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Abstract 

 

The dissolved (d) and total dissolvable (td) trace metals were determined in sea water 

samples collected from the East China Sea (ECS). Labile particulate (lp) species was 

calculated as td minus d, and the sectional and vertical distributions of d and lp trace 

metals were evaluated. The surface concentrations of dAl, dCo, dNi, dCu, and dPb were 

higher in the continental shelf region than in the Kuroshio region. lpAl and lpFe were the 

dominant species below a depth of 400 m, and a strong positive correlation was observed 

between them in the Kuroshio region. The enrichment factor (EF) against crustal 

abundance was calculated for the purpose of estimating the origin of dMs in the ECS. The 

EF(dFe) was close to unity. These results suggest that both lpFe and dFe are dominated 

by crustal sources. The other elements had high EF, indicating significant contributions 

from other sources. EF(dPb) was close to the enrichment factor in aerosol, suggesting 

atmospheric input from anthropogenic sources. The dM/P ratios were calculated to 

investigate the validity of the extended Redfield ratio in the ECS. The Mn/P, Co/P, Cu/P, 

Zn/P, and Cd/P ratios in shallow water (<200 m) were within the same order of magnitude 

as those in phytoplankton. In contrast, the Al/P and Fe/P ratios were, respectively, 27 and 

213 times higher in phytoplankton compared to those in shallow water. These results 

suggest that dFe is a potential limiting factor for biological production, although it is not 

exhausted in surface water. 
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1 Introduction 

 

The East China Sea (ECS) is a marginal sea bounded by China, Taiwan, Korea, and 

Japan. The ECS contains a broad continental shelf, and a major western boundary 

current, the Kuroshio, travels along the outer edge of that shelf (Ichikawa and Beardsley 

2002). The shelf region shallower than 200 m occupies approximately 70 % of the area 

of the ECS and the Yellow Sea. The volume of water on the shelf is 4.5  104 km3. The 

Okinawa Trough lies in the southern and eastern ECS, where the maximum water depth 

is greater than 2000 m in its southern section and less than 1000 m in its northeastern 

section. Two of China’s largest rivers, the Changjiang (Yangtze River) and the Huanghe 

(Yellow River), supply freshwater to the ECS. The Changjiang is the single most 

important freshwater source in the ECS; approximately 30.0  103 m3/s of freshwater 

discharges from the Changjiang to the ECS (Beardsley et al. 1985; Chen et al. 1994). A 

large amount of inorganic nitrogen and particulate organic carbon annually enters the 

ECS (Dagg et al. 2004; Liu et al. 2003). In addition, the Kuroshio subsurface waters 

upwell onto the ECS shelf, providing a large amount of nutrients (Chen 1996). The 

mean residence time for the shelf water is estimated to be approximately 2.3 y based on 

measurements of 228Ra/226Ra (Nozaki et al. 1989). 

Some bioactive trace metals, such as Fe, Mn, Co, Cu, Ni, Zn, and Cd are thought 

to play a key role in controlling oceanic biogeochemical processes (Morel et al. 2003; 

Morel and Price 2003). The distribution of dissolved Fe (dFe) in the open ocean has been 

extensively studied to prove the importance of dFe in limiting biological productivity 

(Landing and Bruland 1987; Martin and Gordon 1988; Martin et al. 1989; Wu and Luther 

1994; Bruland et al. 1994; Zheng and Sohrin 2019). Some studies suggest that over 99 % 

of dFe is strongly complexed by organic Fe-binding ligands (Gledhill and van den Berg 

1994; Rue and Bruland 1995; Wu and Luther 1995; Öztürk et al. 2003; Ibisanmi et al. 

2011; Kondo et al. 2012). Dissolved Mn in the open ocean has a scavenging profile 

(Statham et al. 1998; Middag et al. 2011; Wu et al. 2014; Zheng et al. 2019). It has been 

attributed to a source of eolian dust deposition of Mn to the surface ocean and a sink via 

Mn(II) oxidation by dissolved oxygen in seawater (Klinkhammer and Bender 1980; 

Landing and Bruland 1980,1987). There are some similarities between the distributions 

of dCo and dMn (Martin et al. 1990; Fitwater. et al. 2000; Saito and Moffet 2002; Ezoe 

et al. 2004; Saito et al. 2004; Bown et al. 2011). The low solubility of Co in seawater is 
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partly derived from the oxidation of Co(II) to Co(III); oxidation can be achieved on Mn 

oxides by Mn-oxidizing bacteria (Tebo et al. 1984; Tebo 1998). Co is clearly used by 

phytoplankton as a micronutrient in culture studies, and dCo shows a linear correlation 

with phosphate in the upper ocean (Sunda and Huntsman 1995; Saito et al. 2002; Zheng 

et al. 2019). Although Cu is an essential micronutrient for marine phytoplankton (Peers 

and Price 2006; Maldonado et al. 2006), the depth profiles of dCu do not resemble those 

of macronutrients and instead display a monotonic increase with depth (Boyle and 

Edmond 1975; Boyle et al. 1977; Bruland 1980; Ezoe et al. 2004; Boye et al. 2012; 

Thompson et al. 2014; Heller and Croot 2015; Roshan and Wu 2015; Zheng et al. 2017). 

The modest vertical gradient more likely results from remineralization of Cu during early 

diagenesis in sediments, leading to a flux from pore waters to overlying waters (Boyle et 

al. 1977). Dissolved Ni is never fully depleted in the surface ocean and dNi is not 

generally considered to be a limiting factor (Middag et al. 2020). Recent studies, however, 

report that Ni is required for the growth of phytoplankton and cyanobacteria (Ho 2013). 

Dissolved Zn shows a stronger correlation with silicate than with phosphate in the ocean 

(Bruland 1980; Janssen and Cullen 2015; Kim et al. 2017; Wang et al. 2019). This is a 

paradox because organisms usually incorporate Zn into soft tissue for metabolism 

(Ellwood and Hunter 2000). Dissolved Cd in the open ocean exhibits genuine nutrient-

type behavior and a linear relationship with phosphate (Boyle 1988; Bruland 1980; 

Bruland and Franks 1983; Danielson et al. 1985; Sakamoto-Arnold et al. 1987; Hunter 

and Ho 1991; Nolting and de Baar 1994; Fitzwater 2000; Abe 2002; Cid et al. 2011; Xie 

et al. 2015; Hernandez-Candelario et al. 2019). 

In addition, Al and Pb are key elements in marine geochemistry (SCOR Working 

Group 2007). The oceanic distribution of dAl is primarily controlled by terrigenous 

sources, rapid scavenging from a water column, and internal cycling (Hydes 1983; 

Measures et al. 1986; Orians and Bruland 1986; Hydes et al. 1988; Measures and Edmond 

1988; Hall and Measures 1998; Measures and Vink 1999; Kramer et al. 2004; Obata et al. 

2004; Zheng et al. 2019). Fluvial input has been suggested as an important source of dAl 

in coastal regions (Morris et al. 1986; Brown et al. 2010). Orians and Bruland (1986) 

suggested that dAl can be scavenged by biogenic particles in high-productivity surface 

waters with high export production. Gehlen et al. (2002) suggested that Al can also be 

removed from seawater as it is incorporated into diatoms during silica frustule 

biosynthesis. Dissolved Pb in the ocean exhibits scavenged-type behavior, which is 

primarily due to the atmospheric supply from anthropogenic sources and the adsorption 

of dPb on particles in seawater (Wu and Boyle 1997; Windom et al. 1985; Kraepiel et al. 

