受賞記念論文

Determination of subnanomolar zinc and its
speciation in seawater with improved clean
sampling and analytical method
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Abstract

＊

(Vallee and Auld, 1990). In the ocean, vertical

Zn is an essential micronutrient for the

proﬁles of dissolved Zn are nutrient-like and are

bacteria and phytoplankton in the ocean since it

strongly correlated with those of Si (Bruland,

plays an important role in numerous enzyme

1980). However, (Ellwood and Hunter, 2000)

systems involved in various metabolic processes.

showed that only a few percent of the cellular

In most surface waters, natural organic ligands

Zn in diatoms is associated with their frustules.

strongly bind Zn and dominate the speciation of

The correlation between Zn and Si is therefore,

the total Zn pool. Organic complexation reduces

likely attributed to sinking rates of diatoms and

the fraction of free metal ion (Zn ) to a level as

the simultaneous release of both elements from

low as 1 pM, which could limit the growth of

diatoms packaged with other detrital materials

some phytoplankton species. Therefore, the

(Twining et al., 2014). A recent study has shown

study of Zn speciation is important for

that in deep waters of the South Atlantic, the

understanding biogeochemical cycling of Zn in

relationship between Zn and Si is due to the

the ocean. Nevertheless, biogeochemical cycles

movement of water masses (Wyatt et al., 2014).

2+

of Zn have not been fully revealed yet in the

In most surface waters, natural organic

ocean since determination of Zn in seawater is

ligands strongly bind Zn and dominate the

very diﬃcult because of contamination problems.

speciation of the total Zn pool. Organic

In this study, I have established a new reliable

complexation reduces the fraction of free metal

determination method and clean sampling

ion (Zn ) to a level as low as 1 pM (Bruland et

technique for subnanomolar level of Zn in

al., 1991; Ellwood and van den Berg, 2000).

seawater. Using these methods, vertical

Culture experiments have shown that a Zn

distributions of Zn and its speciation were

concentration of less than 1 pM limits the

investigated.

growth of some phytoplankton species (Brand et

2+

2+

al., 2003; Sunda and Huntsman, 1995; 1992).

1. Introduction

Therefore, the study of Zn speciation is

Zn is an essential micronutrient for the

important for understanding biogeochemical

bacteria and phytoplankton in the ocean since it

cycling of Zn in the ocean. In the open oceans,

plays an important role in numerous enzyme

studies of zinc complexation in surface water of

systems involved in various metabolic processes

the North Paciﬁc and North Atlantic reveal that

＊
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greater than 95% of zinc is complexed to organic

establish the clean technique not only for

ligands (Bruland, 1989; Donat and Bruland, 1990;

seawater sampling methods, but also a precise

Ellwood and van den Berg, 2000; Jakuba et al.,

determination method of picomolar level of Zn in

2012). In the marginal seas, although there are

seawater without any contamination using

few studies, relatively high total ligand

cathodic stripping voltammetry (CSV). I aimed

concentrations and relatively low conditional

to confirm and be certified the precise Zn

stability constants (KʼZnL, Zn ) reveal in the surface

determination by comparing with consensus

waters of the Black Sea (Muller et al., 2001) and

values of reference seawater samples, which

Bering Sea (Jakuba et al., 2012) compared with

was the ﬁrst attempt for CSV method.

2+

those in the open ocean. The main source of Zn

Using this improved analytical method, total

complexing ligands could be humic substances

dissolved Zn concentrations and chemical

(Campbell et al., 2002), phytoplankton and

speciation of Zn in the western North Pacific

bacteria-excreted organic substances (Bruland,

and its adjacent seas have been determined,

1989) and pore waters from estuarine marine

which were the first obtained data of whole

sediments (Skrabal et al., 2006). However, more

vertical profiles for total dissolved Zn and its

Zn speciation studies are needed to unravel

speciation at western North Pacific and its

sources and identities of Zn ligands.

adjacent seas. Using these data, the geochemical

The determination of trace concentrations of

processes of Zn in the ocean were investigated.

