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A B S T R A C T

We present isotope ratios of Ni (δ60Ni) and Cu (δ65Cu) in sinking particles, aerosols, and seawater collected from the northern South China Sea to identify sources and
transformation processes of the two metals. In aerosols, δ60Ni values are in the range +0.05‰ to +0.56‰, and δ65Cu values are in the range −0.33‰ to +0.83‰.
The isotope ratios are diﬀerent from those of lithogenic materials, indicating that the aerosols are anthropogenic in origin. In sinking particles collected at depths of
2000 and 3500 m, δ60Ni values are in the range +0.01‰ to +0.54‰ at 2000 m and −0.18‰ to +0.54‰ at 3500 m, and the values exhibit similar temporal
variation pattern between 2000 and 3500 m. Based on the signiﬁcant correlation between δ60Ni and the ratio of P/Ni or organic-C/Ni, we hypothesize that the main
sources of Ni in the sinking particles originate from both resuspended marine sediments oﬀ southwest Taiwan, and biogenic organic particles. The δ60Ni in biogenic
particles is estimated to be +0.6‰ to +1.0‰, which is 0.3–0.7‰ lighter than that of dissolved Ni in seawater. The isotope ratios of Cu in sinking particles are fairly
constant (+0.13‰ to +0.36‰), and the range is between those of marine sediments and labile fractions of marine particles. Thus, Cu in sinking particles is likely to
be from marine sediments and biogenic organic particles. Compared with Ni, the correlation between Cu and P or organic-C is weaker, suggesting that the Cu/P and
Cu/organic-C ratios are not constant in organic matter or there are additional sources of particulate Cu, such as Fe-Mn oxides and anthropogenic aerosols.

1. Introduction
Trace metals, such as Ni and Cu, can be essential nutrients and/or
toxins for marine phytoplankton and inﬂuence primary productivity in
the ocean (e.g., Morel and Price, 2003). Due to the important roles of
trace metals in material cycling, studies during the past 40 years have
revealed vertical distribution patterns of the concentrations of many
dissolved trace metals (e.g., Boyle et al., 1977, 1981; Bruland, 1980).
The international GEOTRACES program was further established to investigate the large spatial scale distribution patterns of trace metals and
isotopes in the global ocean. However, trace metal isotope studies are
still limited in the global ocean. Isotopic compositions are powerful
tools to identify sources and transformation processes of materials in
geochemical and environmental studies, owing to their speciﬁc isotopic
fractionation through chemical, physical, and biological processes, such
as redox reactions, biological uptake, adsorption, and phase transitions
(Teng et al., 2017). Isotope ratios of Cu and Ni are generally expressed
in δ60Ni and δ65Cu:

δ60 Ni = [(60 Ni/58Ni)Sample /(60 Ni/58Ni) NIST SRM 986 − 1] × 1000
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δ65Cu = [(65Cu/ 63Cu)Sample /(65Cu/ 63Cu) NIST SRM 976 − 1] × 1000
In seawater, reported dissolved δ60Ni ranges from +1.3‰ to
+1.7‰ (Cameron and Vance, 2014; Takano et al., 2017; Wang et al.,
2019), which is signiﬁcantly higher than the mean value of
+0.15 ± 0.12‰ (mean ± 2SD [two standard deviations]) observed
in lithogenic materials (Elliott and Steele, 2017). For Cu, δ65Cu in
seawater ranges from +0.4‰ to +0.9‰ (Baconnais et al., 2019; Little
et al., 2018; Takano et al., 2014; Thompson and Ellwood, 2014; Vance
et al., 2008), and the range is also higher than the mean value of
+0.07‰ ± 0.10‰ in lithogenic materials (Moynier et al., 2017). The
global means in river water, which is believed to be the main source of
dissolved Ni and Cu to the ocean, are +0.80‰ for δ60Ni (Cameron and
Vance, 2014) and +0.68‰ for δ65Cu (Vance et al., 2008). The dominant sink for dissolved Ni and Cu in the ocean is considered to be
FeeMn oxides (Little et al., 2014; Vance et al., 2016). Based on the
analysis of hydrogenetic FeeMn crusts, the isotope ratios associated
with this sink range from +0.8‰ to +2.5‰ for δ60Ni (Gall et al.,
2013; Gueguen et al., 2016) and from +0.05‰ to +0.60‰ for δ65Cu
(Little et al., 2014). Euxinic and organic-rich sediments are suggested to

Marine Chemistry 219 (2020) 103751

S. Takano, et al.

be additional sinks of Ni and Cu, with diﬀerent isotope ratios from those
of FeeMn oxides (Ciscato et al., 2018; Little et al., 2017). However, the
oceanic budgets for dissolved Ni and Cu are elementally and isotopically imbalanced, suggesting missing sources or sinks of Ni and Cu
(Cameron and Vance, 2014; Ciscato et al., 2018; Little et al., 2014;
Vance et al., 2016).
Sinking particles play important roles in biogeochemical cycling of
trace metals in the ocean by transporting materials from the surface to
the deep ocean and provide direct information on the oceanic sink of
trace metals in the ocean. Sinking particles are mainly composed of
lithogenic, biogenic, and authigenic particles. Lithogenic particles are
supplied to the ocean mainly via atmospheric deposition (Duce et al.,
1991) and resuspension of marine sediments (Ho et al., 2011). Biogenic
particles are produced in the surface ocean; they concentrate trace
metals through biological uptake (Twining and Baines, 2013; Twining
et al., 2014) and/or adsorption onto their surface from seawater
(Balistrieri et al., 1981; John and Conway, 2014; Weber et al., 2018),
and transport the trace metals to the deep ocean. Authigenic FeeMn
oxides are suggested to be responsible for the adsorption of trace metals
(Sherrell and Boyle, 1992). Anthropogenic particles are another source
of trace metals in oceanic regions inﬂuenced by intense human activity
(Liao et al., 2017). In addition to the various sources, the isotopic
compositions of sinking particles not only possess the original signals of
the sources but may also reﬂect the transformation processes of particles during transport from the surface to deep water.
The northern South China Sea (NSCS) is an ideal oceanic region to
investigate the relative contributions of natural and anthropogenic
materials to the ocean, as the region receives a large amount of lithogenic and anthropogenic materials through the atmosphere. Both lithogenic and anthropogenic aerosols from East Asia are transported to
the NSCS surface water by the northeast monsoon in winter and spring.
Previous studies have demonstrated that anthropogenic aerosols are
major sources of trace metals in suspended particles in surface water of
the NSCS (Ho et al., 2007, 2010). Pacyna and Pacyna (2001) estimate
that anthropogenic emissions account for 76% and 48% of global atmospheric emissions for Ni and Cu, respectively. Nickel is known as one
of the most abundant metals in crude oil (Barwise, 1990). Fossil fuel
combustion accounts for 90% of the anthropogenic emissions of Ni to
the atmosphere (Pacyna and Pacyna, 2001). Although there are a small
number of analyses, isotope ratios of Ni have been reported for some
materials associated with anthropogenic sources. The δ60Ni in crude oil
and coal is reported to be +0.54 ± 0.29‰ (Ventura et al., 2015) and
+0.47‰ (Gueguen et al., 2013), respectively. For Cu, major anthropogenic sources are suggested to be emissions from smelting processes,
vehicular traﬃc, and fossil fuel combustion (Ho et al., 2006; Hulskotte
et al., 2007; Pacyna and Pacyna, 2001; Suvarapu and Baek, 2017). A
wide range of δ65Cu (+0.0 to +0.6‰) is found in aerosols collected in
large cities in Europe and South America, suggesting various Cu sources
(Dong et al., 2017; Gonzalez et al., 2016; Souto-Oliveira et al., 2018,
2019).
To the best of our knowledge, no systematic studies of Ni and Cu
isotopes in marine sinking particles have been reported, although several recent studies have revealed dissolved Ni and Cu isotopic compositions in seawater (Cameron and Vance, 2014; Takano et al., 2014,
2017; Thompson and Ellwood, 2014; Vance et al., 2008; Wang et al.,
2019). In this study, we propose a new pretreatment procedure to
precisely analyze isotopic ratios for Ni and Cu in particulate samples.
We then determined Ni and Cu isotope ratios in aerosols and sinking
particles collected in the NSCS to investigate their major sources, to
quantify the relative contributions of the sources, and to study the
transformation processes of the particulate Ni and Cu in the water
column.

