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Abstract The North Pacific Ocean is located at the end of the thermohaline circulation of deep water.
This study reports on basin-scale full-depth sectional distributions of total dissolvable (td), dissolved

(d), and labile particulate (Ip) Cd, Ni, Zn, and Cu along three transects: the GEOTRACES transects
GP18 (165°E) and GP02 (47°N), and along 160°W. We find that scavenging is an important factor that
significantly affects the distributions of dZn, dNi, and dCu, of which the magnitude of influence increases
in the order of Cd < Ni, Zn < Cu. The relationships between the four dissolved metals with Si(OH)

and PQ, differed considerably from those in other oceans. The spot concentration ratio of dCdiR@s

0.34 + 0.02 nmol/pumol (n = 296) in waters >800 m deep, which is in the range of the phytoplankton

Cd/P ratio. This is indicative of the dominant effect of water circulation and biological processes on dCd
distribution. The dissolved metals (dMs) to P{ratios of other examined metals were either partially or
completely outside the range of typical biomass ratios. They generally increased with depth in waters
>800 m deep; the magnitude of increase was the highest for Cu and moderate for Ni and Zn. Below 800 m,
an increase in the apparent oxygen utilization from 150 to 300 umol/kg was concurrent with a decrease in
the dMs/PQ, ratios: 4 + 3% for Cd, 21 + 4% for Zn, 21 + 3% for Ni, and 69 + 7% for Cu.

1. Introduction

Trace metals with nutrient-type distributions are actively taken up by phytoplankton in surface waters. They
then sink to depths with sinking particles and are released from particles via the oxidative decomposition of
organic matter and the dissolution of minerals, such as silica and carbonates (Broecker & P&8§2 Elder-
field, 2003. Cadmium (Cd), nickel (Ni), zinc (Zn), and copper (Cu) are classified as nutrient-type or recy
cled-type trace metals (Bruland et al1994 Whitfield & Turner, 1987. These metals are essential cofactors
in metalloenzymes and thus control the metabolism of organisms (Sund®89 Twining & Baines,2013.

In turn, the oceanic phytoplankton community significantly affects the concentration and cycling of trace
metals in the ocean (Sund&012.

The concentrations of nutrient-type metals in deep water (>1500 m in depth) generally increase with the
age of deep water from the Atlantic Ocean through the Southern Ocean and ultimately to the Indian and
Pacific Oceans (Tabld). In addition, the concentration of dissolved Cu (dCu) increases from surface to
bottom by almost five times in the Pacific Ocean (Bruland,980, while this increase is only 10% in the
Atlantic Ocean (Danielsson et al.1985. Oceanic circulation affects not only the concentrations of the
nutrient-type metals but also their ratios against major nutrients (Tabl#). This study used the metal to
nutrient concentration ratio in a given sample (metal/nutrient) to indicate the spot concentration ratio
(e.g., dCd/PQ) and metal:nutrient (e.g., Cd:Pg) to indicate the slope of a regression line in metal versus
nutrient plots. This slope indicates an uptake ratio or a remineralization ratio as per the definition reported
in the literature (Middag et al.,2018 Quay et al.,2015. The dCd/PQ in deep water exhibits significant spa
tial variations (Loscher et al. 1998 van der Loeff et al.1997; itis 0.24 nmol/umol in the North Atlantic
Ocean and t0.3 nmol/umol in other oceans (Tablel). Alternatively, this difference in the dCd/PQ ratio
may also be due to Cd regeneration from different ballasts of sinking biogenic particles. The Cd/R(fo

of silica ballast in the North Pacific is presumed to be higher than the Cag¢kallast in the North Atlantic
(Wu & Roshan,2015.
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Notably, seawater concentrations of dissolved metals (dMs) and their relationships with
major nutrients in different ocean basins cannot be fully described using only oceanic-wa
ter circulation. For instance, Ni is a known cofactor in the enzyme urease for phytoplank
ton to obtain nitrogen and carbon dioxide from urea (Morel et al2003 Sunda,1989.

As such, the colimitation of Ni and NQ on phytoplankton growth has been proposed
(Bruland et al., 1991 Price & Morel,1991]). Unlike other nutrient-type metals, the sur
face concentration of dNi never decreases below 1.8 nmol/kg (Boyle et 431, Bru-
land, 198Q Danielsson et al.,1985 Wang et al.,2019, and it has been postulated that this
residual surface Ni is nonbioavailable (Mackey et aR002. Recently, there were reports
that the high surface dNi in the South Atlantic Ocean has a heavy isotope signature with a
fractionation factor of 0.99965 in a simple closed-system Rayleigh fraction model (Archer
et al., 2020. This suggests the potential preferential removal of isotopically light Ni via
scavenging to particulate matter and/or by biological uptake.

Boyle et al. 1977 reported full-depth profiles of total Cu, using unfiltered seawater in the
central North Pacific Ocean, with a surface maximum of approximately 3 nmol/kg and a
monotonic increase to the bottom. They suggested that this unique distribution was main
tained by aeolian input to ocean surface waters, ubiquitous scavenging in the subsurface
and deep water, and a strong bottom source. The linear distribution of dCu with depth
may be attributed to reversible scavenging between dissolved and suspended particulate
(p) species (Little et al.2013. A sediment trap experiment in the North Pacific Ocean
demonstrated that approximately 65% of the total Cu flux in the deepest traB000 m)

had been derived from primary flux from the upper water, resuspension, and hydrother
mal inputs. In contrast, the source of the remaining 35% of total Cu had not been clarified
and was considered residual flux input, implying the coexistence of alternative processes
(Fischer et al.,1986. The authors attributed this residual to the lateral transport of par
ticles or the readsorption of dCu released from bottom sediments. A recently developed
box model, based on the isotope ratios and concentrations of dCu, confirmed the release
of dCu from the upper sedimentary layers during early diagenesis (Takano et 2014.

