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Abstract

Particle composition is an important parameter that influences sinking velocity of marine particles. Most current studies,

however, are limited by either a lack of routine measurements of particle composition or low sampling resolution in the water

column. Here, we compile full ocean-depth size-fractionated (1-51 and >51 μm) particle concentration and composition of

suspended particulate matter from three recent U.S. GEOTRACES cruises to calculate their corresponding sinking velocity

and mass flux. Our model is based on Stokes’ Law and incorporates a newly updated power-law relationship between particle

size and porosity. The integration of the porosity-size relationship decreases the power applied to size in Stokes’ Law to 0.8.

The medians of average sinking velocity in total particles are 15.4, 15.2, and 7.4 m/d, in the North Atlantic, Southeast Pacific,

and western Arctic Ocean, respectively. We examine the relative importance of particle concentration, composition, size, and

hydrography on sinking fluxes. Particle concentration is the major control of the variability and magnitude of mass flux, while

particle composition is the second most important term. Increasing porosity with aggregate size and a dominance of smaller

particles diminishes the importance of the size dependence in mass flux, elevating the relative importance of composition and

thus density. Viscosity of seawater can result in up to a factor of two difference in mass flux between polar and tropical oceans.

This work serves as one of the first studies to offer quantitative perspectives for the contribution from different factors to mass

flux in field observations of marine particles.
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- The western Arctic Ocean is characterized by lowest total mass flux due to its small sizes, 17 
low particle concentrations and viscous water. 18 
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Abstract 47 
 Particle composition is an important parameter that influences sinking velocity of marine 48 
particles. Most current studies, however, are limited by either a lack of routine measurements of 49 
particle composition or low sampling resolution in the water column. Here, we compile full ocean-50 
depth size-fractionated (1-51 and >51 μm) particle concentration and composition of suspended 51 
particulate matter from three recent U.S. GEOTRACES cruises to calculate their corresponding 52 
sinking velocity and mass flux. Our model is based on Stokes’ Law and incorporates a newly 53 
updated power-law relationship between particle size and porosity. The integration of the porosity-54 
size relationship decreases the power applied to size in Stokes’ Law to 0.8. The medians of average 55 
sinking velocity in total particles are 15.4, 15.2, and 7.4 m/d, in the North Atlantic, Southeast 56 
Pacific, and western Arctic Ocean, respectively. We examine the relative importance of particle 57 
concentration, composition, size, and hydrography on sinking fluxes. Particle concentration is the 58 
major control of the variability and magnitude of mass flux, while particle composition is the 59 
second most important term. Increasing porosity with aggregate size and a dominance of smaller 60 
particles diminishes the importance of the size dependence in mass flux, elevating the relative 61 
importance of composition and thus density. Viscosity of seawater can result in up to a factor of 62 
two difference in mass flux between polar and tropical oceans. This work serves as one of the first 63 
studies to offer quantitative perspectives for the contribution from different factors to mass flux in 64 
field observations of marine particles. 65 
 66 
Plain language summary 67 
 In this study, we compile concentrations and chemical compositions of marine suspended 68 
particles from the surface to seafloor on a global scale, and evaluate potential factors controlling 69 
the particle sinking flux. Estimating how fast particles sink and the magnitude of particle flux can 70 
help us better understand the global carbon budget. Our results demonstrate the primary 71 
importance of particle concentration affecting the particle flux. For example, at places with higher 72 
biological production and thereby higher particle concentrations, samples collected are 73 
characterized by increased particle flux. Other factors, such as the chemical composition and size 74 
of marine particles and viscosity of seawater compete for influence: some mineral phases in 75 
particles, characterized by higher densities, potentially offer excess weights to enhance the particle 76 
flux; smaller particles tend to sink slower compared to larger particles because of their sizes. In 77 
the high-latitude Arctic Ocean, marine particles have high concentrations of ballasting minerals, 78 
however, this alone cannot outcompete the most viscous water, smallest particle size and 79 
concentrations, leading to much smaller mass fluxes compared to tropical oceans. 80 
 81 
Keywords: Sinking velocity, Total mass flux, Porosity, Ballast effect, Biological pump, 82 
GEOTRACES 83 
 84 
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1. Introduction 93 
The marine biological carbon pump (BCP) plays a crucial role in the global carbon cycle 94 

by fixing carbon dioxide (CO2) in the surface water into particulate organic matter (POM), which 95 
then sinks into the deep ocean (Kwon et al., 2009; Volk & Hoffert, 1985). Particle dynamics in the 96 
water column, including particle remineralization, aggregation, and disaggregation, are of 97 
significance in modifying and attenuating POM during sinking (Lam & Marchal, 2015). Most of 98 
the sinking flux is composed of phytodetrital aggregates, marine snow, and fecal pellets (Alldredge 99 
& Silver, 1988; Bishop et al., 1977; Ebersbach & Trull, 2008; Fowler & Knauer, 1986; 100 
Laurenceau-Cornec et al., 2015a; Turner, 2015; Wilson et al., 2013). Only a small fraction of POM 101 
(~10%) produced at the surface, however, sinks below mesopelagic regions (Martin et al., 1987). 102 

Conceptually, vertical mass flux is calculated as the product of the sinking velocity and 103 
particle concentration. It is closely related to particle properties, such as concentration, size, and 104 
composition. While particle flux should scale with concentration, this is modulated by variations 105 
in sinking speed caused by differences in particle size, shape, and excess density. Numerous 106 
studies measure POC fluxes using sediment traps (e.g., Buesseler et al., 2007), and POC 107 
concentrations using large-volume filtration (e.g., Bishop et al., 1977; Lam et al., 2011). Variations 108 
in the relationship between flux and concentration reflect the variation in sinking speed. The 109 
importance of particle size on carbon export is apparent from Stokes’ Law (Stokes, 1851), which 110 
shows that the sinking velocity is proportional to the square of particle diameter. Despite only 111 
holding for spherical solid particles at low Reynolds number, Stokes’ Law has been widely used 112 
to characterize the sinking speed of marine particles (e.g., Laurenceau-Cornec et al., 2020; 113 
McDonnell & Buesseler, 2010; Omand et al., 2020), giving insights into the complicated system 114 
of the BCP. Similar to particle size, particle composition is also known to affect the export flux 115 
via its relationship with sinking velocity. The existence of mineral ballast, such as CaCO3 and 116 
lithogenic particles, has been suggested to provide a source of excess density and/or protection and 117 
promote carbon export into the deep ocean (Armstrong et al., 2001; Francois et al., 2002; Klaas & 118 
Archer, 2002). Opal is a less efficient ballast mineral as a result of its lower density and/or higher 119 
porosity (Bach et al., 2016; Francois et al., 2002; Iversen & Ploug, 2010; Lam & Bishop, 2007; 120 
Lam et al., 2011; Puigcorbé et al., 2015). The ballast effect, however, is still under active debate 121 
(Aumont et al., 2017; Boyd & Trull, 2007; Henson et al., 2012; Lam & Bishop, 2007; Le Moigne 122 
et al., 2012; Lee et al., 2009; Rosengard et al., 2015), since indirect ecosystem effects are difficult 123 
to disentangle from direct effects of mineral density (e.g., Lima et al., 2014). 124 

Thanks to the GEOTRACES program, measurements of particle concentration and 125 
composition in the North Atlantic, equatorial Southeast Pacific, and western Arctic Ocean have 126 
been made in the past decade, covering many different geographic regions (Lam et al., 2018; Lam 127 
et al., 2015; Xiang & Lam, 2020). The three ocean basins are characterized by different sources of 128 
particles, therefore different particle compositions. This study utilizes the composition data from 129 
these recent U.S. GEOTRACES cruises and applies mass-size and porosity-size power-law 130 
functions to calculate the corresponding size-fractionated sinking velocity and mass flux. Despite 131 
lacking the seasonal resolution, this data offers higher spatial and depth resolution of sinking 132 
particle fluxes than existing sediment traps, and allows us to investigate the relative importance of 133 
particle concentration, composition (density), particle size, and hydrography on particle sinking 134 
fluxes. Indeed, the model used here can be adapted to any other size-fractionated particulate phases 135 
and trace metals to calculate their corresponding mass fluxes, given the assumption that the 136 
specific particulate phase has the same sinking rate as the bulk particles. Insights gained in this 137 
study help us understand the role of particle characteristics on carbon flux, which can be applied 138 
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to other regions in future studies to improve our understanding of the biological pump on a global 139 
scale. It is particularly important, for most model projections suggest a decline in the carbon export 140 
to the deep ocean under the current warming scenario (Bopp et al., 2013; Cavan et al., 2019; 141 
Laufkötter et al., 2016). 142 
 143 
2. Materials and Methods 144 
2.1 Cruise tracks and sampling method 145 
 The U.S. GEOTRACES North Atlantic Zonal Transect (GA03) cruise, was completed with 146 
two legs in 2010-2011 in the subtropical North Atlantic (Figure 1). The cruise track sampled the 147 
Mauritanian Upwelling system, the North Atlantic deep western boundary current, and the Trans-148 
Atlantic Geotraverse (TAG) hydrothermal plume on the slowly-spreading Mid-Atlantic Ridge. 149 
The Eastern Pacific Zonal Transect (GP16) cruise was completed in the Southeast (SE) Pacific 150 
Ocean in October–December 2013 (Figure 1). The expedition sampled the Peruvian Coastal 151 
upwelling region, the oxygen deficient zone (ODZ) off Peru, and the superfast-spreading East 152 
Pacific Rise (EPR) hydrothermal plume. The U.S. Arctic cruise (GN01) focused on the western 153 
Arctic Ocean and sampled at both very productive shallow shelves and extremely oligotrophic 154 
deep basins in 2015 (Figure 1). The Arctic Ocean is characterized by extremely broad continental 155 
shelves, consisting of 53% of its overall area (Jakobsson, 2002).  156 

Size-fractionated particles were all sampled using dual-flow McLane Research in-situ 157 
pumps (WTS-LV). Large size fraction particles are referred to as “LSF”, representing the size 158 
fraction of >51 μm, whereas the small size fraction, “SSF”, are particles between 1 and 51 μm. 159 
Total particles are defined as the sum of both size fractions (Total= LSF+SSF). More details about 160 
the cruise hydrography, sample handling and analytical methods of different particle compositions 161 
can be found in Lam et al. (2015), Lam et al. (2018), Xiang and Lam (2020).  162 

 163 

 164 
Figure 1. Station map of three U.S. GEOTRACES cruises in which in-situ pump were deployed. 165 
The color bar is ocean bathymetry (using haline in cmocean colormap) (Thyng et al., 2016). The 166 
GA03 is the North Atlantic Zonal Transect, GP16 is the Eastern Pacific Zonal Transect, and GN01 167 



 5 

is the Arctic cruise. MU: Mauritanian Upwelling; TAG: Trans-Atlantic Geotraverse hydrothermal 168 
plume; DWBC: deep western boundary current; PCU: Peruvian Coastal Upwelling; EPR: East 169 
Pacific Rise (EPR) hydrothermal plume. 170 
 171 
2.2 Porosity and size relationship 172 

The porosity is defined as the volume fraction of an aggregate that is not occupied by solid 173 
matter and tends to increase with particle size (Alldredge & Gotschalk, 1988). It is an essential 174 
parameter in the calculation of particle volume and mass flux from size (Jackson et al., 1997; 175 
Stemmann et al., 2008). Alldredge and Gotschalk (1988) pioneered porosity measurements in 176 
marine aggregates and found a power-law relationship between the porosity and particle size by 177 
direct measurements in situ: 178 

 1-Pi= (8×10-3)×(di/103)
-1.6

 (1) 
where Pi is the particle porosity for size bin i and is unitless, di is the equivalent spherical diameter 179 
of particles (μm), and 103  is the conversion factor between μm and mm. This classic power 180 
function was used to calculate the particle sinking velocities in many studies (e.g., Burd et al., 181 
2007; Ruiz, 1997). Data points from Alldredge and Gotschalk (1988) were extracted using 182 
WebPlotDigitizer (Rohatgi, 2010) for this study. The extracted regression equation is  1-183 
Pi= (8.2×10-3)×(di/103)

