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A B S T R A C T   

Zirconium (Zr) stable isotopes recently emerged as potential tracers of magmatic processes and, as a result, their 
behavior in high-temperature environments have been the focus of extensive characterization. In contrast, few 
studies have focused on Zr behavior and isotopic fractionation in low temperature or aqueous environments. 
Here, we describe a new analytical routine for highly precise and accurate analysis of Zr isotopes of water 
samples, using a combination of double-spike and iron co-precipitation methods. To assess the impact of po
tential systematic biases a series of experiments were conducted on natural and synthetic water samples. Our 
results show that the spike-to-sample ratio, matrix composition, and high field-strength element (HFSE) con
centration have negligible effects on measured seawater Zr isotopic compositions, and that the Fe co- 
precipitation method used yields accurate and precise Zr isotope data. We thus apply this method to natural 
seawater samples collected from a water column profile in the Pacific Ocean off the coast of California, with 
depths ranging from 5 to 711 m. We find that the natural seawater samples are highly fractionated relative to 
solid-Earth values and display marked variability in δ94/90Zr as a function of depth, ranging from ~ +0.650 ‰ 
near the surface, to + 1.530 ‰ near the profile bottom, with an analytical uncertainty of ± ~0.045 ‰ (2 SE, 
external reproducibility). The δ94/90Zr value of seawater is much higher than that of Earth’s mantle and conti
nental crust, which has a δ94/90Zr value near zero, indicating the presence of processes in the hydrosphere 
capable of inducing large mass-dependent fractionation. Furthermore, the seawater δ94/90Zr value exhibits 
systematic variations with respect to water depth and salinity, suggesting that Zr isotopic compositions may be 
sensitive to seawater chemical properties and source highlighting its potential utility as a tracer of biogeo
chemical processes within the ocean.   

1. Introduction 

Zirconium (Zr) is an incompatible high field-strength element 
(HFSE) whose concentration in igneous rocks has long been used to 
study the differentiation of silicate magmatic systems (Kelemen et al. 
1990; Xie et al. 1993; David et al. 2000; Weyer et al. 2003; Münker et al. 
2004; Claiborne et al. 2006; Pfänder et al. 2007). Recently, the discovery 
of isotopic variations in accessory phases (Ibanez-Mejia & Tissot 2019) 
and bulk rocks (Inglis et al., 2019) has raised the possibility that Zr 
stable isotopes could also be used as tracers of magmatic processes. As a 
result, numerous studies have investigated the Zr isotope systematics in 

high-temperature terrestrial environments (Ibañez-Mejia & Tissot 2019; 
Inglis et al. 2019; Chen et al. 2020; Guo et al. 2020; Tian et al. 2020; Wu 
et al. 2020; Aarons et al. 2021; Méheut et al. 2021; Bindeman & Melnik 
2022; Guo et al. 2022; Jiao et al. 2022; Zhu et al. 2023; Tompkins et al. 
2023), and, to a much lesser extent, low temperature environments 
(Tian et al. 2021; Klaver et al. 2021). In sharp contrast, no constraints 
yet exist on the composition and distribution (i.e., homogeneity/het
erogeneity) of Zr stable isotopes in the hydrosphere. 

Like all HFSEs, Zr has extremely low solubility in aqueous fluids and 
has a short residence time in the ocean (~3700 yr) (Firdaus et al. 2011), 
despite its high abundance in Earth’s continental crust (Orians & Merrin 
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2001). Unlike in high-T environments however, where HFSEs have 
nearly identical geochemical behaviors, elemental fractionation of HFSE 
is well documented in the modern ocean (Firdaus et al. 2008; Firdaus 
et al. 2011). In particular, Zr and its “geochemical twin” hafnium (Hf) 
(Frank, 2011), which has the same valence (+4) and similar ionic radii 
(0.83 and 0.84 Å respectively (Shannon, 1976)), have been shown to be 
strongly fractionated in seawater, where the Hf/Zr ratio varies between 
45 and 350 (in contrast to the near chondritic value of ~ 35–40 observed 
in most crustal and mantle materials (Goldschmidt, 1937; Hoskin & 
Schaltegger 2003)). These extreme Zr/Hf variations are thought to be 
driven by rapid removal of Zr from seawater through adsorption onto 
sinking particles (Firdaus et al. 2011; Schmidt et al. 2014). Any isotopic 
fractionation accompanying such elemental fractionation could (i) 
result in significant Zr isotope variations, and (ii) be leveraged to un
derstand the mechanism driving the decoupling of Zr and Hf in Earth’s 
Ocean. The potential therefore exists for Zr isotopes to be a useful 
oceanographic tracer. 

While a multitude of methods now exist for the determination of Zr 
stable isotope compositions in solid geological materials (Inglis et al. 
2018; Zhang et al. 2019; Tompkins et al. 2020; He et al. 2021; Zhang 
et al. 2022; Xie et al. 2023), measuring the isotopic composition of 
dissolved Zr in the ocean presents a major analytical challenge. Indeed, 
Zr concentrations in seawater vary between ~ 50–250 pmol kg− 1 

(4.6–23 ng/L) (McKelvey & Orians 1993; Firdaus et al. 2008), thus 
requiring the processing of ~ 10–20 L of seawater per sample to obtain 
sufficient Zr for high-precision isotope analysis. Here, we introduce a 
new analytical technique for analysis of mass-dependent Zr isotopic 
compositions in seawater using a combination of iron (Fe) co- 
precipitation and double-spike MC-ICP-MS methods. One of the key 
benefits of using this technique is that it enables the recovery of over 90 
% of HFSE from the solution through adsorption into Fe precipitates. As 
a result, HFSEs become highly enriched in the Fe-hydroxide precipitates 
compared to seawater and can be more easily purified to obtain enough 
Zr for isotopic measurements. Below, we present the details of this new 
method, including a series of experiments performed using synthetic 
seawater doped with varying amounts of Zr of known isotopic compo
sition designed to determine the effects of Fe co-precipitation on the 
measured Zr isotopic composition. We then apply this new approach to 
seawater samples from the Pacific Ocean. We find that, (i) our method 
produces accurate and precise Zr isotope data for seawater of varying 
concentrations and over a range of double spike proportions, (ii) the Fe 
co-precipitation preconcentration technique does not impart measur
able Zr isotopic fractionation to natural water samples, and (iii) Zr is 
markedly fractionated in the ocean and exhibits systematic correlations 
with depth transect and with respect to salinity. As such, this study 
highlights the potential utility of Zr stable isotopes as a tracer of water 
masses and biogeochemical processes in the ocean. 

