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The 210Po/210Pb disequilibrium was attempted to reveal the small-scale particle dynamics in the eastern tropical North Pacific. Seawater samples in the full water column were collected from three sites in the Tehuantepec bowl near the East Pacific Ridge for determination of dissolved and particulate 210Po and 210Pb. Our results show that TPo/TPb activity ratios in the full water column at the three sites are less than 1, with an average of 0.56, indicating that the total 210Po in the oligotrophic sea is significantly deficient. The activity ratios of DPo/DPb in the dissolved phase are less than 1, while those in the particulate phase are greater than 1 (except for the bottom 300 m), indicating fractionation between 210Po and 210Pb in the scavenging process. A negative linear relationship between 210Po deficit and silicate proves that biological activities are responsible for 210Po deficiency in the upper 200 m. However, the deficit of 210Po in the bottom 300 m may be caused by the horizontal transport of the hydrothermal plume. After correcting the horizontal contribution, the removal rates of 210Po for the 200–1,500 m and the bottom 300 m layers increased by 7.5–21 and 26.1–29.5%, respectively. Correspondingly, the variation range of the residence time of a total 210Po became smaller. Our calculations suggest that horizontal transport is acting as a stabilizer for small-scale variation in the 210Po deficit in the eastern tropical North Pacific. Our study highlights the need to pay more attention to the small-scale variation of 210Po deficit when applying 210Po/210Pb disequilibria to trace biogeochemical processes, and the mechanism responsible for this variation deserves further study.
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INTRODUCTION

The 210Pb (T1/2 = 22.3 a) in seawater mainly comes from two sources, one is atmospheric deposition, and the other is in situ decay of 226Ra in seawater. The radioactive decay of 222Rn in the atmosphere produces 210Pb, which is adsorbed by aerosols and sinks into the ocean. Atmospheric deposition is the main source of 210Pb in surface seawater. Unlike the upper water that is affected by atmospheric deposition, 210Pb in deep water is mainly produced by the in situ decay of 226Ra (Cochran, 1992). The source of 210Po (T1/2 = 138.4 days) is mainly produced by the in situ decay of its parent 210Pb in seawater. Atmospheric deposition contributes a little to 210Po in surface seawater, since the activity ratio of 210Po/210Pb in atmospheric aerosols is as low as about 0.1 (Burton and Stewart, 1960; Lambert and Nezami, 1965; Bacon et al., 1976), which is significantly lower than that in surface water (∼0.5, Shannon et al., 1970; Nozaki et al., 1976).

Although both210Po and210Pb are particle-reactive nuclides, their biogeochemical pathways are not exactly the same (Chuang et al., 2013; Yang et al., 2013). Previous studies have shown that 210Pb is more likely adsorbed to the cell wall or scavenged by inorganic particles, while210Po is preferentially absorbed by organisms or adsorbed by organic particles (Fisher et al., 1983; Nozaki et al., 1998; Friedrich and Rutgers van der Loeff, 2002). In the process of particle settling, with the remineralization of particulate organic matter, 210Po is preferentially released back into seawater than 210Pb (Bacon et al., 1976; Kadko, 1993). It is estimated that at least 50% of the 210Po exported from the mixed layer is remineralized in the thermocline, while for 210Pb it is less than 5% (Bacon et al., 1976). In comparison, the biogeochemical behavior of 210Po is more similar to that of a nutrient (Bacon et al., 1976; Kharkar et al., 1976; Nozaki et al., 1991; Kadko, 1993). The difference in biogeochemical cycles makes it possible to use210Po/210Pb disequilibrium to track particle dynamics on seasonal or inter-annual time scales in the marine environment.

The disequilibrium between 210Po and 210Pb is common in the euphotic zone because of active biological activities. However, because of the scarcity of particles, 210Po and 210Pb tend to reach radioactive equilibrium in deep water, such as in the North Atlantic (Bacon et al., 1976, 1988), the Pacific (Turekian and Nozaki, 1980), and the eastern and central Indian Ocean (Cochran et al., 1983). Recently, the deficiency of 210Po with respect to 210Pb has been increasingly found in mesopelagic waters, such as in the Sargasso Sea (Kim, 2001), Aleutian Basin (Hu et al., 2014), South China Sea (SCS) (Chung and Wu, 2005; Wei et al., 2014, 2017), and several GEOTRACES stations in the Atlantic Ocean (Church et al., 2012; Rigaud et al., 2015; Tang and Stewart, 2019) and the East Pacific (Niedermiller and Baskaran, 2019). The reason for the deficit of 210Po in deep water is still unclear, but it may be different in different marine environments. For example, the deficit of 210Po in the Sargasso Sea was attributed to the biological uptake of 210Po by bacteria (Kim, 2001). The deficiency of 210Po in the mesopelagic water of the Aleutian Basin was proposed to be caused by enhanced scavenging due to horizontal transport of shelf sediments (Hu et al., 2014). A similar deficiency in the deep SCS was attributed to the episodic settling of biogenic particles (Wei et al., 2014, 2017). Spatial variability arouses the need to expand study areas with different characteristics to deepen our understanding of 210Po/210Pb disequilibria in deep water.

