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Abstract

Radionuclides can provide key information on the temporal dimension of
environmental processes, given their well-known rates of radioactive decay
and production. Naturally occurring radionuclides, such as 2**Th and *!°Po,
have been used as powerful particle tracers in the marine environment to
study particle cycling and vertical export. Since their application to quan-
tify the magnitude of particulate organic carbon (POC) export in the 1990s,
B4Th and, to a lesser extent, 2!°Po have been widely used to characterize the
magnitude of the biological carbon pump (BCP). Combining both radionu-
clides, with their different half-lives, biogeochemical behaviors, and input
sources to the ocean, can help to better constrain POC export and capture
BCP dynamics that would be missed by a single tracer. Here, we review the
studies that have simultaneously used ?**Th and ?'°Po as tracers of POC
export, emphasizing what can be learned from their joint application, and
provide recommendations and future directions.

551


mailto:montserrat.roca.marti@uab.cat
mailto:viena.puigcorbe@outlook.com
https://doi.org/10.1146/annurev-marine-041923-013807
https://doi.org/10.1146/annurev-marine-041923-013807
https://www.annualreviews.org/doi/full/10.1146/annurev-marine-041923-013807
https://creativecommons.org/licenses/by/4.0/

Annu. Rev. Mar. Sci. 2024.16:551-575. Downloaded from www.annualreviews.org
Access provided by 158.109.57.142 on 02/05/24. See copyright for approved use.

1. INTRODUCTION

Radionuclide: "The ocean contains a great variety of radionuclides that can be used as powerful tracers to study the

an unstable isotope
that, by releasing
radiation at a specific
rate, decays into 2023). The focus of this review is the use of radionuclides to quantify the vertical flux of particles

timescales and rates of multiple marine processes, including atmosphere—ocean and land-ocean
interactions, ocean circulation, sedimentation processes, and particle scavenging (Rodellas et al.

another isotope witha  in the marine environment, with particular interest in the export of particulate organic carbon
more stable nuclear (POC) associated with sinking particles. The gravitational sinking of organic particles is a key
configuration mechanism of the biological carbon pump (BCP) by which POC is transferred from the surface
Scavenging: into the ocean’s interior and sequestered at depth for long periods of time, therefore impacting
any process by which Earth’s carbon cycle and climate (Iversen 2023, Kwon et al. 2009, Siegel et al. 2023). This export

chemical species
associate with particles
and are subsequently

of organic matter to the deep ocean also serves as a primary food source to subsurface biota and
strongly influences the marine biogeochemical cycles of many chemical species. However, the

removed from the magnitude of the BCP varies significantly across spatial and temporal scales, leading to estimates
water column of global carbon export in the upper ocean that range from 5 to 12 Pg Cy~! (Nowicki et al. 2022
Biological carbon and references therein). Major efforts have been made to better constrain the magnitude of the
pump (BCP): BCP and develop a predictive understanding of its variability at regional and global scales, but it
the suite of processes remains one of the most challenging and pressing research topics in marine biogeochemistry.

that transport organic The naturally occurring radionuclides >**Th and 2!°Po have been extensively applied to quan-

carbon fixed by
primary producers
from the surface

waters to the ocean’s programs (e.g., GEOTRACES; Anderson et al. 2014), providing a key opportunity to improve
interior our understanding of ocean particle dynamics. This review aims to summarize the use of 2**Th

tify POC flux in the ocean over short timescales (Cochran & Masqué 2003, Rutgers van der Loeff
& Geibert 2008, Verdeny et al. 2009), especially in recent years in the framework of large field

and 2!%Po as particle tracers and their combined application to constrain the export flux of POC
associated with sinking particles in the ocean, as well as providing recommendations and research
lines for future work.

2. B4Th AND 219Po AS PARTICLE TRACERS

Radionuclides used as particle tracers in the ocean generally have the following main character-
istics: (#) they are particle reactive and therefore prone to associate with particles, (b) they are
produced at a known rate by the decay of a parent radionuclide that is less particle reactive or is
conservative in seawater (i.e., the parent radionuclide tends to remain longer than its daughter
in the dissolved phase), and (¢) they decay at a faster rate than their parent radionuclide. The de-
pletion of 2**Th and 2!°Po with respect to their parents (***U and 2!°Pb, respectively) in seawater
was first observed in the 1960s and 1970s (e.g., Bacon et al. 1976, Bhat et al. 1969, Matsumoto
1975, Nozaki et al. 1976, Shannon et al. 1970) and used to derive residence times of 2**Th and
219P¢ with respect to removal by scavenging. Since then, both radionuclides have been used exten-
sively to study particle dynamics and the biogeochemical cycling of chemical species in the marine
environment (Cochran & Masqué 2003, Rutgers van der Loeff & Geibert 2008) (Figure 1).
Applications of 2**Th as an ocean tracer can be grouped in four main themes: (#) vertical
transport (i.e., the study of the downward flux of particles and associated chemical species in
the water column), (§) particle cycling (i.e., the quantification of rates of particle transformation),
(¢) sediment dynamics (i.e., the study of sedimentation, sediment mixing, and resuspension), and
(d) horizontal transport (i.e., the study of the lateral transport of particles and particle-reactive ele-
ments in coastal and open ocean systems) (Ceballos-Romero etal. 2022, Cochran & Masqué 2003,
Lam & Marchal 2015, Rutgers van der Loeff & Geibert 2008, Waples et al. 2006). Similarly, the
main applications of >!°Po as an ocean tracer are related to the cycling and transport of particles
in the ocean (Cochran & Masqué 2003), but they also include the study of the atmosphere—ocean
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Figure 1

Compilation of sampling locations occupied for the determination of () 2**Th and (4) >!°Po in seawater, including seawater profiles and
seawater samples from a single depth (typically from surface waters). Black-outlined circles indicate studies where both 2#Th and 219Po
were used as tracers of POC export in the open ocean (see Table 1 later in this article). Locations for 23#Th are from Ceballos-Romero
et al. (2022), and locations for 21°Po are from the publications listed in the Supplemental Material and from unpublished data

