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Abstract. Vertical distributions of dissolved and particu-

late 210Pb and 210Po in the water column at the SouthEast

Asian Time-series Study (SEATS, 18◦00′ N and 116◦00′ E)

station in the northern South China Sea were determined

from four cruises between January 2007 and June 2008.

A large deficiency of 210Pb, 379± 43× 103 dpm m−2, from

the secular equilibrium was found within the 3500 m water

column. On the other hand, a smaller deficiency of 210Po,

100± 21× 103 dpm m−2, relative to 210Pb was found in the

water column. Time-series data showed insignificant tempo-

ral variability of the 210Pb and 210Po profiles. To balance

these deficiencies, the removal fluxes for 210Pb and 210Po

via particle settling ranging from 45 to 51 dpm m−2d−1 and

from 481 to 567 dpm m−2d−1, respectively, are expected at

3500 m. The 210Pb removal flux is comparable with, whereas

the 210Po removal flux is much higher than, the flux directly

measured by moored sediment traps. The discrepancy be-

tween the modeled 210Po flux and the measured flux suggests

that sporadic events that enhance 210Po removal via sinking

ballast may occur in the water column at the site.

1 Introduction

Within the context of carbon sequestration and elemental cy-

cling, material conveyance through particle settling from the

surface layer to the deep ocean is an important pathway of

elemental removal in the ocean. In view of the important

role played by particulate matter, information obtained from

the temporal and spatial distributions of particle-reactive ra-

dionuclides can provide insight into particle dynamics in

the ocean (Cochran and Masque, 2003). The distributions

of 210Pb (t1/2 = 22.3a) and 210Po (t1/2 = 138d) have been

used extensively by marine chemists to determine the re-

moval rates of particles and associated elements from the

ocean (Bacon et al., 1976; Nozaki et al., 1990). Although

both 210Pb and 210Po are particle reactive, there exist subtle

differences in the geochemical behaviour of the two radionu-

clides in the ocean. For example, 210Pb tends to be scav-

enged by inorganic particles, whereas polonium has a higher

affinity with biogenic particles (Cherry et al., 1975; Fisher et

al., 1988), which results in a shorter residence time of 210Po

compared to 210Pb in the surface ocean (Bacon et al., 1976).

In addition, atmospheric input via aerosol deposition is the

dominant source of 210Pb in the upper layer of the ocean,

whereas an atmospheric source is almost negligible for 210Po

(Turekian et al., 1977).

Known as a semi-enclosed marginal sea, the South China

Sea is an oligotrophic system under the influence of mon-

soonal modulation (Tseng et al., 2005). Besides sparse data

in the surface water (Nozaki et al., 1998; Wei et al., 2015;

Yang et al., 2006), vertical profiles of 210Pb and 210Po in the

South China Sea have been reported by Obata et al. (2004)

and Chung and Wu (2005). Obata et al. (2004) measured
210Pb and 210Po activities in unfiltered seawater, whereas

Chung and Wu (2005) measured dissolved and particulate
210Pb and 210Po. When a comparison is made, it is surpris-

ing to note that a large difference exists between the two data

sets. Not only systematic discrepancies of 210Pb and 210Po

concentrations, but also large differences of the degrees of

disequilibria of 210Pb / 226Ra and 210Po / 210Pb were found

between the two studies. Obata et al. (2004) found the de-

viation of 210Po from secular equilibrium in the whole wa-

ter column to be small. On the contrary, a large deficiency of
210Po relative to 210Pb was reported by Chung and Wu (2005)

and led to their conclusion that 210Po is removed in an
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unorthodox way quickly by picoplankton uptake then trans-

ferred to the higher trophic level in the northern South China

Sea. In order to determine the correct geochemical processes

controlling the behavior of 210Pb and 210Po, it is necessary to

verify the distributions of 210Pb and 210Po in the South China

Sea.

In a previous paper, Wei et al. (2011) used 234Th, 210Pb,

and 210Po data in the upper 200 m to estimate the export

fluxes of carbon from the euphotic layer of the SEATS time-

series station. Here, we emphasize the 210Pb and 210Po geo-

chemistry in the deep basin of the South China Sea. In addi-

tion to water column data, sinking fluxes of 210Pb and 210Po

in the deep basin were determined by data from sediment

traps. The goals of this study are (1) to resolve the discrep-

ancy between vertical distributions of 210Pb and 210Po be-

tween the two studies by Obata et al. (2004) and Chung

and Wu (2005), (2) to compare the geochemical behavior of
210Pb and 210Po, (3) to investigate seasonal variations of the

scavenging process, and (4) to compare the trap-measured

fluxes of 210Pb and 210Po estimated from 210Pb / 226Ra and
210Po / 210Pb disequilibria, respectively, in the water column

of the northern South China Sea.

2 Materials and methods

2.1 Seawater

Seawater samples were collected from four cruises to SEATS

(Fig. 1), onboard the R/V Ocean Researcher I (ORI-821: 12–

19 January 2007, ORI-845: 21–30 October 2007, ORI-866:

28 May–3 June 2008) and R/V Ocean Researcher III (ORIII-

1239: 28 July–3 August 2007). A CTD/20 L Go-Flo system

was used to collect large volumes of seawater for 210Pb and
210Po determinations. At each sampling depth, 20 L seawa-

ter was collected and divided into two 10 L subsamples to

determine 210Pb and 210Po, respectively. Seawater was im-

mediately pressure-filtered with compressed air through a

pre-weighed 142 mm Nuclepore filter (0.45 µm) mounted in

a Plexiglas filter holder. The analytical procedures described

in Wei et al. (2009) were followed. In short, the filtrate from

the 210Po sample was acidified with about 10 ml concentrated

HCl and spiked with 2.2 dpm of 209Po and 30 mg of Fe car-

rier. Given 2 days’ isotopic equilibration time, concentrated

NH4OH was then added to raise the pH to approximately

8 to precipitate Fe(OH)3. The Fe(OH)3 precipitate was col-

lected by decanting and centrifuging, was dissolved in HCl,

digested with HNO3, and then 210Po and 209Po were spon-

taneously plated onto silver plates (Flynn, 1968). The partic-

ulate samples collected on the Nuclepore filters were dried

in a desiccator and weighed to estimate the concentration of

total suspended matter. The filter was than decomposed and

digested by a mixture of HCl/HF/HNO3/HClO4. The same

procedures as for dissolved samples were carried out to plate
210Po and 209Po onto silver plates. The filtered seawater and
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Fig. 1 4 

 5  Figure 1. Location of the SEATS station and sites of previous stud-

ies in the South China Sea. Bathymetry contours of 200 and 2000 m

are shown as black and gray lines, respectively. Stations of previous

studies are M2 of Chung et al. (2004), PA-11 of Obata et al. (2004),

C, W3, and W5 of Chung and Wu (2005), and 3 and 7 of Chen and

Chung (1997).

filter from the 10 L subsamples of 210Pb were stored for at

least 1 year to let 210Po grow in from 210Pb and the same pro-

cedures for dissolved and particulate 210Po were followed.

2.2 Sinking particles

The sinking particles were collected by floating traps in

the upper water column, and sinking particles at depths of

700, 1000, 3000, and 3500 m were collected by moored

traps (Technicap PPS 5/2; 1 m2 collecting area), which were

equipped with 24 sample cups. All sample cups were filled

with saline seawaters equivalent to a salinity of 235 added

with HgCl2, to minimize loss of the collected particles from

cups and microbial degradation throughout the entire deploy-

ment period. Selected samples were analyzed for 210Po con-

tent by the same procedures as the particulate samples de-

scribed in the previous section. Separate sets of filters loaded

with sinking particles were stored for at least 1 year to let
210Po grow in from 210Pb, and the same procedures for par-

ticulate 210Po were followed.

The silver discs were counted by alpha spectrometry

(EG&G Ortec 576). After appropriate ingrowth corrections,

the 210Pb and 210Po activities in seawater and trap samples at

sampling time were calculated.
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Table 1. Fluxes of total mass (Fmass),
210Pb (FPb−210), and 210Po (FPo−210)measured by sediment trap. Standard deviations of radionuclide

data are based on propagated counting error (1σ ).