-1.6
, which is similar to the original one. 184 

In the past 30 years, there have been several additional studies measuring porosity and size 185 
of marine aggregates (Figure 2) (Bach et al., 2016; Engel et al., 2009; Iversen & Robert, 2015; 186 
Lam & Bishop, 2007; Laurenceau-Cornec et al., 2020; Laurenceau-Cornec et al., 2015b; Logan & 187 
Alldredge, 1989; Ploug et al., 2008a; Ploug & Passow, 2007; Prairie et al., 2015; Schmidt et al., 188 
2014). A detailed summary of all data sources and analytical methods is listed in Table S1. Due to 189 
the difficulties of measuring size and porosity in situ in the water column, many of these studies 190 
were conducted with aggregates formed in lab roller tanks, while others measured bulk properties 191 
from which we estimated particle size distributions. For example, the Lam and Bishop (2007) 192 
study estimated porosities of bulk size-fractionated (1-51 μm and >51 μm) particles collected by 193 
in-situ filtration in the Southern Ocean. To estimate a mean particle size for each size fraction to 194 
associate with estimated porosities, we used nearby particle size distributions obtained by the 195 
Underwater Vision Profiler (UVP) in the Lohafex 2009 and Tara 2011 cruises in the Subantarctic 196 
and Antarctic, respectively (Picheral et al., 2017). It is noted that natural aggregates are different 197 
from aggregates formed in roller tanks and characterized by smaller sizes (Laurenceau-Cornec et 198 
al., 2015b). Further, for a given size, it also seems that natural aggregates have a higher porosity 199 
(lower (1-Pi)) than similarly-sized lab formed aggregates (Figure 2). Since marine particles are all 200 
collected in situ in our dataset, we only use natural marine particles in our updated regression.  201 

Compared to Eq. 1, we also used a different linear regression model. The ordinary least 202 
square (OLS) regression used in Alldredge and Gotschalk (1988) is sensitive to changes in X-axis 203 
scale (i.e., meter vs. millimeter). Therefore, a Model-II reduced major axis (RMA) regression was 204 
used, as implemented in lsqfitgm.m in MATLAB by E.T. Peltzer (https://www.mbari.org/index-205 
of-downloadable-files/). The updated power-law relationship between (1-porosity) and particle 206 
sizes is: 207 

 1-Pi= (3.6×10-3)×(di/103)
-1.2

 (2) 
Compared to the original Alldredge and Gotschalk (1988) relationship (Eq. 1), this new 208 

relationship has a weaker dependency of porosity with size, but also has a lower coefficient. Logan 209 
and Wilkinson (1990) illustrated the relationship between the fractal dimension D3 and the power 210 
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exponent b in the porosity-size function, where D3=3+b. The value of the fractal dimension depicts 211 
how much space the solid occupies in three dimensions. A pure solid has a fractal dimension of 3. 212 
The fractal dimensions in our updated and original Alldredge and Gotschalk (1988) relationship 213 
are 1.8 and 1.4, respectively, which means that marine particles in this study are more compact 214 
than those in Alldredge and Gotschalk (1988). Despite the higher fractal dimension in our new 215 
relationship, the coefficient is lower, resulting in higher porosities over the size range of most 216 
marine particles (Figure 2).  The intersection between the original Eq. 1 and new Eq. 2 occurs at 217 
8.3 mm; therefore, particles smaller than 8.3 mm have a higher porosity (lower 1-Pi) in the newly 218 
compiled porosity-size relationship (Figure 2). Additionally, the new relationship predicts a 219 
particle size of about 8.6 μm when the porosity approaches 0, compared to 48.9 μm for the original 220 
Alldredge and Gotschalk (1988) relationship. We treat particles as pure solids (Pi=0) for all sizes 221 
below 8.6 μm.  222 

 223 
Figure 2. The newly compiled porosity-size relationship from literature. Data points outlined in 224 
gray are aggregates formed in lab roller tanks, whereas colored symbols are natural marine 225 
aggregates. The ordinary least square (OLS) and reduced major axis (RMA) regression are used 226 
to fit data from Alldredge and Gotschalk (1988) and all natural aggregates, respectively. 227 
Regression equations are displayed with the colors matching with fit lines. 1: Alldredge and 228 
Gotschalk (1988); 2: Logan and Alldredge (1989); 3: Lam and Bishop (2007); 4: Ploug et al. 229 
(2008a); 5: Bach et al. (2016); 6: Ploug and Passow (2007); 7: Engel et al. (2009); 8: Schmidt et 230 
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al. (2014); 9: Prairie et al. (2015); 10: Iversen and Robert (2015); 11: Laurenceau-Cornec et al. 231 
(2015b); 12: Laurenceau-Cornec et al. (2020). 232 
 233 
2.3 Particle sinking rate calculation 234 

Stokes’ Law has been widely used to calculate sinking velocities of marine particles 235 
(Stokes, 1851). In this simple model assuming spherical particles, laminar flow, and a smooth 236 
surface, the sinking velocity increases with particle size and excess density, the density difference 237 
between solid materials and seawater:  238 

 Wi=
gΔρ(di/106)

2

18η  (3) 

where Wi  is the sinking velocity for size bin i with the unit of m/s , g is the gravitational 239 
acceleration in m/s2, Δρ is the excess density in kg/m3, 106 is the conversion factor between μm 240 
and m, and η is the dynamic viscosity of seawater in kg/m/s. Considering porosity, and assuming 241 
that flow through the porous aggregate is negligible (although see section 4.4), Eq. 3 becomes:  242 

 Wi=(1-Pi)
gΔρ(di/106)

2

18η  (4) 

Combing Eqs. 2 and 4 explicitly and using m as the unit for particle size, the sinking 243 
velocity is calculated as: 244 

 Wi=(3.6×10-11.4)×
gΔρ(di)0.8

18η  (5) 

Since 1-Pi decreases (porosity increases) with particle size (Eqs. 1-2), sinking velocities in 245 
Eqs. 4-5 have a weaker dependence on the particle size compared to the original Stokes’ Law (Eq. 246 
3). As a result, the influence of other parameters, such as the excess density and viscosity, becomes 247 
more important. It is also worth noting that a slightly stronger size dependency in sinking velocity 248 
occurs with the implementation of the newly compiled porosity and size relationship (Eq. 2) to Eq. 249 
5 when compared to using the original relationship from Alldredge and Gotschalk (1988) (Eq. 1). 250 

The Stokes’ Law is only valid at low Reynolds number (Re) in the laminar flow regime, 251 
empirically found at Re<0.5 (White, 1974). The Reynolds number is: 252 

 Re=
ρswW(di/106)

η  (6) 

where ρsw is the density of seawater (unit: kg/m3). With the consideration of increasing porosity 253 
with size, however, Stokes’ Law is potentially valid at higher Reynolds numbers (1< Re < 50) 254 
(Laurenceau-Cornec et al., 2020). Indeed, roller-tank aggregates with minerals were best modelled 255 
using Stokes’ Law with constant porosity (99%), and also well described with a form of Stokes’ 256 
Law modified with a fractal-porosity relationship (Laurenceau-Cornec et al., 2020), similar to our 257 
Eq. 5. However, for aggregates without minerals, the modified Stokes’ law with the fractal-258 
porosity relationship modelled the sinking velocity much better than using constant porosity. Even 259 
though the observation was not based on naturally formed marine aggregates, it is still our best 260 
understanding of the applicability of Stokes’ Law to marine particles, and we use Eq. 5 to estimate 261 
sinking velocities of our natural mineral-containing particles. It is noteworthy that the fractal-262 
porosity relationship for natural marine aggregates used in this study (Eq. 2) has a lower coefficient 263 
but similar fractal dimension compared to artificial aggregates in Laurenceau-Cornec et al. (2020). 264 
Lower coefficients can be visualized with Figure 2, where natural aggregates seem to have a lower 265 
intercept than roller tanks aggregates.  266 
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 267 
2.3.1 Particle density calculation 268 
 Major phases in marine particles include particulate organic matter (POM), opal, lithogenic 269 
materials (Litho), calcium carbonate (CaCO3), manganese oxides (MnO2), and iron oxyhydroxides 270 
(Fe(OH)3). The contribution of each particle phase to the overall particle mass, known as the 271 
compositional fraction, is calculated by normalizing its concentration with suspended particulate 272 
mass (SPM). Compositional fractions in the LSF and SSF are calculated separately and used in the 273 
calculations of particle density. The density of the solid portion of particles, ρparticle, is calculated 274 
as: 275 

 ρparticle=ρPOMfPOM+ρopalfopal+ρLithofLitho+ρCaCO3
fCaCO3+ρMnO2

fMnO2+ρFe(OH)3
fFe(OH)3 (7) 

where ρPOM, ρopal, ρLitho, ρCaCO3
, ρMnO2

, ρFe(OH)3
are the densities of each particle phase, and fPOM, 276 

fopal, fLitho, fCaCO3, fMnO2, fFe(OH)3 are the compositional fractions (by weight) of each particle phase. 277 
We use a density of POM ρPOM of 1.05 g/cm3 (Young, 1994), ρopal of 2.0 g/cm3 (Hurd & Theyer, 278 
1977), ρLitho  of 2.70 g/cm3  (Rixen et al., 2019), ρCaCO3

 of 2.71 g/cm3 , ρMnO2
 of 3.0 g/cm3 , and 279 

ρFe(OH)3
 of 3.96 g/cm3 (Towe & Bradley, 1967). 280 

 281 
2.3.2 Hydrography  282 

Hydrographic data, such as temperature, salinity, dissolved oxygen, and nutrients, were 283 
measured in each cruise (Cutter et al., 2019; Schlitzer et al., 2018). The potential density 284 
was calculated using the seawater toolbox version 3.3.1 in MATLAB (MathWorks 285 
Inc.). Temperature, salinity, and pressure from the bottle data were interpolated linearly to pump 286 
depths. The seawater density is a function of temperature, salinity, and pressure, and 287 
the gravitational acceleration was derived from latitude and depth. The seawater viscosity was 288 
calculated from temperature and salinity based on the equation in Millero (1974).  289 
 290 
2.3.3 Data binning 291 

Both SSF (1-51 μm) and LSF (>51 μm) are evenly divided into 25 bins in logarithmic 292 
space. Since particles of more than 5 mm are generally rare in the ocean (Honjo et al., 1995; Shanks 293 
& Trent, 1980), we set the upper limit of the LSF to 5 mm. The size range and median for each 294 
size bin are summarized in Table S2. The center of the bin in log space is used in the calculation 295 
of sinking speeds and mass fluxes. Since we only have bulk composition information available for 296 
the SSF and LSF fractions, we assume that all 25 bins in each size fraction have the same particle 297 
composition, and thereby the same particle densities. 298 
   299 
2.4 Mass-size spectra  300 
 A mass-size spectrum is calculated for each sample in all cruises using the measured bulk 301 
SSF and LSF SPM concentrations. All spectra are assumed to be a power function between 1 μm 302 
and 5 mm. LSF and SSF SPM concentrations, together with size boundaries in different size 303 
fractions, 1, 51 and 5000 μm, were used to constrain the relationships: 304 

 mi=pdi
-q (8) 

 SPM=
∫ pdi

-qddd2
d1

103  (9) 
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where mi  is the dry mass of particles for each bin i (unit: g/L/m), SPM is the measured dry 305 
suspended particulate mass in each size fraction (unit: g/m3), 103 is the conversion factor between 306 
μg/L and g/m3, d1 is the lower integration boundary, as 1 μm in the SSF or 51 μm in the LSF, d2 307 
is the higher integration boundary, as 51 or 5000 μm, and p and q are constant parameters that are 308 
determined from the size-fractionated SPM data for each sample. The coefficient q is unitless. 309 
 310 
2.5 Mass flux calculation 311 

The mass flux is obtained from the product of SPM concentrations and sinking velocities. 312 
The mass flux for each size bin, Fi, is calculated as: 313 