Zn in seawater is diﬃcult because of complicated
contamination problems (Fitzwater et al., 1982).

2. Analytical methods

The use of Zn is ubiquitous in the laboratory,

2‒1. Determination of total dissolved Zn in

and it is typically used as sacrificial anodes in

seawater using cathodic stripping

equipment deployed in seawater. Therefore, this

voltammetry

leads to severe contamination during the

Total dissolved Zn in seawater was

analytical and sampling processes of seawater.

determined using CSV (Kim et al., 2015); 757 VA

Clean seawater sampling methods using Go-Flo

Computrace (Metrohm) as the voltammetric

type (or external-spring Niskin type) samplers

system. The reference electrode was Ag/

have been well-described in the GEOTRACES

saturated AgCl, 3 M KCl, the counter electrode

sampling and sample handling protocols (Cutter

was made of glassy carbon, and the working

et al. 2010). However, although these protocols

electrode was a hanging mercury drop electrode

are well established, it is still possible that Zn in

(HMDE).

the seawater samples can be contaminated

To decompose interfering dissolved organic

during research cruises, and a recent study

matter (DOM) and metal-complexing organic

pointed out that seawater samples for Zn at

ligands, which occur naturally in seawater (van

shallower depths could be affected by

den Berg, 1985), a UV irradiation system was

contamination from sources such as paint or the

used(Kim et al., 2015). Following UV-irradiation,

sacrificial Zn anodes of the research vessels

10 mL of an acidiﬁed sample was added into a

(Cutter and Bruland, 2012).

Teflon

The major focus of this study was to

cell

with

ammonium

1-

pyrrolidinedithiocarbamate (APDC) and buffer
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2‒3. Procedural blank value, detection limit, and

solution (PIPES), and the pH values of the

reference seawater for Zn analysis

samples were then adjusted to 7.0 by the
ammonia solution. After addition of the ammonia

Zn-removed seawater was prepared by

solution, analysis of the seawater samples was

passing it through the chelating resin column.

immediately conducted. In the Teflon cell, Zn

To conﬁrm whether Zn in the original seawater

was complexed with APDC (Zn-PDC) and

(432

absorbed onto the hanging mercury drop

the seawater was passed once again through the

electrode (HMDE). The potential of the electrode

column. In this case, the Zn concentration was

was scanned in the negative direction. The

calculated as 77

reduction current peak of Zn

consistent with the Zn concentration (75

2+

in the adsorbed

18 pM (n = 2)) was removed thoroughly,

9 pM (n = 2), which is
9 pM

Zn-PDC complexes was seen to occur at around

(n = 7)) of the seawater passed through the

-1.1 V. Concentrations of Zn in seawater were

column once, and indicates that Zn in seawater

then calibrated using a standard addition method

could be thoroughly removed by passing through

(Lohan et al., 2002).

the column once only (Fig. 1). To investigate
what caused the procedural blank value, Zn-

2‒2. Procedure for preparing Zn-free seawater

removed seawater was analyzed with double

To obtain a procedural blank value for Zn

additions of reagents and buffer. However, no

analysis, surface seawater was passed through a

differences were observed for the procedural

chelating resin column (NOBIAS CHELATE-

blank values. Furthermore, when Zn-removed

PA1, Hitachi High-Tec). This procedure was

seawater was analyzed at different deposition

processed in a class-1000 clean room. At the

times (60‒360 s) with -0.6 V deposition potential,

beginning of the procedure, the chelating resin

almost identical reduction currents were

column was rinsed by 0.1 mol/L HCl and MQW.

obtained. Therefore, it was considered that the

The seawater was then passed through the

procedural blank value was not caused by any

chelating resin column where Zn was captured.

remaining Zn in the “Zn-removed” seawater.

