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Abstract Sinking particles strongly regulate the distribution of reactive chemical substances in the ocean,
including particulate organic carbon and other elements (e.g., P, Cd, Mn, Cu, Co, Fe, Al, and ?32Th). Yet, the
sinking fluxes of trace elements have not been well described in the global ocean. The U.S. GEOTRACES
campaign in the North Atlantic (GA03) offers the first data set in which the sinking flux of carbon and trace
elements can be derived using four different radionuclide pairs (*33U*3*Th 2'°Pb:2'°Po; >2®Ra:**2Th; and
2341):23%Th) at stations co-located with sediment trap fluxes for comparison. Particulate organic carbon,
particulate P, and particulate Cd fluxes all decrease sharply with depth below the euphotic zone. Particulate
Mn, Cu, and Co flux profiles display mixed behavior, some cases reflecting biotic remineralization, and other
cases showing increased flux with depth. The latter may be related to either lateral input of lithogenic
material or increased scavenging onto particles. Lastly, particulate Fe fluxes resemble fluxes of Al and 22T,
which all have increasing flux with depth, indicating a dominance of lithogenic flux at depth by resuspended
sediment transported laterally to the study site. In comparing flux estimates derived using different
isotope pairs, differences result from different timescales of integration and particle size fractionation effects.
The range in flux estimates produced by different methods provides a robust constraint on the true removal
fluxes, taking into consideration the independent uncertainties associated with each method. These
estimates will be valuable targets for biogeochemical modeling and may also offer insight into particle
sinking processes.

Plain Language Summary Elements, like iron and carbon, are transported from the ocean’s surface
to its depths on sinking particles. Access to carbon, iron, and other elements is important for marine
organisms, which need them to survive. Furthermore, when the organic carbon produced by organisms is
transported to depth by sinking, carbon dioxide has been effectively removed from the atmosphere and
moved to the deep ocean. This carbon sink is one way that the ocean reduces the heat-trapping potential of the
atmosphere. To track how much of a given element descends on particles through the ocean, we use
radioisotopes. These are elements that decay at a predictable rate. We can use them like a clock to determine
how fast an element is moving from one location to another. Radioisotopes with varying decay rates can tell us
about short-term processes, like seasonal blooms, and longer term events, like the impact of ice ages. There
were few ocean-scale radioisotope data sets before GEOTRACES expeditions began about 10 years ago. For
the first time ever, we present four types of radioisotope data from the U.S. GEOTRACES expedition across the
North Atlantic and discuss how it improves our understanding of elemental budgets in the global ocean.

1. Introduction

It was discovered in the 1960s that radioactive disequilibria between parent and daughter isotopes in the
U and Th decay series could be used to quantify their removal fluxes by particulate matter in the ocean
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Figure 1. Station location map for sites discussed in this study. The small blue dots indicate all the stations occupied during
the GAO3 transect, consisting of two cruises KN199-04 and KN204-01, which sailed in 2010 and 2011, respectively. The
starred stations indicate the stations for which all four radionuclide pairs that are used in flux determination were mea-
sured. Station KN204-01-10 was the GA03 occupation of the Bermuda Atlantic Time-series (BATS) time series site (31°40'N,
64°10'W), which is proximal to the OFP sediment trap site (31°50’N, 64°10'W). Other GA03 stations mentioned in the text are
labeled. Station KS93 is another location of a deep sediment trap study of trace element fluxes (Kremling & Streu, 1993).
Data from the BaRFlux site reported here were from occupations in 2012 and 2013. The red polygon represents the sections
plotted in Figure 2.

(Bhat et al.,, 1969; Moore, 1969a; Moore & Sackett, 1964; Shannon et al.,, 1970). This technique is possible
when the parent nuclide produces a daughter nuclide that is more rapidly removed by sinking particles
than the parent. These pairs, with the half-life given in parentheses after each isotope, include 238U
(447 x 10° years)***Th (24.1 days), 2'°Pb (22.3 years)>'°Po (138 days), **®Ra (5.75 years):>*%Th
(1.91 years), and 22*U (2.46 x 10° years):>°Th (7.56 x 10% years). For each of the pairs, a removal flux
of the more particle-reactive isotope can be quantified using water column profile measurements.
When lateral or benthic processes can be neglected, the removal of the particle-reactive nuclide is due
to adsorption onto particles sinking through the water column. This sinking flux strongly regulates the
distribution of many elements in the ocean, including climate-relevant elements, such as carbon and
iron, as well as many other bioactive or geochemical tracer elements.

Sinking fluxes in the ocean were first measured using sediment traps. However, as found in the 1990s, there
are difficulties in accurately representing vertical fluxes with sediment traps due to logistical problems, such
as trap geometry, local fluid dynamics (e.g., Gardner et al.,, 1997), and swimmers. The latter are organisms that
enter the trap through their own mobility and bias the assessment of passively sinking material (Buesseler
et al.,, 2007a). While sediment trap technology has improved in recent years through the use of neutrally
buoyant traps (Buesseler et al, 2007a) and swimmer-exclusion traps (e.g., Hansell & Newton, 1994;
Peterson et al., 1993), the indirect radioactive disequilibria techniques to quantify sinking flux are appealing
alternatives given that water column measurements can be taken at higher spatial resolution than sediment
traps and require only one occupation of a particular location.

In this study of the GA03 U.S. GEOTRACES North Atlantic Transect (Figure 1), we first describe how activity
profiles of the four radionuclide pairs can be used to derive removal fluxes of 2>*Th, 2'°Po, #2%Th, and
230Th, respectively, over different integrated timescales and depth zones of the water column. Then, we will
describe the particulate element/radionuclide ratios that are applied to radionuclide fluxes to derive sinking
elemental fluxes. Finally, we will derive the suite of sinking elemental fluxes (C, P, Cd, Mn, Cu, Co, Fe, Al, and
232Th) using all four radionuclide methods. This group of elements was selected for two reasons. First, these
elements range in the degree to which they participate in biological, lithogenic, or authigenic particle cycling
(Ohnemus, 2014; Ohnemus & Lam, 2015), and second, for these elements there are existing sediment trap
data from the North Atlantic (Huang & Conte, 2009; Kremling & Streu, 1993) against which to compare our
radionuclide-derived fluxes. Using the methodology presented in this paper and published data, additional
particulate fluxes can be derived for the GAO3 for Ag, Ba, Nd, Ni, Pb, Ti, V, and Y, but these are beyond the
scope of this paper.
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Figure 2. Section plots of radionuclide deficits across the GA03 transect defined in Figure 1. (a) Values are defined as total
2%} minus total 2'°Po activity (so that a 210 deficit is positive). (b) Values are defined as total 228Ra minus total 226Th

activity. (c) Values are defined as total 238 (based on salinity) minus total 234, (d) The total 2307h xs activity in

seawater, which is the measured 2>°Th corrected for 2*°Th added to the water column by lithogenic material. In a—c, the
color bars are designed to emphasize daughter radionuclide deficits (in yellow), near secular equilibrium (in gray), or
daughter radionuclide excesses (in red). For 2?’OTh, its deficit with respect to 234 4s nearly complete (would be about

50 mBq/L), and therefore, only the 2307h activity is plotted. Note differing depth scales for the upper 500 m and for 500- to
5,000-m depth. The black lines across the upper section denote the depth of the primary production zone, as defined by
fluorescence profiles (Owens et al., 2015). For comparison to Figure 1, KN204-01-10 and KN199-04-09 correspond with
1,000- and 6,000-km section distance, respectively.

