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We measured sedimentation fluxes around JA06 Seamount (Xufu Guyot; 19°30′N, 158°00′E) as part of an environmental baseline survey in Japan’s exploration area for cobalt-rich crusts in the subtropical northwest Pacific. Sinking particles were collected at the flat top (sediment trap depths: 900 and 1,000 m) and northeastern base (sediment trap depths: 1,000 and 4,720 m) of the seamount from June 2016 to April 2017. Total mass fluxes were very low, with average values of 4.3–4.9 and 9.3 mg m−2 d−1 in the shallow traps at the flat top and base, respectively, which is consistent with an oligotrophic system. The lower fluxes at the flat top probably reflect lower productivity of siliceous microplankton, such as diatoms. However, we were unable to substantiate any potential mechanisms for this difference in productivity and cannot evaluate whether this is representative of typical conditions. When combined with previous observations at two adjacent seamounts, our results indicate widespread seasonality in sediment fluxes with a peak in late summer (August–September). However, satellite data indicate that summer is the season with the lowest primary production. This discrepancy could be explained either by phytoplankton blooms fueled by symbiotic nitrogen fixation that only cause minor increases in surface-ocean chlorophyll or short-lived blooms induced by passing typhoons under thick cloud cover. At the base site, we also analyzed material and element transport rates from shallow to deep waters. Half of the organic matter and >80% of the carbonate in sinking particles was not degraded in the water column, suggesting that most of the regeneration of these materials occurs near or on the sediment surface. Furthermore, four major processes appeared to control elemental fluxes in the area: lithogenic (Al, Ti, Fe), carbonate (Mg, Ca, Sr), biogenic (+scavenging) (Ni, Zn, Cd, Pb), and scavenging (V, Mn, Co, Cu, rare earth elements) processes. The estimation of excess flux based on the composition of upper continental crust demonstrated that >85% of total Mn, Co, Ni, Cu, Zn, Cd, and Pb fluxes were attributable to scavenging (+biogenic uptake). Scavenging-dominant metal fluxes are likely ubiquitous in the oligotrophic open ocean.
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INTRODUCTION
Deep-sea mining has attracted increased interest in recent years due to rising demand for metallic elements that are crucial for cutting-edge and green technologies. One potential target for deep-sea mining is cobalt-rich ferromanganese crusts, which are marine polymetallic mineral deposits composed of hydrogenetic manganese oxide layers that slowly precipitate on seamount basement rocks. The subtropical Northwest Pacific is considered a prime area for exploration because of the presence of thick crusts on old seamount groups. On the high seas of the northwest Pacific, several countries including Japan, China, Korea, and Russia have already signed exploration contracts for cobalt-rich crusts with the International Seabed Authority (ISA). To minimize environmental impacts from any future deep-sea mining, careful environmental surveys, and assessments are essential. The ISA environmental guidelines (ISBA/25/LTC/6) mandate the study of six environmental baseline data groups: 1) physical oceanography, 2) chemical oceanography, 3) geological properties, 4) biological communities, 5) bioturbation, and 6) fluxes to the sediment.
The subtropical northwest Pacific is strongly oligotrophic. Since seamount ecosystems are mainly sustained by sinking organic matter, fluxes to the sediment are extremely important. Furthermore, a baseline assessment of fluxes and sinking particle compositions around the seamount is necessary to assess the impact of sediment plumes and discharge water from mining activities. Sediment traps are used to quantitatively study the seasonality and vertical transport of sinking particles in the ocean. Sediment trap observations are usually conducted in highly productive regions and have been used to improve marine carbon-cycle modeling (e.g., Ittekkot et al., 1991; Honjo, 1996; Kawahata, 2002). Observations in oligotrophic regions, however, are very limited (see the map compiled by Lutz et al., 2007). Seasonal variations in primary production and resulting export fluxes are generally small in the stratified north Pacific subtropical gyre (e.g., Field et al., 1998). However, enigmatic phytoplankton blooms have been recorded in the eastern north Pacific during the summer, which is the season when the ocean is most stratified (Karl et al., 2001; Wilson, 2003), and subsequent studies have revealed some of the unique mechanisms involving nitrogen fixation that support these blooms (e.g., Dore et al., 2008; Karl et al., 2012). Many knowledge gaps about fundamental processes in the oligotrophic open ocean remain unaddressed today, such as the influence of large seamounts on particulate fluxes, relationships between primary production and export fluxes, differences in particle composition between shallow and deep water, and particulate elemental fluxes from the shallow ocean to seafloor.