(V. Puigcorbé: GoCal4, FAMOSO, and TransArc II; M. Roca-Marti: EXPORTSNP). Abbreviation: POC, particulate organic carbon.
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The main differences between 23*Th and 219Po as particle tracers in the ocean in relation to their half-lives (shorter for 23*Th than for
210pg), biogeochemical behaviors (surface adsorption onto particles for 234 Th versus surface adsorption and biological assimilation for
210Pg), and input sources (in situ production for 2**Th versus in situ production and atmospheric deposition for >10Po).
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interface via the quantification of, for example, the deposition velocities of aerosols (Baskaran
2011) and the study of the accumulation of 21°Po in marine biota, its transfer within the food
chain, and its contribution to the natural radiation dose received by humans through seafood con-
sumption (e.g., Fowler 2011, Stewart et al. 2008). Over the past few decades, both radionuclides
have been widely used (3**Th to a larger extent) to estimate particle export fluxes of organic car-
bon and other chemical species of interest throughout the upper water column across a variety
of spatial and temporal scales in the world’s ocean (e.g., Black et al. 2019, Ceballos-Romero et al.
2022, Gustafsson et al. 1997, Hayes et al. 2018, Le Moigne et al. 2013, Tang & Stewart 2019).

Next, we present the main characteristics of **Th and ?!°Po, highlighting what makes them
great particle tracers to study the BCP (Figure 2).

2.1. Half-Life

The key difference between stable and radioactive isotopes is the fact that radionuclides decay at
well-constrained rates dictated by a decay constant (1) specific to each radionuclide. This intrinsic
characteristic allows using radionuclides to capture the temporal dimension (ages and/or rates) of
key environmental processes. The decay constant of a radionuclide is related to its half-life (77,2)

Half-life (T1/2): as follows:

the time it takes to T In(2) 1
reduce the initial 1/2 :
number of atoms of a

di lide by 50% . . . . .
Eir;?lr;icrla deiozctiveo ers, since it should fit the timescale of the process being studied. 2**Th decays at a faster rate than

decay 20Po (A = 0.0288 d~! versus 0.00501 d~!, respectively), resulting in a shorter half-life of #*Th
compared with 21°Po (T}, = 24.1 d versus 138 d; Figure 2). As a result, the time window of par-
ticle scavenging that can be tracked with 2**Th is shorter than that of 21°Po (up to 35 d versus

The half-life is a crucial aspect to consider when applying radionuclides as environmental trac-
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200 d), which is set by their decay constant and their removal by sinking particles [?**Th or 2!'Po
response timescale = 1/(A + k), where k is the scavenging removal rate] (Coale & Bruland 1985, Distribution
Turnewitsch et al. 2008). These timescales make both radionuclides ideal tracers of particle ex- ~ coefficient (Kq):
port in the ocean, since they can capture short (~days/weeks) to seasonal (~months) changes in 2 coefficient that
. . . . . . measures the
primary production and the subsequent export of biogenic particles. Hence, the combined use S
] . . ; . partitioning of
of both radionuclides has the advantage of covering a longer time window than that captured  chemical species
by #**Th alone and identifying possible changes in particle export over the months prior to the  between the
sampling time. particulate and
dissolved phases

2.2. Biogeochemical Behavior Primordial
.. . . . o . ) ) radionuclide:
A key characteristic of any radionuclide used as a particle tracer is its high particle affinity.  , ridionuclide

However, the use of *Th and *!°Po as tracers of particle export is based on quantifying the dise-  produced during
quilibrium with their parents in the upper ocean that results from their different biogeochemical ~ Earth’ formation
behaviors. 24Th is highly particle reactive, in clear contrast with 233U, which has a conserva- ~ 2pproximately

. . 210 210 . . 210p. .. 4.5 billion years ago
tive behavior in well-oxygenated seawater; both '°Po and “!°Pb are particle reactive, but *'°Po is
preferentially scavenged by organic particles relative to 2'Pb (Friedrich & Rutgers van der Loeff
2002, Verdeny et al. 2009). A way of defining the degree to which a chemical element is associated
with particles is by means of its distribution coefficient (Kj) between the particulate and dis-
solved phases, where the higher the Kj is, the higher the particle reactivity is. For Th, Po, and Pb,
Kj values in the marine environment vary on the order of 10*~108, 10°~10°, and 10°~108 L kg™!,
respectively, as a function of particle concentration and composition, among other factors (Bam
etal. 2020, Chuang et al. 2013, Hayes et al. 2015, Tang et al. 2017).

Th is rapidly attached to particle surfaces, and its scavenging is consistent with removal by
passive surface adsorption onto particles rather than active biological uptake (Honeyman et al.
1988 and references therein) (Figure 2). Several studies have shown that Th has a strong affinity
to calcium carbonate and lithogenic material (e.g., Chase et al. 2002, Chuang et al. 2013, Hayes
et al. 2015), and sorption experiments with colloidal organic matter have shown that Th pref-
erentially binds to polysaccharide-enriched organic matter (Quigley et al. 2002). Regarding Po
and Pb, a clear difference between them is that while Pb adsorbs only to particle surfaces (as
Th does), Po is adsorbed on particles and also taken up into bacteria and phytoplankton cells fol-
lowing the distribution of proteins and sulfur (Cherrier et al. 1995, Fisher et al. 1983, LaRock
et al. 1996, Stewart & Fisher 2003) and bioaccumulated through the food web (Fowler 2011,
Stewart et al. 2008) (Figure 2). Consequently, Po is more associated with organic matter (espe-
cially proteins and sulfur-enriched compounds) than Pb is, and Pb tends to be more associated
with inorganic particles, such as opal (e.g., Friedrich & Rutgers van der Loeff 2002, Stewart et al.
2007b, Tang et al. 2017). The presence of macromolecular organic compounds, such as proteins
and acid polysaccharides, associated with particle surfaces and colloids could also influence the
adsorption and partitioning of Po and Pb in seawater (Quigley et al. 2002; Yang et al. 2013, 2015).
Opverall, the fact that Po can be assimilated into cells results in a stronger association of Po with
organic matter and its cycling relative to Pb and Th, which are more related to the surface area of
particles (not necessarily organic).

