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Abstract The 210Po-210Pb pair is increasingly used as a proxy of quantifying organic carbon export from
the euphotic zone. However, disequilibria between 210Po and 210Pb in mesopelagic water have been poorly
studied. Here we present unusual deficiencies of 210Po with respect to 210Pb in mesopelagic water
(200–1000 m) in the South China Sea (SCS). The total particulate matter (TPM) increased by up to 32% in
the mesopelagic layer comparing with the euphotic zone. The total 210Po/210Pb ratio varied from 0.41 to
0.98 with an average of 0.72 6 0.19, showing an enhanced removal of 210Po in mesopelagic water. On
average, particulate 210Po and 210Pb increased by 23% and 32% at the slope stations, respectively. These
results indicated that the 210Po deficits result from lateral transport, probably via benthic nepheloid layer.
Based on the deficiency of 210Po, the residence times of particulate 210Po were estimated to range from
0.11 to 0.25 year (avg. 0.17 6 0.07 year), allowing resuspended sediment to disperse over a long range. The
export fluxes of 210Po varied from 68 to 121 dpm m22 d21 with an average of 96 6 27 dpm m22 d21, which
was 6 times that out of the euphotic zone. Using the 210Po deficits, the export fluxes of TPM out of the
mesopelagic layer were quantified to vary from 4.19 to 10.20 g m22 d21, revealing a large amount of
particles from the shelf to the SCS basin. This study suggests that 210Po-210Pb could be an effective tracer of
tracking particle cycling in mesopelagic water.

1. Introduction

In seawater, 210Po (T1/2 5 138.4 days) is mainly generated by its grandparent 210Pb (T1/2 5 22.3 years) via
radioactive decay. Both 210Po and 210Pb have very strong particle-reactive natures in seawater [Chuang
et al., 2013; Yang et al., 2013]. In the euphotic zone, abundant biogenic particles usually introduce a quick
sorption and sinking of 210Po and 210Pb on a short time scale, leading to insufficient time for 210Po accumu-
lation and resulting in an observable deficiency of 210Po with respect to 210Pb [Bacon et al., 1976; Nozaki
and Tsunogai, 1976; Cochran et al., 1983]. Due to the tight link between particulate organic components and
210Po or 210Pb adsorption [Stewart et al., 2007; Yang et al., 2013, 2015a; Chuang et al., 2014; Rigaud et al.,
2015], the disequilibria between 210Po and 210Pb have increasingly been used to trace the export flux of par-
ticulate organic carbon (POC) [Buesseler et al., 2008; Verdeny et al., 2009; Stewart et al., 2010; Roca-Mart�ı et al.,
2016; Su et al., 2017], biogenic silica [Friedrich and Rutgers van der Loeff, 2002], and nitrogen [Yang et al.,
2011] out of the euphotic zone in the last decade. The 210Po-210Pb pair is also listed as one of the important
proxies for investigating the oceanic particle dynamics in the ongoing GEOTRACES program [Church et al.,
2012; Rigaud et al., 2013, 2015]. Since the half-life of 210Po enables 210Po-210Pb pair to record information on
particle cycling over time scales from days to seasons, this pair, together with sediment trap and 234Th-238U
approach, is used to better decipher the POC export from the euphotic zone on different time scales [Hong
et al., 2013; Ceballos-Romero et al., 2016; Maiti et al., 2016].

Although the application of 210Po-210Pb in the euphotic zone has been intensively studied recently, the
cycling of 210Po and its utilization in the mesopelagic (200–1000 m) and bathypelagic (1000–4000 m) zones
are poorly understood to date [Kim, 2001; Hu et al., 2014]. It is generally accepted that 210Po is in equilibrium
with 210Pb in deep water because the scarcity of particle allows 210Po to reside longer and reach equilibrium
as reported before, such as in North Atlantic [Bacon et al., 1976, 1988], Pacific [Turekian and Nozaki, 1980],
and eastern and central Indian Ocean [Cochran et al., 1983]. However, the deficiencies of 210Po with respect
to 210Pb have increasingly been found in mesopelagic water in the past years, e.g., in the Sargasso Sea
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[Kim, 2001], Aleutian Basin [Hu et al., 2014], the South China Sea (SCS) [Chung and Wu, 2005; Wei et al., 2014,
2017], and at a few GEOTRACES stations in Atlantic Ocean [Church et al., 2012; Rigaud et al., 2015]. A few
studies ascribe this deficiency to 210Po uptake by bacterial [Kim, 2001; Chung and Wu, 2005], while some
studies attribute it to the enhanced scavenging and removal of 210Po in mesopelagic water introduced by
laterally transported particulate matter [Hu et al., 2014] and/or episodic settling of biological particulate
[Wei et al., 2014, 2017]. After analyzing the current progress in explaining 210Po deficit in deep water, Rigaud
et al. [2015] state that the deficiency of 210Po in deep water is a major issue which may be addressed by
GEOTRACES in the future. Although the reasons behind 210Po deficit in deep water are still unclear, its pre-
liminary application indicates that it could be an effective approach to investigate particle cycling in meso-
pelagic and bathypelagic water [Hu et al., 2014].

In order to decipher the geochemical cycling of 210Po and explore the application of 210Po-210Pb to con-
strain particle dynamics in the mesopelagic zone, the deficiencies of 210Po were examined in the western
SCS. Recently, a few studies revealed the unusually higher particle fluxes in mesopelagic layer in the SCS
[Liu et al., 2014; Schroeder et al., 2015], which probably result in a 210Po deficit. Using the vertical variations
of total particulate matter (TPM), particulate 210Po and 210Pb, combing published sediment trap data sets,
the deficiency of 210Po with respect to 210Pb in mesopelagic water and its relation with shelf resuspended
sediment were constrained in the western SCS. In addition, the deficit of 210Po was used to quantify the res-
idence time of particles and export fluxes of TPM out of the mesopelagic layer.

