb had been lost from the aliquots taken after initial Po plating. We decided to apply average re-
coveries obtained before the lab closure to all the particulate samples: 96 + 3% (n = 36) for the small particles and
91 + 8% (n = 36) for the large particles. The high recoveries were consistent with complete dissolution of the
sample during microwave digestion and minimal subsequent processing.

2.4. Data Reduction

Activities for both >'°Po and 2'°Pb were calculated following the method of Rigaud et al. (2013). Planchets were
counted on PIPS alpha detectors using a Canberra Alpha Analyst system. Peak areas were calculated for the 209pg
and 2!°Po peaks to obtain counts per minute (cpm) and detector backgrounds were subtracted. The ingrown *'°Po
activity was corrected for residual 2'°Po and *’Po (5.0% =+ 1.6%) left after the purification by scrap silver.

Blanks were run for each sample type. For water samples, these included all reagents used in the Fe(OH);
precipitation. For the particles, these involve analyses of blank filters and reagents used. The >'°Pb blank for the
particles was larger than the 219pg blank for each filter type (Table S1 in Supporting Information S1). We attribute
this to the samples picking up additional >'°Po activity during storage, likely from the containers used for storage.
In all cases, the blank activities for 2'°Pb were <5% for dissolved and <20% for particulate samples. Corre-
sponding values for 2'°Po were <20% for dissolved and <7% for particulate samples.

Errors were propagated using standard error propagation formulas (Rigaud et al., 2013) and included counting
errors on sample, background and blank activities, spiking errors, weighing errors (for water samples), and
uncertainty of the **’Po tracer activity.

2.5. Intercalibration

Our results were intercalibrated with 2'°Po and *'°Pb profiles determined on other cruises. For >!°Pb, it was
possible to compare our results (GP15 station 14) with those obtained on the GEOSECS Pacific expedition
(station 212) in 1973 (Nozaki et al., 1980). THE GEOSECS samples were mostly filtered library samples, and the
comparison with our dissolved data was excellent despite the 45-year gap between the samplings (Figure S1 in
Supporting Information S1). It was also possible to compare our dissolved >'°Po and >'°Pb at station GP15-35
with a crossover station (station 36) sampled in 2013 on GP16, the GEOTRACES Pacific Zonal Transect
(Niedermiller & Baskaran, 2019). Here the comparison in activities is acceptable for >!°Pb (within about 10%) but
less good for >'°Po (within about 20%; Figures S2 and S3 in Supporting Information S1). One possible reason for
the poorer agreement in dissolved >'°Po is related to differences in sample processing. Our samples were pro-
cessed through the initial Po plating within ~5 days of sample collection, while the GP16 samples were taken,
acidified and shipped back to the shore-based laboratory for processing. The gap between sampling and pro-
cessing those samples was 3—4 months (Niedermiller, 2017). Roca-Marti et al. (2021) recently hypothesized that
because Po can be incorporated into organic matter and cycled with it (Fisher et al., 1983; Stewart & Fisher 2003a,
2003b; Stewart et al., 2005), a fraction of 2'°Po can be speciated, likely with organic ligands, in such a way that
rapid precipitation with Fe(OH); after sampling does not extract all >'°Po from the sample. Long storage of a
sample under acidified conditions before processing allows the speciation to break down, and all the 2'°Po in the
sample is then extracted when Fe(OH); is precipitated. If this hypothesis holds, the 219pg values determined on
GP15 may be too low, especially in the upper water column, where the biological cycling of Po is highest. Further
studies to evaluate this possibility are presently underway. Comparison of the particulate data from GP15-35 and
GP16-36 is shown in Figure S4 in Supporting Information S1.
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Figure 3. Dissolved (a) 219pp and (b) 2'°Po activities (dpm/100 kg) along the GP15 transect.

3. Results
3.1. Water Samples
3.1.1. Dissolved Activities

Activities of dissolved >'°Pb ranged from 1.1 dpm/100 kg on the Alaskan shelf to 35.4 dpm/100 kg in the
oligotrophic North Pacific (Table S2 in Supporting Information S1; Figure 3a, Cochran & Stephens, 2023a,
2023b). Dissolved >'°Pb activities were generally high near the surface (upper 200 m), decreased to a minimum at
around 500 m, increased to a maximum between 2,000 and 3,500 m and decreased again in the bottom nepheloid
layer. This trend is consistent for the North Pacific stations and is especially seen at station 14, where >'°Pb
activities peaked at 35.4 dpm/100 kg at 3,500 m depth. South of the North Pacific gyre (stations 29, 35, and 39),
such a trend persists but is less clear because the overall >'°Pb activities decrease.

Dissolved 2'°Po ranged from 0.6 to 31.5 dpm/100 kg over the same environments (Figure 3b). In the upper ~800—
1,000 m, 210pg shows deficits relative to 210Pb, but at deeper depths, the two radionuclides largely track one
another.

3.1.2. Particulate Activities

For both *'°Pb and 2'°Po, dissolved and particulate activities were consistently ranked as dissolved activ-
ity >> small particle activity > large particle activity (Data Set S1, Cochran & Stephens, 2023c, 2023d). Total
particulate (small + large) >'°Po activities exceeded those of >'°Pb at most stations (Figures 4a and 4b). In general,
total particulate 2'®Po was less than 10% of the total activity (particulate + dissolved), although it ranged up to
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Figure 4. Total particulate (>0.8 pm) (a) 2'°Pb and (b) 2'°Po activities (dpm/100 kg) along the GP15 transect.

~60% in near-surface (<50 m) waters and to ~30% in the benthic nepheloid layer. Total particulate >'°Pb activities
were less than 7% of the total activity, but as with ?'°Po, showed higher values (up to ~17%) in near-surface waters.
At station 1 on the Alaska shelf, particulate activities for both 219pg and ?'°Pb were high, ~30% to 60% of the total,
consistent with higher particle concentrations in that setting.

