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Abstract

We report high precision SIMS oxygen three isotope analyses of 36 chondrules from some of the least equilibrated LL3
chondrites, and find systematic variations in oxygen isotope ratios with chondrule types. FeO-poor (type I) chondrules gener-
ally plot along a mass dependent fractionation line (D17O � 0.7&), with d18O values lower in olivine-rich (IA) than pyroxene-
rich (IB) chondrules. Data from FeO-rich (type II) chondrules show a limited range of d18O and d17O values at d18O = 4.5&,
d17O = 2.9&, and D17O = 0.5&, which is slightly 16O-enriched relative to bulk LL chondrites (D17O � 1.3&). Data from four
chondrules show 16O-rich oxygen isotope ratios that plot near the CCAM (Carbonaceous Chondrite Anhydrous Mineral) line.
Glass analyses in selected chondrules are systematically higher than co-existing minerals in both d18O and D17O values, whereas
high-Ca pyroxene data in the same chondrule are similar to those in olivine and pyroxene phenocrysts.

Our results suggest that the LL chondrite chondrule-forming region contained two kinds of solid precursors, (1) 16O-poor
precursors with D17O > 1.6& and (2) 16O-rich solid precursors derived from the same oxygen isotope reservoir as carbona-
ceous chondrites. Oxygen isotopes exhibited open system behavior during chondrule formation, and the interaction between
the solid and ambient gas might occur as described in the following model. Significant evaporation and recondensation of
solid precursors caused a large mass-dependent fractionation due to either kinetic or equilibrium isotope exchange between
gas and solid to form type IA chondrules with higher bulk Mg/Si ratios. Type II chondrules formed under elevated dust/gas
ratios and with water ice in the precursors, in which the ambient H2O gas homogenized chondrule melts by isotope exchange.
Low temperature oxygen isotope exchange may have occurred between chondrule glasses and aqueous fluids with high D17O
(�5&) in LL the parent body. According to our model, oxygen isotope ratios of chondrules were strongly influenced by the
local solid precursors in the proto-planetary disk and the ambient gas during chondrule melting events.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Petrographic, chemical, and isotopic studies of chond-
rules from primitive meteorites indicate their formation by
transient heating of dust aggregates in the protoplanetary
disk (e.g., Grossman, 1988; Jones et al., 2005), though the de-
0016-7037/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2010.08.011

⇑ Corresponding author. Tel.: +1 608 262 7118.
E-mail address: noriko@geology.wisc.edu (N.T. Kita).
tails of chondrule formation are controversial (e.g., Ciesla,
2005). Among the many proposed mechanisms of chon-
drule-forming heating events, shock wave heating in the pro-
to-planetary disk is considered to be most promising and
explains many properties of chondrules (Connolly and Love,
1998). It has been suggested that chondrule-forming melting
events occurred in an environment significantly enriched in
dust compared to the average solar gas based on the volatile
element abundance (e.g., Lewis et al., 1993; Nagahara et al.,
1994), absence of isotopic mass fractionation of K and Fe
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(Alexander et al., 2000; Alexander and Wang, 2001; Alexan-
der and Grossman, 2005) and Na concentrations (Alexander
et al., 2008). Recent studies also suggest that some chond-
rules formed in an open system involving evaporation and
recondensation of alkali elements and Si (Tissandier et al.,
2002; Krot et al., 2004; Libourel et al., 2006; Nagahara
et al., 2008). However, zonation of alkali elements observed
in at least some chondrules may be caused by elemental ex-
change at low temperature in the parent body (Grossman
et al., 2002; Alexander and Grossman, 2005).

Oxygen isotope ratios in the early solar system are con-
sidered to be significantly heterogeneous in 16O, based on
the analyses of Ca, Al-rich inclusions (CAIs), chondrules,
and matrix minerals (e.g., Clayton et al., 1973, 1977; Clay-
ton, 1993; Yurimoto and Wasson, 2002; Jones et al., 2004;
Kobayashi et al., 2003; Sakamoto et al., 2007). The varia-
tions of 18O/16O and 17O/16O ratios in meteorites, which
are expressed as d18O and d17O, permil (&) deviation from
SMOW (Standard Mean Ocean Water), respectively, range
from �80& in a rare cryptocrystalline chondrule in CH
chondrite Acfer 214 (Kobayashi et al., 2003) to +200& in
a sulfide-rich matrix assemblage from Acfer 094 ungrouped
carbonaceous chondrite (Sakamoto et al., 2007).

The oxygen isotope ratios of CAIs, the oldest solids in
the solar system (Amelin et al., 2002), are uniformly 16O-
rich by 50–60& (e.g., McKeegan et al., 1998; Hiyagon
and Hashimoto, 1999; Guan et al., 2000; Gounelle et al.,
2009; Makide et al., 2009) and similar to the analyses of so-
lar wind from Genesis samples (McKeegan et al., 2010). It
has been suggested that the mass independent fractionation
of a CO molecule by photochemical reaction might produce
large enrichments of 17O and 18O as a form of water or ice,
either in the molecular cloud or in the protoplanetary disk
(e.g., Thiemens and Heidenreich, 1983; Clayton, 2002;
Yurimoto and Kuramoto, 2004; Lyons and Young, 2005).
The highest d18O and d17O values observed from the matrix
sulfide in Acfer 094 ungrouped carbonaceous chondrite
may represent the extremely 16O depleted water component
(Sakamoto et al., 2007). Subsequent thermal processing of
dust (e.g., during chondrule formation) in an 16O-depleted
gaseous reservoir resulted in evolution of O-isotope compo-
sitions of solids towards the terrestrial fractionation line.
Alternatively, other models hypothesize the presence of dis-
tinct oxygen isotope reservoirs (16O-rich gas and 16O-poor
solids) at the birth of the solar system (Gaidos et al.,
2009; Krot et al., 2010). In contrast, chondrules are gener-
ally 16O depleted compared to CAIs and show a significant
variation in d18O and d17O values more than 10& among
chondrules from different groups of chondrites (e.g., Clay-
ton, 1993; Krot et al., 2006, 2009 and reference therein).
Chondrules from least metamorphosed LL and CO chon-
drites do not show distinguishable 26Al-relative ages (e.g.,
Kita et al., 2000; 2005; Kurahashi et al., 2008). These data
suggest that oxygen isotope ratios in the protoplanetary
disk were spatially heterogeneous at �2 My after CAI for-
mation (Kurahashi et al., 2008; Krot et al., 2009).