In 2016, four sediment traps were deployed and moored for a year on the flat top and base of JA06 seamount (Xufu Guyot) in the ISA-licensed area as part of an environmental baseline survey. In this paper, we discuss ISA baseline data group six (fluxes to the sediment) based on spatial/seasonal differences in flux rate and chemical compositions of sinking particles. Other environmental baseline data we obtained in the vicinity of the seamount have been reported elsewhere (Nagao et al., 2018; Sugishima et al., 2018; Iguchi et al., 2020; Yamaoka et al., submitted).
MATERIALS AND METHODS
Sediment Trap Experiments
JA06 seamount (Xufu Guyot; 19°30′N, 158°00′E) is a large Guyot located in international waters in the northwest Pacific (Figure 1). The seamount summit has a depth of ∼1,500 m, and the rise is located at >5,000 m. JA06 seamount is the southernmost of six seamounts located within Japan’s exploration area for cobalt-rich ferromanganese crusts, and it is located within the oligotrophic subtropical gyre throughout the year. According to CTD measurements taken around the seamount in May 2016, surface water temperature and salinity are 27.7°C and 34.8, respectively; there were no marked differences between water column profiles taken at the flat top and base (Yamaoka et al., submitted).
[image: Figure 1]FIGURE 1 | (A) Map of Japan’s exploration area for cobalt-rich ferromanganese crusts, covering six seamounts (JA02, 03, 04, 06, 12, and 17) southeast of Minamitori Shima Island (also known as Marcus Island) in the northwest Pacific. Yellow circle indicates Japan’s exclusive economic zone (EEZ). (B) Bathymetry of JA06 Seamount showing locations of mooring sites JA06-M01 and M02 (red circles) and sampling sites for deep-sea sediments (pelagic clay) (black squares; JA06-B02 and B04). (C) Deployment depths of sediment traps used in our study.
Time-series sediment traps (SMD-26S, NiGK Corporation, Tokyo, Japan) comprising 22 sample bottles, each with a 0.5 m2 inlet aperture, were moored to the seafloor at two sites. Site JA06-M01 was located on the northeastern side of the seamount at the seamount base (water depth, 5,220 m), and site JA06-M02 was located on the flat top (water depth, 1,270 m). Two traps were deployed at each site. At site JA06-M01, traps were deployed at depths of 1,000 m (“Shallow-3”) and 4,720 m (“Deep-1”). The deep trap was located 500 m above the seafloor. At site JA06-M02, traps were deployed at 900 m (“Shallow-1”) and 1,000 m (“Shallow-2”). According to the pressure data of sensors attached to the sediment traps, the actual water depths of Shallow-2, Shallow-3, and Deep-1 traps were 990, 839, and 4,792 m, respectively. Before deployment, all sample bottles were filled with filtered seawater (filter pore size: 0.45 µm). Formaldehyde was then added to produce a 3% solution buffered with sodium borate. Traps were deployed at site JA06-M01 from June 7, 2016 to April 20, 2017 (318 days) and at site JA06-M02 from June 7, 2016 to April 21, 2017 (319 days). Sampling interval (sampling period per one collecting cup) was 15 days. Upon recovery, sample bottles were immediately refrigerated at about 4°C onboard the vessel.
Analytical Procedures
The trapped material was carefully wet-sieved through a 1-mm sieve after all recognizable zooplankton swimmers were removed. The <1 mm fraction was freeze-dried and homogenized in preparation for bulk analysis. Carbonate and opal contents were determined by using modified versions of methods developed by Engleman et al. (1985) and Mortlock and Froelich (1989). For each sample, total carbon and nitrogen contents were measured with an elemental analyzer (Flash 2000, Thermo Scientific, Waltham, MA, USA), and then organic carbon content was calculated by subtracting carbonate content from total carbon content. The amount of lithogenic matter in each sample was calculated as follows: Lithogenic matter = total matter − carbonate − opal − organic matter (where organic matter was assumed to be 1.8 × organic carbon content, Kawahata et al., 2000). For elemental analysis, ∼5 mg of the powdered sample was weighed in a Teflon vial and completely digested in an ultrapure HNO3-HF-HClO4 mixture. After the sample was dried down, the residue was dissolved in 2% HNO3. Concentrations of major elements (Na, Mg, Al, P, K, Ca, Fe) were measured by using inductively coupled plasma atomic emission spectroscopy (ICP-AES SPS7800, Seiko Instruments, Chiba, Japan). Concentrations of trace elements were determined by using inductively coupled plasma mass spectroscopy (ICP-MS 7700x, Agilent Technologies, Santa Clara, CA, USA) combined with the indium internal standard technique. Analytical precision was better than 7% for each elemental analysis, except for the Na, K, and Ti analyses, which had an analytical precision of 10%.
