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Abstract

Studies of the zinc isotope (d66Zn) composition of the past ocean often exploit the bulk carbonate sediment as an archive.
The relationship of bulk carbonate d66Zn to seawater values, however, is poorly understood. Experimental results suggest that
inorganic carbonate records d66Zn that is substantially higher than the aqueous Zn2+ pool. On the other hand, biogenic car-
bonate from modern cold-water corals and benthic foraminifera appear to record the ambient seawater d66Zn value, without
fractionation. Here, we address this problem through a detailed study of the different geochemical and isotope reservoirs in
deep-sea carbonate samples.

Carbonate-rich, pelagic sediment samples were used in this study, one of Holocene age and one from the mid-Cretaceous.
The samples were subjected to extensive leaching experiments and interpreted using a mixing model to identify silicate and Fe-
Mn oxide contaminants as well as pure carbonate phases. The chemical and isotopic characteristics of the contaminant phases
are consistent with previous analyses of silicates and Fe-Mn oxides. The d66Zn values of the pure carbonate end-members,
identified using a mixing model, at +0.93 to +1.10‰, are within analytical uncertainty of results obtained via leaching with
buffered 1 M acetic acid (pH 5). By contrast, the d66Zn of un-buffered acetic acid leachates are up to 0.35‰ beneath these
values, reflecting the influence of contaminant phases. Weak mineral acids (e.g. 0.2–0.5 M HCl) are lighter still, at up to
0.5‰ below carbonate end-members.

The bulk carbonate sediment end-member d66Zn for the Holocene sample are �0.37–0.54‰ above deep ocean values, con-
sistent with the experimentally determined isotope offset between inorganic carbonate precipitates and an aqueous fluid. These
carbonate end-members do not appear to directly record seawater compositions, unlike some biogenic carbonates. These dif-
ferences identify the potential for ancient sediment d66Zn records to reflect variations in Zn incorporation mechanism into the
carbonate, rather than the d66Zn of contemporary seawater, and hence may not reflect changes in Zn sources and sinks driven
by environmental change. Further research is required to better identify the controls of d66Zn in bulk carbonate sediments to
reliably use them as an archive for seawater.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The potential of transition metal stable isotope systems
as tracers of Earth System processes has been facilitated
by both analytical and conceptual developments over the
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past decade (see, for example, reviews in Moynier et al.,
2017; Kendall et al., 2017; Andersen et al., 2017). These
developments have markedly improved our understanding
of the metal that is our focus here, zinc (Zn) (e.g.
Maréchal et al., 1999; Bermin et al., 2006; John and
Conway, 2014; Little et al., 2014a, 2016; Zhao et al.,
2014; Conway and John, 2015; Vance et al., 2016; Weber
et al., 2018; Lemaitre et al., 2020). As evidenced by the
modern Black Sea, both the abundances and the isotope
compositions of Zn are impacted by dissolved sulphide
(Vance et al., 2016). But Zn is also an important nutrient
for phytoplankton growth (Morel and Price, 2003) and thus
has much lower dissolved concentrations in the photic zone
than in the deep ocean (e.g. Bruland et al., 1980; Lohan
et al., 2002). An increasing number of studies seek to apply
this knowledge to understand biogeochemically important
aspects of the past ocean, such as redox and primary pro-
ductivity (e.g. Kunzmann et al., 2013; John et al., 2017;
Liu et al., 2017; Isson et al., 2018; Sweere et al., 2018;
Chen et al., 2021).

Such studies of the ancient oceans require a reliable geo-
logical archive, one that is as temporally and geographically
ubiquitous as possible, so that information can be obtained
on global scales and with stratigraphic continuity. Marine
carbonates have proven to be useful recorders of many fun-
damental aspects of the past chemistry of the oceans, e.g.
via oxygen and carbon isotopes (e.g. Curry et al., 1988;
Lea, 2014 and references therein), trace element contents
(e.g. Barker et al., 2005), and novel isotopic tracers includ-
ing metal isotopes (e.g. Li, B, Mo, U: Voegelin et al., 2009;
Pogge von Strandmann et al., 2013; Penman et al., 2014;
Clarkson et al., 2018). Particular advantages of carbonates
include their near-continuous record from the Archean
onwards, their importance to the fossil record so that bio-
geochemical information can be tied to biological evolu-
tion, and a link to contemporaneous seawater chemistry
that has the potential to be simpler than for other chemical
sediments (Boyle, 1981; Marchitto et al., 2000; Pichat et al.,
2003).

However, there are also obstacles to be overcome, prac-
tical and conceptual, before carbonate records of past sea-
water isotopes can be robustly interpreted. The main
conceptual issue concerns the relationship between the orig-
inal dissolved isotope composition of seawater and that
transferred to carbonate. Recent experimental studies have
found that Zn isotopes fractionate significantly, and in a
rather consistent manner, in the process of incorporation
into and adsorption onto inorganic calcite (Dong and
Wasylenki, 2016; Mavromatis et al., 2019). By contrast,
Zn isotope measurements of cold-water corals and forami-
nifera, have returned values identical to modern seawater
(Little et al., 2021; Druce et al., 2022). Given this variabil-
ity, the meaning of Zn isotope values, and secular trends,
that have been published for ancient carbonate (Pichat
et al., 2003; Kunzmann et al., 2013; John et al., 2017; Liu
et al., 2017; Sweere et al., 2018; Chen et al., 2021) is unclear.

The second issue is practical. Carbonate sediments and
rocks consist not only of pure carbonate components, but
also so-called ‘‘contaminant phases”, such as clays,
ferromanganese-oxide coatings, organic matter and detrital
silicate, all of which contain distinct metal isotope signa-
tures that are different from seawater (for Zn see review
in Moynier et al., 2017). A simple bulk analysis of a carbon-
ate sample is likely to return metal isotope data that are dif-
ficult to interpret in terms of past seawater, depending on
the degree of contamination. It is, therefore, desirable to
avoid these different contaminant phases through dissolu-
tion protocols that, so far as possible, target the carbonate
only (e.g. Tessier et al., 1979; Boyle, 1981). Of particular
concern are Fe-Mn oxyhydroxides, present in all marine
sediments deposited in oxic environments, highly enriched
in trace metals relative to the carbonate fraction (e.g.
Manheim and Lane-Bostwick, 1991; Koschinsky and
Hein, 2003), and often strongly fractionated relative to sea-
water (e.g. Maréchal et al., 2000; Little et al., 2014a; 2014b).

Previous studies of trace metal isotopes in bulk carbon-
ate sediment samples have commonly used weak organic
acids (acetic; e.g. Pichat et al., 2003; Kunzmann et al.,
2013; Sweere et al., 2018) or dilute mineral acids (HCl or
HNO3; e.g. Brennecka et al., 2011; Romaniello et al.,
2013; Zhang et al., 2019) to selectively extract the carbonate
phase, including the incorporated metals. These non-
aggressive leaching solutions are typically assumed to yield
negligible amounts of metals from contaminant phases,
although detailed methodological studies have generally
not been published (e.g. Pichat et al., 2003; Kunzmann
et al., 2013; John et al., 2017; Liu et al., 2017). Most studies
of Zn isotopes have used dilute unbuffered acetic acid, with
concentrations ranging from 0.05 M to 2 M, sometimes
involving heating, sometimes at room temperature (Pichat
et al., 2003; Kunzmann et al., 2013; John et al., 2017; Liu
et al., 2017; Sweere et al., 2018; Zhao et al., 2021). However,
to date no extensive assessment has been made of the effects
that different acids and acid strengths in the leaching solu-
tion have on carbonate-bound trace metals, particularly for
Zn isotopes.

By contrast, studies aiming to shed light on Quaternary
ocean chemistry via marine carbonate sediments have typ-
ically applied reductive cleaning techniques to remove fer-
romanganese oxide coatings from handpicked
foraminiferal tests, ostracods and corals, prior to the car-
bonate dissolution step (e.g. Boyle, 1981; Boyle and
Keigwin, 1985; Marchitto et al., 2000). The procedure typ-
ically involves a solution that contains hydrous hydrazine
to reduce the Fe-Mn-oxides, followed by dissolution with
weak acid to obtain the purest possible carbonate fraction
(Boyle, 1981; Boyle and Keigwin, 1985). Chemical pre-
cleaning is essential for producing reliable foraminiferal
trace metal records, and physical removal of coatings has
been shown to be required to obtain primary carbonate
Zn isotope records in corals (Little et al., 2021). Whilst
the physical separation of biogenic carbonates is possible
for younger sediments, lithified samples require the use of
bulk leaching techniques. The efficacy of reductive cleaning
on removing contaminant phases has very recently also
been assessed for bulk archives (Druce et al., 2022).

