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Abstract We determined Zn isotope composition (δ66Zn) in the water column of the Northwestern
Pacific Ocean (NWPO) and its marginal seas to investigate the processes driving vertical and spatial
variations. Comparable to previous studies, dissolved δ66Zn was relatively low in the top 200 m, ranging
from −0.91 to +0.24‰ and increased with depth toward an averaged value, +0.38±0.10‰, in deep
water. We found that δ66Zn observed in the deep water of the NWPO was much lower than the
Northeastern Pacific Ocean. Box model approaches suggest that spatial variations in the deep water may
be attributed to isotopically light Zn originating from sedimentary input or anthropogenic aerosols. In
the surface water, the fractionation factors derived from both closed or open system fractionation
models are all less than one in the NWPO. However, both closed and open system models show a
relatively poor fit to the measured data. We thus propose that external input is a major factor causing
the variations of [Zn] and δ66Zn values in surface water, in addition to the effects of scavenging,
physical mixing, and biological uptake. As elevated [Zn] and relatively light δ66Zn in the surface water
were observed in high aerosol input regions, aerosol deposition may play a dominant role in regulating
Zn elemental and isotopic composition in the surface ocean.

1. Introduction

Tracemetal concentrations and their isotope composition can serve as useful tracers and proxies for studying
material cycling in the ocean (Anderson & Henderson, 2005). Zinc (Zn), an essential micronutrient for the
growth of many marine phytoplankton groups, exhibits a nutrient type vertical profile closely correlating
with silicate concentrations (Bruland, 1980; Bruland et al., 1978). The puzzling correlation between dis-
solved Zn and silicate has drawn the attention of oceanographers to study its internal cycling processes in
the marine water column. As the vertical profiles of dissolved Zn concentrations ([Zn]) are spatially similar,
the distribution pattern of [Zn] alone provides limited information on its cycling processes. Spatial distribu-
tion patterns of Zn isotope composition (δ66Zn) would provide further insights in understanding its sources,
sinks, and internal cycling processes in marine water column (Moynier et al., 2017). Recent studies on dis-
solved δ66Zn have provided further insight for Zn cycling in different oceanic regions, including the North
Atlantic Ocean (Conway & John, 2014), the Southern Ocean (SO; Zhao et al., 2014; Sieber et al., 2019;
Wang et al., 2019), the Southeastern Pacific Ocean (SEPO; John et al., 2017), and the Pacific Ocean
(Bermin et al., 2006; Conway & John, 2015; John & Conway, 2014; Samanta et al., 2017; Vance et al.,
2019). Several mechanisms have been proposed to explain the distribution of dissolved Zn elemental and iso-
topic composition in marine water column globally. Scavenging has been first proposed to be a dominant
process for its isotopic distribution (John & Conway, 2014). A recent large‐scale study in Atlantic Ocean
has demonstrated the dominant role of physical mixing on the distribution of dissolved Zn concentrations
(Middag et al., 2019). The “SO hypothesis” suggests the importance of biological uptake on global Zn
distribution in addition to the effect of physical mixing (de Souza et al., 2018; Vance et al., 2017).

Most of the studies mentioned above found that δ66Zn is relatively low in oceanic surface water and
homogeneous in deep water. The isotopic composition can be expressed by δ66Zn as defined in equation (1).
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δ66Zn ¼ 66Zn=64Zn
� �

sample=
66Zn=64Zn
� �

standard JMC−Lyonð Þ−1
h i

×103 (1)

Global seawater δ66Zn values at depths deeper than 1,000 m seem to be relatively constrained, with an
average value of +0.47±0.15‰ from a compilation of about 700 data points from the studies mentioned
above. The major cause for the constrained value of δ66Zn in deep water has been attributed to physical
processes (Conway & John, 2014). Despite the general homogeneity of δ66Zn in deep water, some stu-
dies indicate that the δ66Zn values in deep water may shift due to external sources, such as sedimentary
and hydrothermal inputs. Deviations of up to 0.20‰ were observed in the deep water of the Atlantic
Ocean and the eastern tropical Pacific Ocean (Conway & John, 2014; John et al., 2017). It is known that
sedimentary input can be a major source for dissolved Fe in intermediate and deep water of the subarc-
tic region of the Northwestern Pacific Ocean (NWPO; Nishioka et al., 2007; Nishioka et al., 2013).
Sedimentary input originating from the continental margin may also elevate Zn concentrations in the
North Pacific Intermediate Water (Conway & John, 2015). In addition to sedimentary input, anthropo-
genic aerosol deposition can be a dominant Zn source in the surface ocean, especially in regions with
high aerosol deposition (Chester & Jickells, 2012; Nriagu & Pacyna, 1988; Pacyna & Pacyna, 2001).
Our previous studies have demonstrated that anthropogenic aerosols are the dominant source of Zn
and some other particulate trace metals in the surface and deep waters of the NWPO and its marginal
seas (Ho et al., 2007; Liao et al., 2017; Liao & Ho, 2018). The inputs of anthropogenic aerosols and
sedimentary materials are potentially important processes influencing the spatial distribution of [Zn]
and δ66Zn in the water column of the NWPO. An understanding of δ66Zn would illuminate the
importance of these external sources in the water column.

In the surface ocean, previous studies observed relatively low dissolved δ66Zn in almost all of the major ocea-
nic regions with the exception of the SO. In the surface water of the SO, dissolved δ66Zn is comparable to or
slightly isotopically heavier than the values observed in the deep water (Sieber et al., 2019; Wang et al., 2019;
Zhao et al., 2014). A recent study in the subarctic Northeastern Pacific Ocean also observed some isotopically
heavy signal in the surface water (Vance et al., 2019). The low dissolved δ66Zn observations are apparently at
odds with the expectation that isotopically light Zn would be preferentially taken up by phytoplankton, leav-
ing behind heavy Zn in dissolved pool. Actually, culture experiments have observed that phytoplankton take
up isotopically light Zn relative to the culture medium, with 0.2 to 0.4‰ difference between phytoplankton
and the medium (John et al., 2007; Köbberich & Vance, 2017, 2018; Samanta et al., 2018). However, recent
studies have argued that Zn fractionation of biological uptake can be insignificant due to the complexation
effect of organic ligands in culture medium. Marković et al. (2017) observed that organic ligand complexed
Zn is isotopically heavy relative to inorganic Zn and the difference is comparable to the one observed
between phytoplankton and bulk culture medium. Moreover, two other studies suggested that some
phytoplankton may preferentially take up heavy Zn, particularly under Fe limiting condition (Köbberich
& Vance, 2017, 2019).