2.3. Sources

Many of the radionuclides used as ocean tracers belong to one of the three natural decay chains.
These chains start with a long-lived primordial radionuclide (38U, #**U, or 22 Th) that decays
through a chain of radionuclides with shorter half-lives into a stable isotope of Pb. If not subjected
to chemical or physical separation, all the radionuclides in a decay chain would reach secular
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equilibrium. In nature, however, this equilibrium is often broken, which allows the study of the

Secular equilibrium: ~ environmental processes responsible for that deviation, such as the particle transport in the ocean
the state when a parent  that causes the disequilibrium between 2**Th and 2**U or between 21°Po and *!°Pb.
and a daughter B4Th is constantly produced in the ocean by alpha decay of 28U (T}, = 4.5 - 10° y; Figure 2),

radionuclide have
reached the same
activity, given the

which under oxic conditions occurs almost entirely in the dissolved phase (Rutgers van der Loeff
& Geibert 2008) and is closely coupled to salinity (Chen et al. 1986). Atmospheric sources of U

much slower decay to the ocean are insignificant relative to its concentration in seawater. Further down in the 23U
rate of the parent decay chain, 2!1°Po is produced by beta decay of 2'°Pb (7T}, = 22.3 y) via a short-lived radionuclide
Activity: the number ("B, 712 =5.01 d). Both *'°Po and *'°Pb are produced in the ocean, but they are also supplied by
of radioactive atmospheric deposition (Figure 2) from the decay of a short-lived noble gas (***Rn, T/, = 3.82 d)
transformations of a and other sources (e.g., volcanic activity and fossil fuel burning; Baskaran 2011). The activities
radionuclide per unit £ 210p}y and 21Pg in the atmosphere are governed largely by 2?Rn emanation rates from the

of time (activity =
number of atoms -
decay constant)

continents (and to a much lesser extent from the oceans) and their removal during atmospheric
transport by decay and scavenging by aerosols (Baskaran 2011, Church & Sarin 2008, Turekian &

. . Graustein 2003). As a result, atmospheric inputs of 2!°Pb and 2!°Po to the ocean are variable, de-
D151ntegrat10ns per

minute (dpm): a unit . R .. .
of activity referring to oceanic), or the amount and frequency of precipitation. Itis important to note that the atmospheric

the number of decay flux of ?!°Po to surface waters is usually small compared with that of 21°Pb (typically <10-20%),
events per minute given the relatively short residence times of 2!°Pb in the atmosphere (Baskaran 2011). Therefore,
in contrast to **Th, atmospheric deposition is an additional source of 2!°Po to the upper ocean.

pending on, for example, the proximity to land masses, the source of air masses (continental versus

3.23%Th AND 21°Po AS TRACERS OF PARTICULATE ORGANIC
CARBON EXPORT

Below, we briefly describe the analytical methods used to determine **Th and 2!°Po in seawater
and the export models most applied for their use as tracers of POC export in the ocean. Informa-
tion on the determination of 2**Th and ?!°Po in particles can be found in papers by Church et al.
(2012), Maiti et al. (2012), and Baskaran et al. (2013).

3.1. Analytical Methods in Seawater

2%Th and ?'%Po in seawater are determined following radiochemistry and counting techniques
that allow one to accurately quantify their low concentrations [typically ~2 disintegrations per
minute (dpm) L~" or 1.0 - 10° atoms L~! for 2**Th, and ~0.15 dpm L' or 4.3 - 10* atoms L~! for
210Po]. The initial analytical methods were developed from the 1960s to the 1980s (Bhat et al. 1969,
Fleer & Bacon 1984, Shannon & Orren 1970, Thomson & Turekian 1976). Since then, meth-
ods have improved, allowing for smaller sample volumes and more efficient protocols (Clevenger
etal. 2021, Rigaud et al. 2013). Efforts to standardize protocols have also been made (Cent. Mar.
Environ. Radioact. 2023), and international programs such as the Geochemical Ocean Sections
Study (GEOSECS) (e.g., Chung et al. 1983) and, more recently, GEOTRACES have conducted
intercalibration exercises for **Th and 2!°Po/?!Pb (Church et al. 2012, Maiti et al. 2012).

An initial precipitation step is essential to concentrate all of these radionuclides from seawater
samples. For 2*#Th, early studies involved precipitation with Fe(OH); prior to electroplating of
2%Th on metal disks and beta counting (Bhat et al. 1969) or the use of MnO; cartridges to scavenge
B¥Th from large volumes of seawater followed by gamma counting (Bacon & Anderson 1982,
Buesseler et al. 1992b). Later on, Rutgers van der Loeff & Moore (1999) developed the MnO,
precipitation method using 20 L of seawater and subsequent filtration prior to beta counting.
"This method improved the separation of 2**U and 2**Th [compared with Fe(OH);] and allowed
higher sampling resolution (compared with MnO, cartridges). In the early 2000s, the sampling
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volume was reduced to 2—4 L (Benitez-Nelson et al. 2001, Buesseler et al. 2001), and the use of
the 29Th-?*Th spike technique to correct for sample losses during processing was introduced
(Pike et al. 2005). The quantification of 238U activities is commonly inferred from salinity data
(e.g., Not etal. 2012, Owens et al. 2011).

