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Abstract Although zirconium (Zr), niobium (Nb), hafnium (Hf), and tantalum (Ta) in seawater are potential tracers for
water masses, their determination is still a challenge in analytical chemistry. We have refined our preconcentration
method using 8-hydroxyquinoline chelating resin (TSK-8HQ) and reinvestigated concentration profiles of the four
elements in dissolved (d) and total dissolvable (td) fractions at five different stations from 47 °N, 160 °E to 51 °N,
160 °W in the subarctic North Pacific Ocean. The new method has saved analytical time and reduced systematic
errors compared with previous methods. The concentration ranges were 30–276 pmol/kg for dZr, 1.0–2.6 pmol/kg
for dNb, 0.09–0.78 pmol/kg for dHf, and 0.006–0.026 pmol/kg for dTa in the subarctic North Pacific Ocean. The
concentrations of Zr and Hf increased from surface water to deep water, whereas those of Nb and Ta were nearly
constant over the water depth. The profiles of dZr, dNb, and dHf were consistent with those in previous studies.
However, we found that dTa is uniformly distributed at 0.015 ± 0.005 pmol/kg (mean ± sd, n = 75), which is
approximately one-fifth of that in a previous study. It is likely that the previous dTa data were affected by a
systematic error. Negligible differences between td and d fractions suggest that the particulate concentrations of
these elements are lower than those reported in a previous study.
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Introduction

Zirconium (Zr), niobium (Nb), hafnium (Hf), and tanta‐
lum (Ta) are known as high-field strength elements
(HFSE) as they form highly charged ions. The dissolved
(d) species exist as hydroxide complexes such as
Zr(OH)5

–, Nb(OH)6
–, Hf(OH)5

–, and Ta(OH)5 in seawater
(Byrne, 2002). The mole ratios of dZr/dHf and dNb/dTa
in the Pacific Ocean vary considerably with water
masses and are expected to be their tracers (Firdaus et
al., 2011). The determination of Zr, Nb, Hf, and Ta in
seawater is still a challenge in analytical chemistry. As
these elements are not stable in solution without HF,
their determination is easily affected by storage condi‐
tions and the choice of analytical methods. Table 1 sum‐

marizes the concentrations of dZr, dNb, dHf, and dTa in
the open ocean reported previously (Firdaus et al., 2011;
Firdaus et al., 2008; Firdaus et al., 2018; Godfrey et al.,
1996; Godfrey et al., 2009; McKelvey and Orians, 1993;
McKelvey and Orians, 1998; Poehle and Koschinsky,
2017; Rahlf et al., 2021; Rickli et al., 2009; Rickli et al.,
2014; Sohrin et al., 1998; Stichel et al., 2012; Sun and
Li, 2015; Tanaka et al., 2019). The concentrations of the
four elements in seawater are extremely low: 7–380
pmol/kg for dZr, 0.9–30 pmol/kg for dNb, 0.06–3.9
pmol/kg for dHf, and 0.002–7.2 pmol/kg for dTa. In par‐
ticular, the concentration of Ta in seawater is at least one
order of magnitude lower than that of other three ele‐
ments, which makes the analysis more difficult. The
determined maximum concentrations of dTa in the



Pacific varied 280-fold depending on the references.
The preconcentration methods using column extrac‐

tion with a chelating resin have been reported for the
determination of Zr, Nb, Hf, and Ta in seawater. To date
we have developed preconcentration methods of the four
elements using 8-hydroxyquinoline chelating resin
(TSK-8HQ) (Firdaus et al., 2007) and NOBIAS Chelate-
PA 1 resin with ethylenediaminetriacetic acid and imino‐
diacetic acid groups (Tanaka et al., 2019). The vertical
profiles of dZr, dNb, dHf, and dTa in the North Pacific
were investigated using these methods (Firdaus et al.,
2011; Tanaka et al., 2019). The profiles of dZr, dNb, and
dHf were similar between the two methods, whereas
those of dTa differed by a factor of five. In this study, we
refined the TSK-8HQ preconcentration method and ana‐
lyzed reference materials of seawater and river water.
The concentration profiles of the four elements in d and
total dissolvable (td) fractions were determined at five
stations from 47 °N, 160 °E to 51 °N, 160 °W in the sub‐
arctic North Pacific Ocean and compared to those of the
previous studies (Firdaus et al., 2011; Tanaka et al.,
2019) at cross over stations.

