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Due to the remoteness and difficulty of sampling, the 210Po and 210Pb data are scarce in the Southern Ocean. Here, the activity concentrations of 210Po and 210Pb around Prydz Bay in austral summer were determined to understand their spatial variation and evaluate the dynamics of particle organic matter (POM). The activity concentrations of dissolved 210Po (D210Po) and 210Pb (D210Pb) range from 0.47 to 3.20 Bq⋅m–3 and from 1.15 to 2.97 Bq⋅m–3, respectively, with the lower values in the shelf. The particulate 210Po (P210Po) and 210Pb (P210Pb) are lower in the open ocean and increase to the coastal waters, among which the circumpolar deep water (CDW) is the lowest. The activity concentration of total 210Pb (T210Pb) ranges from 1.26 Bq⋅m–3 to 3.16 Bq⋅m–3, with a higher value in CDW, which is ascribed to radiogenic production from 226Ra and subsequent lateral transport. Occasionally a high value of T210Po occurs in deep water (>3.00 Bq⋅m–3), which may be caused by the remineralization of POM. The disequilibria between T210Po and T210Pb appears throughout the water column at most stations. The average T210Po/T210Pb)A.R. in the euphotic zone is 0.66, reflecting the effect of strong particle scavenging. There is a good positive correlation between the solid-liquid ratio of 210Po and POC, while 210Pb does not, indicating that particulate organic matter regulates the biogeochemical cycle of 210Po around Prydz Bay. Based on the 210Po/210Pb disequilibria, the export flux of POC in the water column is estimated to be 0.8–31.9 mmol m–2 d–1, with the higher values in the shelf.
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INTRODUCTION

210Po (T1/2 = 138.4 days) and 210Pb (T1/2 = 22.3 years) are radionuclides in 238U decay chain. Naturally occurring 210Po is a β–-decay product of 210Pb via short-lived 210Bi (T1/2 = 5.0 days), and 210Pb is produced throughout 226Ra decay via several short-lived isotopes (222Rn, 218Po, 214Pb, etc.). 210Po mainly comes from in-situ decay of 210Pb in seawater, and 210Pb has three sources: atmospheric deposition, terrestrial runoff, and in situ production via 226Ra decay (Bacon et al., 1976; Moore and Smith, 1986; Nozaki et al., 1997; Wei et al., 2011; Kaste and Baskaran, 2012). Unlike 210Pb mainly being adsorbed to particle surfaces, 210Po is additionally assimilated by phytoplankton (Nozaki et al., 1976; Cochran, 1992; Verdeny et al., 2009). The behavior difference results in a depletion of 210Po as compared to 210Pb in water column, which provides a tool for quantifying the adsorption rate by particles, and export flux on a seasonal-to-decadal timescale (Fisher et al., 1983; Cherrier et al., 1995; Stewart et al., 2005; Rigaud et al., 2014; Tang et al., 2019).

The Southern Ocean divides the polar parts from the warm tropical ocean, including the southern part of the Pacific, Atlantic, and Indian Oceans. Although it represents only 10% of the ocean surface area, it accounts for approximately 25% of the oceanic uptake of atmospheric CO2 (Takahashi et al., 2002; Arrigo et al., 2008). The Prydz Bay, located in the Indian sector of the Southern Ocean, is the third largest bay in the Antarctica, following the Weddell Sea and the Ross Sea. Previous studies on 210Po and 210Pb in the Southern Ocean mainly focused on the Antarctic Circumpolar Current (ACC) (Shimmield et al., 1995; Friedrich and Rutgers van der Loeff, 2002), there is still very little research on Prydz Bay. 210Po/210Pb and 234Th/238U disequilibria have been used to estimate POC export flux in the Southern Ocean, but the results obtained by the two methods are sometimes different. The POC export fluxes estimated by 210Po/210Pb disequilibria were significantly lower than those by 234Th/238U disequilibria in the Bellingshausen Sea (Shimmield et al., 1995). In contrast, the POC export fluxes estimated by the two methods were similar in the ACC (Rutgers van der Loeff et al., 1997). Therefore, comparing the two methods not only helps to deepen the understanding of their applicability, but also helps to more accurately understand the temporal and spatial variability of the POC export flux.

Here, we report the activity concentrations of 210Po and 210Pb around Prydz Bay, including dissolved 210Po (D210Po), particulate 210Po (P210Po), dissolved 210Pb (D210Pb), and particulate 210Pb (P210Pb). The main objectives include: (1) revealing the distribution of 210Po and 210Pb around Prydz Bay; (2) assessing the factors affecting the disequilibria between 210Po and 210Pb; and (3) quantifying the export flux of POC via 210Po/210Pb disequilibria, and compared with the result by 234Th/238U disequilibria.