2. Background
2.1. The ?**Th Flux Method

The 2**Th-2*8U disequilibrium method has been developed over many decades for estimating particle
export in the upper ocean over time scales of weeks to months (e.g., Benitez-Nelson et al, 2001;
Buesseler et al., 1992, 2009; Coale & Bruland, 1987). In seawater, daughter product 2**Th is highly particle
reactive, while parent 238U is conservative with respect to salinity (Ku et al., 1977; Owens et al., 2011).
Water column 2**Th deficits (seawater 2>*Th/?*8U activity ratios <1) are indicative of a rate of 2>*Th scaven-
ging and sinking removal that significantly exceeds the rate of >*Th radioactive decay (half-life 24.1 days).
Thorium-234 deficits from the GAO3 transect have been described (Lerner et al., 2016, 2017; Owens et al.,,
2015), and they typically appear in the upper few hundred meters of the water column (Figure 2c), where
particle flux is large enough to induce a radioactive disequilibrium. Below the upper few hundred meters
of the water column and outside of benthic nepheloid layers or hydrothermal plumes, deep water 24Th
is typically at secular equilibrium with 238U,

Where 23*Th deficits exist, they can be integrated to estimate a 2>*Th removal flux, F(***Th), as a function of
integration depth, from the surface to depth, z (equation (1)). In this equation, total (dissolved plus particu-
late) 23*Th activity is used and 238U activity is estimated based on salinity and the salinity-uranium relation-
ship defined by Owens et al. (2011).

F(P*Th), = [oda3a(P2U—>*Th) dz m
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Here Ay34 is the decay constant of 2>*Th (10.51/year). The appropriate depth of integration is important to
carefully consider. Prior studies have used either a fixed depth over which to compute the deficit (e.g.,
150 m), or a variable depth informed by particle processes, such as the euphotic zone or the primary produc-
tion zone, which is defined by the depth at which fluorescence has attenuated to 10% of its surface value
(Owens et al., 2015; Puigcorbé et al., 2017). Here rather than choose a standard depth, we will report fluxes
at the depths for which we have particulate measurements. For 2>*Th specifically, we chose to integrate from
the surface to the base of the primary production zone as described by Owens et al. (2015). Of course, equa-
tion (1) assumes no physical circulation effects on 2**Th inventories or temporal changes in 2**Th activities
due to changing fluxes (steady state assumption; Savoye et al., 2006). Nonsteady state models for 2>*Th flux
have been developed (e.g., Buesseler et al,, 1995) in which known temporal variability in 23*Th activity is used
to estimate the impact on 23*Th fluxes. In general, the steady state assumption results in an underestimate of
the true 23*Th flux during conditions of decreasing 2>*Th activities, and vice versa for conditions of increasing
234Th activities. Under certain circumstances, physical transport may also affect 2>*Th budgets and the fluxes
derived from them. For instance, upwelling of water with a high 2**Th activity would reduce the apparent
234Th deficit and thus underestimate the true 2>*Th flux, when upwelling is ignored. In this study, we cannot
assess the nonsteady state model because of a lack of time series observations. Neither do we include the
impact of upwelling, which has been shown to be significant at some locations and times, for example, in
situations of equatorial or coastal upwelling (Bacon et al., 1996; Black et al., 2018; Buesseler et al., 1998;
Murray et al.,, 1996), neither of which apply at the GA03 stations described here.

The GAO3 data can be compared with 23*Th flux data collected near the Bermuda Rise (BaRFlux site, 33°40'N,
58°W) during May and August 2012 and June 2013. These data have not been reported previously, and full
methods and documentation for this project are provided in the supporting information. BaRFlux is about
620 km to the northeast of the Bermuda Atlantic Time-series (BATS) station, which was occupied during
GAO03 as station KN204-01-10 (see Figure 1). The BaRFlux and BATS sites are likely comparable in terms of par-
ticle flux, as both sites are in the oligotrophic subtropical gyre.

2.2. The 2'°Po Flux Method

Polonium-210 is produced by decay of 2'°Pb, via a short-lived intermediate (3'°Bi, half-life 5 days). This radio-
nuclide pair has been used to estimate particle export in the upper water column, analogously to the >3*Th
method (e.g., Bacon et al., 1976; Murray et al., 2005; Nozaki et al., 1976; Stewart et al,, 2007). In contrast to 228U,
the parent 2'°Pb is nonconservative and nonuniform in the ocean. Lead-210 is produced in situ in seawater
from decay of its soluble grandparent >?°Ra (half-life 1600 years) through a series of short-lived intermediates.
In addition, 238U-series decay occurring in the continental crust releases gaseous 22Rn (half-life 3.8 days) to
the atmosphere, which subsequently decays to 2'°Pb (through a series of short-lived Po and Pb isotopes, half-
lives < 30 min). An excess of 2'°Pb relative to 22°Ra (*'°Pb/??°Ra > 1) is present in seawater in the upper water
column due to the additional atmospheric input of activity via wet and dry deposition of aerosols laden with
210pp, (Baskaran, 2011; Moore et al., 1974; Turekian et al.,, 1977). Pb is a particle-reactive element, and its resi-
dence time with respect to scavenging in the surface ocean is about 2 years (Bacon et al., 1976; Nozaki et al.,
1976). It is sometimes possible to calculate a removal flux of 2'°Pb based on a 2'°Pb deficit with respect to its
soluble parent 22°Ra. However, in GA03, 2'°Pb activities were found to be in excess of 2°°Ra throughout the
entire section in the upper 1,000 m (Rigaud et al., 2015), making an estimate of the sinking 21%ph flux impos-
sible to extract.

There is, however, an upper water column deficit of 2'°Po activity with respect to 219pp activity (Figure 2a),
presumably due to preferential sorption and particle export of 2'°Po. Additionally, laboratory culture studies
demonstrate that Po is not only scavenged or adsorbed onto particle surfaces (like Pb and Th) but that an
active uptake of Po into cells also occurs (Fisher et al., 1983; Stewart et al., 2005). Thus, 2'°Po flux may be car-
ried within sinking cells to a greater degree than 2>*Th (Verdeny et al., 2009). In fact, both Pb and Po may have
specific affinities for different particle types. Using GAO3 data, it was determined that 2'°Po has stronger asso-
ciations with particulate CaCO5 and particulate organic matter, while 2'°Pb had stronger associations with
opal and lithogenic phases (Tang et al., 2017). Additionally, the longer half-life of 2'°Po (138 days) versus
23%Th (24.1 days) means that 2'°Po flux reflects a longer integration time of particle flux events than does
234Th flux. The removal flux of 2'°Po is defined by equation (2).
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F(*'°Po), = [ 4eo(*'°Pb —*'°Po) dz 2)

Here Ap, is the decay constant of 2'°Po (1.829/year), and the activities of both radionuclides are total (dis-
solved + particulate) activities. The 2'°Pb/?'%Po distribution in GAO3 has been described (Rigaud et al,,
2015; Tang et al,, 2017). A nonsteady state model can also be employed to assess the influence of temporal
changes in 2'°Pb and 2'°Po activities on derived 2'°Po fluxes, but we cannot attempt this here since no time
series observations were made. The bias in derived flux would be qualitatively similar to that described above
for the time-varying 2**Th/28U disequilibria: the true flux would be underestimated during times of decreas-

ing 2'°Po activity and vice versa.

