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Lagrangian Observation of 234Th and Its Application in Constraining the Sinking of Particulate Organic Carbon on the Slope of the Northeastern South China Sea
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The 234Th–238U disequilibrium has been widely used to quantify the sinking flux of particulate organic carbon (POC) out of the upper ocean. However, the influence of the advection on the quantification is poorly understood due to the lack of in situ measured physical parameters. Here, a Lagrangian observation was deployed for 39 h to track the variability of 234Th along with the current on the slope of the northeastern South China Sea (SCS). Contrasting to the general ocean interior, 234Th showed deficits relative to 238U in the mesopelagic waters, indicating an enhanced removal of 234Th. Concurrently, elevated total particulate matter (TPM) and POC contents were observed in the mesopelagic waters, supporting the driving force of the cross-shelf dispersion of re-suspended shelf/slope sediments for the 234Th removal. The widely used 234Th-model (ignoring physical processes) produced a much lower sinking flux of POC than the sediment trap-derived POC flux during the same observation, indicating an unneglectable influence of advection and diffusion. By considering the main horizontal advection and vertical diffusion, the 234Th–238U method gave rise to comparable results to sediment trap. 234Th-derived POC fluxes showed an increased pattern from 300 to 1,000 m, consistent with the more abundant POC where. These results indicated that advection represents an unneglectable process during the quantification of the sinking flux of 234Th over the slope of the SCS.
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INTRODUCTION

Particulate organic carbon (POC) settling largely dominates the ability of the oceans to sequestrate carbon dioxide. Various types of sediment traps have been used to directly determine the flux of POC (Li et al., 2018; Shih et al., 2020). Due to the requirements of long collection time (≥24 h), professional technique, and manpower for deployment and recovery of sediment traps, the radioactive method of 234Th–238U has later been developed and widely used in past decades (Buesseler et al., 2020). 234Th (T1/2 = 24.1 days), naturally generated from its parent of 238U, is a typical particle-reactive radionuclide in seawater (Black et al., 2018). Owing to its sinking with particles, 234Th is usually deficient to 238U in the upper ocean (Roca-Martí et al., 2017; Umhau et al., 2019). This deficit has thus been used to quantify the sinking flux of particulate components (especially POC) out of the euphotic zone (Buesseler et al., 2009; Maiti et al., 2016). In general, the mass balance model of 234Th is applied to constrain its sinking flux. Owing to the difficulty in obtaining in situ physical parameters (e.g., current velocity, diffusion coefficient, etc.) and collecting up-downstream gradient of 234Th, the widely adopted model usually neglects advection and diffusion processes (Coppola et al., 2002; Yang et al., 2016, 2021a). A few studies indicate that physical processes can largely affect the 234Th and POC fluxes in some oceanic settings, e.g., upwelling in the Equatorial Pacific (Bacon et al., 1996) and anticyclonic eddies (Zhou et al., 2013). In marginal seas and shallow waters with dynamic currents and tides, advection, and diffusion are expected to have a larger influence on the sinking flux of 234Th (Zhao et al., 2019). In addition, steady-state is often assumed to quantify the flux of 234Th due to the lack of time-series observation. However, non-steady-state, to a varying degree, influences the flux calculation (Martin et al., 2011; Resplandy et al., 2012). Besides, the ratio of POC to particulate 234Th used to convert 234Th flux to POC flux is another factor influencing the 234Th–238U method. It is generally expected that POC/234Th on large particles (>50 μm) represent sinking particles. However, results from sediment traps reveal that 234Th is mainly carried by small sinking particles (∼70–80% of the total) in the northern South China Sea (SCS), representing the majority sinking of 234Th (Hung et al., 2012). Less than 50 μm particles account for most of the bulk POC in the northeastern SCS (Hung and Gong, 2010). The largest fractions of both 234Th and POC in medium-sized (10–15 μm) particles are also observed in the northwestern Pacific Ocean (Hung et al., 2010). Hence, the influence of physical processes, temporal variability, and particle size on the 234Th–238U method needs extensive investigations to improve the application of 234Th–238U.

