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ARTICLE INFO ABSTRACT

Keywords: We examined the biogenic and lithogenic particle composition and radiocarbon content of sinking particulate
Sediment trap organic carbon to investigate sediment resuspension and its contribution to sinking particles on the deep abyssal
Radiocarbon

plain of the Eastern Tropical Pacific Ocean. Samples were collected using sediment traps from August 2011 to
July 2012 at depths of 4500 and 4950 m (50 m above the seafloor); above and within the benthic nepheloid layer
(BNL), respectively. Biogenic particles derived from export production were the major source of sinking particles
and their flux showed a unimodal temporal distribution, with larger values between February and April. At a
depth of 4500 m, the lithogenic material flux was slightly greater than, or similar to, the flux of atmospheric dust
deposition. In comparison, lithogenic material and excess Mn consistently showed a greater contribution to
resuspended particles at 4950 m. The lithogenic material flux was proportional to the biogenic flux. These ob-
servations imply that resuspended particles exist at a background concentration in the BNL throughout the year,

Abyssal plain
Sinking particles
Eastern Tropical Pacific Ocean

and are scavenged by sinking biogenic particles, especially during the high flux period.

1. Introduction

Particle sedimentation processes at the continental margins are
influenced by the resuspension of clay- and silt-sized particles from the
seafloor, and their lateral transport by strong shelf currents and tidal
activity (Hollister and McCave, 1984; Inthorn et al., 2006; Karakas et al.,
2006; McCave and Hall, 2006). In the open ocean, the majority of par-
ticles sinking to the deep ocean are considered to originate from primary
production, along with minute amounts derived from aeolian dust
(Martin et al., 1987; Buesseler, 1998; Ducklow et al., 2001). Attenuation
of the sinking particle flux during vertical transit has been studied
extensively (Martin et al., 1987; Armstrong et al., 2001; Buesseler et al.,
2008; Buesseler and Boyd, 2009; Marsay et al., 2015). The vertical
distribution of the suspended particle concentration in the water column
generally shows high concentrations in the surface water layer, mini-
mum concentrations in the middle layer, and somewhat elevated values
near the seafloor (Gardner et al., 1985). A recent sediment trap study has
shown a similar vertical trend in the lithogenic particle flux (Kim et al.,
2020). However, sediment resuspension and its contribution to sinking

particles on the abyssal plain has received less attention.

A long-term sediment trap study began in 2003 at Station KOMO,
which is a deep-sea mooring site located on the abyssal plain of the
Eastern Tropical Pacific (Fig. 1). The station is located at 10°N in the
thermocline ridge area where temporal fluctuations in primary pro-
duction and zooplankton abundances are influenced by the seasonal
migration of the Intertropical Convergence Zone and ENSO (El
Nino-Southern Oscillation) conditions (Blackburn et al., 1970; El-Sayed
and Taguchi, 1979; Pennington et al., 2006; Kim et al., 2010, 2011,
2019). One motivation for studying this site was to provide reference
data for comparison with potential future disturbance at this site as a
result of Mn nodule mining (Kim et al., 2015). Kim et al. (2015) inves-
tigated the use of the ratio of lithogenic material to particulate organic
carbon (POC) in sinking particles as a tracer of sediment resuspension.
They proposed that the radiocarbon content of the sinking POC was
useful for estimating the contribution of sediment resuspension to
sinking particles. However, they did not validate these indicators against
real data.

Station KOMO is located on a calm abyssal plain with low surface
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eddy kinetic energy (Gardner et al., 2018). The site is >2500 km away
from the nearest continental margin of the American continents, East
Pacific Rise, and Hawaiian islands. This region is expected to be mini-
mally influenced by the Asian dust flux (Duce, 2014). In a survey of the
global distribution of the benthic nepheloid layer (BNL), Gardner et al.
(2018) reported no significant BNL and low particle concentrations
(<10 pgL 1) in this region. We investigated the characteristics of sinking
particles near the seafloor on this supposedly calm abyssal plain. To
understand the existing status of sediment resuspension, we examined
metal-based properties, such as lithogenic material content and excess
Mn, in addition to the radiocarbon isotope ratio of sinking POC.