The depth of integration is also an important consideration for 2'°Po fluxes. As with 23*Th, the largest 2'°Po
deficits exist in the euphotic zone. Surprisingly, however, in the North Atlantic, 2'°Po deficits persist into the
deep water (Hong et al., 2013; Kim & Church, 2001; Rigaud et al., 2015; Figure 2) and scavenging of 2%po com-
pared to 2'°Pb may happen throughout the water column. It is not clear that deep 210p¢ deficits necessarily
represent the sinking removal of '°Po or some effect of differential Pb/Po scavenging, biological uptake,
remineralization, and/or possible analytical biases (Church et al.,, 2012; Kim, 2001). Therefore, in this study
we will only examine 2'°Po fluxes from the surface to the base of the primary production zone.

2.3. The 228Th Flux Method

Another thorium isotope, 222Th, is produced by decay of 228pa, which in turn is a decay product of primordial
232Th. On the time scale of upper ocean export production, 2%Ra is unreactive in seawater. However, unlike
238, it is not uniformly distributed in the water column; rather, **®Ra is elevated in the surface ocean and
near the seafloor due to dispersion from shelf and deep-sea sediment pore waters, enriched from 2*>Th decay
(Moore, 1969b). Further, 2?®Ra is not supported by 232Th in the water column. Disequilibria between 22Th
and ?*®Ra have been interpreted in terms of scavenging removal in the GEOSECS (Li et al., 1980) and
JGOFS (Luo et al., 1995) ocean chemistry campaigns. Only a few studies have derived *2%Th deficit-based par-
ticulate fluxes (Lepore & Moran, 2007; Okubo et al., 2007). This is because the low open ocean abundance of
sediment-sourced **®Ra (half-life 5.8 years) makes it challenging to measure this nuclide and its daughter
2287} with sufficient accuracy. Additionally, because of the half-life of 225Th, 1.9 years, it has been argued that
circulation effects may significantly overprint particle flux processes (Luo et al.,, 1995). As a result, there have
been relatively few studies that compare 2*®Th-derived particulate fluxes to other flux methods, as we can
here. Data from GAO3 have been discussed for 22Ra (Charette et al., 2015) and 2?®Th (Lerner et al., 2016,
2017; Maiti et al., 2015). A similar integrated formula describes 222Th flux (equation (3)), where 15,5 = 0.363/
year, and total activities are used for the radionuclides.

F(*%8Th), = [§ 4226 (**®Ra —**°Th) dz ?3)

The proper depth of integration is also an important question for the 226Th/>2®Ra pair. The longer half-life of
228Th, in comparison to 23*Th and 2'°Po, results in a longer timescale of integration of particle flux.
Furthermore, >?%Th is expected to be more sensitive to the smaller particle fluxes below the primary produc-
tion zone. In this study, we will integrate from surface to the depth at which secular equilibrium is reached,
which generally occurs around 600 m or shallower in GA03 (Figure 3b). Once secular equilibrium is reached,
we assume that this radionuclide pair is no longer sensitive to the smaller particle fluxes of the deeper water
column. Additionally, 2*®Ra activities are usually quite low in the midwater column (Charette et al., 2015), far
from shelf 22®Ra sources, so that it is difficult to quantify disequilibrium without an unacceptably high degree
of uncertainty.

2.4. The 22°Th Flux Method

Since the half-life of 23°Th (76,000 years) is much longer than its residence time in the ocean (decades), there
is enough time for scavenging to remove nearly all of the 230Th from the water column (Moore & Sackett,
1964). Activity ratios of total 23°Th to its parent 2*U in GAO3 seawater are all less than ~0.00002.
Consequently, one can assume that at any point in the water column, particles are carrying downward all
of the overlying production of 23°Th by 23*U decay (equation (4)). This assumption is commonly made for
reconstructing sedimentary fluxes (Francois et al.,, 2004) and has recently been employed for water column
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KN204-01-10 (BATS) Radionuclide Profiles
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Figure 3. Radionuclide activity profiles of (a) total 2341 (black circles) compared with dissolved 238 based on salinity,

(b) total 210pg (red squares) and total 210p), (gray triangles), (c) total 2281 (orange crosses) and total 228p, (gray dia-
monds), and (d) particulate 23071 s (blue diamonds) compared with dissolved 234 based on salinity and the global
uranium isotopic composition of seawater. (e) Sinking flux of 23%47h based on the integrated deficit between total 3*Th and
238 activities. (f) Sinking flux of 228Th pased on the integrated deficit between total 228Th and 22®Ra activities. (g) Sinking
flux of 2'°Po based on the integrated deficit between total 2'°Po and 2'°Pb activities. (h) Sinking flux of 2307h based on the
integrated production due to 34y decay. Note different depth scales in subplots. The error bars represent 1 sigma
uncertainty, and, if they are not visible, they are smaller than the symbol size.

fluxes (Anderson et al., 2016; Hirose, 2006). In this study, activities of 234 are estimated from measured
salinity, the Owens et al. (2011) salinity-U relationship, and the globally uniform 23*U/2*3U activity ratio of
seawater, 1.1468 (Andersen et al., 2010).

F(*°Th), = [4A230”*U dz @

Circulation may impact 2*°Th distributions in seawater, including vertical redistribution due to upwelling (Luo
et al., 1995) or lateral redistribution to areas of high scavenging removal, termed boundary scavenging (Roy-
Barman, 2009). In the GAO3 transect, about 40% of the water column production is redistributed laterally from
the area around the Cape Verde islands toward the high-particle-flux Mauritanian margin (Hayes et al.,
2015a). Lateral redistribution is likely much less than 40% in the rest of the GA03 transect, which has much
smaller lateral gradients in particle flux (Owens et al., 2015). Since 23°Th activities increase with depth in
the water column (Hayes et al., 2015a), most of its inventory is in the deep ocean (>1,500-m depth). Thus
230Th-pased fluxes are much less sensitive to upwelling than for the shorter-lived radionuclides. Water col-
umn 22°Th fluxes reflect average fluxes over the timescale it takes particles to sink throughout the water col-
umn, years to decades (Bacon & Anderson, 1982). Water column 23°Th fluxes can be integrated over the
entire water column. Here we integrate to the depths at which we have particulate 2>°Th data. However,
benthic processes, such as sediment resuspension or scavenging from hydrothermal vents appear to impact
239Th distributions up to about 1 km above the seafloor (Hayes et al., 2015a; Pavia et al.,, 2018). Therefore, we
do not interpret 2°Th-based fluxes below about 3-km depth at BATS and in benthic waters at other stations
where nepheloid layers (or hydrothermal plumes) are present.
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Because of its very low activity in seawater, the particulate 23°Th supported by decay of particulate 2**U

found within minerals (lattice-bound) in the water column can be significant compared to the particulate
2397 scavenged from the water column. It is only the flux of 22°Th sourced from dissolved 23U decay that
we can predict using equation (4). This fraction of the particulate 230Th is termed particulate *°Th xs. In
GAO3 the percentage of particulate 22°Th supported by mineral-bound 2**U ranged from 0 to 60%, averaging
11% (Hayes et al,, 2015b). Throughout this manuscript, whenever particulate 2>°Th is mentioned, we are refer-
ring to the corrected data, particulate 23°Th xs, but the xs is omitted for simplicity. The supported fraction of
the shorter-lived isotopes is negligible and is ignored.

The integrations described with equations (1)-(4) were done using trapezoidal integration between mea-
sured values. Between the shallowest sample (generally 30- to 100-m depth) and the surface (0-m depth),
it was assumed that the surface had the same radionuclide activity as the shallowest sample.

