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• We develop a procedure for Ni–Cu iso
topic analysis using automated 
chromatography. 

• Nickel and Cu are fully recovered and 
cleanly separated from matrix elements. 

• The method was tested on seawater 
samples and yielded accurate and pre
cise data. 

• The method may be adapted for the 
purification of Fe, Zn, and Cd in the 
future.  
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A B S T R A C T   

Background: Trace metals such as iron, nickel, copper, zinc, and cadmium (Fe, Ni, Cu, Zn, and Cd) are essential 
micronutrients (and sometimes toxins) for phytoplankton, and the analysis of trace-metal stable isotopes in 
seawater is a valuable tool for exploring the biogeochemical cycling of these elements in the ocean. However, the 
complex and often time-consuming chromatography process required to purify these elements from seawater has 
limited the number of trace-metal isotope samples which can be easily processed in biogeochemical studies. To 
facilitate the trace-metal stable isotope analysis, here, we describe a new rapid procedure that utilizes automated 
chromatography for extracting and purifying Ni and Cu from seawater for isotope analysis using a prepFAST- 
MC™ system (Elemental Scientific Inc.). 
Results: We have tested the matrix removal effectiveness, recoveries, and procedural blanks of the new purifi
cation procedure with satisfactory results. A nearly complete recovery of Ni and a quantitative recovery of Cu are 
achieved. The total procedural blanks are 0.33 ± 0.24 ng for Ni and 0.42 ± 0.18 ng for Cu, which is negligible for 
natural seawater samples. The new procedure cleanly separates Ni and Cu from key seawater matrix elements 
that may cause interferences during mass spectrometry analysis. When the new procedure was used to purify 
seawater samples for Ni and Cu stable isotope analysis by multi-collector ICP-MS, we achieved an overall un
certainty of 0.07 ‰ for δ60Ni and 0.09 ‰ for δ65Cu (2 SD). The new purification procedure was also tested using 
natural seawater samples from the South Pacific, for comparison of δ60Ni and δ65Cu achieved in the same 
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samples purified by traditional hand columns. Both methods produced similar results, and the results from both 
methods are consistent with analyses of δ60Ni and δ65Cu from other ocean locations as reported by other 
laboratories. 
Significance: This study presents a new rapid procedure for seawater stable-metal isotope analysis by automating 
the chromatography step. We anticipate that the automated chromatography described here will facilitate the 
rapid and accurate analysis of seawater δ60Ni and δ65Cu in future studies, and may be adapted in the future to 
automate chromatographic purification of Fe, Zn, and Cd isotopes from seawater.   

1. Introduction 

Trace metals such as Fe, Ni, Cu, Zn, and Cd are essential micro
nutrients for phytoplankton, influencing the marine ecosystem and 
global carbon and nitrogen cycles [1,2]. Metal stable isotope ratios in 
seawater including δ56Fe, δ60Ni, δ65Cu, δ66Zn, and δ114Cd can provide 
valuable information about the sources, sinks, and cycling of trace 
metals in the ocean, and have advanced our understating of their 
biogeochemistry, especially with samples collected as part of the inter
national GEOTRACES (geotraces.org) program [3,4]. Compared with 
δ56Fe, δ66Zn, and δ114Cd measurements, data for seawater δ60Ni and 
δ65Cu remain relatively sparse, even though Ni and Cu are also essential 
micronutrients [4–12]. The scarcity of seawater Ni and Cu isotope data 
is partially due to analytical challenges in their isotope ana
lysis—complex and time-consuming chromatographic purification pro
cesses are required, and the double spike technique is not applicable to 
Cu [13–17]. 

The first δ60Ni analyses of modern seawater highlighted a lack of 
reasonable Ni isotope mass balance in the modern ocean, with most 
known sources being lighter than, but sinks being similar to, the average 
modern ocean δ60Ni composition [5]; subsequent Ni isotope studies 
have advanced our understanding of this Ni mass balance issue [12,15, 
18–21]. Previous studies have also shown a near-homogenous deep 
ocean δ60Ni (~+1.33 ‰), with only subtle fractionation of Ni isotope 
ratios towards the surface in oligotrophic regions (up to ~+1.75 ‰), 
indicating preferential uptake of lighter Ni isotopes by phytoplankton 
[12,14,16,22]. Seawater Cu isotope studies have been used to identify 
Cu sources to the ocean (e.g., atmospheric, riverine, and benthic input), 
and to explore marine processes which may fractionate Cu isotopes such 
as changes in oxidation state, biological uptake, and scavenging, while 
highlighting relatively little isotopic variability in deep water (~+0.6 ‰ 
to ~+0.7 ‰) [9,10,23–26]. For a recent comprehensive review of the 
isotope systematics of both elements in the oceans, readers are referred 
to Horner et al. [27]. 

When measuring Ni and Cu isotope ratios using multi-collector 
inductively coupled plasma mass spectrometry (MC-ICP-MS), an 
extraction and purification procedure is required to separate both ele
ments from matrix elements to avoid spectral interferences (e.g., 
isobaric interferences, doubly charged ions, and polyatomic ions) and to 
minimize extreme matrix effects from the high salt matrix (e.g., blocked 
cones, signal suppression, and interferences) [28,29]. For both seawater 
Ni and Cu isotope analyses, a multi-step chromatography procedure is 
required [14,16,30], which is time-consuming, limiting the application 
of Ni and Cu isotope ratios as tracers in biogeochemical studies and 
leading to a paucity of data. 

A commercially available prepFAST-MC™ system (Elemental Sci
entific Inc.) has previously been used to automate and facilitate the 
chromatography purification of many isotope systems, including Ca, Sr, 
Nd, Pb, Th, U, Pu, B, and Cu isotopes [31–36], and methods are in 
development for purification of Fe from seawater for δ56Fe analysis [37]. 
Automated methods have several advantages compared with manual 
chromatography methods. For example, automated chromatography 
methods can facilitate higher sample throughput, which especially 
benefits projects with large sample numbers, such as the GEOTRACES 
program, as well as emerging medical research using stable metal iso
topes [38–40]. Furthermore, automated methods can also allow for 

more consistent results by minimizing human sources of error. 
Here, we present a new rapid procedure that utilizes automated 

chromatography for the purification of Ni and Cu from seawater for 
isotope analysis using the prepFAST-MC. Because previous literature 
does not generally describe the functioning of the prepFAST-MC in great 
depth, we also present detailed information about the prepFAST func
tion and architecture, including valve plumbing, fluid flow, and in
strument programming, which may benefit the future development of 
other automated methods. While this work focuses on methods for 
seawater Ni and Cu isotope analysis, we anticipate that the same puri
fication protocols can be used for other types of samples, such as bio
logical and geological materials. Moreover, although the procedure is 
designed for Ni and Cu isotope analysis, it shows promise for future 
adaptation to automate chromatographic purification of Fe, Zn, and Cd 
for isotope ratio analysis. 

