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Abstract

The flux of settling particles in the ocean has been widely explored since 1980s due to its important role in
biogenic elements cycling,  especially  in the transport  of  particulate organic carbon (POC) in the deep sea.
However, research in the seamount area of the oligotrophic subtropical Northwest Pacific Ocean is lacking. In this
work, two sediment traps were deployed at the foot and another two at the hillside of Niulang Guyot from August
2017 to July 2018. The magnitude and composition of particle fluxes were measured. The main factors influencing
the spatial variations of the fluxes were evaluated. Our results indicated a low particulate flux from Niulang Guyot
area in the Northwest Pacific Ocean, reflecting low primary productivity of the oligotrophic ocean. The total mass
flux (TMF) decreased from 2.57 g/(m2·a) to 0.56 g/(m2·a) with increasing depth from 600 m to 4 850 m. A clear
seasonal  pattern  of  TMF  was  observed,  with  higher  flux  in  summer  than  that  in  winter.  The  peak  flux  of
26.52 mg/(m2·d) occurred in August at 600 m, while the lowest value of 0.07 mg/(m2·d) was shown in February at
4 850 m. The settling particles at the deep layers had similar biochemical composition, with calcium carbonate
(CaCO3) accounting for up to 90%, followed by organic matter and opal, characteristics of Carbonate Ocean. The
POC flux decreased more rapidly in the twilight layer because of faster decomposition, remineralization, and
higher temperature. A small fraction of POC was transported into the deep ocean by biological pump. Particle
fluxes were mainly controlled by the calcareous ballasts besides the primary productivity of the surface water. The
advection may be another important factor affecting the flux in the seamount area. The combination of settled
matters rich in foraminiferal  tests with topography and currents may be the reason for regulating the local
abundance of benthos on seamounts. Our results will fill in the knowledge gap of sedimentation flux, improve the
understanding of ecosystem in Niulang Guyot area, and eventually provide data support for the optimization of
regional ecological modeling.
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1  Introduction
The export of organic matter from the surface to the deep

ocean plays a key role in the global carbon cycle and is a crucial
process for the sequestration of atmospheric carbon dioxide
(Emerson et al., 1997; Henson et al., 2012; Nowald et al., 2015). It
is mainly dominated by a complex ecosystem process “biological
pump”, which efficiently and consistently transports a large
amounts of carbon molecules in the form of particulate organic
carbon (POC) from the epipelagic zone to the deep interior of the
ocean and further to the abyssal floor (Honjo et al., 2008). Two
major export processes of POC have been identified as gravita-
tional transport by ballasted biogenic amorphous aggregates and
active transport by the zooplankton ecosystem. Most sinking
POC is remineralized by zooplankton communities to form total
CO2 sinks in the ocean’s interior. These sinks retain CO2 for a rel-

atively long time (decadal to millennial) compared with epipela-
gic CO2 residence time, which is critical in regulating Earth’s cli-
mate by preventing runaway accumulation of CO2 in the atmo-
sphere (Honjo et al., 2008). Thus, only a small fraction of POC
reaches the deep sea (Martin et al., 1987). The exported POC can
be utilized by seabed-associated community, and its flux be-
comes one of the main drivers of benthic metabolism (Leduc
et al., 2020). In the deep benthos the seasonal changes and inter-
annual variation in the species assemblage are highly correlated
with POC input (Hernández-Ávila et al., 2021).

The sinking particle flux is estimated by sediment trap and
234Th/238U disequilibrium (Ma et al., 2005; Yang et al., 2004). Al-
though the method of 234Th/238U disequilibrium, based on the
small-volume MnO2 Co-precipitation technique, is promising for
its ease of sampling and high resolution, it has some disadvant-  
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ages, such as uncertainty of the result measured by a single radi-
onuclide (Wei et al., 2015). Furthermore, it is not suited for de-
termining POC flux in deep sea. The time-series sediment trap
has great advantages on collecting the settling particles in differ-
ent periods at different depths regardless of water depth. There
were rapidly evolving studies on sediment trap (Buesseler et al.,
2008) and time-series studies have been a key tool in under-
standing the complexities of the biological carbon pump (Duck-
low et al., 2009). The sediment trap has been used in the ocean
worldwide, such as the Pacific Ocean, Atlantic Ocean (Ramaswamy
et al., 1997; Harada et al., 2001; Haskell II et al., 2013; Ran et al.,
2015; Kwak et al., 2017; Li et al., 2017; Wilks et al., 2017; Yokoi
et al., 2018; Gao et al., 2020). By integrating the data of over 150
traps worldwide over the past 25 a, Honjo et al. (2008) evaluated
the export flux of POC (Corg) into deep sea and the effect of biolo-
gical pump, and found that at the depth of 2 000 m, the lowest
and highest Corg of ~25 mmol/(m2·a) and 605 mmol/(m2·a)
in the Pacific warm pool and in the Arabian Sea, respectively. Al-
though these studies improved the understanding of the re-
sponse of the ocean biological pump to climate change, most of
them mainly focused on the high productivity areas. The particle
fluxes on the subtropical oligotrophic Northwest Pacific Ocean,
particularly in seamount area, are poorly explored. The only re-
cent study reported the sinking particle flux from a short-term
sediment trap experiment in the subtropical oligotrophic North-
west Pacific Ocean (Kim et al., 2018).