Usually, coastal and marginal seas show complicated hydrological conditions and significant spatiotemporal variability in the abundance of both 234Th and POC (Feng et al., 2021a,b), which challenges the widely used advection-excluded 234Th model (Zhao et al., 2019). Based on model-simulated physical parameters, i.e., advective velocity and diffusion coefficients, a few studies indicate that ignoring advection and diffusion would lead to a large deviation of 234Th fluxes in some marginal seas, e.g., the basin of the SCS (Cai et al., 2008; Zhou et al., 2013). However, another study reports that including model-simulated physical parameters in 234Th-model produces unreasonable results in the northern shelf/slope of the SCS due to the poorly constrained parameters (Cai et al., 2015). Thus, we hypothesize that dynamic hydrological fields result in the complex influence of physical processes on the quantification of 234Th flux and 234Th-derived POC flux in the shelf/slope areas. Thus, it is necessary to conduct in situ Lagrangian observation to obtain parameters and examine the influence of physical processes on the application of the 234Th/238U method especially in oceanic settings with strong physical dynamics.

In this study, the northeastern SCS was selected to investigate the influence of horizontal advection on the estimation of 234Th flux (Figure 1). Over the past decade, increasing studies report the widely observed cross-shelf dispersion of particulate matter (Shih et al., 2019; Shen et al., 2020; Yang et al., 2021b; Ge et al., 2022) driven by the dynamic physical processes (Li et al., 2018; Jia et al., 2019). Thus, the northeastern SCS could be an ideal site for attesting to the influence of physical processes on the application of the 234Th/238U method. Here, we conducted a Lagrangian observation of 234Th on the northeastern slope of the SCS. The measured horizontal advection velocity and 234Th in both upstream and downstream waters enable us to evaluate the influence of physical processes on the application of 234Th in the SCS.
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FIGURE 1. Sampling stations in the northeastern South China Sea and the trajectory of the Lagrangian observation. The intervals between adjacent points denote the trajectory within an hour. The conceptual schematic of the nepheloid layer over the shelf/slope region highlights its ubiquity.




MATERIALS AND METHODS


Study Site

The study site is located in the northeastern SCS over the slope with water depths of hundreds of meters to more than a thousand meters (Figure 1). Recent researches have observed ubiquitous nepheloid layers (NLs) either in the mesopelagic water or in the bottom water of the northern SCS (Ma et al., 2017; Shih et al., 2019). A preliminary study indicates that internal solitary waves drive the resuspension of sediments on the slope (Jia et al., 2019). With the influence of currents, re-suspended particles disperse over a large scope as supported by the elevated particle fluxes in deeper sediment traps in the basin of the SCS (Schroeder et al., 2015; Hong et al., 2021). This dispersion of the shelf/slope sediments, mainly driven by advection, results in enhanced scavenging of particle-reactive nuclides (e.g., 210Po) in the mesopelagic water of the SCS (Figure 3; Ma et al., 2017) and thus the sinking flux of POC (Yang et al., 2021b).
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FIGURE 2. Profiles of temperature, salinity at stations T1 and T2 (A), and particulate organic carbon (POC) and total particulate matter (TPM) at T2 (B).
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FIGURE 3. Profiles of activity concentrations of total 234Th (A), dissolved 234Th (B), and particulate 234Th (C), and the activity ratios of total 234Th to 238U (D) at stations T1 and T2.




Sampling

The buoy, assembled a sediment trap array with three traps at 50, 100, and 200 m, was deployed from August 9 to 11, 2016 in the northeastern SCS (Figure 1). A Lagrangian observation was conducted, starting at station T1 and ending at station T2 with a duration of 39 h. Seawater was collected at both T1 and T2 from surface to 1,000 m (Table 1) using Niskin bottles attached to a conductivity, temperature, and depth (CTD)-rosette system aboard the R/V Yanpin 2. In brief, 8 L of seawater at each specific depth were collected and filtered through a pre-combusted (450°C for 4 h) and weighted quartz fiber (QMA) filter (Whatman™, Maidstone, United Kingdom). The total particulate matter (TPM) retained on the filter was de-salted using Milli-Q water for the measurements of particulate 234Th (234ThP), POC, and TPM. Additionally, 4 L of the filtrate was collected for the analysis of dissolved 234Th (234ThD). The euphotic zone of 0–150 m was determined by using a photosynthetically available radiation (PAR) scalar quantum irradiance sensor, defined as the depth of 0.1% of the surface light intensity.