The vertical distribution of dCd is close to that of PQexhibiting a linear relationship
over oceans worldwide (Boyle et al1976 Bruland, 198Q Roshan & Wu,20153 Zhang
et al., 2019 (Figure 1a8). However, a slope-change, which is denoted as a “kink,” was-ob
served in the North Atlantic upper waters (where POwas <1.3 mol/kg), and the South
Atlantic and Pacific waters (where P> 1.3 mol/kg) (Boyle, 1988. The linear relation
ship in deep waters is indicative of the dominant effects of water mass mixing on dCd dis
tribution in the North Atlantic (Quay et al., 2015, the South Atlantic (Xie etal.2015, and
the Southern Oceans (Baars et a014. The water mass mixing, however, cannot explain
a relatively low slope in the surface-to-subsurface waters, and many hypotheses have been
proposed. Elderfield and Rickabyd000 proposed a preferential uptake of Cd over ROy
phytoplankton in surface water, particularly under iron-limited conditions in high-nutri
ent and low-chlorophyll (HNLC) areas (Cullen2006 Quay et al.,2019. The dCd versus
PO, regression line in the North Pacific was linear throughout the water column, differing
from that observed in other oceans (Bruland,98Q de Baar et al.1999 (Figure 14). Fur-
thermore, a decoupling of dCd and PQevealing a relative depletion of dCd was observed
in the oxygen minimum zone (OMZ) in the eastern North Pacific and North Atlantic
Oceans (Janssen et al2014. In this instance, suspended particles were enriched with
lighter isotopes of Cd (Conway & Johr019. These results were interpreted based on the
precipitation of CdS in a euxinic microenvironment around sinking particles. In contrast,
Wu and Roshan 2015 did not observe dCd depletion in the sectional distribution of dCd/
PO, in OMZ in the North Atlantic, although there was a dCd depletion relative to RGn
the dCd versus P@Qplot. The observed depletion was ascribed to a low dCd/P@tio in
shallow seawater and the enhanced regeneration of the low dCd/pP@tio in the OMZ.
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Figure 1. Compiled global data of (a) dCd versus RQb) dZn versus
Si(OH),, and (c) dCu versus Si(OH) Blue circles: the North Atlantic
Ocean (NA), pink circles: the South Atlantic Ocean (SA), dark blue
diamonds: the Southern Ocean (SO), green diamonds: the Indian Ocean
(10), yellow circles: the South Pacific Ocean (SP), purple diamonds:

the North Pacific Ocean (NP). Data are derived from GEOTRACES
Intermediate Data Product 2017 (Schlitzer et aR018 and this study.

The strong correlation between dZn and Si(OH)n oceans worldwide

is another example of the relationship between metals and major nutri
ents (Bruland, 198Q Janssen & Cullen2015 Kim et al., 2017 Roshan

et al., 2018 Vance et al.,2017 Wang et al.,2019 (Figure 1b). Ocean
circulation from the Southern Ocean is suggested to play an important
role in dZn distribution (Vance et al.,2017%. However, decoupling of the
dZn versus Si(OH) relationship occurs in intermediate waters, where
many points are located above the regression line across oceans world
wide (Janssen & Cullen2015 Vance et al.2019 Vance et al.2017 Wyatt
etal.,2014. Janssen and CullenZ015 proposed that the relationship be
tween Zn and Si(OH) in the eastern North Pacific Ocean is divided into
two parts, the oxygenated upper waters and the relatively low oxygen deep
waters, which may be ascribed to preferential removal of ZnS. In contrast,
Vance et al. 019 considered this distribution to be a result of the pref
erential regeneration of dZn in shallow waters and the preferential disso
lution of silica in deep waters. The observed slope of dZn:Si(QHt) the
Pacific and Atlantic Oceans is approximately 0.06 nmol/umol (Schlitzer
et al., 2018. Zn uptake experiments usingrhalassiosira pseudonanaa
marine diatom, indicates that only 1-3% of cellular Zn was incorporated
into the silica frustule. Additionally, it was found that the dissolution of
the silica resulted in a regeneration ratio of 0.3-3.2 x $0nmol/umol
(Ellwood & Hunter, 2000. This means that diatom silica is not a major
mechanism controlling dZn distribution. The scavenging of nutrient-type
metals in deep waters is considered to be negligible (Elderfie2D03.
However, alongside the principle role of water circulation, model caleu
lations have demonstrated the crucial role of reversible scavenging of Zn
on sinking particles (Weber et al.2018.

The interaction of dMs with seawater particles is proposed as a major-fac
tor governing trace metal distribution in oceans around the world (Gold-
berg,1954 Sherrell & Boyle 1992. As such, a series of recent studies have
focused on the role of scavenging on dZn and dCu (John & Conw2y14
Little etal., 2013 Weber et al.2018. At VERTEX-IV (28°N, 155°W) in the
eastern North Pacific, suspended particulate Cd (suspended pCd) con
centration decreased from 2.5 to 0.2 pmol/kg below 90 m depth, while
the pZn concentration was 8 and 80 times higher, respectively (Bruland
et al., 1994; this is indicative of the higher intrabasin enrichment of Zn.
Concentrations of suspended pCd and pZn were enriched in the North
Pacific Ocean compared with the North Atlantic Ocean, suggesting an
enhanced association of dMs with particles (Bruland et all994 Sherrell

& Boyle,19929. Sediment trap experiments conducted at four stations in
the Antarctic and the North Pacific Oceans demonstrated that pCd flux
increased with the total particulate flux, while the flux for pNi and pCu
did not depend on the total particulate flux (Noriki & Tsunogail992.
These findings were attributed to different carrier particles. The pNi and
pCu are suggested to have been transferred by nonbiogenic inorganic
and biogenic particles, while pCd is almost entirely transferred from the
latter. Despite this existing research, there are limited data on the four
nutrient-type metal concentrations in suspended and sinking particles in
the Pacific Ocean (Bruland et al1994 Janssen et al2019 Noriki & Tsu-
nogai, 1992 Yang et al.2018.

This study reports the concurrent and basin-scale sectional distributions
of total dissolvable (td), dissolved (d), and labile particulate (Ip) species
of nutrient-type trace metals (Cd, Ni, Zn, and Cu) in the North Pacific
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of trace metals will aid in enhancing the current understanding of scav
enging and other processes of nutrient-type trace metals.

= KH-05-2
KH-11-7 | (reconnaissance of
20 (GEOTRACES GP18) " GEOTRACES ;
Japhn ) 2. Materials and Methods

2.1. Materials and Sampling

Clean samples of trace metals were collected during the three GEOTRAC
ES cruises onboard the research vessel Hakuho Maru: this included KH-
: | 05-2, from August to September 2005, KH-11-7 in July 2011, and KH-12-4
L Q;A % ‘ s from August to September 2012 (Figurg). The details of the materials
S = s used and sampling methods are reported in previous studies (Zheng &
Sohrin, 2019 Zheng et al.2017 2019. The KH-05-2 cruise (along 160°W,
10°S-54°N) was a reconnaissance study by GEOTRACES Japan. The KH-

EQ

0°E 160°E 180°E 160°W 140°W 120°wW

b 11-7 and KH-12-4 cruises were arranged for formal studies of GEOTRAC
‘ 3 |60 ES Japan, occupying the GEOTRACES sections of GP18 (along 165°E,
§ K 30°N-51°N), and GP02 (160°E 129°W, along 47°N), respectively. Sam
) i  Extension ples ( 125 g) used to determine the total dissolvable trace metals (tdMs)
3 ~ were unfiltered and acidified to pH 2.2 using ultrapure HCI (Tamapure
%1 ) AA-10, Tama Chemicals) immediately after collection. Portions of col
North Pacific Sul A pical Gyre

lected seawater samples were filtered onboard using 0.2 m filters to-ac
quire the dM samples. Nuclepore polycarbonate membrane filters (What
man) were used for the KH-05-2 and KH-11-7 cruises, while during the