Seamount is one of the main ecological landscapes of oceans.
It supports the unique biological communities, with different
biological or geochemical properties from off-seamount area
(Dower and Mackas, 1996; McClain and Hardy, 2010; Rowden et
al., 2010; Priede and Froese, 2013; Turnewitsch et al, 2016).
Seamount has become a global hot spot of marine biodiversity,
which is, however, scarcely investigated. Only ~50 out of 30 000
seamounts have been comprehensively studied in the world
(Yesson et al., 2011; Zhang and Xu, 2013).

Niulang Guyot with a flat top and steep slope is located in the
subtropical oligotrophic Northwest Pacific Ocean where the
southwest and northeast monsoons prevail in summer and win-
ter, respectively. The water depth of the platform is about 1 800 m,
with the shallowest part of 1 600 m, and the water depth at the
foot is about 5 000 m. According to the topographic characterist-
ics of the mountain, sediment traps at the foot and hillside of the
seamount were conducted from August 2017 to July 2018. One-
year settling particle flux was measured for the composition and
spatiotemporal patterns. The work aimed to provide baselines for
carbon cycle, succession of planktonic ecosystem, and seamount
benthic ecosystem in typical seamount habitats. It also supports
the optimization of regional ecological model. The results would
provide insights on biogeochemical particle fluxes in the poorly
studied area, and were of great significance for the in-depth un-
derstanding of the material cycle of seamount ecosystem.

2  Materials and methods

2.1  Sediment trap samples
Sediment trap moorings were deployed at two sites at Ni-

ulang Guyot in the Northwest Pacific Ocean from August 2017 to
July 2018. The mooring site MX1 (20.48°N, 160.84°E) is located at
the hillside of ~2 618 m deep, 71 km east to which is MX2 (20.19°N,
161.45°E) at foot of the seamount of 5 050 m deep (Fig. 1). The
MX1 mooring consisted of two automated KUM time-series sedi-
ment traps and two sea current meters, attached to a mooring
line at 600 m, 2 500 m and 533 m, 2 095 m water depths, respect-

ively. The same instruments were deployed at MX2, but at differ-
ent water depths of 2 050 m, 4 850 m and 1 845 m, 4 920 m, re-
spectively. Each sampling interval for all deployments was gener-
ally 30 d, and each sediment trap was programmed to collect 12
samples. For some reasons, the sample carousel of two sediment
traps stopped running (February and March 2018 separately),
resulting in missing records of the intervals (Table 1).

Prior to deployment, each 450 mL sample container was filled
with artificial seawater containing 35 g/L NaCl and 3.3 g/L HgCl2

as preservatives (Kwak et al., 2017; Li et al., 2017). After retrieving
the traps, the pHs of the samples collected by sediment traps
were measured immediately. Then the samples were stored at
4°C in a refrigerator to avoid organic carbon degradation until
further laboratory analysis.

2.2  Laboratory analysis
All samples were gently sieved with a 1 mm nylon mesh to re-

move “swimmers” (any large particles such as swimming and
planktonic organisms). Stereomicroscopic analysis indicated that
the zooplankton was a negligible constitute of the <1 mm sam-
ples. The particles passing through the mesh were split into 8 ali-
quots using a high precision rotary splitter (FRITSCH, 8 wet sam-
ple divider). One of the eight subsamples or “splits” was filtered
onto a Millipore polycarbonate membrane filters (0.22 μm) for
biogenic opal analysis. Another five subsamples were filtered on
a Sterlitech silver membrane filter (0.45 μm). The rinsed samples
were freeze-dried and then weighed gravimetrically for total
mass flux (TMF, mg/(m2·d)) as shown in Eq. (1),

TMF =
M

H · S
, (1)

Fc =
M · fc
H · S

, (2)

where M was dry weight mass of the collected sinking particles, S
was the cross-sectional collection area of the sediment trap
(herein S=0.5 m2), H was the sampling time. Fluxes of POC,
CaCO3, and opal were calculated by Eq. (2), where Fc was the flux
of a certain component, fc was the percentage of a certain com-
ponent in the total mass.

