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The biological carbon pump in the southwestern East Sea (Japan Sea, EJS
hereafter) was investigated based on examination of sinking particulate matter samples
intercepted by bottom-tethered sediment traps deployed on a mooring at three depths
(500, 1000, and 2000 m) between 2011 and 2017. The total particle flux increased as
the sampling depth increased, while particulate organic carbon (POC) flux was greatest
at 500 m. The lithogenic material content was high at all depths, and accounted for an
average of ∼42% of the particulate matter. The total particle flux at all sampling depths
consistently shifted toward much higher values in 2014–2016. During this period, the
POC flux at 500 m increased by 32% while net primary production (NPP) increased
only slightly. Consequently, the POC flux/NPP ratio increased significantly, indicating
greater biological pump efficiency than in earlier years of the study. The flux of lithogenic
material derived primarily from sediment resuspension was much greater at 500 m in
2014−2016 compared with previous years, implying its potential role as a ballast mineral
in enhancing particle export and transfer to the deep sea interior. The radiocarbon
isotope ratio of POC was higher, and the excess Mn content values were lower at 500 m
in 2014–2016, suggesting that the resuspended sediment at 500 m likely originated
from a shallow region during this period, and differed in provenance from the lithogenic
material intercepted at 2000 m. The period of enhanced particle flux coincided with the
2015/16 El Niño and a mesoscale warm (anticyclonic) eddy that persisted for 2 years
in the study region. The East Korean Warm Current and the eddy may have facilitated
the transport of resuspended particles entrained in the Korea Strait and/or the western
shelf and upper slope of the basin to the study site.

Keywords: biological carbon pump, particulate organic carbon, sediment resuspension, sediment trap, lithogenic
material, ENSO

INTRODUCTION

The East Sea (also known as the Japan Sea, the EJS hereafter) is a marginal sea that is connected to
the northwest Pacific Ocean through straits shallower than 150 m (Figure 1). The Tsushima Warm
Current (TWC), which is a branch of the Kuroshio Current, flows into the EJS through the Korea
Strait. The East Korea Warm Current (EKWC), a branch of the TWC, flows north along the east

Frontiers in Earth Science | www.frontiersin.org 1 May 2020 | Volume 8 | Article 144

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.00144
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2020.00144
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.00144&domain=pdf&date_stamp=2020-05-19
https://www.frontiersin.org/articles/10.3389/feart.2020.00144/full
http://loop.frontiersin.org/people/829218/overview
http://loop.frontiersin.org/people/936060/overview
http://loop.frontiersin.org/people/919378/overview
http://loop.frontiersin.org/people/953212/overview
http://loop.frontiersin.org/people/688620/overview
http://loop.frontiersin.org/people/113546/overview
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00144 May 18, 2020 Time: 14:54 # 2

Kim et al. Sediment Resuspension Controlling Biological Pump

coast of the Korean Peninsula. Upon detachment from the coast,
the EKWC forms a subpolar front at 38–40◦N joining with the
North Korea Cold Current (NKCC). In the southwestern part
of the subpolar front lies the Ulleung Basin, where net primary
production (NPP) is reportedly the highest in the entire EJS
(Yamada et al., 2005; Kwak et al., 2013).

Chen et al. (2017) reported rapid acidification of the interior
of the EJS between 1965 and 2015. The deep waters of the EJS
are vulnerable to acidification because of high levels of dissolved
inorganic carbon (DIC) from organic matter decomposition, and
low levels of carbonate alkalinity (Na et al., 2019). Therefore,
improved understanding of the functioning of the biological
carbon pump is necessary to inform projections of acidification
of the deep waters of the EJS.

Changes in the physical and biological characteristics of
surface waters including the vertical temperature profile, and
the phytoplankton community structure, can affect the biological
carbon pump in the Ulleung Basin (Yoo and Kim, 2004;
Chiba et al., 2008). For example, when the surface water
temperature rose and the inflow from the TWC strengthened,
the contribution of small phytoplankton to NPP increased
(Li et al., 2009; Lee et al., 2013; Joo et al., 2017). In their
study of the monthly NPP in the Ulleung Basin, using
Moderate Resolution Imaging Spectroradiometer (MODIS-aqua)
satellite observations and the Vertically Generalized Productivity
Model (VGPM, Behrenfeld and Falkowski, 1997), Joo et al.
(2014) reported a decline of ∼17% in the annual NPP
from 2006 to 2013. This was hypothesized to reflect the
effect of sea surface warming and the negative phase of the
Pacific Decadal Oscillation (PDO). The effects of the El Niño
Southern Oscillation (ENSO) on the sinking particle flux in
the tropical Pacific have been relatively well studied (Honjo
et al., 1995; Kawahata et al., 2000; Kim et al., 2011, 2014,
2019). However, the relationship between the sinking particle
flux and its composition and high and low frequency climate
variability is not well understood because of the lack of long-
term data.