Zn-removed seawater was stored into a Teﬂon
beaker and acidiﬁed to pH < 1.8 with ultra-pure
HCl (Tamapure AA-100, Tama Chemicals). After
acidiﬁcation, this Zn-removed seawater was UVdigested under a UV lamp over 2 h, and left in a
class-1000 clean room overnight to eliminate the
remaining oxidized species (e.g., bromine and
chlorine). Thereafter, any Zn present in the Znremoved seawater sample was determined. The
deposition potential was set at -0.3 V, and the
deposition time was 360 s.
Fig. 1. Zn concentrations of surface seawater and
those passed through the chelating resin
column. Error bars represent the standard
deviations between measurements.
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2‒4. Zn speciation analysis

Based on the results, the procedual blank
value was calculated as 75

9 pM (n = 7) by

Zn speciation was determined through

taking measurements for the Zn-removed

titration by using competitive ligand

seawater obtained by passing seawater through

equilibrium/adsorptive cathodic stripping

the chelating resin column once. Total dissolved

voltammetry (CLE-ACSV) (Donat and Bruland,

Zn concentrations in seawater samples were

1990; van den Berg, 1985), which uses a

determined by subtracting the obtained blank

competitive equilibrium between Zn-complexing

value from total measured values. The detection

ligands naturally present in the sample and a

limit (calculated as three times the standard

competing

deviation of measurements of blank values for

1-pyrrolidinedithiocarbamate; APDC). Briefly, a

puriﬁed seawater) was 28 pM.

ligand titration consisting of 9 Teflon vials

ligand

(ammonium

As a check on the CSV method and to

(Savillex) was set up. In each vial, 10 mL of the

compare to other laboratories, I determined Zn

seawater sample, 4 mM of borate buﬀer and a

concentrations in SAFe samples S (SAFe

known concentration of Zn (0‒9 nM) were added.

Intercalibration North Pacific 2004, surface

The ﬁrst two vials were not spiked with Zn and

seawater), D1 and D2 (SAFe Intercalibration

were used as replicates for the starting point of

North Pacific 2004; 1000 m), GS (GEOTRACES

the titration. After 2 h, 25 µM of APDC was

Intercalibration North Atlantic BATS 2008;

added to each vial. At this APDC concentration,

surface seawater), and GD (GEOTRACES

the detection window of the method is

Intercalibration North Atlantic BATS 2008;

approximately from KʼZnL, Zn = 10 to 10 for a CL

2000m) (Table 1). The results using CSV are

of 1 nM, where KʼZnL, Zn is the conditional stability

considered to be in good agreement with those

constant of the Zn complex with respect to Zn

from other laboratories that used several other

in seawater and CL is the total ligand

analytical methods such as AAS, ICP-MS and

concentration, respectively. The APDC was

FIA-FL (http://www.geotraces.org/science/

allowed to equilibrate for 12 h. The samples

intercalibration/322-standards-and-reference-

were then transferred to a Teflon cell for the

materials).

measurement.

2+

Samples

2+

GS
GD
SAFe S
SAFe D1
SAFe D2

3. Clean seawater sampling
3‒1. Sample collection and storage

Total zinc (nmol/kg)

Bottle No.

This study

62

0.034 ± < 0.001

157

0.045 ± 0.003

39

1.67 ± 0.07

142

1.66 ± 0.14

557

0.060 ± 0.004

227

0.073 ± 0.005

534

7.21 ± 0.13

535

7.43 ± 0.13

249

7.29 ± 0.39

445

7.43 ± 0.27

12

2+

Table 1. Dissolved Zn concentrations of the
intercalibration.
Intercalibration

7

Seawater samples were collected in the

Consensus value

subtropical North and South Pacific during the

0.041 ± 0.007

KH-11‒10 cruise of R/V Hakuho-maru (from
1.71 ± 0.12

December 2011 to January 2012, Stn. 2 and
Stn.15) and in the subarctic North Paciﬁc during

0.069 ± 0.010

the KH-12‒4 cruise of R/V Hakuho-maru (from
August to October 2012, stations BD-7, BD-11

7.40 ± 0.35

and BD-17). The stations are shown in Fig. 2.