On the other hand, some studies have demonstrated that adsorption of Zn onto degrading phytoplankton or
biofilms tends to remove relatively heavy Zn from seawater (Coutaud et al., 2014; John et al., 2007; John &
Conway, 2014). Köbberich and Vance (2018) found that bulk biomass δ66Zn were isotopically heavy under
high Fe availability, which can be attributed to partial Zn adsorption onto surface‐bound Fe‐hydroxides. We
also found that Zn to P ratios in suspended particles were an order of magnitude higher than the intracellular
range for phytoplankton in oceanic regions strongly influenced by anthropogenic aerosol deposition, which
reinforces the notion of scavenging of anthropogenic aerosol Zn onto plankton cell surfaces (Ho et al., 2007;
Liao & Ho, 2018). Modeling studies also support the importance of scavenging on Zn cycling in the global
ocean (Roshan et al., 2018; Weber et al., 2018). Scavenging is thus considered as one of the major processes
determining Zn isotope composition in the surface water.

In the North Pacific Ocean (NPO), although quite a few studies have reported spatial [Zn] distribution
(Jakuba et al., 2012; Janssen & Cullen, 2015; Kim et al., 2015; Kim et al., 2017; Lohan et al., 2002; Martin
et al., 1989), concentration alone cannot identify the relative importance of the various processes mentioned
above. To further investigate the influence of internal cycling processes and external sources on Zn cycling in
the NWPO, we determined both δ66Zn and [Zn] in the water column of nine sampling stations covering four
oceanic regions of the NWPO, including the South China Sea (SCS), the Western Philippine Sea (WPS), the
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Kuroshio region adjacent to the East China Sea (ECS), and the Kuroshio extension region (Figure 1),
particularly focusing on evaluating the impact of external source inputs on Zn cycling in the NWPO.

2. Materials and Methods
2.1. Sampling and Pretreatment

Seawater samples were collected from five cruises carried out by three research vessels (Figure 1). Seawater
samples from the SCS were collected at the South East Asia Time‐series Study (SEATS) station by R/V Ocean
Researcher I during OR1‐812 cruise (October 2006), samples from the NWPO were collected at station TR11
by R/V Hakuho Maru during KH‐11‐7 cruise (July 2011), samples from the WPS were collected by R/V
Ocean Researcher V during OR5‐1307‐3 and OR5‐0035 Taiwan GEOTRACES cruises (station 7 in July
2013 and station 6 in March 2014), and samples from the ECS were collected by R/V Hakuho‐maru during
KH‐15‐3 cruise (B8, F1, D1, D4, and I1, October 2015). All seawater samples were collected with acid‐
cleaned Teflon coated Go‐Flo bottles on Taiwanese vessels OR1 and OR5 and X‐type Niskin bottles on the
Japanese vessel Hakuho Maru. The analytical methods and the data of hydrographic parameters and major
nutrients are presented in Figures S1 to S3 in the supporting information. For trace metal analysis, seawater
was filtered onboard through in‐line 0.22‐μm acid‐cleaned Polycap cartridge filters (Whatman) or 0.2‐μm
capsule filters (Acropak, Pall Co.). The samples were then stored in acid‐cleaned 500 ml or 1‐L low‐density
polyethylene bottles (Nalgene), which were rinsed with filtered seawater 3 times prior to sampling. Seawater
samples were subsequently acidified to pH 1.8 with ultrapure HCl (Seastar or J. T. Baker) then stored until
further processing.

δ66Zn analysis was carried out by double spike technique. Detailed technical procedures are described in
Conway et al. (2013) and Takano et al. (2017). In brief, approximately 1 L of seawater was used for δ66Zn
analysis for samples collected at depths where the [Zn] are relatively high. Two liters of seawater were used
for samples collected at depths shallower than 200 m. Before isotopic analysis, [Zn] were determined to
calculate the amount of double spike solution needed. Using NOBIAS Chelate‐PA 1 resin, the pretreatment
procedures for [Zn] analysis were modified from the studies of Sohrin et al. (2008) and Wang et al. (2014).
The detailed procedures are described in Table S1 in the supporting information. Calculated with the deter-
mined [Zn] information, the double spike solution of 67Zn‐70Zn was added to seawater samples with sample‐
to‐spike mass ratio of 1:1 (Rudge et al., 2009). 67Zn‐70Zn spike can optimize the isotopic analysis with limited

Figure 1. Locations of sampling stations in this study (red circles) and stations from the literature (orange circles) in the North Pacific Ocean (Station J: John and
Conway (2014); P04 and P26: Bermin et al. (2006) and Vance et al. (2019); SAFe and San Pedro: Conway and John (2015)).
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seawater sample volume (John, 2012). It is suggested that the composition with 48.31% 67Zn and 51.69% 70Zn
may yield lowest error for Zn isotope measurement (Rudge et al. (2009). The Zn isotope composition of our
67Zn‐70Zn spike solution contained 0.63% 64Zn, 1.06% 66Zn, 49.47% 67Zn, and 48.83% 70Zn, which is close to
the proposed ratio with lowest error. Concentrated double spike solution was purified by AG‐MP1 resin to
remove other trace metal impurities by the procedure described in the following paragraph. The concentra-
tions of our double spike solution were validated by isotopic dilution method with accurately weighted
international standard, NIST‐683.

Adding double spike solution to the seawater samples, we then carried out the preconcentration step by
using NOBIAS Chelate‐PA 1 resin to separate trace metals from major salts (Table S1). Zn was further
extracted and separated from the eluted preconcentrated trace metals by using anion exchange column filled
with AGMP‐1M resins. After the elemental separation, the samples were evaporated to dryness and refluxed
with 0.5‐ml concentrated ultrapure HNO3 overnight then evaporated to dryness again. Subsequently, 0.05 N
ultrapure HNO3 was added to the dried samples for final redissolution to achieve a working sample concen-
tration level of around 100 ppb. The detailed procedures are described in Table S1, which was modified from
Takano et al. (2017).