Fig. 1. Location of the South East Asian Time-series Study (SEATS; 18.0°N
116.0°E) station and Dongsha Atoll (20.7°N 116.7°E).

2. Methods
2.1. Sampling
Seawater and sinking particle samples were collected at the South
East Asian Time-series Study (SEATS) station located at 18.0°N and
116.0°E in the NSCS, with a bottom depth of 3783 m (Fig. 1). Aerosol
samples were collected at an onshore station on the Dongsha Atoll,
which is located at 20.7°N and 116.7°E at a distance of 300 km from the
SEATS station. The NSCS is inﬂuenced by two well-deﬁned seasonal
monsoons: a strong northeastern monsoon in winter and a weak
southwestern monsoon in summer. Owing to these monsoon systems,
seasonal primary production at the SEATS station is highest in winter
and lowest in summer. Seawater samples were collected using acidcleaned Teﬂon-coated Go-Flo bottles (General Oceanics) on 21 October
2006. The samples were ﬁltered through 0.22 μm acid-cleaned polycap
cartridge ﬁlters (Whatman) and subsequently transferred to acid-washed 1 L polyethylene bottles. All samples were acidiﬁed to pH 1.8 with
ultrapure concentrated HCl (Seastar).
In terms of sinking particle collection, time-series moored sediment
traps were deployed at depths of 2000 and 3500 m on two occasions.
The ﬁrst deployment lasted from 15 April 2014 to 16 October 2014, and
the second from 21 November 2014 to 4 March 2015. French timeseries sediment traps with a cone area of 1.00 m2 (Technicap Pièges à
Particules Séquentiels, models 5/2) were used for collecting sinking
particles. The trap body and baﬄe material were made of reinforced
polyester and phenolic composite, respectively. The cups for trapped
samples were made of polypropylene and were acid-washed before use.
The trap cups were ﬁlled with trap solution, which was prepared in an
acid-washed polypropylene bottle by adding 800 g of Merck guarantee
reagent grade NaCl to 20 L of subsurface seawater collected near the
trap deployment location (Ho et al., 2011; Wen et al., 2006; Yang et al.,
2012). The collection interval was 8 days for each cup. The total
amounts of trace metals in sinking particles collected in the trap cups
were at least two orders of magnitude greater than those in the trap
solution. Thus, contamination from the trap solution was negligible.
After retrieving the traps, the sample cups were detached, sealed, and
stored in a cold room at 4 °C onboard the research vessel until further
processing onshore.
Aerosol samples were collected using a low-volume dichotomous air
sampler (Thermo Andersen SA-241). Pre-weighed polytetraﬂuoroethylene (PTFE) membrane ﬁlters (37 mm diameter, 1 μm pore
2
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Table 1
Procedure for NOBIAS PA1 chelating extraction for particulate samples.
NOBIAS Chelate PA1W closed column
Process

Solution

Volume (mL)

Flow rate (mL/min)

Flow direction

Cleaning
Conditioning
Sample loading
Removing lithogenic elements
Removing NH4F
Removing NH4F
Elution

1 M HNO3
0.03 M CH3COOH-CH3COONH4
Sample
2 M NH4F
DW
DW
1 M HNO3

20
50
2–50
25
50
25
20

10
10
5
5
60
60
4

Backward
Forward
Forward
Forward
Forward
Backward
Backward

Poly-Prep open column
Process

Solution

Volume (mL)

Cleaning
Conditioning
Conditioning
Sample loading
Removing lithogenic elements
Removing NH4F
Elution

1 M HNO3
DW
0.03 M CH3COOH-CH3COONH4
Sample
2 M NH4F
DW
1 M HNO3

5
5
5
1–50
5
50
10

size) were used as substrates. The sampler was operated at a ﬂow rate of
16.7 L/min and collected both PM 2.5 (particle matter with an aerodynamic diameter of < 2.5 μm) and PM 2.5–10 (particle matter with a
diameter from 2.5 to 10 μm) on a daily basis. The sampling period was
from January to December 2011.

NOBIAS Chelate PA1 resin (Hitachi High-Technologies) at pH 4.8. The
column was cleaned with a ﬂow of NH4NO3 solution (pH 4.8) followed
by ultrapure water to remove matrices such as sulfate. Collected Ni and
Cu were eluted with 1 M HNO3. Pre-concentrated Ni and Cu were
further puriﬁed by anion exchange with AG MP-1M resin. After sample
loading into the anion exchange column, 0.4 mL of 10 M HCl was
passed to elute Ni. Then, 0.7 mL of 10 M HCl was passed to remove Ti.
Next, 5 mL of 4 M HCl was passed to elute Cu.
Isotope ratios of Ni and Cu were measured using a NEPTUNE Plus
MC-ICPMS under a high-resolution mode for Ni and a low-resolution
mode for Cu. Instrumental mass biases were corrected using a double
spike technique for Ni isotopes and using an external correction technique with Ga doping for Cu isotopes. The concentration of Ni was
determined with an isotope dilution method at the same time as the
isotopic measurement. The concentration of Cu was measured by intensity comparison of the 63Cu signal with that for bracketing standards
during the MC-ICPMS measurement.

2.2. Elemental concentrations in sinking particles and aerosols
Prior to analysis, one-eighth of each sinking particle sample was
obtained from the trap cup. The sample was ﬁltered through a 0.2 μm
polycarbonate (PC) membrane (Whatman) and further divided into
three fractions; two for trace metal analysis and one for biogenic silica
analysis. Each fraction was carefully weighed before subsequent analysis. For aerosol samples, the PTFE membrane with aerosol particles
was ﬁrst divided into two pieces; one for trace metal analysis and one
for archiving. The samples were completely digested with a 5 mL
mixture solution of concentrated HNO3 and HF in Teﬂon vials at 120 °C
for 12 h on a hot plate in a laminar ﬂow bench in a clean laboratory.
The digested solution was evaporated to dryness on the hot plate.
Subsequently, the dried samples were further digested with a 5 mL
mixture solution of concentrated HNO3 and HCl. Then, the digested
solution was again evaporated to dryness. The dried samples were then
re-dissolved in 1 mL of concentrated HNO3 and again evaporated to
dryness. The dried aerosol samples were re-dissolved in 10 mL of 0.5 M
HNO3 and the dried sinking particle samples were re-dissolved in 8 mL
of 0.5 M HNO3 + 0.01 M HF. Reference materials, HISS-1 (marine
sediment; National Research Council Canada) and BCR-414 (river
plankton; European Commission) were digested in the same way as
sinking particles. The elemental concentrations in each sample were
analyzed using a sector ﬁeld high resolution ICPMS (Thermo Fisher
Scientiﬁc, Element XR) equipped with an Apex HF (Elemental
Scientiﬁc). The details of the precision, accuracy, and detection limits
of the method are described in previous studies (Ho et al., 2007; Liao
et al., 2017).