MATERIALS AND METHODS


Sampling

Seawater sample was collected using a Teflon-coated Niskin bottle assembled on a Sea-Bird SBE-911 rosette system (Sea-Bird Electronics Inc., United States) from January 31 to February 3, 2013 onboard R/V XUELONG. A total of 104 water samples (about 5 L each) was collected at different depths at six stations on the transect P7, covering the continental shelf (water depth from 200 to 400 m), continental slope (water depth of about 1,000 m), and the open ocean (water depth of about 3,500 m) (Figure 1). The water sample was filtered through a 0.4 μm polycarbonate membrane to separate the dissolved and particulate phases. The filtrate was acidified to pH <2 with approximately 20 mL concentrated HCl immediately. The particulate matter was frozen and stored at −20°C for further processing in the onshore laboratory.
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FIGURE 1. Sampling locations around Prydz Bay. Stations P7-15, P7-14 and P7-11 are located in the shelf, station P7-09 is located in the slope, and stationsP7-07 and P7-05 are located in the basin.




Measurements

Temperature and conductivity were measured by SBE-911 CTD, the accuracy of which was 0.001°C and 0.0003 S/m, respectively. The water sample used for nutrient determination was filtered through a 0.45 μm cellulose acetate membrane and stored in a 100 mL acid-cleaned HDPE bottle by adding saturated HgCl2 solution. The nitrate (NO3-N), phosphate (PO4-P), and silicate (SiO3-Si) was determined by the zinc-cadmium reduction method, molybdenum-blue method, and molybdate-blue method, respectively (Grasshoff et al., 1983).

The particulate matter in the water sample (5–10 L) was filtered on a pre-combusted 47 mm GF/F membrane (450°C, 4 h) for POC measurement. After the sample was dried at 60°C, it was stored frozen at −20°C. In the laboratory, the filter was fumigated with concentrated HCl for 48 h to remove inorganic carbonate. The sub-sample was encapsulated in a tin boat, and sent to the elemental analyzer (NC2500, Carlo Erba) for POC determination. The detection limit of POC is 0.1 μmolC, and the precision is 0.2% (Ren, 2015).

The dissolved sample was enriched with 210Po by co-precipitating with Fe(OH)3, and purified by spontaneous deposition on a silver disk (4 h at 85°C). The mixed acid of HNO3, HClO4, and HCl was used to digest the particulate sample, and the subsequent procedure was the same as that of the dissolved sample. The radioactivity of 210Po was counted by an alpha spectrometer (Octête® Plus, EG&G) in Xiamen University. After the first self-deposition of 210Po, the sample solution was left for more than 9 months, and the second spontaneous deposition of 210Po was performed to determine the radioactivity of 210Po produced by the decay of 210Pb (Yang, 2005).

The radioactivity of 210Po in the sample was calculated by correcting the 210Po activity measured from the first self-deposition to the sampling time point. The calculation formula is as follows:
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where [image: image] is the activity concentration of 210Po at the time of sampling (Bq⋅m–3); [image: image] is the activity concentration of 210Po at the time of first self-deposition (Bq⋅m–3); t0 represents the time interval from sampling to the first self-deposition; R2 represents the chemical recovery of 210Po, as determined by the 209Po tracer; B denotes the blank in the analysis process.

In the calculation of 210Pb activity, considering that 210Pb has a long half-life (22.3 years) and the time interval from sampling to co-precipitation is short, the effects of 210Pb decay and ingrowth from sampling to co-precipitation could be ignored. Therefore, the 210Pb activity was corrected back to the time point of co-precipitation. The calculation formula is as follows:
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where [image: image] is the activity of 210Pb at the time point of co-precipitation (that is, the activity of 210Pb in the sample, Bq⋅m–3); [image: image] is the 210Po activity measured from the second self-deposition sample (Bq⋅m–3); λ1 and λ2 are the decay constants of 210Pb (0.031 a–1) and 210Po (1.828 a–1), respectively; t1 and t2 represent the time interval from co-precipitation to the first self-deposition and the time interval from the first to second self-deposition, respectively; R1 represents the chemical recovery of 210Pb, which was determined by the stable Pb content measured by an atomic absorption spectroscopy; B represents the blank in the analysis process.

The error of 210Po and 210Pb activity reported here is ±1σ counting uncertainty.



Estimation of POC Export Flux

Friedrich and Rutgers van der Loeff (2002) found that 210Po activity has a stronger correlation with POC and biogenic silica in the Southern Ocean, indicating that 210Po/210Pb disequilibria is a reliable method for estimating the export flux of POC in the Southern Ocean. Similar to the 234Th approach (Buesseler et al., 1992, 2006; Stewart et al., 2007), the export flux of POC is calculated by multiplying the export flux of P210Po (i.e., the removal flux of 210Po) by the POC/P210Po ratio at the export interface (Shimmield et al., 1995). This is an empirical approach. It is not necessary to assume that POC and P210Po have the same residence time. The calculation equation is as follows:
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where FPOC and FP210 Po represent the export flux of POC and P210Po, respectively; [image: image] is the ratio of POC to P210Po at the export interface.

