
Determination of Fe, Ni, Cu, Zn, Cd and Pb in seawater by iso-
tope dilution automatic solid-phase extraction—ICP-MS
Yuncong Ge1, Ruifeng Zhang1, 2*, Ziyuan Jiang1, Zhan Shen1, Maojun Yan1

1 School of Oceanography, Shanghai Jiao Tong University, Shanghai 200030, China
2 Key Laboratory for Polar Science of Ministry of Natural Resources, Polar Research Institute of China, Shanghai

200136, China

Received 22 October 2021; accepted 31 December 2021

© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

A thorough understanding of the biogeochemical cycling of trace metals in the ocean is crucial because of the
important role these elements play in regulating metabolism in marine biotas and thus, the climate. However, a
precise and accurate analysis of trace metals in seawater is difficult because they are present at extremely low
concentrations in a high salt matrix. In this study, we report an analytical method for the preconcentration and
separation of six trace metals, Fe, Ni, Cu, Zn, Cd and Pb, in seawater using a seaFAST automatic solid-phase
extraction device, analysis by a triple quadrupole collision/reaction technique with inductively coupled plasma
mass spectrometry (ICP-MS), and quantification by the isotope dilution technique. A small volume (10 mL) of
seawater sample was mixed with a multi-element isotope spike and subjected to seaFAST procedures.  The
preconcentrate solution was then analyzed using the optimized collision/reaction cell mode of ICP-MS, with NH3
gas for Fe and Cd with a flow rate of 0.22 mL/min and He for Ni, Cu, Zn and Pb with a flow rate of 4.0 mL/min. The
procedure blanks were 130 pmol/L, 3.0 pmol/L, 6.8 pmol/L, 37 pmol/L, 0.29 pmol/L and 0.42 pmol/L, for Fe, Ni,
Cu, Zn, Cd and Pb, respectively.  The method was validated using five reference materials (SLRs-6, SLEW-3,
CASS-6, NASS-7 and GEOTRACE-GSC), and our results were consistent with the consensus values. The method
was further validated by measuring full-water-column seawater samples from the subtropical Northwest Pacific
Ocean, and our results demonstrated good oceanic consistency.
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1  Introduction
The concentrations of trace metals in the ocean range from

picomoles per liter to nanomoles per liter, yet they play an im-
portant role in regulating marine primary production and car-
bon cycling in the ocean (Li et al., 2017; Sohrin et al., 2008; Zhang
et al., 2019b). Some metals (such as Fe, Ni, and Zn) act as mi-
cronutrients for phytoplankton by participating in many en-
zymatic processes in marine biota (Nishioka and Obata, 2017;
Norisuye et al., 2007). Cu can also be beneficial to marine organ-
isms; however, it can become toxic above a certain level (Sunda,
2012). The relationship between Cd and P in the ocean can be
used as a tracer to understand the nutrient conditions in the past
and biogeochemical properties in the present (Zhang et al.,
2019a). Pb can act as a tracer to reveal anthropogenic footprints
in the ocean (Jiang et al., 2018). Concentrations of trace metals in
the ocean are determined by their sources and sinks and the in-
ternal cyclings. For example, Fe, Zn, Ni, Cu, Cd and Pb in the
Northwest Pacific ranged of 0.09−1.00 nmol/L, 0.1−10.0 nmol/L,
2.1−10.5 nmol/L, 0.6−4.5 nmol/L, 0.01−1.22 nmol/L and 0.02−
0.07 nmol/L, respectively (Boyle et al., 2005; Jiang et al., 2021;
Liao et al., 2020; Zheng et al., 2019). In the remote and less strati-
fied Southern Ocean, Fe, Zn, Ni, Cu, Cd and Pb ranged of 0.05−
0.80 nmol/L, 0.1−8.0 nmol/L, 2.0−8.0 nmol/L, 0.4−3.0 nmol/L, 0.1−
1.0 nmol/L and 0.01−0.02 nmol/L, respectively (Janssen et al., 2020).