2.4. Isotope ratios of Ni, Cu, and Zn in sinking particles and aerosols
After digestion, double spikes of 61Nie62Ni and 64Zne67Zn were
added to sinking particle and aerosol samples with a spike to sample
ratio of 1–2 for both Ni and Zn. Sinking particle and aerosol samples
contain large amounts of lithogenic elements, such as Al, Ti, Mn, and
Fe. These metals cause interferences with isotopic measurements using
MC-ICPMS, such as 27Al37Cl on 64Zn, 47Ti16O on 63Cu, 55Mn16O on
71
Ga, and 58Fe on 58Ni. To eliminate these elements, we developed an
improved method based on NOBIAS PA1 chelate extraction (Takano
et al., 2017). The procedure is shown in Table 1.
We used either of two types of NOBIAS PA1 chelate resin columns: a
NOBIAS Chelate PA1W closed column (i.e., that used for seawater
analysis) or a Poly-Prep open column (Bio-Rad) loaded with ~360 mg
of the NOBIAS PA1 chelate resin. Solutions were passed through this
column by gravity. After cleaning with 1 M HNO3, the resin was conditioned with an acetate buﬀer. Then, a sample that had been dissolved
in 0.5 M HNO3 / 0.01 M HF was adjusted to pH 4.7–5.2 and passed
through the column to collect metals on the resin. In this step, signiﬁcant amounts of Al, Fe, Mn, and It were collected on the resin together with Ni, Cu, and Zn. To eliminate Al, Fe, Mn, and Ti, a 2 M NH4F
solution adjusted to pH 5 with an acetate buﬀer was eluted. The NH4F
solution was prepared by mixing ultrapure HF and NH3 solutions. To
rinse the NH4F solution, ultrapure water was passed through the

2.3. Elemental concentrations and isotope ratios of Ni and Cu in seawater
Isotope ratios of Ni and Cu in seawater were determined using the
previously developed method (Takano et al., 2017). The double spike of
61
Nie62Ni was added to seawater samples with a spike-to-sample ratio
of 1–2 to correct for mass fractionation that occurs in column chemistry
and MC-ICPMS measurements. First, Ni and Cu were collected on the
3
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results are shown in Table 2. The concentrations of Ni, Cu, and Zn are
consistent with the certiﬁed values for both HISS-1 and BCR-414. Although the isotope ratios of Ni, Cu, and Zn have not been reported for
HISS-1, our results are similar to literature values for marine sediments;
+0.02‰ to +0.04‰ for δ60Ni (Gueguen et al., 2013), +0.04‰ to
+0.32‰ for δ65Cu (Little et al., 2017), and +0.17‰ to +0.79‰ for
δ66Zn (Maréchal et al., 2000). Our δ66Zn in BCR-414 is
+0.31 ± 0.03‰ (mean ± 2SD, n = 10), which is slightly lower than
the reported value of 0.42‰ (Maréchal et al., 2000). Isotope ratios of
Ni and Cu for BCR-414 have not been reported elsewhere and future
comparisons are required.

column. Finally, 1 M HNO3 was passed to elute Ni, Cu, and Zn. The
subsequent AG MP-1M anion exchange was performed in the same way
as that for seawater samples. Isotope ratios of Ni and Cu were measured
using a NEPTUNE Plus MC-ICPMS under a high-resolution mode for Ni
and Zn and under a medium resolution mode for Cu. Instrumental mass
biases were corrected using a double spike technique for Ni and Zn
isotopes and using an external correction technique with Ga or Zn
doping for Cu isotopes.
3. Results
3.1. Method validation for isotopic analysis of Ni, Cu, and Zn in particulate
samples

3.2. Dissolved Ni and Cu concentrations and their isotope ratios in seawater
Concentrations and isotope ratios of Ni and Cu in seawater collected
at the SEATS station are shown in Table S1. The concentrations of Ni
and Cu are 5.2 nmol/kg and 3.2 nmol/kg, respectively, at a depth of
400 m, and gradually increased with depth to 9.6 nmol/kg and
5.6 nmol/kg at 3500 m. The proﬁles of Ni and Cu concentrations are
similar to those in the Paciﬁc Ocean (Boyle et al., 1977, 1981; Bruland,
1980; Sclater et al., 1976; Takano et al., 2014). The SEATS station
isotope ratios for Ni are nearly constant at 1.4‰. In previous studies,
δ60Ni values are in the range of +1.3‰ to +1.4‰ in the ocean, other
than for oligotrophic surface waters in the subtropical South Paciﬁc,
which has δ60Ni of 1.7‰ (Cameron and Vance, 2014; Takano et al.,
2017; Wang et al., 2019). For Cu, the isotope ratios are 0.5‰ at a depth
of 400 m, and +0.6‰ to +0.7‰ at deeper depths. The proﬁle is similar to previously reported proﬁles in the North Paciﬁc (Takano et al.,
2014).

To remove major elements in lithogenic particles, we modiﬁed the
NOBIAS Chelate PA1 procedure (Takano et al., 2017). The major
modiﬁcation is that NH4F solution is passed through the NOBIAS
Chelate PA1 column after sample loading. To evaluate the removal
eﬃciency of the elements, a sample dissolving 10 mg of HISS-1 (i.e.,
marine sediment reference material) was processed using a closed
column with or without NH4F solution. When the NH4F solution is not
used, the eluate contains 2600 ± 300 ng of Al, 6500 ± 300 ng of Ti,
510 ± 30 ng of Mn, and 14,000 ± 800 ng of Fe (mean ± SD, n = 4,
Fig. S1). When the NH4F solution is used, these elements are eﬀectively
removed and the eluate contain 260 ± 130 ng of Al, 33 ± 5 ng of Ti,
0.47 ± 0.05 ng of Mn, and 37 ± 17 ng of Fe (mean ± SD, n = 6, Fig.
S1). Compared with the certiﬁed concentrations (https://www.nrccnrc.gc.ca/eng/solutions/advisory/crm/certiﬁcates/hiss_1.
html), > 99.5% of Al, Ti, Mn, and Fe are removed, and Ni, Cu, and Zn
are quantitatively recovered from HISS-1 by the NOBIAS PA1 chelate
extraction using NH4F solution. Ions of Al3+, Ti4+, Fe3+, and Mn2+ are
hard acids that have a high aﬃnity to ﬂuoride ions, which is categorized as a hard base. Therefore, these metals form ﬂuoride-complexes
and are eluted with NH4F solution.
The accuracy and precision of the new method were evaluated by
analyzing reference materials of marine sediment HISS-1 and river
plankton BCR-414. One hundred mg of BCR-414 and 250 mg of HISS-1
were digested. After doping the double spikes, both reference materials
were divided into ﬁve portions and analyzed by the new method. The