210Po and 2!°Pb are usually concentrated from seawater using the Fe(OH); (Thomson &
Turekian 1976) or cobalt ammonium pyrrolidine dithiocarbamate (Co-APDC) (Fleer & Bacon
1984) precipitation techniques (Roca-Marti et al. 2021b). The analytical protocols have evolved
over time, for example, regarding the sample volume (from ~20-30 L to 10 L) or the type and
amount of reagents used, but they have typically involved the addition of a Po tracer (usually
2Po) and stable old Pb (i.e., with low 2!%Pb activity) to track losses during sample processing.
After precipitation, the precipitate is dissolved to allow the plating of Po by spontaneous depo-
sition onto a silver disk in diluted hydrochloric acid, while 2!°Pb remains in solution. The disks,
containing 2!°Po and 2 Po, are then counted by alpha spectrometry. After >6 months, the sample
is replated onto a new silver disk and measured by alpha spectrometry to determine 2!°Pb from
0P ingrowth. Further development of the method has led to the use of anion exchange resins
for Po removal after the first plating and to the determination of Pb chemical recoveries after the
precipitation and ion exchange steps (Rigaud et al. 2013). Rigaud et al. (2013) provided a com-
plete description of the calculations and uncertainties associated with decay/ingrowth, chemical
recovery, and blank corrections for accurately determining 2'°Po and ?'Pb in seawater.

3.2. Particulate Organic Carbon Export Models

The application of 2**Th and ?!°Po as proxies for POC flux relies on measuring (4) the dis-
equilibrium with respect to their parents throughout the upper ocean to estimate the export
fluxes of 2**Th and *!°Po and (b) the POC/***Th and POC/*!%Po ratios representative of sink-
ing particles at any depth of interest (Buesseler et al. 1992a, Cochran & Masqué 2003, Murray
et al. 2005) (Figure 3). A high vertical sampling resolution is key to capture the disequilibrium

Daug.h !er/pal"ent Daughter export flux POC/daughter ratio POC flux
activity ratio
T
100 - - »
— 200 - o =
E
<
B 300 - — - -
[T
o
400 | - —— o =
500 - : e o - -
i
0 1
Figure 3

The steps involved in applying 23*Th and 21°Po as proxies for POC flux. First, the disequilibrium between each daughter/parent
radioactive pair (*¥Th/?3%U and 219Po/?1Pb) must be determined throughout the upper water column to calculate the export flux of
the daughter radionuclide associated with sinking particles using a scavenging model. This export flux is then converted into POC flux
by measuring the ratio between POC and the daughter radionuclide (POC/?**Th and POC/?1%Po) on sinking particles (for details, see
Section 3.2). In the first panel, the vertical dotted line shows secular equilibrium between daughter and parent radionuclide (daughter/
parent activity ratio = 1). In all panels, the horizontal dashed line denotes the base of the euphotic zone. Abbreviation: POC, particulate
organic carbon.
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between 2*Th/>8U and ?!°Po/?!%Pb in the upper water column (Figure 3). Deficits of 2**Th and
20Po are typically found in the upper tens or hundreds of meters of the water column due to their
preferential removal by sinking particles compared with 28U and 2!°Pb, respectively (i.e., daugh-
ter/parent activity ratios < 1). In subsurface waters, excess of 2**Th and 2!°Po can be found (i.e.,
daughter/parent activity ratios > 1), reflecting remineralization or disaggregation of particles to
nonsinking phases. Secular equilibrium is found with increasing water depth where there is no net
removal or addition of 2**Th or 2!Po faster than their ingrowth/decay rates (i.e., daughter/parent
activity ratios = 1).

Scavenging models can have different levels of complexity based on how many types of parti-
cles are considered (Savoye et al. 2006). However, the application of 2**Th and ?!°Po as proxies for
POC flux generally involves the use of one-box scavenging models because determining total ac-
tivities (dissolved + particulate phases together) is enough to quantify 2**Th/?*¥U and 2!'Po/*!Pb
disequilibrium in seawater. Thus, the export flux of 2**Th and ?!°Po can be assessed using a gen-
eral activity balance where their activities in seawater (activity of the daughter radionuclide, Ap)
change with time as a function of the ingrowth from the decay of their parents (ApAp), their ra-
dioactive decay (ApAp), their removal onto sinking particles (Fp), transport processes that can add
or remove them by advection and diffusion (V), and their input by atmospheric deposition (Fym,
applicable only to 21°Po):

3A4p
ot
This equation is usually simplified by considering steady-state (SS) conditions (34p /3¢ = 0) and
disregarding physical transport (V' = 0) and the atmospheric input of ?'°Po (F,u, = 0). In doing
so, one can calculate the SS flux of 2**Th or 2!°Po (Fp 55, dpm m~? d~!) at any depth of interest (z)
by integrating the deficit of the daughter radionuclide with respect to its parent, from the surface

= ipdp — ApAp — I +V + F. 2.

to z (dpm m~?), multiplied by the decay constant of the daughter radionuclide (d~!):

z

FD,SS = /)\D (AP —AD)dZ. 3.
0

In most open ocean settings, the V" term is assumed to be negligible in comparison with
the downward flux of the daughter radionuclide driven by sinking particles. However, in areas
where radionuclide activity gradients and physical transport are significant, such as in coastal or
upwelling/downwelling areas or regions with highly energetic (sub)mesoscale structures, neglect-
ing those processes could bias radionuclide flux estimates (Resplandy et al. 2012 and references
therein). Determining the J term requires an appropriate sampling coverage to capture spatial
gradients in radionuclide activities, as well as accurate information on the advective and diffusive
components of relevance in each study, which are usually derived from models (i.e., velocities and
diffusivity coefficients; Savoye et al. 2006).