In this study, seawater samples were collected from three adjacent sites within the Tehuantepec bowl (TB) in the eastern tropical North Pacific during the Oceanic Scientific Expedition of China. Dissolved and particulate 210Po and 210Pb were measured to reveal the state of disequilibrium between 210Po and 210Pb. We described the variation of the 210Po deficit on a small spatial scale and discussed the role of oceanic processes, such as horizontal transport and hydrothermal plumes. Several projects, such as GEOSECS and GEOTRACES, have reported disequilibria between 210Po and 210Pb in the Pacific, Indian, and Atlantic. However, as far as we know, there has been no report on the eastern equatorial North Pacific. Our study not only supplements 210Po and 210Pb data in the global ocean but also helps to understand the small-scale variation in particle dynamics.



MATERIALS AND METHODS


Sampling

The seawater samples were collected from the full water column at three sites onboard R/V DAYANG YI HAO from November 11–15, 2003. The sites are located in the TB at the southeast corner of the North Pacific Subtropical Gyre (NPSG; Figure 1). The TB is an area with high surface dynamic height and centered at 13°N, 105°W. It is a shallow feature that occurs almost entirely above the 12°C isotherms. The anti-cyclonic flow around the TB promotes deepening of the isotherm, where the 20°C isotherm is at least 10 m deeper than its surroundings (Kessler, 2006). In the southeast of TB, the cyclonic Costa Rica Dome (CRD) triggers upwelling, creating a nutrient-rich environment that might support tuna and other fisheries (Ichii et al., 2002). The northwestward flow on the east side of the CRD is known as the Costa Rica Coastal Current (CRCC), which continues along the coast into the Gulf of Tehuantepec, where it turns south to flow around the south side of the TB. The CRCC extends deeply into the water column, with an appreciable flow below the thermocline (Kessler, 2006). Our sampling sites are located in the southern part of the TB, which may be affected by the CRCC (Figure 1).
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FIGURE 1. Sampling locations in the eastern tropical North Pacific. The Tehuantepec Bowl is a warm core ring, and the Costa Rica Dome is a cold core ring. Currents are represented in gray fonts, and arrows of different colors indicate the general direction of the currents.


Our sampling sites are confined in a small space, with latitudes between 12.2 and 12.8°N, and longitudes between 103.9 and 104.6°W. The water depths at sites B, D, and F are 3,083, 2,902, and 3,108 m, respectively (Table 1). The sampling depth is from surface to bottom. In particular, two or three samples were collected within 300 m from the seafloor to reveal particle dynamics in the bottom boundary layer. The samples were used to determine dissolved and particulate 210Po and 210Pb, as well as silicate. Temperature and salinity were recorded by CTD (SBE 911; Seabird, United States) during sampling.


TABLE 1. Information for sampling locations in the eastern tropical North Pacific.
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Determination


210Po and 210Pb

The seawater sample (5−8 L) used for 210Po and 210Pb determination was filtered through a 0.2-μm nitrocellulose membrane to separate the particulate from the dissolved phase. The filtrate was immediately acidified with concentrated HCl to pH < 2. The particulate samples were immediately frozen and stored. Back to the onshore laboratory, a known amount of 209Po and Pb2+ spikes, and a Fe3+ carrier was added to the acidified filtrate. After 24 h of mixing, ammonium hydroxide was added to form Fe(OH)3 and co-precipitate 209Po, 210Po, 210Pb, and stable Pb (Church et al., 2012; Rigaud et al., 2013). The precipitate was settled overnight, collected by centrifugation, and dissolved in a 0.5-M HCl solution. Ascorbic acid was added to reduce Fe3+ until the solution became colorless. Subsequently, 1 ml 20% hydroxylamine hydrochloride and 1 ml 25% sodium citrate was added to complex interfering ions and improve the recovery of Po during the electroplating process. 209Po and 210Po were plated on a silver disk at 90°C for 4 h under stirring with a Teflon-coated stirring bar (Yang et al., 2013). For the particulate sample, after adding 209Po and Pb2+ yield tracers, the filter containing particulate matter was digested with a mixed acid solution (HClO4, HNO3, and HF). The subsequent treatment is the same as the dissolved phase. The time from sampling to the separation of 210Po from 210Pb was 50–52 days for the dissolved phase and 91–96 days for the particulate phase. The radioactivity of 209Po and 210Po was counted by alpha spectrometry (Octête PC, Ortec). The recovery of 210Po was quantified by the yield of 209Po. The radioactivity of 210Pb was calculated by measuring 210Po radioactivity after approximately 8 months of storage. When calculating 210Pb activity, a small amount of 209Po and 210Po remaining after the first auto-deposition was corrected. The yield of 210Pb was determined by the added stable Pb, which is measured with an atomic absorption spectrometer. The reported radioactivity of 210Po and 210Pb have been corrected for the ingrowth of 210Po from 210Pb, instrument background, and reagent blank, and have been decay-corrected to the sampling time (Ma et al., 2017).

The radioactivity of 210Po is calculated by calibrating the activity of 210Po measured from the first self-deposition to the sampling time point as follows:
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where [image: image]is the activity concentration of 210Po at the time of sampling (dpm/100 L); [image: image] is the activity concentration of 210Po at the time of first self-deposition (dpm/100 L); t0 represents the time interval from sampling to the first self-deposition; R2 represents the chemical recovery of 210Po, as determined by 209Po tracer; B represents the blank in the experimental process.

The radioactivity of 210Pb was calculated 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, dpm/100 L); [image: image] is the 210Po activity measured from the second self-deposition sample (dpm/100 L); 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; R1represents the chemical recovery of 210Pb, which was determined by stable Pb and the remaining 210Po after first self-deposition; B represents the blank in the experimental process.