Materials and Methods

Materials and sampling
Deionized water (MQW) made using a Milli-Q Gradient-
A-10 system (Merck Millipore, USA) was used to pre‐
pare all solutions. Low-density polyethylene (LDPE)
bottles (Nalgene, USA) were used for the storage and
preparation of all solutions. The bottles were soaked
overnight in an alkaline detergent (5% Scat 20-X,
Nacalai Tesque, Japan), rinsed with tap water, soaked
overnight in 4 mol/kg HCl (reagent grade, FUJIFILM
Wako Pure Chemical, Japan), and rinsed using MQW.
Then, the bottles were filled with 5 mol/kg HF (Ultra‐
pur-100, Kanto Chemical, Japan), heated to ~80°C in a
microwave oven, left overnight, and rinsed thoroughly
using MQW. Standard solutions of Zr, Nb, Hf, and Ta
were prepared using 1000 mg/kg Inductively Coupled
Plasma (ICP) standard solutions (Merck Millipore). We
used a high concentration HF solution in a fume hood.

CASS-6 (National Research Council of Canada) is a
nearshore seawater reference material for trace metals,
which was collected from Halifax Harbour, Canada in
October 2014. NASS-7 (National Research Council of

Table 1. Concentration range of dZr, dNb, dHf, and dTa in the open ocean

Site
Zr Nb Hf Ta

References
[pmol/kg]

Atlantic Ocean
 47°N–50°N, 14°W–7°W 76–257 — 0.41–2.42 — Godfrey et al. (1996)
 22°N–45°N, 38°W–21°W 67–204 — 0.42–1.31 — Godfrey et al. (2009)
 56°S–54°N, 63°W–17°E — — 0.22–1.50 — Rickli et al. (2009)
 59°S–42°S, 64°W–9°E — — 0.13–0.70 — Stichel et al. (2012)
 12°S–29°N, 48°W–15°W 7–360 1.4–9.6 — — Poehle and Koschinsky (2017)
 22°N–30°N, 57°W–36°W 18–185 0.9–3.1 0.12–0.52 0.024–0.088 Firdaus et al. (2018)
 3°S, 0°E — — 0.2–1.1 — Rahlf et al. (2021)

Antarctic Ocean
 67°S, 173°W 39–132 1.6–2.9 0.08–0.27 0.019–0.077 Firdaus et al. (2011)
 66°S–69°S, 27°W–0°E — — 0.46–0.75 — Stichel et al. (2012)
 72°S–69°S, 164°W–122°W 96–348a — 0.23–1.12a — Rickli et al. (2014)

Indian Ocean
 6°N, 90°E 25–132 1.7–3.2 0.21–0.47 0.024–0.064 Firdaus et al. (2018)

Pacific Ocean
 16°N, 168°W 16–295 — — — McKelvey and Orians (1993)
 55°N, 145°W 25–366 — 0.20–1.02 — McKelvey and Orians (1998)
 45°N, 165°E 30–250 2.6–4.2 0.10–0.85 0.06–0.29 Sohrin et al. (1998)
 35°N–51°N, 155°E–165°E 31–275 4.0–7.2 0.14–0.95 0.08–0.29 Firdaus et al. (2008)
 59°S–50°N, 170°W–160°W 9–249 1.2–3.7 0.06–0.47 0.009–0.118 Firdaus et al. (2011)
 10°N, 154°W 203–380 15–30 2.2–3.9 4.4–7.2 Sun and Li (2015)
 47°N, 160°E 35–269 0.8–3.3 0.12–0.70 0.002–0.028 Tanaka et al. (2019)
 47°N–51°N, 171°E–160°W 30–276 1.0–2.6 0.09–0.78 0.006–0.026 This study

a Unfiltered seawater samples
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Canada) is a seawater reference material for trace metals,
which was collected off the continental shelf east of Hal‐
ifax in August 2014. SLRS-6 (National Research Coun‐
cil of Canada) is a river water reference material for trace
metals, which was collected at the City of Ottawa’s Bri‐
tannia Water Purification Plant. JSAC0301-3 (The Japan
Society for Analytical Chemistry) is a river water refer‐
ence material for trace metals, which was collected from
the Doshi River, Japan. All the reference materials were
added with HF (Ultrapur-100) to the concentration of 2
mmol/kg and stored for more than one month before pre‐
concentration. There are no certificated concentrations of
Zr, Nb, Hf, and Ta for the considered reference materials.