TABLE 1. Temperature, salinity, the content of total particulate matter (TPM), the concentration of particulate organic carbon (POC), activity concentrations of dissolved 234Th (234ThD), particulate 234Th (234ThP), total 234Th (234ThT), and 238U, and the activity ratios of 234ThT to 238U during the Lagrangian observation from station T1 to station T2.
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234Th and Total Particulate Matter Analyses

The particulate samples were dried at 60°C after collection and weighted to determine the difference between pure QMA filter and TPM-contained filter, i.e., the content of TPM. The activity of 234ThP was counted using a gas-flow proportional low-level beta counter (RISØ GM-25-5A) as reported in our recent studies (Feng et al., 2021a,b) until the counting error was less than ±7%. A total of 150 days later, a second counting was conducted to assay the contribution of other beta emitters. 234ThD in the filtrate was concentrated using the small volume MnO2 co-precipitation method (Benitez-Nelson et al., 2001). In brief, the pH value of filtrate was adjusted to 9.0 using ammonium hydroxide, then KMnO4 and MnCl2 solution were added to form MnO2 particles. After stirring and sanding for over 6 h to adsorb 234Th onto MnO2 particles, MnO2 precipitate was separated from the solution via filtration using a QMA filter. The average recovery was 94.7 ± 2.3%, showing a stable yield. Then, the sample was dried at 60°C, the activity of 234ThD was counted using the same beta counter like 234ThP but with < 5% counting error. The concentrations of both 234ThD and 234ThP were calculated based on the two measurements and corrected for recovery, blank counts, and sampling time. The activity concentrations of the total 238U were calculated using the newly updated 238U-salinity relationship (Owens et al., 2011). The presented uncertainties of 234Th were propagated from the counting errors. The total 234Th (234ThT) and 234Th/238U ratio uncertainties were propagated from 234ThD and 234ThP.



Particulate Organic Carbon Analysis

The Lagrangian observation was designed to constrain the in situ current velocity (horizontal advection) and the gradient of 234Th activity between T1 and T2. On the northern SCS shelf with prominent cross-shelf transport of re-suspended sediments, this strategy could help us constrain the influence of advection on the flux estimation of 234Th and 234Th-derived POC flux at station T2. Hence, POC samples collected at station T2 were determined. After the measurements of 234ThP, particulate-containing QMA filters were fumigated using concentrated HCl for no less than 48 h to remove inorganic carbon. Then, samples were dried at 60°C. POC content was measured using an elemental analyzer (Perkin Elmer CHN, Waltham, United States). The standard material used was IAEA-C8.



Particulate Organic Carbon Flux Calculation

The fluxes of TPM and POC was calculated from the 234Th fluxes (Buesseler et al., 1992), i.e.,
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where FTPM and FPOC represent the flux of TPM (in g m–2 day–1) and POC (in mmol-C m–2 day–1), respectively. CTPM and CPOC are the concentrations of TPM and POC. ThP denotes the activity concentration of 234ThP.




RESULTS

Overall, the buoy floated northeast-ward along the surface current over the slope (Figure 1) with an average velocity of 19.5 cm s–1, which is close to the mean of 15 cm s–1 obtained from the model simulation for the upper 200 m in the study area (Gan et al., 2006). At stations T1 and T2 sampled, it is clear that the difference in salinity was discernible though temperature showed little difference (Figure 2A), corresponding to water mixing during the transport of seawater from T1 to T2. The tracking of the movement of the buoy enables us to obtain the real viability of parameters along the trajectory of the buoy.

The concentrations of TPM varied from 0.09 to 0.21 mg L–1 with an average of 0.15 ± 0.04 mg L–1 (Figure 2B). POC concentrations showed a range of 0.25–1.42 μmol L–1, averaging 0.67 μmol L–1. POC exhibited the highest values between 50 and 75 m (Figure 2B), corresponding to the widely observed depth of chlorophyll-a maximum in the SCS (Cai et al., 2015; Yang et al., 2021b). Notably, below the euphotic base (i.e., 150 m), both TPM and POC showed a downward increasing pattern (Figure 2B), increasing from 0.11 to 0.19 mg L–1 and 0.25 to 0.59 μmol L–1, respectively. This phenomenon was also reported at a station near T1 during the same cruise (Yang et al., 2021b), pointing to the cross-shelf transport of re-suspended sediments.