The assumption of SS conditions is usually valid in oligotrophic regions year-round, but in ar-
eas with higher seasonal variability in particle export it may fail, especially when radionuclide
activities change rapidly with time (Ceballos-Romero et al. 2018). To apply a non-steady-
state (NSS) model, the same water masses should be resampled within a timescale shorter or
comparable to the half-life of the radionuclide (e.g., 2-3 weeks for 2**Th; Ceballos-Romero et al.
2018), ideally in a Lagrangian fashion to minimize the impact of physical transport (Resplandy
et al. 2012, Savoye et al. 2006). Applying an NSS model following a Lagrangian time-series sam-
pling strategy was crucial, for example, to study the effect of Fe fertilization on particle export in
the Southern Ocean using **Th (e.g., Buesseler et al. 2005). Another illustrative example of the
usefulness of applying an NSS model during rapidly changing conditions can be found in a North
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Atlantic process study by Clevenger et al. (S.J. Clevenger, C.R. Benitez-Nelson, M. Roca-Marti,
W. Bam, M. Estapa, et al., manuscript in review). In that study, the collection of a large number of
B4Th samples over 4 weeks at high temporal frequency allowed the capture of a strong decrease in
B4Th activities in the upper water column during the decline of a diatom bloom and demonstrated
the inaccuracy of the SS model in such conditions. It is also important to consider that when an
SS model is used, the longer integration timescale of 2!°Po (see Section 2.1) also results in an in-
tegration of a larger spatial area. In other words, the 21°Po deficits observed in the upper ocean
may be the result of particle export that occurred further away from the sampling site than that of
B4Th, and therefore the J term may be more difficult to constrain for 21°Po (Stewart et al. 2010).
After the radionuclide export fluxes are quantified, it is necessary to determine the POC/>**Th
and POC/?!°Po ratios on the sinking particles [(POC/Ap)sinking, kmol C dpm™] that are re-
sponsible for the deficits of 2**Th or *!°Po in the water column. This allows the conversion of
radionuclide export fluxes (Fp, dpm m~2 d!) into POC fluxes (mmol C m~2 d~') (Figure 3):
(POC/Ap )ginking 4

POC flux=F - 1,000

There have been two global compilations of POC/**Th ratios (Buesseler et al. 2006, Puigcorbé
et al. 2020) that highlighted the significant regional, temporal, vertical, and methodological vari-
ability of these ratios. However, both studies reported a decrease of the ratios with depth and
recommended sampling the particles below the mixed layer. For POC/?!°Po ratios, such global
compilations do not exist and the data available are more limited, but these ratios also show a
general decrease with depth and significant variability across observations, especially in the up-
per water column (Tang & Stewart 2019). Therefore, studies must use site- and depth-specific
POC/radionuclide data and measure this parameter at multiple depths in the upper water column
if the objective is to study how POC flux attenuates with depth (Figure 3). It is also important
to determine POC flux at depths relative to the base of the euphotic zone (typically determined
from light or chlorophyll fluorescence data) rather than at a fixed depth, to allow comparison be-
tween studies and facilitate regional and global assessments of BCP efficiencies and carbon budgets
(Buesseler et al. 2020Db).

Sampling methods to collect particles and determine POC/radionuclide ratios have varied and
improved over the years (e.g., Baker et al. 2020, Bishop et al. 2012), with sediment traps and
large-volume in situ pumps being the most recommended devices for this purpose; sediment traps
allow the collection of sinking particles, and in situ pumps allow higher sampling resolution, size
fractionation, and the collection of rare large particles that can be important contributors to ex-
port (e.g., salp fecal pellets; Durkin et al. 2021) but missed by small-volume sampling techniques
(Buesseler et al. 2006). When using in situ pumps, these ratios have been historically obtained
from large particles (i.e., >50 pm), although several studies have pointed out the significant role
of small particles in export, particularly in oligotrophic regions (Durkin et al. 2015, Puigcorbé
et al. 2015, Richardson 2019). To overcome method-specific limitations as much as possible, it is
strongly recommended to obtain POC/radionuclide ratios from various sampling methods (e.g.,
in situ pumps and traps) to better constrain this key parameter. Overall, the conversion of radionu-
clide fluxes to POC fluxes fails only if a significant fraction of the sinking particles is neglected
and has a different POC/radionuclide ratio than the one used in Equation 4.

4. COMBINED USE OF 23*Th AND ?!°Po TO CONSTRAIN PARTICULATE
ORGANIC CARBON FLUXES

In this section, we review the studies that have simultaneously used 2**Th and 2!°Po as proxies for
POC flux to illustrate what can be learned from their joint application.
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Euphotic zone:

the upper layer of the
ocean, where there is
enough sunlight to
allow the fixation of
carbon dioxide into
organic matter via
photosynthesis

BCP efficiency:

the fraction of net
primary production
that is exported to a
reference depth below
the euphotic zone
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A review of the combined use of **Th and ?!°Po to estimate POC fluxes in various regions
of the world’s ocean was first presented by Verdeny et al. (2009) (8 studies; see Table 1). That
review found a trend for higher POC flux estimates derived from 2**Th (3**Th-POC fluxes, up to
40 mmol C m~2 d7!) relative to those obtained using 21°Po (*!°Po-POC fluxes, up to 20 mmol
C m~2 d~!), which the authors attributed to their differences in half-life and biogeochemical be-
havior, as well as methodological aspects. To our knowledge, 11 additional studies have estimated
POC fluxes using 2**Th and ?!Po in the open ocean since then, resulting in a total of 19 studies and
114 sampling stations (see black-outlined circles in Figure 1). The results from all the studies are
summarized in Table 1, classified according to the method used to determine POC/radionuclide
ratios: sediment traps (studies 1 and 2 in the table), large-volume in situ pumps (studies 3-12),
collection bottles (studies 13 and 14), a combination of bottles and pumps (studies 15 and 16), or
the POC inventory method (studies 17-19). The POC flux estimates compiled here correspond
to depths ranging from 15 to 200 m. When several estimates per station were reported for both
tracers, only the estimates calculated at (or as close as possible to) the base of the euphotic zone
were considered. Most of the estimates were obtained using an SS model (the sole exception being
study 15) and neglecting physical transport processes (with the exceptions being studies 1 and 11)
and cover a wide range of oceanic regions and timescales with respect to POC flux dynamics.

