A triple stack column procedure for rapid separation of Cu and Zn from geological samples
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Abstract
We present a new procedure for the separation and purification of Cu and Zn from geological samples. Our procedure employs a single pass, triple-stack column setup. The first column, filled with TRU resin (TrisKem International), quantitatively removes Fe and Ti from sample matrices. A second column, filled with Pre-filter resin (TrisKem International), removes organic compounds. Finally, a third column, filled with anion exchange resin (AG1-X8, 200-400 mesh, Bio-Rad), is used to separate Cu and Zn from the remaining matrix. Our procedure requires about 50% less acid volume than previously reported methods for Cu and Zn separation, thereby minimising analytical blanks and column running times. Copper and Zn stable isotope ratios were determined by a Thermo Neptune Plus MC-ICP-MS using Zn and Cu external normalisation, respectively, in addition to sample-standard bracketing (SSB) to correct for instrumental mass bias. We explore the inter-calibration of Cu and Zn isotope fractionation coefficients during analysis by measuring mixed Cu-Zn solutions with enhanced mass bias variation generated by varying sample gas flow rates. Our results demonstrate that this procedure is useful when variation in instrumental mass bias throughout analytical sequences is insufficient to inter-calibrate Cu and Zn fractionation coefficients.


Introduction
[bookmark: ZOTERO_BREF_RN3qlaJaZqFD][bookmark: __UnoMark__17910_1456212012]Copper and Zn are transition or post-transition metals and the have the lowest atomic masses of the Group 11 and Group 12 elements, respectively. Copper displays both highly siderophile and chalcophile properties while Zn is dominantly lithophile and slightly siderophile depending on the conditions (Siebert et al. 2011). The stable isotope compositions of both Cu (63Cu and 65Cu, typically expressed as 65Cu, the per mil deviation in 65Cu/63Cu relative to an international standard) and Zn (64Zn, 66Zn 67Zn, 68Zn and 70Zn, typically expressed as 66Zn, the per mil deviation in 66Zn/64Zn relative to an international standard) are used for a variety of purposes in Earth Sciences including studies of ore formation, oceanography, geochemical weathering, early solar system processes, and mantle geochemistry (see Moynier et al. 2017 for a recent review). The isotopic compositions of the two elements are often studied together, predominantly due to their similar masses yet distinct geochemical properties, but also for practical purposes as Cu and Zn stable isotope analyses can be combined with relatively little additional effort.
[bookmark: ZOTERO_BREF_NKOKn1IWLmeu][bookmark: __UnoMark__17911_1456212012]Copper and Zn stable isotope analyses are typically performed using Multicollector Inductively Coupled Plasma Mass-Spectrometry (MC-ICPMS) where samples are introduced into the mass spectrometer in a dilute acid solution using a concentric nebulizer and spray chamber sample introduction system. Most research groups using this method report an analytical precision of ~0.05 ‰ (2 S.D. of replicate analyses) and evaluate their precision and accuracy by analysing both pure Cu and Zn solution standards as well as natural reference materials (RMs). However, Cu and Zn isotope MC-ICPMS analyses are sensitive to isobaric interferences and non-isobaric matrix effects and therefore require the chemical purification of Cu and Zn and separation from sample matices prior to analysis. Marechal et al. (1999) established a now widely-used procedure to separate both Cu and Zn from geological samples using anion exchange resin. Since this study, separation techniques have been refined by a number of studies with the general aim of improving the purity of the separated Cu and Zn fractions and to reducing the required acid volumes and therefore the analytical blank contributions of the ion exchange procedures (e.g. Archer & Vance, 2004; Chapman et al. 2006; Larner et al. 2011; Liu et al. 2013; Sossi et al. 2015).
[bookmark: __UnoMark__17912_1456212012][bookmark: ZOTERO_BREF_dpXep33wmiQm]Copper has two stable isotopes: 63Cu (69.1 %) and 65Cu (30.8 %) whereas Zn is comprised of five stable isotopes, 64 Zn (48.6 %), 66Zn (27.9 %), 67Zn (4.1 %), 68Zn (18.7 %) and 70Zn (0.6 %). Zinc isotope ratios can be measured by employing a double spike technique to correct for instrumental mass bias (Arnold et al. 2010; Bermin et al. 2006; Conway & John, 2015; e.g. Rosman, 1972) but often, both elements are corrected for instrumental mass bias using external normalisation in which instrumental mass discrimination corrections are performed using a reference isotope ratio of an element other than the analyte, a procedure also described as using an 
[bookmark: __UnoMark__17913_1456212012][bookmark: ZOTERO_BREF_Ucu5A3ICzBaW][bookmark: ZOTERO_BREF_thWFPWvfuXEE][bookmark: ZOTERO_BREF_sd8U4OiT22Ih]'internal isotope ratio standard' or 'doping' (Belshaw et al. 1998; Longerich et al. 1987). External normalisation techniques are less sensitive to matrix effects than the simpler correction by sample-standard bracketing (SSB) and usually achieve higher analytical precision. However, unlike double spike techniques, they still require quantitative yields from ion exchange procedures because exchange chromatography is associated with substantial isotope fractionation (Maréchal & Albarède, 2002). They also require the inter-calibration of isotope fractionation coefficients for Cu and Zn with those of the dopant element as these may vary with respect to each other in plasma source mass spectrometers (Maréchal et al. 1999).
Here we report a new separation method for Cu and Zn from geological samples that significantly shortens the duration of the column chromatographic separation and the associated analytical blanks by requiring lower quantities of acids. We analyse Cu and Zn isotope ratios of geological RMs by MC-ICP-MS and correct for instrumental mass bias by external normalisation using Zn and Cu, respectively. Using this technique, we employ a new method of inter-calibrating Cu and Zn fractionation coefficients by measuring a mixed Cu-Zn solution at variable sample gas flow rates. This method is compared to the inter-calibration of mass fractionation coefficients using instrumental mass bias drift throughout analytical sequences. Finally, we examine the effects of residual sample matrix present during analysis of Cu isotope ratios and we demonstrate that residual matrix can lead to significantly elevated 65Cu/63Cu if corrected for mass bias using 66Zn/64Zn, 67Zn/64Zn, or 68Zn/64Zn. Critically, 65Cu/63Cu values corrected for mass bias using 68Zn/66Zn and SSB appear to remain largely unaffected by the presence of residual sample matrix.