Seawater samples were collected from stations BD07,
BD09, BD11, BD14, and BD15 (Fig. 1) along the GEO‐
TRACES GP02 section (47 °N, 160 °E–129 °W) during
the research vessel Hakuho Maru cruise KH-12-4 in
August–September 2012. The T-S diagram is shown in
Supplementary Fig. 1. The Pacific Deep Water (PDW)
was present below 2000 m in depth. At station BD07, the
Dichothermal Water (DtW) was observed at approxi‐
mately 100 m depth. Sampling was conducted using a
clean sampling system (Sohrin and Bruland, 2011). HCl
(Ultrapur-100, Kanto Chemical) and HF (Ultrapur-100)
to concentrations of 10 mmol/kg and 2 mmol/kg, respec‐
tively were added to unfiltered samples for total dissolv‐
able metal (tdM) immediately after collection. Samples
for dissolved metal (dM) were filtered through an
AcroPak capsule filter (pore size: 0.8/0.2 μm) along with
the similar immediate addition of HCl and HF. These
seawater samples have been stored for about six years
until analysis. The difference between tdM and dM con‐
centration was defined as the concentration of labile par‐
ticulate metal (lpM).

Previously, we reported the vertical profiles of dZr,
dNb, dHf, and dTa at stations ST13 (50.005 °N, 159.983
°W) during the KH05-2 cruise in September 2005
(Firdaus et al., 2011) and BD07 (47.000 °N, 160.086 °E)

Fig. 1. Map showing the sampling station during the KH12-4
cruise (red circles) and the KH05-2 cruise (blue triangles). The
black lines represent surface currents.

during the KH12-4 in August 2012 (Tanaka et al., 2019).
The seawater samples at ST13 were collected using a
clean sampling system, filtered with a Nuclepore filter
(Pore size: 0.2 μm, Coaster, USA), and analyzed using
TSK-8HQ preconcentration method (Firdaus et al.,
2007). Filtered seawater samples from BD07 were ana‐
lyzed using NOBIAS Chelate-PA1 preconcentration
method (Tanaka et al., 2019), whereas unfiltered seawa‐
ter samples from BD07 were analyzed in this study. The
stations BD15 and ST13 are regarded as crossover sta‐
tions because of their proximity. Although the distance
between BD09 and BD07 was approximately 796 km,
vertical profiles of the four elements are compared at
these closest stations in discussion.

Analytical method
We have refined the analytical method using TSK-8HQ
for the determination of Zr, Nb, Hf, and Ta in seawater,
which was originally developed in our laboratory
(Firdaus et al., 2007). Optimization of conditions for pre‐
concentration, elution, evaporation, and redissolution
improved robustness of the analytical method. The
TSK-8HQ resin was synthesized similarly as in the pre‐
vious study (Firdaus et al., 2007; Nakagawa et al., 2008).
TSK-8HQ was synthesized by mixing 30 g MQW, 3.0 g
TOYOPEAL AF-Epoxy-650 (Tosoh Corp., Japan), and
6.0 g 5-amino-8-hydroxyquinoline dihydrochloride
(Tokyo Kasei Kogyo, Japan), adjusting the solution pH
to 11.5 using 10 mol/kg NaOH (reagent grade, FUJI‐
FILM Wako Pure Chemical), and shaking at 270 r/min,
at 60°C, for 12 h using a constant temperature incubator
shaker (TAITEC, Japan). The adsorption capacity of
TSK-8HQ for molybdenum (Mo) was measured through
batch extraction using a solution with 1 mmol/kg Mo at
pH = 2, which was 1.07 ± 0.06 mmol/g (mean ± sd, n =
2) being consistent with that of the previous study
(Nakagawa et al., 2008).

The TSK-8HQ resin (0.25 g) was packed in a solid-
phase extraction cartridge column type L (TOMOE
WORKS CO., LTD., Japan; Volume: 0.8 mL) (Fig. 2).
Two columns connected in series were used for the pre‐
concentration of Zr, Nb, Hf, and Ta. Prior to use, the col‐
umns were cleaned using 10 mL of 5 mol/kg HF at a
flow rate of 1.0 mL/min and 10 mL of MQW at 2.0
mL/min using a peristaltic pump (MP-3000 EYELA,
TOKYO RIKAKIKAI CO., LTD., Japan). The columns
were conditioned using 20 mL of 0.02 mol/kg
CH3COOH-NH3 buffer (pH 5.2 ± 0.2) at 1.0 mL/min.
Then, a 250 g seawater sample (pH 5.2 ± 0.2) was passed
through the columns at 0.5 mL/min, and 10 mL buffer
solution (pH 5.2 ± 0.2) was introduced at 1.0 mL/min to
remove the seawater matrix. The analyte metal ions were
eluted using 15 mL of 5 mol/kg HF that was flowed at
0.2 mL/min in the opposite direction of the sample load‐
ing. The eluate was collected in a LDPE bottle and
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evaporated to near dryness (~0.1 g solution) in a water
bath at 80°C for 4 h, using a semi-closed evaporation
system. The residue was redissolved in a 5 g mixture of 2
mmol/kg HF and 0.5 mol/kg HNO3, shaken at 270 r/min,
at 60°C, for 1 h. The exact preconcentration factor was
calculated on a weight basis. The concentrations of Zr,
Nb, Hf, and Ta in the redissolved solution were deter‐
mined using a high-resolution ICP mass spectrometer
(HR-ICP-MS) Element 2 (Thermo Fisher Scientific,
USA) equipped with an Apex HF Desolvating Nebulizer
(Elemental Scientific, USA) using a standard curve
method. Measured isotopes were 90Zr, 93Nb, 178Hf, and
181Ta.