The freeze-dried samples on silver membrane were thor-
oughly homogenized in an agate mortar to measure carbon and
nitrogen contents. The total carbon (TC) content and total nitro-
gen (TN) content were determined using a Thermo Flash 2000
CNS elemental analyzer with a relative standard deviation of
<0.36% and <0.48% based on repeated analysis of a standard ma-
terial (methionine, Thermo Scientific). A portion of homogen-
ized powder was acidified in acid fumigation instrument with
HCl vapor for 3 d to remove carbonate completely. Carbonate-
free samples were rinsed to remove HCl and dried for particulate
organic carbon content determination. Particulate organic mat-
ter (POM) was converted from POC by multiplying the empirical
factor of 1.8 (Müller et al., 1986). The particulate inorganic car-
bon (PIC) content was the difference between TC content and
POC content; CaCO3 content was calculated by multiplying the
inorganic carbon content by a conversion factor of 8.33, the ratio
of calcium carbonate to carbon’s atomic weight.

Biogenic silica (BSi) analysis was performed using a double
leaching method by Ragueneau et al. (2005) due to a limited
amount of samples, which was less than a required 0.5 g/L solid-
liquid ratio of the continuous extraction method. The dry sam-
ples were left on polycarbonate membrane in polypropylene
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centrifuge tube leached with 0.2 mol/L NaOH at 100°C water bath
for 40 min. Then, 1 mol/L HCl was added to neutralize the pH of
the cooled extract and centrifuge at 2 500 r/min for 10 min. After-
wards, the supernatant was diluted for the determination of [Si]1

(concentration of silicate in the first extraction solution) and [Al]1

(concentration of aluminum in the first extraction solution). The
above steps were repeated for the same sample to obtain [Si]2

(concentration of silicate in the second extraction solution) and
[Al]2 (concentration of aluminum in the second extraction solu-

tion). The BSi concentration was calculated with the Eq. (3). The
dissolved silicate concentration of the leachate was analyzed with
the silicomolybdenum blue method using a spectrophotometer
and the Al content was measured with ICP-MS (Agilent 7700x,
USA). Opal content was converted from biogenic silica by mul-
tiplying the molar mass ratio of 2.4 (Mortlock and Froelich, 1989).
Finally, the lithogenic material flux was calculated as the differ-
ence of total particle flux and biogenic fluxes (CaCO3, POM and
opal).
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Fig. 1.   Location and vertical structure of the mooring systems in Niulang Guyot area. a. Location of Niulang Guyot in the Northwest
Pacific Ocean; b. topographic map of Niulang Guyot; c. schematic diagram of two moorings.

Table 1.   Sampling information record of sediment traps
Station Latitude Longitude Deployment layer/m Deployment time Recovery time Sample quantitie

MX1 20.48°N 160.84°E 600 2017.08.04 2018.07.25 12

2 500 2017.08.04 2018.07.25 8
MX2 20.19°N 161.45°E 2 050 2017.08.05 2018.07.26 7

4 850 2017.08.05 2018.07.26 12
      Note: The sample carousel of two sediment traps stopped running (February and March 2018 separately), resulting in missing records of the
intervals.
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[BSi] = [Si] − [Al] ×
[Si]
[Al]

. (3)

3  Results

3.1  Variations of environmental parameters
Sea surface temperature (SST) varied between 25.4°C and

30.0°C with a mean of 27.9°C. SST was usually higher than 29°C
from June to October and lower than 26.5°C from January to May
(Table 2, Fig. 2). The concentration of chlorophyll a in the sur-
face layer varied from 0.03 mg/m3 to 0.09 mg/m3 with a mean of

0.05 mg/m3 (Fig. 2). It was found that temperature dropped ab-

ruptly with depth (Table 2). From the surface layer to about 1 000 m,

the temperature decreased from 27.9°C to 4.4°C. At >2 000 m, the

temperature dropped from 2.0°C to 1.4°C, with a variation range

of from 0.3°C to 0.1°C. Current velocity varied greatly with depth

(Figs 3a−d). At 553 m depth, the average current velocity was 10.6

cm/s, which flowed mainly to the northwest, followed by the

Table 2.   Characteristic values of temperature (from August 2017
to July 2018)