The analysis of trace metals in seawater is difficult because of
their extremely low concentration in a high-salt matrix and the
difficulty of uncontaminated sampling in the ocean. To better
understand the cycling of trace metals in the ocean, an analytical
method that is fast, accurate, and allows the processing of mul-
tiple elements simultaneously is required. Before the instrument-
al measurement, preconcentration and purification steps, such
as solvent extraction, co-precipitation, and solid phase extrac-
tion (SPE) with chelating resins, are typically applied. Solvent ex-
traction was the first widely used method; however, it was gradu-
ally replaced by co-precipitation or SPE due to drawbacks such as
time consumption, and the requirement for large sample and re-
agent volumes (Komjarova and Blust, 2006). One or multiple
steps of Mg(OH)2 coprecipitation have been applied to pretreat
for trace metal analysis in seawater; however, the resulting high
Mg content increased the matrix effects and the risk of hardware
corrosion (Freslon et al., 2011; Wu, 2007). Recently, the solid-
phase SPE method, which involves the use of chelating resins
such as 8-hydroxyquinoline, iminodiacetate, nitrilotriacetic acid
and ethylenediaminetriacetic acid, has been widely applied to
the separation and preconcentration of trace metals. The advant-
ages include simple configuration, high efficiency, low cost, and
environmental friendliness (AlSuhaimi et al., 2019; He et al.,
2017). For example, 8-hydroxyquinoline resin has been used to  
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extract Zr, Hf, Nb, Ta, W, Mo and V from seawater for multi-ele-
ment analysis (Firdaus et al., 2007; Rimskaya-Korsakova et al.,
2017), iminodiacetate resin has been used to extract V, Mn, Co,
Ni, Cu, Zn, Cd, and Pb from seawater (Vegueria et al., 2013;
Warnken et al., 2000), and nitrilotriacetic acid resin has been
used to extract Cu, Cd, Pb and Fe from seawater for analysis (de
Jong et al., 2008; Lee et al., 2011). Another advantage of SPE is its
potential for automation. seaFAST is a recently developed auto-
matic SPE device that can achieve rapid matrix effect removal
and preconcentration and provide a very low blank for trace met-
al analysis (An et al., 2020). Many studies have used seaFAST in
online or offline mode with inductively coupled plasma mass
spectrometry (ICP-MS) to determine the concentrations of mul-
tiple metals in seawater (Behrens et al., 2016; Rapp et al., 2017;
Wuttig et al., 2019).

ICP-MS is a widely used analytical instrument for metal con-
centration determination, with advantages such as low blanks,
high sensitivity, a wide linear range, and multi-element analysis
capability (Biller and Bruland, 2012). Nevertheless, one of the
most significant drawbacks of ICP-MS is polyatomic interference,
which is generated from interactions with the carrier gas, atmo-
spheric gas (Trueman et al., 2019). Polyatomic interference can
seriously affect sensitivity and accuracy. Strategies to minimize
interference include the optimization of pretreatment proced-
ures and optimization of ICP-MS settings, including nebulizer
gas flow (Bianchi et al., 2003), aerosol desolvation (Masson et al.,
2000), and mathematical correction (Almeida et al., 2002). Hard-
ware improvements to the magnet sector and electrostatic sector,
and collision/reaction cell (CRC) techniques, have also been de-
veloped to minimize interference in ICP-MS. The CRC technique
requires an additional cell in front of a quadrupole mass filter.
The main principle involves reducing interference by colliding
the ion beam with non-reactive gases such as He to reduce the
kinetic energy spread, or by reacting the ion beam with reactive
gases to minimize interference (Jackson et al., 2018). However,
with the CRC technique, the elimination of interfering ions is
sometimes accompanied by the production of new interferences
after the reaction (Yamada, 2015). The recently developed in-
ductively coupled plasma tandem mass spectrometry (ICP-
MS/MS) technique can significantly reduce new interferences
generated by reactive gases, through the use of an additional
quadrupole filter in front of the CRC that excludes interfering
ions from entering the cell (Yamada, 2015). The isotope dilution
method is an efficient, highly accurate, and precise quantifica-
tion method that overcomes the problems of matrix effects and
recovery efficiency during analysis (Hwang and Jiang, 1997; Lee
et al., 2011; Pickhardt et al., 2006; Song et al., 2019). Combining
seaFAST with ICP-MS for the measurements of dissolved trace
elements have been developed for several years. For precise and
accurate analysis, high resolution ICP-MS (e.g., Thermo Fisher
Element 2) was usually applied after preconcentration of trace
metals by seaFAST (Behrens et al., 2016; Rapp et al., 2017; Vassil-
eva et al., 2019; Wuttig et al., 2019). The newly developed triple
quadrupole ICP-MS/MS offered a less expensive method to
achieve trace metals analysis in seawater. Recently, Jackson et al.
(2018) developed a method to analysis trace metals concentra-
tions using seaFAST and an Agilent triple quadrupole ICP-MS/
MS 8800 with 20−40 mL seawater. However, sample size of 20−40 mL
required multiple loading times because of the 10 mL volume
limit of sampling loop in seaFAST, and it is time consuming.

