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Tracing the depth-dependent
changes in organic carbon and
nutrient fluxes using high-
resolution 228Ra profiles in the
upper East Sea (Japan Sea)

Hyung-Mi Cho1,2, Yongjin Han1, Young-Il Kim3,
Cheolmin Baek1 and Guebuem Kim1*

1School of Earth and Environmental Sciences/RIO, Seoul National University, Seoul, South Korea,
2Department of Ocean Sciences, Inha University, Incheon, South Korea, 3East Sea Research
Institute, Korea Institute of Ocean Science & Technology, Uljin, South Korea
Vertical profiles of 228Ra (half-life: 5.75 years) in the ocean provide valuable

information on water mixing and ages of the upper ocean. However, its

application is hampered by extremely low levels of 228Ra in the deep ocean.

In this study, we measured high-resolution 228Ra/226Ra ratio profiles (>21

depths) in the East Sea (Japan Sea) by mooring Mn-fiber. Using the measured
228Ra profile from 228Ra/226Ra ratios and 226Ra activities, together with other

previously published data, we estimated the vertical eddy diffusivity (8.7–9.6

cm2 s-1) in the permanent thermocline and water ages (10–15 years) in the

upper 500–1000 m range. The estimated decomposition rate of organic

carbon based on oxygen utilization rates using Ra-ages between 100 and

1000mwas 4.4 ± 0.8mol Cm-2 yr-1. Our results show that ~50% of the upward

nutrients through 100 m support export production, and that dissolved organic

carbon accounts for ~20% of carbon export. This 228Ra approach provides a

holistic understanding of carbon and nutrient cycles in the ocean.

KEYWORDS

Ra-228, Ra-226, nutrients, export production, eddy diffusivity, water age, East Sea
Introduction

The vertical water ventilation rate of the ocean thermocline determines the fluxes of

nutrients, organic carbon, and other chemical constituents in the ocean. However, it is

challenging to determine vertical water mixing rates owing to their dynamic nature,

including wind-driven agitation, eddies, fronts, and thermohaline circulation. Thus,

geochemists often use tracers to gauge the time-integrated vertical mixing rates in the

ocean. The transient tracers for water ages include chlorofluorocarbons (CFCs),
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d3He-3H, and 137Cs (Jenkins, 1988; Min and Warner, 2005;

Hahm and Kim, 2008; Tsabaris et al., 2020), and the steady-state

tracers include cosmogenic 14C, 228Ra, and 226Ra over a basin

scale (Moore, 1972; Sarmiento et al., 1976; Moore, 2000; Nozaki

and Yamamoto, 2001; Charette et al., 2007).

Transient tracers can be used to determine pathways over a

certain period after their arrival in the ocean. Atmospheric

concentrations of CFCs began to increase in the 1930s and

have decreased since the mid-1990s (Dutay et al., 2002; Bullister,

2015). CFC-11 and CFC-12 enter the surface ocean via gas

exchange and have been successfully used as time-dependent

ocean tracers for the last three decades (Bullister and Weiss,

1983; Warner et al., 1996; Min and Warner, 2005). 3H (half-life:

12.3 years) was introduced into the atmosphere from nuclear

bomb tests in the 1950s and the 1960s. The 3H-3He parent-

daughter pair has been applied to estimate water circulation,

mixing rates, and water ages (Jenkins, 1977; Jenkins, 1988;

Hahm and Kim, 2008). Bomb-produced 137Cs (half-life: 30.2

years), which peaked during the 1960s, has also been used to

trace water mixing (Ito et al., 2003; Tsumune et al., 2003),

although it undergoes unknown scavenging, land-based

redistribution, and source-input variations. Overall, the use of

transient tracers for water-mass mixing rates includes large

uncertainties because the time and amount of their inputs to

the ocean are not well defined.

Steady-state tracers are not significantly affected by time-

dependent variations in source terms; however, their natural

source inputs vary significantly over space and time. Their main

advantage is the continuous integration of natural processes over

a certain period (depending on the half-life of the radionuclides).