2.2. Determination of [Zn] and δ66Zn

All of the δ66Zn measurements were conducted using Neptune Plus multi‐collector inductively coupled
plasma mass spectrometry (Thermo Fisher Scientific) with a PFA integrated nebulizer (100 μl/min;
Elemental Scientific) and Apex‐IR (Elemental Scientific) introduction system at the Institute of Earth
Sciences, Academia Sinica. Normal Ni sampler and X‐type skimmer cones were used to acquire high sensi-
tivity of Zn. Cup setting and instrumental settings of the Neptune Plus are listed in Table S2. δ66Zn was mea-
sured under medium resolution with a typical 64Zn sensitivity, 0.1 V/ppb. The signal voltages weremeasured
on the left flat shoulder of the combined metal‐argide peak, based on the technique of Weyer and Schwieters
(2003). Solutions of pure standard (NIST‐683), pure spike, and mixtures of three different sample‐to‐spike
ratios (4 to 1, 1 to 1, and 1 to 4) were analyzed for data reduction at the beginning of each analytical batch.
Stable isotopic ratios were calculated from an average of 30 cycles using a data reduction scheme based on
the approach of Siebert et al. (2001). The isotopic ratios of each sample were obtained from the averaged
value of duplicate analyses. A standard‐sample bracketing method was also used in this study to monitor
the instrument condition during the analysis. Mixtures of standard (NIST‐683) and spike were designed to
match [Zn] and sample‐to‐spike ratio of samples and were used to bracket every five samples. δ66Zn are
expressed in per mil (‰) relative to NIST‐683 using delta notation as described in equation (1). The internal
error of each sample (2σ) was calculated by the propagated 1σ error for each individual analysis with two
bracketing standards (Conway et al., 2013). The theoretical source of errors in isotopic composition analysis
by double spike technique includes errors from counting statistics, Johnson noise, and isobaric interference
(Conway et al., 2013; John, 2012). Our measured errors matched well with the theoretical error calculated
from Monte Carlo simulation (John, 2012; Figure S4), showing reliable external accuracy.

Traditionally, δ66Zn are expressed relative to Lyon JMC Zinc (JMC‐3‐0749‐Lyon). Compared to NIST‐683,
the δ66Zn of Lyon JMC Zn we observed was ‐0.15±0.03‰ (n = 10), which is indistinguishable from
previously published values,−0.12±0.04‰ (Chen et al., 2016). We thus used +0.12‰ as the correction factor
for all of the obtained isotopic values based on NIST‐683 to Lyon JMC Zn by equation (2). The δ66Zn
expressed in this study were all relative to Lyon JMC Zinc (JMC‐3‐0749‐Lyon).

δ66ZnJMC−Lyon ¼ 66Zn=64Zn
� �

sample=
66Zn=64Zn
� �

NIST−683−1
h i

×103 þ δ66ZnNIST−683 to JMC−Lyon (2)

Comparable to values reported in Takano et al. (2017), Ni blanks for PA1 extraction and Zn purification were
0.15 and 0.04 ng, respectively. We also monitored 62Ni during isotopic analysis to correct the interference
from 64Ni on 64Zn. The signals of 64Ni, calculated from 62Ni, in the samples were generally 4 orders of
magnitude lower than 64Zn signal. Thus, the interference of 64Ni on 64Zn is negligible.

With the information of isotope ratios obtained, the known sample volume, and the spike volume, [Zn] in
samples was calculated by using an isotope dilution approach.
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2.3. Accuracy Validation

We have determined three international Zn isotope standards, IRMM‐3702, ETH AA, and NIST‐682,
and the δ66Zn we obtained are +0.27±0.05 (n > 200), +0.26±0.03 (n = 10), and −2.44±0.02‰ (n = 10),
respectively. Our values are comparable to the values reported previously, which are +0.30±0.06,
+0.28±0.02, and ‐2.46±0.02‰, respectively (Archer et al., 2017; Conway et al., 2013; Moynier et al.,
2017). The long‐term reproducibility was monitored by repeated measurement of IRMM‐3702, which
was +0.27±0.05‰ (Figure S4). We also measured the [Zn] and δ66Zn in reference seawater samples,
CASS‐5, CASS‐6, NASS‐6, and NASS‐7 (Table S3), which were comparable to the reported values
(Takano et al., 2017; Yang et al., 2018). Intercomparison exercise was carried out internally in this
study. Wen‐Hsuan Liao measured the [Zn] and δ66Zn at stations SEATS and TR11, which had been
determined previously and independently by Shun‐Chung Yang and Shotaro Takano, respectively.
The TR11 samples for intercomparison were collected independently by two different laboratories
during the KH11‐7 cruise. The data agreed well with each other for almost all of the intercomparison
samples (Figure 2).

3. Results
3.1. Oceanographic Setting and Hydrographic Parameters

Nine stations from four adjacent oceanic regions were studied, including the SEATS station in the SCS,
two stations in the WPS, five stations in the Kuroshio, and one station in the Kuroshio extension area
(Figure 1). Four end‐member water masses are identified in the T‐S diagram of the four studied regions

Figure 2. Zn concentrations and isotope composition in the water column of the studied sites. Gray circles shown in the SEATS and TR11 profiles represent
the intercomparison results. The relative standard deviation of Zn concentration analysis was around 9% (Table S3). The error bars of δ66Zn data represent internal
analytical error (2σ).
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(Figure 3), including the Antarctic Circumpolar Deep water, the North Pacific Intermediate water, the
Kuroshio Tropical water, and the surface freshwater in the northern SCS. Station TR11 in the
Kuroshio extension region possesses a typical T‐S feature of the intermediate water of the NWPO.
The SEATS station demonstrates a typical feature of the water mass in the northern SCS, high
temperature, and low salinity in the surface water and relatively high salinity in the intermediate
water. The influence of the northern SCS on the intermediate water is significant for the Kuroshio
and WPS stations. The detailed oceanographic settings are described in Text S1 in the supporting
information. Major nutrients were determined for all samples collected in this study (Figures S1 and
S2). Chlorophyll‐a concentrations and beam attenuation coefficient were also measured in the surface
water for comparison with [Zn] and δ66Zn. The vertical profiles of phosphate and silicate
concentrations are presented in Figure S1. Linear relationships between silicate and Zn
concentrations are observed for almost all of the stations, except for the SEATS station (Figure S2).