In this study, we present an alternative method for the rapid
and accurate determination of six trace metals in seawater (10 mL)
with an SPE-based automated seaFAST system and a Thermo
Fisher triple quadrupole ICP-MS/MS iCAP TQ, Fe, Ni, Cu, Zn, Cd
and Pb. The iCAP TQ coupled with an isotope dilution method
was applied for determination and quantification. The accuracy

and precision of the method were validated by analyzing the
GEOTRACES intercalibration samples (GSC) and four certified
reference materials (CASS-6, NASS-7, SLEW-3 and SLRs-6). The
practicability of the method was validated by analysis of a full
seawater column from the subtropical Northwest Pacific.

2  Experiments

2.1  Reagents and materials
All experimental operations were conducted in class-100

high-efficiency particulate air filtered flow benches in a class-
1000 trace metal clean laboratory at Shanghai Jiao Tong Uni-
versity. Ultrapure deionized water (18.2 MΩ·cm, Milli-Q), ob-
tained from a Q-POD Element system (Merck, Germany) was
used throughout the experiment. A multi-element standard solu-
tion containing the six elements (10 μg/L in 0.5 mol/L HNO3) was
prepared from single standard stock solutions (ICP-MS grade, In-
organic Ventures, USA) with concentrations of 100 mg/L in 3%
(v/v) HNO3. The enriched isotope spikes were prepared from
purified mono-isotopic solutions of 57Fe, 62Ni, 65Cu, 67Zn, 110Cd
and 207Pb, obtained from Isoflex USA. The buffer used in seaFAST
is an ammonia-acetic acid buffer with a pH of 6.0±0.2. The re-
agents, including nitric acid (HNO3), hydrochloric acid (HCl),
ammonia (NH3), and acetic acid, used in the experiment were
optima grade and were purchased from Fisher Scientific. All
plastic labware, such as low-density polyethylene (LDPE) bottles
(Nalgene, USA), polyethylene centrifuge tubes (metal-free; VWR,
China), and 4 mL×125 mL blocks LDPE backet (ESI, USA) were
cleaned in a clean lab followed the description in Zhang et al.
(2019b), by soaking in 2% Citranox (Alconox, China) detergent
for 24 h, rinsing with ultrapure water (UPW) seven times, then
soaking in a 10% HCl (tracemetal grade, Fisher Scientific) bath
for seven days, rinsing with UPW seven times, and sealing inside
three layers of plastic before use. The carrier gas (Ar) and colli-
sion/reaction gas (H2, He, NH3, and O2) for ICP-MS were ultra-
pure grade (>99.999%) and purchased from a local supplier.

2.2  The seaFAST

2.2.1  The seaFAST settings
In this study, seawater samples were pretreated using an

automatic solid-phase extraction device, the seaFAST S2 system
(ESI, USA), to preconcentrate and remove the major ion matrix.
An offline mode was chosen to acquire the preconcentration
analytes for ICP-MS/MS. The sample preparation procedure and
seaFAST settings are described as follows:

(1) Sample loading: 10 mL of sample was drawn into the
quantification loop, and the sample and 1.0 mL buffer solution in
the quantification loop were then mixed online into the sample
pre-concentration column. The trace metals were selectively ad-
sorbed by the chelating resin in the column, whereas the major
ions were not.

(2) Matrix washing: The column was rinsed with a mixture of
0.5 mL buffer and 7.5 mL UPW to remove interfering ions and un-
chelated matrix major ions, such as Na, K, Mg and Cl.

(3) Column elution: 0.5 mL of eluent (0.5 mol/L HNO3) was
used to elute the preconcentrated analytes from the column into
the 4 mL×125 mL blocks LDPE backet.

(4) Column regeneration: The 1.0 mL buffer and 4.5 mL UPW
were mixed online and passed through the column to balance
the pH in preparation for the pre-concentration of the next
sample.

2.2.2  The seaFAST sequence
Before each batch was run, 10% HCl and UPW were run as
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samples to prime the system and clean the pipeline, respectively,
according to the process described in Section 2.2.1. The samples
were ordered from the estimated lowest to highest concentration
to reduce sample-cross contamination. UPW adjusted to pH 2
was added in triplicate every 10 samples to monitor the recovery
efficiency and procedure blanks.

