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Abstract We compile full ocean-depth size-fractionated (1-51 and >51 pm) particle concentration

and composition of suspended particulate matter from three recent U.S. GEOTRACES cruises, and exploit
detailed information of particle characteristics measured to give insights into controls on sinking velocity and
mass flux. Our model integrates the concept of fractal scaling into Stokes' Law by incorporating one of two
porosity-size power law relationships that result in fractal dimensions of 1.4 and 2.1. The medians of pump-
derived total (>1 pm) mass flux in the upper 100 m of gyre stations are 285.1, 609.2, and 99.3 mg/m?%d in the
North Atlantic, Eastern Tropical South Pacific, and Western Arctic Ocean cruises, respectively. In this data
set, variations in particle concentration were generally more important than sinking velocity in controlling
variations in mass flux. We examine different terms in a Stokes' Law model to explore how variations in
particle and water column characteristics from these three cruises affect mass flux. The decomposition of
different aspects of the Stokes' relationship sheds light on the lowest total mass flux of the three cruises in the
Western Arctic, which could be explained by the Arctic having the lowest particle concentrations as well as the
lowest sinking velocities due to having the smallest particle sizes and the most viscous water. This work shows
the importance of both particle characteristics and size distribution for mass fluxes, and similar methods can be
applied to existing and future size-fractionated filtered particulate measurements to improve our understanding
of the biological pump elsewhere.

Plain Language Summary In this study, we compile concentrations and chemical compositions of
marine suspended particles from the full water column in three cruises in different ocean basins, and estimate
their corresponding mass sinking velocity and flux. Estimating how fast particles sink and the magnitude

of particle flux can help us better understand the cycling of elements in the ocean, including carbon. Not
surprisingly, we find that places with higher particle concentrations tend to have higher particle flux. Other
factors, such as the chemical composition and size of marine particles and viscosity of seawater compete for
influence: some mineral phases in particles, characterized by higher densities, provide excess weight to enhance
particle flux; in contrast, smaller particles tend to sink more slowly compared to larger particles. In the high-
latitude Arctic Ocean, marine particles have high concentrations of ballasting minerals; this alone, however,
cannot outcompete the most viscous water, smallest particle size and concentrations, leading to much smaller
mass fluxes compared to tropical oceans.

1. Introduction

The marine biological carbon pump (BCP) plays a crucial role in the global carbon cycle by fixing carbon dioxide
(CO,) in the surface water into particulate organic matter (POM), which then sinks into the deep ocean (Kwon
et al., 2009; Volk & Hoffert, 1985). Particle dynamics in the water column, including particle remineralization,
aggregation, and disaggregation, are of significance in modifying and attenuating POM during sinking (Burd &
Jackson, 2002; Jackson, 1990; Lam & Marchal, 2015; Martin et al., 1987). Most of the sinking flux is composed
of phytodetrital aggregates, marine snow, and fecal pellets (Alldredge & Silver, 1988; Bishop et al., 1977; Ebers-
bach & Trull, 2008; Fowler & Knauer, 1986; Laurenceau-Cornec, Trull, Davies, Bray, et al., 2015; Turner, 2015;
Wilson et al., 2013). Only a small fraction of POM (~10%) produced at the surface, however, sinks below meso-
pelagic regions (Martin et al., 1987).

XIANG ET AL.

1 of 24


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-1862-0948
https://orcid.org/0000-0001-6609-698X
https://orcid.org/0000-0001-6345-8770
https://orcid.org/0000-0002-5636-2989
https://doi.org/10.1029/2021GB007292
https://doi.org/10.1029/2021GB007292
https://doi.org/10.1029/2021GB007292
https://doi.org/10.1029/2021GB007292
https://doi.org/10.1029/2021GB007292

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2021GB007292

Conceptually, vertical mass flux is the product of the sinking velocity and particle concentration. While parti-
cle flux scales with concentration, it is modulated by variations in sinking speed caused by changes in particle
size, shape, and excess density. The importance of particle size on carbon export is apparent from Stokes' Law
(Stokes, 1851), which states that the sinking velocity is proportional to the square of particle diameter. Despite
being valid only for spherical solid particles at low Reynolds number, Stokes' Law has been widely used to char-
acterize the sinking speed of marine particles (e.g., Cram et al., 2018; Guidi et al., 2008; Laurenceau-Cornec
et al., 2020; McCave, 1975; McDonnell & Buesseler, 2010; Omand et al., 2020). Ballast minerals such as CaCO,
and lithogenic particles have been suggested to provide a source of excess density and/or protection, which
promote carbon export into the deep ocean (Armstrong et al., 2001; Francois et al., 2002; Klaas & Archer, 2002).
Biogenic opal, or biogenic silica, has a higher density than organic matter but a lower density than CaCO, and
lithogenic particles. The incorporation of opal into an aggregate may also increase aggregate porosity (Bach
et al., 2016; Francois et al., 2002; Iversen & Ploug, 2010; Lam & Bishop, 2007; Lam et al., 2011; Puigcorbé
et al., 2015). Biogenic opal, therefore, is a less efficient ballast mineral compared to CaCO, and lithogenic
minerals. The importance of a ballast effect in the field is still under active debate, however (Aumont et al., 2017,
Boyd & Trull, 2007; Henson, Sanders et al., 2012; Lam & Bishop, 2007; Le Moigne et al., 2012; Lee et al., 2009;
Rosengard et al., 2015), since indirect ecosystem effects are difficult to disentangle from direct effects of mineral
density (Francois et al., 2002; Henson, Lampitt et al., 2012, Henson, Sanders et al., 2012; Lam et al., 2011; Lima
etal., 2014).

Measurements of particle concentration and composition in the North Atlantic, Eastern Tropical South Pacific
(ETSP), and Western Arctic Ocean have been made in the past decade as part of the U.S. GEOTRACES
program (Lam et al., 2015, 2018; Xiang & Lam, 2020). This study uses the particle data from these recent U.S.
GEOTRACES cruises and applies mass-size and porosity-size power-law functions to estimate the corresponding
size-fractionated sinking velocity and mass flux. The model used here can be adapted to estimate the sinking
fluxes of other size-fractionated particulate phases (e.g., POM, CaCOj,, opal) and trace metals (e.g., Fe, Cd, Hg)
(e.g., Cui et al., 2021), if the assumption is made that each particulate phase sinks together with the bulk particle
pool. This approach not only allows the estimation of particle flux from concentration data, but also allows us to
examine how variations in particle and water column characteristics from these three cruises affect mass flux.

2. Cruise Tracks and Particle Sampling Method

The data set consists of results from three recent U.S. GEOTRACES cruises (Figure 1). The North Atlantic Zonal
Transect (GA0O3) cruise was completed with two legs in October-November 2010 and October-December 2011
in the subtropical North Atlantic. The Eastern Pacific Zonal Transect (GP16) cruise was completed in the ETSP
Ocean in October-December 2013. The U.S. GEOTRACES Arctic cruise (GNO1) focused on the Western Arctic
Ocean and was conducted in August-October 2015. The cruise track of the GNO1 cruise was in a clockwise
direction: it first had a northbound leg and then was followed by a southbound leg. Hereafter, the three cruises are
referred to by their GEOTRACES cruise identification numbers (GA03, GP16, and GNO1) throughout the text.

Size-fractionated particles were all sampled using dual-flow McLane Research in-situ pumps (WTS-LV) using
51 pm pore-size polyester pre-filters upstream of paired 1 pm pore-size quartz fiber Whatman QMA on one
flow path and paired 0.8 pm pore-size polyethersulfone Supor™ filters on the other flow path. Large size frac-
tion particles are referred to as “LSF”, representing the size fraction of >51 pm, whereas the small size frac-
tion, “SSF”, are particles between 1 and 51 pm. Total particles are defined as the sum of both size fractions
(Total = LSF + SSF). More details about the cruise hydrography, sample handling and analytical methods of
different particle compositions can be found in Lam et al. (2015), Lam et al. (2018), and Xiang and Lam (2020).