Satellite Data Processing
Ocean color data, including chlorophyll a concentration, photosynthetically active radiation, and sea surface temperature were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) mounted on the aqua satellite through NASA’s ocean color Web. The Aqua satellite passes over the equator from south to north in the afternoon, and aqua MODIS views the entire surface of the Earth every 1 to 2 days, acquiring data in 36 spectral bands or wavelength groups. Further details on data collection are compiled in Table S1. To estimate depth-integrated monthly-averaged net primary production (NPP), defined as the difference between gross photosynthetic production rate and respiration rate, the Vertically Generalized Production Model (Behrenfeld and Falkowski, 1997) was used in combination with the two-phytoplankton community model of Kameda and Ishizuka (2005).
RESULTS AND DISCUSSION
Sinking Particles in the Shallow Traps on and Around the Seamount
At Site JA06-M02 (on the flat top), mean total mass fluxes were 4.3 and 4.9 mg m−2 d−1 for traps Shallow-1 (900 m) and Shallow-2 (1,000 m), respectively (Table 1). For Shallow-1, mean fluxes of organic matter, carbonate, biogenic opal, and lithogenic matter were 0.5, 3.7, 0.1, and 0.4 mg m−2 d−1, respectively, and the corresponding mean contents were 11%, 78%, 2%, and 9%. C/N atomic ratios for most of the samples were about seven. Mean opal/carbonate and Corg/Cinorg ratios were 0.03 and 0.67, respectively. Samples from Shallow-2, which was deployed at a similar depth, had similar characteristics.
TABLE 1 | Mean fluxes, average compositions, and ratios (C/N, opal/carbonate, and Corg/Cinorg) of sinking particles collected at JA06 seamount.
[image: Table 1]At Site JA06-M01 (on the northeastern side of the seamount base), mean total mass fluxes were 9.3 mg m−2 d−1 for trap Shallow-3 (1,000 m; Table 1). Mean fluxes of organic matter, carbonate, biogenic opal, and lithogenic matter for this trap were 1.7, 5.7, 0.7, and 1.2 mg m−2 d−1. Mean contents of organic matter, carbonate, biogenic opal, and lithogenic matter were 18%, 62%, 7%, and 13%, respectively. C/N atomic ratios for most of the samples were about 8. Mean opal/carbonate and Corg/Cinorg ratios were 0.12 (mass ratio) and 1.4 (molar ratio), respectively.
These obtained total mass fluxes were the lowest among reported sediment trap observations in the global ocean and comparable to the mass flux of 4.8 mg m−2 d−1 obtained at 1,200 m water depth in the western Pacific below the north equatorial current (Kempe and Knaack, 1996), with similar mean percentage composition (15% organic matter, 70% carbonate, 9% biogenic opal, and 6% lithogenic matter). In the shallow traps at both sites around JA06 Seamount, seasonal variations in total mass fluxes showed similar patterns (Figures 2A–C, Table S2). However, average total mass fluxes at the base site were twice as large as those at the flat top site. One possible explanation is that the two sites have different rates of primary production; sinking fluxes roughly correspond to production rate in the surface ocean. Previous studies have posited the existence of a “seamount effect,” in which local upwelling caused by circular currents at the seamount summit can boost primary production (Furuya et al., 1995; Oliveira et al., 2016; Turnewitsch et al., 2016). This effect, however, is inconsistent with the lower primary productivity at the flat top inferred from the sinking fluxes in this study. In fact, seamount effects have only been reported for seamounts with shallow summits (<300 m depth). Due to the much greater depth at the summit of JA06 seamount (∼1,500 m), any interaction between the seamount and ocean currents might have little effect on surface ocean structure. This is supported by physicochemical parameters (temperature, salinity, dissolved oxygen, and inorganic nutrient concentrations) measured around the seamount in May, which showed no obvious differences in the vertical profiles measured at the flat top and base (Yamaoka et al., submitted).
[image: Figure 2]FIGURE 2 | Fluxes of organic matter, carbonate, opal, and lithogenic elements from June 2016 to April 2017 at four sediment traps around JA06 seamount (A) shallow-1 (depth, 900 m) and (B) shallow-2 (1,000 m) at site JA06-M02 on the seamount flat top, and (C) Shallow-3 (1,000 m) and (D) Deep-1 (4,720 m) at site JA06-M01 on the seamount base.
Organic matter C/N ratios were similar (around 7–8) in both flat-top traps and in Shallow-3 (the shallow trap at the base site). This range is consistent with the C/N ratios of living marine phytoplankton (6.6–7.0; Redfield et al., 1963; Takahashi et al., 1985). However, Shallow-3 had an elevated opal/carbonate ratio (0.12) and Corg/Cinorg ratio (1.4) compared to the flat-top traps (opal/carbonate ratio, 0.03; Corg/Cinorg ratio, 0.53–0.67). This suggests that settling organic matter is also associated with other materials besides carbonate.
