Early core formation in asteroids and late accretion of chondrite parent bodies: Evidence from 182Hf-182W in CAIs, metal-rich chondrites, and iron meteorites
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Abstract
The 182Hf-182W isotopic systematics of Ca-Al-rich inclusions (CAIs), metal-rich chondrites, and iron meteorites were investigated to constrain the relative timing of accretion of their parent asteroids. A regression of the Hf-W data for two bulk CAIs, various fragments of a single CAI, and carbonaceous chondrites constrains the 182Hf/180Hf and εW at the time of CAI formation to (1.07 ± 0.10) × 10−4 and −3.47 ± 0.20, respectively. All magmatic iron meteorites examined here have initial εW values that are similar to or slightly lower than the initial value of CAIs. These low εW values may in part reflect 182W-burnout caused by the prolonged cosmic ray exposure of iron meteorites, but this effect is estimated to be less than ∼0.3 ε units for an exposure age of 600 Ma. The W isotope data, after correction for cosmic ray induced effects, indicate that core formation in the parent asteroids of the magmatic iron meteorites occurred less than ∼1.5 Myr after formation of CAIs. The nonmagmatic IAB-IIICD irons and the metal-rich CB chondrites have more radiogenic W isotope compositions, indicating formation several Myr after the oldest metal cores had segregated in some asteroids.
Chondrule formation ∼2–5 Myr after CAIs, as constrained by published Pb-Pb and Al-Mg ages, postdates core formation in planetesimals, and indicates that chondrites do not represent the precursor material from which asteroids accreted and then differentiated. Chondrites instead derive from asteroids that accreted late, either farther from the Sun than the parent bodies of magmatic iron meteorites or by reaccretion of debris produced during collisional disruption of older asteroids. Alternatively, chondrites may represent material from the outermost layers of differentiated asteroids. The early thermal and chemical evolution of asteroids appears to be controlled by the decay of 26Al, which was sufficiently abundant (initial 26Al/27Al >1.4 × 10−5) to rapidly melt early-formed planetesimals but could not raise the temperatures in the late-formed chondrite parent asteroids high enough to cause differentiation. The preservation of the primitive appearance of chondrites thus at least partially reflects their late formation rather than their early and primitive origin.
Introduction
Chondrites are generally considered to represent the oldest and most primitive rocks of the solar system. They contain Ca-Al-rich inclusions (CAIs), which probably condensed at high temperatures from a gas of approximately solar composition (Grossman, 1972) and constitute the oldest yet dated material formed in the solar system (U-Pb age = 4567.2 ± 0.6 Ma; Amelin et al., 2002). Chondrites represent the chemically least processed material of the solar system because their nonvolatile chemical composition is broadly similar to that of the solar photosphere (Palme and Jones, 2003). In contrast, differentiated meteorites derive from asteroids that underwent large-scale chemical fractionation, most notably metal-silicate separation (i.e., core formation). The magmatic iron meteorites are presumed to sample the metallic cores from such differentiated planetesimals (Scott and Wasson, 1975). In the standard model for asteroid accretion and differentiation, chondrites represent the precursor material from which asteroids accreted and then differentiated. If this succession of events is correct, then the accretion of chondrite parent bodies should predate core formation in asteroids. However, a chronological link between these two events has yet not been established.
The major components of chondrites are chondrules, millimeter- to submillimeter-sized ferromagnesian silicate spherules of igneous origin. Age differences between CAIs and chondrules based on the U-Pb and 26Al-26Mg chronometers show that chondrules formed after CAIs and that their formation persisted for at least 2–3 Myr (Kita et al 2000, Amelin et al 2002, Bizzarro et al 2004, Kunihiro et al 2004), and may have even lasted as long as 4–5 Myr (Russell et al 1996, Huss et al 2001). If, as generally assumed, chondrules predate the accretion of chondrite parent bodies, then these age constraints indicate that accretion of chondrite parent asteroids lasted for at least 2–3 Myr.
The timing of core formation in asteroids has been constrained with the short-lived 182Hf-182W chronometer (Harper et al 1991, Lee and Halliday 1996, Horan et al 1998). The refractory elements Hf and W are expected to occur in chondritic proportions in undifferentiated solar system materials, but fractionation of Hf from W takes place during metal-silicate separation, because Hf is lithophile and W is siderophile. Thus, the 182Hf-182W system is well-suited to dating the segregation of liquid Fe-Ni metal from silicates (i.e., core formation) in planetesimals (Harper et al 1991, Lee and Halliday 1996, Horan et al 1998). Relative ages of iron meteorites based on the short-lived 182Hf-182W chronometer show that core formation in their parent bodies occurred within ∼5 Myr of each other (Horan et al., 1998), but these ages are not linked to the age of CAIs and, hence, the accretion time of chondrite parent bodies. To obtain a comprehensive chronology for asteroid accretion and differentiation in the early solar system we applied the 182Hf-182W chronometer to CAIs, iron meteorites, and metal-rich chondrites.
Section snippets
Samples and analytical methods
Two CAIs from the Allende carbonaceous chondrite were selected for study. Mineralogical and textural observations indicate that A37 is a coarse-grained, type B CAI (Bischoff and Palme, 1987). This inclusion was obtained as a powder that was prepared in an agate mill. Sample All-MS-1 is a large, coarse-grained type B CAI consisting mainly of pyroxene, melilite, plagioclase, and accessory metal. After cleaning with W-free abrasives and in an ultra-sonic bath, sample All-MS-1 was crushed in an
Results
The Hf-W results for CAIs A37 and All-MS-1 are given in Table 1 and shown in Figure 1. The εW value of CAI A37 is slightly lower than, though not resolvable from that of carbonaceous chondrites, consistent with its slightly subchondritic Hf/W ratio. Yin et al. (2002) reported a significantly higher Hf/W ratio and more radiogenic εW values for another Allende CAI (A44a), indicating that Hf/W ratios are variable among CAIs, consistent with previous results (Palme et al., 1994). The magnetic,
Discussion
For two objects A and B that formed from a reservoir having chondritic ratios of refractory elements, differences in their time of Hf-W fractionation can be determined by comparing their initial W isotope compositions to the present day εW of chondrites using the relationship. 
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in which C denotes chondrites and λ is the decay constant of (0.078 ± 0.002) Myr−1 (Vockenhuber et al., 2004). Hafnium-tungsten age differences between two objects A and B can also be
Conclusions
The most remarkable finding of this study is that core formation in the parent asteroids of magmatic iron meteorites predates the formation of chondrules and, hence, the accretion of the parent bodies of chondrule-bearing chondrites (i.e., all chondrites except CI). This result is inconsistent with the standard model for asteroid accretion, in which chondrites represent the precursor material from which asteroids accreted and then differentiated. The early thermal and chemical evolution of
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