The FP210 Po was calculated by a classical steady-state irreversible scavenging model after ignoring the atmospheric deposition flux of 210Po (Bacon et al., 1976; Friedrich and Rutgers van der Loeff, 2002; Masqué et al., 2002; Yang et al., 2006).

Here, the integration depth interval of P210Po export is delineated according to the physical properties of water masses, namely, from 0 to 25 m (the mixed layer), from 50 to 200 m (the thermocline water), from 300 to 1,000 m (the CDW), and from 2,000 m to the bottom (the AABW), respectively. As the water depth of the continent shelf is relative shallow, it is divided into surface (from 0 to 25 m), subsurface (from 50 to 100 m), and deep layer (from 200 m to the bottom).




RESULTS


Hydrological Characteristics

The temperature in the upper water increased to the north outside Prydz Bay (Figure 2A). The summer surface water in the top 50 m layer has a salinity of about 33.8 and a maximum temperature of 0.8°C. Below the surface water, extremely low temperature and higher salinity appear, which are characteristics of the Winter Water (WW, T < −1.5°C, 34.2 < S < 34.56). The formation of the WW is due to the weak mixing in the upper waters in summer, which causes the water to retain the winter characteristics for a long time (Pu et al., 2002a). The water with a depth of 500–2,000 m shows the characteristics of high temperature and high salinity of Circumpolar Deep Water (CDW) (T > 1.0°C, 34.5 < S < 34.75, Figures 2A,B). It is widely distributed in a large area around the continental shelf and is also one of the main water masses of Antarctic Circumpolar Current (ACC) (Pu et al., 2002b). Below the CDW (>2,000 m), the water mass with the highest salinity and the low temperature is called Antarctic Bottom Water (AABW), and its average temperature and salinity are −0.153 ± 0.022°C and 34.651 ± 0.001, respectively.
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FIGURE 2. The sectional distribution of (A) temperature (°C), (B) salinity (psu), (C) nitrate (μmol dm–3), (D) phosphate (μmol dm–3), (E) silicate (μmol dm–3), and (F) POC (μmol dm–3).




Nutrients

Nitrate gradually increases from the shelf to the open ocean, while nitrite shows an increasing trend from north to south. Although the concentration of nitrate in surface water is low, it is still detectable. The concentration of nitrate in the bottom water increases, which may be due to the nitrification of ammonia released from the sediments (Figure 2C). The concentration of phosphate in the upper ocean is low, but it remains abundant at depths deeper than the mixed layer (Figure 2D). The vertical change of silicate in the shelf (Stns. P7-15, P7-14, and P7-11) is not obvious, but the profiles in the slope and the open ocean are different, in which the silicate increases as the depth increases. The highest silicate concentration appears near the bottom, which is attributed to the dissolution of biogenic silica in the sediments and subsequent transport to the overlying water (Figure 2E).



POC

The POC concentration varies from 0.35 to 5.37 μmol/dm3, with an average of 1.51 μmol/dm3. The POC concentration in surface water falls in a range of 1.77–5.37 μmol/dm3, with an average of 3.83 μmol/dm3. In the upper 100 m water column, POC decreases significantly as the depth increases, which is resulted from the photosynthesis of phytoplankton and the degradation of organic matter. In addition, the POC concentration in the shelf is higher than those in the slope and the open ocean, reflecting the spatial variation of primary productivity. Note that the POC concentration in near-bottom water tends to increase, especially at stations P7-05, P7-07, and P7-09, which may reflect the effect of sediment resuspension (Figure 2F).



210Po and 210Pb

The activity concentrations of 210Po and 210Pb are shown in Table 1, and the sectional distribution along ∼78.0 °E is shown in Figure 3.


TABLE 1. The activity concentration of dissolved and particulate 210Po and 210Pb, and the activity ratio of T210Po/T210Pb.
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FIGURE 3. The sectional distribution of (A) dissolved 210Po (Bq/m3), (B) particulate 210Po (Bq⋅m–3), (C) total 210Po (Bq⋅m–3), (D) dissolved 210Pb (Bq⋅m–3), (E) particulate 210Pb (Bq⋅m–3), and (F) total 210Pb (Bq⋅m–3).