Experimental
Sample preparation
The hydrochloric acid and nitric acid used in this study were reagent grade acids distilled in sub-boiling Savillex© Teflon stills. Hydrofluoric acid used for sample dissolution was Ultrapure grade (UpA, Romil, Waterbeach, UK). The hydrochloric acid and nitric acid were titrated using 1.0 mol/L certified grade NaOH (Fisher Scientific) and were diluted with 18.2 MΩ⋅cm H2O to the required molarities.
Approximately 50 mg of rock RM powders were weighed in Savillex© PFA screw top beakers and dissolved in 0.35 ml 28 mol/L HF + 0.15 ml 15.3 mol/L HNO3 on a hot-plate at 150°C overnight. They were then dried again and taken up in 6 mol/L HCl. This step was repeated at least once to ensure complete dissolution was achieved which was verified by visual inspection. The solutions were then dried and the residual solids re-dissolved in 1 ml 8 mol/L HCl.

Column chromatographic separation
[bookmark: ZOTERO_BREF_WOTGt0uXXQXz][bookmark: __UnoMark__17917_1456212012][bookmark: ZOTERO_BREF_Es640NBKOYnv][bookmark: __UnoMark__17918_1456212012][bookmark: ZOTERO_BREF_2IO153N6WxVd]Cu and Zn are usually chromatographically separated from geological matrices using anion exchange resins, either macro-porous resin (AG-MP-1) or regular bead resin (AG1-X8) (e.g. Archer & Vance, 2004; Borrok et al. 2007; Chapman et al. 2006; Maréchal et al. 1999; Sossi et al. 2015). While differing in detail, the procedures used in various studies all involve the loading of samples in medium to high molarity (6-10 M) HCl followed by the subsequent elution of Cu in similar strength HCl, then elution of Fe in lower molarity (e.g. 0.5-2 M) HCl and finally elution of Zn either in a very low molarity (e.g. 0.1 M) HCl on macro-porous resin or 3 mol/L HNO3 on regular bead resin. In these procedures, Cu elution profiles are wide and require substantial volumes of medium to high molarity HCl which may constitute substantial contributions to total analytical blanks. The use of high aspect ratio columns (Sossi et al. 2015) can reduce the required volumes of acids. Nevertheless, the fraction of anionic Cu species and thus affinity for anion exchange resins increases with the HCl concentration (Borrok et al. 2007; Brugger et al. 2001). Copper elution in high molarity HCl is therefore associated with wide elution peaks even in high aspect ratio columns (Fig. 2a).
Most major elements in geological samples form cationic species in HCl and do not partition into anion exchange resins. Notable exceptions are Fe and Ti which often occur in wt.% quantities in silicate rocks and can interfere in the Cu-Zn mass region as oxides or cause non-spectral interferences. Chapman et al. (2006) showed that the elution profile of Cu on anion exchange resin is affected by variability in sample matrix because matrix elements (such as Fe and Ti) occupy exchange sites on the resins that are then no longer available for Cu exchange. An increase in the amount of sample matrix loaded or the ratio of matrix to Cu may therefore result in the premature elution of Cu. The elution steps should therefore ideally be adjusted to the sample mass and sample matrix which is usually impractical.
[bookmark: __UnoMark__18038_1456212012][bookmark: __UnoMark__17919_1456212012][bookmark: ZOTERO_BREF_lTCBdpbnCnLf][bookmark: __UnoMark__18268_1456212012][bookmark: __UnoMark__17920_1456212012][bookmark: __UnoMark__18040_1456212012][bookmark: ZOTERO_BREF_9NgLXF2QQ4Px][bookmark: __UnoMark__18275_1456212012]Most elution protocols involve conservative, large Cu collection stages to account for the wide elution profile of Cu in high molarity HCl on anion exchange resins and potential matrix-induced shifts of the Cu elution. A disadvantage of such procedures is the potentially incomplete separation of Cu from matrix elements. Column separation procedures are therefore usually repeated to ensure sufficient purification of the Cu fraction (e.g. Little et al. 2014; Savage et al. 2015; Vance et al. 2016) and in some cases three column passes are performed (Little et al. 2019). Archer and Vance (2004) noticed that residual matrix in their Cu and Zn fractions mostly consisted of Fe and Ti which are eluted on both sides of the Cu peaks. Rather than repeating an anion exchange column, these authors employed a TRU resin (TrisKem International, formerly Eichrom) to purify their Cu and Zn fractions because in high molarity HCl both Fe and Ti strongly partition into TRU resin whereas Cu and Zn are not retained.
[bookmark: __UnoMark__17921_1456212012][bookmark: __UnoMark__18042_1456212012][bookmark: ZOTERO_BREF_BlyZ2obkHplP][bookmark: __UnoMark__18282_1456212012]As in previous published protocols, our column procedure employs an anion exchange resin (AG1-X8) to separate Cu and Zn. In addition, we use TRU resin to remove Fe and Ti from sample matrices. However, rather than using the TRU resin for purification of the Cu and Zn fractions after the separation via anion exchange resins (Archer & Vance, 2004), we load the entire sample onto the TRU resin before separating Cu and Zn on anionic resin (Fig. 1). This procedure has several advantages over previously published methods. First, the TRU resin removes the most abundant matrix elements that form anions and thus minimises matrix effects on the anion exchange resin. In addition, as Fe is quantitatively removed, Cu can be eluted in a low molarity HCl in which no anionic Cu species are present, thus creating very sharp Cu elution profiles (Fig. 2b). This also minimises the volume of acids required compared to previous methods. Finally, when acid molarities and relative resin volumes are adjusted correctly, the TRU and anion exchange columns can be stacked up and the entire procedure can be done without the necessity of drying down samples in between (Fig. 1, Table 1).
Initial testing of the procedure revealed large amounts of organic material in the eluted fractions which were attributed to extractants derived from the TRU resin. Pre-filter resin (TrisKem international), designed to remove organic impurities from solutions, is therefore used in a second column (column #2) to remove organic extractants co-eluted from the TRU resin (Fig. 1). The Prefilter resin otherwise does not interact with the elution scheme other than by addition of resin volume. The resin volume in column #2 is kept small in order to facilitate fast transfer of solutions between columns #1 and #3, thus minimising the widening of elution profiles. The pre-filter resin (column #2) is used only in small quantities and discarded after each use. The TRU and AG1-X8 resins are used up to five times after which separation of matrix elements from Cu becomes incomplete (see discussion below).