The distribution of oxygen three isotopes in chondrules
at the lm scale may provide important insights into the
process of isotope exchange between chondrule melt and
surrounding gas (e.g., Yu et al., 1995; Boesenberg et al.,
2005). Secondary ion mass spectrometer (SIMS, or ion
microprobe) analyses of chondrules in carbonaceous chon-
drites show the existence of 16O-rich relict olivine grains
(Yurimoto and Wasson, 2002; Jones et al., 2004; Kunihiro
et al., 2004, 2005). Chaussidon et al. (2008) reported de-
tailed SIMS analyses of olivine, pyroxene, and mesostasis
in chondrules in CV and CR chondrites. They argue that
the oxygen isotope ratios in chondrules resulted from the
interaction between precursor olivine grains with variable
oxygen isotope ratios and SiO molecules in the nebular
gas with specific isotope ratios. SIMS analyses of chond-
rules from unequilibrated ordinary chondrites (UOCs) are
scarce due to the limited variation (�a few &), which was
previously difficult to resolve by SIMS, as suggested by
analysis of bulk chondrules (Clayton et al., 1991). Excep-
tions are the SIMS analyses of rare Al-rich chondrules in
UOCs that are enriched in 16O relative to ferromagnesian
chondrules (Russell et al., 2000). Low density fractions
from chondrules in UOCs, which concentrate glass and
feldspar in chondrules, were analyzed by conventional
gas-source mass spectrometers and show a significant deple-
tion of 16O by more than a few & (Mayeda et al., 1989;
Bridges et al., 1999), indicating that chondrules in UOCs
could be internally zoned in oxygen three isotope ratios.
In order to explore the potential for oxygen isotope zona-
tion and resolve the origin of heterogeneity among chond-
rules in UOCs, we report the results of in-situ oxygen
isotope analyses of UOC chondrules using a new genera-
tion SIMS, IMS-1280 at the WiscSIMS (Wisconsin second-
ary ion mass spectrometer) Laboratory, University of
Wisconsin-Madison (Kita et al., 2009a; Valley and Kita,
2009). The new analytical protocols established at Wisc-
SIMS are capable of obtaining oxygen three isotope ratios
with high precision (±0.3–1&, 2SD) and high spatial reso-
lution (5–10 lm), which provides significantly improved
analytical data compared with previous studies.

1.1. Oxygen three isotopes in chondrules from UOCs

Bulk oxygen isotope ratios of chondrules in ordinary
chondrites plot slightly above the TF (terrestrial fraction-
ation) line, showing a cluster of data around that of bulk
ordinary chondrites (Fig. 1). They plot on the extension
of the Young and Russell (Y&R) line derived from the
in-situ laser fluorination analysis of unaltered CAI minerals
(Young and Russell, 1998). In contrast, oxygen isotope ra-
tios of chondrules in carbonaceous chondrites plot along
the CCAM (Carbonaceous Chondrite Anhydrous Mineral)
line, which is derived from regression of CAI mineral sepa-
rates in CV3 chondrites (Clayton et al., 1977). The slope of
the trend among OC chondrules is �0.7, significantly flatter
than that of the CV3 chondrule trend, indicating that mass
dependent fractionation effects might exist among OC
chondrules in addition to mass independent effects. Clayton
et al. (1991) reported that there is no systematic correlation
of oxygen isotope ratios with chondrule texture. Although
bulk H, L and LL chondrites plot on different mass frac-
tionation lines with D17O (= d17O � 0.52 � d18O) of
0.73 ± 0.18&, 1.07 ± 0.18&, 1.26 ± 0.24&, respectively,
the D17O values of chondrules from H3, L3, and LL3



Fig. 1. The oxygen isotope ratios in chondrules from unequili-
brated ordinary chondrites (UOCs) and bulk chondrules from
Allende (CV3) chondrite from literature. The isotope ratios are
expressed as d18O and d17O on the VSMOW scale. Terrestrial
fractionation line (d17O = 0.52 � d18O; TF) is shown as reference.
Individual bulk chondrule data from UOCs and Allende (CV3) are
shown as open circles and squares (Clayton et al., 1983, 1991).
Similar results are obtained for UOC and CV3 chondrites by
Bridges et al. (1998) and Jones et al. (2004), respectively. Low-
density mineral separates (specific gravity <2.8) from UOCs are
shown as filled triangles, which represent chondrule mesostasis
(Bridges et al., 1999). The magnetite data from Semarkona (LL3.0)
matrix with high D17O � 5& (Choi et al., 1998) and estimated
range of aqueous fluid (assuming equilibrium fractionation factor
of �11& between magnetite and aqueous fluid) are shown by oval
areas. The average values of bulk types 4–6 H, L, LL chondrites
(equilibrated ordinary chondrites, EOCs) are shown in the insert
(Clayton et al., 1991), which plot along the Young and Russell
(Y&R) line. The LL3 chondrite bulk analyses are shown as half
filled squares that deviate slightly from LL4–6 average values
(Clayton et al., 1991), most likely due to aqueous alteration of
matrix minerals. Bulk CV3 chondrite data (grey hatched area; data
from Clayton and Mayeda, 1999) plot nearly on the CCAM line.
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chondrites are distributed randomly from 0.2& to 1.7&