3.2. Spatial Distribution of [Zn] and δ66Zn

All the [Zn] and δ66Zn of all sampling stations are shown in Figure 2. Dissolved [Zn] profiles display a typical
nutrient‐type distribution with highly varied surface water concentrations ranging from 0.11 to 5.0 nM. The
surface [Zn] observed in the Kuroshio extension and the Kuroshio region next to the ECS is significantly
lower than the concentrations observed in the SCS and the WPS. Temporally, we observed a significant
increase in surface [Zn] in the WPS, from 0.86 to 2.4 nM in summer to 2.0 to 5.0 nM in spring. This may
be caused by an additional source of dissolved Zn from aerosol deposition in the surface ocean of the
NWPO (Jakuba et al., 2012; Kim et al., 2015). Indeed, aerosol Zn concentrations were 0.11 and 0.81
nmol/m3 for the summer and spring sampling for the two Taiwanese GEOTRACES cruises, respectively.
Similar seasonal variation was also observed from monthly mean aerosol optical depth (AOD) data, a semi-
quantitative proxy for aerosol concentrations (Figure S5). For δ66Zn, the surface water of all studied sites
exhibited relatively low δ66Zn, ranging from −0.91 to +0.24‰ in the upper 200 m (Figure 2). Some δ66Zn
in the euphotic zone possessed relatively light values at station 7 in the WPS and station B8 in the
Kuroshio next to the ECS. In the deep water, dissolved [Zn] and δ66Zn increased with depth from the ther-
mocline to 1,000 m. In water deeper than 1,000 m, δ66Zn were relatively constrained, and the values gener-
ally ranged from +0.23 to +0.50‰ (Figure 2). δ66Zn showed significant spatial variations in the deep water,
with an increasing trend from the SCS and WPS regions to the Kuroshio region to the Kuroshio extension
(Figure 2, left to right). The averaged deep water value of all the studied stations, +0.38±0.10‰, was

Figure 3. Temperature versus salinity (T‐S) diagram of the studied stations. Four major water masses can be identified in
the diagram.
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slightly lower than globally averaged deep water value, +0.47±0.15‰, calculated by published δ66Zn data-
sets and the data obtained in this study (n = 682).

4. Discussion
4.1. The Deep Water Column of the NPO

We found that dissolved δ66Zn in the deep NWPO is about 0.10 to 0.20‰ lighter than the values
reported in the Northeastern Pacific Ocean (Figure 5; Conway & John, 2015). External input of isotopi-
cally light Zn is most likely to be the major process causing the spatial variations of δ66Zn in the NPO.
The potential processes causing the variations may include particle sinking, sedimentary input, and
water mixing.
4.1.1. The impact of aerosol input on the deep water of the SCS and the WPS
In the NWPO, δ66Zn in anthropogenic aerosols (particulate matter 2.5) collected in the SCS
(+0.072±0.06‰) was much lower than the averaged δ66Zn in the deep water of the SCS and the
WPS (+0.30±0.07‰). Anthropogenic aerosol input may be a possible cause of the spatial variations
observed in the deep water of the NPO. Indeed, previous studies have demonstrated that anthropogenic
aerosol deposition is the dominant source of most particulate trace metals in the water column of the
SCS. The SCS thus serves as an ideal location to investigate the impact of anthropogenic aerosols on
marine trace metal cycle due to its high anthropogenic aerosol fluxes (Ho et al., 2007; Ho et al.,
2010; Ho et al., 2011). With the available information for physical mixing and particle vertical transport
in the SCS, previous studies have established box models to evaluate the relative contribution between
physical mixing and sinking particles on trace metal cycling (Ho et al., 2010; Ho et al., 2011; Yang et al.,
2012). Here, we have applied a similar approach to evaluate their relative importance on Zn cycling in
the three boxes of the water column at the SEATS station (Figure 4). By assuming steady state, Zn resi-
dence time with respect to an individual process can be estimated and compared in the three boxes
(Figure 4). Due to the relatively high sinking fluxes in the upper water column, Zn residence time in
the top two layers with respect to particle sinking is much shorter than the ones estimated from phy-
sical mixing (upwelling and horizontal mixing), indicating that the dominant process controlling the
Zn cycle in the top two boxes is vertical particle transport. The high particle fluxes in the surface
and subsurface water can be attributed to the high aerosol Zn fluxes observed in the region
(Figure 4). However, the contribution of particle sinking in deep water is relatively small. The physical
transports of water masses laterally and vertically are the primary processes regulating Zn cycling in the
deep water (Figure 4).

Residence time estimated by the box model indicates that physical transport is more important than
particle sinking for Zn recycling in the deep water of the SCS. The deep water is known to originate
from the intermediate water of the WPS at depths ranging from 1,500 to 2,500 m, which inflows from
the Luzon Strait to the SCS (Chang et al., 2010; Liu & Gan, 2017). The residence time of the North
Pacific Intermediate water was reported as 14–19 years at the zonation of 75 to 1,000 m and 170–230
years from 1,000 to 2,000 m, calculated by using chlorofluorocarbons as tracers (Watanabe et al.,
1997). We assume that the residence time of physical mixing at the zonation of 1,000 to 2,000 m of
the WPS is also around 200 years. We assume that Zn fluxes of particle sinking in the WPS intermedi-
ate water are close to or within the range of one tenth of the values observed in the SCS, which resulted
in the fluxes ranging from 0.14 to 1.4 μmol ·m−2 · day−1 in the WPS intermediate water (Figure 4).
Then, the estimated Zn residence time of the WPS intermediate water for particle sinking would range
from 50 to 500 years. The top‐down flux by particle sinking would be one of the major Zn sources in
the WPS intermediate water. As the averaged δ66Zn in anthropogenic aerosols collected in the SCS
was relatively light, +0.072±0.065‰, δ66Zn in the WPS surface and intermediate water can thus be
transformed by anthropogenic aerosol input within the time scales of the residence time. Indeed, we
observed significant seasonal variations for [Zn] and δ66Zn in the top 200 m of the WPS, with elevated
[Zn] and relatively light δ66Zn during high aerosol deposition season.

