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INTRODUCTION: Petrographic and chemical studies of matrix and fine-grained dark rims 
(FGDRs) around CAIs and Mg-silicate aggregates from the Mokoia CV3 chondrite reveal distinct 
differences in major, minor, and trace element abundances. FGDRs are enriched in Na, Al, and K and 
depleted in Fe and Mn compared to the matrix. The matrix contains more Nb, Sr, Ba, and V but less Ca 
than CI chondrites. Rims surrounding Type-A CAIs are enriched in Hf, Y, Sc, and the REEs relative to 
the matrix. Rims surrounding Mg-silicate aggregates, however, have REE abundances similar to that of 
the matrix. We believe that Mokoia FGDRs are a mixture of high-temperature residues and low- 
temperature material while the matrix consists of relatively low-temperature condensates. 

OBSERVATIONS: A Type-A CAI from Mokoia consists of a core of mainly melilite (-Ak14) and 
perovskite and a six-layer rim with complicated mineralogy and enrichments in Al. It is enclosed by an 
irregular fine-grained dark rim (Fig. 1). This rim is missing at some fractured boundaries of the CAI; it 
smoothes out the external shape of the CAI by filling in the embayed margins and thinning over 
prominences. Its maximum thickness is - 80 pm at the embayments. A FGDR was also found around 
parts of a silicate aggregate composed of end-member forsterite, enstatite, and fayalite. Although 
there are a few coarse grains of sulfides, magnetite, and fayalite, the majority of grains in the rim are 
less than 1 pm in size, much finer than those in the matrix. Broad, unfilled cracks stretch continuously 
from the core of the CAI and the aggregate into the FGDRs, but the cracks abruptly disappear at the 
boundary with the matrix. 

The abundances of 13 major and minor elements, as well as all REEs and 17 other refractory 
lithophile and siderophile elements, were measured in both matrix and FGDRs by broad-beam (10 m) 
electron microprobe analysis (EMPA) and secondary-ion mass spectrometry (SIMS), respectively (see 
Figs. 2-4). The normalized abundance patterns show that: (1) The matrix has an unfractionated REE 
pattern with chondritic abundances but is enriched in the relatively volatile trace elements Nb, V, Sr, 
and Ba and the ultrarefractory element Zr (Nb is 3.2xC1, V 2.2xC1, Ba 1.9xC1, Sr 1.8xC1, and Zr 
2.88xCI). (2) The FGDR around the CAI has a Group-III REE pattern at -1OxC1, with depletions in Eu 
and Yb and slight fractionations among the light and heavy REEs (Fig. 3). The Eu depletion is smaller 
than that of Yb, similar to the patterns exhibited by Allende Group111 CAIs and some hibonites from 
Muchison [I, 21. (3) The FGDR around the aggregate has a complementary REE pattern with slight Eu 
and Yb excesses (Fig. 4). In contrast, enstatite in the aggregate has a REE pattern with ultrarefractory 
features and depletions in Eu, Tm, and Yb. (4) Both types of rims are enriched in refractory (Al, Hf, Zr, 
Y, Sc), less refractory (Nb, Ti, Sr, Ba, V, Eu, Yb), and volatile elements (Na, K) relative to CI, but 
depleted in Fe, Mn, Ni, and Cr relative to the matrix. (5)  Both matrix and FGDRs are depleted in Ca to 
the same degree (Figs. 2, 3, 4) relative to CI. Secondary-electron images taken after the broad-beam 
analysis exhibit beam damage in FGDRs but not in the matrix. 

DISCUSSION: The volatility of REEs is not a smooth function of their ionic size and spans a 
factor of lo7 under conditions expected in the solar nebular [31. Eu and Yb are the two most volatile 
REEs; hence the depletion of Eu and Yb suggests that the camer material of this REE pattern within 
FGDRs around the Mokoia Type-A CAI was isolated from the nebula at high temperatures, following 
either condensation or partial vaporization. The Eu/Yb ratio of this FGDR is -0.90, nearly 2.6 times 
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the chondritic number of 0.35 [4, 51. This indicates that the FGDR around the CAI formed in a 
relatively reducing region, consistent with its Sm depletion. The possible carrier of this REE pattern is 
likely to be a hibonite-like mineral, in agreement with the enrichment of A1 and the depletion of Ca in 
the FGDR. The enrichment of the ultrarefractory elements Y, Sc, and Hf in the rim is also expected in 
residues of partial vaporization, but the lack of a pronounced Ce depletion [61 and enrichments of the 
relatively volatile elements Nb, Ti, K, and Na in the rim argue against a vaporization origin. 
However, the high Nb and Ti can be explained as contributions from perovskite [a, and Na and K were 
certainly mixed in from another source. The abundances of V, Sr, and Ba are almost the same as in the 
matrix. Therefore, we assume that the FGDR around the Mokoia type-A CAI is a mixture of high- 
temperature hibonite-like and perovskite residues and some low-temperature components. On the 
other hand, the FGDR around the forsterite-enstatite aggregate appears to consist mainly of low- 
temperature material that formed from the remaining gas or liquid reservoir after the removal of the 
enstatite with its ultrarefractory pattern. FGDRs in Mokoia have the accretionary features described 
by Metzler et al. [81. The presence of continuous cracks in the CAI and aggregate and their FGDRs, but 
their absence in the adjacent matrix, the absence of FGDRs at the fractured part of the CAI and 
aggregate, and the shape of FGDRs around the CAI, all indicate that rims had formed before CAI and 
aggregate were embedded in the matrix. 
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