The uncertainty of 210Po and 210Pb activity reported here were calculated from the counting error and its propagation. The counting error of dissolved and particulate phases was less than 5 and 10%, respectively.



Silicate

An aliquot of the seawater sample was collected in a high-density polyethylene bottle, and silicate analysis was performed immediately after sampling. Reactive silicate was determined spectrophotometrically by a method involving a metal-reduced silicomolybdate complex (Parsons et al., 1984). The standard solution used for silicate determination was GBW 08647. The analytical uncertainty for reactive silicate was 0.2 μmol/L.



Estimation of 226Ra Activity

Because of the limitation of sampling volume, the specific activity of 226Ra at each layer was not measured in this study. However, the surface data measured at 22 sites in the NPSG on the same voyage showed that the specific activity of 226Ra has a linear positive correlation with silicate (Yang et al., 2007). Taking into account the variation of 226Ra at different depths, the following relationship was used to estimate the specific activity of 226Ra in the upper 200 m at our sites to evaluate 210Pb/226Ra disequilibria and 210Pb atmospheric input: 226Ra (Bq/m3) = 8.4 + 0.12 * [SiO32–] (μmol/L) (Ku et al., 1980).



RESULTS


Hydro-Chemical Parameters

Profiles of temperature and salinity in the full water column at the three sites show similar pictures, with a thin mixing layer and a thick thermocline (Figure 2A). The temperature drops from the bottom of the mixed layer to a depth of 1,500 m, while the salinity increases to a depth of about 200 m, and then drops slightly, resulting in a minimum at a depth of about 1,000 m. This lower salinity is caused by the sinking and transport of Antarctic Intermediate Water (Fiedler and Talley, 2006). The temperature and salinity in the bottom 300 m are very close at the three sites, maintained at 2°C and 34.75, respectively, indicating that the water in the bottom boundary layer is evenly mixed (Figure 2A). Although the profiles of temperature and salinity in the full water column are similar, temperature and salinity in the upper 200 m are somewhat different at the three sites. In the mixed layer (above 20 m), the three sites have similar temperatures but slightly different salinity. The salinity in the mixed layer at site F is the highest (∼33.3), while that at site D is the lowest (∼33.18). The main difference appears in the depth interval from 20 to 100 m. The lowest temperature and highest salinity appear at site D, while the highest temperature and lowest salinity appear at site F. The situation at site B is between sites D and F (Figure 2B). The difference in temperature and salinity indicates that the subsurface water at the three sites is affected by other water masses. The currents in the study area indicate that the subsurface water at site D may be affected by the upwelling of the CRD, while that at site F may be affected by the coastal water transported by the CRCC (Kessler, 2006).
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FIGURE 2. Profiles of temperature, salinity, and silicate at the three sites; panels (A,B) are profiles of temperature and salinity in the full water column and the upper 200 m, respectively; panels (C,D) are the profile of silicate in the full water column and the upper 200 m, respectively.


Silicate at the three sites showed a monotonous increase with depth, reflecting the uptake of silicate by phytoplankton in the euphotic zone and the gradual dissolution of biogenic silica in deep layers (Figure 2C). Below 200 m, the silicate concentrations at the three sites are very close, with slightly higher at depths of 200–1,000 m at site B. The silicate concentration in the bottom 300 m is also very consistent among the three sites, stabilizing at 158.1 ± 2 μmol/L (Figure 2C). A slight difference in silicate in water above 200 m is observed at the three sites (Figure 2D). The silicate concentration above 200 m at site B is higher than that at sites D and F, especially in the mixed layer, which is consistent with low biological productivity in the NPSG. In a depth range of 20–100 m, the silicate concentration at site F is lower than that at site D, which is consistent with the fact that they are affected by coastal water and upwelling water, respectively. The reason why the silicate concentration at site D is lower than that at site B may be that the upwelling silicate from the CRD is consumed by biological uptake during horizontal transport.



210Po

The specific activity of dissolved 210Po (DPo) ranges from 0.87 ± 0.82 to 18.39 ± 1.27 dpm/100 L, with an average of 7.83 ± 4.29 dpm/100 L. DPo accounts for 58% of total 210Po (TPo) on average, with the surface and bottom layers being lower (Table 2). The DPo profiles at the three sites show that the DPo in the upper 1,500 m water column generally increases with an increase in depth, but decreases significantly in the bottom 300 m (Figure 3A). The DPo in the bottom 300 m is close to or even lower than that in the mixed layer. Specifically, the specific activity of DPo in the bottom 300 m at sites B, D, and F are 2.94 ± 1.89, 2.24 ± 0.54, and 4.74 ± 0.34 dpm/100 L, respectively, while those in the mixed layer are 4.85 ± 1.01, 2.12 ± 1.77, and 8.43 ± 3.04 dpm/100 L, respectively. In the upper 200 m water column, the DPo at site B is generally slightly higher than that at sites D and F, which is consistent with low biological productivity in the NPSG (Figure 3B).


TABLE 2. The specific activity of 210Po and 210Pb and activity ratio of 210Po/210Pb in the eastern tropical North Pacific.
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FIGURE 3. Profiles of dissolved 210Po (DPo), particulate 210Po (PPo), and total 210Po (TPo) at the three sites; panels (A,C,E) are profiles in the full water column; panels (B,D,F) are profiles in the upper 200 m.