The sinking particle flux in the EJS has been studied over
periods of 1–2-years (Otosaka et al., 2004, 2008; Kim et al., 2017).
A study based on 1 year’s data from March 2011 to February
2012 in the Ulleung Basin showed that the particulate organic
carbon (POC) flux at a depth of 1000 m was bimodal, and
mainly reflected the variations in the NPP. The ratio of the
POC flux at 1000 m to the NPP (i.e., e-ratio at 1000 m) was
∼3%, which is similar to the values obtained for other basins
in the EJS (Otosaka et al., 2008). Another finding was that, the
sinking particles in the EJS contained high levels of lithogenic
material from aeolian dust deposition and resuspended sediment
(Otosaka et al., 2008; Kim et al., 2017), reflecting its location
in a marginal sea.

In this study, we present quasi-continuous time-series data
from 2011 to 2017 on the flux and composition of sinking
particles at three depths at a site in the Ulleung Basin.
We investigated the biological pump in the EJS, and paid
particular attention to the marked increase in the particle
flux that occurred in 2014–2016, and its relationship with
climate variability.

MATERIALS AND METHODS

Sample Collection
Samples of sinking particulate matter were collected from
July 2011 to September 2017 (Supplementary Table S1)
using conical-type sediment traps (aperture diameter 80 cm,
height/diameter ratio = 2; model SMC26S-6000, Nichiyu Giken
Kogyo Co., Ltd., Japan), deployed at 500 m (changed to 300 m in
March 2017), 1000 m, and 2000 m on a bottom-tethered mooring
at station ES (37.63◦N, 131.36◦E; ∼2370 m water depth) in the
Ulleung Basin (Figure 1). The sampling interval for each cup
of the sediment traps was programmed for 6–10 days. Sample
collection was interrupted several times because of mooring
turnaround and trap malfunctioning. Detailed information
regarding the sampling times is presented in Supplementary
Table S1. The mooring was equipped with RCM-type current
meters at 550 m and 2050 m. The sampling cups of the traps
were filled with artificial seawater, prepared using distilled water
and sea salts (Sigma-Aldrich) and adjusted to the approximate
salinity at the deployment depths. Sodium borate-buffered 10%
formalin solution was added as a preservative. The study site
is approximately 34 km northwest of station EC1 (37.33◦N,
131.45◦E; 2300 m water depth), which has mainly been used
for physical oceanographic studies since 1996 (Chang et al.,
2002; Noh and Nam, 2018), although the sinking particle flux
and composition at station EC1 were reported for a 1-year
period by Kim et al. (2017).

Seafloor sediment samples were collected using a box corer
during two cruises (Figure 1 and Supplementary Table S3),
the first in August 2011 aboard the survey vessel Haeyang 2000
involving three sampling locations: TEB1 (37.00◦N, 129.50◦E),
TEB5 (37.00◦N, 131.00◦E), and TEE5 (35.18◦N, 129.80◦E); and
the second in May 2014 aboard the R/V Eardo involving sampling
at DE2 (36.71◦N, 129.81◦E), DE3 (36.73◦N, 129.86◦E), DE4
(36.71◦N, 130.02◦E), and ES (37.65◦N, 131.35◦E). These sites lie
under the path of the surface currents leading toward the trap
mooring sites and therefore were chosen as potential sources of
resuspended sediment particles.

Sample Analyses
Particulate matter samples were filtered using a 1-mm teflon
mesh to remove swimmers and any large particles, centrifuged,
and freeze-dried. The freeze-dried samples were weighed for
gravimetric determination of the total particle flux. For POC
content measurement, ∼0.5 g of each homogenized particle
sample was weighed and decarbonated by soaking in 10 ml of 1 N
HCl (ACS grade, Merck) for 30 min. The decarbonated sample
was dried in an oven for 3 days at 80◦C, then desiccated for
2 h at room temperature. The POC content of each sample (5–
7 mg, wrapped in a tin cup) was measured with an elemental
analyzer (Thermo Flash EA 1112 series). The mean measured
value of a standard reference material (SRM 1941b) provided
by the National Institute of Standards and Technology (NIST,
United States) was 2.98± 0.18% (certified value = 2.99± 0.24%).