A cosmogenic nuclide, 14C (half-life: 5730 years), has been useful

in estimating global deep-water ages (Matsumoto, 2007), but its

application often includes large uncertainties owing to bomb-

produced source inputs. The tracers 228Ra (half-life: 5.75 years)

and 226Ra (half-life: 1622 years) have been found to be useful for

tracing water mixing rates and submarine groundwater

discharge over a basin scale (Moore, 2000; Moore, 2003). The

main sources of 228Ra and 226Ra in the ocean are marine

sediments and groundwater (Moore, 1972; Trier et al., 1972;

Kaufman et al., 1973; Sarmiento et al., 1976; Sarmiento et al.,

1982; Ku and Luo, 1994; Van Beek et al., 2008; Xu et al., 2022).

However, the main disadvantage of 228Ra application in the

ocean is that a sample volume of >1000 L for deep water is

required to obtain reliable vertical profiles.

Many traditional transient tracers will be phased out in the

future; therefore, the use of steady-state tracers will become

important for studying oceanic processes. In this study, we

attempted to (1) obtain water ages and vertical eddy diffusivities

integrated over a period of a decade based on high-resolution
228Ra profiles obtained using a mooring system and (2) apply such

physical information to evaluate oxygen utilization rate (OUR)

and decomposition rate of organic carbon, as well as to measure

the fluxes of nutrients and dissolved organic carbon (DOC) at
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depths of 100 m and 200 m. This was performed in the East/Japan

Sea (hereafter referred to as the East Sea), which is a semi-closed

marginal sea in the northwestern Pacific. It is often regarded as a

miniature global ocean because it has its own thermohaline

ventilation system with a turnover time of approximately 100

years (Kim et al., 2001).
Materials and methods

Study site

The East Sea is a semi-closed marginal sea located in the

northwestern Pacific region between the Eurasian continent and

Japan. The East Sea consists of three major basins: the Ulleung

Basin (UB) in the southwest (>2000 m deep), the Yamato Basin

in the south (>2000 m deep), and the Japan Basin in the north

(~4000 m deep; Isobe and Isoda, 1997). Water exchange between

the East Sea and North Pacific Ocean is limited to the upper

layer (~150 m) through four channels: the Korea, Tsugaru, Soya,

and Tatar straits (Talley et al., 2003). The temperature of the

water masses below approximately 300 m is uniform at 1°C

across the entire ocean (Chang et al., 2016). The surface ocean

includes various oceanic features, such as subpolar fronts in the

central region of the East Sea, warm water in the south, cold

water in the north, and numerous eddies (Kim and Legeckis,

1986; Kubota, 1990; Park et al., 2007).
Sampling and analytical methods

Since the activity of 228Ra is extremely low in deep-sea water,

we determined the ratios of 228Ra and 226Ra by mooring MnO2-

impregnated fibers (Mn-fibers) at fixed stations where the

sediment traps were deployed. Approximately 20 Mn-fibers

packed in mesh bags were attached to a wire at each sampling

depth (>21 depths). Mn-fiber samples were collected after

mooring for 12 days (May 18–29, 2017) at station EC1, 166

days (October 16, 2017 to March 30, 2018) at station EC-trap1,

and 164 days (October 17, 2017 to March 29, 2018) at station

EC-trap2 in the UB (Figure 1). We neglected any Ra adsorbed

onto the Mn-fiber during deployment and retrieval. In addition,

samples of approximately 60 L were taken at five depths from

mooring station EC1 using a rosette sampler to quantitatively

measure 226Ra activity. The collected seawater sample was

gravity-fed through a column of acrylic fiber impregnated with

MnO2 at<1 L min-1 onboard (Moore, 1976). The activities of
228Ra were then calculated by multiplying the measured 226Ra

activities by the measured 228Ra/226Ra ratios in the Mn-

fiber samples.

The 228Ra/226Ra activity ratios and 226Ra activities of the

samples were measured using a gamma counter. Mn-fiber

samples were rinsed gently with distilled water to remove any
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salts, and then the Mn-fibers were ashed at 820°C for 16 h in a

muffle furnace and transferred to a sealed vial. The 228Ra/226Ra

activity ratios were measured using a high-purity Germanium

well-type detector (CANBERRA Industries Inc., Meriden, CT,

USA) by counting its daughter nuclide 228Ac at 911 keV and
214Pb at 351.9 keV, respectively.
Calculation of vertical eddy diffusivity
based on a 228Ra profile