2. Materials and Methods

2.1. Study Site
The SCS is the largest marginal sea in the western tropical Pacific Ocean, including broad shelves in the
north and west (Figure 1). The intraannual cycling of East Asian Monsoon results in the prevailing northeast
winds from November to April and southwest winds from mid-May to mid-September in the SCS [Liu et al.,
2016]. The monsoon drives the surface current reversals [Shaw and Chao, 1994] and changes the mixing of
surface and subsurface water [Li et al., 2002], finally leading to a seasonal variation of POC export from the
surface water [Cai et al., 2015]. Together with the well-preserved sediment, the SCS is an ideal location for
reconstructing paleoclimate in the East Asia [Wang et al., 2014]. However, recent studies prove that the
ubiquitous cross-shelf transport of particulate matter probably complicate the paleoenvironmental

Figure 1. Sampling locations in the western South China Sea, 105A and 91 on the slope, and 102 in the basin.
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information recorded in the SCS sediments [Gaye et al., 2009; Liu et al., 2014; Schroeder et al., 2015; Dong
et al., 2016]. Thus, a well constraining of the particle cycling in mesopelagic and bathypelagic water would
help us better understand the source-sink transport process of sediments in the SCS [Liu et al., 2016].

2.2. Sampling and Analysis
Seawater samples were collected onboard R/V Shiyan3 in August 2013. Sampling stations are mainly located
in the western SCS (Figure 1), including two slope stations (105A and 91) and a basin station (102). Station
105A is close to the shelf and shows a depth of 775 m. Station 91 has a water depth of 1756 m, close to the
SCS basin. Station 102 is near the central basin with a depth of 4302 m. Seawater was sampled using a CTD-
rosette system. At each depth, 10 L of seawater was collected, and immediately filtered through a pre-
weighted polycarbonate filter membrane with 0.4 lm pore size for collecting TPM.

The filtrate was acidified using hydrochloric acid to a pH value less than 2.0, and predetermined amount of
209Po, Pb21 spikes, and Fe31 carrier were added. After 24 h, ammonium hydroxide was added to form
Fe(OH)3 precipitate and adsorb Po and Pb isotopes (i.e., 209Po, 210Po, 210Pb, and stable Pb) [Church et al.,
2012; Rigaud et al., 2013]. The precipitate was settled overnight, and collected via centrifugation. Then, the
precipitate was redissolved in a 0.5 M HCl solution. Ascorbic acid, hydroxylamine hydrochloride, and sodium
citrate were added to chelate Fe31 and eliminate the influence of other ions during Po plating. Po isotopes
including 209Po and 210Po were plated on a silver disc at 908C for 4 h under stirring with a Teflon-coated stir-
ring bar [Yang et al., 2013, 2015a]. Particulate samples were dried at 608C to constant weights in order to
estimate the TPM contents. Then, 209Po and Pb21 yield tracers were added and digested using mixed acids
(HClO4, HNO3, and HF). The autodeposition of Po isotopes on the Ag disc was the same to that of dissolved
samples. The activities of 209Po and 210Po were counted by an Alpha Analyst System (ORTEC). The recoveries
of 210Po were determined by initially added and finally counted 209Po. 210Pb was measured via 210Po after 2
years. The yields of 210Pb were determined through the added stable Pb and measured Pb using an atomic
absorption spectrometry. Activity concentrations of 210Po and 210Pb were decay corrected back to the sam-
pling time, and detector background and reagent blank were also corrected.

3. Results

3.1. Hydrologic Parameters
Surface water showed significant differences in both temperature and salinity between the three stations
(Figure 2). The mixed layer (DT 5 0.88C) [Kara et al., 2000] depths (i.e., MLD) were 35, 70, and 48 m for 105A,
91, and 102, respectively. The differences in the means of temperature and salinity in the mixed layer
reached 0.898C and 1.038, corresponding to a large heterogeneity of surface water. However, temperature
and salinity were comparable to each other in mesopelagic water (e.g., 200–700 m). For instance, salinity,
on average, was 34.450 6 0.050, 34.466 6 0.043, and 34.453 6 0.050 at 105A, 91, and 102, respectively. It is
obvious that the mesopelagic waters at the three studied sites have similar characteristics. Such a phenom-
enon is consistent with the anticyclonic current between 150 and 900 m in August in the SCS [Chao et al.,
1996], which could transport mesopelagic water from station 91 to 102.

3.2. 210Po and 210Pb Activity Concentrations
The activity concentrations of dissolved 210Po (210PoD) ranged from 2.02 6 0.30 to 8.64 6 0.87 dpm 100 L21

(Table 1), comparable to the values of 1.78 6 0.25 to 9.60 6 0.85 dpm 100 L21 between 0 and 1000 m at the
SouthEast Asian Time-series Study (SEATS) station in the SCS [Wei et al., 2014]. Dissolved 210Pb (210PbD) var-
ied from 1.07 6 0.42 to 10.70 6 1.14 dpm 100 L21 (avg. 6.38 6 1.53 dpm 100 L21), which also coincided
with those of 2.55 6 0.16 to 11.80 6 0.65 dpm 100 L21 (avg. 7.55 6 1.83 dpm 100 L21) at SEATS [Wei et al.,
2014]. Particulate 210Po (210PoP) and 210Pb (210PbP) averaged 0.90 6 0.61 and 1.47 6 1.03 dpm 100 L21,
respectively (Figure 2). 210PbP in the SCS was much higher than open oceans, such as the northern Atlantic
Ocean (avg. 0.76 6 0.95 dpm 100 L21) [Rigaud et al., 2015]. On average, both dissolved 210Po and 210Pb
accounted for the majority (85% and 82%) of the total 210Po and 210Pb, showing a typical characteristic of
open seawater. The total 210Po (210PoT) and 210Pb (210PbT) varied from 2.59 6 0.34 to 9.64 6 1.03 dpm
100 L21 and from 3.71 6 0.46 to 13.22 6 1.06 dpm 100 L21 with the averages of 5.87 6 1.69 and 8.15 6 2.36
dpm 100 L21. These results were comparable to 210PoT and 210PbT at SEATS (avg. 5.89 6 2.11 and
8.53 6 1.88 dpm 100 L21) [Wei et al., 2014].
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In the euphotic zone (0–100 m), 210PbD and 210PbT showed the highest activity concentrations in surface
water at all stations (Figure 2), corresponding to its dominant atmospheric source. Overall, 210PoT was in def-
icit with respect to 210PbT in the mixed layer (Figure 3), as reported in the SCS [Yang et al., 2006; Wei et al.,
2014]. However, 210PoT showed higher values than 210PbT (i.e., excess 210Po) below the mixed layer at sta-
tions 91 and 102, ascribing to the remineralization of particulate organic matter [Bacon et al., 1976; Yang
et al., 2009]. Notably, 210PoT showed evident deficiencies relative to its parent nuclide 210Pb in mesopelagic
water (i.e., 200–1000 m) at all studied stations though there were differences in the deficient extent (Figure
3). In fact, similar deficiency occurred at the SEATS station in the northern SCS [Wei et al., 2014]. This defi-
ciency provided a contrast to the equilibrium status between 210PoT and 210PbT below the remineralization