without systematic differences (Clayton et al., 1991).
The SIMS oxygen three isotope analyses of rare Al-rich

chondrules in UOCs (Russell et al., 2000) show an enrich-
ment of 16O by more than 10&, similar to the range of
chondrules in carbonaceous chondrites. Feldspar and
glass-rich separates of unequilibrated ordinary chondrites
(UOC) are significantly higher in both d18O and d17O than
bulk chondrules (Mayeda et al., 1989; Bridges et al., 1999,
see Fig. 1), and extend the trend of bulk chondrules with
a slope of �0.7. These data indicate that individual chond-
rules could be internally heterogeneous in oxygen three iso-
topes. Analogous to chondrules from CV and CR
chondrites discussed by Chaussidon et al. (2008), the oxy-
gen isotope heterogeneity among UOC chondrules could
be caused by gas–solid exchange in the solar nebula, in
which case chondrule glass might record the 16O-poor solar
nebula gas. Alternatively, secondary processes in the parent
body might affect oxygen isotope ratios in UOC chond-
rules. A similar process was suggested for the oxygen iso-
tope ratios of mesostasis of Allende carbonaceous
chondrite (Maruyama et al., 1999; Maruyama and Yurim-
oto, 2003). Choi et al. (1998) reported that 16O-poor mag-
netite (D17O � 5&) in Semarkona (subtype 3.0, LL3
chondrite) formed by aqueous alteration, indicating exis-
tence of 16O-poor water in the parent body of ordinary
chondrites. Aqueous alteration has affected some chondrule
glass even in the least equilibrated subtypes (Grossman
et al., 2000, 2002; Grossman and Brearley, 2005). The high
precision SIMS analyses of d18O in chondrule glass may test
whether oxygen isotopes in glass preserved the primary iso-
tope ratios in chondrule melt that were equilibrated with
nebula gas at high temperature, or they were altered by iso-
tope exchange with aqueous fluid at low temperature, in
which a significant heavy isotope enrichment (higher d18O
values) could be observed.
2. ANALYTICAL PROCEDURES

2.1. Sample selection

Among the various chondrite groups, chondrules from
UOC (type 3.0–3.9) have been studied in great detail and
are considered to best preserve the original textural, chem-
ical, and isotopic signature at the time of chondrule forma-
tion (Grossman and Wasson, 1983, 1987; Jones and Scott,
1989; Jones, 1990, 1994, 1996). We used three polished thin
sections of UOCs with low subtypes (63.2), Semarkona
(LL3.0; USNM 1805-9, National Museum of Natural His-
tory at Smithsonian Institution), Bishunpur and Krymka
(LL3.1; M3816 and L3802, respectively, Natural History
Museum, Vienna). A more recent classification for low pet-
rologic subtypes by Grossman and Brearley (2005) indi-
cates Bishunpur (3.15) and Krymka (3.2) are more
metamorphosed than Semarkona (3.00). We selected 12
chondrules from a thin section of Semarkona that include
5 chondrules previously studied for Al–Mg chronology
(Kita et al., 2000; Tachibana et al., 2003) and one Al-rich
chondrule that had been analyzed for mineralogy, and ele-
mental and stable isotope compositions (Nagahara et al.,
2008). For the Bishunpur and Krymka sections, a total of
86 chondrules were randomly selected and examined for
their petrography, mineral chemistry, and bulk chemical
compositions. From these chondrules, 14 from Bishunpur
and 7 from Krymka were chosen for oxygen isotope analy-
sis, which include 5 chondrules studied previously for Al–
Mg chronology (Mostefaoui et al., 2002; Tachibana et al.,
2003; Kita et al., 2005). Unfortunately, the Bishunpur
and Krymka thin sections contain fusion crusts, and we
avoided any samples within 1 mm of the fusion crusts for
isotope analyses. Furthermore, both thin sections showed
some polishing relief at the edge of the meteorite specimen;
chondrules located at the edge of the specimens were not se-
lected because of possible analytical artifacts from sample
surface topography (Kita et al., 2009a).

Nagahara et al. (2008) reported oxygen and Mg isotope
ratios in the Al-rich chondrule CH5 in Semarkona using the
IMS-1270. The Mg isotope ratios in forsterite did not show
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any resolvable mass fractionation (analytical uncertainty
�1&, 2SD). However, the oxygen isotope ratios in CH5
show a mass-dependent fractionation in d18O that is lower
than bulk ordinary chondrites by 2&. This same chondrule
was analyzed in our study with better precision and accu-
racy to confirm the previous results.

2.2. Electron microprobe analyses

Prior to oxygen isotope analysis, individual chondrules
were examined using scanning electron microscopes
(SEM), JEOL JSM-7000F at the University of Tokyo and
Hitachi S-3400 at the University of Wisconsin-Madison.
For some chondrules containing forsteritic olivine,
cathodoluminescence (CL) images were also obtained using
CL detectors on the S-3400 with three color filters (RGB).
Bulk chemical compositions of 86 chondrules from Bishun-
pur and Krymka were obtained by using a JEOL JXA-8900
electron microprobe at the University of Tokyo with the
method described in Tachibana et al. (2003). For some
chondrules analyzed by SIMS, major element compositions
of olivine, pyroxene, and glass were obtained with a
CAMECA SX51 electron microprobe at the University of
Wisconsin (an accelerating voltage of 15 kV with a focused
beam of 12 nA for olivine and pyroxene and defocused
beam (5 lm) of 3 nA for glass using synthetic and natural
analytical standards), and also with an EDS X-ray detector
equipped on the JEOL JSM-7000F for olivine and pyrox-
ene. After SIMS analysis, all SIMS pits were inspected by
Hitachi S-3400 SEM to confirm the positions of analyses,
and to inspect for possible irregularities in the samples, such
as unseen inclusions or cracks.