7.43 ± 0.25

Seawater samples were collected using Teflon-

20
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Fig. 2. Location of sampling stations. Seawater samples for subtropical North and South Paciﬁc (Stn.2 and Stn.15,
circle) were collected as part of KH-11‒10 R/V Hakuho-maru cruise (Dec 2011-Jan 2012). In the subarctic
North Paciﬁc (BD-7, BD-11 and BD-17, diamond), samples were collected as part of GEOTRACES GP 02
cruise (KH-12‒4 R/V Hakuho-maru cruise, Aug-Oct 2012).

coated Niskin-X samplers (General Oceanics),

To compare the performance of trace metal

and all the sampling bottles used were cleaned

clean sampling methods, seawater samples were

according to procedures detailed in the

collected using three diﬀerent sampling methods,

GEOTRACES sample handling protocols (Cutter

in which Niskin-X samplers were: (1) deployed

et al. 2010). The O-rings inside the Niskin

on a conductivity-temperature-depth carousel

samplers and the spigots were replaced with

multi-sampling system (CTD-CMS, SBE-911plus

Viton and Teflon ones, respectively. Niskin-X

and SBE-32 water sampler, Sea Bird Electronics,

samplers were cleaned using 1% alkaline

Inc.) with Zn on the sacrificial anode replaced

surfactant (Extran MA01), 0.1 M HCl (Special

with Al to avoid the possibility of Zn

Grade, Wako Pure Chemical Industries) and

contamination from the frame; (2) attached bottle

Millipore Milli-Q water (MQW).

by bottle to a Kevlar wire (6 mm diameter,

Fig. 3. Sampling positions where sampling method were examined.
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Hikari-kogyo); and (3) attached bottle by bottle to

samples were ﬁltered using an acid-cleaned 0.2

a Ti wire equipped in R/V Hakuho-maru. The

µm Acropak ﬁlter cartridge (PALL Co.) that was

acid-cleaned Niskin-X samplers attached to both

directly connected to the Niskin-X Teﬂon spigot,

wires were closed with Teflon messengers. In

and the filtered samples were stored in acid-

this study, seawater sampling using CTD-CMS

cleaned 500 mL low-density polyethylene (LDPE)

and Ti wire hydrocasts were performed on the

bottles (Nalgene Co., Ltd) after rinsing more than

starboard side, while sampling using Kevlar wire

three times using filtered seawater. The

hydrocasts took place off the stern of the

seawater samples were subsequently acidiﬁed to

research vessel (Fig. 3).

achieve a pH < 1.8 by adding ultra-pure HCl

For sub-sampling, the Niskin-X samplers

(Tamapure AA-100), and were then stored.

were detached from the CTD-CMS frame or the
3‒2. Operational conditions of sampling for trace

Kevlar wire or the Ti wire, and carefully moved

Zn in seawater

into a clean space (filled with air which was
passed through an HEPA ﬁlter) in the onboard

When seawater sampling was performed on

laboratory of the research vessel. Seawater

the starboard side of the R/V Hakuho-maru, Zn

Fig. 4. (A, B, C) Comparison of dissolved Zn (Stn. 15 and BD-7) and Fe (BD-7) concentrations in seawater collected
using Niskin-X samplers deployed onto Kevlar wire hydrocasts and CTD-CMS. (D, E) Comparison of
dissolved Zn (BD-11 and BD-17) concentrations in seawater collected with three diﬀerent sampling methods,
Niskin-X samplers deployed onto titanium wire hydrocasts, Kevlar wire hydrocasts and CTD-CMS. Error
bars on the Zn proﬁles represent the standard deviations between triplicate measurements.
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concentrations in samples collected by CTD-

it is considered possible that some could remain

CMS were found to be always consistent with

inside the samplers up to a depth of 400 m.