Column procedure
Cu and Zn are separated and purified using a triple-stack column set-up of TRU-Spec resin (50-100 um, TrisKem International), Pre-filter resin (TrisKem international), and anion exchange resin AG1-X8 (200-400 mesh, Bio-Rad) (Table 1). The full elution procedure is presented in Table 2. Resins are washed separately before the columns were stacked up and conditioned with 8 mol/L HCl. After loading of the sample in 8 mol/L HCl the columns are washed with additional 6 ml of 8 mol/L HCl to ensure complete elution of Cu and Zn from columns #1 and #2. Columns #1 and #2 are then removed and Cu and Zn are eluted and collected from column #3.
The Cu and Zn fractions are then dried, taken up in 0.4 ml 7.5 mol/L HNO3 + 15 % H2O2 and left on a hot plate over night at 150°C to decompose organic molecules derived from the resins. This step is repeated at least once to ensure the complete removal of organic material. Organic molecules tend to create sticky surfaces on Teflon material. Their presence and the potential necessity for further treatment can be evaluated by visual inspection. The use of pre-filter resin in column #2 reduces the amount of 7.5 mol/L HNO3 + 15 % H2O2 required to fully remove organic molecules.
The solutions were then dried, taken up in 0.1 mol/L HNO3 for analysis by MC-ICP-MS, and checked for their Cu and Zn concentrations and potential residual impurities not removed by the column chromatography that could create interferences on Cu and Zn masses. Impurities were monitored on masses 62, 64, 66, 67, and 68 in the Cu fractions and on masses 62, 63, and 65 in the Zn fractions. The solutions were then diluted and the Cu fractions were doped with Zn while the Zn fractions were doped with Cu. For all solutions the objective was to match concentrations to within ±10% in all solutions and generate Cu/Zn ratios of ~2 which results in similar signal intensities for 65Cu and 66Zn. The doped solutions were stirred thoroughly using a pipette tip and left for several hours to homogenise before analyses.

Mass spectrometry
[bookmark: __UnoMark__18044_1456212012][bookmark: __UnoMark__17922_1456212012][bookmark: ZOTERO_BREF_kNBOxsoTkJyv][bookmark: __UnoMark__18289_1456212012]Copper and Zn isotope ratios were measured at the University of Cambridge on two different Thermo Neptune Plus MC-ICP-MS instruments at low mass resolution in static mode, using Ni “H” skimmer and sampler cones. Solutions were introduced into the mass spectrometer in 0.1 mol/L HNO3 via a “wet plasma” stable introduction system (SIS, a double pass quartz glass spray chamber) coupled to a PFA microconcentric nebulizer (ESA Scientific) with an uptake rate of ~ 60 μl/min. The wet plasma sample introduction provides a high mass bias stability but has lower sensitivity than dry plasma introduction chosen by some authors (see e.g. Archer et al. 2017). Measurements were usually performed with concentrations of 200 ng/g Cu and 400 ng/g Zn. The dopants (element solutions for external normalisation, so Zn in the case of Cu isotope measurements) do not have to be of a known isotopic composition as long as the same dopant is used for all solutions. Solutions of unknown isotopic compositions are bracketed by doped  reference solutions with the same Cu/Zn ratios.
[bookmark: __UnoMark__448_2640248906][bookmark: ZOTERO_BREF_MKcPUISKvLMn][bookmark: __UnoMark__18308_1456212012]Copper and Zn differ in their relative mass fractionation coefficients when analysed by plasma source mass spectrometry (Maréchal et al. 1999) such that
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[bookmark: __UnoMark__18048_1456212012][bookmark: __UnoMark__17924_1456212012][bookmark: ZOTERO_BREF_4bMkk3vvzmXq][bookmark: __UnoMark__18314_1456212012]where rCu, rZn and RCu, Rzn are the corrected and measured Cu and Zn isotope ratios, respectively (Russell et al. 1978).
[bookmark: ZOTERO_BREF_3YDhOxTjIKtu][bookmark: __UnoMark__18333_1456212012]The fractionation coefficients should be inter-calibrated if Cu and Zn dopants are used for mass bias corrections. The inter-calibration can be performed via plots of ln( 65Cu/63Cu) vs. ln(xZn/64Zn) with x = 66, 67, or 68 depending on the Zn isotope ratio used (Maréchal et al. 1999). The slope S is in these plots is:

	.
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[bookmark: ZOTERO_BREF_y8me2FYOemJj][bookmark: __UnoMark__18351_1456212012][bookmark: __DdeLink__278_2127276662]Sufficient variation in instrumental mass fractionation within an analytical session is required to determine S (Archer & Vance, 2004; Maréchal et al. 1999; Woodhead, 2002). We cross-calibrated f(Cu) and f(Zn) by analysing a mixed Cu-Zn solution several times at the start of an analytical session. In order to generate variation in instrumental mass bias the sample gas flow rate was varied between each analyses while measuring the same solution. Typically, variation in sample gas flow rate of ~3 % was sufficient to determine S with high precision (R2 ≥ 0.9988).
[bookmark: __UnoMark__18054_1456212012][bookmark: __UnoMark__17927_1456212012][bookmark: ZOTERO_BREF_GGyXOG4JaGa7][bookmark: __UnoMark__18357_1456212012][bookmark: __UnoMark__17928_1456212012][bookmark: __UnoMark__18056_1456212012][bookmark: ZOTERO_BREF_yvNfHhVCRGb6][bookmark: __UnoMark__18364_1456212012]Sample and RM analyses are bracketed with reference solutions that were doped with similar amounts of Cu and Zn, respectively, to correct for instrumental mass fractionation (Longerich et al. 1987). The NIST SRM 976 Cu isotope reference material (iRM) is used for Cu isotope analyses. For Zn isotope analyses the AA ETH Zn iRM is used; this has been cross-calibrated to the JMC Lyon Zn iRM that has become nearly exhausted and unavailable. The weighted δ66/64Zn value of the AA ETH is 0.28 ± 0.02 ‰ relative to JMC-Lyon (Archer et al. 2017).
[bookmark: __UnoMark__18058_1456212012][bookmark: __UnoMark__17929_1456212012][bookmark: ZOTERO_BREF_viHGyiqGJTEz][bookmark: __UnoMark__18371_1456212012]On-peak baseline, or blank, measurements were performed on a pure carrier solution (0.1 mol/L HNO3) before each measurement. Measurements consisted of 50 cycles of 4.2 seconds integrations. Each cycle was first corrected for on-peak blanks and then for Ni interferences on mass 64 (Zn). For this purpose, Ni was measured on mass 62 and since the Ni correction was always insignificant, the mass fractionation factor of Cu was applied to the 64Ni/62Ni ratio. An exponential mass bias correction (Russell et al. 1978) was then performed for each measurement interval using the mass fractionation factor measured on the doped element in the same interval. For Cu isotope analyses, any combination of two isotopes of Zn can be used for the mass bias correction. We performed mass bias corrections using the 66Zn/64Zn, 67Zn/64Zn, 68Zn/64Zn, and 68Zn/66Zn ratios. The same corrections were made for the doped bracketing solutions. Results for each measurement were then normalised to the average of the two bracketing solutions and reported in delta notation relative to NIST SRM 976 (Cu) and JMC Lyon (Zn). Measurement repeatability is reported as twice the experimental standard deviation (2s) based on at least three individual measurements of the same solution.


Results and discussion
Chromatographic separation of Cu and Zn
The elution profile for our column procedure is shown in Fig. 2. The TRU column at the top of the triple stack (#1) quantitatively removes Fe and Ti present in high quantities (typically >6 and 1 wt.%, respectively) in geological samples such as silicate rocks. In addition, actinides and other elements present as ions with high charge/ion radius ratios such as Zr, Nb, Mo, and Sn are removed from the solution at this stage.
Matrix elements present as cations in 8 mol/L HCl exemplified in Fig. 2 by Mg are not retained on the TRU resin or the AG1-X8 resin (Fig. 2b). This includes Ba which can interfere in the Cu and Zn mass range as double charged ion. Rare earth elements weakly partition into TRU resin in 8 mol/L HCl and can also be almost quantitatively separated from Cu and Zn in column #1 (Fig. 2c).
Elution with 5 ml 8M HCl after the loading of samples is sufficient to quantitatively wash Cu through column #1. However, the elution of Zn from TRU resin is slightly delayed compared to Cu  and the elution with 8 mol/L HCl should be increased to 6 ml to ensure quantitative collection of Zn if the intent is to analyse both elements for their stable isotope composition (Fig. 2b). Columns #1 and #2 are then removed and Cu and Zn are eluted from column #3. Copper is eluted immediately after switching to 0.5 mol/L HCl without any significant tailing. Zinc is not eluted in the first 1 ml after switching to 3 mol/L HNO3 but is then eluted with a similarly sharp peak (Fig. 2b).
Figure 2 shows a comparison between our new column procedure and a calibration we performed following the previously published method using AG1-X8 resin by Sossi et al. (2015) who used high aspect ratio columns to minimise elution volumes. Despite using similar aspect ratio columns to Sossi et al. (2015), the Cu elution peak in our calibration following their methods is significantly wider than reported in Sossi et al. (2015), requiring ~10 ml of 6 mol/L HCl to ensure complete collection of Cu. By comparison, with our new procedure using the same columns for the AG1-X8 resin, >99 % of Cu is eluted in 1 ml 0.5 mol/L HCl. The total acid volume required for our procedure is thus ~ 50 % of that using the method of Sossi et al. (2015). The high aspect ratio columns have flow rates of ~2 ml/hour and are the rate-limiting factors in our column procedure. The reduced elution volumes therefore substantially reduce the total amount of time required for the column procedure. In addition, the lower volumes of acids required for the elution minimise analytical blanks associated with the column ion exchange. Our total procedural blanks were >400 pg for Cu and >500 pg for Zn.
[bookmark: ZOTERO_BREF_DVRswHp2ULXQ][bookmark: __UnoMark__17930_1456212012][bookmark: __UnoMark__18060_1456212012][bookmark: __UnoMark__18378_1456212012][bookmark: __UnoMark__17931_1456212012][bookmark: __UnoMark__18062_1456212012][bookmark: ZOTERO_BREF_MOcw0sOsIsbK][bookmark: __UnoMark__18385_1456212012]Incomplete separation of Co from Cu has been found for previous Cu separation methods (e.g. Borrok et al. 2007; Li et al. 2009; Sossi et al. 2015). Cobalt is also eluted together with Cu in our column procedure. However, tests involving the addition of variable amounts of Co to Cu found no significant effects on the measured Cu isotope ratios even at high Co/Cu ratios of up to 10 (Borrok et al. 2007; Li et al. 2009). Cobalt therefore does not appear to cause significant matrix effects during the analysis of Cu. Unlike other Cu and Zn separation methods based on anion exchange resins, our procedure removes Fe by the TRU-resin in our first column step and not in the anion exchange. Further purification of Fe and other elements that partition into TRU resin in high molarity HCl such as U, Th, and Mo, could potentially be included in the column procedure as a second stage so these elements can also be analysed for their respective isotopic compositions if required.