If the offshore vertical distribution of 228Ra is governed by

eddy diffusion, a simple one-dimensional diffusion model

(Moore, 2000; Charette et al., 2007) can be expressed as

dA
dt

= KZ
∂2 A
∂ z2

− lA (1)

where A is the activity of 228Ra (dpm/100 L), Kz is the vertical

eddy diffusion coefficient, z is the depth (m), and l is the decay

constant of 228Ra. In this model, we assume that the only source

of Ra is the surface and that the advection or biological effect for

Ra is negligible. Assuming a steady-state, Eq. (1) can be written

as

AZ = A0∙exp −z

ffiffiffiffiffiffi
l
KZ

s" #
(2)

where AZ is the Ra activity at a water depth z (m) below the

surface. Here, A0 is the Ra activity at a depth of 100 m (bottom of

the mixed layer).

If the 228Ra sources are from both the surface and bottom,

although the other assumptions remain the same, the KZ value

can be obtained by applying a two-source diffusion model (Cai
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et al., 2002). Taking the boundary conditions A = A0 at z = 0 and

A = AL at z = zL, the equation can be expressed as

Az = AL sinh l=KVð Þ1=2z
h i� �

+ A0 sinh l=KVð Þ1=2 zL − zð Þ
h i

sinh l=KVð Þ1=2zL
h i� �−1

(3)

where l is the decay constant of 228Ra and the boundary value AL

is fixed at depth zL (2280 m). By fitting the above equation to

the vertical profile of 228Ra with an observed value (AL = 5.93 dpm/

100 L) at 2280 m, we obtain the following equation:

A = 59:3 sinh 0:002zð Þ + 100:8 sinh 0:002 2280 − zð Þ½ �ð Þ=47:8  
(n ¼ 22; R ¼ 0:96) (4)
Calculation of water ages based on a
228Ra profile

The decay of 228Ra can be also used to determine the water

mass age at each depth in the upper 1000 m, by assuming the

constant initial 228Ra activity in the surface and downward

supply using the equation

228Ra
� �

obs=
228Ra
� �

ie
−l228t (Eq:5)

where [228Ra]obs is observedactivityof
228Raat the samplingdepth,

[228Ra]i is the initial activity of
228Ra in the surfacewater,l228 is the

decay constant for the 228Ra, and t is the water age. Here, we

obtained water ages only for the upper 1000 m where the

contribution of bottom sources is relatively small based on the
228Ra vertical profiles.
FIGURE 1

(A) Geographic locations of Ra mooring stations (blue circle) in the Ulleung Basin (UB) of the East Sea (Japan Sea) in 2017. (B) A simplified
schematic of the mooring system (left) and photographs of Mn-fiber mesh bags attached to the mooring line (right).
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Results

Vertical profiles of Ra isotopes

Relatively higher 228Ra/226Ra activity ratios (~1.0) were

observed at the surface and decreased sharply at mid-depths

across the thermocline (~0.2 at 500 m), similar to previously

published data in the East Sea (Figure 2A). Although the

duration and seasons of mooring were different, the
228Ra/226Ra profiles at stations EC1, EC-trap1, and EC-trap2

were consistent, indicating the reliability of this approach. In

contrast, the 228Ra/226Ra activity ratios increased toward the

bottom at station EC1, where the sampling approached ~33 m

above the bottom (Figure 2A). This trend was not observed at

stations EC-trap1 and EC-trap2, where the deepest sampling

depths were 260 m and 100 m above the bottom, respectively.

The activities of 226Ra were lowest (9.7 ± 0.2 dpm/100 L) at the

surface and increased by a factor of ~2 with depth (Figure 2B).

Such a gradual vertical increase in 226Ra is commonly observed

in the major oceans (Inoue et al., 2020; Hsieh et al., 2021). The

calculated 228Ra activities were higher (11 ± 4 dpm/100 L) at

the surface and decreased exponentially with depth across the

thermocline (Figure 2C and Supplementary Table 1).
Vertical eddy diffusivity

The observed 228Ra data in the East Sea indicate that water

mixing in the thermocline is dominated by eddy diffusion,

because the plot (KZ) of ln(A0/Az) versus depth z (m) is linear

(Supplementary Figure 1), as explained by Moore (2000). If only
Frontiers in Marine Science 04
the surface supply of 228Ra was assumed, based on Equation (2),

the vertical eddy diffusion coefficient (KZ) across 100–400 m in

the East Sea was estimated to be approximately 8.7 cm2 s-1. If the

supply of 228Ra from the surface and bottom layers is considered,

based on Equation (3), the vertical eddy diffusion coefficient (KZ)

was estimated to be 8.7–9.6 cm2 s-1.

