Zn and Cu isotopic variations in chondrites and iron meteorites: Early solar nebula reservoirs and parent-body processes
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Abstract
High-precision Zn isotopic variations are reported for carbonaceous chondrites (CC), equilibrated (EOC) and unequilibrated (UOC) ordinary chondrites, iron meteorites from the IAB-IIICD (nonmagmatic) and IIIA (magmatic) groups, and metal from the Brenham pallasite. For irons, δ65Cu values are also reported. Data have also been obtained on a coarse-grained type-B calcium-, aluminum-rich refractory inclusion (CAI) from Allende and on acid leaches of Allende (CV3), Krymka (LL3), and Charsonville (H6). Variations expressed as δ66Zn (deviation in parts per thousand of 66Zn/64Zn in samples relative to a standard) spread over a range of 0.3‰ for carbonaceous chondrites, 2‰ for ordinary chondrites, and 4‰ for irons.
The measured 66Zn/64Zn, 67Zn/64Zn, and 68Zn/64Zn ratios vary linearly with mass difference and define a common isotope fractionation line with terrestrial samples, which demonstrates that Zn was derived from an initially single homogeneous reservoir. The δ66Zn values are correlated with meteorite compositions and slightly decrease in the order CI, CM, CV-CO, and to UOC. The isotopically light Zn of Allende CAI and the acid-resistant residues of Allende and Krymka show that the light component is associated with refractory material, presumably minerals from the spinel-group. This, together with the reverse correlation between relative abundances of light Zn isotopes and volatile element abundances, suggests that Zn depletion in planetary bodies with respect to CI cannot be ascribed to devolatilization of CI-like material. These observations rather suggest that refractory material reacted with a gas phase enriched in the lighter Zn isotopes. Alternatively, chondrules with their associated rims should carry a light Zn isotopic signature. The δ66Zn values of unequilibrated chondrites are rather uniform, whereas equilibrated chondrites show distinctly more isotopic variability.
The values of δ65Cu-δ66Zn in irons define two trends. The moderate and positively correlated Cu and Zn isotope variations in IIIA and pallasite samples probably reflect crystallization of silicate, sulfide, and solid metal from the liquid metal. The range of δ66Zn values of the IAB-IIICD group is large (>3‰) and contrasts with the moderate fractionation of Cu isotopes. We interpret this feature and the negative δ66Zn-δ65Cu correlation as reflecting mixing, possibly achieved by percolation, between metals from a regolith devolatilized at low temperature (enriched in heavy zinc) and metallic liquids formed within the parent body.
Introduction
Despite variable degrees of aqueous alteration, carbonaceous chondrites (CC) are generally regarded as being the most primitive objects in the solar system. They contain assemblages of high-temperature minerals (e.g., as found in calcium-, aluminum-rich inclusions [CAIs]) coexisting with variable amounts of volatile species, notably hydrous minerals. Although more than one source of oxygen is required by the δ18O vs. δ17O relationships in planetary and meteoritic material (Clayton, 1993), there is still some debate about whether the different reservoirs involved interacted by mixing, sequential settling in the solar nebula, or by metamorphic alteration. Zhu et al 2001, Wiesli et al 2003, and Kehm et al. (2003) concluded that the solar system formed out of a single, isotopically homogeneous Fe reservoir, whereas Luck et al 2003, Luck et al 2003 interpreted the correlation of Cu isotope compositions with 16O-excess in these objects as possibly requiring the existence of multiple reservoirs. The present work extends these previous studies to the Zn isotopic compositions of a number of major classes of meteorites.
Among processes of planetary formation that fractionate isotopes, volatilization, mineral–silicate melt or mineral–liquid metal segregation, and metamorphism are the most important and all lead to mass-dependent isotopic variability. Element volatility is most conveniently appreciated from the values of the 50% condensation temperatures (Wasson 1974, Palme et al 1988, Cassen 1996, Lodders 2003). Zinc (723 K) is far more volatile than both Fe (1328 K) and Cu (1033 K). Zinc is both chalcophile and lithophile. The average patterns of depletion in volatile trace elements in carbonaceous (CC) and ordinary (OC) chondrites and on Earth seem to be related to their volatility, e.g., from Co to Cd (Lingner et al., 1987). The observed fractionation of volatile elements in the early solar nebula may be inherited from the interstellar medium (Jones 2000, Yin 2004). Alternatively, it may result from incomplete condensation (Jochum and Palme 1993, Palme 2002), during the heating of chondrules (Alexander et al., 2001), from volatilization during accretion or during metamorphism or from shock. Core formation and magmatic processes are known to have taken place on the parent bodies of many meteorite families, but there seems to be no loss of volatiles from the Moon or the Howardite-Eucrite-Diogenite (HED) parent-body during magmatism (Jochum and Palme 1990, Humayun and Clayton 1993). Chondrite chemical and mineralogical properties indicate that these bodies also went through both shock (impact) and thermal (metamorphic) processes. Isotopic evidence points out that all chondrites also experienced some low-temperature alteration (Clayton et al 1991, Young et al 1999, Grossman et al 2000), but whether these processes took place under closed or open-system conditions is another unresolved issue.
The purpose of this paper is to describe the Zn isotopic variability in meteorites. We will interpret the results with respect to a primordial inventory of this element in the solar nebula and then assess the relevance of this inventory to the various processes affecting the earliest nebular condensates.
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Samples and analytical procedure
Most samples were obtained as small mm- to cm-sized chunks, and all of them are free of fusion crust. The petrologic type used below follows the classification of Grady (2001).
Orgueil and Ivuna (CI), Murchison and Cold Bokkeveld (CM2), Lancé and Ornans (CO3), and Allende, Efremovka, and Vigarano (CV3) represent the four main groups of carbonaceous chondrites and, together with ordinary chondrites, give a reasonable estimate of the compositional (major and trace elements) and isotopic (oxygen)
Results
A minimum amount of 50–100 mg of sample is necessary to achieve reproducible replicate analyses (Jarosewich, 1990; and this study). Most of our Zn concentration data agree with published values within ∼10% (Table 1, Table 2, Table 4). Tests were conducted to examine the potential effects of heterogeneous distribution of Cr-spinels in sample fractions, particularly for EOCs and some CVs, for which these minerals are known to be enriched in Zn (Kornacki and Wood 1985, Johnson and Prinz 1991, 
Chondrites
Because Zn is an element sensitive to contamination and weathering, we will focus on the fall samples. There is no correlation between the date of fall and δ66Zn values. In particular the CIs and CMs, which are particularly friable and fine-grained materials, are highly sensitive to terrestrial weathering. They nevertheless exhibit the same Zn isotopic composition within each group (Table 1) despite their 130-yr difference in time of fall. Moreover, the δ66Zn value of the recently recovered
Conclusions
Zinc isotopic compositions have been measured in whole rock carbonaceous and ordinary chondrites (both EOC and UOC). A high precision (±0.05‰) is obtained with the help of multiple-collector ICPMS and Cu-normalized mass fractionation correction.
Meteoritic and terrestrial samples plot on the same mass-dependent fractionation line which implies that Zn from the inner Solar System formed from a single isotopically homogeneous reservoir. The δ66Zn values decrease in the order CI-CM-CV-CO-UOC and,
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