For radiocarbon isotope analysis of POC, each particle
sample was finely ground, weighed in a silver cup, fumigated
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FIGURE 1 | Bathymetry (left panel) of the East Sea (Japan Sea) and the sea surface temperature (right panel, the image was taken by satellite NOAA-19 on 30
March, 2011). The locations of the mooring sites, ES and EC1, and the surface sediment sampling sites are indicated (X marks). A schematic of major surface
currents is also shown (NKCC: North Korea Cold Current, EKWC: East Korea Warm Current, TWC: Tsushima Warm Current).

with HCl in a desiccator for 3 days at 70◦C to remove
inorganic carbon, then stored in a desiccator with NaOH
pellets (Fischer Scientific; analytical reagent grade) at 70◦C for
3 days to remove residual HCl. Radiocarbon isotope ratios
were measured using a gas-ion source MICADAS (Mini Carbon
Dating System) accelerator mass spectrometer in the Laboratory
for Ion Beam Physics at ETH Zürich (Christl et al., 2013;
McIntyre et al., 2017). Radiocarbon data were normalized using
an oxalic acid II standard (NIST SRM 4990C), and measurements
were corrected for constant contamination introduced during
fumigation using in-house shale and soil reference materials
according to Haghipour et al. (2019). We assign ±5h as
a conservative uncertainty for 114C measurements of POC
samples although a precision of ±2h is routinely achievable for
the modern standard oxalic acid II (McIntyre et al., 2017) and
duplicate analysis results of a POC sample were within 3h. After
rinsing the samples with ultra-pure water three times and freeze-
drying, the effect of formalin as a preservative on radiocarbon
analysis is considered insignificant (Honda et al., 2000; Otosaka
et al., 2008).

For metal analyses, ∼20 mg of each dry sample was digested
in an acid mixture (HNO3, HClO4, and HF; Merck, Suprapur)
for 12 h on a hot plate at 180◦C, and the concentrations
of Al and Mn in the digested sample were measured using
inductively coupled plasma mass spectrometry (ICP-MS; Thermo

X-Series). A standard material (MESS-3, National Research
Council of Canada) was used for calibration. A subset of the
sinking particle samples was analyzed for Al, Si, and Ca using
inductively coupled plasma atomic emission spectrometry (ICP-
AES; Optima 8300; PerkinElmer) at the Korea Basic Science
Institute. Two standard materials (SRM 1646a, and SRM 2702,
NIST, United States) were analyzed for calibration purposes.
The lithogenic material content has been estimated to be 12.15-
fold that of the Al content (Taylor and McLennan, 1985).
For our set of samples, the CaCO3 content was estimated by
multiplying the biogenic Ca content by a factor of 2.5; the
biogenic Ca content was estimated by subtracting the lithogenic
Ca content (= 0.5 × Al) from the total Ca content. The opal
content was estimated by multiplying the content of biogenic
Si by a factor of 2.4; the biogenic Si content was estimated by
subtracting the lithogenic Si content (= 3.5 × Al) from the total
Si content (Honjo et al., 1995).

Determination of Net Primary Production
Based on Satellite Observations
The NPP in the study period was estimated using the VGPM
(Behrenfeld and Falkowski, 1997) and the optimal carbon fixation
rate (Kameda, 2003; Kameda and Ishizaka, 2005). Satellite data
for the area of 2-km radius around Station ES were obtained using
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FIGURE 2 | The total particle flux at the three sampling depths from July 2011
to September 2017 (No bar indicates no data).

the MODIS Aqua level-2 chlorophyll-a concentration, the level-
3 sea surface temperature (SST), the level-3 photosynthetically
available radiation (PAR), and the level-3 diffuse attenuation
coefficient for downwelling irradiance at 490 nm. A mean
monthly map of the level-2 daily chlorophyll-a concentration
was developed using an optimal interpolation technique after
removing any speckles (Chae and Park, 2009; Park et al., 2013).