In order for these conceptual and practical issues to be
addressed, systematic studies of modern and ancient
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carbonate are required. These studies need to address the
relationship between modern seawater and carbonate Zn
isotopes (c.f. Zhao et al., 2021; Little et al., 2021), but also
the efficacy of different extraction techniques aimed at iso-
lating pure carbonate Zn isotopes and the potential for con-
tamination by other phases. In this study, we present the
results of detailed leaching experiments with a recent and
an ancient carbonate sample with the following objectives:
(1) to better understand the relationships between modern
seawater Zn isotopes and those incorporated into carbon-
ate; (2) to investigate the necessity and efficacy of estab-
lished pre-dissolution reductive cleaning procedures (e.g.
Boyle 1981; Clarkson et al., 2020) for bulk carbonate sedi-
ments in order to obtain Zn isotope signatures unbiased by
metal oxide and exchangeable contaminants; (3) to com-
pare the effects of different dissolution protocols on Zn iso-
tope results; (4) to isolate potential contaminants of the
carbonate signal and to assess their impact. A companion
paper (Clarkson et al., 2020) has recently presented the
results of a similar study for U and Mo in marine carbon-
ates, using the same approach, on the same samples, and
using analytical solutions derived from the same leaching
experiments.

2. SAMPLES AND METHODS

2.1. Samples

The pelagic carbonate samples used in this experimental
study were chosen to represent a recent and an ancient mar-
ine sediment sample. The same samples were the subjects of
the detailed Mo-U study in Clarkson et al. (2020). The
recent (Holocene) sample (4.4–6.4 kyr; Burton and Vance,
2000) was retrieved from ODP (Oceanic Drilling Program)
site 758 (Leg 121, Core 001H, Sect 01 W, Interval 9–12 cm)
in the Bay of Bengal, north-east Indian Ocean. The interval
analysed here consists mainly of biogenic calcium carbon-
ate (61%; Clarkson et al., 2020), and consists of nannofossil
ooze with foraminifers with additional silts and clays
(Peirce et al., 1989). Diagenetic manganese carbonate over-
growths and cements have been observed on planktonic
foraminifera tests and the occurrence of Mn-oxide coatings
has been confirmed (Burton and Vance, 2000). The peak
Mn concentrations, however, occur at depth intervals
beneath that studied here (Burton and Vance, 2000).

The ancient hemipelagic, organic-deficient limestone
sample, GA183, from the Gongzha section in Tibet, was
deposited in the mid-Cretaceous under oxic water-column
conditions, though conditions were probably reducing
beneath the sediment-water interface (Bomou et al., 2013;
Li et al., 2017; Clarkson et al., 2020; Chen et al., 2021). This
section was recently part of a Zn isotope study by Chen
et al. (2021), and their sample TOC56 represents the same
stratigraphic level as sample GA183 studied here. The sam-
ple primarily consists of carbonate (planktonic foramini-
fera, calcareous nanofossils, �70%; Clarkson et al., 2020)
and detrital silicates. For ease of reference, we henceforth
refer to these two samples as ‘‘Holocene” and
‘‘Cretaceous”.
2.2. Cleaning and dissolution protocol

All the trace metal elemental abundance and isotope
work was carried out in Class 10 laminar flow workstations
within Class 1000 clean laboratories of the Institute of Geo-
chemistry and Petrology at ETH Zürich. All reagents used
were either purified through sub-boiling distillation or ion
exchange methods, or purchased as ultra-pure grade.
Deionized water (18.2 MX), purified with a Millipore Sys-
tem (Milli-Q, Merck Millipore) was used for preparation
of all solutions. Pre-cleaned Savillex PFA labware products
were used throughout the chemical separation procedures.

For each bulk carbonate sediment sample, 20 aliquots of
180–230 mg homogenized sample powder were rinsed three
times with MilliQ H2O (>18.2 MX). For the samples
labelled ‘‘uncleaned” no further pre-cleaning was done.
Half of the samples were subjected to reductive cleaning
(‘‘cleaned” samples), with 10 ml of a solution containing
1 M hydrous hydrazine and 0.25 M citric acid in 16 M
ammonium hydroxide to remove Fe-Mn-oxide coatings.
This approach is based on protocols widely used to clean
handpicked foraminifera tests (Boyle and Keigwin, 1985),
including to extract foraminiferal Zn/Ca ratios (e.g.
Marchitto et al., 2002), and is comparable to cleaning treat-
ments recently applied to cold-water corals by Little et al.
(2021). The samples were cleaned for 30 min in a hot water
bath (�90 �C), with manual agitation every few minutes.
After the cleaning step, the reductive solution was removed
and discarded, and the samples were rinsed and centrifuged
a further three times with MilliQ to remove traces of the
cleaning solution.

Different dissolution protocols investigated the acids
commonly used to selectively extract carbonate, as well as
higher strength acids in order to characterise the isotopic
signal from different potential contaminant phases. For
each bulk carbonate sediment sample, uncleaned and
cleaned sample pairs were each dissolved with 5–10 ml
unbuffered 0.2 M and 1 M acetic acid, 1 M acetic acid, buf-
fered (to pH 5) with either sodium acetate (NaOAc) or
ammonium acetate (NH4OAc), 0.2 M, 0.5 M, 1 M, 3 M,
7 M hydrochloric acid (HCl) and 3 M nitric acid (HNO3)
(Clarkson et al., 2020). The acetic based extractions were
performed at room temperature, with constant agitation
for 24 h. All HCl and HNO3 extractions were done at room
temperature for 1 h, and further sample pairs for ODP 758
were treated with 0.2 M, 1 M and 3 M HCl for 24 h. For
comparison, published carbonate trace metal isotope stud-
ies typically use durations from 10 min to 24 h, at room
temperature to 70 �C (e.g. Pichat et al., 2003; Liu et al.,
2017; Zhang et al., 2019). The pH was measured at the
beginning and end of the leaching experiments. In nearly
all cases pH remained the same – 5 for the buffered lea-
chates, 0–0.5 for the HCl and HNO3 based leachates (see
Clarkson et al., 2020). The only exceptions were the
0.2 M acetic acid and 0.2 M HCl leachates, where the pH
increased by around 3 units during the experiment.

Selected sample residues after leaching (35–60 mg) as
well as bulk samples (60 mg) were digested for analysis
using a mixture of concentrated HF and HNO3 and heating
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on a hotplate (130–140 �C, 48 h) or in a high pressure
PAAR bomb (210 �C, 24 h). Following this digestion, clear
solutions with no residues were obtained. Acetic based lea-
chates were oxidized and dried down with excess concen-
trated HNO3, whilst HCl and HNO3 leachates were
simply dried down. The salt precipitates were then con-
verted to chloride form with 7 M HCl, dried and re-
dissolved in 1 ml 7 M HCl + H2O2 ready to load on
columns.

2.3. Chemical purification

The sample leachates were collected for purification via
column chromatography. Prior to column chromatogra-
phy, a 64Zn-67Zn spike (Bermin et al., 2006) was added to
aliquots of each solution, with a sample/spike ratio of close
to 1, to correct for mass fractionation during the chemical
purification procedure or mass spectrometric analysis.
The spiked Zn sample fractions were purified using two
passes through an anion exchange column (BioRad macro-
porous AG MP-1; Archer and Vance, 2004; Bermin et al.,
2006). The pure Zn fractions were oxidized for at least
24 h with concentrated H2O2 and HNO3, and re-dissolved
in 2% HNO3 for isotope analysis. Typical Zn blanks for
the purification procedure were found to be around
1.2 ng. This value is negligible compared to the smallest
sample size (825 ng) and no blank correction was applied.

2.4. Mass spectrometry

Major and trace element concentration measurements
were performed on a small aliquot of each experimental
solution, on a Thermo Scientific ELEMENT2/XR
magnetic sector inductively coupled plasma source mass
spectrometer (ICP-MS). An indium (In) standard was
added to the samples beforehand to monitor and correct
for instrumental instabilities. The results were
blank-corrected, and an in-house standard resembling the
composition of foraminiferal calcite was used as a primary
concentration standard. A secondary carbonate standard,
measured repeatedly together with the samples yielded a
reproducibility of ±8% (2SD, n = 9) for Zn/Ca.