2. Materials and methods 

2.1. Reagents, labware cleaning & blanks 

All laboratory work was carried out within class 100 laminar flow 
workstations in clean labs at Scripps Institution of Oceanography (SIO), 
the Arizona Heavy Isotopes Laboratory (AHIL) at University of Arizona, 
and the Isotoparium at the California Institute of Technology. Chemical 
reagents to process the samples included MilliQ water, HCl, HNO3, HF, 
and H2O2. All acids used were prepared by double sub-boiling distilla
tion of analytical grade acids using Savillex® DST-1000 systems. 
Because of the low levels of Zr in seawater, blanks were closely moni
tored. Blank values for the undiluted stock acids are reported in Table 1 
and are all below 0.1 pg Zr per mL of acid. 

Polyethylene carboy containers for water collection were precleaned 
in a clean laboratory at SIO prior to sample collection to minimize the 
need for blanks. The 10 and 20 L collapsible polyethylene carboys 
(Fisher Scientific, Wayne, MI, USA) were triple rinsed with MilliQ water, 

leached for 48 hrs with 2 L of 10 % trace grade HNO3, triple rinsed with 
MilliQ water, leached for 48 hrs with 2 L of 10 % double distilled HCl 
and triple rinsed with MilliQ water. Polypropylene centrifuge tubes and 
bottles (15 mL and 1 L) used in the pre-concentration step were cleaned 
with analytical grade 10 % HNO3, HCl, and double distilled 10 % HNO3 
at 60◦ C. 

The sample vials used for chemical digestion and dissolution (PFA 
vials from Savillex) were pre-cleaned in a four-step procedure. First, 
they were cleaned thoroughly with analytical grade ethanol and sub
sequently rinsed several times with distilled water. The second and third 
steps involved boiling in analytical grade 4 M HNO3 and 3 M HCl. As a 
final step, the vials were filled halfway with a mixture of double-distilled 
concentrated HNO3 and HF and capped for 3 days on a hot plate at 110◦

C. The vials were thoroughly rinsed with MilliQ water between each acid 
cleaning step and at the end of the entire procedure. 

To determine the level of laboratory contamination introduced by 
our Fe co-precipitation and chemical purification methods two blanks 
were produced: a total procedural blank (TPB) and an “NaCl” blank. The 
TPB blank consisted of 20 L of MilliQ water with Zr double-spike added 
to determine the blank arising from both the Fe co-precipitation and 
subsequent chemical processing, and the NaCl blank consisted in 40 L of 
MilliQ water with 3.5 % ultrapure NaCl to determine the blank 
contributed from NaCl used in synthetic seawater. Both blank loads 
underwent the complete chemical processing procedure, their Zr iso
topic compositions were measured alongside other samples, and the 
mass of the Zr blank was calculated using isotope dilution. 

2.2. Artificial seawater preparation 

Multiple artificial seawater samples were prepared to assess the re
covery yields of our sample processing protocols, as well as the accuracy 
and precision of the seawater Zr isotope data. Nine artificial water 
samples were prepared using ultrapure deionized water (MilliQ, 18.2 
MΩ) and 3.5 % ultrapure sodium chloride, in pre-cleaned carboys to 
mimic those collected in open ocean natural environments (see Table 2 
for details). In addition, a “freshwater” sample of 20 L of MilliQ water 
was also prepared to compare the matrix effect on Fe co-precipitation. 
The prepared water samples were then acidified with double-distilled 
HCl to a pH between 2 and 3 to prevent adsorption of elements onto 
the walls of the containers, which would decrease the recovery yield. 
Aliquots of NIST RM8299 Zr isotope reference material were then added 
to the artificial water samples (Tissot et al. 2023). Each sample was then 
shaken vigorously and left to sit for at least 24 h so that it would reach 
homogenous Zr concentrations throughout the water. 

2.3. Natural seawater sampling 

Natural seawater samples were collected on the R/V Robert Gordon 
Sproul from the Pacific Ocean off the coast of California in February 

Table 1 
Reagents used for the chemical processing of samples and corresponding Zr 
blanks.   

Product Purification method Zr blank (pg mL- 

1) 

MQ water Millipore, 18.2 MΩ  < 0.1 
HCl ACS grade, 37 % Double infrared 

distillation 
< 0.1 

HNO3 ACS grade, 65 % Double infrared 
distillation 

< 0.1 

HF Optima grade, 48 
%  

<0.05 

H2O2 Optima grade, 30 
%  

<0.05 

FeCl3⋅6H2O Solid Back extraction < 1.0 
NH4•OH Optima grade, 25 

%  
<0.05  
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2022 (32◦ 47.858′N, 117◦ 28.283′ W, Fig. 1). Hydrographic data were 
collected with a SeaBird Electronics profiling conductivity, temperature, 
depth (CTD) sensor package. Depth discrete seawater samples were 
collected using Niskin bottle-type rosette sampler, equipped with 12-L 
Niskin bottles. Upon completion of the CTD cast, seawater samples 
were immediately drained into acid precleaned carboys. Seawater was 
sampled at depths of ~ 5 m (40 L), 20 m (40 L), 50 m (20 L), 300 m (20 
L) and 711 m (20 L). Within 24 h, 20 to 40 L of seawater were filtered 
through 0.2 µm Acropak-200 capsule filters pressurized by filtered air at 
SIO and stored in acid pre-cleaned 20 L polypropylene carboys. Imme
diately following filtration, natural seawater samples were acidified to a 
pH of 2–3 until the Fe co-precipitation step. 

2.4. Iron co-precipitation & sample digestion 

To gauge the potential effects of Fe co-precipitation and metal con
centration techniques on the measured Zr isotopic fractionation in both 
natural and artificial seawater samples, a series of experiments were 
performed (Table 2). For both natural and artificial waters, the work
flow for sampling, chemical processing, digestion, and column chemis
try are described in Fig. 2. These protocols are adapted from previously 
established methods of concentrating and isolating trace amounts of 
metals in large volumes of seawater such as Hf and neodymium (Nd) 

through the removal of Fe precipitate from the sample (Rickli et al. 
2009; Arendt et al. 2015). For the Fe precipitate, Fisher brand I88–500 
GSA/VA ferric chloride hexahydrate (FeCl3⋅6H2O) was precleaned using 
a back extraction method involving diethyl-ether, double distilled 6 M 
HCl, and MilliQ water described in Arendt et al. (2015). The purified 
FeCl3 was dissolved in 3 M HCl at an Fe concentration of 0.2 g mL− 1 of 
solution. An aliquot of the resulting solution, sized to achieve a final 
concentration of 6 mg Fe kg− 1 water in the sample, was added to the 
acidified water samples. Samples were then shaken vigorously and left 
to sit for 24 h to allow for chemical equilibrium. Once the added Fe was 
stable and homogenous in solution, ammonium hydroxide ([NH4+] 
[OH–]) solution was added to the sample to raise the pH to approxi
mately 8–9. Upon raising the solution pH, Fe hydroxide precipitation 
was induced and allowed to proceed over the course of 2 days. After 
settling of the precipitate (typically ~ 72 hr), the supernatant was 
decanted, and the recovered Fe precipitates along with co-precipitated 
metals were separated from the residual water by centrifugation. To 
eliminate excess salts in the seawater samples prior to digestion, Fe 
precipitates (0.5 to 4 g) were rinsed five times with MilliQ water (20 to 
40 mL) that had been buffered with ammonium hydroxide to a pH of 9. 
Samples were then transferred to 20 mL Teflon beakers and evaporated 
to dryness on a hot plate at 130 ◦C. Finally, samples were treated with 
aqua regia, tightly capped and heated to 130 ◦C to eliminate organic 
matter. Once almost dried down, the samples were treated with 1 mL of 

Table 2 
Description of natural and artificial seawater samples.  

