
654 LPSC X X  

HOMOGENIZATION O F  CHONDRULE SILICATES IN ORDINARY CHONDRITES: 
CONSTRAINTS ON ASTEROIDAL METAMORPHISM T.J. McCoy, E.R.D. Scott, R.H. Jones, 
and K .  Keil, Institute of Meteoritics, Department of Geology, University of New Mexico, 
Albuquerque, N M  87131 USA. 

Introduction. Studies of olivines and pyroxenes in ordinary chondrites (1)  and 
individual chondrules (2,3) indicate that homogeneous chondrule silicates in type 4-6 ordinary 
chondrites were derived from heterogeneous, type 3-like precursors by metamorphic 
equilibration. However, some authors disagree, preferring nebular metasomatism (4) or 
homogenization during crystallization (5). To further test and constrain the metamorphic 
hypothesis, we are studying type IA and type I1 porphyritic olivine chondrules in LL 3.6-5 
chondrites and comparing them with type IA and type I1 chondrules in Semarkona (LL 3.0) 
(6,7). We report here measurements of zoning of major and minor elements in olivines and 
pyroxenes, analyses of mesostases and bulk chondrule compositions in Parnallee (LL 3.6). 
Compositions of minerals and bulk compositions of type IA and type I1 chondrules in LL 4 
(Hamlet, Sevilla) and LL 5 (Tuxtuac, Olivenza, Krahenberg) chondrites were also studied to 
document the complete sequence. Our study provides strong evidence that chondrules in type 
4-6 chondrites were derived from typ like precursors by me a orphism. Parnallee (LL 3.6) 
would require heating to 400°C for  10'-'-years or 600°C for 1OJqyears. 

Results. Types IA and I1 chondrules (8,9) were selected solely on the basis of their 
petrographic properties. Porphyritic olivine chondrules in Parnallee are nearly texturally 
identical to those in Semarkona (6) at 100 times magnification. Type IA chondrules have 
pyroxene at the chondrule edge, abundant Fe-Ni metal, partly glassy to microcrystalline 
mesostases, small (10-100 pm), euhedral olivines, and calcium rich pyroxene rimming calcium 
poor pyroxene in some cases. Type I1 chondrules have large (30-250 pm), euhedral olivines, 
lack pyroxene phenocrysts, and have partly glassy to mostly microcrystalline mesostases 
containing dendritic, quench crystals of augite. Mesostases of chondrules in type 4-5 
chondrites appear coarser grained, but these chondrules are otherwise texturally identical. 
Table 1 lists concentrations of selected elements (in wt. %) for Semarkona (LL 3.0), Parnallee 
(LL 3.6) and Sevilla (LL 4); the number of chondrules studied in each is indicated in 
parentheses. The existence of a sequence, from Semarkona-like to equilibrated Sevilla-like 
chondrules, is demonstrated by all elements. Unlike many other type 3 and 4 chondrites, these 
three chondrites do not appear to be breccias that are composed of materials with diverse 
metamorphic histories. 
Olivine. In the sequence Semarkona through Parnallee to Sevilla, FeO and MnO increase, while 
A1203 and CaO decrease in type IA olivines. Zoning profiles for  FeO in type IA chondrule 
olivines are illustrated in Figure 1. Parnallee profiles are intermediate between those of 
Semarkona and Sevilla. MnO profiles show the same trend, but increase in absolute 
concentration by only a factor of five. Plots for  A1203, Cr203 and CaO differ from Fig. 1 in 
that mean concentrations decrease through the sequence, and there is more scatter in the 
Semarkona and Parnallee profiles. In Parnallee type IA olivines, MnO typically increases a t  
the rim of grains by 0.1 wt %, although increases of up to 0.34 wt % are observed in 
association with steep FeO zoning. CaO decreases from core to rim, with a typical zoning of 
0.13 - 0.04 wt. %. A1203, Cr203  and T i 0 2  are generally at or  below detection limits (0.04 wt. 
O/o for A1203, 0.02 wt. Oh for  Cr203 and Ti02)  in olivine cores, with A1203 and Cr203  
increasing up to 0.5 wt% at the grain edge, where FeO zoning is pronounced. Increases of 
A1203 and Cr203  at some grain edges are consistent with modification of Semarkona-like 
grains, as enrichments of these elements were observed at  some grain edges (6). FeO 
concentrations at  olivine rims are higher near chondrule edges (23.3-27.8 wt.%) than in 
chondrule cores (9.0-22.0 wt.%), but both these values are much higher than Semarkona olivine 
rim concentrations (0.5-3.1 wt.%), indicating that the mesostasis is not an effective barrier to 
diffusion. Type I1 chondrules show increasing mean FeO and decreasing Cr203 and CaO 
through the sequence. 
Pvroxenes. Concentrations of major and minor elements in the cores of pyroxenes in Parnallee 
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type IA chondrules are similar to Semarkona values, but rims show enrichments of FeO and 
depletions of Cr203. FeO shows steep zoning profiles within 8 pm of pyroxene edges, up to 
14.5 wt Oh at pyroxene edges. Cr203 in low-calcium pyroxenes typically shows zoning from 
core to rim of 0.5-0.4 wt. %, with zoning being most notable in the 4 pm closest to the grain 
edge. This suggests that Cr203 diffusion may be comparable with FeO, others being orders of 
magnitude slower. 
Mesostasis and bulk chondrule com~ositions, FeO and MnO increase in the type IA bulk 
chondrules in the sequence Semarkona to Parnallee. FeO increases in type IA chondrules from 
2-3 wt. % in Semarkona to 8- 10 wt. % in Parnallee, while MnO increases from 0.12 to 0.24 wt. 
%. Mesostasis compositions increase in FeO from about 0.7 to 3.5 wt %, but no increase in 
MnO has been detected. 