20°N

North E ial 1 —= N

;NonthuatoEEICouﬁ@ KH-12-4 cruise, AcroPak capsule filters (Pall) were utilized. These- fil
EQp—— - i
. e — tered seawater samples were also acidified to pH 2.2 with ultrapure HCI.
B : Seawater samples were stored at room temperature for at least one year
i | ;; prior to analysis. The difference between tdM and dM concentrations was
0°s | w8 defined as the labile particulate trace metal (IpM) concentration, which
140°E 160°E 180°E 160°W 140°W 120°wW

represented components liberated from particulate phases during sample
Figure 2. Maps of (a) sampling stations and (b) hydrography in the North Storage at pH 2.2. The concentrations of dZn and tdZn from the KH-05-
Pacific Ocean. White solid lines and brown line represent surface currents 2 cruise were removed from the dataset because of contamination from
and the Juan de Fuca Ridge (JAFR), respectively. KP, KKT in (a) representthe sacrificial Zn electrode attached to the seawater sampling system.

the Kamchatka Peninsula and the Kuril-Kamchatka Trench, respectively. Ocean Data View software was used for data analysis and the preparation
The background color represents the annually averaged surface Si(@H)

concentrations in 2013 derived from the World Ocean Atlas V2 201@nw. of figures (Schlitzer2015.
nodc.noaa.goy.

2.2. Analytical Methods

An offline automated solid-phase extraction system (SPE-100, Hiranuma

Sangyo) with a column of Nobias Chelate-PA1 resin (Hitachi High-Tech
nologies) was used to preconcentrate the trace metals (Al, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb) in seawater
(Minami et al., 2015. A detailed description of the applied analytical methods is provided in previous
studies (Zheng & Sohrin2019 Zheng et al.,2019. The collected seawater samples were adjusted to pH
6.00 £ 0.05, in a clean room (class 1000), and immediately introduced into the SPE-100 system. Procedural
blanks were measured using ultrapure water prior to the analyses of seawater samples. A high-resolution
inductively coupled plasma mass spectrometer (HR-ICP-MS, Element 2, Thermo Fisher Scientific), was
used to determine trace metal concentrations using the calibration curve method.

A series of certified reference materials for trace metals CASS-5, 6 and NASS-6, 7 and the GEOTRACES
open-ocean reference samples (GS, GD, GSP, and GSC) were measured to ensure the accuracy of the ap
plied method (TableS1). Concentrations of dNi, dZn, and dCd were in good agreement with the certified
and/or consensus values, while dCu concentrations were only in line with the certified values of CASS

ZHENG ET AL. 4 of 20
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and NASS, which were gamma-irradiated. dCu concentrations were 65%—-89% of consensus values for the
GEOTRACES reference samples (GS, GD, GSP, and GSC). These consensus values were obtained following
ultraviolet (UV) irradiation (Buck & Bruland, 2005 Lohan et al.,2009, while the samples in this study

were not subjected to UV irradiation. This means that a portion of dCu that forms strong complexes with
organic ligands may not be measurable. UV irradiation was not applied in this study as it may lead to the
unexpected contamination of some metals (Zheng et a2019, and the data obtained for Cu in this study

were considered sufficiently reproducible.

Table S2summarizes the procedural blanks and detection limits (DLs) for all species. The DL for tdMs and
dMs samples was calculated as three times the standard deviation (sd) of the procedural blank. Based on
the analysis of reference materials, the relative standard deviation was% for each metal (Tabl&1), DL

for IpMs were defined using the equatior? x \/5 x 0.05 x C,,., considering the propagation of uncertainty.

ave’

Here C, represents the average concentration of dMs. In this study, not detected (ND) data below the DL
were assigned a value dbL x (1/ 2 ) for further analysis and preparation of figures, when the number of
ND was <50% of the data (Croghan & Egegi8003.

2.3. Cross-Over Stations

Cross-over stations stipulated by GEOTRACES provide a measure of data consistdrip/(www.geotrac-
es.orQ. Stations TR16 from GP18 and BD0O7 from GP02 were located at the same position (160°E, 47°N) and
served as internal cross-over stations (Figu&l). The vertical profiles of dMs and PgXitted well between
BD07 and TR16 within the expected range of analytical uncertainty (Figu&l). All regression lines of

dMs in plots of BDO7 versus TR16 had a coefficient of determinatiaf) (higher than 0.90 (Tables3, with
negative intercepts. The surface water at BDO7 had a lower salinity, higher temperature, and lower nutrient
concentration than TR16; this suggests a stronger influence from the Kuroshio Waters. For wati@0 m

deep, the values of? and slopes of the regression lines approached 1, with the exception of Zn (T&3e

Stations ST13 (160°W, 50°N) and ST14 (160°W, 54°N) from the KH-05-2 cruise were located 100 km south
and 300 km north of station BD15 (160°W, 51°N) of GP02, respectively (Fig&@. Although the three
stations were not strict cross-over stations, we used vertical profiles at these stations for intracomparison.
The vertical profiles of dMs and P@fitted well for the ST13, ST14, and BD15 stations within the expect
ed range of analytical uncertainty (Figures2. All regression lines between ST13 and BD15 hedvalues
higher than 0.96 (TablesS3. The concentrations of dNi, dCd, Si(OH)and PQ in surface water were lower

at BD15 than at ST13. This may be due to a higher chlorophgl(Chl. a) content that enables the higher
uptake of Ni, Cd, and nutrients (Figure529. Previous studies have reported that the concentrations of Al,
Mn, and Fe substantially decreased from ST14 to ST13, due to boundary scavenging (Zheng & Sabiif,
Zheng et al.,2019. However, no apparent concentration gradients were observed in this study, revealing
that boundary scavenging does not significantly affect the distribution of nutrients and nutrient-type trace
metals. Only dCu exhibited a surface maximum at ST14 (Figu82h, where the Alaskan Stream flowed and
the surface maxima of tdMn and tdCo occurred (Zheng et a2019.