3.3. Concentrations and isotope ratios in aerosols
The isotope ratios of Ni and Cu and the concentrations of Ni, Cu, and
Ti in two size fractions of aerosols are shown in Fig. 2, Tables S2 and S3.
The Ni concentrations are 0.008 ± 0.006 nmol/m3 (mean ± SD,
n = 38) for PM 2.5–10 and 0.05 ± 0.03 nmol/m3 for PM 2.5. To
determine a contribution of non-lithogenic material, Ni/Ti and Cu/Ti
ratios are also shown in Fig. 2. The ratios of Ni/Ti are
0.03 ± 0.02 mol/mol for PM 2.5–10 and 0.6 ± 0.3 mol/mol for PM

Table 2
Analysis of reference materials HISS-1 and BCR-414.
Number

HISS-1c

BCR-414d

a
b
c
d

1
2
3
4
5
Mean
2SD
6
7
8
9
10
11
12
13
14
15
Mean
2SD

Type of NOBIAS Chelate PA1 column

closed
closed
closed
closed
closed

closed
closed
closed
closed
closed
open
open
open
open
open

δ65Cu

b

[Cu] ppm

Mean

2SEa

0.06
0.05
0.06
0.04
0.06
0.05
0.02
−0.23
−0.25
−0.27
−0.27
−0.23
−0.27
−0.29
−0.27
−0.31
−0.29
−0.27
0.05

0.05
0.05
0.06
0.05
0.05

2.06
2.04
2.05
2.05
1.97
2.03
0.07
31.0
31.4
31.4
32.2
31.2
29.0
29.8
30.4
30.1
30.5
30.7
2

0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.03
0.03
0.03

δ60Ni

[Ni] ppm

Mean

2SE

0.07
0.08
0.00
0.04
0.04
0.05
0.06
0.08
0.08
0.11
0.10
0.09
0.17
0.13
0.09
0.15
0.10
0.11
0.06

0.05
0.05
0.06
0.04
0.04

0.04
0.04
0.03
0.03
0.04
0.05
0.05
0.05
0.05
0.05

2.32
2.32
2.34
2.26
2.26
2.30
0.08
19.8
19.8
19.8
19.8
19.8
19.6
19.6
19.6
19.6
19.6
19.7
0.2

Standard errors in multicollector inductively coupled plasma mass spectrometry (MC-ICPMS) measurements.
Instrumental mass bias of Cu isotopes were corrected with Zn-doping for #1–10 and Ga-doping for #11−#15.
Certiﬁed value for HISS-1 is 2.37 ± 0.37 ppm for [Cu], 2.20 ± 0.29 ppm for [Ni], and 4.90 ± 0.79 ppm for [Zn].
Certiﬁed value for BCR-414 is 29.5 ± 1.3 ppm for [Cu], 18.8 ± 0.8 ppm for [Ni], and 112 ± 3 ppm for [Zn].
4

δ66Zn

[Zn] ppm

Mean

2SE

0.18
0.22
0.22
0.18
0.21
0.20
0.04
0.31
0.32
0.29
0.30
0.30
0.29
0.34
0.31
0.33
0.32
0.31
0.03

0.04
0.01
0.02
0.02
0.02

0.06
0.06
0.06
0.06
0.06
0.03
0.03
0.02
0.03
0.02

4.48
4.36
4.32
4.31
4.34
4.36
0.14
113
113
113
113
113
110
110
110
110
110
111
3
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Fig. 2. Temporal variations in particle mass, metal concentrations, elemental ratios, and isotope ratios in ambient particulate matter (PM) 2.5 (circles) and PM
2.5–10 (diamonds) at Dongsha Atoll. Horizontal axis is the date in 2011. Dotted lines indicate the Ni/Ti and Cu/Ti ratios in the upper continental crust (Chester and
Jickells, 2012). Gray bands indicate the mean ± 1SD (one standard deviation) for δ60Ni (0.15 ± 0.12‰) and δ65Cu (0.07 ± 0.10‰) in lithogenic materials
(Elliott and Steele, 2017; Moynier et al., 2017). Error bars for the isotope ratios represent either 2SD of replicate analyses of BCR-414, or internal 2SE in multicollector inductively coupled plasma mass spectrometry (MC-ICPMS) measurement when this is the larger of the of the two errors.

3.4. Elemental ﬂuxes (Ni, Cu, Ti, and P) and isotope ratios (Ni and Cu) in
sinking particles

2.5, which are 3 times and 60 times higher than the Ni/Ti ratio of
0.01 mol/mol in the upper continental crust, respectively (Chester and
Jickells, 2012). The Cu concentrations are 0.06 ± 0.07 nmol/m3
(mean ± SD, n = 38) for PM 2.5–10 and 0.2 ± 0.2 nmol/m3 for PM
2.5. The ratios of Cu/Ti are 0.3 ± 0.4 mol/mol for PM 2.5–10 and
3 ± 4 mol/mol for PM 2.5, which are 50 times and 500 times higher
than the Cu/Ti ratio of 0.006 mol/mol in the upper continental crust,
respectively (Chester and Jickells, 2012). The concentrations of Ni and
Ti are higher in January–April than in May–December, while the Cu
concentrations are higher in June–August. Two typhoons occurred near
the sampling site at the end of May and end of August. At those times,
concentrations of Ni, Cu, and Ti increased, especially for coarse aerosols
(Fig. 2 and Table S2). The isotope ratios of Ni are from +0.05‰ to
+0.46‰ for PM 2.5–10 and from −0.08‰ to +0.56‰ for PM 2.5.
The isotope ratios of Cu are −0.13‰ to +0.83‰ for PM 2.5–10, and
−0.33‰ to +0.37‰ for PM 2.5. The δ65Cu values are higher in PM
2.5 than in PM 2.5–10, except for the winter aerosols.

Fluxes of Ni, Cu, Ti, and P in sinking particles at depths of 2000 and
3500 m are shown in Fig. 3 and Table S4. Phosphorus mainly originates
from biogenic particles, and the ﬂuxes are higher at 2000 m than at
3500 m, particularly during winter, due to the decomposition of organic matter. Titanium is used as a tracer of lithogenic particles
(Ohnemus and Lam, 2015). The ﬂuxes of Ni, Cu, Ti, and P concordantly
decrease from 23 April to 24 October and increase from 28 November
to the end of February. This pattern is also observed for ﬂuxes of biogenic silica, organic carbon (OC), and metals in sinking particles in the
NSCS (Ho et al., 2011; Ran et al., 2015). Temporal changes in Ni and Cu
ﬂuxes follow that of Ti ﬂuxes (Fig. 3 and Table S4). To determine the
sources of Ni and Cu in sinking particles, the ratios against Ti are also
shown in Fig. 3. The Ni/Ti ratios of 0.027 ± 0.006 mol/mol at a depth
of 2000 m and 0.022 ± 0.003 mol/mol at a depth of 3500 m are
5
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Fig. 3. Temporal variations in particle mass ﬂuxes, elemental ﬂuxes, and elemental ratios for sinking particles at depths of 2000 m (circles) and 3500 m (diamonds).
The horizontal axis is the date from April 2014 to March 2015. Orange dotted lines indicate the Ni/Ti and Cu/Ti ratios in marine sediments oﬀ southwestern Taiwan
(Chen and Kandasamy, 2008). Yellow lines indicate the Ni/Ti and Cu/Ti ratios in the upper continental crust (Chester and Jickells, 2012). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

(0.032 ± 0.004 mol/mol). The Cu/Ti ratios of 0.029 ± 0.007 mol/
mol at a depth of 2000 m and 0.031 ± 0.005 mol/mol at a depth of
3500 m are also higher than that in marine sediments
(0.0060 ± 0.0010 mol/mol, mean ± 1SD; Chen and Kandasamy,

higher than those in marine sediments oﬀ southwestern Taiwan
(0.0071 ± 0.0004 mol/mol, mean ± 1SD; Chen and Kandasamy,
2008). In particular, from the end of August to the middle of February,
Ni/Ti ratios at a depth of 2000 m are signiﬁcantly higher
6

