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Abstract 1 

Traditional carbonate sedimentary archives have proven challenging to exploit for Zn 2 
and Cu isotopes, due to the high concentrations of trace metals in potential 3 
contaminants (e.g., Fe-Mn coatings) and their low concentrations in carbonate. Here, 4 
we present the first dataset of δ66ZnJMC-Lyon and δ65CuSRM 976 values for cold-water 5 
corals and address their potential as a seawater archive. Extensive cleaning 6 
experiments carried out on two corals with well-developed Fe-Mn rich coatings 7 
demonstrate that thorough physical and chemical cleaning can effectively remove 8 
detrital and authigenic contaminants. Next, we present metal/Ca ratios and δ66Zn and 9 
δ65Cu values for a geographically diverse sample set of Holocene age cold-water 10 
corals. Comparing cold-water coral δ66Zn values to estimated ambient seawater δ66Zn 11 
values (where Δ66Zncoral-sw = δ66Zncoral – δ66Znseawater), we find Δ66Zncoral-sw = +0.03 ± 12 
0.17‰ (1SD, n = 20). Hence, to a first order, cold-water corals record seawater Zn 13 
isotope compositions without fractionation. The average Holocene coral Cu isotope 14 
composition is +0.59 ± 0.23‰ (1SD, n = 15), similar to the mean of published deep 15 
seawater δ65Cu values at +0.66 ± 0.09‰, but with considerable variability. Finally, 16 
δ66Zn and δ65Cu data are presented for a small subset of four glacial-age corals. These 17 
values overlap with the respective Holocene coral datasets, hinting at limited glacial-18 
interglacial changes in oceanic Zn and Cu cycling.  19 



1. Introduction 20 

 21 

Zinc (Zn) and copper (Cu) are bioessential trace metals with isotopic systems that are 22 

emerging as promising tracers of past ocean nutrient and redox cycling. To date, 23 

reliable archives for past seawater Zn and Cu isotopes have been lacking, because both 24 

metals are present at low concentrations in carbonate and opal, but at high 25 

concentrations in potential contaminating material, such as detrital or authigenic (e.g., 26 

Fe-Mn oxide) phases (Boyle, 1981; Shen and Boyle, 1988; Pichat et al., 2003; Andersen 27 

et al., 2011; Hendry and Andersen, 2013). Zinc isotopes have previously been applied 28 

in Pleistocene to ancient marine sediments, typically using bulk carbonate leachates in 29 

an attempt to side-step the contamination problem (Pichat et al., 2003; Kunzmann et 30 

al., 2013; John et al., 2017; Liu et al., 2017; Sweere et al., 2018). We propose that cold-31 

water coral skeletons provide an exciting new possibility for a seawater Zn and Cu 32 

isotope archive. Their global distribution, combined with an ability to obtain precise 33 

ages for individual specimens, gives corals distinct advantages over more traditional 34 

palaeoclimate archives (e.g., Robinson et al., 2014), potentially enabling 35 

reconstructions of ocean chemistry on centennial or even shorter timescales (e.g., 36 

Wilson et al., 2014; Chen et al., 2015). In addition, their large size confers a particular 37 

advantage for analysing trace metal isotopes, because it should enable rigorous cleaning 38 

to remove surficial contaminant phases, while still providing sufficient quantities of Zn 39 

and Cu for isotope analysis.  40 

 41 

Zinc has a classic nutrient-type distribution in the modern ocean, reflecting a 42 

combination of biological cycling and the physical ocean circulation (Bruland, 1980; 43 

Vance et al., 2017; Middag et al., 2019). Away from local sedimentary sources and 44 

hydrothermal vents, the deep ocean is isotopically homogeneous, at about +0.45‰ 45 

(δ66Zn relative to JMC-Lyon), while the upper ocean exhibits considerable variability, 46 

ranging from -1.1 to +1.2‰ (Conway and John, 2014; Zhao et al., 2014; Samanta et 47 

al., 2017; John et al., 2018; Wang et al., 2018; Vance et al., 2019; Liao et al., 2020; 48 

Sieber et al., 2020). The origin of this variability remains a subject of debate. Biological 49 

uptake in the Southern Ocean is associated with no isotopic fractionation or with small 50 

deviations towards isotopically heavy Zn in the residual dissolved phase (Zhao et al., 51 

2014; Wang et al., 2018; Sieber et al., 2020), consistent with evidence for limited 52 

isotopic fractionation on uptake by diatoms (John et al., 2007; Köbberich and Vance, 53 



2017). However, marked deviations towards isotopically light sub-surface Zn are 54 

observed in the water column elsewhere (e.g., Conway and John, 2014). Explanations 55 

proposed for this phenomenon include shallow remineralisation of isotopically light 56 

organic matter (Samanta et al., 2017; Vance et al., 2019), removal by scavenging of 57 

isotopically heavy Zn (Conway and John, 2014; John and Conway, 2014; Weber et al., 58 

2018; Liao et al., 2020), and/or inputs from an isotopically light external Zn source 59 

(Lemaitre et al., 2020; Liao et al., 2020).  60 

 61 

Dissolved Cu concentrations in the ocean increase approximately linearly with depth 62 

(Boyle et al., 1977; Bruland, 1980). This profile shape has been described as “hybrid-63 

type” and attributed to a combination of biological uptake and scavenging (Bruland et 64 

al., 2013). However, the respective roles of (a) reversible scavenging in the water 65 

column and (b) irreversible scavenging followed by benthic sedimentary input remain 66 

to be fully deconvolved (Boyle et al., 1977; Little et al., 2013, 2018; Roshan and Wu, 67 

2015; Richon and Tagliabue, 2019). A key feature of Cu (and, to a lesser extent, Zn) 68 

biogeochemistry is its near ubiquitous complexation by strong organic ligands; in the 69 

ocean >99% of dissolved Cu is organically complexed (e.g., Coale and Bruland, 1988; 70 

Moffett and Dupont, 2007; Bruland et al., 2013). The isotopic composition of Cu in 71 

seawater is more sparsely documented than that of Zn. Existing data also point to a 72 

homogeneous deep ocean, at about +0.66‰ (δ65Cu relative to NIST SRM 976), with 73 

deviations towards lighter Cu isotope compositions (of about +0.30‰) in the surface 74 

ocean and along some continental margins, which appear to be associated with 75 

particulate Cu input (Takano et al., 2014; Thompson and Ellwood, 2014; Little et al., 76 

2018; Baconnais et al., 2019).  77 

 78 

Cold water corals grow at shallow to lower bathyal water depths (bathyal zone: 1000 – 79 

4000 m), and occasionally in deeper waters (Roberts et al., 2009), and therefore offer 80 

potential as an archive of intermediate and deep ocean δ66Zn and δ65Cu values. While 81 

the upper water column cycling of Zn and Cu isotopes is complex and incompletely 82 

understood, the relative homogeneity of modern intermediate and deep ocean Zn (and 83 

presumably, albeit to a lesser extent, Cu) isotope compositions reflects the first-order 84 

role of water masses originating from the Southern Ocean in setting global oceanic 85 

nutrient distributions (Sarmiento et al., 2004; Vance et al., 2017; de Souza et al., 2018; 86 

Sieber et al., 2020). Today, the absence of significant biological Zn isotope 87 



fractionation in the surface Southern Ocean (Zhao et al., 2014; Wang et al., 2018; Sieber 88 

et al., 2020) leads to the formation and advection northwards of intermediate (i.e. Sub-89 

Antarctic Mode Water, SAMW, and Antarctic Intermediate Water, AAIW) and deep 90 

(Antarctic Bottom Water, AABW) water masses with the same (or very similar) 91 

isotopic compositions (Sieber et al., 2020). However, the physical, biogeochemical, and 92 

ecological characteristics of the Southern Ocean have changed through time (Sigman 93 

et al., 2010). For example, alleviation of Fe limitation in the past may have dramatically 94 

affected the nutrient status (and isotopic composition) of glacial analogues of AAIW 95 

and SAMW, as proposed for Si (e.g., Brzezinski et al., 2002; Matsumoto et al., 2002). 96 

Therefore, intermediate and deep-water Zn and Cu isotope compositions archived in 97 

cold-water corals could be used to trace past changes in biological utilization in the 98 

Southern Ocean, with implications for the global ocean carbon cycle. 99 

 100 

In this study we evaluate the potential of cold-water corals as archives of seawater Zn 101 

and Cu isotopes. We present a series of physical and chemical cleaning experiments, 102 

followed by δ66Zn, δ65Cu, and trace element data for a suite of modern and late 103 

Holocene (<1500 yr old) cold-water corals from six oceanic regions spanning the North 104 

Atlantic to the Tasman Sea. Coral aragonite δ65Cu values are distributed around the 105 

modern deep ocean Cu isotope composition, but exhibit significant scatter. The outlook 106 

for Zn is more promising, with reasonable agreement between coral aragonite δ66Zn 107 

values and measured or best estimate modern seawater δ66Zn values. A small number 108 

of older fossil specimens, dated to the last glacial period, were also analysed. These 109 

corals have Zn and Cu isotope compositions similar to modern seawater values, hinting 110 

at the relative constancy of oceanic Zn and Cu cycling on glacial-interglacial 111 

timescales.  112 

 113 

 114 

2. Samples and Analytical Methods 115 

 116 

2.1 Samples 117 

 118 

The term cold-water coral (or alternatively deep-water coral) is used here to refer to 119 

azooxanthellate scleractinian corals, of which ~90 % live in deep or cold water (Roberts 120 

et al., 2009). Specimens in this study are solitary aragonitic corals of the species 121 



Desmophyllum dianthus and genera Caryophyllia and Dasmosmilia. Taxonomic 122 

classification of samples was carried out in previous studies (listed below). 123 

Caryophyllia is the most diverse genus of cold-water corals, consisting of at least 66 124 

species (Kitahara et al., 2010a). Genetic studies have highlighted the similarity of extant 125 

Caryophyllia and Dasmosmilia genera (Kitahara et al., 2010b).  126 

 127 

Two D. dianthus specimens of glacial age, with well-developed black or brown surface 128 

coatings (due to the presence of Fe-Mn oxide phases), were selected for cleaning 129 

experiments (described in section 2.2). Twenty modern or late Holocene (<1500 yr old) 130 

coral specimens were then sampled, cleaned following the finalised cleaning procedure 131 

(section 2.2), and analysed for trace element concentrations and Zn and Cu isotopes 132 

(Table 1A). Finally, four corals dated to the last glacial period (including the two 133 

specimens used in cleaning experiments) were sampled and analysed for trace element 134 

concentrations and Zn and Cu isotopes (Table 1B). 135 

 136 

Coral samples from water depths of 170 – 2260 m were selected from the following 137 

locations (Fig. 1; Table 1): south of Iceland (Reykjanes Ridge), the northwest Atlantic 138 

(Manning and Muir Seamount), the eastern equatorial Atlantic (Carter Seamount), the 139 

Drake Passage (Burdwood Bank and Sars Seamount), the southwest Indian Ocean 140 

(SWIO: Coral Seamount, Melville Bank, Atlantis Bank), and south of Tasmania (South 141 

Hills and St Helens seamounts). The corals selected from these collections have 142 

previously been described and dated by uranium-series or radiocarbon in: Burke (2012), 143 

Robinson et al. (2007), Chen et al. (2016), Margolin et al. (2014), Pratt et al. (2019), 144 

and Thiagarajan et al. (2013).  145 



 146 
Figure 1. Maps showing the locations of Holocene coral specimens (filled symbols) 147 
and their nearest or most closely equivalent seawater sampling locations (❋ ✕ + ☆). 148 
Locations of the major Southern Ocean fronts are also shown (after Sokolov and 149 
Rintoul, 2009). Proximal seawater stations with published Zn isotope compositions as 150 
follows: Iceland, grey + (Lemaitre et al., 2020); North Atlantic, blue ❋ and green ✕  151 
(Conway and John, 2014); Southern Ocean, black + (Sieber et al., 2020), black ✕ 152 
(Wang et al., 2018); Tasman Sea, black ❋ (Samanta et al., 2017). Seawater stations 153 
with Zn concentrations only (white ☆) from GEOTRACES IDP 2017 (Schlitzer et al., 154 
2018). Station numbers are in white text. 155 
 156 

2.2 Cleaning experiments 157 

 158 

Fossil cold-water corals are often coated with a black-brown crust, made up of a 159 

mixture of iron and manganese oxides, incorporated detrital aluminosilicate grains, and 160 

occasional metal sulphides (Cheng et al., 2000). All these potential contaminating 161 

phases contain trace metals like Zn and Cu in concentrations that are orders of 162 

magnitude higher than those in coral aragonite (e.g., Boyle, 1981; Shen and Boyle, 163 