3. Results
3.1. Hydrography
3.1.1. Surface Currents and Water Masses

Figure 2apresents the sampling stations in this study, and Figul presents the annually averaged surface
Si(OH), concentrations from the World Ocean Atlas V2 2018vwvw.nodc.noaa.goy. The white solid lines

in Figure 2b denote the surface currents. The Oyashio Current, North Pacific Current, Alaska Current,
and Alaskan Stream form the anticlockwise upwelling North Pacific Subarctic Gyre (NPSAG) to the north
of 40°N. The North Pacific Subtropical Gyre (NPSTG) to the south of the Subarctic Front consists of the
Kuroshio Extension, North Pacific Current, and North Equatorial Current (Yuan & Talleyi996, where
inorganic phosphate concentrations are extremely low.
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There are two mode waters, two central water masses, and three intermediate water masses in the upper
1000 m of the study area (Figur8339. The two mode waters are the South Pacific Subtropical Mode Water
(SPSTMW) and the North Pacific Subtropical Mode Water (NPSTMW); the former is denser than the latter
with a core salinity of 35.5 (Talley et al2011). The two central waters are the North Pacific Central Water
(NPCW) and the South Pacific Central Water (SPCW); the former extends northward from the equator
to 40°N, while the latter extends southward from 10°S to 55°S (Talley et al.2011). The intermediate
water masses comprise the North Pacific Intermediate Water (NPIW), the Antarctic Intermediate Water
(AAIW), and the Equatorial Pacific Intermediate Water (EqPIW). The former originates from the Okhotsk
Sea Mode Water (OSMW), which is formed to the east of Hokkaido, Japan and spreads to the southeast
(Talley, 1993. NPIW is characterized by low salinity and density with a potential density anomaly J of
26.4-27.2 kg/m (average: 26.8) (Yasudda997). AAIW originates from the north of the Subantarctic Front
(Bostock et al.,201Q Talley et al.,2011) and extends to 15°N in the tropical-subtropical transition (Talley

et al., 2011). EgPIW is formed by a combination of AAIW and the Pacific Deep Water (PDW). Among the
three water masses, NPIW is the shallowest (200—800 m in depth), followed by EqPIW (700-1000 m in
depth) and AAIW (600-1100 m in depth) (Bostock et ak01Q Talley et al.,2011). The stations to the north

of 40°N in the subarctic gyre are influenced by the Dichothermal Water (DtW) and the California Current
System Water (CCSW).

Two distinct deep waters exist in the North Pacific Ocean: the Circumpolar Deep Water (CDW) and the
PDW. The upper CDW (UCDW) and lower CDW (LCDW) are two branches of the CDW, formed by the
mixing of the North Atlantic Deep Water and other deep waters in the Southern Ocean. PDW is formed
internally in the North Pacific by mixing upwelled bottom waters with the UCDW. The PDW and UCDW
appear in almost the same density range, while UCDW flows northward and PDW flows southward (Talley
et al.,201]). LCDW flows at the maximum depth into the Pacific Ocean and is characterized by a high sa
linity of 34.72.

3.2. Relationship Among Major Nutrients

Figure S4presents the horizontal distribution of the major nutrients, dCd/P¢) and Chl.a. The concentra
tion of Si(OH), in the surface water was 25 mol/kg in the Western Subarctic Gyre (WSG), and almost zero
in the subtropical gyre and around the Juan de Fuca Ridge (JdFR) (Fig8reg. The surface concentrations
of PQ, and NG; exceeded 0.5 and 7 mol/kg in NPSAG, respectively; this is known as one of the HNLC
regions (FiguresS4dand S49. At ST14, closest to the Aleutian Islands, the surface concentrations of major
nutrients were extremely low, where Chla reached a maximum of 2.7 pug/kg (Figur&4).

Figures S3b—S3dpresent tracer—tracer plots of major nutrients. The relationships between Si(QHind
PO, and Si(OH) and NO; were characterized by lower slopes in the upper 800 m (P©3.0 mol/kg,

NO; < 42.4 mol/kg) at stations to the south of the North Equatorial Current (ST01-ST06, 10°S—15°N)
compared with northern stations. These results signify the dominant effects of the SPCW, AAIW, EqPIW,
and SPSTMW at the southern stations. In contrast, the relationships between Si(@&)d PQ, and NO;

and PQ, were characterized by slightly higher slopes in the upper 800 m waters at stations from 20°N-40°N
in the subtropical gyre compared with northern stations located to the north of 40°N in the subarctic gyre.
This may be attributable to the effects of NPIW, NPCW, and NPSTMW. In deep waters, there were no linear
relationships between Si(OH) and PQ, and Si(OH) and NG;, while NO; and PQ exhibited a linear rela
tionship throughout the study area (Figures3d.

3.3. Distributions of Trace Metals

Table S4presents the statistical summary of tdMs, dMs, and IpMs. The full-depth sectional distributions of
dMs from the KH-05-2, GP02, and GP18 cruises are presented in Figugigure 4 illustrates the horizontal
distributions of dMs, at depth first (L0—20 m in depth), at = 26.8 kg/m?, the mean of NPIW, and at a
depth of 4500 m where LCDW flows. In general, the dMs distributions were similar to those of the major
nutrients. However, each dM had distinct characteristics, as described below.

The dCd exhibited correlation coefficientsr] higher than 0.98, for PQ and NG; for all data (TableS5.
In contrast to PQ and NO; a maximum dCd occurred at a depth of 200-500 m in stations to the north of
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density anomalies. NPIW: North Pacific Intermediate Water; EqPIW: Equatorial Pacific Intermediate Water; UCDW: Upper Circumpolar Deep Water; LCDW:

from GP02 (160°E 129°W, along 47°N); and (h) dCd, (i) dNi, (j) dZn, and (k) dCu from GP18 (along 165°E, 30°N-51°N). The white solid lines indicate potential
Lower Circumpolar Deep Water; PDW: Pacific Deep Water.

Figure 3. Full-depth sectional distribution of (a) dCd, (b) dNi, and (c) dCu from KH-05-2 (along 160°W, 10°S-54°N); (d) dCd, (e) dNi, (f) dZn, and (g) dCu
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Figure 4. Horizontal distributions of (a)—(c) dCd, (d)—(f) dNi, (g)—(i) dZn, and (j) — (I) dCu on a surface of 10-20 m depth (left panels), 26 &hich is the
center of NPIW (center panels), 4500 m depth where LCDW flows (right panels).

45°N (e.g., FiguresSlaand S23. Typically, the IpCd was usually lower than DL (0.11 nmol/kg), which is
consistent with previously reported low concentrations of particulate Cd (0.05-38 pmol/kg) in the North
Pacific (Bruland et al., 1994 Janssen et al2019. However, the IpCd in this study was 0.16 nmol/kg in the
surface layer at ST14, coinciding with the location of the highest Chlconcentration. The IpCd at TR15 was
0.24 nmol/kg at a 200 m depth, which is close to the Kamchatka Peninsula (KP).

The correlation coefficients between dNi and major nutrients were >0.91 for all data (Tat8§. The dNi
profiles exhibited the lowest concentrations (2.3-5.9 nmol/kg) in surface water, a broad maximum of
10.5 nmol/kg at depths of 1500-3000 m with an exception of 8.8-9.7 nmol/kg at the southernmost station
(ST01), and a slight decrease above the bottom (FiguBks3e, and 3i).

ZHENG ET AL. 8 of 20



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006558

The broad maximum of dZn occurred at a depth of 1000—2000 m; this was deeper than that of dCd (Fig
ures 3f and 3j). The correlation coefficients between dZn and major nutrients were >0.91 for all data, sim
ilar to dNi (Table S5.