RESULTS

Particle Flux and Composition
The total particle flux over the entire sampling period varied
from 0.8 to 1586 mg m−2d−1, 48 to 1606 mg m−2d−1, and
89 to 1432 mg m−2d−1 at 500 m, 1000 m, and 2000 m,
respectively (Supplementary Table S1). Because of interruptions
in the data collection, no seasonal variation was detected, but
the interannual variability was high. In general, the particle flux
values were higher for 2014–2016 than in the preceding and
following years. The total particle flux increased as the depth
increased: the sampling period-weighted average particle fluxes at
500 m, 1000 m, and 2000 m were 344, 393, and 432 mg m−2d−1,
respectively (Figure 2 and Table 1). Conspicuous peaks in the
flux occurred coincidentally at all depths without any time lag.
However, the particle fluxes at different depths were not tightly
coupled. In particular, the correlation between particle fluxes at
500 m and 2000 m was very weak (R2 = 0.12).

The POC content varied widely at 500 m (0.4−29%;
Supplementary Figure S1), and was particularly high in July
2011. Unlike the total particle flux, the POC content generally
decreased with increasing depth; the arithmetic mean of the POC
content throughout the study period was 8.2 ± 4.2 at 500 m,
6.0 ± 1.7 at 1000 m, and 5.7 ± 1.3% at 2000 m (Supplementary
Figure S1 and Table 1; note: unless otherwise stated, the±values
throughout the paper indicate the standard deviation of the
observed results, not measurement uncertainty). The temporal
variation in the POC flux was in phase with the total particle
flux (Figure 3). The POC flux ranged from 0.05 to 187 mgC
m−2d−1 at 500 m (sampling duration-weighted average = 28),

0.9 to 84 mgC m−2d−1 at 1000 m (ave. = 25), and 6.8 to 95 mgC
m−2d−1 (ave. = 26) at 2000 m (Figure 3 and Table 1). Because
the POC content and total particle flux varied inversely with
depth, the POC flux was highest at 500 m, while the values at
1000 m and 2000 m were similar, especially during the high flux
period in 2014/16.

The content of lithogenic material varied widely from 11 to
75% at 500 m (mean = 42 ± 15%), from 12 to 73% at 1000 m
(mean = 42 ± 14%), and from 14 to 80% (mean = 47 ± 11%) at
2000 m (Supplementary Figure S2 and Table 1). The lithogenic
material flux was also very high at 500 m, where it varied from
5 to 765 mg m−2d−1 (Figure 4), and at this depth there was a
distinct difference prior to and after June 2014. Before this time,
the flux of lithogenic material increased considerably from 500 to
1000 m but showed only a small increase as the depth increased
for 2014–2016. During the entire study period, the sampling
duration-weighted average lithogenic material fluxes were 199,
161, and 241 mg m−2d−1 at 500, 1000, and 2000 m, respectively.
Therefore, averaged over the entire period, both the content
and the flux of lithogenic material was smallest at intermediate
depth (1000 m). The increase in the flux of lithogenic material
was largely responsible for the increase in the total particle
flux in 2014–2016.

Biogenic opal accounted for 33–40% of the particulate
matter. There was no clear trend in the vertical opal content
(Supplementary Figure S3). The opal flux was greater at 500 m
(204 mg m−2d−1) than at the other depths (160 and 159 mg
m−2d−1, at 1000 m and 2000 m, respectively) (Supplementary
Figure S3 and Table 1). At all depths, CaCO3 accounted for
the smallest fraction of the particulate matter (Supplementary
Figure S4). Both the CaCO3 content and flux decreased with
increasing depth: 6.1± 4.1% (27 mg m−2d−1), 5.3± 3.6% (21 mg
m−2d−1), and 3.3± 3.1% (11 mg m−2d−1) at 500 m, 1000 m, and
2000 m, respectively (Supplementary Figure S4 and Table 1).

Comparison Between Strong El Niño and
Non-El Niño Periods
The particle flux was considerably higher in the period from June
2014 to September 2016 than in earlier years of the study or
during the first 8 months 2017 (Figure 2). This period coincided
with the occurrence of a super El Niño, as evidenced by a strong
positive ONI (oceanic niño index) around 2015 (Figure 3); the
period from 2011 to 2013 represented a negative phase of the
ONI. For convenience, we refer to the former (2014–2016) and
the latter periods (2011–2013) as the “EN” and the “non-EN”
periods, respectively. Because the particle fluxes in these two
periods were quite distinct, the properties of the two periods
were compared (Figure 5 and Table 1). We performed t-test
to examine whether each property between the two periods
was significantly different, although it is acknowledged that this
comparison between the EN and the non-EN periods may suffer
from bias caused by sampling hiatuses.