3. Calculating Mass Flux and Average Sinking Velocity Using Size-Fractionated
Particle Data

The overall mass flux of particles, F' (unit: g/m?/s), is given as the cumulative sum over all size classes and is the
integral of F, the mass flux for each size bin i (unit: g/m?%s/um), between sizes d, and d,:
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Figure 1. Station map of three U.S. GEOTRACES cruises in which in-situ pump were deployed (red dots). The color bar is ocean bathymetry. The GAO3 is the North
Atlantic Zonal Transect, GP16 is the Eastern Pacific Zonal Transect, and GNOLI is the Arctic cruise. Stations outlined by black circles (GA03: Stations 10 and 12 in leg
2; GP16: Stations 28 and 30; GNOI: Stations 52 and 56) are used to compare to nearby sediment trap measurements in the literature (black triangles) that were collected
in the same season (+1.5 months) as pump stations. Sediment trap data include the surface-tethered free-drifting cylindrical trap (MultiPITs) deploying for 1-4 days

at the BATS (Bermuda Atlantic Time-series Study) from 1988 to 2016 (Steinberg et al., 2001), moored sediment traps in the OFP deploying for more than 12 days

at BATS from 1984 to 2017 (Conte, 2019), moored sediment traps deploying for 17-18 days in the Equatorial Pacific (EqPac) Experiment at 12°S and 135°W in the
South Pacific in 1992 (Honjo et al., 1995), surface-tethered drifting sediment traps deploying for 1 or 4 days at HNLC stations in the Biogeochemistry and Optics South
Pacific Experiment (BIOSOPE) in 2004 (Miquel et al., 2006), surface-tethered sediment traps B96 and S97 deploying for 17 days in the Canada Basin in 1996 and

1997 (Honjo et al., 2010), moored sediment traps CD04 deploying for 16—17 days at 75°N and 150°W in the Canada Basin in 2004 (Honjo et al., 2010), and moored
sediment traps A, B, C, and D deploying for 16—17 days in the Canada Basin in 2004, 2007, 2008, and 2010 (Hwang et al., 2015).

dy ds
F= /Edd = [ SPMixWi .4 )
10°
dy d

The lower integration boundary, d,, is 1 pm in the SSF or 51 pm in the LSF; the upper integration boundary, d,,
is 51 or 2000 pm for the SSF and LSF, respectively (see Section 3.1). The mass flux spectrum F, is the product
of SPM,, the suspended particulate mass (SPM) spectrum (unit: g/L/m) in size bin i, and W, the sinking velocity
(unit: m/s) of particles in size bin i.

To estimate SPM,, we assume a power-law relationship between particle mass and size (e.g., Alldredge, 1998;
Burd et al., 2007), and derive the mass-size power-law relationships for each sample from bulk measurements of
particle mass in two size fractions (see Section 3.3). To estimate W,, we use a Stokes' Law model that assumes
the sinking of smooth spherical particles in laminar flow, and incorporate the concept of fractal dimension (e.g.,
Guidi et al., 2008; Stemmann et al., 2004) through the inclusion of a size-dependent porosity term:
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where P, is the particle porosity (unitless) and can be estimated based on a power-law relationship with particle
size (Alldredge & Gotschalk, 1988) (Section 3.2.1). The variable d, is the equivalent spherical diameter of parti-
cles for each size bin in pm, g is the gravitational acceleration in m/s?, Ap is the excess density of particles over
the surrounding seawater in kg/m?, and 7 is the dynamic viscosity of seawater in kg/m/s. Excess density Ap and
seawater viscosity 7 can be calculated directly using particle composition (Section 3.2.2) and seawater hydrogra-
phy (temperature and salinity) (Section 3.2.3), respectively.

3.1. Particle Size Binning

Both SSF (1-51 pm) and LSF (>51 pm) were evenly divided into 25 bins in logarithmic space. An upper size
limit d, for the LSF is needed to estimate the mass-size spectra (see Section 3.3) and mass flux (Equation 1).
Since sediment traps and camera-based observations suggest that particles of more than 2 mm are often rare in
the open ocean (Durkin et al., 2015; Honjo et al., 2008; McDonnell & Buesseler, 2012; Stemmann et al., 2008),
we set the upper limit of the LSF to 2 mm for the reference case. The size range and median for each size bin
are summarized in Table S1. The center of the bin in log space was used in the calculation of sinking speeds and
mass fluxes.

The upper size limit of 2 mm used here is consistent with typical particle sizes collected by in-situ pumps
observed by digital and scanning electron microscope images (Lam & Bishop, 2007). While larger aggregates
(up to 20 mm) can be observed in productive regions, such as the aggregates from coastal California used in the
porosity-size relationship developed by Alldredge and Gotschalk (1988), most stations in this data set are in open
ocean regions, where larger aggregates are less expected. The sensitivity of the sinking velocity and mass flux
calculations to the choice of this upper limit will be explored in Section 5.1.

3.2. Estimating Particle Sinking Rate for Each Size Bin
3.2.1. Porosity and Size Relationship

Porosity is defined as the volume fraction of an aggregate that is not occupied by solid matter and tends to
increase with size in marine aggregates (Alldredge & Gotschalk, 1988). It is an essential parameter in the calcu-
lation of particle mass flux and overall volume from size (Jackson et al., 1997; Stemmann et al., 2008). Alldredge
and Gotschalk (1988) pioneered porosity measurements in marine aggregates and found a power-law relationship
between the porosity and particle size by direct measurements in-situ. This classic power function has been used
to calculate the particle sinking velocities in many studies (e.g., Burd et al., 2007; Ruiz, 1997). We used WebPlot-
Digitizer (Rohatgi, 2010) to extract data points from Alldredge and Gotschalk (1988), and plotted the ordinary
least squares relationship between the porosity and particle size in Figure 2 (hereafter A&G88), which is:

1-P = (82x107) x (d;/10°) " 3)

In the past 30 years, there have been several additional studies estimating porosity and size of marine aggre-
gates (Bach et al., 2016; Engel et al., 2009; Iversen & Robert, 2015; Lam & Bishop, 2007; Laurenceau-Cornec,
Trull, Davies, Christina et al., 2015, 2020; Logan & Alldredge, 1989; Ploug & Passow, 2007; Ploug, Iversen, &
Fischer, 2008; Prairie et al., 2015; Schmidt et al., 2014). A detailed summary of all data sources and analytical
methods is listed in Table S2. This new compilation includes both aggregates formed in laboratory roller tanks
(Shanks & Edmondson, 1989) and natural aggregates (Figure 2). Lam and Bishop (2007) is the only study in
this compilation that reported mean porosities for broad size fractions rather than by individual particle size
(Table S2), so we used particle size distributions determined optically from nearby cruises (Picheral et al., 2017)
to estimate mean particle sizes associated with their estimates of porosities (Text S1 in Supporting Informa-
tion S1). The porosity-size relationship using ordinary least squares regression for our new compilation (hereafter
X22) is:

)—0.87

1—P = (65x107)x (di/10° )
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Figure 2. A newly compiled porosity-size relationship from literature. Data points outlined in gray are aggregates formed

in laboratory roller tanks, whereas colored symbols are natural marine aggregates. The vertical dotted line is at 2 mm. Solid
lines show the ordinary least squares fits to all aggregates (both laboratory-formed and natural) in purple (Equation 4) and
Alldredge and Gotschalk (1988) in blue (Equation 3). The purple and blue shaded regions are the 95% prediction interval
for each fit, and regression equations are displayed with the colors matching with fit lines. Data sources are 1: Alldredge and
Gotschalk (1988); 2: Logan and Alldredge (1989); 3: Lam and Bishop (2007); 4: Ploug, Iversen, and Fischer (2008); 5: Bach
et al. (2016); 6: Ploug and Passow (2007); 7: Engel et al. (2009); 8: Schmidt et al. (2014); 9: Prairie et al. (2015); 10: Iversen
and Robert (2015); 11: Laurenceau-Cornec, Trull, Davies, Christina, and Blain (2015); 12: Laurenceau-Cornec et al. (2020).

In the A&GB88 porosity relationship (Equation 3), porosity extrapolates to O when the particle size is about
49.7 pm, which is very close to the size cutoff of 51 pm between the SSF and LSF. For simplicity, we treated all
SSF particles as pure solids (P; = 0) and all LSF particles as porous aggregates when using A&G88. For the X22
relationship (Equation 4), porosity is O when the particle size is about 3.1 pm. We treated SSF particles smaller
than 3.1 pm as pure solids, and particles larger than 3.1 pm (part of SSF and all LSF) as porous aggregates when
using X22.