Figure 2. Profiles of temperature, salinity, dissolved 210Po and 210Pb, particulate 210Po and 210Pb in the western South China Sea.
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layer in general mesopelagic water [Bacon et al., 1976; Roca-Mart�ı et al., 2016]. At the same time, the average
activity concentration of 210PoP increased from 0.69 6 0.08 dpm 100 L21 in the euphotic zone to 0.85 6 0.11
dpm 100 L21 in the mesopelagic layer at station 105A, and from 0.53 6 0.06 to 0.65 6 0.11 dpm 100 L21 at
station 91. On average, the 210PbP activities increased from 1.20 6 0.09 to 1.58 6 0.12 dpm 100 L21 and
from 1.08 6 0.09 to 3.41 6 0.14 dpm 100 L21 (Figure 4). The concurrently occurrences of 210Po deficit and
elevated 210PoP and 210PbP activities corresponded to an enhanced removal of 210Po below the reminerali-
zation layer in the western SCS.

3.3. TPM
For all samples, the TPM contents ranged from 0.08 to 1.05 mg L21 with an averaging of 0.48 6 0.01 mg L21

(Table 1), showing the typical characteristic of open seawater. Notably, TPM did not show a decrease from
surface downward to mesopelagic water at the two slope stations (i.e., 105A and 91) (Figure 3). At station
105A, TPM averaged 0.38 6 0.01 mg L21 in the upper 100 m, and it increased to 0.50 6 0.01 mg L21 in the
200–700 m layer (Figure 4), corresponding to an addition of TPM in mesopelagic water. At station 91, TPM
showed comparable contents of 0.52 mg L21 in euphotic and mesopelagic water on average. At the basin
station 102, TPM varied from 0.53 to 1.05 mg L21 with an average of 0.65 6 0.01 mg L21 in the euphotic
zone. However, a decrease of the TPM content was observed in mesopelagic water (200–1000 m), ranging
from 0.33 to 0.51 mg L21 and averaging 0.40 6 0.01 mg L21.

4. Discussion

4.1. 210Po Deficiency in Mesopelagic Water
In the euphotic zone, 210Po is usually deficient with respect to 210Pb due to their rapid removal induced by
plenty of biogenic particles [Nozaki et al., 1998; Stewart et al., 2010]. Below the euphotic zone, 210Po quickly
reaches an equilibrium status with 210Pb (i.e., 210Pb equals to 210Pb) [Murray et al., 2005; Roca-Mart�ı et al., 2016].

Table 1. Temperature, Salinity, TPM Concentrations, and Activity Concentrations of Dissolved and Particulate 210Po and 210Pb in the
Western South China Sea

Stn.
Depth

(m) T (8C) S
TPM

(mg L21)

210PoD
210PoP

210PoT
210PbD

210PbP
210PbT

(dpm 100 L21)

105A 0 29.51 32.80 0.27 6 0.01 8.64 6 0.87 0.50 6 0.12 9.14 6 0.88 9.21 6 0.89 1.25 6 0.18 10.46 6 0.91
25 29.54 33.05 0.41 6 0.01 3.88 6 0.47 0.42 6 0.12 4.29 6 0.48 7.39 6 0.82 0.66 6 0.10 8.04 6 0.82
50 26.63 33.76 0.43 6 0.01 5.53 6 0.62 0.91 6 0.16 6.45 6 0.64 7.85 6 0.82 1.14 6 0.16 8.99 6 0.83

100 20.04 34.35 0.33 6 0.01 5.41 6 0.68 0.73 6 0.20 6.14 6 0.71 7.44 6 0.76 1.81 6 0.24 9.25 6 0.79
150 17.44 34.52 0.36 6 0.01 6.67 6 0.75 0.44 6 0.13 7.11 6 0.76 5.42 6 0.75 2.32 6 0.33 7.74 6 0.82
200 14.89 34.52 0.08 6 0.01 4.41 6 0.50 0.49 6 0.14 4.90 6 0.52 4.93 6 0.62 1.44 6 0.21 6.38 6 0.66
500 9.02 34.42 0.65 6 0.01 3.00 6 0.44 1.03 6 0.22 4.02 6 0.50 6.69 6 0.81 1.30 6 0.21 7.99 6 0.84
700 6.67 34.45 0.75 6 0.01 5.68 6 0.66 0.72 6 0.22 6.40 6 0.70 6.23 6 0.69 1.56 6 0.22 7.79 6 0.73

91 0 28.73 32.36 0.31 6 0.01 2.54 6 0.37 0.30 6 0.10 2.83 6 0.38 5.83 6 0.62 2.43 6 0.36 8.26 6 0.72
25 28.75 32.39 0.69 6 0.01 2.02 6 0.30 0.57 6 0.15 2.59 6 0.34 4.92 6 0.45 0.90 6 0.12 5.82 6 0.46
50 28.41 32.72 0.43 6 0.01 2.97 6 0.35 0.68 6 0.15 3.64 6 0.38 4.08 6 0.49 0.83 6 0.11 4.91 6 0.50
75 25.59 33.88 0.47 6 0.01 4.17 6 0.43 0.66 6 0.14 4.83 6 0.45 2.96 6 0.45 0.75 6 0.11 3.71 6 0.46