2. Methods

Samples of the sinking particles were collected using sediment traps
(PARFLUX Mark 78G-21; McLane; conical type with 0.5 m? funnel
opening) between August 2011 and July 2012, from water depths of
4500 and 4950 m (50 m above the seafloor) at the deep-sea mooring site
of Station KOMO (10.5°N, 131.33°W; 5005 m; Fig. 1). The fluxes of total
particles, POC, and CaCOs3 have been reported elsewhere (Kim et al.,
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2019).

The analytical methods used to determine the total particle flux, total
carbon, inorganic carbon, and organic carbon contents are described in
Kim et al. (2011, 2019). In brief, the total carbon content was deter-
mined using an elemental analyzer (Flash EA1112, Thermo Fisher Sci-
entific, UK) with an analytical uncertainty of <3% (relative standard
deviation; RSD). The particulate inorganic carbon (PIC) content was
determined using coulometric titration (CO, coulometer, model
CM5014 UIC, Inc., USA) with a 2% RSD. The organic carbon content was
estimated as the difference between the total and inorganic carbon
contents. The CaCO3 content was estimated by multiplying the PIC
content by 8.33 (the ratio of CaCOs to carbon). The opal content was
estimated by multiplying the biogenic Si content by 2.4, which was
determined by subtracting the lithogenic Si (3.5 x Al) from the
measured total Si content (Honjo et al., 1995). The lithogenic material
content was estimated by multiplying the Al content by 12.15 (Taylor,
1964). The contents of Al, Ca, Si, and Mn were determined using an ICP-
AES (Optima 8300, PerkinElmer, Inc., USA) at the Korea Basic Science
Institute, with an RSD of <2%, based on blind duplicate analysis.

To obtain sufficient material for radiocarbon and metal analysis
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Fig. 1. Bathymetric map showing the location of Station KOMO in the Tropical Pacific. Colour bar indicates water depth (m). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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Sampling times, cup opening intervals, fluxes of total particles and POC, contents of biogenic and lithogenic components, and radiocarbon values of sinking particles
collected from the depths of 4500 and 4950 m. Fluxes of total particles, POC, and CaCOj are from Kim et al. (2019). The mixing ratios show how samples were mixed
for radiocarbon analysis and other components. ‘Avg.” indicates the sampling duration-weighted annual mean of each values.