Figure 3 shows relationships between organic matter flux and fluxes of various components (carbonate, biogenic opal, and lithogenic), as well as total flux, at all the sediment traps. The larger organic matter flux observed in Shallow-3 is associated with increased opal and lithogenic fluxes (Figures 3C, D). The lithogenic fraction at sediment traps in the north Pacific is mainly composed of fine clay minerals, which originate in eolian dust transported from the Asian continent by westerly winds (Kawahata, 2002). Atmospheric dust concentrations peak in spring across wide areas of the north Pacific, reflecting frequent dust storms in the source region, with the greatest concentrations occurring at mid-latitudes (Uematsu et al., 1983). However, lithogenic fluxes at JA06 Seamount were relatively low in spring, suggesting small loads and little seasonality of atmospheric dust. Since secular differences in atmospheric input between flat top and base sites are unlikely, lithogenic fluxes probably depend on organic matter flux.
[image: Figure 3]FIGURE 3 | Organic matter (OM) flux vs. (A) total mass, (B) carbonate, (C) opal, and (D) lithogenic fluxes. Dashed lines show regression lines for data from shallow and deep sediment traps.
Planktic organisms such as diatoms are known to play an important ballasting role in particulate organic carbon transport due to their propensity to form aggregates and sink rapidly (Smetacek, 1985; Honda and Watanabe, 2010). A two-year observation timeseries at station ALOHA in the oligotrophic north Pacific subtropical gyre demonstrated that diatoms account for only 3–7% of annual primary production but support 9–20% of organic carbon flux at 150 m (Brzezinski et al., 2011). Radiolarians and phaeodarians are another major siliceous microplankton taxon. Although rates of organic carbon export by them have not been quantitatively estimated, it is likely that they also effectively transport organic carbon downward due to their larger size. The mean contents of organic matter, biogenic opal, and lithogenic matter in Shallow-3 were 9%, 5%, and 3% higher, respectively, than in the flat-top traps. By contrast, the mean carbonate content was 17% lower (Table 1). Despite the fact that biogenic opal was the smallest constituent of the sinking particles, its efficient vertical transport capacity seems to contribute greatly to total mass fluxes. Based on these observations, we speculated that growth rates of siliceous microplankton may be constrained at the flat top site. However, the environmental basis of this constraint is unclear. Further comparative studies are needed to clarify the mechanisms controlling primary production and particulate fluxes on and off the seamount.
Seasonality of Sinking Particles in Japan’s Exploration Area
In Figure 4, the total mass fluxes at all three shallow traps at JA06 seamount are compared with those from two other seamounts in Japan’s exploration area. The first sediment trap experiment conducted within the area was conducted on the flat top of JA04 seamount (20°50′N, 157°18′E; water depth 2,257 m), where a single trap was deployed 23 m above the seafloor from April 8, 2001 to May 18, 2002. Another sediment trap was deployed above the flat top of JA02 Seamount (21°19′N, 159°47′E; water depth 1,600 m), where a single trap was deployed 23 m above the seafloor from August 5, 2006 to July 31, 2007. The results from these two seamounts showed a similar low total mass flux with a strong peak in September. These observations suggest that low total mass fluxes with late summer peaks are common in Japan’s exploration area in the north Pacific subtropical gyre. The range of total mass fluxes observed in our study is similar to those observed in the oligotrophic region under influence of the equatorial counter current. Kawahata et al. (2000) reported a mean total mass flux of 13.2 mg m−2 d−1 at their site 4 (8°N, 175°E; water depth 1,637 m), although they did not observe any seasonal patterns.
[image: Figure 4]FIGURE 4 | Seasonal variations in total mass fluxes at shallow sediment traps on the (A) JA02, (B) JA04, and (C,D) JA06 seamounts in Japan’s exploration area. Three-letter month designations show the month of peak flux for each sediment trap.
Interestingly, the observed seasonality in total mass fluxes is inconsistent with satellite-based estimates of NPP in the area. This is an important inconsistency that needs to be addressed. Figure 5 shows monthly average NPP at three seamounts (JA02, JA04, and JA06) estimated by using a 17-year timeseries (July 2002 to October 2018) of NASA Aqua/MODIS data. The estimated NPP varied seasonally, with an early spring bloom from February to May. This early spring bloom may be related to broader and lower-amplitude peaks in total mass fluxes observed around April in sediment traps at JA02 Seamount (Figure 4). Kawahata (2006) reported one broad maximum from January through March in total mass fluxes obtained from a sediment trap (site 6; 30°N, 175°E; water depth 3,873 m). However, the August to October NPP minimums estimated from the satellite data conflict with the late summer peaks in total mass flux observed at JA02, JA04, and JA06 seamounts.