Discussion. For all compositional data without exception, mean elemental concentrations 
in olivines and pyroxenes, in both type IA and I1 chondrules form a sequence from Semarkona 
through Parnallee to Sevilla. Zoning profiles are entirely consistent with derivation of Sevilla- 
like compositions from Semarkona-like compositions. Evidence that this is a metamorphic 
sequence includes: 1) homogenization of minerals and changes in absolute concentrations 
observed in the olivines and pyroxenes in porphyritic olivine chondrules; 2) regular progression 
of zoning profiles for all elements, from Semarkona-like profiles to Sevilla-like profiles; 3) 
zoning profiles around some cracks in olivine grains in Parnallee are similar to those at the 
edges of grains, providing evidence for diffusion after chondrule formation; 4) the large 
compositional changes in olivine relative to pyroxene in Parnallee are consistent with the much 
higher diffusion rates of olivine; 5) the correlation of detailed chemical analyses with textural 
and mineralogical evidence for metamorphism (10). These features and the nearly identical 
textures of Semarkona and Parnallee chondrules disprove the hypothesis that mineral 
compositions in chondrules are controlled solely by crystallization conditions (4). The physical 
setting of this metamorphism is more difficult to constrain. Diffus' calculations show that h 
changes observed in Parnallee type IA olivines would require loW years at 400°C, or 10 3-2 
years at 600°C. The compositional sequence documented here is consistent with progression 
from a Semarkona-like precursor to Sevilla-like equilibrated chondrites during asteroidal 
metamorphism. We cannot exclude the possibility that some minor changes in the composition 
of chondrule olivines in Parnallee occurred in the solar nebula after crystallization was 
complete, but we see no evidence requiring such a process. 
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Semarkona Parnallee Sevilla 30 
Type I A  (n-15)  I n - 7 )  ( n - 6 )  
Olivine FeO 0.24 - 3.10 1.90 - 27.8 25.4 - 26.1 

MnO 4 . 0 4  - 0.20 4 . 0 4  - 0.50 0.44 - 3.46 
Al 0 4 . 0 3  - 0.41 4 . 0 4  - 0.13 4 . 0 4  

a d  0.12 - 0.67 4 . 0 4  - 0.50 <0.04 
Pyroxene FeO 0.52 - 2.55 0.81 - 14.5 15.5 - 15.8 

Cr,O, 0 . 4 6 -  2.68 0 . 2 2 -  0.73 0.12-  0.18 FA 20 
Type I1 (11=10) ( n - 6 )  (n-4)  
Olivine FeO 9.05 - 30.2 13.8 - 2 7 2  25.7 - 26.1 

Cr 0 0.23 - 0.84 4 . 0 2  - 0.1 1 <0.02 - 0.04 
i;i 

bd 0.05 - 0.41 <O.M - 0.14 4 . 0 4  8 
10 

Table 1 (Above) lists ranges of concentrations of 
selected elements in the major minerals of type IA and I1 - -cJ=L=r=paC+- - - . -+ - -+ - .  

chondrules. n = number of chondmles studied. 
0 d 4 l b  1 2b 25 30 35 

Rim Distance from rim (pM) Figure 1 (Right) illustrates FeO mning in olivinea in 
type IA chondmles of LL 3.0-4 chondrites. 
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