Time Depth Fmass FPb−210 FPo−210

m mg m−2 d−1 dpm m−2 d−1 dpm m−2 d−1

2–18 Jan 2007 718 425 33.1± 0.7 19.2± 0.9

2–10 Jan 2007 3454 106 41.6± 1.1 25.8± 0.8

10–18 Jan 2007 3454 187 51.1± 2.3 32.4± 1.0

12–28 Jul 2007 1000 32 5.5± 0.3 7.0± 0.8

12–20 Jul 2007 3000 103 37.1± 0.9 52.2± 1.6

20–28 Jul 2007 3000 89 31.5± 0.7 42.7± 1.2

Figure 2. Vertical profiles of TSM concentration, 210Pbt,
210Pbd,

210Pbp, 210Pot,
210Pod, and 210Pop measured from (a)–(c) ORI-

821, (d)–(f) ORIII-1239, (g)–(i) ORI-845, and (j)–(l) ORI-866. Er-

ror bars represent uncertainty estimated by counting statistics of ra-

dionuclide data (±1σ).

3 Results

Data for total suspended matter (TSM) concentration, dis-

solved and particulate 210Pb (denoted by 210Pbd and 210Pbp,

respectively), and dissolved and particulate 210Po (denoted

by 210Pod and 210Pop, respectively) are given in Ap-

pendix A1. Vertical profiles of TSM concentration measured

from the four cruises are shown in Fig. 2a, d, g, and k. The

TSM falls in a small range of 0.1–0.5 mg L−1 throughout the

water column. Vertical distributions of 210Pbd and 210Pbp

measured from the four cruises are shown in Fig. 2b, e, h,

and l. The total 210Pb (210Pbt) calculated by the summation

of 210Pbd and 210Pbp is also shown in the figures. Only a

small proportion of 210Pb, with an average fraction of ∼ 5 %

in the upper 200 m and ∼ 10 % in the deep layer, is associ-

ated with particulates. It is noted that, except for the ORI-845

profile, 210Pbp generally increases with depth, similar to find-

ings in the open ocean (Craig et al., 1973; Somayajulu and

Craig, 1976).

Vertical distributions of 210Pod and 210Pop measured dur-

ing the four cruises are shown in Fig. 2c, f, i, and m. The total
210Po (210Pot) calculated by summing 210Pod and 210Pop is

also shown in the figures. The 210Pod is lowest in the mixed

layer, increases to a subsurface maximum at 250 m, and then

decreases to a relatively constant value of 4 dpm 100 L−1 be-

low the depth of 1000 m. A drastic decrease in 210Pod in the

depth range of 250–1000 m indicates intense scavenging by

particles in the twilight zone. Sinking fluxes of total mass

(Fmass),
210Pb (FPb−210), and 210Po (FPo−210) measured by

the sediment trap are given in Table 1. Our Fmass and FPb−210

are in the range of the temporal data from the site 200 km

northeast of the SEATS station (Chung et al., 2004). The

FPo−210 showed a large range from 7 dpm m−2 d−1 at 1000 m

to 52.2 dpm m−2 d−1 at 3000 m.

4 Discussion

4.1 Literature data comparison

There are two published 210Po and 210Pb profiles near the

SEATS station (Fig. 1). Vertical profiles of 210Pot and 210Pbt

were reported by Obata et al. (2004) and two sets of dis-

solved and particulate profiles of 210Pb and 210Po measured

in different years were reported by Chung and Wu (2005) in

the South China Sea. To compare the consistency of the data,

vertical profiles of 210Pot and 210Pbt redrawn from the two

studies and the average values of the four cruises from this

www.biogeosciences.net/11/6813/2014/ Biogeosciences, 11, 6813–6826, 2014
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Fig. 3 

  
Figure 3. Vertical profiles of 210Pbt and 210Pot plotted from (a) the data reported at station PA-11 of Obata et al. (2004), (b) the average

values of the two profiles at station C of Chung and Wu (2005), and (c) the average values with standard deviations measured by the four

cruises of this study. Shaded area represents deficiency of 210Po relative to 210Pb.
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Fig. 4 

  
Figure 4. Correlation of 210Pbt and 210Pot for the data at station

PA-11 of Obata et al. (2004) (solid square), at station C of Chung

and Wu (2005) (solid circle), and at station SEATS of this study

(open circle). Slopes of 0.5 and 1 are shown as solid lines.

study are shown in Fig. 3. It is noted that the sampling sta-

tions of these studies were within 300 km of each other in

the semi-enclosed basin of the South China Sea (Fig. 1); an

unreasonably large discrepancy exists between the data re-

ported by Chung and Wu (2005) and those of the other two

studies. While showing a similar vertical structure, our 210Po

data seem systematically lower than Chung and Wu’s, by 5–

10 dpm 100 L−1. The 210Po profile of Obata et al. (2004) is

also systematically lower than that of Chung and Wu (2005).

The discrepancy is clearly demonstrated by the correlation

of 210Pot and 210Pbt shown in Fig. 4. It is evident that both
210Pbt and 210Pot reported by Chung and Wu (2005) are

higher than those of the other two data sets. Not only were

systematically higher 210Pot and 210Pbt but also a deficiency

of 210Po relative to 210Pb, shown as the shaded area in Fig. 3,

was found in Chung and Wu (2005). In fact, like many pro-

files reported in the literature (e.g., Bacon et al., 1976; Sarin

et al., 1994), both Obata et al. (2004) and our data showed

an excess of 210Po in the layer underlying the euphotic layer.

In addition to the vertical profiles, it is also noted that the
210Po data of Nozaki et al. (1998) (210Po= 4.2 dpm 100 L−1,
210Pb= 6.3 dpm 100 L−1 measured at the station closest to

SEATS in Febuary 1990) and Yang et al.’s (2006) sur-

face 210Po data are close to this study. Moreover, 210Po

in the upper 300 m of the western Equatorial Pacific is 6–

12 dpm 100 L−1 (Peck and Smith, 2000), which is signifi-

cantly lower than Chung and Wu’s data.

Another line of evidence indicating systematic errors in

the 210Pb and 210Po data reported in Chung and Wu (2005)

comes from comparison with data from nearby stations in the

Luzon Strait, which is reported by Chen and Chung (1997)

(Fig. 1). We have redrawn 210Pbt and 210Pot from sta-

tions W3 and W5 of the former study and stations 3 and

7 of the latter study in Fig. 5. A systematic discrepancy

was apparently found between the two data sets. Based

on comparison of data from the same depth, 210Pbt and
210Pot from Chung and Wu (2005) are higher by 10–15

and 5–10 dpm 100 L−1, respectively, than those of Chen and

Chung (1997). Consequently, the systematic error results in

an unrealistically large 210Po deficiency in the deep basin of

the South China Sea, which leads to the questionable conclu-

sion of Chung and Wu (2005): “Most of the missing 210Po

in the upper layer has probably been consumed by bacteria

or cyanobacteria and transferred to higher trophic levels of

organisms in the food web”. The state of 210Pb / 226Ra and
210Po / 210Pb disequilibria in the South China Sea needs to

be reinvestigated.

4.2 210Pb / 226Ra and 210Po / 210Pb disequilibria

To evaluate the degree of deviation of the secu-

lar equilibrium, the SiO2−
226Ra correlation, 226Ra

(dpm 100 L−1)= 5.15+ 0.14 SiO2 (µmol L−1), which

is based on the data determined at station PA-11 by Nozaki

and Yamamoto (2001) (Fig. 1), is used to calculate 226Ra

Biogeosciences, 11, 6813–6826, 2014 www.biogeosciences.net/11/6813/2014/
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Fig. 5 

  

Figure 5. Vertical profiles of 210Pbt and 210Pot redrawn from sta-

tions 3 and 7 of Chen and Chung (1997) (open circle) and stations

W3 and W5 of Chung and Wu (2005) (solid circle).

activity. Vertical profiles of the 210Pbt /
226Ra ratio obtained

from the four cruises to the SEATS station are shown in

Fig. 6a. Due to atmospheric input, an excess of 210Pb relative

to 226Ra in the upper 250 m is generally found. In contrast

to the upper water column, 210Pb shows a large deficiency

relative to 226Ra in the deep water, indicating fast removal

of 210Pb in the deep basin of the South China Sea. Similar

to the findings in the open ocean (Bacon et al., 1976),

the average 210Pbt /
226Ra ratio decreases dramatically in

the thermocline, then maintains a constant value of 0.5

below 1000 m. Compared to the values summarized in the

compilation of Nozaki et al. (1997), the 210Pbt /
226Ra ratio

is higher than that found in the Bay of Bengal (Cochran et

al., 1983; Sarin et al., 1994), the Bismarck Sea (Nozaki et

al., 1997), and the Sea of Japan (Nozaki et al., 1973) but

lower than in the deep water of the North Pacific (Craig et

al., 1973; Nozaki et al., 1980) and the North Atlantic (Bacon

et al., 1976). Minor differences of the ratio seem to exist

among cruises, however, the variation is too small to reveals

apparent temporal variation. The 210Pbt /
226Ra ratio showed

a decreasing trend toward sediments in the bottom layer,

indicating intensified scavenging at the water–sediment

interface (Spencer et al., 1980). This boundary-scavenging

phenomenon was also reported in the North Pacific (Nozaki

et al., 1980), the Indian Ocean (Cochran et al., 1983), and

the continental slope of the South Atlantic Bight (Bacon et

al., 1988).