100 21.03 34.22 0.76 6 0.01 5.85 6 0.62 0.13 6 0.05 5.98 6 0.62 5.51 6 0.57 1.27 6 0.16 6.78 6 0.59
200 16.03 34.51 0.68 6 0.01 5.30 6 0.61 0.32 6 0.12 5.62 6 0.62 4.44 6 0.52 1.31 6 0.14 5.75 6 0.54
500 8.87 34.43 0.56 6 0.01 5.04 6 0.62 0.12 6 0.05 5.16 6 0.62 6.56 6 0.84 5.85 6 0.47 12.41 6 0.96
800 6.00 34.48 0.37 6 0.01 8.57 6 0.97 1.08 6 0.33 9.64 6 1.03 8.00 6 1.08 2.06 6 0.20 10.06 6 1.10

1000 4.42 34.53 0.56 6 0.01 6.00 6 0.78 1.43 6 0.27 7.42 6 0.82 7.21 6 0.95 1.35 6 0.14 8.56 6 0.96
102 0 28.74 33.53 0.53 6 0.01 4.37 6 0.54 1.03 6 0.31 5.40 6 0.62 10.70 6 1.14 1.91 6 0.22 12.62 6 1.16

25 28.70 33.46 0.57 6 0.01 4.03 6 0.50 2.62 6 0.37 6.65 6 0.62 10.02 6 1.00 3.20 6 0.34 13.22 6 1.06
50 26.18 33.98 0.58 6 0.01 5.28 6 0.53 0.79 6 0.17 6.07 6 0.56 n.d.a n.d. n.d.
75 22.93 34.15 1.05 6 0.01 6.29 6 0.68 2.49 6 0.29 8.78 6 0.73 5.65 6 0.60 0.68 6 0.10 6.33 6 0.61

100 19.38 34.39 0.56 6 0.01 5.23 6 0.57 0.75 6 0.11 5.98 6 0.58 4.03 6 0.52 0.97 6 0.13 5.00 6 0.54
150 16.44 34.53 0.48 6 0.01 5.24 6 0.83 0.91 6 0.23 6.15 6 0.86 6.79 6 0.75 1.01 6 0.13 7.80 6 0.76
200 14.53 34.52 0.33 6 0.01 5.31 6 0.59 0.60 6 0.16 5.91 6 0.62 7.70 6 0.79 0.85 6 0.11 8.55 6 0.80
300 11.77 34.46 0.38 6 0.01 4.39 6 0.48 0.90 6 0.26 5.29 6 0.55 5.45 6 0.66 1.20 6 0.17 6.65 6 0.68
500 8.44 34.43 0.39 6 0.01 4.21 6 0.50 1.23 6 0.28 5.45 6 0.57 5.70 6 0.73 1.03 6 0.16 6.73 6 0.75
800 5.52 34.48 0.51 6 0.01 4.14 6 0.47 1.36 6 0.27 5.51 6 0.54 7.13 6 0.84 1.01 6 0.14 8.14 6 0.85

1000 4.34 34.53 0.37 6 0.01 3.61 6 0.61 1.03 6 0.27 4.65 6 0.66 10.25 6 0.93 1.03 6 0.15 11.27 6 0.94
1200 3.57 34.56 0.44 6 0.01 6.30 6 0.82 1.91 6 0.29 8.21 6 0.87 8.09 6 1.00 0.97 6 0.14 9.07 6 1.01

an.d. denotes not data.
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Sometimes, 210Po activity concentrations are higher than 210Pb at the bottom of the euphotic zone or in
the upper mesopelagic zone as a result of 210Po release from sinking particles during particle remineraliza-
tion (Figure 3) [Bacon et al., 1976; Cochran et al., 1983; Yang et al., 2009]. In most mesopelagic and bathype-
lagic water, 210Po is usually in equilibrium with 210Pb [Bacon et al., 1976; Nozaki and Tsunogai, 1976;
Cochran et al., 1983], owing to its longer residence time (>2 years) compared to its half-life. However, the
profiles of the 210PoT/210PbT ratio in the present study showed an evident 210Po deficit in mesopelagic
water (Figure 3). This ratio varied from 0.41 to 0.98 with an average of 0.72 6 0.19, which was only slightly
higher than the average of 0.58 6 0.17 (from 0.34 to 0.87) in the euphotic zone at the three stations (t test,
p< 0.05). A recent study also identified similar deficiency of 210Po in mesopelagic water in the northern
SCS [Wei et al., 2014]. Such deficiencies in the total 210Po implied an enhanced removal of 210Po over a
short time scale in mesopelagic water in the western SCS. The distributions of 210PoD/210PbD also revealed
the enhanced scavenging of 210Po in mesopelagic water (Figure 3). Overall, the TPM distributions mirror
the distributions of 210PoD/210PbD, indicating more adsorption of 210Po induced by the elevation of TPM in

Figure 3. Profiles of the activity ratios of 210Po to 210Pb in dissolved and total fractions in the South China Sea (105A, 91, and 102 in this
study) and at the SEATS station (data from Wei et al. [2014]).
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the mesopelagic layer. In general, the predominant removal of 210Po is sinking after being adsorbed onto
particulate matter [Yang et al., 2013; Rigaud et al., 2015; Wei et al., 2017] in a manner similar to the particle-
reactive thorium isotopes [Yang et al., 2016]. Since 210Po reached equilibrium with 210Pb at the top mesope-
lagic layer for all stations (Figure 3), the deficits of 210Po in mesopelagic water could not result from the
sinking particles out of the euphotic zone. Instead, some other original particles, such as lateral transport of
shelf resuspended sediment, would interpret this scenario. A study in the Aleutian Basin observed 210Po
deficits in mesopelagic and bathypelagic water, and attested to the causal link between the shelf-derived
particle and 210Po deficiency [Hu et al., 2014]. Two available case studies identified the benthic nepheloid
layers in the SCS based on multiple proxies of 210Pb, turbidity, and particle grain size [Chung et al., 2004;
Zhang et al., 2014]. Together with the wide increased particle flux measured in mesopelagic water compar-
ing with the euphotic zone [Lahajnar et al., 2007; Gaye et al., 2009; Liu et al., 2014], we hypothesize that
the unusually deficiency of 210Po in the mesopelagic layer is from its scavenging and removal by lateral
transported particulate matter, probably via benthic nepheloid layer.