Aerosol deposition would also considerably influence the WPS intermediate water, resulting in relatively
isotopically light δ66Zn values ranging from 0.21 to 0.39‰ in the water from 500 to 1,500 m (Figure 2).
Because WPS intermediate water flows into the SCS and forms the deep water, this may explain the
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isotopically light δ66Zn values observed in the deep water of the SCS. Based on an inflow flux of 10.2
±8.8 kg/s reported in Figure 4b of Kaneko et al. (2001), we estimate the residence time of the WPS
deep water ranges from 20 to 250 years from 500 m to bottom depth. This indicates a deep water
residence time of around 250 years. Other studies have reported the circulation 14C age of CDW in
the Pacific Ocean as 295 years (Matsumoto, 2007). By using different water mass entry and exit
region pairs in the Pacific Ocean, a steady state offline ocean circulation model estimated the
residence time of the deep water in the Northern Pacific Ocean to range from 177 to 415 years
(Primeau & Holzer, 2006). Assuming that particle sinking fluxes in the WPS deep water are
comparable to the values observed in the SCS, the residence time estimated by particle sinking would
be within the same order of magnitude of the residence time of physical transport for Zn recycling in
the WPS deep water. Therefore, the input of anthropogenic aerosols may be a potential source of the
slightly light dissolved Zn in the deep water of the WPS.
4.1.2. Other potential causes of deep water spatial δ66Zn variations
In addition to aerosol deposition, sedimentary Zn input has also been proposed as a possible source to the
intermediate water of the subarctic NPO by using Zn* as an indicator (Kim et al., 2017). Benthic nepheloid
layers may be another potential external trace metal source and may exist in the deep water at the west end
of the NPO (Gardner et al., 2018). To estimate extra Zn input in the water column, Zn* is used to quantita-
tively express the external Zn input, which is calculated by silicate concentrations and its linear relationship
with [Zn]. We have observed positive Zn* values in the deep water of the SEATS station and stations 6 and 7
in the WPS, implying a potential Zn input in the regions (Figure S3). Similar spatial variations of Zn* and
δ66Zn were observed in the deep water of the North Atlantic Ocean (NAO). Conway and John (2014,

Figure 4. Comparison of residence time estimated by particle sinking and physical transport processes in the water
column of the SEATS station. Averaged dissolved Zn concentration was used to calculate total Zn inventory in each box.
The fluxes listed next to the sinking particle arrows represent aerosol and sinking fluxes obtained from previous
studies in the South China Sea (Ho et al., 2010; Ho et al., 2011). The flux differences between the top and bottom depths of
each box represent the decomposed vertical Zn fluxes in the box. Assuming steady state, the residence time can be
estimated by dividing the inventory with the flux differences in each box. The upwelling transport fluxes were estimated by
using upwelling velocity, 55 m/year (Chen et al., 2001; Ho et al., 2010). The residence time estimated by horizontal
transport was 1.5, 3.8, and 50 years in the surface, subsurface, and deep boxes (Yang et al., 2012).
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2015) found high Zn* values with isotopically light δ66Zn in the deep water of the NAO and also proposed
that the input of dissolved benthic Zn might be the major cause of the spatial variations. Assuming that
the benthic input is the major source of the light Zn in the NWPO, the δ66Zn value of benthic Zn input
can be estimated by an isotope mass balance approach in the NWPO. Using station 6 and TR11 as the
west and east boundary stations and attributing the concentration and δ66Zn differences (9.7 versus 8.6
nM and 0.36 and 0.43‰) between the two stations to benthic input, we estimated the δ66Zn value of
benthic input to be −0.19‰. This calculated benthic δ66Zn value is comparable to the values calculated
for margin sediment input in the NAO (Conway & John, 2014) and the authigenic Zn from Pacific margin
sediments (Little et al., 2016). The results of these two studies were also based on isotope mass balance
calculation. As δ66Zn field measurements of benthic input are not available, further studies are needed to
validate this δ66Zn value.

With a known δ66Zn signature from benthic input, we may use a box model to evaluate the possibility that
the isotopically light input may cause the spatial variations. Westerlund et al. (1986) reported that the
benthic dissolved Zn flux is 1.9 μmol · m−2 · day−1 in a shallow water coastal environment. However, no sys-
tematic study has been carried out for the benthic input of Zn in the open ocean to date. The elemental and
isotopic compositions are assumed to vary from +0.45‰ and 9 nM to +0.30‰ and 10 nM in the deep water
box from 600 to 3,500 m (Figure S6). Simply assuming that benthic Zn flux ranges from 1 to 0.1 μmol · m−2 ·
day−1 and the δ66Zn signature of benthic input as −0.19‰, the estimated turnover time by benthic input
would be 42 to 420 years in the deep water. Sedimentary input may thus be an excess Zn source in the deep
water, in addition to the desorption of scavenged Zn and Zn transported from the SO (Roshan et al., 2018;
Weber et al., 2018). In addition, although hydrothermal input can be an important trace metal source in
the deep water of the Pacific Ocean (Resing et al., 2015; John et al., 2017), it remains unknown that hydro-
thermal input is a major Zn source in the deep water of the NWPO or not. To better constrain the potential

Figure 5. The spatial variations of δ66Zn in the water column of the studied sites in the Northwestern Pacific Ocean
(NWPO), the SAFe station (Conway & John, 2015), and the North Atlantic Ocean (NAO; Conway & John, 2014).
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importance of the deep water sources, more transect studies from coastal regions to the open ocean are
needed to better quantify the relative contribution of the inputs in a global scale.