Vertical profiles of the 210Pot /
210Pbt ratio of the four

cruises to the SEATS station are shown in Fig. 6b. The gen-

eral pattern of 210Po distribution shows a deficiency in the

surface layer and an excess in the thermocline, similar to the

phenomenon observed in the open ocean (Bacon et al., 1976).

It can be seen that the deficiency of 210Po in the thermocline

varies greatly among cruises, indicating temporal variation

of 210Po regeneration caused by particle decomposition in

the twilight zone of the water column. On the contrary, in

the water column deeper than 1000 m, a relatively constant

Figure 6. Vertical profiles of the (a) 210Pbt /
226Ra ratio and the

(b) 210Pot /
210Pbt ratio of the four cruises to the SEATS sta-

tion. Dashed line at unity indicates the secular equilibrium between

daughter and parent radionuclides.

210Pot /
210Pbt ratio of 0.75 was found, which is similar to

the ratio found in the Santa Monica Basin (0.72, Wong et al.,

1992), the Okinawa Trough (0.71, Nozaki et al., 1990), the

eastern South Pacific (0.80, Thomson and Turekian, 1976),

and the Sargasso Sea (0.70, Kim and Church, 2001). Recent

results of an inter-calibration project also showed a signifi-

cant deficiency of 210Po relative to 210Pb in the deep water,

with a 210Po / 210Pb ratio of 0.74± 0.06 at 2000 m at BATS

in the North Atlantic and 0.80± 0.11 at 3000 m at the base-

line station in the North Pacific, respectively (Church et al.,

2012). It should be noted that, contrary to the 210Po deficien-

cies in these environments, the 210Pot /
210Pbt ratio is com-

monly close to unity in the deep layer (> 1000 m) of the ocean

(Bacon et al., 1976, 1988; Cochran et al., 1983; Nozaki et al.,

1997).

The inventories of dissolved and particulate 210Pb and
210Po in the water column above the four depths from

the four cruises are presented in Table 2. The average

inventories of total 210Pb and total 210Po in the upper

1000 m are 85.5× 103 dpm m−2 and 64.7× 103 dpm m−2,

respectively, which result in an integrated 210Po deficit of

20.7× 103 dpm m−2. Significantly higher 210Po deficits were

found in the Philippine Sea, 86× 103 dpm m−2, and in the

Okinawa Trough, 118× 103 dpm m−2, which was attributed

to the focusing effect of 210Pb accumulation by Kuroshio

transport (Nozaki et al., 1990). In the oligotrophic Sargasso

Sea, Kim (2001) also found a much higher 210Po deficit of

56× 103 dpm m−2 due to an unexpectedly high 210Pb in-

ventory of 135× 103 dpm m−2 in the upper 1000 m, which

was attributed to the process of 210Po being transported

by macrozooplankton instead of removed by particle set-

tling. On the contrary, the 210Po deficit in the South China

Sea is higher than those found in the eastern South Pacific

(5× 103–15× 103 dpm m−2, (Thomson and Turekian, 1976)

and comparable with those found in the western Equatorial

Pacific (26× 103–43× 103 dpm m−2, (Nozaki et al., 1997).

A higher deficiency of 210Po compared to the open ocean

www.biogeosciences.net/11/6813/2014/ Biogeosciences, 11, 6813–6826, 2014
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Table 2. Inventories of dissolved and particulate 210Pb and 210Po, deficiency of 210Pb, and deficiency of 210Po in the water column above

four depth levels during the four cruises to the SEATS station.

Cruise Time
∑

Pbd

∑
Pbp

∑
Pod

∑
Pop

∑
(Ra–Pbt)

∑
(Pbt–Pot)

× 103 dpm m−2

0–1000 m

ORI-821 Jan 2007 76.2 8.5 44.1 26.4 62.1 17.5

ORIII-1239 Jul 2007 72.7 7.1 55.5 11.4 51.2 12.9

ORI-845 Oct 2007 67.2 18.1 47.8 9.8 44.6 27.6

ORI-866 May 2008 87.9 15.5 51.9 15.3 35.3 36.2

Av. 76.0 12.3 49.8 15.8 48.3 23.5

Sdv. 8.8 5.3 4.9 7.5 11.3 10.4

0–2000 m

ORIII-1239 Jul 2007 166.8 14.3 103.9 33.5 184.2 43.8

ORI-845 Oct 2007 148.2 38.9 101.3 29.7 181.5 56.1

ORI-866 May 2008 187.5 31.2 107.9 40.3 153.5 70.4

Av. 167.5 28.1 104.4 34.5 173.1 56.8

Sdv. 19.6 12.6 3.3 5.4 17.0 13.3

0–3000 m

ORIII-1239 Jul 2007 269.6 22.7 154.3 63.5 325.9 74.5

ORI-845 Oct 2007 227.2 62.1 157.3 49.0 331.1 83.0

ORI-866 May 2008 304.9 50.6 179.0 71.8 269.3 104.8

Av. 267.2 45.1 163.5 61.4 308.7 87.4

Sdv. 38.9 20.3 13.5 11.6 34.3 15.6

0–3500 m

ORIII-1239 Jul. 2007 317.2 29.5 178.3 85.1 398.1 83.3

ORI-845 Oct 2007 266.3 70.1 184.8 58.0 409.8 93.6

ORI-866 May 2008 351.2 69.0 201.8 95.1 330.0 123.3

Av. 311.6 56.2 188.3 79.4 379.3 100.1

Sdv. 42.7 23.2 12.1 19.2 43.1 20.8

implies faster removal by particle settling in the South China

Sea.

Both the South China Sea and the Sea of Japan

are semi-enclosed marginal seas with limited exchange

with the open ocean; hence, it is interesting to compare

the 210Pb–210Po systematics in the two basins. However,

only 210Po data are available in the deep water of the

Sea of Japan, in which 210Po inventories ranged from

43.5× 103 to 65.8× 103 dpm m−2 and from 78.2× 103 to

100.6× 103 dpm m−2 in the upper 1000 and 2000 m, respec-

tively (Hong et al., 2008). Our results of 210Po inventories

in the upper 1000 m of the South China Sea are comparable

with those from the Sea of Japan. However, compared with

the 138.9× 103 dpm m−2 in the water column above 2000 m

of the South China Sea, the 210Po inventories are 40–60 %

lower in the Sea of Japan, which, as described in Hong et

al. (2008), may be caused by enhanced removal by terrestrial

inputs of particles. Unfortunately, no 210Pb data are available

for revealing the degree of 210Pb–210Po disequilibrium in the

deep water of the Sea of Japan.

4.3 Partitioning of 210Pb and 210Po in dissolved and

particulate phases

Although both are particle reactive, subtle differences are

found for 210Po and 210Pb in the interaction with particles

in the ocean. It is known that 210Po shows a higher affin-

ity with organic particles, whereas 210Pb tends to associate

with inorganic particles (Bacon et al., 1976; Shannon et al.,

1970). A shorter residence time is found for 210Po com-

pared to 210Pb in the surface ocean (Nozaki et al., 1998),

which reflects the relative intensity of interaction between the

two radionuclides and particulate matter. The vertical pro-

files (Fig. 2) showed that, except in the subsurface water un-

derlying the euphotic layer, 210Po is lower than 210Pb in the

dissolved phase, whereas the opposite was found in the par-

ticulate phase, leading to a higher percentage of 210Po than
210Pb being associated with particles.

The partition coefficients of 210Pb and 210Po, Kd(Pb) and

Kd(Po), respectively, have been used as an indicator of the

affinities of radionuclides for particulate matter (Bacon et al.,

1976; Wei and Murray, 1994). The two coefficients can be

Biogeosciences, 11, 6813–6826, 2014 www.biogeosciences.net/11/6813/2014/
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calculated by

Kd(Pb)=
210Pbp

210Pbd ·TSM
106 (1)

Kd(Po)=
210Pop

210Pod ·TSM
106. (2)

The vertical profiles of Kd(Pb) and Kd(Po) are shown in

Fig. 7. The Kd values fall in the range of 105.0–106.8 and

104.7–107.2 ml g−1 for 210Pb and 210Po, respectively. Based

on the average value of Kd, 210Po shows a higher affinity

with particles, which is consistent with the results in the

western North Atlantic (Bacon et al., 1988), the equatorial

Pacific (Murray et al., 2005), and the Arabian Sea (Sarin et

al., 1994). A broad subsurface minimum of Kd(Po) under-

lying the euphotic layer was found, which is similar to the

findings in the Sea of Japan (2008). The minimum can be

ascribed to the process of particle decomposition and rem-

ineralization (Bacon et al., 1976; Hong et al., 2008).

