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Abstract The Kuroshio, ﬂowing through the eastern end of the East China Sea, transports terrestrial
material to the Northwestern Paciﬁc Ocean. Along the Kuroshio path, we collected size-fractionated
suspended particles in the upper 200 m to investigate the composition and sources of particulate trace
metals. Demonstrated by Al- and P-normalized elemental ratios, we found that anthropogenic aerosol
deposition was the major source of most particulate trace metals in the Kuroshio region although the impact
of bottom resuspension and riverine input may be signiﬁcant at some speciﬁc regions. As seen in our
previous studies in the South China Sea and the Western Philippine Sea, this study concluded that
anthropogenic aerosol deposition is the dominant particulate trace metal source in the surface water of the
Northwestern Paciﬁc Ocean and its marginal seas. Compared to particulate trace metal composition
obtained in other open oceans, we found that the distribution patterns of particulate trace metal
composition in the surface waters are closely associated with aerosol deposition ﬂuxes. In regions with low
deposition, the particulate trace metal concentrations were extremely low and metal to P ratios were all
comparable to their intracellular quota previously proposed. In regions with high deposition, metal to P ratios
were highly elevated in comparison to their intracellular quota and metal to Al ratios were deviated from
lithogenic ratios to various extents. The globally consistent distribution patterns validate trace metal
stoichiometry concept in plankton intracellularly and the primary role of aerosol deposition on deciding
particulate trace metal composition in oceanic surface water globally.
Plain Language Summary The Kuroshio adjacent to the East China Sea is an ideal region to
investigate the material exchange and transport from the marginal sea to the Northwestern Paciﬁc Ocean.
Particulate trace metals may serve as useful proxies or tracers for the sources of particulate materials in the
Kuroshio and material exchange with the marginal seas and islands. In addition to aerosol transport, both
anthropogenic and lithogenic materials carried by riverine or sediment transport may be additional sources of
particulate trace metals in the studied region. In this study, we found that anthropogenic aerosol deposition is
the dominant particulate trace metal source in the surface water. Compared to the data obtained in other
open oceans, we further revealed that the distribution patterns of particulate trace metal composition in the
surface waters are closely associated with aerosol deposition globally. The globally consistent distribution
patterns also validate that plankton possess relatively constrained trace metal composition intracellularly.
1. Introduction
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The Kuroshio, originating from the northward bifurcation of the North Equatorial Current, transports large
amounts of water mass, heat, and particulate materials from the equatorial Paciﬁc to the Northwestern
Paciﬁc Ocean (NWPO) in a current that is around 800 m deep and 100 km wide (Chao, 1991; Hsin et al.,
2008; Jan et al., 2015). The Kuroshio passes the eastern coast of Luzon, the Luzon Strait, the eastern end of
Taiwan, the shelf edge of the East China Sea (ECS), the southeast coast of Kyushu, then to the NWPO. The
Kuroshio dynamically exchanges seawater and particulate material with the two marginal seas, the ECS
and the South China Sea (SCS), and receives terrestrial discharge from Luzon, Taiwan, East China, and various
islands. As the ECS is located next to the most populated region of China, the marginal sea receives a
signiﬁcant amount of anthropogenic and lithogenic material from many terrestrial sources (Hsu et al.,
2010; Ren et al., 2015). The Kuroshio adjacent to the ECS is thus an ideal region to investigate the material
exchange and transport from the marginal sea to the Kuroshio and the NWPO. Particulate trace metals
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may serve as useful proxies or tracers for the sources of particulate
materials in the Kuroshio and material exchange with the marginal seas
and islands.

Figure 1. The sampling stations in this study and the main stream of the
Kuroshio current. The annual average geostrophic velocity in the top 50 m
was derived from a numerical study (Hsin et al., 2008). The data, obtained
from our previous study in November 2013 (Liao et al., 2017), from stations A,
B, and 1, were also included in this study for comparison.

Particulate trace metal composition retains valuable information that
reﬂects external sources and internal cycling processes. The composition
in the surface ocean not only provides information of intracellular trace
metal composition in plankton but also reﬂects interaction between biotic
particles and trace metals. Moreover, as the variations of plankton
community structure are closely associated with their sizes, different size
of particles may possess information of speciﬁc trace metal requirements
for different plankton groups and possess characteristic scavenging
capability due to their extracellular chemical composition and surface area
variation with size (e.g., Burd et al., 2000; Maranon, 2015). Trace metal
composition in size-fractionated particles is thus useful for identifying
trace elemental sources and for investigating their interaction with biotic
particles (Bishop et al., 1977; Ho et al., 2007; Lam et al., 2015).

Particulate trace metals in the Kuroshio adjacent to the ECS may originate
from various terrestrial sources, including aerosol deposition, riverine
discharges, submarine groundwater discharge, and sediment transport
or bottom resuspension. Our previous studies have demonstrated that
anthropogenic aerosol deposition is the dominant source of particulate trace metal in the surface water of
the SCS and the Western Philippine Sea (WPS; Ho et al., 2007; Liao et al., 2017). The role of aerosol deposition
in the Kuroshio region can be signiﬁcant due to the proximity of East Asia. However, introduction of anthropogenic and lithogenic materials by riverine or sediment transport may be additional important sources of
particulate trace metals in the Kuroshio water adjacent to the ECS. Horizontal transport of trace metals originating from continental shelves can also be a major particulate trace metal source to the water column of
remote open ocean regions (Lam & Bishop, 2008). In this study, size-fractionated particulate samples were
collected along the Kuroshio path adjacent to the ECS from Taiwan to Southern Japan (Figure 1). The sources
of particulate trace metals along the path were investigated using their spatial distribution and elemental
ratios. The ﬂuxes of particulate trace metals transported along the path of the Kuroshio were also quantiﬁed.

