Isotopic compositions of oxygen, iron, chromium, and nickel in cosmic spherules: Toward a better comprehension of atmospheric entry heating effects
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Abstract
Large, correlated, mass-dependent enrichments in the heavier isotopes of O, Cr, Fe, and Ni are observed in type-I (metal/metal oxide) cosmic spherules collected from the deep sea. Limited intraparticle variability of oxygen isotope abundances, typically <5‰ in δ18O, indicates good mixing of the melts and supports the application of the Rayleigh equation for the calculation of fractional evaporative losses during atmospheric entry. Fractional losses for oxygen evaporation from wüstite, assuming a starting isotopic composition equal to that of air (δ18O = 23.5‰; δ17O = 11.8‰), are in the range 55%–77%, and are systematically smaller than evaporative losses calculated for Fe (69%–85%), Cr (81%–95%), and especially Ni (45%–99%). However, as δ18O values increase, fractional losses for oxygen approach those of Fe, Cr, and Ni indicating a shift in the evaporating species from metallic to oxidized forms as the spherules are progressively oxidized during entry heating. The observed unequal fractional losses of O and Fe can be reconciled by allowing for a kinetic isotope mass-dependent fractionation of atmospheric oxygen during the oxidation process and/or that some metallic Fe may have undergone Rayleigh evaporation before oxidation began.
In situ measurements of oxygen isotopic abundances were also performed in 14 type-S (silicate) cosmic spherules, 13 from the Antarctic ice and one from the deep sea. Additional bulk Fe and Cr isotopic abundances were determined for two type-S deep-sea spherules. The isotopic fractionation of Cr isotopes suggest appreciable evaporative loss of Cr, perhaps as a sulfide. The oxygen isotopic compositions for the type-S spherules range from δ18O = −2‰ to + 27‰. The intraspherule isotopic variations are typically small, ∼5% relative, except for the less-heated porphyritic spherules which have preserved large isotopic heterogeneities in at least one case. A plot of δ17O vs. δ18O values for these spherules defines a broad parallelogram bounded at higher values of δ17O by the terrestrial fractionation line, and at lower values of δ17O by a line parallel to it and anchored near the isotopic composition of δ18O = −2.5‰ and δ17O = −5‰. Lack of independent evidence for substantial evaporative losses suggests that much of this variation reflects the starting isotopic composition of the precursor materials, which likely resembled CO, CM, or CI chondrites. However, the enrichments in heavy isotopes indicate that some mixing with atmospheric oxygen was probably involved during atmospheric entry for some of the spherules. Isotopic fractionation due to evaporation of incoming grain is not required to explain most of the oxygen isotopic data for type-S spherules. However spherules with barred olivine textures that are thought to have experienced a more intense heating than the porphyritic ones might have undergone some distillation. Two cosmic spherules, one classified as a radial pyroxene type and the other showing a glassy texture, show unfractionated oxygen isotopic abundances. They are probably chondrule fragments that survived atmospheric entry unmelted.
Possible reasons type-I spherules show larger degrees of isotopic fractionation than type-S spherules include: a) the short duration of the heating pulse associated with the high volatile content of the type-S spherule precursors compared to type-I spherules; b) higher evaporation temperatures for at least a refractory portion of the silicates compared to that of iron metal or oxide; c) lower duration of heating of type-S spherules compared to type-I spherules as a consequence of their lower densities.
Introduction
Micrometeorites in the size range from 50 μm to 500 μm constitute the dominant source of extraterrestrial material currently accreted by the Earth (Love and Brownlee, 1993). These particles represent mineralogically, chemically, and isotopically primitive materials (e.g., Brownlee 1985, Engrand and Maurette 1998) that have undergone varying degrees of terrestrial alteration, first during atmospheric entry and then during residence in such diverse environments as sea water and Antarctic ice (e.g., Kurat et al 1994, Duprat et al 2005).
Rapid atmospheric heating melts many of the incoming particles either partially or completely, thereby producing the cosmic spherules (CS). In this work we examine the effects of this heating on: (1) the isotopic composition of oxygen in both iron-rich (type-I) cosmic spherules and silicate-rich or stony (type-S) cosmic spherules; and (2) the isotopic composition of Cr, Fe, and Ni in type-I CS, and the isotopic composition of Cr in two type-S CS. The changes in isotopic composition are of interest in several contexts. First, because the spherules are flash-heated in the presence of a low pressure gas, isotopic analyses of cosmic spherules may furnish insights into the mechanisms of elemental exchange between chondrule precursors and nebular gas. Second, if the effects of heating are better understood, isotopic analyses may allow the identification of cosmic spherules that formed from chondrules and thereby constrain the abundance of chondrules in the particle flux to Earth. At present that abundance is thought to be very low, <1% (e.g., Engrand and Maurette, 1998) but is poorly constrained (Genge 2004, Genge et al 2005). Third, isotopic analyses may permit estimates of mass loss from cosmic spherules through evaporation and thus aid in refining estimates of the mass distribution of the particle flux to Earth.