Marine Chemistry 219 (2020) 103751

S. Takano, et al.

Fig. 4. Temporal variations in isotope ratios for Ni and Cu in sinking particles at depths of 2000 m (circles) and 3500 m (diamonds). The horizontal axis is the date
from April 2014 to March 2015. Orange bands indicate the mean ± 1SD (one standard deviation) for δ60Ni (0.03 ± 0.01‰; Gueguen et al., 2013) and δ65Cu
(0.16 ± 0.11‰; Little et al., 2017) in marine sediments. Blue bands indicate the mean ± 1SD for δ60Ni (1.41 ± 0.04‰) and δ65Cu (0.64 ± 0.10‰) in seawater
at the South East Asian Time-series Study (SEATS) station. Error bars represent either 2SD of replicate analyses of BCR-414 or internal 2SE in multicollector
inductively coupled plasma mass spectrometry (MC-ICPMS) measurement when this is the larger of the of the two errors. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

2.5–10 are strongly correlated with those of V (r = 0.92 for PM 2.5 and
0.87 for PM 2.5–10) over the sampling period (Table S5). These elements are known to be emitted to the atmosphere via crude oil combustion by ship traﬃc or power production (Jiang et al., 2014; Mueller
et al., 2011; Okuda et al., 2007; Peltier and Lippmann, 2009; Tian et al.,
2012). The Ni/V ratios are 0.56–0.57 mol/mol for PM 2.5 and
1.3–3.5 mol/mol for PM 2.5–10 collected in Hong Kong, an international port city, where Ni and V in aerosols are considered to be from
crude oil combustion by ships (Jiang et al., 2014). In the NSCS, the Ni/
V ratios are 0.45 ± 0.10 mol/mol for PM 2.5 (mean ± SD, n = 38)
and 1.79 ± 1.33 mol/mol (n = 29) for PM 2.5–10. The Ni/V ratios of
aerosols in the NSCS are similar to those in Hong Kong, suggesting that
Ni from crude oil combustion is a major Ni source in the NSCS, also. The
higher Ni/V ratios in PM 2.5–10 relative to PM 2.5 can be explained by
a larger contribution of lithogenic aerosols with Ni/V ratios of
~2.4 mol/mol (from the composition in the upper continental crust;
Chester and Jickells, 2012). The isotope ratios of Ni and the Ti/Ni ratios
in PM 2.5 and PM 2.5–10 in the NSCS are compared with those in crude
oil in Fig. 5 and Table S6. In Fig. 5, the data for PM 2.5 are plotted
around the range of crude oil, excluding one sample (2011/5/9–15).
For PM 2.5–10, the higher Ti/Ni ratios can be attributed to the elevated
contribution of lithogenic particles, as mentioned earlier. Similar δ60Ni
values in crude oil and lithogenic particles cause undistinguishable
δ60Ni values between PM 2.5 and PM 2.5–10.
The ratios of Cu/Ti are 0.3 ± 0.4 mol/mol for PM 2.5–10 and
3 ± 4 mol/mol for PM 2.5, which are much higher than the Cu/Ti
ratio of 0.006 mol/mol in the upper continental crust, respectively
(Chester and Jickells, 2012). This indicates that the Cu originates from
non-lithogenic sources. The Cu/Na ratios are 0.83 ± 1.7 mmol/mol for
PM 2.5–10 and 9.7 ± 11 mmol/mol for PM 2.5, which are much
higher than those of ~0.005 μmol/mol in seawater, suggesting a negligible contribution of Cu from sea spray. For PM 2.5 in coastal cities
alongside the NSCS, the Cu/Ti ratio is 0.4–0.5 mol/mol in Yunlin
(western Taiwan; Chen et al., 2015) and 3–7 mol/mol in Hong Kong
(Ho et al., 2006). Since the PM 2.5 Cu/Ti ratio in the NSCS is at the
level in Hong Kong, where Cu in PM 2.5 mainly originates from anthropogenic sources (Ho et al., 2006), anthropogenic Cu would be also
dominant in the NSCS. Isotope ratios of Cu and Ti/Cu in PM 2.5 and PM
2.5–10 are compared with previously reported data for aerosols collected in London and Barcelona in Fig. 5 (Dong et al., 2017; Gonzalez

2008).
The isotope ratios of Ni and Cu in sinking particles are shown in
Fig. 4 and Table S4. In most cases, two divided subsamples are analyzed
for each sinking particle sample. The duplicate analyses are in close
agreement. The δ60Ni values in sinking particles vary from +0.01‰ to
+0.54‰ at a depth of 2000 m and −0.18‰ to +0.54‰ at a depth of
3500 m; temporal changes show a similar pattern between 2000 and
3500 m depth. In contrast, δ60Ni values are slightly higher at a depth of
2000 m than at a depth of 3500 m; δ65Cu values in sinking particles are
relatively constant (+0.13‰ to +0.36‰) at both depths, with an
exception in October at 3500 m.
4. Discussion
4.1. Sources of Ni and Cu in aerosols
Elevated aerosol Ni and Ti concentrations from January to April can
be attributed to the inﬂuence of the northeastern monsoon carrying
lithogenic and anthropogenic materials from East Asia to the NSCS. The
ratios of Ni/Ti are 0.03 ± 0.02 mol/mol for PM 2.5–10 and
0.6 ± 0.3 mol/mol for PM 2.5 (mean ± 1SD, n = 38), which are 3
times and 60 times higher than the Ni/Ti ratio of 0.01 mol/mol in the
upper continental crust, respectively (Chester and Jickells, 2012).
Therefore, lithogenic aerosols are the minor source for Ni particularly
in PM 2.5. Sea spray may be a possible source of Ni to explain the high
Ni/Ti. Sodium is often used as a tracer of sea spray. Ni/Na ratios are
0.06 ± 0.03 mmol/mol for PM 2.5–10, and 2.0 ± 1.6 mmol/mol for
PM 2.5, which is much higher than the Ni/Na ratio of ~0.02 μmol/mol
in seawater. This means that Ni from sea spray is negligible in PM
2.5–10 and PM 2.5.
The Ni/Ti ratios in PM 2.5 are 1.0–3.4 mol/mol in Hong Kong (Ho
et al., 2006) and 0.22 mol/mol in western Taiwan (Yunlin prefecture;
Chen et al., 2015). Anthropogenic Ni is considered to be the dominant
source in these regions. Similar Ni/Ti ratios are found in PM 2.5 collected in the NSCS. Therefore, PM 2.5 in the NSCS would contain much
anthropogenic Ni from the surrounding cities. The Ni/Ti ratios in PM
2.5–10 are lower than those in PM 2.5. This can be explained by the
contribution of lithogenic particles, as it is well known that wind-blown
mineral dust is enriched in coarse particles with Ni/Ti of 0.01 mol/mol
(Whitby, 1978). The concentrations of Ni in both PM 2.5 and PM
7
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Fig. 5. Isotope ratios and elemental ratios for Ni and Cu in particulate matter (PM) 2.5 and PM 2.5–10. Light blue and purple squares indicate the data for PM 2.5 and
PM 2.5–10, respectively. In the left panel, a black star indicates a mean value for lithogenic particles, and black bar indicates 1SD (one standard deviation) of the
data. An orange star indicates a mean value for crude oil, and an orange bar indicates 1SD of the data. In the right panel, a mean value for lithogenic particles is
located at the point (180, 0.01). Gray and black circles indicate the data for PM 10 and PM 2.5–80 in London, respectively (Dong et al., 2017; Gonzalez et al., 2016).
Yellow circles indicate the data for PM 10 in Barcelona (Gonzalez et al., 2016). The data for lithogenic particles and crude oil, and their references, are summarized in
Table S6. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