2. Materials and method development 

2.1. Reagents and materials 

All sample preparation work was carried out in flow benches with 
Ultra Low Particulate Air (ULPA) filtration in a class 100 clean lab in the 
Department of Earth Sciences at the University of Southern California 
(USC). Reagents used in this study include Aristar Ultra™ HF, HBr, 
H2O2, and NH4OH, and TraceSELECT™ methanol (MeOH). Reagent 
grade HCl, HNO3, and acetic acid (HAc) were purified by sub-boiling 
distillation in PFA distillation systems (Savillex DST-1000). All water 
used was ultrapure water (18.2 MΩ Milli-Q). Acid-cleaned PFA vials 
(Savillex®) were used for sample digestion and to dry down solutions. 
Acid-cleaned 15 mL low-density polyethylene (LDPE) VWR metal-free 
centrifuge tubes were used for sample loading and eluent collection on 
the prepFAST-MC™, and for subsequent sample storage for concentra
tion and isotope analyses. The acid cleaning protocols are the same as 
those described in Conway et al. [17]. All clean equipment was handled 
with polyethylene gloves. 

For the prepFAST chromatographic purification, columns with Bio
rad AG-MP1 resin (100–200 mesh) and Hitachi Nobias-PA1 resin were 
prepared in acid-cleaned 600 μL PFA column bodies obtained from 
Elemental Scientific Inc. (ESI). The AG-MP1 resin and Nobias-PA1 resin 
were cleaned by soaking in 10 % (v/v) HCl and 3 M HNO3, respectively, 
for two weeks and stored in ultrapure water before use. The AG-MP1 
column was filled with 300 μL AG-MP1 resin (a half-filled 600 μL col
umn), and the Nobias-PA1 column was filled with 600 μL Nobias-PA1 
resin. 

2.2. Samples and standards 

Seawater samples from the US GEOTRACES Pacific Meridional 
Transect (GP15) cruise and the SCOPE-Falkor cruise were used for 
method development and validation. GP15 samples were collected in 
the central Pacific basin aboard the R/V Roger Revelle along 152◦ W 
from 56◦ N to 20◦ S from 18 September to 24 November 2018, and Ni 
concentration data have been previously reported along the whole GP15 
section [41]. Seawater samples were collected using the GEOTRACES 
Trace-element Carousel sampling system (GTC) using 12 L Teflon-coated 
GO-FLO bottles (General Oceanics) mounted on a Seabird rosette 
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system, deployed using a Dynacon winch with 7300 m of Vectran cable 
[42]. After collection, seawater was filtered from GO-FLO bottles 
through Acropak capsules (0.2 μm) into acid-washed 1 L LDPE bottles 
(Nalgene) in the GEOTRACES trace-metal clean van. The SCOPE-Falkor 
cruise was conducted in March/April 2018 in waters near Station 
ALOHA and the Hawaiian Islands. Seawater samples were collected 
from GO-FLO bottles attached to a polypropylene (Amsteel) line, and 
filtered through a 0.2 μm Acropak filter [43]. 

A multi-element standard (INORGANIC™ VENTURES IV-ICPMS- 
71A, a 10 μg mL−1 43 Element ICP Calibration/Quality Control Stan
dard, including Ag, Al, As, B, Ba, Be, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, 
Eu, Fe, Ga, Gd, Ho, K, La, Lu, Mg, Mn, Na, Nd, Ni, P, Pb, Pr, Rb, S, Se, Sm, 
Sr, Th, Tl, Tm, U, V, Yb, and Zn) was used to test the prepFAST-MC™ 
method, including the matrix element removal effectiveness, column 
yield, and blanks. 

2.3. Metal extraction from seawater 

Within several weeks to months after collection, seawater samples 
were acidified to a pH of ~1.8 via the addition of concentrated, distilled 
HCl (1 mL 12 N HCl/1 L seawater) in the clean lab at USC. At this time, 
H2O2 (30 %) was also added to each sample (1 mL H2O2/1 L seawater) to 
destroy strong copper-binding ligands [23]. After the acidification and 
addition of H2O2, seawater samples were stored for at least six months 
before Ni and Cu concentration analyses and three years before their 
isotope analyses. 

Nickel and Cu concentrations were measured prior to isotope ana
lyses in order to determine the amount of Ni double spike to be added to 
each sample, according to methods described in detail by Hawco et al. 
[44]. Briefly, 15 mL of acidified seawater was mixed with 50 μL of an 
isotope spike containing 57Fe, 62Ni, 65Cu, 67Zn, 207Pb, and 110Cd in an 
acid-washed 15 mL centrifuge tube. Using an automated seaFAST™ 
system, seawater was injected through a Nobias-PA1 column to pre
concentrate trace metals away from the salt matrix. The sample was then 
eluted from the column using 0.5 mL 1 M HNO3 containing 1 ng mL−1 In 
for metal concentration analysis using a Thermo Scientific Element 2 
ICP-MS. Concentrations of Ni and Cu were calculated by isotope 
dilution. 

After concentration analysis, 0.5–1 L of the acidified seawater sam
ple was purified for Ni and Cu isotope analysis. First, a61Ni–62Ni double 
spike containing 49.82 % 61Ni and 49.09 % 62Ni was added to achieve a 
spike/sample ratio of 1:1 (mol: mol) for Ni. Spiked seawater samples 
were then left to sit for one to three days to ensure equilibrium between 
sample and spike, followed by a bulk metal extraction process. The 
metal extraction process follows the protocol established by Conway 
et al. [17] and is briefly described below. Samples were amended with 
2.5 mL pre-cleaned Nobias-PA1 resin and shaken vigorously for 2 h on a 
shaker table. Ammonium acetate (NH4Ac) buffer and NH4OH were then 
added to the seawater to adjust the pH to 6.0 ± 0.2, followed by shaking 
the sample for ~5 h. The resin was then recovered from the solution by 
filtering through an acid-washed, 3 μm polycarbonate filter (Whatman). 
After that, the resin was rinsed with 125 mL ultrapure water to remove 
salts, and metals were eluted with ~25 mL 3 M nitric acids into a 30 mL 
PFA beaker before evaporating to dryness on a hot plate overnight. 
Finally, samples were redissolved in 0.7 mL 11 M acetic acid +4 M HCl 
and transferred to 15 mL acid-cleaned LDPE centrifuge tubes for column 
purification using the prepFAST-MC™. 