Sample 
name 

Spike before 
coprecipitation? 

Volume 
(L) 

Description 

Sproul-5 m- 
B 

Yes 20 Seawater collected at 5 m 
water depth 

Sproul-5 m- 
A 

No 20 Seawater collected at 5 m 
water depth 

Sproul-20 m- 
B 

Yes 20 Seawater collected at 20 m 
water depth 

Sproul-20 m- 
A 

No 20 Seawater collected at 20 m 
water depth 

Sproul-50 m- 
A 

No 20 Seawater collected at 
50 m water depth  

Sproul-300 
m-B 

Yes 10 Seawater collected at 300 
m water depth 

Sproul-300 
m-A 

No 10 Seawater collected at 300 
m water depth 

Sproul-711 
m-B 

Yes 10 Seawater collected at 711 
m water depth 

Sproul-711 
m-A 

No 10 Seawater collected at 711 
m water depth 

Seawater 1-B Yes 10 Synthetic seawater + Zr 
(100 pmol kg− 1) 

Seawater 2- 
A 

No 10 Synthetic seawater + Zr 
(100 pmol kg− 1) 

Surface 
water 

Yes 20 Synthetic seawater + Zr 
(25 pmol kg− 1) 

Bottom 
water 

Yes 10 Synthetic seawater + Zr 
(250 pmol kg− 1) 

Seawater V1 Yes 6 Synthetic seawater + Zr 
(100 pmol kg− 1) 

Seawater V2 Yes 10 Synthetic seawater + Zr 
(100 pmol kg− 1) 

Seawater V3 Yes 14 Synthetic seawater + Zr 
(100 pmol kg− 1) 

Pier 
seawater- 
B 

Yes 40 Coastal water collected at 
5 m water depth. 

Pier 
seawater- 
A 

No 40 Coastal water collected at 
5 m depth. 

Freshwater Yes 20 MQ H2O + Zr (100 pmol 
kg− 1), 

TPB Yes 40 MQ H2O, no Zr, blank 
sample 

NaCl blank Yes 40 Synthetic seawater, no Zr, 
NaCl blank  

Fig. 1. Map indicating the sampling location in the Pacific Ocean, off the coast 
of S. California. Regional location shown in the inset map depicting the western 
United States. 
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16 M HNO3 to remove residual HCl and evaporated to dryness before 
redissolution in 18 mL of 3 M HNO3 + 0.2 M H3BO3 prior to chro
matographic purification. All of the initial chemical processing, Fe co- 
precipitation, and sample digestion took place at SIO. 

2.5. Test for potential systematic biases 

Several parameters such as (i) the amount of Zr available for analysis, 
(ii) the risk of over/underspiking seawater samples with low Zr content, 
(iii) the timing of spiking during processing, (iv) the potential for Zr 
isotope fractionation during adsorption onto the Fe precipitate, and (v) 
potential matrix effects, can affect the accuracy of isotopic analyses. To 
develop a reliable Zr isotopic measurement method for water samples, 
we therefore investigated each of these factors. A set of experiments 
were designed using both synthetic (Ultrapure ≥ 99 % NaCl) and natural 
seawater samples. 

In all experiments, a double-spike was used to correct for fraction
ation during sample preparation and instrumental mass-bias (Dodson, 
1963; Rudge et al. 2009; Marquez & Tissot 2022). The double spike 
technique is well-established and widely used for the determination of 
high-precision Zr isotopic measurements (Ibañez-Mejia & Tissot 2019; 
Inglis et al. 2019; Tompkins et al. 2020). Here we used a 91Zr-96Zr spike, 
with isotopic abundances of: 90Zr (5.41 %), 91Zr (44.18 %), 92Zr (2.90 
%), 94Zr (2.33 %), and 96Zr (45.19 %) (Tompkins et al. 2020). Simulated 
mixtures of seawater with a prescribed Zr concentration (~100 pmol 
kg− 1) were prepared, and the Zr double-spike was added either before or 
after Fe co-precipitation (Fig. 2, Table 2). Tests were also conducted to 
assess the impact of over/underspiking, as well as the lower limits of 
sample concentration (and hence the lower limit on natural seawater 

volume during sample collection) for effectively isolating and measuring 
Zr isotopic compositions. 

The first experiment aimed at assessing the impact of the timing of 
spiking relative to the Fe co-precipitation step, and thus whether any Zr 
isotope fractionation occurs during adsorption to Fe oxyhydroxides in 
the laboratory. For this test, several samples were split into two separate 
aliquots, one of which was spiked before Fe co-precipitation, and the 
other one spiked after. One of such pairs was a synthetic water sample 
doped with RM8299 Zr, and the other four pairs were natural samples 
(Table 2 and Fig. 2). The second series of tests aimed at assessing the 
impact of variable Zr concentration and processed water volumes on our 
method. For this test, artificial seawater samples with Zr concentration 
varying from 25 pmol kg− 1 to 250 pmol kg− 1 (fixed volume of 10 L), and 
with volumes varying from 6 to 14 L (fixed concentration of 100 pmol 
kg− 1), were prepared. A third experiment was designed to assess the 
impact of the large total dissolved solids matrix of seawater samples on 
our methods. For this test, solutions of both 3.5 % NaCl solution and 
pure MQ water (both at fixed volume of 10 L) were doped with 100 
pmol kg− 1 of RM8299 Zr, allowed to equilibrate, and then spiked with 
the 91Zr-96Zr tracer. The same Fe co-precipitation and chemical purifi
cation steps were then performed on all solutions. 

To complement the extensive testing done on synthetic seawater 
described above and ensure the accuracy of our data on natural 
seawater, most natural seawater samples reported here were prepared in 
duplicates, with one aliquot spiked before, and the other aliquot spiked 
after, Fe co-precipitation. The samples were then processed fully inde
pendently through re-dissolution, column chemistry and Zr isotopic 
analysis. 