Hereafter, we focus our analysis on the studies that used either sediment traps or pumps (studies
1-12, 83 stations), since these are the methods that are considered to work best to determine
POC/radionuclide ratios for the conversion of radionuclide to POC fluxes (Section 3.2). At these
83 stations, 2**Th-POC fluxes ranged from negligible to 40 mmol C m~? d~!, with an average of
6.2 + 6.5 mmol C m~2 d~!, and ?!°Po-POC fluxes varied from negligible to 30 mmol Cm=2 d~!,
with an average of 5.5 & 5.4 mmol C m~? d~!. Comparing station by station, we found that POC
fluxes are within a factor of 2 at 39% of the sampling sites (see the shaded areas and dashed lines
in Figure 4), while the rest of the stations show either higher 2**Th-POC fluxes (31%) or higher
210Po-POC fluxes (30%) relative to the other radionuclide by more than a factor of 2. POC flux
estimates within a factor of 2 are deemed to be in good agreement, considering the complexity of
the BCP and the differences often found when measuring POC fluxes with multiple independent
methods (Buesseler et al. 2006). Therefore, below we use this threshold to discuss the level of
agreement between #*Th-POC and ?!°Po-POC flux estimates.

To understand the causes leading to the agreement or disagreement between the estimates
derived from 2**Th and ?!°Po and try to identify how the intrinsic characteristics of both tracers
may impact the results, below we analyze the trends observed in this compilation based on their
main differences: half-life, biogeochemical behavior, and input sources to the ocean (Figure 2).
We also discuss other factors related to methodological aspects.

4.1. Half-Life and Particulate Organic Carbon Flux Dynamics

One of the most important factors to consider when interpreting radionuclide-derived POC flux
estimates is their half-life (Section 2.1). In areas where POC fluxes tend to be low and have little
seasonal variability, one would expect to find small differences between POC flux estimates derived
from 2**Th and those derived from ?!°Po despite their different half-lives. Conversely, in areas
where BCP dynamics and particle export are more variable throughout the year, the different
timescales of both tracers could capture changes in POC flux over time. To assess whether the
compilation shows trends in 2**Th-POC and 2!1°Po-POC flux estimates that can be explained by
their half-life and the POC flux dynamics of the study area, stations have been divided using two
classifications. First, they have been grouped into oligotrophic, non-oligotrophic, and upwelling
(Figure 4a,c). Stations affected by upwelling have a separate category since differences in POC
flux estimates between both tracers in such areas may arise from biases associated with physical
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Figure 4

(a,b) Box plots of the ratio between 219Po-derived POC fluxes and 2**Th-derived POC fluxes and (¢,d) scat-
ter plots showing the POC flux estimates obtained from each tracer at all the sampling stations from studies
1-12 (Table 1). Stations are classified as oligotrophic, non-oligotrophic, or upwelling (panels # and ¢) and as
no bloom, bloom, bloom decline, or postbloom (panels # and 4) (for details, see Table 1). The solid gray
lines indicate agreement between 23*Th-POC and 2!°Po-POC flux estimates, while the shaded areas (panels
a and b) and dashed lines (panels ¢ and d) indicate agreement within a factor of 2. Abbreviation: POC,
particulate organic carbon.

transport. Second, stations have been classified according to the bloom stage encountered at the
time of sampling: no bloom, bloom, bloom decline, and postbloom (Figure 4b,d; for definitions,
see footnote g in Table 1).

Contrary to what would be expected, there is no better agreement between tracers in olig-
otrophic versus non-oligotrophic areas (34% versus 47 % of stations show estimates within a factor
of 2, respectively; Figure 4a,c), and oligotrophic stations show more spread in 21'Po-POC/***Th-
POC flux ratios than non-oligotrophic stations (Figure 44). This observation suggests either that
this classification is too simplistic to identify the role of the half-life in driving the trends or that
other factors may be more important. On the other hand, when looking at the timing of the
sampling relative to the phase of the bloom, we find better agreement between tracers in no-
bloom and bloom-decline situations (41% and 58%, respectively; Figure 4b,d) than in bloom and
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Figure 5

Integration timescales of 2>*Th and ?1%Po using an SS model at four hypothetical sampling times under
different scenarios: different bloom phases (no bloom, bloom, bloom decline, or postbloom; panel #) and
different export phases (constant, increasing, or decreasing) when there is no time lag between primary
production and export (panel 4) or when there is a temporal lag (panel ¢). Abbreviation: SS, steady state.

postbloom situations (15% and 25%, respectively). Below, we illustrate how the different integra-
tion timescales of 2**Th and 2!°Po can explain the level of agreement found in POC flux estimates
at different bloom phases, and how a time lag between primary production and export may impact
the results (Figure 5).

4.1.1. No bloom. During no-bloom situations, when primary production and particle export
are low and relatively constant over the integration timescales of ?**Th and ?!°Po, POC fluxes
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should be similar using both approaches despite the longer half-life of 21°Po (sampling time 1 in
Figure 54,b). Indeed, in the compilation we observe that no-bloom stations have a median ?!°Po-
POC/**Th-POC flux ratio close to 1 (1.2, # = 22), with a large proportion of stations showing
agreement between 2**Th-POC and ?!°Po-POC fluxes (41%) (Figure 4b,d). A clear example of
a study that found agreement between tracers during no-bloom conditions was conducted in the
oligotrophic region of the northern Gulf of Mexico and was attributed to the SS nature of the
system (study 6; Maiti et al. 2016). However, the remaining no-bloom stations of the compilation
(59%) showed discrepancies between tracers that may have resulted from changes in export over
time. For instance, a study conducted in the central Arctic in the late summer found lower 2**Th-
POC flux estimates relative to 21°Po that were attributed to enhanced export fluxes occurring ear-
lier in the season that were captured by 21°Po but missed by 2**Th (study 8; Roca-Marti et al. 2016).