 Fi=
mi×Wi

103  (10) 

where Fi is with the unit of g/m2/s/μm, and 103 is the conversion factor between μm and mm. The 314 
overall mass flux F is the sum of mass fluxes in all size bins:  315 

 F="
mi×Wi

103 dd
d2

d1
 (11) 

where F is with the unit of g/m2/s. To convert g/m2/s to g/m2/day, one needs to multiply by 86400 316 
s/day. The SSF and LSF mass flux are calculated separately for each sample. The total mass flux 317 
is the sum of SSF and LSF fluxes. 318 
 319 
2.6 Mass-weighted average sinking velocity calculation 320 
 The calculation of the mass-weighted average sinking velocity for the SSF and LSF size 321 
fractions uses the mass fraction of each size bin to weight the velocity calculated in each size bin. 322 
The mass-weighted average sinking velocity WSV (unit: m/s) is computed separately for the SSF 323 
(1-51 μm), the LSF (51-5000 μm), and total particles (1-5000 μm) as: 324 

 WSV="
miWidd

∫ middd2
d1

d2

d1
 (12) 

Indeed, the mass flux F of the SSF, LSF, or total particles is the product of the WSV 325 
multiplied by SPM concentrations of the respective size fraction: 326 

 F=WSV×SPM (13) 
 Derived mass flux and WSV in all size fractions (SSF, LSF, and TOT) from three cruises 327 
are summarized in Table S3. 328 
 329 
2.7 Statistical Analysis 330 
 In this paper, two methods of statistical tests are conducted to evaluate whether variables 331 
in three oceans are significantly different. The choice of the statistical method depends on the 332 
distribution for given datasets. The normality of data distribution is assessed using the Lilliefors 333 
test at the 5% significance level. We use the two-sample t-test (α=0.05) to examine statistical 334 
differences between variables if they both have a normal distribution. Otherwise, the Wilcoxon 335 
rank sum test, known as the Mann-Whitey U test, is used. Most of our derived parameters are not 336 
normally distributed. Unless otherwise specified, the p value shown is from the Wilcoxon rank 337 
sum test. 338 
 339 
3. Results 340 
3.1 Suspended Particulate Mass (SPM)  341 



 10 

LSF, SSF, and total (TOT) SPM concentrations in three basins tend to decrease with depth 342 
(Figure S1). In general, the SPM is of higher concentrations in the SSF than LSF (see section 343 
3.4.1). The Chukchi Shelf in the western Arctic Ocean has the highest SPM concentrations in all 344 
size fractions, reaching 1.1, 3.2, and 4.0 g/m3 for the LSF, SSF, and TOT, respectively, approached 345 
only by the bottom nepheloid layer of the western boundary current in the North Atlantic from the 346 
GA03 cruise. In contrast, the Canada Basin of the western Arctic Ocean is characterized by the 347 
lowest SPM concentrations in the LSF (p<<0.001). The SSF and TOT SPM concentrations in the 348 
western Arctic Ocean and SE Pacific central basin are not statistically different from each other 349 
(p>0.05) but are both significantly smaller than the North Atlantic (p<<0.001). Interestingly, most 350 
deviations between the North Atlantic and SE Pacific occur in the deep ocean: there is less SPM 351 
attenuation with depth in the North Atlantic. Inputs from hydrothermal vents are responsible for 352 
the small elevation in SPM concentrations at 2500 m in the EPR 15˚S hydrothermal plume in the 353 
SE Pacific. The North Atlantic western boundary has much more prominent bottom nepheloid 354 
layers (BNLs) than the SE Pacific or Arctic, as found by Gardner et al. (2018a), Gardner et al. 355 
(2018b), and Gardner et al. (2018c). 356 
 357 
3.2 Compositional Fraction 358 

The LSF and SSF particles have different particle compositions, with their POM and opal 359 
fractions differing the most. In general, the LSF POM is less dominant than the SSF, whereas the 360 
LSF opal fraction is greater than in the SSF (Figures S2g-j & S3). The POM is the dominant 361 
particle phase in the upper 500 m in both size fractions and the fraction of POM decreases with 362 
depth in all three basins. In contrast, the fraction of lithogenic material progressively increases 363 
with depth (Figures S2e-f & S3). The particulate lithogenic content in the SE Pacific is 364 
significantly smaller than that in the Arctic and North Atlantic (p<<0.001). Unlike the North 365 
Atlantic, which is heavily influenced by Saharan dust input (e.g., Mahowald et al., 2005), the 366 
western Arctic Ocean is far from major dust sources, and the supply of lithogenic aerosol particles 367 
into the Arctic Ocean is much smaller (Marsay et al., 2018). The central Arctic Basin receives 368 
most of its lithogenic material via lateral fluxes from the margins (Xiang & Lam, 2020). Prominent 369 
bottom nepheloid layers in the North Atlantic and the western Arctic Ocean are characterized by 370 
high lithogenic fractions, accounting for over 60% of the SPM. CaCO3, a biogenic mineral of 371 
similar density to lithogenic particles (see section 2.3.1), is highest in the SE Pacific (p<<0.001) 372 
and lowest in the Arctic Ocean in both size fractions (p<<0.001). The abundance of CaCO3 373 
compensates for a lack of lithogenic particles in the SE Pacific, leading to relatively similar 374 
fractions of Litho+CaCO3 in the three ocean basins (Figure S2c-f). The North Atlantic has the 375 
lowest fraction opal (p<<0.001). High opal fractions are observed in the SE Pacific and western 376 
Arctic Ocean, whereas a more definite decreasing trend with depth appears in the western Arctic 377 
Ocean (Figures S2g-h & S3). The Fe(OH)3 is generally low but elevated in the EPR 15˚S and TAG 378 
hydrothermal plumes where the highest fraction of Fe(OH)3+MnO2 consists of up to 60% of SPM 379 
(Figure S2a-b). Despite the absence of hydrothermal activities, the western Arctic Ocean is the 380 
only basin with a relatively high fraction of MnO2 (>2%) in the entire water column (Figure S3). 381 
The highest fraction in the SSF (~9%) is found in the upper 500 m in the western Arctic Ocean 382 
coinciding with the Pacific-derived halocline, and is even higher than that in the EPR hydrothermal 383 
plume. There is no obvious MnO2  elevation in the TAG plume, despite similar dissolved 384 
manganese concentrations between the EPR 15˚S and TAG plumes (Hatta et al., 2015; Resing et 385 
al., 2015); therefore, the presence of high concentration and fraction of MnO2 in the EPR 15˚S but 386 
not in the TAG (Lam et al., 2018; Lam et al., 2015) is likely a consequence of the comparative 387 
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ages of the plumes relative to the time scale of dissolved Mn oxidation (Kipp et al., 2018; 388 
Mandernack & Tebo, 1993).  389 
 390 
3.3 Particle densities and excess densities 391 

Particle densities range from 1.1 to 3.2 g/cm3 in the three sections and generally increase 392 
with depth (Figure 3). The highest density is found in the EPR 15˚ S hydrothermal plume. The 393 
median for LSF particle densities is 1.8, 2.0, and 2.0 g/cm3 in the North Atlantic, SE Pacific, and 394 
the western Arctic Ocean, respectively. The SSF densities are 2.0±0.4, 1.9±0.4, and 1.9±0.4 g/cm3 395 
(mean±s.d.). Based on the Lilliefors test, only LSF densities in the North Atlantic are normally 396 
distributed at the 5% significance level. In contrast, all SSF particle densities have normal 397 
distributions. The North Atlantic has the lowest LSF densities compared to the other two cruises 398 
(p<<0.001), but its SSF densities are significantly higher than the western Arctic Ocean (t-test; 399 
p<0.01). Such contrasting characteristics between size fractions can be partly explained by the 400 
abundance of POM and the lack of opal in the North Atlantic in the LSF (Figures S2g, S2i, &S3). 401 

Both the magnitude and variations of seawater densities are small compared to the particle 402 
density in most cases, which leads to relatively consistent differences between particle density and 403 
excess densities (Figure S4). Variations in the excess density are controlled by composition effects 404 
on particle density, not by variations in the seawater density. 405 
 406 

 407 
Figure 3. LSF (>51 μm) and SSF (1-51 μm) particle densities (unit: g/cm3) in three cruises. (a): 408 
GA03 LSF; (b): GA03 SSF; (c): GP16 LSF; (d): GP16 SSF; (e) GN01 LSF; (f): GN01 SSF. The 409 
top panel in each subplot is the upper 500 m, and the lower panel is the entire water column. Pump 410 
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sampling depths with actual data are shown with colored dots outlined in gray, on top of 411 
interpolated values that are plotted on model grids. Both actual and interpolated values are assigned 412 
with the same color bar. Thick white contours are potential density anomaly of 25, 26 and 27 413 
kg/m3, and thin white lines are 50 evenly spaced contour lines within the range of the color scale. 414 
In GN01, northbound and southbound legs are connected, and the North Pole station (90˚N) is 415 
shown in the center. 416 
 417 
3.4 Mass partitioning  418 
3.4.1 The fraction of mass concentrations in the SSF and LSF 419 

The SSF SPM generally makes up more TOT SPM concentrations than the LSF (Figure 4). 420 
A higher fraction of small particles with respect to total mass concentrations (fSSF) corresponds 421 
to a higher power q in the mass-size spectra. The median (range) fSSF fractions are 76.6% (34.2-422 
97.8%), 78.4% (48.4-93.9%), and 85.5% (11.1-96.5%) in the North Atlantic, SE Pacific, and the 423 
western Arctic Ocean, respectively. The highest fSSF of 97.8% appears in the BNLs along the 424 
western boundary in the North Atlantic (Figure 4a). Close to the venting site of the EPR 425 
hydrothermal plume, the fSSF is about 70%, implying hydrothermal particles from the EPR 426 
partition less towards the SSF than outside the plume (Figure 4b) (Lee et al., 2018). The central 427 
Arctic Basin is characterized by significantly higher fSSF (more small particles) than the North 428 
Atlantic and SE Pacific (p<<0.001) (Figure 4c), consistent with oligotrophic conditions and 429 
subsurface lateral transport of fine particles in the western Arctic Ocean (Xiang & Lam, 2020). 430 
Interestingly, the lowest fSSF and thereby the largest particles are also in the western Arctic Ocean, 431 
but over the productive Chukchi Shelf (Figure 4c). 432 
 433 
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Figure 4. Fraction of SSF in TOT (>1 μm) mass concentrations in three cruises. (a): GA03; (b): 435 
GP16; (c) GN01. The top panels in each subplot is the upper 500 m, and the lower panel is the 436 
entire water column.  437 
 438 
3.4.2 The mass-size spectra power q 439 

Another means to assess the mass partitioning in size-fractionated particles is to compare 440 
the magnitude of the power q in the mass-size spectra (Eq. 8). A higher q indicates more mass 441 
distributed to the SSF compared to the LSF. The mass-size spectra formulation also facilitates 442 
subsequent calculations of sinking velocities (see section 2.6). The distributions of the two 443 
parameters, fSSF and q, look alike (Figures 4 & S5). The medians (ranges) of q are 1.3 (0.9-2.0), 444 
1.3 (1.0-1.7), 1.5 (0.6-1.8) in the North Atlantic, SE Pacific, and the western Arctic Ocean, 445 
respectively. 446 
 447 
3.5 Derived variables 448 
3.5.1 Derived mass flux 449 