Inter-calibration of Cu and Zn fractionation coefficients 
[bookmark: __UnoMark__18064_1456212012][bookmark: ZOTERO_BREF_DuwdA6tjILzm][bookmark: __UnoMark__17932_1456212012][bookmark: __UnoMark__18392_1456212012][bookmark: ZOTERO_BREF_3ZZImicD2fsY][bookmark: __UnoMark__17933_1456212012][bookmark: __UnoMark__18066_1456212012][bookmark: __UnoMark__18399_1456212012]Several studies used Ni external normalisation to correct for instrumental mass bias during Cu isotope analyses rather than Zn (Asael et al. 2007; e.g. Ehrlich et al. 2004; Larner et al. 2011; Li et al. 2009; Markl et al. 2006). Nickel has the advantage of having a similar ionisation potential to Cu which appears to be a main factor controlling instrumental mass bias. The instrumental mass fractionation of Ni and Cu is therefore similar, as shown by plots of ln(60Ni/62Ni) vs. ln(63Cu/65Cu) with slopes of ~1 (Markl et al. 2006). In contrast, Zn has a higher first ionisation potential than Cu (9.39 eV vs. 7.73 eV) and therefore differs in instrumental mass bias. Nickel external normalisation may thus be the preferred choice if only Cu isotopes are of interest. However, Ni is not practical as a dopant for Zn as it creates an interference on mass 64. If both Cu and Zn are analysed then external normalisation with Zn and Cu, respectively, is more suitable and has the additional advantage that the same analytical setup can be used for both elements.
[bookmark: ZOTERO_BREF_SYNPsMRwmc8b][bookmark: __UnoMark__18418_1456212012][bookmark: __UnoMark__17935_1456212012][bookmark: __UnoMark__18070_1456212012][bookmark: ZOTERO_BREF_Q8jhtBIZH4cZ][bookmark: __UnoMark__18424_1456212012][bookmark: __UnoMark__17936_1456212012][bookmark: __UnoMark__18072_1456212012][bookmark: ZOTERO_BREF_kEck1Zakj7cY][bookmark: __UnoMark__18431_1456212012][bookmark: ZOTERO_BREF_chrCEBNc4BjH][bookmark: __UnoMark__18450_1456212012][bookmark: ZOTERO_BREF_HM9aYRgmbUWq][bookmark: __UnoMark__18468_1456212012]The difference in mass fractionation between Cu and Zn is evident from non-unity slopes in ln(66Zn/64Zn) vs. ln( 65Cu/63Cu) plots which can be used to inter-calibrate the fractionation coefficients (Maréchal et al. 1999) (eq. 4). However, instrumental drift alone might not generate enough range in mass bias to measure these slopes with sufficient precision, due to the stability of modern plasma source mass spectrometers. A number of approaches have been taken to increase mass bias drift; these include mixing various amounts of sample matrix (Woodhead, 2002) and adding specific  elements such as Sr (Archer & Vance, 2004) into doped bracketing solutions to enhance variations in mass bias. Here we use an alternative approach to create instrumental mass bias variation, where we change  instrumental parameters rather than sample matrices. For this purpose, we measure mixed Cu-Zn solutions at variable sample gas flow rates. Variation in sample gas flow rate changes the plasma sampling depth and thus has a similar effect to changing the distance between the sampler and the end of the torch (i.e. the z position of the stage on the Neptune MC-ICP-MS) (Andrén et al. 2004). Plasma sampling depth has a significant effect on instrumental mass bias. For Re isotopes, mass bias has been shown to vary approximately linearly with sample gas flow rate around the point of maximum transmission efficiency (i.e. the fraction of Cu transmitted through the ICP-MS interface and detected in the Faraday cups relative to the amount of Cu introduced into the spray chamber as solution) (Andrén et al. 2004). Our data for Cu and Zn isotopes measured in the beginning of analytical sequences show similar trends (Fig. 3). We find that a variation in sample gas of ~ 3 % is sufficient to constrain the slope S (eq. 4) in ln( 65Cu/63Cu) vs. ln(66Zn/64Zn), used to inter-calibrate the Cu and Zn fractionation coefficients, to better than R2 = 0.9988 (Fig. 3c). Slopes are generally stable between analytical sessions with S = 0.74 – 0.82 with the exception of one outlier (S = 0.60) (Fig. 4).
[bookmark: __UnoMark__17939_1456212012][bookmark: __UnoMark__18078_1456212012][bookmark: ZOTERO_BREF_enAppVJfw4rV][bookmark: __UnoMark__18474_1456212012]In Fig. 4 the mass bias generated by varying the sample gas flow rate is compared to instrumental drift throughout analytical sessions. While generally similar, S determined via instrumental drift is less well defined, has a larger range and tends to be slightly higher (S = 0.74 – 0.99). In some cases (e.g. Fig. 4g) the slope becomes steeper with time throughout the sequence. This could be related to a change in mass bias caused by introduction of sample matrix. The largest difference in S determined by the two methods (Fig. 4e) corresponds to a difference in fCu/fZn of 0.60 vs. 0.86. This difference changes the Cu isotope results determined during that sequence by up to 0.013 ‰ which is small compared to the measurement repeatability (Table 3) but which would cause results obtained in different mass spectrometry sessions to differ systematically. Thus, determination of S by changing the sample gas flow rate is useful for short sequences and/or when instrumental mass bias drift is small (e.g. Fig. 4a, b, n, o) but might in some cases cause small, systematic offsets and should therefore ideally be confirmed by monitoring of instrumental drift. Similar effects might be present when other instrumental conditions are changed to enhance mass bias variation such as the analyses of samples with variable matrices (Archer & Vance, 2004; Woodhead, 2002). The assumption of similar fractionation factors for Cu and Zn would also cause small but systematic offsets in δ65Cu of approximately 0.01 ‰ for RMs analysed in this study.