Results

Verification of analytical method
The procedural blank was determined using MQW as a
sample (Table 2). The procedural blank for Zr, Nb, Hf,
and Ta was similar to that of the previous study (Firdaus
et al., 2007; Tanaka et al., 2019). The detection limit was
calculated as three times the standard deviation of the
procedural blank. For dTa, the procedural blank and
detection limit reached 40% of the mean concentration of
0.015 pmol/kg in the open ocean seawater in this study.
Thus, further reduction in the procedural blank of Ta is
desired in future work. The detection limit of lpM was
defined using the following equation considering the
propagation of uncertainty: 2 × 2 × E × Cmean, where E
represents a relative standard deviation (Zr: 0.05, Nb:

Fig. 2. Schematic diagram of (a) concentration system, (b)
elution system, and (c) semi-closed evaporation system.

0.1, Hf: 0.1, Ta: 0.2) and Cmean represents the mean con‐
centration of dM in this study (Zheng et al., 2019).

Seawater samples that were collected from different
depths in the Pacific Ocean were mixed to prepare two
aliquots of mixed seawater for the recovery experiments
of Zr, Nb, Hf, and Ta. The mixed seawater was spiked
with known concentrations (addition of 0.05–300
pmol/kg) of the four elements from pure standards. The
recoveries were calculated from the difference between
spiked and unspiked seawater samples. The mean recov‐
ery of Zr, Nb, Hf, and Ta was 95–101%, 99–101%, 97–
102%, and 100–107%, respectively (Table 3). The stand‐
ard deviation was less than 8%. These results indicate
that our method can preconcentrate the four elements
quantitatively. Elemental concentrations were reproduci‐
ble within 10% for Zr, Nb, and Hf and 20% for Ta (based
on 2 sd against the mean). In addition, the volume of elu‐
ent was 15 mL in this method and 60 mL in the NOBIAS
Chelate-PA1 method. As a result, the amount of reagent,
elution time, and evaporation time could be saved by
using the TSK-8HQ method.

Analysis of natural water reference materials
Table 4 summarizes the concentrations of dZr, dNb, dHf,
and dTa in natural water reference materials used in this
study and some previous studies (Babechuk et al., 2020;
Bayon et al., 2011; Firdaus et al., 2008; Firdaus et al.,
2007; Poehle et al., 2015; Raso et al., 2013; Sasmaz et
al., 2021; Sun and Li, 2015; Tanaka et al., 2019;
Yeghicheyan et al., 2019). The concentrations of dZr,
dNb, dHf, and dTa in CASS-6, NASS-7, and
JSAC0301-3 are reported for the first time in this study.
The concentrations of dZr, dNb, and dHf in CASS-6
were within the concentration ranges of CASS-3, 4, and
5. The concentration of dTa in CASS-6 was close to that
in CASS-5 reported in previous study (Tanaka et al.,

Table 2. Procedural blank and detection limit

Metal Unit Fraction
Procedural blank

Detection limit
n mean

Zr pmol/kg

td 11 1.6 4.3
d 30 2.0 2.6
lp — — 22

Nb pmol/kg

td 11 0.16 0.12
d 30 0.05 0.10
lp — — 0.56

Hf pmol/kg

td 11 0.02 0.06
d 30 0.03 0.05
lp — — 0.12

Ta pmol/kg

td 11 0.007 0.004
d 30 0.006 0.006
lp — — 0.009
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2019). The observed concentrations of dZr, dNb, and
dHf in NASS-7 were within the concentration ranges of
NASS-5 and 6. The concentration of dTa in NASS-7 was
close to that in NASS-6 reported in previous study
(Tanaka et al., 2019).

In river water, there were considerable variations in
the concentrations of four elements in SLRS-6. The con‐
centrations of dZr and dHf in SLRS-6 of this study are
similar to those reported for SLRS-4 (Bayon et al.,
2011). The dNb concentration in SLRS-6 observed in
this study was close to that reported for SLRS-3 (Firdaus
et al., 2008). The dTa concentration in SLRS-6 observed
in this study was in a range of concentrations reported
for SLRS-3 and 6 (Babechuk et al., 2020; Firdaus et al.,
2008). We found that the concentrations in Japanese river
water (JSAC0301-3) were 3–7% of those in the Ottawa
River water.