[image: Figure 5]FIGURE 5 | Annual climatology of satellite-based net primary production for the period 2002–2018 around the (A) JA02, (B) JA04, and (C,D) JA06 seamounts.
On the basis of a global-scale compilation of sediment trap experiments, Lutz et al. (2007) found that sediment flux maxima are generally synchronous with peaks in primary production and that the oligotrophic subtropical gyres in the Pacific, where production is relatively constant year-round, are characterized by reduced seasonality. Indeed, seasonal maximum-to-minimum monthly flux ratios in the shallow traps on and around JA06 Seamount ranged from 2 to 3. This is clearly lower than the ratios observed at high latitudes and in polar regions, where maximum-to-minimum (summer to winter) flux ratios are ∼20 (Lutz et al., 2007). However, it is still unclear why we obtained very high maximum-to-minimum flux ratios (6–10) on JA04 and JA02 seamounts.
The late summer phytoplankton booms and subsequent particle export pulses appear to be a recurring phenomenon in the oligotrophic eastern north Pacific, especially to the northeast of the Hawaiian islands (Karl et al., 2001; Wilson, 2003). The blooms are not associated with deep mixing events or with dust deposition (Wilson, 2003), but rather are fueled by N2 fixation by Trichodesmium and/or diatom–cyanobacteria symbiosis assemblages and nitrogen influx to the euphotic zone from vertical diatom migrations (Wilson et al., 2008; Church et al., 2009; Karl et al., 2012). When analyzing satellite remote sensing data on ocean color, Wilson (2003) used a threshold of chlorophyll a concentration >0.15 mg m−3 to define a bloom. Based on this definition, blooms have never been observed in the western north Pacific subtropical gyre (Wilson et al., 2008; Wilson and Qiu, 2008). A shallower nutricline and convergent surface conditions in the eastern gyre are considered to be more favorable for the accumulation of buoyant organisms and nitrogen fixers (Dore et al., 2008; Wilson et al., 2008). However, summer blooms are not always detected by satellites and do not always reach the arbitrary 0.15 mg m−3 chlorophyll threshold (White et al., 2007; Villareal et al., 2011). Furthermore, Karl et al. (2012) concluded that there is no direct coupling between the appearance of increased surface chlorophyll and the summertime export pulse, based on analysis of a 13-year sediment trap dataset obtained at Station ALOHA (22°45′N, 158°W). Therefore, it is possible that the late summer peak of total mass fluxes observed in this study reflects blooms supported by N2 fixation that are invisible to satellite observation, although the trigger for these blooms has not yet been thoroughly resolved.
Alternatively, the presence of unusual seasonal peaks in sedimentation fluxes invokes the possibility of an episodic climate event. In late summer, our study area is frequently influenced by hurricanes and tropical depressions. According to historical hurricane tracks obtained from NOAA (Figure 6), a tropical depression formed 450 km east-southeast of JA06 seamount on August 8, 2016, then developed into a tropical storm the next day and moved in a clockwise direction from southeast to west around 200–350 km off the seamount over a period of 4 days. Although one more tropical depression quickly passed by the seamount on 7–8 October, its impact would have been limited. The numerical simulations suggested that typhoon-induced blooms in the western north Pacific depend on the moving speeds of typhoons, that is, slow-moving typhoons induce stronger upwelling and vertical mixing (Shibano et al., 2011; Lin, 2012). From 16 to September 19, 2006, a tropical depression rapidly developed into an H3 hurricane 100–350 km southwest of JA02 seamount. In 2001, from the end of August to early September, three tropical depressions appeared 240–600 km south, southeast, and east of JA04 seamount. Hurricane (typhoon)-induced blooming is well established, although its impact on sinking particle flux is still unknown. Strong upper-ocean mixing by intense typhoon winds and the upwelling of nutrient-rich waters have been proposed as a mechanism for storm-induced blooms (Price, 1981; Dickey et al., 1998; Lin et al., 2003; Sanford et al., 2011). Especially, many typhoons-induced phytoplankton blooms have been reported as enhancement of chlorophyll a concentration and sea surface temperature cooling of −2 to −7°C in the south China sea (Sun et al., 2010; Lin, 2012; Ye et al., 2013; Zhao et al., 2015; Liu and Tang, 2018; Wang et al., 2020). Based on analyses of satellite data in the subtropical northwest Pacific, Lin (2012) proposed that typhoon-induced phytoplankton blooms require intense wind speed, sufficiently long transit time, and the absence of a warm ocean eddy. A recent study also suggested that heavy rainfall from typhoons could enhance blooming (Lin and Oey, 2016). In addition to the fact that heavy cloud cover inhibits satellite observation, the local and short-lived nature of these blooms may hinder their detection in average monthly NPP data. It is also important to consider the possibility of subsurface phytoplankton bloom. Subsurface chlorophyll a maximum (SCM) has been observed frequently in tropical and subtropical oceans. Ye et al. (2013) showed that subsurface chlorophyll a bloom was stronger and lasted longer than the surface chlorophyll a bloom after the passage of a typhoon in the south China sea. The physical-biogeochemical coupled model supported increase in the chlorophyll a lasted for longer in the subsurface layer than in the surface layer (Pan et al., 2017). According to Honda et al. (2018), in the western Pacific subtropical gyre, mesoscale cyclonic eddies enhanced subsurface primary productivity resulting in increase in sinking particle flux. It is likely that such responses of the subsurface chlorophyll a were invisible from satellite.