1997; Ezoe et al. 2004; Zheng et al. 2019). 
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There are some reports on the distributions of dissolved trace metals in the ECS 

for Al (Ren et al. 2006), Mn (Wang et al. 2016), Fe (Su et al. 2015; Yang et al. 2017; 

Sasayama et al. 2018), Cd (Hsu et al. 2003B), and Pb (Lin et al. 2000; Li et al. 2014). The 

distribution of dAl in the ECS and the Yellow Sea was reported by Ren et al. (2006). The 

distribution of dAl in the Yellow Sea shows the effect of land-source input from adjacent 

rivers and the Changjiang with obvious seasonal variations. On the other hand, 250 km 

from the Changjiang mouth, the freshwater input is hardly detected and the incursion of 

Kuroshio waters becomes dominant (Ren et al. 2006). Su et al. (2015) reported the vertical 

distribution of dFe in the coastal waters of the ECS. High dFe concentrations were 

observed at estuary stations, whereas low concentrations were observed at offshore 

stations. They suggested that dFe at estuary stations is mainly influenced by the input of 

the Changjiang. The concentrations of dPb in the upper water in the southern ECS are 

several times higher than those in the Pacific, corresponding to much higher atmospheric 

supplies of Pb to the ECS (Lin et al. 2000). Seasonal variability of dPb was observed in 

the coastal waters of the ECS (Li et al. 2014). They suggested that riverine and 

atmospheric inputs are the main sources of dPb in spring in this area. Thus, although there 

are several research reports on the bioactive trace metals in the ECS, the large-scale 

distributions and stoichiometry of trace metals in the ECS are not well understood. 

We have developed a multielemental determination method for Al, Mn, Fe, Co, 

Ni, Cu, Zn, Cd, and Pb in seawater samples by solid-phase extraction with inductively 

coupled plasma mass spectrometry (Minami et al. 2015; Sohrin et al. 2008). Using this 

method, we have elucidated the distributions and stoichiometry of the trace metals in the 

Indian Ocean (Vu and Sohrin 2013), the Bering Sea (Cid et al. 2011), the Chukchi and 

Beaufort Seas (Cid et al. 2012), and the North Pacific Ocean (Zheng et al. 2019; Zheng 

et al. submitted; Zheng et al. 2017; Zheng and Sohrin 2019). In this study, seawater was 

sampled at stations in the ECS and the adjacent Kuroshio region, as part of the Japanese 

GEOTRACES program. We measured dissolved (d) and total dissolvable (td) 

concentrations of the nine trace metals using filtered and unfiltered seawater, respectively, 

and obtained labile particulate (lp) concentrations which were calculated as td minus d. 

As far as we know, this is the first systematic and comprehensive study of the key trace 

metals in seawater in the ECS. 

 

2 Study Area 

 

Seawater samples were collected during the KH-15-3 cruise of R/V Hakuho Maru of the 

Japan Agency for Marine-Earth Science and Technology (JAMSTEC) from October 14 
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to November 2, 2015. The sampling locations are shown in Fig. 1. Station AND 22 

(123.00E, 25.17N; 1671 m) is located in the southwestern ECS, which is the closest 

station to Taiwan Island. Station AND 26 (126.08E, 28.95N; 105 m) is located in the 

continental shelf region of the ECS. Stations AND 6 (129.10E, 29.65N; depth 826 m) and 

AND 31 (127.14E, 28.30N; 965 m) are located in the northeastern ECS, and station AND 

34 (130.75E, 29.37N; 2987 m) is located above the continental slope in the North Pacific 

Ocean. 

The potential temperature-salinity (TS) diagram for the five stations is presented 

in Fig. 2. The Kuroshio enters the ECS through the channel between Taiwan Island and 

the Yonagunijima Archipelago (Nitani 1972; Johns et al. 1995). In the ECS, the Kuroshio 

then flows northeastward along the continental shelf break to 30°N. The flow on the left 

of the Kuroshio separates into the Tsushima Current (Sverdrup et al. 1942). Our T-S 

diagrams show that the four sampling stations (AND 6, AND 22, AND 31, and AND 34) 

are within the same current system, that is, Kuroshio. The T-S diagram of Station AND 

26 differs from that of the other four stations. The relatively high temperature and low 

salinity (S = 33.96–34.68) of the surface water is thought to be Changjiang Diluted Water 

(CDW) (Chang and Isobe 2003). 

 

3 Methods 

 

3.1 Sampling 

 

Seawater samples were collected using a Carousel system (SBE-32, Sea-Bird Scientific, 

Bellevue, Washington, USA) with a conductivity, temperature, and depth sensor (CTD; 

Model SBE-9-plus, Sea-Bird Scientific, Bellevue, Washington, USA). The insides of 

Niskin-X bottles were coated with Teflon and cleaned with 1 % detergent, 0.1 M 

hydrochloric acid, and deionized water (MQW) prepared using a Milli-Q system (Merck 

Millipore, Darmstadt, Germany). 

All seawater samples were transferred from clean Niskin-X bottles to precleaned, 

250-mL low-density polyethylene Nalgene bottles (Thermo Fisher Scientific, Waltham, 

MA, USA) in a clean bubble. Unfiltered samples were collected from the clean Niskin 

bottles directly to determine total dissolvable trace metals (tdMs), and filtered samples 

were passed through an AcroPak capsule filter with a pore size of 0.2 µm (Pall, Port 

Washington, New York, USA) to determine dissolved trace metals (dMs). Immediately 

after collection, HCl (Tamapure AA-10, Tama Chemicals, Kawasaki, Japan) was added 

to both the unfiltered and filtered seawater samples to achieve a final HCl concentration 
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of 0.010 mol/kg (pH ~ 2.2). The samples were stored at room temperature for 

approximately two years until analysis. Although the pH was slightly higher than the 1.8 

recommended by GEOTRACES and UV irradiation was not applied, the storage time was 

fairly long. 

The samples for salinity, nutrient, and Chl a analysis were obtained using normal 

Niskin-X bottles that were not acid-cleaned. 

 

3.2 Analysis 

 

An off-line pre-concentration procedure was reported previously (Minami et al. 2015; 

Sohrin et al. 2008). An improved commercially available solid-phase extraction apparatus 

SPE-100 (Hiranuma Sangyo) was used for the preconcentration of trace metals in 

seawater, which was conducted using a chelating resin with ethylenediaminetriacetic and 

iminodiacetic acid groups (NOBIAS CHELATE-PA1, Hitachi High-Technology). A td 

sample was passed through an inline filter, when it is processed using a SPE-100. A high-

resolution inductively coupled plasma mass spectrometer (HR-ICP-MS), equipped with 

a magnetic sector mass spectrometer (ELEMENT 2, ThermoFisher), was used to 

determine the concentrations of dM and tdM in seawater. The studied isotopes were 27Al, 
55Mn, 56Fe, 59Co, 60Ni, 63Cu, 66Zn, 114Cd, and 208Pb. Calibration lines for the trace metals 

were obtained using standard solutions containing 1 M HNO3 (TAMAPURE AA-10). 

The standard solutions were measured at appropriate intervals during analysis to correct 

changes in the background and in sensitivity. We evaluated procedure blanks using MQW 

as a sample. The MQW was initially acidified with HCl and then adjusted to pH 6.0 for 

preconcentration in a similar manner to the seawater samples. The concentrations of labile 

particulate metals (lpMs) were obtained from the difference between tdMs and dMs. The 

lp species include (1) metal oxides, hydroxides, sulfides, and carbonates, (2) metal ions 

adsorbed on mineral surfaces, (3) metal ions complexed with organic matter in suspended 

particles (Ezoe et al. 2004), and (4) metal ions dissolved from aluminosilicate minerals 

(Zheng et al. 2019). 

No significant difference in procedure blank for dMs and tdMs were observed, 

and we defined the detection limits for dMs and tdMs as three times the standard deviation 

(sd) of the procedure blank. The concentrations of lpMs were determined by the 

difference between tdMs and dMs. Because the relative standard deviation (rsd) was ~5% 

for both tdMs and dMs, the detection limits of lpMs were defined using the following 

equation considering the propagation of uncertainty: 2×√2×0.05×Cave, where Cave 

represents the average concentration of dMs in this study. The procedure blanks and 
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detection limits are summarized in Table S1 (online supplementary material). We 

measured the GEOTRACES open-ocean reference samples SAFe-D2, GS, and GD at an 

early point in the study (Minami et al. 2015). We measured certified reference materials 

for trace metals, CASS-4 (National Research Council of Canada) at a midpoint in this 

study. The analytical results of the seawater reference material are shown in Table S2 

(online supplementary material). The concentration of each element in this study was 

within ave ± 2sd of the certified value. 