1988). We tested the effectiveness of the physical and chemical cleaning procedures 164 

developed previously for cold-water corals (Shen and Boyle, 1988; Lomitschka and 165 

Mangini, 1999; Cheng et al., 2000; van de Flierdt et al., 2010; Crocket et al., 2014) for 166 

the analysis of Zn and Cu isotopes.  167 

 168 

Two D. dianthus corals with a well-developed coating were selected for the cleaning 169 

experiments: DH115-DC-01 from the Drake Passage, and SS0108 from Tasmania 170 

(Table 1B). The black coatings of the two specimens were collected using a scalpel 171 

(coating samples were designated ‘Coat’). Thereafter, 100 – 150 mg coral sub-samples 172 

were obtained using a Dremel tool and progressively subjected to increasingly rigorous 173 

cleaning steps (Figure 2):  174 

x First, sub-samples of ‘uncleaned’ coral (designated ‘UNCL’) were rinsed three 175 

times in DI water, where rinsing refers to ultrasonication of the coral fragments in 176 

DI water in acid-cleaned 15 mL centrifuge tubes for 60 seconds, followed by 177 

removal of the supernatant by pipette.  178 

x Second, three to four sub-samples were carefully physically cleaned using a Dremel 179 

tool and rinsed three times in DI water (designated ‘PHYS’). During physical 180 

cleaning, any coatings were removed, as well as epibiont boreholes and other 181 

discoloration or impurities within the skeleton, including remineralised or 182 

secondary calcium carbonate.  183 

x Third, three to four sub-samples were subject to physical cleaning and an oxidising 184 

chemical ‘pre-cleaning’ procedure (designated ‘OXIC’). The chemical pre-cleaning 185 

procedure consisted of ultrasonication in a series of oxidative cleaning solutions, 186 

targeting residual organic phases (Shen and Boyle, 1988), with rinses in DI water 187 

(for details, see Figure 2).  188 

x Finally, three to four sub-samples were subjected to the full physical and chemical 189 

cleaning procedure described by van de Flierdt et al. (2010) and detailed in Figure 190 

2 (designated ‘FULL’). The major difference between the pre-cleaning and full 191 

chemical cleaning procedures is the addition of a reductive cleaning step, which 192 

aims to remove trace metals associated with residual iron and manganese oxides 193 

(van de Flierdt et al., 2010).  194 



 195 
Figure 2. Schematic illustration of the protocol for progressive cleaning of coral 196 
samples, based on van de Flierdt et al. (2010).  197 
 198 

For all other coral specimens for which data are reported in this study, sub-samples of 199 

80-200 mg were subjected to the full physical and chemical cleaning procedure (Figure 200 

2). Chemical cleaning led to an average mass loss of 7.0 ± 3.5% (1SD, n = 36, range 201 

1.9 – 21%). Where possible, samples were analysed for Zn and Cu isotope 202 

compositions in duplicate (i.e. two coral sub-samples were separately cleaned, digested, 203 

and analysed). Four of the Holocene corals and all four glacial-age coral specimens had 204 

well-developed coatings (Table 1), which were also analysed to evaluate the possibility 205 

of residual contamination by Fe-Mn oxide or detrital (aluminosilicate) phases.  206 

 207 

2.3 Analytical procedures 208 

 209 

Sample digestion and column chemistry was carried out in the MAGIC clean 210 

laboratories at Imperial College London. Throughout, deionized 18.2 MΩ water (MQ), 211 

Teflon-distilled acids (HNO3 and HCl), Suprapur H2O2, and acid-cleaned Savillex PFA 212 

labware were used. In preparation for analysis, corals and coatings were carefully bulk 213 

digested in 1 mL 6M HCl (carbonate effervesces vigorously on addition of acid). For 214 

coral samples with significant coatings, residual contamination was assessed using a 215 

mass balance approach and found to be negligible (see section 4.2, Table S3). Samples 216 

were then dried and redissolved in 5 mL 1M HCl.  217 

 218 

An aliquot of this coral digest solution was diluted in 2% HNO3 to give approximately 219 

100 ppb Ca concentrations for multi-element analysis on a Thermo Element XR at ETH 220 

Zürich. The elements Li, Na, Mg, Al, Mn, Fe, Cu, Zn, Sr, Cd, Ba, and U were measured 221 



as metal/Ca ratios following the procedure outlined in Hasenfratz et al. (2017).  222 

Accuracy and precision of the instrument were assessed by routine measurements of 223 

four consistency standards (Table S1), of which three are gravimetrically prepared in-224 

house standards (CS1, CS2, CS3) and one is a carbonate rock standard purchased from 225 

LGC Standards (NCS DC70303).  226 

 227 

The appropriate volume of a 64Zn-67Zn double spike was added to all samples to achieve 228 

a spike:sample ratio of approximately 1.2 (Arnold et al., 2010; Bridgestock et al., 2014). 229 

In order to obtain ≥ 40 ng Zn for isotope analysis, some sub-samples from the cleaning 230 

experiments were combined (Table 2). The Zn and Cu fractions were then purified 231 

using a two-step column chromatography procedure using AG MP-1M resin (BioRad), 232 

as detailed previously (Maréchal et al., 1999; Archer and Vance, 2004; Little et al., 233 

2014). The second Zn column was smaller in volume, following Bridgestock et al. 234 

(2014). Prior to analysis, purified Zn and Cu fractions were oxidised by treatment with 235 

2 × ~100 µL 14 M HNO3 (Zn) or refluxing overnight with 14 M HNO3 + H2O2 (Cu), 236 

before final dissolution in 2% HNO3. Procedural Zn and Cu blanks were < 1 ng.  237 

 238 

Cleaned coral Zn concentrations and Zn/Ca ratios were calculated using isotope 239 

dilution (Zn/CaID, based on data from the Nu Plasma) for comparison with Element-240 

derived (Zn/CaElement) ratios. Calcium concentrations (required to calculate Zn/Ca 241 

ratios) were estimated based on the mass of the coral sub-sample and molecular mass 242 

of CaCO3. Zn/CaElement and Zn/CaID are typically in agreement, with Zn/CaElement = 113 243 

± 29% of Zn/CaID (1SD, n = 33). However, Element-derived Zn/Ca ratios approach 244 

blank levels (i.e. detection limit) at the very low Zn concentrations found in cleaned 245 

corals, hence Zn and Zn/Ca values from isotope dilution are reported in Tables 2-4. 246 

 247 

Analytical protocols for isotopic analysis have been described previously for Cu in 248 

Little et al. (2014, 2017) and for Zn in Arnold et al. (2010), Bridgestock et al. (2014), 249 

and Little et al. (2019). Both Cu and Zn isotope ratios were blank-corrected using a 250 

prior analysis of the 2% HNO3 solution used to dilute the samples. In brief, Cu isotope 251 

ratios were analysed in low resolution mode on a Neptune Plus MC-ICP-MS at ETH 252 

Zürich. Sample introduction was via a Savillex C-Flow PFA nebuliser (50 µl/min) 253 

attached to a glass spray chamber. Copper isotope ratios for samples were calculated 254 



using a standard bracketing approach by comparison to pure untreated NIST SRM 976 255 

and are reported relative to this standard in delta (per mil, ‰) notation: 256 

 257 

(1)  δ65/63Cu = ( (65Cu/63Cu)sample

(65Cu/63Cu)SRM 976
 – 1) × 1000 258 

 259 

Samples analysed for Cu isotope compositions on two measurement days, including the 260 

initial analysis of cleaning experiments from DH115-DC-01, the first batch of Holocene 261 

samples, and one SS0108 sub-sample (FULL-4), exhibited anomalously light Cu 262 

isotope signatures and apparently elevated Cu concentrations (as calculated from beam-263 

matching during the isotopic analysis) compared to those measured prior to chemistry 264 

using the Element ICP-MS. These samples did not show elevated Na or Mg 265 

concentrations after chemistry, but the presence of an unidentified isobaric interference 266 

on 63Cu, or contamination, is considered probable. These data are excluded from the 267 

final datasets presented in Tables 2 and 4. Copper samples from all subsequent batches 268 

of Holocene and glacial-age corals, and duplicated cleaning experiment samples for 269 

DH115-DC-01, were subject to a third Cu clean-up column and no further discernible 270 

issues were encountered. 271 

 272 

Zinc isotope ratios were analysed in low resolution mode at Imperial College London 273 

on a Nu Plasma HR MC-ICP-MS equipped with an ARIDUS II (CETAC Technologies) 274 

desolvating system and nominal 100 µL/min MicroMist glass nebulizer. Instrumental 275 

mass bias was corrected via a double-spike technique (Arnold et al., 2010) using the 276 

offline data-reduction procedure of Siebert et al. (2003). Interference corrections for 277 
64Ni (monitoring mass 62) and Ba2+ (monitoring mass 68.5) were negligible. The Zn 278 

isotope ratios of samples were determined relative to matching (spike:natural Zn ratio 279 

and total Zn) standard solutions of IRMM-3702: 280 

 281 

(2)  δ66/64Zn = ( (66Zn/64Zn)sample

(66Zn/64Zn)IRMM-3702
 – 1) × 1000 282 

 283 

Final δ66Zn values are reported normalised to JMC Lyon by applying a correction of 284 

+0.30‰, as recommended by Moynier et al. (2017).  285 

 286 



Accuracy and reproducibility of δ66Zn and δ65Cu values were assessed by repeated 287 

analysis of secondary solution standards (London Zn, AM Cu), as well as digestion and 288 

analysis of several USGS rock standards (Nod P1, BCR-2, BHVO-2, BIR-1, SGR-1), 289 

and a carbonate consistency standard (NCS DC70303), and are reported in Table S2. 290 

Data for these standards agree with literature values, where available (Bigalke et al., 291 

2010; Moynier et al., 2017). Error bars on figures are the external 2SD reproducibility 292 

of the carbonate consistency standard (NCS DC70303: δ65Cu = 0.21 ± 0.11‰, δ66Zn = 293 

0.76 ± 0.07‰) or internal 2SE on individual isotope ratios, whichever is larger. 294 

 295 

 296 

3. Results 297 

 298 

3.1 Cleaning experiments 299 

 300 

Illustrative results from the cleaning experiments are presented in Figure 3 (Tasmanian 301 

coral SS0108) and Figure 4 (Drake Passage coral DH115-DC-01), with the complete 302 

dataset given in Table 2 and further metal/Ca ratio cross-plots in Figure S1 and Figure 303 

S2. Trace element/calcium ratios decrease with progressive cleaning, with Zn/Ca and 304 

Cu/Ca ratios in fully cleaned samples a factor of 5-10 lower than in uncleaned samples, 305 

and two to three orders of magnitude lower than in the coral coatings (Figs. 3, 4, S1, 306 

S2; Table 2). Copper is most closely correlated with Mn concentrations, and Zn with 307 

Fe concentrations, but strong correlations exist between all four elements, and with Al 308 

(Figs. 3, 4, S1, S2). As a result, distinguishing the contributions of Fe oxides, Mn 309 

oxides, and detrital contaminants on the basis of metal/Ca ratios is precluded.  310 

 311 

Coating δ65Cu values (–0.01‰, +0.23‰) are more negative than cleaned coral 312 

aragonite, consistent with Cu derived from a mixed lithogenic (i.e. detrital silicates, at 313 

about 0‰; Moynier et al., 2017) and/or authigenic Fe-Mn oxide source (at about 314 

+0.3‰; Albarède, 2004; Little et al., 2014, 2017). Coating δ66Zn values (+0.55‰, 315 

+0.25‰) can be either more positive or negative than coral aragonite, reflecting the 316 

diverse Zn isotope compositions in potential contaminating material. The Zn isotope 317 

composition of lithogenic (i.e. detrital silicates) and authigenic Fe-Mn oxide sources 318 

are expected to be about +0.3‰ (Moynier et al., 2017) and +1‰ (Maréchal et al., 2000; 319 

Little et al., 2014), respectively. 320 



 321 

Fully cleaned coral Cu concentrations for the two cleaning specimens are 0.2 to 0.4 322 

µg/g, with Cu/Ca ratios of 0.4 to 0.7 µmol/mol and δ65Cu values ranging from +0.69 to 323 

+0.89‰. Fully cleaned Zn concentrations are 0.37 to 0.67 µg/g, with Zn/Ca ratios of 324 

0.38 to 0.68 µmol/mol and δ66Zn values of +0.34 to +0.40‰. For these two coral 325 

specimens, thorough physical cleaning appears to be effective in removing Zn 326 

associated with the coating, leading to similar results to those of fully chemically 327 

cleaned samples (Figs. 3 and 4, C and D). Interestingly, Wilson et al. (2017) also found 328 

that physical cleaning is more important than chemical cleaning for removing 329 

anthropogenic Pb from fossil corals. In contrast, the full cleaning procedure has a 330 

marked impact on Cu/Ca and δ65Cu of the Tasmanian coral compared to the physically 331 

cleaned and oxidatively cleaned aliquots (Fig. 3A and B).  332 

 333 

Finally, the fully cleaned Zn and Cu isotope compositions of both corals subject to 334 

cleaning experiments are comparable to modern day seawater Zn (δ66Zn = +0.45 ± 335 