et al., 2016). Our δ65Cu values vary in a range similar to those observed
in Barcelona (−0.4‰ to +0.3‰; Dong et al., 2017) and London
(+0.0‰ to 1.0‰; Gonzalez et al., 2016, Dong et al., 2017). In those
studies, high δ65Cu values of +0.6‰ to +1.0‰ are attributed to the
contribution of fuel oil combustion, and low δ65Cu values of +0.0‰ to
+0.6 are attributed to break wear emissions. Higher PM 2.5–10 Ti/Cu
ratios in the NSCS as compared with London and Barcelona can be
attributed to a higher contribution of lithogenic materials (Fig. 5). The
concentrations of Cu in aerosols are substantially higher from May to
September when an air mass comes from Southeast Asia or the North
Paciﬁc Ocean. This temporal change is diﬀerent from that of the other
metals (Fig. 2). Therefore, atmospheric Cu concentrations are not correlated with those of other metals (Table S5). As higher Cu concentrations are observed when an air mass comes from regions of low
anthropogenic emission, we speculate that atmospheric Cu concentrations are aﬀected by Cu emission from human activities in Dongsha
Atoll. For example, blower motors in the air conditioners and vacuum
pumps of the air samplers could be sources of Cu. Szymczak et al.
(2007) have reported that particles emitted from electrical motors
contain Cu at concentrations as high as 100–1000 times that of other
heavy metals; this Cu is mainly distributed in the 0.3–10 μm particle
range. Copper contamination from the exhaust of high-volume air
samplers often derives from carbon brush wear in the vacuum pump
(Landis et al., 2017; Patterson, 1980). Given that the possibility of Cu
contamination cannot be ruled out, Cu concentrations and δ65Cu values
observed in aerosol samples at Dongsha Atoll may not be representative
of those of the NSCS.

shelf region. Zhang et al. (2014) observed an increase in suspended
sediment concentrations near the bottom, oﬀ the coast of southwest
Taiwan in the winter monsoon season, and suggested that these sediments are resuspended by eddies, and then transported to the NSCS.
The higher Ti ﬂuxes at 3500 m depth, as compared with 2000 m depth,
in the NSCS are ascribed to this sediment transport from oﬀ southwest
Taiwan (Fig. 3). Ho et al. (2011) observed similar results and suggested
that the lithogenic particles are supplied from oﬀ southwest Taiwan. As
with Ti, ﬂuxes of Ni and Cu are higher at 3500 m depth than at 2000 m
depth, which suggests that marine sediments oﬀ southwest Taiwan are
one of the major sources of Ni and Cu in the sinking particles. However,
for most of the sinking particles, the elemental ratios of Ni/Ti and Cu/Ti
are higher than those of the marine sediments oﬀ southwest of Taiwan
and have temporal variability, suggesting contributions from additional
sources (Fig. 3).
To identify additional sources of Ni and Cu in sinking particles,
isotope ratios (δ60Ni and δ65Cu) are plotted against elemental ratios of
Ti, P, OC, and Mn to Ni and Cu (Fig. 6) together with those of potential
sources. The isotopic and elemental ratios in potential sources are listed
in Table S6. Ferromanganese oxides, which adsorb Ni, can be an additional source of Ni in sinking particles. However, δ60Ni and Mn/Ni in
the sinking particles are not on a mixing line between FeeMn oxides
and marine sediments (Fig. 6g). Therefore, FeeMn oxides are not a
signiﬁcant source of Ni in sinking particles at the SEATS station. From
Fig. 6a, the deposition of anthropogenic aerosols can be considered as
an additional source of Ni in the sinking particles. We estimated the
contribution of anthropogenic Ni in aerosols using Pb, which is well
known as an anthropogenic tracer, as follows:

4.2. Sources of Ni and Cu in sinking particles

Ni
(1 − solNi )
Nianthropogenic = ⎛ ⎞
× Pbanthropogenic ×
(1 − solPb )
⎝ Pb ⎠anthropogenic

(1)

Pb
Pbanthropogenic = Pbtotal − ⎛ ⎞
× Titotal
⎝ Ti ⎠lithogenic

(2)

The ﬂuxes for Ni, Cu, Ti, and P in sinking particles concordantly
decrease from April 23 to October 24 and increase from 28 November.
The similar temporal pattern of ﬂuxes among the metals and biogenic
matter is caused by processes associated with the winter monsoon. The
winter monsoon carries lithogenic and anthropogenic materials to the
oceanic region and also enhances vertical mixing of nutrients in the
subsurface waters to the surface water, which may induce diatom
bloom (Ran et al., 2015), and an increase in biogenic particles. Additionally, the winter monsoon produces eddies (Wang et al., 2012) that
impact not only on surface water, but also on the bottom water on the

where Nianthropogenic and Pb anthropogenic are anthropogenic ﬂuxes for Ni
and Pb in sinking particles, respectively; and (Ni/Pb) anthropogenic is the
ratio of Ni to Pb in bulk anthropogenic aerosols. The mean Ni/Pb ratio
in PM 10 (the sum of PM 2.5 and PM 2.5–10) is 0.42 mol/mol at
Dongsha Atoll. This value is used as (Ni/Pb) anthropogenic. solNi and solPb
are the solubility of Ni and Pb in PM 10, respectively. These parameters
8
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Fig. 6. Isotope ratios vs. elemental ratios of Ni or Cu. The δ60Ni values are plotted against elemental ratios of Ni to Ti (a), P (c), OC (e), and Mn (g) in sinking particles.
The δ65Cu values are plotted against elemental ratios of Cu to Ti (b), P (d), OC (f), and Mn (h) in sinking particles. Orange and red circles indicate data for sinking
particles at depths of 2000 and 3500 m, respectively. Stars indicate the mean values of data for potential sources of Ni and Cu in sinking particles. Boxes of the same
colour with stars indicate 1SD (one standard deviation) of those data. The gray lines in panel (c) and (e) indicate the regression lines for the sinking particles. Mean
values for plankton cells are located at (1400, 1.2) in panel (c), (2600, 0.4) in panel (d), (150, 1.2) in panel (e), and (280, 0.4) in panel (f). The data for potential
sources and their references are summarized in Table S6. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