The temperature was measured by the CTD. Salinity and nutrients (NO3, NO2, 

PO4, and Si(OH)4) were, respectively, measured on board using a salinometer (Autosal 

8400B, Ocean Scientific International Ltd., Havant, UK) and an autoanalyzer (SWATT, 

BLTEC, Osaka, Japan). Nutrient data were checked using a certified reference material 

for seawater analysis (KANSO Co. Ltd., Japan). The Ocean Data View software package 

was used to analyze the data and prepare figures (Schlitzer 2015). 

 

4 Results 

 

4.1 Hydrography, dissolved oxygen, nutrients, and Chl a. 

 

The seawater data are summarized in Table S3 (online supplementary material). The full-

depth vertical profiles of potential density anomary (0), potential temperature (θ), 

salinity, dissolved oxygen, nitrate, nitrite, phosphorous, and silicic acid are shown in Fig. 

3. The sectional distributions of potential temperature, salinity, dissolved oxygen, nitrate, 

nitrite, phosphorous, and silicic acid from the surface to a depth of 1500 m between 

stations AND 26 and AND 34 are shown in Fig. 4. At the shelf station AND 26, dissolved 

oxygen decreased in bottom water, where nitrate, nitrite, phosphorous, and silicic acid 

significantly increased. A maximum of nitrite occurred around a depth of 100 m between 

AND 26 and AND 06, suggesting nitrate reduction on the shelf bottom and in the water 

column in the ECS. 

 

4.2 Al 

 

The full-depth vertical profiles of dAl and lpAl are shown in Figs. 5(A) and 7(A), 

respectively. The sectional distributions of dAl and lpAl from the surface to a depth of 

1500 m between AND 26 and AND 34 are shown in Figs. 6(A) and 8(A), respectively. 

The concentration ranges for dAl and lpAl at AND 26, in the continental shelf region, 

were 18.6–23.7 and 12.7–2872 nmol/kg, respectively, which were substantially higher 
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than those at the other stations, suggesting terrigenous input. These concentrations are 

comparable with those observed in the southern Yellow Sea (Ren et al. 2006). Both dAl 

and lpAl dropped sharply within 130 km from AND 26 to AND 31. The concentration 

ranges of dAl and lpAl in the Kuroshio region (AND 06, 22, 31, and 34) were 1.37–12.4 

and not detected (ND)–93.6 nmol/kg, respectively. These values are significantly higher 

than those observed in the Northern Pacific Ocean (Zheng et al. 2017). The vertical 

profiles of dAl in the ECS exhibited a scavenging profile, which are similar to those 

observed in the Indian Ocean (Vu and Sohrin 2013) and the Northern Pacific Ocean 

(Zheng et al. 2019). dAl did not show a strong positive correlation with other parameters 

for all data in this study (Table 1). 

The sectional distribution of lpAl is generally similar to that of the other lpMs 

(Fig. 8). The correlation coefficients between lpAl and the other lpMs were higher than 

0.90 for all data (Table 3). These results indicate that aluminosilicate particles are a major 

factor that dominates the distribution of lpMs. Concentration peaks for lpAl were 

observed at depths of 595 m (AND 06), 794 m (AND 22), 949 m (AND 31), and 991 m 

(AND 34) in the Kuroshio region. The vertical profiles of the lpAl/tdAl ratio are shown 

in Fig. 9(A). The statistical data of the lpAl/tdAl ratios are shown in Table 2. The 

lpAl/tdAl ratios for AND 06 were 0.11 ± 0.12 (ave ± sd, n = 10) at a depth of ≤400 m and 

0.76 ± 0.09 (n = 4) at >400 m; those for AND 22 were 0.23 ± 0.27 (n = 9) at ≤400 m and 

0.91 ± 0.05 (n = 6) at >400 m; those for AND 26 were 0.57 ± 0.26 (n = 8) at ≤100 m; 

those for AND 31 were 0.08 ± 0.07 (n = 8) at ≤400 m and 0.85 ± 0.11 (n = 5) at >400 m; 

and those for AND 34 were 0.13 ± 0.07 (n = 9) at ≤400 m and 0.82 ± 0.05 (n = 8) at a 

depth of >400 m. These results indicate that lpAl was the dominant species of Al at a 

depth of >400 m at any of the sampling stations. 

 

4.3 Mn 

 

The full depth vertical profiles of dMn and lpMn are shown in Figs. 5(B) and 7(B), 

respectively. The sectional distributions of dMn and lpMn are shown in Figs. 6(B) and 

8(B), respectively. The concentration ranges of dMn and lpMn at AND 26, in the 

continental shelf region, were 2.06–2.92 and 1.28–49.3 nmol/kg, respectively. These 

concentrations of Mn at AND 26 were substantially higher than those in the Kuroshio 

region in a similar manner to Al. The concentration ranges of dMn and lpMn in the 

Kuroshio region (AND 06, 22, 31, and 34) were 0.30–7.48 and ND–11.9 nmol/kg, 

respectively. The vertical profiles of dMn exhibited a scavenging profile, which are 

similar to those observed in the North Pacific (Bruland et al 1994; Zheng et al. 2019) and 
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the Atlantic Ocean (Saager et al. 1997). However, the concentrations of dMn and lpMn 

increased sharply at the bottom layer at AND 22 and 31. The sources of dMn may be 

attributed to manganese reduction in sediments (Wang et al. 2016) and/or hydrothermal 

activity in the Okinawa Trough (Hsu et al. 2003A). Subsequently, dMn is oxidized to 

form Mn oxides in the water column, resulting in a unique distribution of lpMn. dMn did 

not show a strong correlation with other parameters for all data in this study (Table 1). In 

addition, lpMn did not show a strong correlation with the other lpMs in the Kuroshio 

region of the ECS (Table 3). 

The vertical profiles of lpMn/tdMn are shown in Fig. 9(B). The statistical data 

of the lpMn/tdMn ratios are shown in Table 2. The lpMn/tdMn ratios for AND 06 were 

0.19 ± 0.15 (n = 10) at a depth of ≤400 m and 0.57 ± 0.07 (n = 4) at >400 m; those for 

AND 22 were 0.19 ± 0.19 (n = 9) at ≤400 m and 0.69 ± 0.12 (n = 6) at >400 m; those for 

AND 26 were 0.50 ± 0.28 (n = 8) at ≤100 m; those for AND 31 were 0.13 ± 0.17 (n = 8) 

at ≤400 m and 0.58 ± 0.23 (n = 5) at >400 m; and those for AND 34 were 0.20 ± 0.13 (n 

= 9) at ≤400 m and 0.51 ± 0.07 (n = 8) at >400 m. Thus, the lpMn/tdMn ratios were lower 

than the lpAl/tdAl ratios. 