0.14‰, 2SD, data >200m in Southern Ocean or >600m elsewhere; Conway and John, 336 

2014, 2015; Zhao et al., 2014; Samanta et al., 2017; John et al., 2018; Vance et al., 337 

2019; Lemaitre et al., 2020; Liao et al., 2020; Sieber et al., 2020) and Cu (δ65Cu = +0.66 338 

± 0.19‰, 2SD, data >200m; Takano et al., 2014; Thompson and Ellwood, 2014; Little 339 

et al., 2018) isotope compositions (Figs. 3 and 4). We also note that Zn/Ca ratios in 340 

cleaned samples vary by a factor of two for the Drake Passage coral, with no associated 341 

variability in δ66Zn (Fig. 4C and D). 342 



   343 
Figure 3. Illustrative results of the cleaning experiment on Tasmanian coral sample 344 
SS0108. Inset map shows location of the coral and its water depth. Panels A and C 345 
show Cu/Ca and Zn/Ca ratios of the cleaning aliquots versus trace element indicators 346 
of contamination (Mn/Ca and Fe/Ca respectively); note log-log scales. Panels B and D 347 
show δ65Cu and δ66Zn values versus the inverse of their concentration, as Ca/Cu and 348 
Ca/Zn respectively. Dashed lines and grey bars represent the average and 2SD range of 349 
modern deep seawater (δ66Zn = +0.45 ± 0.14‰; δ65Cu = +0.66 ± 0.19‰; see text for 350 
references). Red stars represent the coral coating, orange triangles: uncleaned coral 351 
aliquots, dark green squares: physically cleaned aliquots, light green diamonds: 352 
physically and oxidatively pre-cleaned aliquots, and blue circles: fully cleaned samples. 353 
 354 



 355 
Figure 4. Illustrative results of the cleaning experiment on Drake Passage coral sample 356 
DH115-DC-01. Inset map shows location of the coral, from Sars Seamount, and its 357 
water depth. Panels A and C show Cu/Ca and Zn/Ca ratios of the cleaning aliquots 358 
versus trace element indicators of contamination (Mn/Ca and Fe/Ca respectively); note 359 
log-log scales. Panels B and D show δ65Cu and δ66Zn values versus the inverse of their 360 
concentration, as Ca/Cu and Ca/Zn respectively. Dashed lines and grey bars represent 361 
the average and 2SD range of modern deep seawater (δ66Zn = +0.45 ± 0.14‰; δ65Cu = 362 
+0.66 ± 0.19‰; see text for references). Symbols are as in Figure 3.  363 
 364 

 365 

3.2 Holocene corals  366 

 367 

3.2.1 Trace element/Ca ratios 368 

For the fully cleaned Holocene coral samples, indicators of detrital or Fe-Mn oxide 369 

contamination (Fe/Ca, Mn/Ca, Al/Ca) are very low (Fig. S3; Table 3), with the 370 

exception of coral #17 from the northwest Atlantic (particularly sub-sample B). This 371 

sample remained visibly unclean after physical cleaning and has somewhat elevated 372 

Fe/Ca (6.7 and 15.2 µmol/mol for sub-samples A and B) and Al/Ca ratios (14.7 373 

µmol/mol and 28.5 µmol/mol). Other samples typically exhibit Fe/Ca ratios < 2 374 

µmol/mol (max: 3.8 µmol/mol), Mn/Ca ratios < 0.25 µmol/mol (max: 0.48 µmol/mol), 375 

and Al/Ca ratios that are below detection (max: 3.1 µmol/mol). By contrast, coral 376 



coatings exhibit Mn/Ca, Fe/Ca, and Al/Ca ratios that are very variable (due to the 377 

variable carbonate content of the scrapings), but in all cases several orders of magnitude 378 

higher than those of the cleaned corals (Table 3). For comparison, Marchitto and 379 

Broecker (2006) compiled values for chemically cleaned benthic foraminifera of 4 – 51 380 

(Fe/Ca) and 11 – 68 (Mn/Ca) µmol/mol, and Marchitto et al. (2005) limited 381 

palaeoceanographic interpretation of benthic foraminiferal Zn/Ca data to samples with 382 

Mn/Ca values of < 200 µmol/mol. Hence, the Fe/Ca and Mn/Ca ratios of our corals are 383 

typically at least an order of magnitude lower (up to three orders of magnitude lower 384 

for Mn/Ca) than those in foraminifera-based studies. 385 

 386 

Cleaned samples of D. dianthus exhibit Zn/Ca ratios in a fairly tight range of 0.4 to 3.0 387 

µmol/mol, while samples of Caryophyllia and Dasmosmilia spp. have much more 388 

variable and sporadically high Zn/Ca (range 0.3 – 17 µmol/mol; Table 3, Figs. 5, S3). 389 

No discernible species-related variability in Cu/Ca ratios is observed, with all samples 390 

in the range of 0.13 to 1.0 µmol/mol (Table 3, Figs. 5, S3). No relationships between 391 

Zn/Ca or Cu/Ca and Fe/Ca, Mn/Ca, or Al/Ca are present in the Holocene coral dataset 392 

(Fig. S3; Table 3). For the two sub-samples of coral #17, which exhibit elevated Fe/Ca 393 

and Al/Ca, Zn/Ca and Cu/Ca ratios are some of the lowest of the whole dataset (Zn/Ca: 394 

0.52, 0.58 µmol/mol; Cu/Ca: 0.16, 0.22 µmol/mol). 395 

 396 

3.2.2 Holocene coral δ66Zn and δ65Cu values 397 

All fully cleaned coral duplicates are within analytical uncertainty for δ66Zn and δ65Cu, 398 

based on the external 2SD reproducibility obtained for multiple analyses of a carbonate 399 

standard (± 0.07‰ and ± 0.11‰ respectively; Table 4). However, the results from 400 

duplicate analyses of sample #1 (Reykjanes Ridge) are at the limit of this definition of 401 

the uncertainty, both for δ66Zn (+0.67‰, +0.55‰) and δ65Cu (+0.45‰, +0.25‰). The 402 

two sub-samples of coral #17, with variably elevated Fe/Ca and Al/Ca (Table 3), are 403 

analytically indistinguishable in both δ66Zn (+0.61‰, +0.54‰) and δ65Cu (+0.62‰, 404 

+0.54‰). 405 

 406 

Coral coatings exhibit δ66Zn values of +0.25 to +0.90‰ and δ65Cu values of –0.01 to 407 

+0.26‰ (Table 4), consistent with mixtures of detrital and authigenic Zn and Cu (as 408 

seen in the cleaning experiments). Coatings are also distinctly different in isotopic 409 

composition compared to their respective corals: both higher and lower δ66Zn values 410 



are observed in coatings compared to corals, while δ65Cu values are always lower in 411 

coatings (Table 4).  412 

 413 

Figure 5 presents cleaned coral Zn and Cu isotope compositions compared to Ca/Zn 414 

and Ca/Cu ratios respectively, with data differentiated by species or genera. The spread 415 

in Holocene coral δ66Zn values is from +0.07 to +0.67‰, with δ65Cu values of +0.27 416 

to +1.05‰. No systematic species-specific isotopic variability is evident in these small 417 

datasets (Fig. 5). Most samples overlap the range of modern deep ocean isotopic 418 

compositions (shaded blue bars) for Zn (+0.45 ± 0.14‰, 2SD, data >200m in Southern 419 

Ocean or >600m elsewhere; Conway and John, 2014, 2015; Zhao et al., 2014; Samanta 420 

et al., 2017; John et al., 2018; Vance et al., 2019; Lemaitre et al., 2020; Liao et al., 421 

2020; Sieber et al., 2020) and Cu (+0.66 ± 0.19‰, 2SD, data >200m; Takano et al., 422 

2014; Thompson and Ellwood, 2014; Little et al., 2018). There is some indication of a 423 

weak trend in Ca/Zn versus δ66Zn, with isotopically heavier Zn broadly linked to 424 

samples with lower Zn concentrations (i.e. higher Ca/Zn ratios).   425 

  426 

 427 
Figure 5. Coral (A) Zn and (B) Cu isotope compositions versus Ca/Zn and Ca/Cu ratios 428 
respectively (mol/µmol), illustrated by species. Filled blue squares: Holocene D. 429 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3

δ66
Zn

 (‰
) 

Ca/Zn (mol/µmol)

A D. dianthus
Caryophyllia
Dasmosmilia
D. dianthus (ancient)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 2 4 6 8 10

δ65
C

u 
(‰

) 

Ca/Cu (mol/µmol)

B



dianthus; filled red triangles: Caryophyllia; filled green diamonds: Dasmosmilia; 430 
unfilled blue squares: D. dianthus from the last glacial period. Blue bars represent the 431 
2SD range of modern deep seawater (δ66Zn = +0.45 ± 0.14‰; δ65Cu = +0.66 ± 0.19‰; 432 
see text for references). Average Zn/Ca and Cu/Ca ratios are plotted for duplicate 433 
samples. Error bars are the external 2SD reproducibility of a secondary carbonate 434 
standard (δ66Zn ± 0.07‰, δ65Cu ± 0.11‰), or the internal 2SE of the isotopic analysis, 435 
whichever is larger. 436 
 437 

3.3 Glacial corals 438 

 439 

Indicators of detrital or authigenic Fe-Mn oxide contamination for the four D. dianthus 440 

specimens from the last glacial period are slightly elevated compared to the Holocene 441 

dataset, but remain low overall (Table 3). Glacial coral Al/Ca ratios range from below 442 

detection to 16.1 µmol/mol, Fe/Ca ratios from 2.0 to 13.3 µmol/mol, and Mn/Ca ratios 443 

from 0.1 to 1.2 µmol/mol. The ranges of glacial coral Zn/Ca (0.6 to 3.0 µmol/mol) and 444 

Cu/Ca (0.2 to 0.5 µmol/mol) ratios are very similar to their Holocene counterparts 445 

(Table 3; Fig. 5). 446 

 447 

Isotopically, corals from the last glacial period overlap with the respective Holocene 448 

datasets, with the exception of a single sample from the equatorial Atlantic (sample 449 

#20) that expands the measured δ66Zn range to +0.79‰ (Fig. 5; Table 4). The two North 450 

Atlantic corals have more positive δ66Zn values (+0.79‰, +0.67‰) than the corals 451 

from the Southern Ocean and Tasman Sea (+0.37‰, +0.38‰). The range in δ65Cu 452 

values for the four glacial specimens is from +0.66‰ to 0.84‰, with no systematic 453 

geographical variability (Table 4). 454 

 455 

 456 

4. Discussion 457 

 458 

4.1 Zn and Cu partitioning in cold-water coral aragonite  459 

 460 

Best estimates for ambient seawater Zn and Cu concentrations were compiled by 461 

extrapolating along isopycnals from the nearest seawater profile or, in the southwest 462 

Indian Ocean where data is sparse, the most oceanographically equivalent profile based 463 

on proximity to Southern Ocean fronts (Fig. 1, Table 4). Assuming that Ca is uniformly 464 



distributed in the ocean at a concentration of 10.3 mmol kg-1, we calculate apparent 465 

partition coefficients for each coral specimen as follows (Table 4): 466 

(3)  DZn = [Zn/Ca]coral / [Zn/Ca]seawater 467 

(4) DCu = [Cu/Ca]coral / [Cu/Ca]seawater 468 

Note that reported Zn concentrations in and around the active hydrothermal vent site of 469 

the Reykjanes Ridge range widely from 1.4 to 6 nmol/kg (Lemaitre et al., 2020), while 470 

Cu concentrations at this location are poorly defined. Previous work has also found that 471 

Ba partitioning in these Icelandic corals is unusual compared to corals from elsewhere 472 

in the Atlantic and Southern Ocean, indicating a possible site-specific effect in this 473 

location (Hemsing et al., 2018; Spooner et al., 2018). Therefore, the two Icelandic 474 

corals are excluded from the description of elemental partitioning that follows. 475 