The fractionation factor, FPo/Pb, was used by Bacon et

al. (1988) to compare the relative affinity of 210Po and 210Pb

with the particles. FPo/Pb is calculated by

FPo/Pb =
Kd(Po)

Kd(Pb)
=

210Pop·
210Pbd

210Pod·
210Pbp

. (3)

The vertical distribution of FPo/Pb is shown in Fig. 7b. Ex-

cept in the subsurface layer underlying the euphotic zone in

October, FPo/Pb is greater than unity in the whole water col-

umn.

There are limited data on the partitioning of 210Pb and
210Po in the dissolved and particulate phases for calculation

of Kd(Pb) and Kd(Po) in the deep basin of the open ocean.

The compilation of literature data from the deep ocean on

the correlations of Kd(Pb) and Kd(Po) with TSM are shown

in Fig. 8a and b, respectively. Unlike the findings in in the

Yellow Sea (Hong et al., 1999) and coastal waters with high

particle loads (Wei et al., 2012), an inverse relationship be-

tween Kd and the concentration of TSM are evident in the

open ocean. The negative correlation between the Kds and

the TSM indicates the partitioning between dissolved and

particulate phases in the deep ocean is controlled by particle–

particle interactions, which was proposed by Honeyman et

al. (1988) and Honeyman and Santschi (1989) based on
234Th data in the ocean. In the context of the Browning

pumping model (Honeyman and Santschi, 1989), scavenging

of particle-reactive elements in the deep ocean that are char-

acterized by extremely low particle concentrations is con-

trolled by slow particle–particle interactions, and the slope

of the logTSM–logKd correlation reflects the fraction of ele-

ments associated with colloids in filterable pool.

Nozaki et al. (1998) reported 210Pb and 210Po activities in

the surface water at three stations in the South China Sea.
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Fig. 7Figure 7. Vertical profiles of (a) Kd(Pb) and Kd(Po) and (b) frac-

tionation factor of 210Po and 210Pb. Dashed line at unity indicates

the same partitioning of dissolved and particulate phases for 210Po

and 210Pb.

Compared with other regions, as a result of low biolog-

ical activity and the terrestrial input of detrital material,

Nozaki et al. (1998) found that 210Po is removed at a faster

rate than 210Pb in the South China Sea. Due to this fraction-

ation, the predicted 210Po / 210Pb ratio in sinking particles is

only 0.58, lower than that in other regions. Corroborating

the prediction of Nozaki et al. (1998), Chung and Wu (2005)

found that the 210Po / 210Pb in suspended particles collected

from the euphotic layer at SEATS ranges from 0.66 to 0.77.

4.4 Sinking fluxes of 210Pb and 210Po

There are two major sources of 210Pb in the ocean: radioac-

tive decay of 226Ra in seawater and atmospheric 210Pb input

via dry and wet deposition into the surface layer (Bacon et

al., 1976). Hence, assuming a steady state, the removal flux

of 210Pb via particle settling can be estimated by

FPb−210 = IPb−210+ λ1

∑
(Ra−Pbt ) , (4)

where FPb−210 is the removal flux, IPb−210 is the atmospheric
210Pb deposition flux, λ1 is the radioactive decay constant

of 210Pb (= 8.48× 10−5 d−1), and the summation symbol

represents the inventory of the radionuclides. It should be

pointed out that the steady-state assumption is justified by

the small temporal variation of the 210Pb inventory in the

whole water column of the SEATS site (Table 2). The atmo-

spheric 210Pb flux at the sampling site is not known; however,

taking the average value of 0.4 dpm cm−2 a−1 by Feichter

et al. (1991) and 0.76 dpm cm−2 a−1 by Xu et al. (2010),

an IPb−210 of 0.6 dpm cm−2 a−1 (16.4 dpm m−2 d−1) was as-

sumed in the southern South China Sea (Wei et al., 2011).

The FPb−210 estimated from the 210Pb deficiencies in the wa-

ter column falls in relatively small ranges, which are 30.5–

32.1, 40.3–44.6, and 44.5–51.3 dpm m−2d−1, above 2000,

3000, and 3500 m, respectively. The 210Pb flux measured

from the sediment trap samples, which showed an average

value of 34.3 dpm m−2d−1 at 3000 m and 46.3 dpm m−2d−1
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Fig. 8 

  
Figure 8. Scavenging (JPo−210) and removal (FPo−210) fluxes of
210Po calculated by steady-state (SS) and non-steady-state (NSS)

models at (a) 1000 m, (b) 2000 m, (c) 3000 m, and (d) 3500 m.

at 3500 m (Table 1), are generally in agreement with the es-

timated values. Similar 210Pb flux predicted from the defi-

ciency of 210Pb in the water column to the FPb−210 mea-

sured by the sediment trap indicates that removal by particle

settling instead of bottom scavenging at the water–sediment

interface is the dominant process for 210Pb removal in the

South China Sea.

In most studies (e.g., Bacon et al., 1976; Hong et al., 2008;

Nozaki et al., 1990; Obata et al., 2004), steady state was gen-

erally assumed to estimate the scavenging flux (JPo−210) and

removal flux (FPo−210) of 210Po in the deep ocean by

JPo−210 = λ2

∑
(Pbd−Pod) , (5)

FPo−210 = λ2

∑
(Pbt−Pot) , (6)

where λ2 is the decay constant of 210Po (= 0.005 d−1).

However, time-series profiles of dissolved and particulate
210Pb and 210Po have enabled us to estimate the scavenging

and removal fluxes of 210Po without assuming steady state.

Even in a deep basin like the Sea of Japan, Hong et al. (2008)

found that temporal variation of 210Po profiles may occur.

They found that the inventory of total 210Po may decrease by

15 % during a period of 6 months at the same site in the deep

basin of the Sea of Japan (Hong et al., 2008). Unfortunately,

except for the data reported by Kim and Church (2001) in the

upper 500 m of the Sargasso Sea, no systematic time series

of 210Pb and 210Po data had been available to evaluate the

effect of temporal variation on particle removal in the deep

basins of the ocean. Following the formulation of Kim and

Church (2001), neglecting atmospheric input and taking into

account temporal variation, the equations for the scavenging

flux and removal flux of 210Po are given by

JPo−210 = λ2

[∑
Pbdd

(
1− e−λ21t

)
+
∑

Pot1d e
−λ21t −

∑
Pot2d

1− e−λ21t

]
,

(7)

FPo−210 = λ2

[∑
Pbt

(
1− e−λ21t

)
+
∑

Pot1t e
−λ21t −

∑
Pot2t

1− e−λ21t

]
, (8)

where the summation symbol represents the inventory of ra-

dionuclides and 1t is the interval between consecutive sam-

pling times designated by superscripts t1 and t2. The results

of scavenging and removal fluxes calculated by steady state

(SS) and non-steady state (NSS) at four depths were shown

in Fig. 8, in which the uncertainty was estimated based on

the propagation of error. There were four sampling periods

available for the estimation of the sinking flux of 210Po at

1000 m, whereas only three sets of profiles were available for

the modeling task at depths deeper than 1000 m. Several in-

ferences can be made regarding the scavenging and removal

fluxes of 210Po in the South China Sea:

1. Except for the JPo−210 flux at 1000 m in June 2007,

both JPo−210 and FPo−210 calculated from the steady-

state and non-steady-state models showed little differ-

ence within the uncertainty, indicating a minor effect

of temporal variation on the scavenging and removal of
210Po in the deep layer,

2. Seasonal variation of JPo−210 and FPo−210 fluxes at

1000 m was found, implying that the scavenging and re-

moval of 210Po may be controlled by production and de-

composition of biological particles in the euphotic layer,

and

3. A general increasing trend with depth was found for

both JPo−210 and FPo−210. The largest increase rate was

found between 1000 and 2000 m, indicating 210Po is

continuously scavenged while particles sink through the

water column.
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One independent method with which to check the valid-

ity of the model estimates is to compare the flux estimates

with directly measured sinking fluxes from sediment traps.