 

4.4 Fe 

 

The full depth vertical profiles of dFe and lpFe are shown in Figs. 5(C) and 7(C), 

respectively. The sectional distributions of dFe and lpFe are shown in Figs. 6(C) and 8(C), 

respectively. The concentration ranges of dFe and lpFe at AND 26, in the continental shelf 

region, were 0.30–1.26 and 0.76–7.60 nmol/kg, respectively. The concentration ranges of 

dFe and lpFe in the Kuroshio region (AND 06, 22, 31, and 34) were 0.26–1.46 and ND–

67.7 nmol/kg, respectively. These concentrations are consistent with those at the shelf 

edge slope in the ECS (Sasayama et al. 2018). The vertical profiles of dFe exhibited a 

nutrient-like profile in a similar manner to those observed in the Gulf of Alaska (Martin 

et al. 1989) and the Northern Pacific Ocean (Zheng and Sohrin 2019). However, dFe was 

not depleted in surface water in this area. This may be because the flux of dFe to the 

surface water is higher than the uptake rate of dFe by phytoplankton. dFe showed a 

maximum around 0 = 26.0–27.5. Such a maximum has been observed near continents in 

both the northwestern and northeastern North Pacific (Zheng and Sohrin 2019). dFe 

showed a moderate correlation with NO3 and PO4 for all data in this study (Table 1). A 

correlation plot of dFe with PO4 is shown in Fig. 10(A). The regression lines between 

nutrient concentrations and dissolved metal concentrations are listed in Table S4 (online 

supplementary material). The regression lines for dFe in the ECS are as follows: 
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dFe [nmol/kg] = (0.017 ± 0.002) NO3 [µmol/kg] + (0.596 ± 0.051) r2 = 0.65, n = 44 

dFe [nmol/kg] = (0.191 ± 0.028) PO4 [µmol/kg] + (0.665 ± 0.062) r2 = 0.57, n = 38 

The relationship between dFe and NO3 is similar to the results in the Gulf of Alaska 

(Martin et al. 1989): 

dFe [nmol/kg] = 0.0137 NO3 [µmol/kg] － 0.0619   r2 =0.85, n = 14 

The distribution of lpFe was close to that of lpAl (Table 3). The concentration 

peaks for lpFe were observed at depths of 595 m (AND 06), 794 m (AND 22), 949 m 

(AND 31), and 991 m (AND 34). The vertical profiles of lpFe/tdFe are shown in Fig. 

9(C). The statistical data of the lpFe/tdFe ratios are shown in Table 2. The lpFe/tdFe ratios 

for AND 06 were 0.52 ± 0.27 (n = 10) at a depth of ≤ 400 m and 0.88 ± 0.01 (n = 4) at > 

400 m; those for AND 22 were 0.68 ± 0.17 (n = 9) at ≤ 400 m and 0.95 ± 0.02 (n = 6) at 

> 400 m; that for AND 26 was 0.75 ± 0.19 (n = 8) at ≤ 100 m; those for AND 31 were 

0.41 ± 0.28 (n = 8) at ≤ 400 m and 0.92 ± 0.04 (n = 5) at > 400 m; and those for AND 34 

were 0.60 ± 0.06 (n = 9) at ≤ 400 m and 0.84 ± 0.05 (n = 8) at a depth of > 400 m. These 

results suggest that lpFe was the dominant species of Fe at a depth of > 400 m at any of 

the sampling stations in a similar manner to Al. 

 

4.5 Co 

 

The full depth vertical profiles of dCo and lpCo are shown in Figs. 5(D) and 7(D), 

respectively. The sectional distributions of dCo and lpCo are shown in Figs. 6(D) and 

8(D), respectively. The concentration ranges of dCo and lpCo at AND 26, in the 

continental shelf region, were 30.2–106 and 24.3–731 pmol/kg, respectively. The 

concentration ranges of dCo and lpCo in the Kuroshio region (AND 06, 22, 31, and 34) 

were 1.24–56.5 and ND–23.1 pmol/kg, respectively. dCo exhibited maxima at the surface 

and mid-depth. The mid-depth peaks of dCo were observed at 695 (AND 06), 595 (AND 

22), 498 (AND 31), and 596 m (AND 34), where dFe had peaks simultaneously. Below 

the mid-depth peaks, dCo decreased with depth. These results are consistent with the 

unique marine chemistry of Co, i.e., it is neither a typical nutrient-type nor a scavenged-

type element. The distribution of dCo in the Sulu Sea and South China Sea is a scavenged 

type with surface enrichment and decreases with depth (Norisuye et al. 2007). The 

distribution of dCo in the subtropical Atlantic was nutrient-like, with low levels in surface 

waters and the lowest concentrations observed where Chl. a was the highest (Bown et al. 

2011). A similar distribution of surface depletion of dCo has been observed in the South 

Pacific (Ellwood 2008), in the eastern North Pacific (Martin et al. 1989), North Atlantic 
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(Martin et al. 1993), and Sargasso Sea (Saito and Moffett 2001). Biological uptake by 

cyanobacteria is the dominant removal mechanism for cobalt in the surface waters of the 

oligotrophic Sargasso Sea (Saito and Moffett 2001). At station AND 06, dCo showed the 

lowest concentration at which Chl. a had the maximum concentration. Thus, biological 

uptake in the euphotic layer and remineralization from biological particles at depth is a 

major process to determine the distribution of Co in the ECS. dCo showed a moderate 

correlation with dFe and weak correlations with NO3 and PO4 for all data in this study 

(Table 1). A correlation plot of dCo with PO4 is shown in Fig. 10(B). The regression lines 

for dCo in the ECS are as follows: 

dCo [pmol/kg] = (0.529 ± 0.107) NO3 [µmol/kg] + (19.4 ± 2.8) r2 = 0.37, n = 44 

dCo[pmol/kg] = (5.72 ± 1.59) PO4 [µmol/kg] + (21.7± 3.6)  r2 = 0.26, n=38 

lpCo does not show a significant correlation with any other lpM in the Kuroshio 

region (Table 3). The vertical profiles of the lpCo/tdCo ratio are shown in Fig. 9(D). The 

statistical data of the lpCo/tdCo ratios are shown in Table 2. The lpCo/tdCo ratios for 

AND 06 were 0.33 ± 0.14 (n = 10) at a depth of ≤ 400 m and 0.15 ± 0.12 (n = 4) at > 400 

m; those for AND 22 were 0.28 ± 0.36 (n = 9) at ≤ 400 m and 0.10 ± 0.03 (n = 6) at > 400 

m; that for AND 26 was 0.43 ± 0.32 (n = 8) at ≤ 100 m; those for AND 31 were 0.02 ± 

0.04 (n = 8) at a depth of ≤ 400 m and 0.29 ± 0.22 (n = 5) at > 400 m; and those for AND 

34 were 0.14 ± 0.14 (n = 9) at ≤ 400 m and 0.22 ± 0.08 (n = 8). These results indicate that 

lpCo is a minor chemical species in tdCo. 

 

4.6 Ni 

 

The full-depth vertical profiles of dNi are shown in Fig. 5(E). The sectional distribution 

of dNi is shown in Fig. 6(E). The concentration range of dNi at AND 26, in the continental 

shelf region, was 3.42–4.82 nmol/kg. The concentration range of dNi in the Kuroshio 

region (AND 06, 22, 31, and 34) was 2.46–10.7 nmol/kg. dNi exhibited a nutrient-like 

profile. dNi showed a strong correlation with Si(OH)4, NO3, and PO4 for all data in this 

study (Table 1). It is well known that there is a significant positive correlation between 

dNi and nutrients in the North Pacific (Bruland 1980; Ezoe 2004), in the South China Sea 

(Wen et al. 2006), and in the Tasman Sea (Ellwood 2008). A correlation plot of dNi with 

PO4 is shown in Fig. 10(C). The regression lines for dNi in the ECS are as follows: 

dNi [nmol/kg] = (0.053 ± 0.002) Si(OH)4 [µmol/kg] + (3.44 ± 0.15) r2 = 0.97, n = 31 

dNi [nmol/kg] = (0.188 ± 0.006) NO3 [µmol/kg] + (2.41 ± 0.15) r2 = 0.96, n = 44 

dNi [nmol/kg] = (2.39 ± 0.096) PO4 [µmol/kg] + (2.23 ± 0.22) r2 = 0.95, n = 38 

These relations are in good agreement with the results in the northern North Pacific shown 
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below (Ezoe et al. 2004): 

dNi [nmol/kg] = 0.043 Si(OH)4 [µmol/kg] + 2.83   r2 = 0.96, n=159  

dNi [nmol/kg] = 0.182 NO3 [µmol/kg] + 1.90   r2 = 0.92, n=151 

dNi [nmol/kg] = 2.54 PO4 [µmol/kg] + 1.92   r2 = 0.92, n=171 

 lpNi was observed only in the bottom waters at AND 26 and 34. 