2.3. SIMS oxygen three isotope analysis

We used a large radius SIMS, CAMECA IMS-1280 for
in-situ oxygen isotope analyses. We have developed a pro-
tocol for highly precise and accurate oxygen three isotope
analyses using multi-collection Faraday Cup (FC) detec-
tors. The analytical conditions are generally similar to those
of Kita et al. (2004) using an IMS-1270, although the new
software and additional hardware of the IMS-1280 resulted
in faster, more precise, and more accurate stable isotope
analyses (e.g., Downes et al., 2008; Nakamura et al.,
2008; Kita et al., 2009a; Valley and Kita, 2009). More
descriptions of analytical and sample preparation protocols
using the WiscSIMS IMS-1280 can be found in Kita et al.
(2009a). The chondrule analyses were made in three sepa-
rate sessions (S1, S2, and S3) with slightly different analyt-
ical conditions. We used a focused Cs+ primary beam
(Gaussian mode) with ion currents of 3.5 nA (S1 and S2)
and 0.5 nA (S3), and beam spot diameters of 15 and
5 lm, respectively. The normal incidence electron gun was
used for charge compensation. Intensities of 16O were
3 � 109 and 4 � 108 counts per second (cps) for the 15
and 5 lm primary beam conditions, respectively. Both
17O and 18O signals were higher than 106 cps for sessions
with 15 lm spots (S1 and S2), so that all three isotopes were
simultaneously measured with FC detectors. In the session
with 5 lm spots (S3), 17O signals were measured with an
electron multiplier (EM) detector in pulse counting mode.
The mass resolving power (MRP) was set to �2200 for
16O and 18O using two detectors on the multi-collection ar-
ray, and 4500 for 17O using the axial detector (sometimes
called the “mono-collector” with fixed position). The cor-
rection for OH� interference on 17O was checked for each
analysis and found to be negligibly small (<0.1&) except
for a few cases. Detailed analytical parameters are de-
scribed in EA1 and listed in Table EA2-1.

A thin section of a San Carlos (SC) olivine standard
(Fo89; d18O = 5.32& VSMOW, see Table EA2-2) was used
as the running standard during the chondrule analyses and
each series of 10–25 sample analyses are bracketed by 8–10
analyses of SC olivine (Kita et al., 2009a). External repro-
ducibility of bracket standard analyses is calculated as twice
the standard deviation (2SD) of �8 spots and were typically
0.3& for d18O and 0.3–1& for d17O and D17O, during the
15 lm spot analyses (S1 and S2), and 61& for all ratios
during the 5 lm spot analyses (S3). The external reproduc-
ibility of d17O is similar to the internal error of a single
analysis, which is consistent with FC detector thermal noise
(�2000 cps in 4 s integration; S1 and S2) or counting statis-
tics of total number of ions detected (S3). However, the
external reproducibility of d18O is worse than the internal
error of a single analysis, indicating that the instrumental
bias changes slightly from spot to spot (Kita et al.,
2009a). Thus, 2SD values of bracketing standard analyses
represent spot-to-spot reproducibility and were assigned
as the uncertainties of the individual spot analyses.

To obtain accurate d18O and d17O data, SIMS instru-
mental bias should be corrected properly using appropriate
standards with homogeneous oxygen isotope ratios and
matching chemical compositions and crystal structure.
For this purpose, we used a series of olivine and pyroxene
standards, the ranges of Fo100–Fo60 for olivine, and
En97–En85 and Wo0–Wo50 for pyroxene, which are similar
to the range of olivine and pyroxene compositions found
in chondrules. Several olivine and pyroxene standards were
analyzed in this work using laser fluorination and a gas-
source mass spectrometer at the University of Wisconsin
(Valley et al., 1995). The results of analyses are shown in
Table EA2-2. The instrumental biases for d18O from olivine
and pyroxene standards with similar major element compo-
sitions are reproducible at the level of 0.2–0.4&

(Table EA2-3; in S4 and S5). For the analysis of glass, we
used a set of glass standards with known d18O values from
Max-Planck Institute (MPI-DING glass, Jochum et al.,
2006) that cover the range of SiO2 contents from 50% (ba-
salt) to 76% (rhyolite). The major element compositions of
these standards are generally similar to compositions of
chondrule glass except chondrule glass shows a wider range
of FeO content. These standards are listed in Table EA2-2
and bias correction procedures are described in EA1. The
raw SIMS data for these standards are listed in Tables
EA3-1 and EA3-2.

It is generally expected that the average value of multi-
ple analyses from homogeneous samples will be determined
with a higher precision, because the error estimated for the
average value is reduced by inverse of square root of num-
ber of analyses. However, the accuracy of in-situ SIMS
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measurements of d18O values are usually limited at the level
of 0.3& with the following reasons. First, instrumental
biases obtained from olivine and pyroxene standards are
reproducible at the level of �0.3& in d18O, even between
standards with very similar major element compositions
(Table EA2-3). Second, a small polishing relief of meteorite
samples or the position of sample on the SIMS sample
stage may cause a small instrumental bias in d18O at the le-
vel of 0.3& (Kita et al., 2009a). It is not easy to estimate
changes in the instrumental biases at the level of 0.1& that
are caused by subtle differences in the condition of samples
and the instrument. Therefore, in this study, the uncer-
tainty of 0.3& in d18O is propagated to those of the aver-
age values of multiple analyses. By assuming that the SIMS
instrumental bias is mass dependent for oxygen isotopes,
the uncertainty of d17O at the level of 0.15& (i.e., a half
of those of d18O because 18O/16O ratios changes twice as
the 17O/16O ratios) is propagated to the average value of
the multiple spots. For the same reason, mass fractionation
corrected D17O values are insensitive to these small instru-
mental biases. Indeed, the ultimate precision and accuracy
of D17O measurement were found to be as good as 0.1& in
our previous studies (e.g., Kita et al., 2009b; Heck et al.,
2010).