HF was added to natural water reference materials at 2

Table 3. Recovery from mixed seawater

Mixed seawater #1

Metal
Concentration [pmol/kg]a

Recovery [%]a

Added Found

Zr
0 78.2 ± 1.7

232 ± 4 314 ± 7 101 ± 4

Nb
0 3.11 ± 0.20

2.33 ± 0.04 5.44 ± 0.13 99 ± 5

Hf
0 0.34 ± 0.01

0.73 ± 0.01 1.09 ± 0.01 102 ± 2

Ta
0 0.046 ± 0.007

0.056 ± 0.001 0.103 ± 0.004 100 ± 8

a mean ± sd for four replicates

Mixed seawater #2

Metal
Concentration [pmol/kg]b

Recovery [%]b

Added Found

Zr

0 72.1 ± 3.2
156 ± 2 230 ± 2 101 ± 3
302 ± 6 361 ± 3 95 ± 2

Nb

0 2.50 ± 0.15
2.81 ± 0.04 5.34 ± 0.15 101 ± 4
5.42 ± 0.11 7.95 ± 0.03 99 ± 1

Hf

0 0.41 ± 0.03
0.65 ± 0.01 1.01 ± 0.01 101 ± 4
1.26 ± 0.03 1.66 ± 0.04 97 ± 2

Ta

0 0.041 ± 0.002
0.073 ± 0.001 0.116 ± 0.002 103 ± 3
0.141 ± 0.003 0.194 ± 0.003 107 ± 2

b mean ± sd for three replicates

mmol/kg and stored for more than one month before pre‐
concentration. To check the adsorption of four elements
on the wall of LDPE bottles of the reference materials,
empty bottles were rinsed with 15 mL 5 mol/kg HF by
shaking at 270 r/min, at 60°C, for 6 h. Then the metal
concentrations in the HF solution were determined. The
adsorption percentage of Zr, Nb, and Hf was less than
5% of the total amount, while that of Ta was 26 ± 9% (n
= 6, Supplementary Table 1). The results were consistent
with previous study (Tanaka et al., 2019) and suggested
that dTa was adsorbed on the wall of reference material
bottles before addition of HF. When 2 mM HF was
added immediately after sampling, the adsorption per‐
centage of Ta was less than 10% at least for about six
years.

Distributions of Zr, Nb, Hf, and Ta in the subarctic
North Pacific Ocean

Figure 3 shows the vertical profiles of dZr, dNb, dHf,
and dTa at stations BD09, BD11, BD14, and BD15.
Figure 4 shows full-depth sectional distributions of dZr,
dNb, dHf, and dTa from 47 °N, 171 °E to 51 °N, 160 °W.
The vertical profiles of each element were similar among
the four stations within a relative standard deviation.
Dissolved Zr concentration increased from 30 pmol/kg in
surface water to 276 pmol/kg in deep water. Dissolved
Hf concentration increased from 0.09 pmol/kg in surface
water to 0.78 pmol/kg in deep water. Dissolved Nb con‐
centration was 1.8 ± 0.2 pmol/kg (n = 44) in surface
water (<1000 m) and slightly increased to 2.2 ± 0.2
pmol/kg (n = 40) in deep water (>1000 m). Mean con‐
centration of dTa was 0.015 ± 0.005 pmol/kg (n = 75)
without any obvious trend with depth. Supplementary
Fig. 2 shows the full-depth sectional distributions of
tdZr, tdNb, tdHf, and tdTa at stations BD07, BD09,
BD11, BD14, and BD15. Supplementary Fig. 3 shows
the profiles of tdM/dM ratio of each element, and the dM
concentrations at BD07 were cited from the previous
study (Tanaka et al., 2019). The mean ratio was 0.99 ±
0.09 (n = 102) for tdZr/dZr, 1.02 ± 0.18 (n = 103) for
tdNb/dNb, 0.95 ± 0.19 (n = 89) for tdHf/dHf, and 0.96 ±
0.40 (n = 89) for tdTa/dTa. These results suggested that
the concentrations of tdZr, tdNb, tdHf, and tdTa were
almost similar to those of dZr, dNb, dHf, and dTa. The
lpMs were detected for less than 5% of all the samples.
Particularly, lpZr, lpNb, lpHf, and lpTa were detected in
the bottom water of BD15 (depth: 4853 m).