Depth/m
Temperature/°C

Maximum Minimum Average

Surface 30.0 25.4 27.9

533 9.5 6.4 7.9

932 4.8 4.1 4.4

1 846 2.4 2.1 2.3

2 086 2.2 1.9 2.0

4 846 1.5 1.4 1.4
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Fig. 2.   Seasonal variations of chlorophyll a (Chl a) concentra-
tion and sea surface temperature (SST) from January 2017 to
December 2018. The red line was Chl a  concentration and the
black  line  was  SST  (data  obtained  from  http://apdrc.soest.
hawaii.edu/datadoc/modis_aqua_chla.php and http://apdrc.
soest.hawaii.edu/datadoc/oisst_avhrr.php).
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Fig. 3.   Current velocity and flow direction of 533 m (a), 2 095 m (b), 1 846 m (c) and 4 920 m (d).
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south or southwest. The average current velocity at 2 095 m was
about 6.3 cm/s, and it almost flowed to the south all year round.
The average current velocity at 1 846 m was 6.0 cm/s, and the
flow directions were mainly northwest or southwest, followed by
southeast. The current velocity at 4 920 m increased, with an av-
erage of 10.1 cm/s, and the flow direction was mainly southwest.

3.2  Settling particle fluxes and their composition
Settling particle fluxes of two sites for the four depths were

shown in Fig. 4 and Table 3. The results indicated that the peak of
TMF appeared in summer, while the valley occurred in winter. At
MX1 site, TMF varied from 3.36 mg/(m2·d) to 26.52 mg/(m2·d)
at 600 m deep with a total of 2.57 g/(m2·a). The highest TMF of
the whole year appeared in August (Fig. 4a). TMF varied from
0.13 mg/(m2·d) to 3.12 mg/(m2·d) at 2 500 m, with a total of
0.64 g/(m2·a), which was about 75% lower than that of the upper
trap (Table 3). At MX2 site, TMF varied from 0.75 mg/(m2·d) to
5.70 mg/(m2·d) at 2 050 m, with a total of 0.70 g/(m2·a), which was
about 8% higher than that of at 2 500 m deep (Fig. 4b). For the
4 850 m trap, TMF varied from 0.07 mg/(m2·d) to 6.83 mg/(m2·d)
with an annual of 0.56 g/(m2·a), which was about 20% lower than
that of at 2 050 m. The lowest TMF of the whole year appeared in
February (Fig. 4d). TMF gradually decreased with depth, with a
significant decrease in the upper ocean. The extreme fluxes of
TC, TN, CaCO3, and POC were mostly consistent with those of
TMF at the same layer.

At 600 m layer of MX1 station, POM content ranged from
10.4% to 39.1%, with a mean of 23.9%. CaCO3 content varied from
34.0% to 88.7%, with an average of 70.1%. Opal content ranged
from 0.17% to 3.8%, with a mean of 1.5%. The sum of POM,

CaCO3, and opal contents accounted for >95% of the total except
in August (Fig. 5a). At 2 500 m layer, POM, CaCO3, and opal con-
tents ranged from 6.65% to 9.6%, 65.3% to 84.4%, and 1.1% to
11.1%, respectively. The sum of opal, POM, and CaCO3 contents
accounted for up to 96.3% (Fig. 5c). At 2 050 m of MX2, POM,
CaCO3, and opal contents ranged from 6.24% to 14.62%, 52.6% to
84.9%, and 3.3% to 10.8%, respectively. The sum of opal, POM,
and CaCO3 contents accounted for up to 97.0% of total mass
(Fig. 5b). At 4 850 m layer, POM, CaCO3, and opal contents var-
ied from 6.4% to 7.3%, 57% to 90%, and 2.2% to 14.0%, respect-
ively (Fig. 5d). In this area, CaCO3 contributed most to mass flux
of the measured phases (34%−90%), followed by POM (<6.2%−
39.1%) and opal (<0.2%−14%), while lithogenic material provided
only minor contribution.

4  Discussion

4.1  Composition and change of sedimentation flux
Sinking particles in the ocean mostly consist of biogenic ma-

terials (Honjo et al., 1995; Kim et al., 2011, 2014, 2018), including
organic matters, CaCO3, biogenic opal, and ballast. In the sub-
tropical oligotrophic Northwest Pacific Ocean (SONP), CaCO3

content is between 50% and 90%, and POC is up to 20% (Kempe
and Knaack, 1996; Mohiuddin et al., 2002; Kim et al., 2011, 2018).
Our results were in good agreement with previous study. POC
content was significantly correlated with TN content (r=0.77,
P<0.01) and POC/TN content ratio was lower than 8, indicating
POM was mainly derived from marine authigenic organic matter.
POC content was not related to BSi content, indicating diatoms
didn’t play a major role in POC transport. The Carbonate Ocean
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Fig. 4.     Settling particle fluxes of total mass, CaCO3, particulate organic matter (POM) and opal at different depths (the column
represents total mass flux).
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is characteristic of Corg/Cinorg and BSi/Cinorg of <1. The sinking
particles was rich in CaCO3 in Niulang Guyot area, with an aver-
age of >70%. It was consistent with that Carbonate Ocean en-
tailed 80% of the ocean between the North Pacific polar front and
the Antarctic polar front (Honjo et al., 2008).