2. Materials and Methods
Size-fractionated particulate samples were collected during the Japanese GEOTRACES cruise KH-15-3,
conducted by the R/V Hakuho-Maru in October 2015. The sampling sites are shown in Figure 1 and Table S1
in the supporting information. Seawater for particle samples was collected in the top 200 m of the sampling
stations using acid-washed 12-L Teﬂon-coated Niskin-X bottles mounted on a Teﬂon-coated rosette
deployed with titanium hydrowires. A trace metal clean ﬁltration apparatus equipped with 150-, 60-, and
10-μm aperture changeable Nitex nets in sequence was used to gently separate and collect different sizes
of suspended particle samples by gravity ﬁltration (Ho et al., 2007; Wen et al., 2018). Seventy-two to 96 L of
seawater were ﬁltered depending on the sampling arrangement. Subsequently, approximately 5–10 L
of seawater were ﬁltered through the 10-μm net to obtain the size fraction ranging from 0.2 to 10 μm.
Polycarbonate membranes (Millipore) with 10-μm pore size were used to collect particles in the size fractions
of 10–60, 60–150, and > 150 μm, and 0.2-μm polyethersulfone membrane ﬁlters (Sterlitech) were used to
collect the 0.2- to 10-μm fraction. Filtration vacuum pressure was kept lower than 2.2 psi (15 KPa) to avoid
particle breakup. After ﬁltration, all of the membranes with particles were quickly misted and rinsed with
Milli-Q water three times to remove seawater residue to reduce the interference of sea salts on trace metal
analysis by inductively coupled plasma mass spectrometer (ICPMS). Then all the membranes were immediately sealed in 7-ml Teﬂon vials and brought back to land-based laboratory for further treatment and analysis.
The sampling procedures and the description of the ﬁltration device are described in details in our previous
studies (Ho et al., 2007; Liao et al., 2017).
The membranes with particles were digested with 5-ml 8 N HNO3 and 2.9 N HF mixture in the Teﬂon vials at
120 °C for 12 hr on a hot plate in a laminar ﬂow bench of a clean laboratory. After digestion, we used Milli-Q
LIAO AND HO
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Figure 2. The transects of some basic hydrographic parameters along the Kuroshio path from east of Taiwan to south of Kyushu. The stations are labeled at the
bottoms of the Chl a and oxygen contours.

water to rinse the membranes and collect the residue liquid on membranes in the digestion vials. The digestion
solutions were evaporated to dryness on a hot plate in a trace metal clean hood. The dried samples were
redissolved in 1-ml concentrated super pure HNO3 and evaporated again to dryness. The dried samples were
redissolved and diluted by adding 0.5 N super pure HNO3 for trace metal analysis by ICPMS. All elemental
concentrations reported were analyzed by a sector ﬁeld high-resolution ICPMS (Thermo Fisher Scientiﬁc,
Element XR), which was executed with a SC-Fast autosampler (Elemental Scientiﬁc) and an Apex HF-Spiro
membrane desolvation device (Elemental Scientiﬁc) to reduce oxide interferences. The details for the
precision, accuracy, and detection limits of the method were described previously (Ho et al., 2007; Liao
et al., 2017). The overall procedure blanks, detection limits, and the recovery of the reference material
(BCR-414) obtained in this study were consistent with results reported in Liao et al. (2017). In addition to the
validation of the reference material, our laboratory also obtained reliable results during the GEOTRACES
particulate trace metal intercalibration study, which included relatively low mass particulate samples
collected at both coastal and open ocean locations (Phoebe Lam, personal communication, March 29, 2016).
The hydrographic parameters, chlorophyll a (Chl a) and dissolved oxygen concentrations were measured by
ﬂuorometer (Seapoint) and SBE-43 sensors (Sea Bird Electronics) mounted on the conductivity-temperaturedepth frame. The dissolved oxygen concentrations were calibrated by the Winkler method on discrete
samples. Nutrient concentrations were measured on board by using a SWAAT auto-analyzer (BL-TEC
Japan) right after sampling. Detection limits for measurement of nitrate and nitrite, phosphate, and silicate
were 0.05, 0.11, and 0.03 μM, respectively. Quality control of nutrient analysis was validated by reference
material (KANSO). Phosphate concentrations are shown as representative of nutrient distributions along
the Kuroshio path (Figure 2).

3. Hydrographic and Physical Features
The Kuroshio, the strongest western boundary current in the North Paciﬁc Ocean, is highly dynamic
temporally and spatially. The details of its circulation pattern can be found in previous studies (Atkinson,
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Figure 3. The distribution of size-fractionated particulate trace metal concentrations in seawater in the Kuroshio region. The ends of boxes and whiskers represent
the 25th and 75th percentiles and the 5th and 95th percentiles, respectively. The black and red lines stand for the median and mean, respectively. Black solid points
are the maximum and minimum numbers.

2010; Chao, 1991; Hsin et al., 2008; Jan et al., 2015). The path and typical annual ﬂow rates of the Kuroshio in
the top 50 m, computed by a numerical study (Hsin et al., 2008), are shown in Figure 1. The vertical variations
of the transect of major hydrographic parameters are presented in Figure 2, which include temperature,
salinity, potential density anomaly, dissolved oxygen, Chl a, and phosphate concentrations. An upwelling
feature was observed around the relatively shallow stations C8, A1, and A2, where all the parameters show
an upwelling pattern in the subsurface water, including low temperature, salinity, and dissolved oxygen
concentrations and elevated potential density, and phosphate and Chl a concentrations. These stations are
located at the southern end of Kyushu, in the Tokara strait, where the Kuroshio turns right due to the
abrupt topography shallowing and thus cause intensive turbulent mixing (Hasegawa et al., 2008; Tsutsumi
et al., 2017). Indeed, abrupt shallowing of topography along the Kuroshio path is a major cause of strong
vertical turbulent mixing (Chang et al., 2013; Tsutsumi et al., 2017). Although horizontal intrusion of coastal
seawater may also play a role on the hydrographic variations within the Kuroshio, the study of Tsutsumi
et al. (2017) found that vertical turbulent mixing is much more signiﬁcant than the horizontal input. A
similar upwelling feature was also observed at stations A, B, and 1, where the Kuroshio ﬂows through
Green Island, Taiwan. Chang et al. (2013) also observed cold eddy formation in the wake of Green Island,
which may also enhance Chl a concentrations. In addition to the inﬂuence on water masses and the hydrographic parameters, turbulent mixing also affects the distribution of particulate material at the
studied stations.