Indeed, the elevations of TPM and 210PbP activity concentration support this hypothesis. As shown in Figure
4, the averaged TPM content at station 105A increased about 32%, from 0.38 6 0.01 mg L21 in the euphotic
zone to 0.50 6 0.01 mg L21 in the mesopelagic layer. This difference between the euphotic and mesope-
lagic layers was much larger than the uncertainties. At station 91 with a deeper seafloor than 105A, the TPM
contents showed the same value in euphotic and mesopelagic water, averaging 0.52 6 0.01 mg L21

(Table 1). It has been revealed that particulate matter in the euphotic zone is rich in biogenic components
(i.e., organic matter and biogenic silica) in the western SCS [Wei et al., 2011; Cai et al., 2015; Yang et al.,
2015b]. During settling below the euphotic zone, organic components degrade up to >50% in the SCS
[Chen et al., 1998; Yang et al., 2009]; the TPM contents would decrease in the mesopelagic layer if there
were no additional inputs of particulate matter. Thus, the increase of TPM in mesopelagic water over the
slope indicated some particle sources other than sinking from the euphotic zone. At the same time, particu-
late 210Po and 210Pb also showed increases to a varying degree in the mesopelagic layer at the slope sta-
tions 105A and 91 (Figure 4). For example, 210PoP activity concentrations increased by 23% and 32% in
mesopelagic water comparing with the euphotic zone, respectively. 210PbP also increased by more than
23% on average (Table 1). The 210PoP and 210PbP elevations were much larger than their uncertainties
(<14% averagely), lending support to these increases. At the basin station 102, the elevations of TPM and
210PoP were not observed in mesopelagic water (Figure 4); however, the 210PoT deficit with respect to
210PoT implied enhanced removal of 210Po within this regime (Figure 3), probably owing to the descending
of laterally transported particulate matter in the basin region.

Interestingly, the penetrating depth of 210Po deficit in mesopelagic water seems to get deeper from the
shallowest slope station 105A to the basin station 102 (Figure 3). 210Po deficiency occurred between 200
and 700 m at 105A, below 700 m 210Po was nearly in equilibrium with 210Pb. At station 91, 210Po deficiency
reached a depth close to 800 m. At station 102, 210Po deficiency extended down to >1000 m. In the

Figure 4. Comparisons of depth-weighed TPM concentration, activity concentrations of 210Po and 210Pb between mesopelagic water
(200–1000 m) and euphotic water (0–100 m).
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northern SCS basin, the penetrating depths
of 210Po deficiency are also deeper than
1000 m (Figure 3) [Wei et al., 2014]. This sce-
nario suggested that laterally transported
particulate matter is mainly from the shelf
and/or the shallow slope (less than 700 m).
Indeed, the long-term sediment traps (close
to station 91) record the transportation of
resuspended matter from sites close to the
shelf to the basin in the southwestern SCS
[Lahajnar et al., 2007; Gaye et al., 2009]. Sed-
iment traps deployed at 500 and 1500 m
close to station 105A in the northwestern
SCS, also observed an enhanced sinking of
particle [Liu et al., 2014]. In the northern SCS
basin, time series observations, in the same
way, confirmed the increase of particle-
reactive 210Po and 210Pb export in bathype-
lagic water [Wei et al., 2014, 2017]. All of the
available sediment trap data in the SCS indi-
cate increased sinking particle fluxes out of
1000–2000 m comparing with 500–1000 m

(Figure 5) [Lahajnar et al., 2007; Gaye et al., 2009; Liu et al., 2014; Schroeder et al., 2015]. Based on these
studies, it seems that the transport of shelf sediment to the basin is ubiquitous in the SCS. Multiple prox-
ies, including minerals, rare earth elements, neodymium and strontium isotopes, and amino acids and
hexosamines, actually provide evidence for the cross-shelf transport of resuspended sediment in the
entire SCS [Liu et al., 2013, 2014; Schroeder et al., 2015; Liu et al., 2016]. Although the dynamics of cross-
shelf transport in mesopelagic water is poorly understood, the stable deep current with an average
velocity of 5–6 cm s21 is expected to be responsible for the lateral particle transport in the SCS [Liu et al.,
2014, 2016].

Since the lateral transport of particulate matter introduced the deficit of 210Po in mesopelagic water
in the western SCS (Figure 3), the disequilibrium between 210Po and 210Pb could enable us to con-
strain the particle dynamics, such as particle flux and resident time scale of particle in the mesope-
lagic layer.