In the upper ocean, sinking mass fluxes and composition
tend to be mediated by “swimmer”, as vertical migration of
swimming animals and plankton would lead to significant
changes in fluxes and it should not be considered as a part of the
passively sinking flux (Michaels et al., 1990; Steinberg et al.,
1998). We found biological residues (e.g., copepods) in some
samples at 600 m before treatment. There was almost no correla-
tion between each component and TMF. In contrast, fluxes of
POC and CaCO3 below 2 000 m were significantly correlated with
TMF (r=0.99, P<0.02) (Figs 6a, b). Below 1 500 m, zooplankton
had little impact on vertical transport of fluxes (Honjo et al.,

2008). Dissolution and mineralization were two main factors af-
fecting the POC and CaCO3. POC decreased with depth. CaCO3

first increased with depth due to decomposition of organic mat-
ters and then decreased because of CaCO3 dissolution (Fig. 6b).

The TMF of 2.57 g/(m2·a) at 600 m lies within a range of flux
variation of 0.77−6.35 g/(m2·a) reported elsewhere (Kempe and
Knaack, 1996; Kim et al., 2014, 2018), but it is far lower than those
in the equatorial region (1.46−13.87 g/(m2·a)) and the western
Pacific transition region (10.5−16.8 g/(m2·a)) (Kempe and
Knaack, 1996; Mohiuddin et al., 2002, 2004). Regional differences
in settling particle flux were caused by primary productivity,
which was closely related to the concentration of surface chloro-
phyll a (Kim et al., 2018). Messié and Radenac (2006) reported
distinct latitudinal variations of chlorophyll a concentration in
the surface ocean, with a higher concentration (>0.2 mg/m3) in
the equatorial zone of the West Pacific Ocean and a lower value

Table 3.   Fluxes of total mass, total carbon (TC), total nitrogen (TN), particulate organic carbon (POC), opal and CaCO3 collected by
sediment trap

Site-layer Cup No. Time Duration/d
Total mass flux/

(mg·m−2·d−1)
TC flux/

(mg·m−2·d−1)
TN flux/

(mg·m−2·d−1)
POC flux/

(mg·m−2·d−1)
Opal flux/

(mg·m−2·d−1)
CaCO3 flux/
(mg·m−2·d−1)

MX1 600 m 2017444-3 August, 2017 30 26.52 2.89 0.224 7 1.53 0.04 11.33

2017444-4 September, 2017 30 6.18 1.24 0.142 8 0.66 0.02 4.78

2017444-5 October, 2017 30 5.20 2.07 0.140 5 1.85 0.13 1.77

2017444-6 November, 2017 30 5.45 0.94 0.077 5 0.38 0.19 4.64

2017444-7 December, 2017 30 5.56 0.95 0.077 6 0.42 0.09 4.45

2017444-8 January, 2018 30 4.18 0.98 0.110 3 0.63 0.05 2.94

2017444-9 February, 2018 30 3.36 0.79 0.088 8 0.52 0.06 2.28

2017444-10 March, 2018 30 3.96 0.93 0.155 5 0.62 0.15 2.59

2017444-11 April, 2018 30 5.68 1.12 0.110 4 0.57 0.06 4.61

2017444-12 May, 2018 30 6.37 1.07 0.068 0 0.39 0.07 5.65

2017444-13 June, 2018 30 5.10 1.00 0.094 3 0.49 0.03 4.21

2017444-14 July, 2018 23 7.04 2.02 0.219 5 1.53 0.04 4.10
MX1 2 500 m 2017443-3 August, 2017 30 1.60 0.23 0.012 8 0.07 0.10 1.30

2017443-4 September, 2017 30 1.19 0.17 0.008 4 0.05 0.05 0.99

2017443-5 October, 2017 30 0.52 0.06 0.002 6 0.02 0.01 0.34

2017443-6 November, 2017 30 0.41 0.07 0.012 8 − 0.05 −

2017443-7 December, 2017 30 0.13 0.02 0.001 4 − 0.01 −

2017443-8 January, 2018 30 0.33 0.04 0.001 9 − 0.01 −

2017443-9 February, 2018 30 1.68 0.23 0.009 2 − 0.05 −

2017443-10 March−July, 2018 143 3.12 0.44 0.018 7 0.12 0.14 2.57
MX2 2 050 m 2017442-3 August, 2017 30 5.70 0.82 0.039 1 0.46 0.42 2.99