Although limited 210Po measurements were made on the

sinking particles collected by the sediment trap, the data

listed in Table 1 provide an independent check of the sink-

ing fluxes of 210Po. The FPo−210 calculated by Eq. (8) is

412–470 dpm m−2d−1 at 3000 m and 481–567 dpm m−2d−1

at 3500 m, which is much higher than the measured flux by

more than 1 order of magnitude (Table 1). In the Santa Mon-

ica Basin, Wong et al. (1992) also found the measured 210Po

flux by sediment traps was significantly lower than the pre-

dicted 210Po flux from the 210Po / 210Pb disequilibrium in the

water column. The large discrepancy suggests three possible

causes: (1) under-trapping of sediment traps, (2) underesti-

mation of 210Po flux caused by the particle degradation dur-

ing the deployment, (3) 210Po removal by processes other

than particle sinking, and (4) episodic particle removals not

caught by sediment traps. Since the current velocity in the

deep layer (3000 m) of the South China Sea is low (0.5–

2 cm s−1, Wang et al., 2011) and, as discussed previously,
210Pb fluxes in agreement between trap-measured and mod-

eled fluxes were found, it is very unlikely that the discrep-

ancy of predicted and measured fluxes is caused by under-

trapping of the sediment traps. Although the supernatant so-

lution in sampling cups was not measured for 210Po con-

centration, the degradation of trap particles was minimized

by adding HgCl2 preservative (Heussner et al., 1990). How-

ever, there exist some studies that reported the dissolution

of particulates and the release of radionuclides during sedi-

ment trap deployment in lake setting (Schuler et al., 1991)

and ocean (Hung et al., 2010; Xu et al., 2011). This war-

rants a caution for the measurement of 210Po in the sedi-

ment trap experiment in the future. To explain a larger de-

ficiency of 210Po with respect to 210Pb in the water column

of oligotrophic regimes compared to that in more produc-

tive regimes, Kim (2001) proposed a very different view

on the mechanism of polonium removal from the ocean;

i.e., instead of the conventional view that polonium is re-

moved by settling particles, the large 210Po deficiency found

in the oligotrophic ocean was attributed to efficient uptake by

cyanobacteria and transfer to higher trophic levels. Based on

the questionable data, Chung and Wu (2005) also ascribed

the 210Po removal to trophic transfer in the South China

Sea. However, Hong et al. (2013) recently reported results

of 210Po flux data measured by sediment traps in the deep

layer of the oligotrophic basin at the BATS station, which

was similar to the 210Po fluxes calculated from the water-

column deficiency. In the context of Kim (2001), to balance

the amount of 210Po removed by swimmers, a large quantity

of excess 210Po would exist somewhere in the South China

Sea to balance the “missing flux” that was transported away

from the SEATS site by nekton via cyanobacterial uptake of
210Po. This hypothesis can only be tested with more profiles

to reveal the spatial variability of the distributions of 210Po

and 210Pb in the South China Sea.

We propose that sporadic wash-out by calcareous ballasts

poses a plausible cause of the large discrepancy between the

modeled 210Po flux and the measured flux at the site. Since

sediment trap was deployed in a narrow time window of 15

days, whereas 210Po / 210Pb disequilibria record the informa-

tion over a much longtime, episodic event of particle sinking

might be missed by the limited sediment trap sampling. Chen

et al. (2007) investigated the spatial and temporal variation

of coccolithophore biomass and the vertical fluxes of coccol-

ithophores in the northern South China Sea. Induced by nu-

trient inputs associated with the northeast monsoon, coccol-

ithophore abundance significantly increased during the win-

ter, which resulted in a six-fold increase in the sinking flux of

calcareous coccoliths in comparison with the summer in the

deep layer of the SEATS site (Chen et al., 2007). The FPo−210

listed in Table 1 only represented the average flux during a

15-day period, the duration set by the rotary sampler of the

sediment trap, during January and July of 2007. It is possi-

ble a much higher flux of 210Po-laden particles was missed.

Sherrell et al. (1998) proposed episodic particle sweeping

events to explain the temporal variation of suspended particle

concentrations in the water column off California. The TSM

profiles shown in Fig. 2 display the temporal variation. The

inventories of TSM can vary by 30 %, from 23 to 31 g m−2,

in the upper 1000 m and by 20 %, from 817 to 972 g m−2, in

the whole 3500 m water column, depicting sporadic events

that strip particles from the water column. Nonetheless, no

conclusive proof can be made yet until more flux data are

available to demonstrate the temporal variation of 210Po flux

in the deep layer. This result warrants continuous measure-

ments of the sinking flux using sediment traps deployed in

the deep layer of the basin to investigate the 210Po removal

by particle settling in the South China Sea.

4.5 Residence times of 210Pb and 210Po

The residence time of 210Pb with respect to the particle re-

moval rate in the deep ocean shows a large range, from 2–

3 years in anoxic basins to 300 years in the central gyre of

the Pacific (Nozaki et al., 1997). The residence time of 210Pb,

τPb, with respect to particle removal was calculated by divid-

ing the inventories of 210Pbt by the FPb−210 from Eq. (4).

The τPb ranges from 12 to 17 years in the deep layer of

the South China Sea, which is consistent with the value esti-

mated by Obata et al. (2004). The τPb in the South China Sea

is also comparable with the values reported in other marginal

seas of the western North Pacific like the East China Sea

and the Sea of Japan, in which an average residence time

of 15 years was estimated (Nozaki et al., 1990; Nozaki et

al., 1973). In the deep layer of the Bismarck Sea and the

Bay of Bengal, a very short τPb of 8 years was reported

(Cochran et al., 1983; Nozaki et al., 1997). In the Gulf of

Mexico, the τPb of 3 years for 1000 m and 6 years for 2000 m
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were estimated (Baskaran and Santschi, 2002). A shorter res-

idence time of 210Pb in marginal seas than in the open ocean,

which is about 50–300 years (Bacon et al., 1976; Chung and

Craig, 1983; Craig et al., 1973; Nozaki and Tsunogai, 1976;

Nozaki et al., 1997), demonstrates the boundary scaveng-

ing phenomenon incurred by enhanced particle removal in

the regions near land masses. It is noted that the τPb in the

deep basin is shorter than the mixing time required for the

water exchange between the western Pacific and the South

China Sea. Residence times of 100 years based on 14C tracer

(Broecker et al., 1986) and 30–71 years based on deep water

transport (Chang et al., 2010) were estimated for the seawater

in the South China Sea. Shorter τPb than the residence time

of water implies a lower 210Pb concentration in the South

China Sea than in the western Philippine Sea. Indeed, com-

pared with data from the eastern Luzon Strait, from which

the deep water of the South China Sea originates (Gong et

al., 1992), our unpublished data showed that the 210Pbt is

about 5–10 dpm 100 L−1 lower in the deep water of the South

China Sea.

Similarly, the residence time of 210Po, τPo, with respect to

particle removal was calculated by the dividing the invento-

ries of 210Pot by the FPo−210 from Eqs. (6) and (8), based

on the SS and NSS models, respectively. Since the temporal

variation of the 210Po inventory in the water column is not

large enough to significantly affect the FPo−210 calculation,

the τPo calculated by either the SS or NSS models showed

no significant difference. The residence time of 210Po ranged

from 0.9 to 2.2 years for the upper 1000 m and from 1.2 to

1.7 years for the upper 3000 m of the water column. Except

in regions of high productivity, the disequilibrium of 210Po

and 210Pb is not evident in the deep layer of the open ocean;

hence, a longer residence time of 210Po with respect to par-

ticle removal, 2–4 years, was estimated (Bacon et al., 1976;

Thomson and Turekian, 1976). Even in marginal seas, a rela-

tively long residence time of 210Po was found in deep water.

For example, Hong et al. (2008) estimated the τPo of 2.3–

5.5 years in the Japan Sea and Wong et al. (1992) reported the

τPo of 3.2 years in the Santa Monica Basin. Compared with

literature results found in the open ocean and other marginal

seas, the τPo in deep water is smaller, indicating enhanced
210Po removal from the water column of the South China

Sea. We speculate the enhancement is related to the episodic

settling of coccolithophore ballast, which may serve as an

efficient carrier of organic particles and associated 210Po.

5 Conclusions

This study reported the vertical profiles of dissolved and par-

ticulate 210Pb and 210Po at the time-series station, SEATS, in

the South China Sea. The time-series 210Pb and 210Po data

allow us to evaluate the importance of temporal variations of

particle removal in the deep basin of the South China Sea.