The isotopic composition of Zn was measured on a
Thermo Scientific NEPTUNE Plus multi-collector ICPMS,
using methods detailed in previous studies, including mass
bias correction using the double spike approach (Little
et al., 2014a). Solutions containing �100 ppb of Zn were
introduced in 2% HNO3 via a Cetac Aridus II desolvating
nebulizer system with a PFA nebuliser (50 lL�min�1) and
spray chamber. The applied data reduction methods are
described by Siebert et al. (2001). The Zn isotope ratios
are reported in the standard delta notation relative to
JMC-Lyon:

d66Zn = [(66Zn/64Zn)sample/(
66Zn/64Zn)JMC-Lyon � 1] �

1000
Early in this study our JMC-Lyon primary standard ran

out and a new standard, AA-ETH Zn, was introduced. This
has a d66Zn value of +0.28 ± 0.02‰ (n = 110, 2SD) relative
to the formerly used JMC-Lyon (Archer et al., 2017;
Lemaitre et al., 2020). A secondary Zn standard IRMM-
3702 was measured repeatedly to track long-term external
reproducibility, and yields d66Zn = +0.30 ± 0.06‰
(n = 197, 2SD). The internal uncertainties for the Zn iso-
tope results are all smaller than the external reproducibility,
so that the latter will be used as the true uncertainty.

3. RESULTS

Elemental and isotope data for the Holocene sample
(ODP 758) and the Cretaceous sample (GA183) are pre-
sented in Tables 1 and 2. Clarkson et al. (2020) reported
the total carbonate contents of these samples at 61% and
70%, respectively. Fig. 1 uses the measured Ca concentra-
tion of the leachates (Tables 1 and 2) and the assumption
that the carbonate in the samples is stoichiometric CaCO3

to assess the proportion of this total that was extracted
by the different leachates. For uncleaned samples,
86 ± 9% (Holocene sample, 1SD) and 96 ± 15% (Creta-
ceous sample) of the carbonate in the two samples is
extracted by the leaching acids, with a tendency for the
lower molarity acids (both acetic and HCl) to extract the
least carbonate. Leachates of the cleaned samples yield
much lower proportions of the total carbonate, at
49 ± 6% and 72 ± 13% for the Holocene and the Creta-
ceous sample, respectively, reflecting the fact that signifi-
cant carbonate dissolution occurs during the reductive
cleaning step due to the presence of citric acid as a chelating
agent (Clarkson et al., 2020).

3.1. Elemental abundances

Because of carbonate dissolution during reductive clean-
ing, and because samples were not re-weighed after clean-
ing, absolute concentrations of Zn and other elements are
not available for the final cleaned sample. Element/Ca
ratios, on the other hand, are not impacted by this issue
so that throughout the rest of the paper elemental abun-
dances are discussed in terms of these ratios.

For the Holocene sample (Table 1, Fig. 2), the three
least aggressive leaching reagents – 0.2 M acetic acid or buf-
fered 1 M acetic acid – yield significantly lower Al/Ca (and
Fe/Ca ratios, Table 1) than any other leaching or digestion
approach. There is then a step up to the unbuffered 1 M
acetic acid, after which there is a more gradual, and more
or less monotonic, increase with more aggressive leaching
approaches: stronger reagents and longer reaction
time � 24 h versus 1 h - also yield higher Al/Ca and
Fe/Ca. The most aggressive leaching approaches return
Al/Ca (up to 40,000 lmol/mol) and Fe/Ca (up to
28,000 lmol/mol, Table 1) that are still well below those
obtained from the total or bomb digest (170,000 and
47,000 lmol/mol, respectively). A further important feature
of the Al/Ca and Fe/Ca data is that cleaned samples always
have higher values than uncleaned samples.

For Mn/Ca in the uncleaned samples, the pattern with
increasingly aggressive leaching is similar to the above
but, in contrast to Al/Ca and Fe/Ca, the Mn/Ca of the
strongest leaching acids is very close to the total digest
(Fig. 2, 2300 versus 2500 lmol/mol). The data patterns in
Mn/Ca for samples that had been reductively cleaned



Table 1
Concentration and isotope data for leachates and bulk dissolution of Holocene sample ODP 758.

Sample name Leaching time Ca1,2 Mn/Ca Al/Ca Fe/Ca Zn/Ca d66Zn 2SE3

(h) (wt.%) (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol) (‰) (‰)

Samples with no prior reductive cleaning

0.2 M acetic 24 19.4 218 244 30.2 13.4 1.25 0.03
1 M NaOAc 24 25.1 295 815 26.9 39.4 0.85 0.04
1 M NH4Ac 24 21.1 321 890 25.9 58.4 0.82 0.04
1 M acetic 24 19.9 435 3180 197 68.2 0.71 0.03
0.2 M HCl 1 18.7 402 3240 8.64 69.2 0.79 0.04
0.5 M HCl 1 21.1 848 11,400 2120 101 0.57 0.03
1 M HCl 1 21.2 1040 11,900 2870 95.2 0.50 0.03
3 M HCl 1 20.8 1990 13,800 5360 109 0.46 0.04
7 M HCl 1 21.5 2130 17,000 10,300 121 0.40 0.03
3 M HNO3 1 21 1220 14,000 4100 102 0.48 0.03
0.2 M HCl 24 25.2 625 4510 13.3 62.5 0.68 0.05
1 M HCl 24 16.9 2300 19,800 11,200 204 0.33 0.04
3 M HCl 24 19.3 2500 32,400 22,500 199 0.39 0.05
Total Digest 24.8 2500 1.7 � 105 41,600 198 0.32 0.04
Bomb 25.6 2500 1.6 � 105 47,200 223 0.31 0.05
1 M NaOAc residue 0.3 55,000 51 � 107 1.0 � 107 13,300 0.17 0.03
1 M NH4Ac residue 0.3 1.5 x105 1.1 � 107 3.0 � 106 10,700 0.10 0.04
3 M HCl residue 0.7 1.7 x105 1.4 � 107 3.2 � 106 11,000 0.08 0.07
7 M HCl residue 0.3 17,000 1.0 � 107 2.4 � 106 4310 0.19 0.04

Samples reductively cleaned prior to leaching

0.2 M acetic 24 12.8 548 1420 324 57.3 0.93 0.04
1 M NaOAc 24 12.3 517 1950 156 60.2 0.81 0.03
1 M NH4Ac 24 11.6 548 1860 172 95.0 0.79 0.03
1 M acetic 24 14.3 603 5530 1120 118 0.67 0.04
0.2 M HCl 1 12.7 603 14,700 1840 138 0.56 0.03
0.5 M HCl 1 12.7 614 17,000 2970 145 0.50 0.03
1 M HCl 1 12.2 623 17,600 3710 147 0.47 0.03
3 M HCl 1 12.4 639 20,100 6590 158 0.43 0.03
7 M HCl 1 11 723 25,800 16,000 181 0.38 0.03
3 M HNO3 1 12 651 19,500 4870 144 0.49 0.03
0.2 M HCl 24 12.7 664 19,900 5330 193 0.34 0.06
1 M HCl 24 10.8 718 29,300 15,400 212 0.30 0.06
3 M HCl 24 7.6 848 42,400 28,000 250 0.31 0.05

1 Ca concentrations given here and in Table 2 are relative to the initial weight of the sample aliquot leached.
2 Mn/Ca, Al/Ca and Fe/Ca ratios of GA183 and ODP 758 have already been reported in Clarkson et al. (2020).
3 Two standard errors of the mean of 30 isotope ratio analyses in one analysis, fully propagated through the double spike reduction

procedure.
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before leaching are different in several significant ways
(Fig. 2). First, there is much less variability in response to
increasing reagent strength and reaction time. Second,
while Mn/Ca ratios for the least aggressive leachates are
also higher for cleaned than uncleaned samples, the oppo-
site is true for leaching reagents stronger than 1 M HCl.
Third, the highest Mn/Ca ratio obtained from the most
aggressive leachates of cleaned samples (850 lmol/mol) is
well below that obtained from the total digest
(2500 lmol/mol).

As for Al/Ca and Fe/Ca, leaching experiments on
cleaned samples yield higher Zn/Ca than uncleaned samples
(Table 1, Fig. 2), and Zn/Ca increases with acid strength
(Zn/Ca = 13–180 mmol/mol). The strongest acid, 7 M
HCl, yields the highest Zn abundances in the 1 h experi-
ments, and the 24 h reaction time always releases more
Zn relative to Ca. Finally, for both cleaned and uncleaned
samples the most aggressive leaching approaches yield Zn/
Ca ratios that are close to those obtained from the total
digest (Fig. 2).