Although backing filters were supplied with each filter type (see Section 2.2), only a few of these could be
analyzed, given time constraints. On average (n = 5), the 150 pm backing filters in the large particle fraction
comprised 30% + 7% of 2'°Po and 48% =+ 13% of *'°Pb activities in the top 51 pm filter. The 2'®Po/*'°Pb activity
ratio on the backing filter was comparable to or greater than that of the top 51 pm filter, indicating that the likely
source of *'°Po and 2'°Pb on the backing filter was particles that were not retained by the top filter but were
captured by the backing filter. For the small particle fraction (n = 6), the backing Supor800 filter retained
15% =+ 10% of the *'°Po and 7% =+ 5% of the *'°Pb in the small particle fraction. The *'°Po/>'°Pb activity ratio on
the backing filter was typically significantly greater than that in the top filter. Rather than particle breakthrough, it
was likely that some dissolved >'°Po and ?'°Pb adsorbed on the Supor800 filters, with preferential adsorption of
219pg_ Taken together, these interpretations suggest that the large particle activities based on the top 51-pm mesh
filter could be underestimated by ~40%, and the small particle activities determined from the top Supor800 filters
could be overestimated by ~10% for 2'°Po and >'°Pb. However, because of the ranking of activities cited above
(dissolved >> small particle > large particle), the patterns in total >'°Po and >'°Pb activities obtained by summing
the fractions are not significantly altered by these constraints on the particulate activities.

3.1.3. Total Activities and Radioactive Disequilibrium

As noted above, except for the surface water samples collected by the GeoFish (unfiltered samples), total ac-
tivities were calculated by summing the two particulate fractions and the dissolved fraction. The particulate
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Figure 5. Total (particulate + dissolved) (a) 21%pp and (b) 219 activities (dpm/100 kg) along the GP15 transect.

samples were collected by in situ pumps on different casts from the water samples. Efforts were made to match the
depths of the pump and water casts, but there was often a slight offset in the former from the latter due to the wire
angle. We summed the particulate fractions from the nearest depth to the dissolved fraction to calculate total
activities. A significant exception occurred at station 18. The in situ pumps were turned on before reaching their
target depths for samples deeper than 3,250 m and total activities were not calculated for the four deepest samples
at that station.

Total 2'°Pb activities in the upper 1,000 m increase from the lowest values on the Alaskan shelf to a maximum in
the subtropical northern region around 30°N (station 14) and gradually decrease to low values in the equator and
the tropical south (Figure 5a; Data Set S1). At depth, the most notable trend is the *'°Pb activity maximum
between 3,000 and 4,000 m at station 14 (32°N), with elevated activities extending from station 14 into the
surrounding water. It is also evident that lower activities are observed in the near-bottom nepheloid layers,
especially near S0°N and the equator.

Total 2!°Po activities generally increase with depth (Figure 5b), albeit with a decrease in near-bottom nepheloid
layers as described for total >'°Pb. The source of >'°Po in the oceans is decay of its grandparent >'°Pb, and the
210po210ph activity ratio shows that scavenging of 2'°Po is pronounced in the upper water column
(?1%po/21%p < 1-~1,000 m), below which the two radionuclides are close to radioactive equilibrium
(*'°Po/*'°Pb = 1; Figure 6, Data Set S1).

The total 2'°Pb/?*°Ra activity ratio shows excesses of 2'°Pb (*'°Pb/***Ra > 1) in the upper 400-700 m, with
values decreasing toward radioactive equilibrium (*'°Pb/***Ra = 1) and then decreasing further toward the
bottom (Figure 7). The GP15 section shows an extensive zone of near equilibrium 2'°Pb/*?°Ra from ~1,000 to
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Figure 6. Section showing the activity ratio (dpm/dpm) of total 219pg 1o total *'°Pb along the GP15 transect.

~4,000 m north of ~20°N, with scavenging in the bottom ~1,000 m. In contrast, south of ~7°N (stn. 23), there is
an extensive zone of 2'°Pb/**°Ra < 1 centered on the equator (Figure 7). Net removal of total 2'°Pb by uptake onto
particles and particle sinking is indicated by >'°Pb,,/**°Ra activity ratios <1. Removal of >'°Pb in the upper
water column where 2'°Pb,,,,/**°Ra is greater than 1 is also occurring but requires mass balance calculations to
resolve (Section 4.1).

4. Discussion
4.1. Patterns and Rates of Scavenging of 2'°Po and *'°Pb

In the simplest conception, scavenging of 2'°Po and *'°Pb proceeds through their association with particles after
their production from their parents (and introduction from the atmosphere to the surface water in the case of >'°Pb)
and the removal of the particles from the water column to create a deficit of the daughter radionuclide relative to
supply. Considering the total >!°Pb activities, the relationship between >'°Pb and its grandparent >*°Ra is shown in
Figures 7 and 8.

Excesses of >'Pb (*!°Pb/>*°Ra > 1) are evident in the surface water at all stations, with particularly high
210pp226Ra activity ratios observed at stations 14 and 18 between ~20° and 40°N (Figures 7 and 8). These high
210pp /226R 3 ratios are due to the input of 210py, to the surface ocean from the atmosphere (Turekian et al., 1977; Z.
Wei et al., 2022). Along the GP15 transect, the atmospheric 2'°Pb flux is highest in the North Pacific region,

210pPb/?2°Ra Ratio
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Figure 7. Section showing the ratio of total 2'°Pb activity to ***Ra activity (dpm/dpm) along the GP15 transect.
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Figure 8. Profiles of total 2'°Pb activity (filled circles; dpm/100 kg) versus depth along the GP15 transect. Dashed lines are 226Ra (dpm/100 kg) profiles.

largely owing to transport from Asia (Cochran & Kadko, 2022a, 2022b; Z. Wei et al., 2022), although all stations
along the transect show the influence of atmospheric deposition of 2'°Pb on surface waters (Figure 8).

The transect shows several distinct patterns of variation in the >'°Pb,,,/>*°Ra activity ratio with depth (Figure 7).
The northernmost stations (3 and 8) show ratios <1 from ~500 to 2,500 m, possibly related to boundary scav-
enging on the Alaskan margin and consistent with the very low *'°Pb,.,,/**°Ra ratios at stn. 1 (Data Set S1).
Stations from ~11° to 40°N display near-equilibrium ratios from ~1,000 to 4,000 m, with pronounced low values
(<0.75) deeper than ~4,500 m, corresponding to scavenging and particle export in the nepheloid layer. South of
11°N (stns. 23 to 39), there is a pronounced zone of *'°Pb/***Ra < 1 deeper than ~1,000 m. The pattern is
especially evident in association with a “particle veil” at the equator (stn. 29) and East Pacific Rise (EPR)
emissions at stn. 35. These low ratios coincide with maxima in non-lithogenic particulate manganese (Chmiel
et al., 2022; see also Figure S5 in Supporting Information S1) and suggest *'°Pb scavenging and particle export
associated with Mn-enriched particles.