4. Particulate Trace Metal Distribution Patterns
As shown in Figure 3, total particulate trace metal concentrations in seawater varied signiﬁcantly among the
four different size fractions, with concentration ranging from 103 to 105 pmol/L in the sequence of
P > Al > Fe > Ti-Mn-Zn-Cu > V-Mo > Co > Cd. Despite of the enormous concentration variations,
distribution patterns of the size-fractionated concentrations exist among the elements (Figure 3). Overall,
the concentrations in the 0.2- to 10-μm fraction account for over 80% of total concentrations for most of
the particulate samples. P and Cd, which have highest concentrations in the 0.2- to 10-μm fraction, possess
lowest concentrations in 10- to 60-μm fraction, which were signiﬁcantly lower than other fractions (p < 0.01).
The elements, Al, Ti, Fe, Mn, and V, exhibit the lowest concentrations in the largest fraction. For these
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elements, the concentrations between 10- to 60- and 60- to 150-μm fractions were not statistically different
(p > 0.01), but they were signiﬁcantly higher than the largest fraction (p < 0.01). The third pattern, containing
Co, Ni, Cu, Zn, Mo, and Pb, shows similar concentration ranges among the three relatively large fractions
(p > 0.01). The p values of the statistical analysis were listed in the supporting information Excel ﬁle. As the
three larger size fractions accounted for a minor portion of the total particulate concentrations in seawater,
we have categorized the four size data into two fractions to simplify the presentation of size-fractionated
particulate trace metal distribution patterns, the concentrations in the small size fraction (SSF, 0.2–10 μm)
and the large size fraction (LSF, the fractions larger than 10 μm) for further discussion.
The vertical distributions of the particulate trace metal concentrations in the SSF and the LSF along the
Kuroshio path are shown in Figures 4 and 5, respectively. For the SSF, P and Cd have relatively similar
distribution patterns as Chl a shown in Figure 2. The elevated concentrations for P, Cd, and Chl a were
generally located in the top 100 m, particularly noticeable around the upwelling region or the stations C8,
A1, and A2. The elements on the right panel, including Al, Ti, Fe, Mn, Co, and V, exhibited a similar distribution
pattern with hydrographic parameters around the upwelling region (Figure 2). The Kuroshio turns right due
to the abrupt topography shallowing and thus causes intensive turbulent mixing, which further induces bottom sedimentary resuspension and results in elevated particulate trace metal concentrations. Hybrid
distributions were observed for Ni, Cu, and Zn, which showed similarity with both P and Al to different
extents. The elemental ratios of these three elements also exhibited the hybrid feature for both biotic and
abiotic materials in our previous studies in the SCS and WPS (Ho et al., 2007; Liao et al., 2017). Mo distribution
generally showed a distribution pattern closer to lithogenic type elements but possessed some elevated
concentrations in the top 100 m. The distribution of Pb displayed elevated concentrations at the upwelling
region and the coastal stations close to the Green Island, Taiwan.
In the LSF, the concentrations of almost all elements displayed high value in the upwelling region. The
distribution of Cd and P showed a slightly different pattern between the LSF and SSF, which may be due
to differential uptake of Cd between small and large phytoplankton. The elevated concentrations of Al and
Ti in the LSF were also observed at the upwelling region, particularly at station C8. Similarly, the elements,
Fe, Mn, Co, V, Ni, Cu, and Mo, also exhibited elevated concentrations between 50 and 100 m at station C8.
The distribution of Pb in the LSF exhibited elevated concentrations at stations near Taiwan, but there were
no elevated values observed in the upwelling region. The distribution of Mo shows elevated concentrations
in the middle of the path, ranging from the stations E2 and A2. The percentage of the LSF concentrations to
total particulate concentrations is presented in Figure S1. The major difference is that the fraction of Mo in the
LSF is high in the middle of the Kuroshio path adjacent to the ECS. The elevated Mo concentrations in the LSF
may be related to Trichodesmium as nitrogenase is a Mo-dependent enzyme and Trichodesmium is a major
diazotroph around the Ryukyu Islands (Shiozaki et al., 2015).
The concentration correlations and potential sources of the elements were further evaluated by principal
component analysis (PCA). The data are derived from 192 samples collected from the surface water of the
18 stations (Table S1). The values of Kaiser-Meyer-Olkin test are 0.70, 0.74, and 0.83, for the SSF, LSF, and total
amount, respectively, indicating the sampling of our PCA was adequate (Table S2). The four samples from the
upwelling region with abnormally high concentrations were not included in the PCA to reduce bias. The PCA
results show that three principle components explain 81, 72, and 82% of total variance for the concentrations
in the SSF, the LSF, and total concentrations, respectively; and 48, 24, and 9%; 36, 25, and 11%; and 59, 16, and
7% of individual variance of the ﬁrst three major components for the SSF, the LSF, and total amount, respectively. The factor scores of each element are listed in Table S2, showing the correlation of each element to the
major components. The ﬁrst major component for the SSF mainly explain the variance of the elements P, Cd,
Mo, Mn, Ni, and Co, suggesting that PC1 is a biotic particle related component (Figure 6). The variations of Al,
Ti, Fe, and V were mainly controlled by second component, mostly likely to be associated with lithogenic
material. The third component explains considerable percentage of the concentration variance of Co, Ni,
Cu, Zn, and Pb, suggesting that the component is possibly associated with anthropogenic material. Further
discussion for these metals originated from anthropogenic aerosols is presented in section 6. For the LSF,
the ﬁrst major component mainly explains the variance of Fe, Co, Ni, and Cu. The second component, including P, Cd, Zn, and Mo, is most likely to be associated with biogenic materials. Overall, the PCA results for total
concentrations are closer to the results of the SSF than LSF. The major differences for the PCA results between
the SSF and total concentrations are about the factors explaining the variance of Co, Ni, Cu, and Zn.
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Figure 4. The distribution of small size fraction (0.2–10 μm) trace metal concentrations in seawater along the Kuroshio path, from east of Taiwan to south of Kyusyu
(from left to right).
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Figure 5. The distribution of large size fraction (>10 μm) trace metal concentrations in seawater along the Kuroshio path.
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Figure 6. The results of principal components analysis of particulate elemental concentrations in the SSF, the LSF, and total
concentrations. F1, F2, and F3 stand for the ﬁrst three major components. The correlations of elements are shown in the
left panels; the variances explained by the three major components are shown in the right panels. The analyses were
carried out by statistical product and service solutions 12. The four abnormally high concentration data obtained from the
upwelling region were not included in the calculation to reduce bias. SSF = small size fraction; LSF = large size fraction.