The activity concentration of D210Po ranges from 0.47 to 3.20 Bq⋅m–3, with an average of 1.44 ± 0.15 Bq⋅m–3. The D210Po in the shelf water (avg. 1.04 ± 0.11 Bq⋅m–3) is lower than those in the slope (avg. 1.51 ± 0.15 Bq⋅m–3) and open ocean (avg. 2.08 ± 0.20 Bq⋅m–3). Compared with other water masses, the D210Po in CDW is higher (p < 0.0001, one-way ANOVA, Figure 3A). The activity concentration of P210Po varies in a wide range from 0.03 to 0.66 Bq⋅m–3, with an average of 0.18 ± 0.04 Bq⋅m–3. The vertical variation of P210Po in the shelf decreases as the depth increases. The activity concentration of P210Po in the slope is mostly stable at about 0.13 Bq⋅m–3, but an abnormally high value appears at a depth of 2,000 m at station P7-07. The activity concentration of P210Po in surface water (upper 50 m) of the open ocean is higher than that in the shelf and slope, with an average of 0.27 ± 0.06 Bq⋅m–3 (Figure 3B). The activity concentration of T210Po is mainly contributed by D210Po, and its value is between 0.49 and 3.34 Bq⋅m–3 (avg. 1.63 ± 0.15 Bq⋅m–3). The T210Po in the surface and the bottom layer is lower than that in the CDW. In general, the T210Po shows a decreasing trend from open ocean (avg. 2.26 ± 0.21 Bq⋅m–3) to the slope (avg. 1.71 ± 0.16 Bq⋅m–3) and the shelf (avg. 1.21 ± 0.12 Bq⋅m–3) (Figure 3C). This spatial variation is attributed to the high biological productivity and the active sediment resuspension in the shelf, resulting in the rapid scavenging of particle-reactive radionuclides (Chen et al., 2012). The vertical change of T210Po in the shelf is small, which indicates that the particle scavenging is strong in the entire water column.

The distribution pattern of D210Pb is generally similar to that of D210Po (Figures 3A,D). The variation range of D210Pb is from 1.15 to 2.97 Bq⋅m–3, with the lowest in the shelf and the highest in the open ocean (p < 0.001, one-way ANOVA, Figure 3D). The D210Pb is lower in surface water due to more effective particle scavenging, while the D210Pb increases in the subsurface and deep water. The higher D210Pb in CDW is affected by the remineralization of particulate organic matter (Bacon et al., 1976; Somayajulu and Craig, 1976; Thomson and Turekian, 1976; Wei et al., 2011). The activity concentration of P210Pb ranges from 0.07 to 0.59 Bq⋅m–3. In the shelf, the P210Pb is higher in surface water, and lower in deep water (0.07–0.11 Bq⋅m–3) (Figure 3E). The activity concentration of T210Pb ranges from 1.26 to 3.16 Bq⋅m–3, with an average of 2.20 ± 0.17 Bq⋅m–3 (Table 1). The T210Pb in the surface water is the lowest, especially in the shelf (Figure 3F), indicating that 210Pb is effective scavenged by particles. The activity concentration of T210Pb in CDW (2.49–3.02 Bq⋅m–3) is higher than that in other water masses (p < 0.002, one-way ANOVA), which is consistent with the highest T210Pb (∼3 Bq⋅m–3) in ACC reported previously (Rama et al., 1961; Somayajulu and Craig, 1976; Chung and Applequist, 1980; Chung, 1981).




DISCUSSION


210Po/210Pb Disequilibria

The activity ratio of T210Po/T210Pb ranges from 0.36 to 1.33, and shows a widespread deficiency of 210Po with respect to 210Pb around Prydz Bay (Figure 4). The average value of T210Po/T210Pb)A.R. in the upper 100 m water column is 0.66, reflecting the influence of biological activity and particle scavenging. Compared with 210Pb, organisms preferentially absorb 210Po, and organic tissues have a stronger affinity for 210Po (Bacon et al., 1976; Cochran et al., 1983; Stewart and Fisher, 2003; Stewart et al., 2007; Yang et al., 2009), which leads to more effective removal of 210Po from the euphotic zone. Under the combined action of biological absorption and particle adsorption, the T210Po/T210Pb ratio in the shelf is lower than those in the slope and open ocean (compare the right and left panels in Figure 4), which is consistent with the observed low nutrients and high POC in the shelf (Figure 2).
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FIGURE 4. Profiles of T210Po/T210Pb activity ratio at sites around Prydz Bay. The left panel is stations in the slope and the basin, and the right panel is stations in the shelf.


Some previous studies have shown a secular equilibrium is reached between 210Pb and 210Po in water deeper than 1000 m, such as the North Atlantic (Bacon et al., 1976), the South Pacific (Turekian and Nozaki, 1980), and the Indian Ocean (Chung and Finkel, 1988). However, a large deficiency of 210Po has been found in deep waters of some seas, such as the East China Sea and the Philippine Sea (Nozaki et al., 1990), the equatorial Pacific and the Bering Sea (Nozaki et al., 1997), the Sargasso Sea (Kim and Church, 2001), and the South China Sea (Chung and Wu, 2005; Hong et al., 2013). In this study, most of the 210Po in deep water around Prydz Bay are in equilibrium with 210Pb, but there is an excess or deficiency of 210Po at certain depths at some sites (Figure 4). These disequilibria may be caused by differences in particle composition. Hong et al. (2013) found a positive correlation between the flux of P210Po and the flux of calcium carbonate, while no correlation between P210Pb and calcium carbonate. However, Niedermiller and Baskaran (2019) found a significant negative correlation between the inventories of T210Pb and particulate Al, but no correlation between 210Po and particulate Al, suggesting much less removal of 210Po by lithogenic material compared to 210Pb. Therefore, detailed mineralogical and chemical composition of particles play an important role in deep water scavenging.