The Cretaceous carbonate (Table 2) contains much less
Al, Mn and Zn than the Holocene sample (Fig. 2). Al/Ca
ratios also increase with increasingly aggressive leaching
approaches, but reach a maximum that is about an order
of magnitude less than the modern sample. Like the Holo-
cene sample, this maximum (�7000 lmol/mol) is far below
the Al/Ca of the total digest (90,000 lmol/mol). Also like
the Holocene sample, there is very little variability in
Mn/Ca in response to increasing reagent strength and reac-
tion time, but in this case this observation applies to both
cleaned and uncleaned samples. The Mn/Ca ratio obtained
by leaching, whether on cleaned or uncleaned samples, is
close to that of the bulk digest (Fig. 2). Most leachates have
Zn/Ca ratios < 2 lmol/mol, but those obtained for stronger
reagents are again higher, reaching a maximum of around
15–20 lmol/mol for 7 M HCl (Table 2). The pattern of



Table 2
Concentration and isotope data for leachates and bulk dissolution of Cretaceous sample GA183.

Sample name Leaching time Ca1,2 Mn/Ca Al/Ca Fe/Ca Zn/Ca d66Zn 2SE3

(h) (wt.%) (mmol/mol) (mmol/mol) (mmol/mol) (mmol/mol) (‰) (‰)

Samples with no prior reductive cleaning

0.2 M acetic 24 21.5 802 158 3560 1.13
1 M NaOAc 24 27.3 766 279 5370 1.02
1 M NH4Ac 24 26.3 787 184 5470 1.34 1.10 0.02
1 M acetic 24 30.5 796 505 5870 1.38 0.96 0.03
0.2 M HCl 1 17.2 800 145 5200 1.44 1.02 0.02
0.5 M HCl 1 29.3 784 1580 6050 2.15 0.64 0.02
1 M HCl 1 28 786 1930 6200 2.56 0.54 0.02
3 M HCl 1 29.7 784 3230 7620 4.29 0.47 0.02
7 M HCl 1 29.4 777 7110 14,900 14.6 0.76 0.14
3 M HNO3 1 30.3 770 2650 7010 3.16 0.54 0.03
Total Digest 24.4 857 96,100 32,600 37.8 0.27 0.05
Bomb 31.1 868 91,200 43,200 46.5 0.19 0.04
1 M NaOAc residue 3.2 1450 1.9 � 106 7.2 � 105 950 0.28 0.06
3 M HCl residue 0.03 55,300 2.1 � 108 8.3 � 107 99,800 0.14 0.04
7 M HCl residue 0.03 5630 5.0 � 107 1.1 � 107 10,500 0.25 0.04

Samples reductively cleaned prior to leaching

0.2 M acetic 24 20.2 814 78.7 2260 0.71 1.10 0.04
1 M NaOAc 24 19.7 770 141 5390 1.07 1.14 0.02
1 M NH4Ac 24 19.3 827 98.8 5840 1.08 1.09 0.03
1 M acetic 24 21.3 784 318 5750 1.38 0.93 0.02
0.2 M HCl 1 17.1 831 369 5870 1.42 0.88 0.02
0.5 M HCl 1 20.9 805 1330 6350 2.60
1 M HCl 1 18.3 807 1740 6610 3.21
3 M HCl 1 16.6 786 3250 7530 6.16 0.40 0.02
7 M HCl 1 18.6 819 7360 18,600 22.0 0.19 0.03
3 M HNO3 1 19.6 796 2540 6740 4.16 0.42 0.02

Fig. 1. Percentage of carbonate recovered by different leaching approaches applied to the two samples studied, given previously measured
carbonate contents (Clarkson et al., 2020), measured Ca concentrations, and assuming that the carbonate is stoichiometric CaCO3. For the
Holocene sample (ODP 758), the first set of data labelled 0.2 M, 1 M, 3 M HCl are 1 h experiments, the second set with these labels are 24 h
experiments. In this and subsequent figures ‘‘unclean” denotes samples that were leached after rinsing with MQ only while ‘‘clean” denotes
samples that were reductively cleaned prior to leaching.
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Fig. 2. Zinc isotope compositions and selected element/Ca ratios for the Holocene and the Cretaceous sample. Shaded bars in the element/Ca
panels show the ratio extracted from the bulk sample by hotplate or bomb digestion with HF. Shaded bars in the isotope composition
diagrams represent the isotope ranges for average lithogenic material (Moynier et al., 2017) and the modern deep ocean. The deep ocean range
is an average and 1SD (+0.46 ± 0.08‰, n = 776) of values reported in Boyle et al. (2012), Zhao et al. (2014), Conway and John (2014, 2015),
Samanta et al. (2017), John et al. (2018), Wang et al. (2019), Vance et al. (2019), Sieber et al. (2020), Lemaitre et al. (2020). Data for the North
Atlantic, where upper ocean variability extends lower, are for > 800 m, everywhere else for > 500 m. North Atlantic data show localised
impacts from hydrothermal plumes and these data were excluded. In both the Pacific and the Atlantic, eastern margins also show anomalous
values due to local processes and these data are also not included in the above compilation. Note that if all these data are included the
resultant deep ocean value is +0.44 ± 0.12‰ (n = 814), identical to that on the diagram but with a larger uncertainty.
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Fig. 3. Molar elemental ratio plots for the Holocene sample,
showing data for leachates of previously reductively-cleaned
samples, uncleaned samples, and bulk digests. In both panels,
likely end-members whose mixing can explain the data are shown
for silicate material (filled black square, particulate load of rivers
from Viers et al., 2009), for Fe-Mn oxides (filled green circle; c.f.
Little et al., 2021), and for two end-members with higher Ca/Mn
(Carb1 and Carb2, blue diamond and red triangle) that are
interpreted as carbonate phases. The Zn/Mn ratio for the silicate
end-member that is consistent with a least-squares fit to the data in
Fig. 3B is four times higher than the Zn/Mn ratio reported in Viers
et al. (2009). Further details of the mixing calculations are given in
the Appendix.
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variation across different leaching reagents is also different:
Zn/Ca ratios remain uniformly low for the weak and the
acetic acid-based leachates (0.7–1.4 lmol/mol), and only
start increasing significantly for reagents stronger than
0.5 M HCl (Table 2).

3.2. Zinc isotopes

Zinc isotope data are presented for the two samples in
Tables 1 and 2 and in Fig. 2, where they are compared to
published data for the modern oceans and lithogenic iso-
tope compositions.

The major feature of the Zn isotope data for both sam-
ples (Fig. 2A, B) is for heavier isotope compositions in the
least aggressive leachates, with maxima at +1.25 and
+1.10‰ for the cleaned Holocene and Cretaceous samples,
respectively. Zinc isotope compositions decrease with more
aggressive leaching methods and with longer reaction times.
Zinc isotope data for the most aggressive leaching reagents
(3 M HCl, 7 M HCl, 3 M HNO3) are nearly always in the
range of the average lithogenic signature (+0.28 ± 0.13‰;
Moynier et al., 2017), as is the bulk analysis. The above
statements are generally true for both uncleaned and
cleaned samples. But for the Holocene sample, the
uncleaned samples always have slightly higher d66Zn, by
0.10 ± 0.11 (mean and 1 SD), although this difference is
not always analytically significant. These features are much
less clear in the Cretaceous sample, where the 7 M HCl lea-
chate is the only sample with a significant difference
between cleaned and uncleaned samples. Without a dupli-
cate analysis, the significance of this latter result is not
clear.

4. DISCUSSION

4.1. Constraints on metal reservoirs from element/Ca ratios

One objective of this paper is to assess the degree to
which different cleaning and carbonate dissolution proto-
cols can separate different reservoirs of trace metals within
a bulk carbonate sediment sample. Most of the observa-
tions in the results section are consistent with mixing
between at least three distinct reservoirs: carbonate, Fe-
Mn oxide coatings and detrital silicates/clays.