5. Particulate Trace Metal Fluxes Along the Kuroshio Path
The Kuroshio downstream water mass transport generally ranges from 14.7 to 16.7 Sv in the upper 250 m
along the path from Eastern Taiwan to Southern Kyushu, accounting for over 50% of the total transport above
1,000 m (Chen et al., 2017; Guo et al., 2013). In addition to water mass and heat, the transport also carries
dissolved and particulate major and minor nutrients along the ﬂowing path to the NWPO (Figure 1). For
example, nitrate transport was previously estimated by multiplying nitrate concentrations times the water
mass ﬂuxes along the Kuroshio path (Chen et al., 2017). Here we estimated particulate trace metal ﬂuxes
by multiplying average particulate trace metal concentrations obtained at stations 3 (Liao et al., 2017), D4,
I1, and J1 (this study) with upper 250-m water mass ﬂuxes obtained from previous studies at various sections
LIAO AND HO
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Table 1
The Estimated Fluxes of Dissolved and Particulate Trace Metals Transported Along the Kuroshio Path
Flux (mol/s)
Dissolved
a
Kuroshio
Particulate
e
KTV
f
PN
f
TK
f
ASUKA

Cd

Pb

Al

P

0.34

1.23

228

0.007
0.033
0.033
0.038

0.14
0.04
0.05
0.07

b

95
89
50
123

Ti

V

Mn

Fe

c

—

—

23

82

78
966
878
1083

1.9
4.8
2.7
7.0

0.19
0.25
0.12
0.33

1600

1.3
6.3
5.4
8.0

Co

d

0.21

69
27
17
73

0.02
0.07
0.05
0.26

Ni
35
0.4
1.5
1.0
3.5

Cu
17
0.5
4.1
2.5
6.5

Zn
25
0.8
3.8
2.8
6.2

Mo
—
0.16
0.37
0.15
0.47

Note. The uncertainties of the ﬂuxes generally range from 14% to 53%, which are not shown here to simplify the
expression.
The dissolved trace metal concentrations (Cd, Pb, Mn, Co, Ni, Cu, and Zn) were obtained near Kuroshio region, east of
b
c
Taiwan (Wang et al., 2014). Average Al concentrations was obtained near station C9 (Ren et al., 2015). Dissolved
d
particulate phosphorus ﬂuxes were estimated from nitrate ﬂuxes using the Redﬁeld ratio (Chen et al., 2017). Fe cone
centrations in top 200 m were obtained at station P12 of the study (Su et al., 2015). The KTV transect is near station 3
f
(Jan et al., 2015). The three transects (PN, TK, and ASUKA) are near stations D4, I1, and J1, respectively (Guo et al., 2013).

a

(Table 1). In addition to particulate trace metal pools, we also estimated dissolved trace metal ﬂuxes by using
the concentrations obtained near the Kuroshio region (Ren et al., 2015; Su et al., 2015; Wang et al., 2014). The
results of the estimated dissolved and particulate metal ﬂuxes are shown in Table 1. The dissolved ﬂuxes for
phosphate are generally threefold to ﬁvefold higher than its total particulate ﬂuxes, indicating that dissolved
phosphate is the dominant pool in the water mass. For Al and Fe, their ﬂuxes in the dissolved pool are twofold
to threefold higher than the particulate pools. For all other trace metals, the dissolved ﬂuxes are ﬁvefold to
tenfold higher than the particulate ﬂuxes. These results indicate that the majority of trace metals
transported in the Kuroshio region are dissolved but not particulate pools.

