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Introduction:  The Solar System appears to have 

started with heterogeneous 16O abundances. Large var-
iability in O 3-isotope ratios (17O/16O and 18O/16O rati-
os expressed as as δ17O and δ18O: relative to Standard 
Mean Ocean Water in the unit of 1/1000) are observed 
among the Sun (δ17O, δ18O  ~ –60‰ [1]), Ca,Al-rich 
inclusions (CAIs; –50‰ [2]) and cosmic symplectites 
(COS; +200‰ [3]). Chondrules in primitive chondrites 
show a smaller and intermediate range of δ17,18O, from 
–15‰ to +5‰ [e.g., 4]. According to 26Al-26Mg chro-
nology, most chondrules formed 2-3 Myr after CAIs 
[5-6] in the dust-rich environments [7-8]. It is suggest-
ed that chondrule formation occurred in an open sys-
tem with respect to oxygen by evaporation and re-
condensation processes [9] and oxygen in the ambient 
gas during chondrule formation would have been dom-
inated by that from solid precursors [10-11]. If true, 
then the chondrule melt and ambient gas would have 
had similar O-isotope ratios as precursor dusts. Thus, 
O-isotope ratios of chondrules may reflect temporal 
and/or spatial varieties of such reservoirs in the pro-
toplanetary disk.  

We have conducted O 3-isotope analyses of ~600 
chondrules from multiple chondrite groups (O, R, EH, 
CO, CV, CM, CR, CH, ungrouped C) using a second-
ary ion mass spectrometer (WiscSIMS) at sub-‰ pre-
cision [10-26]. For most chondrules, multiple spot 
analyses (n=4-10; 10-15 µm in diameter) were per-
formed to test internal homogeneity of O-isotopes.  

O-Isotope Homogeneity: Most chondrules have 
internally homogeneous O-isotopes [27]. In the most 
primitive carbonaceous (C) chondrite Acfer 094 (un-
group), multiple mineral phases and glass within a 
chondrule show indistinguishable O-isotope ratios 
(Fig. 1, [11]). The exception is a minor occurrence of 
relict olivine grains with distinct O-isotope ratios, 
which likely remained solid during the final chondrule 
melting event due to their relatively high melting tem-
peratures [11-12]. Excluding relict olivine data, host 
O-isotope ratios of the final chondrule melt are calcu-
lated from the mean of only homogeneous data (Fig. 
1). The variability of host O-isotope ratios among 
chondrules is commonly reported as Δ17O (= δ17O –

0.52×δ18O), which is the δ17O deviation from the ter-
restrial fractionation line (TFL; Fig. 1). 

 
Fig. 1. O-isotope 
ratios of chon-
drules in Acfer 
094 [11]. Homo-
geneous data 
(dashed box) 
represent those 
of final melt. 
Three slope ~1 
reference lines 
(CCAM, Y&R, 
and PCM) are 
shown [1,11,28]. 
 
 
 
Fig. 2. O-isotope 
ratios of individ-
ual chondrules in 
O, R, CO, CV, 
CR, CH, Acfer 
094, and Y-
82094 ugrouped 
C chondrites [10-
15, 19-21].  
 
 
 

General Trend in the O 3-Isotope Diagram: 
Chondrules show two distinct trends in O 3-isotope 
space (Fig. 2). Chondrule data from carbonaceous (C) 
chondrites plot mainly on the slope ~1.0 primitive 
chondrule mineral (PCM) line [11], which passes 
through data from the terrestrial mantle, CAIs and 
COS. Therefore, the PCM line may represent primary 
mass independent fractionation of O-isotopes in the 
protoplanetary disk. Chondrule data from ordinary (O) 
and Rumurutiite (R) chondrites plot above the TF and 
PCM lines with a slope of ~0.5, suggesting they expe-
rienced mass-dependent isotope fractionation effects 
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[10, 19-20]. Chondrule data from enstatite (E) chon-
drites show similar trends to chondrules from O and R 
chondrite [16]. However, a few chondrules from O, R, 
and E chondrites also plot below the TF line and on 
PCM line, similar to those of C chondrite chondrules. 

Mg#-Δ17O Relationship: FeO contents of chon-
drule olivine and pyroxene, expressed as Mg# 
([MgO]/[FeO+MgO] in mol.%), depend on oxygen 
fugacity during chondrule formation [e.g., 13] and bulk 
Fe. Most chondrules in O and R chondrites show 
slightly positive Δ17O values (~1‰) regardless of Mg# 
[10, 19-20]. The distribution of Δ17O values of chon-
drules in CO and Acfer 094 are bimodal (Fig. 3a); (1) 
Mg# ≥98 and Δ17O~ –5‰ and (2) Δ17O~ –2.5‰ with a 
wide range of Mg# (99-30) [11-12]. In CR chondrites, 
the Δ17O values of chondrules show a monotonic in-
crease with decreasing Mg# (Fig. 3b), from –6‰ to 
0‰. [13] interpreted this trend as mixing between 16O-
rich anhydrous dust (Δ17O= –6‰) and 16O-poor water 
ice (Δ17O= +5‰) with dust-enrichments of ×100-2500.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Mg#- Δ17O relationships among chondrules (a) 
CO (Y-81020), Acfer 094 and O (LL3) [10-12]. (b) CR 
data with O-isotope mixing model [13].  
 

In CV, CM, and Y-82094, the majority of chon-
drules are those with highest Mg# (≥98) and Δ17O~ –
5‰ [14-15, 22-25].  They also contain chondrules with 
lower Mg#’s and Δ17O values of ~ –2.5‰, but are less 
abundant compared to those in CO and Acfer 094. In 
addition, a few chondrules in Y-82094 and CV with 
intermediate Mg# (~85) show Δ17O ~0‰, which are 
similar to chondrules in O chondrites [14, 23, 26]. 

The majority of chondrules in CH are high Mg# 
(90-100) with a Δ17O of –2.2‰ [21], similar to those 
reported for chondrules in CB by [29]. They also con-
tain less abundant chondrules with highest Mg# (≥98) 
and lower Δ17O ~ –6‰, as well as those with lower 
Mg# (90-60) and higher Δ17O ~ +1.5‰ [21].  

Chondrules in EH and metal-rich ungrouped chon-
drites (NWA 5492 and GRO 9551) are mostly 
Mg#>98 and have Δ17O values of 0-1‰ [16-18].  

Implication for O Isotope Reservoirs: The Mg# - 
Δ17O systematics among chondrules in C chondrites 
suggest that they formed near the H2O ice condensa-
tion front (snow line) where precursor solids contained 
anhydrous dust and water ice with distinct Δ17O val-
ues. Anhydrous dusts with Δ17O~ –5‰ would have 
been widely distributed in the protoplanetary disk near 
the snow line. In contrast, nearly constant and slightly 
positive Δ17O values are observed from a wide range 
of Mg# among chondrules in O, E, R chondrites. They 
might have formed at the inner disk regions where O-
isotope ratios were significantly homogenized among 
chondrule precursors, possibly by high temperature 
heating of the disk that predated chondrule formation.  

Each chondrite group shows specific ranges of 
Mg# and Δ17O often with multiple peaks, suggesting 
each parent asteroid contains multiple populations of 
chondrules. If they represent chondrules from different 
regions of the disk, they provide important constraits 
for radial transport of solids in the disk [30].  
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