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Introduction:  Rounded, randomly emplaced in-

clusions within chondrule mineral grains have been 
characterized by confocal Raman imaging and found 
to contain mixtures of carbon, metal sulfides, mineral 
grains, and other components depending on meteorite 
type.  Inclusions were sampled from porphyritic oli-
vine pyroxene and barred olivine chondrules in both 
the CV3 Allende and from the L3.2 EET 96188.  
These inclusions tend to be roughly spherical and ap-
proximately six to ten micrometers in diameter, and 
contain widely varying components even in inclusions 
separated by tens of micrometers or less.   

Experimental Method:  Thin sections of Allende 
and EET 96188 were examined in transmission using a 
WITec α-SNOM confocal Raman spectroscopic 
imager.  The laser used is a 532 nm frequency-doubled 
YAG laser operated at 20 mW or less as measured at 
the junction of the laser optical fiber and the micro-
scope.  Inclusions were identified by light microscopy 
and imaged using a 100x short working distance ob-
jective lens and a large enough scan size to incorporate 
the entire particle.  Among the particles found, those 
that appeared to be separate from embayments or min-
eral grain fractures were preferred for imaging. 

Results:  All inclusions from both meteorites can 
be generally described as roughly spherical and ran-
domly scattered throughout the chondrule mineral 
grains, implying that they were present during a high 
temperature episode in the chondrules’ history. 

Allende: After excluding inclusions contaminated 
by mounting polymer, nine inclusions in four mineral 
grains, from four different chondrules, were selected 
for analysis.  In Allende chondrules, inclusions were 
found to contain carbon, metal sulfides, discrete oli-
vine grains, some reduced metal, spinel-type minerals, 
and in two instances a spectrum consistent with 
whitlockite.  Of the nine inclusions measured, all of 
them contained partially graphitic elemental carbon 
(see Table 1).  One inclusion (Figure 1) consisted of 
only carbon and pentlandite, reminiscent on a larger 
scale of carbon/pentlandite inclusions in Allende ma-
trix olivines noted by Brearley [1].  All inclusions 
bearing metal sulfides also contain carbon, but not all 
inclusions bearing carbon contain metal sulfides (e.g. 
Figure 2).  Five contained (Fe, Cr, Ti, Mg)-spinel-type 
mineral grains, and all of these five were found in in-
clusions within a single chondrule mineral grain.  This 
finding implies that this grain had a formation history 
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Figure 1: Top image: transmission confocal light mi-
croscopy image of an inclusion 3 µm below the surface 
of an Allende POP chondrule olivine grain.  The scale 
bar is 10 µm long.  Lower images, L to R: 10 µm2

confocal Raman images assembled from the carbon D 
band, metal sulfides, and the olivine matrix.  
hat was distinct from those in other chondrules found 
n Allende. 

EET 96188:  Six inclusions from five different 
ineral grains, from a total of 3 different chondrules, 
ere selected for analysis.  EET 96188 inclusions 
ere found to contain no metal sulfides or olivine.  
wo inclusions containing only spinel-type minerals 
ere found at olivine/pyroxene grain boundaries.  
hree inclusions contained relatively small amounts of 
arbon and some regions are consistent with empty 
ore volume.  In general, none of the complex assem-
lages of various mineral types seen in Allende inclu-
ions were found in EET 96188.   

Discussion:  EET 96188 L3.2 was chosen for 
omparison with Allende on the basis of its similar 
hermal history but different matrix composition.  If 
he formation histories of chondrule mineral grain 
nclusions and meteorite petrography are related then 
ignificant differences should be apparent between the 
wo meteorites’ inclusions, especially in terms of car-
on content.  Distinct differences are found in the con-
ents of chondrule mineral grain inclusions between 



Allende and EET 96188, implying that these inclu-
sions are closely tied to meteorite petrography.   

Possible formation mechanisms for these inclu-
sions include accretion of various materials prior to 
chondrule melting, incorporation of high velocity par-
ticulates while the chondrules were still molten, and 
“pinching off” embayed material during thermal 
metamorphosis.  Alternatively, these inclusions may be 
the end result of alteration of metal/sulfide blebs.  
None of these mechanisms have been ruled out at pre-
sent. 

The study of these inclusions may prove important 
in discerning the formation history of chondrules.  
However, inclusion variation across chondrule and 
meteorite types must be explored before reliable con-
clusions can be drawn.  Generally speaking from the 
results here, it appears that chondrule formation is spa-
tially tied to meteorite accretion within the protoplane-
tary disk, since large scale mixing of chondrules within 
the disk prior to meteorite accretion would lead to a 
random assortment of chondrules, with their passenger 
inclusions, in each meteorite regardless of petrographic 
type.  Within the scope of the investigation presented 
here, there are distinct differences in chondrule min-
eral grain inclusions that are tied to meteorite type, 
implying that chondrule formation and subsequent 
meteorite accretion occurred without excessive long-
range mixing of the protoplanetary disk.  

The location and morphology of these inclusions 
suggests that they may be remnants of early chondrule 
formation processes, and so further examination is 
warranted.  Future work will include expanding this 
study to include more chondrule types, a broader array 
of meteorite types, and multiple samples of each mete-
orite type in the hopes that a self-evident explanation 
for the formation mechanism of these inclusions will 
emerge.  Other characterization methods will also be 
pursued, especially those which can compare inclusion 
chemistry, isotopic composition, and morphology with 
chondrule materials and meteorite matrix materials in 

order to prove or deny a common history between any 
of these materials. 
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Allende 
(out of 9) 9 5 2 5 1 

EET 
99188 
(out of 6) 

3 0 0 3 3 
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Table 1: List of major phases found in chondrule min-
eral grain inclusions for the two meteorites studied 
here.  Note the prevalence of carbon and sulfides in the
CV3 Allende.  The phases appear in combination, and
so don’t add up to the total number of inclusions.   

Figure 2: Upper image: confocal light microscopy 
image of Allende inclusion G02I01 exposed by polish-
ing, showing olivine and (Fe,Ni)S grains.  This inclu-
sion is unusually large compared to others from this 
study.  The scale bar is 10 µm long.  Lower image: 
RGB Raman image overlay.  Red is carbon (G band), 
green is olivine, and blue is (Fe,Ni)S.  The circular 
cross-section of this grain becomes apparent, along 
with the fact that it appears to be coated with carbon. 
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