The LSF mass flux generally decreases with depth and away from the margins, with values 450 
ranging over three to four orders of magnitude within each cruise. The medians (5th  to 95th 451 
percentile range) of LSF mass flux are 2.0×10-1  g/m2/d  (2.1×10-2 -1.9 g/m2/d) in the North 452 
Atlantic, 8.9×10-2 g/m2/d (2.3×10-2-1.0 g/m2/d) in the SE Pacific, and 4.4×10-2 g/m2/d (8.2×10-3-453 
8.7 g/m2/d) in the western Arctic Ocean (Figure S6). In terms of 0-100% range of mass flux over 454 
all cruises, it is worth noting that samples with the highest (88.2 g/m2/d ) and lowest 455 
(2.9×10-3	g/m2/d) mass flux are both in the western Arctic Ocean. The BNLs along the western 456 
boundary in the North Atlantic increase the LSF mass flux to about 3.5 g/m2/d. In the SSF, the 457 
mass flux varies one to two orders of magnitude within each cruise. The medians (5th-95th) of SSF 458 
mass flux are 1.6 ×10-2 g/m2/d (4.5×10-3-8.3×10-2 g/m2/d) in the North Atlantic, 6.5×10-3 g/m2/d 459 
(2.7×10-3-4.4×10-2 g/m2/d) in the SE Pacific, and 4.9×10-3 g/m2/d (1.5×10-3-2.7×10-1 g/m2/d) in 460 
the western Arctic Ocean (Figure S6). Fluxes of more than 1.0 g/m2/d are rare in the SSF, only 461 
occurring in prominent BNLs, such as on the western margin in the North Atlantic and the Chukchi 462 
Shelf in the western Arctic Ocean.  463 

The distribution of TOT mass fluxes is similar to the LSF (Figures 5 & S6). The medians 464 
(5th-95th) of TOT mass flux are 2.1×10-1  g/m2/d (2.5×10-2-2.5 g/m2/d) in the North Atlantic, 465 
9.7×10-2  g/m2/d (2.7×10-2 -1.1 g/m2/d) in the SE Pacific, and 4.9×10-2  g/m2/d (1.1×10-2 -9.6 466 
g/m2/d) in the western Arctic Ocean (Figure 5). The highest (100th percentile) TOT mass flux is 467 
over the Chukchi Shelf, reaching 89.6 g/m2/d. The North Atlantic is characterized by the highest 468 
TOT mass flux (Figure 5a), and the western Arctic Ocean has the lowest TOT mass flux 469 
(p<<0.001) (Figure 5e). It is interesting that high mass fluxes in the upper 500 m near the Peru 470 
margin persist hundreds of kilometers offshore in the SE Pacific, coinciding with the 10 μmol/kg 471 
dissolved oxygen contour line (Figure 5c). The low attenuation of mass flux in this region is 472 
consistent with conclusions drawn from other tracers from the same cruise, such as the Th 

230 -473 
normalized POC flux and stable isotope of nitrate (δ NNO3 

15 ), which both point to less POC 474 
regeneration within the Peru oxygen deficient zone (Pavia et al., 2019; Peters et al., 2018).  475 
 476 
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 477 
Figure 5. Derived mass flux (unit: g/m2/d) in TOT particles (a, c, e), and derived mass-weighted 478 
average sinking velocity (unit: m/d) in TOT particles in three cruises (b, e, f). (a)-(b): GA03; (c)-479 
(d): GP16; (e)-(f): GN01. Thick white contours are potential density anomaly of 25, 26 and 27 480 
kg/m3, and thick black contours in the GP16 are dissolved oxygen concentrations of 10 and 50 481 
μmol/kg. Note that color scales are the same for all cruises but are different between the upper 500 482 
m (top panels) and the whole water column (bottom panels) in the TOT mass flux.  483 
 484 
3.5.2 Derived mass-weighted average sinking velocities 485 

The magnitude of mass-weighted average sinking velocities (WSVs) for each size fraction 486 
is determined by the mass fraction and sinking velocity for each size bin (Eq. 12). Sinking 487 
velocities, in turn, are dependent on the hydrography, particle composition, and porosity-size 488 
relationship. The medians (5th-95th range) of WSVs over all cruises are 60.6 m/d (27.0-103.8 m/d) 489 
in the LSF, and 1.4 m/d (4.1×10-1-2.6 m/d) in the SSF (Figure S7). Unlike the mass flux, where 490 
the total flux was similar to the LSF flux, WSVs in total particles are less similar to the LSF WSVs: 491 
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the TOT sinking rates fall between the SSF and LSF, with the median (5th-95th) of 13.5 m/d (3.4- 492 
41.0 m/d) (Figure 5). This is because the WSVs are an average sinking speed weighted by mass, 493 
thus giving more weight to the slowly sinking particles of the more abundant SSF. In contrast, flux 494 
is simply integrated across sizes, and the larger size range and faster sinking speeds of the LSF 495 
dominate the total flux. In general, we did not find strong evidence for an increasing sinking 496 
velocity with depth, in line with observations by Xue and Armstrong (2009) and Nowald et al. 497 
(2009). 498 

The LSF WSVs are high near shelf/slope regions in the North Atlantic, but relatively low 499 
in the surface and deep basin (Figure S7a). The SE Pacific has relatively uniform distributions of 500 
LSF WSVs (Figure S7c). The median (5th-95th) of LSF WSVs in the SE Pacific is 65.7 m/d (42.8-501 
113.0 m/d), not significantly different from the North Atlantic (p>0.05), which has the median 502 
(5th-95th) of 62.9 m/d (19.5-118.3 m/d). Interestingly, despite having significantly higher LSF 503 
particle densities compared to the North Atlantic, the Arctic Ocean is characterized by the lowest 504 
LSF sinking rates in all three basins (p<<0.001) (Figure S7e). The median (5th-95th) in the LSF in 505 
the western Arctic Ocean is 46.1 m/d (23.3-90.5 m/d). In this case, the smaller particle size 506 
distribution (Figures 4&S5) and greater importance of viscosity relative to gravitational sinking 507 
(see section 4.3.2.2) in the western Arctic Ocean may play a more important role in diminishing 508 
sinking velocity.  509 

Similar to the LSF, the western Arctic Ocean is also characterized by the lowest WSVs in 510 
the SSF (p<<0.001), and the median (5th -95th ) is 1.0 m/d (2.4×10-1 -2.1 m/d) (Figure S7f). 511 
However, unlike for the LSF, the SSF WSVs are relatively high in the deep North Atlantic 512 
compared to the other basins (Figure S7b). The SSF WSVs in the SE Pacific (median: 1.4 m/d; 513 
5th-95th: 6.4×10-1-2.7 m/d) are significantly lower than the North Atlantic (median: 1.7 m/d; 5th-514 
95th: 8.8×10-1-2.7 m/d) (p<<0.001) (Figure S7d).  515 

The median (5th-95th) of TOT WSVs is 15.4 (4.1-52.2 m/d), 15.2 (6.6-37.0 m/d), and 7.4 516 
m/d (2.3-39.1 m/d) in the North Atlantic, SE Pacific, and the western Arctic Ocean, respectively 517 
(Figure 5). In the central North Atlantic, the TOT WSVs have surface and deep minima of less 518 
than 10 m/d (Figure 5b). As a consequence of a dominance of very small particles in the BNLs, 519 
the TOT WSVs along the deep western boundary are lower than the midwater column values 520 
despite much higher fractions of lithogenic contents. Within the near-field EPR hydrothermal 521 
plume (<80 km from the ridge axis) in the SE Pacific, the TOT WSVs can reach more than 50 m/d 522 
(Figure 5d) owing to increasing particle densities (Figure 3b) from the high oxide fraction (Figure 523 
S2a-b) and lower fSSF (more large particles) (Figure 4b). The most pronounced gradient in TOT 524 
WSVs between the shelf/slope and basin is observed in the western Arctic Ocean (Figure 5f). 525 
Overall, the TOT WSVs in the western Arctic Ocean are significantly lower than the other two 526 
oceans (p<<0.001). 527 
 528 
4. Discussion 529 
4.1 Sensitivity tests 530 

Sensitivity tests are conducted with different numbers of size bins, upper size limits for the 531 
LSF, and porosity-size relationships. Compared to the latter two, the number of bins is of minor 532 
importance in the variations of mass flux and WSVs, and not discussed here. Additionally, 533 
according to Eq. 13, for given SPM concentrations, the variability is the same between mass flux 534 
and WSVs. Therefore, we only discuss changes in the mass flux term in sensitivity tests below.  535 
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The mass-size spectra (Eq. 8) change slightly with different upper size limits in the LSF. 536 
The difference in the power q is generally <1.5% if 10 mm is used as the upper size boundary 537 
instead of 5 mm. However, mass flux is sensitive to the variations in the upper limit in the LSF. 538 
Using the data from the SE Pacific as an example, if setting the upper size boundary as 10 mm 539 
rather than 5 mm, the TOT mass flux and WSVs are both elevated. The absolute difference ranges 540 
from 1.4×10-3 to 1.9 g/m2/d and the median is 3.0×10-2 g/m2/d (Figure S8a). The percentage of 541 
increase has a median (range) of 30.1% (4.3%-58.9%). 542 

The mass flux is also very sensitive to the choice of the porosity-size relationship. As seen 543 
in Figure 2, the power-law relationship in the Alldredge and Gotschalk (1988) (P1) has a steeper 544 
slope and higher coefficient than the new compilation used in this paper (P2). For particle sizes 545 
below 5 mm, the P1 relationship tends to have a higher 1-P, thereby lower P, which leads to higher 546 
mass fluxes. If keeping the upper size limit in the LSF as 5 mm, the TOT mass flux derived from 547 
the P1 changes by a median of 1.5×10-1 g/m2/d and 156.7% in the absolute and relative increase, 548 
respectively, when compared to ones calculated using the P2 relationship (Figure S8b). 549 

 550 
4.2 Literature comparisons 551 

Most observations of mass fluxes are from sediment traps. Particles collected by sediment 552 
traps and large-volume in-situ pumps, however, integrate over different temporal and spatial 553 
scales. Moored sediment traps are usually deployed for weeks and months, neutrally buoyant or 554 
surface-drifting traps are deployed for days, whereas pumps collect particles for several hours.  555 
Longer deployment times allow sediment traps to capture rare fast-sinking particles, but sediment 556 
traps tend to undercollect slowly-sinking particles owing to hydrodynamic discrimination 557 
(Gustafsson et al., 2004). Pumps sample abundant slowly-sinking particles well, but are less likely 558 
to capture rare, fast-sinking particles. Despite the sampling differences, derived TOT mass fluxes 559 
using the pump data in this study are comparable to existing sediment trap studies (Figure 6) 560 
(Berelson et al., 2015; Honjo et al., 1995; Honjo et al., 2010; Hwang et al., 2015; Torres-Valdés 561 
et al., 2014). Note that there are fewer sediment trap studies in the South Pacific and Arctic Oceans 562 
as there are in the North Atlantic. Mass fluxes derived from the newly compiled P2 porosity-size 563 
power function are closer to sediment trap observations than those using the original P1 564 
relationship. The difference in mass flux between the two porosity-size relationships results from 565 
higher porosity for all particles >8.6 μm in the P2 relationship, given an upper size limit of 5 mm 566 
in our current study.  567 
 Existing measurements of sinking velocities of natural marine particles, direct or indirect, 568 
vary by several orders of magnitude, ranging from several meters to thousands of meters per day 569 
(Alldredge & Gotschalk, 1988; Alonso-González et al., 2010; Armstrong et al., 2009; Bach et al., 570 
2016; Bach et al., 2019; Berelson, 2001; Briggs et al., 2020; Estapa et al., 2019; Giering et al., 571 
2016; McDonnell & Buesseler, 2010; McDonnell & Buesseler, 2012; Nowald et al., 2009; 572 
Peterson et al., 2005; Pilskaln et al., 1998; Riley et al., 2012; Trull et al., 2008; Turner, 2002). Our 573 
estimates of TOT WSVs, about 10-30 m/d (Figure 5), fall within the range of 2 to 54 m/d measured 574 
using gel traps and in situ camera system for particles between 73 and 1400 μm at the Bermuda 575 
Atlantic Time-Series (BATS) in the Sargasso Sea (McDonnell & Buesseler, 2012). The TOT 576 
WSVs, however, are almost an order of magnitude higher than 2-3 m/d estimated using a thorium 577 
(Th) based inverse method in the North Atlantic (Lerner et al., 2017). Approximations of the 578 
sinking velocity derived from Th 