2.3  ICP-MS
A Thermo Fisher triple quadrupole ICP-MS/MS iCAP TQ in-

strument was used in this study. The iCAP TQ was equipped with
CRC technology, which involves the adoption of various gases,
such as H2, He, NH3 and O2. At the front end, the iCAP TQ was
equipped with a baffled cyclonic quartz spray chamber using Pel-
tier cooling technology, a C-flow s-Type PFA nebulizer with
sample tubing for a flow rate of 50 μL/min (Savillex, USA), and an
ESI-2DX autosampler (Elements Scientific Inc., USA). The gener-
al operating parameters are listed in Table 1. For each measure-
ment, the ICP-MS/MS was auto-tuned to optimize the sensitivity
and stability. A tuning solution with 10 μg/L 7Li, 59Co, 115In, 209Bi
and 238U was applied to obtain the optimal instrument settings,
such as the voltage of the CR bias, focus lens, D2 lens, and quad
entry lens, as well as the CRC gas flow rate.

2.4  Isotope dilution calculation
Isotope dilution is a highly precise quantification method that

can help to overcome some problems with quantification, in-
cluding low recovery, matrix effects, and instrument fluctuations
(Evans and Clough, 2005; Rottmann and Heumann, 1994). The
reference isotopes used in this study were 56Fe, 60Ni, 63Cu, 66Zn,
114Cd and 208Pb, and the spike isotopes were 57Fe, 62Ni, 65Cu, 67Zn,
110Cd and 207Pb. The elements to be measured in the unknown
samples have a natural isotope abundance ratio. When an en-
riched isotope (with a known abundance ratio) is spiked into the
sample, the number of elements to be measured can be calcu-
lated according to the following formula (Kato et al., 1990):

C =
MSK(f

r
S − Rf SS)

M(RfSn − frn)
, (1)

f rS

where C is the metal concentration; M is the mass of the sample;
MS is the mass of the added isotope spike; R is the measured iso-
tope abundance ratio (refer to spike ratio); K is the ratio of natur-
al and spike atomic masses (natural to spike);  is the abund-

f SS
f rn

f Sn

ance of reference isotope in the spike;  is the abundance of the
spike isotope in the spike;  is the natural abundance of refer-
ence isotopes; and  is the natural abundance of spike isotope.

2.5  Reference materials
The reference materials, including SLEW-3, SLRs-6, CASS-6

and NASS-7, were purchased from the National Research Coun-
cil, Canada. The intercalibration seawater sample GSC was ob-
tained from the GEOTRACES program (an international study of
the marine biogeochemical cycles of trace elements and their
isotopes), through Moffett at the University of Southern Califor-
nia. Information and the consensus values for GSC intercalibra-
tion seawater sample (GEOTRACES coastal surface seawater) can
be found at https://www.geotraces.org/standards-and-refer-
ence-materials/. A full water seawater column (11°00 ′N,
149°50′E) was collected from a GEOTRACES cruise GP09 (R/V
Tan Kah Kee, April 25–October 6, 2019) in the subtropical North-
west Pacific. Seawater samples were taken from a trace-metal
rosette equipped with 24 Teflon-coated OTE niskin bottles with a
Teflon-coated external spring (Ocean Test Equipment, USA).
Once on deck, the OTE niskin bottles were immediately trans-
ferred into a clean container, seawater samples were then filtered
with a 0.2 μm capsule filter into a pre-cleaned 1 L LDPE bottle. All
operations were performed according to standard procedures re-
commended by GEOTRACES.

3  Results and discussion

3.1  Optimizing the ICP-MS settings
The goal of this study was to achieve the accurate and precise

determination of six elements in a sample of small volume (0.5 mL,
after seaFAST preconcentration). A smaller preconcentrated
volume results in a larger enrichment factor for trace metal ana-
lysis. The iCAP TQ is equipped with a CRC, which is located
between two quadrupoles (Q1-CRC-Q2, Q1 is the first quadru-
pole in front of CRC; Q2 is the second quadrupole behind CRC).
The iCAP TQ has the capability to conduct the analysis between a
single-quad (SQ) mode and a triple-quad (TQ) mode. It allows
the application of a variety of combinations with different types
of collision/reaction gases and analysis modes to achieve the best
possible analysis. However, the combination of modes and gas
affects the analytical duration and, thus, the analytical sample
volume. The aim of the experiments reported in this section was
to optimize the performance while reducing the analysis dura-
tion of the iCAP TQ ICP-MS. A combination of high sensitivity
and low background equivalent concentrations (BECs) was con-
sidered optimal.