The activity ratios of T210Po/T210Pb are less than 1.0 in the bottom water of some sites, such as Stns. P7-15, P7-14, and P7-07 (Figure 4), indicating that boundary scavenging results in preferential removal of 210Po over 210Pb. The resuspension of sediments may increase the concentration of particles in near-bottom water, thereby enhancing the scavenging and removal of 210Po in the benthic boundary layer, similar to what happens in the euphotic zone. Ma (2006) found that 210Po in the bottom water of the Northeast Pacific was depleted relative to 210Pb (the average ratio of T210Po/T210Pb was 0.64), which was attributed to the effect of benthic boundary scavenging.



High Activity Concentrations of 210Po and 210Pb in CDW

The CDW around Prydz Bay mainly exists in a depth range of 200–2,000 m, and it upwells during southward movement due to the effect of the seabed topography (Smith et al., 1984; Pu and Dong, 2003; Pu et al., 2007). Our results show that CDW has the highest activity concentrations of 210Po and 210Pb compared with other water masses (p < 0.01, one-way ANOVA, Figure 5). The reason is worthy of in-depth study.
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FIGURE 5. Scatter plots of T210Po (left panel) and T210Pb activity concentration (right panel) versus potential temperature and salinity.


The half-life of 210Pb is relatively long (22.3 years), so lateral transport is one of the important factors affecting its redistribution in seawater (Smoak et al., 1996; Moran et al., 1997). Ku and Lin (1976) measured 226Ra in deep water south of the Antarctic Convergence Zone, and found that the distribution of 226Ra is related to the latitudinal transport of the circumpolar current from the Pacific sector to the Atlantic sector. Hanfland (2002) found that the highest activity concentration of 226Ra (about 3.08 Bq⋅m–3) was stable in the ACC. 226Ra is a soluble radionuclide with a half-life of 1602 years. The movement of ACC around the Antarctic continent causes 226Ra to accumulate in the CDW and present a uniform characteristics. Therefore, the high activity concentration of 210Pb in CDW is attributed to the in situ decay of 226Ra.

However, for the 210Po in CDW, only considering the in situ production by 210Pb decay cannot explain the 210Po excess we observed (Figure 5). Due to the short half-life of 210Po (138.4 days), the horizontal transport of the water mass cannot retain the excess signal of 210Po for a long time. Therefore, the 210Po in CDW is more likely to be supplied by local source. In the process of remineralization of POM, both 210Po and 210Pb are released into the dissolved phase, but the priority of 210Po can lead to an excess of 210Po over 210Pb, because more 210Po is bound to organic matter (Shimmield et al., 1995; Nozaki et al., 1997; Wei et al., 2011). Therefore, the remineralization of particulate organic matter is most likely to be responsible for the high 210Po and its excess in the CDW. A similar situation was observed in the 100–300 m layer in the eastern North Atlantic and the intermediate layer in the northwestern North Pacific, which was attributed to the remineralization of biogenic particles or measurement errors (Bacon et al., 1976; Kawakami et al., 2008).



Estimates of POC Export Flux

Our results show that there is a good positive correlation between the solid to liquid ratio of 210Po (i.e., P210Po/D210Po) and POC, while 210Pb does not (Figure 6). This confirms that particulate organic matter regulates the biogeochemical cycle of 210Po, and it is feasible to use 210Po/210Pb disequilibria to estimate POC export flux around Prydz Bay.
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FIGURE 6. The relationship between P210Po/D210Po ratio, P210Pb/D210Pb ratio, and POC concentration (A: P210Po/D210Po ratio vs POC, B: P210Po/D210Po ratio vs POC).


Based on the 210Po/210Pb disequilibria, the POC export flux in the entire water column varies from 0.8–31.9 mmol⋅m–2⋅d–1, among which the variation ranges in the open ocean, the slope and the shelf are 0.8–20.2, 1.5–4.8, and 4.8–31.9 mmol⋅m–2⋅d–1, respectively (Table 2). Note that the calculated FPOC at station P7-15 is negative, which is caused by a slight excess of 210Po over 210Pb. In this case, the removal flux of 210Po calculated by the model may not represent the real situation and will not be considered in the subsequent discussion. As shown in Figure 7, the POC export flux in the upper water column in the shelf is higher than that in the slope and the open ocean (p < 0.05, one-way ANOVA). The high POC export is consistent with active biological activities in the shelf. Previous studies have shown that the Chl-a concentration and primary productivity in Prydz Bay are significantly higher than those outside the bay, and there is a positive correlation between the Chl-a and POC in the euphotic zone (Liu et al., 2002; Qiu et al., 2004; Cai et al., 2005; Han et al., 2011; Yu et al., 2011; Sun et al., 2012). The active photosynthesis in the upper water enhances the export of POC to the deep sea in Prydz Bay. In fact, the POC export flux in deep water in the shelf (such as Stn. P7-14 and P7-15) is also higher than that in the slope and the open ocean.