230  observations are also about 1-3 m/d in other parts of the ocean 579 
(Bacon & Anderson, 1982; Krishnaswami et al., 1981; Rutgers van der Loeff & Berger, 1993; 580 
Scholten et al., 1995). Puigcorbé et al. (2015) estimated the sinking velocity of total particles as 581 
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5±2 m/d based on Th 
234  data collected with pumps in the Northeast Pacific. In general, the SSF 582 

WSVs (~1-3 m/d) are much closer to the values from these Th-based estimates compared to the 583 
TOT WSVs (~10-30 m/d). Burd et al. (2007) pointed out that bulk measurements such as 584 
particulate Th 

234  are likely to represent the properties of small particles more than large particles. 585 
Adsorption of radionuclides such as thorium is a function of available particle surface area (e.g., 586 
Santschi et al., 2006), and should thus be weighted to small particles that have higher surface area 587 
to volume ratios. In contrast, in our method, mass flux and WSVs are both mass-based and derived 588 
from the particle volume (Eqs. 11&12), which gives more importance to larger particles and thus 589 
a higher total sinking velocity. 590 

Alternative chemical tracers, such as chloropigments, have also been used with inverse 591 
models to calculate sinking velocities for different size pools. Indeed, sinking rate estimates from 592 
a recent chloropigments-based inverse method by Wang et al. (2019) using data from in-situ pumps 593 
in the Mediterranean Sea are in good agreement with our study. Their modeled sinking velocities 594 
are 66.8±68.6 m/d (mean±s.d.) for large particles (>70 μm), with a range between 7 to 183 m/d, 595 
and 1.8±1.9 m/d, for small particles (1-70 μm), ranging between 0.2-5 m/d. 596 
 597 

 598 
Figure 6. Comparisons between pump-derived and sediment trap-measured TOT mass flux (unit: 599 
g/m2/d) in three cruises. (a): GA03; (b): GP16; (c): GN01. Mass fluxes calculated from the 600 
porosity-size relationship in Alldredge and Gotschalk (1988) are in gray. All GA03 stations are 601 
used to compared with data from Torres-Valdés et al. (2014), which covers both North and South 602 
Atlantic and includes many types of sediment traps. Only Stations 13-14 and 29-30 in the GP16 603 
are used in (b) to compare with Station 12 in Honjo et al. (1995) and Stations 5 and 7 in Berelson 604 
et al. (2015). The TOT mass flux in Stations 46-56 in the Canada Basin in the GN01 are shown in 605 
(c). Sediment traps in both Honjo et al. (2010) and Hwang et al. (2015) were deployed at 75˚N, 606 
150˚W in the center of Canada Basin. 607 
 608 
4.3 Controls on the mass flux 609 
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 The mass flux is calculated as the product of the particle concentration and sinking velocity. 610 
Sinking velocity, in turn, depends on composition, size, and hydrography (g, viscosity, and 611 
seawater density). Previous work has mostly focused on different factors impacting particle 612 
sinking velocities, such as the role of particle size (Alldredge & Gotschalk, 1988; Engel et al., 613 
2009; Guidi et al., 2008; Iversen & Ploug, 2010; Iversen & Robert, 2015; Laurenceau-Cornec et 614 
al., 2020; Laurenceau-Cornec et al., 2015b; McDonnell & Buesseler, 2010; Schmidt et al., 2014), 615 
particle composition (Bach et al., 2016; Bach et al., 2019; Engel et al., 2009; Laurenceau-Cornec 616 
et al., 2020; Laurenceau-Cornec et al., 2015b; Schmidt et al., 2014), and the hydrographic effects 617 
owing to the density discontinuities (Alldredge et al., 2002; Alldredge & Crocker, 1995; Kindler 618 
et al., 2010; MacIntyre et al., 1995; Prairie et al., 2013; Prairie et al., 2015). Our comprehensive 619 
work examines all of these components governing the mass flux and adds valuable in-situ particle 620 
composition data to the existing literature.  621 
 622 
4.3.1 Effects of particle concentration and weighted sinking velocities on mass flux 623 

The SPM concentrations and weighted sinking velocities are used to calculate the mass 624 
flux (Eq. 13).  Of these two factors, the mass flux is better correlated with SPM than with WSVs 625 
(Figure 7), with the relationships best for the LSF.  626 
 627 

 628 
Figure 7. Relationships between size-fractionated SPM concentrations and mass flux (a-c), and 629 
between mass-weighted average sinking velocity (WSVs) and mass flux (d-f). The (a) and (d) are 630 
LSF, (b) and (e) are SSF, (c) and (f) are TOT. All the x and y are in logarithmic scale. The reduced 631 
major axis (Model II linear fit) is used in the regression. Regression equations are displayed in (a)-632 
(c), whereas only the coefficient of determination R2 is shown in (d)-(f). All regression fits are 633 
significant (F-test: degrees of freedom: ~700, p<0.001).  634 
 635 
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 The scatter about the relationship between mass flux and SPM reflects the influence of 636 
WSV and therefore in the components (particle composition, size, and hydrography) that 637 
contribute to WSV. The scatter is most evident at the low end in the western Arctic Ocean in the 638 
SSF and TOT.  The sections below will discuss how particle size, composition, and hydrography 639 
affects the sinking velocity and thus the mass flux. 640 
 641 
4.3.1.1 Effects of particle size on sinking velocity 642 

It is straightforward to recognize the importance of size in controlling the sinking velocity: 643 
according to Stokes’ Law, sinking velocities increase with the square of particle diameter. The size 644 
effect on sinking velocity is highly dependent on the porosity-size relationship, however. 645 
Incorporation of any porosity-size relationship reduces the exponent value in Stokes’ Law (Eqs. 646 
3-4), diminishing the importance of particle size. The lower coefficient in the newly compiled 647 
porosity-size relationship increases the importance of porosity for particles as small as 8.6 μm, 648 
which tends to reduce overall sinking velocities and thus flux compared to the porosity-size 649 
relationship from Alldredge and Gotschalk (1988) (Figure 6). The integration of the new porosity-650 
size relationship (Figure 2) results in a power of ~0.8 applied to particle diameter, which makes 651 
the dependence of sinking velocity less sensitive to changes in size than to changes in density.   652 

Additionally, much lower mass partitioning to large particles further reduces the 653 
significance of particle size on sinking velocity. In our model, the mass fraction decreases with 654 
size due to a negative slope between the mass concentration and size (Eq. 9 & Figure S5). The 655 
WSVs are the sum of sinking velocity in each size bin weighted by its mass fraction (Eq. 12). With 656 
porosity, the last LSF size bin (4.2×103-5.0×103 μm) has sinking velocities of about four orders of 657 
magnitude higher than the first bin in the SSF (1.0-1.2 μm), reaching a median of 3.5×102 m/d. Its 658 
mass fraction, however, is much lower and only accounts for a median of 0.35% in TOT mass 659 
concentrations. Therefore, the effects of particle size on the overall mass flux are much less 660 
important than the classic perspective from Stokes’ Law, due to the existence of porosity, as also 661 
proposed by Laurenceau-Cornec et al. (2020), and the dominance of smaller particles. 662 
 663 
4.3.1.2 Effects of particle composition on sinking velocity 664 

Several previous studies have shown that incorporation of minerals, such as lithogenic 665 
particles and CaCO3, decreases particle size (De La Rocha et al., 2008; Engel et al., 2009; Hamm, 666 
2002; Iversen & Ploug, 2010; Laurenceau-Cornec et al., 2020; Nowald et al., 2015; Passow & De 667 
La Rocha, 2006; Passow et al., 2014; Schmidt et al., 2014). Most of these conclusions were drawn 668 
using aggregates formed in lab roller tanks. Natural aggregates may have different behaviors when 669 
exposed to minerals. 670 

In our study using natural particles from the full water column, we did not find evidence to 671 
support the role of CaCO3 and opal in affecting particle size distribution (Figure 8a-b & e-f). We 672 
do find, however, that the abundance of small particles (denoted by the magnitude of the exponent 673 
q) decreases with lithogenic fraction (Figure 8c-d). This relationship is predominantly driven by 674 
particles in the deep western Arctic Ocean and by the strong bottom nepheloid layers (BNLs) of 675 
the western boundary current in the North Atlantic and Chukchi Shelf (Lam et al., 2015; Xiang & 676 
Lam, 2020). The western Arctic Ocean is heavily influenced by lateral transport from sediment 677 
resuspension over the Chukchi Shelf and Slope, resulting in high fractions of lithogenic particles 678 
below 1000 m (Xiang & Lam, 2020). The association of lithogenic content and small particle size 679 
is thus driven by sediment resuspension processes, and not by a decrease in aggregate size caused 680 
by lithogenic content. If we exclude the entire GN01, small particles in the North Atlantic and SE 681 
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Pacific outside strong BNLs no longer decrease with the lithogenic fraction (Figure 8i-j). Indeed, 682 
the abundance of large particles may even increase with the SSF lithogenic fractions. Therefore, 683 
we postulate that in areas away from sediment resuspension, incorporation of ballast minerals into 684 
aggregates is not a primary controlling factor on the particle size distribution. 685 

 686 

 687 
Figure 8. Scatter (a-f) and box plots (g-l) between size-fractionated (LSF: left; SSF: right) 688 
compositional fraction and negative power exponent q, -q, in the mass-size spectra. Three major 689 
ballast minerals, CaCO3 , Litho and opal, are shown in the top, middle and bottom panels, 690 
respectively. The black dashed line is the median of all -q in each size fraction from all cruises. 691 
Nepheloid layers (NLs) are defined as any lithogenic concentrations of >5 μg/L in both size 692 
fractions and plotted in gray in the scatter plots. Compositional fractions are binned for every 10% 693 
between 0 and 100% in the box plots, excluding all NLs samples. The red segment inside the 694 
rectangle indicates the median and whiskers above and below the box show values of the minimum 695 
and maximum. Outliers are shown with red plus signs. Insets in (i) and (j) are plots excluding data 696 
from the GN01. 697 
 698 

The sinking velocity increases with excess densities on the basis of Stokes’ Law. The 699 
densities of Fe(OH)3  and MnO2  are higher than CaCO3  and lithogenic materials, but they are 700 
usually a much smaller fraction of the particulate mass (Figures S2-3). A few notable exceptions 701 
occur in hydrothermal plumes, where they can account for up to 50% of SPM concentrations. The 702 
CaCO3 and Litho are often the most important ballast minerals owing to their high densities and 703 
abundances. The density of POM (~1.05 g/cm3) is the lowest among all major phases and similar 704 
to seawater density (~1.03 g/cm3). Given the small value in the excess density, particles with a 705 
high fraction of POM sink slowly compared to other types.  706 

It is worth noting that the opal density, ~2.0 g/cm3, is very similar to the median of overall 707 
particle densities in the ocean (see section 3.3), which tend to frequently be a mixture of POM and 708 
CaCO3  and/or Litho. Additions of opal into marine aggregates would not lead to substantial 709 
increases in excess densities, thereby sinking velocities, and suggest that opal is likely of minor 710 
importance in influencing the overall sinking velocity. To increase sinking velocities, particles 711 
have to be characterized by elevated fractions of Fe(OH)3, MnO2, CaCO3 or Litho. Our hypothesis 712 
is consistent with Klaas and Archer (2002) where they explain the low correlation between deep 713 
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POC and opal fluxes as a consequence of the relatively low density of opal compared to CaCO3 714 
and lithogenic particles. The apparent weak ballasting effect of opal has also been attributed to 715 
higher aggregate porosities, reduced aggregate compactness, and increased POC lability (Bach et 716 
al., 2016; Bach et al., 2019; Francois et al., 2002; Lam & Bishop, 2007; Lam et al., 2011). This 717 
work shows that an increase in the fraction of opal is not associated with a higher abundance of 718 
larger particles (Figure 8e-f & k-l). Direct measurements of opal size and porosity in the future are 719 
needed to examine the role of porosity in the opal ballast more carefully. 720 