It is clear from the considerable scatter in the porosity-size relationship that there are many more controls on
porosity than size alone and that a single power-law fit is an oversimplification. Indeed, this is not surprising given
the many mechanisms that produce marine aggregates, including abiotic coagulation and fecal pellet produc-
tion by a wide variety of animals, as well as the influence of minerals on aggregate characteristics (e.g., Engel
et al., 2009). The A&G88 porosity-size relationship (Equation 3) was developed for marine snow aggregates
in the Southern California Bight, and reasonably represents the porosity-size relationship for large aggregates
greater than 1 mm, including those from more recent roller tank experiments. However, A&G88 overestimates
1-P; (underestimates P,) for smaller aggregates (<~0.3 mm). In contrast, the new relationship X22 (Equation 4),
which is heavily weighted by small natural aggregates (<400 pm) from a mesocosm study in a Norwegian fjord
(Bach et al., 2016), describes smaller aggregates well but overestimates 1-P; (underestimates P,) for the larger
end of the size range.

Logan and Wilkinson (1990) showed that the relationship between the three-dimensional fractal dimension D,
and the power exponent b in the porosity-size function was D; = 3 + b. The value of D, gives an intuitive esti-
mation of how much space the solid occupies in three dimensions. A pure solid has a three-dimensional fractal
dimension of 3. The fractal dimensions in the A&G88 (Equation 3) and X22 (Equation 4) porosity scenarios are
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1.4 and 2.1, respectively, which means that marine particles are more space-filling in the new X22 relationship
than those in Alldredge and Gotschalk (1988). It is important to note, however, that the X22 relationship also has
a smaller coefficient than the A&G88, with the two porosity-size power-law relationships intersecting at 1.4 mm.
Using A&G88 leads to a prediction of a lower porosity for particle sizes less than 1.4 mm but a higher porosity
for particles more than 1.4 mm compared to the X22. The fractal dimensions of 1.4 and 2.1 represented by these
two porosity-size relationships are in line with the range of 1.3-2.5 estimated for the ocean (Guidi et al., 2008;
Jackson et al., 1995, 1997; Kilps et al., 1994; Logan & Wilkinson, 1990).

Since particles collected from the three GEOTRACES expeditions tend to be on the smaller end of the spectrum,
we assume an upper size limit of 2 mm and use the new compilation (X22; Equation 4) for our reference calcu-
lations. We examine the sensitivity of the flux calculations assuming a larger upper size limit and the A&G88
porosity-size relationship in Section 5.1.

3.2.2. Particle Density Calculation

Major particulate phases of solid marine particles determined for each size fraction include POM, opal, litho-
genic materials, calcium carbonate (CaCO,), manganese oxides, and iron oxyhydroxides. The contribution of
each particle phase to the overall particle mass, or the compositional fraction, was calculated by normalizing its
concentration to SPM. Compositional fractions were calculated separately in the LSF and SSF and used in the
calculations of particle density. The density of the solid portion of particles, pparicie, Was calculated as:

Pparticle = PPOM.fPOM ~+ Popal fopal + PLitho fLitho + Pcaco; fcaco; + PMnO, fMnO, + PFe(OH); SFe(OH); ®)

where ppom, Popals PLitho> PCaCO5 PMnO,» PFe(OH), ar€ the densities of each particle phase, and from, fopal> fLitho» fcaco;
JMno,» fre(on); are the compositional fractions (by weight) of each particle phase. We use a density of POM ppom
of 1.05 g/lem? (Young, 1994), popai of 2.0 g/cm® (Hurd & Theyer, 1977), primo of 2.70 g/cm? (Rixen et al., 2019),
peaco, of 2.71 g/lem?, puno, of 3.0 glem?, and pre(ony, of 3.96 g/em? (Towe & Bradley, 1967).

Importantly, since we only have bulk composition information available for the SSF and LSF fractions, we
assumed that all 25 bins in each size fraction have the same particle composition, and thereby the same particle
densities. Indeed, different particle phases (Andrews et al., 2010; Reynolds et al., 2016; WoZniak et al., 2010),
and phytoplankton communities (Green, Sosik, Olson et al., 2003, Green, Sosik, Olson, DuRand et al., 2003;
Smyth et al., 2019; Stramski et al., 2001) have distinct size distributions, and their corresponding peaks in parti-
cle number concentrations do not often occur at the same size. For example, relatively dense lithogenic particles
and CaCOj, coccoliths are likely concentrated in the smaller size bins of the SSF spectrum (e.g., Baumann &
Sprengel, 2000; Rea & Hovan, 1995) rather than distributed evenly throughout. Thus, the assumption of constant
composition in all size bins within each size fraction necessarily results in monotonic changes in sinking velocity
with size in the LSF or SSF that might not exist. Using an average bulk composition would lead to an overestimate
of true mass flux if denser particle phases were skewed to smaller particles. Unfortunately, measuring particle
composition at each size bin is not currently possible with existing sampling and analytical techniques. The use
of a single bulk composition is common practice (e.g., Bach et al., 2016) for calculating the sinking velocity of
marine aggregates. Here, we measure bulk composition and thus density in two size fractions (SSF and LSF) to
estimate the mass flux in each of these size fractions.

3.2.3. Seawater Potential Density and Viscosity

Hydrographic data, such as temperature, salinity, dissolved oxygen, and nutrients, were measured during each
cruise (Cutter et al., 2019; Schlitzer et al., 2018). Temperature, salinity, and pressure from the conductivity/
temperature/depth bottle data were interpolated linearly to pump depths. The seawater density and gravitational
acceleration were calculated using the Thermodynamic Equation of Seawater-2010 (McDougall & Barker, 2011)
in MATLAB (MathWorks Inc.). The seawater density is a function of temperature, salinity, and pressure, and
the gravitational acceleration was derived from latitude and pressure. The seawater viscosity was calculated from
temperature and salinity following Millero (1974).

3.2.4. Limitations of Using Stokes' Law in Natural Environments

One of the key assumptions in this study is that we assume the sinking of particles obeys Stokes' Law in natural
environments. However, the Stokes' Law is only valid at low Reynolds number (Re) in the laminar flow regime,
empirically found at Re < 0.5 (White, 1974). Although typical Re values associated with marine aggregates
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are 0.4-50 (Alldredge & Gotschalk, 1988; Laurenceau-Cornec et al., 2020), Stokes' Law is potentially valid at
higher Reynolds numbers (1 < Re < 50) with the consideration of increasing porosity with size and the presence
of mineral contents (Laurenceau-Cornec et al., 2020). Indeed, roller-tank aggregates with minerals were best
modeled using Stokes' Law with constant and high porosity (99%), but also well described with a form of Stokes'
Law modified with a fractal-porosity relationship and fractal dimension 1.8 (Laurenceau-Cornec et al., 2020),
similar to our Equations 3 and 4 with fractal dimensions of 1.4 and 2.1, respectively. For aggregates without
minerals, the modified Stokes' law with a fractal-porosity relationship and fractal dimension 1.4 modeled the
sinking velocity much better than using constant porosity in Laurenceau-Cornec et al. (2020).

The assumption of spherical particles for our Stokes' Law calculations is a simplification, as marine aggregates
are not perfect spheres (e.g., Alldredge & Gotschalk, 1988; Engel et al., 2009; McDonnell & Buesseler, 2010).
Given the same size and excess density, irregularly shaped aggregates are characterized by lower sinking veloci-
ties than spherical ones due to the increased drag (Alldredge & Gotschalk, 1988).

Another assumption we made in the Stokes' Law calculation is that the flow through the porous aggregate is negli-
gible so that we can apply Equations 3 and 4. The numerical simulations from Kigrboe et al. (2001) suggested that
flow occurs in a thin layer at the surface of aggregates, which is borne out by oxygen microsensor measurements
within aggregates (Ploug, Iversen, Koski et al., 2008).

Finally, the presence of transparent exopolymer particles (TEP) can also influence the excess density in sinking
velocity estimations. Indeed, much of the space in the porous fraction of aggregates can be occupied by TEP
(Ploug & Passow, 2007). TEP is operationally defined as >0.4 pm particles filtered by polycarbonate filters that
stain with Alcian Blue (Alldredge et al., 1993; Passow, 2002). The density of TEP is 0.70-0.84 g/cm?, lower than
that of seawater (Azetsu-Scott & Passow, 2004). As TEP measurements were not made in our samples, we did not
consider its possible influence, but it would be expected to decrease the mass flux estimation.

We consider these limitations in applying Stokes' Law to in-situ pumped particle samples when we compare our
estimates to independent measures of mass flux and sinking velocity.