The results of the KZ fitting to the
228Ra profiles are shown in

Figure 3A. The best-fit curve to the profile ranged between 2 and

14 cm2 s-1, which agrees with the values obtained using

Equations (2) and (3).
Discussion

Vertical distribution characteristics of Ra
isotopes in the UB

In general, 228Ra activity is higher in the surface layer of the

global ocean because it is mainly supplied by the continental

shelf bottom sediment and the subsequent rapid horizontal

mixing (Moore, 1969; Nozaki et al., 1998). In the East Sea, the

higher 228Ra activity water was mainly from the continental shelf

of the Yellow Sea and East China Sea (Cho et al., 2019). Owing to

the long water residence times (~5 years) and large shelf

dimensions (~1 × 106 km2), these activities are known to be

the highest in the world’s oceans (40 ± 20 dpm/100 L, Nozaki

et al., 1991; Su et al., 2013). An increase in 228Ra activity in the

bottom layer of the deep ocean has also been observed (~6 dpm/

100 L at 2280 m to ~1.6 dpm/100 L at 1500 m) associated with its

bottom sediment supply. Moore (1969) showed that the increase

in 228Ra in the bottom layer is generally observed within 100 m
A B C

FIGURE 2

Depth profiles of (A) 228Ra/226Ra ratios (B) 226Ra, and (C) 228Ra at stations EC1, EC-trap1, EC-trap2, and other stations from previous studies.
The bottom depth at station EC1 is 2313 m.
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from the bottom, which is the benthic boundary layer of the

major ocean. This increase is commonly observed in the major

oceans (Huh and Ku, 1998; Cai et al., 2002; Charette et al., 2007).

Owing to its relatively long half-life (1622 years), the effect of

radioactive decay is negligible in this sea. A constant vertical

value from 1000 m to the bottom for 226Ra was observed

(Figure 2B) owing to the well-mixed nature of the deep East

Sea (Matsuno et al., 2015). Although there is a significant supply

of 226Ra, together with 228Ra from the shelf water, it seems to be

much smaller than the supply from the bottom of the East Sea.
Vertical eddy diffusivity in the UB

The vertical eddy diffusion coefficient (KZ) estimated using

the 228Ra tracer, in this study, ranged from 8.7 to 9.6 cm2 s-1 in

the UB. In the Yamato and Japan basins the vertical eddy

diffusivities obtained from 236U data for six stations varied

between 3.4 and 5.6 cm2 s-1 (Sakaguchi et al., 2016) in the

150 m bottom depth (>3000 m) layer. As such, the vertical eddy

di ffus iv i ty determined from the vert ica l 90Sr and
137Cs distributions from the surface to ~2000 m was 4.8 ± 0.7

cm2 s-1 (Hirose and Povinec, 2020). The eddy diffusivity from

the gradient of the 228Ra activity around the Yamato Ridge was

calculated as ~6 cm2 s-1 from the surface to ~1000 m (Tanaka

et al., 2006).

The eddy diffusivity in the 100–400 m depth observed in this

study was higher than those observed off the coast of Southern

California in the equatorial Pacific (1.6 cm2 s-1 for the upper

150 m, Knauss et al., 1978), the equatorial Atlantic (0.1 cm2 s-1 at
Frontiers in Marine Science 05
150 m and 0.5 cm2 s-1 at 150–225 m, Moore, 1972), and the

South China Sea (0.2 cm2 s-1 for the upper 300 m, Cai et al.,

2002). However, the eddy diffusivity in this sea is one to two

orders of magnitude lower than that obtained in the Crozet

Plateau region, Southern Ocean (11–100 cm2 s-1 in the upper

300 m, Charette et al., 2007) using a 1-D eddy-diffusion-mixing

model applied to a 228Ra profile.
Vertical exchange of nutrients and DOC

The vertical upward/downward fluxes of nutrients and DOC

were calculated by multiplying the calculated eddy diffusivity by

nutrient gradients and DOC. In this study, we used datasets for

nutrients and DOC in the East Sea from 2006 to 2017. The dataset

is available from the JOISS portal system (http://joiss.kr), which

collects and provides marine research data in Korea. The

concentrations of dissolved inorganic nitrogen (DIN) and

phosphorus (DIP) exhibited nutrient depletion at the surface

and increased with depth, whereas the vertical trend of DOC

was higher in the surface layer than in the deep ocean (Figure 3B).