Limited data of 210Pb and 210Po concentrations in the sink-

ing particles collected by the sediment traps showed that the

measured 210Pb flux is consistent with the removal rate pre-

dicted from the 210Pb–226Ra deficiency, whereas the mea-

sured 210Po flux is significantly lower than the expected re-

moval from the 210Po–210Pb deficiency in the water column.

Future studies aimed at sediment trap deployments in the

deep basin to reveal temporal variability of the 210Po sink-

ing flux are warranted. A short residence time, 12–17 years

relative to the particle removal rate, was estimated for 210Pb

in the deep basin of the South China Sea. The significantly

shorter residence time than that found in the open ocean

demonstrates the boundary scavenging effect caused by en-

hanced scavenging at the water–sediment interface.
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Appendix A

Table A1. Depth, total suspended matter (TSM) concentration, dissolved (210Pbd) and particulate (210Pbp) 210Pb, and dissolved (210Pod)

and particulate (210Pop) 210Po measured from different cruises to the SEATS station. Standard deviations of radionuclide data are based on

counting error (1σ ).

Cruise Depth TSM 210Pbd
210Pbp

210Pod
210Pop

m mgL−1 dpm (100L)−1

0 0.18 7.36± 0.51 2.06± 0.24 2.12± 0.20 1.40± 0.19

5 0.32 9.43± 0.68 0.89± 0.15 2.55± 0.27 1.17± 0.19

10 0.20 6.83± 0.50 0.63± 0.11 3.27± 0.37 1.87± 0.33

20 0.13 7.01± 0.49 0.56± 0.11 1.78± 0.25 1.49± 0.22

30 0.30 7.55± 0.58 0.73± 0.16 2.96± 0.35 1.43± 0.26

40 0.27 7.20± 0.48 1.18± 0.16 3.20± 0.36 1.50± 0.25

50 1.11 8.34± 0.64 0.88± 0.17 2.77± 0.33 4.81± 0.48

ORI-821 60 0.17 8.06± 0.65 0.78± 0.15 3.83± 0.42 1.72± 0.25

Jan 2007 100 0.13 6.71± 0.49 1.56± 0.15 4.04± 0.38 4.89± 0.41

160 0.19 8.37± 0.66 1.17± 0.14 7.61± 0.56 5.90± 0.57

225 0.34 8.90± 0.58 1.24± 0.14 5.74± 0.47 1.70± 0.28

300 0.10 6.54± 0.42 0.72± 0.11 5.87± 0.44 2.82± 0.37

500 0.18 8.25± 0.53 0.50± 0.12 4.12± 0.39 1.42± 0.23

700 0.15 8.15± 0.55 0.44± 0.07 3.30± 0.34 3.12± 0.36

850 0.10 6.10± 0.47 1.11± 0.11 3.93± 0.39 2.57± 0.32

1000 0.11 8.43± 0.64 1.33± 0.12 3.88± 0.38 1.98± 0.24

0 0.19 7.59± 0.54 0.60± 0.10 2.60± 0.24 0.51± 0.10

5 0.23 5.96± 0.62 0.32± 0.09 2.71± 0.32 0.88± 0.27

10 0.51 7.82± 0.65 0.42± 0.11 2.23± 0.33 1.06± 0.26

20 0.25 7.63± 0.49 0.33± 0.07 2.19± 0.36 0.63± 0.21

30 0.28 5.77± 0.71 0.50± 0.10 2.09± 0.27 0.87± 0.28

50 0.21 6.65± 0.73 0.59± 0.11 2.62± 0.38 0.61± 0.22

75 0.18 8.34± 0.79 0.32± 0.10 4.58± 0.53 0.90± 0.27

100 0.12 6.29± 0.50 0.26± 0.06 7.16± 0.68 0.41± 0.15

160 0.19 8.15± 0.79 0.60± 0.15 7.02± 0.66 0.57± 0.20

ORIII-1239 250 0.30 6.62± 0.66 0.45± 0.14 9.60± 0.85 0.87± 0.16

Jul 2007 300 0.15 7.65± 0.68 0.86± 0.17 8.25± 0.72 0.98± 0.26

400 0.46 6.90± 0.57 0.81± 0.11 5.91± 0.57 1.51± 0.20

500 0.31 9.29± 0.73 0.73± 0.14 5.24± 0.67 0.95± 0.27

600 0.20 6.39± 0.58 0.77± 0.16 5.50± 0.46 1.06± 0.27

800 0.42 6.80± 0.61 0.79± 0.13 3.40± 0.29 1.41± 0.30

1000 0.30 7.87± 0.78 0.91± 0.15 5.43± 0.47 1.94± 0.35

1500 0.28 9.55± 0.78 0.75± 0.16 4.48± 0.45 2.21± 0.44

2000 0.23 10.68± 0.97 0.48± 0.12 4.99± 0.50 2.45± 0.44

2500 0.26 9.98± 0.94 0.87± 0.16 4.79± 0.45 3.14± 0.49

3000 0.27 10.48± 0.75 1.12± 0.14 5.58± 0.38 3.26± 0.39

3500 0.33 8.58± 0.42 1.59± 0.16 4.03± 0.37 5.41± 0.59

0 0.26 6.68± 0.32 0.70± 0.12 2.83± 0.23 0.56± 0.08

5 0.36 6.91± 0.30 0.64± 0.08 2.67± 0.26 0.77± 0.13

10 0.56 2.55± 0.16 0.89± 0.11 2.67± 0.31 0.61± 0.11

20 0.18 8.76± 0.28 0.57± 0.06 3.01± 0.28 0.60± 0.12

40 0.31 4.38± 0.23 0.58± 0.07 2.37± 0.31 0.94± 0.16

50 0.32 5.15± 0.24 0.50± 0.07 2.60± 0.30 0.63± 0.13

60 0.27 5.43± 0.21 0.69± 0.08 4.04± 0.31 0.54± 0.10

80 0.28 5.66± 0.24 1.02± 0.08 5.01± 0.44 0.07± 0.04

100 0.23 2.60± 0.16 0.94± 0.10 3.84± 0.36 0.28± 0.09

ORI-845 150 0.31 3.46± 0.21 3.30± 0.24 7.37± 0.45 0.97± 0.11

Oct 2007 200 0.20 7.49± 0.36 1.35± 0.11 5.79± 0.52 0.74± 0.13

300 0.18 5.62± 0.22 2.49± 0.19 4.90± 0.41 1.08± 0.15

500 0.21 7.76± 0.46 1.53± 0.18 5.13± 0.33 0.84± 0.13

1000 0.23 7.27± 0.26 2.14± 0.12 4.03± 0.33 1.46± 0.21

1500 0.34 8.61± 0.40 1.83± 0.16 5.70± 0.45 2.21± 0.30

2000 0.28 7.94± 0.27 2.55± 0.32 5.97± 0.41 2.08± 0.19

2500 0.22 7.79± 0.60 2.00± 0.14 6.15± 0.52 1.56± 0.19

3000 0.19 8.05± 0.33 2.71± 0.14 4.10± 0.40 2.48± 0.25

3500 0.09 7.61± 0.41 0.51± 0.07 6.90± 0.39 1.14± 0.18
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Table A1. Continued.

Cruise Depth TSM 210Pbd
210Pbp

210Pod
210Pop

m mgL−1 dpm (100L)−1

0 0.41 9.19± 0.38 0.74± 0.09 4.78± 0.31 1.39± 0.19

10 0.16 10.07± 0.62 1.26± 0.18 3.95± 0.33 1.59± 0.19

30 0.38 9.41± 0.59 0.52± 0.07 3.53± 0.29 1.20± 0.18

50 0.39 9.62± 0.57 1.04± 0.16 5.33± 0.35 1.50± 0.17

75 0.23 8.91± 0.47 1.46± 0.18 5.58± 0.40 1.25± 0.17

100 0.32 10.50± 0.57 0.61± 0.08 5.27± 0.36 1.02± 0.17

120 0.39 11.80± 0.65 0.74± 0.07 6.13± 0.41 1.24± 0.16

160 0.25 9.59± 0.53 0.80± 0.07 7.21± 0.46 1.15± 0.17

200 0.21 10.70± 0.56 0.83± 0.10 5.89± 0.36 1.29± 0.18

ORI-866 250 0.20 10.70± 0.40 0.93± 0.10 7.45± 0.46 1.23± 0.16

May 2008 300 0.54 8.20± 0.33 1.47± 0.21 5.83± 0.39 1.35± 0.19

400 0.41 8.97± 0.34 2.45± 0.30 4.05± 0.34 1.69± 0.18

600 0.38 6.86± 0.43 1.14± 0.15 4.74± 0.35 1.16± 0.18

800 0.27 9.17± 0.34 2.24± 0.31 5.60± 0.42 1.84± 0.18

1000 0.15 8.11± 0.38 1.53± 0.15 4.36± 0.34 2.29± 0.24

2000 0.27 11.80± 0.40 1.60± 0.20 6.83± 0.41 2.71± 0.26

2500 0.18 12.55± 0.44 1.42± 0.21 7.85± 0.34 3.19± 0.32

3000 0.24 10.06± 0.54 3.34± 0.38 5.91± 0.27 3.49± 0.28

3500 0.16 8.44± 0.38 4.01± 0.19 3.22± 0.25 5.85± 0.42

3700 0.20 4.33± 0.22 5.59± 0.29 1.85± 0.17 5.18± 0.40

Biogeosciences, 11, 6813–6826, 2014 www.biogeosciences.net/11/6813/2014/



C.-L. Wei et al.: Seasonal distributions and fluxes of 210Pb and 210Po 6825

Acknowledgements. This study was supported by the National

Science Council under grants NSC 102-2611-M-002–007-MY3.

