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Abstract 24 

 25 

The application of zinc (Zn) and cadmium (Cd) isotopes as palaeo-proxies in carbonate 26 

sediment is rapidly expanding due to their potential for tracing changes in biological 27 

productivity in the modern and past oceans. However, there are limited investigations into the 28 

chemical cleaning methods required to produce the most consistent and accurate data for these 29 

novel isotope systems. This could impact their use as palaeo-proxies to reconstruct ocean-30 

atmosphere-climate interactions throughout Earth’s history. 31 

To address this concern and expand the utility of the Zn and Cd stable isotope systems 32 

as palaeo-productivity tracers, the performance of two standard chemical cleaning protocols 33 

for acquiring robust and reliable Zn and Cd isotope datasets were assessed. These include (i) 34 

the Cd-cleaning method that uses a reductive step to selectively leach contaminating secondary 35 

iron (Fe)-manganese (Mn) (oxyhydr)oxide coatings from the carbonate surface, and an 36 

oxidative step that is used to remove post-depositional organic matter and sulphide precipitates; 37 

and (ii) the magnesium/calcium cleaning protocol that includes an oxidative step only, leaving 38 

secondary Fe-Mn (oxyhydr)oxide coatings largely intact. Well-preserved Holocene-, and 39 

Mesozoic-aged carbonate sediments were used to test the reliability of these two chemical 40 

cleaning methods. The Holocene samples comprised not only aliquots of bulk sediment, but 41 

also individual species of planktic and benthic foraminifera. 42 

Our results show that the best practice chemical cleaning method for retrieving 43 

consistent and accurate Zn and Cd isotope, and Zn/Ca and Cd/Ca datasets for carbonate 44 

sediments, requires both reductive and oxidative cleaning following the Cd-cleaning method. 45 

This differs from most methodological approaches applied to date that remove the reductive 46 

step from the chemical cleaning protocol and apply an oxidative step only, or no chemical 47 

cleaning at all. Inclusion of the reductive step in the chemical cleaning method typically shifts 48 
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δ66Zn by ~0.1 ‰ lower and δ114Cd by 0.3 ‰ higher in the solid phase, while Zn/Ca and Cd/Ca 49 

typically decrease 2-fold. The benthic foraminifera, C. wuellerstorfi, that live in ocean bottom 50 

waters where the seawater Zn and Cd isotope composition is homogeneous display evidence 51 

of Zn and Cd isotope fractionation between seawater and carbonate on the order of 0.08 ± 0.08 52 

‰ (1SD, n=4) and -0.25 ± 0.13 ‰ (1SD, n=4), respectively, in agreement with experimental 53 

constraints. Furthermore, evidence of Zn isotope fractionation effects are recorded in a 54 

naturally-dissolved carbonate sediment, together with laboratory-controlled carbonate 55 

dissolution experiments. Based on these results we recommend the Cd-cleaning method and 56 

the application of Zn and Cd isotope fractionation factors to accurately reconstruct past 57 

seawater Zn and Cd isotope compositions of carbonate sediments.  58 

 59 

1 Introduction 60 

 61 

The zinc (Zn) and cadmium (Cd) isotope composition of ocean sediments, including 62 

sedimentary carbonates, are highly sought after as palaeo-productivity proxies, providing 63 

important information on marine primary production and its role in modulating key ocean-64 

atmosphere and climate reorganisations throughout Earth’s geological past (Horner et al., 2020; 65 

Little et al., 2021; Pichat et al., 2003). This emanates from the biological importance of Zn and 66 

Cd as micronutrients necessary for carbon fixation by phytoplankton, marine primary 67 

producers that exist in the upper ocean (Morel et al., 1994; Price and Morel, 1990; Xu et al., 68 

2008) and draw-down carbon dioxide (CO2) from the atmosphere. Zinc and Cd isotopes have 69 

superior resolving power compared with using elemental ratios alone. This is because 70 

biological processes can induce isotope fractionation in seawater that is ultimately recorded in 71 

sedimentary archives. This is directly linked to micronutrient demand and supply, which effects 72 



 

4 
 

the efficiency of the ocean’s biological pump that transfers carbon from the surface to the deep 73 

ocean controlling carbon drawdown from the atmosphere (John et al., 2007; Lacan et al., 2006).  74 

The uptake of Zn and Cd by phytoplankton induces isotope fractionation between 75 

seawater and the organic cell that is on the order of ~0.3 permil (‰) for the Zn isotope 76 

(66Zn/64Zn) system and up to 0.9 ‰ for the Cd isotope (114Cd/110Cd) system (John and Conway, 77 

2014; Köbberich and Vance, 2019; Lacan et al., 2006). For both Zn and Cd, biological uptake 78 

typically favours the preferential incorporation of lighter isotopes into the organic biomass due 79 

to their lower energy requirements (Urey, 1947), leaving the residual seawater enriched in 80 

heavy isotopes (John et al., 2007; Lacan et al., 2006). However, seawater can also record light 81 

Zn isotope signatures due to the additional complexation of heavy Zn isotopes with organic 82 

matter (Köbberich and Vance, 2019), and Zn adsorption onto particulates (John and Conway, 83 

2014; Gélabert et al., 2006). Increasing evidence also demonstrates that both Zn and Cd 84 

isotopes are fractionated at the permil (‰)-level during the formation of sulphide minerals in 85 

oxygen-depleted, euxinic (anoxic and sulfidic) marine environments, typically involving low 86 

oxygen bottom waters or interstitial porewaters (Guinoiseau et al., 2018; Janssen et al., 2014; 87 

Schmitt et al., 2009; Vance et al., 2016). The unique Zn and Cd isotope signatures in the 88 

residual seawater are transferred to biogenic carbonate and authigenic minerals during co-89 

precipitation. These materials accumulate as marine sediments recording a time-series of 90 

changing productivity, particle flux and bottom water/porewater conditions (Andersen et al., 91 

2011; Hendry and Andersen, 2013; Hohl et al., 2017; Horner et al., 2010; Horner et al., 2011; 92 

John et al., 2017; Kunzmann et al., 2013; Little et al., 2014b; Maréchal et al., 2000; Pichat et 93 

al., 2003; Schmitt et al., 2009; Sweere et al., 2018).  94 

Efforts to apply Zn and Cd isotope compositions of marine carbonates to document 95 

modern and past environmental processes are increasing (Bryan et al., 2021; Hohl et al., 2017; 96 

John et al., 2017; Kunzmann et al., 2013; Little et al., 2021; Pichat et al., 2003; Sweere et al., 97 
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2018; Xiao et al., 2020; Zhao et al., 2021). However, the accurate reconstruction of past oceanic 98 

productivity using Zn and Cd isotopes requires improved understanding of the isotope 99 

systematics in carbonate sediments, including from post-formation processes that perturb the 100 

isotope signatures. A robust assessment of the most effective carbonate cleaning and digestion 101 

methods for carbonate sediments is therefore needed. Current cleaning methods rely on the 102 

effective physical or chemical removal of post-depositional Zn- and Cd-rich secondary deposits 103 

that can skew the Zn and Cd isotopes as well as the calcium (Ca)-normalised Zn and Cd 104 

concentrations (Zn/Ca and Cd/Ca) towards anomalous values, leading to inaccurate 105 

reconstructions (Boyle, 1981). These secondary phases typically include hydro-soluble metals 106 

weakly bound to the primary mineral surfaces, finely dispersed clay particles, residual biogenic 107 

organic matter, sulphides, and iron (Fe)- and manganese (Mn)-bearing (oxyhydr)oxide phases 108 