2017442-4 September, 2017 30 2.15 0.33 0.018 9 0.15 0.23 1.47

2017442-5 October, 2017 30 3.02 0.42 0.023 2 − 0.10 −

2017442-6 November, 2017 30 1.90 0.28 0.012 0 0.11 0.09 1.37

2017442-7 December, 2017 30 1.27 0.17 0.005 0 0.04 0.06 1.05

2017442-8 January, 2018 30 0.75 0.11 0.006 8 − 0.04 −

2017442-9 February−July, 2018 173 1.33 0.21 0.012 4 0.07 0.04 1.13
MX2 4 850 m 2017441-3 August, 2017 30 6.83 0.96 0.058 4 − 0.49 −

2017441-4 September, 2017 30 2.82 0.38 0.017 4 − 0.19 −

2017441-5 October, 2017 30 2.45 0.33 0.017 5 − 0.18 −

2017441-6 November, 2017 30 0.60 0.08 0.003 5 − 0.04 −

2017441-7 December, 2017 30 0.45 0.07 0.004 4 − 0.06 −

2017441-8 January, 2018 30 0.98 0.14 0.007 5 − 0.09 −

2017441-9 February, 2018 30 0.07 − − − 0.01 −

2017441-10 March, 2018 30 0.17 0.02 0.000 7 0.01 0.01 0.12

2017441-11 April, 2018 30 0.48 0.07 0.003 6 0.02 0.01 0.43

2017441-12 May, 2018 30 1.05 0.16 0.008 3 − 0.02 −

2017441-13 June, 2018 30 0.50 0.08 0.006 6 − 0.07 −

2017441-14 July, 2018 23 2.08 0.22 0.009 5 0.07 0.10 1.18

      Note: − represents data unavailable due to insufficient sample volume for measurement.
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(<0.1 mg/m3) in the SONP. The remarkably low chlorophyll a
(Fig. 2) in the seamount area was in agreement with our flux data.
The export flux of POC was proportional to TMF across the
boundary between the euphotic and bathypelagic zones (Schind-
ler, 1975). Constrained by such low TMF, the export of biogenic
components such as POC to deep ocean was even lower than
warm pool area (Kempe and Knaack, 1996), which was known for
its lowest flux (Honjo et al., 2008).

TMFs of MX1 and MX2 exhibited similar seasonal changes al-

though they were located in different geographical locations
(r>0.90, P<0.01, statistically results between 600 m, 2 050 m and
4 850 m). The flux variation usually reflected the changes in the
primary production of the upper water and was closely related to
the growth of plankton. From January 2017 to December 2018,
the content of chlorophyll a in the surface layer fluctuated
around 0.05 mg/m3, except a high value of 0.09 mg/m3 at high
temperature (Fig. 2), reflecting an ecosystem dominated by pico-
phytoplankton and low seasonality, with relatively low and con-
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Fig. 5.   Contents of major components (CaCO3, particulate organic matter (POM), opal and lithogenic matter) at different depths from
August 2017 to July 2018 (only samples with complete data were displayed).
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Fig. 6.   Relationships between particulate organic carbon (POC), CaCO3 and total mass flux.
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stant rates of primary production (Buesseler et al., 2007; Brown-
ing et al., 2022). Thus, TMF was dominated by the calcareous bal-
last which was also confirmed by a large number of planktonic
foraminiferal tests in samples at 600 m collected in August be-
sides the changes of primary production. Calcite is one of the
heaviest bio-minerals in seawater and is more resistant to dissol-
ution in sea water than other pelagic biominerals, including bio-
genic opal aragonite and magnesium-rich calcite (Milliman,
1974). Previous studies showed a calcite-dominated TMF in the
subtropical Pacific Ocean (Honjo et al., 1995; Kim et al., 2011,
2017), and dense planktonic foraminifera shells comprised from
20% to 70% of CaCO3 flux with shell sizes mostly larger than
125 μm (Mohiuddin et al., 2002, 2004; Kim et al., 2010). The set-
tling rate of large planktonic foraminifera (>125 μm) in laborat-
ory experiments ranged between 320 m/d and 1 270 m/d (Taka-
hashi and Be, 1984). Settling particles, most of which were prob-
ably planktonic foraminifera aggregates, would sink rapidly to
the deep sea and retained well in the traps. At 4 850 m, CaCO3

still accounted for 57% to 90% and foraminiferal tests appeared in
almost all samples. Like TMF, the number of foraminifera was
the highest in August 2017 and the lowest in February 2018. The
peak and valley values at the shallow depth were consistent with
the deep layer, without temporal offsets, suggesting the resid-
ence time of settling particles shorter than one month time-series
resolution during most of the period.