[image: Figure 6]FIGURE 6 | Tracks of hurricanes (typhoons) passing through Japan’s exploration area in (A) 2001 (B) 2006, and (C) 2016. Data are from NOAA’s historical hurricane tracks (https://coast.noaa.gov/hurricanes/). TD: tropical depression, TS: tropical storm, H1–H5: hurricanes of category 1–5 on the Saffir–Simpson scale. For each year, the seamount where sediment trap observations were conducted is highlighted in yellow. Yellow dashed-line circle indicates radius 500 km from the highlighted seamount.
Material Transport From Shallow to Deep
In trap Deep-1 (depth, 4,720 m) at site JA06-M01 (on the northeastern side of the seamount base), mean total mass flux was 8.6 mg m−2 d−1 (Figure 2D). Mean fluxes of organic matter, carbonate, biogenic opal, and lithogenic matter were 0.9, 4.9, 1.5, and 1.4 mg m−2 d−1, respectively. Mean contents of organic matter, carbonate, biogenic opal, and lithogenic matter were 11%, 55%, 17%, and 17%, respectively. C/N atomic ratios for most of the samples were about 10. Mean opal/carbonate and Corg/Cinorg ratios were 0.32 (mass ratio) and 0.96 (molar ratio).
Compared to the shallow trap (Shallow-3), organic matter and carbonate fluxes in the deep trap were low and fluxes of lithogenic matter were almost the same. This is due to the degradation of organic matter and dissolution of carbonate in the water column. Organic matter fluxes correlated more closely with lithogenic fluxes (Figure 3D), suggesting an important role of atmospheric dust in downward organic matter transport. The slope of the regression between organic matter and lithogenic fluxes was steeper for the deep trap than for other traps around the seamount (Figure 3D). Assuming settling speeds of 160–200 m day−1 (e.g., Takahashi, 1986), degradation would decrease organic matter flux from depths of 1,000–4,720 m by half within 19–23 days. The elevated C/N ratio of ∼10 at the deep trap is also attributable to organic matter degradation because of the preferential decomposition of organic nitrogen compounds relative to organic carbon. As for carbonate, only 14% of the carbonate at 1,000 m dissolved before leaching at 4,720 m. The local carbonate compensation depth in the area occurs at 4,000–4,500 m (Pälike et al., 2012). Although calcium carbonate solubility (Ω) falls to less than 1 (i.e., is undersaturated) at depth due to the large pressure effect (Kawahata et al., 2019), the dissolution rate of carbonate minerals is likely to be much slower than the sinking speed of settling particles. Surface sediments collected from the base of JA06 seamount (St. B02; water depth 5,009 m) were composed of pelagic clay and contained only 0.1 wt% of total organic carbon (=1.8 wt% organic matter) and 0.5 wt% of carbonate (Yamaoka et al., submitted). Thus, the remaining >50% of organic matter and >80% of carbonate would have degraded or dissolved near or on the seafloor. This is consistent with work by Noriki and Tsunogai (1986), which suggested that the regeneration of biogenic particles occurs mainly in the bottom water and at the sediment surface.
The high biogenic opal content in the deep trap is difficult to interpret. Some species of radiolarians inhabit intermediate (200–1,000 m) and deep water (>1,000 m) (e.g., Yamashita et al., 2002). It is likely that the deep trap collected radiolarian shells from these depths.