were the same those in a previous study (Jiang et al., 2015). Pb

frustule. It was considered possible that Ni in biogenic particles at the
SEATS station is dominantly contained in biogenic silica, since remineralization of silicate from biogenic silica is slower than that from
organic matter (Boyd et al., 2017). However, the correlation between
Ni/Ti and biogenic-Si/Ti (r2 = 0.24, n = 73) in the sinking particles is
weaker than that between Ni/Ti and P/Ti, indicating that biogenic silica is not the dominant source of Ni. The biogenic fraction of suspended particles has Ni/P ratios of 1.6 mmol/mol in the euphotic zone
and ~5 mmol/mol in the oxygen minimum zone of the Eastern Tropical
South Paciﬁc (Ohnemus et al., 2017). The organic-pyrite fraction of
organic-rich sediments oﬀ the coast of Peru have Ni/OC ratios of
0.04–0.08 mmol/mol, which is equivalent to Ni/P ratios of 4–8 mmol/
mol assuming the Redﬁeld C/P ratio (Ciscato et al., 2018). Ohnemus
et al. (2017) attributed the high Ni/P ratios in the suspended particles
to signiﬁcant utilization of Ni by Ni-superoxide dismutase in marine
organisms in the oxygen deﬁcient zone. Ciscato et al. (2018) suggested
that high Ni/P ratios in organic-rich sediments are ascribed to preferential remineralization of P and OC compared with Ni via respiration. We suggest another possibility, that dissolved Ni is adsorbed from
seawater onto the organic matter of sinking particles. Balistrieri et al.
(1981) suggested that organic matter controls the adsorption of dissolved metals onto marine particles. A recent study on modelling Zn
cycles in the global ocean revealed that the sinking ﬂux of Zn adsorbed
from seawater onto organic matter of particles is much higher than that
of intracellular Zn in the deep ocean (Weber et al., 2018). Since the
complexation constants of Ni with organic compounds are similar to
those of Zn (Balistrieri et al., 1981), Ni would be adsorbed onto the
organic matter of particles along with Zn, and this can explain the high
Ni/P ratios of the sinking particles. In the water column, concentrations
of dissolved Ni correlate with those of dissolved P. Assuming that
concentration gradients of dissolved Ni and P are produced by biological uptake and subsequent remineralization, the Ni/P ratio in phytoplankton is estimated from the slope of a regression line of dissolved
Ni concentrations against dissolved P. This slope in the upper water
column (< 800 m) is reported to be 1.0 to 1.8 mmol/mol in the North
Paciﬁc, the North Atlantic, and the Southern Ocean (Bruland, 1980;
Sclater et al., 1976), which is similar to the intracellular Ni/P ratios
estimated from the analyses of single cells of phytoplankton
(0.2–1.2 mmol/mol; Twining et al., 2011, 2014), but lower than the Ni/
P ratios in particulate organic matter estimated from the analyses of
suspended particles in the oxygen minimum zone (~5 mmol/mol;
Ohnemus et al., 2017), organic-rich marine sediments (4–8 mmol/mol;
Ciscato et al., 2018), and sinking particles in this study (~8 mmol/mol).
In addition, the linear relationship between dissolved concentrations of
Ni and P is often broken in deep water (Bruland, 1980; Sclater et al.,
1976), implying diﬀerent behavior between particulate Ni and P in
deep water. It is possible that the Ni/P ratio in biogenic organic particles would be modiﬁed in deep water via adsorption of Ni or preferential remineralization of P.
Although we are not able to identify the process of Ni enrichment in
biogenic particles, δ60Ni in the biogenic particles is estimated to be
1.1‰ based on the regression line for the P/Ni ratio (Fig. 6c) and 0.6‰
based on the regression line for the OC/Ni ratio (Fig. 6e). The former
value is in a range of δ60Ni in organic-pyrite fractions for surface organic-rich marine sediments (+0.9‰ to +1.3‰; Ciscato et al., 2018).
δ60Ni estimated for biogenic particles is lower than those in dissolved
phase in seawater by 0.2–0.7‰, which suggests that biogenic particles

anthro-

pogenic is estimated using Eq. (2). The ratio of Pb/Ti in lithogenic materials, (Pb/Ti) lithogenic, is assumed to be 0.001 mol/mol, based on the composition of the upper continental
crust (Chester and Jickells, 2012). Pb total and Ti total are ﬂuxes of Pb and Ti for
sinking particles, respectively. Estimated Nianthropogenic accounts for
only 7 ± 4% (mean ± SD) of the total ﬂux of Ni for sinking particles
at both depths. Therefore, anthropogenic aerosols have a small contribution to Ni in deep-sea sinking particles at the SEATS station.
In Fig. 6c and e, δ60Ni is correlated with the P/Ni ratio
(y = 0.01× − 0.14, r2 = 0.44, p < .001) and the OC/Ni ratio
(y = 0.06× − 0.06, r2 = 0.41, p < .001). The regression lines pass
near the plots for marine sediments oﬀ southwest Taiwan, implying that
mixing of biogenic organic particles and marine sediments can account
for the δ60Ni. This is supported by previous studies for organic-rich
marine sediments in upwelling regions oﬀ the coast of Peru. Böning
et al. (2012, 2015) observed strong correlations between Ni and OC in
various organic-rich marine sediments and suggested that Ni is brought
from the water column to sediments by sinking with organic matter.
Assuming that Ni in sinking particles is only from biogenic and lithogenic materials, mixing of these sources is represented by the following
equation, as described by (Ho et al., 2011):

Ni
Ni
P
P
⎫ + ⎛ Ni ⎞
=⎛ ⎞
×⎧
−⎛ ⎞
⎬
Ti
Ti
Ti
⎝
⎠
⎝ P ⎠biogenic ⎨
lithogenic
⎩
⎭ ⎝ Ti ⎠lithogenic

(3)

where Ni, Ti, and P indicate their ﬂuxes; (Ni/P)biogenic, (Ni/Ti)lithogenic,
and (Ni/Ti)lithogenic are constants of the Ni/P ratio in biogenic particles,
and the P/Ti and Ni/Ti ratios in lithogenic particles, respectively. All Ti
is assumed to be from lithogenic particles (Ti = 0 in biogenic particles).
Based on Eq. (3), Ni/Ti ratios are plotted against P/Ti ratios for sinking
particles at the SEATS station (Fig. 7). A linear correlation is found for
sinking particles at each depth (2000 m, r2 = 0.43, p < .001; 3500 m,
r2 = 0.62, p < .001), and for both depths (r2 = 0.54, p < .001).
Similarly, Ni/Ti ratios are plotted against OC/Ti ratios, and a signiﬁcant
correlation is found (r2 = 0.39, p < .001). The correlations between
Ni/Ti and P/Ti or OC/Ti are also found among various sedimentary
samples, including deep-sea sinking particles from the Sargasso Sea
(Conte et al., 2019; Huang and Conte, 2009; Jickells et al., 1984),
marine sediments oﬀ southwest Taiwan (Chen and Kandasamy, 2008),
and marine sediments in various upwelling regions (Böning et al., 2004;
Brumsack, 2006; Ciscato et al., 2018). In Fig. S2, all of these data are
plotted in the same way, showing similar trends to Fig. 7, although
there are some outliers. The signiﬁcant correlations between organic
matter and Ni indicate that the enrichment of Ni in marine sediments
and sinking particles is globally associated with biogenic organic
matter.
The lithogenic materials in sinking particles at the SEATS station are
mainly from resuspended marine sediments from oﬀ southwest Taiwan
because these marine sediments show very low OC/Ti ratios (Chen and
Kandasamy, 2008). Marine phytoplankton produce organic matter and
take up trace metals into their cells as micronutrients. In the Paciﬁc,
intracellular Ni/P ratios in phytoplankton are reported to be
0.2–1.2 mmol/mol by single-cell analyses (Twining et al., 2011;
Twining et al., 2014). For sinking particles at the SEATS station, ratios
of Ni/OC and Ni/P in biogenic particles are estimated to be 0.09 and
8 mmol/mol, respectively. The estimated Ni/P ratio is 6.7–40 times
higher than the intracellular Ni/P ratios. Twining et al. (2012) revealed
that Ni in diatoms is equally distributed in soft tissue and silicate
10
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Fig. 7. Plots of Ni/Ti vs. P/Ti or OC/Ti in sinking particles and modern marine sediments. Top panels show plots for the sinking particles at depths of 2000 m (orange
closed circles) and 3500 m (blue closed circles) at the South East Asian Time-series Study (SEATS) station. Dotted lines indicate the regression lines for data at depths
of 2000 m (orange), 3500 m (blue), and for both depths (black). Bottom panels show mean values of deep sinking particles from the Sargasso Sea (Ciscato et al., 2018;
Conte et al., 2019; Huang and Conte, 2009; Jickells et al., 1984), and modern marine sediments in diﬀerent oceanic regions (Böning et al., 2004; Brumsack, 2006;
Chen and Kandasamy, 2008) overlaid on individual plots for sinking particles at the SEATS station. The solid line indicates the regression line for the mean values.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