those obtained by Ti wire hydrocasts (at Stn. 2,

Although contamination sources of Zn exist on

BD-11, and BD-17, Fig. 4‒D and ‒E). Such

the research vessel, I succeeded in minimizing

consistency indicates that by performing water

the inﬂuence of the Zn sacriﬁcial anode during

sampling on the starboard side of the R/V

sampling by halting the propellers (Fig. 4‒D and

Hakuho-maru (Fig. 3), contamination from the

‒E). Our examination showed that a severe

research vessel was suppressed to an

contamination problem did not occur for Fe (Fig.

undetectable concentration level of Zn in

4‒C). Therefore, to avoid Zn contamination

seawater. Dissolved Zn concentrations in

during sampling, it is necessary not only to

samples with Kevlar wire hydrocasts obtained

understand the structure of the research vessel,

from the stern of the research vessel were

(e.g., the locations of Zn sacriﬁcial anodes), but to

higher than those in the samples obtained with

also examine the operational conditions of

CTD-CMS from the surface to a depth of 200 m

sampling.

(Fig. 4‒A and ‒B) at the usual conditions, and
this was attributed to the cooling system used

4. Distribution and speciation of dissolved

for propellers and to the Zn sacriﬁcial anode of

zinc in the western North Paciﬁc and its

the research vessel. Seawater samples were

adjacent seas
4‒1. Sample collection and storage

collected using Niskin-X samplers opened
onboard the research vessel. As Zn-contaminated

Seawater samples were collected in the

seawater enters the sampler near the propellers,

western subarctic North Paciﬁc, Sea of Okhotsk

Fig. 5. Location of sampling stations in the subtropical North Paciﬁc (Stn. 2, red), subarctic North Paciﬁc (CR-27,
BD-7 and BD-11, blue), Sea of Okhotsk (CR-30, green) and Sea of Japan (CR-47, black). Schematic illustration
of the near-surface current is described based on Yasuda (2003).
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and Sea of Japan (East Sea) during R/V Hakuho-

These values are clearly lower than those in the

maru research cruises KH-10‒2 (in June and July

subarctic North Paciﬁc (CR-27, 1.9‒7.5 nM), Sea

2010, at stations CR-27, CR-30 and CR-47) and R/

of Okhotsk (CR-30, 1.0‒2.7 nM) and Sea of Japan

V Hakuho-maru research cruise KH-12‒4 (from

(CR-47, 0.9‒6.0 nM). In the Sea of Okhotsk (CR-

August to October 2012, at stations BD-7 and

30), the total dissolved Zn concentration in the

BD-11). Additional samples were collected in the

surface exceeded 2 nM, higher than those in the

western subtropical North Paciﬁc (in December

North Pacific. This result may indicate that

2011, at Stn. 2) during R/V Hakuho-maru

there are additional sources of Zn in the Sea of

research cruise KH-11‒10. Locations of the

Okhotsk.

sampling stations are indicated in Fig. 5.
Seawater samples for total dissolved Zn are

4‒3. Probable sources of Zn complexing ligands

described above. The filtered samples for Zn

The log KʼZnL, Zn of natural organic ligands in

speciation analysis were frozen immediately

the shallow waters of the subtropical and

after collection and kept frozen until just before

subarctic North Paciﬁc were observed to range

analysis.

from 9.5 to 10.8 and from 9.7 to 10.2, respectively.

2+

Total ligand concentrations in the North Paciﬁc
4‒2. Total dissolved Zn in the western North

ranged from 0.2 to 1.2 nM, which is slightly

Paciﬁc and its adjacent seas

lower than in previous studies in the open ocean.