3.3. Estimating Particle Mass Concentration for Each Size Bin

SPM concentrations in the SSF and LSF were measured in the three cruises (Lam et al., 2015, 2018; Xiang

& Lam, 2020). The mass partitioning of particles between the two measured size fractions is assessed as f_
SSF = SSESPM. ' with a higher f_SSF corresponding to a higher abundance of small particles, or f_LSF = TLOS: 135?:4 ,

Total SPM
which is 1-f_SSF. To estimate the SPM spectrum SPM., in each size bin i, we assume a power-law relationship

between mass and size:

SPM; = pd;* (6)

where p and g are constant parameters that are determined from the size-fractionated SPM data (unit: g/m?) for
each sample:

i pataa
10°

SPM = @)

For SPM in the SSF, d, and d, are 1 and 51 pm; for SPM in the LSF, d, and d, are 51 pm and 2 mm. We fitted
a power law distribution for the spectrum and calculated p and g using the measured SSF and LSF SPM. The
constants p and g are solved for using the Levenberg-Marquardt algorithm in fsolve in MATLAB (https://github.
com/BurdLab/size-spectra-fit). A higher f_SSF is associated with a larger g.

Although the in-situ masses of individual particles are hard to measure, several lines of evidence suggest that
individual particle mass (m,) should scale as a power-law with particle size. Alldredge (1998) showed that the
mass of individual marine snow particles collected off the coast of California scaled as a power-law of particle
size. Additionally, for particles that can be described using a fractal scaling relationship (as is assumed here),
the mass of particles scale as the product of the mass of the smallest particle and a power-law of particle size
(e.g., Burd et al., 2007; Cram et al., 2018). Real marine particles are composed of multiple types of particles
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(e.g., marine aggregates and fecal pellets), making a fractal scaling of mass a simplification. Nonetheless, the
results from Alldredge (1998) show this to be a reasonable simplification. Since the particle number spectrum
is also frequently approximated as a power-law function (e.g., Jackson et al., 1997; Loisel et al., 2006; Roullier
et al., 2014; Stemmann et al., 2004; Stemmann et al., 2008), the particle mass spectrum, SPM,, which is the
product of the change in mass of a particle with size (m,) and the number spectrum of particles (r;), must also be
a power law (Burd et al., 2007).

We recognize that applying a single slope to the entire particle mass spectrum is likely an oversimplification for
the complex natural assemblage of particles. Nonetheless, it is informative to investigate whether or not these
assumptions can capture the first order distribution of particle mass in our observations.

3.4. Estimating Mass-Weighted Average Sinking Velocity in the SSF, LSF, and Total Particles

We incorporate each of the porosity-size power-law relationships (Equations 3 and 4) into Equation 2 to calculate
the sinking velocity of particles in size bin i, W;:

Ap(dn*
W =52 % 10710 x 882D ®)
18n
Ap(d)!
Wi = 2.6% 10712 x 882~ )
18n

The consideration of porosity (1-P; o« d;71¢ or 1-P; « d,"°¥7 in Equations 8 and 9, respectively) decreases the
dependence of sinking velocities on the particle size (W, « d,>* or W, « d,!'!) compared to the square dependence
of W, on d, in Stokes' Law (Equation 2) without consideration of porosity (1- P, = 1). As a result, the influence of
other parameters, such as the excess density and viscosity, becomes relatively more important.

The mass fraction of each size bin was used to weight the velocity of each size bin to calculate a mass-weighted
average sinking velocity (WSV, in m/s). The WSV was computed separately for the SSF (1-51 pm), the LSF
(51-2000 pm), and total particles (1-2000 pm) as:

dy

WSV = / SPM, x Widd (10)
> SPM,dd

3.5. Estimating Mass Flux in the SSF, LSF, and Total Particles

The overall mass flux F is the integration of the mass flux spectrum F;, as shown in Equation 1, substituting in
the appropriate expression for SPM; (Equation 6) and W, (Equation 8 or 9) depending on the porosity-size rela-
tionship used.

dy

A di 0.4—q
F=/5.2x10“3xudd (1)
18n
d
@ 1.1
Ap(d)1
F= /2.6 x 107" x %dd (12)

dy

To convert g/m?%s to g/m?/day, one needs to multiply by 86,400 s/day. The SSF and LSF mass flux were calcu-
lated separately for each sample using different size boundaries (SSF: 1-51 pm; LSF: 51-2,000 pm) and densities
(SSF density vs. LSF density). The total (TOT) mass flux for all (1-2,000 pm) particles is the sum of SSF and
LSF fluxes (TOT mass flux = SSF mass flux + LSF mass flux).
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The mass flux F of the SSF, LSF, or total particles can also be calculated as the product of the WSV and SPM
concentrations of the respective size fraction:

F = WSV x SPM (13)

Estimated mass flux and WSV in all size fractions (SSF, LSF, and TOT) from the three cruises using two poros-
ity-size relationships are summarized in Table S3.

3.6. Error Estimations

The main sources of error in the calculations of particle sinking velocity and mass flux are from uncertainties in
estimated particle density, and the porosity-size and mass-size power-law relationships. It is assumed that there
are no analytical errors in the density of particle phase endmembers, temperature, salinity, and other hydrographic
parameters (seawater density and viscosity). Errors in particle densities were estimated from propagating errors (1
standard deviation) in the measurements of each compositional fraction. Errors in the porosity-size relationships
were estimated from the standard deviations of the regression coefficient (Equation 3: mean + s.d. = 8.2 X 1073
+2.1 x 1073; Equation 4: 6.5 X 1073 £1.6 X 107#) and exponent (Equation 3: mean + s.d. = -1.6 + 0.16; Equa-
tion 4: —8.7 x 107! +1.5 x 1072). Errors in the coefficient p and exponent g in the mass-size relationship were
calculated using a Monte Carlo simulation (https://github.com/BurdLab/size-spectra-fit) using 1,000 runs for
each data point (increasing the number of runs to 10,000 produced no appreciable difference in results). For each
individual power-law fit for the mass-size spectrum, the masses were picked randomly from a normal distribution
having the mean and standard deviation of the measured data. The calculation was repeated for each individual
pair of measured size-fractionated SPM data. The distribution of exponent g in each cruise is illustrated in Figure
S1 in Supporting Information S1, and the values of g together with errors are visualized in Figure S2 in Support-
ing Information S1. The overall errors of mass flux and weighted average sinking rate were estimated using
a Monte Carlo simulation (10,000 runs) with the assumption that all parameters with errors (particle density,
coefficients and exponents of the porosity-size and mass-size power-law relationships) are defined by a normal
distribution. All errors are reported in Table S3.

3.7. Comparisons to Related Approaches Using Particle Number Size Spectra to Estimate Mass Flux
Many field and modeling studies estimate particle mass flux according to:

Dy

F= / n(d)m(d)w(d)dd (14)

Dg

which describes particle flux F as the product of the number spectrum (n(d)), mass (m(d)), and sinking rate (w(d))
of individual particles integrated from the smallest (D) to the largest D, particle sizes (e.g., Cram et al., 2018;
Guidi et al., 2008; Guidi et al., 2016). Guidi et al. (2008) used measured particle number spectra (n(d)) from the
Underwater Video Profiler (UVP) together with measured mass fluxes from 108 paired sediment traps to solve
for the best fit parameters that described an assumed power-law relationship for m(d)w(d) = Ad®. The empirically
derived m(d)w(d) was then applied to over 1,200 UVP profiles to estimate mass flux more broadly. In a model
study, Cram et al. (2018) followed a similar approach to Guidi et al. (2008), assuming a constant fractal dimension
of 2.3 as estimated by Guidi et al. (2008) to estimate m(d) and w(d) and using a one-dimensional particle sinking
and remineralization model that explicitly simulates a complete number spectrum of particles (n(d)). Here, we
use measured size-fractionated particle mass to estimate n(d)xm(d) (SPM, in Equation 6) and use an updated
porosity-size relationship and Stokes' Law to estimate w(d) (Equations 8 and 9).
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Figure 3. Section plots and histograms of estimated mass-weighted average sinking velocity (unit: m/d) for TOT (1-2000 pm) particles in three cruises. (a): GA03
section plot; (b): GP16 section plot; (c) GNOI section plot; (d) histograms for all cruises. These estimations are from the reference scenario, using X22 (Equation 4) as
the porosity-size relationship and 2 mm as the upper size limit for the LSF. Thick gray contours in (a)—(c) are potential density anomaly of 25, 26 and 27 kg/m?, and
thin white lines are 50 evenly spaced contour lines within the range of the color scale. Vertical solid lines in (d) are the median mass-weighted average sinking velocity

in each cruise.