2.6. Ion exchange chromatography 

Zirconium purification was performed in the AHIL clean lab at the 
University of Arizona using a three-step procedure using TODGA and 
AG1-X8 columns, modified after Ibañez-Mejia & Tissot (2019) and 
Tompkins et al (2020). The first stage of column chemistry was specif
ically designed to isolate Zr from the major elements within the sample 
matrix (Fe, Al, Ca, Mg, Cr, Ti), and used 2 mL cartridges of pre-packed 
Eichrom DGA resin (50–100 μm particle size). The major modification 
in our protocol relative to previous studies is that, to avoid saturation of 
the resin, the 18 mL of sample solutions were loaded in 2 mL increments, 
in between which rinsing steps for Fe (3 M HNO3) and Ca (12 M HNO3) 
were performed (see Table 3). 

The second and third columns were designed to completely isolate Zr 
from the residual major and trace elements within the sample matrix, 
including molybdenum (Mo) which has direct isobaric interferences on 
92Zr, 94Zr, and 96Zr from 92Mo, 94Mo, and 96Mo. New, pre-cleaned Bio- 
Rad AG1-X8 resin (200 to 400 μm mesh) was loaded onto custom-made 
FEP ‘micro-columns’(L = 1.6 cm; ϕ = 2 mm) with a reservoir volume of 
1.6 mL. 

Samples were processed following the steps shown in Table 3 using a 
vacuum box for the TODGA chemistry (~1 mL/min flow rate), and 
gravity-driven flow for the AG1-X8 steps. After chemistry, the purified 
Zr cuts were dried down on the hotplate at 130◦ C, fluxed for 3 h in 2 mL 
of a 15 M HNO3 + 30 wt% H2O2 mixture to decompose organic residues 
from the resin, then dried down again, and dissolved in 1 mL of 8 M 
HNO3 + 14 M HF. Once completely re-digested, samples were slowly 
evaporated to near dryness, and diluted into 2 mL of 0.59 M HNO3 +

0.28 M HF, at which point they are ready for isotopic analysis. 

2.7. Mass spectrometry and data treatment 

Zirconium isotopic compositions were measured using a Thermo 
Scientific Neptune Plus MC-ICP-MS at the Isotoparium. Measurements 
were made in low mass resolution mode using regular sample and 
skimmer cones, and a static cup configuration monitoring masses 90 
through 98. The cup configuration and other mass spectrometry details 

Fig. 2. Flowchart diagram indicating sample processing and analysis steps for 
natural and artificial seawater samples for this study. 
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are included in the Table S5. Each unknown measurement was brack
eted by measurements of the NIST Zr RM8299 (Tissot et al., 2023), 
spiked at the same level as the sample and diluted to the same concen
tration (within ~ 10 %). Each measurement consumed approximately 
0.57 mL of solution, and each sample was measured 2–3 times, 
depending on the amount of Zr available for measurement. 

Data processing was done offline using the minimization approach 
described in detail in Tompkins et al. (2020). In contrast to the con
ventional double-spike inversion method that uses three isotope ratios to 
find an exact solution to the non-linear system of equations, this method 
solves the double-spike equations using all five measured Zr isotopes (i. 
e., four ratios). This over-constrained mathematical solution provides an 
internal check of the mass-dependency of the four isotope ratios (see 
Table S1). 

3. Results 

3.1. Notations 

Zirconium isotopic variations are reported in δ94/90ZrRM 8299 nota
tion (hereafter abbreviated to δ94/90Zr), which is the per mil deviation of 
the sample 94Zr/90Zr ratio relative to NIST RM 8299 Zr iRM described in 
Tissot et al. (2023), as follows 

δ94/90Zr =

(
94Zr/90ZrSample

94Zr/90ZrRM8299
− 1

)

× 1000  

Uncertainties for individual sample measurements are reported as 2SE 
(95 % CI) and calculated using the daily external reproducibility of the 
NIST standard (2SD) divided by the square root of the number of 
replicate measurements for a given sample (i.e., 2SE = 2SDExternal/√n). 

3.2. Yields and blanks 

The procedural blank for the entire Zr chemical purification was 
calculated by isotope dilution using artificial seawater samples free of 
added Zr. Total procedural blanks and NaCl blank were found to be less 
than 0.3 ng of Zr, which are more than two orders of magnitude smaller 
than the typical Zr loads of our double spiked samples (~60–300 ng) and 
therefore considered negligible. 

Chemistry yields were determined prior to isotopic measurements, 
using isotope dilution with a small (~3%) aliquot of the purified Zr 
fraction on the MC-ICP-MS. The calculated yields were deduced from 
element concentration measurements on ICP-MS at the University of 
California Irvine. Procedural yields of Zr using our Fe co-precipitation 
procedure were ~ 83 % on average, and the Zr recovery yield of the 
three-column separation procedure of the seawater is 86 % on average. 
The observed yield during the co-precipitation procedure is unlikely to 
be due to non-quantitative scavenging of Zr from the solution and 
instead may be readily attributed to minor loss of Fe-precipitates during 
the decanting step (up to ~ 10 %). This conclusion is supported by the 
fact that all synthetic seawater samples doped with the NIST Zr RM 8299 
yielded δ94/90Zr values undistinguishable from zero within uncertainty 
for all our runs. Our data shows that the incomplete collection of Zr 
during the co-precipitation and chemistry does not affect the measured 
Zr isotopic composition outside of the reported uncertainties. 

3.3. Zr concentration and isotopic compositions of seawater 

Without isotope dilution, it is challenging to precisely determine 
picomolar concentrations of dissolved Zr in seawater. An added 
advantage of the double-spike method is that it also allows accurate 
concentration determination (at the ± 1–2 % level). Indeed, using the 
isotopic ratios in the sample-spike mixture, the fraction of Zr (by mass) 
from double spike in each aliquot (ZrSpk/ZrTot) can be calculated by 
isotope dilution (Table 4). Since the amount of Zr spike added is known, 
the Zr amount in the original water can be deduced, regardless of the 
yields from Fe co-precipitation and column chemistry. Consistent with 
previous studies (Godfrey et al. 1996; Firdaus et al. 2008), the Zr con
centration in the natural seawater samples ranged from 24.4 to 97.5 
pmol kg− 1 (2.3–9.1 ng kg− 1) (Table 4). The concentration of Zr was 
found to be lowest at the surface (~25 pmol kg− 1 for the 0–50 m sample) 
and increases with depth (50.7 pmol kg− 1 for 300 m and 97.4 pmol kg− 1 

for 711 m). 
The Zr isotopic composition for the 19 samples of artificial and 

natural seawater is provided in Table 4. All the artificial seawater 
samples have isotopic compositions indistinguishable from the NIST 
reference material and display a very narrow range in δ94/90Zr between 
− 0.019 ± 0.020 ‰ to + 0.014 ± 0.025 ‰. These data are discussed in 
Section 4.1.3 and demonstrate the accuracy and reliability of our 
analytical methods. 