2014). On the other hand, FeeMn oxides are considered as the dominant Ni sink in the ocean. The δ60Ni in FeeMn crusts, as a proxy of
authigenic FeeMn oxides, is in the range of +0.8‰ to +2.5‰ with the
mean of +1.6‰ (Gall et al., 2013; Gueguen et al., 2016). To balance
the oceanic budget for Ni isotopes, an isotopically light sink or heavy
source is required. Biogenic particles are considered as a sink of dissolved Ni from seawater. Isotope ratios of Ni in biogenic particles are
estimated to be +0.6‰ to +1.0‰, which is lighter than that of FeeMn
crusts, and this sink reduces the imbalance of the oceanic budget for Ni
isotopes.
We estimated the contribution of anthropogenic sources to Cu in
sinking particles at the SEATS station using Eqs. (1) and (2). (Cu/

preferentially take up light isotopes of Ni from dissolved phase. The
fractionation factor α deﬁned as (60Ni/58Ni)biogenic particle/
(60Ni/58Ni)seawater is calculated to be 0.9993–0.9997. The biogenic
particles have higher δ60Ni and Ni/Ti than the lithogenic particles.
Therefore, the decrease in δ60Ni and Ni/Ti at 3500 m depth compared
with 2000 m depth (Fig. 4) is due to a lower contribution of biogenic
particles by remineralization and/or a larger input of resuspended
marine sediments at a deeper layer.
Previous studies have reported isotopic imbalance between oceanic
inputs and outputs of Ni (Cameron and Vance, 2014; Vance et al.,
2016). The dominant oceanic input of Ni is river water, and the global
mean of δ60Ni for riverine input is +0.80‰ (Cameron and Vance,
11
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Fig. 8. Plots of Cu/Ti vs. P/Ti or OC/Ti in sinking particles and modern marine sediments. Top panels show plots for sinking particles at depths of 2000 m (orange
closed circles) and 3500 m (blue closed circles) at the South East Asian Time-series Study (SEATS) station. Dotted lines indicate the regression lines for data at depths
of 2000 m (orange), 3500 m (blue), and at both depths (black). Bottom panels shows mean values of deep sinking particles from the Sargasso Sea (Conte et al., 2019;
Huang and Conte, 2009; Jickells et al., 1984), and modern marine sediments in diﬀerent oceanic regions (Böning et al., 2004; Brumsack, 2006; Chen and Kandasamy,
2008) overlaid on individual plots for sinking particles at the SEATS station. The solid line indicates the regression line for the mean values. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

have a Cu/P ratio that is higher than the intracellular ratio. In the
Eastern Tropical South Paciﬁc, the Cu/P ratio in biogenic fractions of
suspended particles is 0.88 mmol/mol in the euphotic zone and
7.6 mmol/mol in the oxygen deﬁcient zone (Ohnemus et al., 2017). In
the South Atlantic, the Cu/P ratios in the labile fractions of marine
particles are 0.5–11.5 mmol/mol in shallow water (40–400 m), and
30.9–89.1 mmol/mol in deep water (> 1000 m; Little et al., 2018).
Little et al. (2018) suggested that Cu released via remineralization of
particulate organic matter is re-adsorbed on residual sinking particles.
The δ65Cu values for sinking particles at the SEATS station are plotted
against the ratio of Ti/Cu, P/Cu, and Mn/Cu (Fig. 6); all data plot between those for labile fractions of particles and marine sediments. The
labile fractions of marine particles may be mainly associated with

Pb)anthropogenic is assumed to be 2.9 mol/mol, which is the mean Cu/Pb
ratio in PM 10 at Dongsha Atoll. Solubility of Cu and Pb in anthropogenic particles (solCu and solPb) are assumed to have the same values
as a previous study (Jiang et al., 2015). The estimated anthropogenic
ﬂux of Cu accounts for 42 ± 23% (mean ± SD) of the total Cu ﬂux for
sinking particles. The percentage is higher than that for Ni. However, it
should be noted that the Cu data from Dongsha Atoll may have been
aﬀected by local contamination (see Section 4.1). The Cu/P ratios in the
sinking particles at the SEATS station are 20–60 mmol/mol, which are
much higher than the intracellular Cu/P ratios of 0.07–1.36 mmol/mol
from culture experiments (Ho, 2006) and 0.17–0.28 mmol/mol from a
ﬁeld study (Semeniuk et al., 2009; calculating from Cu/OC ratio with
the Redﬁeld C/P ratio of 106). Similar to Ni, suspended particles also
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5. Conclusions
Sinking particles, aerosols, and seawater collected in the NSCS were
studied to understand the marine geochemistry of stable isotopes of Ni
and Cu. In aerosols, δ60Ni and δ65Cu values are diﬀerent from those of
lithogenic materials, indicating that the aerosols are dominated by
anthropogenic sources. In sinking particles, the linear relationships
between δ60Ni and P/Ni or OC/Ti in the sinking particles suggest that
the main sources of Ni are marine sediments resuspended oﬀ the
southwest coast of Taiwan, and biogenic organic particles. In the biogenic organic particles, the Ni/P and Ni/OC ratios are estimated to be 8
and 0.09 mmol/mol, respectively. These ratios are much higher than
the intracellular ratios revealed by single-cell analyses of phytoplankton as reported by Twining and Baines (2013), but similar to those
of suspended particles in the oxygen minimum zone of the Eastern
Tropical South Paciﬁc (Ohnemus et al., 2017), and those of organic-rich
sediments oﬀ the coast of Peru (Ciscato et al., 2018). High Ni/P and Ni/
OC ratios in biogenic organic particles are possibly caused by preferential remineralization of P and OC compared with Ni or adsorption
of dissolved Ni onto the organic matter of particles. The δ60Ni in the
biogenic organic particles is estimated to be +0.6‰ to +1.0‰, indicating that biogenic particles contain light Ni isotopes by +0.3‰ to
+0.7‰, compared with dissolved δ60Ni in seawater. Copper isotope
ratios in the sinking particles are relatively constant (+0.13‰ to
+0.36‰) and are between those for marine sediments (0.4%; Little
et al., 2017) and labile fractions of marine particles (0.2%; Little et al.,
2018). The sources of Cu in the sinking particles are likely to be marine
sediments and organic matter. The correlations between Cu and P or OC
are weaker than that of Ni. This suggests that the Cu/P and Cu/OC
ratios are not constant in organic matter or there are additional sources
of particulate Cu, such as FeeMn oxides and anthropogenic aerosols.
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