Cup #  Cup Interval  Particle POC flux  POC CaCO3 mixing AMC  mixing Opal Lithogenic excess Mn  Lithoresusp
opening (days) flux (mgC (%) (%) ratio (%) (%0) ratio (%) (%) material (%) (ppm)
date (mg m~2 m2d1)
(mm/dd/ dah
yy)
4500
m
1 08/05/11 27 14 1.6 12 38 16 —-12 15 36 5.3 109 0.7
2 09/01/11 30 17 2.1 13 40 19 20
3 10/01/11 31 22 2.7 12 34 29 30
4 11/01/11 30 26 2.3 9.1 36 36 34
5 12/01/11 31 39 3.4 8.8 33 100 -5 39 39 33 62 1.2
6 01/01/12 31 47 4.2 8.8 42 100 -4 61
7 02/01/12 29 127 11 8.9 39 100 12 100 36 2.0 29 2.2
8 03/01/12 7 56 5.0 8.9 46 14 -6 15 20 2.9 37 1.4
9 03/08/12 7 89 7.1 7.9 54 18 17
10 03/15/12 7 94 6.1 6.5 66 29 28
11 03/22/12 7 76 5.0 6.6 64 24 19
12 03/29/12 7 78 6.5 8.3 61 14 22
13 04/05/12 7 67 4.0 6.0 67 32 -25 35 22 35 53 1.6
14 04/12/12 7 86 6.2 7.3 58 22 33
15 04/19/12 7 49 3.9 8.1 53 27 18
16 04/26/12 7 41 35 85 52 19 14
17 05/03/12 7 39 3.0 7.8 55 9 -17 19 28 4.0 63 0.8
18 05/10/12 7 36 2.7 7.6 56 8 11
19 05/17/12 15 44 3.8 8.6 49 83 70
20 06/01/12 30 27 2.2 8.0 55 61 10 66 21 33 72 0
21 07/01/12 31 18 2.2 12 45 39 34
Avg. 43 3.8 10 44 -15 31 3.9 73 0.9
4950
m
1 08/05/11 27 16 1.8 11 28 13 5 15 33 20 479 4.1
2 09/01/11 30 21 2.1 10 28 18 24
3 10/01/11 31 20 2.2 11 29 28 26
4 11/01/11 30 29 2.3 8.1 29 41 34
5 12/01/11 31 38 3.0 7.7 24 100 —4 100 44 15 315 5.4
6 01/01/12 31 54 4.5 8.3 31 100 ND 100 35 13 286 6.9
7 02/01/12 29 104 9.4 9.1 34 100 15 100 39 7 135 7.2
8 03/01/12 7 74 7.0 9.4 36 13 -13 20 26 11 198 7.7
9 03/08/12 7 70 6.0 8.7 41 19 19
10 03/15/12 7 73 5.0 6.8 53 25 27
11 03/22/12 7 100 8.1 8.1 47 32 21
12 03/29/12 7 71 5.6 8.0 47 11 14
13 04/05/12 7 79 5.7 7.3 47 53 3 35 26 14 254 7.4
14 04/12/12 7 55 4.3 7.9 43 23 29
15 04/19/12 7 21 1.4 6.7 46 12 17
16 04/26/12 7 51 4.1 7.9 36 12 18
17 05/03/12 7 15 1.3 8.9 39 7 4 18 32 14 283 29
18 05/10/12 7 26 2.4 9.3 37 2 4
19 05/17/12 15 30 2.5 8.3 37 92 78
20 06/01/12 30 19 1.5 8.1 45 79 0 63 29 18 440 2.0
21 07/01/12 31 15 1.1 7.1 42 21 37
Avg. 40 3.4 8.7 35 8 33 16 354 4.9

(Table 1), it was necessary to combine some samples. The ratio of each
combined sample was maintained to be proportional (at least approxi-
mately) to the total particle fluxes, except for samples #17-#19 at both
sampling depths, and samples #20 and #21 at 4950 m for the radio-
carbon analysis (Table 1).

Details of the radiocarbon analysis are presented in Kim et al. (2017).
In brief, each sample was weighed into an Ag cup and fumigated with
concentrated HCI in a desiccator for ~20 h (Hedges and Stern, 1984;
Komada et al., 2008). The samples were combusted in evacuated quartz
tubes with CuO at 850 °C for 4 h. The resultant CO2 gases were analyzed
for radiocarbon and stable carbon isotope ratios at the National Ocean
Sciences Accelerator Mass Spectrometry Facility at Woods Hole
Oceanographic Institution (NOSAMS WHOI) following standard tech-
niques (McNichol et al., 1994). An uncertainty of <10%. for Aldc
measurements on these types of samples was determined through mul-
tiple duplicate analyses in our laboratory. Two samples (sample #7 from

4500 m and 4950 m) were also measured for radiocarbon at ETH Ziirich
as duplicates. These samples were fumigated with HCl in a desiccator for
3dat 70 °C, and then fumigated with NaOH pellets at 70 °C for >3 d to
remove HCI vapor. The radiocarbon content was measured on a gas ion
source MICADAS (Mini Carbon Dating System) accelerator mass spec-
trometer (AMS) at the Laboratory for Ion Beam Physics at ETH Ziirich
(Christl et al., 2013; McIntyre et al., 2017). The A'4C values from these
two duplicate samples were identical within the measurement uncer-
tainty (+12%o and +14%. for sample #7 at 4500 m and +15%. and
+11%o for sample #7 at 4950 m; we used the values obtained from
WHOI for consistency). Sodium borate-buffered 10% formalin solution
was added as a preservative to the sediment trap sampling cups. We
believe that rinsing the samples with ultrapure water three times and
then freeze-drying under vacuum reduces the effect of the formalin on
the radiocarbon analysis to negligible levels (Honda et al., 2000; Oto-
saka et al., 2008).
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Light attenuation results were obtained on July 13th 2010 using a
CTD system (SBD 911plus CTD, SEA-BIRD SCIENTIFIC, USA) equipped
with a transmissometer (C-Star transmissometer, SEA-BIRD SCIENTIFIC,
USA). The dust deposition flux was obtained from the Modern-Era
Retrospective analysis for Research and Applications version 2
(MERRA-2) model developed and maintained by the NASA Goddard
Earth Sciences Data and Information Services Center (GES DISC; Acker
and Leptoukh, 2007). The data were averaged over the 10-11°N and
130-133°W region.