2.4. prepFAST-MC configuration and sample purification 

The prepFAST-MC™ consists of an autosampler, two P6 valves (V1 
and V2), one M10 stream selection valve, one P4 valve, a 13 mL sample 
loop, a ‘vacuum’ pumping system (named by ESI), four syringe pumps, 
and reagent bottles (Fig. 1). The P6 valve can be switched between the 
Load and Inject positions, and the P4 valve can be switched between 
Dispense and Fill positions (Fig. 1). The 13 mL sample loop is connected 
to the center connection port of the M10 valve, which can be connected 
to the other ten connection ports of the M10 valve to draw air/reagents 
into the loop or dispense air/reagents from the loop. The syringe pumps 
can move upwards (Fill) to draw air/reagents into the loop or down
wards (Dispense) to push air/reagents out of the loop into waste or 
through the columns, and their speed can be controlled. A ‘vacuum’ 
pump (Fig. 1) does not operate by pulling a vacuum. Instead, it pumps 
reagent quickly through the system at a rate of approximately 5–20 mL 
min−1, depending on the resistance of the tubing through which it dis
charges. The vacuum pump does not operate at a consistent flow rate or 

Fig. 1. Schematic diagram of the prepFAST-MC™ system. Red lines show connections inside the valves, and black lines show connections outside the valves. The V1 
and V2 valves can switch between Load and Inject modes. The P4 valve can switch between Dispense and Fill modes. The M10 valve connects the center port with one 
of the ten radial positions. In this schematic diagram, the V1 and V2 valves are shown in Load mode, the P4 valve is shown in Dispense mode, and the M10 valve is 
connected to port 9. R1 to R6 represent six different reagents used in the Ni–Cu purification method (R1: 11 M HAc + 4 M HCl, R2: 5 M HCl, R3: 22 M methanol +
0.9 M HBr, R4: 1 M HF, R5: Milli-Q, R6: 2 M HNO3). 
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high pressure, but is typically used to flush open lines. 
The Ni–Cu prepFAST purification method used in this study is 

modified from the manual column method previously described by Yang 
et al. [16]. To evaluate the effectiveness of the prepFAST method, the 
same set of seawater samples was purified using both a 
previously-published hand column method [16] and prepFAST chro
matography. The hand column and the prepFAST purification use the 
same set of reagents, but the reagent volumes differ due to the varying 
resin volumes in the hand and prepFAST columns. For the hand column 
purification, an AG-MP1 hand column (corresponding to the prepFAST 
AG-MP1-Ni-Cu step, Table 2) separated Ni, Cu, and Fe from each other. 
The Ni fraction was further purified with a Nobias-PA1 hand column 
(corresponding to the prepFAST Nobias-PA1-Ni step, Table 2) to sepa
rate Ni from the salt matrix, and the Cu fraction was further purified by a 
second AG-MP1 hand column (corresponding to the prepFAST 
AG-MP1-Cu step, Table 2) to separate Cu from interference elements. 

Common prepFAST-MC™ operations are summarized in Table 1, and 
the prepFAST purification protocol for Ni and Cu isotopes is provided in 
Table 2. Briefly, the first AG-MP1 column (AG-MP1-Ni-Cu step, Table 2) 
separated various elements into three fractions—Ni fraction (eluted by 
11 M HAc + 4 M HCl), Cu fraction (eluted by 5 M HCl) and FeZnCd 
fraction (eluted by 2 M HNO3). The Ni fraction, after evaporation and 
redissolution in 0.7 mL of 0.05 M NH4Ac, was further purified on the 
Nobias-PA1 column (Nobias-PA1-Ni step, Table 2) to separate Ni from 
salts. Similarly, the Cu fraction, after evaporation and redissolution in 
0.7 mL of 22 M methanol +0.9 M HBr, was further purified on the 
second AG-MP1 column (AG-MP1-Cu step, Table 2) to separate Cu from 
the elements that may cause spectral interferences, including Ti, Mn, Cr, 
and S. 

After both the hand-column and prepFAST chromatography pro
cedures, the final Ni and Cu fractions were evaporated to dryness in 7 mL 
PFA vials, then redigested using 1 mL of 16 M HNO3 and 0.1 mL of 30 % 
H2O2 at 160 ◦C for at least 6 h to decompose any leftover organic matter 
[45]. The samples were again evaporated to dryness and redissolved in 
0.1 M HNO3 to achieve a final concentration of approximately 100 ng 
mL−1 Ni and 100 ng mL−1 Cu for isotopic analysis. 

2.5. Recovery and blank test 

The prepFAST-MC™ processed multi-element standards and clean 
reagents to test the matrix removal effectiveness, the recoveries and 
blanks of Ni and Cu, and the memory effect of the prepFAST purification 
procedure. A testing standard solution was prepared by drying down the 
multi-element standard (described in Section 2.2) and redissolving it in 
11 M HAc + 4 M HCl. Multi-element standards (~450 ng for all 43 el
ements) and blank samples (clean 11 M HAc + 4 M HCl) were purified 

alternately during the testing. 
To evaluate the recoveries of Ni and Cu during the first AG-MP1 

column (AG-MP1-Ni-Cu column, Table 2), Ni, Cu, and FeZnCd frac
tions of multi-element standards were collected into 15 mL LDPE tubes. 
These three fractions were then dried down in clean PFA vials and 
redissolved in 1 mL of 0.1 M HNO3 (containing 10 ng mL−1 In) before 
concentration analysis by Element 2 ICP-MS. The recovery of each 
element (e.g., Ni, Cu, Fe, etc.) was determined by summing its mass 
across all fractions and calculating its proportion in each fraction. 

After the first AG-MP1 column, a Nobias-PA1 column further puri
fied Ni from the salt matrix, and a second AG-MP1 column separated Cu 
from interfering elements. The recoveries of Ni and salt elements (e.g., 
Na, Mg, and Ca) of the Nobias-PA1 column were monitored by collecting 
and analyzing the salt fraction and Ni fraction; the recoveries of Cu and 
interference elements of the second AG-MP1 column were monitored by 
collecting and analyzing the interference fraction (eluted by 22 M 
methanol + 0.9 M HBr), Cu fraction, and the final column-cleaning 
HNO3 fraction (Table 2 and Fig. 2). 

Procedural blanks for the prepFAST purification were estimated for 
Ni and Cu by processing clean 11 M HAc +4 M HCl as samples. The Ni 
and Cu blanks for the first AG-MP1 column (AG-MP1-Ni-Cu step) were 
assessed by processing five blank samples. The Ni and Cu fractions were 
collected, dried down, and redissolved in 1 mL of 0.1 M HNO3 with 10 
ng mL−1 In before concentration analysis by the Element 2 ICP-MS. The 
total procedural blanks for Ni and Cu in the prepFAST purification were 
evaluated by processing five new blank samples through both the first 
AG-MP1 and Nobias-PA1 columns for Ni, and the first and second AG- 

Table 1 
Common prepFAST-MC™ operations.  

The prepFAST-MCTM 

operations 
V1 
mode 

V2 
mode 

M10 
position 

P4 valve 
mode 

Syringe 
pump 

Draw sample into the 
Sample Loop 

Inject Load 9 Dispense Fill 

Draw reagents into the 
Sample Loop 

– – 1 to 6 Dispense Fill 

Draw air into the 
Sample Loop 

– – 7 Dispense Fill 

Push reagents/sample 
from the Sample Loop 
through the AG-MP1 
column to elute 
metals 

Load Load 9 Dispense Dispense 

Push reagents/sample 
from the Sample Loop 
through the Nobias- 
PA1 column to elute 
metals 

Inject Inject 9 Dispense Dispense  

Table 2 
A summarized procedural outline for purification of Ni and Cu for MC-ICP-MS 
isotopic analysis by the prepFAST-MC™. The full procedure includes steps for 
rinsing tubing, Sample Loop, and the probe are not included here. A complete 
procedure with each command issued to the prepFAST-MC™ is provided in the 
Supplemental Material.  

prepFAST 
Column 

Step Volume 
(μL) 