Data arrays in element/Mn ratio space, as well as con-
straints from the literature for the chemistry of Fe-Mn
oxide and silicate contaminants, serve to significantly
clarify the nature of these reservoirs, and the mixing
relationships between them (Fig. 3; further details of end-
members and curve-fitting can be found in the appendix).
We focus on the Holocene sample, where the different
reservoirs mixing is more complex than for the Cretaceous
sample. Cleaned and uncleaned analyses of the Holocene
sample clearly separate into two different linear data arrays
in Ca/Mn-Al/Mn space, that are each consistent with mix-
ing between two end-members (Fig. 3A). The high Al/Mn
end-member on Fig. 3A has Al-Mn-Ca characteristics
similar to the suspended loads of large rivers (filled black
square, Al/Mn = 106; Viers et al., 2009) and is likely a
silicate. The data array for the uncleaned samples require
an end-member with a Ca/Mn ratio of zero and an
Al/Mn ratio of 11.5 (filled green circle), consistent with
physically-separated Fe-Mn oxide coatings on cold-water
corals (Al/Mn = 0.1–20; Little et al., 2021).

These data arrays also require two end-members with
high Ca/Mn, and with Al/Mn very close to zero, that likely
represent different carbonate reservoirs. Most of the lea-
chates are explained by mixing between end-member Carb1
(blue square, Ca/Mn = 1950 at Al/Mn = 0) and either the
oxide (uncleaned) or silicate (cleaned) end-members as
defined above. The exceptions are data for the least aggres-
sive leaching approaches applied to uncleaned samples (all
the acetic acid leachates as well as 0.2 M HCl), which lie at
higher Ca/Mn than Carb1 and necessitate a fourth
end-member at Carb2 (red triangle, Ca/Mn = 5000 at
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Al/Mn = 0). It is theoretically possible that Carb1 is not a
real end-member, and that it itself represents a mixture of
Carb2 and oxide. This would, however, require that exactly
the same proportions of Carb2 and oxide were extracted by
the leaching of the cleaned samples for all leaching
approaches, otherwise the data array defined by mixing
towards silicate would be likely to be much less well
defined.

The Ca/Mn ratios of the four end-members can be used
in conjunction with the data arrays to define the Zn/Mn
characteristics of the mixing end-members (Fig. 3B). The
Zn/Mn ratio required of the metal-oxide end-member, of
0.05, is very close to those recently directly measured for
Fe-Mn oxide coatings on cold-water corals (0.01–0.05, with
one outlier at 0.6; Little et al., 2021). However, the Zn/Mn
ratio of the end-member identified in Fig. 3A as silicate,
given the Ca/Mn ratio of this end-member and the data
array for the cleaned samples, must be a factor of about
four higher (Zn/Mn = 0.64, filled black square in
Fig. 3B) than that for suspended riverine particulates
reported by Viers et al. (2009).

A prominent contrast between the two samples studied
here is that, unlike the Holocene sample, Mn/Ca is invari-
ant across all leachates of the Cretaceous sample – at the
level of analytical uncertainty – while Al/Mn also shows
much more subdued variations (Table 2). The small range
in Mn/Ca for the Cretaceous sample is completely consis-
tent with the previous suggestion that this sample appears
to lack Fe-Mn oxide coatings (Clarkson et al., 2020). Dia-
grams such as those in Fig. 3 for the Holocene sample are
not particularly useful for this Cretaceous sample, but we
explore the ability of mixing between the phases identified
above to explain the Zn isotope data for both samples in
the next section.

4.2. Zinc isotope compositions of reservoirs extracted by

leaching

The main objective of this section is to investigate the
degree to which mixing calculations can constrain the Zn
isotope composition of the carbonate end-members and,
in particular, to use these constraints to identify the best
leaching approach to extract this Zn isotope composition.
In addition, we seek to better understand the nature of
the putative silicate and Fe-Mn oxide contaminants con-
tributing to the leachates. Further details of these calcula-
tions are given in the appendix. Bearing in mind that the
data we present derive from leaching experiments on a
multi-phase bulk system, the isotope data conform
remarkably well to the behaviour and patterns expected
from mixing (Figs. 4, 5). Mixing hyperbolae defined by
the Ca/Mn data provide the best constraints on the isotope
composition of the two contaminants in the bulk sample.
The required d66Zn of the silicate end-member, at +0.14 ±
0.15‰, is consistent with the average value for clastic sedi-
ments of +0.28 ± 0.13‰ (Moynier et al., 2017). Similarly,
the d66Zn of the oxide end-member in the uncleaned sam-
ples of the Holocene carbonate, at +0.20 ± 0.15‰, overlaps
with that directly measured for oxide coatings on cold-
water corals (+0.47 ± 0.21‰; Little et al., 2021).
As noted in the previous section, the Holocene sample
requires two separate carbonate phases, both with high
but different Ca/Mn. The isotope compositions of these
end-members are obtained from the point at which a
least-squares fit to the data reaches the Ca/Mn ratio for
these end-members as determined by Fig. 3. Using this
approach, the d66Zn of Carb2 is constrained to be +0.93
± 0.10‰ from the Ca/Mn versus d66Zn plot (see Appendix,
Fig. 4A). The data for cleaned Holocene samples and for
the Cretaceous sample do not yield as tight constraints on
the d66Zn of the corresponding carbonate end-members
(Figs. 4, 5 and Appendix). However, for all mixing arrays,
the least squares fit yields d66Zn for the carbonate end-
members that are within uncertainty of the value obtained
via leaching with buffered acetic acid, whereas the values
obtained from other leachates are significantly higher or
lower. For example, the d66Zn obtained using buffered
acetic acid to leach the Holocene sample are +0.79 to
0.85‰, within analytical uncertainty of the value obtained
for Carb2 from the mixing model of +0.93 ± 0.10‰. Values
obtained via leaching with unbuffered acetic acid extend
from +0.67 to +1.25‰. Using both the constraints from
the mixing models and the data for the unbuffered acetic
acids (Tables 1, 2), our best estimates of the d66Zn of the
carbonate end-members are: +0.93 ± 0.10‰ (Carb2),
+0.90 ± 0.10‰ (Carb 1), and +1.10 ± 0.05‰ (Cretaceous
sample). The uncertainties are based on the most extreme
mixing curve that still fits the 95% confidence intervals on
the data.

Not all the leachate data are consistent with the model
mixing relationships, and in particular there are a small
number of analyses that stand out as outliers. For the
uncleaned samples of the Holocene carbonate, the
0.2 M acetic acid leachate is clearly one such analysis.
Clarkson et al. (2020) have already noted that this leach-
ing approach for this sample demonstrates features sug-
gestive of incomplete carbonate dissolution. Calcium
concentrations in the leachates confirm that the extent
of carbonate extraction in this sample is low (Table 1),
but not the lowest of all the approaches applied to
uncleaned samples. Perhaps more importantly, this
reagent is not buffered and, while the pH at the end of
the leaching experiments was generally the same as at
the start, for this experiment it was 3 log units higher.
There is almost certainly potential for re-adsorption of
metals on to undigested carbonate residues, and perhaps
clays, possibly associated with isotope fractionation. This
also appears to be the case for Mo isotopes (Clarkson
et al., 2020). For the Cretaceous sample, the 7 M HCl
leachates, particularly for the uncleaned fraction, repre-
sent further clear outliers on Figs. 4 and 5. Although this
discrepancy does not have a clear explanation, it could be
related to the different sensitivities of detrital minerals to
leaching or the partial leaching of more refractory miner-
als. Though we see the potential for re-adsorption as
potentially explaining the deviations of specific samples
from the mixing relationships in Figs. 4 and 5, we also
suggest that the fact that the majority of the data
conform to these model mixing curves imply that
re-adsorption does not have a major impact.



Fig. 4. Zinc isotope data and trace element ratios (molar) for the Holocene and Cretaceous sample considered in terms of mixing relationships
between the end-members defined in terms of Ca/Mn and Al/Mn, and discussed in the text (see also Fig. 3). Isotope compositions of the end-
members required by these data are also discussed in the text. Uncertainties on isotope data are long-term reproducibilities. The data from
selected leachate experiments that do not fit these mixing curves are specifically labelled. Further details of the mixing calculations are given in
the Appendix.
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4.3. The identity of the hypothesised pure carbonate end-

members

In this section, we discuss the potential origins of the
carbonate end-members, a discussion that is of importance
to the meaning of their Zn isotope compositions.