To summarize, we did not observe any obvious decrease in particle size distribution with 721 
incorporation of ballast minerals in natural particles. In this study, effects of particle composition 722 
mainly manifest in density of different phases, where CaCO3 and lithogenic particles are generally 723 
the two most important ballast minerals that add excess density to POM. The direct ballast effect 724 
of opal appears to be very weak, given its similar density to median of particle densities. We cannot 725 
exclude other hypotheses for the weak role of opal in particle flux, such as ecosystem effects (Lima 726 
et al., 2014) and POC lability (Lam et al., 2011), however.  727 
 728 
4.3.1.3 Effects of hydrography on sinking velocity 729 

Hydrographic parameters in the Stokes’ velocity calculation include seawater density, 730 
gravitational acceleration, and viscosity. Strong density gradients appear in the upper water 731 
column in three oceans, especially in the Arctic Ocean. A decrease in sinking velocities and 732 
accumulations of particles within a thin layer of sharp density gradients has been observed for 733 
marine aggregates both in-situ and in laboratory settings (Alldredge et al., 2002; Alldredge & 734 
Crocker, 1995; Kindler et al., 2010; MacIntyre et al., 1995; Prairie et al., 2013; Prairie et al., 2015). 735 
Elevations of beam attenuation from the transmissometer are generally observed within the 736 
pycnocline in all three cruises (Anderson & Fleisher, 2013). Our pump sampling resolution, 737 
however, may not be fine enough to capture such features on the scale of a few meters, given the 738 
absence of obvious elevations in particle concentrations at the density discontinuities.  739 

The influence of seawater density is incorporated into the calculation of excess densities, 740 
but as noted previously, variations in seawater density are usually small compared to variation in 741 
particles densities (see section 3.3). Sharp density gradients are generally associated with sharp 742 
viscosity gradients, since both parameters depend on temperature and salinity, so the hydrography 743 
effects on mass flux mainly manifest in the g/viscosity term (Eq. 3). Gravitational acceleration 744 
varies by less than 1% between Arctic and tropical waters. The most variation results from the 745 
viscosity, which is highly temperature-dependent (Millero, 1974). We disregard potential 746 
biological contributions to viscosity such as from the release of mucous materials including 747 
transparent exopolymer particles (TEP) (Jenkinson, 1986; 1993; Jenkinson & Biddanda, 1995; 748 
Seuront et al., 2007; Seuront et al., 2010; Seuront & Vincent, 2008; Seuront et al., 2006). 749 

In the western Arctic Ocean, the ratios of g/viscosity (g/vis) are lowest in the surface 750 
(~5000 m2/s/kg), highest at about 300 m below the Pacific-derived halocline (~5400 m2/s/kg), and 751 
remain relatively constant in the deep ocean (~5200 m2/s/kg) (Figure 9). In contrast, g/vis ratios 752 
are highest in the surface North Atlantic and SE Pacific (~10000  m2/s/kg), and decrease rapidly 753 
with depth. Higher values of g/vis in the surface (low viscosity) facilitate particle sinking out of 754 
the surface where remineralization rates are highest. On the basis of g/viscosity profiles alone, one 755 
would expect sinking velocities to slow down with depth in the North Atlantic and SE Pacific, 756 
especially in upper 2000 m, whereas not change much in the western Arctic Ocean. The fact that 757 
WSVs do not decrease with depth in the North Atlantic and SE Pacific (Figures 5b, 5d, & S7a-d) 758 
is caused by generally increasing excess densities with depth (Figure 3). Places with small 759 
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g/viscosity variations with depth, such as the western Arctic Ocean, however, have more potential 760 
for increasing excess density to increase sinking velocities with depth. 761 

When comparing values of g/vis between three basins, they only differ by <10% in the 762 
deep ocean, but can be up to 200% different in the upper water column (Figure 9). This distinct 763 
feature in the high-latitude Arctic Ocean can lead to up to two times smaller sinking velocities and 764 
mass fluxes than low-latitude oceans, partly contributing to smaller sinking velocities and mass 765 
fluxes in the upper water column in the Arctic Ocean (Figures S6-S7).  766 
 767 

 768 
Figure 9. Profiles of hydrographic parameter g/ viscosity (unit:	m2/s/kg) in the upper 500 m (top 769 
panel) and the whole water column (bottom panel) in three cruises.  770 
 771 
4.3.2 The relative importance of hydrography, particle concentration, size, and composition for 772 
mass flux 773 
 The size-fractionated mass flux is calculated as the sum of mass flux in each size bin (Eq. 774 
11). Equivalently, it can also be expressed as the product of the overall mass concentration and 775 
WSVs (Eq. 13). Combining Eqs. 4, 12 and 13, we generate an overall equation with concentration, 776 
size, composition, and hydrography terms to calculate mass flux (Eq. 14), which can be used to 777 
quantitatively de-convolve the contribution of each effect to the variability and magnitude of mass 778 
flux in the SSF and LSF (Table 1).  779 
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each size bin. The excess density, Δρ , is used to represent the composition effect, and the 783 
hydrography effect is defined as g/viscosity, g/η. Multiplying all four terms would generate an 784 
adjusted mass flux that is 18 times higher than the actual derived mass flux (unit: g/m2/s). The 785 
variability and magnitude of individual terms, therefore, are helpful in understanding their relative 786 
importance in determining mass flux. We only focus on the upper 100 m of the water column of 787 
all non-shelf stations to assess the importance of these four effects across surface ecosystems. To 788 
avoid extreme outliers, we use the range between 5 and 95 percentiles in each term to demonstrate 789 
the variability and magnitude of mass flux. 790 
 791 

Table 1. The Contributions from Different Factors to the Variation of Mass Flux (<100 m) 792 

Cruise Effects 
LSF SSF 

5-95%ile range 
(median) 

95/5 range ratios 5-95%ile range 
(median) 

95/5 range ratios 

GA03 

Concentration 
[unit: g/m3]	

4.1×10-3-6.3×10-2 
(7.5×10-3) 

15.5 1.4×10-2-4.7×10-2 
(2.5×10-2) 

3.4 

Size [unit: m2] 2.0×10-9-3.8×10-9 
(2.4×10-9) 

1.9 4.9×10-11-9.2×10-11 
(5.9×10-11) 

1.9 

Composition 
[unit: kg/m3]	

1.5×102-9.5×102 
(4.9×102) 

6.3 2.5×102-9.0×102 
(4.5×102) 

3.5 

Hydrography 
[unit: m2/s/kg] 

8.1×103-1.0×104 
(9.4×103) 

1.3 8.1×103-1.0×104 
(9.4×103) 

1.3 

GP16 

Concentration 
[unit: g/m3] 

2.6×10-3-2.3×10-2 
(7.7×10-3) 

9.1 1.7×10-2-5.9×10-2 
(2.9×10-2) 

3.5 

Size [unit: m2] 1.7×10-9-2.7×10-9 
(2.2×10-9) 

1.6 4.1×10-11-6.6×10-11 
(5.3×10-11) 

1.6 

Composition 
[unit: kg/m3] 

4.9×102-1.2×103 
(6.5×102) 

2.4 2.1×102-5.9×102 
(3.1×102) 

2.8 

Hydrography 
[unit: m2/s/kg] 

7.7×103-1.1×104 
(9.7×103) 

1.4 7.7×103-1.1×104 
(9.7×103) 

1.4 

GN01 

Concentration 
[unit: g/m3] 

8.7×10-4-3.9×10-2 
(3.0×10-3) 

44.8 8.4×10-3-8.6×10-2 
(1.5×10-2) 

10.2 

Size [unit: m2] 1.4×10-9-3.1×10-9 
(2.0×10-9) 

2.2 3.3×10-11-7.6×10-11 
(4.9×10-11) 

2.3 

Composition 
[unit: kg/m3] 

4.2×102-1.3×103 
(6.8×102) 

3.0 1.3×102-9.3×102 
(2.9×102) 

7.0 

Hydrography 
[unit: m2/s/kg] 

5.0×103-5.3×103 
(5.1×103) 

1.1 5.0×103-5.3×103 
(5.1×103) 

1.1 

Global 

Concentration 
[unit: g/m3] 

9.8×10-4-4.1×10-2 
(6.5×10-3) 

42.1 9.3×10-3-5.3×10-2 
(2.4×10-2) 

5.7 

Size [unit: m2] 1.6×10-9-3.2×10-9 
(2.3×10-9) 

2.0 3.9×10-11-7.7×10-11 
(5.5×10-11) 

2.0 

Composition 
[unit: kg/m3] 

2.8×102-1.1×103 
(6.5×102) 

4.1 1.6×102-7.7×102 
(3.5×102) 

4.9 

Hydrography 
[unit: m2/s/kg] 

5.0×103-1.1×104 
(8.9×103) 

2.1 5.0×103-1.1×104 
(8.9×103) 

2.1 

 793 
4.3.2.1 Effects on variability of mass flux  794 

The variability of mass flux within each size fraction with respect to hydrography, particle 795 
concentration, size, and composition is first evaluated by examining the ratio of the 95th to 5th 796 
percentile values for each of these four effects as defined above (Table 1). This 95th  to 5th 797 
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percentile ratio is a metric we use to quantify the observed variability in these effects, and thus 798 
assess the expected influence each effect may have on the observed variability in mass flux. 799 

SPM shows the highest ratio of the 95th  to 5th  percentiles in all three cruises, and thus 800 
accounts for most of the variability in the mass flux, consistent with good correlations between 801 
SPM concentration and mass flux (Figures 7a-c, 10a-b). The concentration range ratio in the 802 
western Arctic Ocean (44.8 and 10.2 for LSF and SSF, respectively) is much higher than other 803 
oceans, demonstrating the enormous SPM range sampled on that cruise (Figure 10a-b). Given the 804 
much higher SPM concentrations on the Chukchi Slope, we also calculated the ratio between 90 805 
and 5 percentiles for both size fractions in the western Arctic Ocean, and they are 19.2 and 3.0 for 806 
the LSF and SSF, respectively. The adjusted LSF ratio in the western Arctic Ocean is still the 807 
highest among all cruises, whereas the SSF is similar to the North Atlantic and SE Pacific.  808 

The composition effect has the second highest ratio of the 95th to 5th percentiles. In the 809 
North Atlantic, the SSF range ratio for composition is slightly higher than that in the concentration. 810 
Particle composition differences may thus be more important than concentration differences for 811 
explaining mass flux variability in the SSF.   812 

Surprisingly, the range of variability as a result of the size effect is relatively low in both 813 
size fractions, about 1-3 times lower than the composition effect. Despite the strong di

2  size 814 
dependence in the size term in the Stokes equation, the incorporation of size-dependent porosity 815 
reduces this effect to a dependency on di

0.8. Furthermore, not only are larger particles more porous, 816 
but they are less abundant than smaller particles (see section 4.3.1.1). Therefore, when comparing 817 
the sinking velocity from different locations in the SSF or LSF, samples with a high fSSF (more 818 
abundant small particles) do not necessarily correspond to slower sinking velocities because the 819 
composition effect can predominate over the size effect. Indeed, the ratio of 95th to 5th percentiles 820 
is greater for the composition effect than for the size effect in all cruises, demonstrating that there 821 
are greater variations in particle density than in particle size distributions. 822 

The hydrography effect generally has lower 95th to 5th percentile ratios than the size effect. 823 
The largest difference between the size and hydrography effects occurs in the western Arctic 824 
Ocean, due to a combination of increased variability in size and decreased hydrography effect 825 
compared to other oceans. 826 
 On a global scale including all three cruises, the concentration effect still leads to most 827 
variability in the mass flux in the upper 100 m and the composition effect is the second most 828 
important term (Table 1). The high 95th to 5th percentile ratio for the concentration effect is driven 829 
by the very low (5th percentile) concentrations in the western Arctic Ocean (Figure 10a-b). The 830 
LSF concentration range is more variable than the SSF, whereas the SSF excess density range is 831 
more pronounced than the LSF (Table 1). SSF mass flux increases with excess density (Figure 10 832 
b&d). LSF mass flux appears to have little relationship with excess density, until one notices that 833 
the GA03 and GP16 data do have a relationship, but the GN01 samples from the western Arctic 834 
cluster in a range of relatively high excess density but low mass flux and WSVs (Figure 10 a&c). 835 
This is explained by the influence of the significantly smaller particle size distribution and particle 836 
concentrations, and most viscous water in the Arctic compared to the North Atlantic and SE 837 
Pacific. The relatively similar range ratios between the SSF composition and concentration effects 838 
lead to less scatter in the overall relationship of excess density vs. mass flux than the LSF. 839 
Additionally, the ratio of 95th to 5th percentiles for the hydrography effect on a global scale is 840 
almost two times higher than that on a regional scale, due to contrasting hydrographic features 841 
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between polar and tropical oceans (Figure 9), which makes the ratio very similar to the size effect 842 
(Table 1).  843 
 844 