The average specific activities of particulate 210Po (PPo) at sites B, D, and F are 4.51 ± 1.55, 4.61 ± 1.79, and 4.52 ± 2.18 dpm/100 L, respectively, with the largest variability at site D (Table 2). The PPo in surface water at site F (10.41 ± 1.06 dpm/100 L) is higher than those at site B (6.39 ± 0.61 dpm/100 L) and D (4.42 ± 0.49 dpm/100 L). The PPo at the three sites decreases from the surface to 200 m but differs from 200 to 1,500 m. The PPo at site B remains basically stable, a maximum appears at 500 m at site D, and increases with depth at site F (Figure 3C). The specific activities of PPo in the bottom 300 m at the three sites are close to each other and also close to those in the mixed layer (Figure 3C). In the upper 200 m, the average specific activity of PPo at site F (5.16 ± 3.14 dpm/100 L) is slightly higher than that at site B (4.06 ± 1.74 dpm/100 L) and site D (4.21 ± 1.08 dpm/100 L) (Figure 3D), which supports the possibility of site F being affected by the horizontal transport of coastal water.

The total 210Po (TPo) varies from 5.29 ± 0.96 to 23.63 ± 1.38 dpm/100 L, with an average of 12.42 ± 4.31 dpm/100 L (Table 2). The TPo profiles show a similar pattern among the three sites, generally increasing with depth from the surface, and significantly decreasing in the bottom 300 m (Figure 3E). The specific activities of TPo in the bottom 300 m at sites B, D, and F are 9.11 ± 1.53, 7.37 ± 0.16, and 9.98 ± 0.43 dpm/100 L, respectively, and are significantly lower than those at depths of 500–1,500 m (16.3 ± 5.07, 15.84 ± 5.04, and 16.38 ± 2.52 dpm/100L at sites B, D, and F, respectively). In the upper 200 m, except for the surface layer, the specific activities of TPo at the three sites are close to each other, and the average value at site B (11.99 ± 1.15 dpm/100 L) is slightly higher than that at sites D (10.37 ± 2.32 dpm/100L) and F (10.58 ± 0.91 dpm/100 L). The TPo in surface water differs greatly among the three sites, with the highest being at site F (20.98 ± 1.94 dpm/100L) and the lowest at site D (5.29 ± 0.96 dpm/100 L) (Figure 3F).



210Pb

The specific activity of dissolved 210Pb (DPb) ranges from 9.76 ± 0.66 to 32.95 ± 2.73 dpm/100 L, with an average of 19.31 ± 6.58 dpm/100 L (Table 2). The profiles of DPb in the full water column at the three sites are similar, and have the following characteristics: (i) a minimum appears at a depth of 100–200 m; (ii) DPb increases from 200 to 1,500 m; (iii) in depths from 200 to 1,500 m, the specific activity of DPb at site D is higher than that at sites B and F; (iv) DPb is lowest at the bottom 300 m (Figure 4A). In the upper 200 m water column, the DPb in the mixed layer is higher than those at depths of 20–200 m, and the DPb in the surface water at site B is lower than that at sites D and F (Figure 4B).
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FIGURE 4. Profiles of dissolved 210Pb (DPb), particulate 210Pb (PPb), and total 210Pb (TPb) at the three sites; panels (A,C,E) are profiles in the full water column; panels (B,D,F) are profiles in the upper 200 m.


The specific activity of particulate 210Pb (PPb) falls between 2.06 and 6.8 dpm/100 L (Table 2), accounting for an average of 20% of the total 210Pb (TPb). The PPb decreases from the surface to 200 m, but increases with an increase in depth below 200 m, reflecting the effects of atmospheric deposition and particle scavenging (Figures 4C,D). The average specific activities of PPb at the bottom 300 m at sites B, D, and F are 6.17 ± 0.45, 6.28 ± 0.43, and 6.17 ± 0.68 dpm/100 L, respectively, which are significantly higher than those in other layers. In surface water, the PPb at site B (2.79 ± 0.33 dpm/100 L) is lower than those at sites D (3.62 ± 0.27 dpm/100 L) and F (3.51 ± 0.45 dpm/100 L).

The TPb ranges from 15.2 to 36.46 dpm/100 L, with an average of 22.97 ± 5.96 dpm/100 L (Table 2). The vertical change characteristics of TPb are consistent with DPb, which indicates DPb is the main contributor to TPb (Figures 4E,F).



210Po/210Pb Activity Ratio

The DPo/DPb activity ratio [(DPo/DPb)A.R.] at the three sites varies from 0.03 to 0.81, with an average of 0.42 ± 0.2 (Table 2). These values of less than 1 indicate that, compared with DPb, DPo is preferentially adsorbed by particles during the scavenging process. The vertical pattern of (DPo/DPb)A.R. is similar at the three sites, with low values in the surface and bottom (Figure 5A). The average (DPo/DPb)A.R. in the mixed layer and the bottom 300 m is 0.18 ± 0.1 and 0.32 ± 0.11, respectively. In the upper 200 m, (DPo/DPb)A.R. increases as the depth increases (Figure 5B). In the surface layer and the depths of 200–1,500 m, the order of DPo/DPbA.R. among the three sites is as follows: site F > site B > site D (Figures 5A,B).
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FIGURE 5. Profiles of DPo/DPb activity ratio [(DPo/DPb)A.R.] (PPo/PPb)A.R. and (TPo/TPb)A.R. at the three sites; panels (A,C,E) are profiles in the full water column; panels (B,D,F) are profiles in the upper 200 m.