3. RESULTS

3.1. Petrography and chemistry of chondrules

The mineralogy and bulk major element compositions of
randomly selected chondrules from Bishunpur and Krymka
are summarized in Table EA4. They are dominated by por-
phyritic textures (74 chondrules, 86%) that are classified by
Table 1
Average bulk silicate major element compositions (wt%)a and CI norma

Type nb SiO2 TiO2 Al2O3 Cr2O3 FeO

Al-richc 3 47.12 0.82 17.43 0.23 0.75
1SD 2.19 0.04 1.01 0.09 0.31

IA 9 44.24 0.15 3.04 0.41 4.62
1SD 1.95 0.07 1.42 0.12 2.51

IAB 22 49.29 0.15 2.74 0.63 5.04
1SD 2.84 0.04 0.81 0.14 1.60

IB 13 54.43 0.14 2.49 0.64 4.35
1SD 1.14 0.03 0.91 0.08 1.26

IIA 12 46.82 0.13 2.33 0.50 13.58
1SD 3.75 0.05 1.11 0.13 3.97

IIAB 14 47.02 0.12 1.97 0.64 15.27
1SD 2.63 0.02 0.49 0.07 3.79

IIB 5 53.34 0.09 1.52 0.68 10.39
1SD 2.29 0.02 0.52 0.07 3.86

II-Plagd 4 42.39 0.13 2.88 0.64 14.99
1SD 1.61 0.02 0.76 0.07 2.22

BO 1 45.87 0.13 1.88 0.59 20.38
RP (FeO-poor) 2 54.92 0.32 6.23 0.59 1.84

1SD 3.04 0.11 2.77 0.15 0.39
RP (FeO-rich) 6 54.13 0.10 1.68 0.77 12.31

1SD 2.52 0.02 0.42 0.12 3.82

a The average values are calculated from EPMA data in EA4 and EA5
b Numbers of chondrules used for obtaining the average.
c B05 is excluded from the average because B05 composition is higher
d Anorthite-bearing type II chondrules.
mg# (molar % [MgO]/[MgO + FeO]) into type I (FeO-
poor; mg# P 90) and type II (FeO-rich; mg# < 90). They
are further divided by the proportion of olivine and pyrox-
ene; type A (>80% olivine), type AB (20–80% olivine) and
type B (<20% olivine). The texture and mineral chemistry
of the porphyritic ferromagnesian chondrules studied here
are similar to those described in a series of papers by Jones
and her coauthors on ferromagnesian chondrules in
Semarkona and other unequilibrated LL3 chondrites (Jones
and Scott, 1989; Jones, 1990, 1994, 1996). In addition to
porphyritic ferromagnesian chondrules, there are 8 radial
pyroxene chondrules (9.3%), 1 barred olivine chondrule
(1%) and 3 Al-rich chondrules (3%).

The average bulk-silicate major-element compositions
are calculated for different chondrule types using 86 chond-
rules in Bishunpur and Krymka studied in this work and an
additional 6 Semarkona chondrules from Tachibana et al.
(2003) and Nagahara et al. (2008). The results are shown
in Table 1, and selected elements are shown in CI normal-
ized abundance in Fig. 2. The 36 chondrules selected for
oxygen isotope analysis are listed in Table EA5: one Al-rich
chondrule, 17 type I chondrules, 16 type II chondrules and
2 radial pyroxene (RP) chondrules. The proportion of
chondrule types is generally consistent with that of ran-
domly selected chondrules (Table EA4). Therefore, our
oxygen isotope data set likely represents the main popula-
tion of ferromagnesian chondrules in LL3.0–3.1 chondrites.

The BSE images of selected chondrules are shown in
Fig. 3. EPMA analyses of olivine, pyroxene, and glass for
these chondrules are listed in Table EA6. The CL images
of five type I chondrules (CH5, CH33, CH44, CH61, and
B3) are examined because they contain olivine with nearly
pure forsterite (PFo99). Type IA chondrules CH44 and
lized (Mg/Si) ratios of chondrules in LL3 chondrites.

MnO MgO CaO Na2O K2O Total (Mg/Si)Cl

0.08 18.34 13.99 0.49 0.02 99.26 0.54
0.01 2.54 0.92 0.49 0.01
0.20 43.98 2.08 0.65 0.07 99.44 1.38
0.20 4.15 1.04 0.46 0.06
0.30 38.70 2.08 0.54 0.07 99.54 1.09
0.13 3.46 0.67 0.29 0.07
0.37 34.55 1.76 0.55 0.06 99.34 0.88
0.13 2.41 0.48 0.35 0.04
0.46 32.47 1.96 0.99 0.19 99.42 0.96
0.08 4.92 0.88 0.42 0.11
0.52 30.35 2.11 0.74 0.10 98.84 0.90
0.08 2.75 0.33 0.37 0.07
0.46 31.23 1.47 0.34 0.02 99.55 0.81
0.10 2.88 0.37 0.20 0.01
0.27 34.91 2.47 0.12 0.02 98.84 1.14
0.04 2.05 0.33 0.07 0.01
0.57 26.64 2.09 0.73 0.17 99.05 0.81
0.23 29.85 4.12 1.32 0.07 99.47 0.75
0.13 3.44 1.50 0.64 0.02
0.67 27.77 1.50 0.52 0.06 99.51 0.71
0.14 2.41 0.44 0.32 0.03

.

in SiO2 and Na2O than other Al-rich chondrules.