At 500 m, the POC flux averaged over each period was 32%
higher for the EN period (2014–2016) than the non-EN period
(2011–2013; Table 1), with a considerably greater discrepancy as
the depth increased (the EN period being 96% and 113% higher
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TABLE 1 | Values of observed parameters averaged over the entire study period (July 2011-September 2017), the non-El Niño period (July 2011-March 2014), and the
El Niño period (June 2014-September 2016).

Parameters Whole period Non-El Niño period El Niño period

Average ± σ Average ± σ Average ± σ

Primary production 794 ± 267 774 ± 231 841 ± 316

Dust deposition 3.4 ± 2.3 4.1 ± 2.7 2.7 ± 1.7

500 m(300 m)

Particle flux (<1 mm) 338 ± 293 351 ± 137(n = 39) 509 ± 311(n = 78)

POC flux 28 ± 24 27 ± 15(n = 39) 36 ± 26(n = 78)

POC content 8.2 ± 4.2 8.4 ± 5.6 7.3 ± 3.0

POC flux/NPP (%) 3.5 ± 2.1 3.6 ± 1.9 4.1 ± 2.0

Lithogenic flux 201 ± 166 66 ± 61(n = 18) 232 ± 168(n = 78)

Lithogenic content 42 ± 15 34 ± 10 44 ± 16

Biogenic opal flux 208 ± 199 143 ± 90(n = 18) 261 ± 245(n = 22)

Biogenic opal content 38 ± 17 35 ± 11 41 ± 21

Biogenic CaCO3 flux 27 ± 21 28 ± 16(n = 18) 26 ± 25(n = 20)

Biogenic CaCO3 content 6 ± 4 8 ± 5 4 ± 3

114C (h) − −14 ± 38(n = 7) 16 ± 18(n = 14)

Excess Mn flux − 212 ± 238(n = 9) 147 ± 136(n = 71)

1000 m

Particle flux (<1 mm) 400 ± 258 311 ± 141(n = 65) 600 ± 290(n = 54)

POC flux 26 ± 16 18 ± 8(n = 65) 36 ± 19(n = 54)

POC content 6.0 ± 1.7 6.1 ± 1.7 5.9 ± 1.6

POC flux/NPP (%) 3.3 ± 1.7 2.5 ± 1.0 4.4 ± 1.8

Lithogenic flux 169 ± 135 123 ± 63(n = 65) 272 ± 189(n = 29)

Lithogenic content 42 ± 14 41 ± 13 43 ± 16

Biogenic opal flux 164 ± 142 128 ± 67(n = 61) 285 ± 237(n = 18)

Biogenic opal content 39 ± 14 39 ± 12 40 ± 18

Biogenic CaCO3 flux 21 ± 14 24 ± 10(n = 14) 19 ± 17(n = 17)

Biogenic CaCO3 content 5 ± 4 8 ± 3 3 ± 2

114C (h) − −20 ± 221) 8 ± 26(n = 13)

Excess Mn flux − 157 ± 127(n = 65) 171 ± 138(n = 21)

2000 m

Particle flux (<1 mm) 440 ± 241 350 ± 140(n = 52) 573 ± 275(n = 63)

POC flux 28 ± 16 17 ± 8(n = 52) 37 ± 19(n = 62)

POC content 5.7 ± 1.3 5.0 ± 1.0 6.5 ± 1.3

POC flux/NPP (%) 3.6 ± 1.8 2.5 ± 1.0 4.2 ± 2.0

Lithogenic flux 249 ± 160 175 ± 63(n = 19) 272 ± 174(n = 61)

Lithogenic content 47 ± 11 49 ± 9 47 ± 12

Biogenic opal flux 165 ± 99 108 ± 54(n = 19) 220 ± 101(n = 20)

Biogenic opal content 33 ± 13 30 ± 13 36 ± 12

Biogenic CaCO3 flux 13 ± 11 16 ± 14(n = 17) 11 ± 6(n = 17)

Biogenic CaCO3 content 3 ± 3 5 ± 4 2 ± 2

114C (h) − −48 ± 241)
−26 ± 19(n = 6)

Excess Mn flux − 1038 ± 217(n = 7) 236 ± 122(n = 52)

The number of samples analyzed for opal and CaCO3 are provided because results are only available for only a subset of samples. Net primary production and all the flux
values are expressed in mg m−2d−1, whereas the contents are expressed as %, with the exception of the excess Mn, the flux and content of which are expressed in µg
m−2d−1and ppm, respectively. 1) these results at 1000 m and 2000 m for the non-EN period (March 2011–February 2012) at Station EC1 are from Kim et al. (2017).