TABLE 2. POC export flux at different depth interfaces estimated from 210Po/210Pb disequilibria.
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FIGURE 7. The export flux of POC at different depth interface in the shelf, slope, and basin.


In addition to 210Po/210Pb disequilibria, 234Th/238U disequilibria have also been widely used to estimate the POC export flux in the euphotic zone (Murray et al., 1989, 2005; Shimmield et al., 1995; Kim and Church, 2001; Friedrich and Rutgers van der Loeff, 2002; Stewart et al., 2007; Buesseler et al., 2008; Wei et al., 2011). However, the different half-lives of 234Th and 210Po and their different affinities for particulate matter (Po >> Pb ≈ Th >> Ra > U) may cause differences in the POC export fluxes estimated by the two methods (Kharkar et al., 1976; Murray et al., 2005). It is of great significance to compare the POC export flux obtained by the two methods. Since most of the reports based on 234Th/238U disequilibria are concerned with the POC export at a depth of 100 m, here we focus on comparing the POC export at this interface. Based on 210Po/210Pb disequilibria, POC export flux at 100 m depth interface around Prydz Bay is estimated to be in a range of 4.2–9.0 mmol m–2 d–1, with an average of 6.9 mmol m–2 d–1, which is comparable to most previously reported values in Antarctica seas, whether based on 234Th/238U or 210Po/210Pb disequilibria (Table 3). Yang et al. (2009) estimated by 210Po/210Pb disequilibria that the POC export flux at a site (64.00 °S, 73.00 °E) outside Prydz Bay is 2.3 mmol m–2 d–1, which is slightly lower than this study. Note that its site is located in the northern part of our sites and is more affected by the ACC upwelling, its lower POC export is reasonable. In contrast, the reported POC export fluxes at the 100 m interface in Prydz Bay via 234Th/238U disequilibria (17.1−117.2 mmol m–2 d–1, avg. 63.5 mmol m–2 d–1, He et al., 2007) were 9.2 times of our estimates on average, even though the sampling season and locations are close. We found that the POC concentration in the He et al. (2007) (avg. 17.5 μmol/dm3) was on average 8.3 times that of this study (avg. 2.1 μmol/dm3), which resulted in a significant increase in their POC export flux. Considering that biological activities in the Antarctic seas often show large interannual and temporal variability, it cannot be ruled out that the changes in phytoplankton growth have led to such large differences.


TABLE 3. The POC export flux at a depth of 100 m in the Southern Ocean estimated from 234Th/238U to 210Po/210Pb disequilibria.
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The difference in the POC export flux obtained between the 234Th method and the 210Po method has also been found in the study of the equatorial Pacific Ocean (Murray et al., 1989), the Mediterranean Sea (Stewart et al., 2007), the Bellingshausen Sea (Shimmield et al., 1995), and the Antarctic Circumpolar Current (Friedrich and Rutgers van der Loeff, 2002; Verdeny et al., 2009). The difference in the time scale and biogeochemical behavior between 234Th and 210Po is proposed to be responsible for this. The half-life of 234Th is relatively short (24.1 days), it records the export of particulate matter in a short time scale, including occasional blooms in productive sea areas, while 210Po has a longer half-life (138.4 days), and its record is more likely to be smoothed and homogenized. In addition, in the one-dimensional steady-state model for calculating the export flux of nuclides, the physical processes such as advection, upwelling, and horizontal transport are ignored. This may have different effects on different nuclides, leading to deviations in the calculated export flux. For example, the upwelling brings deep water with a high activity concentration of 210Po or 234Th to the surface, which underestimates the POC export flux. The underestimation of the 210Po method may be greater because 210Po has a longer half-life. The difference in biogeochemical behavior between 234Th and 210Po is another possibility (Fisher et al., 1983; Murray et al., 2005). In the Bellingshausen Sea, the POC export flux estimated by the 234Th method is higher than that by the 210Po method, which is attributed to the fact that 234Th tends to be adsorbed by lithogenic materials (Shimmield et al., 1995). Friedrich and Rutgers van der Loeff (2002) found that in the ACC, 234Th is easier to bind with biogenic silica, while 210Po has a stronger affinity for POC. Murray et al. (2005) pointed out that 210Po can be absorbed into cells by organisms, while 234Th is only adsorbed on particle surface, thereby 210Po may be more conducive to tracking the export of POC. As the phytoplankton around Prydz Bay grows rapidly in summer (Liu et al., 2002; Qiu et al., 2004; Cai et al., 2005), 210Po/210Pb disequilibria is an ideal method to estimate the POC export flux in this case.