Total dissolved Zn proﬁles are nutrient type

In the marginal seas, total ligand concentrations

at all stations in this study (Fig. 6), which is

were found to increase in the Sea of Okhotsk (2.6

consistent with previous studies in the North

nM) and Sea of Japan (1.3 nM) for each 20 m

Paciﬁc (Bruland, 1980; Bruland et al., 1979; 1978;

depth. Although there are few data, total ligand

1994; Cutter and Bruland, 2012; Lohan et al.,

concentrations near surface in the marginal seas

2002). In the subtropical North Pacific (Stn. 2),

might be higher than those in the open ocean.

total dissolved Zn concentrations in the shallow

Fig. 7 shows the relationship between Chl

waters (6‒198 m) ranged from 0.1 to 0.2 nM.

and the total ligand concentrations (CL) obtained
in this study. Those relationships have been
divided into three groups: (1) relatively low
values of both Chl

and C L in the western

subtropical North Pacfic (Stn. 2), (2) relatively
high values of Chl

and C L in the western

subarctic North Paciﬁc (BD-7 and BD-11), and (3)
low Chl

and high CL that can be observed in

the marginal seas (CR-30 and CR-47) (Fig. 7).
In the western North Pacific (Stn. 2, BD-7
and BD-11), total ligand concentrations are

Fig. 6. Vertical distributions of total dissolved Zn and
Si obtained in the subtropical North Pacific
(Stn. 2, red), subarctic North Pacific (CR-27,
blue), Sea of Okhotsk (CR-30, green) and Sea of
Japan (CR-47, black).

positively correlated with Chl

concentrations

(R = 0.814). An earlier study by Bruland (1989)
2

suggested that Zn complexing ligands might be

24
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Fig. 7. Comparison of Chl

and total ligand concentrations.

derived from bacteria and phytoplankton in the

Therefore, humic substances from fresh water

central subtropical North Pacific. In high

might be a source of Zn complexed ligands in

productivity regions, organic substances

the Sea of Okhotsk. In the Sea of Japan (CR-47),

excreted by abundant phytoplankton and

Zn complexing ligands are also high compared

bacteria are possibly the main source of Zn

with those of the open ocean. The Tsushima

ligands in the surface water of the open ocean.

Warm Current from the East China Sea has a

In the marginal sea regions (Sea of Okhotsk

large impact on surface circulation in the Sea of

(CR-30) and Sea of Japan (CR-47)), relatively high

Japan (Guo et al., 2006), which could affect the

concentrations of the ligands exist in low-Chl

presence of Zn complexing ligands in the Sea of

waters (Fig. 7). The high total ligand

Japan. Since I obtained few data from the

concentrations in the Sea of Okhotsk and Sea of

marginal seas, I will need more detailed data to

Japan accompanied by low-Chl

identify the source of the ligands.

contents might

suggest different sources of Zn complexing

5. Conclusions

ligands. The Sea of Okhotsk is affected by
discharge from the Amur River, where large

Zinc is known as an essential micronutrient

volumes of humic substances are carried

for bacteria and phytoplankton in the ocean. It

(Nakatsuka et al., 2004). Furthermore, the lower

was suggested that Zn availability is an

surface salinity in the Sea of Okhotsk found in

important selective force acting on

this study (32.7, 20 m) indicates that surface

phytoplankton and ultimately affecting the

water is affected by fresh water discharge.

structure of phytoplankton communities.
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However, this bioavailability is still under debate.

References

Because of the low concentration of Zn in the

Brand, L.E., Sunda, W.G., Guillard, R.R.L., 2003.

surface water and complicated contamination

Limitation of marine phytoplankton

problems, precise determination of dissolved Zn

reproductive rates by zinc, manganese, and

in the seawater has been a big challenge.

iron. Limnology and Oceanography 28, 1182‒

Therefore, to understand biogeochemical cycles

1198. doi:10.4319/lo.1983.28.6.1182

of Zn in the ocean, it is necessary to improve not

Bruland, K.W., 1989. Complexation of zinc by

only analytical method, but also clean seawater

natural organic ligands in the central North

sampling technique.