Discussion

Comparison of the concentrations of dZr, dNb,
dHf, and dTa at crossover stations

The results of the procedural blank, detection limit, and
analysis of reference materials suggested that the pro‐
posed method has sufficient accuracy and precision for
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the marine geochemical study of Zr, Nb, Hf, and Ta. The
comparison of vertical profiles at stations located at the
same position and occupied during different cruises
(crossover stations) is useful to investigate the quality of
oceanographic data.

The vertical profiles of dZr, dNb, dHf, and dTa in this
study (BD09 and BD15) were compared to those of the
previous studies (BD07 and ST13). The vertical profiles
of dZr were similar among the four stations, while those
of dNb, dHf, and dTa at ST13 showed the largest differ‐
ence from those at the other three stations (Fig. 5). For
dZr, the data at BD15 against ST13 showed strong line‐
arity with a regression line of slope (0.95), indicating
both the data are consistent (Supplementary Fig. 4). The
dHf data also showed a strong correlation with a slope of
1.27. However, the correlation was poor for dNb and
dTa. Although BD09 and BD07 were not necessarily
crossover stations, the regression lines for dZr and dHf
were close to the 1:1 line, indicating they were consistent
between the two stations (Supplementary Fig. 5). The
correlation is not strong for dNb and dTa. This is partly
because the concentrations of dNb and dTa were almost
uniform across the water depth. As an alternative, mean
concentrations of dNb and dTa were compared among
different stations (Supplementary Table 2). The mean

concentrations of dNb and dTa indicated consistency
between BD09 and BD07.

In conclusion, our new data are consistent with those
reported in our previous paper (Tanaka et al., 2019),
although different chelating resins were used. Previous
studies (Firdaus et al., 2011; Firdaus et al., 2008) were
potentially affected by systematic errors. Particularly, the
dTa concentrations in the previous study (Firdaus et al.,
2011) were five times higher than those in this study.
Although many reported concentration values of dZr,
dNb, dHf, and dTa in CASS and NASS are inconsistent,
the data from this study and Tanaka et al. (2019) exhibit
comparable results (Table 4). In contrast, dTa concentra‐
tion by Firdaus et al. (2007) is higher by one order of
magnitude than that by Tanaka et al. (2019) and this
study. These results suggest that there were systematic
errors in Firdaus et al. (2007), which resulted in higher
dTa concentration in ocean data.

Although the exact reason for the systematic error can‐
not be identified, a few possible reasons include (1) con‐
tamination during filtration. The filtration using
Nuclepore filters in the previous study may have caused
higher contamination than that using AcroPaK capsule
filters. In the case of the determination of dissolved lead
in seawater, a significantly high blank was detected in

Table 4. Concentrations (mean ± sd) of dZr, dNb, dHf, and dTa in natural water reference materials

Sample n
Zr Nb Hf Ta

Notes
[pmol/kg]

Seawater

 CASS-3 1 90 6.7 0.49 0.21 Firdaus et al. (2008)

 CASS-4 3 271 ± 4 — 1.9 ± 0.2 — Bayon et al. (2011)

 CASS-5
9 407 ± 69 20 ± 6 5 ± 1 11 ± 7 Sun and Li (2015)
2 218 ± 6 4.0 ± 0.3 1.49 ± 0.04 0.022 ± 0.002 Tanaka et al. (2019)

 CASS-6 2 280 ± 3 5.2 ± 0.04 1.67 ± 0.02 0.022 ± 0.001 This study

 NASS-5
2 183 ± 9 7.8 ± 0.9 1.2 ± 0.2 0.25 ± 0.15 Firdaus et al. (2007)
5 165 ± 10 — 0.9 ± 0.1 — Bayon et al. (2011)

 NASS-6

3 246 ± 32 — 4.9 ± 0.5 — Raso et al. (2013)
1 105 3.0 — — Poehle et al. (2015)
9 384 ± 66 27 ± 11 4 ± 1 11 ± 6 Sun and Li (2015)
2 247 ± 6 4.2 ± 0.2 1.68 ± 0.05 0.023 ± 0.001 Tanaka et al. (2019)
5 260 ± 6 — 2.9 ± 1.5 — Sasmaz et al. (2021)

 NASS-7 2 242 ± 3 6.5 ± 0.3 1.23 ± 0.03 0.027 ± 0.002 This study

River water

 SLRS-3 1 678 31 4.9 1.4 Firdaus et al. (2008)

 SLRS-4 3 1021 ± 33 — 16.9 ± 0.2 — Bayon et al. (2011)