at 1000 m and 2000 m, respectively). Small vertical changes in
the POC flux during the EN period were responsible for this
vertical difference. At all depths, p-values were <0.05 for POC
flux between the non-EN and the EN periods. The opal flux in

the EN period was consistently greater (by 83–123%) at all depths
than in the non-EN period (Table 1). By comparison, the CaCO3
flux in the non-EN period was either similar to (at 500 m) or
slightly higher (at 1000 and 2000 m) than in the EN period.
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FIGURE 3 | (a) ONI (Oceanic Nino Index; upper panel); (b) net primary
production determined from MODIS-aqua satellite observations and the
Vertically Generalized Productivity Model (middle panel); and (c–e) the POC
flux at 500 m, 1000 m, and 2000 m, respectively. Where there is no bar, there
were no data.

The differences between the two periods were also evident in
the lithogenic material flux (p-values < 0.01). In the non-EN
period, the lithogenic material fluxes were significantly lower at
500 m and 1000 m than at 2000 m, while these fluxes were similar
at all depths during the EN period. Correspondingly, the relative
increase in the lithogenic material flux from the non-EN period
to the EN periods was much greater at 500 m (254%) and 1000 m
(121%) than at 2000 m (56%; Table 1).

During the non-EN period, the particle composition changed
with depth (Figure 5 and Table 1), with decreasing POC content
and increasing lithogenic material content with increasing depth,
and a maximum opal content at 1000 m. In contrast, the
particle composition did not change substantially and showed no
systematic trends during the EN period. The particle composition
was similar at 500 m and 1000 m, but had a higher lithogenic
material content and a lower opal content at 2000 m. However,
these vertical changes were all much smaller than the temporal
variation at each depth.

DISCUSSION

Biological Carbon Pump in the EJS
We first evaluated whether the increase in POC flux at 500 m
in the EN period was accompanied by a commensurate increase

FIGURE 4 | (a) Dust deposition to the sea surface based on a MERRA 2
model; (b–d) lithogenic material flux at 500 m, 1000 m, and 2000 m,
respectively; (e) excess Mn flux at the three sampling depths; and (f) 114C
(h) values. To facilitate comparison, the 114C results at 1000 m and 2000 m
of Station EC1 in 2011–2012 are also included (Kim et al., 2017). Yellow
horizontal bar indicates the range of the 114C values of dissolved inorganic
carbon (DIC) in the surface waters at nearby sites (30 ± 12h, n = 7; Kim
et al., 2017).

in the NPP. Although the existence of the SCM (subsurface
chlorophyll maximum) may increase the uncertainty in the
satellite-derived NPP, Joo et al. (2014) found that the MODIS-
derived NPP using the regional primary production algorithm
for the EJS correlated strongly with in situ measurements by
Kwak et al. (2013). This lends confidence in the use of satellite-
derived NPP values, at least with respect to temporal variability.
The average of the NPP in the EN period was approximately 9%
higher than in the non-EN period (841 and 774 gC m−2d−1,
respectively). However, the relationship between the NPP and
the ENSO indexes of the ONI and the MEI (multivariate ENSO
index) was weak (R = 0.23). Next, we investigated the correlations
between the variations in NPP and the POC flux. Monthly
data for the NPP were interpolated to match the period when
the sinking particles were sampled. While the two parameters
appeared to co-vary, the highest correlation coefficient, between
the log10(NPP) and log10(POC flux), was low (R = 0.42; not
shown). The average change in POC flux at 500 m is greater
between the two periods (by 32%) than the average difference
in NPP (by 9%). Based on an empirical model in which export

Frontiers in Earth Science | www.frontiersin.org 6 May 2020 | Volume 8 | Article 144

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00144 May 18, 2020 Time: 14:54 # 7

Kim et al. Sediment Resuspension Controlling Biological Pump

FIGURE 5 | Stacked bar plots of the biogenic and lithogenic material fluxes at
the three sampling depths for the normal (non-EN) and EN periods (see
Table 1 for delineation of these periods). The proportions (as%) of each
component are included (in parentheses). Note that the height of the stacked
bar is not exactly equal to the total particle flux.

from the euphotic zone scales to NPP with a power of 1.3 (Laws
et al., 2011), an increase of 9% in NPP would correspond to a 17%
increase in the export flux. Therefore, the observed 32% increase
in POC flux was likely caused by other factors in addition to the
increase in the NPP.