We would also like to thank the technical group of the SEATS

program of NCOR for their excellent work in measuring hydro-

graphic parameters. We are grateful for constructive comments on

the manuscript by P. H. Santschi and anonymous reviewers.

Edited by: F. Chai

References

Bacon, M. P., Spencer, D. W., and Brewer, P. G.: 210Pb / 226Ra and
210Po / 210Pb disequilibria in seawater and suspended particu-

late matter, Earth Planet. Sci. Lett., 32, 277–299, 1976.

Bacon, M. P., Belastock, R. A., Tecotzky, R. A. M., Turekian, K. K.,

and Spencer, D. W.: Lead-210 and polonium-210 in ocean water

profiles of the continental shelf and slope south of New England,

Cont. Shelf Res., 8, 841–853, 1988.

Baskaran, M. and Santschi, P. H.: Particulate and dissolved Pb-210

activities in the shelf and slope regions of the Gulf of Mexico

waters, Cont. Shelf Res., 22, 1493–1510, 2002.

Broecker, W. S., Patzert, W. C., Toggweiler, J. R., and Stuiver,

M.: Hydrography, chemistry, and radioisotopes in the southeast

Asian basins, J. Geophys. Res., 91, 14345–14354, 1986.

Chang, Y.-T., Hsu, W.-L., Tai, J.-H., Tang, T.-Y., Chang, M.-H.,

and Chao, S.-Y.: Cold Deep Water in the South China Sea, J.

Oceanogr., 66, 183–190, 2010.

Chen, J.-N. and Chung, Y.: 226Ra, 210Pb and 210Po distribtutions at

the sea off Southern Taiwan: Radioactive disequilibria and tem-

poral variations, Terr. Atm. Ocean. Sci., 8, 255–270, 1997.

Chen, Y.-L. L., Chen, H.-Y., and Chung, C.-W.: Seasonal variability

of coccolithophore abundance and assemblage in the northern

South China Sea, Deep-Sea Res.-Pt. II, 54, 1617–1633, 2007.

Cherry, R. D., Fowler, S. W., Beasley, T. M., and Heyraud, M.:

Polonium-210: Its vertical oceanic transport by zooplankton

metabolic activity, Mar. Chem., 3, 105–110, 1975.

Chung, Y. and Craig, H.: Pb-210 in the Pacific – The GEOSECS

measurements of particulate and dissolved concentrations, Earth

Planet. Sci. Lett., 65, 406–432, 1983.

Chung, Y. and Wu, T.: Large 210Po deficiency in the northern South

China Sea, Cont. Shelf Res., 25, 1209–1224, 2005.

Chung, Y., Chang, H. C., and Hung, G. W.: Particulate flux and
210Pb determined on the sediment trap and core samples from

the northern South China Sea, Cont. Shelf Res., 24, 673–691,

2004.

Church, T., Rigaud, S., Baskaran, M., Kumar, A., Friedrich, J.,

Masque, P., Puigcorbé, V., Kim, G., Radakovitch, O., Hong, G.,

Choi, H., and Stewart, G.: Intercalibration studies of 210Po and
210Pb in dissolved and particulate seawater samples, Limnol.

Oceanogr.-Meth., 10, 776–789, 2012.

Cochran, J. K. and Masque, P.: Short-lived U/Th series radionu-

clides in the ocean: tracers for scavenging rates, export fluxes and

particle dynamics, Rev. Mineral. Geochem., 52, 461–492, 2003.

Cochran, J. K., Bacon, M. P., Krishnaswami, S., and Turekian, K.

K.: Po-210 and Pb-210 distributions in the central and eastern

Indian Ocean, Earth Planet. Sci. Lett., 65, 433–452, 1983.

Craig, H., Krishnaswami, S., and Somayajulu, B. L. K.: Pb-210-

Ra-226 radioactive disequilibrium in deep sea, Earth Planet. Sci.

Lett., 17, 295–305, 1973.

Feichter, J., Brost, R. A., and Heimann, M.: 3-dimensional mod-

eling of the concentration and deposition of Pb-210 aerosols, J.

Geophys. Res., 96, 22447–22460, 1991.

Fisher, N. S., Cochran, J. K., Krishnaswami, S., and Livingston,

H. D.: Precicting the oceanic flux of radionuclides on sinking

biogenic debris, Nature, 335, 622–625, 1988.

Flynn, W. W.: The determination of low levels of polonium-210

in environmental materials, Analyt. Chim. Acta., 43, 221–227,

1968.

Gong, G.-C., Liu, K.-K., Liu, C.-T., and Pai, S.-C.: The chemical

hydrography of the South China Sea west of Luzon and a com-

parison with the West Philippine Sea, Terr. Atm. Ocean. Sci., 3,

587–602, 1992.

Heussner, S., Cherry, R. D., and Heyraud, M.: 210Po, 210Pb in sedi-

ment trap particles on a Mediterranean continental margin, Cont.

Shelf Res., 10, 989–1004, 1990.

Honeyman, B. D. and Santschi, P. H.: A Brownian-pumping model

for oceanic trace metal scavenging: evidence from Th isotopes,

J. Mar. Res., 47, 951–992, 1989.

Honeyman, B. D., Balistrieri, L. S., and Murray, J. W.: Oceanic

trace metal scavenging: the importance of particle concentration,

Deep-Sea Res., 35, 227–246, 1988.

Hong, G.-H., Park, S.-K., Baskaran, M., Kim, S.-H., Chung, C.-S.,

and Lee, S.-H.: Lead-210 and polonium-210 in the winter well-

mixed turbid waters in the mouth of the Yellow Sea, Cont. Shelf

Res., 19, 1049–1064, 1999.

Hong, G.-H., Kim, Y.-I., Baskaran, M., Kim, S.-H., and Chung, C.-

S.: Distribution of 210Po and export of organic carbon from the

euphotic zone in the southwestern East Sea (Sea of Japan), J.

Oceanogr., 64, 277–292, 2008.

Hong, G. H., Baskaran, M., Church, T. M., and Conte, M.: Scav-

enging, cycling and removal fluxes of 210Po and 210Pb at the

Bermuda time-series study site, Deep-Sea Res.-Pt. II, 93, 108–

118, 2013.

Hung, C.-C., Xu, C., Santschi, P. H., Zhang, S., Schwehr, K. A.,

Quigg, A., Pinckney, J., Long, R., Guo, L., Gong, G.-C., and

Wei, C.-L.: Comparative evaluation of sediment-trap and 234Th-

derived POC fluxes from the upper oligotrophic ocean in the Gulf

of Mexico and the East China Sea, Mar. Chem., 121, 132–144,

2010.

Kim, G. and Church, T. M.: Seasonal biogeochemical fluxes of
234Th and 210Po in the upper Sargasso Sea: Influence from at-

mospheric iron deposition, Glob. Biogeochem. Cy., 15, 651–661,

2001.

Kim, G. B.: Large deficiency of polonium in the oligotrophic

ocean’s interior, Earth Planet. Sci. Lett., 192, 15–21, 2001.

Murray, J. W., Paul, B., Dunne, J. P., and Chapin, T.: 234Th, 210Pb,
210Po and stable Pb in the central equatiorial Pacific: Tracers for

particle cycling, Deep-Sea Res.-Pt. I, 52, 2109–2139, 2005.

Nozaki, Y. and Tsunogai, S.: 226Ra, 210Pb and 210Po disequilibria

in the western North Pacific, Earth Planet. Sci. Lett., 32, 313–

321, 1976.