The dCu increased linearly from surface to a depth of 3000 m (Figui&s 3g, and 3k). At stations to the
south of 30°N and at depths of 3000-4000 m, dCu exhibited a maximum of 2.7—4.4 nmol/kg, which re
mained constant or decreased slightly below this depth. In contrast, at stations to the north of 40°N in the
Northeast Pacific Basin and at the same depth, dCu was present at a lower concentration (2.4-3.1 nmol/
kg), whereby the concentration generally increased toward the bottom. At a depth of 4500 m, the dCu had
a uniformly high concentration from 10°N to 45°N (Figuretl). The dM/tdM is 0.98 + 0.23 for Cd1f = 555),

1.00 + 0.04 for Ni 6 = 625), 0.97 + 0.14 for Znif = 323), and 0.86 + 0.09 for Cur{ = 617). Thus, the IpM
fraction (the difference between tdM and dM) is significant only for Cu. Among the four metals, only IpCu
was observed for 50% of all samples, indicating that suspended particulate matter contributed to the tdCu
distribution. The sectional distribution of IpCu is shown in FigureS5 IpCu generally increased with depth,
whereby the highest concentration of 1.37 nmol/kg was observed in abyssal seawater at TR13. The IpCu/
tdCu ratio for all data was 0.18 + 0.12 (ave + sd), which is as high as the IpM/tdM ratios0(2) observed for
scavenged-type metals, such as Mn and Co (Zheng et2019. Concentrations of the IpCd, IpNi, and IpZn

are not discussed further as they were only detected in a few samples collected near the continents.

4. Discussion
4.1. dMs Versus PO,

It is well-known that nutrient-type trace metals are required for phytoplankton growth or incorporated into
phytoplankton for uncertain reasons and thus have strong correlation with major nutrients (Emerson &
Hedges,2008. However, relationship of dMs to major nutrients differs for different ocean basins. The dCd
versus PQ plot for all data in this study exhibited a linear relationship:

dCd [ nmol/kg | =0.360 x PO, [ umol/kg |- 0.058

) ()
r-=0.971,n=605

The slope of 0.360 was in the range of the Cd/P ratio in phytoplankton (0.20-0.56 nmol/umol) (Collier &

Edmond, 1984 Ho et al.,2007,2009. For more details, the plot shows a dependency on latitude (Figia);

dCd was not detected in 86% of the samples from the upper 100 m at stations to the south of 20°N. For wa

ters at depths of 100-800 m at stations to the south of 20°N, the regression line had a slope of 0.358, which

was near parallel to that defined by Equatiot. However, the intercept of 0.162 was much lower than that

of 0.058, resulting in a kink in the dCd versus PQplot. In contrast, for samples excluding those from 0 to

800 m depths at stations to the south of 20°N, the regression line had a slope of 0.354 and an intercept of

0.034. The comparable slopes of the three regression lines indicate that dCd and, B2 regenerated from

sinking particles at a constant ratio throughout the North Pacific Ocean. The higher intercept at northern

stations may be attributed to the continental source of dCd.

There was no linear relationship between dCu and BR@hroughout the water column (Figure5b). Instead,

a kink was observed at a depth of 800 m. The overall slope wa&38 nmol/umol in a depth range of
20-800 m, close to the Cu/P ratio in phytoplankton (0.37—1.1 nmol/umol) (Bruland et al99% Collier &
Edmond, 1984 Ho et al.,2007 Kuss & Kremling,1999. Data from stations to the south of 20°N were plotted
below the regression line. Some samples from 0 to 20 m depth at stations to the north of 40°N had substan
tially high dCu. In deep waters, dCu increased independently of RO

The relationship between dNi and PQ(Figure 5¢) and between dZn and PQ(Figure 5d) appeared to be
intermediate between those of dCd and PGind between dCu and P There was a linear relationship
between dNi and PQonly in the depth range of 0—-500 m, and different regression lines were obtained for
northern and southern stations (Figuresc). The slopes of 1.37-1.50 nmol/umol were close to the range of
the Ni/P ratio in phytoplankton (0.22—-1.4 nmol/umol) (Bruland et al.,1991, Collier & Edmond, 1984 Ho

et al., 2007 Kuss & Kremling,1999. The intercept was significantly higher at stations to the north of 40°N,
similar to that of dCd versus PQ In a depth range of 500-2000 m, dNi increased independently of,PO
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Figure 5. Plots of (a) dCd versus PQ(b) dCu versus PQ (c) dNi versus PQ and (d) dZn versus P9 The color lines indicate different regression lines. The

yellow shadows indicate areas where dZn and dNi increase independently of,PBlack dots indicate all data not included in colored classes. All the data used
here are from this study.

(yellow shadow in Figure5c). In deeper waters, dNi decreased concurrently with R@ a manner similar

to dCd. For dzZn, the data were limited for stations to the north of 40°N. The dZn versus,®t showed a
depletion of dZn in surface waters and a linear relationship from a depth of 20—1000 m (Figbde Howew

er, substantially high concentrations of dZn were observed at depths of 99-197 and 10 m at TR11 and BD18,
respectively. In the depth range of 1000-2000 m, dZn increased to its maximum independently of Bi@-

ilar to dNi (yellow shadow in Figure5d). Thus, dNi and dZn in intermediate-depth waters are independent

of PQy. This means that processes other than regeneration from the organic matter, such as redissolution of
minerals, are likely to play an important role in the distribution of these trace metals.
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4.2. Input of dMs and Major Nutrients From the Continents

In surface waters, dCd and dNi were usually lower at stations to the south of 40°N compared with those lo
cated to the north of 40°N (Figuredaand4d). The major nutrients (Si(OH), PQ,, and NG;) showed similar
distributions to dCd and dNi in surface waters (FigureS5a, S5dand S59, signifying the concurrent sources

of these elements around the northern continents. However, surface concentrations of dCd, dNi and the
major nutrients were low at ST14 compared with the surrounding stations. Clal.concentration in surface
water had the maximum at ST14 (Figur&4). This suggests that the supply from the northern continents
occurs in conjunction with the influence of phytoplankton uptake for dCd, dNi, and major nutrients.

The dzn in surface waters sharply decreased with distance from the western-most stations (TR16/BD07)
near the Kuril-Kamchatka Trench (KKT) to stations in WSG (Figurdg). This suggests a supply of dZn
from the Sea of Okhotsk and uptake of dZn by phytoplankton. Surface concentrations of dCu were gener
ally higher at northern stations, while extremely high concentrations occurred around JdFR and at ST14
near the Aleutian Islands (Figuredj). Similarly, tdAl, tdMn, tdCo, and tdFe were present at high concentra
tions in surface waters at ST14, suggesting a concurrent supply of these elements from continental sources
(Zzheng & Sohrin,2019 Zheng et al.,2019. In addition, some shallow water samples from the northern
stations also contained substantially high concentrations of dCu and dZn, which were plotted above the
regression lines in the dCu versus P@nd dZn versus PQplots (Figures5b and 5d). These results may be
attributed to anthropogenic sources via aeolian transport (Liao et &020.