 845 
Figure 10. Scatter plots between size-fractionated (LSF: left; SSF: right) excess density and mass 846 
flux in the upper 100 m of all non-shelf stations (bottom depth>200 m). The color bars are 847 
log10(SPM) on the top row (a-b), and mass-weighted average sinking velocity (WSVs) on the 848 
second row (c-d). Note that the y axes and color bar for SPM are in logarithmic scale.  849 
 850 
4.3.2.2 Effects on magnitude of mass flux 851 
 We are also interested in addressing two questions related to the magnitude of mass flux: 852 
1) why is the magnitude of LSF mass flux smallest in the central basin of western Arctic Ocean? 853 
2) why do LSF particles dominate the TOT mass flux throughout the water column even though 854 
they have much smaller mass concentrations than the SSF?  855 

First, we assess the difference in magnitudes between four terms in the upper 100 m across 856 
all cruises. Since the LSF consists of the majority of TOT mass flux, we only discuss LSF flux 857 
here. The LSF mass flux in the upper 100 m in the western Arctic Ocean is significantly smaller 858 
than the other two oceans (p<<0.001). Indeed, the magnitudes of the concentration and 859 
hydrography effects are smallest in the western Arctic Ocean (<100 m) (p<<0.001), and the size 860 
effect in the western Arctic Ocean is similar to the SE Pacific (p>0.05) but both are smaller than 861 
the North Atlantic (p<0.01). In contrast, the LSF excess density in the western Arctic Ocean is 862 
significantly larger than the North Atlantic (p<0.01) and similar to the SE Pacific (p>0.05). The 863 
slightly higher excess density in the western Arctic Ocean compared to the North Atlantic (median 864 
excess density in the LSF is 0.7 and 0.5 g/cm3 in the western Arctic Ocean and North Atlantic, 865 
respectively) cannot compensate for smaller size and hydrography effects, resulting in the smallest 866 
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LSF WSVs in the upper 100m in the western Arctic (median: 37.8 m/d; p<<0.001; Figure 10c). 867 
The much lower LSF SPM concentrations in the western Arctic Ocean further decrease the mass 868 
flux (Figure 10a). Therefore, the lowest mass fluxes in the western Arctic Ocean are not due to a 869 
lack of ballast minerals as proposed by (Honjo et al., 2010), but rather to a combination of smallest 870 
particle sizes, lowest particle concentrations and most viscous water (lower g/vis). This conclusion 871 
also holds true for the rest of the water column. 872 

Secondly, high values of mass flux for LSF compared to SSF result from their much higher 873 
sinking velocities than the SSF (Eq. 13). Indeed, we can determine quantitatively which term (size, 874 
composition or hydrography) is the main driver elevating sinking velocity over the entire water 875 
column. Based on our definition of size effect, the ratios of size effect between LSF and SSF can 876 

be calculated as:  
∫

mi
∫ midd
5000
51

5000
51 ×(1-Pi)×(di/106)

2
dd

∫
mi

∫ midd
51
1

51
1 ×(1-Pi)×(di/106)

2
dd

, which is relatively constant,  ~41. Given that the ratio 877 

of the concentration effect between LSF and SSF over all cruises has a median (5th-95th percentile 878 
range) of 0.3 (0.1-0.8), the size alone can more than compensate for lower concentrations in the 879 
LSF and lead to higher mass flux. Additionally, the LSF excess densities are slightly higher than 880 
the SSF in the upper 100 m (Figure 10): the median (5th-95th) ratio of the composition effect 881 
between LSF and SSF is 1.8 (0.7-4.8). Since both size fractions experience the same hydrographic 882 
parameters, it is the larger particle sizes and, to a lesser degree, denser particles in the LSF that 883 
explain the dominance of this size fraction’s contribution to the total mass flux. 884 
 885 
4.3.2.3 Overall dependency of mass flux on particle size 886 
 Since mi, Pi and Wi are functions of di in Eq. 14, we can further substitute Eqs. 2 and 8 887 
into 14 and derive the overall dependency of F on di: 888 

 F=3.6×10-14.4×
p×Δρ×g

18η ×" (di)0.8-q
d2

d1
dd (15) 

 The integrated mass flux F is calculated using the mass flux spectrum integrated over a size 889 
interval [d1, d2]. We simplify Eq. 15 and define the mass flux as F=∫ f(d)d2

d1
dd. The mass flux 890 

spectrum f(d) is a power function with positive coefficients and an exponent of 0.8-q. For any 891 
given particle size, the values of f(d) are always positive, which leads to positive flux F for any 892 
size interval. 893 
 The median (5th-95th) of mass-size spectra power q over all three cruises is 1.4 (1.1-1.6). 894 
Accordingly, the power of f(d) has a median (5th to 95th) of -0.6 (-0.8 to -0.3). Therefore, the mass 895 
flux spectrum generally has a negative slope, and the function f(d) decreases with size. The 896 
negative sign of the power signifies that the mass flux in any single size bin generally decreases 897 
as a function of particle size, similar to the mass-size and number-size spectra, although the 898 
absolute magnitude of the power in the mass flux spectrum is much smaller. Noticeably, in some 899 
rare cases, the mass flux spectrum can even have a positive slope and increase with size. Over the 900 
Chukchi Shelf in the western Arctic Ocean, there are very low q values (denoted larger particles), 901 
reaching as low as 0.6 (Figure S5), which leads to a positive exponent 0.2 in f(d).   902 
 903 
4.4 Key assumptions and their limitations 904 
  This study relies on several key assumptions: (1) the mass concentration and size follow a 905 
power-law relationship; (2) a power function also describes the relationship between porosity and 906 
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size; (3) the particle composition is the same across the size spectrum within each size fraction for 907 
a specific sample; (4) the sinking of particles obeys Stokes’ Law. We examine each of these 908 
assumptions. 909 

First, due to the difficulties of observing individual particle mass directly, there is not much 910 
direct evidence for the application of a single power-law relationship between mass concentration 911 
and size.  The mass size distribution in this study was derived from bulk measurements of particle 912 
mass in two size fractions. Its power law form assumes that the higher abundance of small particles, 913 
as confirmed by numerous optical observations of the number size spectrum (e.g., Jackson et al., 914 
1997; Loisel et al., 2006; Roullier et al., 2014; Stemmann et al., 2008; Stemmann et al., 2004), 915 
overcomes the greater mass for individual large aggregates, giving rise to a negative slope between 916 
the mass concentration and size. Indeed, our data confirm that the mass of particles in the SSF is 917 
almost always larger than in the LSF.  Applying a single slope to the entire size range is likely an 918 
oversimplification for the complex natural assemblage of particles, but hopefully captures the first 919 
order distribution of mass. 920 

Secondly, the single power-law function between the porosity and size used in this work is 921 
also a simplification of the myriad controls on porosity. Compared to the original equation in 922 
Alldredge and Gotschalk (1988), the updated power law in this study incorporates more data 923 
points, especially in the smaller end of the size range, as well as different methods for estimating 924 
particle porosities. As discussed above in section 4.1, the derived mass flux is quite sensitive to 925 
the choice of porosity-size relationship. More data points are needed in future studies, especially 926 
in size range of 0.3 to 1.0 mm (Figure 2). It is clear from the considerable scatter in both the 927 
original and updated relationships that there are many more controls on porosity than size alone. 928 
Given the many mechanisms that produce marine aggregates, including abiotic coagulation and 929 
fecal pellet production by a wide variety of animals, it is probable that better estimates of mass 930 
fluxes require multiple power functions or a more complicated non-linear relationship. 931 

Thirdly, different particle types (Andrews et al., 2010; Reynolds et al., 2016; Woźniak et 932 
al., 2010), and phytoplankton communities (Green et al., 2003a; Green et al., 2003b; Smyth et al., 933 
2019; Stramski et al., 2001) have distinct size distributions, and their corresponding peaks in 934 
particle number concentrations do not often occur at the same size. For example, relatively dense 935 
lithogenic particles and CaCO3 coccoliths are likely concentrated in the smaller end of the SSF 936 
spectrum (e.g., Baumann & Sprengel, 2000; Rea & Hovan, 1995) rather than distributed evenly 937 
throughout. Thus, the assumption of constant composition in all size bins within each size fraction 938 
necessarily results in monotonic changes in sinking velocity with size in the LSF or SSF that might 939 
not exist in reality. Using an average bulk composition would lead to an overestimate of true mass 940 
flux if denser particle phases were skewed to smaller particles. Since measuring particle 941 
composition at each size bin is not practical due to sampling and analytical limitations, we apply 942 
two different densities to the size range within the LSF and SSF, respectively, to estimate the mass 943 
flux. A similar strategy using a single bulk composition was employed by Bach et al. (2016) when 944 
calculating the sinking velocity of natural marine aggregates in mesocosms. 945 

Fourthly, the assumption of spherical particles for our Stokes’ Law calculations is a 946 
simplification, as marine aggregates are not perfect spheres (e.g., Alldredge & Gotschalk, 1988; 947 
Engel et al., 2009; McDonnell & Buesseler, 2010). Given the same size and excess density, 948 
irregularly shaped aggregates are characterized by lower sinking velocities than spherical ones due 949 
to the increased drag (Alldredge & Gotschalk, 1988). Another assumption we made in Stokes’ 950 
Law calculation is that the flow through the porous aggregate is negligible in order to apply Eq.4. 951 
The numerical simulations from Kiørboe et al. (2001), however, suggested that flow occurs in a 952 
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thin layer at the surface of aggregates, which is borne out by oxygen microsensor measurements 953 
within aggregates (Ploug et al., 2008b). Additionally, the presence of TEP can also influence the 954 
excess density in sinking velocity estimations. Indeed, much of the space in the porous fraction of 955 
aggregates can be occupied by TEP (Ploug & Passow, 2007). TEP is operationally defined as >0.4 956 
μm particles filtered by polycarbonate filters that stain with Alcian Blue (Alldredge et al., 1993; 957 
Passow, 2002). The density of TEP is 0.70-0.84 g/cm3 , lower than seawater (Azetsu-Scott & 958 
Passow, 2004). As TEP measurements were not made in our samples, we did not consider its 959 
possible influence, but it would be expected to decrease the mass flux estimation.  960 
 961 
5. Conclusions 962 

Although this study makes several assumptions to convert suspended particle concentration 963 
and composition to mass flux, it predicts mass flux values comparable to various sediment traps 964 
studies and gives insights into the controls of export flux on a global scale. 965 

We compile porosity and size measurements of natural marine aggregates from the 966 
literature and use a modified Stokes’ law with the fractal-porosity relationship to calculate sinking 967 
velocity and mass flux. Noticeably, TOT mass fluxes derived from the newly compiled porosity-968 
size power-law relationship are more similar to sediment trap observations than if we were to use 969 
the porosity-size relationship for marine snow aggregates only from Alldredge and Gotschalk 970 
(1988). The western Arctic Ocean is characterized by the lowest TOT WSVs and mass fluxes 971 
compared to the North Atlantic and SE Pacific. We did not find evidence for a lack of ballast 972 
minerals in the western Arctic Ocean as proposed by Honjo et al. (2010) to explain low mass 973 
fluxes. Instead, the lowest TOT mass fluxes found in the western Arctic Ocean result from the 974 
smallest particle sizes, the lowest particle concentrations and the most viscous water. It does not 975 
mean that composition is not important in determining the magnitude of mass flux, but simply that 976 
other factors dominate in the western Arctic. Indeed, away from the Arctic, the LSF mass flux 977 
generally increases with excess density (Figure 10), though there is no relationship with the 978 
prevalence of any specific particle phase (Figure S9). 979 