4. Estimated Average Sinking Velocity and Mass Flux in the Three Cruises

The mass fluxes and sinking velocities calculated using an upper size limit of 2 mm and the new X22 porosi-
ty-size relationship (Equation 4) will be first discussed in Sections 4.1 and 4.2 as the reference case. A discussion
of sensitivity tests of mass fluxes to a larger upper size limit and to using the A&G88 porosity-size relationship
(Equation 3) will be presented in Section 5.1.

4.1. Mass-Weighted Average Sinking Velocity Estimates

Overall, the total mass-weighted average sinking velocities (TOT WSVs) in GNOI are significantly lower than
the other two cruises (Mann-Whitey U test; p < 0.001). Median (interquartile range) SSF WSV (unit: m/d) are
1.1 (0.9-1.3), 0.8 (0.7-1.0), and 0.6 (0.4-0.8) in the GA03, GP16, and GNOI, respectively (Table S4). Median
(interquartile range) LSF WSV (unit: m/d) are 67.9 (50.6-85.4), 69.2 (58.3-81.2), and 50.0 (40.7-64.8) in the
GAO03, GP16, and GNO1, respectively (Table S4). Estimated TOT WSVs (unit: m/d) have median (interquartile
range) of 16.2 (11.0-23.5) in GA03, 15.5 (11.5-20.5) in GP16, and 8.6 (5.4-13.3) in GNO1 (Figure 3d; Table S4).

The magnitude of WSVss for each size fraction is determined by the mass size spectrum and sinking velocity for
each size bin (Equation 10). Sinking velocities, in turn, are dependent on the hydrography, particle composition,
and size (Equation 2). Both GAO3 and GNO1 are characterized by high TOT WSV near the continental margins.
High TOT WSVs are also observed in the East Pacific Rise (EPR) hydrothermal plume and near the seafloor
in the eastern half of GP16 (Figure 3). In contrast, the benthic nepheloid layers (BNLs) along the deep western
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Figure 4. Section plots and histograms of estimated mass flux (unit: mg/m?%d) for TOT (1-2000 pm) particles in three cruises. (a): GA03 section plot; (b): GP16
section plot; (c) GNOI section plot; (d) histograms for all cruises. These estimations are from the reference scenario, using X22 (Equation 4) as the porosity-size
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(d) are logarithmic and vertical solid lines are the median mass flux in each cruise.

boundary of GAO3 have TOT WSVs at Station 4 (38.3°N, 68.9°W) that are lower than the midwater column
values despite much higher fractions of lithogenic content (Figure 3a). These patterns of WSVs can be largely
explained by the mass size distributions, with distributions favoring larger particles (smaller mass-size exponent
q) characterizing the high WSVs of the margins of GA03 and GNO1, the EPR plume, and BNL of the eastern
GP16 section, and distributions favoring smaller particles (larger ¢g) characterizing the slower WSV of the GA03
BNLs (Figure S1 in Supporting Information S1). Within the near-field EPR hydrothermal plume (<80 km from
the ridge axis) in the GP16 cruise, high particle densities from the high oxide fraction (Figure S3 in Supporting
Information S1) further increase WSV, with the TOT WSV reaching more than 50 m/d (Figure 3b).

4.2. Mass Flux Estimates

Overall, the GNO1 cruise has the lowest TOT mass flux compared to the GA03 and GP16 cruises (p <« 0.001),
but also the largest range: both the lowest (Western Arctic Basin) and highest (Chukchi Shelf) mass fluxes of
the entire data set are found in the GNOI cruise (Figures 4c-4d), reaching as high as 9.1 x 10* mg/m?%d. Median
(interquartile range) TOT mass flux (unit: mg/m?%d) is 228.0 (111.0-421.7) in GA03, 97.6 (51.7-281.4) in GP16,
and 51.1 (25.4-169.6) in GNO1 (Figure 4d; Table S4).

TOT mass fluxes generally decrease with depth and away from the margins (Figure 4). It is interesting that high
mass fluxes in the upper 500 m near the Peru margin persist hundreds of kilometers offshore in the GP16 cruise,
remaining elevated within the 10 pmol/kg dissolved oxygen contour line (Figure 4b). The low attenuation of mass
flux in this low oxygen region is consistent with conclusions drawn from other tracers from the same cruise, such
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Figure 5. Histograms of mass concentration and flux partitioning in three cruises for the reference scenario. (a): GA03
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as the 2°Th-normalized POC flux and stable isotope of nitrate (§'*Ny;), which both point to less POC regener-
ation within the Peru oxygen deficient zone (Pavia et al., 2019; Peters et al., 2018).

4.3. Size-Partitioning of Particle Concentration and Flux

Large, fast-sinking particles often dominate the mass flux into the ocean interior (e.g., Bishop et al., 1977; Fowler
& Knauer, 1986; McCave, 1975; Michaels & Silver, 1988). Bishop et al. (1977) used Stokes' Law and particle
composition data from large-volume filtration to estimate the size-fractionated mass flux in the upper 400 m of
the equatorial Atlantic Ocean, and concluded that large particles (>53 pm) particles account for more than 98%
of the total mass flux.

The method used here is similar to Bishop et al. (1977), except that we account for porosity using porosity-size
relationships, whereas Bishop et al. (1977) implicitly accounted for porosity in their estimates of excess density
of different types of particles. In this data set, the median (interquartile range) of estimated SSF mass flux
(unit: mg/m?%d) is 10.1 (6.7-15.5), 4.1 (2.6-9.2), and 2.9 (1.8-5.2) in the GA03, GP16, and GNO1, respectively
(Table S4). The median (interquartile range) LSF mass flux (unit: mg/m?%d) is 229.2 (103.8-403.1) in the GA03,
93.2 (49.2-287.3) in the GP16, and 48.9 (23.4-167.5) in the GNO1 (Table S4). We assess the contribution to total
mass flux from the LSF size fraction as f_LSF (flux) = W. Median (interquartile range) f LSF (flux) at
all stations throughout the water column is 95.4% (93.0-96.7), 95.9% (94.4-97.0), and 94.6% (92.1-96.8) in the
GAO03, GP16, and GNO1, respectively (Figure 5). Clearly, the contribution to TOT mass flux from particles in
the LSF is much more important than from particles in the SSF. This is despite the much smaller contribution of
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Figure 6. Sensitivity tests of TOT mass flux porosity-size relationships (A&G88 and X22) and upper size limits (2 and 10 mm) for LSF (a—), and comparisons
between pump-derived and 2**Th-derived TOT mass flux in GA03 (d), and between pump-derived and sediment trap-measured TOT mass flux (unit: mg/m?d) in the
three cruises (d—f). Sensitivity scenarios are: (a) X22, 2 mm (small black circles); (b) X22, 10 mm (large gray circles); (c) A&G88, 2 mm (small black x); (d) A&G8S,
10 mm (large gray x). The **Th-derived TOT mass fluxes in (d) are from Stations 10 and 12 in leg 2 of the GAO03 cruise, estimated as the product of 2*°Th flux and
SSF SPM/?3°Th ratio (Hayes, Black, et al., 2018). Only 23°Th samples at depth 1,000 m above the seafloor are used due to potential influences from benthic processes.
Sediment trap locations and references as for Figure 1. Errors bars are reported as one standard deviation.

LSF particles to total SPM concentrations. Indeed, f_LSF (conc), the analogous index to assess the contribution
to total SPM from the LSF size fraction, are 23.6% (19.1-29.7), 21.5% (17.3-27.2), and 16.0% (10.6-22.1) in the
GAO03, GP16, and GNOL1, respectively (Figure 5). Flux is integrated across sizes, and the faster sinking speed of
the LSF is more important than the larger mass concentration of the SSF such that the LSF dominates the TOT
flux. Given that the calculation of SSF and LSF sinking velocity uses the same g/ and similar particle densities
(LSF to SSF density ratio median: 1.04; interquartile range: 0.94-1.14), it is the difference in particle size and
thus WSVs between the LSF and SSF that accounts for the large disparity between f LSF (conc) and f LSF
(flux).