2.5. Converting Radionuclide Fluxes Into Elemental Fluxes

For each method discussed above, the radionuclide flux (F(X)) can be converted into the flux of another
element, F(Z), by multiplying by the ratio of the concentration of element (2) to the activity of nuclide
(X) of the particulate material responsible for transporting the elements downward in the water column,
(Z/X)p (equation (5)).

F(Z) = FX) x (5) s

There are practical limitations for collecting material to characterize (Z/X), (Buesseler et al,, 2006; Smith
et al,, 2014; Weinstein & Moran, 2005). Ideally, a sediment trap would collect the exact class of particles
responsible for sinking removal, assuming unbiased collection, and deployment time sufficient to charac-
terize temporal variability. Particles can also be collected during a single station occupation by filtration of
water samples collected with water collection devices, such as GO-FLO bottles. However, water collection
devices are generally limited to a volume of ~30 L, which is insufficient to analyze most of the radionu-
clides employed here. In situ pumps, on the other hand, can collect particle samples during a single sta-
tion occupation from a much larger volume of water within a reasonable time period (hundreds of liters
per hour). One disadvantage of both GO FLO-filtered and in situ pump-filtered particles is that the size
spectrum of these particles likely reflects a mixture of sinking and nonsinking particles, whereas sediment
traps generally collect only sinking particles.

On GAO3, sediment traps were not deployed. Both in situ pumped (Lam et al., 2015; Ohnemus & Lam, 2015)
and GO FLO-bottle-filtered (Twining, Rauschenberg, Morton, Ohnemus, et al., 2015) particles were collected.
GO-FLO particles were analyzed only for a subset of the cruise track. Therefore, we use the more extensive
data from the in situ pumped particles to define (Z/X) ratios. Size-fractionated particulate samples were col-
lected using a 51-um prefilter placed on top of either paired quartz fiber filters (Whatman QMA) or paired 0.8-
um Supor filters (Lam et al., 2015). Particles collected on the 51-um filter therefore represent the >51-um size
class, or the large size fraction (LSF). Generally using only the top of the paired filtered for analysis, it has been
determined that both QMA and Supor paired filters collect the 1- to 51-um size class, or the small size fraction
(SSF), with the Supor filter likely containing particles as small as 0.8 um (Bishop et al.,, 2012; Lam et al.,, 2015;
Ohnemus & Lam, 2015). The BaRFlux project used a slightly larger pore size pre-filter (70 pm) to separate the
LSF and SSF (see the supporting information).

We do not know the true size spectrum of sinking particles for each of the timescales relevant to the radio-
nuclides pairs studied here. However, if both large and small particles can be analyzed, it can be determined
how sensitive the flux estimate is to this uncertainty. With data available from GA03, we can directly compare
the ratios in the LSF and SSF for 2>*Th (Owens et al., 2015) and %'°Po (Rigaud et al., 2015), using the particulate
trace element (Ohnemus & Lam, 2015) and particulate organic carbon (POC) (Lam et al., 2015) data from
those same size fractions. For 23°Th, small particle samples were analyzed for the entire section and only a
subset of large particle samples was analyzed. For 2287, small particle samples were analyzed for the entire
section, and a subset of large particle samples was analyzed, but two to three large particle samples had to be
combined to make a large enough sample for adequate analytical statistics.
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3. Results
3.1. Radionuclide Activities and Fluxes

Because of all the historical data available from this site, we focus our comparison on station KN204-01-10, co-
located with BATS, occupied in November 2011. During this occupation, there was little 2>*Th deficit in the
primary production zone (Figures 3a and 2c), which at this station was 197-m deep, and a relatively large
excess of 23*Th activity at 200- to 500-m depth. This large 23*Th excess is often a sign of 2>*Th regeneration
from particles (Maiti et al., 2010); however, a regeneration signal is not likely in this case since a correspond-
ingly large 2**Th deficit is not seen in surface waters, which would be required by a one-dimensional mass
balance. Therefore, this 2>*Th excess is more likely an advective feature. Satellite estimates of net primary pro-
ductivity (CbPM algorithm, www.science.oregonstate.edu/ocean.productivity/) in the KN204-01-10 region for
the four 8-week periods prior to sampling range from 24.0 to 28.8 mmol C/mz/day (cf. annual climatological
range of 20 to 85 mmol C/m?/day), indicating no significant blooms during this time that could have gener-
ated a surface 22*Th deficit.

The 22*Th flux (equation (1)) integrated to 150 m is 560 + 650 Bq/m?/year (Figure 3e) and becomes negative at
200 m (not plotted in Figure 3e) because of the large excess 234Th activity at depth. For comparison, there
have been several times series studies of 23*Th flux at BATS, which observed 150-m-integrated 2**Th fluxes
of 610-7,900 Bg/m?/year (n = 6) during October 1996-August 1997 (Kim & Church, 2001) and from zero (or
negative deficit) to over 14,000 Bq/m?/year (n = 30) during 1993-1995 (Sweeney et al., 2003). This puts the
KN204-01-10 23*Th flux observation at the low end but well within the observed range. Interestingly, however,
the GAO3 stations immediately to the east and west of KN204-01-10 had larger primary production zone 234Th
fluxes (2,920 + 970 and 1,740 + 590 Bg/m?/year, respectively; Owens et al,, 2015) and smaller 23*Th excesses
(Figure 2¢). Therefore, the negligible KN204-01-10 23*Th deficit may be associated with a mesoscale feature.

The 2'°Pb activity profile (Figure 3b) indicates input from atmospheric deposition, with highest activities in
the upper 500 m, as seen in previous North Atlantic surveys (Bacon et al.,, 1976). At KN204-01-10, samples
were only taken in the upper 2 km of the water column. There is a 2'°Po deficit throughout most of the upper
1.5 km at KN204-01-10, except for the one sample at 110 m, which indicates a clear 2'°Po excess, as also
described by Rigaud et al. (2015). This is the same depth at which the 2**Th excess becomes apparent
(Figure 3a). At this depth, particle dissolution via respiration processes is likely leading to the release of sca-
venged 21%0 pack into the water column after particle export close to the base of the euphotic zone.
Excesses of 2'°Po activity at or near euphotic zone depths are also apparent in prior North Atlantic studies
(Bacon et al,, 1976; Hong et al, 2013). The calculated sinking flux of 2'Po at KN204-01-10 of 130-
270 Bg/m?/year (Figure 3f) for the upper 150 m is comparable to, and slightly higher than, the range seen
in the BATS time series observations during 1996 — 1997 of 50-190 Bg/m?/year (average 125 Bg/m?/year;
Kim & Church, 2001).

The 2%®Ra activity profile has its largest values in the upper 500 m of the water column of KN204-01-10
(Figure 3c) likely due to mixing with water in contact with North American margin sources, such as continen-
tal shelf sediments and submarine groundwater discharge (Charette et al., 2015; Moore et al., 2008). The 22Th
profile shows a deficit with respect to ?®Ra activity throughout the upper 500 m. Below this depth, 28R4
activities decrease to very low levels, such that any disequilibrium with respect to 22871 is difficult to measure
with any reasonable level of uncertainty. The integrated *?Th fluxes (calculated using equation (3)) increase
with depth, with a slight inflection point of more slowly increasing fluxes around 200 m (Figure 3g). Li et al.
(1980) reported *22Th fluxes integrated to 350 m of 12-19 Bg/m?/year at sites nearby KN204-01-10 (GEOSECS
stations 29 and 120, at 35°58.5'N, 47°00.5'W and 33°16’N, 56°33'W), which are comparable to, but smaller
than, the roughly 30 Bg/m?%/year measured at KN204-01-10.