Table 3 
Column chemistry procedure for Zr purification from seawater samples used in 
this study. Table 3a. shows the procedure for the first stage column using DGA 
resin. Table 3b. and 3c. shows the procedure for the second and third stage 
columns using AG1 X8 resin (200–400 mesh).  

a. First stage column (TO-DGA) 

Step Reagent Volume 
(mL) 

Notes 

Resin 
cleaning 

3 M HNO3 + 0.3 M 
HF 

15   

3 M HNO3 + 1 % 
H2O2 

10   

3 M HNO3 10   
MilliQ water 4  

Precondition 
1 

3 M HNO3 10       

Sample load 1 3 M HNO3 + 0.2 M 
H3BO3 

2 * indicates repeat entire 
sequence 3 times 

Rinse Fe 3 M HNO3 5 * 
Sample load 2 3 M HNO3 + 0.2 M 

H3BO3 

2 * 

Rinse Fe 3 M HNO3 5 * 
Sample load 3 3 M HNO3 + 0.2 M 

H3BO3 

2 * 

Rinse Fe 3 M HNO3 3 * 
Rinse Ca 12 M HNO3 3 * 
Re-condition 3 M HNO3 3 *      

Rinse Matrix 3 M HNO3  20  
Elute Ti-Mo 12 M HNO3 + 1 

% H2O2  

3.5  

Clean Fe 3 M HNO3  20       

Elute Zr-Hf 3 M HNO3+ 0.3 
M HF  

18   

b. Second stage column (AG1-X8) 

Step Reagent Volume (mL) 

Resin cleaning 6 M HCl + 0.06 M HF 1.2  
MilliQ H2O 1.2 

Precondition 7 M HF 1 
Sample load 7 M HF 1 
Rinse Fe-Cr 7 M HF 0.15 
Rinse Fe-Cr 7 M HF 1 
Elute Zr-Hf 6 M HCl + 0.06 M HF 1  

6 M HCl + 0.06 M HF 1  

c. Third stage column (AG1-X8) 

Step Reagent Volume (mL) 

Resin cleaning 6 M HNO3 + 0.2 M HF  0.8  
MilliQ H2O  0.8 

Precondition 6 M HCl + 0.06 M HF  0.8 
Sample load 6 M HCl + 0.06 M HF  0.5 
Elute Zr-Hf 6 M HCl + 0.06 M HF  0.1  

6 M HCl + 0.06 M HF  0.25  
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In addition to their systematic Zr concentration variations, the nat
ural seawater samples analyzed in this study display large variation in 
δ94/90Zr values, ranging from δ94/90Zr of + 0.647 ± 0.025 ‰ to + 1.528 
± 0.030 ‰. The Pier seawater sample, collected at the SIO coastal 
research pier in San Diego, California, USA (32◦ 51′ 56″N 117◦ 15′ 13 W), 
has an average δ94/90Zr value of + 0.653 ± 0.018 ‰ (2 SE; n = 6), which 
is notably heavier than that of average continental clastic sediments (at 
~ 0.009 ‰) (Klaver et al. 2021). Both significant and resolvable varia
tion of Zr isotopic composition exists within the seawater profile (see 
Section 4.2). Further offshore, the 0–5 m surface seawater sample has an 
average δ94/90Zr value of + 1.201 ± 0.032 ‰ (2 SE; n = 4). At 20 m 
depth, the seawater is characterized by a δ94/90Zr value of + 1.263 ±
0.032 ‰ (2 SE; n = 4), and at 50 m depth, +1.161 ± 0.045 ‰ (2 SE; n =
2). A deeper seawater sample collected at 300 m has a higher δ94/90Zr 
value of + 1.459 ± 0.018 ‰ (2 SE; n = 4) and the deepest sample in our 
set, collected at 711 m, has a δ94/90Zr values of + 1.528 ± 0.030 ‰ (2 SE; 
n = 2). 

4. Discussion 

4.1. Accuracy of Zr stable isotope results 

4.1.1. Achievable precision for sample-limited measurements 
Because the dissolved Zr concentration in the surface ocean is typi

cally less than 50 pmol kg− 1 (4.6 ng kg− 1) (Firdaus et al. 2008; Firdaus 
et al. 2011), the amount of Zr that can be concentrated from seawater 
will inevitably be lower than the normal ~ 300 ng of Zr used for high- 
precision MC-ICP-MS analysis (Tompkins et al. 2020). To evaluate the 
precision and accuracy of δ94/90Zr values obtained under low Zr beam 
intensity conditions, we measured reference materials at three different 
Zr concentrations: 7, 23, and 57 ng g− 1, yielding mean 90Zr beam in
tensities of ~ 0.9 V, 2.5 V and 7 V, respectively. For these tests, the spike- 
to-sample ratios were optimal (i.e., ~0.45:0.55). 

As shown in Fig. 3a, the δ94/90Zr values of the SPEX, IPGP and AMES 
pure Zr solutions for the three 90Zr beam intensities (7 V, 2.5 V and ~ 
0.9 V from left to right) are in excellent agreement with their published 
reference values (Tissot et al. 2023). As expected, the uncertainty of 
repeat measurements is lowest at higher Zr concentration. Importantly, 

the achieved uncertainties are close to the theoretical limit of precision 
predicted from counting statistics and Johnson noise (Fig. 3b and 
table S2). Going from 7 V to 2.5 V of 90Zr increases the uncertainty from 
± 0.021 ‰ (2SD) to ± 0.040 ‰ (2SD) respectively, and at the lowest 
90Zr beam intensity of 0.9 V tested, the uncertainty reaches ± 0.087 ‰ 
(2SD). Even at the lowest 90Zr beam intensity, the Zr isotopic values 
obtained did not show any systematic δ94/90Zr bias, indicating that low 
level Zr isotopic analysis is robust using our methods. These results 
demonstrate that despite the decrease in precision, measurements 
remain accurate even at the low beam sizes imposed by the low Zr 
concentration of seawater. Given the range and variability of δ94Zr 
values observed in seawater (see Section 4.1.3), our tests indicate that it 
is ideal to perform Zr isotopic measurements at 90Zr beam intensity of 
0.9 V or higher to ensure that precision and accuracy are better than ±
0.100 ‰. 

4.1.2. Sensitivity to under/over-spiking 
The double-spike method is commonly used for elements with four 

isotopes or more, including Zr, to perform high accuracy measurements 
of mass-dependent isotopic variations (Dodson, 1963; Rudge et al. 2009; 
Marquez & Tissot 2022). To maximize precision and minimize error, this 
technique requires appropriate sample to spike proportions (Millet & 
Dauphas, 2014; Feng et al., 2020; Tompkins et al., 2020). Given the low 
dissolved Zr concentration in seawater (McKelvey & Orians 1993; Fir
daus et al. 2008), avoiding under/over spiking is challenging, and it is 
important to assess the sensitivity of the inverted δ94/90Zr values when 
optimal spiking ratio is not achieved. 