Particles rich in foraminiferal tests that settled on the seamount
were more likely to accumulate at the hillside than the top due to
the topography and currents. The dissolution of CaCO3 in-
creased with depth and more CaCO3 dissolved at the hillside. So
CaCO3 content in surface sediment reduced from 82% of the top
(20.40°N, 160.78°E, 1 800 m) to 64% of the hillside (20.52°N,
161.07°E, 2 486 m), while the organic carbon increased from
0.03% to 0.14%, resulting in an increase in the abundance of
meiobenthos by 7 times (from 0.194 ind./m2 to 1.515 ind./m2).

The sinking materials would gradually decrease due to the
mineralization of organic matter and the dissolution of carbon-
ate with increasing depth. However, in August and September,
the TMFs at 4 850 m were higher than that at 2 050 m, with an in-
crease of up to 20%. In general, the decrease of current velocity
and the solidification of aggregates with depth would lead to the
increase in capture efficiency (Scholten et al., 2001; Yu et al.,
2001). Treppke et al. (1996) found that the resuspended sedi-
ments would result in an increase in fluxes. Hwang et al. (2010)
suggested that the resuspension of sediment and its lateral trans-
port was widespread and was an important component of ocean-
ic carbon cycle. The velocity of the adjacent layers where the trap
was located at 4 920 m was much higher than at 1 846 m (Figs 3c,
d), especially in August and September. Therefore, it can be spec-
ulated that the flux anomaly may be caused by resuspension of
sediment and its lateral transport.

The flux at 600 m layer in August was anomaly higher than
that in other months (4 times of that in July and September), and
ballast was as high as 47%. In the open ocean, lithic matter usu-
ally came from aerosol particles, while the crust aerosol ions
played an important role (Tegen and Fung, 1994; Mahowald et
al., 1999). Generally, the abundant supply came from the import-
ant dry land and desert region near the upper wind side of the
ocean edge, but the MX1 site was far away from the continents,
and was unlikely to be affected by atmospheric transport dust.
Another important reason for the anomaly increase of flux was
the earthquake, which usually occurred in the slope area or
trench area, the mass flux can increase to 9 times more than that
before earthquake (Itou and Noriki, 1997). MX1 was located on

the hillside of Niulang Guyot and the geographical conditions
were similar to the land slope, however the 600 m trap was far
away from the mountain top which could avoid the earthquake.
However, further studies are needed for the abnormal flux at 600 m
in August.

4.2  Attenuation of sinking POC flux
The biological carbon pump, which transports POC from the

surface to the deep ocean, plays an important role in regulating
atmospheric carbon dioxide (CO2) concentrations (Marsay et al.,
2015). Therefore, the deep-sea transport of POC is of great con-
cern. POC flux decreases with depth, namely, POC flux attenu-
ation, is a product of remineralization rate of organic materials
and sinking velocity of the POC-containing particles. Numerous
studies endeavored to describe the process of sinking POC flux
attenuation as relatively simple mathematical forms (Suess, 1980;
Armstrong et al., 2001; Lutz et al., 2002; Boyd and Trull, 2007),
with perhaps the most commonly used being a power law equa-
tion:

Fz = Fz(z/z)
−b

, (4)

where Fz was the flux at depth z, normalized to flux at some refer-
ence depth z0, and b was the coefficient of flux attenuation (Mar-
tin et al., 1987). Additionally, the degree of POC flux attenuation
can be expressed as transfer efficiency based on sediment trap
data (Buesseler et al., 2007). Due to the lack of samples, POC
fluxes during some periods cannot be measured, which made it
difficult to estimate the POC attenuation. However, in the deep
ocean, we found that there was a significant positive correlation
between POC flux and TMF (r≥0.99, P<0.01) which provided a
tool to estimate the annual average POC flux. The calculated POC
fluxes at 2 050 m, 2 500 m, and 4 850 m were 0.17 mg/(m2·d),
0.07 mg/(m2·d), and 0.05 mg/(m2·d), respectively. Compared
with 600 m (0.78 mg/(m2·d), the transport efficiency of POC at
2 050 m, 2 500 m and 4 850 m was 22%, 9% and 7%, respectively.
The attenuation of POC mainly occurred in twilight zone (water
depth between transparent zone and 1 000 m). The estimated
transport efficiency in the upper water was similar to the 20% ob-
served at Station ALOHA in the North Pacific subtropical circula-
tion, but far lower than that observed at Station K2 (46%−55%) in
the Northwest Pacific subarctic circulation.