Elemental Fluxes From Shallow to Deep
Figure 7 shows the relationships between Al and trace element fluxes. The slopes for Ti and Fe are close to the mean values for upper crustal rock (McLennan, 2001), suggesting a lithogenic origin for these elements. On the other hand, Ni, Zn, Cd, and Pb showed elevated fluxes with large variations in the shallow traps. These characteristics resemble P fluxes, implying that these elements are closely related to organic matter. The nutrient-like behaviors of Ni, Zn, and Cd and their correspondence to biogenic flux have been reported in the northeast Atlantic (Kuss and Kremling, 1999; Kuss et al., 2010) and the central Baltic Sea (Pohl et al., 2004). Although the interaction of Pb with sinking particles is still unclear, Pb could be intensively absorbed onto organic matter particles (Schüßler et al., 1997; Pohl et al., 2004). The regression of V, Mn, Co, Cu, and ΣREE fluxes with Al also had elevated slopes. In contrast to the biogenic elements (Ni, Zn, Cd, and Pb), however, fluxes of these elements in the shallow and deep traps were continuously correlated with Al fluxes. These observations suggest that scavenging onto lithogenic materials is the primary process that controls fluxes of these elements.
[image: Figure 7]FIGURE 7 | Correlations between trace element and Al fluxes in sediment trap samples from JA06 Seamount. Dashed lines indicate average ratios in upper continental crust (McLennan, 2001). Element names in individual figures with bold, italic, and underline indicate the belonging to lithogenic, biogenic, and scavenging groups, respectively.
Although scavenging behaviors of these elements are well known, they have never been detected from the chemical compositions of sinking particles except for Mn due to the large contribution of lithogenic materials. Kuss and Kremling (1999) found a large excess flux of Mn in the deep northeast Atlantic (from 33 to 54°N at ∼20°W) but did not observe a corresponding enrichment of elemental fluxes. Similarly, excess Mn fluxes in the northwest Pacific (47°N, 160°E) did not coincide with any elemental fluxes (Lamborg et al., 2008). This is because these Mn enrichments were derived from lateral Mn input from a nearby continental shelf. In contrast, our study area is far from continental shelves. Therefore, scavenging is the dominant process. That is, dissolved Mn in seawater is scavenged onto suspended fine aluminosilicate (i.e., clay mineral) particles and metals are absorbed onto the Mn oxide coating. Then, the Mn-enriched suspended matter is incorporated into sinking particles. The positive correlations between biogenic elemental fluxes (i.e., Ni, Zn, Cd, and Pb) in the deep trap (Figure 7) suggest that these elements are also affected by scavenging processes. Previous studies have posited the existence of biological Cu and Co uptake (Saito and Moffett, 2002; Lamborg et al., 2008; Sun et al., 2016). However, the relative impacts of such processes in the removal of elements seems small compared to scavenging in our study area. Although Hwang et al. (2010) suggested that the resuspension of sediments is widespread, especially near continental margins, the direct contribution of resuspended sediments is negligible in our study area. In fact, the chemical composition of sediments in the area is distinct from that of the observed Mn-enriched fraction in sinking particles. As shown in Table 2, pelagic clays collected from the base of JA06 Seamount have greater Mn/Al, Co/Al, and Ni/Al ratios by factors of 2–3 than the deep trap samples. Furthermore, the consistent correlations between the shallow and deep traps observed for scavenging elements (V, Mn, Co, Cu, and REE) indicate that the source of the Mn-enriched fraction is independent of distance from the seabed. Loading of resuspended sediments to both the shallow and deep traps is unlikely.
TABLE 2 | Average element concentrations, fluxes, and excess fluxes in shallow and deep traps at the base of the JA06 seamount. The corresponding values for pelagic clay sampled at the same seamount are provided for comparison.
[image: Table 2]We also compared average element fluxes between the shallow and deep traps at Site JA06-M01 (Table 2). Based on the ratio of deep trap/shallow trap fluxes (D/S), the elements can be divided into three groups as follows: group 1: P, Zn, Cd, Pb (D/S < 1); group 2: Mg, Ca, and Sr (D/S = 1); group 3: Al, Ti, V, Mn, Fe, Co, Ni, Cu, and ΣREE (D/S > 1). The group 1 elements correspond to biogenic elements and are characterized by biological uptake and/or adsorption onto organic matter in surface water and low rates of transport to deep waters due to organic matter degradation. These elements (except for P) are also influenced by scavenging, but recycling processes are predominant. The group 2 elements are carbonate elements, which are major and minor of ions of biogenic calcite. The refractory behaviors of these elements are consistent with the low rate of carbonate dissolution in sinking particles, as discussed above. The group 3 elements have larger fluxes in the deep trap, which results from the incorporation of suspended Mn-oxide coated aluminosilicate particles. Despite the biogenic behavior of Ni, its D/S ratio (1.4) is larger than those of other biogenic elements, suggesting the relative importance of scavenging in its vertical transport.