3. Results

The total particle flux at 4500 m ranged between 14 and 127 mg m 2
d_l, with the highest value observed in February (Fig. 2; Table 1). The
total particle flux at 4950 m ranged between 15 and 104 mg m~2d ! and
exhibited a similar temporal variation to that seen at 4500 m. The
annual average total particle flux (sampling duration-weighted) was
15.7 and 14.3 g m~2 yr ! (equivalent to an average daily flux of 43 and
40 mg m~2d 1) at 4500 and 4950 m, respectively. The POC flux ranged
from1.6t011.4mgCm 2d ! and from 1.1 t0 9.4 mg Cm 2 d ! at 4500
and 4950 m, respectively (Table 1). The annual average POC flux
(sampling duration-weighted) was 3.8 and 3.4 mg C m~2 d~! at 4500
and 4950 m, respectively. POC contents varied within narrow ranges,
8.8 £ 1.9 (16)% and 8.5 + 1.2%, at 4500 and 4950 m, respectively
(Table 1). The temporal variation of the POC flux was in phase with that
of the total particle flux.

At 4500 m, the CaCOj3 and opal contents were similar from August to
February (~40%: Fig. 2). However, from March, the opal content
decreased while the CaCO3 content increased. The opal flux at 4950 m
was slightly less than that at 4500 m, by ~0.5% (arithmetic mean of
seven results), indicating slow dissolution. In comparison, the CaCOs3
flux at 4950 m was less than that at 4500 m by ~8%, implying
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significant dissolution between these two depths.

The lithogenic material content ranged from 2.0% to 5.3% at 4500
m, and from 7% to 20% at 4950 m (Figs. 2-3; Table 1). The lowest values
were observed in February and temporal variations at the two depths
were similar. The excess Mn, [total Mn — Al x (Mn/Al)ef, where (Mn/
Al);ef = 0.0115; the average Mn/Al ratio of the upper crust (Taylor,
1964)], ranged from 29 to 109 ppm at 4500 m, and from 135 to 479 ppm
at 4950 m (Fig. 3; Table 1).

The A'*C values of the sinking POC varied between —25%o and 12%o
at 4500 m, and between —13%o and 15%o at 4950 m (Fig. 3; Table 1). The
highest values were observed in February at both depths, and the lowest
values were observed in April at 4500 m and in March at 4950 m (Fig. 3).
The A'#C values at the both depths showed no well-defined trend, except
that the highest values were observed in February at both depths when
the biogenic particle flux was greatest. The A*C values at both depths
were comparable between December and March but differed at other
times (student's t-test). The POC flux-weighted average AC values
were —15%o £ 13%o and —8%o + 9%o at 4500 and 4950 m, respectively.

4. Discussion
4.1. Contribution of resuspended sediment particles to sinking particles

The vertical distribution of light transmission shows a slight increase
in the bottom ~300 m layer, which is an indication of the BNL although
Gardner et al. (2018) reported no significant BNL around this region
(Fig. 4). Our sampling at 4500 m occurred near the upper boundary of
the BNL where the particle concentration would be most likely to be at a
minimum. The average current speeds measured at 4550 m and 5000 m
at the mooring site were 2.7 + 1.9 and 4.0 + 2.3 cm s}, respectively
(Fig. 4), and were mostly below the threshold for local resuspension, 7
cms ! (Lampitt, 1985) although this threshold can be lower in the case