Isotope ratio determination by MC-ICP-MS: Analyses and repeatability
Copper and Zn isotope ratios determined for RMs are reported in Table 3. Copper isotope ratios corrected for instrumental mass bias using different Zn isotopes and via SSB agree within analytical precision (Table 3, Fig. 5). Corrections based on 67Zn/64Zn and SSB (based on the same data but without employing the information from the added Zn) are generally associated with lower analytical precision than ratios corrected for instrumental mass bias based on 66Zn/64Zn, 68Zn/64Zn, and 68Zn/66Zn (with the latter not being an independent ratio but offering insight into potential interferences on the Cu and Zn masses; see discussion below). The low repeatability of 67Zn/64Zn measurements are likely related to the low relative abundance of 67Zn and the inability of SSB to account for matrix effects and short-term drift in mass bias. Due to the high precision associated with corrections based on 66Zn/64Zn and the lowest mass difference between 66Zn and 64Zn, and the Cu masses, we generally refer to the Cu isotope ratios determined via this correction, unless stated otherwise.
The various Zn isotope ratios corrected for instrumental mass bias using 65Cu/63Cu are generally in good agreement (Table 3, Fig. 5). Zinc isotope ratios corrected for instrumental mass bias using SSB alone generally have larger uncertainties. Within analytical repeatability, they usually agree with those corrected for mass bias via the doped Cu but have a tendency to be slightly isotopically lighter. All samples were checked for interferences on the Cu masses before addition of the Cu dopant and potential interferences were found to be insignificant. Lighter Zn isotope ratios determined via SSB therefore likely indicate minor matrix effects rather than the presence of isobaric interferences. As for Cu, we refer to the Zn isotope ratios based on measured 66Zn/64Zn and corrected for instrumental mass bias via Cu external normalisation, unless stated otherwise.
[bookmark: __UnoMark__18080_1456212012][bookmark: ZOTERO_BREF_Vp4gW4XSk2DT][bookmark: __UnoMark__17940_1456212012][bookmark: __UnoMark__18481_1456212012][bookmark: __UnoMark__18082_1456212012][bookmark: __UnoMark__17941_1456212012][bookmark: ZOTERO_BREF_2mvxbYXbskWx][bookmark: __UnoMark__18488_1456212012][bookmark: __UnoMark__18084_1456212012][bookmark: __UnoMark__17942_1456212012][bookmark: ZOTERO_BREF_GtmT3g7yvS6b][bookmark: __UnoMark__18495_1456212012][bookmark: __UnoMark__17943_1456212012][bookmark: __UnoMark__18086_1456212012][bookmark: ZOTERO_BREF_XwdnhuPwLvd3][bookmark: __UnoMark__18502_1456212012]Our data are largely in agreement with previously published data for the same RMs (see e.g. the GeoRem database, Jochum et al. 2005; compilation in Moynier et al. 2017). However, previously reported data for RMs often vary significantly. Such variation might indicate analytical problems but could also be related to isotopic heterogeneity within the RMs. Many RMs have been suggested to be heterogeneously contaminated with Pb (e.g. Todd et al. 2015) and similar contamination was suggested for RMs sourced from the USGS in Mo stable isotope ratios (Willbold et al. 2016). Copper and Zn in these RMs might therefore be similarly affected. As such, it is worth noting that while our Cu isotope data for BCR-2 agree well with previously published data (δ65Cu = 0.17 ± 0.04 vs. 0.17 ± 0.05 compiled by Moynier et al. 2017), we also measured a single outlier with substantially isotopically lighter Cu (δ65Cu = 0.03 ± 0.01, Table 3). Similarly, light Cu isotope ratios were also reported for BCR-2 by Sossi et al. (2015) ( δ65Cu = 0.08 ± 0.05, n =2), potentially indicating a contaminant with isotopically light Cu in BCR-2. Alternatively, this might indicate incomplete homogenisation of sulfides within the powder which likely have low 65Cu/63Cu (Savage et al. 2015; Williams & Archer, 2011).