In contrast to the >'°Pb/?**Ra pattern, the >'°Po/>'°Pb activity ratio is less than equilibrium in the upper 1,000—
1,500 m at all stations, primarily reflecting scavenging (Figure 6). Aerosol data from GP15 (Z. Wei et al., 2022)
show that virtually no >'°Po is deposited from the atmosphere, consistent with the relatively short residence times
of aerosols. This may contribute to the 219p4 deficit in the upper water column, but the longer residence time of
219pp with respect to scavenging removal buffers any >'°Po deficit arising from direct aerosol deposition as
discussed below. At depth, the two radionuclides are close to equilibrium, especially in the northern part of the
transect. Exceptions include *'°Po/?'°Pb activity ratios significantly less than 1 in samples associated with the
EPR (~2,500 m; station 35), and near the bottom at the equatorial stations 29 and 23.

We can quantify these scavenging patterns using simple models of the processes (i.e., first-order scavenging)
governing 2'°Pb and *'°Po. For '°Pb:

0A
pr = ARadpy — AppApy + Ipy — kppAp, =V 1

where Ap, is the total >'°Pb activity (dpm/m?), Ay, is the *°Ra activity (dpm/m?), I, is the flux of >!°Pb from the
atmosphere to the surface ocean (dpm/m>/y), kpy, is the first-order scavenging rate constant for Pb (1/y), Apy, is the
decay constant for >'°Pb (y~'), and V corresponds to vertical and horizontal advective fluxes of 2'°Pb (dpm/m>/y).
Here, k represents the combined effects of uptake onto particles and removal of particles from the water column.

A similar model can be applied to the distribution of >'°Po:

‘)APO
ot

= AppApo — Apodpo — kpoAp, £ V @)

where Ap, is the total >'°Po activity and the other terms are as in Equation 1, but for 2'°Po. Equation 2 assumes no

input of >'°Po from the atmosphere. Z. Wei et al. (2022) found that essentially to be the case along the GP15
transect; the 2'°Po/>'°Pb activity ratios in aerosols collected along the transect were zero within the uncertainty.
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We do not include a remineralization term for >'°Po in Equation 2 because the focus is on the PPZ, and the
scavenging term (kp,Ap,) represents the net removal of 2'°Po due to Po uptake on particles and particle sinking.
Net remineralization is likely to be more important below the PPZ where it may exceed scavenging removal in
magnitude.

We approach the determination of Po and Pb residence times through the calculation of fluxes in two critical
zones: the primary production zone (PPZ; Kenyon, 2022) and water deeper than 4,000 m, essentially the
nepheloid layer. We make two simplifications to Equations 1 and 2. First, we assume a steady state such that 0A/
at = 0. It is difficult to check this assumption, although a comparison of our >!°Pb data at station 14 with that at
GEOSECS station 212 (Figure S1 in Supporting Information S1) shows remarkable similarity in profiles over a
period of 45 years. One term in Equation 1 that can change seasonally is the atmospheric input of >'°Pb (Ip,). In
part, this was evaluated by Z. Wei et al. (2022), who compared the GP15 *'°Pb fluxes with previous measure-
ments at comparable stations from 20°N to 10°S. Agreement was quite good with the GP16 results (2013;
Niedermiller & Baskaran, 2019) and with SEAREX data from atmospheric collections at island sites in the 1970s
(Turekian et al., 1989). Variability in Asian dust inputs may affect the mid-latitude atmospheric *'°Pb flux.
Maximum inputs of Asian dust in the spring (Buck et al., 2013) were higher than the dust inputs measured on
GP15 (Marsay et al., 2022). This effect would be greatest on GP15 at station 8 (47°N), which had the highest
measured 2'°Pb flux along the transect (Z. Wei et al., 2022). However, aerosol collections near 47°N on the GP15
transect produced 2'°Pb concentrations (0.016-0.025 dpm/m°,;.; Z. Wei et al., 2022) that were comparable to

those measured at Midway Island during the SEAREX program (~0.017 dpm/m?,, ; Turekian et al., 1989). Thus,

air?
we use the 2'°Pb fluxes measured on GP15 in Equations 1 and 3 (Z. Wei et al., 2022).

We also assume that the vertical and horizontal advective terms in Equations 1 and 2 are generally negligible
compared with the other terms. A similar assumption was made by Kenyon (2022) in her interpretation of >**Th
data from the GP15 transect, and we evaluate it below with respect to the equatorial station 29. Kenyon (2022)
used the PPZ instead of the euphotic zone to consider export from the upper water column because photosyn-
thetically active radiation data that would help define the euphotic zone were not collected on GP15. Instead,
Kenyon (2022) used the depth at which fluorescence attained 10% of its maximum value, as defined by Owens
et al. (2015) and Buesseler, Boyd, et al. (2020). PPZ depths ranged from ~70 to ~250 m over the transect, with
most stations ~150 m (Kenyon, 2022; Table 1). In the zones of interest, we used trapezoidal integration to obtain
the respective >'°Pb and *'°Po deficits and rearranged Equations 1 and 2 to yield the fluxes due to scavenging
(=k S App; Jpps Jpo; dpm/m?ry).

Thus, for 210pp in the PPZ,
Jeb = App f(ARa — App)dz + Ipy (3)
and in deeper depths, including the nepheloid layer,

Jpy = Apy f(ARu —App)dz 4)

For 2'°Po, we emphasize its scavenging in the PPZ because the activity ratios of 2'°Po/*'°Pb are close to equi-
librium in the deep water:

Jpo = Apo /(APb —Ap,) dz )

In general, information is lacking to fully consider the horizontal and vertical advective transport terms in
Equations 1 and 2. Vertical advection via upwelling is well documented at the equator, and we attempted to
account for that in the >'°Po and 2'°Pb fluxes at the equatorial station (stn. 29) using the approaches of Tang
et al. (2019) and Kenyon (2022). Tang et al. (2019) calculated upwelling fluxes as

Fy, = wy X (A12>o,1>b - A11>o,1>b) (6)

RIGHTS

Ay

11 of 23

sdiy) suonipuo) pue suid 1, 3y1 938 “[$20¢/1 1/40] uo K1e1qr] dunuQ Ad[IA *AISIAIUN [euOHRWINU] BPLIOLT £q £PTS00EDFTOT/6T01 01/10p/wod KajimAreaqioutjuo'sqndnSe/:sdiy woy paprojumod [ 1 “bZ0T ‘vez6ovr6l

oo Ko Arequiaury

- PUB-SULE

ASUAOIT Suowwo)) dA1EaI) d[qearjdde ayy £q paurdaoS aie sajonIe y() fasn Jo sa[nI 10j A1eIqI dul[uQ) AJ[IA| UO (SUONIP