Atasurface of =26.8kg/m? dCd, dNi, dZn, and dCu exhibited similar horizontal distributions; this is in
dicative of supply from the northern continents through NPIW (Figuredb, 4, 4h, and4k). The supply from
continental sources is in accordance with that reported in previous studies for Al, Mn, Fe, Co, and Cu (Elrod
et al., 2004 Jacquot & Moffett,2015 Johnson et al. 1997 Lam & Bishop,2008 Nishioka & Obata,2017
Zheng & Sohrin,2019 Zheng et al. 2019, and for nutrients (Treguer et al.1999.

4.3. Effects of Water Circulation and Biological Processes on the Distribution of dCd

Water circulation plays an important role in the distribution of dCd and affects the relationship between
dCd and PQ (Xie et al.,2019 Yang et al.,2018 Zhang et al.,2019. In this study, the data points of dCd
versus PQconverged on a single line at a slope of 0.354, excluding data from the upper 800 m at 10°S—20°N.
This may be attributed to the mixing of central mode water (CMW), Pacific Intermediate Waters (PIW that
includes NPIW and EqPIW), CDW, and PDW (Figurga).

The fractionation factor FF) was defined to investigate the preferential uptake of dCd over P@Ging Equa
tion 2 (Elderfield & Rickaby,200Q Quay et al.,2015:

FF(dCd) = (Cd:PO4,parlicles) / (dCd/PO4,seuwuter) (2)

where the Cd:PQ paricies Was estimated from the slope of the dCd versus P@ot in the nutricline (typical-

ly 50-800 m in depth), as this slope is representative of the regeneration ratio of biogenic particles (Lane
et al., 2009. The dCd/PQ seanater'Was estimated from the average of spot concentration ratios from the-sur
face mixed layer (typically 0-50 m in depth). ThEF(dCd) in this study varied from 0.7 at northern sta
tions to >10 at stations to the south of 10°N and around JdFR. It averaged to 9.2 + 13.1 (Figayewhich is
much higher and more scattered than the reported value of 1.8 £ 1.0 in the North Pacific (Quay et2015.

The FFwas 1.4 + 0.7 for stations (BD7-BD16 from GP02, TR13-TR16 from GP18, and ST12-ST14 from KH-
05-2) located in NPSAG, a HNLC region, and the average;ROncentration in the surface mixed layer was
1.0 £ 0.3 mol/kg. In contrast, the FF was 17 + 15 with a maximum of 45 for stations outside the NPSAG,
where the average PQconcentration in the surface mixed layer was 0.2 + 0.2 mol/kg. These results indi
cate that the preferential uptake of dCd is insignificant in the NPSAG. This is inconsistent with previous
observations (Cullen2006 Quay et al., 2015 and calculation (Quay et al.2015 in other HNLC areas. This
may be attributed to the lower surface ratio of dCd/P &t the southern stations in this study excluding ST07
near the Hawaiian Islands. (FigureS4) and/or supply from continent to the northern stations.
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FF(dCd) Preformed nutrient concentrations have been used as tracers for water
masses due to their conservative nature (Sarmiento & Grub2006. Red

40 field et al. (1963 established the respiratory equation of the average phy

toplankton, determining that the ratio of dissolved Pto O, was 1:138.

As such, preformed phosphate (P£) was defined as per Equatioi (Em-

erson & Hedges2008 Kudo et al.,1996:

60°N

40°N

20°N

PO,’[umol/kg | = PO, - AOU/138 ©)

EQ

10 We used the slope of PQOversus AOU (apparent oxygen utilization) in
the upper 800 m instead of 138. The data in surface waters with AOU <
0 were excluded from the calculation. Assuming that the Redfield ratio
may be extended to dCd (Kudo et al1996, the preformed dCd (dC8
was defined as:

Ocean Data View

20°S S S S — S —— )]
140°E  160°E  180°E  160°W  140°W  120°W

Depth [m]
#6000

dCd’[ nmol/kg | =dCd — AOU x (a x b) 4)

5000

where data from the upper 800 m was used to determiaeand b, which

denote the slopes for the plots of dCd versus Pénd PQ versus AOU,

respectively. The dCYdata from the upper 800 m waters were generally

less than zero. Data of dCc 0 were excluded in the discussion. The

3000 plots of dCd versus PQ@ had a strong linear relationship with an inter
cept of zero (Figuresh).

{4000

Cd° [nmol/kg]

2000
dCd’[ nmol/kg | = 0.341 x PO, - 0.000

) (5)
r°=0.931,n =379

1000

The zero intercept indicates that the remineralization ratio of dCdPQ,°
was constant among water masses, while the slope of 0.341 was equal to
PO [umol/kg] the observed spot concentration ratio of dCd/PQn deep waters. The

linearity of Equation 5 also supports the dominant effect of water circula

Figure 6. (a) Horizontal distribution of the fractionation factor of dCd tion and biological processes on dCd distribution. Plots that deviate from

(FF), (b) preformed Cd (dC8 versus preformed phosphate (P‘@_p'm- the regression line are marked by a red circle in Figuib, representing

The point color shows depth. The red circle indicates data obtained from L

the JAFR. data from JdFR. This is likely due to the removal of CdS near the hydro
thermal vents of the JAFR (Zheng et al.,2017).

These findings discussed above suggest that the disappearance of the kink

in relationship between dCd and P@at stations to the north of 20°N, was
caused by a combination of the supply of dCd from the northern continents and the nonpreferential uptake
of dCd by phytoplankton in the NPSAG.

4.4. Effects of Water Circulation, Scavenging, and Remineralization on the Distribution of Cu,
Ni, and Zn

4.4.1. Water Circulation: dMs Versus Si(OH) 4

It has been proposed that the Southern Ocean is an important region influencing the global intermediate
and deep water distributions of dZn and Si(OH)(Ellwood, 2008 Vance et al.,2017 Wyatt et al.,2014.
However, the impact of the mechanisms arising from the Southern Ocean on the relationship between trace
metals and major nutrients in the North Pacific is unclear. The data from this study demonstrate that this
hypothesis alone cannot fully explain the relationship in the North Pacific as discussed below.