POC fluxes at this area were fitted to Eq. (4) to calculate b,
yielding values of 1.34, which was consistent with what Buesseler
et al. (2007) found b=1.33. The monthly values were also cap-
tured by the regional variation range of deep-sea b value (0.6−2.0)
(Berelson, 2001; Francois et al., 2002), but much higher than 0.86
(Martin et al., 1987) derived from several locations of the eastern
North Pacific Ocean, reflecting the larger percentage decrease of
POC flux in the upper water at Niulang Guyot area (Fig.7). From
August 2017 to January 2018, monthly b values showed an in-
crease before December 2017 and then decreased at January
2018. Resuspension of sediment may lead to an increase of TMF
near bottom, which would increase the POC flux, resulting in a
decrease in b value. In August, assuming that the increment of
TMF caused by resuspension sediment accounts for 20% and its
organic carbon content was about 0.3%, the calibrated b value
was 1.09, the variation of b value caused by sediment resuspen-
sion was only 0.01. The relative lower b values of August and
September indicated a relatively higher POC export efficiency,
further demonstrating the calcareous ballasts in the upper water
dominates POC flux. Proper quantification of the export and re-
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mineralization of POC in ocean carbon cycle models and corres-
ponding changes in POC/PIC (particulate inorganic carbon) con-
tent ratios were important (Howard et al., 2006). Modeling res-
ults suggested that the selection of POC parameters were very
sensitive to the model output results, and the use of regionally
variable POC flux parameterization could minimize the differ-
ence between simulated and observed carbon tracers (PO4, Alk*)
and model-data differences of POC fluxes (Howard et al., 2006).
Our result improved the accuracy of regional biochemical model
outcome in subtropical oligotrophic zone.

The regional difference in transfer efficiency was attributed to
the phytoplankton community structure (Kim et al., 2018). The
diatom-dominated ecosystem station (K2) had a higher transfer
POC efficiency than Station ALOHA (Honda, 2003). The study
area was located in the oligotrophic Northwest Pacific Ocean
where the mean state of ecosystem was characterized by a dom-
inance of small picophytoplanton with tightly balanced rates of
growth and mortality (Browning et al., 2022) and nitrogen fixa-
tion contributes up to half of export production (Karl et al., 1997).
Kitajima et al. (2009) showed that the N2 fixation was primarily
ascribed to <10 μm diazotrophs—nanoplanktonic cyanobacteria,
line with those previous studies conducted in various part of oli-
gotrophic ocean (Zehr et al., 2001; Dore et al., 2002; Montoya et
al., 2004). Researches also showed that phytoplankton productiv-
ity and POC sinking flux were controlled mainly by cyanobac-
teria Prochlorococcus in SONP (Karl et al., 1996; Partensky et al.,
1999; Moore et al., 2002). Our research on photosynthetic pig-
ments indicated that the first dominant group of phytoplankton
biomass was prochlorococcus in August 2017. The semi-per-
meable protein shell of cyanobacteria was prone to being miner-
alized than diatom phytoplankton, therefore most of POC were
remineralized in oxygen minimum zone. Water temperature was
another important factor affecting the attenuation of POC, and
the remineralization of POC in warm waters would become shal-
lower (Marsay et al., 2015).Warming the Northwest Pacific Ocean
(Balaguru et al., 2016) would lead to ocean acidification, leading
to less calcite ballasting and lower transfer efficiency of sinking
POC to the deep sea.

5  Conclusions
A one-year-long observation by four sediment traps was used

to investigate seasonal variations of settling particles and their
composition in Niulang Guyot area of the oligotrophic western
Pacific Ocean. TMF at each layer had similar seasonal pattern,
higher in summer and lower in winter. The peak and valley fluxes
in the upper matched those in the deep, indicating that particles
sank from 600 m to 4 850 m within a 30-d period without signific-
ant temporal delay. Fast settling rate of sinking particles caused

by calcium carbonate ballast would be beneficial to the export of
POC, but only a small proportion of POM was transported to the
deep sea, which may be associated with cyanobacteria-domin-
ated phytoplankton. Continued surface water warming would
likely have a profound impact on ocean acidification in the North-
west Pacific Ocean, possibly affecting the biological pump, and
local seamount environment such as topography and current
could have an important impact on the carbon flux in regional
area. Therefore, more observations based on moorings are needed
in the further research of biological pump and optimization of re-
gional biological models in seamount area.
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