‘—A— POC —=— CaCO,; —o— Opal —e— Lithogenic material‘
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Fig. 2. Temporal variations in total particle flux (gray bars), CaCO3 flux (hatched bars), and POC flux (checked red bars) at (a) 4500 m and (b) 4950 m. Note that the
bars are not stacked and indicate the flux of each item. Temporal variations on the biogenic and lithogenic material contents at (c) 4500 m and (d) 4950 m Total
particle, CaCO3, POC and opal fluxes were published by Kim et al. (2019). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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of turbulent flow. The strongest current speeds (4-8 cm s 1) were
observed in June and July at 5000 m (Fig. 4), during which period
lithogenic material flux was at its smallest. Overall, the lithogenic ma-
terial flux was not correlated with the current speed or direction (not
shown). The temporal variation of the lithogenic material flux does not
therefore appear to be directly related to the local current.

The rates of dust deposition obtained from the MERRA-2 model over
the region bounded by 10-11°N and 130-133°W area during the study
period were between 0.3 and 1.3 mg m 2 d~!, with the larger values
occurring between March and July (Fig. 3). The lithogenic material flux
at 4500 m was more than twice the dust deposition, except for June and
July when they were comparable. The lithogenic material flux at 4950 m
was considerably greater than the dust deposition. Thus, changes in
atmospheric dust deposition were not responsible for the observed
seasonal variations in the lithogenic material flux.

Excess Mn can be used as an indicator of advective mixing of the
water near the seafloor because it is controlled by the diffusion of sol-
uble Mn%*" produced via MnO» reduction in the sediment, mobilization
into the water column, subsequent oxidation into particles, and settling
(Yeats et al., 1979; Davison et al., 1982; Kim et al., 2017). Both the
content and flux of excess Mn were several times greater at 4950 m when
compared with 4500 m. Despite the difference in magnitude of the
excess Mn contents at these two depths, its temporal variations at the
two depths were similar at both (Fig. 3). The excess Mn could be derived
from either local resuspension or transported within the BNL from the
distant seafloor.

Around the study site, surface sediment is composed mostly of

lithogenic material (92%) and opal (7.6%), with minor contributions
from organic carbon (0.5%) and CaCO3 (0.1%; Kim et al., 2015). Under
the assumption that the particle composition does not change during the
resuspension process, the contribution of resuspended sediment to
sinking particles can be estimated from the lithogenic material content.
First, lithogenic material derived from sediment resuspension (Litho;.
esusp) Was calculated by subtracting the atmospheric dust deposition
from the total lithogenic material content in the sinking particles
(Lithoresusp = Total lithogenic material in trap—dust deposition). Then
the contribution of each component derived from sediment resuspension
was estimated by multiplication of the ratio of each component to
lithogenic material in the surface sediment to Lithoresysp. The contri-
bution of resuspended opal and POC to each corresponding fraction of
the sinking particles was 0.6% and 0.1% (arithmetic mean), respec-
tively, at 4500 m. The values were somewhat larger at 4950 m, 2.9% and
0.7%, for opal and POC, respectively. In total, resuspended sediment
accounted for 2.4% and 13% of the total sinking particles in the flux- and
duration-weighted averages. Resuspension of CaCO3 was not considered
because of its extremely low concentration in the sediment. In addition,
most of the CaCOs3 flux at this site is derived from foraminifera (Kim
et al., 2019). Strong currents, exceeding 10 cm s’l, are necessary for
resuspension of foraminifera (Yamasaki and Oda, 2003), and they are
thus less susceptible to resuspension.