4.2. The Upper Water Column
4.2.1. Distribution Pattern of [Zn] and δ66Zn in the NWPO and Other Oceanic Regions
Globally comprehensive studies on dissolved Cd isotope composition have provided us insight on how
physical and biogeochemical processes regulate the isotope composition of Zn in the marine water column.
Cd isotope composition in the surface water is mainly regulated by phytoplankton uptake and exhibits a
relatively high value in dissolved pool and relatively low value in biogenic particles (Abouchami et al.,
2011; Abouchami et al., 2014; Ripperger et al., 2007; Yang et al., 2012; Yang et al., 2015). Early studies
suggested that the Cd fractionation pattern observed mostly follows a typical closed Rayleigh fractionation
system in the marine water column (Abouchami et al., 2011; Ripperger et al., 2007). However, later studies
showed that a closed‐system model cannot explain the fractionation pattern for sample concentrations less
than 0.1 nM (Gault‐Ringold et al., 2012; Xie et al., 2017). Xie et al. (2017) proposed a steady‐state open system
to further explain the Cd fractionation pattern. Yang et al. (2018) also showed that Cd isotope fractionation
can match either a closed or open system model, depending on the relative contribution of physical and
biogeochemical processes on its cycling. Overall, Cd fractionation patterns shown by either closed or open
systemmodels exhibit fractionation factors greater than 1, indicating that particulate phase is enriched with
relatively light Cd due to biological uptake.

Although Zn is a biologically essential trace metal, dissolved δ66Zn mostly exhibits an isotopically light
signature in the surface ocean (Conway & John, 2014, 2015), in contrast to the distribution pattern of
Cd isotope composition. However, some studies reported that dissolved δ66Zn may exhibit insignificant
fractionation or even isotopically heavy signature in oceanic surface water, including the studies
observed in the SO, the Tasman Sea, the SEPO, and the subarctic Northeastern Pacific Ocean
(Samanta et al., 2017; Sieber et al., 2019; Vance et al., 2019; Wang et al., 2019; Zhao et al., 2014).
Since culture studies showed that adsorbed Zn is isotopically heavy relative to intracellular Zn, scaven-
ging has first been proposed to be the major process causing the relatively light Zn feature in the sur-
face water (John et al., 2007; John & Conway, 2014). A recent study using model calculation approach
suggested that physical mixing may be one of the processes causing δ66Zn variation in the surface water
of the Northeastern Pacific Ocean, which may be up to 0.3‰ (Vance et al., 2019). In addition, Liao and
Ho (2018) found that particulate Zn concentrations are significantly correlated with aerosol Zn fluxes in
the global ocean, implying the importance of aerosol deposition on Zn cycling in the surface ocean. In
brief, the processes proposed for causing the fractionation in the surface water include biological
uptake, scavenging, mixing, and external inputs. The relative contribution of the various processes on
Zn fractionation remains largely unclear among different oceanic regions.

To investigate the direction of Zn fractionation, we may apply closed or open system fractionation models to
show the relationship between [Zn] and δ66Zn and to evaluate the importance of scavenging process in the
surface water. If Zn fits in the closed systemmodel, its isotopic ratios would possess a linear relationship with
its concentrations in log scale. In the open systemmodel, it is assumed that the supply of Zn from subsurface
water balances the vertical export of sinking particles. Thus, if Zn fits in the open system model, its isotopic
ratios would approach a constant value with decreasing concentrations. The equations of the closed and
open system models are listed below, respectively, where fractionation factor (α) is equal to Rseawater/
Rparticle and the R in the factor is defined as 66Zn/64Zn.

δ66Znsurf ¼ δ66Zninitial−10
3· 1−1=αð Þ·ln Zn½ �surf= Zn½ �initial

� �
(3)

δ66Znsurf ¼ δ66Zninitial þ 103· 1−1=αð Þ· 1− Zn½ �surf= Zn½ �initial
� �

(4)

We used δ66Zn versus [Zn] plots to demonstrate the data distribution pattern in the upper 1,000 m of the
water columns. For our study, we have separated the data obtained based on the hydrographic distinction
of the stations (Figure 1) into the SCS, the WPS, the Kuroshio adjacent to the ECS, and the Kuroshio exten-
sion region (KuroEx). The distribution pattern between δ66Zn and [Zn] shows that dissolved δ66Zn decrease
with decreasing [Zn] for all regions so that the fractionation factors are all less than 1 in both models
(Figure 6a). This pattern indicates that the dissolved phase is lighter than the particulate phase, in
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contrast to the situation with Cd. We thus further compiled all of the published δ66Zn and [Zn] data to
evaluate the role of scavenging in the surface water globally. The distribution pattern of the δ66Zn and
[Zn] data obtained in the NAO and the SEPO is comparable to the one observed in our study (Figure 6b).
Since scavenging may preferentially remove isotopically heavy Zn from dissolved pool, scavenging can be
one of the major mechanisms removing isotopically heavy Zn in the surface water (John et al., 2007; John
& Conway, 2014). However, the data distribution is relatively scattered and not constrained to any specific
fractionation factors (Figure 6b), suggesting that multiple processes are involved in regulating Zn
fractionation in the surface water. In addition to internal processes, such as biological uptake or
scavenging, external processes are potential important factors on regulating the fractionation, which may
at least include mixing and external input.

Figure 6. The comparison of Zn fractionation patterns in the upper 1000 mwater column of the global ocean fitted by closed and open systemmodels. Upper panel
(a) shows data obtained in the Northwestern Pacific Ocean (NWPO) and its marginal seas. The fractionation lines of Zn systematics for both closed (left) and
open system (right) steady‐state models were calculated with δ66Zn and [Zn] initial values at 0.38‰ and 8.7 nM, respectively. The initial values are the averaged
values of 1,000 m at all the stations in this study. Lower panel (b) shows the data compiled from different oceanic regions globally. Data for the west end of the
North Pacific Ocean (NPO) were obtained in this study; data for the east end are from John and Conway (2014), Conway and John (2015), and Vance et al. (2019).
Data for the SWPO are from Samanta et al. (2017), and the Southeastern Pacific Ocean (SEPO) data are from John et al. (2017). Data for the North Atlantic Ocean
(NAO) are from Conway and John (2014). Data for the SO are from Zhao et al. (2014) and Wang et al. (2019). We used both closed (top row) and open system
(bottom row)models to demonstrate the fractionation pattern in the global ocean. The initial δ66Zn and [Zn] averaged values at 1,000m are 0.45, 0.55, 0.5, and 0.5‰
and 9.8, 3.8, 2, and 8.4 nM for the NPO, the South Pacific Ocean (SPO), the NAO, and the Southern Ocean (SO), respectively.
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4.2.2. Processes Determining [Zn] and δ66Zn in the Surface Ocean