6. Sources of Particulate Trace Metals
Elemental ratios are useful indicators to elucidate the sources of particulate trace elements in the ocean
because of the distinguishable elemental ratios existing in the composition of the end-member source
materials. For example, by using their distinguishable P- or Al-normalized elemental ratios for biogenic and
abiotic end-members, we previously demonstrated that anthropogenic aerosols are the major sources for
most of particulate trace metals in the surface water of the SCS and WPS (Ho et al., 2007; Liao et al., 2017).
We assumed that particulate trace metals in oceanic surface water are composed of three major sources:
biogenic, lithogenic (aerosol and nonaerosol), and anthropogenic fractions. Total metal concentrations in
size-fractionated suspended particles can thus be quantitatively expressed using a mass balance expression
(equation (1)). As it is operationally difﬁcult to differentiate aerosol Al from nonaerosol Al in samples, we sum
these two abiotic fractions to simplify abiotic sources by using bulk particulate Al concentrations as shown in
equation (2). The two-component formulas are further transformed into the formula normalized to [P]t or [Al]t
(equation (3)) to exhibit the distribution pattern of P- or Al-normalized metal ratios and their closeness with
the composition in the biotic and abiotic fractions (Figure 7).

a:
b:
c:
S:
[M]t:
[Al]a:
[Al]l:
[Al]t:
[P]t:
LIAO AND HO

½Mt ¼ a ½Ala þ b ½All þ c ½Pt

(1)

½Mt ¼ S ½Alt þ c ½Pt

(2)

½Mt =½Pt ¼ S ½Alt =½Pt þ c or ½Mt =½Alt ¼ S þ c ½Pt =½Alt

(3)

averaged Al-normalized metal ratios in aerosols (shown as red lines in ﬁgures)
averaged Al-normalized metal ratios in nonaerosol lithogenic particles (blue lines)
P-normalized intracellular metal quota in plankton (green lines)
the slopes of the regression lines between M/P and Al/P
total particulate metal concentration of individual element
Al concentration in anthropogenic aerosol particles
Al concentration in non-aerosol lithogenic particles
total particulate Al concentration
total particulate P concentration
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Figure 7. The distribution pattern of particulate metal to P ratios versus Al to P ratios (mmol/mol) in size-fractionated particles and their comparison with the reference ratios, including in situ aerosol metal to Al ratios obtained in the Western Philippine Sea, lithogenic metal to Al ratios, and intracellular metal to P quotas
(Table 2). Black dash lines represent the regression lines of all data points for each element.

Particulate trace metal ratios in the samples are compared to the reference ratios of the three major components, including lithogenic particles, anthropogenic aerosols, and intracellular metal (Table 2). The averaged
Al-normalized lithogenic ratios (a) were obtained from studies in East Asia (Hu & Gao, 2008). The averaged
Al-normalized ratios in anthropogenic aerosols (b) were obtained from our previous study in the WPS (Liao
et al., 2017). The M/Al ratios of anthropogenic aerosols obtained in the WPS are comparable to other studies
in the ECS and Okinawa, indicating that the average values used are representative for this study (Table 2).
The biogenic, or P-normalized intracellular quotas, are based on the value obtained from the averages of

Table 2
The Reference Values of M/Al Ratios and Intracellular M/P Quotas Used in Figure 7
M/Al or M/P (mmol/mol

1

)

Aerosols (M/Al)
a
WPS
b
ECS
c
Okinawa
Lithogenic materials (M/Al)
d
East Asia craton
Biogenic materials (M/P)
e
Intracellular quota
Suspended particles (M/Al)
f
Yangtze River
g
Yangtze River

Ti

V

Mn

Fe

Co

Ni

Cu

34
42
37

5.7
3.3
n.a.

9.1
12.8
15.3

281
322
285

0.14
0.19
0.17

2.5
1.1
3.5

5.1
40
1.4

27

0.64

3.6

218

0.068

0.15

0.12

n.a.

n.a.

0.68

0.19

0.70

37
n.a.

n.a.
n.a.

6.4
n.a.

0.11
0.12

0.32
0.35

7.5
285
248

Zn
27
34
21

Pb

Cd

Mo

3.6
3.6
2.7

0.11
0.20
0.18

0.28
0.16
n.a.

0.36

0.054

0.00027

0.0017

0.38

0.80

n.a.

0.37
0.31

0.87
0.80

0.10
0.09

0.21

n.a.

0.0019
0.0078

n.a.
n.a.