Reagent Syringe 
Speed (μL/ 
min)  

Clean column 2000 × 2 2 M HNO3 1000  
Rinsing 1000 × 1 Milli-Q Water 1000 

AG-MP1-Ni- 
Cu 

Condition column 500 × 2 11 M HAc + 4 
M HCl 

500 

Column Load sample and 
collect Ni 

Sample 
volume 

11 M HAc + 4 
M HCl 

500  

Elute Ni (for 
Nobias-PA1-Ni 
Column) 

500 × 3 11 M HAc + 4 
M HCl 

500  

Elute Cu (for AG- 
MP1-Cu Column) 

2000 × 3 5 M HCl 500  

Elute Fe, Zn, Cd 2000 × 3 2 M HNO3 1000  

Clean column 2000 × 3 2 M HNO3 1000 
Nobias-PA1- 

Ni 
Condition column 2000 × 2 Milli-Q Water 1000 

Column Load Sample Sample 
volume 

0.05 M NH4Ac 500  

Elute salt 2000 × 3 Milli-Q Water 1000  
Elute Ni 2000 × 2 2 M HNO3 1000  

Clean column 2000 × 1 2 M HNO3 1000  
Rinsing 1000 × 1 Milli-Q Water 1000 

AG-MP1-Cu Condition column 500 × 2 22 M 
methanol +
0.9 M HBr 

500 

Column Load Sample Sample 
Volume 

22 M 
methanol +
0.9 M HBr 

500  

Elute interferences 1700 × 2 22 M 
methanol +
0.9 M HBr 

500  

Elute Cu 2000 × 3 1 M HF or 5 M 
HCl 

500  

Clean column 1700 × 3 2 M HNO3 1000  
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MP1 columns for Cu. The final eluates of Ni and Cu were analyzed to 
determine the total procedural blanks. 

The Ni blank for the Nobias-PA1 column (the second column for Ni 
purification) and the Cu blank for the AG-MP1-Cu column (the second 
column for Cu purification) were determined indirectly; they were 
evaluated by subtracting the Ni and Cu blanks of the first AG-MP1 col
umn from the total procedural blanks (Table 6). 

2.6. Isotopic analysis and data reduction 

Analysis of δ60Ni and δ65Cu was conducted using a Thermo Neptune 
Plus MC-ICP-MS at either USC or the University of South Florida (USF). 
A PFA nebulizer with a flow rate of 100–120 μL min−1 and the Apex 2Q 
desolvation system were used to introduce samples for Ni isotope 
analysis. The same PFA nebulizer and a quartz cyclonic/Scott double- 
pass spray chamber were used to introduce samples for Cu isotope 
analysis. In each case, the Neptune was operated in ‘high-resolution’ 
mode while measuring Ni and Cu isotopes to resolve potential poly
atomic interferences. In particular, when we tuned the Neptune for Cu 
isotope analysis, we used a pure 1 μg mL−1 Na solution to monitor the 
peak shape of 63Cu and observed the interference of 23Na40Ar+ on 63Cu. 
We then analyzed Cu isotopes on the interference-free plateau, even 
though no interference was observed in purified samples. 

The cup configurations for Ni and Cu isotope analysis are listed in 
Table 3. For Ni isotope analysis, 58Ni, 60Ni, 61Ni, and 62Ni were simul
taneously measured, along with monitoring 57Fe to correct for any 
interference of 58Fe on 58Ni. For Cu isotope analysis, 63Cu, 65Cu, and two 
gallium (Ga) isotopes (69Ga and 71Ga) were measured simultaneously. 
Gallium isotopes were measured as the internal standard to correct for 
instrumental mass bias of Cu. 

After Ni isotope analysis, we recalculated Ni concentrations of the 
GP15 samples using the isotope dilution technique based on on-peak 
blank, interference, and mass-bias corrected 62Ni/60Ni ratios analyzed 
by the Neptune. The recalculated Ni concentrations ([Ni]) agree well 
with the GP15 Ni concentration data previously reported [41]—the 
differences in [Ni] between the two datasets are less than 2.1 % 
(Table S1)—and are used in this study when we present GP15 Ni con
centrations (Fig. 3). 

For δ60Ni, a double spike technique was used to correct for instru
mental mass bias and any potential Ni isotope fractionation during 
sample purification. The data reduction scheme followed the iterative 
approach described by Siebert et al. [46]. We express Ni isotope ratios 
using the conventional delta notation compared to the NIST 986 Ni 
isotope standard: 

δ60Ni =

[(
60Ni/58Ni

)

sample

/ (
60Ni/58Ni

)

NIST986
− 1

]

× 1000 (1) 

Copper has only two stable isotopes, so the double spike technique is 
not applicable. Here, a combination of internal standardization and 
external standard sample bracketing (SSB) technique was used for mass 
bias correction on Cu isotope ratios [29]. Gallium was added to Cu 
isotope samples as the internal standard at a Ga:Cu concentration ratio 
of 2:1. The mass bias correction factor of Cu is not identical to that of Ga, 
so a ‘regression’ internal standardization method was used to correct for 
the instrumental mass bias of Cu by monitoring the linear relationship 
between the mass bias correction factors of Cu and Ga [29]. After that, 
the SSB technique was used to calculate the Cu isotopic compositions of 
samples by analyzing samples and Cu standards alternately. Copper 
isotope results are expressed in delta notation relative to the NIST 976 

Fig. 2. Recovery of analyte elements and potential interference elements utilizing the prepFAST methods described here, with error bars representing 2σ.  

Table 3 
Cup configurations for Ni and Cu isotope analysis.  

Faraday Cup position L4 L3 L2 L1 C H1 H2 H3 H4 

Ni cup configuration  57Fe 58Ni  60Ni 61Ni 62Ni   
Cu cup configuration  63Cu  65Cu  69Ga  71Ga   
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Cu isotope standard: 

δ65Cu =

[(
65Cu/63Cu

)

sample

/ (
65Cu/63Cu

)

NIST976
− 1

]

× 1000 (2)  

3. Results and discussion 

3.1. Interferences and matrix removal 

Spectral interferences can influence Ni and Cu isotope analysis, 
yielding inaccurate results [16,47,48]. Because Ga is used as the internal 
standard for Cu isotope analysis, spectral interferences on Ga isotopes 
are also considered here. Among all the measured Ni (58Ni, 60Ni, 61Ni, 
and 62Ni), Ga (69Ga and 71Ga), and Cu (63Cu and 65Cu) isotopes, the only 
relevant isobaric interference is from 58Fe interfering with 58Ni. How
ever, multiple isotopes may be impacted by interferences from poly
atomic/doubly charged ions. The important interferences on Ni, Ga, and 
Cu isotopes are summarized in Table 4. For Ni and Cu isotopes, many 
polyatomic interferences contain Na, Mg, and Ca, which are abundant in 
seawater and ubiquitous in biological and geological samples [49,50]. 
Some polyatomic interferences can be separated from target isotopes 
using high resolution (HR) resolving power in MC-ICP-MS analysis. 
Methods are well-established for the analysis of Fe isotopes using a 
Neptune MC-ICP-MS, which rely on the optical separation of 56Fe+ from 
40Ar16O+ at a Neptune resolving power of at least 4000 (medium reso
lution) but for seawater Fe typically around 9000–11000 in 
high-resolution mode, which is close to the limit of the resolving power 
of the Neptune MC-ICP-MS [17,51,52]. Thus, with current HR slit 
widths, the Neptune is unlikely to be able to resolve any polyatomic 
interferences which require a resolution significantly greater than that is 
required to separate 56Fe+ from 40Ar16O+; however, many relevant in
terferences for the analysis of Ni and Cu isotopes do indeed require much 
higher resolution to resolve (Table 4), and therefore it is necessary to 
quantitatively separate the matrix elements (e.g., Na, Mg, Ca) from Ni 
and Cu prior to analysis using chromatography methods [14,16,30]. 