In terms of biological uptake, culture experiments have demonstrated that some phytoplankton species take
up isotopically light Zn relative to the bulk medium (John et al., 2007; John & Conway, 2014; Köbberich &
Vance, 2017; Köbberich & Vance, 2019; Samanta et al., 2018), with an isotopic difference approximately +0.2
to +0.4‰. In terms of field study, Samanta et al. (2017) observed isotopically heavy dissolved Zn in a high
biomass season in the upper water of the Southwestern Pacific Ocean (SWPO), where aerosol deposition
is extremely low, supporting that phytoplankton may preferentially take up isotopically light Zn. The other
field study in subarctic Northeastern Pacific Ocean also found isotopically heavy values in the top 50 m
where chlorophyll‐a concentrations were highest, with an isotopically light value right below the surface
water. The sequentially contrasting fractionation pattern was attributed to biological uptake and shallow
remineralization in the surface water (Vance et al., 2019). On the other hand, a recent study observed an
isotopic difference between organic ligand chelated Zn (e.g., EDTA) and inorganic Zn (Marković et al.,
2017). Thus, it has been proposed that the uptake of light Zn observed in culture experiments can be mainly
attributed to ligand complexation effect so that Zn fractionation of biological uptake may be insignificant
(Köbberich & Vance, 2019; Vance et al., 2019; Wang et al., 2019). However, it should also be noted that phy-
toplankton would overexpress nonspecific divalent metal transporter under Fe limiting condition (Lane
et al., 2008; Lane et al., 2009) and enhance the uptake of other divalent tracemetals. Assuming that the trans-
porters possess high affinity for Zn uptake, this would then result in insignificant Zn fractionation in the sur-
face water of the SO. Here, we propose that the insignificant fractionation in the SO may be attributed to the
elevated uptake of Zn by nonspecific divalent metal transporter, which occurs under Fe limiting condition.

Dissolved δ66Zn observed in most of the oceanic regions studied, including the NAO and the SEPO, is
generally isotopically light. Dissolved δ66Zn observed in this study also possess isotopically light signature
in the surface water (Figures 2 and 6a). In addition to the seminal culture study (John et al., 2007), a recent
culture study also indicated that Zn adsorption onto the surface‐bound Fe‐hydroxides may cause bulk δ66Zn
to be isotopically heavy (Köbberich & Vance, 2018). Scavenging seems to be a major process causing the sur-
face isotopically light Zn signature in the oceans. Although a recent simulation study suggested that scaven-
ging would play a role on regulating Zn distribution globally, this simulation study argued that scavenging
Zn may only account for a small portion of total Zn mass, ~0.5% in the surface water and <0.01% in the deep
water (Weber et al., 2018). In addition, a large‐scale transect study in the Atlantic Ocean indicated that the
effect of scavenging is insignificant for the distribution of dissolved Zn (Middag et al., 2019). The role of
scavenging on Zn and δ66Zn distribution seems to be inconsistent among different oceanic regions.

On the other hand, recent studies found that physical mixing is a dominant process regulating Zn elemental
and isotopic distribution and variations spatially (Middag et al., 2019; Vance et al., 2019). Middag et al. (2019)
found that dissolved [Zn] distribution in the Atlantic Ocean is dominated by advection and mixing rather
than regional remineralization and scavenging. Vance et al. (2019) used a simple 1‐D model to evaluate
the impact of mixing and suggested that mixing may cause the isotopic variations up to 0.3‰ in the surface
water. These evidences support that physical mixing is an important factor on causing δ66Zn variation in
marine water column globally, particularly in the deep water where δ66Zn are relatively constrained. For
the NWPO, the relatively constrained deep water δ66Zn values indicate that physical mixing is the dominant
process determining δ66Zn variation in the deep water. However, in the surface and subsurface water of the
SCS, our box model results show that physical mixing plays a minor role on Zn cycling (Figure 4). In brief,
physical mixing plays a dominant role on regulating [Zn] and δ66Zn in the deep water, but its role on
regulating Zn cycling in the surface water seems to be spatially specific.

Several lines of evidence show that external input may be a critical factor determining δ66Zn in the surface
water of some oceanic regions. Some relatively high δ66Zn values were observed at the top depths at some
NAO stations (Conway & John, 2014). Similarly, we also observed relatively high δ66Zn at the very surface
depths in the top 200 m of stations 7, B8, F1, and D4 in this study. Previous studies also observed elevated
dissolved [Zn] in the surface water of the high‐latitude NWPO regions (Jakuba et al., 2012; Kim et al.,
2015). All of these observations indicate that aerosol deposition is a major external source of Zn in the sur-
face waters. It should be noted that anthropogenic aerosol Zn is a dominant portion in bulk aerosol Zn. Even
in the oceanic regions near the Saharan desert, anthropogenic aerosol Zn accounted for more than 55% of
total aerosol Zn (Dong et al., 2013). Zn solubility in bulk aerosols is thus generally high in almost all of
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the open oceanic regions studied, usually higher than 70% (e.g., Chance et al., 2015; Shelley et al., 2018). In
terms of aerosol δ66Zn, a recent study compiled published datasets and showed that anthropogenic aerosol
Zn is isotopically lighter than lithogenic materials with δ66Zn to be around +0.3‰ (Rosca et al., 2018). The
averaged δ66Zn in anthropogenic aerosols collected in the SCS was +0.072±0.065‰, also lighter than
lithogenic dusts. Anthropogenic aerosol Zn input may thus be an important source causing dissolved
δ66Zn to become isotopically light in most of the surface water of the NWPO.