Nozaki, Y. and Yamamoto, Y.: Radium 228 based nitrate fluxes in

the eastern Indian Ocean and the South China Sea and a silicon-

induced “alkalinity pump” hypothesis, Glob. Biogeochem. Cy.,

15, 555–567, 2001.

www.biogeosciences.net/11/6813/2014/ Biogeosciences, 11, 6813–6826, 2014



6826 C.-L. Wei et al.: Seasonal distributions and fluxes of 210Pb and 210Po

Nozaki, Y., Tsunogai, S., and Nishimura, M.: Lead-210 in the Japan

Sea, J. Oceanog. Soc. Japan, 29, 251–256, 1973.

Nozaki, Y., Turekian, K. K., and Vondamm, K.: Pb-210 in

GEOSECS water profiles from the North Pacific, Earth Planet.

Sci. Lett., 49, 393–400, 1980.

Nozaki, Y., Ikuta, N., and Yashima, M.: Unusually large 210Po de-

ficiencies relative to 210Pb in the Kuroshio Current of the East

China and Philippine seas, J. Geophys. Res., 95, 5321–5329,

1990.

Nozaki, Y., Zhang, J., and Takeda, A.: 210Pb and 210Po in the equa-

torial Pacific and the Bering Sea: the effects of biological produc-

tivity and boundary scavenging, Deep-Sea Res.-Pt. II, 44, 2203–

2220, 1997.

Nozaki, Y., Dobashi, F., Kato, Y., and Yamamoto, Y.: Distribution of

Ra isotopes and the 210Pb and 210Po balance in surface seawaters

of the mid Northern Hemisphere, Deep-Sea Res.-Pt. I, 45, 1263–

1284, 1998.

Obata, H., Nozaki, Y., Alibo, D. S., and Yamamoto, Y.: Dissolved

Al, In and Ce in the eastern Indian Ocean and the Southeast Asian

Seas in comparison with the radionuclides 210Pb and 210Po,

Geochim. Cosmochim. Ac., 68, 1035–1048, 2004.

Peck, G. A. and Smith, J. D.: Distribution of dissolved and par-

ticulate 226Ra, 210Pb and 210Po in the Bismarck Sea and west-

ern equatorial Pacific Ocean, Mar. Freshwater Res., 51, 647–658,

2000.

Sarin, M., Rengarajan, R., and Somayajulu, B. L. K.: Natuural ra-

dionuclides in the Arabian Sea and Bay of Bengal: Distribu-

tion and evaluation of particle scavenging processes, Proc. Indian

Acad. Sci., 103, 211–235, 1994.

Schuler, C., Wieland, E., Santschi, P. H., Sturm, M., Lueck, A.,

Bollhalder, S., Beer, J., Bonani, G., Hofmann, H. J., Suter, M.,

and Wolfli, W.: A multitracer study of radionuclides in Lake

Zurich, Switzerland: 1. Comparison of atmospheric and sedi-

mentary fluxes of 7Be, 10Be, 210Pb, 210Po, and 137Cs, J. Geo-

phys. Res.-Oceans, 96, 17051–17065, 1991.

Shannon, L. V., Cherry, R. D., and Orren, M. J.: Polonium-210 and

lead-210 in the marine environment, Geochim. Cosmochim. Ac.,

34, 701–711, 1970.

Sherrell, R. M., Field, M. P., and Gao, Y.: Temporal variability of

suspended mass and composition in the Northeast Pacific water

column: relationships to sinking flux and lateral advection, Deep-

Sea Res.-Pt. II, 45, 733–761, 1998.

Somayajulu, B. L. K. and Craig, H.: Particulate and soluble 210Pb

activities in the deep sea, Earth Planet. Sci. Lett., 32, 268–276,

1976.

Spencer, D. W., Bacon, M. P., and Brewer, P. G.: The distribution

of 210Pb and 210Po in the North Sea, Thalassia Jugoslavica, 16,

125–154, 1980.

Thomson, J. and Turekian, K. K.: 210Po and 210Pb distributions in

ocean water profiles from the eastern South Pacific, Earth Planet.

Sci. Lett., 32, 297–303, 1976.

Tseng, C. M., Wong, G. T. F., Lin, I. I., Wu, C. R., and Liu, K. K.: A

unique seasonal pattern in phytoplankton biomass in low-latitude

waters in the South China Sea, Geophys. Res. Lett., 32, L08608,

doi:10.1029/2004GL022111, 2005.

Turekian, K. K., Nozaki, Y., and Benniger, L.: Geochemistry of at-

mospheric radon and radon products, Annu. Rev. Earth Planet.

Sci., 5, 227–255, 1977.

Wang, G., Xie, S.-P., Qu, T. D., and Huang, R. X.: Deep

South China Sea circulation, Geophys. Res. Lett., 38, L05601,

doi:10.1029/2010GL046626, 2011.

Wei, C.-L. and Murray, J. W.: The behavior of scavenging isotopes

in marine anoxic environments: Lead-210 and polonium-210 in

the water column of the Black Sea, Geochim. Cosmochim. Ac.,

58, 1795–1811, 1994.

Wei, C.-L., Chou, L.-H., Tsai, J.-R., Wen, L.-S., and Pai, S.-C.:

Comparative geochemistry of 234Th, 210Pb, and 210Po: A case

study in the Hung-Tsai Trough off southwestern Taiwan, Terr.

Atm. Ocean. Sci., 20, 411–423, 2009.

Wei, C.-L., Lin, S.-Y., Sheu, D. D.-D., Chou, W.-C., Yi, M.-C.,

Santschi, P. H., and Wen, L.-S.: Particle-reactive radionuclides

(234Th, 210Pb, 210Po) as tracers for the estimation of export pro-

duction in the South China Sea, Biogeosciences, 8, 3793–3808,

doi:10.5194/bg-8-3793-2011, 2011.

Wei, C.-L., Lin, S.-Y., Wen, L.-S., and Sheu, D. D.: Geochemical

behavior of 210Pb and 210Po in the nearshore waters off western

Taiwan, Mar. Poll. Bull., 64, 214–220, 2012.

Wei, C.-L., Chen, P.-R., Lin, S.-Y., Sheu, D. D., Wen, L.-S., and

Chou, W.-C.: Distributions of 210Pb and 210Po in surface waters

surrounding Taiwan: A synoptic observation, Deep-Sea Res.-Pt.

II, in press, doi:10.1016/j.dsr2.2014.04.010, 2015.

Wong, K. M., Jokela, T. A., Eagle, R. J., Brunk, J. L., and Noshkin,

V. E.: Radionuclide concentrations, fluxes, and residence times at

Santa Monica and San Pedro Basins, Prog. Oceanogr., 30, 353–

391, 1992.

Xu, C., Santschi, P. H., Hung, C.-C., Zhang, S., Schwehr, K. A.,

Roberts, K. A., Guo, L. D., Gong, G.-C., Quigg, A., Long, R. A.,

Pinckney, J., Duan, S. W., Amon, R., and Wei, C. L.: Controls

of Th-234 removal from the oligotrophic ocean by polyuronic

acids and modification by microbial activity, Mar. Chem., 123,

111–126, 2011.

Xu, L. Q., Liu, X. D., Sun, L. G., Yana, H., Liu, Y., Luo, Y. H.,

Huang, J., and Wang, Y. H.: Distribution of radionuclides in the

guano sediments of Xisha Islands, South China Sea and its im-

plication, J. Environ. Rad., 101, 362–368, 2010.

Yang, W., Huang, Y., Chen, M., Zhang, L., Li, H., Liu, G., and Qiu,

Y.: Disequilibria between 210Po and 210Pb in surface waters of

the southern South China Sea and their implications, Sci. China

Ser. D, 49, 103–112, 2006.

Biogeosciences, 11, 6813–6826, 2014 www.biogeosciences.net/11/6813/2014/

http://dx.doi.org/10.1029/2004GL022111
http://dx.doi.org/10.1029/2010GL046626
http://dx.doi.org/10.5194/bg-8-3793-2011
http://dx.doi.org/10.1016/j.dsr2.2014.04.010

	Abstract
	Introduction
	Materials and methods
	Seawater
	Sinking particles

	Results
	Discussion
	Literature data comparison
	210Pb/226Ra and 210Po/210Pb disequilibria
	Partitioning of 210Pb and 210Po in dissolved and  particulate phases
	Sinking fluxes of 210Pb and 210Po
	Residence times of 210Pb and 210Po

	Conclusions
	Appendix A
	Acknowledgements
	References