The concentrations of nutrients (DIN and DIP) and DOC showed

good negative and positive correlations with 228Ra activity,

respectively, in the 100–400 m layer (Supplementary Figure 2).

The DIN, DIP, and DOC gradients through 100 m (the

annual average euphotic zone) were calculated to be

approximately 0.06, 0.005, and -0.04 mM m-1, respectively.

From these gradient values and the calculated vertical eddy

diffusivity, we calculated the vertical nutrient and DOC fluxes.

The upward fluxes of DIN and DIP at a depth of 100 m were
A B C

FIGURE 3

(A) Model estimates of Kz fitted to the 228Ra profiles in the Ulleung Basin (UB). (B) Vertical profiles of apparent oxygen utilization (AOU), dissolved
inorganic nitrogen (DIN) and phosphorus (DIP), and dissolved organic carbon (DOC) from 2006 to 2017 in the UB, East Sea. The dataset is available
at the JOISS portal system (http://joiss.kr) which collects and provides marine research data in Korea. (C) Comparison of 228Ra-ages (circles; this
study), CFC-11/CFC-12 ratio ages (white triangle; Min and Warner, 2005) in the UB, and 3H-3He ages in the Japan Basin (Hahm and Kim, 2008).
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estimated to be ~1.8 mol N m-2 yr-1 and ~0.1 mol P m-2 yr-1,

respectively, and the downward flux of DOC was estimated to be

~1.3 mol C m-2 yr-1. Similarly, the upward fluxes of DIN and

DIP at a depth of 200 m were estimated to be ~1.2 mol Nm-2 yr-1

and ~0.1 mol P m-2 yr-1, respectively, and the downward flux of

DOC was estimated to be ~0.6 mol C m-2 yr-1. The ventilation of

water, export production, and the exchange of chemical species

in the upper ocean of the East Sea were estimated for a water

depth of 200 m in previous studies (Jenkins, 2008; Hahm and

Kim, 2008; Kim and Kim, 2013), as the mixed layer in winter

often extends to 200 m in the northern part of the sea (Lim et al.,

2012). Thus, in this study, for easy comparison with previous

studies, we calculated the vertical exchange of nutrients and

carbon through 200 m.
Water ages and oxygen utilization rate

We obtained water ages in the UB of the East Sea using

Equation (5) finding that it increased with depth and was

approximately 15 years at 800 m (Figure 3C). The age of the

oldest water in this study agrees with that estimated using
3H-3He tracers. However, the ages of the intermediate water

mass between 500 and 800 m calculated in this study were much

older than those estimated using CFC-11/CFC-12 ratios or
3H-3He (Figure 3C). This difference could be due to large

uncertainties (< 50%) in the CFC ratio age (Min and Warner,

2005) or a more active supply of surface water during the winter

of 2000–2001, as suggested by previous studies (Kim et al., 2002;

Talley et al., 2003). Yoon et al. (2018) suggested a reduced

formation of intermediate water based on the decline in

oxygen content.

The OUR in subsurface water between 100 and 1000 m can

be determined by the good correlation between the apparent

oxygen utilization (AOU) and water age (Figure 4). The AOU is

defined as the difference between the oxygen equilibrium value

with the atmosphere at the temperature and salinity of the water

and the observed oxygen concentration in the same seawater

sample. Assuming that the oxygen saturation is almost 100% in

the surface water, the integration of OUR in the water column

yields a net oxygen consumption of 4.6 ± 1.0 mol m-2 yr-1 in the

layer between 100 and 500 m, and approximately 1.7 ± 0.4 mol

m-2 yr-1 in the layer between 500 and 1000 m based on the slope

of AOU versus water ages (Figure 4). The AOU values were

calculated based on oxygen, temperature, and salinity data

(2006–2017) available on the JOISS portal system (http://

joiss.kr).
OUR and carbon export

The OUR values can be converted to the decomposition rate

of organic carbon in the water mass using C:O stoichiometry
Frontiers in Marine Science 06
(Anderson and Sarmiento, 1994). The estimated decomposition