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024GB008243&mode=

19449224, 2024, 11, Downloaded from https:/

gupubs.onlinelibrary.wiley.com/doi/10.1029/2024GB008243 by Florida International University, Wiley Online Library on [04/11/2024]. See the Terms and Conditions ble Creative Commons License

y.wiley.com/terms-and- ) on Wiley Online Library for rules of use; OA articles are governed by the apy

o
[\l
3 =
Q a
S
S
as]
©)
<
[}
& (w 0z1) pdep uoneanur
W PAOLISY, "W (OOT E< SADIALIL [210) ON, ‘W (OQ0‘}< UONN[OSAI BIRp JUSLIINSUL, “(TTOT “T8 12 1M Z) XN[J Ad,y;, surydsoune 93eIoAe [RUOISIY, "(77(0T) UOAUaY] WOL, “YINOS aIe san[eA 9AIBIIN],
S
= II0F 0CIF 1000 TF 0¥ 010 F TI0F LOOF
— 4 €00 €€ F8000 Tel 8FCT S0 - 6T 95T 81°¢ 0817-090% 10€'y 0T— ,6€
800F 8TF 1000 LTF v'0F 8Y°0 F 060 F 650 F
1000 000 L0 6°S FG000  LOT ISFSOI €€ -~  pEET 6v'ST LE'6T 060°5—00S 9IS SoI— S¢
IT0F 60F 2000 TO0F €I0F STOF 970 F
(4 vE0 6T F6L00 TFSE VIFSH St -  S8% SLS SO'I1 SEE Y000 08¢y 0 6T
EI0F €0F 1000 €0F LYOF SO'T F LYOF
0 LYE 190 ST FEI00 ¥F8L 8SFLVE €6 —  8¢6l 0£'9C 0T'LE $S0°S—200'y TS SL €T
0I0F SIF 1000 YL F 60F SLOF LTTF
€61 80°0 €1 F6000 80T ©VLFO09 TL -~ 90LT LT8T 0L9¢ 0PE'S—0STY 98¢°S I 1z
7]
k) = = = = = = = = == = = = = S0T's T 81
an - - - - - - - - - - - €9T°S (4|
o OI0F €IF 1000 LOTF 89°0 F S60 F 090 F
= 0 €9  86F 600 A FOI00 SF€9 LSFOS S6 — €'l Tree €Tee 000°$-000°t STI'S Ly 8
3]
o (w) rearoyur (wr) ydep w 000‘<
m uoneIsouy wonog
)
& TOFOT SO0OFO0S0 €00FLOO 6SFLYL 9LFEIL TTFSS TTFIL €O0FEeHT SI0OFL6T SOOFTIT 00T 0re 0C— 6¢
w I'0OF0CT €00FIS0 FOOFEIO 8TFOS 9CTF ISy TTFF9 TTFIL TWOF060 SO0OFIT TO0FE0T 0ST €L1 SoI— 9
Wo TOFO0T SOOF6r0 SOOFSI0O €TF99 9EFO0r TTFF9  TTFIL TOFELO LOOFHST TOOFSLO 98! 11 0 6T
©
==} TOFS8T TOFIE0 600FLIO OEFQS 9EFI6L VOFVTIL VIFLEL TOOFEOT LOOFI9T  TO0FSOT 091 L91 SL €z
M TOFHT €OOFIVO0 OI0OF6I0 LTFES TSFIOL F9FSTL VOFLEL €OO0OFH0T  OI0OFHPT  TOOFHO'l Syl 6v1 I 1T
o TOFET €O0OFH0 LOOFTIO SHFI8 I9F 616 F9FSII FOFLEL €O0FTST CTIOFIFE €00FS80 0s1 181 (44 81
o) [0F9CT TO0FSE0 900FII0 €SFT6 POFTIL  SOFECIL vOFLEL €O0FLST CTIOFISLE  100FHO'T 0s1 L91 43 vl
TOFLE TOFLIO vEOFOTT  TOF QO TTFQOY TIIFQIY TILFYTr [00FOF0 H#OOFITI 100 FSSO 9 69 Ly 8
SOFSH TOOFTCO LOOFOIO S9F96 EYFLIS TEFSH TEFOS €O0FW0 800F6ST  TO0FLOT 001 LL 99 €
(7dd) 2uozZ uononpoid d[onied
(%Y (K ogown  (_AHYMy  (K)qdewn (pjwjwdp) (pwyjwdp) (p/w/wdp)  (;w/wdp (;w/wdp (;wywdp (ur) rdop (W) Zdd  .epmneT uonels
S0uapIsaY S0uapISaY odotey adotey Loty 0D 0dy ;X ,00Ady ;X 00 By, X  uonwiSowy o ydog \
SAWIL] 2OUIPISAY PUD SIXN] ] o
1 91qeL, :
- mu
=J
o
nU 54 0
Am =
< -
a
-
[+


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024GB008243&mode=

| . Yed N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2024GB008243

PPZ Residence Times

25 .2
South Pacific 1 1.8
gyre
20 | Subarctic High 4 1.6
Productivity
3 Zone {1 1.4 3
) )
E 15 L North Pacific gyre 1.2 £
- —
o o
2 E e
o s Equatorial Pacffic 1 o
3 z
7] 7]
210 | 1 08 &
o o
o o
2 . 2
N :. % 0.6 &
| )
L
5 . ! 0.4
. l
. ]
. ! 0.2
. ]
. l
0 - 0
-10.5 0 7.5 1 22 32 47
Latitude

Figure 9. Residence times (y) of total '°Pb (hatched blue) and total >'°Po (orange) with respect to scavenging in the primary
production zone at the stations sampled, plotted as a function of station latitude along 152°W. Negative latitudes are south.

where F,, is the upwelling flux of 2'°Po or 2'°Pb (dpm/m?/d), wy is the rate of upwelling into the PPZ (m/d),
AZPO’ pp 15 the activity at a depth 20 m below the PPZ and AIPO, by is the average activity in the PPZ (dpm m™).
However, the difference in activities in each case is negative, with large propagated errors (~100%). Negative
fluxes are hard to account for and belie the documented deficiencies of both 2!°Po (relative to 2'°Pb) and 2'°Pb
(relative to **°Ra and atmospheric supply) in the PPZ. Accordingly, we did not include them in the calculation of
export fluxes in Table 1.