Evidence for interesting isotopic behavior of oxygen in iron-rich (type-I) cosmic spherules came from the work of Clayton et al. (1986) who reported large positive values of δ17O and δ18O in groups of size-sorted particles. Davis et al. (1991) and Davis and Brownlee (1993) subsequently observed large, mass-dependent enrichments in the heavier isotopes of iron, attributing both them and the previously reported enrichments in oxygen isotopes to evaporation during atmospheric entry. Later studies showed that the isotopes of Ni and Cr were also fractionated and lent support to the idea of evaporative loss (e.g., Herzog et al., 1999, and references therein). Even so, the lack of oxygen isotopic analyses of individual type-I cosmic spherules has hampered the estimation of relative elemental evaporation rates and hence has made it more difficult to reconstruct thermal histories. In this work, we seek to fill the gap by analyzing O, Cr, Fe, and Ni isotopic abundances in several type-I cosmic spherules.
In general, the stony or type-S cosmic spherules are thought to preserve the isotopic abundances of the precursor materials more faithfully than do the iron-rich cosmic spherules (Brownlee et al., 1997). Appreciable mass-dependent isotopic fractionation of Fe, Si, and Mg occurs in a few stony cosmic spherules, however, and to an extent that correlates with independent textural and compositional evidence for heating (Alexander et al 2002, Taylor et al 2002). Results for oxygen are fragmentary. Clayton et al. (1986) suggested that the oxygen in melted stony cosmic spherules might be related to the oxygen in bulk C3 chondrites and in the anhydrous components of C2 chondrites. It was not clear from that work how much atmospheric heating might have altered the isotopic abundances of the stony cosmic spherule precursor materials. Engrand et al. (1999) analyzed the oxygen isotopic composition of relict olivine and of relict pyroxene grains in Antarctic micrometeorites (AMMs) that did not melt during atmospheric entry. As did Clayton et al., Engrand and colleagues noted affinity but not identity between the AMMs and carbonaceous chondrites. Their results for these unmelted particles tend to disperse over a wider range than those for any one group of bulk carbonaceous chondrites and to approach the terrestrial fractionation line more closely. Left unsettled by these studies were the respective fractions of the differences owed to variations in the starting composition on the one hand and to the effects of atmospheric heating on the other. By determining the oxygen isotopic compositions of individual stony cosmic spherules and comparing them to the earlier results for unmelted particles, we seek a clearer picture of the effects of heating and melting.
Section snippets
Samples and methods
Twenty-seven spherules were selected: 11 type-I cosmic spherules (CS) and 3 type-S spherules recovered from deep-sea sediments (DSCS; see Brownlee, 1985), and 13 type-S spherules collected at Cap Prudhomme in 1994 in Antarctica (ACS; see Maurette et al., 1994). The DSCS have sizes >400 μm; the ACS are from the 100–400 μm size fraction. All samples except two type-S deep-sea spherules (S12 and S13) were mounted in epoxy and polished, and their textures and bulk chemical compositions
Sizes, Textures, and Elemental Compositions
The mean diameters of the type-I particles were measured using transmitted light. They range from ∼400 μm to ∼575 μm (Table 1). These diameters are slightly larger than those measured in reflected light, showing that the section was not polished beyond the midsection of the spherules. The textures and chemical compositions of the type-I spherules are comparable to those that Brownlee (1985) described for particles of this type. In particular, they consist of magnetite (Fe3O4) intergrown with
Discussion of type-I spherules
The nature of the extraterrestrial precursors of the type-I spherules is uncertain. Herzog et al. (1999) argued for small metal particles; Brownlee et al. (1997) suggested that the reduction of carbonaceous chondrite material produced metal droplets. Raisbeck et al. (1982) and Yiou et al. (1985) suggested a metal-bearing parent body for the type-I spherules, using arguments based on the unexpected presence in type-I spherules of the cosmogenic radionuclide 10Be. Iron meteorites contain about
Sizes, Textures, and Chemical Compositions
Table 6 summarizes the sizes, textures, and chemical compositions of all stony spherules except S12 and S13. The apparent diameters of thirteen Antarctic S-type spherules range from ∼100 μm to ∼200 μm; the deep-sea particle is larger, with a diameter of ∼400 μm. Three spherules are of the barred olivine type (BO; e.g., Fig. 11a), one consists of radial pyroxene (RP; Fig. 11b), and one looks like a glass spherule (Gl; Fig. 11c). The remaining nine stony spherules are porphyritic olivine (PO;
Comparison with Other Oxygen Isotope Data
Clayton et al. (1986) analyzed four pooled samples of stony cosmic spherules from the deep-sea (KK1) collection; the samples contained from 42 to 315 particles each. The average values of δ18O and δ17O relative to SMOW for the four sets were (24 ± 1)‰ and (10 ± 1)‰, respectively. Each of these four measurements was effectively weighted by the cube of the average particle radius, which varied in the four splits. Even so, intersample variations of the oxygen isotopic abundances of the pooled
Conclusions
We have measured the O, Cr, Fe, Ni isotopes in eleven type-I (iron) deep-sea spherules, the oxygen isotopic composition of 13 type-S (stony) Antarctic and one stony deep-sea spherule, and the Fe and Cr isotopic composition of two other type-S deep-sea spherules. Type-I spherules show large enrichments of the heavier isotopes of O, Cr, Fe, Ni, by anywhere from a few ‰/amu to 50 ‰/amu. The isotopic fractionation and isotopic homogeneity of the type-I spherules are consistent with a Rayleigh
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