In our procedure, Ni, Cu, and Fe are separated from each other 
quantitatively in the prepFAST AG-MP1-Ni-Cu column step, so that the 
interference of 58Fe on 58Ni is effectively eliminated (although still 
monitored and corrected for during analysis). Matrix elements such as 
Na, Mg, and Ca are separated from Ni and Cu through multiple steps. 

First, most of Na, Mg, and Ca (>99 %) are removed in the bulk extraction 
step using the Nobias-PA1 resin [16,17]. Any Na, Mg, and Ca that are 
still present from bulk extraction are co-eluted with Ni and separated 
from Cu in the AG-MP1-Ni-Cu column step, and do not cause in
terferences during the analysis of Cu isotopes. Following the 

Fig. 3. Nickel concentration (a) and stable isotope (b) profiles for samples collected on the GP15 transect in the South Pacific (10.5◦ S, 152◦ W). Copper concen
tration (c) and stable isotope (d) profiles for GP15 samples in the South Pacific (15◦ S, 152◦ W). For Ni and Cu isotope data, white squares are results obtained using 
the prepFAST-MC method, while black circles represent samples purified using the manual column method. Error bars are external precision (2σ) during the isotope 
analysis (0.07 ‰ for both δ60Ni and δ65Cu). Note that the upper 1000 m depth range is expanded for δ60Ni and δ65Cu profiles, while not for Ni and Cu concen
tration profiles. 

Table 4 
Main interferences on Ni, Cu, and Ga isotopes (modified from Enge et al., 2016; 
Gall et al., 2012; May and Wiedmeyer, 1998; Petit et al., 2008) [32,48,62,63].  

Isotope Interferences Theoretical mass resolution (m/Δm)a 

63Cu 23Na40Ar+ 2736 
23Na40Ca+ 2736 
25Mg38Ar+ 3312 
47Ti16O+ 3702 
49Ti14N+ 2997 

65Cu 130Ba++ 2597 
25Mg40Ar+ 3092 
48Ti16O1H+ 2823 
49Ti16O+ 4329 

58Ni 58Fe+ 28967 
116Cd++ 3311 
23Na35Cl+ 2414 
40Ar18O+ 2146 
40Ca18O+ 2146 
42Ca16O+ 3049 

60Ni 23Na37Cl+ 2397 
44Ca16O+ 3154 
24Mg36Ar+ 2724 

61Ni 25Mg36Ar+ 2649 
45Sc16O+ 3047 

62Ni 46Ti16O+ 3096 
44Ca18O+ 2382 
26Mg36Ar+ 2693 

69Ga 138Ba++ 2336 
53Cr16O+ 5302 
51V18O+ 3446 
68Zn1H+ 6892 
55Mn14N+ 3829 

71Ga 55Mn16O+ 8866  

a m is the mass of the target isotope (in atomic mass units, AMU), and Δm is 
the mass difference (in AMU) between the target isotope and the interference. 
Note that the theoretical mass resolution (m/Δm) required to separate56Fe+

from40Ar16O+ is 2432; a m/Δm much greater than 2432 (for example, greater 
than 3000) likely exceeds the resolving power of Neptune MC-ICP-MS. 
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AG-MP1-Ni-Cu column step, further effective separation of Na, Mg, and 
Ca from Ni was achieved in the Nobias-PA1 column step (Fig. 2 and 
Table 5). 

Gallium is used as the internal standard for Cu isotope analysis, so it 
is also important to effectively separate any sample Ga from Cu. We find 
that Ga is separated from Cu in the AG-MP1-Ni-Cu step. Furthermore, 
the primary elements that may cause interferences on Ga isotopes, such 
as Ba, Cr, V, Zn, and Mn, are also cleanly removed from the final Cu 
fraction during the AG-MP1-Ni-Cu step and the AG-MP1-Cu step (Fig. 2 
and Table 5). 

Polyatomic Ti species also yield interferences on both 63Cu and 65Cu, 
as well as on 62Ni (Table 4). The influence of Ti on seawater Ni and Cu 
isotope analysis is likely to be negligible because of the low concentra
tion of dissolved Ti in seawater (0 pM to several hundreds of pM) [53]. 
However, for samples with high Ti concentrations (e.g., geological 
samples), it is prudent to separate Ni and Cu from Ti before Ni and Cu 
isotope analysis. Below we suggest some modifications to our current 
prepFAST method to achieve this goal for high-Ti samples. In the 
prepFAST method presented here, in the AG-MP1-Ni-Cu step, 42 % of Ti 
is eluted in the Ni fraction and 57 % in the Cu fraction, respectively. 
Titanium in the Cu fraction is further separated from Cu during the 
AG-MP1-Cu step, but Ti in the Ni fraction cannot be separated from Ni 
during the Nobias-PA1-Ni step (Fig. 2 and Table S3). In order to better 
separate Ti from Ni and Cu, in the AG-MP1-Ni-Cu step, the reagent to 
elute Ni can be changed from 11 M HAc +4 M HCl to 15 M HAc +1.2 M 
HCl so that Ti can be removed from the Ni fraction more effectively, and 
Ti eluted in the Cu fraction will be further separated from Cu in the 
AG-MP1-Cu step [16]. We also note that in the AG-MP1-Cu step, most Ti 
(>98 %) is eluted by 22 M methanol + 0.9 M HBr (Fig. 2 and Table S3), 
so the use of 1 M HF to retain Ti on the column when eluting Cu is 
unnecessary [16]. In the AG-MP1-Cu step, the 1 M HF used to elute Cu 
can be replaced by 5 M HCl, the same as in the AG-MP1-Ni-Cu step, to 
avoid the use of HF. 