Fig. 2. The abundance of major elements in different types of
chondrules in LL3 chondrites. Data in Table 1 are normalized to
CI chondrite compositions (Anders and Grevesse, 1989) and Si
abundance. The elements are shown in order of increasing
volatility, except for Fe, which is placed to the extreme right. (a)
Type I (FeO-poor) porphyritic chondrules. (b) Type II (FeO-rich)
porphyritic chondrules. (c) Non-porphyritic chondrules.

SIMS oxygen isotope study of chondrules in LL3 6615
CH61 contain both forsterite with darker reddish CL and
bright blue CL, which are heterogeneously distributed.
Other chondrules do not show strong CL signals. Large
dusty olivine grains were found in one type IAB chondrule
(K10). Another type IA chondrule (K24) also contains min-
or dusty olivine grains. Type IIAB chondrule B39 contains
large phenocryst olivine grains with Mg-rich cores (�Fo90)
compared to average olivine compositions (Fo74). How-
ever, none of type II chondrules studied contain nearly pure
forsteritic (>Fo99) relict olivine.

The anorthite-bearing type II chondrules were recog-
nized in LL3 chondrites in previous Al–Mg chronology
studies as a minor group of ferromagnesian chondrules
(Kita et al., 2000, 2005; Mostefaoui et al., 2002). Although
they contain anorthite, their bulk chemical compositions
are not Al-rich (Al2O3 < 10%). They also show depleted
moderately volatile elemental abundances (i.e., Na and
Mn) compared to normal type II chondrules (Fig. 2b).
These FeO-rich, anorthite-bearing chondrules may be re-
lated to the so-called “clast chondrule” 1805-C1 in Semark-
ona studied by Hutcheon and Hutchison (1989), who
considered the chondrule (C1) to be a fragment of igneous
rock from a differentiated asteroid. However, their bulk
chemical compositions are generally CI-like (Fig. 2), which
is inconsistent with differentiated materials. Furthermore,
the Mg contents of anorthite in these chondrules (�0.5%
MgO; Kita et al., 2000; Mostefaoui et al., 2002) are much
higher than those in anorthite in achondrites. For these rea-
sons, we consider them as one type of FeO-rich chondrule
containing anorthite.

3.2. Oxygen isotopes in chondrules: general trend

In the first 2 analytical sessions using 15 lm primary
beam spots, we obtained a total of �160 oxygen isotope
analyses from olivine and pyroxene in 36 chondrules. The
number of analyses per chondrule varies between 2 and 9.
In addition to olivine and pyroxene, several spots of glassy
mesostasis in four chondrules in Bishunpur and Krymka
(B4, B26, K10, and K27) were analyzed. Since the mesosta-
sis in most chondrules is a fine-grained mixture of glassy
mesostasis and clinopyroxene micro-crystallites, an addi-
tional 40 analyses were made using a 5-lm beam spot on
6 chondrules in Semarkona (CH4, CH11, CH33, CH36,
CH44, and CH52) in order to compare oxygen isotope ra-
tios in phenocrysts, fine-grained clinopyroxene, and glassy
mesostasis in each chondrule. All analyses (321 spots,
including 209 chondrule analyses and 112 standard analy-
ses) are shown in Table EA7-1 (in the order of analysis se-
quence) and summarized in Table EA7-2 (in the order of
chondrule types).

As shown in Fig. 4a, most data plot on or slightly above
the terrestrial mass fractionation (TF) line with a significant
range of d18O values (0–6&). Only a few points plot signif-
icantly below the TF line, which are obtained from four
chondrules (CH44, CH61, B47, and CH26, Fig. 4b). In
most chondrules, oxygen isotope ratios in olivine and
pyroxene do not show detectable variation within a single
chondrule (2SD 6 1& in both d18O and d17O; see
Table EA7-2). For these samples, the average values of phe-
nocryst analyses for each chondrule are calculated and
shown in Table 2 and Fig. 4c. The uncertainties of the aver-
age values in individual chondrules were estimated from
twice the standard error of the mean (2SE) of multiple data
(n), unless it is smaller than the weighted average of data
(2SE = 2SD of bracketing standard analyses divided by



Fig. 3. Representative types of chondrules in LL3.0–3.1 studied for oxygen isotope ratios by SIMS. BSE images with scale bars of 200 lm. (a)
Type IA chondrule B3 consists of forsteritic olivine and Ca, Al-rich glass. (b) In type IAB chondrule B12, a large olivine phenocryst occupies
half of the chondrule, with the remainder mostly pyroxene. (c) Type IAB chondrule K10 consists of olivine, low Ca pyroxene and glass. A
dusty olivine grain with numerous reduced metal grains is located at the center. (d) Type IAB chondrule B47 shows an irregular outer shape
and consists of small (6�10 lm) olivine phenocrysts. Pyroxene (slightly lighter gray compared to olivine) is concentrated at the edge of the
chondrule. This chondrule also contains abundant metal particles and has a fine-grained rim. These characteristics are not typical of UOC
chondrules, but are similar to chondrules in carbonaceous chondrites. (e) Type IB chondrule CH33 contains olivine phenocrysts at the center
and pyroxene phenocrysts near the edge. (f) Type IB chondrule B11 is mostly enstatite rimmed with a thin (<10 lm) high Ca pyroxene. (g)
Type IIA chondrule CH52 consists of FeO-rich olivine (Fo77) phenocrysts and high Ca pyroxene micro-crystallites included in SiO2-rich
glass. (h) Type IIAB chondrule CH26 consists of FeO-rich olivine and pyroxene phenocrysts. The white arrow indicates the olivine grain that
shows a large 16O-enrichment. (i) radial pyroxene (RP) chondrule B11 consists of fine-grained (<10 lm) low Ca pyroxene and mesostasis. (j)
Anorthite-bearing type II (II-PL) chondrule CH23 consists of olivine, pyroxene and plagioclase in non-porphyritic texture.
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the square root of n). Furthermore, additional 0.3& and
0.15& uncertainties in instrumental bias corrections for
d18O and d17O, respectively, are propagated to the final
average values as described earlier. The calculation of
uncertainties in the average values is shown in
Table EA7-2.