The PPo/PPb activity ratio [(PPo/PPb)A.R.] at our sites varies from 0.67 to 4.5 in the full water column, with an average of 1.37 ± 0.73. Except for the bottom 300 m, the (PPo/PPb)A.R. in other layers is greater than or close to 1, with an average of 1.51 ± 0.77 (Table 2). The (PPo/PPb)A.R. profiles show the following characteristics: (i) (PPo/PPb)A.R. in the mixed layer is higher, where site F is as high as 2.97 ± 0.56; (ii) a maximum value appears at a depth of 200 or 500 m, where the (PPo/PPb)A.R. at site F is 1.7 ± 0.24, which appears at 200 m, and the (PPo/PPb)A.R. at sites B and D are 1.91 ± 0.29 and 4.5 ± 0.67, respectively, which appears at 500 m; (iii) The (PPo/PPb)A.R. at the bottom 300 m is close to or less than 1, where the average values at sites B, D, and F are 0.94 ± 0.17, 0.87 ± 0.07, and 0.86 ± 0.22, respectively (Figures 5C,D).

The (TPo/TPb)A.R. at all depths of the three sites are less than 1, with an average of 0.56 ± 0.17 (Table 2). Since DPo and DPb are the main contributors to TPo and TPb, respectively, the profile of TPo/TPb at each site is very similar to that of DPo/DPb (Figures 5E,F).



TPb/226Ra Activity Ratio

The activity ratio in the upper 200 m water column at the three sites ranges from 1.4 to 4.19, showing an overall decrease as the depth increases (Figure 6). The (TPb/226Ra)A.R. in the surface water at site B (2.91 ± 0.2) is lower than that at sites D (3.93 ± 0.21) and F (4.19 ± 0.32), indicating that site B is less affected by 210Pb input from atmospheric deposition. The variation of (TPb/226Ra)A.R. in the upper 200 m water column reflects the net effect between atmospheric input and particle scavenging of 210Pb.
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FIGURE 6. Profiles of (TPb/226Ra)A.R. in the upper 200 m at the three sites.




DISCUSSION


Small-Scale Variation in 210Po Deficit

Our study shows that the TPo at the three sites in the equatorial eastern North Pacific is depleted relative to TPb in the full water column, indicating that 210Po is preferentially scavenged from the waters (Figure 5). In order to quantitatively describe the disequilibrium state of 210Po with respect to 210Pb, the deficit of 210Po in each layer is calculated by the following equation: 210Po deficit = TPb–TPo. Subsequently, the trapezoidal integral is used to calculate the integral deficit of 210Po in the full water column or a depth interval. Since integral deficit is affected by integral depth, we further divide the integral deficit by the integral depth to obtain the average deficit of 210Po. Here, the water column is divided into the mixed (above 20 m), subsurface (20–200 m), middle (200–1,500 m), and bottom (bottom 300 m) layers to compare the deficit of 210Po at the three sites. Our calculations show that the integral deficit of 210Po in the full water column varies from 14.54 to 28.77 dpm/cm2, with an amplitude of 1.98 times (Figure 7A). The deficit of 210Po in the full water column observed here is similar to that in the Sargasso Sea (Kim, 2001), but different from the observed radioactive equilibrium in deep waters of the North Atlantic (Bacon et al., 1976, 1988), the Pacific (Turekian and Nozaki, 1980), and the eastern and central Indian Ocean (Cochran et al., 1983). Kim (2001) summarized the results reported in the literature at that time, and divided the sea areas into three categories: oligotrophic (the Sargasso Sea, Philippine Sea), mesotrophic (the equatorial and west Southern Atlantic, east southern Pacific, and east northern Pacific) and eutrophic (the Arabian Sea, Bay of New England, and the Indian Ocean), and found that the deficiency of 210Po in the oligotrophic seas was larger than that in the mesotrophic and eutrophic seas. Recently, Niedermiller and Baskaran (2019) reported 210Po/210Pb disequilibria from near the shore to the oligotrophic ocean along the US GEOTRACES GP16 East Pacific Zonal Transect and found that the (210Po/210Pb)A.R. from 300 m to the sediment/water interface varies among sites, of which 82% is greater than 1.05 or less than 0.95. Our results confirm that 210Po does not reach equilibrium with 210Pb in oligotrophic waters in the equatorial eastern North Pacific.
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FIGURE 7. Deficit of 210Po in different depth intervals at the three sites. (A) Integral deficit of 210Po; (B) average deficit of 210Po.


Although our study sites are very close in space, and the variations of temperature, salinity, silicate, and dissolved and particulate 210Po and 210Pb are generally similar, the deficit of 210Po shows changes on a spatial scale. For example, with the exception of 20–200 m depth, the integral and average 210Po deficits at site F are significantly lower than those at site D. The average 210Po deficit varies by 1.5, 2.7, 1.1, and 2 times at depths of above 20, 200–1,500, and bottom 300 m, and the full water column, respectively, showing a small-scale variation among the three sites (Figure 7).