The leachates of uncleaned Holocene samples form a
clear array between a potential carbonate end-member,
Carb2, and one that resembles an Fe-Mn oxide (Fig. 3A).
Since these samples did not undergo the reductive cleaning
procedure, it is possible that Carb2 itself simply represents
surficial contamination. In particular, it is the weaker acid
leachates (acetic acid, 0.2 M HCl) that lie beyond Carb1
in Fig. 3A, and that require the existence of this Carb2
reservoir. The fact that these leachates lie furthest from
the end-member identified as an Fe-Mn oxide phase on
Fig. 3A is also consistent with the previous suggestion
(Poulton and Canfield, 2005) that buffered acetic acid
(pH 4–5) is thought not to attack Fe-Mn oxides. We note
again the anomalous nature of the 0.2 M acetic acid lea-
chate in many of the mixing plots on Figs. 3-5, probably,
as noted in the previous section, due to incomplete
digestion coupled to re-adsorption onto residual surfaces
at high experimental pH (final pH 6). The other weak
leachates, however, point to a Zn isotope composition for
end-member Carb2 that is very similar to the other high
Ca/Mn end-member, denoted Carb1 on the mixing plots
(Fig. 4). This consistency between the Zn isotope
compositions of the two high Ca/Mn end-members seems
to argue against the suggestion that Carb2 represents
surface contamination. This consistency could, though, also
be explained by re-precipitation of some carbonate dis-
solved during the cleaning process.

One obvious explanation of the two apparent carbonate
end-members in the Holocene sample is simply that differ-
ent carbonate phases with different Mn contents are being



Fig. 5. Zinc isotope data and molar Zn/Mn ratios for the Holocene and Cretaceous samples are considered in terms of mixing relationships
between the end-members defined by Fig. 3. Uncertainties on isotope data are long-term reproducibilities. The data from selected leachate
experiments that do not fit these mixing curves are specifically labelled. Further details of the mixing calculations are given in the Appendix.
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leached in the experiments with cleaned versus uncleaned
samples. It is clear from Fig. 1 that a significant portion
(25–45%) of the initial carbonate in the bulk sample is dis-
solved and lost during the cleaning process. It is possible
that the phase represented by end-member Carb2 is dis-
solved by reductive cleaning, so that its impact is only seen
in uncleaned samples, whereas the leachates of cleaned sam-
ples are dominated by a carbonate phase that survives the
cleaning process – Carb1. It is noteworthy that the main
difference in the chemistry between the two putative car-
bonate phases are that Carb1 has a Mn/Ca ratio around
500 mmol/mol, whereas that of Carb2 is lower at about
200 mmol/mol. Though Pena et al. (2005) suggest that
Mn-Mg-rich carbonates coating the inner surfaces of fora-
minifera are removed by reductive cleaning, Boyle (1983)
suggests the opposite. Further, a study of planktonic fora-
minifera from this specific sample (Burton and Vance,
2000) observed elevated Mn/Ca even after reductive clean-
ing, suggesting that some Mn-rich carbonate coatings
remain. The data presented here are consistent with a high
Mn/Ca phase surviving the cleaning process, remaining to
contribute to Carb1, while other components are dissolved.
In this view, Carb2 could represent a fine-grained carbon-
ate, such as a cement, that is prone to dissolution during
reductive cleaning.

In contrast to the Holocene carbonate sample, there
appears to be only one carbonate end-member in the Creta-
ceous sample (Figs. 4 and 5). Clarkson et al. (2020) suggest
that there are no Fe-Mn oxide coatings in this sample and,
compared to the Holocene sample, the Cretaceous sample
contains higher Mn concentrations. Both these observa-
tions are consistent with a reducing setting for this sample,
beneath the sediment-water interface (e.g. Shimmield and
Price, 1986; Calvert and Pedersen, 1993), where Mn oxides
will be unstable and where Mn carbonate has been sug-
gested to be the important solid Mn phase. This sample also
has distinctly lower contents of Zn and other trace metals
than the Holocene sample. Although speculative, it seems
that trace metal abundances in this sample are impacted
by associated processes, i.e. re-precipitation with Ca-Mn



Fig. 6. The d66Zn isotope compositions of the different carbonate
end-members extracted from the Holocene (ODP 758) and the
Cretaceous samples (GA183) (filled green diamonds), and those
inferred for contemporary seawater through correction for the
isotope fractionation obtained experimentally (Mavromatis et al.,
2019). The blue shaded bar indicates the d66Zn for the modern deep
ocean.
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carbonate cements and/or release to pore waters and to the
water column (Clarkson et al., 2020). The conclusions of
Clarkson et al. (2020), are very similar to those arrived at
here: U/Ca shows a consistent decrease with reductive
cleaning across all leaching reagents, suggesting the
removal of a second carbonate phase.

We stress that further work is required to identify the
specific nature of the different pure carbonate end-
members in these and other samples. What is most impor-
tant for this study is that, for example, both carbonate end-
members in the Holocene sample have the same d66Zn. This
is not entirely expected – given that the carbonate in these
samples is made up of both primary biogenic and secondary
authigenic phases, not all of which are expected to be sim-
ply related or to have the same Zn isotope composition.
The meaning of that isotope composition, and its relation-
ship to the contemporary ocean, is discussed in the next
section.

4.4. Zn isotope composition of carbonate end-members and

relationship to contemporary seawater

The modern global deep ocean (below 500 m depth),
which is quantitatively representative of the oceanic dis-
solved Zn pool, exhibits a notably homogeneous d66Zn sig-
nature at +0.46 ± 0.08‰ (Fig. 2 and references therein),
while surface water has been observed to be much more
variable, and predominantly isotopically lighter (d66Zn
down to �1.1‰; Conway and John, 2014; John et al.,
2018; Lemaitre et al., 2020), particularly in the Atlantic.
The light isotope composition of the modern upper Atlantic
Ocean was originally interpreted as reflecting preferential
removal of the heavy isotope by scavenging (Conway and
John, 2014). However, Lemaitre et al. (2020) used mixing
relationships to demonstrate that isotopically light Zn in
the North Atlantic is associated with Zn addition, not
removal, and that the un-contaminated upper ocean
d66Zn is the same as the deep ocean, at around +0.5‰. This
signature of Zn addition coupled to light isotopes is also
absent in the surface waters of the Southern Ocean, remote
from the sources of anthropogenic contamination. This
geographic pattern for Zn is very similar to that for Pb iso-
topes, well-known to be anthropogenically-contaminated in
the modern ocean (Boyle et al., 2014).

The above suggestion receives support from another
recent study. Little et al. (2021) find that cold-water corals
collected beneath 500 m generally record a d66Zn that is
close to the deep ocean. They also suggest that the fact that
samples collected in the upper 300 m are different from
locally light seawater, and shifted towards the deep-ocean
value, is due to the fact that corals are integrating Zn over
a century, lending support to the suggestion that the upper
ocean is anthropogenically-disturbed for Zn isotopes. So,
we focus here on the suggestion that the pre-
anthropogenic whole ocean has a single d66Zn of +0.46 ±
0.08‰ (see caption to Fig. 2), though we acknowledge that
a definitive proof that the upper ocean is pervasively
anthropogenically-contaminated requires further work.
Thus, the two carbonate end-members for the modern deep
ocean sample studied here display d66Zn values at +0.93 ±
0.10‰ and +0.90 ± 0.10‰ (Figs. 4 and 5), fractionated by
0.4–0.5‰ from seawater. We note that this approach is dif-
ferent from that recently taken in Zhao et al. (2021), where
carbonate d66Zn are directly compared to local modern, we
suggest anthropogenically-contaminated, surface seawater.

Dong and Wasylenki (2016) conducted experiments
to determine the Zn isotope fractionation upon sorp-
tion to inorganic calcite surfaces, and reported a
D66Znadsorbed-solution of +0.41 ± 0.18‰ and +0.73 ± 0.08
‰ in low and high ionic strength systems, respectively. Syn-
thetic seawater was used for the high ionic strength experi-
ment, and thus the associated fractionation value, +0.73‰
would be applicable to our carbonate endmember composi-
tions if sorption was the main control on incorporation. On
the other hand, a recent co-precipitation experiment for Zn
and inorganic calcite found a constant D66Zncalcite-aqueous
Zn2+ = +0.58 ± 0.05‰ (Mavromatis et al., 2019), indepen-
dent of pH. This can be used, in conjunction with the d66Zn
of Carb1 and Carb2 in the Holocene sample, to predict a
d66Zn of the Zn2+ pool in contemporary seawater of
+0.35 and +0.42‰ (Fig. 6). Though these values overlap
with the modern deep ocean total dissolved pool, given
the uncertainties (Fig. 6), the fact that they lie at the lower
end of the deep ocean range is consistent with the nature of
Zn speciation in real seawater versus the experiments. A
large fraction of the dissolved pool of Zn in the oceans is
organically-complexed, and experiments have shown that
free Zn2+ will have a d66Zn that is somewhere between 0
and 0.2‰ lighter than the dominant pool of organically-
complexed Zn (see review in Moynier, et al. 2017).