Note. The elemental ratios are signiﬁcantly different between the aerosols and the lithogenic material (Liao et al., 2017), except Fe and Ti. The ratios in aerosols and
lithogenic material are 281 ± 68 and 218 ± 92 for Fe and 34 ± 6 and 27 ± 12 for Ti, respectively. WPS = Western Philippine Sea; ECS = East China Sea; n.a. = not
applicable.
a
b
c
d
e
f
Liao et al. (2017). Hsu et al. (2010). Okubo et al. (2013). Compiled from Hu and Gao (2008). Compiled from Ho et al. (2003) and Ho (2006). Koshikawa
g
et al. (2007). Yuan et al. (2012).
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representative culture and ﬁeld studies (Ho, 2006; Ho et al., 2003). The regression lines between log [M]t/[P]t
and log [Al]t/[P] are also plotted to evaluate the association to the reference ratios (Figure 7). Using log [M]t/
[P]t as the y axes and log [Al]t/[P]t as the x axes, the variability and distribution patterns of the elemental ratios
are used to evaluate the relative contribution of abiotic or biotic components in the suspended particles
(Figures 7 and S2). Based on the association of metal ratios to the reference lines (Figure 7), the elements
investigated may be categorized into three groups: the elements closely associated with intracellular
composition, including P and Cd, the elements closely associated with anthropogenic aerosols, including
Zn, Cu, Ni, Co, V, Mn, Mo, and Pb, and the elements closely associated with both lithogenic materials
and/or anthropogenic aerosols, including Al, Ti, and Fe. The vertical variations are also compared at different
vertical layers, including the top 50 m, the Chl a maximum zone, and the depth at 150 or 200 m (Figure S2). In
addition to the x-y plot, the contour of the ratios along the studied path are also plotted to exhibit their spatial
variations (Figures S3 and S4).
Particulate Cd and P are known to be highly correlated with each other mainly due to biological uptake in the
surface water (Ho et al., 2009; Quay et al., 2015). Comparable to PCA results, the Cd to P ratio distribution
patterns are relatively consistent (Figure 7). Although the ratios are closely associated with intracellular Cd
quota (Ho, 2006; Ho et al., 2003), most of the ratios are lower than the intracellular quota, especially for the
samples in the smallest fraction, 0.2–10 μm. The averaged Cd/P ratio in the fraction is 0.05±0.02 mmol/mol,
which is signiﬁcantly lower than the reference quota of 0.21 (Table 2). It should be noted that the averaged Cd
to P reference line was mainly based on the average value for an eukaryotic phytoplankton culture study and
some ﬁeld studies which mainly collected relatively large phytoplankton (Ho, 2006). As suggested in our
previous study (Liao et al., 2017), the discrepancy may be attributed to the dominance of Prochlorococcus
and Synechococcus in the studied region (Chiang et al., 2002; Jiao et al., 2005) because the Cd quota observed
in cyanobacteria (Cunningham & John, 2017) was much lower than the other eukaryotic phyla in our culture
study (Ho et al., 2003). Lower Cd/P ratios in the SSF were also highly correlated with the Chl a concentrations
in the surface water of the transect (Figures 2 and S3), supporting the argument that the low Cd/P ratios were
attributed to the small size cyanobacteria. Attributed to the signiﬁcantly different Cd to P ratios between the
SSF and LSF, disproportional export of the SSF and LSF may inﬂuence dissolved Cd to P ratios in the deeper
water. Among the metals studied, Ni and Co to P ratios in the LSF are also relatively close to the intracellular
reference line. Although biogenic materials contribute a certain amount of Ni and Co into particles, their
Al-normalized ratios are still above the aerosol reference lines, indicating that the Ni and Co in anthropogenic
aerosols may also be a major source to particulate phase. The slope of regression line in the plot of Ni/P and
Co/P versus Al/P (Figure 7) is 0.53 and 0.58, respectively, indicating that abiotic materials, mainly
anthropogenic materials, are a major source of particulate Ni and Co.
Zn and Cu are elements with their ratio distribution patterns associated to both biotic and abiotic reference
lines (Figure 7). Most of their Al-normalized and P-normalized ratios are signiﬁcantly higher than the
intracellular quota but relatively close to the aerosol M/Al ratios, implying that the metals were extracellularly
adsorbed or aggregated on the biotic particles and the metals were originated from anthropogenic aerosols.
This observation was similar to our previous study in the WPS (Liao et al., 2017). In the sectional distribution of
the SSF (Figure S3), the M/P ratios were all relatively low in the high Chl a zone due to the increase of biomass
or particulate P; their M/Al were thus elevated due to the decrease of abiotic fractions. The P-normalized Zn
ratios for all size fractions were higher than the intracellular quota. Indeed, both Zn isotopic and elemental
composition obtained from various oceanic basins have shown strong evidence of scavenging process for
Zn cycling in marine water columns (John & Conway, 2014; Liao et al., 2017). Due to the high anthropogenic
aerosol deposition in the surface water of the NWPO and its marginal seas, we proposed that the scavenging
of aerosol Zn by phytoplankton in oceanic surface water is a dominant process for Zn cycling in the oceanic
regions with high anthropogenic aerosol deposition (Ho et al., 2007; Liao et al., 2017). Ho et al. (2011) further
demonstrated that Zn/Al and Zn/P ratios in sinking particles collected in the deep water of the SCS were
signiﬁcantly higher than the lithogenic ratios and intracellular quota, indicating that anthropogenic aerosol
Zn have been transported to the deep water. As Zn isotopic composition is much lighter in anthropogenic
materials than lithogenic particles (Mattielli et al., 2009), studies on Zn isotopic composition in dissolved
and particulate phases may be used to quantify the relative contribution of anthropogenic particles in the
deep water. For Cu in the size range larger than 150 μm, the P-normalized ratios were fairly close to the intracellular quota, which may be attributed to the relatively low surface area to volume ratio in the samples,
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which results in relatively low adsorption in the large particles. Mo showed a similar pattern with Cu and Zn,
suggesting that the contribution of the anthropogenic material is signiﬁcant. Indeed, fossil fuel combustion
was reported to be a major Mo source in the surface ocean (Chappaz et al., 2012; Pacyna & Pacyna, 2001).
For Fe, Ti, and Mn, most of the data are slightly higher than or comparable to the two abiotic reference ratios,
a and b. Their distribution pattern is also similar to what we observed in the SCS and the WPS (Ho et al., 2007;
Liao et al., 2017). Anthropogenic aerosol deposition may contribute a signiﬁcant amount of the metals to the
particulate pool (Liao et al., 2017). However, as the difference between the two reference ratios of these three
elements is relatively small (Figure 7), elemental ratios may not be a precise approach to quantify the relative
contribution of the two abiotic sources. The other possible abiotic source may come from sediment
resuspension through vertical turbulent mixing induced by ﬂow-topography interactions (Figures 4 and 5).
In addition to bottom up source, anthropogenic materials brought up by the horizontal transport of
Yangtze River material may be the other important source in the region. Trace metals to Al ratios of
suspended particles collected in Yangtze River were indeed higher than their lithogenic ratios, indicating
anthropogenic material may be transported by riverine input to the studied region (Table 2) (Koshikawa et al.,
2007; Yuan et al., 2012). Metal isotopic composition shall be used to distinguish their relative quantitative
contribution of these various sources to the particulate metals.
Most of the V/Al ratios obtained from our particles are comparable to its aerosol reference line, showing that
anthropogenic materials are the major sources of particulate V in the studied region. Although particulate V
may also originate from bottom sedimentary suspension (Figure 4), their elemental ratios indicate that their
sources mainly come from anthropogenic materials originated from either anthropogenic aerosols or riverine
input (Yuan et al., 2012). In addition, our study area is located in a region of busy marine trafﬁc, where ﬁshing
and cargo shipping activities are abundant. As aerosol V is known to be a major element in the ﬂying ashes
from heavy oil combustion (Becagli et al., 2012), the contribution of the heavy oil burning by ﬁshing and
cargo shipping would be a signiﬁcant source in the studied region. For Pb, the other element whose source
mainly originates from anthropogenic activities, its concentrations exhibit a unique distribution pattern
(Figures 4 and 5). Pb does not have strong correlation with any other elements (Figure 6). It is known that
anthropogenic aerosol input is the major source of elevated dissolved Pb concentrations observed in the
ECS, which is about 1 order of magnitude higher than the concentrations in the Paciﬁc (Chien et al., 2017;
Lin et al., 2000). Due to its particle reactive characteristics, dissolved Pb originated from aerosol deposition
would be quickly scavenged by particles.
Overall, except the upwelling region, the distribution patterns of all elemental ratios were similar to our
previous observations in the WPS (Liao et al., 2017), indicating that anthropogenic aerosol deposition plays
a major role for trace metal supply in the surface water of the Kuroshio adjacent to the ECS.