3.1.1  Effect of single and triple quad on sensitivity and BEC
Figure 1 shows the signal intensity and BEC in the TQ and SQ

modes. Solutions with Fe, Ni, Cu, Zn, Cd and Pb at a concentra-
tion of 5 μg/L in 0.5 mol/L HNO3, and 10 μg/L Mo in 0.5 mol/L
HNO3 were used for intensity and BEC tests, respectively. The
isotopes selected for the six-element analysis were 56Fe, 60Ni,
63Cu, 66Zn, 114Cd, and 208Pb. Auto-tuning was performed in each
mode. As shown in Fig.1, the TQ mode generally exhibited a bet-
ter BEC compared to the SQ mode. The lower BEC resulted from
its interference elimination capability, and is consistent with res-
ults from other studies (Jackson et al., 2018). However, when the
CRC was pressurized with O2, many elements demonstrated a
higher signal intensity and lower BEC in the TQ mode than in the
SQ mode; for example, the sensitivity of Fe increased by 38%
while BEC was reduced by 99%. The interference-removal capab-
ility is higher in TQ mode than in SQ mode, which improves the
overall performance in TQ mode. For example, the TQ mode re-

Table 1.   ICP-MS/MS operating conditions
Parameter Operating condition

Focus lens/V He mode: 1.25
NH3 mode: –0.5

D1 lens/V –350
D2 lens/V He mode: –148

NH3 mode: –147.5

CRC gas flow/(mL·min−1) He mode: 4.0
NH3 mode: 0.22

Deflection lens/V –30

Spray chamber temperature/°C 2.7

Peristaltic pump speed/(r·min−1) 40

Cool flow/(L·min−1) 14

Sampling depth/mm 5

Plasma power/W 1 550

Auxiliary flow/(L·min−1) 0.8

Extraction lens/V –120

Nebulizer flow/(L·min−1) 1.08

     Note: CRC is abbreviation of collision/reaction cell.
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duced the BEC of Fe determination to 16 ng/L, which is ~5 fold
lower than that in SQ mode.

3.1.2  Effect of CRC gas on sensitivity and BEC
As shown in Fig. 1, five CRC modes, no gas, H2, He, NH3 and

O2, were compared in this study. As the effect of CRC gas on sens-
itivity is similar in the SQ and TQ modes, and due to the lower
BEC in TQ mode, only the behavior of each CRC gas in TQ mode
is discussed. Usually, the introduction of CRC gas decreases the
sensitivity, especially for reactive gases (Jackson et al., 2018). For
example, the sensitivities of Ni, Cu, and Zn decreased by
57%–68% after pressurizing with NH3. H2 was found to decrease
the signal intensity of Fe, Ni, Cu and Zn by 58%–97% and in-
crease the sensitivity of Cd and Pb by 26%–87%. However, the
sensitivity of Ni, Cu, Zn, Cd and Pb increased with the addition of
He in this study using the iCAP TQ. The effect of oxygen as a CRC
gas on the sensitivity was mostly suppressed, and the signal in-
tensities of Fe, Ni, Cu, Zn and Cd were reduced, with the excep-
tion of Pb, which had an elevated intensity.

The interferences can be removed by pressurizing various
gases into the CRC cell. Different types of gases have different ef-
fects on the interference for each element. The effects of the CRC
gas on the BEC in the SQ and TQ modes are different, as shown in
Fig. 1. The results demonstrate that the pressurized CRC gas in-
creased the BEC level in SQ mode, and reduced the interference
in TQ mode by generating a lower BEC level. Our results demon-
strated that Q1 effectively filtered many ions in TQ mode, which
prevented them from entering the CRC. Our results indicate that
the CRC gases, including He, NH3, and O2, removed the interfer-
ence successfully, thus lowering the BEC level. It is possible to
combine the modes to generate an optimized system that ana-
lyzes all the elements; however, switching between different
modes requires a longer extraction time and a higher sample
volume. For a sample volume of 0.5 mL, two modes, TQ-NH3 for
Fe and Cd and TQ-He for Ni, Cu, Zn, and Pb, were chosen for
subsequent experiments.