At continental margins, if it is significantly less than the value for
dissolved inorganic carbon (DIC) and/or freshly produced POC in the
surface water, the A1*C values of sinking POC can be used as a reliable
indicator of the relative contribution of aged, allochthonous organic
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Fig. 4. (a) Light transmission obtained during July 2010. A decrease in light
transmission is observed in the bottom ~300 m. Sampling depths of sediment
traps are indicated by the arrows. (b) Current direction and magnitude at 4550
and 5000 m measured at the mooring site.

carbon to sinking POC (Hwang et al., 2010; Kim et al., 2020). At our site,
the contribution of POC from sediment resuspension is so low (<1%) as
estimated earlier based on the lithogenic material content that its effect
on the A¥C values of sinking POC should be very small (<5%o). How-
ever, significantly low A*C values were observed at both depths and no
significant correlation was observed between the lithogenic material
content and AMC values (Fig. 5). The reason for the unexpectedly low
AC values is not clear. One potential cause of the large variation in
A™C values is the ENSO cycle (Kim et al., 2010, 2011, 2019). During La
Nina events, enhanced upwelling brings up the deep water with low
AC values to the surface. Although we made no direct measurement of
the A*C values of dissolved inorganic carbon at our site, the temporal
fluctuation in the A'*C values of the Galapagos coral related to the ENSO
cycle was shown to be as large as ~40%o (Guilderson and Schrag, 1998).
A La Nifia event occurred in 2010/2011; consequently, low A'*C values
in the surface water DIC are to be expected. During the weak La Nina
during the winter of 2016, the A*C values of DIC in the upper 50 m of
the eastern Pacific (7-15°N, 110°W; n = 8) ranged between 8.9%o and
34%o (Key and McNichol, 2020). Temporal variations in the A*C values
of surface water DIC can be as large as 32%o at a given location (49%o. and
81%o, at Station M at 34.8°N 123°W; data retrieved from the Global
Ocean Data Analysis Project for Carbon; Masiello et al., 1998; Key et al.,
2004; Druffel et al., 2010). Therefore, caution should be applied when
using radiocarbon-based estimations of resuspended POC input for sites
where potentially large variability is suspected.

4.2. Scavenging of resuspended sediment by biogenic particles

At the abyssal plain site of Station KOMO, the bottom current was
weak and did not exhibit any correlation with the properties related to
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sediment resuspension. Instead, the lithogenic material flux showed a
strong positive correlation with the biogenic flux (Fig. 5). The CaCOg3
flux can be used to represent the biogenic particle flux because of the
very low CaCOj3 concentration found in surface sediments. The CaCO3
flux showed a correlation with the lithogenic material flux with R2
values of 0.89 and 0.75 at 4500 m and 4950 m, respectively. A good
correlation between the fluxes of Al and POC in the sinking particle
samples was also observed in the Sargasso Sea, implying incorporation
of lithogenic particles into biological particles (Chester and Jickells,
2012). Aluminosilicate minerals are particle-reactive and removed by
passive scavenging onto particulate material (Goldberg, 1954; Orians
and Bruland, 1985; Bruland and Lohan, 2003). We suggest that the fine
particles derived from sediment resuspension exist at a background level
in the BNL throughout the year, and that they are scavenged by fresh
biological particles sinking from the overlying water column during the
high flux period. The temporal development of the lithogenic material
flux shows that the flux increases and decreases following variations in
the biogenic particle flux between December and April. The low litho-
genic material flux seen from May onwards implies that it takes some
time for the background particle concentration to recover following a
scavenging event. At 4500 m, most of the resuspended sediment appears
to be scavenged by the high biogenic flux event. From May to July, the
lithogenic material flux was virtually identical to the atmospheric dust
deposition rate (Fig. 3).

5. Conclusion

Based on our examination of the biogenic and lithogenic particle
composition and radiocarbon content in sinking POC, we have gained an
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insight into the sediment resuspension and its contribution to sinking
particles on the deep abyssal plain. Even in the middle of the open ocean,
the BNL was present (~300 m thick), and the sediment derived litho-
genic material flux was elevated compared with the layer immediately
above, and the particulate Mn flux was affected by the efflux from the
sediment. Temporal variations in the lithogenic material flux imply that
resuspended particles existed at a background concentration in the BNL
throughout the year and are scavenged by sinking biogenic particles
especially during the high flux period. In contrast to the continental
margin settings, the A1*C value of sinking POC is not an effective indi-
cator of sediment resuspension in the open ocean setting, especially
where variations in the AC value of DIC in the surface water can be
large because of the effects of the ENSO cycle.
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