We also compare the relative importance of particle concentration, composition, size and 980 
hydrography effects in the variability and magnitude of mass flux on a global scale combing all 981 
three cruises. Our data suggest that the variability of mass flux within each size fraction (LSF, SSF 982 
or TOT) is controlled mostly by particle concentration and composition, and less so by size and 983 
hydrography (Table 1). While large particles will always have a faster sinking velocity than small 984 
particles (all else being equal) and thus explain the important contributions of the LSF to the TOT 985 
mass flux, the variations in particle size distribution between samples are smaller than the 986 
variations in particle density. This highlights the importance of particle composition, not just size 987 
distribution, as key parameters for predicting mass flux.  988 

The particle size distribution is a parameter measured by optical methods that is 989 
increasingly used to study the biological carbon pump in various cruises and autonomous platforms 990 
(Picheral et al., 2017), including the Tara Ocean expedition (Guidi et al., 2016). The conversion 991 
from particle size to flux, however, often lacks any direct or indirect information about particle 992 
composition (Giering et al., 2020; Stemmann & Boss, 2012). The poor constraints in particle 993 
densities might partly explain the discrepancy between sediment trap-measured and UVP-derived 994 
mass fluxes (Fender et al., 2019; Guidi et al., 2008). Compared to traditional geochemistry 995 
measurements, however, optical devices such as the UVP have advantages of much higher spatial 996 
and temporal resolution. To better constrain UVP-derived mass flux estimates, we recommend 997 
pairing optics with measurements of particle composition in future investigations, either by 998 
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sampling simultaneously in the same cruise, or referring to historical measurements. The 999 
geochemical determination of particle properties serves as a calibration to optical proxies, and 1000 
helps us further understand the biological carbon pump on a global scale. 1001 
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 42 
Figure S1. Depth profiles of size-fractionated SPM concentrations (unit: μg/L) in the upper 500 m 43 
(top panels) and the whole water column (bottom panels) in all three basins. (a): LSF (>51 μm); 44 
(b): SSF (1-51 μm); (c): TOT (>1 μm). 45 
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 3 

 47 
Figure S2. Depth profiles of size-fractionated compositional fractions in the LSF (left panels) and 48 
SSF (right panels) in all three basins. (a)-(b): the sum of fractions of iron and manganese 49 
(oxyhydr)oxides (Fe(OH)3+MnO2); (c)-(d): the fractions of calcium carbonate (CaCO3); (e)-(f): 50 
the fractions of lithogenic materials (Litho); (g)-(h): the fraction of opal; (i)-(j): the fraction of 51 
particulate organic matter (POM). 52 
 53 
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 54 
Figure S3. Stacked bar graphs of the change in size-fractionated compositional fractions in all 55 
cruises with depth. The left panels are the LSF and right panels are the SSF. Each 500 m depth bin 56 
shows the mean compositional fraction over the entire cruise. The blue is the compositional 57 
fraction of POM, orange is the fraction of opal, yellow is the fraction of lithogenic, purple is 58 
CaCO3, green is Fe oxyhydroxides and light blue is Mn oxides. (a)-(b): GA03; (c)-(d): GP16; (e)-59 
(f): GN01.  60 
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 5 

 62 
Figure S4. Size-fractionated particle density (unit: g/cm3) vs. excess density (unit: g/cm3) in three 63 
cruises. (a): LSF; (b): SSF. The ordinary least square (OLS) fit is used in the regression. Regression 64 
equations are displayed in each panel. 65 
 66 
 67 

1 1.5 2 2.5 3 3.5
Particle Density (g/cm3)

0

0.5

1

1.5

2

2.5
Ex

ce
ss

 D
en

si
ty

 (g
/c

m
3 )

LSF

y= 0.99x+ -1.01
R2=1.00

GA03
GP16
GN01
OLS fit-all

1 1.5 2 2.5 3 3.5
Particle Density (g/cm3)

0

0.5

1

1.5

2

2.5
SSF

y= 0.99x+ -1.01
R2=1.00

GA03
GP16
GN01
OLS fit-all

(a) (b)



 6 

 68 
Figure S5. The power exponent q of the mass-size spectra in three cruises. (a): GA03; (b): GP16; 69 
(c): GN01. The top panels in each subplot show the upper 500 m, and the lower panels show the 70 
entire water column. Thick white contours are potential density anomaly of 25, 26 and 27 kg/m3. 71 
 72 
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 73 
Figure S6. Derived mass flux (unit: g/m2/d) in the LSF (left panels) and SSF (right panels) in three 74 
cruises. (a): GA03 LSF; (b): GA03 SSF; (c): GP16 LSF; (d): GP16 SSF; (e): GN01 LSF; (f): GN01 75 
SSF. Thick white contours are potential density anomaly of 25, 26 and 27 kg/m3, and thick black 76 
contours in the GP16 are dissolved oxygen concentrations of 10 and 50 μmol/kg. Note that color 77 
scales are the same for each size fractions in all cruises but are different between the LSF and SSF, 78 
and between the upper 500 m and the entire water column. 79 
 80 
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 82 
Figure S7. Derived mass-weighted average sinking velocity (unit: m/d) in the LSF (left panels) 83 
and SSF (right panels) in three cruises. (a): GA03 LSF; (b): GA03 SSF; (c): GP16 LSF; (d): GP16 84 
SSF; (e) GN01 LSF; (f): GN01 SSF. Contours as for Figure S6. 85 
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 87 
Figure S8. Sensitivity studies. (a) the absolute differences in TOT mass flux between two upper 88 
size limits in the LSF (S2-S1), S2 as 10 mm and S1 as 5 mm; (b) the absolute differences in TOT 89 
mass flux between two porosity-size relationships (P1-P2), where P1 is the relationship from 90 
Alldredge & Gotschalk (1988) and P2 is the newly compiled one in this study. Note that (a) and 91 
(b), together with their upper (upper 500 m) and lower (the whole water column) panels, all have 92 
different color bars.  93 
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 95 
Figure S9. Scatter plots between LSF compositional fractions and LSF mass flux in the upper 100 96 
m of all non-shelf stations (bottom depth>200 m). The color bars are log10(SPM) on the left, and 97 
mass-weighted average sinking velocity (WSVs) on the right. Note that the color bar for SPM is 98 
in log scale. The first row of plots (a-b) are the compositional fractions of Fe(OH)3+MnO2, the 99 
second row (c-d) the fractions of CaCO3, the third row (e-f) the fractions of Litho, the fourth row 100 
(g-h) the fractions of Opal, and the fifth row (i-j) the fraction of POM. The fractions of 101 
Fe(OH)3+MnO2 have different X scales (0-0.1) than other compositional fractions (0-1).  102 
 103 
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Table S1. Porosity-size Relationship Literature Compilation 111 
 112 

Sources Size 
(Y/N) 

Size 
error 
(Y/N) 

Porosity 
(Y/N) 

Porosity 
error 
(Y/N) 

Particle 
Types How Size 

methods 
Porosity 
methods 

Data extraction 
method 

Alldredge & 
Gotschalk, 

19881 
Y N Y N 

Natural 
diatom & 

other marine 
snow 

In situ 
SCUBA 
divers 

Camera-
based 

Mass-
based 

Indirectly from 
Figure 2C 

Logan & 
Alldredge, 

19892 
Y N Y Y Natural 

diatom flocs 

In situ 
SCUBA 
divers 

Camera-
based 

Mass-
based 

Directly from 
Table 2 

Lam & 
Bishop, 
20073 

Y Y Y N 
Natural 
marine 

aggregates 

In situ 
pump 

particles 
UVP-based Mass-

based 

Indirectly from 
Figure 14A & 

UVP PSD slopes 

Ploug et al., 
20084 Y Y Y Y 

Various 
cultures, 

marine snow 
& fecal 
pellets 

Lab roller 
tanks 

Microscope
-based 

Mass-
based 

Directly from 
Table 1 

Bach et al., 
20165 Y Y Y N 

Natural 
marine 

aggregates 

In situ 
mesocosm 

Camera-
based 

Mass-
based 

Personal 
communication 

Ploug & 
Passow, 
20076 

Y Y Y Y Diatom 
culture 

Lab roller 
tanks 

Microscope
-based 

Mass-
based 

Directly from 
Table 1 

Engel et al., 
20097 Y Y Y Y E. huxleyi 

cultures 
Lab roller 

tanks 
Camera-

based 
Mass-
based 

Personal 
communication 

Schmidt et 
al., 20148 Y Y Y Y 

Diatom 
culture, 

coccoliths & 
foram tests 

Lab roller 
tanks 

Camera-
based 

Mass-
based 

Directly from 
text & indirectly 
from Figure 1B 

Prairie et al., 
20159 Y Y Y Y Diatom 

cultures 
Lab roller 

tanks 
Microscope

-based 
Mass-
based 

Directly from 
Table 1 & 2 

Iversen & 
Roberts, 
201510 

Y N Y N 
<100 μm 
natural 

plankton 

Lab roller 
tanks 

Microscope
-based 

Mass-
based 

Personal 
communication 

Laurenceau-
Cornec et 
al., 201511 

Y N Y N 
Natural 

phytoplankt
on mixtures 

Lab roller 
tanks 

Camera-
based 

Mass-
based 

Personal 
communication 

Laurenceau-
Cornec et 
al., 202012 

Y Y Y Y 
Diatom 

cultures & 
zooplankton 

Lab roller 
tanks 

Microscope
-based 

Mass-
based 

Directly from 
Tables 2 & S1 

Bach et al., 
201913* Y Y Y Y 

Natural 
marine 

aggregates 

In situ 
mesocosm 

Camera-
based 

Optic-
based 

Directly from 
PANGAEA 

*. The data from Bach et al. (2019) are not shown in Figure 2 in the main text, for it is optic-based 113 
and not calibrated with the mass-based method. 114 
 115 
 116 
 117 
 118 
 119 
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Table S2. Properties of Size Bins in the Model 120 
 121 

Size bin SSF LSF 
Size min 

(μm) 
Size max 

(μm) 
Center (μm) Size min 

(μm) 
Size max 

(μm) 
Center (μm) 

1 1.0 1.2 1.1 51.0 61.3 55.9 
2 1.2 1.4 1.3 61.3 73.6 67.2 
3 1.4 1.6 1.5 73.6 88.4 80.7 
4 1.6 1.9 1.7 88.4 106.2 96.9 
5 1.9 2.2 2.0 106.2 127.6 116.4 
6 2.2 2.6 2.4 127.6 153.3 139.9 
7 2.6 3.0 2.8 153.3 184.1 168.0 
8 3.0 3.5 3.3 184.1 221.2 201.8 
9 3.5 4.1 3.8 221.2 265.8 242.5 
10 4.1 4.8 4.5 265.8 319.2 291.3 
11 4.8 5.6 5.2 319.2 383.5 349.9 
12 5.6 6.6 6.1 383.5 460.7 420.4 
13 6.6 7.7 7.1 460.7 553.5 505.0 
14 7.7 9.0 8.4 553.5 664.9 606.6 
15 9.0 10.6 9.8 664.9 798.7 728.8 
16 10.6 12.4 11.4 798.7 959.5 875.5 
17 12.4 14.5 13.4 959.5 1152.7 1051.7 
18 14.5 17.0 15.7 1152.7 1384.8 1263.4 
19 17.0 19.8 18.3 1384.8 1663.5 1517.8 
20 19.8 23.2 21.5 1663.5 1998.4 1823.3 
21 23.2 27.2 25.1 1998.4 2400.7 2190.4 
22 27.2 31.8 29.4 2400.7 2884.0 2631.3 
23 31.8 37.2 34.4 2884.0 3464.6 3161.0 
24 37.2 43.6 40.3 3464.6 4162.1 3797.4 
25 43.6 51.0 47.1 4162.1 5000.0 4561.9 

 122 
 123 
 124 
 125 