(Boyle, 1981; Rosenthal et al., 1995). 109 

Of particular concern is the entrapment of secondary Zn and Cd (mg g-1 and μg g-1 110 

concentrations, each) in Fe-Mn (oxyhydr)oxides (Boyle, 1981), which precipitate on the 111 

carbonate (μg g-1 and ng g-1 Zn and Cd content, respectively) mineral surface in high-Zn and 112 

high-Cd oceanic bottom waters and porewaters (Boyle, 1983). Under these conditions, Zn and 113 

Cd concentrations are two to three orders of magnitude higher than in the upper ocean where 114 

phytoplankton and planktic foraminiferal carbonate typically forms (Boyle et al., 1976; 115 

Bruland et al., 1978). These secondary Fe-Mn (oxyhydr)oxides can therefore contaminate the 116 

Zn and Cd isotope composition of the primary carbonate sediment if they are not effectively 117 

removed. 118 

Two commonly used carbonate cleaning protocols have been developed and used in 119 

previous studies to selectively remove contaminating non-carbonate phases surrounding the 120 

primary carbonate of the sediment for the purpose of obtaining reliable Zn/Ca and Cd/Ca 121 

stratigraphies. These are the ‘Cd-cleaning’ and ‘Mg/Ca cleaning’ procedures. The Cd-cleaning 122 
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method (Boyle and Keigwin, 1985; Boyle, 1981) specifically targets the effective removal of 123 

Fe-Mn (oxyhydr)oxide coatings from the primary carbonate sediment using a ‘reductive step’, 124 

and also removes sulphides (Rosenthal et al., 1997) and residual organic matter using an 125 

‘oxidative step’. The reductive step of the Cd-cleaning method uses the reducing agent citrate 126 

that is capable of binding divalent metal cations, such as Mn2+, Fe2+, Zn2+ and Cd2+, which are 127 

present in high concentrations within Fe-Mn (oxyhydr)oxide phases (Wyrzykowski and 128 

Chmurzyński, 2010). The limitations of this method originate from the corrosive properties of 129 

citrate that partially dissolves the carbonate phase (Yu et al., 2007) and could preferentially 130 

leach Zn and Cd from the primary carbonate leading to isotope fractionation effects. In contrast, 131 

the Mg/Ca cleaning protocol retains the oxidative step, but removes the reductive step of the 132 

Cd-cleaning method to prevent the occurrence of secondary dissolution effects. However, 133 

application of the Mg/Ca cleaning method accepts that some contamination from Fe-Mn 134 

(oxyhydr)oxide coatings may still skew the Zn and Cd concentrations towards higher values, 135 

and potentially affect the Zn and Cd isotope compositions. 136 

The effectiveness of the Cd-cleaning method has been demonstrated for Cd/Ca in 137 

foraminifera carbonates, as highly consistent data are attained for replicate analysis of 138 

individually prepared sample aliquots (Boyle and Keigwin, 1985; Boyle, 1981; Bryan and 139 

Marchitto, 2010; Marchitto et al., 2000; Marchitto et al., 2002; Ripperger et al., 2008; Yu et 140 

al., 2007). However, the efficacy of Cd-cleaning remains untested for Cd isotope analysis. For 141 

Zn/Ca, the effectiveness of the Cd-cleaning method has not been reliably demonstrated (Marr 142 

et al., 2013a; Yu et al., 2007). Moreover, Zn isotope investigations report reduced consistency 143 

in the results when the reductive step that is integral to the Cd-cleaning method is implemented, 144 

compared to datasets obtained using the Mg/Ca cleaning method without the reductive step 145 

(Pichat et al., 2003). This has led to inconsistent chemical cleaning methods being applied to 146 

isotope-based investigations using carbonate sediments. Some studies selectively leach Fe-Mn 147 
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(oxyhydr)oxide phases from the primary carbonate using the reductive-oxidative steps of the 148 

Cd-cleaning protocol (Little et al. 2021), while others apply the Mg/Ca cleaning method that 149 

omits the reductive step (Pichat et al. 2003; Maréchal et al. 2000; Kunzmann et al. 2013; John 150 

et al. 2017; Little et al. 2021; Zhang et al. 2021; Zhao et al. 2021), and several studies imply 151 

that no carbonate cleaning also achieves accurate results (Clarkson et al., 2020; Xiao et al. 152 

2020; Zhao et al. 2021; Hohl et al. 2017). 153 

In this study, the performance of the Cd-cleaning and Mg/Ca carbonate chemical 154 

cleaning protocols, and sediment sub-samples processed without chemical cleaning are 155 

evaluated for the Zn and Cd isotope systems using well-preserved carbonate Holocene and 156 

Mesozoic sediments. Bulk sediments, aided by measurements of individual foraminifera 157 

species are used to assess the consistency and accuracy of Zn and Cd isotope observations and 158 

account for sample heterogeneity, and identify best practice laboratory protocols and digestion 159 

methods for obtaining reliable Zn and Cd isotope compositions of the primary carbonate within 160 

sediments. Standardised best practice chemical cleaning methods for Zn and Cd isotope 161 

signatures are proposed to obtain consistent, reliable and accurate palaeo-productivity 162 

reconstructions. 163 

 164 

2 Sample materials 165 

 166 

2.1 Holocene sediments 167 

 168 

Eight Holocene-aged (<11 thousand year old, ka) carbonate sediments were retrieved 169 

from the SW Pacific (offshore from New Zealand) and Indian (offshore from southeast Africa) 170 

Oceans and establish a north-south transect across the Subtropical Front of the Southern Ocean 171 
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(Table 1, Figure 1). Fresh samples were air dried under laminar flow at the University of Otago, 172 

New Zealand, and all samples were then stored dry in acid clean glass vials. 173 

All sediments are well preserved and show minimal evidence of post-depositional 174 

dissolution, with the exception of P937 that was retrieved from a depth of 3,253 meters below 175 

sea level (mbsl). Locally, the lysocline at P937 is 3,100 mbsl (Bostock et al., 2011), and 176 

carbonate from this location shows evidence of dissolution, with foraminifera chamber walls 177 

typically displaying rounded-smoothed and partially corroded tests. 178 

Each sediment sample was physically processed under laminar flow, gently broken up 179 

and transferred to acid cleaned glass vials for storage. For each sample, 0.4-5.0 g of material 180 

was sub-sampled to obtain the bulk sediment fraction. A sub-sample of sediment from each 181 

site was physically washed through a <63 µm nylon mesh using high-purity H2O supplied by 182 

a Milli-Q Element purification system (Millipore, USA). The >63 um size fraction was air-183 

dried under laminar flow before being dry sieved with a stainless-steel mesh to obtain the 500-184 

250 µm particle size fraction. Individual species of planktic and benthic foraminifera tests were 185 

hand-picked (n>100) using a fine-tipped paintbrush from the 500-250 µm size fraction using 186 

binocular light microscopy techniques to obtain a mass of ~0.1 g. 187 

 188 

2.2 Mesozoic sediment 189 

 190 

The Mesozoic (~94 Ma) sediment PM680 was obtained from the Cretaceous Plenus 191 

Marl sequence spanning ‘Ocean Anoxic Event 2’ (Hancock, 1975) within the chalk outcrop at 192 

Eastbourne, England, and was housed within archives at the University of Oxford, UK. Sample 193 

PM680 predominantly comprises phytoplankton carbonate with a low organic carbon content 194 

(Linnert et al., 2011; Tsikos et al., 2004), and was deposited on a shallow continental shelf 195 
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setting from a water depth of <600 mbsl during the ‘Plenus Cold Event’. The Eastbourne 196 

carbonate sequence is well preserved, displaying minimal evidence of dissolution and low rates 197 

of diagenesis from sulphate reduction in porewaters (Clarkson et al., 2018; Owens et al., 2013; 198 