To further evaluate the effectiveness of the whole purification pro
cedure—including both the bulk extraction and the prepFAST 
purification—we analyzed the content of the matrix elements in the final 
purified Ni and Cu fractions of seawater samples from the US GEO
TRACES GP15 cruise using an Agilent 8900 triple-quadrupole ICP-MS. 
All the interference matrix elements are cleanly separated from Ni and 
Cu (Table 5). In the final purified Cu fractions, Na has the highest yet still 

insignificant concentrations among the interference matrix elements, 
with an average value of 22.5 ng mL−1 and a median value of 19.4 ng 
mL−1, much lower than Cu concentrations (about 100 ng mL−1) 
(Table 5). In the final purified Ni fractions, Ca has the highest concen
tration among Na, Mg, and Ca, with an average value of 74.7 ng mL−1 

and a median value of 51.4 ng mL−1, lower than Ni concentrations 
(about 100 ng mL−1), and negligible compared with the amount of Ca in 
1 L seawater (about 400 mg). Among the calcium isotopes (40Ca, 42Ca, 
and 44Ca) that may form calcium oxide interferences on Ni isotopes 
(Table 4), 40Ca has the highest relative abundance of 96.94 %; the 
interference of 40Ca18O+ on 58Ni + can be well resolved using the high 
resolution of the Neptune. With a Ca concentration lower than Ni and 
the use of the dry plasma condition to minimize the yield of oxides 
(typically less than 1 %) [54,55], the influence of Ca oxides from the 
other two minor Ca isotopes (42Ca and 44Ca) on Ni isotopic analysis is 
negligible. Therefore, after the whole purification procedure, all matrix 
elements that might introduce interferences on Ni and Cu isotopic an
alyses are effectively removed. 

3.2. Recoveries and column life 

In this procedure, Cu isotopes were analyzed using the standard 
sample bracketing method because the double spike technique is not 
applicable [56,57]. Thus, a quantitative recovery of Cu is required 
throughout the purification procedure to avoid potential isotope frac
tionation. Nickel isotopes were analyzed using the double spike tech
nique so a quantitative recovery is not required [57], but a higher 
recovery is preferred. 

In this study, we evaluated the recoveries of Ni and Cu in both the 
bulk extraction and prepFAST purification steps. The recoveries of Ni 
and Cu during the bulk extraction step have been previously reported; 
Conway et al. observed recoveries of 92 ± 14 % (2SD) for Ni and 80 ± 2 
% (2SD) for Cu [17], and Yang et al. reported 102 ± 3 % (2SD) for Ni and 
86 ± 3 % (2SD) for Cu [16]. The incomplete recovery of Cu in these 
studies may be attributed to the presence of inert Cu which is tightly 
bound by strong organic ligands and resistant to extraction by 
Nobias-PA1 resin. To address this, in this study, we added H2O2 to 
seawater samples and stored them for at least three years before Cu 
isotopic analysis in order to oxidize and break down strong 
copper-binding ligands, as discussed in prior work. Previous studies 
have shown that inert Cu can be effectively recovered by adding H2O2 to 
acidified seawater samples and storing them for 4 months [23], or by 
storing acidified seawaters for more than 4 years even without the 
addition of H2O2 [9,58]. 

We further evaluated the recoveries of Ni and Cu during the Nobias 
bulk extraction step by analyzing Ni and Cu concentrations in post- 
extraction seawater using a seaFAST procedure (described in Section 
2.3). In the post-bulk extraction seawater, the average Ni concentration 
is 0.18 ± 0.04 nM (2SE, n = 45), and the average Cu concentration is 
0.00 ± 0.06 nM (2SE, n = 45), indicating a nearly complete recovery of 
Ni and a quantitative recovery of Cu. 

During the prepFAST purification, both Ni and Cu were quantita
tively recovered. During the purification by the first AG-MP1 column 
(AG-MP1-Ni-Cu step, Table 2), 99.8 ± 0.2 % (2SD, n = 5) of Ni and 99.3 
± 0.3 % (2SD, n = 5) of Cu were collected in their respective fractions 
(Fig. 2 and Table 6). Nickel was then effectively separated from the salt 
matrix (e.g., Na, Mg, Ca) in the Nobias-PA1-Ni step, with a recovery of 
99.4 ± 0.2 % (2SD, n = 5). Similarly, Cu was further separated from Ti, 
V, Cr, and Mn in the AG-MP1-Cu step, with a recovery of 99.9 ± 0.0 % 
(2SD, n = 5) (Fig. 2 and Table 6). These results demonstrate that the 
prepFAST purification process achieves quantitative recoveries for both 
Ni and Cu. Overall, by combining the bulk extraction with the prepFAST 
purification, the whole purification procedure yields a nearly complete 
recovery of Ni and a quantitative recovery of Cu. 

During method development, the same prepFAST columns were used 
for more than 400 standards/samples, and consistent yields were 

Table 5 
Concentrations of matrix elements in the final purified Ni and Cu fractions of 
seawater samples (ng mL−1).  

Elements Cu solutions (n = 35) Ni solutions (n = 45) 

Average±1SD Median Average±1SD Median 

Na 22.5 ± 13.1 19.4 28.7 ± 15.4 28.1 
Mg 1.8 ± 1.1 1.4 37.2 ± 17.2 38.3 
Al 3.8 ± 3.8 2.3 5.5 ± 3.0 4.9 
P 10.8 ± 13.5 5.2 31.3 ± 14.8 31.6 
Ca 11.4 ± 11.5 7.4 74.7 ± 57.1 51.4 
Ti 0.3 ± 0.9 0.1 0.1 ± 0.1 0.1 
V 0.0 ± 0.0 0.0 15.4 ± 22.6 3.6 
Cr 0.1 ± 0.1 0.1 0.1 ± 0.1 0.1 
Mn 0.1 ± 0.0 0.0 0.2 ± 0.8 0.1 
Fe 5.4 ± 5.4 4.6 0.3 ± 1.1 −0.1 
Co 0.0 ± 0.0 0.0 0.0 ± 0.1 0.0 
Ni 0.0 ± 0.0 0.0 90.9 ± 12.6 91.8 
Cu 103.7 ± 10.2 103.2 0.9 ± 3.9 0.1 
Zn 18.4 ± 25.9 8.4 2.1 ± 9.8 0.5 
Mo 8.2 ± 9.9 5.4 0.9 ± 0.6 0.8 
Cd 0.0 ± 0.1 0.0 0.0 ± 0.0 0.0 
Ba 0.0 ± 0.1 0.0 0.0 ± 0.0 0.0 
La 0.0 ± 0.0 0.0 0.1 ± 0.1 0.1 
Ce 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 
Pr 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 
Nd 0.0 ± 0.0 0.0 0.1 ± 0.1 0.1 
Pb 2.6 ± 3.2 1.1 0.2 ± 0.1 0.1  

X. Bian et al.                                                                                                                                                                                                                                     



Analytica Chimica Acta 1312 (2024) 342753

8

achieved, indicating that the lifespan of the columns is long, at least 400 
samples. Furthermore, another automated seawater trace metal con
centration analysis system (ESI seaFAST™) also uses columns packed 
with Nobias-PA1 resin and can purify hundreds of seawater samples 
before exhausting the column [59]. As such, the same columns can be 
used for large sample sets. When the columns are approaching the end of 
their lifecycle, the resin degradation is expected to decrease Ni and Cu 
yields. It may therefore be helpful to monitor column performance when 
running natural samples by systematically processing an isotope refer
ence material with samples, as has been recommended previously [32]. 