Matrix effects on Cu isotope ratios
A single pass through our column procedure is usually sufficient to purify Cu and Zn for analysis by MC-ICP-MS. All of the RMs reported in Table 3 have been analysed after a single pass through our column setup. However, for samples with low Cu mass fractions that require samples to be split over several columns, and when the resins have been used more than five times, residual matrix may be observed in the Cu split. This is evident in signals on mass 64 before the addition of the Zn dopant. At low (mass 64)/(mass 63) ratios (below ~1 ‰) the matrix detected on mass 64 has 66/64, 67/64, and 68/64 signal intensity ratios consistent with a minor Zn blank contribution. At higher (mass 64)/(mass 63) ratios the mass 64 signal is usually too high compared to those detected at masses 66, 67, and 68 to be consistent with Zn.
Figure 6 shows the effect of the residual matrix on Cu isotope ratios corrected via different Zn isotopes and SSB. It is evident that the 66Zn/64Zn, 67Zn/64Zn, and 68Zn/64Zn corrections are affected by residual sample matrix in decreasing order while the 68Zn/66Zn correction and SSB generally agree with measurements of the same samples without significant matrix contributions.
[bookmark: ZOTERO_BREF_2FGpvVY2WRc0][bookmark: __UnoMark__17944_1456212012][bookmark: __UnoMark__18088_1456212012][bookmark: __UnoMark__18509_1456212012][bookmark: __UnoMark__17945_1456212012][bookmark: __UnoMark__18090_1456212012][bookmark: ZOTERO_BREF_skQlMVtwkUkx][bookmark: __UnoMark__18516_1456212012]The agreement of all correction methods for samples with low (mass 64)/(mass 63) ratios (Fig. 6) suggests that the signals detected at mass 64 are in these cases indeed caused by minor Zn blanks.  Due to their low abundance and similar isotopic compositions to the Zn dopant these have negligible effect on calculated Cu isotope ratios. Agreement between all correction methods is unlikely in the presence of isobaric interferences and it can therefore be concluded that these measurements are otherwise interference-free. At higher (mass 64)/(mass 63) ratios the matrix contribution is consistent with a preferential mass 64 interference which causes significant offsets in Cu isotope ratios corrected for mass bias using ratios involving 64Zn. A potential molecule causing the interference on mass 64 is 48Ti16O+ which has a dominant mass 64 and often occurs in wt.% quantities in geological samples. Similar isotopic effects have also been shown for Ti interferences for samples measured on the Nu Plasma (Petit et al. 2013). A smaller interference of 50Ti16O+ should also be present on mass 66. However, this appears largely negligible and might be counter-balanced by non-spectral matrix effects (Petit et al. 2013). While the 68Zn/66Zn and SSB corrections appear largely unaffected by this interference, an additional pass through the columns can be done to remove residual matrix and improve analytical precision (Fig. 6 c,d).
Our data suggest that prolonged use of the TRU-resin eventually leads to insufficient removal of Ti. Measurements with horizontal patterns in Fig. 6 are inferred to be interference-free because agreement between all different correction methods (based on 66Zn/64Zn, 67Zn/64Zn, 68Zn/64Zn, and SSB, Fig. 6) is unlikely in the presence of isobaric interferences. Interferences caused by residual sample matrix are specific to the separation method and different purification methods may therefore cause different patterns in plots such as those shown in Fig. 6. Sample standard bracketing alone cannot detect the presence of such interferences. External normalisation is therefore advantageous even if SSB achieves similar measurement uncertainties (Fig. 5).


Conclusions
Our new column procedure to separate Cu and Zn from geological samples is significantly faster than previously reported methods and requires lower volumes of acids, thus reducing procedural blanks associated with the ion exchange chromatography. The separation of Cu and Zn from ~50 mg sample test-portions requires a total acid volume of 11 ml which is approx. 50 % the volume reported previously for anion exchange columns with similar aspect ratios to our column #3. In most cases, it does not require additional passes for further purification of Cu and Zn and it is not susceptible to shifts in elution peaks caused by compositionally variable sample matices.
[bookmark: __DdeLink__4213_2342098442]Our procedure for the analyses of Cu and Zn isotope ratios by MC-ICP-MS involves doping with Zn and Cu pure element solutions, respectively. An inter-calibration of fractionation coefficients fCu and fZn is performed in the beginning of each analytical sequence by measuring mixed Cu-Zn solutions at variable sample gas flow rates which are used to enhance instrumental mass bias variation. In most cases, results of the thus determined fCu/fZn are comparable to those established by instrumental mass bias drift throughout analytical sequences. The generation of enhanced variation in instrumental mass bias via changes in instrumental parameters is therefore ideal for short sequences where instrumental mass bias drift might be insufficient to establish fCu/fZn. However, small offsets are sometimes observed between the two methods with slightly higher fCu/fZn determined via variation in samples gas flow rates. These are usually small compared to the total analytical uncertainties but might create systematic offsets.
Residual sample matrix can be present in the Cu fractions in a few cases such as when samples with very low Cu concentrations are analysed or when resins have deteriorated. This matrix creates interferences on mass 64 and manifests in elevated δ65Cu when Cu isotope ratios are corrected via 66Zn/64Zn, 67Zn/64Zn, and 68Zn/64Zn while corrections made using 68Zn/66Zn and SSB are largely unaffected. In these cases, an additional pass through the columns removes the residual matrix and increases analytical precision.
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Figure captions
Figure 1: Triple stacked column setup for separation of Cu and Zn. See Table 1 for details of columns and resins used.

Figure 2: Column calibrations for separation of Cu and Zn. a) calibration using anionic resin (AG1-X8 200-400 mesh) in high aspect ratio (0.4 x 7 cm) columns similar to those reported by Sossi et al. (2015). b) calibration for the triple stack procedure used in this study. c) elution of elements from TRU resin in 8 mol/L HCl (column #1, Table 1). The same scales are used on all x-axes. Magnesium is shown here representative of matrix elements that do not form anions in 8 mol/L HCl. 

Figure 3: Inter-calibration of fractionation coefficients for Cu and Zn by measurements of mixed Cu-Zn solutions with 200 ng/g Cu and 400 ng/g Zn at variable sample gas flow rates. Measurements were performed on two different Neptune Plus MC-ICP-MS over the course of 8.5 months (Neptune 1, sample gas flow rate < 1.04 L/min) and 2.5 weeks (Neptune 2, sample gas flow rate > 1.04 L/min), respectively a) 65Cu/63Cu (uncorrected) vs. sample gas flow rate. b) Cu transmission efficiency vs. sample gas flow rate. c) ln(66Zn/64Zn) vs. ln(65Cu/63Cu) (uncorrected).