Owens et al., 2012; Sweere et al., 2018). 199 

The Mesozoic carbonate was received as a solid limestone weighing ~40 g. The outer 200 

surface of lithified marl was removed using a micro-rotary tool (Dremel, USA) fitted with a 201 

diamond coated disk. The sediment was sequentially washed with high-purity H2O and ethanol 202 

under laminar flow to remove surface contaminants, then dried and powdered using an agate 203 

pestle and mortar pre-cleaned with SiO2 (99.995 %) sand and ethanol. The powdered sample 204 

was then transferred to a glass vial for storage. 205 

 206 

3 Chemical cleaning and digestion 207 

 208 

All chemical preparation took place within a Class 10 (ISO 4) laminar flow workstation 209 

within a Class 100 (ISO 5) clean laboratory housed in the Centre for Trace Element Analysis 210 

at the University of Otago, New Zealand, using high-purity reagents throughout. 211 

All sediment samples and individual species of foraminifera were sequentially washed 212 

with H2O and ethanol to remove hydro-soluble contaminants and fine grained clays from the 213 

primary carbonate prior to each chemical cleaning step (Figure 2). Aliquots corresponding to 214 

0.1-5 g of material were then chemically cleaned to remove contaminating phases following 215 

the (i) Cd-cleaning (Boyle and Keigwin, 1985; Boyle, 1981; Rosenthal et al., 1997; Tessier et 216 

al., 1979; Yu et al., 2007) and (ii) Mg/Ca cleaning (Barker et al., 2003) methods. For 217 

comparative purposes, bulk sediment aliquots weighing ~0.3 g were also taken that did not 218 

undergo any chemical cleaning. 219 



 

10 
 

 220 

3.1 Cd-cleaning method 221 

 222 

Selected sub-samples were chemically prepared using the Cd-cleaning method. This  223 

involves the selective removal of contaminating Fe-Mn (oxyhydr)oxide secondary phases from 224 

the carbonate surfaces by using a reductive step. The chemical cleaning solution used in the 225 

reductive step comprised 1 M hydrous hydrazine in 0.25 M citric acid within a 16 M ammonia 226 

(NH4) solution that is combined with the solid carbonate sample, before being agitated in an 227 

ultrasonic water bath at 25 °C for 30 minutes. Select samples were processed without the use 228 

of hydrous hydrazine because it is not a fundamental component in the reductive cleaning 229 

solution (Yu et al., 2007), and it is also toxic, carcinogenic, corrosive and explosive. Following 230 

reductive cleaning, the sample was rinsed with H2O. Organic matter and sulphide precipitates 231 

were then selectively removed through oxidative cleaning using a solution of ammonium 232 

buffered 1 % hydrogen peroxide (H2O2) at pH 5.5, which is heated and intermittently 233 

ultrasonicated. 234 

 235 

3.2 Mg/Ca cleaning method 236 

 237 

Selected sub-samples were chemically processed using the Mg/Ca method. This applies 238 

an oxidative cleaning step only, as outlined for the Cd-cleaning method. 239 

 240 

3.3 Digestion 241 

 242 
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Following chemical cleaning, the primary carbonate phase of each sample was 243 

selectively digested with 1 M acetic acid at 25 °C using one of two methods: 244 

i) Total digestion. Aliquots of 0.1-0.5 g of the bulk carbonate sediment, and all samples of 245 

individual species of foraminifera with a mass of ~0.1 g, were leached to completion until 246 

no further carbonate remained. The bulk sediment was combined with 5-10 ml of 1 M 247 

acetic solution, while the foraminifera samples were admixed with 1-2 ml of 1 M acetic 248 

solution until no further carbonate remained, and no additional CO2 was evolved. Each 249 

sample was then centrifuged to separate the insoluble silicate residue from the carbonate 250 

digest. 251 

ii) Partial digestion. Bulk carbonate sediment aliquots corresponding to 2-5 g were partially 252 

digested to selectively dissolve the carbonate phase using 1-2 ml of 1 M acetic acid 253 

solution. The reaction between the carbonate phase and acetic acid proceeded until the 254 

solution reached saturation and no further CO2 was released. The carbonate digest was 255 

then isolated from the residual undigested carbonate and siliceous residues by 256 

centrifugation. Partial digestion was sequentially conducted a further two times, ensuring 257 

that progressively more carbonate was dissolved following each digestion step. This 258 

provided a total of three partially digested sample aliquots from each cleaned bulk 259 

sediment aliquot. 260 

 261 

4 Analysis of Zn and Cd isotopes and elemental concentrations 262 

 263 

All elemental concentration analyses, as well as the Zn and Cd isotope measurements 264 

were performed at the Centre for Trace Element Analysis, University of Otago using methods 265 

detailed in the Supplementary Material (SM).  266 
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Analysis of Zn and Cd isotope composition was performed using a Nu Plasma HR MC-267 

ICPMS (Ametek, UK) with high-precision double spike methods to reliably account for mass-268 

dependent isotope fractionation effects during processing and instrumental analysis (Druce et 269 

al., 2020; Gault-Ringold et al., 2012; Gault-Ringold and Stirling, 2012; George et al., 2019). 270 

Zinc and Cd were first extracted from the sample matrix and purified using double-pass anion 271 

exchange chromatography with BioRad AG-MP1 resin (200-400 mesh size, Bio-Rad 272 

Laboratories, USA). Zinc and Cd isotope compositions are reported as the 66Zn/64Zn and 273 

114Cd/110Cd, respectively reformulated into delta notation as δ66Zn and δ114Cd relative to the 274 

average of the two bracketing measurements of the primary reference standard as described in 275 

(1) and (2) below.  276 

 277 

𝛿 Zn	"" = % ( $%	"" / $%)	
"#

$%&'()

( $%	"" / $%)	"# *+,,-./01
− 1(   (1) 278 

𝛿 𝐶𝑑	
(() = % ( *+	22# / *+)	

220
345678

( *+	22# / *+)	220 9:;<-.20=
− 1(  (2) 279 

 280 

The primary standard is IRMM-3702 (sourced from the Institute for Reference 281 

Materials and Measurements; IRMM, Belgium) for Zn and NIST-3108 (sourced from the 282 

National Institute of Standards and Technology; NIST, USA) for Cd. In (1) and (2), the 283 

66Zn/64Zn and 114Cd/110Cd of the sample is referred to as (66Zn/64Zn)sample and 284 

(114Cd/110Cd)sample, respectively, while (66Zn/64Zn)IRMM-3702 refers to the 66Zn/64Zn of IRMM-285 

3702, and (114Cd/110Cd)NIST-3108 denotes the 114Cd/110Cd of NIST-3108. The δ66Zn and δ114Cd 286 

are then reported in permil (‰) by multiplying the delta value by 103. The Zn isotope 287 

composition is reported relative to the JMC Lyon-Zn standard via the addition of +0.30 ‰ 288 

(Archer et al., 2017). The 2SE reported for each sample is typically better than ±0.02 ‰ for 289 
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δ66Zn and ±0.05 ‰ for δ114Cd, and includes the contributions from the sample and the two 290 

bracketing standards. Accuracy is confirmed through repeat δ66Zn and δ114Cd measurements 291 

of standards and certified reference materials (see SM; Table S1-S3, Figure S1). 292 