4.1.2. Bloom. During bloom situations, when primary production increases over time in par-
allel to export, 2*Th-POC fluxes would be higher than 21°Po estimates given that 2!°Po would
integrate an earlier period of lower export, while 2**Th would capture a narrower time window
of increased export (sampling time 2 in Figure 54,b). However, if there was a temporal delay be-
tween production and export and export remained relatively constant over the timescales of 2!°Po
and 2**Th, then the POC flux estimates from both tracers would be similar (Figure 5¢). In the
compilation, we observe that bloom stations tend to have a low median *'°Po-POC/***Th-POC
flux ratio (0.4, n = 13), with a large proportion of stations showing higher ?*Th-POC fluxes rela-
tive to *'°Po (54%) and a small proportion of stations showing agreement between tracers (15%)
(Figure 4b,d). This observation is consistent with bloom situations with no time lag or a short
time lag between production and export. For example, a North Atlantic GEOTRACES study
(GAO01) consistently found higher **Th-POC fluxes relative to ?'°Po at stations sampled during
the development of a bloom in the western European and Iceland Basins (study 12; Lemaitre et al.
2018, Tang et al. 2019).

4.1.3. Bloom decline. During bloom-decline situations, when primary production decreases
over time in parallel to export, ?**Th-POC fluxes would be lower than 21°Po estimates given that
B%Th would capture a narrower time window of decreased export, while '°Po would integrate
a period of higher export (sampling time 3 in Figure 54,b). However, in the case of a time lag
between production and export, export could actually increase over the integration timescales of
34Th and 21°Po, resulting in higher **Th-POC fluxes (Figure 5¢). In the compilation, we observe
that during bloom-decline situations, the median ?'°Po-POC/***Th-POC flux ratio is close to
1 (1.2, n = 19), with a large proportion of stations showing agreement between »**Th-POC and
H0Po-POC fluxes (58%) (Figure 4b,d). This suggests that export was similar over the timescales
of 2*Th and ?!°Po at those stations, unlike the scenarios depicted in Figure 5. Indeed, most of
the bloom-decline stations in the compilation correspond to a North Atlantic study that occupied
several locations in the Irminger and Iceland Basins during the declining phase of a long bloom
that resulted in an export system relatively invariant over time (study 4; Ceballos-Romero et al.
2016).

4.1.4. Postbloom. Finally, during postbloom situations, when primary production and export
are low, POC fluxes estimated using both tracers would be of similar magnitude (sampling time
4 in Figure 5a,b); if export from a previous bloom event was missed by **Th but captured by
210Po, though, we would expect to find lower 2**Th-POC flux estimates (Figure Sc). In the com-
pilation, however, we find a low median ?!°Po-POC/?**Th-POC flux ratio (0.4, » = 12) during
postbloom situations, with a large proportion of stations showing higher 2*Th-POC fluxes (58%)
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(Figure 4b,d). This unexpected finding is driven mainly by a single study (study 5; Le Moigne etal.
2013) and was attributed to the different biogeochemical behaviors of both tracers (discussed next).

4.2. Biogeochemical Behavior and Nature of the Sinking Particles

The biogeochemical behavior of 2**Th and ?!°Po can also lead to differences in POC flux esti-
mates derived from both tracers given their different binding mechanisms (unlike **Th, ?!°Po can
be assimilated into cells) and particle affinities (Section 2.2). For example, Le Moigne et al. (2013)
observed that 2**Th-POC fluxes were consistently higher than 2!°Po-POC fluxes at the Porcu-
pine Abyssal Plain (northeastern Atlantic) during postbloom conditions, contrary to expectations
(Figure 5). The authors argued that 2**Th was more efficiently exported than ?!°Po from the up-
per water column due to the sinking of lithogenic material, whereas 2!'°Po was more efficiently
recycled in the upper water column (as POC) and not as affected by the export of lithogenic par-
ticles. In parallel, they also evaluated the role of using POC/radionuclide ratios measured in small
(1-53 wm) and large (>53 wm) particles. For 2?*Th-POC fluxes, using the ratios from either size
class did not significantly impact the flux estimates. However, using the ratios from small particles
to derive 21°Po-POC fluxes led to a closer agreement with 2**Th-POC fluxes, which, together
with evidence of an important contribution of small particles to export in that study, suggested
that 21%Po-POC fluxes could be biased by ignoring small sinking particles. Therefore, although
the different biogeochemical behaviors of 2**Th and ?!°Po may lead to a preferential export of
either radionuclide depending on the nature of the sinking particles, the use of an appropriate
POC/radionuclide ratio (Section 3.2) becomes essential to obtain accurate POC flux estimates.

4.3. Sources and Atmospheric Inputs

Another possible cause of the discrepancy between 2*Th-POC and 2'"Po-POC flux estimates
may be related to the atmospheric input of !°Pb to the upper ocean (Section 2.3). In fact, another
North Atlantic GEOTRACES study (GA03) consistently found higher *'°Po-POC fluxes than
B4YTh-POC fluxes at four no-bloom stations in the oligotrophic subtropical gyre (study 7; Hayes
etal. 2018, Owens et al. 2015, Rigaud et al. 2015) (Figure 6). At these stations, 2**Th deficits in the
upper water column were small, whereas ?!°Po deficits were found down to depths >500 m. These
deficits were concurrent with large 2!°Pb excesses relative to its parent 2?Ra (*!°Pb/??Ra activity
ratios of 2-3), indicating that a large fraction of 2'°Pb was sourced from atmospheric deposition.
Hayes et al. (2018) suggested that 2!°Po-POC flux estimates at those stations may have been over-
estimated by neglecting the possible contribution of atmospheric deposition, with low 21°Po/?!Pb
activity ratios (see Section 2.3), to the ?!°Po/?!°Pb disequilibrium found in the upper ocean.

The one-box scavenging model for ?!°Po (Section 3.2) implicitly assumes that 2°Po/?!Pb
disequilibrium in seawater is caused only by the preferential scavenging of 2!°Po. However, if
sampling occurs when a significant amount of atmospherically sourced 2!°Pb has not reached sec-
ular equilibrium with 2!°Po, then 2!Po deficits in seawater would reflect, to some extent, recent
atmospheric inputs of 2!°Pb rather than export and hence be too high. Therefore, as pointed out
by Tang & Stewart (2019), efforts should be made to collect time-series data of 2!°Pb atmospheric
deposition and develop a technique to account for this where needed.