As far as the waters above 20 m are concerned, the average deficit of 210Po at the three sites is sorted as follows: site D (24.64 ± 1.45 dpm/100 L) > site B (20.18 ± 1.74 dpm/100 L) > site F (15.97 ± 2.01 dpm/100 L) (Figure 7). Interestingly, the order of salinity at these sites is as follows: site D (33.02 ± 0.01) < site B (33.18 ± 0.01) < site F (33.3 ± 0) (Figure 2). This indicates the greater average 210Po deficit in surface water is significantly affected by low salinity water. The local atmospheric deposition at these three sites should be similar because of their spatial proximity. Therefore, the changes in salinity and 210Po deficit in waters above 20 m at the three sites may reflect the impact of horizontal input of coastal water. Active particle scavenging and large atmospheric deposition in coastal areas may lead to a large deficit of 210Po in coastal water. Surface current patterns indicate that the Costa Rica Coastal Current flows along the coast into the Gulf of Tehuantepec, where it turns south to flow around the south side of the TB (Kessler, 2006). This may be the hydrological factor of coastal water affecting our sites. As far as the waters at 200–1,500 and the bottom 300 m are concerned, the average deficit of 210Po at site D is the largest (12.39 ± 2.35 and 8.44 ± 0.91 dpm/100 L, respectively), while that of site F is the smallest (4.67 ± 2 and 7.47 ± 0.92 dpm/100 L, respectively), which is consistent with the westward flow of hydrothermal plume (Fustec et al., 1987). The situation at depths of 20–200 m seems to be slightly different, with the integral and average deficits among the three sites being similar (Figure 7). This may indicate that the plankton at the three sites has a similar ability to scavenge 210Po, or that the deficit at some sites is submerged by horizontal transport. For example, the subsurface (20–100 m) at site D shows the lowest temperature and highest salinity among the three sites (Figure 2), which may be affected by the mixing of CRD upwelling. Because of the strong remineralization of organic matter in deep water in the upwelling zone, the 210Po in seawater may even exceed 210Pb (Thomson and Turekian, 1976; Kadko, 1993). The advection of these waters after rising will lead to a reduction in the 210Po deficit.

Horizontal transport may cause deviations in particle dynamics parameters based on the classical model of 210Po/210Pb disequilibria. In the simplest conceptualization (one-dimensional steady-state model, Bacon et al., 1976), the mass balance equation of TPo ignoring horizontal transport is as follows:

[image: image]

where P is the removal rate of 210Po by particle scavenging (dpm/100 L/a), λPo is the decay constant of 210Po (1.828 a–1); TPb and TPo represent the specific activity of total 210Pb and 210Po, respectively (dpm/100 L). However, when considering horizontal transport, the mass balance equation of TPo is as follows:

[image: image]

where PH is the removal rate of 210Po by particle scavenging considering horizontal transport (dpm/100 L/a), KH is horizontal diffusivity, and l is the scale length. In this study, KH is derived from the relationship between horizontal diffusivity and scale length: [image: image] (Okubo, 1971). The value of l is taken as 1 × 105 m and the resulting KH = 3.6 × 109 m2/a (Kadko, 1993). Under the assumption that the specific activities of TPo and TPb in typical deep seawater are both 20 dpm/100 L, the horizontal transport term can be calculated by KH * (20 – TPo)/l2 (Kadko, 1993).

In the above two cases, the residence time of total 210Po with respect to scavenging and removal is calculated by the following equations:

[image: image]
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where τ and τH represent the residence time of a total 210Po when horizontal transport is ignored and considered, respectively (a), TPo is the activity concentration of TPo (dpm/100 L).

According to Eqs 3–6, P, PH, τ, and τH in the water column at depths of 200–1,500 m and bottom 300 m at the three sites are calculated. In the calculation, TPb and TPo are respectively substituted with the average specific activities of a total 210Pb and 210Po in a certain water column. The calculated values of P, PH, τ, and τH at the three sites are listed in Table 3. After considering the contribution of horizontal transport, the removal rates of 210Po at depths of 200–1,500 m and the bottom 300 m increase by 7.5–21 and 26.1–29.5%, respectively. The greater impact of horizontal transport on the bottom 300 m supports the interference of hydrothermal plumes. After correcting for the effect of horizontal transport, the variation range of the residence time of total 210Po in the bottom 300 m became smaller and stabilized between 0.77 and 0.79 a (Table 3), which is consistent with the reported value (0.7 a) at the bottom 300 m of the southern tropical Pacific Ridge (Niedermiller and Baskaran, 2019). In comparison, the τH values at depths of 200–1,500 m are slightly higher than those at the bottom 300 m (Table 3), reflecting that the latter has a more active particle scavenging process. After correcting for the horizontal transport, the removal rate and residence time of the total 210Po show smaller inter-stational variation, indicating that horizontal transport is acting as a stabilizer of small-scale variation of 210Po deficit. Note that even after correcting for the effects of horizontal transport, some differences in PH and τH are observed among the three sites, and they all show the feature that 210Po is preferentially scavenged. Small-scale differences in bacterial activity and/or chemical composition of particulate organic matter might be the possible reason for this local variation in the 210Po deficit, which is worthy of further research in the future.


TABLE 3. Removal rate and residence time of a total 210Po under ignoring and considering horizontal transport.