Elemental concentrations were determined using quadrupole – ICPMS (Q-ICP-MS) 293 

using a 7900 instrument (Agilent Technologies, USA) to determine the concentrations of 294 

aluminium (Al), Ca, Mn, Fe, Zn and Cd. Further details of the methodology and analytical 295 

performance are provided in the SM. 296 

 297 

5 Results  298 

 299 

The Zn and Cd isotope compositions, as well as the elemental concentrations 300 

normalised to Ca (Al/Ca, Mn/Ca, Fe/Ca, Zn/Ca, Cd/Ca) following chemical cleaning and 301 

carbonate dissolution, and with no chemical cleaning applied are reported in Table S2-S5. The 302 

results represent independently processed sub-samples of Holocene (SW Pacific and Indian 303 

Ocean) bulk sediments and individual species of foraminifera from sites G824, J21, H555 and 304 

F111, as well as a Mesozoic bulk sediment, further details are given in the SM. 305 

 306 

5.1 Carbonate chemical cleaning and dissolution 307 

 308 

Individual sub-samples of the Holocene-aged bulk carbonate sediment (G824, SW 309 

Pacific) and a Mesozoic-aged bulk sediment were processed using the Cd-cleaning (reductive-310 

oxidative steps) and the Mg/Ca cleaning (oxidative step only) methods, and without any 311 

chemical cleaning applied. The results are consistent for the Holocene and Mesozoic 312 

sediments, with lower Zn/Ca and Cd/Ca displayed when the reductive step is included, 313 
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compared with when this step is removed (Table S4 and Figure 3). Use of the reductive step 314 

typically decreases δ66Zn and increases δ114Cd, compared to when this step is not applied. 315 

Experimentally-induced partial carbonate digestion of Holocene bulk sediment (G824, 316 

SW Pacific) displays no resolvable change in δ66Zn, δ114Cd and Zn/Ca as dissolution progresses 317 

from digest one to three, excluding the initial digest where Zn/Ca is lower. In contrast,  Cd/Ca 318 

halves from digest one to three (Table S5, Figure 4). However, the partially digested aliquots 319 

consistently record higher δ66Zn, Zn/Ca and Cd/Ca than the bulk sediment (G824) digested to 320 

completion, with the exception of the initial digest for Zn/Ca. The SW Pacific Holocene 321 

sediment (P937) that has been partially dissolved by natural processes yields a δ66Zn that is 322 

~0.2 ‰ lower than the value for well-preserved bulk sediment (G824) digested to completion. 323 

However, there is no resolvable difference in the mean Zn/Ca, δ114Cd or Cd/Ca between P937 324 

and G824. 325 

Results are further supported by the sediments in the north-south transect (Figure 1),  326 

which also show Zn/Ca, Cd/Ca and δ66Zn are typically lower and δ114Cd increases when the 327 

reductive step is applied, compared with when the reductive step is omitted (Table S6, Figure 328 

5). 329 

Routine monitoring of potential non-carbonate Zn and Cd contaminating phases was 330 

assessed using trace metal ratios. In all samples, the Al/Ca content is typically <1 mmol/mol, 331 

indicating that the proportion of aluminosilicates in the digests is negligible. The Mn/Ca and 332 

Fe/Ca are used to monitor possible contamination from Fe-Mn (oxyhdr)oxide secondary phases 333 

and vary from 1.07-0.04 mmol/mol and 0.98-0.02 mmol/mol, respectively, for all samples. 334 

 335 

5.2 Heterogeneity of zinc and cadmium systematics between sub-samples 336 

 337 
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An initial assessment of the extent to which fine-scale heterogeneity in the 338 

geochemistry of the primary carbonate influences the Zn and Cd systematics between different 339 

sub-samples was performed. This is in order to evaluate how well within-sample variability is 340 

captured by the analytical uncertainty associated with the Zn and Cd isotope compositions and 341 

the elemental concentration signatures. To access the primary carbonate signatures, 342 

compositional variations in sub-samples that had been chemically cleaned using the Cd-343 

cleaning method were considered. 344 

When sequential reductive and oxidative chemical cleaning is applied, the δ66Zn of 345 

different, independently processed sub-samples of Holocene bulk sediment (G824) (Table S7, 346 

Figure 6) and individual species of foraminifera (sites G824, J21, H555 and F111) do not 347 

always agree within their reported analytical 2SE. To this end, the measurement uncertainty 348 

must be expanded by approximately a factor of two, to ±0.05 ‰ for the bulk sediment and 349 

±0.04 ‰ for the foraminifera, to obtain consistent results that fully account for variations 350 

arising from sample heterogeneity. The Zn/Ca of bulk sediment aliquots processed with both 351 

reductive and oxidative steps yield values that are in agreement within the analytical 352 

uncertainty limits of ±7 %. Replicate sub-samples of individual species of foraminifera provide 353 

Zn/Ca that are statistically identical when the analytical uncertainty is expanded two-fold to 354 

±13 %, and is therefore applied to all sub-samples of bulk sediment and foraminifera. 355 

Using both reductive and oxidative cleaning, the δ114Cd of individual, independently 356 

processed aliquots of Holocene bulk sediment (G824) and individual species of foraminifera 357 

(sites G824, J21, H555 and F111) (Table S7, Figure 6) are all identical within their reported 358 

2SE and no expansion of the uncertainties is therefore required. The Cd/Ca of the bulk sediment 359 

and foraminifera sub-samples processed with both reductive and oxidative cleaning are all 360 

identical when the uncertainty is expanded marginally from ±12 % to ±14 %.  361 
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This approach of expanding the uncertainties allows for geochemical variations 362 

between different sub-samples of the same carbonate material, and more reliably accounts for 363 

sample heterogeneity, as well as artefacts introduced during sample preparation and chemical 364 

processing, compared with using the analytical uncertainty alone. Expanding the uncertainty 365 

limits associated with Zn/Ca and Cd/Ca by two- to four-fold, depending on the chemical 366 

cleaning method used, is consistent with the degree of variability observed in other elemental 367 

studies where data for multiple sub-samples are reported (Boyle, 1992; Marchitto et al., 2000). 368 

Given these results, the expanded uncertainties determined here for sub-samples processed 369 

with the Cd-cleaning method are applied to all datasets presented herein. 370 

 371 

6 Discussion 372 

 373 

The results of the different carbonate chemical cleaning and dissolution procedures 374 

tested above provide the basis for evaluating the (i) accuracy of Zn and Cd isotope analysis, 375 

(ii) performance of carbonate chemical cleaning methods, and (iii) impact of dissolution 376 

procedures on the Zn and Cd isotope systematics of carbonate sediments, discussed in turn 377 

below. 378 

 379 

6.1 Constraining the accuracy of zinc and cadmium systematics in carbonates 380 

 381 

Dissolved seawater is relatively homogeneous with respect to δ66Zn and δ114Cd below 382 

depths of ~1000 m, giving respective values of 0.46 ± 0.11 ‰ (2SD, n=301) and 0.28 ± 0.15 383 

‰ (2SD, n=395) using available datasets from 0-50 ºS (GEOTRACES Intermediate Data 384 

Product 2017; Schlitzer et al., 2018) across latitudes spanning those of the study sites, and 385 
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avoiding high latitude North Atlantic Deep Water and Circumpolar Deep Water endmember 386 

water masses that skew the mean (Conway and John, 2015; Zhao et al., 2014). The ability of 387 

chemically cleaned biogenic carbonates, processed using the reductive and oxidative steps (Cd-388 

cleaning method) to accurately record seawater δ66Zn and δ114Cd can be assessed by comparing 389 

the known isotopically homogeneous deep seawater signature with those determined for the 390 

benthic foraminifera species C. wuellerstorfi that precipitates its carbonate test in oceanic 391 

bottom waters. This approach builds on previous carbon isotope studies demonstrating that C. 392 

wuellerstorfi tests provide accurate constraints on the seawater 13C/12C (δ13C) composition (eg. 393 