According to Kuss et al. (2010), excess trace element flux (FTEexc) is determined as follows:
[image: image]
where FTE and FAl are the measured fluxes of the trace element and Al, respectively, and (TE/Al)ucc reflects the average TE/Al ratio of the upper continental crust (McLennan, 2001). Based on this calculation, >85% of total fluxes of Mn, Co, Ni, Cu, Zn, Cd, and Pb are attributed to scavenging (+biogenic uptake) processes. These enrichments in excess metal fluxes would be unique to and common across the pelagic and oligotrophic ocean. Recently Hawco et al. (2018) estimated the Co scavenging rate in the water column in the South Pacific to be 0.11 μg m−2 d−1, which is strongly consistent with the excess Co flux in the deep trap (0.12 μg m−2 d−1).
Assuming the same Al flux to the sediments as to the deep trap (74.9 μg m−2 d−1) and a sediment density of 2.6 g cm−3, the sedimentation rate at the base of JA06 seamount can be roughly estimated as 0.16 mm kyr−1 based on the Al concentration in the sediments (66,900 μg g−1). We then calculated elemental fluxes to the sediments based on this sedimentation rate (Table 2). According to the distribution of metal flux into modern Pacific ocean basins (Chester, 2003), the Mn and Fe fluxes to the seabed in the study area are <27 and <164 μg m−2 d−1, respectively. Thus, our calculated values (24.2 μg m−2 d−1 for Mn and 37.7 μg m−2 d−1 for Fe) seem to be reasonable. The Ti, Mn, Co, Ni, and ΣREE fluxes into the sediments are 2–4 times greater than the fluxes in the deep trap, suggesting further accumulations of these metals near and on the sediment surface. In contrast, Cu, Zn, Cd, and Pb show lower fluxes into sediments than those in the deep trap. This could be explained by losses of the labile fraction associated with biogenic materials. The fluxes of carbonate elements, such as Mg, Ca, and Sr, also significantly decreased in the sediments. In other words, the chemical compositions of sinking particles at 500 m above the seafloor are considerably different from those of deep-sea sediments, especially in areas with slow sedimentation rates where sediments are exposed to bottom water for a long period. Sato and Usui (2018) estimated metal fluxes into cobalt-rich crusts on pelagic seamounts in the Northwest Pacific as 1.9–3.0 μg m−2 d−1 for Mn, 1.4–2.5 μg m−2 d−1 for Fe, 0.03–0.11 μg m−2 d−1 for Co, and 0.01–0.11 μg m−2 d−1 for Ni. Interestingly, the Mn and Co fluxes roughly correspond to the excess fluxes of Mn (1.3–7.0 μg m−2 d−1) and Co (0.04–0.1 μg m−2 d−1) observed in sinking particles in this study. This similarity supports the newly proposed model that continuous Mn oxidation occurs even within the oxygen minimum zone (OMZ) such that particulate Fe-Mn oxide forms piled ferromanganese crusts and nodules (Usui et al., 2017). Recently, Usui et al. (2020) presented evidence of ongoing precipitation of Fe-Mn oxide particles (a few micrometers in diameter) from normal seawater at 900–4,500 m depth based on in situ 15-years exposure tests. Such particulate precipitates could be a common source of Mn for both cobalt-rich crusts and sinking particles.
CONCLUSION
One year of sediment trap observations on and around seamounts in the exploration area for cobalt-rich crusts revealed unique characteristics of sinking particles in the western North Pacific subtropical gyre. The main findings obtained in this study are as follows:
(1) Total mass fluxes on the seamount flat top were half of those on the base throughout the year. This is probably attributable to a lower population of siliceous microplankton, such as diatoms, in the euphotic zone, although the influence of environmental factors including a putative “seamount effect” is still unresolved.
(2) Particle sinking rates in the north Pacific subtropical gyre are characterized by low total mass fluxes with a sharp peak in late summer. However, summer plankton blooms were not detected by satellite observations. The increased fluxes in late summer may be explained by blooms supported by N2 fixation (similar to those in the eastern gyre but on a smaller scale) or short-lived blooms induced by typhoons (hurricanes) and tropical depressions.
(3) During the vertical transport of particles from depths of 1,000–4,720 m, half of the organic matter was decomposed as compared to only 14% of carbonate elements. Most of the biogenic materials in sinking particles could be regenerated mainly in the bottom water and at the sediment surface.
(4) Elemental analyses of the sinking particles demonstrated that fluxes of metal elements, such as V, Mn, Co, Ni, Cu, Zn, Cd, Pb, and REE, were predominantly driven by scavenging (+biogenic uptake) processes. Such scavenging-dominated metal flux is characteristic of oligotrophic oceans. Among these metals, Ti, Mn, Co, Ni, and REE seem to further accumulate on the seabed.
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