5. Discussion

5.1. Sensitivity of Mass Flux to Porosity-Size Relationship and Upper Size Limit

The pump-derived mass flux is sensitive to the choice of porosity-size relationship and to the upper size limit i.e.,
assumed for the LSF. We consider the sensitivity of mass flux calculations in four scenarios: (a) the reference
calculation, with an upper size limit of 2 mm and the X22 porosity-size relationship; (b) X22 but with upper
size limit of 10 mm; (c) the A&G88 porosity-size relationship, with upper size limit of 2 mm; and (d) A&G88
with upper size limit of 10 mm. Larger particles lead to higher mass flux. Increasing the upper size limit from
2 mm (scenario 1) to 10 mm (scenario 2) leads to an increase in the WSVs and thus TOT mass flux of a median
(interquartile range) over the three cruises of 187.2% (162.8%-212.7%) (Figures 6a—6c). Keeping an upper size
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limit of 2 mm, but changing to the A&G88 porosity-size relationship (scenario 3) also increases WSV and thus
TOT mass flux (Figures 6a—6¢), with a median (interquartile range) percent increase of 125.7% (109.9%—142.7%)
over the three cruises. This is because the A&G88 relationship predicts lower porosities for aggregates <1.4 mm
(Figure 2). The relatively small upper limit of 2 mm means that most particles have lower porosities (and thus
higher sinking rates) in this scenario. Interestingly, there is almost no sensitivity of the calculated TOT mass flux
to changing the porosity-size relationship when the upper size limit 10 mm is used: changing from scenario 2 to
4 leads to a median (interquartile range) percent of increase of only —0.4% (—15.0% to 9.5%) (Figures 6a—6c).
This is because the A&G88 relationship results in higher porosities for aggregates >1.4 mm, so the influence of
considering very large aggregates, which would otherwise increase mass flux, is reduced because of their higher
porosities. These sensitivity tests show that scenarios 2—4 are quite similar and are all higher than our reference
scenario 1. Despite scenario 1 being low compared to the others, we show in the next section that it is nonetheless
closest to independent observations of mass flux.

5.2. Comparisons of Mass Flux and Sinking Velocities to Other Measurements
5.2.1. Mass Flux Comparisons

Most existing observations of mass fluxes are from sediment traps. Radionuclide-derived estimates of mass flux
are less common, but the principle for estimating mass fluxes is the same as for the commonly reported radionu-
clide-derived POC fluxes (e.g., Hayes, Black, et al., 2018). Here we compare our Stokes' Law-based estimates
of mass flux with nearby sediment trap for each of the three cruises and 2**Th-based estimates of mass flux at
BATS in the GAO3 cruise.

We extracted all available sediment trap mass flux measurements from nearby locations from the same season
(Conte, 2019; Honjo et al., 1995, 2010; Hwang et al., 2015; Miquel et al., 2006). Our Stokes' Law-based,
pump-derived TOT mass fluxes from the reference calculation are comparable to sediment-trap-measured mass
fluxes in the deep ocean but are generally about an order of magnitude higher at the surface, especially for GP16
and GNO1 (Figures 6d—6f). Pump-derived TOT mass fluxes at the surface in GAO3 are on the higher end but
overlap with BATS time-series sediment trap fluxes between 1988 and 2016, which exhibit high interannual
variabilities (Figure 6d). The difference between measured trap fluxes and pump-derived TOT mass flux in the
GP16 and GNO1 could be less pronounced if there were also multiple years of sediment trap data in those regions.

We also compared our Stokes' Law-based, pump-derived mass flux with 2°Th-derived mass flux at BATS calcu-
lated using 2*°Th production due to uranium decay in the water column and the SPM to particulate 23°Th ratio
of SSF particles from in-situ pumps, similar to the estimate of 2*Th-derived elemental fluxes (Hayes, Black,
et al., 2018). Like with the sediment traps, our estimated TOT mass flux from the Stokes' Law-based reference
scenario at BATS is higher at the surface and similar in the deep (>2,000 m) when compared to 2**Th-derived
TOT mass flux (Figure 6d).

The higher Stokes-based compared to sediment-trap and 2*°Th-based mass flux in surface waters may be caused
by one or more of the following: (a) an overestimation of mass flux derived from pumps, (b) an underestimation
by sediment traps or (c) the 2°Th method, and/or (d) a mismatch in timescales of integration. We examine these
below.

First, an overestimation of mass flux derived from pumps suggests that Stokes' Law-based estimates of weighted
sinking velocities (WSVs) may be too high. The use of the X22 porosity-size relationship and a relatively small
(2 mm) upper size limit compared to the more traditional A&G88 relationship and higher (10 mm) upper size
limit already results in lower calculated Stokes-based mass flux in our reference calculation (Figures 6a—6c¢).
Lowering the upper particle size limit even further may be justifiable for some oligotrophic stations, including
those used in the comparisons to other methods in Figure 6, but may be unrealistic for more productive stations.
The X22 porosity-size relationship predicts higher porosities for smaller aggregates compared to the A&G88
relationship but is heavily weighted by observations from a single mesocosm study (Bach et al., 2016). Aggre-
gates from the Lam and Bishop (2007) data set generally have higher porosities (lower 1-P) than those from the
Bach et al. (2016) data set (Figure 2), so it could be that even the X22 relationship underestimates porosities
of smaller aggregates. An overestimation of WSVs could also result if the real particle mass-size distribution
is skewed to even lower particle sizes than suggested by a single power law fit to measured SSF and LSF SPM
data (Section 3.3). Other reasons for an overestimate of calculated Stokes-based flux could be: a systematic
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overestimate of particle density, such as would occur if dense particle phases were actually skewed to smaller
particles rather than evenly distributed through size bins (Section 3.2.2); the assumption of spherical particles,
which have less drag than other shapes (Section 3.2.4); or by neglecting the influence of TEP (see Section 3.2.4).

Second, it is known that sediment traps can undercollect sinking particles at shallow depths where currents are
strong, when particles are slowly sinking (Gustafsson et al., 2004), and when their design uses conical funnels
(Baker et al., 2020). Honjo et al. (2010)'s surface-tethered traps in the Western Arctic Ocean (Figure 6f), for
example, are conical traps and may undercollect sinking particles. Bottom-tethered conical traps deployed at
depth shallower than 1000 m, as for the anchored 500-m Oceanic Flux Program (OFP) trap at BATS, could
“undertrap” by a factor of 2 (Yu et al., 2001).

Third, the conversion of 2*°Th flux to mass flux depends on the SPM/?°Th ratios used (cf., Hayes, Black,
et al., 2018). Since no LSF 2*Th data were measured at BATS, we estimated the 2°Th-derived TOT mass flux
by multiplying 2*°Th flux by SSF SPM/?**Th. For other stations from the GAO3 cruise where both SSF and
LSF 2Th were measured (n = 13; depth > 966 m), using the LSF SPM/?*Th ratio could lead to about two
times higher values of TOT mass flux than using SSF SPM/?*°Th for some samples (Figure S4 in Supporting
Information S1). Higher LSF SPM/?**Th than SSF SPM/?*'Th ratios might be expected given that SPM scales
with volume whereas adsorption of 2*°Th scales with surface area, and LSF particles should have a higher volume
to surface area ratio. However, using a 2-fold higher LSF SPM/?*Th ratio alone would not reconcile the flux
estimates. It is also possible that >*°Th-based fluxes themselves are more sensitive to the sinking fluxes of small
rather than large particles: over the entire GA03 transect, mass fluxes estimated from the 2°Th method using SSF
SPM/?9Th ratios fall between Stokes-based SSF and TOT mass flux, and is more similar to that of the SSF mass
flux (Figure S5 in Supporting Information S1). Mass flux and WSV in our method are both mass-based and
derived from the particle volume (Equations 10-13), which gives more importance to larger particles and thus a
higher TOT mass flux compared to the *°Th method.