The formulation of *'°Pb and *'°Po fluxes as in Equations 3—5 lends itself to two calculations. First, the residence
time, 7 (=1/k), of >'°Pb or ?'°Po with respect to scavenging in the regions of interest can be expressed as
Equation 7, the quotient of the standing crop of *'°Pb or *'°Po in the zone (dpm/m?) and the respective fluxes out
due to scavenging (dpm/m?/y):

_ / APb,Po
Tpb,po =

M

J Pb,Po

Second, the fluxes of 2'°Pb and 2'°Po (Jpy,, Jp,) from the PPZ can be used to calculate the export flux of POC from
this zone, as discussed in Section 4.2.

The residence times of 2'°Po with respect to scavenging in the PPZ are shorter than those of 2!°Pb at all stations,
reflecting the more particle-reactive nature of polonium, especially in this zone of biogenic particle production. In
addition, the residence times show trends linked to the oceanographic regimes crossed in the GP15 transect
(Table 1; Figure 9). Residence times for >'°Pb (Figure 9) are shortest at the high productivity subarctic station at
47°N (stn. 8: 0.8 y for 2'°Pb), increase to ~8-9 y in the North Pacific gyre then decrease toward the equator (~5—
7 y) and increase into the oligotrophic South Pacific (8-15 y). 2'°Po shows a similar trend (Figure 9) with values
ranging, from 0.2 to 0.3 y in the subarctic North Pacific to ~0.5 y in the South Pacific (Table 1).

We note that lower atmospheric fluxes of >'°Pb applied to Equation 3 would produce longer residence times of
219pp with respect to scavenging. Similarly, anomalously low >'°Po activities in the PPZ related to the meth-
odological artifact described in Section 2.5 would produce higher calculated >!°Po fluxes in Equation 5 and
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consequently shorter residence times of 2'°Po. Nevertheless, the residence times determined from the GP15 >'°Po
and 2'°Pb data generally agree with those from previous studies which also showed residence times of >'°Po
shorter than 2'°Pb. For example, Nozaki et al. (1976) calculated 1.7 y for 210pp and 0.82 y for 210pg for North
Pacific stations that included the GP15 transect stations.

Niedermiller and Baskaran (2019) calculated residence times of >'°Pb ranging from 6.8 to 195 years in the upper
300 m along the GP16 East Pacific transect. Residence times of 2'°Po ranged from 1.9 to 8.3 years. At the
crossover station occupied on both cruises, the residence time for 2'°Pb was 45 + 2 y on GP16 and 8.0 + 2.8 y on
GP15. Comparable values for 2'°Po were 8.3 + 5 y (GP16) and 0.5 + 0.3 y (GP15). Explanations for the dif-
ferences include the different timing of the cruises, integration to <200 m for most stations on GP15 versus 300 m
for GP16, and different values for the atmospheric flux (lower on GP16) used to calculate the residence time of
219pp, Residence times for >'°Pb in the bottom 300 m ranged from 18 to 400 y on GP16 and 33 to 158 y (4,000 m
to the bottom) on GP15 (Table 1). Cochran et al. (1990) calculated whole water column residence times of 27—
260 y for 2'°Pb in the Pacific but did not calculate separate values for the upper water column and near-bottom
nepheloid layer.

More detailed scavenging models than the one applied above consider multiple particle size-classes (e.g., small,
large particles), reversible scavenging between solution and particles, particle-particle interactions (e.g., aggre-
gation, disaggregation) and large particle settling (see Cochran & Masqué, 2003 for a summary). Rigaud
etal. (2015) applied a reversible scavenging model to 2'°Po and 2!°Pb data from the GEOTRACES North Atlantic
GAO3 section. Such a model allows for calculation of the residence times of dissolved Po or Pb relative to
scavenging onto small particles and particulate Po and Pb residence times relative to net aggregation of small to
large particles and net removal of large particles via sinking. The dissolved residence times in the model used by
Rigaud et al. (2015) most approximate those calculated using the simple scavenging model above. Rigaud
et al. (2015) found that the dissolved residence times for '°Po in the surface ocean ranged from 0.07 to 0.53 y and
those for 2!'°Pb ranged from 3 to 6 y. These values are generally comparable with those from the GP15 transect
(Figure 9; Table 1).

A consequence of reversible scavenging is that it permits a sorption equilibrium of radionuclide to be attained
between particles and solution. Indeed, evidence for the reversible scavenging of particle-reactive radionuclides
through the water column was first demonstrated for 2>°Th by Bacon and Anderson (1982). They observed that
both particulate and dissolved **°Th increased with depth in the water column, a situation that could only be
caused by reversible scavenging. Using stable Pb isotope data from the GP15 transect, Lanning et al. (2023)
invoked reversible scavenging to explain the penetration of anthropogenic stable Pb isotope ratios of dissolved Pb
deeper in the water column than would be possible from abyssal mixing alone. They argued that the effect was
especially evident at stations corresponding to high particulate inorganic carbon (and suspended particulate
matter, SPM) denoted as “particle veils,” notably stations 10-12 and at the equator, station 29.

Our data also show evidence of reversible scavenging of both >'°Po and >!°Pb. The dissolved concentrations of
both radionuclides increase with depth in the water column, largely driven by the production of >'°Pb from ***Ra
(e.g., Figures 3a and 3b). Particulate activities also increase. Table 2 shows that the average middepth (~500—
3,500 m) activity ratios of particulate-to-dissolved radionuclide are rather constant. We use the small particle
activities in this calculation because they likely have higher surface areas for radionuclide adsorption and are less
affected by artifacts of particle breakthrough that may have affected the large particle fraction. Sorption artifacts
on the small particle fraction should introduce only ~10% overestimate of the small particle activities for >'°Po
and 2'°Pb (see Section 3.1.2). Ratios of small particle-to-dissolved activity for '°Pb range from 0.005 + 0.002 to
0.017 + 0.005 for stations north of the equatorial station 29; comparable values for *'°Po range from
0.059 +0.018 t0 0.097 + 0.009 (Table 2). We exclude stations north of station 8 (i.e., 1 and 3) from the tabulation
because they are shelf and slope stations. Particulate-to-dissolved ratios are higher for both radionuclides at
stations south of the equator (stns. 35 and 39; Table 2).