3.3. Blanks and sample carryover 

In order to evaluate the total procedural blanks of the whole puri
fication procedure, we combined the bulk extraction blanks with the 
prepFAST purification blanks. The blanks of Ni and Cu during the bulk 
extraction step were previously reported [17], with a Ni blank of 0.09 ±
0.24 ng (2SD) and a Cu blank of 0.08 ± 0.10 ng (2SD). For the prepFAST 
purification, in the AG-MP1-Ni-Cu step, the procedural blanks were 0.08 
± 0.02 ng (2SD, n = 5) for Ni and 0.18 ± 0.07 ng (2SD, n = 5) for Cu in 
their respective fractions. The total procedural blanks for the prepFAST 
purification were 0.24 ± 0.05 ng for Ni (2SD, n = 5) and 0.34 ± 0.15 ng 
for Cu (2SD, n = 5) (Table 6). When combining the blanks from the bulk 
extraction and the prepFAST purification, for the whole purification 
procedure, the Ni blank is 0.33 ± 0.24 ng and the Cu blank is 0.42 ±
0.18 ng (Table 6). 

These total procedural blanks are negligible relative to the amount of 
Ni and Cu in 1 L open ocean seawater—roughly 100–600 ng Ni and 
30–250 ng Cu—and have minimal impact on analytical uncertainty. The 
total Ni procedure blank accounts for <0.3 % of the total Ni, and <1.4 % 
of Cu in seawater samples. Assuming the δ60Ni and δ65Cu of blanks are 
similar to the continental crust, they are about 1.3 ‰ lighter than 
seawater δ60Ni, and 0.6 ‰ lighter than seawater δ65Cu [9,12,60,61]. A 
contribution of 0.3 % Ni from blanks will decrease the analyzed 
seawater δ60Ni value by 0.0039 ‰, and a contribution of 1.4 % Cu from 
blanks will decrease the analyzed seawater δ65Cu by 0.0084 ‰. Both are 
less than 0.01 ‰ and thus negligible. 

Sample carryover was also tested alongside the testing of procedural 
blanks. Alternate processing of blank samples and multi-element stan
dards (containing ~450 ng Ni and Cu) on the prepFAST-MC did not lead 
to any significant increase in blanks. 

3.4. Method validation using natural seawater samples 

The whole purification procedure effectively removes all matrix el
ements from seawater in the final purified Ni and Cu fractions (Table 5 
and Section 3.1). To further validate the whole purification procedure, 
we purified seawater samples from the US GEOTRACES GP15 cruise 
using both the manual method [16] and the new prepFAST purification 
described here. The results of the two methods are consistent with each 
other when considering analytical uncertainties (Fig. 3). 

Seawater samples from 10.5◦ S, 152◦ W in the South Pacific were 
analyzed for dissolved Ni concentrations and δ60Ni (Fig. 3, Table S1). In 
these samples, Ni exhibits a typical nutrient-type profile, with lower 
concentrations in surface seawater and higher concentrations in deep 
seawater [41]. The average Ni isotope composition of deep waters below 
3000 m is +1.36 ± 0.05 ‰ (2SD, n = 14, Fig. 3), consistent with the 
deep water δ60Ni found in other ocean regions [12,14], while δ60Ni 
increases towards the surface (Fig. 3). This increase in δ60Ni towards the 
surface can be interpreted as reflecting the preferential uptake of lighter 
Ni isotopes by phytoplankton, as for similar patterns observed in other 
oceanic regions including the South Pacific subtropical gyre, the North 
Pacific subtropical gyre, the Eastern Tropical North Pacific, and the 
South Atlantic [11,12,14,16]. Notably, however, the new data in this 
study include the heaviest surface seawater Ni isotope value yet reported 
(δ60Ni = +1.80 ‰), even though the surface Ni concentration (2.40 
nmol/kg) is higher than typical oligotrophic surface seawater Ni con
centrations (~2 nmol/kg). Thus, the Ni isotope dataset presented here 
provides intriguing information about global Ni isotope systematics, 
which we plan to interpret in the future using additional δ60Ni data 
generated with this method. 

Seawater samples from 15◦ S, 152◦ W in the South Pacific were 
analyzed for Cu concentrations and isotopes (Fig. 3, Table S2). Copper 
concentrations increase nearly linearly with depth to ~3000 m. Below 
3000 m, Cu concentrations change little with depth (Fig. 3). Copper 
isotope values slightly decrease with depth from the surface to 200 m 
and are homogeneous below 200 m (δ65Cu values range from +0.42 ‰ 
to +0.61 ‰). The average Cu isotope value below 1000 m is +0.51 ±
0.10 ‰ (2SD, n = 20), which is slightly lighter than previously reported 
δ65Cu in the South Pacific and South Atlantic [9,14,24]. At 30◦ S, 165◦ E 
(South Pacific), the average seawater δ65Cu value between 1000 m and 
3000 m is +0.62 ± 0.09 ‰ (2SD, n = 5) [24]. At 30◦ S, 170◦ W (South 
Pacific), seawater δ65Cu values vary between +0.56 ‰ and +0.65 ‰ at 
depths between 400 m and ~5200 m [14]. At ~40◦ S in the South 
Atlantic, seawater δ65Cu values vary between ~+0.6 ‰ to ~+0.7 ‰ 
below 2000 m [9]. The δ65Cu values in this study for samples from 15◦ S 
are slightly lighter than for samples collected at 30◦ S and 40◦ S, which 
may reflect the continuation of a trend that deep seawater δ65Cu values 
decrease northwards (from 46◦ S to 30◦ S) in the South Pacific [24]. The 
δ65Cu data reported here will also be interpreted in greater detail in 
forthcoming work, utilizing additional data from samples processed 
with the methods described here. 

3.5. Analytical precision and uncertainty 

We evaluated the reproducibility of Ni and Cu isotopic analysis by 
repeatedly analyzing pure isotope standards at both USC and USF. Two 
Ni isotope standards, 100 ppb Wako Ni and 100 ppb VWR Ni (spiked 
with Ni double spikes at a standard: spike ratio of 1: 1), and a Cu isotope 
standard (100 ppb NIST SRM 3114 Cu) were used. Repeated analysis of 
them over the last 3 years yields an average value of −0.28 ± 0.07 ‰ 
(2SD, n = 75) for Wako Ni, +0.42 ± 0.07 ‰ (2SD, n = 113) for VWR Ni, 
and −0.06 ± 0.07 ‰ (2SD, n = 344) for NIST 3114 Cu. These results are 
consistent with published values [14,16,23], and show that the external 
precision of isotopic analysis by Neptune is 0.07 ‰ for both δ60Ni and 
δ65Cu. 

To test the repeatability of the prepFAST method for Ni isotope 
analysis, a single 4 L surface seawater sample collected in the North 

Table 6 
The recoveries and procedural blanks of Ni and Cu during the prepFAST 
purification.   

Ni Recovery Cu Recovery Ni blank Cu blank 

AG-MP1-Ni-Cu Step 99.8 ± 0.2 
% (2SD, n =
5) 

99.3 ± 0.3 
% (2SD, n =
5) 

0.08 ±
0.02 ng 
(2SD, n =
5) 

0.18 ±
0.07 ng 
(2SD, n =
5) 

Nobias-PA1-Ni Step 99.4 ± 0.2 
% (2SD, n =
5) 

n.d. 0.16 ±
0.05 nga 

n.d. 