rate of sinking organic carbon in the upper 100–500 m is 3.2 ±

0.7 mol m-2 yr-1, and 1.2 ± 0.3 mol m-2 yr-1 at a water depth of

500–1000 m (Figure 5). This result is similar to the estimated

export production (~5.3 mol C m-2 yr-1) in the UB of 200–1600

m by using 3H and 3He tracers (Kim and Hahm, 2001). Our

method showed that ~65% and ~90% of the sinking organic

carbon decomposed at depths of 100–500 and 100–1000 m,

respectively (Figure 5). Owing to the limitation of age calculation

based on 228Ra, we could not estimate the OUR below 1000 m.

Particulate organic carbon (POC) sinking fluxes in the UB at

1000 m were 0–2.6 (0.8 ± 0.5) mol C m-2 yr-1 based on the

sediment trap (Kwak et al., 2017; Kim et al., 2020). Kim et al.

(2020) showed that approximately 96% of sinking organic

matter is re-mineralized in the upper 1000 m, based on

sediment trap studies in this sea. The difference in the DIN

fluxes (~0.6 N) between the 100 m (~1.8 N) and 200 m (~1.2 N)

depths should be due to the decomposition of DOC and POC

fluxes at depth.

According to Kim et al. (2011), POC sinking fluxes in the

upper 100 m of the UB were estimated to be 4.9 ± 2.3 mol C m-2

yr-1 based on measured seasonal variations in 234Th/238U

disequilibria. As observed in this study, the estimated upward

flux of DIN through 100 m supplies approximately 200% of the

carbon (DOC + POC) export (Figure 5) based on the Redfield

stoichiometry of C:N=106:16. This difference is reasonable

because the nutrients that reached the euphotic zone can only

be utilized from spring to fall. The estimated downward flux of

DOC through 200 m is 50% of that at 100 m. This result shows

the effective remineralization of DOC in the subsurface layer as
FIGURE 4

Water mass ages versus apparent oxygen utilization (AOU) from
100 to 1000 m in the Ulleung Basin.
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opposed to the unusually slow degradation in the deep layer

(Kim et al., 2015). Our results show that DOC accounts for

approximately 20% of the total organic carbon export at 100 m

(Figure 5), which is lower than that in other regions, including

the northern slope of the South China Sea (Zhang et al., 2020),

northwestern Sargasso Sea (Carlson et al., 1994), and subtropics

(Doval and Hansell, 2000). Kim et al. (2015) showed that DOC

in the deep ocean of the East Sea is highly conservative and

uniform owing to the lower temperature. Thus, it is likely that

POC plays a major role in carbon sequestration in this sea.
Conclusion

228Ra profiles were used to estimate the vertical nutrient and

organic carbon fluxes in the UB of the East Sea. The vertical eddy

diffusivity (Kz) was estimated to be approximately 8.7–9.6 cm2 s-

1 using one-dimensional diffusion-mixing models of the 228Ra

profiles. By combining the vertical eddy diffusivity with the

dissolved nutrients and DOC profiles, we estimated the

upward fluxes of DIN and DIP and the downward DOC flux

at depths of 100 m and 200 m. In addition, the OUR was
Frontiers in Marine Science 07
estimated by dividing the AOU by the 228Ra age. Then, the

decomposition rates of organic carbon at different water depths

(i.e., upper 500 and 1000 m) were obtained using the OUR.

These results suggest that high-resolution measurements of

vertical 228Ra profiles are useful for understanding the cycling

of carbon and nutrients at different water depths. Our approach

can be s similarly applied to other marginal seas and

global oceans.
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SUPPLEMENTARY FIGURE 1

ln(A0/AZ) values against water depth (m) at the EC1 station, where A0 is
the 228Ra activity at the boundary (100 m depths, bottom of the mixed

layer), and AZ is the 228Ra activity water depth z (m).

SUPPLEMENTARY FIGURE 2

Correlations between 228Ra activities and the concentrations of (a)
dissolved inorganic nitrogen (DIN) and phosphorus (DIP) and (b)

dissolved organic carbon (DOC) from 100 m to 400 m (the permanent
thermocline of the East Sea).
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