The activity concentrations of 234ThT varied from 1.00 to 2.03 (avg.: 1.64 dpm L–1) and 1.29–2.03 dpm L–1 (avg.: 1.68 dpm L–1) at stations T1 and T2, respectively (Table 1 and Figure 3A). On average, 234ThD accounted for 67 and 63% of 234ThT at T1 and T2 (Figures 3B,C), coinciding with the major dissolved form of 234Th in the open SCS (Zhou et al., 2013; Hong et al., 2021) and contrasting with the major particulate form in the coastal SCS (Feng et al., 2021a). The activity ratios of 234ThT to 238U (i.e., 234Th/238U) ranged from 0.42 to 0.84 at T1 and 0.54 to 0.86 at T2, averaging 0.67 and 0.70, respectively. Unlike the equilibrium between 234Th and 238U widely observed in mesopelagic waters, 234Th/238U showed deficits of 234Th relative to 238U at both T1 and T2 (Figure 3D), which was similar to the deficient 210Po relative to 210Pb observed near T1 during the same cruise (Yang et al., 2021b).



DISCUSSION


Influence of Cross-Shelf Process on 234Th Profiles

234ThT was lower than 238U with the 234Th/238U ratios of 0.58–0.84 at T1 and 0.57–0.86 at T2 between surface and 150 m (Table 1), indicating an efficient removal of 234Th from the euphotic zone (Figure 3). This observation is a typical scenario in the study area as was reported in all seasons (Cai et al., 2015). Below the euphotic zone (200–1,000 m), the 234ThT deficits were also observed at both T1 and T2 with the 234Th/238U ratios of 0.42–0.84. Although 234Th activity in the mesopelagic water of the SCS has not been reported, it is generally expected that 234Th should reach equilibrium with 238U due to the sparse TPM and long residence time of 234Th. In fact, equilibrium states have been observed in most mesopelagic waters in the open oceans, e.g., the southeastern tropical Pacific (Black et al., 2018), the Atlantic Ocean (Owens and Buesseler, 2015), the Indian Ocean (Anand et al., 2018), and the Atlantic sector of the Southern Ocean (Roca-Martí et al., 2017). Considering the strong particle reactivity of 234Th, the deficits of 234Th were attributed to its enhanced removal along with TPM sinking in the mesopelagic waters at stations T1 and T2 (Figure 3). On the one hand, the elevated TPM and POC concentrations (Figure 2) provided direct evidence for the abundant particulate matter in mesopelagic water. Another particle-reactive radionuclide 210Po also showed enhanced removal together with increased TPM in the mesopelagic water during the same cruise (Yang et al., 2021b). Shelf/slope sediment resuspension and successive dispersion are thought to be the provenance of the elevated TPM in the mesopelagic water of the northern SCS (Shih et al., 2019; Yang et al., 2021b), mechanistically driven by the internal solitary waves (Jia et al., 2019). On the other hand, abundant TPM usually leads to the deficits of 234Th not only in the widely investigated euphotic zone but also in the less-studied ocean interior. For instance, evident 234Th deficits have been observed in deep water near the active hydrothermal vents (Yang et al., 2016, 2021a) and the hydrothermal plume (Owens and Buesseler, 2015). Thus, the deficits of 234Th, together with the elevated TPM and POC contents in the mesopelagic water over the SCS slope, indicated that re-suspended sediments disperse over a large scope, supporting the influence of current advection on the spatial pattern of 234Th in the study area.

The trajectory of the buoy revealed that seawater flows northeastward over the slope of the SCS (Figure 1). Station T1 was located upstream of the current, and T2 the downstream. Thus, the difference in 234Th activities between T1 and T2 reflected the variability of 234Th along the current, representing the real variation of 234Th with time induced by its decay, generation from 238U, and water exchange mainly horizontal advection as illustrated by the buoy movement. By taking advantage of the Lagrangian observation, these results enable us to evaluate the real advection flux of 234Th and its influence on the sinking flux of 234Th for the first time on the dynamic slope of the SCS.