These ratios can be converted to distribution coefficients (Kd; mL/g) by dividing by the average small particle
concentration over the same depths. The Kd values are ~107 for 2'°Po and ~10° for >'°Pb, consistent with the
greater particle reactivity of Po compared with Pb. Both radionuclides show higher Kd values in the South Pacific.
These track the lower particle concentrations at those stations than the equator and North Pacific stations
(Table 2). The Kd values are similar to those determined in laboratory Kd measurements of 219pg and 21°Pb (e. g.,
Chuang et al., 2013) and to values measured in the Pacific Ocean, as summarized by Bam et al. (2020) and Planaj
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Table 2
Middepth (~500-3,500 m) Small Particle Particulate/Dissolved Activity Ratios and Kd Values

Station  *'°Po,/*'°Po,  *'%Pb,/*'°Pb, Depths (m) Avg. Sp* (mg/L) Kd *'°Po (10° mL/g) Kd *'°Pb (10° mL/g)

8 0.085 = 0.028 0.005 £+ 0.002  500-3,000 59 14 0.8
14 0.067 = 0.029 0.010 £ 0.002 500-3,500 39 17 2.6
18 0.068 = 0.022 0.017 £ 0.005 450-3,170 33 21 52
21 0.062 = 0.024 0.008 £+ 0.004 400-3,260 35 18 2.3
23 0.059 = 0.018 0.012 £ 0.005 500-3,500 2.5 24 4.8
29 0.097 = 0.009 0.015 £ 0.009  500-3,600 59 16 2.5
35 0.134 + 0.077 0.027 £ 0.013  550-3,600 2.1 64 13
39 0.148 = 0.028 0.025 £ 0.009  500-3,400 1.6 93 16

2Sp = small particle size fraction (0.8-51 pm).

and Baskaran (2024). Bam et al. (2020) showed Kd ranges from 107 to 108 for 2'°Po and 10° to 107 for 2'°Pb over
the particle concentrations shown in Table 2 with higher values at lower particle concentrations. Bam et al. (2020)
also reported higher values from samples along the GEOTRACES Arctic Transect and concluded that higher
particulate Mn was at least partly responsible. Summarizing Kd values in the Pacific Ocean, Planaj and Bas-
karan (2024) reported values ranging from 0.5 to 5.9 x 10° for 2'°Pb and 0.3-15 x 10° for >'°Po in the South
China Sea over approximately the same depths as considered in Table 2. However, the particle concentrations in
the South China Sea (51-400 pg/L) were higher than those for the GP15 samples.

The trend toward higher Kd with lower particle concentrations may be caused by the “particle concentration
effect” (Honeyman & Santschi, 1989; Hong et al., 2008; Li et al., 1984) or by differences in particle type and
composition. Considering a particle concentration effect, Honeyman and Santschi (1989) observed little change
in Kd's of >**Th for particle concentrations less than 100 pg/L. Similarly, Bam et al. (2020) showed relatively little
change in Kd's for 2'°Po and *'°Pb for small particle concentrations ranging from 1 to 3—4 pg/L, approximately
the same range as the middepth concentrations along GP15. In contrast, particle type may play a larger role. For
example, Lin et al. (2021) observed that Po is enriched in exopolymers derived from coccolithophores. Indeed, the
small particulate fraction is enriched in CaCOj at station 39, where Kd values are high, but also broadly from 25°
to 40°N, where Kd values are lower (Figure S5 in Supporting Information S1). Other aspects of particle
composition are likely important. Both South Pacific stations (35 and 39) are affected by hydrothermal emissions
from the EPR. This is evident in the higher particulate excess (non-lithogenic) Mn at those stations (Chmiel
etal., 2022), suggesting that Mn may be an important scavenging agent for both radionuclides. Indeed, the relative
minima of dissolved >'°Po and 2'°Pb and maxima in particulate activities at ~2,500-3,000 m at Station 35
(Figures 3a, 3b, 4a, and 4b) are likely related to EPR emissions. A more detailed consideration of controls on
particulate and dissolved *'°Po and ?'°Pb along the GP15 transect is in preparation.

4.2. 2% and >'°Pb as Proxies for POC Export From the Photic Zone
4.2.1. POC Fluxes

An important application of the mass balances of >'°Po and *'°Pb determined above (Table 1) is their use as
proxies for the sinking flux of POC from the euphotic zone. The fluxes of these radionuclides were determined
using Equations 3 and 5 (i.e., Jp, and Jp,) can be converted into the flux of POC by multiplying by the ratio of
POC in sinking particles leaving the photic zone to that of particulate Pb or Po on the same particles:

o (Poc
Foe = P Pb.Po

) X Jpb,po ®
L

where Jpgc is the sinking flux of POC (mmol/m?/d), (POC/Ppy, p,,);. is the ratio of POC to particulate 210y, or
219pg on the large particle fraction (mmol/dpm) at the base of the PPZ, and Jpy, po are the fluxes of 219pp and 2'°Po
from the PPZ (dpm/mz/d; Equations 3 and 5; Table 3).
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This approach has been widely used for other parent/daughter radionuclide pairs, especially **Th/**®U (e.g.,
Buesseler et al., 1992; Buesseler, Benitez-Nelson, et al., 2020; Lemaitre et al., 2018; Owens et al., 2015), as well
as with other Th isotopes (Hayes et al., 2018), and with ?'°Po/?'°Pb and 2!°Pb/**°Ra (e.g., Bam et al., 2020; Hayes
etal., 2018; Horowitz et al., 2020; Stewart et al., 2007, 2010; Tang & Stewart, 2019; C.-L. Wei et al., 2017). Here
we use the PPZ to approximate the photic zone. We combined particulate >'°Pb and >'°Po data at the base of the
PPZ with POC data (Amaral et al., 2024) to calculate the POC/Pb,, and POC/Po,, ratios (Table 3). As noted in
Section 2.2, particulate samples were collected in two size fractions— a “large” size (>51 pm) and a “small” size
(0.8-51 pm)— using in situ pumps. We note that the 2'°Po and *'°Pb fluxes were calculated using Equations 3 and
5 correspond to total fluxes caused by sinking of both small and large particles. Classically, data from the large
size fraction are used to calculate POC fluxes (Equation 8) using radionuclide proxies because they are assumed to
best represent the sinking particles and be largely responsible for the radionuclide deficits. We calculate POC
fluxes and compare the values calculated with both particle size fractions, with the caveat that the true POC flux
likely lies between the estimates, with a bias toward the values derived from the large particle data.

There is considerable variation in the POC flux along the GP15 transect (Table 3; Figure 10).