 476 

  477 
Figure 6. (A) Comparison of Holocene coral Zn/Ca ratios with estimated ambient 478 
seawater Zn/Ca ratios (for references, see Table 4) and (B) coral Cu/Ca ratios with 479 
estimated seawater Cu/Ca ratios, by coral species. Average Zn/Cacoral and Cu/Cacoral 480 
ratios are plotted for duplicate samples. Blue squares: D. dianthus; red triangles: 481 
Caryophyllia; green diamonds: Dasmosmilia. Grey squares are D. dianthus specimens 482 
from Iceland, for which ambient seawater Zn and Cu concentrations (and thus Zn/Ca 483 
and Cu/Ca) are poorly constrained; for example, reported Zn concentrations at stations 484 
close to the Reykjanes Ridge range from 1.4 to 6 nmol/kg (Lemaitre et al., 2020). Grey 485 
dashed lines represent partition coefficients of 1 (e.g., Zn/Cacoral = Zn/Caseawater). 486 
 487 

Zinc and Cu partitioning in D. dianthus specimens is generally uniform, with DZn = 4.4 488 

± 2.2 (2SD; excluding Icelandic corals), and DCu = 1.4 ± 1.0 (2SD; excluding Icelandic 489 

corals and sample #21 with DCu = 6.4). Calculated DZn values for Caryophyllia and 490 

Dasmosmilia are generally elevated and more variable than those of D. dianthus, 491 
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ranging between 3.1 and 92 (Table 4). Similarly, calculated DCu values for Caryophyllia 492 

and Dasmosmilia are also more variable than for D. dianthus, at 0.9 to 10.  493 

 494 

We also observe significant intra-coralline variability in Zn/Ca and Cu/Ca ratios for 495 

specimens that were separately sub-sampled and analysed more than once. For 496 

example, for the glacial-age Drake Passage coral DH115-DC-01, which was subject to 497 

the cleaning experiment and thus analysed on multiple occasions, the range in Zn/Ca 498 

ratios for all ‘cleaned’ samples (i.e. all physically and chemically cleaned samples, n = 499 

12) is 0.37 – 0.90 µmol/mol. For the ‘fully cleaned’ samples only (n = 4), the Zn/Ca 500 

range is similar, at 0.38 – 0.68 µmol/mol. For Cu, the equivalent intra-specimen 501 

variability is 0.37 – 0.80 µmol/mol for all ‘cleaned’ samples, or 0.37 – 0.67 µmol/mol 502 

for ‘fully cleaned’ samples. Taken at face value, such differences would imply intra-503 

coralline variability in DZn and DCu for D. dianthus of approximately a factor of two, 504 

similar to the variability in partitioning between individual specimens (Fig. 6). 505 

 506 

Intra-coralline variability could be structural, since differences in trace element/Ca 507 

ratios have been observed between centres of calcification (COC) and regions of fibrous 508 

aragonite. For example, Mg/Ca and Li/Ca ratios are significantly enriched in COCs 509 

(Gagnon et al., 2007; Meibom et al., 2008; Case et al., 2010; Anagnostou et al., 2011). 510 

This variability has been proposed to reflect either Rayleigh fractionation processes 511 

(e.g., Gagnon et al., 2007; Case et al., 2010) or differences in precipitation rate, with 512 

COCs precipitating more rapidly than fibrous regions (Gabitov et al., 2008; Brahmi et 513 

al., 2012). It has also been suggested that Mg may be more easily incorporated into 514 

organic compounds or amorphous calcium carbonate than substituted for Ca in the 515 

aragonite lattice, with the former components both thought to be more prevalent in 516 

COCs than surrounding fibres (Cuif et al., 2003; Finch and Allison, 2008; Rollion-Bard 517 

et al., 2010). Since sub-samples of individual coral specimens can be expected to 518 

include carbonate from COCs and fibrous regions in differing proportions, the observed 519 

intra-specimen variability in Zn and Cu concentrations hints at similar controls on the 520 

partitioning of these elements. Hence, future work should employ high sensitivity, 521 

microanalytical techniques to evaluate the distribution of Zn and Cu in COCs versus 522 

fibrous aragonitic regions of cold-water corals.  523 

 524 

 525 



4.2 Comparison of cold-water coral and seawater Zn and Cu isotope compositions 526 

 527 

Most Holocene cold-water coral δ66Zn values are within uncertainty of ambient 528 

seawater δ66Zn values (Figs. 5, 7). For each specimen, the parameter Δ66Zncoral-sw is 529 

calculated, where: 530 

(5) Δ66Zncoral-sw = δ66Zncoral – δ66Znseawater 531 

For the complete Holocene dataset, we find Δ66Zncoral-sw = +0.03 ± 0.17‰ (1SD, n = 532 

20) (Fig. 8; Table 4). Therefore, the first order finding of this study is that coral 533 

aragonite appears to incorporate Zn from seawater without isotopic fractionation. In 534 

addition, live-collected and fossil Holocene corals from similar depths overlap in 535 

Δ66Zncoral-sw, with no perceptible diagenetic modification of coral Zn isotope 536 

compositions (Fig. 8). Furthermore, at the resolution of this study (i.e. bulk analysis of 537 

ca. 100mg coral aliquots), intra-coralline variability in Zn/Ca (section 4.1) is not 538 

associated with resolvable variability in δ66Zn (Figs. 3, 4).  539 

 540 

  541 

  542 
Figure 7. Zinc isotope composition of Holocene corals versus water depth, plotted by 543 
geographic location. Atlantic corals are shown by triangles. Open triangles: Reykjanes 544 
Ridge, Iceland; blue triangle: Manning Seamount, NW Atlantic; green triangles: Carter 545 
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Seamount, eastern equatorial Atlantic. Drake Passage corals are red squares (Sars 546 
Seamount) and red diamonds (Burdwood Bank). SW Indian Ocean corals are purple 547 
squares (Atlantis Bank), diamond (Melville Bank) or circle (Coral Seamount). 548 
Tasmanian corals are orange circles. Local or most oceanographically equivalent 549 
seawater profiles (determined by water mass comparisons and neutral density 550 
estimates) are shown in solid, dashed, or dotted lines (individual panel legends, see Fig. 551 
1 and Table 4 for locations and references). Corals discussed in the text (i.e. those 552 
notably offset from ambient seawater) are labelled with their respective sample 553 
numbers (see also Fig. 8). 554 
 555 

However, the dataset exhibits some scatter in Δ66Zncoral-sw, with several specimens that 556 

exhibit higher or lower δ66Zn values compared to ambient seawater (Figs. 7, 8). The 557 

simplest explanation for scatter in Δ66Zncoral-sw would be the presence of Zn from 558 

residual contaminating phases, i.e. Fe-Mn oxides or detrital grains. For those corals 559 

with a well-developed coating, the contribution from any residual coating to the Zn 560 

budget of a cleaned coral can be estimated as follows: 561 

(6) [Zn]coating contribution= [Fe]coral× (Zn
Fe

)
coating

 562 

In this equation, Zn can be replaced by Cu, and Fe can be replaced by another indicator 563 

of contamination, such as Mn. Coating Zn contributions of 0.0 – 3.0% based on Fe (or 564 

0.0 – 3.6% based on Mn) are calculated for seven of eight corals (Table S3). For a single 565 

glacial-age sample (SS0108), this approach yields an estimate of 21% based on Fe (or 566 

1.2% based on Mn) (Table S3). For Cu, the equivalent coating contributions are 0.4 – 567 

14% based on Fe (or 0.0 – 17% based on Mn). Mass balance can then be applied to 568 

correct the measured isotopic compositions of cleaned corals using paired coral and 569 

coating δ66Zn and δ65Cu values (Table S3). In all cases, the corrected and uncorrected 570 

isotopic compositions overlap within measurement uncertainty, with a maximum 571 

correction of +0.03‰ for Zn and +0.08‰ for Cu (in both cases for the glacial coral 572 

SS0108, based on Fe). It therefore appears unlikely that the observed scatter in 573 

Δ66Zncoral-sw (Fig. 8) can be the result of residual contaminating phases. 574 



 575 
Figure 8. The offset between Holocene coral and ambient seawater δ66Zn values, 576 
reported as Δ66Zncoral-sw, versus water depth. Live-collected corals are shown as green 577 
triangles, with fossil corals shown as blue circles. Error bars are the propagated 578 
uncertainty from coral and seawater compositions. Corals discussed in the text (i.e. 579 
those notably offset from seawater values) are labelled with their respective sample 580 
numbers (see also Fig. 7). 581 
 582 

One observation that may indicate a systematic rather than random occurrence of 583 

samples with a Δ66Zncoral-sw offset is that the three corals from the upper 0.5 km of the 584 

water column (samples #10 and #11 from the eastern equatorial Atlantic, #13 from the 585 

SW Indian Ocean; Table 4) have positive Δ66Zncoral-sw values (i.e. they are isotopically 586 

heavier than seawater; Fig. 8). A possible explanation for these offsets is that the 587 

estimates of ambient seawater δ66Zn values are inaccurate; to explain positive coral 588 

Δ66Zncoral-sw values, the seawater values must be too low. This scenario is most likely 589 

to arise for the upper water column, where seawater δ66Zn values are highly variable 590 

and, outside of the Southern Ocean, excursions towards low sub-surface δ66Zn values 591 

are frequently observed (e.g., see Fig. 7; Conway and John, 2014; Samanta et al., 2017; 592 

Vance et al., 2019; Lemaitre et al., 2020; Liao et al., 2020). The origin of these 593 

isotopically light excursions is a subject of active debate, but a link to anthropogenic 594 

aerosol input has been proposed (Lemaitre et al., 2020; Liao et al., 2020), which would 595 

imply that they are a recent phenomenon. Estimated cold-water coral growth rates are 596 

on the order of 0.5-2 mm/yr (Adkins et al., 2004), hence a single isotope analysis is 597 

likely to represent a few decades to a century of coral growth. Therefore, even though 598 

two of the three upper water column corals in this study were collected alive, it is 599 
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plausible that all three corals lived a substantial portion of their lives in seawater with 600 

a Zn isotope composition that was heavier than observed in the modern-day.  601 

 602 

Two fossil samples from deeper water have negative Δ66Zncoral-sw values (#14 at 0.8 km 603 

depth from Atlantis Bank in the SW Indian Ocean, #19 at 1.9 km depth from South 604 

Hills, Tasmania; Fig. 8, Table 4). Deep seawater δ66Zn values are generally 605 

homogeneous, so these results are difficult to explain. The isotopic composition of 606 

sample #19 from Tasmania is +0.29‰, comparable to the lithogenic Zn isotope 607 

composition (at about +0.3‰), but the trace element data provides no indication of 608 

detrital contamination (e.g., Al/Ca ratio is below detection; Table 3). Sample #14, from 609 

Atlantis Bank, is even lighter, at +0.07‰, and seems to be anomalous as three other 610 

corals (#16, #22, #23) from similar depths (743 – 1035m) at Atlantis Bank have values 611 

of +0.44‰, +0.29‰ and +0.39‰. These anomalies could potentially derive from the 612 

chemical cleaning procedure: several studies have suggested that the inclusion of a 613 

reductive cleaning step can lead to analytical artefacts (Pichat et al., 2003; Yu et al., 614 

2007; Clarkson et al., 2020), including anomalous shifts to more negative δ66Zn values 615 

in carbonates (Druce, 2021).  616 

 617 

To fully resolve the origin of the observed positive (and occasional negative) Δ66Zncoral-618 

sw values, and the extent to which they represent a potential source of new information 619 

versus a limitation of the proxy archive, will require a larger dataset of cold-water coral 620 

data and better observational constraints on water column Zn isotope variability. In 621 

addition, the future collection of contemporaneous coral and seawater samples would 622 

enable a more direct comparison between fluid and solid compositions, thereby 623 

reducing uncertainties and improving the ability to test models of trace metal uptake 624 

and isotopic fractionation in corals.  625 

 626 

The availability of local seawater Cu isotope data is much more limited than for Zn, 627 

which restricts us to a global-scale comparison between coralline and seawater δ65Cu 628 

values. The average of the Holocene cold-water coral δ65Cu dataset is +0.59 ± 0.23‰ 629 

(1SD, n = 15), comparable to the mean of published deep seawater δ65Cu values, at 630 

+0.66 ± 0.09‰ (1SD, n = 119, all data >200m; Takano et al., 2014; Thompson and 631 

Ellwood, 2014; Little et al., 2018). However, there is considerably more variability in 632 

the coral δ65Cu values, which range from +0.27 to +1.05‰, than is typically observed 633 



in the deep ocean (Figs. 5, S4). Unless this variability reflects undiagnosed analytical 634 

artefacts (section 2.3), the presence of residual contaminating phases (which is not 635 

supported by mass balance calculations), or an influence from the chemical cleaning 636 

procedure (e.g., Yu et al., 2007; Druce, 2021), it suggests complexity in the mechanisms 637 

of Cu incorporation in coral aragonite.  638 

 639 

Notably, the biogeochemistry of Cu and Cu isotopes, including Cu sorption and 640 

incorporation in calcite, is strongly influenced by organic complexation (McBride, 641 