[image: Table 3]


Possible Reasons for 210Po Deficiency

The deficit of 210Po with respect to 210Pb in the upper 200 m water column may be closely related to phytoplankton activities. A negative relationship between 210Po deficit and silicate concentration is found in the upper 200 m, indicating that local biological activities enhance the scavenging and removal of 210Po during the consumption of nutrients (Figure 8). According to the fitting equation (210Po deficit = 20.18 + 0.5 * [SiO32–], n = 15, r2 = 0.58, p = 0.001), the 210Po deficit is estimated to be 20.18 ± 2.1 dpm/100 L when the silicate is completely exhausted. By combining the average activity concentration of TPb in the surface water at the three sites (32.7 ± 4.44 dpm/100 L), the TPo/TPbA.R. corresponding to this deficit is estimated to be 0.38 ± 0.1. This estimate is significantly higher than those reported on aerosols (Burton and Stewart, 1960; Lambert and Nezami, 1965), supporting the effect of biological productivity. Similarly, the TPo inventory was found to show a negative correlation with phosphate and silicate in the upper 60 m water in the GEOTRACES EPZT (the 210Po deficit may also be correlated with silicate and phosphate, refer to Figure 6 of the article; Niedermiller and Baskaran, 2019). Nozaki et al. (1997) observed a positive relationship between the removal rate constant of 210Po and Chl a in the surface water in the North Pacific. Therefore, the 210Po deficit in the upper 200 m at our sites may be due to the uptake by phytoplankton and/or the adsorption onto biogenic particles. The deficit of 210Po indicates that fractionation between 210Po and 210Pb occurs in the scavenging process in the upper 200 m water column. One of the biogeochemical processes leading to this fractionation is the biological uptake of 210Po by plankton. The uptake of 210Po by plankton and its subsequent transport along the food chain will result in a 210Po deficit in ambient seawater (Strady et al., 2015). In this case, changes in planktonic community structure may lead to changes in the deficit of 210Po (Tang and Stewart, 2019). Another biogeochemical process that causes 210Po deficit is fractionation during particle adsorption. Both 210Po and 210Pb have particle reactivity and can be adsorbed by terrestrial, biogenic, and hydrated particles. The adsorption rate depends on the concentration, physical, and chemical properties of the nuclide, as well as the abundance and chemical composition of particulate matter. Inorganic particles have high efficiency in scavenging 210Po and 210Pb, but N-rich organic particles are considered to scavenge 210Po preferentially (Nozaki et al., 1998; Yang et al., 2013). Therefore, the organic matter produced by photosynthesis of phytoplankton in the euphotic zone may facilitate the removal of 210Po relative to 210Pb, leading to the deficit of 210Po.


[image: image]

FIGURE 8. Relationship between the 210Po deficit and silicate in each layer at the three sites.


The deficit of 210Po in the deep and bottom water at our sites is puzzling, but this phenomenon has occurred in many deep seas, namely, the East Pacific Rise (Kadko et al., 1987; Kadko, 1993), eastern South Pacific (Niedermiller and Baskaran, 2019), Sargasso Sea (Kim, 2001), and Bering Sea (Hu et al., 2014). Although the average deficit of 210Po in the deep and bottom waters (below 200 m) at our sites is lower than or comparable to those above 200 m, its integral deficit is much larger (Figure 7), showing strong particle scavenging. The relationship between 210Po deficit and silicate shows that 210Po deficit did not change significantly with the increase of silicate concentration in the deep water below 200 m (Figure 8), indicating that the dissolution of biogenic silica is not a main reason for the fractionation between210Po and 210Pb. Note that our sites are very close to the East Pacific Ridge (Figure 1), where there are at least seven hydrothermal vents near 13°N (Fustec et al., 1987). The rise and expansion of effluent plume may be an important reason for the 210Po deficit. The average TPo/TPb activity ratio at the bottom 300 m of our sites is 0.52 ± 0.08 (Table 1), which is close to those at the bottom 600 m of the Southern East Pacific Ridge (average: 0.55 ± 0.16, Niedermiller and Baskaran, 2019) and lower than those at the bottom 200 m of the Endeavor Ridge (average: 0.8 ± 0.06, Kadko, 1993). The low TPo/TPb activity ratio and the large 210Po deficit in the bottom 300 m indicate that the bottom boundary layer at our sites has active particle dynamics. Although hydrothermal plume affects particle dynamics in the bottom boundary layer, it may not be a major reason for the deficiency of 210Po in the water at a depth of 200–1,500 m at our sites. The temperature profiles show that the temperature has dropped significantly from 200 to 1,500 m, resulting in strong stratification in the water column (Figure 2A). The vertical mixing of the hydrothermal plume is limited by stratification and is unlikely to affect the depth of 200–1,500 m near the ridge. The distribution of δ3He in the North Pacific indicates that the influence of the 3He-rich hydrothermal plume is limited to waters below 1,100 m in our study area (Lupton, 1998). Therefore, the 210Po depletion at the depth of 200–1,500 m at our three sites may not be due to particle scavenging enhanced by the hydrothermal plume. We noticed that the integral and average 210Po deficits at depths of 200–1,500 m at our three sites are close to those in the subsurface of oligotrophic Sargasso Sea (Kim, 2001) and the Philippine Sea (Nozaki et al., 1990). Kim (2001) suggested that the large deficiencies of 210Po in the Sargasso Sea are likely due to biological removal from the total pool by cyanobacteria and subsequent transfer to nekton via grazing. Several studies have shown that 210Po is effectively taken by bacteria and dispersed between the cell walls, cytoplasm, and high-molecular-weight proteins in a manner similar to sulfur (Fisher et al., 1983; Cherrier et al., 1995; LaRock et al., 1996; Momoshima et al., 2001). The water at the depth of 200–1,500 m at our sites is mainly North Pacific Intermediate Water from the oligotrophic NPSG (Fiedler and Talley, 2006). Similar to the Sargasso Sea, prokaryotes, especially bacteria, dominate the standing stocks and fluxes of carbon and energy, and the physiological diversities of prokaryotic assemblages play an important role in sustaining the cycles of major and trace bio-elements in the NPSG (Karl, 1999). The solid/liquid partitioning of 210Po at our three sites shows that PPo accounts for 17–48% of TPo in the depth range of 200–1,500 m, with an average of 28% (Table 2). The particulate fractions of 210Po in our study sites are similar to those in the Sargasso Sea (15–75%), which are higher than that in the productive areas of the ocean (Kim, 2001). Therefore, the deficit of 210Po at the depth of 200–1,500 m at our sites may also be related to the bacterial uptake, just like in the Sargasso Sea.