3.1.3  Effect of CRC gas flow rate on sensitivity and interference re-
moval

The flow rate of the CRC gas affected the sensitivity and inter-
ference removal. To examine the effect of He and NH3 flow rates

on the sensitivity and interference removal, we measured the sig-
nal intensity and BEC in TQ mode for Fe and Cd with NH3 flow
rates of 0.1 mL/min, 0.15 mL/min, 0.2 mL/min, 0.22 mL/min,
0.25 mL/min, 0.3 mL/min, 0.4 mL/min, 0.5 mL/min, 0.6 mL/min,
0.7 mL/min, 0.8 mL/min, 0.9 mL/min, 1.0 mL/min, 1.1 mL/min,
1.2 mL/min; and Ni, Cu, Zn, and Pb with He flow rates of 1.0
mL/min, 2.0 mL/min, 3.0 mL/min, 3.5 mL/min, 4.0 mL/min, 4.5
mL/min, 5.0 mL/min, 5.5 mL/min, 6.0 mL/min, 7.0 mL/min, 8.0
mL/min, 9.0 mL/min, 10.0 mL/min, 11.0 mL/min, 12.0 mL/min.
The concentration of six elements for evaluation is 5 μg/L.

With both He and NH3 CRC gases, the sensitivity of the six
elements increased with increasing flow rate, reaching a maxim-
um and then decreasing as the flow rate continued to increase
(Fig. 2). There was no obvious trend in the change in BEC with
changing CRC gas flow rate. A balance between sensitivity, BEC,
and the capability for multi-element analysis was sought to de-
termine the optimal gas flow rate. In He mode, the highest sensit-
ivities of Ni, Cu, and Zn correspond to a flow rate of 4.0 mL/min,
while the highest sensitivity for Pb was observed at a flow rate of
5.5 mL/min. The BEC levels for Ni, Cu, and Zn did not change
much when the flow rate was less than 8.0 mL/min, in contrast to
that of Pb. Finally, a flow rate of 4.0 mL/min, which allows a high
sensitivity and low BEC level, was chosen to use in He mode. In
the NH3 mode, a lower flow rate markedly improved the sensitiv-
ity and reduced the BEC for Fe and Cd. The results suggested that
the addition of NH3 nearly eliminated all interference from
98Mo16O+ on 114Cd. Nevertheless, when analyzing Fe, the BEC is
significantly affected by the NH3 flow rate. Thus, a flow rate of
0.22 mL/min was chosen to minimize the interference and main-
tain a high sensitivity in the measurement of Fe, even though
some sensitivity is sacrificed in the analysis of Cd.

3.1.4  Analysis of enriched isotope
In this study, Fe, Ni, Cu, Zn, Cd and Pb were calculated by

adding enriched 57Fe, 62Ni, 65Cu, 67Zn, 110Cd and 207Pb as isotope
spikes. To obtain more accurate isotopic abundance ratios, the
same modes were chosen to measure the signal intensity of the
enriched isotopes. We used the optimized instrumental analysis
mode to evaluate the signal intensity and BEC of the six enriched
isotopes, with a flow rate of 0.22 mL/min NH3 in TQ mode for
57Fe and 110Cd, and a flow rate of 4.0 mL/min He in TQ mode for
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Fig. 1.   Signal intensity and background equivalent concentration (BEC) of each element analyzed using ten different combinations of
collision/reaction cell gases and single-quad/triple-quad modes. All modes are auto-tuned by the instrument before the experiment.
N/A represents no gas; the cps means counts per second.
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62Ni, 65Cu, 67Zn, and 207Pb. The signals were measured from a
solution containing six enriched isotopes at a concentration of
10 μg/L in the 0.5 mol/L HNO3 solution. As shown in Fig. 3, the
selected modes achieved high signal intensity and low BEC, and
met the requirements for the analysis of enriched isotopes.

3.2   Procedure blank and method detection limit
The procedure blank was prepared from a mixture of 10 mL

UPW and 10 μL of seawater from the surface of the tropical
Northwest Pacific Ocean. Surface water was collected at the same
location as for the full water column. The mixture was adjusted to
pH 2 with ultrapure HCl to match the matrix of the seawater
samples. The procedure blank samples were extracted by
seaFAST and determined by isotope dilution using the same pro-
cedure as for the regular samples. The procedure blanks were
monitored five times during a period of one month. In each in-
stance, ten replicates were performed. The method detection

limit (MDL) was defined as three times the standard deviation
(3σ) of the procedure blank samples. The procedure blanks pro-
duced different results every time, which may be attributed to in-
strument fluctuations and sample processing. We used the aver-
age of the blanks and the MDL for five monitoring sessions in one
month. As shown in Table 2, the levels in the procedure blank
ranged from a minimum of 0.000 29 nmol/L for Cd to 0.13
nmol/L for Fe, and the MDL ranged from 0.13 nmol/L for Cd to
28 nmol/L for Fe. Our procedure blanks were comparable to
those of previous studies, thus meeting the requirements for the
analysis of trace metal concentrations in seawater, even for the
extremely low concentrations found in the open ocean.