The 2'°Po-derived POC flux is consistently greater than that from the >'°Pb balance. POC fluxes derived using the
2%pg deficit relative to *'°Pb and the POC/*'°Po on the large particle fraction range from 15.5 + 1.3 to
1.5+ 0.2 mmol m™> d™' and those calculated using the >'°Pb balance range from 6.7 + 1.8 mmol m™> d~' to
0.2+ 0.1 mmolm>d™".

Both proxies show highest fluxes in the northern part of the transect, especially in the high productivity Subarctic
North Pacific. POC fluxes from both proxies are also relatively high near but not at the equator (station 23, 7.5°N;
Figure 10). A similar regional pattern of high fluxes in the Subarctic North Pacific was seen by Kenyon (2022) in
her application of 2**Th/***U disequilibrium to determine POC fluxes. Diatoms and coccolithophorids dominate
the particles in the subarctic section of the GP15 transect off Alaska and may be responsible for the larger POC
fluxes calculated by all the radionuclide proxies there.

Fluxes calculated using the POC/*'°Po and POC/*'Pb on the small particle fraction show similar trends along the
transect but are generally lower using the 2'°Po proxy, especially in the northern part of the transect (Table 3).
POC fluxes for both the large and small particle fractions are comparable north of 22°N when calculated using
219pp, but greater using the POC/*!°Pb ratio on the small particles in the equatorial and South Pacific stations
(Table 3). These patterns result from the fact that the POC/Po ratio (mmol/dpm) for the small particles is lower or
comparable to that of the large particles. In contrast, the POC/Pb ratios are consistently greater for the small
particles compared with the POC/Pb of the large particles. The pattern for Po fits that expected from the con-
siderations of volume/surface area for large and small particles, assuming spherical geometry. Volume should
favor POC while surface area favors surface-adsorbed radionuclides. This results in lower ratios for small par-
ticles (high surface area relative to volume). Such a trend has been documented for >**Th from numerous studies
(Buesseler et al., 2006), yet Kenyon (2022) observed that regional averages of the POC/***Th on small and large
particles were essentially equal within errors along GP15.

The divergence of the patterns of POC/*'°Pb and POC/***Th and, to a lesser extent, POC/*!°Po from particle size
considerations suggests that the simple spherical model does not apply and ignores the nature of the particles. It
also emphasizes the different biogeochemical behaviors of 2'°Po, 2'°Pb, and ?**Th such that Po can be both
incorporated into organic matter as well as adsorbed onto the surface, while 2'°Pb and ?**Th are dominantly
surface-reactive (Fisher et al., 1983).

4.2.2. Comparison of POC Fluxes Determined With >**Th, ?!°Po, and *'°Pb

Kenyon (2022) gives regional average values of *>*Th-derived POC fluxes, and we can compare these regional
averages with those from >'°Po- and >'°Pb-POC flux proxies. Both the *'°Po- and >'°Pb-derived regional average
POC fluxes (with large errors) display comparable trends to the **Th values but, for 2'°Po, are consistently
greater than those determined using »**Th (Figure 11).

The offset of the 2!°Pb-POC fluxes with those calculated using >**Th is not as large and in fact values are quite
comparable in the oligotrophic South Pacific (Figure 11). There have been few studies in the Pacific that compare
219po- and ***Th-derived POC fluxes. Verdeny et al. (2009) synthesized studies comparing the fluxes at sites
throughout the world ocean. Studies by Murray et al. (1996, 2005) in the central equatorial Pacific and Verdeny
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Figure 10. Particulate organic carbon fluxes from the primary production zone on particles >51 pm (mmol/m?/d) derived
from >'°Po (green) and 2'°Pb (orange) balances, plotted as a function of station latitude. Negative latitudes are south. Solid
black circles represent the atmospheric flux of *'°Pb determined in aerosol samples collected on the cruise (Z. Wei

et al., 2022).

et al. (2008) in the Pacific near Hawaii show that >'°Po-derived POC fluxes are greater by a factor of ~2 than those
derived using >>*Th, although this offset is not systematic elsewhere in the world ocean (e.g., Verdeny et al., 2009).

There are several possible reasons for differences in POC fluxes calculated using the various radionuclide
proxies:

1. The different half-lives of the three radionuclides suggest that they integrate flux events on different time
scales according to time scales given by half-life and scavenging mean residence times (i.e., 1/(A + k)). 2**Th
with a radioactive mean-life of 35 days and rapid scavenging integrates over the prior months of sampling,
while 2'°Po (2.6 y mean life; 0.4 y scavenging mean residence time) integrates over the prior year. In contrast,
219pp, (32 y mean life; ~5 y scavenging mean residence time) integrates over years. Sampling along GP15 was
conducted during the boreal autumn (October-November) and a high flux event linked to a phytoplankton
bloom earlier in the year might have been better recorded by *'°Po than **Th. Similarly' >'°Pb would integrate
over multiple years of such events, potentially producing values intermediate between those of the >'°Po and
Z4Th proxies.

2. A well-recognized problem is applying radionuclide proxies to determine POC fluxes using Equation 8§ is the
assumption that the measured POC/radionuclide ratio is characteristic of the exported particles that produced
the deficit of the daughter relative to the parent radionuclide and thus the flux (Jpy,pe,tn in Equation 8:
Buesseler et al., 2006). It is unclear how this might produce differences among different radionuclides applied
to the POC flux. The POC/radionuclide ratio on particles remaining in the water column well after a bloom
might have lost POC through remineralization. This could lower the POC/radionuclide ratio and seems to
apply to POC/Pb and POC/Th as the radionuclides could remain associated with the degraded particle. In
contrast, the POC/Po ratio might be ‘buffered’ from such changes if both POC and *'°Po are lost during
degradation. Such differences could produce lower POC fluxes derived from >'°Pb or **Th than ?'°Po. In
reality, the dynamics of marine particles are complicated, with exchanges through aggregation and disag-
gregation occurring between the “small” and “large” particle fractions (Amaral et al., 2024; Murnane
et al., 1996), and these dynamics make it difficult to predict the effects on the POC/radionuclide ratios.