Since δ66Zn values are generally isotopically light in the surface water of the NWPO, the fractionation effects
of biological uptake and ligand chelation are supposed to be relatively insignificant. Similarly, subsurface
water mixing is unlikely to be a major source of the isotopically light δ66Zn in the NWPO surface water.
Based on the discussion mentioned above, anthropogenic aerosol deposition is thus most likely to be the
dominant cause of the light signature in the surface water of the NWPO. Indeed, the dissolved δ66Zn in
the top 200 m of the WPS were comparable to aerosol δ66Zn in a high aerosol deposition period (blue symbol
in Figure 2), supporting that external aerosol input can be the dominant Zn source in the surface water. We
thus propose that aerosol deposition is an important external Zn source causing [Zn] and δ66Zn variations in
the surface water, particularly in the surface water receiving high aerosol deposition, such as the NWPO.
4.2.3. Comparison of [Zn] and δ66Zn in the Surface Water
To examine the distribution patterns of [Zn] and δ66Zn among different oceanic regions and their
association patterns with aerosol deposition, we compiled all published δ66Zn and [Zn] values in the
upper 200 m among different oceanic regions (Figure 7). We have first separated the data based on their
locations, the Southern Pacific Ocean (SPO), the NAO, and the NPO. In the SPO, we have separated the
data into the SWPO and the nonupwelling and upwelling regions of SEPO (Figure 7a). For the NAO,
we have separated the data into three regions based on the distribution of AOD, including the high
AOD stations in the eastern NAO (high‐east), the low AOD stations in middle NAO (low‐mid), and
high AOD stations in the western NAO (high‐west; Figures 7b and 7d). It should be noted that AOD
is a useful indicator for aerosol concentrations but not quantitatively equivalent to the deposition flux
(Mahowald et al., 2009).

In terms of the distribution range of [Zn], we found that [Zn] in the NPO are statistically higher than the
values observed in the SPO and the NAO (p<0.05; Figure 7). For the SPO, the [Zn] observed in the upwelling
region of the SEPO (circle points) are higher than the ones observed in the nonupwelling region of the SEPO
and the SWPO (triangle points; p<0.05; Figure 7a). Similarly, for the NAO, the high‐west stations where
anthropogenic aerosol deposition is relatively high, [Zn] are higher than the ones in the low‐mid stations
where aerosol deposition is relatively low (Figure 7d). At the NAO high‐east stations, where lithogenic dust
deposition is extremely high, [Zn] are relatively low but higher than the low‐mid stations. The variations of
dissolved [Zn] are significantly and positively correlated to AOD among different oceanic
regions (Figure 7e).

In terms of δ66Zn, the values in the upwelling region of the SEPO are isotopically lighter than the nonupwel-
ling region and the SWPO. We propose that high particle concentrations and dissolved Zn input may
enhance scavenging effect and cause isotopically light dissolved δ66Zn values (Figure 7a). For the NAO,
the δ66Zn were relatively light at the NAO high‐west stations where anthropogenic aerosol Zn deposition
were relatively high; contrarily, δ66Zn were relatively heavy at the NAO low‐mid stations where aerosol
deposition was relatively low (Figure 7d). However, δ66Zn are relatively heavy at the NAO high‐east stations
where lithogenic dust deposition was extremely high. Isotopically heavy insoluble lithogenic Zn may be the
major cause for the relatively heavy δ66Zn observed at the high‐east stations. For the NAO high‐west
stations, in addition to the direct effect of light anthropogenic aerosol Zn input, scavenging might further
fractionate Zn to result in even lighter δ66Zn values in the surface water.

Our previous study demonstrated that particulate Zn concentrations in the surface water are significantly
correlated with aerosol Zn fluxes in the oceanic regions studied globally, implying the importance of aerosol
deposition on Zn cycling in the surface ocean (Liao & Ho, 2018). Particularly, anthropogenic aerosol flux in
the NWPO is the highest among the oceanic regions. Anthropogenic aerosols generated from East Asia are
transported to the subarctic NPO by the seasonal monsoon and the Westerlies, witnessed by the relatively
high annual average AOD (Figure 7d). Indeed, more than 90% of available [Zn] data in the surface water
compiled in the NPO are greater than 0.5 nM, possessing the highest averaged [Zn] among the major
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oceans (Figures 7c and 7e). We also calculated Zn* for the data obtained in the upper 1,000 m of the NWPO.
Most of the Zn* values are positive, suggesting external Zn input in the surface ocean, highly likely to be
aerosol deposition (Figure S7). The δ66Zn observed in the NPO also showed an isotopically light signature
similar to the high‐west stations of the NAO where anthropogenic aerosols are likely to be the dominant
Zn source in bulk aerosols. In brief, the comparison of the global datasets indicates that external soluble
Zn input in the surface water is closely associated with elevated [Zn] and lighter δ66Zn value. Aerosol
deposition is most likely to be the major cause for the variations of surface water [Zn] and δ66Zn in
oceanic regions with high AOD (Figure 7).

5. Conclusion

We have observed relatively light dissolved δ66Zn and significant spatial variations in the deep ocean of the
NWPO and its marginal seas. The box model calculation indicates that the spatial variations in the NWPO
deep water are caused by the external supply of isotopically light Zn, most likely from anthropogenic aerosol
deposition or sedimentary input. To explain the δ66Zn variations in the surface water, we hypothesize that
external Zn addition, such as aerosol deposition, is a major cause to change δ66Zn values in addition to
the internal processes of biological uptake and scavenging. This argument is supported by the consistent dis-
tribution patterns of [Zn] and δ66Zn obtained from different oceanic regions with highly varied AOD.
Anthropogenic aerosol deposition may thus be a critical process to cause [Zn] and δ66Zn variations in the

Figure 7. The distribution patterns of [Zn] and δ66Zn in the upper 200 m of (a) the South Pacific Ocean (SPO), (b) the North Atlantic Ocean (NAO), and (c) the
North Pacific Ocean (NPO). (d) Sampling locations of the data and annual average aerosol optical depth (AOD) in the global ocean. (e) The correlation
between AOD and average [Zn] in the top 200 m among the different oceanic regions (e). The error bars of the average [Zn] stand for one standard deviation of all
data obtained from individual oceanic region. We have separated the sampling stations among different oceanic regions to high and low aerosol deposition
regions based on AOD values. The low external input regions include the nonupwelling Southeastern Pacific Ocean (SEPO) and the open ocean stations in the
NAO, which are shownwith triangle symbols. The high external input regions and high upwelling stations are shownwith circle symbols. The criteria of upwelling
and nonupwelling stations were mentioned in Ohnemus et al. (2017). AOD data are obtained by averaging annual values from 2001 to 2017 (Moderate
Resolution Imaging Spectroradiometer [MODIS]/Aqua, Near‐Earth Object [NEO], National Aeronautics and Space Administration [NASA]).
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surface water. Future studies on oceanic regions with contrasting aerosol deposition spatially or seasonally
would validate the importance of aerosol deposition on Zn cycling in the surface water.
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