 

4.7 Cu 

 

The full-depth vertical profiles of dCu are shown in Fig. 5(F). The sectional distribution 

of dCu is shown in Fig. 6(F). The concentration range of dCu at AND 26 was 0.98–1.96 

nmol/kg. The concentration range of dCu in the Kuroshio region (AND 06, 22, 31, and 

34) was 0.29–3.42 nmol/kg. dCu showed high concentrations in surface water, a 

minimum around a depth of 150–200 m and increased with depth to the bottom. Similar 

distributions have been observed in the North Pacific (Boyle et al. 1977; Ezoe et al. 2004), 

the South China Sea (Wen et al. 2006), and the Sulu Sea (Norisuye et al. 2007). These 

vertical distributions of dCu have been explained by the hybrid effects of the biological 

uptake and remineralization and the particle scavenging in subsurface and deep layers. 

dCu showed the strongest correlation with Si(OH)4 for all data in this study (Table 1). A 

correlation plot of dCu with PO4 is shown in Fig. 10(D). The regression lines for dCu in 

the ECS are as follows: 

dCu [nmol/kg] = (0.014 ± 0.001) Si(OH)4 [µmol/kg] + (0.22 ± 0.10) r2 = 0.85, n = 31 

dCu [nmol/kg] = (0.038 ± 0.004) NO3 [µmol/kg] + (0.32 ± 0.10) r2 = 0.68, n = 44 

dCu [nmol/kg] = (0.508 ± 0.062) PO4 [µmol/kg] + (0.21 ± 0.14) r2 = 0.65, n = 38 

These results are consistent with previous studies showing a strong positive correlation 

between dCu and Si(OH)4 in the ocean (Boyle et al. 1977; Bruland and Franks 1983; 

Jacquot and Moffett 2015; Roshan and Wu 2015). dCu exhibits a stronger correlation 

with Si(OH)4 than with NO3 and PO4 (Jacquot and Moffett 2015). 

lpCu was observed at AND 26 (0.28–1.06 nmol/kg) and in some samples in the 

upper water column at other stations. 

 

4.8 Zn 

 

The full-depth vertical profiles of dZn are shown in Fig. 5(G). The sectional distribution 

of dZn is shown in Fig. 6(G). The concentration range of dZn at AND 26 was 0.60–1.65 

nmol/kg. The concentration range of dZn in the Kuroshio region (AND 06, 22, 31, and 

34) was 0.42–11.3 nmol/kg. The vertical profiles of dZn showed a nutrient-type profile 
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in a similar manner to that observed in the North Pacific (Bruland et al. 1994; Ezoe et al. 

2004), the Sulu Sea (Norisuye et al. 2007), and the Tasman Sea (Ellwood 2008). However, 

dZn was not depleted in surface water in the ECS, suggesting that the flux of dZn to the 

surface water is higher than the uptake rate of dZn by phytoplankton. dZn showed strong 

correlations with Si(OH)4, NO3, and PO4 for all data in this study (Table 1). A correlation 

plot of dZn and PO4 is shown in Fig. 10(E). The regression lines for dZn in the ECS are 

as follows: 

dZn [nmol/kg] = (0.073 ± 0.002) Si(OH)4 [µmol/kg] + (0.94 ± 0.22) r2 = 0.97, n = 31 

dZn [nmol/kg] = (0.236 ± 0.011) NO3 [µmol/kg] + (0.32 ± 0.29) r2 = 0.91, n = 44 

dZn [nmol/kg] = (3.07 ± 0.18) PO4 [µmol/kg] – (0.08 ± 0.40) r2 = 0.89, n = 38 

dZn exhibited a stronger correlation with Si(OH)4 than with NO3 and PO4. A similar trend 

was observed in seawater samples collected from the North Pacific Ocean (Ezoe et al. 

2004): 

dZn [nmol/kg] = (0.054 ± 0.001) Si(OH)4 [µmol/kg] + (1.73 ± 0.13) r2 = 0.93, n = 157 

dZn [nmol/kg] = (0.214 ± 0.009) NO3 [µmol/kg] + (0.95 ± 0.28) r2 = 0.79, n = 148 

dZn [nmol/kg] = (2.966 ± 0.111) PO4 [µmol/kg] + (1.01 ± 0.23) r2 = 0.81, n = 169 

lpZn was detected in bottom water at AND 26 and in some surface waters at 

AND 22 and 31. 

 

4.9 Cd 

 

The full depth vertical profiles of dCd are shown in Fig. 5(H). The sectional distribution 

of dCd is shown in Fig. 6(H). The concentration range of dCd at AND 26 was 0.03–0.12 

nmol/kg. The concentration range of dCd in the Kuroshio region (AND 06, 22, 31, and 

34) was ND–1.55 nmol/kg. The vertical profiles of dCd in the ECS showed a nutrient-

type profile. Similar distributions have been observed in the North Pacific (Bruland 1980; 

Bruland et al. 1994; Ezoe et al. 2004), the Atlantic Ocean (Saager et al. 1997), the South 

China Sea (Wen et al. 2006), the Sulu Sea (Norisuye et al. 2007), and Tasman Sea 

(Ellwood 2008). The dCd concentrations in deep water in this study were significantly 

higher than typical concentrations in deep water in the North Pacific. This may be 

attributed to the luxury uptake of dCd in surface water and subsequent remineralization 

in deep water on the continental slope. dCd showed strong correlations with Si(OH)4, 

NO3, and PO4 for all data in this study (Table 1). A correlation plot of dCd and PO4 is 

shown in Fig. 10(F). The regression lines for dCd in the ECS are as follows: 

dCd [nmol/kg] = (0.010 ± 0.000) Si(OH)4 [µmol/kg] + (0.118 ± 0.032) r2 = 0.97, n = 31 

dCd [nmol/kg] = (0.035 ± 0.001) NO3 [µmol/kg] – (0.062 ± 0.031) r2 = 0.95, n = 44 
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dCd [nmol/kg] = (0.444 ± 0.019) PO4 [µmol/kg] – (0.093 ± 0.043) r2 = 0.94, n = 38 

lpCd was detected in a few samples in the upper water column at AND 6, 22, 

and 31. In contrast with other metals, lpCd was not detected at 26. 

 

4.10 Pb 

 

The full depth vertical profiles of dPb and lpPb are shown in Figs. 5(I) and 7(E), 

respectively. The sectional distributions of dPb and lpPb are shown in Figs 6(I) and 8(E), 

respectively. The concentration ranges of dPb and lpPb at AND 26, in the continental 

shelf region, were 68.0–108 and ND–270 pmol/kg, respectively. The concentration ranges 

of dPb and lpPb in the Kuroshio region (AND 06, 22, 31, and 34) were 15.8–83.0, and 

ND–32.4 pmol/kg, respectively. The vertical profiles of dPb showed a scavenging profile. 

A subsurface maximum occurred around 0 = 24.0–26.0. The concentration peaks of dPb 

were observed at 298 m at AND 06, 247 m at AND 22, 198 m at AND 31, and 397 m at 

AND 34. Such subsurface maxima are similar to those observed in the North Pacific 

(Zheng et al. 2019). 

The vertical profiles of lpPb/tdPb are shown in Fig. 9(E). The statistical data of 

the lpPb/tdPb ratios are shown in Table 2. The lpPb/tdPb ratios for AND 06 were 0.04 ± 

0.00 (n = 10) at a depth of ≤400 m and 0.12 ± 0.06 (n = 4) at >400 m; those for AND 22 

were 0.09 ± 0.13 (n = 9) at ≤400 m and 0.26 ± 0.22 (n = 6) at >400 m; those for AND 26 

were 0.29 ± 0.29 (n = 8) at ≤100 m; those for AND 31 were 0.03 ± 0.06 (n = 8) at a depth 

of ≤400 m and 0.32 ± 0.16 (n = 5) at >400 m; and those for AND 34 were 0.06 ± 0.04 (n 

= 9) at ≤400 m and 0.12 ± 0.04 (n = 8) at >400 m. Thus, similar to IpCo, lpPb is a minor 

fraction of tdPb. Nonetheless, the sectional distribution of lpPb basically resembles that 

of lpAl, lpFe and lpCo (Fig. 8). However, lpPb did not show a significant correlation with 

any other lpM in the Kuroshio region (Table 3). 