Tompkins et al. (2020) showed through numerical calculations that 
the best spiking level for the 91Zr-96Zr double spike used in this study 
was ZrSpike/ZrTotal ~ 45 %, and that reliable data should be obtained 
over a wide range of ZrSpike/ZrTotal, from 25 % to 65 % (Tompkins et al. 
2020). Because of the (a priori) unknown Zr concentrations in natural 
seawater samples, we used the depth vs. concentration relationship of 
The Periodic Table of the Elements in the Ocean (PTEO) to estimate the 
spike mass needed for our seawater samples (Bruland, 1983; Byrne, et al. 
1988). The spiking levels we achieved using this approach varied from 
28 % to 54 %, which are all within the robust spiking range determined 
by Tompkins et al. (2020). To further demonstrate that such spike-to- 

Table 4 
Zirconium isotopic data of artificial and natural seawater.      

Zr stable isotope compositions§ Mo interference 

Sample ID n ZrSpk/ZrTot (%)* [Zr] (pmol kg− 1) ** δ94/90Zr (‰) (±2σ) 95Mo/90Zr† Mo/Zr (%)††

Sproul-5 m-B 2 45  24.4  1.205  0.045 1.97E-03  0.250 
Sproul-5 m-A 2 53  24.4  1.196  0.045 5.36E-04  0.060 
Sproul-20 m-B 2 45  25.1  1.238  0.045 7.37E-04  0.094 
Sproul-20 m-A 2 54  25.1  1.287  0.045 5.90E-04  0.064 
Sproul-50 m-A 2 47  26.2  1.161  0.025 5.44E-04  0.067 
Sproul-300 m-B 2 46  50.8  1.481  0.025 9.68E-04  0.120 
Sproul-300 m-A 2 44  50.8  1.437  0.025 6.20E-04  0.080 
Sproul-711 m-B 2 50  97.5  1.528  0.030 3.22E-04  0.038 
Sproul-711 m-A 2 45  97.5  1.433  0.020 3.45E-04  0.043 
Seawater 1-B 2 44  ~100.0  − 0.011  0.020 1.38E-04  0.018 
Seawater 2-A 2 42  ~100.0  − 0.008  0.020 1.48E-04  0.018 
Surface water 2 42  ~25.0  0.000  0.045 7.56E-04  0.100 
Bottom water 2 44  ~250.0  − 0.007  0.020 8.32E-05  0.011 
Seawater V1 2 44  ~100.0  − 0.003  0.025 4.83E-04  0.062 
Seawater V2 3 44  ~100.0  0.005  0.025 3.17E-04  0.040 
Seawater V3 2 44  ~100.0  − 0.019  0.020 1.45E-04  0.019 
Pier seawater-B 3 28  51.9  0.647  0.025 2.01E-04  0.032 
Pier seawater-A 3 48  51.9  0.658  0.025 2.14E-04  0.026 
Freshwater 3 41  ~100.0  0.014  0.025 2.48E-04  0.033  

* Fraction of Zr (by mass) from double spike in the spike-sample mixture, calculated by isotope dilution 
** The standard deviation of [Zr] results are within 3%. 
§ Uncertainties reported for each sample are 2SE, calculated using the daily external reproducibility of the NIST Zr RM8299 standard (2SD) divided by the square 

root of the number of replicates measured for each sample (i.e., 2SE = 2SDExternal/√n). 
† Ratio of measured ion beam intensities. 
†† Percent Mo/Zr (atomic). 
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sample ratios did not bias the δ94/90Zr values we obtained, additional 
analysis were performed on reference materials with variable spike-to- 
sample ratios within a similar but slightly larger range, from 23 % to 
65 %. The under/overspiked solutions were measured as unknowns and 
bracketed with a standard solution spiked at the optimal level. As shown 
in Fig. 4, identical Zr isotope compositions were obtained over the entire 
range of spike-to-sample ratio tested within analytical uncertainty. This 
confirms that the spiking range predicted as robust by Tompkins et al. 
(2020) using our spike is valid, and that the spiking levels of natural 
samples in this study produce reliable δ94/90Zr data. 

4.1.3. Timing of spiking, fractionation during co-precipitation, and matrix 
effects 

Beyond the purely instrumental factors tested above, the Fe co- 
precipitation method used in this study to scavenge Zr and other 
HFSEs out of solution, has the potential to introduce systematic bias in 
the data through procedural isotope fractionation. However, we are not 

aware of any study having quantified, or even tested, the extent of HFSE 
isotopic fractionation during Fe co-precipitation. This is of particular 
interest here, since adsorption of dissolved Zr onto sinking particulates 
through the water column is one of the hypothesized mechanisms by 
which shallow waters could become depleted in Zr (Firdaus et al. 2011; 
Frank, 2011). To determine how this pre-concentration step may influ
ence the measured Zr isotopic composition, three types of experiments 
were conducted. 

As shown in Table 4 and Fig. 5, the Zr isotopic analysis of all artificial 
seawater and MQ water return δ94/90Zr values indistinguishable from 
that of the Zr iRM with which they were doped (within ± 0.025 ‰). 
These results indicate that the co-precipitation step, the initial Zr con
centration of the solution, and the sample matrix, have no resolvable 
impact on the measured seawater Zr isotopic composition at the re
ported level of precision. Since the range of parameters tested here en
compasses the observed range in the natural samples analyzed, these 
results testify to the accuracy of our approach for seawater Zr isotope 
analysis within our analytical precision. 

4.2. Zr concentration and isotopic composition of natural seawater 
samples 

4.2.1. Accuracy of the natural seawater Zr isotope data 
As shown in Fig. 6, the Zr isotopic compositions of natural seawater 

sample pairs spiked before and after Fe co-precipitation are remarkably 
consistent with each other, although some minor offsets exist. Most 
samples (10 out of 12) are indistinguishable within analytical uncer
tainty. Only two samples showed a resolvable offset, with a maximum 
offset magnitude of 0.094 ± 0.036 ‰ for the 711 m-depth sample pair. 
Although resolvable within analytical uncertainties, this offset is more 
than fifteen times smaller than the δ94/90Zr value of the sample itself, 
which would not compromise data interpretation. As such, although it is 
possible that the Fe co-precipitation might be inducing a limited 
magnitude of isotope fractionation through non-quantitative recovery, 
this magnitude is small to unresolvable within our method uncertainty. 
Thus, this final test strongly supports the accuracy and robustness of our 
method and reported natural seawater data. Nevertheless, given the 
potential presence of a small isotopic effect induced by the Fe co- 
precipitation step, we prefer the values obtained from aliquots for 
which spiking took place prior to Fe co-precipitation, and use these for 
all subsequent discussions and interpretations. 