Finally, the particulate 239Th profile from KN204-01-10 demonstrates increasing activities with depth, consis-
tent with the model of reversible scavenging (Bacon & Anderson, 1982). The sinking 23°Th flux (Figure 3h)
increases linearly with depth, as this is simply the integrated production by conservative >3*U. At a nearby
site (32°5'N, 64°15'W), Bacon et al. (1985) measured an annual average >*°Th flux of 1.0 Bq/m?/year in a
3,200-m sediment trap, which is within 40% of the predicted 2*°Th production rate integrated to this depth
of 1.38 Bq/mz/year. This small apparent deficit of 2*°Th flux from that trap may have been related to
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Figure 4. Cross plots of element concentration to 2347h activity ratios in large size fraction (LSF, >51 um) of particles
against the ratios in small size fraction (SSF, 1-51 um) of particles from station KN204-01-10.

undertrapping of particles or lateral transport of 2°Th away from the BATS site. Modeling studies (Henderson
et al,, 1999) conclude, and observational studies (Hayes et al., 2015a) support, the view that in most of the
ocean the sinking flux of 2°Th is within about 30% of its overlaying production due to uranium decay.
Thus, uncertainties related to water column redistribution of 23°Th are likely less than 30%. At roughly
3-km depth and below at this location, the dissolved 2*°Th begins to decrease with depth (Hayes et al.,
2015a), reflecting enhanced removal of 23°Th by scavenging onto resuspended particles of an extended
nepheloid layer at the BATS location (Lam et al., 2015; Sherrell & Boyle, 1992). Particulate 2*°Th activities
also decrease below 3 km (Figure 3d), until the two near-bottom samples where it appears there are
resuspension of particles with scavenged 23°Th. Caution should be taken when interpreting 23°Th in
nepheloid layer locations, as the conditions of reversible scavenging may not hold.

3.2. Particulate Element to Radionuclide Ratios

Ratios of the concentration of elements of interest (C, P, Cd, Mn, Cu, Co, Al, Fe, and 232Th) to 2>*Th and %'°Po
activities in the small (1-51 um) and large (>51 um) particulate phases for KN204-01-10 are plotted in
Figures 4 and 5. The ratios of POC to >>*Th and 2'°Po are significantly higher in the LSF than in the SSF
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Figure 5. Cross plots of element concentration to 210p, activity ratios in large size fraction (LSF, >51 um) of particles
against the ratio in small size fraction (SSF, 1-51 pum) of particles from station KN204-01-10.

(Figures 4a and 5a), by factors of 2-10 for individual samples. This is generally due to a greater difference in
23%Th and 2'°Po activities between the two size classes than the difference in POC concentrations. The
radionuclides have a higher specific activity in the small phase, likely because these small particles have a
larger surface area per unit mass, onto which the radionuclides are sorbed. POC concentration to >>*Th
activity ratios are also generally higher in the LSF than in the SSF in the time series observations from the
BaRFlux site (see Figure S2 and Data Set S1).

In contrast to POC, P, and Cu appear to have higher element to radionuclide activity ratios in the small particle
phase (Figures 4b, 4e, 5b, and 5e), by factors of 1.5-3. The enrichment of P and Cu in the SSF may reflect the
much greater proportional abundance there, relative to the LSF, of small prokaryote cells that are enriched in
P and Cu (Ohnemus et al.,, 2017; Twining, Rauschenberg, Morton, & Vogt, 2015). Furthermore, biologically
mediated aggregation of small P-rich particles may lead to a depletion of P relative to radionuclides in the
LSF compared to the SSF. On the other hand, P in plankton tows has also been shown to be particularly labile
(Collier & Edmond, 1984), and thus, P in large particles may be systematically more labile than in small parti-
cles. The relative enrichment of P and Cu in the small particles must more than compensate for the greater
activity of 234Th and 2'°Po in the small phase due to the increased surface area of small particles.
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Figure 6. Cross plots of element concentration to 2307, activity ratios in large, sinking particles against the ratios in small
particles from select stations from GA03. Samples from KN199-04 were collected from 2-km depth. Samples from KN204-01
were collected from depths ranging between 966 and 4,800 m. The dotted lines indicate the 1-to-1 line.

Cadmium, Mn, and Co have similar ratios of concentration to activity of the short-lived radionuclides in the
two size classes, within about 40% (Figures 4 and 5). This result may have implications for what fraction of
these elements is adsorbed versus contained within cell or mineral lattice. In terms of estimating fluxes, how-
ever, the use of either large or small particle ratios has relatively small impact for these elements.

Finally, ratios of Al and Fe concentration to >3*Th and 2'°Po activity are higher in the LSF than in the SSF
within the upper 200 m of the water column (Figures 4g, 4h, 5g, and 5h), the large particles having a higher
ratio by factors of 1-13. LSF and SSF elemental to radionuclide ratios are similar for Fe, Al, 2>*Th, and 2'°Po in
the rest of the water column (1- to 4-km depth), excluding the benthic nepheloid layer.

The LSF/SSF comparison for particulate element concentration to >3°Th activity ratios can be made on a
select number of deep water (966 to 4,800 m) samples from various GAO3 stations (Figure 6). Large particu-
late 23°Th activities for the seawater volumes collected by in situ pump on GAO3 were expected to be close to
the detection limit, especially for shallow water samples. Thus, in this first U.S. GEOTRACES transect, only a
selection of deep water large-particle samples were taken as an initial survey where the 23°Th activities
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were likely to be relatively high. Ratios of Cd, Mn, Co, Fe, Al, and 2>2Th to >*°Th are all larger in the LSF com-
pared to the SSF (by average factors of 2.0, 1.7, 2.2, 2.1, 2.2, and 1.4, respectively). This is consistent with ele-
vated activity of scavenged 2°Th on small, higher specific surface area, particles. Ratios of P and Cu
concentration to 23°Th activity show the opposite effect, smaller ratios in the LSF than the SSF (by average
factors of 0.7 and 0.8, respectively). This potentially shows the enrichment of these biogenic elements in
small biological cells or the depletion of these elements in aggregates. Of the few measurements available
for LSF POC/*°Th ratios (n = 3), there is no strong indication for significant size fractionation between
POC and 2°Th in the LSF and SSF (Figure 6a). These measurements are challenging as deepwater particles,
more enriched in 23°Th, are often very low in POC (and vice versa for shallow water particles). It will be valu-
able in future work to collect large enough particulate samples to better determine POC/2°Th in the LSF of
marine particles.

Selected LSF/SSF comparisons can also be made for particulate element concentration to 222Th activity ratios.
Multiple samples of adjacent depths had to be combined in order to analyze the LSF 22Th activity with rea-
sonable counting statistics, while almost all in situ pump samples were individually analyzed for SSF 222Th
activity. Therefore, we compare the combined analyses of LSF 225Th to SSF 222Th data that were averaged
over the same depth ranges for which the LSF filters were combined (Data Set S2). Because this averaging
procedure introduces more uncertainty into the analysis, size fractionation trends are less clear (Figure S4).
Overall, element concentration to 226Th activity ratios were similar between LSF and SSF for POC, Mn, and
Co; larger in LSF than SSF for Fe and Al; and larger in SSF than LSF for P, Cd, Cu, and 232Th. This is similar
to the size fractionation trends seen for the other Th isotopes.