4.4. Methodological Aspects and Other Recommendations

As illustrated above, the joint application of 2**Th and ?!°Po to quantify sinking particle fluxes
is useful when either agreement or disagreement between both tracers is found. It can provide
invaluable information on BCP dynamics over time, help better constrain POC export, improve
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Figure 6

Scatter plot showing POC flux estimates derived from >3*Th and ?!Po at the stations classified as
oligotrophic and no bloom from studies 1-12 (Table 1). The solid gray line indicates agreement between
estimates derived from 2**Th and 2!°Po, while the dashed lines indicate agreement within a factor of 2.
Abbreviation: POC, particulate organic carbon.

the understanding of the cycling of both tracers in the ocean, or expose methodological limitations
that would be unnoticed when using a single POC-flux method.

To reduce methodological biases as much as possible, it is important to pay attention to all
the steps required to apply these radionuclides as proxies for particle export (Section 3). Regard-
ing the analytical methods, a recent study comparing the two main coprecipitation techniques for
scavenging *!°Po in duplicate seawater profiles found that a commonly used Fe(OH); protocol
resulted in lower activities of 21°Po compared with those obtained with the Co-APDC method
(Roca-Marti et al. 2021b). That study concluded that 2'°Po export fluxes, and by extension
219Po-POC fluxes, could be overestimated when following that Fe(OH); protocol, although the
magnitude of the bias was found to be study-area dependent. This possible methodological bias
could partly explain the large ?!°Po deficits found in the deep ocean by multiple studies, although
further research is needed to elucidate when and why Fe(OH); precipitation may fail. In this com-
pilation, 21°Po studies that used Fe(OH); present a higher median *'°Po-POC/***Th-POC flux
ratio than those that used Co-APDC (1.1, # = 94, versus 0.5, n = 20, respectively), but the level of
agreement between 2**Th-POC and ?!°Po-POC flux estimates is similar regardless of the precip-
itation method. However, the limited number of ?'°Po studies that used the Co-APDC method
(only studies 8, 12, 15, and 18) and the influence of multiple factors driving differences in flux
estimates between both tracers do not allow us to identify whether *°Po-POC/***Th-POC flux
ratios may be biased high (and to what extent) when Fe(OH); was used.
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Regarding the export model, continued efforts to increase the sampling coverage for both
tracers in a consistent manner (i.e., samples collected at the same time from the same depths)
are crucial to characterize 2**Th/?*¥U and 2!°Po/*'°Pb disequilibrium in the water column
and consider physical transport and NSS conditions when needed. Once radionuclide-derived
fluxes are well constrained, the accurate quantification of POC fluxes relies on the choice of
POC/radionuclide ratios. It is important to remember that there is an inherent temporal de-
coupling between particle collection for determining POC/radionuclide ratios and seawater
collection for estimating radionuclide export fluxes—that is, the particles collected today may
be different from those that generated the radionuclide disequilibrium yesterday. As an exam-
ple, Roca-Marti et al. (2016) found higher ?!°Po-derived fluxes relative to 2**Th-derived fluxes
in the central Arctic, reflecting increased export early in the productive season. The authors sug-
gested that the particles collected during the sampling period in the late summer were unlikely to
have the same composition (and POC/?!°Po ratio) as the sinking particles that created the 2!'Po
deficits in the upper water column. As a result, the lack of POC/?*!°Po time-series data did not
allow the quantification of the POC fluxes within the 21°Po timescale with confidence, although
the combined use of 2**Th and ?!°Po in that study was key to capture particle export dynamics in
the ice-covered Arctic Ocean during a time when field campaigns are rare. Therefore, collecting
POC/radionuclide ratios in a time-series fashion covering the integration timescale of the tracers
is strongly recommended.

1. Time-series measurements of radionuclides at high spatial and temporal resolution
in combination with other approaches (e.g., sediment traps and biogeochemical bud-
gets) are needed to reduce the uncertainties associated with particulate organic carbon
(POC) flux estimates and fill observational gaps. Recent efforts of major oceanographic
programs are following this strategy and including radionuclides as key tools to quan-
tify sinking particle fluxes (e.g., Buesseler et al. 2020a, Roca-Marti et al. 2021a). This
will produce robust estimates of the magnitude and efficiency of the biological car-
bon pump (BCP) in contrasting oceanic regions that will be essential to improve ocean
biogeochemical models.

2. Improvements in imaging and new sensor-based technologies allow the collection of
enormous amounts of in situ data relevant to the BCP that have the potential to rev-
olutionize this field of research. The application of radionuclides as tracers of sinking
particles in a coordinated manner with emerging methods to study the BCP (e.g., Bio-
geochemical Argo floats; https://biogeochemical-argo.org) could help validate novel
approaches to estimate POC export in the ocean at an unprecedented scale.

3. Measuring the sinking velocity of particles in the marine environment is not trivial,
but it is an important variable controlling particle flux attenuation and the transfer of
POC to the deep ocean. Sinking velocities are measured using various methods, in-
cluding laboratory experiments, in situ imaging, sediment traps, marine snow catchers,
and sometimes the disequilibrium of 2'°Po/?!°Pb and #**Th/?**8U in the water column
(Villa-Alfageme et al. 2014). More extensively using these radionuclide pairs for this pur-
pose, along with their application as tracers of particle fluxes, could be key to improving
our understanding of the BCP.
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4. The application of other short-lived radionuclides in combination with 2**Th and *'°Po
as tracers of sinking particles could be useful to bring new insights into particle dynamics
by providing valuable information on, for example, particle export deeper into the water
column (**¥Th, Ty, = 1.91 y; Luo et al. 1995) or over very short timescales in coastal
regions (*'"Bi, Ty, = 5.01 d; Yang et al. 2022).

5. Better understanding the biochemistry of *!°Po, including the formation of volatile Po
species or its uptake by bacteria and transfer to higher trophic levels (Hussain et al. 1995,
Kim 2001), will allow the exploration of new research avenues for using 21°Po as a tracer
of the cycling of other chemical species in the ocean (e.g., sulfur group elements).
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