4.2.2. Zr concentration and isotopic depth profiles 
As shown in Fig. 7, Zr concentrations in the natural seawater samples 

studied here are lowest at the surface (~25 pmol kg− 1 for the 0–50 m 
sample) and increase with depth (50.8 pmol kg− 1 for 300 m and 97.5 
pmol kg− 1 for 711 m). This profile is consistent with previous studies 
(McKelvey & Orians 1993) which have suggested that Zr is particle 
reactive and that its concentration is generally affected by scavenging 
and removal in the surface ocean leading to depletion relative to deep 
waters (Godfrey et al. 1996; Firdaus et al. 2008). The Zr isotopic profile 
shows a strikingly similar structure to the Zr concentrations, with δ94/ 

90Zr values increasing from ~ +1.2 ‰ near the surface to ~ +1.5 ‰ at 
711 m depth. These data show, for the first time, that Zr in the dissolved 
fraction of seawater is strongly isotopically fractionated, with δ94/90Zr 
values much higher than those typical of igneous rocks and minerals, 
and of detrital sediments (Ibañez-Mejia & Tissot 2019; Klaver et al. 
2021; Tian et al. 2021). 

4.2.3. Possible drivers of Zr isotope fractionation in seawater 
Dissolved Zr and Hf concentrations in seawater closely track that of 

silicate, except that dissolved Zr has markedly high concentrations in 
bottom water (Firdaus et al. 2011). One hypothesized mechanism for the 
higher observed Zr concentrations at depth in the Pacific Ocean is the 
dissolution of dust particles in the surface water and rapid transport to 
bottom water, via particulate settling and/or advection, resulting in the 

Fig. 3. A) Measurements of pure Zr reference materials at different 90Zr beam 
intensities. The 90Zr beam intensities corresponding to the data points are 7 V, 
2.5 V and 0.9 V from left to right. The shaded regions represent the reported 
reference values for each standard from Tissot et al., (2023). B) Comparison of 
the measured (red circles) and predicted (solid curve) 2 SD uncertainties of δ94/ 

90Zr as a function of 90Zr beam intensity. The predicted curve was obtained by 
counting statistics and Johnson noise calculations (Dauphas et al. 2014). To 
account for bracketing effects, the uncertainty from the sample and bracketing 
standard measurement must be added in quadrature, approximated by multi
plying the values by the square root of 2. The measured values are represented 
by the red circles are from the analyzed samples. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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high concentration in bottom water in the North Pacific (Firdaus et al. 
2011). The dissolved Zr/Hf concentration ratio for seawater, which 
varies between 45 and 350, can deviate significantly from the chondritic 
Zr/Hf weight ratios of ~ 35 to 40 in detrital sediments (David et al. 
2000; Tian et al. 2021). These findings suggest that water masses are 
preferentially retaining dissolved Zr over Hf, which may be a byproduct 
of different removal rates/mechanisms. The geochemical variability of 
dissolved Zr in seawater may be reflective of its source and residence 
time in the ocean, potentially making this element and its stable isotopes 
a useful tracer of water masses. 

Since the main source of Zr to the ocean, the continental crust, has a 
mostly uniform Zr isotopic composition with a δ94/90Zr close to zero 
(Klaver et al. 2021; Tian et al. 2021), the highly positive δ94/90Zr values 
and fractionated depth profile of seawater must be the result of pro
cesses taking place in the hydrosphere. This includes potential frac
tionation during riverine transport, within the ocean itself, or a 
combination thereof. Our data show that the seawater δ94/90Zr values 
are well correlated with Zr concentration, and even more strongly with 
salinity. The surface water (0–50 m) is characterized by low concen
tration of Zr (~25 pmol kg− 1), low salinity (~33.61) and the lowest δ94/ 

90Zr in our depth profile (~ +1.20 ‰) compared to other samples (Fig. 7 
and table S3). The salinity and Zr concentration increase rapidly with 
depth to reach a maximum of 34.35 and 97 pmol kg− 1 respectively in the 
bottom water (~700 m), coinciding with the largest observed δ94/90Zr 
value (+1.53 ‰) (Fig. 7b). The exact mechanisms of Zr isotope frac
tionation in the ocean, i.e., those responsible for the on-average positive 
seawater δ94/90Zr compared to detrital sources (e.g., sediments/shales) 
as well as the underlying cause of the down-depth δ94/90Zr variation in 
the vertical seawater profile, are still unclear. Because the Zr isotopic 
composition of seawater covaries with both large-scale oceanic prop
erties such as salinity, O2, and temperature (Figure S2) as well as local 
scale properties such as beam attenuation and chlorophyll-a fluores
cence (Figure S2) it is currently difficult to disentangle the exact 
mechanism controlling the δ94/90Zr variations measured in this study. 
Two hypotheses for this fractionation, which will be explored in more 
detail below, include either particle scavenging (e.g., biological pro
ductivity), or the age of water masses. Our inability to distinguish be
tween the two processes may be a result of the limited sample size we 

have here and our lack of particulate data. 
One possible mechanism to explain the systematically positive δ94/ 

90Zr in seawater is scavenging from the dissolved Zr load onto sinking 
particulates throughout the water column. In this framework, Zr is 
rapidly removed from solution by surface interactions with sinking 
particles (Firdaus et al. 2011; Censi et al. 2018), resulting in the lower 
dissolved Zr concentration in the surface water (Fig. 7a). Preferential 
removal of light Zr isotopes during scavenging could then result in the 
on-average positive δ94/90Zr we measured in seawater. If Zr scavenging 
takes place following a closed-system Rayleigh-type mechanism down- 
depth, significant Zr isotopic variations could be observed in different 
fractions (dissolved and particulate) as Zr removal occurs from 
seawater. This mechanism is at odds, however, with the observation that 
deeper samples in our vertical profile have higher Zr concentrations, and 
with the interpretation that the down-depth increase in [Zr] and δ94/90Zr 
shown in Fig. 7a represents a vertical scavenging profile. This is because, 
if a down-depth Rayleigh-type fractionation was at play, preferential 
removal of light Zr isotopes in the shallow ocean would result in an 
inverse correlation between [Zr] and δ94/90Zr of the dissolved load down 
depth, which is the opposite of what is observed in our profile. More
over, the residence time of Zr in the ocean is ~ 3700 years (Firdaus et al. 
2011), meaning that only a very small proportion of Zr is removed from 
the ocean each year. Therefore, although bulk removal of light Zr iso
topes within Earth’s hydrosphere seems necessary to account for the 
average positive δ94/90Zr observed in seawater relative to the upper 
continental crust, a simple vertical Rayleigh fractionation mechanism in 
the ocean driven by preferential removal of light Zr isotopes via particle 
scavenging seems unlikely. 