Fourth, fluxes estimated from sediment traps, Stokes' Law-based calculations of particles collected by large-vol-
ume in-situ pumps, and radionuclide mass-balance techniques integrate over different temporal and spatial scales.
Moored sediment traps are usually deployed for weeks and months, neutrally buoyant or surface-drifting traps are
deployed for days, whereas pumps collect particles for several hours. It is generally thought that the longer sedi-
ment trap deployment times allow them to capture rare, fast-sinking particles better than pumps, but this would
not explain the bias to higher mass fluxes from pump particles. If the fluxes estimated from sediment traps and
pump particles primarily reflect the sinking of large particles, whose WSV are around 60 m/d (Section 4.1), then
the residence time of large particles in a 4,000 m water column is of order 2 months. In contrast, the >°Th flux is
an average flux that reflects the timescale of all particles sinking through the water column (3-5 years in the upper
~500 m to 10-20 years in the deep, >2000 m; Hayes, Anderson et al., 2018, Hayes, Black et al., 2018). If times-
cale were to explain the discrepancy with Stokes' Law-derived mass flux, this would suggest that the particle flux
at the time of GAO3 sampling was higher than the annual-to-decadal particle flux average. Indeed, **Th-based
POC fluxes from the GA0O3 occupation of BATS agreed very well with averaged annual (2003-2005 deploy-
ments) deep fluxes from the OFP site (Hayes, Black, et al., 2018; Huang & Conte, 2009), suggesting an important
timescale component to the mismatch to the Stokes' Law-based calculations with in-situ filtered pump particles.

Regardless of the source of the discrepancies, it is reassuring to observe comparable flux estimates in the deep
ocean from all three techniques. The identification of the most important source of the higher flux estimated by
the Stokes' Law-based method for shallower samples requires further investigation. The enhancement of flux
close to the seafloor estimated from measured particle mass concentrations, such as this study, should be inter-
preted as a potential sinking flux, since sediment resuspension processes are an additional force that help keep
particles aloft.

5.2.2. Sinking Velocity Comparisons

Existing measurements of sinking velocities of natural marine particles, direct or indirect, vary by several orders
of magnitude, ranging from several meters to thousands of meters per day (e.g., Alldredge & Gotschalk, 1988;
Armstrong et al., 2009; Berelson, 2001; Briggs et al., 2020; Estapa et al., 2019; McDonnell & Buesseler, 2012;
Riley et al., 2012; Trull et al., 2008). Our LSF WSVs in the upper 500 m at Stations 10 and 12 in leg 2 of the
GAO3 cruise, ranging from 22.6 to 78.7 m/d, are on the high end but overlap with estimates of 5.9-54.1 m/d
measured using gel traps and in situ camera system for particles between 73 and 1,400 pm at BATS at the end of

XIANG ET AL.

15 of 24



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2021GB007292

September in 2009 (McDonnell & Buesseler, 2012). The TOT WSVs, however, are almost an order of magnitude
higher than 2-3 m/d estimated using a thorium (Th) based inverse method in the same GAOQ3 cruise in the North
Atlantic (Lerner et al., 2017). Approximations of the sinking velocity derived from 2**Th observations are also
about 1-3 m/d in other parts of the ocean (Bacon & Anderson, 1982; Krishnaswami et al., 1981; Rutgers van
der Loeff & Berger, 1993; Scholten et al., 1995). In general, the SSF WSV in the three cruises, with the median
(interquartile range) of 0.8 (0.6—1.1) m/d (Table S4), are more similar to the values estimated from these Th-based
estimates. Burd et al. (2007) pointed out that bulk measurements such as particulate 2**Th are likely to represent
the properties of small particles more than large particles due to the nature of the Th scavenging process. As
discussed in Section 5.2.1, Th-based mass flux and sinking velocity may be weighted to small particles that have
higher surface area to volume ratios, and therefore, potentially results in a lower TOT sinking velocity than the
Stokes-based method which is less influenced by the specific surface area.

Alternative chemical tracers, such as chloropigments, have also been used with inverse models to calculate sink-
ing velocities for different particle size pools. One of the advantages for using chloropigments as a tracer is that
they are not surface-adsorbed tracers like Th isotopes and may thus be more representative of TOT particles
than SSF particles. Indeed, sinking rate estimates from a recent chloropigments-based inverse method by Wang
et al. (2019) using data from in-situ pumps in the Mediterranean Sea are in good agreement with our study. Their
modeled sinking velocities are 66.8 + 68.6 m/d (mean =+ s.d.) for large particles (>70 pm), with a range between
7 and 183 m/d, and 1.8 + 1.9 m/d, for small particles (1-70 pm), ranging between 0.2 and 5 m/d.

5.3. Controls on the Mass Flux and Particle Sinking Velocity in the Three Cruises

The Stokes' Law-based approach used in this work allows us to take advantage of detailed information about
particle characteristics (concentration, composition, and size) measured during the three U.S. GEOTRACES
cruises to investigate controls on mass flux and sinking velocity. The Stokes' Law model (Equation 2) shows
sinking velocity is positively correlated with g/i (hydrographic effects), particle size (size effects), and parti-
cle density (composition effects). Gravitational acceleration varies by less than 1% between Arctic and tropical
waters, but viscosity is highly temperature-dependent (Millero, 1974). We have neglected potential biological
contributions to viscosity such as from the release of mucous materials including TEP (Jenkinson, 1986, 1993;
Jenkinson & Biddanda, 1995; Seuront & Vincent, 2008; Seuront et al., 2006, 2007, 2010). The particle mass size
distribution was estimated from measurements of SPM in the SSF and LSF (Section 3.3). Here, we use f_LSF,
the ratio between LSF and TOT SPM, as an indirect index for size effects. A higher f LSF indicates higher abun-
dance of large particles.

We plot depth-binned profiles of four direct measurements (g7, f_LSF, particle density, and SPM concentration)
from each of the three cruises and compare them with profiles of WSVs and mass flux (Figure 7). Since TOT
mass flux is comprised primarily (>90%) of the contribution from the LSF (Figure 5), for simplicity we focus
on the LSF measurements and derived variables. The breakdown for all parameters in all size fractions (SSF,
LSF, and TOT) is shown in Figure S6 in Supporting Information S1. Further, because of large contrasts between
margin and open ocean stations on each cruise (Figure 4), we focus on comparing the particle characteristics and
derived sinking velocities and mass fluxes for “gyre” stations from the three cruises. For GAO3 and GP16, we
use biogeochemical province definitions of Longhurst (2007) and Black et al. (2020) to define low-latitude gyre
stations: Stations 11-12 in leg 1 and Stations 8-24 in leg 2 for GA03; Stations 7-36 for GP16. The gyre stations
in the GNO1 are defined as stations with bottom depth more than 1,000 m, which includes Stations 14-57.

Of the three cruises, the lowest LSF particle density was found in GAO3 due to a high fraction of POM in the LSF
(Lam et al., 2015) (Figure 7c). Notably, the consistently lower LSF particle density in the upper 4,000 m of the
GAO3 generally does not translate to particularly slow WSVs due to relatively high abundance of large particles
(high £ LSF) and low viscosity (high g/n) waters. Similarly, GNO1 LSF particles have relatively high density, but
this does not translate to higher LSF WSV due to low abundance of large particles (low f_LSF).

The overall profile shapes of LSF SPM and mass flux are generally similar in all three cruises (Figures 7e and 7f),
characterized by a surface maximum that rapidly decreases to a “clear-water minimum” around 2,000-3,000 m,
and an increase toward the bottom. Because the vertical profile shapes of mass flux are more similar to SPM than
to WSV profiles, SPM concentrations exert first order control on the vertical variation of mass flux, with WSVs
adding some variability (Figure 7d). Our work, therefore, suggests that particle density plays a less important role
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Figure 7. Depth-binned profiles of Stokes-Law-associated parameters and estimated LSF sinking velocity and mass flux in gyre stations in the three cruises. (a): g/
(unit: m%s/kg); (b): f_LSF; (c): LSF density (unit: g/cm?); (d): LSF WSV (unit: m/d); (¢): LSF SPM (unit: pug/L); (f): LSF mass flux (unit: mg/m?/d). The solid line is
the median of each depth bin for each cruise, and colored shades within dashed lines are interquartile ranges. The median of each parameter demonstrates the typical
profile in the three cruises, and interquartile range reflects the variability.

in controlling the magnitude of WSV than particle size distribution, and WSVs play a less important role than
SPM in controlling variations of mass flux with depth.

Two interesting features appear in the profiles of LSF mass flux that merit further explanation that we will address
in the following sections: (a) why is the GNOI cruise in the Western Arctic Ocean generally characterized by the
lowest mass flux? (b) why do particles in the low-latitude North Atlantic (GAO3 cruise) have a smaller attenua-
tion in LSF mass flux in the mesopelagic when compared to particles in the low-latitude ETSP (GP16 cruise)?

