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Introduction: Some of the biggest challenges to 

understanding the early history of the solar system 
include determining the distribution of oxygen iso-
topes amongst materials that existed in the solar neb-
ula, and interpreting the processes that might have 
resulted in the observed isotopic distributions. Oxygen 
isotope ratios in any individual mineral grain from a 
chondritic meteorite may be the cumulative product of 
a variety of processes, including stellar nucleosynthetic 
events, gas/solid interactions in the molecular cloud, 
mixing of independent isotopic reservoirs in the neb-
ula, mass-independent processing in the nebula, and 
mass-dependent fractionation effects in various envi-
ronments. It is not possible to unravel this complex 
isotopic record unless the distribution of oxygen iso-
tope ratios in chondritic materials is fully understood.  

Chondrules in ordinary (O), enstatite (E) and car-
bonaceous (C) chondrites have distinct oxygen isotope 
ratios (Fig. 1) [2]. The data have previously been in-
terpreted as resulting from exchange interactions of 
three different solid reservoirs with a common nebula 
gas that has δ17O, δ18O values around +3 ‰ [2]. One 
critical aspect of this interpretation is that bulk chon-
drule data for FeO-rich chondrules from Allende (CV) 
plot close to the 16O-rich end of the O chondrite chon-
drule array, the hypothesized nebular gas composition 
[2,4]. However, it is also possible that the Allende 
FeO-rich chondrules may have been displaced from a 
slope-one array (CCAM) by mass fractionation during 
secondary processes.  

Microbeam studies of oxygen isotope ratios on a 
scale of tens of micrometers within chondrite compo-
nents such as calcium-, aluminum-rich inclusions 
(CAIs), amoeboid olivine aggregates (AOAs), chon-
drules and matrix reveal isotopic heterogeneities on a 
small spatial scale that can provide significant infor-
mation relevant to large scale models. We discuss two 
examples of our recent microbeam studies of chon-
drules that contribute to understanding fundamental 
questions about the early solar system. 

Samples and Techniques: Chondrules were iso-
lated from the Mokoia and Allende CV carbonaceous 
chondrites [1,2]. Bulk oxygen isotope ratios of all in-
dividual chondrules have been measured previously 
[2,3]. Petrographic descriptions and oxygen isotope 
ratios obtained by ion microprobe (SIMS) for Mokoia 
chondrules have also been reported previously [3]. The 
Allende chondrules, which were described briefly by 
[4], were prepared as thick sections. We report petro-
graphic observations and mineral analyses that were 
obtained using an SEM and an electron microprobe at 
UNM, as well as in-situ oxygen isotope analyses that 
were obtained on individual olivine grains using the 
Cameca IMS 6f ion microprobe at ASU (techniques 
described in [3]). Uncertainties on individual SIMS 
analyses, taking into account the variation on repeated 
analyses of the standard, are 2 - 3 ‰ (2σ).   

Fig. 1. Oxygen isotope ratios of bulk chondrules, 
and SIMS data for olivine from FeO-rich chondrules in 
Mokoia and Allende. Bulk compositions of FeO-rich 
chondrules lie close to TF. Best-fit line for AC9 has a 
slope of 0.5. Lines labeled O and E are best fits to all 
bulk chondrule data for O and E chondrites. G is the 
common gas reservoir implied by our data. 
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In order to try to resolve this question, we have 
measured oxygen isotope ratios of individual olivine 
grains from the Clayton set of Allende FeO-rich chon-
drule. Three FeO-rich chondrules were studied: AC9, 
which has a barred texture, and AC6 and AC11, which 
are porphyritic. Mean compositions of olivine are Fa14 
(AC6), Fa13 (AC9), and Fa16 (AC11). 