The ratio of POC flux at 500 m (which accounts for the
majority of flux attenuation; Na et al., 2019) to NPP was generally
higher in the EN period than in the non-EN period (Table 1),
and this pattern was even clearer when the POC flux at 1000 m
was considered. The POC flux/NPP ratio remained elevated with
increasing depth in the EN period (4.1, 4.4, and 4.2% at 500,
1000, and 2000 m, respectively), whereas it decreased between
500 m and the two deeper trap depths (1000 m and 2000 m)
during the non-EN period (3.6 and 2.5%, respectively), implying
enhanced carbon sequestration efficiency during the EN period.
High opal and lithogenic material fluxes appear to have boosted
particle transfer efficiency in the EN period. Because CaCO3 flux
is always low in the EJS, opal and lithogenic material presumably
have acted as ballast minerals (Armstrong et al., 2001).

Sources of Lithogenic Material and Its
Influences on Particle Flux
The lithogenic material flux showed greatest relative difference
between the two periods in both magnitude and vertical

FIGURE 6 | 114C values (h) against the ratio of the content of lithogenic
material to the POC of sinking particles. Open and closed symbols denote the
non-EN and EN periods, respectively. Data from Station EC1 are included as
non-EN period samples (Kim et al., 2017). The solid line denotes the linear fit
of the non-EN period data and the dashed line denotes the linear fit of Japan
Basin (Northwest East Sea; Otosaka et al., 2008; Kim et al., submitted).

distribution (Figures 4, 5). In the non-EN period, the lithogenic
material flux was considerably greater at 2000 m, although was
also significant at 1000 m. In the EN period, the lithogenic
material flux was similar at each of the three depths, primarily
as a consequence of increased lithogenic material flux at 500 m
during this period. We used monthly aeolian dust deposition data
obtained from a MERRA2 (Modern-Era Retrospective analysis
for Research and Applications) model1 to investigate whether
dust deposition levels were higher and thus could be responsible
for the increased lithogenic material flux during the EN period.
Over the study period, the dust deposition reached a maximum
in 2011, and did not increase significantly during the EN
period (Figure 4). The dust deposition averaged 4.1 ± 2.7 and
2.7 ± 1.7 mg m−2d−1 during the non-EN and EN periods,
respectively. The low levels of dust deposition observed during
the EN period are consistent with the observations of Yumimoto
and Takemura (2015), who found that there was more Asian dust
occurrence in the source region during the La Niña years than in
other years. The dust flux was estimated to account for only 1-3%
of the observed lithogenic material flux at 500 m. We conclude,
therefore, that dust deposition was not the major source of the
lithogenic material flux.

Since we exclude dust deposition as a significant contributor
to the lithogenic material flux, marine processes (i.e., sediment
resuspension) must have been responsible for the observed
difference in the lithogenic material flux between the two periods.
However, despite the higher lithogenic material content, 114C
values of POC in the EN period were similar to those in the
non-EN period (Figure 4 and Supplementary Table S2). This
finding is not consistent with the negative relationship between
114C values of POC and the lithogenic material content or the

1https://giovanni.sci.gsfc.nasa.gov/giovanni
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FIGURE 7 | Mean sea surface height (colors) and corresponding geostrophic surface currents (arrows) averaged over (a) the non-EN period from July 2011 to
March 2014 and (b) the EN period from June 2014 to September 2016, estimated from the multi-mission altimeter-based gridded sea surface height data (horizontal
resolution of 0.25◦ grid with error variance of 1.4 cm2) of the Copernicus Marine Environment Monitoring Service (Taburet et al., 2019).

lithogenic material/POC ratio commonly observed in various
environmental settings in the ocean (Hwang et al., 2010; Kim
et al., submitted). Notably, higher 114C values accompanied
higher lithogenic material flux in the 500 m and 1000 m samples
from the EN period (Figure 6), suggesting a different provenance
for resuspended sediments from the two periods. Specifically, the
higher 114C values in the EN period implies an origin from of
resuspended sediment entraining more modern POC (e.g., the
continental shelf rather than the central basins). The Korea Strait
and the southwestern shelf/slope of the Ulleung Basin represent
potential sources where energetic semi-diurnal tides and internal
waves can stimulate sediment resuspension (Chae et al., 2018).
Surface sediments in this region have relatively high 114C values
(−100 to −144h; Supplementary Table S3) compared to those
from central regions of the Japan and Yamato basins (−173 to ca.
−375h; Otosaka et al., 2008).