Fig. 3 (continued)

SIMS oxygen isotope study of chondrules in LL3 6617
The average oxygen isotope ratios of individual chond-
rules show systematic variations among different chondrule
types, although the variation among types may overlap
(Fig. 4c). Type I chondrule data show a wide range of
d18O values from +1& to +6&, which generally increase
in the order of IA, IAB and IB, from olivine-rich to pyrox-
ene-rich chondrules. In particular, data from type IA
chondrules plot systematically on the left side of the Y&R
line; this range of values is not observed from bulk chon-
drule analyses by Clayton et al. (1991). The Al-rich chon-
drule CH5 also shows a similar light isotope enrichment
(i.e., low d18O), which confirms our previous result using
an IMS-1270 (Nagahara et al., 2008). Type IA chondrules
are generally smaller than 1 mm (Jones and Scott, 1989)
and might not have been sampled in previous bulk analyses
that required more than a few mg of material (Clayton
et al., 1991), equivalent to 1 mm in diameter. Among the
type IB, CH33 plots on the left side of the Y&R line, similar
to type IA chondrules. Unlike other type IB chondrules,
CH33 shows a layered structure with olivine phenocrysts
located at the center of the chondrule, and surrounded by
glassy mesostasis and pyroxene phenocrysts (Fig. 3e).

In contrast to the wide variation among type I chond-
rules, type II chondrules (IIA, IIAB, IIB, RP and II-PL)
cluster at d18O � 4.5& and d17O � 2.7& (D17O � 0.5&),
and do not vary more than 1& in both d17O and d18O
(Fig. 4c). The average values for types IIA, IIAB, IIB,
and RP are d18O = 4.51 ± 0.44&, d17O = 2.89 ± 0.60&,
and D17O = 0.54 ± 0.60& (2SD, n = 14). There is no obvi-
ous difference among type II chondrules with respect to
olivine and pyroxene modal percentages (e.g., types A,
AB, and B). However, anorthite-bearing type II chondrules
(CH23, B29, B38, and K21; labeled as “II-Plag” in Fig. 4c)
all plot near the TF line with an average, D17O =
0.14 ± 0.30 (n = 4, 2SD). The bulk chemical compositions
of these anorthite-bearing chondrules are depleted in vola-
tile elements (Na and Mn) and slightly enriched in refrac-
tory elements (Ca and Al) compared to other type II
chondrules (Fig. 2b). Analogous to Al-rich chondrules with
16O-enrichments (Russell et al., 2000), the anorthite-bearing
type II chondrules may have more contribution from
refractory elements and 16O-rich precursors than normal
type II chondrules.

As shown in Fig. 5, the average D17O values of olivine
and pyroxene in individual chondrules are distributed
widely from �8.8 ± 0.3& in B47 (IAB) to 1.6 ± 0.2& in
K25 (IAB), though the majority of chondrules are within
a restricted range between 0& and 1&. The average D17O
of all chondrules (Fig. 5), excluding those with large 16O-
enrichments, is 0.51 ± 0.87& (2SD), which is systematically
lower than the average of bulk chondrules in LL3, as well as
the average bulk LL3 chondrites (0.99 ± 0.82& and
1.10 ± 0.20&, 2SD, respectively; Clayton et al., 1991). As
shown in Fig. 5, type I chondrules show a relatively larger
scatter in D17O than type II chondrules. Among type I
chondrules, D17O in four type IB chondrules are identical



Fig. 4. Oxygen three isotope ratios in chondrules from LL3.0–3.1 chondrites. “TF” and “Y&R” represent the terrestrial mass fractionation
line and the Y&R line (d17O = d18O � 1.04; from Young and Russell, 1998), respectively. (a) Individual spot data (�15 lm spots) from olivine
and pyroxene excluding four chondrules that plot below the TF line. Data are from Table EA7-2. Type I chondrule data generally plot along a
slope = 0.5 line above the TF line with d18O increasing from type IA, IAB and IB, while type II chondrule data plot within a narrow range. (b)
16O-rich chondrule data from CH44, CH61 (type IA), B47 (IAB) and CH26 (IIAB). Individual spot analyses are shown for CH61 and olivine
grain 3 in CH26. The average values of multiple spot analyses are shown for B47, CH26 (excluding grain 3) and red CL olivine, blue CL
olivine, and glass in CH44 (see Tables 2 and 3). Dashed line is the CCAM line (e.g., Clayton, 1993; Clayton et al., 1977). Small dots and
crosses are bulk oxygen isotope analyses of chondrules from CV3 and UOCs (shown in Fig. 1), which are outlined by the grey area. (c) The
average olivine and pyroxene data of the individual chondrules that show internally homogeneous oxygen isotope ratios near and above TF
line. The average values are from Table 2. Anorthite-bearing type II chondrules (labeled as “II-Plag”) are shown as open diamonds and plot at
the lower ends of the variation among type II chondrules (open circles). An Al-rich chondrule CH5 is shown as IA chondrule symbol. Small
dots and crosses are the same as in (b).
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within the analytical uncertainties with an average D17O =
0.73 ± 0.18& (2SD), in contrast to the larger variation
among olivine-rich types IA and IAB chondrules.