7. The Relationship Between Particulate Trace Metal Composition and
Aerosol Deposition
Taking advantage of increasing particulate trace metal data sets available through GEOTRACES studies in
global oceans, we have compared our data obtained in the NWPO and its marginal seas with the data
obtained from other oceanic regions to examine the relationship of aerosol concentration variations with
particulate trace metal composition in oceanic surface water (Table 3 and Figure 8). Using Cd, Fe, and Zn
as representatives, the distribution patterns of their concentrations and slopes with P and Al for the samples
collected in the top 200 m among different oceanic regions are shown in Figure 8. The oceanic regions
include the North Atlantic Ocean (NAO), the Southeastern Paciﬁc Ocean (SEPO), and the NWPO and its
marginal seas. The NWPO data include the data obtained in the SCS (Ho et al., 2007), the WPS (Liao et al.,
2017), and the Kuroshio region (this study), which are shown as red open circle, semiﬁlled circle, and circle
with cross in Figure 8, respectively. The SEPO data are from TN303 cruise, EPZT, GP16 (Ohnemus et al.,
2017; Sherrell et al., 2016); and the NAO data are from KN199-04 and KN204-01 cruises, GA03 (Bourne
et al., 2014; Lam, 2014; Lam et al., 2015; Ohnemus & Lam, 2015). For the SEPO study, the data were further
separated into upwelling and nonupwelling regions by using phosphate concentrations higher than
0.5 μM as cutoff (Ohnemus et al., 2017), which are shown as dark blue triangle symbols and purple triangle
symbol with cross in Figure 8, respectively. The data set of the NWPO and its marginal seas include marginal
sea (Ho et al., 2007), transition region from the ECS to the NWPO (this study), and the open ocean region in
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Table 3
Aerosol Fe and Zn Concentrations Reported in the Three Oceanic Regions Studied
3 a

Sampling information
Basin
NWPO

Location

Time

b

SCS
b
SCS
c
ECS
d
Okinawa
d
Honshu
d
Hokkaido
e
P02 (30°N 130–160°E)
g

NAO

10–42°N 15–67°W
h
A16N
i
5°S to 35°N 10–40°W
j
CVAO
j
10–35°N 20–40°W

SEPO

Samoa

k
e

P16 (0–25°S 150°W)
l
Peru coast

July 2007
October 2007
2005–2007
March–May 2008

Concentration (ng m
Sample
Bulk aerosol
Bulk aerosol
Rain

June–August 2004

Bulk aerosol

May 1974
June–August 2003
2000–2011
2007–2008
January–February 2008

Bulk aerosol
Bulk aerosol
Bulk aerosol and Rain
Bulk aerosol

January–February 1981
July–August 1981
January–February 2005
December 2012

Bulk aerosol (remote)
Bulk aerosol (local)
Bulk aerosol
Soluble

Fe

)

Zn

246
549
410
98
325
112
44

82
1241
51
35
93
25
f
n.d.

100
217
145
450
1250

4.3
n.d.
n.d.
4.3
6.2

0.21
2.2
2.3
4.8

0.06
0.32
n.d.
1.6

a

We use 2 and 0.5 cm/s as the dry deposition velocity to convert ﬂuxes to concentrations for Fe and Zn, respectively.
NWPO = Northwestern Paciﬁc Ocean; NAO = North Atlantic Ocean; SEPO = Southeastern Paciﬁc Ocean; SCS = South
b
c
China Sea; ECS = East China Sea; CVAO = Cape Verde Atmospheric Observatory. Ho et al. (2010). Hsu et al.
d
e
f
g
(2010). Okubo et al. (2013). Buck et al. (2013). n.d.: no data available. Buat-Menard and Chesselet (1979).
h
i
j
k
l
Buck et al. (2010). Powell et al. (2015). Patey et al. (2015). Arimoto et al. (1987). Baker et al. (2016).