 

5 Discussions 

 

5. 1. Labile particulate metals 

 

There are many reports on the distribution of dissolved trace metals in the ocean, but few 

reports on the distribution of labile particulate metals. The concentrations of lpMs are 

operationally defined as the difference between tdMs and dMs. The lp species include (1) 

metal oxides, hydroxides, sulfides, and carbonates; (2) metal ions adsorbed on mineral 

surfaces; and (3) metal ions complexed with organic matter in suspended particles (Ezoe 
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et al. 2004). Zheng et al. (2019) found that Al is also released from aluminosilicate 

minerals after year-long storage, and presumed that lpMs represent a major portion of 

total particulate metals in the open ocean. 

A strong linear relationship between lpFe and lpAl in the ECS was observed in 

the Kuroshio region of the ECS (Fig. 11) as follows: 

lpFe [nmol/kg] = (0.687 ± 0.016) lpAl [nmol/kg] + (0.05 ± 0.44) r2 = 0.98, n = 41 

Such a strong correlation between lpFe and lpAl has been reported in the North Pacific 

Ocean (Zheng and Sohrin 2019), where the slope is 0.544 ± 0.005 and the intercept is 

0.11 ± 0.04. Thus, the slope was significantly higher in the ECS. In general, a high 

positive correlation between the two components suggests that these two components are 

of the same origin. Atmospheric input of terrestrial materials is considered to be one of 

the origins of these lpM into the ECS. The average lpFe/lpAl ratio in the ECS was 0.66 ± 

0.22 (n = 41). This average was of the same order of magnitude as the Fe/Al ratios in the 

crust (0.33) (Taylor 1964), aerosol over the ECS (0.32) (Hsu et al. 2010), and aerosol over 

the North Pacific (0.53) (Buck et al. 2006). Zhang et al. (1998) reported that the aerosol 

Fe/Al ratio (0.69) during an Asian dust storm was higher than the Fe/Al ratio (0.34) during 

non Asian dust storm. This result suggests that Asian dust storms may affect the lpFe/lpAl 

ratio. Wang et al. (2017) reported that Chl. a concentrations are highly correlated with dry 

deposition flux ratios of soluble Fe/Cu in ECS. This implies that phytoplankton uptakes 

Fe effectively. Thus, we propose that phytoplankton uptake may be another mechanism 

to increase the lpFe/lpAl ratio. 

The lpM/tdM ratios and vertical profiles of lpM/tdM in the ECS are shown in 

Table 2 and Fig. 9, respectively. The lpAl/tdAl ratio is 0.57 ± 0.32 (ave ± sd, n = 49), the 

lpMn/tdMn ratio is 0.41 ± 0.23 (n = 56), the lpFe/tdFe ratio is 0.74 ± 0.18 (n = 63), the 

lpCo/tdCo ratio is 0.30 ± 0.23 (n = 47), and the lpPb/tdPb ratio is 0.15 ± 0.17 (n = 58) at 

full depth. The lpFe/tdFe ratio below 400 m depth (0.89 ± 0.06) is almost the same as the 

lpAl/tdAl ratio (0.84 ± 0.09). However, the lpFe/tdFe ratio from the surface to 400 m 

(0.65±0.16) is significantly higher than the other lpMs/tdMs ratios. Al and Fe form a 

trivalent cation in seawater, which has a high hydrolysis constant, resulting in effective 

adsorption onto particles and a resulting higher lpM/tdM ratio. In addition, Hsu et al. 

(2010) reported the solubility of trace metals in atmospheric aerosols over the ECS. The 

solubility was 5.1 ± 2.8 % (ave ± sd) for Al, 7.7 ± 4.5 % for Fe, 49 ± 12 % for Mn, 

36±12 % for Co, and 45±16 % for Pb (Hsu et al. 2010). However, these factors cannot 

explain why the lpFe/tdFe ratio was higher than that of the other elements at a depth of < 

400 m. A main factor controlling the lpFe/tdFe ratio is phytoplankton uptake. Among the 

five metals, Co has the most extensive effects of biological activity on the distribution 
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next to Fe. The lpCo/tdCo ratio was significantly high in some samples from shallow 

depths. This trend is also attributed to phytoplankton uptake. 

 

5.2 Enrichment factor: elucidating sources of trace metals 

 

The enrichment factor against crust (EF) has been used to elucidate the origin of metals 

in atmospheric aerosols (Rahn 1976). Similarly, EF was calculated for the purpose of 

estimating the origin of dMs in ECS. The EF of dM in seawater is defined in accordance 

with the EF in aerosol (Rahn 1976) as follows: 

EF(dM) = (dM/dAl)seawater/(M/Al)upper crust 

The (M/Al)upper crust is calculated in moles using concentrations published in a review 

(Rudnick and Gao 2005): 4.7 × 10–3 for Mn, 2.3 × 10–1 for Fe, 9.7 × 10–5 for Co, 2.7 × 

10–4 for Ni, 1.5 × 10–4 for Cu, 3.4 × 10–4 for Zn, 2.7 × 10–7 for Cd, and 2.7 × 10–5 for Pb. 

The average values of EF(dM) in the ECS and North Pacific are summarized in Table 4. 

The vertical profiles of EF(dM) for dFe, dMn, dCo, and dPb are shown in Fig. 12. EF(dM) 

in the ECS is generally lower than that in the North Pacific by one or two orders of 

magnitude. In the ECS, EF(dM) in shallow water is lower than that in deep water except 

for EF(dPb). This may be attributed to the uptake of dM from shallow water by 

phytoplankton. Only EF(dFe) in the ECS is close to unity, suggesting that terrigenous 

sources are dominant for Fe. 

Guo et al. (2014) reported the EF of aerosols over Huaniao Island in the ECS. 

The averages are 2.8 for Mn, 1.2 for Fe, 1.4 for Co, 14 for Ni, 138 for Cu, 106 for Zn, 

581 for Cd, and 155 for Pb. They suggested that Cu, Zn, Cd, and Pb are primarily of 

anthropogenic origin. EF(dPb) in the ECS is of the same order of magnitude as the EF(Pb) 

in the ECS atmospheric aerosol. These results suggest that dPb is derived from 

anthropogenic aerosols. EF(dMn), EF(dCo), EF(dNi), EF(dCu), EF(dZn), and EF(dCd) 

in the ECS were substantially higher than the EF(Mn), EF(Co), EF(Ni), EF(Cu), EF(Zn), 

and EF(Cd) in the ECS atmospheric aerosol, respectively. This cannot be explained only 

by the difference in solubility from aerosol among Al and other metals because it is less 

than a factor of 10 (Hsu et al. 2010). There are three possible mechanisms for this. The 

first is the reduction of manganese in the shelf and slope sediments (Wang et al. 2016). 

The second is the contribution of Pacific seawater with high EF(dMs). The third is 

riverine input from anthropogenic sources. At present, we cannot estimate the relative 

importance of these mechanisms. 

The concentrations of dMs and lpMs at AND 26 are summarized in Table 5 in 

comparison with those observed in the offshore area of the Yangtze River (Su et al. 2017) 
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and on the continental shelf of the Bering Sea (Cid et al. 2011). The concentrations of 

dCo, dCu, and dZn are high in the offshore area of the Yangtze River, indicating 

anthropogenic input. It is possible that anthropogenic input influences the metal 

concentrations in the CDW at AND 26. On the other hand, manganese reduction occurs 

in the continental shelf sediments of the Bering Sea, affecting the metal concentrations in 

seawater. The concentrations of dMs and lpMs at AND 26 are generally in their ranges 

on the Bering Sea shelf. Thus, it is also possible that manganese reduction has a 

significant influence on the metal concentrations in CDW at AND 26. 