Pacific. Limnology and Oceanography 34,

In this study, I established a precise

269‒285.

determination method for picomolar level of Zn

Bruland, K.W., 1980. Oceanographic distributions

in seawater without any contamination using

of cadmium, zinc, nickel, and copper in the

cathodic stripping voltammetry (CSV). The

North Paciﬁc. Earth and Planetary Science

results of this intercalibration are in good

Letters 47, 176‒198. doi:10.1016/0012-

agreement with the results from other labs,

821X(80)90035‒7

which was the first certified data for Zn using

Bruland, K.W., Donat, J.R., Hutchins, D.A., 1991.

CSV method. Furthermore, I clariﬁed the cause

Interactive influences of bioactive trace

of contamination during the seawater sampling

metals on biological production in oceanic

by Kevlar wire hydrocasts on oboard R/V

waters. Limnology and Oceanography 36,

Hakuho-maru and confirmed that using a

1555‒1577.

conductivity-temperature-depth carousel multi-

Bruland, K.W., Franks, R.P., Knauer, G.A., Martin,

sampling system (CTD-CMS) connected with the

J.H., 1979. Sampling and analytical methods

Ti-armoured cable of R/V Hakuho-maru is

for the determination of copper, cadmium,

appropriate for clean seawater sampling for Zn

zinc, and nickel at the nanogram per liter

analysis.

level in sea water. Analytica Chimica Acta

Using these established methods, I have

105, 233‒245. doi:10.1016/S0003‒2670(01)

investigated total dissolved Zn concentrations

83754-5

and Zn speciation in the western subtropical and

Bruland, K.W., Knauer, G.A., Martin, J.H., 1978.

subarctic North Paciﬁc and marginal seas. Both

Zinc in north-east Paciﬁc water. Nature 271,

the subtropical and subarctic North Pacific

741‒743. doi:10.1038/271741a0

showed a positive relationship between total
ligand concentrations and Chl

Bruland, K.W., Orians, K.J., Cowen, J.P., 1994.

, but the data

Reactive trace metals in the stratified

from the Sea of Okhotsk and Sea of Japan were

central North Pacific. Geochimica et

found to significantly deviate from the North

Cosmochimica Acta 58, 3171‒3182. doi:10.

Pacific relationship. The data suggests that Zn

1016/0016-7037(94)90044-2

complexing ligands in the North Paciﬁc might be

Campbell, P.G.C., Errécalde, O., Fortin, C., Hiriart-

derived from bacteria and phytoplankton,

Baer, V.P., Vigneault, B., 2002. Metal

whereas there are diﬀerent sources in the Sea of

bioavailability to phytoplankton̶

Okhotsk and Sea of Japan.

applicability of the biotic ligand model.

26

海洋化学研究

第 32 巻第 1 号

平成 31 年 4 月

Comparative Biochemistry and Physiology

Sampling and onboard analytical methods

Part C: Toxicology & Pharmacology 133,

for determining subnanomolar

189‒206. doi:10.1016/S1532-0456(02)00104-7

concentrations of zinc in seawater.

Cutter, G.A., Bruland, K.W., 2012. Rapid and

Limnology and Oceanography: Methods 13,

noncontaminating sampling system for trace

30‒39. doi:10.1002/lom3.10004

elements in global ocean surveys. Limnology

Lohan, M.C., Statham, P.J., Crawford, D.W., 2002.

and Oceanography: Methods 10, 425‒436.

Total dissolved zinc in the upper water

doi:10.4319/lom.2012.10.425

column of the subarctic North East Paciﬁc.

Donat, J.R., Bruland, K.W., 1990. A comparison of

Deep Sea Research Part II: Topical Studies

two voltammetric techniques for

in Oceanography 49, 5793‒5808. doi:10.1016/

determining zinc speciation in Northeast

S0967-0645(02)00215-1

Paciﬁc Ocean waters. Marine Chemistry 28,

Muller, F.L.L., Gulin, S.B., Kalvøy, Å., 2001.