4.5. Comparison with previous data: variable Zn isotope

fractionations from seawater into carbonate

Previous studies of bulk carbonate sediment d66Zn
applied to geological history have often focused on
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excursions associated with periods of extreme environmen-
tal perturbations (Kunzmann et al., 2013; John et al., 2017;
Liu et al., 2017; Sweere et al., 2018; Chen et al., 2021). All
of these studies used unbuffered acetic acid of various
strengths, sometimes with heating, to selectively digest car-
bonate. Given our results here that demonstrate greater sil-
icate contributions in even weak mineral acids, more so
with longer acid exposure time, we would expect heating
to further mobilize Zn from contaminants. In our study,
unbuffered 1 M acetic acid accesses Zn that is up to 0.3‰
lower than pure carbonate end-members, due to contami-
nation with either silicate or Fe-Mn oxide (Tables 1, 2).
The current investigation suggests that buffering the leach-
ing acid yields a result that overlaps with the pure carbon-
ate end-members. On the other hand, at least for the two
samples studied here and given care with the choice of
leaching reagent, it is not obvious that samples need to be
reductively cleaned to obtain a pure carbonate end-
member d66Zn. Druce et al. (2022) reached a similar conclu-
sion, confirming that reductive-oxidative chemical cleaning
protocols are not mandatory in all cases to obtain accurate
Zn isotope data, and may even be the cause of anomalous
isotope effects. Nevertheless, they stress the necessity of
including a reductive step to ensure removal of secondary
Fe-Mn oxide coatings, but recommend omitting the use
of hydrazine due to its potential interference with the citrate
chemistry.

Despite the above methodological uncertainty, away
from the excursions that were the main target of the earlier
studies, what is remarkable is how little carbonate d66Zn
varies from that obtained here for the Holocene sample.
Thus, for example, the late Ediacaran carbonates from
the interval furthest removed from the Snowball Earth per-
iod, and therefore likely representing a recovered state of
the oceans, have d66Zn = +0.87‰ (Kunzmann et al.,
2013; John et al., 2017). Liu et al. (2017) document a dra-
matic excursion to very low values in carbonate d66Zn just
before the Permo-Triassic Boundary, but the background
values away from this excursion are around +1 ± 0.2‰.
Above and below OAE2, stratigraphically well above and
below prominent excursions associated with the anoxic
event itself and the Plenus Cold Event that interrupts it,
carbonate d66Zn are mostly around +1.1‰ (Sweere et al.,
2018; Chen et al., 2021). The Cretaceous sample studied
in detail here comes from the same section as studied in
Chen et al. (2021) and the carbonate end-member yields a
d66Zn of +1.10‰.

These values for background d66Zn in carbonate are all
rather similar to each other, and are all similarly heavier
than modern seawater – the reservoir that the Zn in at least
the Holocene sample studied here must be derived. The
Mavromatis et al. (2019) experimental study cited earlier
found a D66Zncalcite-aqueous Zn2+ = +0.58 ± 0.05‰. In the
context of these experiments, all the data for modern and
ancient carbonates appear to imply a Zn2+ pool of seawater
that might have varied between +0.3 and +0.6‰, similar to
the modern deep ocean. The leaching of bulk sediment
almost certainly accesses authigenic cements that are prob-
ably precipitated inorganically, at close to equilibrium with
bottom water (e.g. Milliman, 1974; Carpenter et al., 1991;
Noé et al., 2006), in a pseudo-open system. If the
interpretation of the experimental results in Mavromatis
et al. (2019) is correct, then this variability in background

d66Zn, outside environmental perturbations, may have as
much to do with changes in speciation as changes in the
Zn isotope composition of the total dissolved pool of Zn,
not just pH-dependent but also associated with changes in
the extent of organic speciation (c.f. Little et al., 2021;
Druce et al., 2022).

In complete contrast to all of this, the recent results for
cold-water corals presented in Little et al. (2021) incorpo-
rate Zn that is isotopically very close to the water they
are found in, with a Dcoral-seawater averaging +0.03‰
(Little et al., 2021). The first published zinc isotope mea-
surement of hand-picked benthic foraminifera reports a D-

foraminifera-seawater of 0.08 ± 0.08‰ (Druce et al., 2022),
lending further support to the assumption that Zn isotopes
are not fractionated upon incorporation into biogenic car-
bonate. Potential reasons for this contrast with the experi-
mental results are discussed extensively in Little et al.
(2021), and remain unclear. But it may be related to the fact
that biogenic calcite incorporates the Zn2+ species (van
Dijk et al., 2017), and that it is precipitated from a calcify-
ing fluid that is ultimately derived from seawater, and in a
semi-closed system with quantitative extraction of the Zn
pool (e.g. Elderfield et al., 1996; Adkins et al., 2003). Data
from a further very recent study of Zn isotope incorpora-
tion into carbonate (Zhao et al., 2021) are more difficult
to interpret in this context. First, Zhao et al. (2021)
extracted Zn from uncleaned carbonate using unbuffered
2 M acetic acid with heating, a method that is likely to be
compromised by contributions from Fe-Mn coatings and
detrital silicates. Unfortunately, no trace element data
(e.g. Mn) are available to assess this potential issue (Zhao
et al., 2021). Second, given that the upper ocean is likely
to be anthropogenically contaminated for Zn, and as noted
in Little et al. (2021), the Zn isotope composition of the
reservoir from which un-dated shallow water carbonate is
derived is unclear. Nonetheless, and excluding one extre-
mely light value, the carbonates reported in Zhao et al.
(2021) vary between local present-day seawater and a value
about 0.6‰ heavier than the deep ocean value, consistent
with the variability seen in Little et al. (2021) and in this
study.

Thus, there have now been four studies that compare
modern carbonate with modern seawater (this study,
Little et al., 2021; Zhao et al., 2021; Druce et al., 2022). This
small number of studies have uncovered a
D66Zncalcite-seawater that varies by at least 0.6‰ (Fig. 7).
Clearly, the variability between modes of incorporation of
Zn into carbonate suggest that caution must be exercised
in interpreting Zn isotope variations in carbonate solely
in terms of the oceanic isotope composition, and dramatic
changes in the isotopic mass balance of seawater, its inputs
and outputs. This is particularly the case during periods of
extreme environmental perturbation that must profoundly
alter the physical and chemical controls on Zn speciation
in seawater as well as its incorporation into carbonate. It
is, however, interesting that, in the case of OAE2 (Sweere
et al., 2018), similar d66Zn trends are found in different



Fig. 7. The d66Zn values on the right (blue symbols) illustrate the
wide range of isotopic compositions measured in several studies of
ancient carbonates (John et al., 2017; Sweere et al., 2018; Chen
et al., 2021; this study). The red double arrow indicates the
experimentally determined fractionation between the aqueous Zn2+

species and the Zn isotopic composition of inorganic calcite
(Mavromatis et al., 2019). This fractionation is very close to the
difference between d66Zn in deep-sea carbonates (this study) and
the average d66Zn of the oceanic total dissolved pool, which in turn
is recorded in cold-water coral aragonite and foraminiferal calcite
without fractionation (Little et al., 2021; Druce et al., 2022). This
fractionation discrepancy between different types of carbonates
could explain a lot of the variability seen in the d66Zn carbonate
record.
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sections with different depositional settings, depths and car-
bonate mineralogies. This suggests there is some potential
for perturbations in the global Zn cycle to be recorded in
carbonates, even if the precise relationship to seawater is
unclear.

5. SUMMARY AND CONCLUDING REMARKS

Our detailed investigation of the application of reductive
cleaning, different leaching acids and acid strengths to bulk
marine sediment sheds new light on the Zn reservoirs in
these samples, how contaminant phases can compromise
the extraction of the Zn content and isotope composition
of carbonate end-members. Our results suggest that the
use of buffered 1 M acetic acid is required to avoid influ-
ences from contaminant phases present in the bulk sample,
and to ensure complete dissolution of the carbonate phase.
Analysis of trace element and isotope data in terms of mix-
ing between carbonate components and contaminants has
revealed the presence in these samples of multiple end-
members, whose chemical and isotope characteristics are
clearly identified.

