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CONTACT METAMORPHISM IN ORDINARY CHONDRITE IMPACT BRECCIAS: 
IMPLICATIONS FOR THE IMPACT HEATING OF CHONDRITE PARENT BODIES. 

Alan E. Rubin, Institute of Geophysics and Planetary Physics, University of California, 
Los Angeles, CA 90024, USA. 

A key problem in meteorite research is the identification of the heat source 
responsible for the metamorphism of chondrites. Although there are several arguments 
against impacts being the primary mechanism responsible for heating meteorite parent 
bodies [I ] ,  there are numerous examples of chondrites containing impact-melted materials. 
These range from small melt pockets in some ordinary chondrites (OC) to OC impact-melt 
breccias that contain no relict chondritic material. In order to determine the relationship 
between chondritic clasts and adjacent impact melt, I examined thin sections of seven OC 
impact-melt breccias. The melted regions of Rose City and Chico contain 20-300 ym 
polycrystalline olivine aggregates composed of -20-pm faceted olivine crystals with 120" 
triple junctions, indicative of a high degree of textural equilibrium. These aggregates formed 
from mosaicized olivine grains by contact metamorphism with the surrounding impact melt. 
A total of 11 OC are impact melt-breccias that contain significant amounts of both impact 
melt and relict chondritic material; nine are type 6; two are type 5. This distribution of 
petrologic types differs from that of observed falls at the 75% confidence level, suggesting 
that the chondritic portions of these breccias were metamorphosed by impact heating. 
These impact events probably heated a larger fraction of OC to subsolidus temperatures. 

The olivine aggregates with the 120" triple junctions constitute -5 vol.% of the melt in 
some sections of Rose City and Chico; many of the aggregates have resorbed margins 
indicating that they were entrained in the melt long enough to be partially digested. In most 
aggregates the individual olivine grains have undulose extinction, but lack planar fractures 
and have not been darkened by finely dispersed opaques. Besides olivine aggregates, the 
Rose City melt contains a few 100-200-ym-size olivine grains that exhibit extensive 
darkening and strong mosaic extinction indicative of shock stage S5. It seems likely that 
the olivine aggregates with the 120" triple junctions formed from the mosaicized olivine 
grains by contact metamorphism with the surrounding 1500 K melt. Although it is difficult to 
discern the precise degree of metamorphic recrystallization in highly shocked OC, it 
appears that contact metamorphism may also have affected the portions of Rose City that 
border the melt. These regions contain few discernable chondrules and appear to be type 6, 
suggesting an equilibration temperature of -1 120 K [2]. At a distance of >1 cm from the 
melt, the chondritic structure is more pronounced, suggesting type 5 (-1 000 K). 

Eleven OC breccias have been reported to contain substantial amounts of both 
solidifed melt and relict chondritic material; these include H5 Rose City [3], L6 Shaw [4], L6 
Paranaiba [5], H6 Yanzhuang [6], L6 Belle Plaine [7], L6 Chico [8], LL6 Y790964 [9-1 I ] ,  LL6 
Y790143 [9], L5 Cat Mountain [12], L6 Orvinio [13] and L6 Taiban (this study). (Although 
Taiban is listed as L5 [ I  41, 1 reclassified it as L6.) There are two type-5 OC (1 8%) and nine 
type-6 OC (82%) among these melt breccias. In contrast, the distribution of petrologic 
types among 609 well characterized OC falls is 26 type 3 (4%), 78 type 4 (13%), 185 type 5 
(30%) and 320 type 6 (53%) [ I  41. A goodness-of-fit test shows that x2=4.1 6 with 3 
degrees of freedom, indicating that the distribution of petrologic types among the melt 
breccias differs from that of observed falls at the 75% confidence level. It thus is probably 
not a coincidence that the relict chondritic material in these OC impact-melt breccias is so 
metamorphosed; it seems likely that the material was heated by shock processes, either by 
contact metamorphism with the adjacent melt or by residual impact heat. 
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I estimate that approximately 3000 independent OC have been reported worldwide to 
date. The total number of OC impact-melt breccias reported includes the 11 listed above as 
well as rocks that have been so extensively melted that little or no chondritic material 
remains; among the latter samples are "L7" Ramsdorf [15], "LL7" '1'741 60 [ I  61, "L7" 
LEW88663 [ I  7,181 and "L7" PAT91 501 [ I  81. This survey is undoubtedly incomplete 
because of the many poorly characterized OC. I estimate that the total number of OC 
impact melt-breccias is twice that listed above, implying that impact melt-breccias constitute 
-1 % of OC. Although some of these breccias (e.g., Chico) have relatively young 3 9 ~ r - 4 0 ~ r  
ages [8], others (e.g., Shaw) formed by impacts 4.4-4.5 Ga ago [ I  91. This is consistent with 
the 3 9 ~ r - 4 0 ~ r  data of heavily shocked OC which show that about 50% formed 24.4 Ga ago 
[20]. 1 therefore assume that 0.5% of OC are impact breccias that formed 4.4-4.5 Ga ago. 

Geothermometric calculations indicate that the melt portions of the OC impact melt- 
breccias reached temperatures of -1500 K [e.g., 181. It is probable that during these impact 
events some larger fraction of OC reached subsolidus temperatures that were sufficient to 
cause significant metamorphism. The specific heat of an average L chondrite is about 0.18 
cal g-'; assuming that the initial temperature of the OC parent body was 250 K and that the 
OC melting temperature was 1500 K, I find that the amount of heat required to bring an L 
chondrite to the melting temperature is 225 cal g-l; the heat of fusion requires an additional 
-75 cal g-' to actually cause melting. Thus, early-solar-system impact events provided 300 
cal g*' to 0.5% of the OC. In order to model the percentage of OC affected by diminishing 
impact heat, I took the inverse approach and assumed that these early impact events were 
responsible for metamorphosing all of the type 4-6 OC; I also assumed that all OC received 
at least 25 cal g-' from these impact events. Given the distribution of type 4-6 OC among 
observed falls [ I  41, a thermal model can be derived. The model indicates that 7% of the 
OC reached temperatures of 21 500 K (although most did not receive the additional input of 
heat necessary to actually cause melting), 21 % reached 21300 K (where metallic Fe-Ni and 
troilite should be molten), 53% reached 21 120 K (equivalent to petrologic type 6), 83% 
reached 21 000 K (equivalent to type25), and 96% reached 2920 K (equivalent to type24). 
The major prediction of this model is that 21% of OC were heated sufficiently 4.4-4,5 Ga 
ago to mobilize substantial amounts of metallic Fe-Ni and troilite. Such OC would be "black 
chondrites" exhibiting extensive silicate darkening. Britt [21] found that 14% of OC falls are 
black chondrites; if regolith breccias are included, this increases to 17%. Given the 
uncertainties, these values are in good agreement with that predicted by the model. Thus, 
impact events seem to be a viable mechanism for metamorphosing ordinary chondrites. 
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