In addition, the enrichment factor of labile particulate metals, EF(lpMs), was 

investigated. EF(lpMn) was 3.5–99, with an average of 33 (n = 67). EF(lpFe) was 0.3–

9.1, with an average of 3.0 (n = 67). EF(lpCo) was 0.4–282, with an average of 41 (n = 

67). EF(lpPb) was 3.2–659 with an average of 126 (n = 67). Again, the EF(lpFe) is close 

to unity, and the EF(lpPb) is close to the EF in aerosol. However, EF(lpMs) are generally 

higher than the EF in aerosol, suggesting the effects of additional sources, such as 

authigenic Mn and Fe oxyhydroxides adsorption and biological uptake. Moffett and Ho 

(1996) have reported that Co uptake onto suspended particles in Waquoit Bay was 

dominated by microbial oxidation similarly with Mn. In the Sargasso Sea, by contrast, 

Mn and Co uptake onto suspended particles were completely decoupled. It was proposed 

that Co uptake is due primarily to uptake by phytoplankton. At depths of 75–100 m at 

AND 26, substantially high concentrations were observed for lpAl, lpMn, lpCo, and lpPb, 

where EF(lpMn) was 3.7, EF(lpFe) was 0.8–2.0, EF(lpCo) was 2.6, and EF(lpPb) was 

3.3–3.9. These results suggest that the bottom maximum of lpMn, lpCo, and lpPb is 

largely attributed to the terrigenous source. 

 

5.3 dM/P ratio: interplay between trace metals and biological activity 

 

For marine organisms to grow and proliferate, as well as nitrogen and phosphorus, various 

trace metals, such as Mn, Fe, Co, Ni, Cu, Zn, and Cd are required. Macronutrients, such 

as carbon, nitrogen, and phosphorus are taken up by phytoplankton at a constant ratio. 

The average molar ratio of carbon to the two principal nutrient elements in organic matter, 

nitrogen, and phosphorus is approximately 106:16:1, and the N:P ratio in seawater also 

follows this (Redfield et al., 1963). Because a number of dMs are essential for 

phytoplankton, the Redfield ratio might be extended and include trace metals as “an 

extended Redfield ratio.” Vu and Sohrin (2013) investigated the validity of the extended 

Redfield ratio using global dM stoichiometry data. The dM/P ratios in the ECS are shown 

in Fig. 13: (A) shallow water < 200 m and (B) deep water > 500 m. All dM/P ratios at 
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depths below 500 m in the ECS are similar to those of the North Pacific Deep Water 

(NPDW; 170.00W, 10.00N). 

Fig. 13 (A) also shows the M/P ratio that has been observed in natural 

phytoplankton (Ho et al. 2007, Ho et al. 2009). The dM/P ratio at a depth shallower than 

200 m in the ECS exhibited higher values than those observed in the NPDW, excluding 

Cd. The Mn/P, Co/P, Cu/P, Zn/P, and Cd/P ratios were within the same order of magnitude 

for both phytoplankton and shallow water, whereas the Al/P and Fe/P ratios in 

phytoplankton were 27 and 213 times higher than those in seawater shallower than 200 

m, respectively. Generally, upwelling deep water is the main source of nutrients for 

phytoplankton in the euphotic zone in the open ocean. Our results suggest that sufficient 

amounts of Mn, Co, Cu, Zn, and Cd are supplied in the ECS, as well as nutrients such as 

nitrate and phosphate. However, Fe could be a limiting factor for the growth of 

phytoplankton, although dFe was not exhausted in surface water in this study. When the 

biomass of phytoplankton increases, it is probable that dFe will become deficient earlier 

than any other essential nutrient and trace metal to limit the primary production. Su et al. 

(2018) has proposed the possible Fe limitation in ECS. Several research groups have 

studied the impact of Fe supply by Asian dust storms on the biogeochemistry of the ECS 

(Yuan and Zhang 2006; Hsu et al. 2009). These results are consistent with our results. 

Fig. 13 (B) shows the M/P ratio in deep water in this area is generally close to 

that in NPDW. However, the Mn/P, Co/P, and Pb/P ratios are higher than those in NPDW, 

suggesting the occurrence of local sources for these metals. 

 

 

6 Conclusions 

 

This study has revealed the sectional distributions of Al, Mn, Fe, Co, Ni, Cu, Zn, Cd, and 

Pb in the fractions of td, d, and lp in the ECS. High concentrations of dAl, dMn, dCo, 

dCu, dPb, lpAl, lpMn, lpFe, lpCo, and lpPb were observed at the sampling point in the 

continental shelf region. At all the ESC stations, except in the continental shelf region, 

dAl showed a scavenging profile. dFe, dNi, dCu, dZn, and dCd showed a nutrient-like 

profile. dMn showed maxima in deep water and bottom water, suggesting supply from 

anoxic sediments and/or hydrothermal activity. dFe and dCo showed a maximum around 

0 = 26.0–27.5, indicating intensive remineralization from settling particles. dPb showed 

a maximum around 0 = 24.0–26.0, which was consistent with that observed in the North 

Pacific. lpFe and lpAl showed almost the same vertical distribution, and a strong positive 

correlation was observed between these two components. From the results of lpM/tdM 
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ratios, it was found that lpFe and lpAl were the dominant species of tdFe and tdAl, 

respectively, below 400 m. The EF results suggested that only dFe is dominated by 

terrigenous supply as well as dAl, while the other dMs have significant additional sources. 

The dM/P results suggested that dFe could be a limiting factor for the growth of 

phytoplankton in the ECS, although dFe was not exhausted in surface water. 
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Figure captions 

Fig. 1 Locations of sampling stations during the KH-15-3 cruise of R/V Hakuho Maru 

from October 14 to November 2 2015. 

Fig. 2 Potential temperature (θ) and salinity diagram. 

Fig. 3 Full depth vertical distributions of potential density anomaly, potential temperature, 

salinity, dissolved oxygen, nitrate, nitrite, phosphate, and silicic acid.  

Fig. 4 Sectional distributions of potential temperature, salinity, dissolved oxygen, nitrate, 

nitrite, phosphate, and silicic acid from the surface to a depth of 1500 m between AND 

26 and AND 34. 

Fig. 5 Full depth vertical distributions of dAl, dMn, dFe, dCo, dNi, dCu, dZn, dCd, and 

dPb. Red circles, AND 6; brown triangles, AND 22; purple diamonds, AND 26; green 

squares, AND 31; grey reverse triangles, AND 34. 

Fig. 6 Sectional distributions of dAl, dMn, dFe, dCo, dNi, dCu, dZn, dCd, and dPb from 

the surface to a depth of 1500 m between AND 26 and AND 34. 

Fig. 7 Full depth vertical distributions of lpAl, lpMn, lpFe, lpCo, and lpPb. Red circles, 

AND 6; brown triangles, AND 22; purple diamonds, AND 26; green squares, AND 31; 

grey reverse triangles, AND 34. 

Fig. 8 Sectional distributions of lpAl, lpMn, lpFe, lpCo, and lpPb from the surface to a 

depth of 1500 m between AND 26 and AND 34. 

Fig. 9 Full depth vertical distributions of lpAl/tdAl, lpMn/tdMn, lpFe/tdFe, lpCo/tdCo, 

and lpPb/tdPb. Red circles, AND 6; brown triangles, AND 22; purple diamonds, AND 

26; green squares, AND 31; grey reverse triangles, AND 34. 

Fig.10 The relationship between dissolved metals and phosphate. (A) dFe, (B) dCo, (C) 

dNi, (D) dCu, (E) dZn, (F) dCd. Red circles, AND 6; brown triangles, AND 22; purple 

diamonds, AND 26; green squares, AND 31; grey reverse triangles, AND 34. 