Although the values of POC export flux estimated by the two methods are different, their spatial distributions are similar around Prydz Bay, showing that the POC export flux at the 100 m interface in the shelf is higher than those in the slope and open ocean (Figure 7). It is worth noting that He et al. (2007) observed an extremely high POC export flux at 50 m in the slope, which was attributed to the rising CDW transporting nutrients to the surface, stimulating the primary productivity and the removal of 234Th. However, judging from our 210Po/210Pb results, the upwelling of CDW may lead to an underestimation of 210Po export flux due to the impact of organic matter remineralization. In addition, we noticed that the POC/P210Po ratios in the slope are closer to those in the shelf. Therefore, horizontal transport across the shelf may partially compensate for the underestimated 210Po export’s impact on the POC export flux.




CONCLUSION

In this study, dissolved and particulate 210Po and 210Pb were measured in the entire water column around Prydz Bay. Our results show that the D210Po and D210Pb in the shelf are lower than those in the slope and the open ocean, indicating an enhanced particle scavenging in the shelf. Among the various water masses, the CDW has the highest activity concentrations of T210Pb and T210Po, reflecting the effects of 210Pb decay and POM remineralization. Our results show that there is a good positive correlation between the solid-liquid ratio of 210Po and POC, while 210Pb does not. This indicates that particulate organic matter regulates the biogeochemical cycle of 210Po, and 210Po/210Pb disequilibria is a reliable method for estimating the POC export flux around Prydz Bay. The estimated POC export flux based on 210Po/210Pb disequilibria ranges from 0.8 to 31.9 mmol m–2 d–1. The higher POC export at the 100 m interface in the slope is attributed to the horizontal transport across the shelf. Although the difference in biogeochemical behavior and time scale between 210Po and 234Th may affect the estimated POC export flux, the spatial variation of POC export flux estimated by these two methods is consistent, which shows that 210Po/210Pb disequilibria is a reliable method for POC export.
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2,000 2.65 + 0.24 0.66 + 0.09 3.31+0.26 2.32 £ 0.20 0.16 £ 0.02 2.49 +£0.20 1.33+0.15
3,200 0.73+0.10 0.25 + 0.05 0.98 + 0.11 1.89 +£0.18 0.21 +0.03 2.09 +£0.18 0.47 +£0.07
P7-09 (78.029 °E, 66.511 °S, 1,628 m)

0 1.21+0.14 0.18 + 0.06 1.39 +0.15 2.11£0.16 0.37 £ 0.04 248 £0.16 0.56 + 0.07
25 114 +£0.13 0.18 + 0.06 1.33£0.15 1.89 £ 0.17 0.37 £ 0.04 2.26 £0.18 0.59 + 0.08
50 0.95 £ 0.12 0.17 £ 0.05 112 4£0.13 2.01+0.16 0.15 + 0.04 216 +£0.17 0.52 + 0.07
75 1.05 + 0.10 0.09 + 0.03 114 £0.10 1.96 £ 0.15 0.14 £ 0.02 210 +0.15 0.55 + 0.06
100 1.20 £ 0.10 0.03 + 0.02 1.23 £ 0.10 1.86 £ 0.15 0.14 £ 0.02 2.00 £0.15 0.62 £ 0.07
200 1.56 +0.13 0.12 £ 0.02 1.69 £ 0.13 1.82 £ 0.15 0.08 + 0.01 1.90 £0.15 0.89 £ 0.10
300 123 +0.13 0.11 £0.03 1.35+0.14 1.83 £ 0.15 0.13 £ 0.02 1.96 +£0.15 0.69 + 0.09
500 1.55 +0.13 0.15 + 0.04 1.70 £ 0.14 1.77 £0.15 0.22 +0.03 1.99 £0.15 0.86 +0.10
1,000 2.98 +£0.22 0.15 + 0.04 3.13+0.22 2.56 +0.18 0.16 + 0.02 2.72 +£0.18 115+ 0.11
P7-11 (78.019 °E, 66.813 °S, 334 m)