3. Methodological issues may have affected the calculation of the *'°Po deficits. As noted in Section 2.1, ingrowth
corrections were minimized by processing samples rapidly on board from extraction of 2'°Pb and >'°Po from the
water sample by precipitation of iron hydroxide to the initial separation of *'°Po from 2!°Pb. Roca-Marti
et al. (2021) observed that this approach can produce lower *!°Po values compared with another established
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Figure 11. Comparison of regional average particulate organic carbon fluxes on particles >51 pm from the primary
production zone calculated using >'°Po (hatched), '°Pb (orange) and ***Th (green; Kenyon, 2022). Regional averages follow
those used for 2**Th in Kenyon (2022) and for 2'°Po and *'°Pb comprise stations: Subarctic- 3, 8; North Pacific gyre- 14, 18,
21; Equatorial- 23, 29, 35; South Pacific gyre- 39.

method for concentrating 2'°Po and 2'°Pb from seawater (Co-APDC; Boyle & Edmond, 1975; Fleer & Ba-
con, 1984). The hypothesis underlying this observation is that a fraction of >'°Po is complexed with organic
ligands because it has passed through the marine microbial food web (Fisher et al., 1983; Stewart et al., 2005).
Such complexation may prevent some >'°Po from being scavenged onto the freshly precipitated iron hydroxide,
but both complexed and uncomplexed forms are included in the Co-APDC aggregate. This contrasts with 2'°Pb,
which is not incorporated into organic matter, and indeed, no difference is seen in the methods when applied to
210py, (Chung et al., 1983). Recent ongoing research in the Mediterranean Sea (Cochran et al., unpublished)
rigorously compares the methods and supports the results of Roca-Marti et al. (2021). A methodological artifact
that yields a low *'°Po activity in a sample would produce an erroneously high deficit with respect to >'°Pb and
thus a high 2'°Po-derived POC flux. Additionally, as noted in Section 3.1.2, the large particle 51 pm filters may
not have captured all the particles passing through them, as indicated by the activities of >'°Po and *'°Pb on the
backing 150 pm backing filters. If this is simply produced by under-capture of bulk particles, the POC/*'°Po and
POC/?'°Pb ratios and calculated POC fluxes would be unaffected.

For 2'°Pb, the mass balance used to determine its flux relies on knowledge of its atmospheric flux to the PPZ
(Equation 1). For most studies, this is not known, and literature values are used if the >'°Pb POC-flux proxy is
applied at all. For GP15, atmospheric >'°Pb fluxes were determined in detail along the transect based on mea-
surements of 2'°Pb and "Be in aerosols (Z. Wei et al., 2022; Figure 10). The assumption is that the atmospheric
flux is in a steady state, that is, constant with time at a given latitude (e.g., Equation 3). This assumption is rather
robust for stations south of 30°N because the values determined on GP15 agree with earlier estimates from studies
such as SEAREX. In the subarctic North Pacific, atmospheric >'°Pb fluxes were high as a consequence of air
masses that originated over Siberia. Seasonal variations in air mass patterns and dust fluxes (Buck et al., 2013;
Marsay et al., 2022) could cause lower 210pp fluxes, in which case the 2'°Pb fluxes from the PPZ calculated using
the GP15 values would be high.
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5. Summary and Conclusions

The distributions of the natural ***U-series radionuclides *'°Po and its grandparent 2°Pb along the GP15 Pacific
Meridional Transect provide information on scavenging rates of reactive chemical species throughout the water
column and fluxes of POC from the primary production zone, PPZ, defined as the depth at which fluorescence
reaches 10% of its maximum. Measurements of activities on large (>51 pm) and small (1-51 pm) particles and in
solution (<0.2 pm) show that activities are ranked as dissolved > small > large particles. Particulate >'°Po activities
are greater than 2'°Pb for both large and small particles, indicating its greater particle reactivity. Patterns of
radioactive disequilibria provide information on the scavenging of these radionuclides. >'°Pb is in excess of its
grandparent “?°Ra in the upper 400-700 m of most stations due to the atmospheric flux of *'°Pb. Mid-water
210pp/226R g activity ratios are close to radioactive equilibrium (>'°Pb/*?°Ra = 1) north of ~20°N, but de-
ficiencies are elevated at stations near and south of the equator. These low ratios are associated with enhanced
scavenging in a “particle veil” located at the equator, possibly associated with elevated non-lithogenic particulate
manganese from hydrothermal processes at the EPR. Deficiencies of >'°Pb relative to **°Ra are also evident in the
bottom 500-1,000 m at most stations due to enhanced scavenging in the nepheloid layer. The activity ratio
210p4, 219ph shows scavenging patterns similar to 2'°Pb, with extensive scavenging in the PPZ and near the bottom.
Residence times of >'°Pb with respect to scavenging in the PPZ range from 0.8 to 15y, with the lowest value in the
Subarctic North Pacific and highest in the oligotrophic South Pacific. Values for 2'°Po are lower than those for
219pp, indicating its enhanced particle reactivity and range from 0.2 to 0.5 y from the Subarctic to the South Pacific.

The deficits in >'°Po (relative to 210Pb) and >'°Pb (relative to production from 226Ra and addition from the at-
mosphere), together with POC concentrations and particulate >'°Po and >'°Pb activities, are used as proxies for
calculating the sinking flux of POC from the PPZ. *'°Po-derived POC fluxes based on the large particle fraction
range from 15.5 + 1.3 mmol C m™2 d™" to 2.0 # 0.2 mmol C m™2 d™~'from Subarctic North Pacific to South
Pacific; *'°Pb-derived fluxes range from 6.7 + 1.8 mmol Cm™2d ™" t0 0.4 + 0.2 mmol C m~>d™". A similar trend
is seen in *>*Th-derived POC fluxes (Kenyon, 2022), although both ?'°Po- and *'°Pb-derived POC fluxes are
greater than those calculated using the >**Th proxy. Differences among the radionuclides may be due to their
different integration times considering their different radioactive mean-lives and scavenging mean residence
times. Methodological issues may also play a role, especially in the Po-derived POC fluxes. Further research is
needed to explore this possibility and make the application of the >'°Po-POC flux proxy more rigorous.

Data Availability Statement

Station-by-station 2'°Po and 2'°Pb data are given in Supplemental Data Set S1 and are also reposited with BCO-
DMO- Dissolved: https://www.bco-dmo.org/dataset/883724; https://www.bco-dmo.org/dataset/883797; Partic-
ulate: https://www.bco-dmo.org/dataset/892348; https://www.bco-dmo.org/dataset/892360; Aerosols: https://
www.bco-dmo.org/dataset/878689; https://www.bco-dmo.org/dataset/878703. >*°Ra data are available at: https:/
www.bco-dmo.org/dataset/825891 and https://www.bco-dmo.org/dataset/825947.
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