4.2. Resident Time Scale and Removal of 210Po in Mesopelagic Water
Based on the mass balance of 210Po in the mesopelagic layer, the variability in the inventories of dissolved
and particulate 210Po can be expressed as

dIPoD

dt
5kPo IPbD 2IPoDð Þ2kIPoD (1)

dIPoP

dt
5kPo IPbP 2IPoPð Þ1kIPoD 2/IPoP (2)

where IPoD and IPbD represent the inventories of dissolved 210Po and 210Pb (in dpm m22); IPoP and IPbP rep-
resent the inventories of particulate 210Po and 210Pb (in dpm m22); k and u are the scavenging (from dis-
solved to particulate phase) and removal (sinking out of the specific water regime) constants of 210Po in
the unit of day21; and kPo is the decay constant of 210Po (0.0050 day21). Thus, kIPoD and uIPoP represent
the scavenging flux (J) and removal flux (P) of 210Po in the unit of dpm m22 d21. This model was also
applied to the euphotic zone after adding the atmospheric deposition flux of 210Po in equation (1). Usu-
ally, atmospheric flux of 210Po is neglected due to its minor contribution to the bulk 210Po in surface
water [Bacon et al., 1976; Yang et al., 2006, 2009]. However, the atmospheric flux of 210Po in the SCS is
estimated to be 1.64 dpm m22 d21 [Wei et al., 2011], accounting for about 18% of the total 210Po source.
Hence, this term was included in this study. The inventories of 210Po and 210Pb were calculated using
the trapezoidal integral:

Figure 5. Particle fluxes at different depths over the slope in the SCS to
illustrate the higher particle fluxes out of the lower mesopelagic layer
compared with the upper mesopelagic layer. The numbers (i.e., 600, 700,
and 1200 m) represent the depths determining flux. Data at SCS-SW,
SCS-S, and SCS-SC are from Lahajnar et al. [2007] and Gaye et al. [2009],
and data at XS1 are from Liu et al. [2014], which were measured using the
sediment traps.

Geochemistry, Geophysics, Geosystems 10.1002/2017GC006899

MA ET AL. 210Po DEFICIT IN MESOPELAGIC WATER 1601



I5
ðz5bottom

z5top

Adz (3)

where z 5 top represents the depths of the top euphotic zone and mesopelagic layer (i.e., 0 and 200 m in
this study), z 5 bottom represents the depths of euphotic and mesopelagic zone bottom (i.e., 100 and
1000 m), and A is the activity concentration of 210Po or 210Pb in dissolved and particulate phases. Based on
the comparison between the steady state and nonsteady state results of the mass balance model of 210Po
in the SCS, Wei et al. [2014] find that there is no difference when the errors are taken into account. Thus,
equations (1) and (2) were solved in the steady state. The residence times of dissolved and particulate 210Po
were estimated from the reciprocals of the scavenging and removal constants (Table 2).

The residence times of particulate 210Po at the slope stations (i.e., 105A and 91) ranged from 0.11 to 0.16 year
within the mesopelagic layer (averaging 0.13 6 0.04 year), comparable to the residence times of TPM in a
hydrothermal plume over the Southwest Indian Ridge [Yang et al., 2016]. Such a time scale allows particulate
matter to move over a very long range as proved in general deep water [Siegel et al., 2008] and in the meso-
pelagic or bathypelagic hydrothermal plumes [Wang et al., 2012; Estapa et al., 2015]. Thus, the residence times
of particulate 210Po provide supports for the transport of resuspended shelf sediment into the SCS basin. At
the basin station 102, the residence time of particulate 210Po was 0.25 year, about twofold of those observed
on the slope (Table 2). Based on the data sets of 210Po and 210Pb collected at the SEATS station [Wei et al.,
2014], the residence times of particulate 210Po varied from 0.18 to 0.75 year. Together with our results, TPM
appeared to reside for a longer time in mesopelagic water in the SCS basin than those on the slope. Given dis-
solved 210Po, its residence times, in most cases, were less than 1.5 years in mesopelagic water (Table 2). Conse-
quently, the residence times of the bulk 210Po regime mainly fall in a range of 1–2 years.

Although there have been few studies on the resident times of 210Po in mesopelagic and bathypelagic
water [Bacon et al., 1976; Kadko et al., 1987; Hu et al., 2014], they provide an opportunity for us to look into
the scavenging and removal intensity of 210Po in various deep water. As unique settings, 210Po in the hydro-
thermal plumes close to the vents, characterized by Mn-/Fe-enriched particles, have residence times of
about 1 year [Kadko et al., 1987], corresponding to quick scavenging and removal of 210Po in these systems.
In hydrothermal plumes far from the vents, 210Po shows much longer residence time [Rigaud et al., 2015],
probably due to the weakened influence of hydrothermal particles. In general deep waters, 210Po usually
resides for several years which enable it to reach equilibrium with 210Pb [Bacon et al., 1976]. In deep water
receiving cross-shelf transported particle, the residence times of 210Po varied from 0.9 to 1.9 years [Hu et al.,
2014], falling in the range of one to several years. Obviously, the residence times of 210Po in mesopelagic
water in the SCS (Table 2) were shorter than general deep water, and longer than the typical hydrothermal
plumes. Such a scenario indicated that the scavenging of 210Po in mesopelagic water in the SCS is stronger
comparing with general deep water; however, this process is weaker than those observed in hydrothermal

Table 2. Scavenging (k) and Removal Constants (u) of 210Po, Residence Times of Dissolved (sPoD ) and Particulate 210Po (sPoP), Scaveng-
ing (J), and Removal Fluxes of 210Po (P) in the Euphotic Zone and Mesopelagic Layer in the Western South China Seaa

Stn. Month
Depth

(m)
Interval

(m)

k u sPoD sPoP J P

(day21) (Year) (dpm m22 d21)

105A Aug 775 0–100 0.0024 6 0.0005 0.025 6 0.005 1.13 6 0.22 0.11 6 0.02 13.3 6 2.3 17.5 6 3.7
200–700 0.0027 6 0.0005 0.017 6 0.003 1.02 6 0.23 0.16 6 0.03 53.0 6 10.4 67.8 6 16.2

91 Aug 1756 0–100 0.0021 6 0.0005 0.022 6 0.003 1.31 6 0.28 0.13 6 0.02 7.0 6 1.1 11.4 6 2.0
200–1000 0.0003 6 0.0004 0.024 6 0.004 9.0 6 11.2 0.11 6 0.02 15.4 6 2.8 120.8 6 24.4

102 Aug 4302 0–100 0.0029 6 0.0005 0.010 6 0.002 0.95 6 0.15 0.27 6 0.05 14.8 6 2.5 17.0 6 3.2
200–1000 0.0031 6 0.0004 0.011 6 0.002 0.90 6 0.13 0.25 6 0.05 103.3 6 16.6 99.1 6 21.2