A) Can the oxygen isotope variation in chon-
drules from the three major chondrite classes be 
explained by interaction of three different isotopic 
reservoirs of solids with a common nebula gas? For AC6 and AC11, oxygen isotope ratios of oli-

vines show a range of compositions that lie along 
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CCAM, within error. The same is true for BO chon-
drule 36 from Mokoia [3]. For AC9, the data lie along 
a line of slope 0.5 (Fig. 1) that is coincident with the 
Allende Mass Fractionation (AMF) line defined by [5]. 
Thus, in the case of at least one FeO-rich chondrule, 
the bulk oxygen isotope ratio appears to have been 
affected by mass fractionation processes.  We suggest 
that all CV chondrite chondrules initially lay on a line 
of slope 1 when they formed. If we are to interpret the 
difference between O, C, and E chondrules as three 
solid reservoirs that interacted with a common gas, we 
infer that the gas had values of δ18O, δ17O around +15, 
+10 ‰ (G in Fig. 1). 

B) Are refractory inclusions (CAIs and AOAs) 
and chondrules derived from the same or different 
isotopic reservoirs?  

Several arguments have been put forward recently 
to suggest that formation of refractory inclusions (RI) 
and chondrules were decoupled, for example that re-
fractory inclusions formed in the x-wind whereas 
chondrules formed in the nebula disk [6]. In addition 
to chemical differences between these two compo-
nents,  there is increasingly robust evidence that CAIs 
formed about 2 million years before chondrules [7]. 
Oxygen isotope ratios of RI from all chondrite classes 
(O, C and E) are significantly enriched in 16O (δ17O, 
δ18O ~ -50 ‰ [8]) compared with bulk chondrules 
(δ17O, δ18O > -10 ‰ [9]). It is important to determine 
how oxygen isotope ratios of the two types of materi-
als are related, for example whether there is a hiatus 
between the two that points to two distinct isotopic 
reservoirs, or whether they represent a continuum of 
oxygen isotope compositions.  

We recently reported SIMS oxygen isotope data 
for two FeO-poor, microporphyritic olivine (MPO) 
chondrules from Mokoia that showed extreme isotopic 
heterogeneity between olivine grains [3]. We have 
now examined an additional chondrule from Allende 
(AC5) that has similar petrographic properties, in order 
to determine whether this heterogeneity is widespread 
in MPO chondrules in CV chondrites. AC5 is oval in 
shape, and contains numerous olivines with a mean 
grain size of ~30 µm. The mean composition of olivine 
grains analyzed for oxygen isotopes is Fa1.4; CaO, 
0.47 wt%; MnO, 0.04 wt%; Cr2O3, 0.06 wt%. 

Oxygen isotope ratios of olivine grains from the 
three MPO chondrules are shown in Fig. 2. The data 
form an array that is indistinguishable from the CCAM 
line. Although olivine in AC5 is generally more de-
pleted in 16O than olivine in the two Mokoia chon-
drules, there is significant heterogeneity, ~20 ‰ varia-
tion in δ18O (–25 ‰ to -7 ‰). The total variation in 
δ18O from all three chondrules is 50 ‰, which is about 

three times the range observed in all CV chondrite 
bulk chondrules. This variation is comparable to the 
range observed in RI from CV chondrites, and the data 
lie along the same line as RI data (the CCAM line).  

Fig. 2. SIMS data for olivine in MPO chondrules 
from CV chondrites Allende and Mokoia. 
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These observations indicate strong links between 
the isotopic reservoirs from which RI and ferromag-
nesian chondrules were derived, and the processing 
that they underwent. MPO chondrules could represent 
an early generation of chondrules that have not under-
gone extensive recycling, whereas coarser-grained 
chondrules could have undergone more extensive re-
cycling and equilibration with a nebular gas. Hetero-
geneity of oxygen isotopes in MPO chondrules could 
result from a “frozen” progressive equilibration be-
tween chondrules and gas during chondrule formation, 
or it could be attributed to the presence of 16O-rich 
relict grains that have undergone chemical but not iso-
topic equilibration after the chondrule solidified [3]. 
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