 SLRS-6

1 681 87 53 — Yeghicheyan et al. (2019)
1 722 28 11.2 0.33 Babechuk et al. (2020)
2 1078 ± 26 30.5 ± 0.9 14.4 ± 0.9 0.52 ± 0.03 This study

 JSAC0301-3 2 37 ± 1 2.2 ± 0.1 0.44 ± 0.01 0.026 ± 0.002 This study
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MQW filtered with Nuclepore filters (Zheng et al.,
2019), (2) error in calibration using standard solutions.
The standard solutions in this study and the last study
(Tanaka et al., 2019) were prepared in 1–2 mmol/kg HF

and 0.5 mol/kg HNO3. However, the standard solutions
in the previous study (Firdaus et al., 2011) were prepared
in 1 mol/kg HNO3, which did not contain HF. We have
observed adsorption of Ta on the bottle of the reference

Fig. 3. Vertical profiles of (a) dZr, (b) dNb, (c) dHf, and (d) dTa at stations BD09 (red circles; 47.000 °N, 170.583 °E), BD11 (green
diamonds; 47.002 °N, 179.995 °E), BD14 (yellow squares; 47.000 °N, 169.998 °W), and BD15 (blue triangles; 50.834 °N, 160.000 °W).

Fig. 4. Full-depth sectional distributions of (a) dZr, (b) dNb, (c) dHf, and (d) dTa from 47 °N, 171 °E to 51 °N, 160 °W.
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materials, which did not contain HF. Thus, Ta in the
standard solutions may be adsorbed on the bottle, result‐
ing in a systematically high value in calibration in the
previous study (Firdaus et al., 2011). Based on the above
discussion, we believe that the data presented in this
study are more accurate than the previous data (Table 1).

Relationship between the metals and Si(OH)4

The concentrations of dZr and dHf in the subarctic North
Pacific increased from surface water to deep water (Fig.
3), suggesting the influence of biogeochemical cycling
on dZr and dHf distribution. Therefore, concentrations of
the four elements in the North Pacific are compared to
those of Si(OH)4 (Fig. 6). The dZr and dHf showed
strong correlations with Si(OH)4 from the surface to a
depth of 1500 m (dZr: R2 = 0.94, dHf: R2 = 0.81), while
they increased independent of Si(OH)4 in deep water.
Such features have been reported in the literature
(Godfrey et al., 1996; McKelvey and Orians, 1993;
Stichel et al., 2012). The increase of dZr and dHf below
1500 m in depth indicates bottom sources of dZr and

dHf. In contrast, the concentrations of dNb and dTa have
small variations across the depth, showing no correlation
with Si(OH)4.

Fractionation of Zr/Hf and Nb/Ta in natural waters
The dZr/dHf mole ratio in surface water (0–200 m
depths) was 260 ± 53 (n = 20), while that in deep water
below 2000 m depth was 414 ± 24 (n = 25) (Fig. 7). The
dNb/dTa mole ratio was 146 ± 48 (n = 75), showing little
change from surface water to deep water. Although the
dZr/dHf ratio in this study is comparable with that repor‐
ted in our previous papers (Firdaus et al., 2008, 2011),
the dNb/dTa ratio in this study is 4–7 times higher than
that reported in our previous papers (Firdaus et al., 2008,
2011). The mole ratios of Zr/Hf and Nb/Ta in Ferro‐
manganese (Fe-Mn) crusts collected from the Pacific
Ocean (8 °S–15 °N, 177 °E–169 °W, depth 1400–2600
m) have been reported to be 145–190 and 105–177,
respectively (Schmidt et al., 2014). The Zr/Hf mole ratio
in seawater below 2000 m in depth was higher than that
in Fe-Mn crusts, suggesting that dHf is preferentially

Fig. 5. Vertical profiles of (a) dZr, (b) dNb, (c) dHf, and (d) dTa at stations BD09 (red circles; 47.000 °N, 170.583 °E; this study), BD15
(red triangles; 50.834 °N, 160.000 °W; this study), BD07 (red circles; 47.000 °N, 160.086 °E; Tanaka et al., 2019), and ST13 (black
triangles; 50.005 °N, 159.983 °W; Firdaus et al., 2011).
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adsorbed on Fe-Mn crusts compared to dZr (Schmidt et
al., 2014). In contrast, the Nb/Ta ratio in deep seawater
was equivalent to that in Fe-Mn crusts, suggesting that
dNb and dTa are not fractionated when adsorbed on Fe-
Mn crusts.