the NWPO (Liao et al., 2017). We have demonstrated the dominant role of aerosol deposition on deciding
trace metal composition in the suspended particles of the surface water either in the marginal seas or the
open ocean region. The concentrations of Cd, Fe, and Zn in surface water suspended particles are
compared with either the P or Al concentrations to examine their distribution patterns at various oceanic
regions globally (Figure 8). The concentrations of Fe and Zn in aerosols are also compiled to exhibit the
variations of trace metal concentrations among different oceanic regions (Table 3).
As expected, four Cd concentration data sets all show a relatively strong linear relationship with P among the
three major oceanic regions, with linear correlation coefﬁcients to be 0.60, 0.87, and 0.37 for the NWPO and its
marginal seas, the SEPO, and the NAO, respectively. The Cd to P slopes in the NWPO and its marginal seas were
overall slightly lower than the nonupwelling SEPO but higher than in the NAO, which are 0.100, 0.034,
0.068 mmol/mol to P for the nonupwelling SEPO, the NWPO and its marginal seas, and the NAO, respectively.
On the other hand, the Cd/P ratios of the upwelling region in the SEPO is up to 0.84 mmol/mol (r = 0.88), which
may be attributed to the preferential uptake of Cd by diatom. For Cd to Al ratios, there are no signiﬁcant linear
relationships between Cd and Al among all of the data sets, simply showing that the contribution of abiotic
particulate Cd is insigniﬁcant and particulate Al was not associated with phytoplankton at all (Figure 8).
In contrast to Cd, Fe concentrations possess a highly signiﬁcant linear relationship with Al among all regions
(r = 0.83, p < 0.01, all data). However, there is no signiﬁcant correlation observed between Fe and P for either
individual oceanic region or all of the three data sets (r = 0.18, p < 0.01) although Fe is the most abundant
essential trace metal biologically in plankton (Ho et al., 2003). These distribution patterns indicate that
intracellular Fe only accounts for a very small fraction in total particulate Fe collected in the surface water
of the major oceanic regions. These patterns also support the argument we have proposed in our previous
studies that total particulate Fe samples collected in the euphotic zone of the SCS and WPS are mainly abiotic
fraction, either adsorbed or aggregated on the surface of biotic particles or existing independently (Ho et al.,
2007; Liao et al., 2017). Overall, the particulate Fe concentrations ranged from 0.03 to 30 nM in the surface
waters (Figure 8). We also observed that variations of particulate Fe concentrations are positively correlated
with variations of aerosol Fe concentrations or ﬂuxes reported in the three major oceanic regions (Table 3).
The deposited aerosol Fe concentrations in the NWPO and its marginal seas and the NAO are about 1 order
of magnitude higher than the SEPO. For the SEPO nonupwelling region where aerosol deposition is low, we
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Figure 8. The distribution pattern of total concentrations of particulate Fe, Zn, and Cd in comparison with either particulate P or Al in the surface water of three major
oceanic regions, the Northwestern Paciﬁc Ocean (NWPO) and its marginal seas, the North Atlantic Ocean, and the Southeastern Paciﬁc Ocean (SEPO). The data
set of the NWPO and its marginal seas are composed of three data sets obtained from the South China Sea (red open circle), the Western Philippine Sea (red
semiﬁlled circle), and the Kuroshio region (red circle with cross). The SEPO data set is separated to upwelling (dark blue open triangle) and nonupwelling regions
(purple open triangle with cross). The dash lines in the P comparison panel represent the metal intracellular quotas; the dash lines in the Al comparison panel
represent the metal lithogenic ratios (Table 2). The North Atlantic Ocean samples were larger than 1 μm and collected at 2 to 5 depths in top 200 m from 22 stations;
the NWPO samples were larger than either 0.2 or 0.4 μm and collected at 3 depths in top 200 m from 23 stations; and the SEPO samples were larger than 0.45 μm and
collected at 2 to 8 depths in top 200 m from 30 stations (Bourne et al., 2014; Lam, 2014; Lam et al., 2015; Ohnemus et al., 2017; Ohnemus & Lam, 2015;
Sherrell et al., 2016). The sampling details may be found in the references cited.
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also found that Fe to Al ratios are not linear at all but the Fe to P ratios for most of the samples are very close
the proposed intracellular ratios or ranges (Table 2). The contrasting and consistent distribution patterns
between Cd and Fe among the datasets validate that most of particulate Fe collected in the surface water
originate from abiotic materials in the oceanic regions with relatively high aerosol deposition, witnessed
by the random concentration distribution with P.
Zn is representative for “hybride-type” elements, possessing relatively linear relationship with both P and Al.
The linear correlation coefﬁcients with P and Al are 0.42 and 0.59, respectively. The total particulate Zn
concentrations are in the sequence of NWPO ≫ NAO ~ SEPOupwelling > SEPOnonupwelling. The particulate Zn
concentrations in the surface water of the NWPO and its marginal seas were roughly one order of magnitude
higher than the NAO, also positively correlated to the difference for aerosol deposition ﬂuxes observed in the
two oceanic regions (Table 3). Comparable to Fe, for data obtained in the nonupwelling SEPO region where
external input is extremely low (Table 3), Zn to P ratios are relatively close its intracellular quota proposed and
Zn to Al ratios are highly deviated from its lithogenic ratio (Figure 8). This distribution pattern again validates
trace metal stoichiometric concept in plankton proposed (Ho, 2006; Ho et al., 2003). The relatively positive
correlation between particulate Zn and P but highly enriched Zn/P ratios for most of the data indicates that
particulate Zn is mainly extracellularly adsorbed or aggregated on biotic particles in the surface water.
Figure 8 shows that, either at the extremely high or extremely low aerosol deposition regions, the distribution
of the elemental ratios exhibits a consistent pattern globally. The globally consistent correlation between
aerosol concentrations and total particulate trace metal composition supports our previous arguments that
extracellular adsorption and/or aggregation is a major process on scavenging aerosol Zn and some other
trace metals not only in the surface ocean of the NWPO and its marginal seas but also in other open ocean
regions, particularly the oceanic regions in Northern Hemisphere where aerosol depositions are relatively
high (Liao et al., 2017).

8. Conclusion
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LIAO AND HO

This study investigated trace metal composition and their elemental distribution pattern in size-fractionated
particles collected in the surface water of the Kuroshio along the ECS. We found that anthropogenic aerosol
deposition is the dominant source of particulate trace metal concentrations in the Kuroshio region, similar to
what we have observed in the SCS and the WPS. The consistent distribution pattern of particulate trace
metals observed in the NWPO and its marginal seas and other oceanic regions indicates that aerosol
deposition is a controlling factor for particulate trace metal composition in the surface ocean globally.
Future studies should comprehensively investigate the elemental and isotopic composition of trace metals
in aerosols, seawater, and particles to fully elucidate how aerosol metals are internally cycled in marine
water column.
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