The content and flux of excess Mn [i.e., Mn in excess of the
Mn/Al ratio of the continental crust; excess Mn = Mnobserved –
Alobserved × (Mn/Al)crust] were also consistent with the possible
different sediment source areas noted above (Figure 4). The
surface sediment in the central basin is reddish brown and
enriched with Mn oxide, while the sediment of the slope are
gray-brown (Hyun, 2016). The Mn content in the Ulleung Basin
was up to 15,000 ppm, but was significantly lower (∼500 ppm)
on shelf and slope. The lowest Mn content (∼250 ppm) was
reported near the Korea Strait (Cha et al., 2007). Sediments in the
central regions of the Japan Basin and the Yamato Basin also have
significantly higher Mn contents than surrounding shelf/slope
sediments (Otosaka et al., 2004). Consequently, the low excess
Mn values in the EN period compared with the non-EN period
imply that the lithogenic material at 500 m and 1000 m originated
from resuspension of shelf/slope sediments rather than those
underlying the central basin during the EN period.

Quantification of the relative contribution of autochthonous
versus allochthonous (resuspended) POC based on 114C mass

balance is challenging because of the uncertainty in the
provenance of advected material. We used the 114C values of
the Korea Strait region and the southwestern shelf/slope of the
Ulleung Basin (−108h, which is an average of 4 values obtained
from this region) as the putative source for the 500 m and
1000 m samples in the EN period, and a lower 114C value
of the western Japan Basin (−375h; Otosaka et al., 2008) as
the source of the 2000 m samples in the EN period as well as
those at all depths in the non-EN period. A 114C value of 30h
was used for freshly produced POC in the surface water (Kim
et al., 2017). Using the mean 114C value at each trap depth in
the two periods, we estimate the contribution of resuspended
sediment to sinking POC to be ca. 11, 12, and 19% for the 500 m,
1000 m, and 2000 m samples in the non-EN period, and ca. 10,
16, and 14% for the corresponding depths in the EN period.
These estimates are heavily dependent on the selected value for
the allochthonous end-member, which remains highly uncertain.
For example, adopting the 114C value of surface sediments from
the central Ulleung Basin instead of the western Japan Basin,
the estimated contribution from resuspended sediment increases
to 50% for the 2000 m samples in the non-EN period. The
actual contribution of resuspended sediment to sinking particles
is likely between these two extreme cases. Additional 114C and
geochemical measurements to constrain sediment provenance,
together with improved knowledge of the currents that entrain
and transport resuspended particles are needed for more robust
assessment of the contribution of resuspended sedimentary POC
to sinking particles.

Potential Connection Between the
Particle Flux and the Regional Climate in
the EJS
Connections and the underlying mechanisms linking ENSO and
biophysical properties such as temperature, sea surface height,
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and primary production in the Ulleung Basin are not fully
understood. Some studies have suggested a potential impact of
ENSO on the NPP in the Ulleung Basin via cascading influence
of this tropical phenomenon on the strength of the Kuroshio
Current that in turn influences volume transport through the
Korea Strait and mixed layer thickness (Toba et al., 2001; Yoo
and Kim, 2004). However, these linkages need to be elucidated.
Our results suggest that the El Niño may exert a strong
influence on the efficiency of particle mobilization and export,
with sediment resuspension and lateral transport potentially
serving as a stronger vector than biogenic particle production in
the Ulleung Basin.

A noteworthy feature in the Ulleung Basin during the 2015/16
El Niño was the development of a warm core eddy that persisted
in the study region for protracted period of time (from September
2014 to August 2016; Jin et al., 2019; Figure 7). Enhanced
biological activity and export flux associated with warm-core
eddies have been well reported (e.g., Mahadevan et al., 2008;
Shih et al., 2015). Eddy-driven subduction may have enhanced
the export of biological particles (Boyd et al., 2019; Resplandy
et al., 2019). Mesoscale eddy has also been invoked in sediment
mobilization and transport (Zhang et al., 2014). Observations
from 1993 to 2017 showed that up to 81% of the warm eddies
in the Ulleung Basin were related to the EKWC (Shin et al.,
2019). A strong EKWC could have entrained sediment during its
passage along the western shelf of the Ulleung Basin, and these
resuspended particles could have been further transported along
the northern rim of the eddy to the mooring site (Figure 7).
Further studies are needed to evaluate whether persistent eddies
are characteristic of El Niño years in the Ulleung Basin (Yun
et al., 2016), and if they are responsible for transporting
resuspended sediments.
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