The dZr/dHf and dNb/dTa mole ratios of natural
waters in this study are compared to Zr/Hf and Nb/Ta
mole ratios in Fe-Mn crusts from the Pacific Ocean
(Schmidt et al., 2014) and continental crust (Rudnick and
Gao, 2003) (Fig. 8). The dZr/dHf ratio in river water

Fig. 6. Plots of (a) dZr, (b) dNb, (c) dHf, and (d) dTa versus Si(OH)4 at stations BD09, BD11, BD14, and BD15. The red lines show the
linear relationship between dissolved metals and Si(OH)4 in a depth range of 0–1500 m.

Fig. 7. Vertical profiles of (a) dZr/dHf mole ratio and (b) dNb/dTa mole ratio at stations BD09 (red circles), BD11 (green diamonds),
BD14 (yellow squares), and BD15 (blue triangles). The gray columns show the mole ratio ranges of Zr/Hf and Nb/Ta in the surface
layers (<1 mm from the surface) of Fe-Mn crusts from the Pacific Ocean (Schmidt et al., 2014).
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(JSAC0301-3, SLRS-6) was close to the Zr/Hf ratio of
the continental crust. Therefore, significant fractionation
of Zr and Hf does not occur during weathering (Godfrey
et al., 2008). The dZr/dHf mole ratio increases in the
order: river water < coastal seawater < open ocean sea‐
water. This increase may reflect the preferential removal
of dHf by particles compared to dZr (Censi et al., 2018;
Sasmaz et al., 2021). It has been proposed that the inflow
of colloidal Zr and Hf from rivers to the ocean is
extremely low because they are removed from the river
water during estuarine mixing (Bau and Koschinsky,
2006). The Zr/Hf ratio in Fe-Mn crusts was nearly half
of dZr/dHf ratio in seawater, indicating preferential
incorporation of dHf into Fe-Mn crusts.

Fig. 8. (a) dZr/dHf mole ratio (mean ± sd) and (b) dNb/dTa
mole ratio in river water (JSAC0301-3, SLRS-6; this study),
coastal seawater (CASS-6, NASS-7; this study), the North
Pacific Ocean seawater (this study). The dashed lines show
mole ratios of Zr/Hf and Nb/Ta in the continental crust (Rudnick
and Gao, 2003). The mole ratios of Zr/Hf and Nb/Ta in the
surface layers (<1 mm from the surface) of Fe-Mn crusts
collected from the Pacific Ocean (Schmidt et al., 2014) are also
shown for comparison.

The dNb/dTa ratio in river water was higher than
Nb/Ta ratio of the continental crust, suggesting that Nb is
preferentially dissolved during weathering. In natural
waters, the dNb/dTa ratio increased in the order: river
water < open ocean seawater < coastal seawater, suggest‐
ing multiple sources and sinks for dNb and dTa. Further
comprehensive data are needed to clarify sources and
sinks for dNb and dTa. The Nb/Ta ratio in Fe-Mn crusts
was within a range of dNb/dTa ratio in seawater, indicat‐
ing insignificant fractionation between dNb and dTa dur‐
ing their incorporation into Fe-Mn crusts.

Conclusions

In this study, we have improved our analytical method
using the TSK-8HQ resin through optimization of the
conditions for preconcentration, elution, evaporation, and
redissolution. The procedural blank for dZr, dNb, dHf,
and dTa were 2.0 ± 0.9, 0.05 ± 0.03, 0.03 ± 0.02, and
0.006 ± 0.002 pmol/kg (mean ± sd, n = 30), respectively.
Recovery of Zr, Nb, Hf, and Ta from a seawater sample
was 100 ± 4% for Zr, 100 ± 4% for Nb, 101 ± 3% for Hf,
and 103 ± 6% for Ta (n = 10). The concentrations of dZr,
dNb, dHf, and dTa in reference materials of seawater and
river water were close to those of the selected previous
studies. Therefore, our analytical method is useful for
accurate determination of Zr, Nb, Hf, and Ta in seawater.

The concentration range of dZr, dNb, dHf, and dTa in
the subarctic North Pacific Ocean was 30–276, 1.0–2.6,
0.09–0.78, and 0.006–0.026 pmol/kg, respectively. There
was little difference between tdM and dM concentrations
for each element, indicating lpM is a negligible fraction.
The vertical profiles of dZr, dNb, and dHf in this study
were similar to those of the previous studies (Firdaus et
al., 2011; Tanaka et al., 2019). The vertical profile of
dTa in this study was similar to that of our previous
study (Tanaka et al., 2019), while the dTa concentration
was approximately one-fifth of that in the previous study
(Firdaus et al., 2011). The dTa concentration in the previ‐
ous study (Firdaus et al., 2011) may have affected by a
systematic error. To the best of our knowledge, this study
reports the east-west cross-sectional distribution of the
four elements in the subarctic North Pacific Ocean for
the first time.
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