3.3. Particulate Elemental Fluxes: BATS

Using equation (5), by multiplying the radionuclide fluxes plotted in Figure 3 by the element to radionuclide
ratios plotted in Figures 4-6 and S4, we derive and plot the particulate element fluxes at KN204-01-10 (BATS
location) as a function of depth in Figure 7. At each data point plotted, the derived radionuclide flux inte-
grated to that depth was multiplied by the element to radionuclide ratio measured specifically at that depth.
Errors were propagated for the flux estimates using the uncertainty in radionuclide activities and element
concentration to radionuclide activity ratios. The SSF particulate concentration to activity ratios is used for
all isotope systems since this is the size fraction among which all four isotope systems have been measured
on the same samples. In section 3.2 we have shown that across the four isotope systems, fluxes based on
LSF ratios compared to those based on SSF ratios will be consistently higher for Fe and Al, consistently lower
for P and Cu, and for POC, Cd, Mn, and Co there were mixed results between isotope systems. For 2347h.,
210po-, and 2°Th-based fluxes, the fluxes using LSF ratios, where available, have also been calculated and
are reported in Data Set S3.

3.3.1. POC Fluxes

Measured at about 100-m depth at KN204-01-10, POC fluxes from all four radionuclide methods are (with 1
sigma uncertainties) as follows: 0.3 + 0.6 mmol/mz/day (***Th-based), 2.8 + 0.4 mmol/m?/day (*3°Th-based),
3.7 +0.5 mmol/m?*/day (***Th-based), and 4.1 + 0.5 mmol/m?/day (>'°Po-based; Figure 7a). The negligible pri-
mary production zone deficit of 2**Th activity seen in Figure 3a at this occupation leads to low ***Th-based
estimates for all elemental fluxes (Figure 7), but the fluxes derived from the other three systems are consistent
with each other within 2 sigma uncertainty. The export caught in the BATS sediment trap at 150 m in late
November 2011 was 1.0 mmol/m?/day POC flux (bats.bios.edu), which is closer to the 2**Th-based estimated.
The BATS climatological (1988-2012) POC flux during November in the 150 m trap is 2.3 + 0.8 mmol/m?/day
(average and standard deviation of monthly means; Church et al., 2013), which is consistent with the estimates
based on the longer-lived radioisotopes. This is good evidence that 2'°Po, 222Th, and 23°Th-based fluxes are
likely capturing seasonal, annual, or longer averages of the POC flux, and the 2**Th flux is capturing a week-
to-month-scale minimum in POC flux. These estimates are sensitive to the POC/radionuclide ratio, given
the patterns seen in Figures 4 and 5. If LSF ratios are used, the POC flux based on 23*Th and 2'°Po deficits is
about a factor of 2 higher than with using the SSF ratios as in Figure 7. POC flux based on 2**Th deficits from
individual station occupations at BATS, in general using LSF particulate ratios, has ranged from 0 to
7 mmol/m?/day over 25 years of measurements (Buesseler et al.,, 2008; Kim & Church, 2001; Sweeney et al.,
2003; Figure 7a), which nicely encompasses the longer term average fluxes estimated from the longer lived
nuclides. Water column 2*Th-based-POC flux estimates at 100 m from the BaRFlux program, using SSF
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Figure 7. Sinking flux profiles as a function of integration depth in the water column at the Bermuda Atlantic Time-series
(BATS) station as occupied in November 2011 on GAO03. Particulate elements are denoted with a preceding p. Estimates
based on 23*Th and 2'°Po are onI%/ integrated to the base of the primarg productivity zone. Fluxes based on 2287}, are
integrated to 500 m depth, where 28Th regains secular equilibrium with 28Ra (see Figures 2, 3). Fluxes based on 2307 are
integrated to 3 km because a nepheloid layer occurs between that depth and the seafloor (~4.5-km depth). The purple
stars indicate measured sediment trap fluxes from the OFP site (Huang & Conte, 2009). The red arrow at the 500-m trap
data points indicates that evidence suggests this type of trap at this depth tends to undercollect (Scholten et al.,, 2001;
Yu et al., 2001) and therefore is an underestimate of the true flux. The gray cross signs in (a) are the integrated
23%Th-based POC fluxes to 100 m, based on occupations of the BaRFlux site (May 2012 and June 2013). The gray triangles in
(a) are 2**Th-based POC flux estimates over 25 years of measurements (Buesseler et al., 2008; Kim & Church, 2001; Sweeney
et al., 2003) for a comparison of the historical range observed.

POC/***Th ratios (1-70 pm) in May 2012 and June 2013, were 53 * 1.3 and 4.3 = 0.6 mmol/m?/day,
respectively, also well within the historical range of measurements in this region of the ocean (Figure 7a).

Below 200 m, we can compare radionuclide-based fluxes using the 23°Th and 2?®Th methods with the
average fluxes (2002-2005) into the moored sediment traps at the OFP site (Huang & Conte, 2009).
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Note that the 500-m OFP trap may undercollect material by up to a factor of 2, as have other similar
bottom-tethered conical traps shallower than 1-km depth (Scholten et al., 2001; Yu et al, 2001).
Nonetheless, we can therefore use the material caught in the 500-m OFP trap data as a minimum esti-
mate. POC fluxes from *3°Th and 2%®Th activities agree well with one another between 100 and 400 m
with about 1.5 mmol/m?/day (Figure 7a), and the OFP trap at 500 m was 0.3 mmol/m?/day. Below
1,000 m, >*°Th-based POC flux estimates (0.17 + 0.06 and 0.15 + 0.01 mmol/m%*/day at 1,800 and
3,000 m, respectively) agree notably well with the OFP trap observations at 1,500 and 3,200 m, 0.22
and 0.16 mmol/m?/day, respectively.

3.3.2. Particulate P and Cd Fluxes

Particulate P and Cd flux profiles estimated from the KN204-01-10 data have shapes similar to the POC flux
profiles, showing power law-type decay with depth (Figures 7b and 7c). One exception is a slight local max-
imum in 23°Th-based Cd flux at around 1,200-m depth that may be related to lateral transport from the North
American margin (Lam et al., 2015). The overall power law shape of the profiles nonetheless suggests that
particulate P and Cd are largely associated with particulate organic matter in the primary production zone
and that C, P and Cd are regenerated at depth as biogenic particles are respired, potentially at different rates.
The flux profiles can be fit with a power law of the form, Flux(z) = Flux(100 m) * (z/1 00)’b (Martin et al., 1987).
The fitted b parameter is an indicator of the strength of flux attenuation with depth, which is related to remi-
neralization rate. At KN204-01-10, using the 23°Th-based data between the surface and 3-km depth, the b
values for POC, particulate P, and particulate Cd fluxes are 1.81 + 0.07, 1.91 £+ 0.06, and 1.78 + 0.37, respec-
tively (£1 standard error). These values are nearly indistinguishable within uncertainties.

This POC b value of 1.8 at BATS is relatively high compared to b values estimated from deep-sea moored sedi-
ment traps (0.6-2.0; Berelson, 2001; Francois et al., 2002) However, more recent programs using neutrally
buoyant sediment traps have found higher b values in the oligotrophic ocean of ~1.3 at the Hawaii time ser-
ies station, A Long-Term Oligotrophic Habitat Assessment (ALOHA; Buesseler et al., 2007b) and 1.6 in the
northeast portion of the North Atlantic subtropical gyre (Marsay et al., 2015; see also Figure S10 where the
data from Marsay et al. can be compared directly with nearby station KN204-01-20). The b values derived
for KN204-01 stations 12 thru 22 (see Figure 1 for locations) for 2*°Th-based POC flux (0- to 3-km depth) range
from 0.8 to 1.6 (derived from Data Set S3) and support the prediction of Marsay et al. (2015) for relatively high
b values in this range throughout the subtropical gyres.

