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 Type-II porphyritic chondrules commonly contain 
several large (>40 µm) olivine phenocrysts; furnace-based 
cooling rates based on the assumption that these large 
phenocrysts grew in a single-stage melting/cooling event 
yield chondrule cooling-rate estimates of 0.01-1 K s-1.  
Although the classic picture of chondrule formation as a 
single event is appealing from a modeling viewpoint, there 
is increasing evidence that it is incorrect for most porphy-
ritic chondrules, and that cooling rates were >>1 K s-1 
following the last significant melting event.  We therefore 
are reexamining petrographic indicators of chondrule cool-
ing history in the chondrites that best preserve the nebular 
record, i.e, those that experienced only minimal alteration 
on the parent asteroid.  Chondrule textures are exception-
ally well preserved in LL3.0 Semarkona, LL3.1 Krymka 
and in CO3.0 Yamato 81020 (Y81020). 

 In a study of type-II chondrules in Y81020 
Wasson and Rubin (2003) described three kinds of evi-
dence indicating that only minor (4-10 µm) olivine growth 
occurred following the final melting event:  1) Nearly all 
(>90%) type-II chondrules in CO3.0 chondrites contain 
low-FeO relict grains; overgrowths on these relicts are 
narrow, in the range of 2-12 µm.  2) Most type-II chon-
drules contain small (10-20 µm) FeO-rich olivine grains 
with decurved surfaces and acute angles between faces 
indicating that the grains are fragments from an earlier 
generation of chondrules; the limited overgrowth thick-
nesses following the last melting event are too thin to dis-
guise the shard-like nature of these small grains.  3) Most 
type-II chondrules contain many small (<20 µm) euhedral 
or subhedral phenocrysts with central compositions that 
are much more ferroan than the centers of the large 
phenocrysts; their small sizes document the small amount 
of growth that occurred following the final melting event.  
Wasson and Rubin also reported that some large 
phenocrysts contain chains of small (2-4 µm) chromite 
grains about 5-10 µm from the phenocryst border, and 
inferred that these grains mark the border prior to the last 
significant melting event. 

 We have additional data on chondrules in 
Y81020 and Semarkona, and we have reinterpreted obser-
vations of Jones (1990); Fig. 1 is a copy of Jones’ Fig. 4b.  
The striking feature of this chondrule is the large number 
of tiny fragments.  The chondrule precursor initially con-
sisted of crushed olivine.  Many fragments have shard-like 
shapes.  There are at least three forsteritic relict grains (one 

labeled FO), and the large grain A appears to be a fayalitic 
relict. 

 In Fig. 2 we show a portion of a chondrule from 
Krymka. It also consists of several large phenocrysts and 
many tiny, shard-like fragments.  There are several 
forsteritic relicts, one of which has an overgrowth layer 
that is ~5 µm wide.  Some of the small fragments have 
protuberances that appear to reflect overgrowth following 
the last melting event. 

 It thus appears that the same features observed by 
Wasson and Rubin (2003) in CO3.0 Y81020 type-II chon-
drules are visible in type-II chondrules from ordinary 
chondrites; we infer that these are general features of type-
II chondrules independent of the time or place where they 
formed. 

 If overgrowth thicknesses were small (4-10 µm) 
following the final type-II melting events, it follows that 
large fractions of coarse (>40 µm) high-FeO phenocrysts 
commonly used to estimate cooling rates are relicts from 
earlier generations of chondrules, and that cooling rates 
following the last melting event were much more rapid 
than indicated by models based on a single melting event.  
These observations are thus inconsistent with the "classic" 
igneous model of formation of type-II porphyritic chon-
drules by near-total melting of a precursor mix followed 
by olivine nucleation on a very limited number of nuclei 
(say, ≤10) and by growth to produce the large phenocrysts 
during a period of monotonic (and roughly linear) cooling.   

 We thus conclude that a large fraction of type-II 
porphyritic chondrules now present in LL and CO chon-
drites contained >100 phenocryst fragments prior to the 
last melting event.  This observation raises the important 
question of whether the last melting event was typical, or 
whether a change in nebular conditions could have made 
the last melting event anomalous.  The available evidence 
favors the former; if earlier generations had formed under 
slow cooling conditions and extensive overgrowths had 
formed on preexisting nuclei, some of these chondrules 
should have survived and be recognizable in our thin sec-
tions.  We can find no evidence of these thick-overgrowth 
chondrules in our two Y81020 sections or in our Krymka 
section.  Our in-progress survey of Semarkona has also not 
revealed evidence for thick overgrowths.  We therefore 
conclude that thin, 4-10 µm overgrowths are characteristic 
of type-II chondrules, and that formation conditions for 
type-II chondrules must be chosen to be capable of pro-
ducing these features, not the largest observed 
phenocrysts. 
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 How then, do we account for the large 
phenocrysts?  We suggest the following.  Large grain sizes 
are produced from melts that have very few nuclei.  This is 
the accepted explanation for the barred olivine (BO) chon-
drules, which commonly consist of one or a few relatively 
coarse grains.  We suggest that disruption of BO chon-
drules provided large nuclei that were subsequently 
enlarged through a series of melting/crystallization events. 
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Fig. 1.  Type-II chondrule (Fig. 4b in Jones, 1990) in Se-
markona shows many tiny fragments that cannot have 
grown under the same conditions that produced the large 
euhedral phenocrysts.  At least one reversely-zoned large 
phenocryst formed in a melt more FeO-rich than a later 
melt, and several relict grains have forsteritic cores. Scale 
bar is 200 µm. 

 

 

 

Fig. 2  Type-II chondrule in Krymka shows many shard-
like fragments and, at bottom center, a forsteritic relict 
with a very thin (ca. 5 µm) overgrowth.  Width of image 
~100 µm. 
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