AG-MP1-Cu Step n.d. 99.9 ± 0.0 
% (2SD, n =
5) 

n.d. 0.16 ±
0.16 nga 

Total recoveries and 
procedural blanks of 
the prepFAST 
purificationb 

99.2 ± 0.3 
%(2SD) 

99.2 ± 0.3 
% (2SD) 

0.24 ±
0.05 ng 
(2SD, n =
5) 

0.34 ±
0.15 ng 
(2SD, n =
5)  

a The Ni blank of the Nobias-PA1-Ni Step and the Cu blank of the AG-MP1-Cu 
Step were calculated by subtracting the Ni and Cu blanks of the first AG-MP1 
column from the total prepFAST procedural blanks. 

b The total procedural blanks of the whole purification procedure are 0.33 ±
0.24 ng for Ni and 0.42 ± 0.18 ng for Cu, greater than the blanks of the prep
FAST purification. See Section 3.3 for details. 
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Pacific Subtropical Gyre (24.35◦ N, 160.52◦ W, ~60 m) was split into ten 
samples after bulk extraction, and then separately purified by the 
prepFAST and analyzed by MC-ICP-MS at USF. The average δ60Ni value 
of the surface seawater sample is +1.56 ± 0.04 ‰ (2SD, n = 10) (Fig. 4). 
We further evaluated the stability of the prepFAST method using deep 
seawater samples collected between 1000 m and 3000 m at two stations 
(47◦ N, 152◦ W and 52◦ N, 152◦ W) from the GP15 cruise in the North 
Pacific. These samples share the same water mass—Pacific Deep Water 
(PDW). Therefore, although the PDW samples were collected at different 
depths and latitudes, we expect them to have identical δ60Ni and δ65Cu. 
The PDW samples were purified by prepFAST and analyzed by MC-ICP- 
MS for δ60Ni and δ65Cu at USF. The analysis of the PDW samples 
quantifies the upper bound of the external precision of the prepFAST 
method. The average δ60Ni value of the PDW samples is +1.33 ± 0.07 ‰ 
(2SD, n = 19), and their average δ65Cu value is +0.42 ± 0.09 ‰ (2SD, n 
= 19) (Fig. 4). Based on these results, we regard a conservative estimate 
of the uncertainty associated with the whole purification and analytical 
procedure to be 0.07 ‰ for δ60Ni and 0.09 ‰ for δ65Cu. 

The uncertainty in the seawater δ60Ni and δ65Cu values obtained 
from the purification procedure presented in this study is impacted by 
several factors, including inter-sample variability, procedural blanks, 
interference from matrix elements, and precision of the instrument. We 
quantified the uncertainty using PDW seawater samples. Although these 
samples share the same water mass and are expected to have the same 
δ60Ni and δ65Cu values, they may not be identical. Procedural blanks 

and matrix elements have minimal effects on analytical uncertainty 
(<0.01 ‰), as discussed in Sections 3.1 and Section 3.3. Thus, the pre
cision of the instrument (Neptune MC-ICP-MS) constitutes a major 
proportion of the uncertainty. During isotopic analysis, the external 
precision is 0.07 ‰ for both δ60Ni and δ65Cu. These values match the 
overall uncertainty of seawater δ60Ni and δ65Cu values, which are 0.07 
‰ and 0.09 ‰, respectively. Overall, the purification procedure pre
sented in this study facilitates rapid, accurate, and precise Ni and Cu 
isotopic analysis in seawater samples. 

4. Conclusions 

In this study, we describe a new rapid procedure that utilizes auto
mated chromatography for purifying Ni and Cu from seawater using a 
prepFAST-MC™ system for subsequent isotope analysis by Neptune MC- 
ICP-MS. This method effectively separates Ni and Cu from seawater 
matrix elements, thus avoiding spectral interferences and minimizing 
matrix effects during analysis. A nearly complete recovery of Ni and a 
quantitative recovery of Cu are achieved. The total procedural blanks 
were 0.33 ± 0.24 ng for Ni and 0.42 ± 0.18 ng for Cu, which are 
negligible for seawater Ni and Cu isotope analysis. The methods were 
further validated using seawater samples from the US GEOTRACES 
GP15 cruise. Purification of these samples by either the prepFAST or a 
manual column purification method, followed by MC-ICP-MS analysis 
generated equivalent δ60Ni and δ65Cu results. Repeated analysis of pu
rified seawater samples indicates an overall uncertainty of 0.07 ‰ for 
δ60Ni and 0.09 ‰ for δ65Cu. Beyond this comparison, new data from the 
South Pacific show obvious Ni isotope fractionation in the upper ocean, 
whereas δ65Cu remains similar throughout the water column. We 
anticipate that our method will encourage researchers to automate the 
chromatography of more isotope systems in the future. In particular, we 
note that Fe, Zn, and Cd are all eluted in a single fraction using the 
methods described here, and they can all be purified using the AG-MP1 
resin employed here. This suggests that this method could possibly be 
expanded to purify those important elements from seawater for isotope 
analysis. 
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understanding cycles of trace elements and their isotopes in the oceans, Chem. 
Geol. 580 (2021) 120381, https://doi.org/10.1016/j.chemgeo.2021.120381. 

[4] R. Schlitzer, R.F. Anderson, E.M. Dodas, M. Lohan, W. Geibert, A. Tagliabue, 
A. Bowie, C. Jeandel, M.T. Maldonado, W.M. Landing, D. Cockwell, C. Abadie, 
W. Abouchami, E.P. Achterberg, A. Agather, A. Aguliar-Islas, H.M. van Aken, 
M. Andersen, C. Archer, M. Auro, H.J. de Baar, O. Baars, A.R. Baker, K. Bakker, 
C. Basak, M. Baskaran, N.R. Bates, D. Bauch, P. van Beek, M.K. Behrens, E. Black, 
K. Bluhm, L. Bopp, H. Bouman, K. Bowman, J. Bown, P. Boyd, M. Boye, E.A. Boyle, 
P. Branellec, L. Bridgestock, G. Brissebrat, T. Browning, K.W. Bruland, H. 
J. Brumsack, M. Brzezinski, C.S. Buck, K.N. Buck, K. Buesseler, A. Bull, E. Butler, 
P. Cai, P.C. Mor, D. Cardinal, C. Carlson, G. Carrasco, N. Casacuberta, K. 
L. Casciotti, M. Castrillejo, E. Chamizo, R. Chance, M.A. Charette, J.E. Chaves, 
H. Cheng, F. Chever, M. Christl, T.M. Church, I. Closset, A. Colman, T.M. Conway, 
D. Cossa, P. Croot, J.T. Cullen, G.A. Cutter, C. Daniels, F. Dehairs, F. Deng, H. 
T. Dieu, B. Duggan, G. Dulaquais, C. Dumousseaud, Y. Echegoyen-Sanz, R. 
L. Edwards, M. Ellwood, E. Fahrbach, J.N. Fitzsimmons, A. Russell Flegal, M. 
Q. Fleisher, T. van de Flierdt, M. Frank, J. Friedrich, F. Fripiat, H. Fröllje, S.J. 
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