1981; Coale and Bruland, 1988; Lee et al., 2005; Ryan et al., 2014), and up to 2.5% by 642 

weight of live coral skeletons comprises organic material (plus associated water) (Cuif 643 

et al., 2004). It is interesting that the four coral specimens from the last glacial period 644 

are rather more homogeneous in their Cu isotope compositions (+0.66‰, +0.70‰, 645 

+0.73‰, +0.84‰) than the Holocene dataset, which could perhaps relate to the 646 

degradation of organics over time. However, we observe no relationship between coral 647 

age and δ65Cu values for the Holocene and live-collected corals (Fig. S5), and so this 648 

hypothesis remains speculative. Further experimental, observational, and seawater Cu 649 

isotope analyses are required to better interpret the small dataset of cold-water coral Cu 650 

isotope compositions that is presented here as a starting point for any future endeavour.  651 

 652 

4.3 Inorganic versus biogenic carbonate precipitation 653 

 654 

For elemental ratios and isotopic compositions in carbonates to be useful 655 

paleoenvironmental tools, they should be free of so-called ‘vital effects’, or the impact 656 

of such vital effects should be systematic and quantifiable. This section considers in 657 

greater depth the possible inorganic controls and the influence of vital effects on coral 658 

Zn/Ca, Cu/Ca, δ66Zn, and δ65Cu values. We focus primarily on Zn because more 659 

information exists with which to evaluate the partitioning and isotope fractionation of 660 

Zn than Cu in carbonates.  661 

 662 

4.3.1 Partitioning behaviour 663 

Biogenic partition coefficients are not directly comparable to the thermodynamic 664 

framework developed for inorganic precipitation, because carbonate biomineralization 665 

is strongly organism-controlled (e.g., Elderfield et al., 1996). Foraminifera are thought 666 

to calcify via transmembrane transport and/or seawater vacuolization (De Nooijer et 667 



al., 2014), while scleractinian corals calcify from a so-called ‘extracellular calcifying 668 

fluid’ (ECF) (Adkins et al., 2003; Cohen and McConnaughey, 2003; Allemand et al., 669 

2004). Nevertheless, comparisons to inorganic systems can still be instructive. 670 

 671 

Inorganic trace element partitioning experiments for calcium carbonates have focused 672 

on calcite, in which Zn2+ and Cu2+ ions first adsorb on the mineral surface before 673 

substituting isomorphously for octahedrally coordinated Ca2+ in the mineral structure 674 

(Reeder et al., 1999; Elzinga and Reeder, 2002). The resulting inorganic partition 675 

coefficients for Zn in calcite (see section 4.1) are generally high, ranging from ~5 to 676 

>100 (Crocket and Winchester, 1966; Kitano et al., 1980; Rimstidt et al., 1998; 677 

Temmam et al., 2000; Mavromatis et al., 2019). Using ab initio methods, Menadakis et 678 

al. (2007, 2009) calculated that Zn2+ substitution for Ca2+ is more energetically 679 

favourable in calcite than in aragonite, consistent with experimental results from Kitano 680 

et al. (1973, 1980), which showed that Zn partition coefficients are a factor of 10 lower 681 

for aragonite than for calcite (5 for aragonite cf. 50 for calcite). Fewer studies have 682 

investigated Cu partitioning in carbonates, but estimated partition coefficients are in a 683 

similar range to Zn (~20 – 80 for calcite; Kitano et al., 1980; Rimstidt et al., 1998) and 684 

are also a factor of 10 lower for aragonite than calcite (e.g., 2.5 for aragonite cf. 25 for 685 

calcite; Kitano et al., 1973). Such variability in inorganic partitioning likely reflects the 686 

wide range of physical and chemical parameters, such as temperature, pressure, salinity, 687 

metal concentration, pH, and calcite saturation state, that can all influence partitioning 688 

behaviour (recently reviewed by Smrzka et al., 2019). 689 

 690 

In culture, calcitic benthic foraminifera exhibit partition coefficients for both Zn and 691 

Cu that are lower compared to inorganic values for calcite. Van Dijk et al. (2017) 692 

calculated foraminiferal calcite DZn values of 0.7 to 1.9 (Ammonia tepida), and similar 693 

values of 0.2 to 4.0 were estimated for Pseudotriloculina rotunda (Nardelli et al., 2016). 694 

Munsel et al. (2010) determined a DCu value of 0.14 ± 0.02 for A. tepida, similar to the 695 

estimate of 0.25 ± 0.15 for A. tepida and Heteristegina depressa (de Nooijer et al., 696 

2007). These low partition coefficients may in part be explained by the presence in the 697 

culture media of other dissolved species such as Cl- or organic complexes at higher 698 

concentrations than in the inorganic experiments described above; both were shown to 699 

reduce inorganic partitioning (Temmam et al., 2000; Lee et al., 2005). In addition, the 700 

mechanism of incorporation may influence partitioning: active uptake of metals over a 701 



membrane may be less favourable than sorption directly on the mineral surface in 702 

inorganic experiments (De Nooijer et al., 2014; van Dijk et al., 2017).  703 

 704 

In the field, benthic foraminifera from ocean sediment core tops have estimated DZn 705 

values of ~9 (Cibicidoides wuellerstorfi; Marchitto et al., 2000) and ~22 (Cibicidoides 706 

pachyderma; Bryan and Marchitto, 2010), which are higher compared to cultured 707 

specimens but similar to the range observed in inorganic calcite experiments. Zinc 708 

partitioning in cultured foraminifera is also sensitive to Zn concentrations, with the 709 

highest partition coefficients arising at low Zn concentrations that are more comparable 710 

to natural seawater (Nardelli et al., 2016). Such an effect may explain the higher Zn 711 

partitioning in field-collected benthic foraminifera. Alternatively, or in addition, 712 

differences between field-collected and cultured foraminifera may result from species-713 

specific vital effects, contamination of field-collected samples, or additional 714 

environmental controls on Zn incorporation (e.g., growth rate) (van Dijk et al., 2017).  715 

 716 

Coral calcification occurs via the up-regulation of pH and aragonite saturation state in 717 

the ECF. This up-regulation is achieved via an enzymatic alkalinity pump (a Ca2+-718 

ATPase), which removes 2 protons for every Ca2+ ion pumped in (Ip et al., 1991; Al-719 

Horani et al., 2003). As a result, dissolved inorganic carbon speciation shifts towards 720 

CO3
2- and aragonite saturation state increases, which in turn aids aragonite 721 

precipitation. The observed partition coefficients for cold-water corals cover a wide 722 

range (Table 4), particularly those for Zn in Caryophillia (3.1 to 92), which span almost 723 

the entire range of measured inorganic and benthic foraminiferal values. We find no 724 

trace element evidence for residual contaminating phases (section 4.2) that could 725 

explain sporadic high DZn and DCu values. Instead, we suggest that the spread towards 726 

high values is a function of the high inorganic partition coefficients for Zn and Cu in 727 

aragonite coupled to variations in coral calcification efficiency.   728 

 729 

Following Gagnon et al. (2012), calcification efficiency is defined as the balance 730 

between the supply of ions to the ECF from seawater and their removal via CaCO3 731 

precipitation. It can be viewed in terms of either a Rayleigh-type batch reactor (e.g., 732 

Gagnon et al., 2007) or a steady-state process (e.g., Gagnon et al., 2012), but the 733 

implications for elemental incorporation are similar. Aragonite that is precipitated near 734 

the start of a Rayleigh-type removal process, or in a well-flushed ECF reservoir (i.e. 735 



low calcification efficiency), will have a high Zn/Ca or Cu/Ca value, reflecting the high 736 

inorganic partition coefficients of Zn and Cu. As calcification efficiency increases, 737 

either at steady state or following progressive Rayleigh distillation, Zn/Cacoral and 738 

Cu/Cacoral will approach seawater ratios, and therefore D values of one (grey dashed 739 

lines, Fig. 6). We speculate that the calcification efficiency of any individual specimen 740 

may reflect site- or species-specific differences. Furthermore, the variable partitioning 741 

behaviour observed for Caryophyllia may reflect the wide range of species diversity (at 742 

least 66 known species; Kitahara et al., 2010a).  743 

 744 

4.3.2 Isotopic effects  745 

There have been several experimental studies of Zn isotope fractionation during 746 

inorganic incorporation of Zn into or sorption onto carbonate minerals, though not 747 

specifically for aragonite. Dong and Wasylenki (2016) showed that the adsorption of 748 

Zn onto calcite is associated with a preference for heavy Zn isotopes, with Δ66ZnCaCO3-749 

solution values (where Δ66ZnCaCO3-solution = δ66ZnCaCO3 – δ66Znsolution) of +0.4‰ to +0.7‰. 750 

They attribute this enrichment in heavy isotopes to a reduction in coordination number 751 

and Zn––O bond length on sorption of octahedrally coordinated Zn2+ aquo-complexes 752 

as tetrahedral surface complexes (Dong and Wasylenki, 2016). Smaller Δ66ZnCaCO3-753 

solution values have generally been observed in co-precipitation experiments. Maréchal 754 

and Sheppard (2002) estimated a Zn isotope fractionation between smithsonite and 755 

fluid of <0.1‰, while Veeramani et al. (2015) found a small preference for light Zn 756 

isotopes on precipitation of hydrozincite (–0.18‰). However, Mavromatis et al. (2019) 757 

found that Zn isotope fractionation on co-precipitation with calcite is pH dependent, 758 

with Δ66ZnCaCO3-solution values in their experiments ranging from about 0‰ at pH 8.3 to 759 

+0.6‰ at pH 6.1. While not designed to replicate seawater chemistry exactly, their 760 

experimental results provide an important demonstration that aqueous Zn speciation 761 

and the isotopic fractionation between aqueous species need to be considered in order 762 

to explain carbonate δ66Zn values.  763 

 764 

In detail, Mavromatis et al. (2019) attributed the observed decrease in Zn isotope 765 

fractionation with increasing pH to an increase in the prevalence of aqueous ZnHCO3
+ 766 

and ZnCO3
0 relative to Zn2+. Theoretical ab initio calculations predict that ZnHCO3

+ 767 

and ZnCO3
0 species are isotopically heavy compared to Zn2+; therefore, the pool of 768 

Zn2+ is projected to get both smaller and isotopically lighter with increasing pH (Fujii 769 



et al., 2014). Given that the Zn2+ species is incorporated into the calcite mineral 770 

structure (as a direct substitution for Ca2+; Elzinga and Reeder, 2002; Elzinga et al., 771 

2006), these changes in speciation should be reflected in the co-precipitation of calcite 772 

with a lighter Zn isotope composition and lower DZn value (Mavromatis et al., 2019). 773 

Such an affect does appear to be observed for DZn values in benthic foraminifera (van 774 

Dijk et al., 2017). Based on theoretical calculations, Mavromatis et al. (2019) also show 775 

that their experimental data are consistent with a constant offset between Zn in calcite 776 

and aqueous Zn2+ (Δ66Zncalcite-Zn2+ = +0.6‰) over the full pH range of their experiments. 777 

Following Dong and Wasylenki (2016), they attribute this enrichment of heavy Zn 778 

isotopes in the mineral phase (relative to aqueous Zn2+) to isotope fractionation during 779 

Zn2+ sorption to the mineral surface (as per Elzinga and Reeder, 2002; Elzinga et al., 780 

2006; Dong and Wasylenki, 2016), with its subsequent incorporation into the mineral 781 

structure proposed to occur without further isotope fractionation (Mavromatis et al., 782 

2019). 783 

 784 

In applying the above rationale to the organism-controlled calcification of cold-water 785 

corals, it is important to consider the up-regulation of pH in the ECF. Both direct 786 

observations (e.g., microsensor and pH-sensitive fluorescent dye) and indirect 787 

measurements (e.g., B isotopes) indicate up-regulation on the order of one pH unit 788 

above ambient seawater, to about pH 9 to 9.5 (e.g., Al-Horani et al., 2003; Rollion-789 

Bard et al., 2011; Sevilgen et al., 2019). Using geochemical modelling, and also 790 

incorporating the effect of complexation of light Zn with the chloride ions found in 791 

seawater, Mavromatis et al. (2019) predict Δ66Zncalcite-sw values of about +0.3 to +0.4‰ 792 

for precipitation from ‘inorganic seawater’ at pH 9 to 9.5. Such a prediction clearly 793 

contrasts with the cold-water coral dataset presented here, for which Δ66Zncoral-sw ≈ 0‰.  794 

 795 

However, Zn speciation in natural seawater (and, presumably, within coral ECF) is 796 

more complex than in those inorganic experiments, with a strong influence from 797 

complexation to dissolved organic ligands (e.g., Bruland, 1989; Ellwood and Van Den 798 