Influence of Advection and Diffusion on the Sinking Flux of 234Th

Ignoring the physical processes, the change of the amount of 234ThT with time can be expressed by:
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where IThT and IU are the inventories of the total 234Th and 238U from surface to the export depth (in dpm m–2), which are calculated through the trapezoidal integration method. λTh is the decay constant of 234Th (0.02876 day–1). FTh is the sinking flux of 234Th in dpm m–2 day–1. A sediment trap, deployed near station T2 on August 6, 2016, reports that the POC flux at 150 m was 8.4 ± 0.9 mmol-C m–2 day–1 (Li et al., 2018). The other array of sediment traps assembled to the buoy (from August 9 to 11, 2016) show the POC fluxes of 9.0 ± 0.6 mmol-C m–2 day–1 at 100 m and 9.3 ± 1.0 mmol-C m–2 day–1 at 200 m, respectively (Qiu, 2018). These consistent results indicated that particle sinking exhibited little variability during our sampling, lending support to the steady-state assumption. In addition, our sampling only covered 1.6 day, which could not enable the non-steady-state model to work well (Savoye et al., 2006). Thus, the steady-state is the best option in our study. At a steady-state, the sinking fluxes of 234Th estimated from Eq. (2) varied from 3,176 to 21,197 dpm m–2 day–1 [i.e., λTh(IU−IThT) in Table 2]. The sinking flux of POC, estimated from Eq. (1), was 3.6 ± 0.3 mmol-C m–2 day–1 at 200 m, significantly lower than 9.3 ± 1.0 mmol-C m–2 day–1 determined by the sediment trap attached to the buoy (Qiu, 2018). Such an inconsistency indicated that physical processes, e.g., advection and diffusion, could be non-negligible during calculating the sinking flux of 234Th. Thus, the variability in total 234Th should be better expressed as:
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TABLE 2. Fluxes of 234ThT and the fluxes of particulate organic carbon (POC) calculated from 234ThT fluxes below the euphotic zone (150 m).

[image: Table 2]
where u and kz denote the horizontal advection velocity of the total 234Th in cm s–1 and vertical diffusive coefficient in cm2 s–1. ∂IThT/∂x and ∂AThT/∂z represent the gradient of inventory and activity of the total 234Th, respectively. To resolve Eq. (3), we need to assume (1) that the change rate of the inventory was uniform during the buoy transport; and (2) that the net changes of 234Th inventory were caused by the sinking of transported particles on the slope. For assumption (1), the consistent POC fluxes from two sediment traps (i.e., Li et al., 2018; Qiu, 2018) seemed to favor the little variability in the sinking flux of particles during our sampling. However, water mixing appeared to influence the second assumption. As shown in Figure 2, both temperature and salinity revealed the mixing of the traced water body with surrounding water masses during its transport from T1 to T2. The mixing processes of various waters, probably carrying different 234Th contents, could affect the estimate of 234Th flux by changing the activity of 234Th. The influence was evaluated through the variations of both 234Th and 238U between T1 and T2 by taking 234Th decay into account. Results indicated that the mixing process accounted for <4% of the total 234Th fluxes (ignoring physical processes from Eq. 2) estimated in the upper 200 m. Below 200 m, mixing resulted in a large influence with an average of 18%. Although this influence seemed to be acceptable for the assumption (2), Eq. (3) is still not resolved due to the lack of advection velocity and spatial gradients of 234Th inventory.