5.3.1. Low Mass Flux in GNO1 in the Western Arctic Ocean

LSF mass flux in GNOL1 is the lowest among the three cruises (Figures 4d and 7f) as a result of both slow sinking
velocity and low mass concentration. The profile of g/y in the Western Arctic Ocean is very different than in the
low-latitude oceans. In GNO1, g/ is lowest in the surface (~5,000 m?%/s/kg), increases to a maximum at about
300 m (~5,400 m?%s/kg), which is slightly below the Pacific-derived halocline, and remains relatively constant
below 1,000 m in the deep ocean (~5,200 m?/s/kg) (Figure 7a). In contrast, g/ is highest in the surface waters
of GAO3 and GP16 (~10,000 m?%/s/kg), decreases rapidly with depth because of the large temperature gradient,
and remains relatively constant below ~2,000 m. When comparing values of g/n between the three cruises, they
differ by <10% in the deep ocean, but can be up to 200% different in the upper water column (Figure 7a). Since
WSVss are linearly related to g/, the highly viscous surface Arctic Ocean waters can lead to up to two times
smaller WSV in the upper water column than low-latitude oceans, and slightly smaller WSV in the deep ocean.

The abundance of large particles (f_LSF) is systematically lower in GNOI1 than in GA03 and GP16 throughout
the water column (Figure 7b), further decreasing WSV in the Western Arctic Ocean. Interestingly, LSF particle
density in GNO1 is similar to or higher than in GAO3 and GP16 (Figure 7c). From this we can infer that it is
not the lack of ballast minerals in particles in the Western Arctic Ocean that is responsible for the low particles
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fluxes there, as Honjo et al. (2010) previously postulated based on two ice-tethered sediment traps. Instead, LSF
mass fluxes are especially low in the Arctic because of the relatively slow sinking velocities due to cold, viscous
waters (lowest g/n) and a small particle size distribution (lowest f LSF), combined with the lowest LSF SPM
concentrations (Figures 7e and 7f). This conclusion also holds true for the SSF and TOT particles (Figure S6 in
Supporting Information S1).

5.3.2. Low Mass Flux Attenuation in GA03 in the North Atlantic Ocean

There appears to be a lower attenuation (higher transfer efficiency) of LSF mass flux from the surface to 1,000 m
in the GAO3 gyre than in the GP16 gyre: upper 200 m LSF mass flux in GA03 starts off lower than in GP16, but is
higher than GP16 between 200 and 1,000 m (Figures 4a, 4b and 7f). A higher transfer efficiency can be explained
by faster sinking rates or slower remineralization/dissolution rates. Interestingly, the calculated LSF WSVs are
similar or slower in GAO3 than in GP16 (Figure 7d), and the higher mesopelagic fluxes derive from the higher
mesopelagic LSF SPM. These observations suggests that GAO3 gyre particles have slower remineralization/
dissolution rates than GP16 gyre particles. Note that this comparison excludes the coastal oxygen deficient zone
stations in the GP16, where this and previous work (Black et al., 2018; Pavia et al., 2019) have noted high transfer
efficiency in the mesopelagic.

In a modeling study, Cram et al. (2018) demonstrated that the attenuation of particle flux globally could be largely
explained by the effect of temperature on remineralization rate and of particle size on sinking velocity. Given
the similar temperatures and sinking velocities but contrasting transfer efficiencies between the GA03 and GP16
cruises, however, other factors may control remineralization rate. Such factors could relate to differences in the
organic and inorganic composition of particles, or colonization of particles by microbial heterotrophs with the
appropriate metabolic capability that may make the GAO3 particles more functionally recalcitrant (cf., Zakem
et al., 2021). For example, LSF particles in the GAO3 gyre are characterized by higher fractions of lithogenic
particles and lower fractions of CaCO, and biogenic opal when compared to the GP16 gyre. The effects of differ-
ent fractions of lithogenic, CaCO, and opal on the degradation of bulk particles may manifest in two aspects.
First, organic matter exported in regions with higher opal and diatoms has been hypothesized to be more labile
and loosely packaged, thus leading to more rapid organic matter attenuation (Francois et al., 2002; Henson,
Lampitt et al., 2012, Henson, Sanders et al., 2012; Lam et al., 2011; Lima et al., 2014). Indeed, the POC concen-
trations in GP16 gyre stations attenuate more quickly through the upper 1,000 m than in GAO3 gyre stations
(Figure S7 in Supporting Information S1). Second, the remineralization length scale for lithogenic particles is
longer (less rapid attenuation with depth in upper 1,000 m) than that for CaCO,, both of which are longer than
opal (Figure S7 in Supporting Information S1) (Buesseler et al., 2007; Lamborg et al., 2008; Lima et al., 2014).
Therefore, not only is the organic matter lability of GAO3 particles lower, but the mineral components of GA03
particles are less susceptible to dissolution.

Higher mass flux transfer efficiencies are also observed for SSF particles in the GAO3 gyre compared to the
GP16 gyre. Here, both higher SSF WSVs in GA03 and higher SSF SPM contribute to higher mass flux transfer
efficiencies (Figure S6 in Supporting Information S1).

Estimates of remineralization rates (e.g., RESPIRE trap; Boyd et al., 2015), microbial community structure, and
zooplankton feeding rates combined with particle composition data are needed to shed light on the potential
influence of particle composition on degradation rates more broadly.

6. Conclusions

This work estimates particle mass flux and weighted particle sinking velocities from measurements of size-frac-
tionated particle concentrations and compositions. We use a modified Stokes' law that incorporates a new poros-
ity-size power-law relationship, measured particle composition, and estimates of mass-size distribution for each
sample constrained by measured size-fractionated particle mass concentrations to calculate sinking velocity and
mass flux. The new porosity-size relationship compiled in this study (X22) leads to estimates of mass flux that
are closer to independent measures of mass flux than estimates using the classic Alldredge and Gotschalk (1988)
relationship, but still too high in the upper 1,000 m. The new X?22 relationship is heavily weighted by the smaller
aggregates from a single mesocosm study in a Norwegian fjord. Porosity data for aggregates in the 50 pm-1 mm
range from more varied locations are needed to better constrain the overall porosity-size relationship, which could
result in multiple power functions or a more complicated non-linear relationship.
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We find that the concentration of particles is generally more important than sinking velocities in determining the
vertical profile of mass flux. Further, although particle density is clearly an important variable in the calculation
of particle sinking speed, it was rarely the controlling variable for determining WSVs and thereby mass flux in
this data set. Indeed, we did not find support for the hypothesis proposed by Honjo et al. (2010) that a lack of
ballast minerals in the Western Arctic Ocean is responsible for low mass fluxes. Instead, the lowest mass fluxes
found in the GNOI cruise in the Western Arctic Ocean result from small particle sizes, low particle concentra-
tions, and viscous water.

The particle size distribution is a parameter measured by optical methods that is increasingly used to study the
BCP in various cruises and autonomous platforms (Picheral et al., 2017), including the Tara Ocean expedition
(Guidi et al., 2016), and has the advantage of high spatial and vertical resolution. The conversion from parti-
cle size to flux, however, often lacks any direct or indirect information about particle composition (Giering
et al., 2020; Stemmann & Boss, 2012). The poor constraints in particle densities were previously noted in Guidi
et al. (2016) and might partly explain the discrepancy between sediment trap-measured and UVP-derived mass
fluxes (Fender et al., 2019; Guidi et al., 2008). Our approach here has the advantage that we have direct measure-
ments of particle composition, but we need a better constraint on the upper limit of particle size, which optical
devices can provide. The mass-size spectra estimated from size-fractionated particles may also help measure-
ments from optical devices to better constrain the fractal dimension of marine particles. However, caution must
be taken when using a single power-law size spectrum over a large range of particle sizes because derivations of
such distributions assume steady-state conditions and the presence of only a single coagulation process such as
fluid shear or differential sedimentation (Burd & Jackson, 2002; Friedlander, 2000). Pairing optical devices such
as the UVP with geochemical measurements will help both approaches, which is beneficial to a more holistic
understanding of the BCP on a global scale.

Data Availability Statement

All size-fractionated particle concentration and composition data described above are available on the Biolog-
ical and Chemical Oceanography Data Management Office website (GA03: https://www.bco-dmo.org/data-
set/3871; GP16: https://www.bco-dmo.org/dataset/668083; GNO1: https://www.bco-dmo.org/dataset/807340).
The MATLAB code to estimate mass flux and average sinking rates can be found at https://doi.org/10.5281/
zenodo.6426352.
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