Studies on the relationship between dCu and Si(OlHh the ocean have commenced since the 1980s (Mon
teiro & Orren, 1985 Roshan & Wu,2015h Saager et al.1992, as shown in Figurelc. Table2 presents the
regression lines of waters in depth ranges of 0—1500 m and 1500 m-bottom from different ocean basins. The
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Table 2

Regression Lines for Cu vs. Si(@H)Waters of 0-1500 m and 1500 m—-Bottom

North Atlantic Ocean

South Atlantic Ocean Southern Ocean Indian Ocean South Pacific Ocean North Pacific Ocean

0-1500 m

ave

sd

ave sd ave sd ave sd ave sd ave sd

0.0129
0.911

Slope
Intercept
I.2

n

I+

0.012
0.171
670

I+

0.0011 0.0144 =+

0.0028 0.0121 =*
0.779 + 0.076 0.743 0.078 0.053
0.255 0.701 0.562
80 70 69

+
+

0.0010 0.0117 +*

0.770

0.001 0.0136 0.000
0.506 + 0.014
0.921

171

I+

0.0072 + 0.0002

0.786 + 0.030
0.850
160

I+
I+
+

1500 m—bottom

ave

sd

ave sd ave sd ave sd ave sd ave sd

0.037
0.780

Slope
Intercept
r2

n

I+

0.001
0.036
0.695
425

I+

0.019
0.763 =

I+

0.001 0.026 =  0.007
0.057 -0.625 + 0.800 -2.206 * 0.793
0.836 0.307 0.596

157 37 37

0.049 0.007

I+

0.043
-2.218

I+

0.004

0.587
0.274

248

-0.013 0.004
5311 % 0.617
0.056
201

I+

HL
HL
I+

dCu in a depth range of 0-1500 m in the Atlantic Ocean was weakly correlated with Si(QKF < 0.26),
while dCu in the Southern and Pacific Oceans was strongly correlated with Si(QKt} > 0.70). In contrast,
correlations in a depth range of 1500 m-bottom encompassed entirely different trends (Figlge a strong
correlation (r? > 0.69) in the Atlantic Ocean, and a weak correlationr{ = 0.31) in the Southern Ocean.
There was no significant correlation for waters >1500 m in depth in the North Pacific Ocean (Figuis
and Table2). The dCu versus Si(OH)plot in this study is shown in FigureS6a The data in a depth range of
20-1500 m contained two regression lines; the line for the northern stations had a lower slope and higher
intercept than its counterpart for the southern stations. The dCu in the deep North Pacific Ocean increased
independently with Si(OH), (Figure S69. This phenomenon is largely due to the redissolution of scavenged
dCu from particles and sediments (Takano et aR014. The stagnant deep-water circulation in the North
Pacific Ocean enhanced the accumulation of dCu compared with other oceans.

The relationship between dZn and Si(OH)in this study exhibited an upward curve with a kink at 84 mol/

kg of Si(OH), (Figure S6h. Kim et al. (2017, 2015 observed the same trend and attributed this kink to the
supply of intermediate waters with a high dZn/Si(OHj)ratio. Figure 1b shows that the data from deep wa
ters (>1500 m in depth) exhibited entirely different trends between the Southern and North Pacific Oceans.
In the dNi versus Si(OH) plot of this study, a convex trend was observed at stations to the south of 40°N
(Figure S69, indicating the effect of EqPIW and UCDW with a high dNi/Si(OH)ratio (Table S§. In con-
trast, data for stations to the north of 40°N exhibited linearity throughout the water column. There was no
linear relationship between dCd and Si(OH)(Figure S6d. These results indicate that water circulation or
the mechanism in the Southern Ocean cannot fully explain the relationship between dMs and Si(QH)
particularly for the deep waters in the North Pacific Ocean.

4.4.2. Scavenging and Remineralization: dMs/PO 4

Cu, Ni, and Zn are widely utilized as cofactors of enzymes (Twining & Bain@§13, and are incorporated
into the soft tissue of organisms in a similar manner to Cd. Ellwood and Hunte2@{00 have demonstrated
that only a small percentage of Zn is incorporated in diatom frustules, which may also apply to Ni and Cu.

NO; and PQ are mainly influenced by water circulation and biological processes, resulting in a strong rela
tionship with each other (FigureS3d TableS5. In waters deeper than 800 m, the dCd/PQatio decreased
by 4 + 3% when the AOU increased from 150 to 300 pmol/kg € 8.5 x 10° , Figure 7a). In contrast, dNi/
PO, dZn/PO,, and dCu/PQ, decreased by 21 + 3%, 21 + 4%, and 69 * 7%, respectively (Figiiesr/d.
The decrease in NgIPO,4 was 6 + 3%, which is comparable to that of dCd/ROThese results indicate that
scavenging, as an alternative sink, is important for Cu, Ni, and Zn. Otherwise, their ratios would not change
with AOU.
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Figure 7. Plots of dMs/PQ ratios versus AOU at depths > 800 m: (a) dCd/B®ersus AOU, (b) dNi/PQ versus AOU, (c) dZn/PQversus AOU, and (d) dCu/
PO, versus AOU. The point color indicates depth.

Figure 8 presents the vertical profiles of the dMs/PQspot concentration ratio, where the metal to phes
phorus ratio (M/P) range in phytoplankton is depicted using a gray shadow (Bruland et @991 Collier

& Edmond, 1984 Ho et al.,2007 Kuss & Kremling, 1999. Almost all dCd/PQ, data are within the range

of phytoplankton, indicating that the Redfield ratio concept is also applicable to Cd. However, the plots for
dNi, dCu, and dZn were largely outside the phytoplankton range. Tal#&lists the dMs/PQ ratios for each
water mass. In the upper 200 m, the dCd/PQ@atio was generally lower than the Cd/P ratio in phytoplank
ton at stations to the south of 40°N (Figur8a). Given that dCd had a residence time10 times shorter than
that of PQ, in the surface mixed layer (Tabl&7), it was possible that surface dCd/P{ecomes much lower
than that in phytoplankton. The dCd/PQ ratio was 0.34 + 0.02 nmol/umol © = 296) at a depth >800 m,
consistent with previously published data (Quay et al2015. Figure S7 shows the sectional distribution
of dM/PQ, in the waters of the upper 1000 m from the KH-05-2 cruise. The dCd/P@tio varied signifi
cantly and was substantially lower in the upper waters at stations south of 20°N; this again emphasizes the
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Figure 8. Vertical profiles of (a) dCd/PQ, (b) dNi/PO,, (c) dZn/PQ,, and (d) dCu/PQ. The gray shadows mark the range of the Ms/R@atio in phytoplankton
(Bruland et al., 1991, Collier & Edmond, 1984 Ho et al.,2007 Kuss & Kremling,1999.

preferential uptake of dCd. The dCd/P@ratio reached a maximum of 0.93 nmol/umol in surface waters
around 20-30°N, where PQis depleted and dCd is likely to be supplied from the Hawaiian Islands. An
additional high Cd/PQ, ratio was identified near the northern continental shelf and spread to20°N along
26.8 in the presence of intermediate waters (Figur84K); this distribution was similar to that of dCo
(Zheng et al.,2019.

Despite the similar residence times of dCu and R@n the surface mixed layer (Tabl&7), the dCu/PQ,
ratio was extremely high, reaching a maximum of 82 nmol/umol in surface waters around 20-30°N, sim
ilar to dCd/PO, (Figure S7h. The dCu/PQ ratio decreased sharply in subsurface waters to a minimum of
0.30 nmol/umol (Figure 8b) at depths from 150 to 800 m, signifying regeneration of Pé@nd the scavenging
of dCu. Then, the dCu/PQ ratio increased toward deeper waters, while many data points were outside
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Fe

Figure 9. Box plots ofEF for dFe, dCu, dNi, dZn, dCd, and major
nutrients at depths > 300 m in this study. The middle line of the box

Cu

Zn

Cd Si(OH), PO, NO; Pacific Ocean.