SEATS Jan 3800 0–100 0.0071 6 0.0005 0.0065 6 0.0011 0.39 6 0.03 0.42 6 0.07 23.0 6 1.6 16.8 6 3.0
225–1000 0.0039 6 0.0003 0.0037 6 0.0008 0.71 6 0.05 0.75 6 0.17 127.8 6 9.6 66.4 6 15.0

Jul 3800 0–100 0.0055 6 0.0005 0.026 6 0.004 0.50 6 0.04 0.11 6 0.02 19.4 6 1.7 19.4 6 3.4
250–1000 0.0019 6 0.0003 0.0058 6 0.0016 1.47 6 0.20 0.47 6 0.13 74.2 6 10.4 55.9 6 15.6

Oct 3800 0–100 0.0033 6 0.0002 0.027 6 0.004 0.84 6 0.06 0.10 6 0.01 11.3 6 0.8 14.1 6 1.9
200–1000 0.0025 6 0.0003 0.015 6 0.005 1.09 6 0.12 0.18 6 0.06 96.3 6 10.6 129.1 6 40.8

May 3800 0–100 0.0053 6 0.0003 0.019 6 0.002 0.51 6 0.03 0.14 6 0.01 25.5 6 1.4 25.5 6 2.9
200–1000 0.0033 6 0.0002 0.011 6 0.002 0.82 6 0.05 0.25 6 0.05 135.8 6 7.9 140.6 6 26.7

aData at the SEATS station are calculated from the 210Po-210Pb data sets [Wei et al., 2014].
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plumes. Our results are similar to the observations in the Aleutian Basin, where the 210Po deficiency in
mesopelagic and bathypelagic water is ascribed to the enhanced scavenging induced by the laterally trans-
ported shelf sediment [Hu et al., 2014]. In fact, a line of evidence in the western SCS, including TPM concen-
tration, particulate 210Po or 210Pb activity, and sinking particle flux (Figures 4 and 5), verified that the 210Po
deficiency in mesopelagic water result from shelf resuspended sediment. This cross-shelf transport of sedi-
ment and laterally transport of sediment from the top seamount might provide probable interpretations for
the 210Po deficiency in some deep water as observed at a few Atlantic GEOTRACES stations [Church et al.,
2012; Rigaud et al., 2015].

In this study, the k values of 210Po averaged 0.0020 6 0.0015 day21 in mesopelagic water (Table 2), compa-
rable to 0.0029 6 0.0009 day21 estimated based on the data sets (t test, p> 0.10) in the northern SCS [Wei
et al., 2014]. The scavenging constant illustrates the intensity of particle-reactive nuclide adsorption on par-
ticulate matter in seawater [Yang et al., 2016]. Higher k values correspond to stronger affinity of particle
with 210Po. The values in mesopelagic water were close to or slightly lower than those in the euphotic zone
(averaging 0.0041 6 0.0018 day21) in the SCS (Table 2) [Yang et al., 2006], indicating a weaker affinity of par-
ticle with 210Po in mesopelagic water. Various particulate components have different affinity with 210Po and
210Pb [Yang et al., 2013, 2015b]. It is generally accepted that organic matter usually has stronger affinity for
210Po comparing with 210Pb [Stewart et al., 2007], while inorganic particulate components seem to show lit-
tle difference in adsorbing them [Nozaki et al., 1997, 1998]. Such a difference is usually quantified by the
fractionation factor (i.e., F value) [Guo et al., 2002], defined as the ratio of partition coefficient between two
nuclides (i.e., Kd value, calculated by particulate activity divided by dissolved activity and TPM content). In
the euphotic zone, particulate matter contains plenty of fresh biogenic organic matter in the SCS [Cai et al.,
2008; Yang et al., 2015b], which usually has tight affinity for 210Po [Stewart et al., 2007; Chuang et al., 2014].
After sinking out of the euphotic zone, biogenic particulate organic matter degrades a lot in the upper
mesopelagic zone [Yang et al., 2009]. In addition, resuspended sediment contributed largely to the TPM col-
lected in mesopelagic water (Figure 4), probably via the benthic nepheloid layers as observed in the Middle
Atlantic Bight (MAB) and the Gulf of Mexico [Santschi et al., 1999; Guo and Santschi, 2000]. Thus, particles in
mesopelagic water might be mainly composed of inorganic components, which usually show lower affinity
for 210Po than organic matter except for Mn/Fe-(hydr)oxides [Yang et al., 2015a]. The fractionation factor
between 210Po and 210Pb (i.e., Kd ratio) also lent supports to this view. As shown in Figure 6, there is a signifi-
cant linear relation between the fractionation factors and TPM contents in the upper 75 m. If particulate
matter is regarded as a mixture of two end-members (i.e., inorganic and organic matter), the fractionation
factors would approach one of the end-members following the mixing line when this end-member’s contri-
bution increases. Thus, the increase of fractionation factor follows the elevation of TPM indicated that
organic matter contribute the majority of particulate matter. Instead, such a relation was not observed for
samples below 500 m (Figure 6). The removal constants, revealing the sinking intensity of particulate 210Po,
varied from 0.011 to 0.024 day21 with an average of 0.017 6 0.007 day21 in mesopelagic water (Table 2).

Figure 6. Relations between the fractionation factor (i.e., Kd,Po/Kd,Pb) and TPM concentration in the (left) upper euphotic zone (0–75 m) and
(right) low mesopelagic water (500–1000 m).
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There is no discernible difference (t test, p> 0.10) in the removal constants between mesopelagic and
euphotic water (from 0.010 to 0.025 day21).