301‒323. doi:10.1016/0304-4203(90)90050-M

Chemical speciation of copper and zinc in

Ellwood, M.J., Hunter, K.A., 2000. The

surface waters of the western Black Sea.

incorporation of zinc and iron into the

Marine Chemistry 76, 233‒251. doi:10.1016/

frustule of the marine diatom

S0304-4203(01)00060-3

. Limnology and Oceanography

Nakatsuka, T., Toda, M., Kawamura, K.,

45, 1517‒1524. doi:10.4319/lo.2000.45.7.1517

Wakatsuchi, M., 2004. Dissolved and

Ellwood, M.J., van den Berg, C.M.G., 2000. Zinc

particulate organic carbon in the Sea of

speciation in the Northeastern Atlantic

Okhotsk: Transport from continental shelf

Ocean. Marine Chemistry 68, 295‒306.

to ocean interior. Journal of Geophysical

doi:10.1016/S0304-4203(99)00085-7

Research: Oceans 109, C09S14. doi:10.1029/

Fitzwater, S.E., Knauer, G.A., Martin, J.H., 1982.

2003JC001909

Metal contamination and its effect on

Skrabal, S.A., Lieseke, K.L., Kieber, R.J., 2006.

primary production measurements.

Dissolved zinc and zinc-complexing ligands

Limnology and Oceanography 27, 544‒551.

in an organic-rich estuary: Benthic fluxes

Guo, X., Miyazawa, Y., Yamagata, T., 2006. The

and comparison with copper speciation.

Kuroshio Onshore Intrusion along the Shelf

Marine Chemistry 100, 108‒123. doi:10.1016/

Break of the East China Sea: The Origin of

j.marchem.2005.12.004

the Tsushima Warm Current. Journal of

Sunda, W.G., Huntsman, S.A., 1995. Cobalt and

Physical Oceanography 36, 2205‒2231.

zinc interreplacement in marine

doi:10.1175/JPO2976.1

phytoplankton: Biological and geochemical

Jakuba, R.W., Saito, M.A., Moffett, J.W., Xu, Y.,

implications. Limnology and Oceanography

2012. Dissolved zinc in the subarctic North

40, 1404‒1417.

Pacific and Bering Sea: Its distribution,

Sunda, W.G., Huntsman, S.A., 1992. Feedback

speciation, and importance to primary

interactions between zinc and phytoplankton

producers. Global Biogeochemical Cycles 26,

in seawater. Limnology and Oceanography

GB2015. doi:10.1029/2010GB004004

37, 25‒40.

Kim, T., Obata, H., Gamo, T., Nishioka, J., 2015.

Transactions of The Research Institute of
Oceanochemistry Vol. 32 No. 1, Apr., 2019

Twining, B.S., Nodder, S.D., King, A.L., Hutchins,

27

D.A., LeCleir, G.R., DeBruyn, J.M., Maas,

zinc complexing capacity in seawater by

E.W., Vogt, S., Wilhelm, S.W., Boyd, P.W.,

cathodic stripping voltammetry of zinc̶

2014. Differential remineralization of major

APDC complex ions. Marine Chemistry 16,

and trace elements in sinking diatoms.

121‒130. doi:10.1016/0304-4203(85)90017-9

Limnology and Oceanography 59, 689‒704.

Wyatt, N.J., Milne, A., Woodward, E.M.S., Rees,

doi:10.4319/lo.2014.59.3.0689

A.P., Browning, T.J., Bouman, H.A., Worsfold,

Vallee, B.L., Auld, D.S., 1990. Zinc coordination,

P.J., Lohan, M.C., 2014. Biogeochemical

function, and structure of zinc enzymes and

cycling of dissolved zinc along the

other proteins. Biochemistry 29, 5647‒5659.

GEOTRACES South Atlantic transect GA10

doi:10.1021/bi00476a001

at 40 S. Global Biogeochemical Cycles 28,

van den Berg, C.M.G., 1985. Determination of the

44‒56. doi:10.1002/2013GB004637

28

海洋化学研究

第 32 巻第 1 号

平成 31 年 4 月