3.3   Reference materials
Four certified reference samples, including CASS-6, NASS-7,

SLEW-3 and SLRs-6, from the National Research Council,
Canada, and a consensus standard intercalibration seawater
sample, GSC, from the GEOTRACES program, were analyzed to
verify the accuracy of our method. As shown in Table 3. The res-
ults reported in this study for Fe, Ni, Cu, Zn, Cd and Pb agree with
the certified values and are within the analytical uncertainty.

3.4   Application to a full water column in the Northwest Pacific
This method was further validated using a full water column
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Fig. 2.   Effect of flow rate on the sensitivity and background equivalent concentration (BEC) of the analytical elements. Hollow circles
and solid circles represent He and NH3, respectively, as the collision/reaction cell. The cps means counts per second.
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Fig. 3.   Signal intensities of 57Fe, 62Ni, 65Cu, 67Zn, 110Cd, and 207Pb
in the enriched isotopes spiked at a concentration of 10 μg/L, as
well as the background equivalent concentration (BEC) for each
enriched isotope. The cps means counts per second.

Table 2.   Procedure concentration blanks (nmol/L) and detec-
tion limits of this method

Elements Procedure blank Method detection limits

Fe 0.13 0.028

Ni 0.03 0.002 3

Cu 0.006 8 0.003 3

Zn 0.037 0.024

Cd 0.29 0.13

Pb 0.42 0.29

  Ge Yuncong et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 8, P. 129–136 133



to examine the oceanic consistency from the GEOTRACES GP09
cruise in the subtropical Northwest Pacific. The vertical distribu-

tion of six metals from a full column at K9 (11°00′N, 149°50′E) is
shown in Fig. 4, and all samples were processed using the meth-

Table 3.   Fe, Ni, Cu, Zn, Cd and Pb concentrations analysis of standard materials
GSC, n=10 NASS-7, n=10 CASS-6, n=10

Measured
value/(nmol·L−1)

Consensus
value/(nmol·L−1)

Measured
value/(μg·L−1)

Consensus
value/(μg·L−1)

Measured
value/(μg·L−1)

Consensus
value/(μg·L−1)

Fe 1.554±0.115 1.535±0.115 0.337±0.029 0.351±0.026 1.60±0.09 1.56±0.12

Ni 4.261±0.024 4.393±0.205 0.244±0.007 0.248±0.018 0.420±0.002 0.418±0.040

Cu 1.240±0.024 1.099±0.149 0.198±0.004 0.199±0.001 0.541±0.003 0.530±0.032

Zn 1.498±0.024 1.433±0.103 0.44±0.01 0.42±0.08 1.30±0.09 1.27±0.18

Cd 0.386±0.004 0.364±0.022 0.016 3±0.000 3 0.016 1±0.001 6 0.021 3±0.000 8 0.021 7±0.001 8

Pb 0.041±0.001 0.039±0.004 0.002 9±0.000 1 0.002 6±0.000 8 0.010 7±0.000 9 0.010 6±0.004 0

SLEW-3, n=10 SLRs-6, n=10
Measured

value/(μg·L−1)
Consensus

value/(μg·L−1)
Measured

value/(μg·L−1)
Consensus

value/(μg·L−1)
Fe 0.595±0.012 0.569±0.059 86.3±1.1 84.3±3.6

Ni 1.31±0.01 1.23±0.07 0.619±0.044 0.616±0.022

Cu 1.54±0.07 1.55±0.12 22.4±0.3 23.9±1.8

Zn 0.165±0.006 0.201±0.037 1.80±0.07 1.76±0.12

Cd 0.049±0.001 0.048±0.004 0.006 3±0.002 2 0.006 3±0.001 4

Pb 0.008±0.000 0.009 0±0.001 4 0.180±0.002 0.17±0.026

      Note: GSC is the abbreviation of GEOTRACES intercalibration samples.