The Lagrangian observation provided in situ velocity of current (i.e., 19.5 cm s–1). However, this velocity is different from u in the second term on the right side of Eq. (3) in that particles have different transport speeds though basin-wide observations of sediment trap indicate that the transport of re-suspended sediment from the shelves is driven by lateral advection in the SCS (Schroeder et al., 2015). As an alternative strategy, we evaluated the influence of physical processes by comparing the flux of 234Th at 200 m (ignoring physical processes) with that calculated through trap-derived POC at 200 m (i.e., trap-POC flux divided by the CPOC/ThP ratio in Eq. 1). The sinking flux of 234Th estimated from trap-POC flux was 10,775 ± 611 dpm m–2 day–1, which was much higher than 4,136 ± 148 dpm m–2 day–1 obtained by Eq. (2). In other words, physical processes resulted in 6,639 ± 629 dpm m–2 day–1 flux of 234Th. Although in situ observed velocity and the gradients of 234Th could not be directly applied to calculate the advection term in Eq. (3), they may, to a first-order approximation, be used to highlight the difference between the actual physical influence and our observations. The transport speed of particles is usually smaller than the current. If the observed velocity was used as an upper limit of the particle transport, and the derivative (i.e., the second term on the right side of Eq. 3) was substituted for the finite difference [i.e., u(IThT,T1−IThT,T2)/Δx, commonly estimated from the linear interpolation, Resplandy et al., 2012], the upper limit of advection influence was estimated to be 4,733 ± 1,831 dpm m–2 day–1 at 200 m. The vertical gradients of the total 234Th (i.e., ∂AThT/∂z) were estimated through the fitting curves obtained from its vertical distribution (Figure 3A), i.e., AThT = 1.90e–0.0154z (r2 = 0.82) for 100–300 m. In the upper SCS, the diffusive coefficient ranges from 10–4 to 10–5 m2 s–1 even though it could reach 10–3 m2 s–1 in the mid-deep water (Wang et al., 2019). To evaluate the largest influence of the diffusion term, we conservatively adopted 10–3 m2 s–1. At 200 m, the estimated diffusion contribution to the sinking flux of 234Th was 116 ± 39 dpm m–2 day–1. Taken together, physical processes maximally accounted for 4,850 ± 1,831 dpm m–2 day–1, lower than the actual physical effect of 6,639 ± 629 dpm m–2 day–1. Since velocity was overestimated, the estimated lower flux indicated that there existed an addition of 234Th from mixing or other processes during transport from T1 to T2, which led lower gradient and thus lower advection flux. It should be noted that although the product of the velocity of the buoy and the gradient of 234Th accounted for the majority (73%) of the physical-contributed flux, it did not mean that Lagrangian observation provided actual physical parameters. Thus, Eq. (3) could not be completely resolved. Considering the fact that using these not-rigorous assumptions can present better results than those estimated by ignoring physical processes (Figure 4A), the observed data were used to constrain the fluxes of 234Th and POC at other depths (Table 2). The results were compared with those obtained in the study area to further assay the rationality.
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FIGURE 4. Fluxes of 234Th and particles on the northeastern shelf of the South China Sea (SCS), including (A) 234Th fluxes ignoring physical processes and considering advection and diffusion, (B) 234Th-derived TPM fluxes including physical processes, and (C) POC fluxes estimated from the 234Th–238U method (this study) and the 210Po–210Pb method (Yang et al., 2021b).


According to the model simulation (Gan et al., 2006), the current in the upper 200 m of the study area is somewhat different from that at 500 m. Simulated advection velocity of 10 cm s–1 below 200 m was adopted in calculating the advection flux of 234Th. For diffusion, 234ThT followed AThT = 1.90e–0.0154z (r2 = 0.71) between 500 and 1,000 m. The estimated flux for each process were presented in Table 2.



Export Fluxes of Total Particulate Matter and Particulate Organic Carbon Estimated From the Sinking Fluxes of 234Th

The 234Th-derived sinking fluxes of TPM varied from 0.88 to 7.70 g m–2 day–1, averaging 3.76 g m–2 day–1 at station T2 (Table 2). Over the western slope of the SCS, the 210Po-derived sinking fluxes of TPM out of 1,000 m varied from 0.4 to 10.2 g m–2 day–1 with an average of 4.4 g m–2 day–1 (Ma et al., 2017). Our result of 7.27g m–2 day–1 at 1,000 m fell within this range. The minimum occurred at 300 m, corresponding to the low TPM contents (Figures 2, 4B). With the increasing of TPM content to the mesopelagic bottom (i.e., 1,000 m), TPM also showed elevated sinking fluxes, indicating the cross-shelf dispersion of re-suspended sediments.

At the base of the euphotic zone (150 m), the sinking flux of POC (collected from August 9 to 11, 2016) was 7.8 mmol-C m–2 day–1 (Table 2), very coincident with 8.4 ± 0.9 mmol-C m–2 day–1 derived from a sediment trap near T2 (collected on August 6, 2016, Li et al., 2018), and falling in the range of sediment trap-derived scope of 2.8–9.0 mmol-C m–2 day–1 (Hung and Gong, 2010; Shih et al., 2019, 2020), satellite-derived 5.0–13.6 mmol-C m–2 day–1 (Chow et al., 2021), and 234Th-derived scope of 4.6–11.8 mmol-C m–2 day–1 (Cai et al., 2015) in the northeastern SCS. In general, sediment trap directly collects particles, which largely represent the total effect of all processes including biogenic, physical, and chemical ones (Hung et al., 2016; Shih et al., 2019), though it is sometimes influenced by trapping efficiency (Coppola et al., 2002). The comparability between our results and published datasets also indicated that the considering physical processes produced better fluxes of particles than those ignoring physical processes. Owing to the requirements for technical expertise and high cost, the sediment traps are usually deployed with low spatial resolution. In contrast, the 234Th method can provide POC flux data with high-resolution (Cai et al., 2008), but it suffers from poorly-constrained physical processes (Zhou et al., 2013). Biogeochemical models can decipher regional to global characteristics of POC flux, however, they often deviate from in situ measurements within small scope (Shih et al., 2021). Thus, accurate and high-resolution carbon export could be obtained in field studies by taking multiple methods’ merits (Baker et al., 2020).

