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ABSTRACT
We present minor and trace element (REE, Sr, Y, and Zr) data for pyroxenes and mesostases in four porphyritic chondrules from the Semarkona ordinary chondrite. Apparent
partition coefficients for clinoenstatite, orthoenstatite, pigeonite, and augite are compared
with experimental and petrologic data from the literature, and the effects on apparent
partition coefficients of the rapid cooling rates at which chondrules crystallized are evaluated. For most elements, the effects of cooling at rates of hundreds of degrees per hour
cannot be distinguished from variations in equilibrium data resulting from differences in
temperature or composition. However, for LREE apparent partition coefficients are significantly higher than comparable equilibrium data, and the ratio of HREE/LREE partition
coefficients is lower, particularly for Ca-poor pyroxene. We attribute this flattening of REE
patterns to the effect of rapid cooling. Apparent partition coefficients of all REE and Y in
augite are higher than equilibrium data, particularly in one chondrule with a high Al2O3
content. We suggest that this may be attributed to an increase in the uptake of trivalent
trace element cations in the pyroxene crystal structure as a result of charge-balanced substitutions with Al31 cations.

INTRODUCTION
Chondrules are millimeter-sized silicate spherules that
are ubiquitous in chondritic meteorites. They are thought
to have formed in the solar nebula at 4.6 Ga when freefloating dust balls entrained in the nebular gas were flash
heated and melted, then cooled rapidly (Grossman 1988).
The chondrule mineral assemblage is dominated by olivine and pyroxene, and textures range from fine-grained,
cryptocrystalline to coarse-grained, porphyritic varieties.
The extent of mass loss from chondrules by evaporation
at temperatures close to peak temperatures has been a
subject of considerable recent discussion (Alexander
1996; Sears et al. 1996). However, many porphyritic
chondrules may be considered to have behaved essentially as closed igneous systems during most of the crystallization interval (Jones 1996). This provides an opportunity to examine partitioning behavior during fractional
crystallization, with few ambiguities about the extent of
the closed system. Although moderately volatile elements
such as Na may have undergone subsolidus redistribution,
either in the nebula or on the parent body (Matsunami et
al. 1993; Grossman 1996), most minor and trace elements
of geologic interest would not have been affected by such
processes. In this paper, we present minor and trace element analyses of pyroxene and mesostasis in four porphyritic, pyroxene- and olivine-bearing chondrules from
the Semarkona LL ordinary chondrite. These data allow
us to examine the effect of rapid cooling on minor and
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trace element partitioning behavior, as well as the effect
of melt composition that varies between individual chondrules. Semarkona is one of the least equilibrated ordinary chondrites (petrologic type 3.0), in which chondrules
are essentially unaffected by any secondary processing
such as thermal metamorphism or aqueous alteration.
Few other trace element data are available for individual
chondrule phases: the most comprehensive study is that
of Alexander (1994), who presented trace element data
for olivine, pyroxene, and glass from chondrules in three
ordinary chondrites, Semarkona (LL3.0), Bishunpur
(LL3.2), and Chainpur (LL3.4). Our data may be compared with data from systems of comparable composition
that are available from petrological and experimental
studies.

ANALYTICAL

TECHNIQUES

The chondrules studied were selected from a polished
thin section of Semarkona, UNM 620. Electron microprobe analyses were carried out for major and minor elements, and ion microprobe analyses were performed for
trace elements including rare earth elements (REE), Sr,
Y, and Zr.
Major and minor element analyses of minerals and mesostasis, and backscattered electron (BSE) imaging, were
carried out on a JEOL 733 Superprobe, operating at 15
kV and 20 nA. Silicate minerals such as olivine, pyroxene, and feldspar were used as standards, and analyses of
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