As for the flux method comparison, 2>*Th-based fluxes of P and Cd are again low compared to the other
methods as expected from the low 2>*Th deficit during this particular occupation. The three other radionu-
clide methods are all consistent with each other within about 40% in the upper 200 m. At 1,500 and
3,200 m, the 2>°Th-based fluxes agree well with the OFP trap fluxes of about 0.5 mmol P/m?/year and
0.1 umol Cd/m?/year, respectively.

3.3.3. Particulate Mn, Cu, and Co Fluxes

The flux profiles of particulate Mn, Cu, and Co (Figures 7d-7f) tend to increase with depth in the upper 500 m.
This could be related to scavenging of these metals onto particles as they sink or an influence of lateral trans-
port of particulate metals, which would be consistent with the inferred lateral supply of excess 234Th to the
BATS site (section 3.1). Aside from the expected low 23%Th-based results, the other three methods agree rea-
sonably well in the upper 150 m for these elements. For particulate Co, there is some attenuation in flux with
depth between 100 and 200 m (in 2Th- and *°Th-based estimates) possibly indicating the influence of bio-
genic particulate Co regeneration. In support of this idea, total particulate Co was determined to be about
60% biogenic (i.e, found in phytoplankton cells) in the euphotic zone of KN204-01-10 (Twining,
Rauschenberg, Morton, & Vogt, 2015). Indeed, Co was correlated with P in the upper 400 m, indicating bio-
genic behavior, but with Mn below 400 m, illustrating scavenging behavior and its classification as a hybrid-
type metal (Saito et al., 2017). The 2'°Po-based estimates at 200-m depth and the 2?Th-based estimates
between 200 and 500 m are higher than the >*Th-based estimates by up to a factor of 3. Indeed, fluxes
derived from 2?Th and 2'°Po deficits were systematically higher than those from derived from 2*°Th for
almost all elements for this station and the other stations analyzed (section 3.3.5; supporting information).
This may be due to the fact that the parent isotopes of these pairs (**®Ra and 2'°Pb) are supplied to the ocean
without significant accompanying amounts of their daughters, thereby creating an initial disequilibrium that
is unrelated to scavenging. This effect is discussed in detail in section 4.1.
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Between 500 and 2,500 m, particulate fluxes of Mn, Cu, and Co all decrease, possibly indicating deep regen-
eration processes or lateral input of these metals at shallower depths (200-500 m). This is in contrast to the
findings of one study that reconstructed trace element fluxes using neutrally buoyant sediment traps at 100-,
300-, and 500-m depth from Station ALOHA in the North Pacific subtropical gyre (Lamborg et al., 2008). These
authors found relatively constant flux within 100- to 500-m depth for Mn, Co, Cu, Fe, Al, and Sc. Boyd et al.
(2017) highlighted this result as these elements being a lithogenic throughput of mineral dust particles. The
results presented here, however, argue more in favor a mixture of authigenic, lithogenic, and biogenic parti-
culate fractions being important for these elements.

The 2*°Th-based fluxes of these elements are within about 50% of the fluxes observed in the 1,500- and
3,200-m OFP traps. Below 3,000 m the flux profiles of these elements clearly show the influence of the
extended nepheloid layer that has been observed at BATS (Gardner et al.,, 2018; Lam et al.,, 2015; Sherrell &
Boyle, 1992). This layer of resuspended sediments extends about 1 km above the seafloor (to about 3500-
m depth). Extended benthic nepheloid layers can be found over much of the western Atlantic margin
(Biscaye & Eittreim, 1977; Gardner et al., 2018).

3.3.4. Particulate Fe, Al, and 232Th Fluxes

Flux profiles of the lithogenic elements, Fe, Al, and 232Th, also increase with depth from the surface to 500 m
(Figures 7g-7i), and there is fair agreement between methods on the magnitudes of these fluxes. From 500 to
2,000 m, the fluxes of these elements continue to increase. This could be the result of continued scavenging
of the dissolved metals onto particles or lateral advection of suspended clays and other lithogenic grains by
deepwater currents originating from the western Atlantic margin (Jickells et al., 1987). The latter process has
been proposed to explain the increasing fluxes of Fe and Al in the OFP trap profile (Huang & Conte, 2009).
Below 3.5-km depth, fluxes of Fe, Al, and *32Th are clearly influenced by the nepheloid layer, and thus, the
fluxes derived for these depths cannot be considered true sinking fluxes.

3.3.5. Flux Profiles From Other GAO3 Stations

Many of the same conclusions can be made for the four method comparison of flux estimates at the six other
stations with available data from GAO3 (starred stations in Figure 1). The flux comparisons for these other sta-
tions are presented in Figures $5-510. In contrast to the results from KN204-01-10, at other stations, 2>*Th-
based fluxes are in better agreement with the other methods, likely indicating that at the time of sampling
the recent export flux was closer to a climatological mean. In particular, at station KN199-04-09 there are also
existing trace element sediment trap results from a nearby sediment trap (KS93 in Figure 1; Kremling & Streu,
1993) that compare well with the radionuclide based fluxes (Figure S6).

4. Discussion

4.1. Basin-Scale View of Upper Ocean Element Export and Possible Margin-to-Gyre Anomalies

In Figure 8, we have compiled flux measurements from GAOQ3 stations, across the same section as in Figure 2,
exported to the depth at the base of the PPZ (Owens et al., 2015) for all radionuclide methods available at
each location (using only SSF particulate ratios). We show here only POC, particulate Co, and particulate Fe
fluxes as representative of the spectrum of elemental behaviors, from biogenic to lithogenic. For the most
part, when results from multiple methods are available, they agree well (roughly within a factor of 2) given
all the uncertainties associated with timescale integration, circulation effects, and differential scavenging
behavior. These three and all other elements considered show elevated particulate fluxes near the North
American and West African margins on either ends of the transect and reduced particulate fluxes in the sub-
tropical gyre stations (longitudes 56.8-29.4°W; Figure 8).

Two possible systematic differences can be seen in this comparison. First, the 2'°Po method may be overes-
timating flux in the subtropical gyre stations, generally more so than the margin stations. The fact that there is
a larger 2'°Po deficit in the oligotrophic ocean than would be expected based on particle flux alone has been
hypothesized to be related to a greater transfer of Po to higher trophic levels in the ocean interior versus the
margin (Kim, 2001). Another possibility is that low 2'°Po water from highly scavenged margin areas, if
advected into the gyre, could contribute to high deficits in the gyre. This possibility is best addressed with
the use of a general circulation model as we do not have adequate current speed information from our sam-
pling to know if such advection occured. Instead, we offer a third alternative hypothesis for this discrepancy
based on the distribution of the parent isotope 2'°Pb in GAO3. The atmospheric source of 2'°Pb causes
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Figure 8. Fluxes of particulate organic carbon, Co, and Fe derived for the base of the primary productivity zone, at which
fluorescence drops to 10% of its surface value, from the four radionuclide methods across the North Atlantic. Fluxes based
on 2" Th are in black, 2% in red, 228Th in orange, and 230Th in blue.