Berg, 2000; Jakuba et al., 2012). Dissolved organic ligands preferentially complex 799 

isotopically heavy Zn (Jouvin et al., 2009; Marković et al., 2017). Hence, it is plausible 800 

that the small residual Zn2+ pool in the ECF is isotopically lighter than would arise in 801 

inorganic-only scenarios, which would provide one means to reconcile the predictions 802 

of Mavromatis et al. (2019) with the cold-water coral dataset. If this scenario is correct, 803 



it implies that our observation of Δ66Zncoral-sw ≈ 0‰ is fortuitous, reflecting the balance 804 

between two approximately equal and opposite isotopic fractionations: one between 805 

aqueous species (including organic ligands) in the ECF (driving Zn2+ to low G66Zn 806 

values), and the other linked to sorption of heavy Zn and its incorporation into coral 807 

aragonite. As yet, while there are constraints on Zn sorption onto calcite, the mechanism 808 

and Zn isotope fractionation of sorption and incorporation in aragonite is unknown. 809 

 810 

Finally, variable coral calcification efficiency, suggested above as a means to explain 811 

variable DZn (and DCu) values, may also have implications for coral Zn and Cu isotope 812 

compositions. For example, if the isotope fractionation factor varies with aragonite 813 

precipitation rate, or if a constant (non-zero) fractionation factor is combined with 814 

calcification following a Rayleigh distillation trend, coral isotopic compositions should 815 

evolve during calcification. However, in the data presented here, no clear trend is 816 

resolved between Zn/Ca or Cu/Ca and their respective isotopic systems (Fig. 5). We 817 

also observe that Zn/Ca ratios vary by a factor of two for cleaned sub-samples of the 818 

glacial-age Sars Seamount coral, with no associated variability in δ66Zn (Fig. 4). Taken 819 

together, these observations support a small Δ66Zncoral-sw fractionation factor.  820 

 821 

Overall, a rather complex picture emerges, in which aqueous speciation in the ECF, as 822 

well as the mechanism of sorption and/or incorporation of Zn (and Cu) into aragonite, 823 

could both play a role in determining coral isotopic compositions. Neither aspect is well 824 

understood, and both merit further detailed study. It is noteworthy that the Zn isotope 825 

compositions of diverse types of shallow water carbonates exhibit more variability 826 

(-0.56 to +1.11‰; Zhao et al., 2021) than the data presented here, perhaps in part as a 827 

result of the mechanisms outlined above. These authors also suggest kinetic effects as 828 

a possible mechanism to explain the observed isotopic variability. As described above, 829 

we do not see evidence for kinetic effects in the coral dataset, perhaps due to the slow 830 

growth rates of cold-water corals (e.g., Adkins et al., 2004). A recent Zn isotope study 831 

on shallow-water zooxanthellate corals also observed variability from ~0 to +0.6‰, 832 

which they attributed to temperature and photosynthetic effects (Xiao et al., 2020), 833 

neither of which are relevant factors for cold-water corals. Indeed, we find that cold-834 

water corals appear to reliably record seawater δ66Zn values. Recommendations for 835 

future work include expanding the cold-water coral sample set, micro-analytical studies 836 



of spatial variability in individual corals, and experimental studies on isotopic 837 

fractionation in aragonite, both with and without organic ligands. 838 

 839 

 840 

5. Conclusions and outlook for cold-water coral δ66Zn values as a 841 

palaeoceanographic tracer 842 

 843 

In summary, we show that thorough physical and chemical cleaning of cold-water 844 

corals effectively removes authigenic and detrital Zn- and Cu-containing phases, 845 

allowing isotopic analysis of the coral aragonite. We find significant interspecies 846 

variability in the partitioning behaviour of Zn and Cu in cold-water corals, and notable 847 

intra-specimen variability in Zn/Ca ratios. Aqueous speciation and coral calcification 848 

efficiency are considered likely drivers of this variability. 849 

 850 

We focus on the palaeoceanographic potential of Zn isotope compositions in cold-water 851 

corals, due to the greater availability of seawater and experimental data in the literature 852 

for Zn compared to Cu. Somewhat unexpectedly given its variable partitioning 853 

behaviour, interspecies and intra-specimen Zn/Ca variability is not associated with 854 

variability in δ66Zn values. To a first order, cold-water corals appear to record ambient 855 

seawater δ66Zn values without isotope fractionation, suggesting their utility as an 856 

archive of past seawater Zn isotope compositions.  857 

 858 

It is therefore conceivable that cold-water corals could be employed to trace past 859 

changes in whole oceanic Zn and Cu mass balance. In effect, cold-water corals from 860 

the intermediate and deep ocean record whole ocean isotopic compositions, given that 861 

the deep ocean is largely isotopically homogeneous (at least in the modern day) and 862 

contains over 95% of the total oceanic Zn inventory. At steady state, the whole ocean 863 

isotopic composition is a balance of the isotopic composition of the inputs (δ66Zninput) 864 

and any isotopic fractionation on output to sediments (Δoutput): 865 

(8)  δ66Znocean = δ66Zninput – Δoutput 866 

The major sedimentary output fluxes for Zn are Fe-Mn (hydr)oxides and organic-rich 867 

sediments (Little et al., 2014, 2016), whereas removal to carbonates is negligible and 868 

does not significantly impact the oceanic mass balance. As a result, Zn isotope 869 

compositions of cold-water corals should reflect changes in whole ocean Zn cycling on 870 



timescales comparable to its ocean residence time (estimated Zn τres = 3–8 kyr, Little 871 

et al., 2016; Roshan et al., 2016).  872 

 873 

The dataset of Zn and Cu isotopes on glacial-age corals presented here comprises only 874 

four samples, which precludes firm interpretations. Nonetheless, their δ66Zn and δ65Cu 875 

values generally overlap with Holocene corals and modern seawater from their 876 

respective settings, suggesting only limited glacial-interglacial changes in the deep 877 

ocean Zn and Cu budgets. It is notable, however, that the two North Atlantic corals 878 

have more positive δ66Zn values (+0.79‰, +0.67‰) than the corals from the Southern 879 

Ocean and the Tasman Sea (+0.37‰, +0.38‰), hinting at past spatial variability, such 880 

as a possible change in the isotopic composition of the northern-sourced water mass 881 

endmember on glacial-interglacial timescales.  882 

 883 

Finally, we emphasise that archives from shallow water depths are likely to be most 884 

sensitive to recording past changes in oceanic Zn cycling. The pioneering study of 885 

Pichat et al. (2003) analysed δ66Zn values in the leachable carbonate fraction of a 886 

Pacific sediment core spanning the last 180 kyr. This record exhibits high frequency 887 

variability and a long-term trend towards lighter Zn isotope compositions over this 888 

interval (Pichat et al., 2003). Since the sediment core is primarily made up of coccoliths, 889 

these variations were interpreted in terms of changes in the Zn isotope composition of 890 

the surface ocean. By constraining any past changes in the whole ocean mass balance 891 

of Zn, a comparable cold-water coral record from deeper water depths would aid in the 892 

interpretation of such surface water variability. Future cold-water coral studies with 893 

better spatial and temporal coverage should enable a more detailed investigation of past 894 

changes in the oceanic Zn cycle. 895 

 896 
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Table 1. Location, taxonomic classification, water depth and water mass, and age of cold-water coral specimens included in this study  
 
Table 1A: Holocene age coral specimens 

Study ID Locality Full ID Genus species  Depth (m) Age (yr) Modern water mass Latitude (°N) Longitude (°E) 

Iceland         
1 Reykjanes Ridge CE0806 D19A #2 Desmophyllum dianthus 1545 Modern ISOW/LSW 58.8 -32.0 
2 Reykjanes Ridge CE0806 D19A #1B Desmophyllum dianthus 1545 Modern ISOW/LSW 58.8 -32.0 
2 Coat Iceland - Reykjanes Ridge CE0806 D19A #1B coating        

Drake Passage         
3 Burdwood Bank NBP0805 TB04 "Big Beauty" Desmophyllum dianthus 816 468 AAIW -54.4 -62.1 
4 Burdwood Bank NBP1103 DH14 Cn7 Caryophyllia sp. 727 1170 SAMW -54.7 -62.2 
5 Sars Seamount NBP1103 DH95 Dc7 Desmophyllum dianthus 776 434 UCDW -59.7 -68.9 
5 Coat Sars Seamount NBP1103 DH95 Dc7 uncleaned coral        
6 Sars Seamount NBP1103 DH97 Dp1 Desmophyllum dianthus 658 281 UCDW -59.7 -68.9 
7 Sars Seamount NBP1103 DH97 CC1 Caryophyllia sp. 658 346 UCDW -59.7 -68.9 
7 Coat Sars Seamount NBP1103 DH97 CC1 coating        

Eastern Equatorial Atlantic         
8 Carter Seamount JC094 BO244 Carls 001 Caryophyllia sp. 621 Modern AAIW* 9.2 -21.3 
9 Carter Seamount JC094 BO712 Carlm 001 Caryophyllia sp. 2260 Modern NADW 9.2 -21.3 
10 Carter Seamount JC094 BO424 Das ls/m 002 Dasmosmilia sp. 265 Modern STMW 9.2 -21.3 
11 Carter Seamount JC094 BO457 Daslm 001 Dasmosmilia sp. 321 Modern STMW 9.2 -21.3 

Southwest Indian Ocean         
13 Melville Bank JC066-3245 Caryophyllia profunda 171.9 841 STSW -38.5 48.7 
15 Coral Seamount JC066-117 Desmophyllum dianthus 1207.2 1476 UCDW -41.3 42.9 
15 Coat Coral Seamount JC066-117 coating        
14 Atlantis Bank JC066-3697 Caryophyllia diomedeae 823 200 SAMW -32.7 57.3 
16 Atlantis Bank JC066-3718 Desmophyllum dianthus 1035 166 AAIW* -32.7 57.2 
22 Atlantis Bank JC066-3661 Caryophyllia laevigata 743 762 SAMW -32.7 57.2 
23 Atlantis Bank JC066-3705 Caryophyllia diomedeae 870 965 SAMW -32.7 57.2 

Northwest Atlantic         
17 Manning Seamount ALV-3883-1248-003-003 Desmophyllum dianthus 1524 118 NADW 38.2 -60.5 

Tasman Sea         
19 Tasmania (S Hills - Shelf) TN228-J2-387-1225-1253-11-1898-003 Desmophyllum dianthus 1898 113 UCDW -44.4 147.3 
21 Tasmania (E of St Helens - East) TN228-J2-389-0101-0930-07-1296-001 Desmophyllum dianthus 1296 521 UCDW -41.5 148.5 

 
 
 

Tables 1 to 4 Click here to access/download;Table;CoralsZnCu_Tables_revise.docx

https://www.editorialmanager.com/chemge/download.aspx?id=679339&guid=98f2d275-df50-4437-9c88-2fd00a1cfef5&scheme=1
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Table 1B: Glacial age coral specimens 
Study ID Locality Full ID Genus species  Depth (m) Age (yr) Modern water mass Latitude (°N) Longitude (°E) 

18 NW Atlantic, Muir Seamount ALV-3885-1325-002-034 Desmophyllum dianthus 1986 48939 NADW 33.8 -62.5 
18 Coat NW Atlantic, Muir Seamount ALV-3885-1325-002-034 coating        
20 Carter Seamount JC094-F00001-Descm-008 Desmophyllum dianthus 1080 14580 AAIW/NADW 9.2 -21.3 
20 Coat Carter Seamount JC094-F00001-Descm-008 coating        
DC-01 Sars Seamount NBP1103 DH115 DC-01 Desmophyllum dianthus 843 28184 UCDW -59.7 -68.9 
DC Coat Sars Seamount NBP1103 DH115 DC-01 coating        
SS0108 Tasmania SS0108 Desmophyllum dianthus 1200 73510 UCDW -44.1 147.1 
SS Coat Tasmania SS0108 coating        

 
References: 
 Burke (2012)  Iceland   14C 
 Margolin et al. (2014) Drake Passage  U-series 
 Chen et al. (2016) Equatorial Atlantic U-series 
 Pratt et al. (2019)  Southwest Indian Ocean U-series 
 Robinson et al. (2007) Northwest Atlantic  U-series 
 Thiagarajan et al. (2013) Tasman Sea   14C 
DC-01 and SS0108: Cleaning specimens; see Table 2.  
Lat/Long in italics: estimated 
 
  



Table 2. Cleaning experiment results for two D. dianthus corals with well-developed coatings: DH115-DC-01 from the Drake Passage, and SS0108 from Tasmania. 
Trace element/Ca ratios (from ICP-MS, except Zn$), Zn and Cu concentrations and isotope compositions.  
 