Schmittner et al., 2017). 394 

The mean δ66Zn of C. wuellerstorfi (sites G824, J21, H555 and F111) is 0.53 ± 0.19 ‰ 395 

(2SD, n=4), and is comparable to the average deep seawater value of 0.46 ± 0.11 ‰ (2SD, 396 

n=301, >1000 m depth, latitude 0-50 ºS) (Figure 6). However, the retrieval depth of sediments 397 

from sites G824, J21 and F111 is above 1000 m where the δ66Zn of seawater is not always 398 

homogeneous. This increases the variability in the carbonate δ66Zn between sites. To account 399 

for this heterogeneity, each site is also assessed independently for Zn isotope fractionation 400 

effects that occur during the removal of Zn from seawater into the carbonate phase. The δ66Zn 401 

of the seawater at similar water column depths as the sediment retrieval depth (taken as the 402 

approximate bottom water depth at each site) is subtracted from the δ66Zn of C. wuellerstorfi 403 

at each site to determine the magnitude of Zn isotope fractionation (Table S8). The large 404 

associated uncertainty in the seawater δ66Zn is due to the relative paucity of data when the 405 

depth range is restricted, which are also skewed towards spring-summer sampling and 406 

influenced by seasonal cycling that increases the spread in reported values (Samanta et al., 407 

2017). However, the mean δ66Zn is expected to remain accurate for seawater below 500 m 408 

depth because of the multi-millennial scale residence time for both Zn and Cd in the oceans 409 

and the centennial-millennial rate of overturning circulation (Black et al., 2019; Little et al., 410 
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2014b). Taken together, an average Zn isotope fractionation factor of 0.08 ± 0.08 ‰ (1SD, 411 

n=4) is obtained that generally favours the incorporation of heavy Zn isotopes into the solid 412 

phase from the seawater, but remains unfractionated within uncertainty. There is a smaller 413 

magnitude of net isotope fractionation determined in this study compared with values of up to 414 

0.60 ‰ obtained from experimental and ab initio studies (Dong and Wasylenki, 2016; Ducher 415 

et al., 2016; Fujii et al., 2014; Fujii et al., 2011; Mavromatis et al., 2019; Veeramani et al., 416 

2015). This could arise from competition between equilibrium and kinetic isotope fractionation 417 

effects associated with carbonate precipitation, Zn concentration in the dissolved phase, surface 418 

area effects and/or biological effects (eg. biomineralisation strategies) that may show variable 419 

isotopic shifts in opposing directions and are more complex in natural settings. Importantly, 420 

the value of 0.08 ± 0.08 ‰ (1SD, n=4) determined in this study is identical, within uncertainty 421 

(expressed as 1SD for consistency with Little et al., 2021), to the Zn isotope fractionation factor 422 

calculated for cold water corals of 0.03 ± 0.17 ‰ (1SD, n=20) (Little et al., 2021), 423 

demonstrating that accurate seawater δ66Zn can be obtained using biogenic carbonates when 424 

the Cd cleaning method is used. 425 

For δ114Cd, C. wuellerstorfi record a mean δ114Cd of 0.18 ± 0.15 ‰ (2SD, n=4) and is 426 

comparable to the deep seawater value of 0.28 ± 0.15 ‰ (2SD, n=395, >1000 m depth, latitude 427 

0-50 ºS) (Figure 6). Comparing the δ114Cd of C. wuellerstorfi with values for seawater at 428 

latitude 0-50 ºS and at a similar seawater depth to the sediment retrieval depth at each site 429 

(Table S8), in a similar manner as for δ66Zn, yields a mean estimate for Cd isotope fractionation 430 

between the solid carbonate and dissolved seawater phase of -0.25 ± 0.13 ‰ (1SD, n=4). This 431 

distinct offset observed between the δ114Cd of carbonate and seawater across a range of depths 432 

demonstrates that Cd isotope fractionation occurs at a quantifiable level during the 433 

incorporation of Cd from the aqueous phase into the solid during carbonate precipitation and 434 

preferentially favours light Cd isotopes. This isotopic shift is similar to the value of -0.45 ± 435 
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0.12 ‰ derived from experimentally-controlled calcite precipitation experiments using 436 

artificial high-ionic strength seawater (Horner et al., 2011; Xie et al., 2021), but is for a natural 437 

setting rather than a laboratory experiment. The consistent offset is possibly responsible for the 438 

lighter δ114Cd observed in palaeo-environmental reconstructions using carbonate sediments 439 

that has previously been considered to be a function of salinity change between the modern and 440 

ancient oceans. For example, a salinity correction for δ114Cd using yttrium/holmium has been 441 

developed (Hohl et al., 2017) due to an observed increase in the magnitude of Cd isotope 442 

fractionation between artificial low-and high-salinity solutions and solid carbonate during 443 

laboratory controlled calcite precipitation experiments (Horner et al., 2011), but may not be 444 

justified. 445 

The accuracy of Zn/Ca and Cd/Ca in biogenic carbonates can be inferred by comparison 446 

with previously reported values. The Zn/Ca of C. wuellerstorfi typically spans a range from 447 

1.2-5.8 µmol/mol (Marchitto et al., 2000), which is in good agreement with the values of 3.2-448 

8.9 µmol/mol obtained in this study, with the exception of C. wuellerstorfi from site H555 that 449 

is higher than expected at 22.6 µmol/mol and represents the deepest study site (2738 mbsl). 450 

Reported Cd/Ca of C. wuellerstorfi vary from 0.03-0.38 µmol/mol (e.g. Boyle 1992), which 451 

also compares well with the values of 0.14-0.48 µmol/mol observed in this study. Furthermore, 452 

the highest Cd/Ca of 0.48 µmol/mol is obtained at site F111 in the Southern Ocean where Cd 453 

concentrations in modern seawater are typically higher than in the subtropical regions where 454 

the other study sites are located.  455 

The Zn/Ca and Cd/Ca determined in this study are positioned in the upper range of 456 

previously reported values. These differences are likely to originate from the less intense 457 

carbonate chemical cleaning protocols applied in this investigation, compared with previous 458 

studies (Boyle, 1981, 1992; Marchitto et al., 2000; Ripperger and Rehkämper, 2007; Ripperger 459 

et al., 2008). Excessive chemical cleaning can cause elemental fractionation during partial 460 
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carbonate dissolution that is capable of biasing Zn/Ca and Cd/Ca towards lower values (Marr 461 

et al., 2013a; McCorkle et al., 1995; Yu et al., 2007; Fritz-Endres and Fehrenbacher, 2021). 462 

This suggests that a revised partition coefficient may be required to accurately reconstruct local 463 

Zn and Cd concentrations in past seawater using the less aggressive chemical cleaning methods 464 

applied in this study and warrants further investigation. Nonetheless, the Zn/Ca and Cd/Ca of 465 

C. wuellerstorfi determined here remain comparable with previous investigations, which 466 

validates the accuracy of the data and further verifies the reliability of the chemical cleaning 467 

methods used. 468 

 469 

6.2 The performance of chemical cleaning methods 470 

 471 

The performance of the carbonate chemical cleaning methods used for Zn and Cd 472 

isotope analysis are assessed by comparing the consistency in results between individually 473 

prepared sub-samples using the same carbonate cleaning method, and without chemical 474 

cleaning applied. The effectiveness of each chemical cleaning approach is also considered 475 

through the observed lowering, or otherwise, in Fe/Ca and Mn/Ca. This would indicate the 476 

effective removal of secondary Fe and Mn present in Fe-Mn (oxyhydr)oxide coatings. 477 