Conventionally, large particles (>53 μm) are assumed to be the representative of sinking particles for determining POC/234Th ratios. However, some studies suggest that small particles (<50 μm) contribute the majority sinking of POC and 234Th. For example, 1–10 and 10–50 μm fractions account for 26–35 and 25–29% of the total POC based on the drifting sediment traps in the northern SCS (Hung and Gong, 2010). 234Th carried by <50 μm particles contributes ∼70–80% of the total 234Th in the northwestern Pacific Ocean (Hung et al., 2010, 2012). These results thus lend support to the conclusion that particles collected in our study represent the majority of sinking particles in the northern SCS. In addition, the POC/234Th ratios varied from 0.75 to 1.48 μmol dpm–1 (Table 2), which are comparable to 0.8–1.3 μmol dpm–1 obtained on 1–50 μm particles from sediment traps in the northern SCS (Hung and Gong, 2010), also supporting this conclusion. Notably, the POC flux out of the euphotic zone was much higher than those observed in the northern basin (Zhou et al., 2013) and the southern basin of the SCS (mostly <5.0 mmol-C m–2 day–1) (Cai et al., 2008; Yang et al., 2015), partly ascribed to the internal wave-induced input of nutrient-replete waters to the euphotic zone and successive phytoplankton flourish and POC settling (Li et al., 2018).

Compared with the flux at 150 m, POC showed comparable and significantly lower fluxes at 200 and 300 m, respectively (Table 2). In general, POC decreases with depth below the euphotic zone due to remineralization (Yang et al., 2009). Based on the 234Th fluxes and POC/234Th ratios (Table 2), it is clear that POC/234Th ratios largely result in the flux descending with depth. Below 300 m, evident increases in POC flux occurred, from 4.2 to 23.7 mmol-C m–2 day–1 (Figure 4C). Obviously, there are additional sources of POC besides its settling from local upper water. The vertical profile of TPM (Figure 2) illustrates additional contributions. Internal waves can lead to the resuspension of shelf/slope sediments in the northern SCS (Jia et al., 2019). Just before our sampling, strong internal waves were observed in the study area (Li et al., 2018). Probably, internal wave-induced resuspension of organic matter resulted in the elevated POC fluxes via cross-shelf dispersion. Similar scenarios were also observed at a station near T1 during the same cruise (Yang et al., 2021b) and in another study conducted in the same area (Shih et al., 2019). The scanning electron microscope images of the sinking particles below 150 m indicate a higher proportion of lithogenic material (Shih et al., 2019), lending support to its sediment origin.

A recent study reveals that a large amount of POC is required to support the consumption of deep microbes in the SCS interior (Shen et al., 2020). Our results provide direct evidence for the cross-transport of POC. Using the lowest value at 300 m as a reference, shelf/slope sediments contributed 1.7–21.3 mmol-C m–2 day–1 to the mesopelagic waters of the SCS. At a station close to T1 during the same cruise, the sinking fluxes of POC were estimated to vary from 5.4 to 33.6 mmol-C m–2 day–1 based on the 210Po–210Pb method (Yang et al., 2021b). Considering the uncertainties, the 210Po-derived fluxes by neglecting the horizontal advection and diffusion, were consistent with our 234Th-derived results (Figure 4), indicating less influence of advection on the 210Po–210Pb method.




CONCLUSION

A Lagrangian observation of 234Th was conducted over the slope of the northeastern SCS. Enhanced removal of 234Th was observed in the mesopelagic waters compared with general mesopelagic oceans, pointing to the active particle dynamics below the euphotic zone of the SCS. Concurrently elevated TPM and POC concentrations with depth in the mesopelagic water revealed that re-suspended sediments from the shelf/slope dominated the removal of 234Th. Combining the sediment trap results, the influence of physical processes on the sinking flux estimates of 234Th was evaluated, revealing unneglectable effects of horizontal advection and vertical diffusion. Although considering the physical processes seemed to produce better sinking fluxes of 234Th and POC, well-constraining the advection effect is still challenging due to the difficulty in obtaining the actual transport velocity of particles and spatial gradients.
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