seawater 2'°Pb/?*°Ra activity ratios to be in excess of 1 (secular equilibrium), as the aerosols have a high
210pp/226Ra ratio. The source of in situ decay, on the other hand, would result in 2'°Pb/?%°Ra ratios close to
1. The total 2'°Pb/**®Ra activity ratio in the upper 500 m of the water column at the North American
margin (KN204-01-01) is between 1 and 1.2, while in the subtropical gyre stations this ratio is between 2
and 3, indicating a much larger fraction of the 2'°Pb is sourced from atmospheric deposition in the ocean
interior (Figure S11; also discussed by Rigaud et al,, 2015). This is significant in that aerosols have very low
210p5/21%pp ratios (<0.1; Baskaran, 2011). The assumed residence time of 2'°Pb in surface waters of 2 years
(equivalent to 5.3 half-lives of 2'°Po) should be sufficient time for an initial 2'°Po/2'°Pb activity ratio of 0.1
to reach near secular equilibrium (~0.97). However, since 219 s constantly being scavenged, perhaps
secular equilibrium should not be the starting assumption for this radionuclide pair in seawater. In other
words, atmospheric deposition adds a source of 2'°Pb that is already depleted with respect to its daughter
product, and therefore, an apparent 2'°Po deficit is created, even if there were no particle export of Po.
Furthermore, there is a very high 2'°Pb/??°Ra activity ratio (2.6) in the upper 30 m of the Mauritanian
margin (KN199-04-09), potentially because of the large Saharan dust deposition at this site (Anderson
et al.,, 2016), which also leads to anomalous high flux estimates here (Figure 8).

The second, more subtle, but systematic difference we notice is >*®Th-based fluxes being larger than other
fluxes to a greater extent in the margins compared to the gyre (opposite of the 210pg effect; Figure 8). The
BATS results discussed in section 3 appear to be somewhere near the boundary between the margin and gyre
stations with respect to these effects. In this case, the geographical source function of the parent isotope
228Ra may also impact the derived fluxes. The addition of 22®Ra to the ocean occurs to the greatest extent
near ocean margins (Charette et al, 2015) from coastal sources, which are likely depleted in 228Th with
respect its parent. High particle fluxes in these coastal regions also strongly scavenge 228Th (Broecker
et al, 1973; Rutgers van der Loeff et al., 2012). This would result in *22Th deficits that are too high. In other
words, the deficits in the margin are due not only to local scavenging but also preexisting deficits from distal
228pa supply and 228Th removal near the coast. The effect results in local fluxes that are overestimates in the
margin stations. Once in the gyre, enough time has passed to allow the *2Th to grow in and its deficit with
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Figure 9. Comparison of particulate organic carbon fluxes determined at 2-
km water depth by the particulate 230Th method presented here in colored
circles and from the compilation of deep sediment trap data by Honjo et al.

respect to 2*®Ra is due mostly to local scavenging, thus accounting for the
better consistency between fluxes derived from 22Th and from 23°Th in
the gyre.

4.2, Assessment of POC Flux Into the Deep Sea in the North Atlantic

As discussed by Honjo et al. (2008), the biological pump is a complex,
grand process that transports carbon from the atmosphere to the deep
sea through sinking particles. The biological pump regulates Earth’s cli-
mate to the extent that the ocean sequesters the greenhouse gas CO,
from the atmosphere. Owens et al. (2015), using GA03 >*Th data, calcu-
lated in detail the POC flux associated with the upper part of this biological
pump, that is, from the surface ocean to below the primary production

(2008) in colored circles with black outlines. zone, across the Atlantic. The 2'°Po-based POC fluxes reported here pro-

vide additional constraints on this upper ocean flux. The deep flux profiles,

which can be gleaned from the longer-lived *?Th and 23°Th, provide new
and important constraints on particle remineralization rates across the thermocline, the quantification of
which has been a target of recent research (Marsay et al.,, 2015; Weber et al., 2016). Additionally, the 230Th-
based flux profiles can be extended to the mesopelagic/bathypelagic (m/b) boundary, at roughly 2-km
depth. Honjo et al. (2008) point out that flux across the m/b boundary leads to storage of carbon in the deep
sea much longer (centuries to millennia; e.g., Primeau, 2005) than in the upper ocean.

In Figure 9, we compare the 2>°Th-based POC fluxes at 2 km from the GAO3 section with the sediment trap
compilation of Honjo et al. (2008), who reported all available, annually resolved deep sediment trap POC
fluxes, normalized to 2-km depth. The sediment trap compilation contains sites in the GA03 region character-
izing the oligotrophic Sargasso Sea in the west of the subtropical gyre and the more biologically productive
eastern margin of the subtropical gyre. In the Sargasso Sea, both deep sediment trap and **°Th-based esti-
mates of POC flux are around 0.1-0.2 mmol C/m?/day. In the eastern North Atlantic, highest POC fluxes are
seen in the upwelling area off of Mauritania, in both trap and >3°Th results, exceeding 0.4 mmol C/m?/day.
All along the eastern edge of the subtropical gyre, the offshore area between Portugal and Morocco, the sedi-
ment trap compilation and the GA03 2*°Th estimates also converge on about 0.2-0.3 mmol C/m?/day. The
agreement between these two independent methods is very encouraging and helps to validate the use of
water column particulate-based 2*°Th fluxes for broader questions.

The GA03 *°Th-based deep POC fluxes add considerable detail to the known deep marine carbon cycle,
constraining the low fluxes all across the oligotrophic gyre from Bermuda to Cape Verde, and showing ele-
vated fluxes again offshore of the North American margin. When the GEOTRACES program is complete, it will
constrain a much wider swath of the global ocean (Anderson et al., 2014). Based on the work presented here,
analysis of particulate 22°Th from in situ pump sampling will be invaluable for constraining the deep portion
of the global biological pump.

4.3. Tools to Investigate Trace Element Internal Cycling

The particulate element fluxes presented here will be invaluable targets for biogeochemical modeling of
these elements. In particular, the depth profile of fluxes is very novel for the elements studied here. The shape
of these profiles allows testing of the impacts of relative rates of particle regeneration, particle sinking rates,
scavenging rates, and other processes, in different environments across the GA03 transect. For upper ocean
processes, the range in fluxes constrained by the 23*Th, 2'°Po, and *?Th methods, measured at high depth
resolution in the upper water column, will be the most useful constraints. Using the deep 230Th fluxes, ques-
tions about the longer term, basin-wide cycling of the elements can be addressed. A full investigation of any
of these topics is beyond the scope of this study, but they are all worthy of future coupled physical-
biogeochemical general circulation modeling.

5. Conclusions

This study has been a synthesis of unparalleled comprehensiveness using GEOTRACES radionuclide and trace
element data that to our knowledge has never been done before with four radionuclide systems all measured
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on the same samples. In the upper 500 m of the water column, particulate fluxes of organic carbon and a
spectrum of trace elements can be derived using all four different radionuclide pairs. It is clear that 2>Th
fluxes are tracking recent (weekly-monthly) particle dynamics in the primary production zone, whereas fluxes
of the longer lived 2?Th and #*°Th indicate annual or longer integration times of particle flux. Fluxes based
on 2'%Po deficits in the interior ocean were often higher than those based on the other radionuclide methods,
potentially related to the mode of introduction of its parent 2'°Pb to the surface ocean. Throughout the water
column below 500 m, particulate 23°Th profiles provide robust estimates, within roughly a factor of 2, of ther-
mocline and deep particulate fluxes, validated in this study by proximal deep sediment traps, both for organic
carbon and the trace elements considered. In sum, the GA0O3 particulate flux data set offers a rich target for
coupled physical-biogeochemical general circulation modeling of trace elements. The GEOTRACES program
was designed to allow for synthesis efforts of this sort. Without the collaboration of multiple laboratories
within a coordinated program, the constraints provided in this study would not have been possible. Future
research programs will similarly benefit by coordinating multiple complementary observations to derive pro-
ducts that are not directly measurable.
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