 478 

6.2.1 The performance of chemical cleaning for zinc and its isotopes 479 

 480 

The δ66Zn of the Holocene and Mesozoic bulk sediments processed without chemical 481 

cleaning, as well as using the Mg/Ca method, both show a general increase in the consistency 482 

between individually prepared sub-samples of the same sediment when compared with sub-483 

samples processed using the Cd-cleaning method (Figure 3). The marginal decrease in 484 
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consistency in δ66Zn when Fe-Mn (oxyhydr)oxide coatings are selectively removed is a 485 

reoccurring feature in this investigation and is either the result of partial contamination from 486 

insufficiently cleaned Fe-Mn (oxyhydr)oxide coatings, or from carbonate dissolution or 487 

leaching effects. This observation has previously been used to support the exclusion of the 488 

reductive step that removes secondary Fe-Mn (oxyhydr)oxide coatings in palaeo-489 

environmental reconstructions based on Zn isotope stratigraphy (Kunzmann et al., 2013; Pichat 490 

et al., 2003; Sweere et al., 2018). 491 

In the Holocene sediments, there is a moderate correlation between δ66Zn and Mn/Ca 492 

(r2 =0.75, p =0.01), while no significant correlation occurs between δ66Zn with Fe/Ca (Figure 493 

7). In the Mesozoic carbonate, however, δ66Zn weakly correlates with Fe/Ca (r2 =0.55, p 494 

<0.01), but a correlation is not readily observed between δ66Zn and Mn/Ca (Figure 7). This 495 

could indicate that the δ66Zn of Fe-Mn (oxyhydr)oxide coatings is fractionated towards higher 496 

values compared with seawater through adsorption effects (Little et al., 2014a; Little et al., 497 

2014b; Maréchal et al., 2000). This would lead to a deterioration in data consistency when the 498 

selective removal of Fe-Mn (oxyhydr)oxide coatings is inconsistently applied between 499 

different sub-samples. 500 

The Zn/Ca of the Holocene and Mesozoic sediments typically decreases when the 501 

reductive step is used to remove Fe-Mn (oxyhydr)oxide coatings (Figure 3). For example, the 502 

Holocene sediment processed without reductive cleaning yields a Zn/Ca of 7.8 ± 1.0 μmol/mol, 503 

while the same sample processed using the reductive step gives a value of 4.9 ± 0.6 μmol/mol. 504 

The positive correlation between Zn/Ca and Mn/Ca in the Holocene sediment (r2 =0.92, p 505 

=0.05), and between Zn/Ca and Fe/Ca in the Mesozoic sediment (r2 =0.83, p =0.03) indicates 506 

the effective removal of secondary Fe (oxyhydr)oxides when reductive cleaning is applied 507 

(Figure S2). This could indicate that rapid scavenging of Zn from porewaters onto Fe 508 

(oxyhydr)oxides occurs, as Mn (oxyhydr)oxides dissolve at the Mn-redox boundary within the 509 
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interstitial sediment porewaters during diagenesis, releasing their constituent elements back 510 

into the surrounding aqueous phase. Zinc scavenging onto Fe (oxyhydr)oxides could then serve 511 

as the major contaminating pathway for Zn concentrations in ancient deposits, making the 512 

monitoring of Fe/Ca an important quality control parameter during the derivation of Zn isotope 513 

records for carbonate sediments.  514 

 515 

6.2.2 The performance of chemical cleaning for cadmium and its isotopes 516 

 517 

For both the Holocene and Mesozoic sediments, the average δ114Cd and Cd/Ca are 518 

identical, within uncertainty, when processed with and without the reductive step (Figure 3). 519 

This indicates that Fe-Mn (oxyhydr)oxides do not dominate the Cd mass balance in these 520 

carbonate sediments, consistent with previous studies showing that the Mesozoic sample 521 

(PM680) has not been significantly altered through diagenesis (Owens et al., 2013; Owens et 522 

al., 2012). However, the two-fold increase in consistency in δ114Cd for the Mesozoic carbonate 523 

when the reductive step is used suggests the effective removal of secondary Fe-Mn 524 

(oxyhydr)oxide coatings remains an important protocol for obtaining reliable Cd isotope 525 

datasets for ancient carbonates. Further, the agreement in Cd/Ca obtained for each sample, 526 

irrespective of the chemical cleaning method used, could imply that cadmium sulphide 527 

precipitation removes mobilised Cd from porewaters (Framson and Leckie, 1978; Rosenthal et 528 

al., 1995) at a faster rate than adsorption onto Fe (oxyhydr)oxides occurs, or that alternative 529 

non-carbonate mineral phases form during sedimentary diagenesis. However, routine 530 

monitoring of Fe/Ca is important to verify that the Cd mass balance remains tied to the low-Cd 531 

primary carbonate rather than non-carbonate minerals. 532 

 533 
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6.2.3 Recommendation for best-practice chemical cleaning 534 

 535 

The above findings for the Holocene and Mesozoic carbonate sediments indicate that 536 

the Cd cleaning method is recommended for the acquisition of accurate datasets of δ66Zn and 537 

Zn/Ca, and δ114Cd and Cd/Ca. The reductive step is necessary to remove secondary Fe-Mn 538 

(oxyhydr)oxide coatings, and an oxidative step to remove post-depositional organic material 539 

and sulphides. The inclusion of the reductive step yields robust and highly reproducible 540 

datasets for δ114Cd and Cd/Ca, but may lead to anomalous Zn isotope results in some samples 541 

by fractionating δ66Zn towards lower values, requiring the reported uncertainties to be 542 

expanded accordingly. In this study, expanding the uncertainties by a factor of two to ±0.05 ‰ 543 

(bulk sediment) and ±0.04 ‰ (foraminifera) was sufficient to overcome the influence of any 544 

potential isotope fractionation arising from reductive chemical cleaning, as well as fine-scale 545 

spatial heterogeneity, from the δ66Zn results.  546 

Our investigation also leads to the hypothesis that overly aggressive reductive-oxidative 547 

chemical cleaning protocols are not always necessary to obtain accurate Zn and Cd isotope 548 

analysis and could exacerbate the anomalous isotope effects. For example, the use of hydrazine 549 

in the reductive step may be unnecessary (Yu et al., 2007), because it serves as an oxidising 550 

agent that can bind protons from citric acid, shifting the chemical equilibrium towards the 551 

citrate product, and enhancing the availability of citrate within the reductive cleaning solution. 552 

The removal of hydrazine from the reductive cleaning solution could buffer the production of 553 

citrate, allowing the reaction between the Fe-Mn (oxyhydr)oxide phase and citrate to occur at 554 

a slower rate and with increased selectivity (refer to SM). 555 

We therefore recommend that both reductive and oxidative cleaning steps are 556 

implemented, but with the removal of hydrazine from the reductive cleaning solution to reduce 557 

the intensity of leaching and dissolution effects during carbonate chemical cleaning. 558 



 

24 
 

 559 

6.3 Isotope fractionation during carbonate dissolution 560 

 561 

Chemical cleaning aside, the effects of dissolution may potentially introduce systematic 562 

biases in Zn and Cd isotope composition during laboratory-controlled carbonate digestion 563 

following chemical cleaning. Therefore, a sequential partial dissolution experiment involving 564 

three successive leaching steps was undertaken using the Holocene bulk sediment G824 to 565 

assess the magnitude of these dissolution effects, if any (Figure 4).  566 

Subtle, but resolvable, Zn isotope fractionation from the initial to the final digestion 567 

step of -0.13 ‰ was recorded in an individual sample aliquot. Additionally, the δ66Zn of all six 568 

partially digested carbonate aliquots are ~0.3 ‰ higher than the bulk sediment digested to 569 

completion (Figure 4). Furthermore, four of the six partial sediment digests record higher 570 