Sample 
ID 

Li/Ca Na/Ca Mg/Ca Al/Ca Mn/Ca Fe/Ca Cu/Ca Zn/Ca$ Sr/Ca Cd/Ca Ba/Ca U/Ca Zn$ δ66Zn 2SE 
 

Cu δ65Cu 2SE 
 µmol/mol mmol/mol mmol/mol µmol/mol µmol/mol µmol/mol µmol/mol µmol/mol mmol/mol µmol/mol µmol/mol nmol/mol µg/g ‰ µg/g ‰ 

DH115-DC-01, Drake Passage 
DC-Coat 18.6 39.5 7.68 2646 13840 20206 51.6 244.5 sat 0.94 142.7 3544 146.1 0.55 0.05 60.30 -0.01 0.04 
UNCL 12.1 17.0 1.78 156 496 868 6.27 3.26 sat 0.50 26.1 2686 3.26 0.70 0.05 3.41 0.13 0.04 
PHYS-1 9.6 17.8 1.69 bd 0.38 2.38 0.51 0.90 sat 0.58 14.0 2607 0.90 0.46 0.05 0.33   
PHYS-2 9.6 17.4 1.60 bd 0.34 1.67 0.45 0.37 sat 0.55 14.8 2862 0.37 0.40 0.05 0.28 0.78 0.04 
PHYS-3 9.8 17.4 1.64 bd 0.22 1.30 0.44 0.58 sat 0.54 14.2 2686 0.58 0.46 0.07 0.33   
PHYS-4 9.0 17.5 1.62 bd 1.00 1.55 0.80 0.42 13.2 0.60 15.2 2938 0.42 0.41 0.04 0.46 0.85 0.04 
OXIC-1 10.0 17.5 1.60 bd 0.71 2.83 0.74 0.38 sat 0.55 14.2 2753 0.38 0.46 0.04 0.48 0.68 0.05 
OXIC-2 11.3 18.0 1.79 bd 0.25 3.23 0.49 0.84 sat 0.57 14.1 2561 0.84 0.36 0.03 0.32   
OXIC-3 10.8 17.5 1.57 bd 0.56 2.20 0.58 0.37 sat 0.56 15.2 3025 0.37 0.44 0.04 0.36   
OXIC-4 9.1 17.4 1.57 bd 0.45 1.92 0.52 0.48 13.4 0.59 15.2 3059 0.48 0.40 0.03 0.29 0.89 0.03 
FULL-1 8.7 17.0 1.54 bd 0.12 0.66 0.38 0.68 sat 0.56 14.3 2717 0.68 0.39 0.04 0.25   
FULL-2 9.1 17.1 1.50 bd 0.07 1.01 0.37 0.43 sat 0.53 13.9 2890 0.43 0.36 0.04 0.22   
FULL-3 10.8 17.9 1.75 2.2 1.23 5.18 0.67 0.57 sat 0.57 14.3 2624 0.57 0.40 0.04 0.34 0.84 0.04 
FULL-4 9.0 17.7 1.61 bd 0.12 1.06 0.48 0.38 13.0 0.59 14.6 2950 0.38 0.39 0.03 0.27 0.85 0.05 

SS0108, Tasmania 
SS-Coat 24.4 43.7 9.93 2457 1805 3640 20.6 28.5 11.9 1.15 65.6 2430 18.6 0.25 0.05 8.22 0.23 0.02 
UNCL-1 11.1 17.3 1.94 358 64 272 2.94 1.94 12.7 0.94 16.4 2086 1.27 0.26 0.06 0.93 0.38 0.03 
UNCL-2 10.7 17.0 2.00 247 30 164 2.52 1.35 12.5 0.95 15.2 2162 0.88 0.22 0.05 1.60 0.30 0.03 
UNCL-3 11.9 17.4 1.99 441 51 344 4.25 2.49 12.8 1.03 17.5 2220 1.63 0.22 0.03 1.35 0.34 0.04 
PHYS-1 9.6 17.3 1.88 24 0.89 20.0 1.44 

0.62 
12.8 0.99 14.4 1977 

0.44 0.38 0.06 0.97 0.51 0.03 
PHYS-3 9.8 17.6 1.93 34 1.43 21.9 1.63 12.6 1.02 14.5 1978 
PHYS-2 10.2 17.4 1.88 33 4.64 22.4 1.85 0.62 12.6 1.03 14.3 1984 0.32 0.27 0.05 1.18 0.39 0.02 
OXIC-1 9.7 17.7 1.90 16 0.90 10.7 1.36 0.50 12.3 0.98 14.0 1881 0.33 -  0.86 0.54 0.02 
OXIC-2 11.7 18.6 2.23 38 1.51 44.6 2.96 

0.71 
12.8 1.06 15.7 1883 

0.46 0.39 0.04 1.56 0.43 0.03 
OXIC-3 10.0 17.8 1.86 42 0.99 30.1 1.90 12.5 1.04 14.5 2001 
OXIC-4 10.6 17.6 1.98 13 0.62 12.3 1.24 0.48 sat 0.99 13.9 1831 0.31 0.45 0.05 0.79 0.46 0.05 
FULL-1 9.6 18.1 1.85 18 0.42 14.4 0.61 

0.50 
12.4 1.03 13.9 1834 

0.33 0.40 0.04 0.35 0.75 0.03 FULL-2 9.5 18.0 1.85 15 0.44 9.4 0.58 12.5 1.03 14.1 1933 
FULL-3 10.0 17.9 1.80 19 0.31 13.5 0.44 12.4 1.04 14.2 1822 
FULL-4 10.4 18.0 1.93 13 0.31 15.7 0.58 0.51 Sat 0.98 13.6 1828 0.33 0.34 0.05 0.39   

See main text for description of sample ID codes (Coat, UNCL, PHYS, OXIC, FULL) 
bd: Al concentrations below detection limit, where detection limit estimated at 3*blank 



sat: > 10^9 counts Sr during Element analysis 
$Zn concentrations calculated by isotope dilution (Ca concentration for Zn/Ca calculated based on coral mass and molecular mass of CaCO3). N.B. Excludes Zn/Ca ratios of 
coatings, which are from Element ICP-MS 
Merged aliquots for isotope analysis on Tasmania coral (SS0108) samples: PHYS-1 and PHYS-3; OXIC-2 and OXIC-3; FULL-1, FULL-2, and FULL-3 
External 2SD on δ66Zn = 0.07‰, and on δ65Cu = 0.11‰ (based on repeat analyses of secondary carbonate standard) 

  



Table 3. Trace element/Ca ratios of cold-water corals 
 

Table 3A: Holocene age coral specimens 
Sample 
ID+ Locality Species Depth 

(m) 
Age 
(yr) 

Li/Ca Na/Ca Mg/Ca Al/Ca Mn/Ca Fe/Ca Cu/Ca Zn/Ca$ Sr/Ca Cd/Ca Ba/Ca U/Ca 
µmol/mol mmol/mol mmol/mol µmol/mol µmol/mol µmol/mol µmol/mol µmol/mol mmol/mol µmol/mol µmol/mol nmol/mol 

Iceland 
1A 

Reykjanes 
Ridge D. dianthus 1545 Modern 

15.0 23.2 3.63 bd 0.15 0.83 0.38 0.42 13.1 0.06 8.0 1166 
1B 13.7 22.5 3.37 bd 0.06 1.25 0.29 - 12.5 0.05 7.5 1189 
1C 14.9 23.4 3.70 bd 0.28 0.91 0.47 0.77 12.5 0.06 7.7 1117 
2A Reykjanes 

Ridge D. dianthus 1545 Modern 
13.3 22.5 3.42 bd 0.23 0.90 0.45 2.90 12.6 0.06 7.7 1193 

2B 12.5 21.6 3.19 bd 0.21 0.81 0.27 3.07 12.4 0.06 7.5 1194 
2 Coat  Coating   11.9 31.6 8.58 306 92 1753 19.9 54.4 12.4 0.88 9.6 1636 

Drake Passage 
3A 

Burdwood Bank D. dianthus 816 468 
8.2 18.7 2.01 bd 0.08 0.86 0.20 1.20 12.8 0.12 12.4 2218 

3B 8.5 19.2 2.11 bd 0.12 1.03 0.22 1.43 12.9 0.12 12.5 2205 
3C 9.4 19.1 2.23 bd 0.29 0.81 0.17 - 12.8 0.13 11.9 1993 
4A 

Burdwood Bank Caryophyllia 727 1170 
8.4 17.2 1.95 bd 0.14 0.19 0.13 0.86 12.8 0.34 12.0 1674 

4B nd 
5A 

Sars Seamount D. dianthus 776 434 
10.5 20.0 2.62 bd 0.07 0.49 0.23 2.24 12.8 0.60 14.7 1754 

5B 10.7 19.8 2.59 bd 0.04 1.03 0.18 - 13.0 0.58 14.1 1659 
5D 12.7 20.7 3.12 bd 0.02 0.69 0.11 2.93 12.9 0.54 14.2 1414 
5 Coat  Unclean coral   11.1 29.4 5.45 2208 109 1918 3.80 4.80 12.6 0.60 22.7 2074 
6A 

Sars Seamount D. dianthus 658 281 
10.7 20.2 2.71 bd 0.16 0.72 0.25 1.43 13.2 0.79 14.5 1840 

6B 11.1 20.2 2.90 2.6 0.08 0.51 0.19 - 12.9 0.72 13.8 1734 
7 Sars Seamount Caryophyllia 658 346 11.7 20.7 2.77 3.1 0.26 0.32 0.47 9.33 13.1 0.17 16.2 1760 
7 Coat  Coating   9.8 31.4 6.60 323 3704 2483 15.9 27.0 13.3 0.43 39.1 2464 

Eastern Equatorial Atlantic 
8A Carter 

Seamount Caryophyllia 621 Modern 
8.8 19.7 2.49 bd 0.48 3.40 0.77 12.4 12.3 1.59 10.3 1758 

8B 9.8 20.2 2.73 bd 0.41 3.70 0.76 12.7 12.2 1.31 10.2 1565 

9 Carter 
Seamount Caryophyllia 2260 Modern 7.9 15.9 1.65 bd 0.16 0.25 0.13 2.99 12.3 0.37 10.3 1771 

10 Carter 
Seamount Dasmosmilia 265 Modern 10.4 23.7 3.59 bd 0.25 0.35 0.34 2.18 12.4 0.15 8.0 1102 

11A Carter 
Seamount Dasmosmilia 321 Modern 

10.2 22.8 3.34 bd 0.20 0.67 0.21 0.49 12.4 0.20 8.3 1256 

11B 8.8 17.2 1.90 bd 0.20 0.20 0.11 - 12.7 0.37 10.1 1658 

Southwest Indian Ocean 
13 Melville Bank C. profunda 172 841 8.9 18.5 2.41 bd 0.47 0.26 0.32 2.15 12.9 0.73 14.2 1820 
15 Coral Seamount D. dianthus 1207 1476 9.8 19.5 2.13 bd 0.18 2.20 0.21 1.87 12.9 0.16 15.1 2182 



15 Coat  Coating   17.1 46.4 8.07 1207 2931 2105 15.7 54.1 11.8 0.36 50.4 2037 
14 Atlantis Bank C. diomedeae 823 200 11.3 21.8 3.31 bd 0.38 2.89 0.37 2.56 12.2 1.25 8.4 1316 
16A 

Atlantis Bank D. dianthus 1035 166 
13.4 22.5 4.32 bd 0.21 1.87 0.16 1.04 12.2 0.13 10.2 1349 

16B 13.9 23.2 4.57 bd 0.16 2.50 0.15 0.84 12.5 0.12 10.3 1286 
22 Atlantis Bank C. laevigata 743 762 10.8 21.7 3.50 bd 0.16 1.59 0.80 5.87 12.6 0.76 7.8 1400 
23 Atlantis Bank C. diomedeae 870 965 9.9 20.4 3.15 bd 0.06 1.21 0.78 16.8 12.2 1.91 8.6 1451 

Northwest Atlantic 
17A* Manning 

Seamount D. dianthus 1524 118 
10.8 20.3 2.59 14.7 0.13 6.68 0.16 0.52 12.0 0.08 8.3 1410 

17B* 11.5 21.0 2.82 28.5 0.50 15.2 0.22 0.58 12.4 0.10 8.8 1410 

Tasman Sea                

19 South Hills - 
Shelf D. dianthus 1898 113 8.3 18.2 1.96 bd 0.07 2.47 0.31 2.24 12.0 0.43 14.8 1969 

21 East of St 
Helens D. dianthus 1296 521 11.7 20.0 3.42 1.6 0.34 1.58 1.00 2.63 12.4 0.11 15.3 1753 

 
Table 3B: Glacial age coral specimens 

Sample 
ID+ Locality Species Depth 

(m) 
Age 
(yr) 