0 110+ 0.12 0.51 + 0.1 1.62 + 0.16 1.50 £ 0.12 0.59 + 0.06 2.09 +0.13 0.77 £ 0.09
25 1.26 +0.15 0.27 + 0.06 1.52 +0.16 2.02+0.17 0.15 + 0.02 217 £0.17 0.70 + 0.09
50 114 £0.11 0.30 + 0.06 1.44 +0.12 2.06 +0.17 0.18 + 0.02 224 +£0.17 0.64 + 0.07
75 1.18 £ 0.11 0.12 £ 0.02 1.29 + 0.11 2.04 +0.17 0.09 + 0.01 212 +£0.18 0.61 £ 0.07
100 1.40 £ 0.12 0.12 £ 0.03 152 +0.13 2.31£0.19 0.07 + 0.01 2.38 £0.19 0.64 + 0.07
200 1.68 £ 0.15 0.16 £ 0.03 1.85+0.15 1.60 £ 0.13 0.09 + 0.01 1.68 £0.13 1.10£0.12
P7-14 (77.187 °E, 67.436 °S, 312 m)

0 1.06 £ 0.12 0.21 +0.04 1.26 +0.12 1.77 £0.15 0.18 £ 0.02 1.95+0.15 0.65 + 0.08
25 1.11£0.14 0.29 + 0.07 1.39 +0.15 1.74 +£0.15 0.24 +0.03 1.97 £0.15 0.71+£0.10
50 0.84 + 0.09 0.13+£0.03 0.96 + 0.10 1.64 +£0.13 0.08 + 0.01 1.72 £0.13 0.56 + 0.07
75 0.86 £ 0.10 0.08 + 0.03 0.94 + 0.11 1.70 £0.14 0.10 + 0.01 1.80 £ 0.14 0.52 + 0.07
100 0.90 + 0.10 0.04 + 0.02 0.94 +0.10 1.81+£0.14 0.08 + 0.01 1.89 +£0.14 0.50 + 0.06
200 0.73 £ 0.08 0.09 + 0.03 0.81 +0.09 1.49 + 0.11 0.08 + 0.01 1.57 £ 0.11 0.52 + 0.07
303 0.47 +£0.08 0.03 £ 0.03 0.49 + 0.09 1.26 + 0.09 0.12 £ 0.02 1.38 £0.10 0.36 £ 0.07
P7-15 (76.517 °E, 67.984 °S, 436 m)

0 1.11 £0.11 0.47 +0.07 1.58 +0.13 1.29 + 0.10 0.26 + 0.03 1.56 £ 0.10 1.01 £ 0.11
25 1.43+0.14 0.43 + 0.07 1.85+0.15 1.43 £ 0.11 0.11 + 0.01 1.55 £ 0.11 1.20+0.13
50 0.77 £ 0.09 0.07 £ 0.03 0.83+0.10 2.16 £ 017 0.07 + 0.01 2.23 £017 0.37 £ 0.05
75 1.08 £ 0.12 0.08 + 0.03 116 +0.12 1.70 £ 0.12 0.07 + 0.01 1.77 £0.12 0.66 + 0.08
100 0.62 £ 0.08 0.03 + 0.03 0.66 + 0.08 1.76 £0.12 0.07 + 0.01 1.83 £0.13 0.36 £ 0.05
200 1.02 £ 0.09 0.05 + 0.03 1.07 £0.10 1.43 +£0.10 0.10 + 0.01 1.53 +£0.11 0.70 £ 0.08
300 1.26 £ 0.10 0.08 + 0.03 1.34 £ 0.11 1.15 £ 0.11 0.11 + 0.01 1.26 £ 0.11 1.06 +0.13

425 0.87 £ 0.09 0.09 £+ 0.03 0.96 + 0.09 1.39 4+ 0.10 0.11 + 0.01 1.51 +£0.10 0.64 +0.08





OPS/images/fmars-08-701014-t002.jpg
Station Depth interface Fppo POC/P21°Po Fpoc

(m) (Bg-m2d-') (mmolBq~') (mmolm2d-1)
P7-05 25 0.14 £ 0.02 6.8+1.4 1.0+£0.3
200 0.683 £ 0.17 6.3+2.0 40+1.6
1,000 0.97 +£0.83 55+ 1.1 53147
3,493 1.19+1.62 71+1.4 8.4+ 11.6
P7-07 25 0.14 £ 0.02 56+1.3 08+0.2
200 0.74 £ 0.12 56+1.3 42+1.2
1,000 2.32 +£0.72 8.7+24 202+ 8.4
3,200 3.19+1.18 56+1.2 179+ 7.6
P7-09 25 0.183 £ 0.02 11.9+38 15+£05
200 0.60 £+ 0.11 3.0+0.6 1.8+£0.5
1,000 0.95 £+ 0.62 50+1.2 48+3.3
P7-14 25 0.08 £+ 0.02 na? nd
100 0.29 £+ 0.03 21.8+13.2 6.4+ 3.9
303 0.71 £0.05 44.7 + 50.2 31.9+35.9
P7-15 25 —0.02 +0.02 54+0.8 —0.1 £ 0.1
100 0.30 + 0.03 16.0 £ 11.8 48+ 3.6
425 0.87 £ 0.11 96+34 8.4+3.2

and means no data.
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