4.2.4. Potential future applications of Zr isotopes in the ocean 
One possibility for explaining the observed δ94/90Zr variations as a 

function of depth in our sampling site is that both elemental Zr and its 
isotopes vary as a function of the water mass it originated from. Our 
sampling profile is located close to the Pacific Ocean continental shelf 
slope, where the surface California Current and subsurface California 
Undercurrent reflect the dominant advective pathways for two water 
masses: Pacific Subarctic Upper Water and Pacific Equatorial Water, 
respectively (Thomson & Krassovski 2010; Bograd et al. 2019). As 

Fig. 4. Measurements of reference materials with variable spike to sample ratios, performed with a 90Zr beam intensity of 0.9 ± 0.1 V. The horizontal bars represent 
the reported reference values and their uncertainties (Tissot et al., 2023). 
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Fig. 5. Plots of δ94/90Zr determined in artificial seawater samples doped with RM 8299 Zr and processed under different conditions, namely A) variable Zr con
centration, B) different water volumes, C) spiking before and after Fe co-precipitation, and matrix composition. 
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shown in Fig. 8a, these two water masses are well identified by the 
potential temperature-salinity relationship. The California Current is 
characterized by a low-density layer located above isopycnal surface σθ 
= 25.8 kg/m3 (i.e., the pycnocline), whereas the California Undercurrent 
below is relatively cold with a high density (σθ > 26 kg/m3) (Bograd 
et al. 2019). In the profile studied here, the surface water where the 
California Current is a major contributor to water masses above the 
pycnocline is characterized by relatively lighter δ94/90Zr values 

compared to deeper water. The highest δ94/90Zr values correlate to the 
highest salinity, which are found closer to the profile bottom, where the 
deeper water mass is dominant in this layer. 

In situ observations of beam transmission are often used as a proxy 
for particle mass or volume in the water column (Pak & Zaneveld, 1977), 
which in turn can be used as an indicator of suspended particulate 
matter. We show that the observed Zr isotopic composition of the dis
solved fraction of seawater is well correlated with that of beam 

Fig. 6. Plots of Zr isotopic measurements of seawater samples processed under different spiking conditions. A) Zr isotopic compositions in seawater. Black squares 
are sample aliquots spiked before Fe co-precipitation and red squares are aliquots spiked after Fe co-precipitation. Uncertainties are smaller than the symbols. B) The 
δ94/90Zr difference between aliquots of the same sample spiked before and after coprecipitation. The x-axis in panel B is the δ94Zr of the samples spiked after iron co- 
precipitation Δ94/90Zr after-before = δ94/90Zrafter - δ94/90Zrbefore. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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transmission (Fig. 8b), with generally lighter Zr isotopic compositions of 
seawater observed at depths with high particle mass/volume. The 
fluorescence data during sample collection indicates a maximum close 
to 40 m depth (Fig. 8b), which corresponds to the lowest δ94/90Zr value 
observed in our seawater profile. The subsurface chlorophyll maximum 
is coincident with the minimum in beam transmission (Fig. 8b) which 
indicates the high volume of particulates in the upper water column are 
biogenic in origin. If adsorption of Zr onto particulates in the water 
column were the underlying mechanism responsible for the trends in 
seawater we observe here, this would require the heavy Zr isotopes to 
preferentially adsorb onto particles leaving behind lighter seawater as 
observed towards the top of the water profile. As these particulates settle 
through the water column, reverse weathering of Zr from the particulate 
fraction could possibly release this isotopically heavy Zr to produce a 
pattern that is consistent with what we observe near the bottom of the 
water column (Fig. 8b). This hypothesis could be verified by measuring 
the Zr isotopic composition of sinking particulate matter from different 
depth horizons. While the origin of the variable Zr isotope composition 
throughout the water column remains to be mechanistically explained, 
our results suggest that the combination of salinity, Zr concentration, 
and Zr isotopes may serve as a new and promising tool to trace water 
masses in the ocean. If the process controlling Zr isotopic fractionation 
in the water column is due to particle scavenging of dissolved Zr and it 
follows a Rayleigh or steady state fractionation process, it is possible 
that Zr isotopic compositions could be used as a proxy for biological 
productivity. 

The results presented here provide the very first insights into the 
behavior of Zr stable isotopes in Earth’s hydrosphere and the ocean 
system, thus allowing us to begin developing an oceanographic under
standing of the importance of δ94/90Zr variations in marine systems. 
Although additional work is needed to better understand the mecha
nisms driving Zr isotope fractionation in the oceans before these varia
tions can be interpreted robustly, the method we present here provides a 

robust tool to investigate them within the ocean. Based on the limited 
number of natural seawater samples analyzed here, we have no clear 
evidence to show that the fractionated δ94/90Zr values can be explained 
by open-system fractionation at steady state, closed-system Rayleigh 
fractionation, or two-component mixing (Fig. S3). Future detailed in
vestigations should ideally include: i) measurement of δ94/90Zr values in 
multiple vertical profiles spanning diverse settings and water masses to 
test the water mass mixing hypotheses; ii) investigating processes at the 
land–ocean boundary, such as river runoff, submarine groundwater 
discharge, hydrothermal fluids, and constraining the range of δ94/90Zr 
values for these potential sources and sinks; iii) collecting marine par
ticles and dissolved seawater in tandem to constrain the metal scav
enging fractionation factor. 

5. Conclusions 

In this study we have established a new method for determining the 
stable Zr isotope composition (δ94/90Zr) of water samples with high 
accuracy and precision, using a combination of Fe co-precipitation and 
the double-spike method with a modified three-column ion exchange 
chromatography. The influence of Fe co-precipitation, sample matrix, 
spike-to-sample ratio, and Zr concentration on δ94/90Zr analysis, were all 
tested to verify the accuracy and reliability of the data. We found that 
the yield of our entire procedure is consistently high (>70 %), and that 
this non-quantitative recovery does not influence the measured δ94/90Zr 
outside of analytical uncertainties. Using this new method, we measured 
the Zr isotopic composition of coastal seawater from La Jolla, CA, and of 
a vertical water profile in the nearshore Pacific Ocean around the lati
tude of Southern California. Natural seawater samples display large δ94/ 

90Zr variations, ranging from + 0.65 to 1.53 ‰ and, in our vertical 
transect, varying as a function of water depth. Variations with depth are 
well correlated with Zr concentrations and total salinity, indicating that 
an underlying mechanism capable of strongly fractionating Zr isotopes 

Fig. 7. A) Zirconium concentration, and B) Salinity and Zr isotopic composition in a vertical seawater profile in the East Pacific Ocean. On both panels, δ94/90Zr 
values are from samples spiked before Fe-coprecipitation. The blue circles in panel A represent the Zr concentration data from McKelvey & Orians 1993. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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in the hydrosphere exists. Our results suggest that Zr isotopes might be 
strongly fractionated by reactive particle scavenging in the oceans, and 
that seawater δ94/90Zr variations may serve as a new tracer of water 
masses. However, more work is needed on ocean profiles with con
trasting water masses from multiple localities, to better understand and 
disentangle the underlying mechanisms behind these fractionations and 
to better interpret their significance. 
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