Fig. 11 The relationship between lpAl and lpFe in the Kuroshio region of the ECS. Red 

circles, AND 6; brown triangles, AND 22; green squares, AND 31; grey reverse triangles, 

AND 34. 

Fig. 12 Full depth vertical distributions of EF(dMn), EF(dFe), EF(dCo), and EF(dPb). 

Red circles, AND 6; brown triangles, AND 22; purple diamonds, AND 26; green squares, 

AND 31; grey reverse triangles, AND 34. 

Fig. 13 Bar plots of dM/P ratios at stations in this study. (1) shallow water < 200 m and 

(2) deep water > 500 m. (1) Circle plots of the M/P ratio that has been observed in natural 

phytoplankton (Ho et al. 2007, Ho et al. 2009). 
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Table titles 

Table 1 Correlation matrix(r) of nutrients and dissolved trace metals for the pooled data 

collected in the East China Sea. 

Table 2 The lpM/tdM ratios for Al, Mn, Fe, Co, and Pb in the East China Sea and the 

North Pacific. 

Table 3 Correlation coefficients (r) among libile particulate species. 

Table 4 The enrichment factor of dMs in the East China Sea and the North Pacific 

Table 5 Concentrations of dMs and lpMs 
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Table 1 Correlation matrix(r) of nutrients and dissolved trace metals for the pooled data collected in the East China Sea 

Bold values indicate p values less than 0.05 

 

 

 

 

 

 

 

 

  Si(OH)4     NO3      NO2 PO4         dAl    dMn  dFe  dCo  dNi  dCu  dZn  dCd  dPb  

Si(OH)4        1.00                         

NO3            0.95 1.00                       

NO2 -0.16 -0.26 1.00                     

PO4            0.94 1.00 -0.27 1.00                   

dAl    -0.90 -0.90 0.12 -0.89 1.00                 

dMn  0.20 0.21 -0.14 0.26 -0.19 1.00               

dFe  0.29 0.81 -0.38 0.75 -0.62 0.22 1.00             

dCo  0.04 0.61 -0.33 0.51 -0.37 0.10 0.79 1.00           

dNi  0.99 0.98 -0.20 0.97 -0.90 0.22 0.71 0.48 1.00         

dCu  0.92 0.82 -0.08 0.81 -0.79 0.16 0.45 0.23 0.90 1.00       

dZn  0.99 0.96 -0.16 0.95 -0.88 0.24 0.62 0.40 0.99 0.92 1.00     

dCd  0.98 0.98 -0.20 0.97 -0.90 0.24 0.68 0.46 1.00 0.92 0.99 1.00   

dPb  -0.92 -0.79 0.02 -0.86 -0.82 0.32 -0.36 -0.15 -0.86 -0.85 -0.89 -0.88 1.00 

Table



Table 2 The lpM/tdM ratios for Al, Mn, Fe, Co, and Pb in the East China Sea and the North Pacific 

Sample   lpAl/tdAl lpMn/tdMn lpFe/tdFe lpCo/tdCo lpPb/tdPb 

    n AVE ± SD n AVE ± SD n 
AVE ± 

SD 
n AVE ± SD n AVE ± SD 

ECS 

All 

depth 
49 0.57 ± 0.32 56 0.41 ± 0.23 63 

0.74 ± 

0.18 
47 0.30 ± 0.23 58 0.15 ± 0.17 

< 400 

m 
26 0.33 ± 0.26 33 0.30 ± 0.21 40 

0.65 ± 

0.16 
40 0.32 ± 0.27 35 0.12 ± 0.17 

> 400 

m 
23 0.84 ± 0.09 23 0.58 ± 0.14 23 

0.89 ± 

0.06 
17 0.23 ± 0.14 23 0.20 ± 0.16 

North Pacific* 489 0.66 ± 0.31 628 0.24 ± 0.24 625 
0.64 ± 

0.23 
620 0.12 ± 0.18 575 0.02 ± 0.08 

*Zheng et al., 2019; Zheng and Sohrin, 2019 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3 Correlation coefficients (r) among libile particulate species 

(A) all data         

  lpAl    lpMn  lpFe  lpCo  lpPb  

lpAl    1.00         

lpMn  0.96 1.00       

lpFe  0.90 0.88 1.00     

lpCo  0.99 0.95 0.89 1.00   

lpPb  0.98 0.97 0.91 0.98 1.00 

(B) data except AND26       

  lpAl    lpMn  lpFe  lpCo  lpPb  

lpAl    1.00         

lpMn  0.35 1.00       

lpFe  0.98 0.43 1.00     

lpCo  0.01 0.03 0.02 1.00   

lpPb  0.08 0.34 0.10 0.00 1.00 

Bold values indicate p values less than 0.05 

 

 

 

 

 

 

 

 

 



 

Table 4 The enrichment factor of dMs in the East China Sea and the North Pacific 

Sample EF(dMn) EF(dFe) EF(dCo) EF(dNi) 

    n AVE ± SD n AVE ± SD n AVE ± SD n AVE ± SD 

ECS 

All depth 67 63 ± 106 67 0.90 ± 0.90 67 71 ± 62 67 (5.4 ± 6.8)×103 

< 400 m 44 30 ± 12 44 0.33 ± 0.19 44 33 ± 19 44 (1.3 ± 0.5)×103 

> 400 m 23 126 ± 165 23 2.0 ± 0.7 23 143 ± 50 23 (1.3 ± 0.6)×104 

North Pacific* 514 (8.6 ± 13.8)×102 514 9.1 ± 12.2 508 (1.8 ± 2.8)×103 512 (1.1 ± 1.2)×105 

Sample EF(dCu) EF(dZn) EF(dCd) EF(dPb) 

    n AVE ± SD n AVE ± SD n AVE ± SD n AVE ± SD 

ECS 

All depth 67 (1.8 ± 2.5)×103 67 (3.8 ± 5.7)×103 67 (6.4 ± 9.8)×104 67 (3.3 ± 1.4)×102 

< 400 m 44 (4.1 ± 1.4)×102 44 (4.1 ± 2.8)×102 44 (3.5 ± 5.7)×104 44 (2.6 ± 0.9)×102 

> 400 m 23 (4.6 ± 2.6)×103 23 (1.0 ± 0.5)×104 23 (1.8 ± 0.9)×106 23 (4.5 ± 1.5)×102 

North Pacific* 511 (4.8 ± 4.7)×104 268 (9.3 ± 9.8)×104 508 (1.2 ± 1.5)×107 489 (6.5 ± 9.1)×103 

*Zheng et al., 2019; Zheng and Sohrin, 2019; Zheng et al., submitted 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 5 Concentrations of dMs and lpMs 

 

    
Offshore Yangtze 

River* 

AND 

26 

Bering Sea 

Shelf** 

Al (nmol/kg) 

d  19–24 2.1–43 

lp   
12–

2873 
ND–4608 

Mn 

(nmol/kg) 

d   2.1–2.9 5.0–23 

lp   1.3–49 1.3–316 

Fe (nmol/kg) 

d 16.2 0.3–1.3 1.9–19 

lp   
0.76–

760 
3.8–13187 

Co 

(pmol/kg) 

d 940 27–106 140–542 

lp   24–732 23–4471 

Ni (nmol/kg) 
d   3.4–4.8 4.8–7.5 

lp   ND–2.2 0.89–19 

Cu 

(nmol/kg) 

d 22.6 
0.98–

2.0 
2.2–9.1 

lp   
0.28–

1.1 
0.34–12 

Zn 

(nmol/kg) 

d 14.4 
0.60–

1.7 
0.8–11 

lp   ND–5.5 0.57–45 

Cd 

(nmol/kg) 

d   
0.03–

0.12 
0.23–0.68 

lp   ND 0.07–0.24 

Pb 

(pmol/kg) 

d   65–104 15–91 

lp   
ND–

255 
3.7–1313 

*Su et al., 2017; **Cid et al., 2011 
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