Zn/Ca compared with the bulk sediment digested to completion. In contrast to Zn, no resolvable 571 

Cd isotope fractionation is observed, but Cd/Ca is up to five times higher in the initial digest 572 

compared with the bulk sediment digested to completion (Figure S3), supporting previous 573 

findings showing the sensitivity of Cd/Ca to dissolution effects (McCorkle et al., 1995). 574 

However, Cd/Ca and Mn/Ca are correlated (r2 =0.80, p <0.01), which may indicate that the 575 

variable, incomplete removal of secondary contaminating phases is responsible for the 576 

observed variations (Figure S3) rather than elemental fractionation between Cd and Ca in the 577 

primary carbonate. 578 

Sub-samples of the naturally dissolved bulk sediment (P937) support the findings from 579 

the partial dissolution experiment in that δ114Cd remains identical, within uncertainty, and 580 

δ66Zn yields values that are ca. 0.2 ‰ lower than the composition of well-preserved Holocene 581 

bulk sediment (G824), retrieved from a similar water mass and nutrient regime (Figure 4). This 582 
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offset may reflect dissolution-induced Zn isotope fractionation, or instead relate to variability 583 

in the physical sedimentary characteristics (eg. phytoplankton/zooplankton assemblage and 584 

dissolution rates) between sites. In contrast, the Zn/Ca and Cd/Ca of the naturally dissolved 585 

bulk sediment (P937) are identical, within uncertainty, to their respective composition in the 586 

well-preserved sediment (G824), potentially due to physical sedimentary differences between 587 

P937 and G824. However, it remains well established that the Zn/Ca and Cd/Ca palaeo-588 

environmental proxies are sensitive to partial dissolution effects and carbonate saturation 589 

(Marchitto et al., 2000; Marchitto et al., 2005; Marchitto et al., 2002; McCorkle et al., 1995; 590 

van Dijk et al., 2017). The results of this study demonstrate that the accuracy of δ66Zn may also 591 

be hindered by partial dissolution, while δ114Cd appears to remain relatively unaffected by 592 

dissolution. 593 

 594 

6.4 Evaluating the best practice cleaning and dissolution procedures using a north-south 595 

sediment transect 596 

 597 

Holocene-aged sediments from sites U1476, G824, J21, MD02-2588, U1475, H555 and 598 

F111 (Figure 1) span a 3,700 km long, north-south transect in both the Indian and SW Pacific 599 

distributed across the Subtropical Front. As such, this transect captures a wide range of upper 600 

ocean Zn and Cd nutrient regimes, recorded in carbonate sediments affected by variable levels 601 

of Fe and Mn (oxyhydr)oxides, sulphides and organic material, and terrigenous aluminosilicate 602 

inputs. This transect is therefore used to demonstrate the importance of applying the best 603 

practice Cd-cleaning method that includes both reductive (without hydrazine) and oxidative 604 

steps, to obtain robust datasets of δ66Zn, δ114Cd, Zn/Ca and Cd/Ca. Partial dissolution effects 605 

were avoided by digesting all bulk carbonate sediments to completion. 606 
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The δ66Zn of sediments from the north-south transect processed using the Cd-cleaning 607 

method (reductive-oxidative steps) range from 0.41-1.03 ‰, while δ114Cd varies from 0.19-608 

1.01 ‰ (Figure 5 and S4). By comparison, when the Mg/Ca cleaning method (oxidative step 609 

only) is used, bulk carbonate δ66Zn and δ114Cd shift towards values that are higher by ~0.1 ‰ 610 

and lower by ~0.3 ‰, respectively, relative to samples processed with the reductive step 611 

included (see SM). These results support the findings of the chemical cleaning experiments, in 612 

that the use of the reductive step improves the accuracy of past seawater Zn and Cd isotope 613 

reconstructions using carbonate sediments. However, the north-south sediment transect across 614 

a wide range of nutrient regimes demonstrates that δ66Zn and δ114Cd can vary by up to ~1 ‰ 615 

(U1476) if Fe-Mn (oxyhydr)oxide phases are not sufficiently removed. Furthermore, the 616 

consistent 2-fold decrease in Zn/Ca and Cd/Ca recorded when the reductive step is applied, 617 

demonstrates that the effective removal of Fe-Mn (oxyhydr)oxide coatings using the Cd-618 

cleaning method is necessary, and is particularly important at sites underlying water masses 619 

with ultra-low Zn and Cd and/or high Fe and Mn concentrations (eg. U1476). For example, a 620 

0.1 ‰ and 0.3 ‰ inaccuracy in δ66Zn and δ114Cd, respectively, is comparable to the difference 621 

between the Bulk Silicate Earth (BSE, δ66Zn of 0.3 ‰, δ114Cd of 0.0 ‰, eg. Little et al. 2014; 622 

Bridgestock et al. 2017) and the modern deep ocean (δ66Zn of 0.5 ‰, δ114Cd of 0.3 ‰, eg. 623 

Little et al. 2014; Ripperger et al. 2007). The implication is that variations in the sources and 624 

sinks of Zn and Cd isotopes in the past ocean cannot be quantitatively resolved unless the 625 

carbonate is initially leached of Zn and Cd contaminating Fe-Mn (oxyhydr)oxide coatings 626 

using the Cd-cleaning method, prior to carbonate digestion and analysis. 627 

 628 

7 Conclusions 629 

 630 
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A scarcity of evidence-based investigations determining the most suitable chemical 631 

cleaning and carbonate dissolution protocols for accurate Zn and Cd isotope analysis of marine 632 

carbonates is hindering their applicability for tracing palaeo-productivity. Two commonly used 633 

carbonate chemical cleaning protocols, the Cd-cleaning and the Mg/Ca cleaning methods are 634 

applied in this study to Holocene (<11 ka) and Mesozoic (~94 Ma) bulk sediments, as well as 635 

individual species of foraminifera isolated from Holocene-aged bulk sediments, to determine 636 

the best practice chemical cleaning and carbonate dissolution methodology. We find that the 637 

Cd-cleaning method that includes both a reductive step (without hydrazine) to remove Fe-Mn 638 

(oxyhydr)oxide coatings without inducing appreciable isotope fractionation, and an oxidative 639 

step to remove organic matter and sulphide precipitates, is the best method for obtaining 640 

reliable Zn and Cd isotope signatures, as well as Zn/Ca and Cd/Ca compositions.  641 

Holocene and Mesozoic bulk sediment δ66Zn and δ114Cd demonstrate that the inclusion 642 

of a reductive step increases the accuracy of, and consistency between, signatures for different 643 

sub-samples of the same sediment, particularly for the Cd isotope system. This is because 644 

contaminating Fe-Mn (oxyhydr)oxide coatings are selectively removed from the primary 645 

carbonate phase. Inclusion of the reductive step in the carbonate chemical cleaning method 646 

typically shifts δ66Zn and δ114Cd towards lower and higher values, respectively, in the solid 647 

phase, and closer to their primary compositions at the time of carbonate formation, while both 648 

Zn/Ca and Cd/Ca typically decrease by a factor of two in the same samples. 649 

Reliable uncertainty estimates for replicate Zn and Cd isotope analysis of Holocene 650 

bulk sediment demonstrate that sample heterogeneity in the primary carbonate phase together 651 

with any residual secondary phases, and introduced during laboratory processing is accounted 652 

for when the reductive step is applied. For δ66Zn, the uncertainty requires expanding by a factor 653 

of two to ±0.05 ‰ for bulk sediment and ±0.04 ‰ for foraminifera to obtain consistent results 654 

between different, independently processed sub-samples of the same sediment. For the Cd 655 
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isotope system, the analytical uncertainty alone fully accounts for the heterogeneity between 656 

replicate analyses of different sub-samples for all sample types. The expanded uncertainties 657 

required to obtain consistent datasets in Zn/Ca and Cd/Ca are ±13 % and ±14 %, respectively. 658 