Li/Ca Na/Ca Mg/Ca Al/Ca Mn/Ca Fe/Ca Cu/Ca Zn/Ca$ Sr/Ca Cd/Ca Ba/Ca U/Ca 
µmol/mol mmol/mol mmol/mol µmol/mol µmol/mol µmol/mol µmol/mol µmol/mol mmol/mol µmol/mol µmol/mol nmol/mol 

18A NW Atlantic, 
Muir Seamount D. dianthus 1986 48939 

12.4 18.8 2.36 4.9 0.12 4.53 0.27 2.39 12.3 0.28 13.5 1445 

18B 11.6 18.7 2.28 bd 0.07 2.31 0.24 3.02 12.2 0.31 13.3 1537 
18 Coat  Coating   132 181 135 38404 367896 442651 424 1035 9.5 4.20 923 10508 

20 Equat. Atlantic, 
Carter Seamount D. dianthus 1080 14580 8.3 18.2 1.99 7.8 1.18 5.65 0.16 0.65 12.5 0.25 11.8 2011 

20 Coat  Coating   46.5 27.5 9.74 10005 5422 18053 18.7 37.0 10.9 0.91 59.5 2337 
SS Tasman Sea D. dianthus 1200 73510 9.9 18.0 1.86 16.1 0.37 13.3 0.55 0.50 12.4 1.02 14.0 1854 
SS Coat  Coating   24.4 43.7 9.93 2457 1805 3640 20.6 28.5 11.9 1.15 65.6 2430 

DC Drake Passage, 
Sars Seamount D. dianthus 843 28184 9.4 17.4 1.60 bd 0.38 1.98 0.47 0.52 13.0 0.56 14.3 2795 

DC Coat  Coating   18.6 39.5 7.68 2646 13840 20206 51.6 244 sat 0.94 143 3544 

 
bd: Al concentrations below detection limit, where detection limit estimated at 3 × blank 
+Letters after sample numbers (A-D) indicate full replicate sub-samples 
$Zn concentrations calculated by isotope dilution (Ca concentration calculated based on coral mass and molecular mass of CaCO3). N.B. Excludes Zn/Ca ratios of coatings, which 
are from Element ICP-MS. All other Me/Ca ratios from ICP-MS. 
*Sample 17 (particularly sub-sample 17B) remained visibly unclean after physical cleaning 
 

  



Table 4. Cold-water coral Zn/Ca and Cu/Ca ratios, calculated partition coefficients DZn and DCu, and Zn and Cu isotope compositions. Also given are 
estimates of ambient seawater Zn and Cu concentrations and δ66Zn values 

 
Table 4A: Holocene age coral specimens 

Sample ID Locality Species Depth 
(m) 

Age 
(yr) 

Coral Zn Ambient seawater Zn Coral Cu Ambient seawater Cu 
Zn/Ca$ DZn δ66Zn Estimated [Zn] Ref Estimated δ66Zn Ref Cu/Ca DCu δ65Cu Estimated [Cu] Ref 

µmol/mol  ‰ ± 2SE nmol/kg  ‰, 1SD (range)  µmol/mol  ‰ ± 2SE nmol/kg  

Iceland                
1A 

Reykjanes 
Ridge D. dianthus 1545 Modern 

0.42 
(1.0 to) 4.4 

+0.67 ± 0.05 
1.4 (to 6.0) a +0.47 ± 0.06              

(-0.2 to +0.5) a 
0.38 

2.8 
- 

1.4 ± 0.2 IDP17 1B - - 0.29 +0.45 ± 0.05 
1C 0.77 +0.55 ± 0.03 0.47 +0.25 ± 0.06 

2A Reykjanes 
Ridge D. dianthus 1545 Modern 

2.90 
(5.1 to) 22 

+0.68 ± 0.04 
1.4 (to 6.0) a +0.47 ± 0.06              

(-0.2 to +0.5) a 
0.45 

3.3 
+0.76 ± 0.06 

1.4 ± 0.2 IDP17 
2B 3.07 +0.64, +0.59 0.27 - 
2 Coat   Coating   54.4  +0.37 ± 0.04     19.9  +0.26 ± 0.04   

Drake Passage                 
3A Burdwood 

Bank, N of 
SAF 

D. dianthus 816 468 
1.20 

4.4 
+0.37 ± 0.03 

3.1 ± 0.6 b +0.42 ± 0.08 b 
0.20 

1.3 
- 

1.3 ± 0.2 f 3B 1.43 +0.37, +0.41 0.22 - 
3C - - 0.17 +0.32 ± 0.13 

4A Burdwood 
Bank Caryophyllia 727 1170 

0.86 
3.1 

+0.36 ± 0.03 
2.8 ± 0.3 b +0.42 ± 0.08 b 

0.13 
1.1 

- 
1.2 ± 0.2 f 

4B - - nd +0.55 ± 0.16 
5A Sars Seamount, 

between PF 
and SAF 

D. dianthus 776 434 
2.24 

4.5 
+0.39 ± 0.03 

5.9 ± 0.3 c +0.39 ± 0.04 c 
0.23 

1.0 
- 

1.85 ± 0.1 f 5B - - 0.18 +0.76 ± 0.10 
5D 2.93 +0.32 ± 0.04 0.11 - 
5 Coat   Unclean coral   4.80  +0.58 ± 0.05     3.80  +0.11 ± 0.04   

6A 
Sars Seamount D. dianthus 658 281 

1.43 
2.6 

+0.33, +0.35 
5.7 ± 0.3 c +0.39 ± 0.04 c 

0.25 
1.1 

- 
1.8 ± 0.1 f 

6B - - 0.19 +0.85 ± 0.10 
7 Sars Seamount Caryophyllia 658 346 9.33 17 +0.44 ± 0.04 5.7 ± 0.3 c +0.39 ± 0.04 c 0.47 2.7 - 1.8 ± 0.1 f 
7 Coat   Coating   27.0  +0.61 ± 0.04     15.9  +0.18 ± 0.05   

Eastern Equatorial Atlantic                
8A Carter 

Seamount Caryophyllia 621 Modern 
12.4 

92 
+0.35 ± 0.04 

1.4 ± 0.2 d +0.33 ± 0.14 d 
0.77 

7.2 
- 

1.1 ± 0.1 g 
8B 12.7 +0.30, +0.33 0.76 - 

9 Carter 
Seamount Caryophyllia 2260 Modern 2.99 18 +0.63 ± 0.03 1.7 ± 0.2 d +0.59 ± 0.04 d 0.13 0.9 - 1.5 ± 0.1 g 

10 Carter 
Seamount Dasmosmilia 265 Modern 2.18 45 +0.64 ± 0.04 0.5 ± 0.2 d +0.18 ± 0.18 d 0.34 3.8 - 0.9 ± 0.1 g 

11A Carter 
Seamount Dasmosmilia 321 Modern 

0.49 
8.4 

+0.57 ± 0.04 
0.6 ± 0.2 d +0.42 ± 0.08 d 

0.21 
1.2 

- 
0.9 ± 0.1 g 

11B - - 0.11 +0.95 ± 0.12 



Southwest Indian Ocean                 
13 Melville Bank C. profunda 171.9 841 2.15 25 +0.60 ± 0.04 0.9 ± 0.2 IDP17 +0.4 ± 0.2 x 0.32 4.6 +0.27 ± 0.05 0.7 ± 0.2 IDP17 

15 Coral 
Seamount D. dianthus 1207.2 1476 1.87 5.1 +0.58 ± 0.03 3.8 ± 0.6 IDP17 +0.42 ± 0.08 b 0.21 2.4 +0.44 ± 0.05 0.9 ± 0.1 IDP17 

15 Coat   Coating   54.1  +0.60 ± 0.03     15.7  +0.26 ± 0.05   
14 Atlantis Bank C. diomedeae 823 200 2.56 18 +0.07 ± 0.03 1.5 ± 0.3 IDP17 +0.42 ± 0.08 b 0.37 4.4 +0.50 ± 0.05 0.85 ± 0.1 IDP17 

16A 
Atlantis Bank D. dianthus 1035 166 

1.04 
4.0 

+0.39 ± 0.04 
2.4 ± 0.3 IDP17 +0.42 ± 0.08 b 

0.16 
1.7 

+0.59 ± 0.07 
0.95 ± 0.1 IDP17 

16B 0.84 +0.48 ± 0.03 0.15 +0.68 ± 0.09 
22 Atlantis Bank C. laevigata 743 762 5.87 43 +0.29 ± 0.04 1.4 ± 0.3 IDP17 +0.42 ± 0.08 b 0.80 10.3 +0.59 ± 0.05 0.8 ± 0.1 IDP17 

23 Atlantis Bank C. diomedeae 870 965 16.8 91 +0.39 ± 0.04 1.9 ± 0.3 IDP17 +0.42 ± 0.08 b 0.78 8.9 +1.05 ± 0.09 0.9 ± 0.1 IDP17 

Northwest Atlantic                
17A* Manning 

Seamount D. dianthus 1524 118 
0.52 

3.8 
+0.61 ± 0.04 

1.5 ± 0.2 d +0.46 ± 0.04 d 
0.16 

1.2 
+0.62 ± 0.07 

1.35 ± 0.1 g 
17B* 0.58 +0.54 ± 0.04 0.22 +0.54 ± 0.04 

Tasman Sea                  

19 South Hills - 
Shelf D. dianthus 1898 113 2.24 4.4 +0.29 ± 0.04 5.3 ± 0.3 e +0.48 ± 0.05 e 0.31 1.6 +0.54 ± 0.04 2.0 ± 0.1 h 

21 East of St 
Helens D. dianthus 1296 521 2.63 6.5 +0.48 ± 0.03 4.2 ± 0.6 e +0.51 ± 0.07 e 1.00 6.4 +0.30 ± 0.05 1.6 ± 0.1 h 

 
Table 4B: Glacial age coral specimens 

Sample ID Locality Species Depth 
(m) 

Age 
(yr) 

Coral Zn Coral Cu 
Zn/Ca$  δ66Zn Cu/Ca  δ65Cu 

µmol/mol  ‰ ± 2SE µmol/mol  ‰ ± 2SE 
18A NW Atlantic, 

Muir Seamount D. dianthus 1986 48939 
2.39  +0.66 ± 0.03 0.27  +0.69 ± 0.05 

18B 3.02  +0.68 ± 0.03 0.24  +0.62 ± 0.06 
18 Coat   Coating     1035  +0.90 ± 0.03 424  0.00 ± 0.03 

20 Carter 
Seamount D. dianthus 1080 14580 0.65  +0.79 ± 0.04 0.16  +0.70 ± 0.07 

20 Coat   Coating     37.0  +0.51 ± 0.04 19  +0.22 ± 0.04 
SS Tasman Sea D. dianthus 1200 73510 0.50  +0.37 ± 0.04 0.55  +0.73 ± 0.04 
SS Coat   Coating     28.5  +0.25 ± 0.05 20.6  +0.23 ± 0.02 

DC Sars Seamount D. dianthus 843 28184 0.52  +0.38 ± 0.04 0.47  +0.84 ± 0.02 
DC Coat   Coating     244  +0.55 ± 0.05 51.6  -0.01 ± 0.04 

 
$Zn concentrations calculated by isotope dilution (Ca concentration calculated based on coral mass and molecular mass of CaCO3). N.B. Excludes Zn/Ca ratios of coatings, which 
are from Element ICP-MS. All other Me/Ca ratios from ICP-MS. 
Two Zn isotope values for the same sub-sample indicate reanalysis of the sub-sample after a third Zn clean-up column 
*Sample 17 (particularly sub-sample 17B) remained visibly unclean after physical cleaning 
External 2SD on δ66Zn = 0.07‰, and on δ65Cu = 0.11‰ (based on repeat analyses of secondary carbonate standard) 
Error bars on figures are the external 2SD, except where the internal 2SE is larger (for samples with low Cu contents) 



 
References: 
a. Lemaitre et al., 2020, GEOVIDE stations 32, 38, 44 (values in brackets indicate hydrothermal influence inferred by those authors) 
b. Southern Ocean > 200m, mean of all data from Sieber et al. 2020 and Wang et al., 2019  
c. Sieber et al., 2020, ACE station 20 
d. Conway and John, 2014. Carter: USGT10-11 and 10-10. Manning: USGT11-8, 11-10 
e. Samanta et al., 2017, Tasman Sea stations P2 and P3 
f. Heller and Croot, 2015, stations 249, 236 
g. Roshan and Wu, 2015, USGT10-11, USGT11-10 
h. Thompson et al., 2014, Tasman Sea station P3 
x. Surface ocean estimate for Melville Bank coral based on approximate range of deep water δ66Zn values 
IDP17: Schlitzer et al., 2019 
 