Carbonate d66Zn from bulk sediment leachates seem to
reflect the isotopic composition of the Zn2+ pool of the
deep ocean (which will be at the lower end of the range
measured for the total dissolved pool) when corrected by
the isotopic fractionation determined for
D66Zncalcite-aqueous Zn2+ in inorganic calcite co-
precipitation experiments (Mavromatis et al., 2019). In con-
trast, biogenic carbonates (deep-sea corals, foraminiferal
calcite) appear to directly record seawater d66Zn without
significant fractionation (Little et al., 2021; Druce et al.,
2022). Thus, at least two different fractionation behaviours
exist for Zn in carbonates, and there appears to be little
contribution from an unfractionated component in these
deep-sea bulk samples.

These conclusions have important consequences for the
interpretation of published Zn isotope data, using a similar
approach to that used here to extract the carbonate signa-
ture, across periods of environmental change in the geolog-
ical record (e.g. Kunzmann et al., 2013; John et al., 2017;
Liu et al., 2017; Sweere et al., 2018; Chen et al., 2021).
For example, given the fact that the carbonate signatures
extracted here are consistent with the experiments of
Mavromatis et al. (2019) and what we know about specia-
tion and isotope composition in the modern ocean, pub-
lished Zn isotope records point to a rather invariant
situation in the ocean in the past. Interpretation of short-
lived but prominent excursions to much lighter isotope
compositions in published records in terms of the same
framework would require an oceanic Zn2+ pool that seems
implausibly light (as light as 0.2‰, e.g. Liu et al., 2017;
Chen et al., 2021). We suggest that these excursions may
relate as much to differences in the nature of Zn isotope
incorporation into carbonate as excursions in dissolved sea-
water Zn isotopes.

Future palaeoceanographic studies analysing Zn iso-
topes in the marine carbonate record should consider these
different pathways of carbonate precipitation and associ-
ated Zn fractionation constraints.
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APPENDIX – MIXING CALCULATIONS

This appendix details the mixing calculations illustrated
in Figs. 3–5 of the main paper. Our main objective is to
investigate the degree to which such calculations can
constrain the Zn isotope composition of the carbonate
end-members and, in particular, to use these constraints
to identify the best leaching approach to extract this Zn iso-
tope composition. In addition, we seek to better understand
the nature of the putative silicate and Fe-Mn oxide contam-
inants contributing to the leachates.
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Element ratios for the mixing curves in Figs. 4 and 5
were calculated (e.g. Albarède, 2010) as follows:

X
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Fig. A1. Leaching data for the Holocene sample (elemental ratios are mol
oxide (filled green circles) and a carbonate end-member (Carb2, red trian
square) and a second carbonate end-member (Carb1, blue diamond) for
curves for d66Zn of model carbonate end-members ±0.1‰ from the best fi
d66Zn of contaminant silicate or Fe-Mn oxide end-members ±0.15‰ fro
where X
Y

� �
mix;em1;em2

is the ratio of the abundance of ele-

ment X to element Y in the mixture, end-member 1, end-
member 2 (e.g. silicate, oxide, carbonate), fem1,2 is the frac-
tion of end-member 1 or 2 in the mixture and [Y]mix is the
concentration of element Y in the mixture:
ar) with best-fit model mixing curves (solid lines) between an Fe-Mn
gle) for the uncleaned samples, and between a silicate (filled black
cleaned samples. The dashed lines in panels A-C show the mixing
t value. The dashed lines in panels D-F show the mixing curves for
m the best fit value.
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½Y �mix ¼ f em1½Y �em1 þ f em2½Y �em2 ½2�
Zinc isotope compositions for the mixing curves in

Figs. 4 and 5 were calculated as follows:

d66Zn
� �

mix
¼ d66Zn

� �
em1

f em1
½Zn�em1
½Zn�mix

þ d66Zn
� �

em2
f em2

½Zn�em2
½Zn�mix

½3�
where [Zn]mix, em1,em2 are the concentrations of Zn in the
mixture (calculated as for equation [2]), and in end-
members 1 and 2.

The starting point for our exploration of the relevant
end-members in the bulk carbonate sediment of the Holo-
cene sample is the elemental ratios (Fig. 3). The linear
least-squares fit to the pre-cleaned samples clearly defines
an array in Ca/Mn versus Al/Mn space, between an end-
member with high Ca/Mn (Carb1 on Fig. 3A) and a second
end-member with high Al/Mn and a Ca/Mn near zero. The
chemistry of this latter end-member is very close to the sus-
pended loads of large rivers (Viers et al., 2009), and is likely
silicate/clays. The least-squares linear fit to the data for
samples that had not been pre-cleaned (excluding the
0.2 M acetic acid analysis for the reasons discussed in the
main text) suggests mixing between a second carbonate
end-member (Carb2 on Fig. 3A) and an end-member with
a low Ca/Mn and Al/Mn, identical in chemistry to that
of Fe-Mn oxide coatings on cold water corals (Little
et al., 2021). The Ca/Mn ratios, at Al/Mn = 0, of the car-
bonate end-members are used to locate their positions in
subsequent diagrams.

The Zn/Mn ratios of the end-members are defined by
the intersection of least-squares linear fits to the two data
arrays in Ca/Mn versus Zn/Mn space (Fig. 3B, again omit-
ting the 0.2 M acetic acid leachate), with the Ca/Mn ratio
for these end-members as defined by Fig. 3A. The Zn/Mn
ratio obtained for the Fe-Mn oxide contaminant is again
identical to that for Fe-Mn oxide coatings on cold water
corals (Little et al., 2021). However, the data array for
the cleaned samples requires a silicate end-member that
has a Zn/Mn ratio that is a factor of four higher than that
reported for the suspended loads of large rivers in Viers
et al. (2009).

The mixing calculations involving isotope ratios require
end-member elemental ratios, obtained as outlined above,
as well as concentrations and isotope compositions. The
concentrations for the silicate and oxide members were
obtained from the concentrations reported in Viers et al.
(2009) for the silicate end-member and in Manheim and
Lane-Bostwick (1991) for the Fe-Mn oxide end-member,
but with the adjustment to the Zn concentration of the sil-
icate end-member to take account of the higher Zn/Mn
mentioned above. Carbonate concentrations are calculated
from end-member element/Ca ratios, assuming stoichio-
metric CaCO3. Then, the isotope compositions of the
end-members were adjusted to obtain the best least-
squares fit to the data arrays in Figs. 4 and 5 of the main
paper.

The degree to which these mixing calculations constrain
end-member carbonate Zn isotope compositions is illus-
trated in Fig. A1. Panels A-C show the mixing arrays for
the best-fit carbonate d66Zn (A-C, solid lines) and for
0.1‰ either side of this (dashed lines). Panels D-F show
the mixing arrays for the best-fit contaminant d66Zn
(D-F, solid lines) and for 0.15‰ either side of this (dashed
lines). The Ca/Mn versus d66Zn data (A, D) show the least
scatter, and this plot provides a good constraint on the Zn
isotope composition of Carb2 at +0.93 ± 0.10, and the Fe-
Mn oxide contaminant, at +0.20 ± 0.15‰. This d66Zn is
within uncertainty of that obtained via leaching of the bulk
sample with buffered acetic acid of both cleaned and
uncleaned samples (0.79–0.85‰). The constraint on the
d66Zn of Carb2 is looser, but we note that the best-fit value
also overlaps within analytical uncertainty both with that of
Carb1 and with the buffered acetic acid leachates. This lat-
ter conclusion also applies to the data for the Cretaceous
sample, to which we applied the same approach, though
here the highly curved mixing arrays yield imprecise con-
straints on the carbonate end-member.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2022.02.029.
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Abundance of zinc isotopes as a marine biogeochemical tracer.
Geochem. Geophys. Geosyst. 1, 1015.
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Noé S., Titschack J., Freiwald A. and Dullo W.-C. (2006) From

sediment to rock: diagenetic processes of hardground formation
in deep-water carbonate mounds of the NE Atlantic. Facies 52,
183–208.

Peirce J., Weissel J., et al. (1989) Proceedings of the Ocean Drilling

Program, Initial Reports, 121. College Station, TX.
Pena L. D., Calvo E., Cacho I., Eggins S. and Pelejero C. (2005)

Identification and removal of Mn-Mg-rich contaminant phases
on foraminiferal tests: implications for Mg/Ca past temperature
reconstructions. Geochem. Geophys. Geosyst. 6, Q09P02.

Penman D. E., Hönisch B., Zeebe R. E., Thomas E. and Zachos J.
C. (2014) Rapid and sustained surface ocean acidification
during the Paleocene-Eocene Thermal Maximum. Paleo-

ceanogr. Paleoclimatol. 29, 357–369.
Pichat S., Douchet C. and Albarède F. (2003) Zinc isotope
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