Figure 4: Comparison of inter-calibration of fractionation coefficients for Cu and Zn by analysis of mixed Cu-Zn solutions at variable sample gas flow rates in the beginning of analytical sequences (blue diamonds) and instrumental drift measured on bracketing solutions throughout the analytical sequences (red squares). Each panel represents a single sequence. Sequences were usually measured on separate days with individual tune setups.

Figure 5: Copper and Zn isotope results for RMs. Copper isotope compositions were corrected for instrumental mass bias using different Zn isotopes or SSB. Zinc isotope compositions were corrected for instrumental mass bias using the 65Cu/63Cu ratio. The 67Zn/64Zn, 68Zn/64Zn, and 68Zn/66Zn ratios were then converted to δ66Zn/64Zn assuming mass-dependent fractionation. Range bars represent 2s of multiple individual analyses or instrumental repeatability of single analyses (Cu: BIR-1a; Zn: AGV-2, BIR-1a, BCR-2, Table 3).

Figure 6: Analyses of natural samples (serpentinites, [Cu] = 4.5 – 13.9 μg/g) showing effects of incomplete matrix separation on Cu isotope ratios. Numbers next to the curves indicate the ratios of the signals detected on mass 64 divided by the signal detected on mass 63 (i.e. the apparent 64Zn/63Cu ratio) corrected for instrumental blanks, before the addition of Zn dopants. Curves shown in blue show results for samples that were processed by a single pass through the columns where the resin had been used more than five times. In a) and b), curves shown in red represent new dissolutions of the same samples which were processed through the columns after replacing the resin. In c) and d) the red curves show results for samples where the same Cu fractions (blue curves) were processed through the columns one additional time after replacing the resin.

	Table 1: Columns and resins used for Cu and Zn separation.
	

	Column type
	resin volume
	resin
	resin supplier
	

	#1: Bio-Rad Poly-Prep® Chromatography Columns
	2 ml
	TRU Resin, 50-100 um 
	TrisKem international

	#2: Bio-Rad Micro Bio-Spin™ Chromatography Columns
	0.15 ml
	Prefilter resin, 50-100 um
	TrisKem international

	#3: shrinkfit columns, 0.4 x 7 cm
	0.88 ml
	AG1-X8 (200–400 mesh)
	Bio-Rad
	
	




	Table 2: Column elution scheme for separation of Cu and Zn.

	
	column
	solution
	volume

	wash resins
	#1
	0.5 mol/L HCl
	10 ml

	
	
	0.005 mol/L HCl - 1 mol/L HF
	10 ml

	
	
	0.5 mol/L HCl
	10 ml

	
	#1 + #2
	0.5 mol/L HCl
	5 ml

	
	#3
	3 mol/L HNO3
	5 ml

	
	
	H2O
	2 ml

	
	
	8 mol/L HCl 
	1 ml

	
	
	0.5 mol/L HCl
	5 ml

	condition
	#1 + #2 + #3
	8 mol/L HCl 
	5 ml

	load
	#1 + #2 + #3
	8 mol/L HCl 
	1 ml

	wash
	#1 + #2 + #3
	8 mol/L HCl 
	6 ml

	collect Cu
	#3
	0.5 mol/L HCl
	2 ml

	collect Zn
	#3
	3 mol/L HNO3
	3 ml





	Table 3: Cu and Zn isotope results for rock RMs. 2s = 2σ standard deviation, n = number of individual analyses (with separate dissolutions and column passes). Standard deviations are based on n analyses of the powders. Where n =1, the reported 2s refers to the measurement precision of the single analysis.

	
	δ65Cu
	
	δ65Cu
	
	δ65Cu
	
	δ65Cu
	
	δ65Cu
	
	

	correction
	66Zn/64Zn
	2s
	67Zn/64Zn
	2s
	68Zn/64Zn
	2s
	68Zn/66Zn
	2s
	SSB
	2s
	n

	JB-2
	0.11
	0.03
	0.10
	0.06
	0.10
	0.03
	0.10
	0.03
	0.11
	0.06
	5

	BHVO-2
	0.08
	0.04
	0.07
	0.05
	0.07
	0.05
	0.06
	0.05
	0.07
	0.08
	6

	AGV-2
	0.01
	0.02
	−0.02
	0.12
	−0.01
	0.05
	−0.03
	0.10
	−0.01
	0.03
	4

	BCR-2
	0.17
	0.04
	0.11
	0.14
	0.16
	0.06
	0.14
	0.07
	0.15
	0.08
	3

	BCR-2 outlier
	0.03
	0.01
	0.00
	0.06
	0.02
	0.01
	0.01
	0.00
	0.04
	0.02
	1

	BIR-1a
	0.01
	0.02
	0.01
	0.05
	0.00
	0.02
	0.00
	0.01
	−0.02
	0.03
	1

	
	
	
	
	
	
	
	
	
	
	
	

	
	δ66/64Zn
	
	δ66/64Zn
	
	δ66/64Zn
	
	δ66/64Zn
	
	δ66/64Zn
	
	

	ratio used
	66Zn/64Zn
	2s
	67Zn/64Zn
	2s
	68Zn/64Zn
	2s
	68Zn/66Zn
	2s
	SSB
	2s
	n

	JB-2
	0.25
	0.04
	0.26
	0.04
	0.26
	0.04
	0.26
	0.03
	0.23
	0.08
	3

	BHVO-2
	0.34
	0.01
	0.35
	0.02
	0.35
	0.01
	0.35
	0.02
	0.32
	0.06
	3

	AGV-2
	0.31
	0.02
	0.33
	0.03
	0.31
	0.03
	0.31
	0.04
	0.23
	0.07
	1

	BIR-1a
	0.28
	0.01
	0.27
	0.02
	0.29
	0.04
	0.29
	0.08
	0.22
	0.03
	1

	BCR-2
	0.30
	0.02
	0.31
	0.04
	0.31
	0.02
	0.32
	0.03
	0.28
	0.07
	1