The export flux of 210Po out of the mesopelagic layer varied from 67.8 to 120.8 dpm m22 d21, averaging
95.9 6 26.7 dpm m22 d21 (Table 2). Using the data sets of 210Po and 210Pb at station SEATS [Wei et al.,
2014], 210Po flux shows a similar range of 55.9–140.6 dpm m22 d21 and average of 98.0 6 43.0 dpm m22

d21 (Table 2). Such comparability probably implied the order of magnitude in terms of 210Po export from
the mesopelagic layer in the SCS. Hu et al. [2014] reported the 210Po export flux of 412–496 dpm m22 d21

out of bathypelagic water in the Aleutian Basin. Together, it appears that the magnitude of 210Po export in
various deep oceans has a large variability, indicating a large difference in particle dynamics in the world-
wide deep oceans. In comparison with the mesopelagic layer, 210Po showed very lower fluxes out of the
euphotic zone, varying from 11.4 to 17.5 dpm m22 d21 (avg. 15.3 6 3.4 dpm m22 d21) at the studied three
stations (Figure 1) (t test, p< 0.01) and from 14.1 to 25.5 dpm m22 d21 (avg. 18.9 6 4.9 dpm m22 d21) at
station SEATS in different seasons (Table 2) (t test, p< 0.02). Although particles in mesopelagic water have
similar removal constants of 210Po to the euphotic zone as shown by the comparable k values (Table 2), the
much higher export fluxes of 210Po indicated that the geochemical cycling of 210Po and other particle-
reactive trace elements in mesopelagic water might be a crucial step in understanding trace element
cycling on a basin-scale or global scale.

In summary, the lateral transport via benthic nepheloid layer introduced a large amount of resuspended
shelf sediment into mesopelagic water in the western SCS. In comparison with biogenic particles in the
euphotic zone, resuspended particles include plenty of inorganic components, leading to less fractionation
between 210Po and 210Pb. However, 210Po is still preferentially removed relative to 210Pb (Figure 3). Conse-
quently, the benthic nepheloid layers result in a 210Po deficit and short resident times of 210Po in mesope-
lagic water. Such disequilibrium between 210Po and 210Pb enable the 210Po-210Pb to track particle dynamics
in the benthic nepheloid layer.

4.3. Utilizing of 210Po-210Pb to Quantify TPM Export Out of the Mesopelagic Layer
Combining all the residence times and removal rates of 210Po, it is clear that particle cycling is very active in
the mesopelagic layer in the SCS. Based on the currently limited studies, particulate matter has been found
to play important roles in trace elements [Rigaud et al., 2015], nutrients [Kadko et al., 1994] and carbon
cycling [Hu et al., 2014; Yang et al., 2016] in deep water with active particle dynamics. Our study provides an
opportunity to unravel the particle cycling in mesopelagic water in the SCS. Although the stations are lim-
ited, this estimate is a necessary step to try to utilize the 210Po-210Pb pair to constrain the particle dynamics
in mesopelagic water. The TPM export flux was calculated by the inventory of TPM divided by the residence
time derived from 210Po-210Pb disequilibrium [Eppley, 1989]. At the same time, data reported by Wei et al.
[2014] in the SCS were also reused to calculate the TPM flux out of the mesopelagic layer. The TPM export
fluxes were 4.19, 10.20, and 3.61 g m22 d21 at stations 105A, 91, and 102, respectively (Figure 7). At station

SEATS, they varied from 0.41 to 6.80 g
m22 d21 in terms of different months.
For all stations with 210Po deficit in
mesopelagic water, the TPM fluxes
were, to a varying degree, higher than
those out of the euphotic zone (Figure
7), directly supporting the lateral trans-
port of particulate matter to the meso-
pelagic layer in addition to sinking
particle from the euphotic zone. In
comparison, the TPM fluxes derived
from 210Po were higher than those
obtained by sediment traps in the
bathypelagic layer in the SCS [Lahajnar
et al., 2007; Liu et al., 2014; Schroeder
et al., 2015; Dong et al., 2016]. On the
one hand, TPM collected in our study
includes either suspended particles or

Figure 7. Fluxes of TPM derived from the 210Po-210Pb approach at the three
stations (i.e., 105A, 91, and 102) in the western SCS (this study) and at the SEATS
station in the basin [Wei et al., 2014].
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sinking particles. Thus, the fluxes presented here represent the upper limits of particle export out of the
mesopelagic layer. On the other hand, sediment trap collected particles in the SCS might have suffered
from dissolution, to a varying degree, underestimating the particle fluxes obtained by sediment trap [Sun
et al., 2015].

The 210Po-210Pb pair is widely used to quantify the POC flux out of the euphotic zone [Buesseler et al., 2008;
Verdeny et al., 2009; Ceballos-Romero et al., 2016]. This study proved that it could also be used to track the flux
of particulate components (such as POC and PON) out of the mesopelagic layer and estimate some crucial
parameters (such as residence time) on particulate cycling in mesopelagic water. In addition, the 210Po-210Pb
approach, spatially, allows it to present a high-resolution picture in terms of the mesopelagic particle flux
benefiting from their high-resolution sampling. Thus, the 210Po-210Pb pair could be a powerful tracer for con-
straining the particle dynamics occurred in mesopelagic water and promote our understanding of the connec-
tive roles of mesopelagic particulate in coupling the surface water and bathypelagic processes.

5. Conclusions

A large deficiency of 210Po with respect to 210Pb was observed in mesopelagic water in the western South
China Sea, accompanying elevated TPM contents, particulate 210Po and 210Pb. Lateral transport of resus-
pended sediment from the shelf, probably via benthic nepheloid layer, accounted for the enhanced
removal and consequential deficiency of 210Po. The identical residence times of 210Po in both mesopelagic
and euphotic zones revealed the very active particle cycling in the mesopelagic layer in the South China
Sea. Based on the deficiency of 210Po, the 210Po-210Pb pair was used to evaluate some crucial processes on
particle cycling in mesopelagic water. Given the status that very limited methods are currently available to
quantify the particle cycling processes occurred in mesopelagic water, the 210Po-210Pb technique could pro-
vide valuable insights into the residing time scale, degradation and sinking of particulate matter, and facili-
tate our understanding of particle-reactive trace elements’ behavior in mesopelagic water.
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