0

0

1 000

2 000

3 000

4 000

5 000

6 000

0

1 000

2 000

3 000

4 000

5 000

7 000

6 000

0

1 000

2 000

3 000

4 000

5 000

7 000

6 000

0

1 000

2 000

3 000

4 000

5 000

7 000

6 000

0

1 000

2 000

3 000

4 000

5 000

7 000

6 000

0

1 000

2 000

3 000

4 000

5 000

6 000

0.5

Fe concentration/(nmol·L−1)

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

D
ep

th
/m

Zn concentration/(nmol·L−1) Pb concentration/(nmol·L−1)

Ni concentration/(nmol·L−1) Cu concentration/(nmol·L−1) Cd concentration/(nmol·L−1)

1.0 1.5

0 0.5 1.0 1.5 0 0.5 1.0 1.5 0 0.5 1.0 1.5

0 5.0 10.0 15.0 0 25 50 75

this study

Boyle et al. (2005) (22°45′N, 158°00′W)
this study

Zheng et al. (2021) (29°59′N, 165°00′E)

this study

Zheng et al. (2021) (29°59′N, 165°00′E)
this study

Zheng et al. (2021) (29°59′N, 165°00′E)
this study

Zheng et al. (2021) (29°59′N, 165°00′E)

this study

Boyle et al. (2005) (22°45′N, 158°00′W)
Jiang et al. (2021) (20°00′N, 120°00′E)

 

Fig. 4.   Vertical profiles of dissolved Fe, Zn, Pb, Ni, Cu and Cd in the subtropical Northwest Pacific (GEOTRACES GP09; Station K9,
11°00′N, 149°50′E). The comparison profiles were taken from the nearby GEOTRACES cross station (29°59′N, 165°00′E) for Zn, Ni, Cu,
and Cd (Zheng et al., 2021), Fe and Pb were from the previous literature in the North Pacific reported by Boyle et al. (2005) and Jiang
et al. (2021).
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od reported in this study. As shown in Fig. 4, all six metals exhib-
ited a typical distribution in an oligotrophic ocean with good
oceanic consistency (Jensen et al., 2019; Kuma et al., 2003;
Mackey et al., 2002; Wu et al., 2010). To identify the robust of the
method used in this study, the comparison profiles with nearby
GEOTRACES cross stations were taken for Ni, Cu, Zn and Cd
(29°59′N, 165°00′E; Zheng et al., 2021), for Fe and Pb reported by
Boyle et al. (2005) and Jiang et al. (2021). For example, the dis-
solved Fe concentration was high at the surface due to the atmo-
spheric deposition, exhibited a minimum in the subsurface layer
close to the depth of the chlorophyll maximum layer, then
reached a maximum value at medium depth (500–1 500 m, 0.61–
0.70 nmol/L), and then decreased as the depth increased (>1 500 m,
0.38−0.60 nmol/L). Dissolved Zn, Cu, Ni and Cd exhibited typical
nutrient-type distributions, with minimum concentrations at the
surface due to biological uptake and increases in concentration
with depth due to remineralization. The slightly shallower Zn,
Cu, Ni and Cd maximum in the intermedium depth at Station K9
than the northern station (29°59′N, 165°00′E; Zheng et al., 2021)
that is coincidence with a shallower North Pacific intermediate
low oxygen water in the edge of the subtropical gyre at Station K9.
The concentration of dissolved Pb was low in surface water (24
pmol/L at 15 m). It increased with depth from 15–200 m (24–64
pmol/L), and then decreased with depth. The Pb distribution
pattern in the upper Northwest Pacific Ocean is in agreement
with the observations by Zheng et al. (2019), and the deep water
Pb distribution was consistence with the data reported by Boyle
et al. (2005).

4  Conclusions
In this study, a high-precision, accurate, fast, and automated

analysis method for dissolved Fe, Ni, Cu, Zn, Cd and Pb in seawa-
ter was developed. This method combined a seaFAST offline pre-
concentration system, ICP-MS/MS, and quantification by iso-
tope dilution spectrometry. To improve the performance of the
ICP-MS method, the optimum gases and flow rates, NH3 with a
flow rate of 0.22 mL/min and He with a flow rate of 4.0 mL/min,
were found to significantly reduce interference during the de-
termination of six elements while maintaining high sensitivities.
The procedure blanks and MDLs were low, which indicated that
the method is suitable for the analysis of open ocean seawater
samples. Our results agree with the GEOTRACES consensus
standard GSC and four reference materials (CASS-6, NASS-7,
SLEW-3 and SLRs-6). This method provides a way to measure six
trace metals in 10 mL seawater with only a one-step seaFAST pre-
treatment. The automation, high throughput, and small sample
volume requirements of this method make it an effective way for
laboratories to quickly and accurately obtain multi-element data
from seawater.
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