For stations at GP18 and GP02, the dZn/R@atio in surface waters was
low, between 0.15 and 1.2 nmol/umol, with the exception of 6.0 nmol/

represents the median; the top and bottom lines of the box represent the MMol at BD18 (Figuresd). These results suggest that the preferential up
upper and lower quartiles, respectively; and circles represent potential take of dZn by phytoplankton is ubiquitous in the subarctic North Pacific

outliers.

Ocean. The dZn/PQratio increased with depth, while the dCd/PQratio

was constant below 1000 m. This may suggest that reversible scaveng

ing has a greater influence on dZn than dCd. For details, the dZn/PO
ratio was 3.1 + 0.3 nmol/umol at a depth range of 600—-1500 m, which is significantly lower than that of
3.8 £ 0.2 nmol/umol below 3000 m. The low ratio in the intermediate depth may be attributed to the seav
enging of dZn (Little et al.,2013 Weber et al. 2018, and/or water mass mixing (Kim et al.2017. In addi-
tion, the ratio in deep water exceeds the range of the Zn/P ratio in phytoplankton, suggesting that additional
dZn was supplied via the redissolution from sinking particles and bottom sediments.

The abundance of IpCu in deep waters was also a result of scavenging (Fi@geThe IpCu/tdCu ratio was

0.12 + 0.05 6 = 227) in deep waters (>1500 m) of the North Pacific Ocean, exhibiting a smaller deviation

in deep waters than in the upper waters. Moreover, the IpCu/tdCu ratio was comparable to that of the scav
enged-type Mn and Co (0.2) (Zheng et al.2019. Cu was the only element among the four nutrient-type
metals whose Ip species were broadly detected in the North Pacific Ocean. The high percentage of [pCu may
be attributable to the adsorption of dCu onto particles, largely governed by surface complexation287).

The stability of the surface complexes exhibits a linear relationship with the first hydrolysis constant for
metal ions. As the four metal ions in this study form divalent cations and €uhas the highest first hydrol

ysis constant (Li,1981), Cu exhibited the highest IpM/tdM ratio and the strongest scavenging. In contrast,
Cd®* had the lowest first hydrolysis constant, resulting in reduced scavenging activity.

The scavenging of Ni has not yet been widely accepted. However, the residence time of dMs in oceans
around the world has been estimated to be 5,000 years for Cu (Boyle etl&i7,7), 10,000-30,000 years for Ni
(Cameron & Vance2014 Sclater et al. 1976, 18,000 years for Zn (Bewers & Yeat977), and 50,000 years

for Cd (Boyle et al.,1976 Bruland, 1980 (Table S7). In addition, the scavenging residence time was esti
mated to be 385 years for Cu, 15,850 years for Ni, and 177,800 years for Cd (Balistrieri 4998/1). In the
near-ridge environment, sedimentary Ni concentrations increased because of the scavenging of dNi from
seawater by Mn and Fe (oxyhydr)oxides (Costa et &018 Dunk & Mills, 2006 Metz et al.,1988. As such,

it is postulated that scavenging is an important factor for Ni, Cu and Zn in the North Pacific Ocean.

4.5. Systematics in Enrichment Factor

The enrichment factor EF) of dMs in seawater was proposed in our previous studies to clarify the sources
and sinks of dMs (Zheng & Sohrin2019 Zheng et al. 2019. It is expressed using
EF(dM) = (dM/dAL)  /(M/Al)

seawat upper crust (6)

where (M/AI) ypper crust FEPresents the mole ratio in the upper crust (Rudnick & Gaap03. Figure 9 presents
the box plots ofEF for dFe, dissolved nutrient-type metals, and major nutrients at depths >300 m. The
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median EF was 7.1 for dFe, 3.2 x ZGor dCu, 6.3 x 10 for dNi, 7.4 x 10 for dZn, 6.6 x 16 for dCd, 7.7 x 10

for Si(OH),, 7.1 x 16 for PQ,, and 3.5 x 16 for NOs. The dCd exhibited the highesEF among the four nu
trient-type metals; this was one order of magnitude lower than that of NQreflecting the lowest influence
of scavenging on dCd. Furthermore&sF(dFe) was the lowest among the five metals, as dFe was demonstrat
ed to be strongly affected by scavenging in the Pacific Ocean via field studies (Bruland efl&B4 John

et al., 2018 Landing & Bruland, 1987 Zheng & Sohrin,2019 and model studies (Tagliabue et al2019.
EF(dCu), EF(dNi), and EF(dZn) were of the same order of magnitude, which was two orders of magnitude
lower than EF(dCd) and three orders of magnitude higher tha&F(dFe). These results suggest that dCu,
dNi, and dZn have moderate interactions with particles.

The solubility of Ms may affect theEF(dMs). It has been observed that the solubility of the four metals
and Al from aerosols deposited on the sea surface differ significantly depending on various factors, such
as source of the aerosols (Chester et @993 and distance from the continent (Chester et al1993 Hsu
etal.,201Q Mahowald et al.,2018. However, the average solubility of the four metals and Al from East Chi
na Sea aerosols was within a factor of 20 (Hsu et 2010. Thus, solubility is not considered to significantly
influence the trend shown in Figure9.

This study demonstrates thaEF(dMs) may be a promising parameter that can be used to determine wheth
er an element is effectively scavenged through the water column, particularly below the surface mixed
layer. AsEF(dCu), EF(dNi), and EF(dZn) are comparable, we infer that dCu, dZn, and dNi are affected by
scavenging processes.

5. Conclusions

This study used samples collected during the GEOTRACES Japan cruises KH-05-2, KH-11-7 (GP18), and
KH-12-4 (GPO02) in the North Pacific Ocean to determine sectional dissolved Cd, Ni, Zn, Cu, and labile par
ticulate Cu distributions in the North Pacific Ocean. These data indicate that dCd is influenced by biological
processes and water circulation. Although this was also the case for dNi, dZn, and dCu, these metals were
affected by scavenging. The effects from scavenging of the four metals were detected due to the internal
formation of PDW in the North Pacific Ocean and its long residence time. Each metal had a unique-rela
tionship with the major nutrients, Si(OH), and PQ, and there were strong differences in the relationships
between dMs and nutrients from those reported in other oceans. The stoichiometry among dMs and major
nutrients, namely FF(dCd), preformed dCd, dMs/P@ concentration ratio, andEF(dMs), can enhance the
current understanding of the effect of internal cycles, scavenging, and redissolution on the distribution of
metals. As such, we conclude that, among the four metals, Cu was the most affected by scavenging, while
Cd was the least affected, and scavenging played a significant role on Ni and Zn distributions.

Data Availability Statement
The raw data are archived at PANGAEAh(tps://doi.org/10.1594/PANGAEA.93228)D
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