CONCLUSION

The 210Po/210Pb pair was used to reveal the particle dynamics at three sites in the Tehuantepec Bowl in the eastern tropical North Pacific. Our results show that the TPo/TPb activity ratios in the full water column at the three sites are all less than 1, with an average of 0.56, confirming a large deficit of a total 210Po in the oligotrophic sea. A negative linear relationship between 210Po deficit and silicate was found in the upper 200 m, indicating that biological activities are responsible for this deficiency. The uptake by organisms and adsorption onto biogenic particles trigger the fractionation between 210Po and 210Pb, resulting in the deficit of 210Po in the upper 200 m. In contrast, the deficit of 210Po in the bottom 300 m may be caused by the horizontal transport of hydrothermal plumes. The 210Po deficit in our study area shows significant variability on a small spatial scale, showing an effect of horizontal transport. A simple estimate shows that the removal rate of 210Po in the 200–1,500 m and the bottom 300 m layers increased by 7.5–21 and 26.1–29.5%, respectively, after considering the impact of horizontal transport. The variation range of the residence time of a total 210Po in deep water becomes smaller after correcting for horizontal contribution, indicating that horizontal transport is acting as a stabilizer of the small-scale variation of 210Po deficit. Our study confirms that the 210Po/210Pb disequilibria in the eastern tropical North Pacific show a small-scale variation and that the underlying mechanism is worthy of further research in the future.
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100 6.03 £+ 0.69 2714+£035 874+078 1620+126 273+0.23 18.93+1.28 0.37+0.05 0.99+0.15 0.46+0.05
200 7.60 £ 0.65 5494+ 053 13.09+0.84 1364+096 243+0.22 16.07+098 056+0.06 226+030 0.81+0.07
500 1045+ 118 953+0.79 19.98+142 30.77+239 212+025 32.89+241 034+005 4.50+067 0.61+0.06
800 5.63 + 0.89 291+046 855+101 2217+175 325+027 2542+177 026+0.05 092+0.17 0.34+0.05
1000 1265+ 120 4.09+047 16.754+129 29.33+206 299+0.27 3232+208 043+005 1.37+020 0.52+0.05
1500 1462 +1.12 355+042 1807 +1.19 2357+171 3.06+025 2663+173 0.62+0.07 1.16+0.17 0.68+0.06
2616 2.62 + 0.49 486+0.70 7.48+086 10.16+0.76 594+051 16.10+£091 026+0.05 0.82+0.14 0.47 +£0.06
2716 1.86 £ 0.45 5839+0.73 7.25+086 11.53+069 6.14+052 17.67+0.86 0.16=+0.04 0.92+0.15 0.42+0.05
2773 nd* 3.95 +0.62 nd nd 6.76 + 0.47 nd nd nd nd
F 0 1058 £1.62 1041 +1.06 20.98+194 3295+273 351+045 36.46+276 032+006 297+056 0.58+0.07
20 6.28 +1.07 535+0.60 11.64+122 2447+177 3.62+033 28.09+1.80 0.26+0.05 1.48+022 042=+0.05
50 6.08 + 0.86 4224042 1030+095 1526+1.07 267+0.22 17.93+1.09 040+0.06 1.58+0.20 0.57 +0.06
100 8.58 +1.10 2314+031 10.89+1.14 1996+136 240+021 2236+138 043+0.06 0.96+0.16 0.49+0.06
200 6.02 £0.77 349+ 040 950+0.87 1548+096 206+0.17 17.54+098 0.39+0.06 1.70+0.24 0.54+0.06
500 1090+ 1.17 333+0.37 1423+122 16.34+138 244+020 1878+139 067+009 1.36+0.19 0.76+0.09
800 1359+ 145 3.02+040 16.61+150 19.78+1.66 285+0.27 2263+1.69 069+009 1.06+0.17 0.74+0.09
1000 1232 £1.19 252+040 1484+125 1557 +1.10 297+024 1854+1.13 079+0.10 0.85+0.15 0.80+0.08
1500 16.00+1.62 384+045 1985+169 1987+148 281+025 2268+150 0.81+0.10 1.37+020 0.88+0.10
2859 4.35 +£0.58 597+067 10.32+088 9.76+066 544+044 1520+080 045+0.07 1.10+0.15 0.68+0.07
2959 4.95 + 0.63 516+0.68 10.11+093 11.81+082 626+045 18.07+093 042+0.06 0.82+0.13 0.56+0.06
3028 4.93 £ 0.63 457+0.72 950+096 1265+081 6.80+0.60 19.45+1.01 0.39+0.06 0.67+013 0.49+0.06

*nd represents no data.
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