The accuracy in Zn and Cd isotope analysis of marine carbonates is verified using 659 

benthic foraminifera (Cibicides wuellerstorfi) that precipitate their carbonate tests at the 660 

sediment-water interface where the δ66Zn and δ114Cd of seawater is well known. The results 661 

show that the Zn isotope fractionation factor between the carbonate of C. wuellerstorfi and 662 

seawater is 0.08 ± 0.08 ‰ (1SD, n=4), while the δ114Cd of the solid carbonate phase is 663 

consistently offset by -0.25 ± 0.13 ‰ (1SD, n=4) from seawater. 664 

Isotopic and elemental Zn and Cd fractionation effects are evident from laboratory-665 

controlled carbonate dissolution experiments and in a natural partially dissolved Holocene bulk 666 

sediment. Dissolution-induced isotope fractionation typically shifts δ66Zn towards low values 667 

in the solid carbonate phase as heavy isotopes are preferentially removed, which indicates that 668 

partially dissolved carbonates may not reliably record environmental signatures. Therefore, 669 

laboratory carbonate dissolution should ensure sub-samples are digested to completion to 670 

guarantee that reliable results are obtained. 671 

The findings of this study provide an evidence-based approach demonstrating the best 672 

practice carbonate chemical cleaning and digestion protocol for the Zn and Cd isotope analysis 673 

of marine carbonate sediments. This will improve the reliability of palaeo-productivity 674 

investigations using these stable isotope systems, expanding their utility in deconvolving the 675 

role of marine primary production in regulating carbon and climate cycling during past ocean-676 

atmosphere reorganisations. 677 
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Figure 1: Location of carbonate-rich Holocene sediment from the New Zealand and southeast 
African continental margins overlain on a SST map. From north-south, sites include U1476, 
G824, J21, P937, MD02-2588 and U1475, H555 and F111. Major surface currents (black 
arrows) and the position of the Subtropical Front (STF; in orange) are shown. Acronyms: North 
Equatorial Current (NEC), South Equatorial Current (SEC), East Australian Current (EAC), 
Agulhas Current (AC), Agulhas Return Current (ARC), Tasman Front (TF). 
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Figure 2: Protocol for bulk sediment preparation that includes; (i) obtaining an unwashed 
aliquot, (ii) pre-cleaning using ethanol and H2O rinses, (iii) sub-sampling, (iv) processing using 
either the Mg/Ca cleaning method that uses an oxidative step only to remove organic matter 
and sulphides, or the Cd-cleaning method that uses reductive and oxidative cleaning to 
additionally remove Fe-Mn (oxyhydr)oxide coatings. Finally (v), the carbonate phase of the 
chemically cleaned sediment is selectively digested to completion, or sequentially partially 
digested a total of three times. Each digest is collected for analysis. 
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Figure 3: Carbonate δ66Zn and Zn/Ca (A), and δ114Cd and Cd/Ca (B) of the Holocene bulk 
sediment from site G824 digested to completion, (C) and (D) show results for the Mesozoic 
bulk sediment PM680. Samples processed without any carbonate chemical cleaning steps 
applied (uncleaned), or using the Mg/Ca cleaning method (Mg/Ca) that includes an oxidative 
step only are shown (orange and blue symbols for the Zn and Cd systems, respectively). 
Inclusion of the reductive step (purple and green stars for the Zn and Cd systems, respectively) 
in addition to an oxidative step during chemical cleaning follows the Cd-cleaning method (Cd-
cleaning). The 2SD limits are shown in grey shading for repeat analyses of bulk sediment sub-
samples processed using the Mg/Ca and Cd-cleaning methods. 
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Figure 4: The δ66Zn, δ114Cd, Zn/Ca and Cd/Ca systematics in the carbonate digest during the 
sequential partial carbonate dissolution experiment (partial dissolution) from step 1 through to 
step 3 for the Holocene bulk sediment from site G824. Samples were chemically cleaned using 
the Cd-cleaning method that includes the reductive step (purple and green stars for the Zn and 
Cd systems, respectively). Mean δ66Zn, δ114Cd, Zn/Ca and Cd/Ca for the Holocene sediments 
leached to completion are shown for reference (complete, grey shading) alongside their 
respective 2SD. The δ66Zn, δ114Cd, Zn/Ca and Cd/Ca (black diamonds) of the carbonate phase 
digested to completion for the Holocene bulk sediment from site P937 following Cd-cleaning 
that was retrieved from the carbonate saturation horizon and is therefore naturally dissolved. 
Arrows indicate the potential direction of fractionation observed between well-preserved and 
partially digested sediments obtained from a similar water mass. 
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 1 

Figure 5: Measured δ66Zn and Zn/Ca (upper two plots) in the carbonate phase digested to 2 
completion for the transect of Holocene (<11 ka) bulk sediments from the New Zealand and 3 
southeast African continental margins. Samples were chemically cleaned with the reductive 4 
step removed (orange squares) and with this step is included (purple stars). The δ114Cd and 5 
Cd/Ca (lower two plots) are shown for sub-samples processed with the reductive step removed 6 
(blue squares) and included (green stars). The average seawater δ66Zn of 0.46 ± 0.11 ‰ (2SD) 7 
and δ114Cd of 0.28 ± 0.15 ‰ (2SD) from 0-50 °S and below 1000 m depth, respectively, are 8 
also shown (shaded horizontal bar). From north-south, samples were retrieved from sites 9 
U1476, G824, J21, MD02-2588, U1475, H555, and F111 (see map in figure 2). Major surface 10 
water masses include subtropical surface water (STSW) and subantarctic surface water 11 
(SASW), and the position of the Subtropical Convergence Zone (STCZ) is shown that 12 
comprises both STSW and SASW (figure 2).  13 
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 14 
Figure 6: Replicate analysis of (A) δ66Zn, (B) Zn/Ca, (C) δ114Cd and (D) Cd/Ca for 15 
independently processed sub-samples of Holocene bulk sediment G824 and individual species 16 
of hand-picked foraminifera, including G. truncatulinoides (G. trunc), G. bulloides (G. bul) 17 
and U. peregrina (U. per) from sites G824, F111, J21 and H555 showing very good agreement. 18 
Samples are processed with the reductive step included using the Cd-cleaning method (Cd-) 19 
unless otherwise stated (Mg/Ca; Mg/Ca cleaning method). Accuracy is determined through 20 
analyses of the foraminifera species C. wuellerstorfi that lives at the sediment-water interface 21 
in the oceanic bottom waters. The mean seawater δ66Zn and δ114Cd (grey bands) of 0.46 ± 0.11 22 
‰ (2SD) and 0.28 ± 0.15 ‰ (2SD) from 0-50°S and below1000 m depth, respectively, and at 23 
a similar seawater depth to sediment the retrieval depth at each sample site is also given (open 24 
blue squares, 1SD). 25 
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  26 

Figure 7: The δ66Zn and δ114Cd in the carbonate digest for aliquots of the Holocene bulk 27 
carbonate from site G824 digested to completion is shown (upper panel) and the Mesozoic 28 
sediment PM680 (lower panel), compared with Zn/Ca, Cd/Ca, Mn/Ca, Fe/Ca and Al/Ca. 29 
Samples processed without the reductive step applied (orange and blue squares for the Zn and 30 
Cd systems, respectively) and with its inclusion (purple and green stars for the Zn and Cd 31 
systems, respectively). The r2 value and p-value for each of the correlations is given alongside 32 
the line of best fit. 33 