3.3. 16O-enriched chondrules and relict olivine grains

Four chondrules (CH44, CH61, B47, and CH26; Tables
2 and 3) partly or uniformly show large 16O excesses and
plot below the TF line (Fig. 4b) in a similar region to Al-
rich chondrules (Russell et al., 2000). The four chondrules
are not Al-rich and belong to three different types (IA,
IAB and IIAB), indicating that a 16O-rich solid could be
common precursor of UOC chondrules. In Fig. 4b, the
16O-rich data from these chondrules deviate from the
Y&R line towards the CCAM line, except for CH61. This
is contrary to the trend for Al-rich chondrules reported



Table 2
The average oxygen isotope ratios of olivine and pyroxene in individual chondrulesa from LL3.0–3.1 chondrites, Semarkona, Bishunpur and
Krymka, measured by IMS-1280 SIMS.

Sample name (type) nb d18O Error d17O Error D17O Error mg#c

CH5 (Al-rich) 3 0.85 0.43 1.24 0.40 0.79 0.45 99.6
B3 (IA) 4 1.92 0.36 1.87 0.53 0.87 0.53 99.0
B4 (IA) 3 3.26 0.40 1.46 0.31 �0.23 0.30 97.0
B26 (IA) 5 0.51 0.38 0.28 0.48 0.03 0.55 97.5
B48 (IA) 2 2.38 0.32 1.52 0.33 0.28 0.29 95.6
K24 (IA) 6 2.3 1.1 2.1 0.6 0.87 0.20 95
CH3 (IAB) 5 3.13 0.39 1.50 0.41 �0.13 0.35 96.3
B12 (IAB) olivine 3 3.65 0.46 3.22 0.40 1.32 0.23 93

Pyroxene-core 1 4.91 0.31 3.17 0.33 0.62 0.30 96
Pyroxene-rim 2 5.60 0.37 4.30 0.30 1.39 0.32 95.5

B15 (IAB) 6 4.04 0.34 1.97 0.46 �0.13 0.40 94
B47 (IAB) 2 �12.46 0.49 �15.22 0.36 �8.78 0.29 96.6
K10 (IAB) 6 5.23 0.47 3.65 0.38 0.94 0.31 97

Dusty olivine 3 3.89 0.43 2.78 0.34 0.76 0.36
K25 (IAB) 6 5.25 0.33 4.35 0.31 1.62 0.24 96
CH11 (IB) 5 5.84 0.35 3.66 0.48 0.63 0.44 98
CH33 (IB) 7 1.93 0.40 1.68 0.42 0.67 0.40 99
B10 (IB) 4 5.61 0.34 3.63 0.29 0.71 0.23 96

Olivine phenocryst 1 4.59 0.30 2.76 0.50 0.38 0.47 96
B13 (IB) 3 5.61 0.40 3.76 0.58 0.84 0.45 98
CH52 (IIA) 5 4.58 0.51 3.02 0.49 0.64 0.39 77
B43 (IIA) 4 4.03 0.36 2.81 0.30 0.71 0.26 90
K15 (IIA) 3 4.53 0.33 2.81 0.24 0.45 0.18 81
CH4 (IIAB) olivine 5 4.83 0.35 3.41 0.33 0.90 0.29 81

Pyroxene 4 3.98 0.46 3.22 0.36 1.15 0.32
CH36 (IIAB) 6 4.21 0.42 2.76 0.29 0.57 0.23 76
B21 (IIAB) 4 4.54 0.52 2.35 0.33 �0.01 0.26 71
B39 (IIAB) 4 4.76 0.36 3.07 0.30 0.60 0.26 74
K27 (IIAB) 4 4.61 0.32 2.83 0.22 0.43 0.17 75
CH60 (IIB) 4 4.38 0.36 3.24 0.36 0.96 0.32 86
B6 (IIB) 5 4.63 0.35 3.05 0.39 0.64 0.30 87
B37 (IIB) 2 4.44 0.39 2.57 0.49 0.27 0.38 91
B11 (RP) 2 4.33 0.64 2.85 0.28 0.59 0.21 82
K19 (RP) 1 4.77 0.38 2.46 0.36 �0.02 0.23 85
CH23 (II-Plag) 5 3.97 0.44 2.00 0.38 �0.06 0.30 83
B29 “BI-C4” (II-Plag) 4 4.35 0.34 2.48 0.37 0.22 0.32 83
B38 “B1-C18” (II-Plag) 4 4.46 0.39 2.42 0.43 0.10 0.34 77
K21 (II-Plag) 4 4.32 0.37 2.53 0.31 0.28 0.25 81

a The average values and the associated uncertainties (in 95% confidence level) of individual chondrules were calculated in Table EA7-2.
b The number of multiple spot analyses.
c Molar [MgO]/[MgO + FeO]% of olivine and pyroxene phenocrysts from Tables EA4 to EA5.
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by Russell et al. (2000), which plot slightly above the Y&R
line, like CH61.

The CL image of CH44 (IA, Fig. 6) reveals reversely
zoned forsterite phenocrysts, Fo99.3 cores with red CL
and Fo99.7 rim with blue CL that are enriched in Al and
Ca (Table EA6). The resorption texture indicates that
red-CL olivine cores are relict and blue-CL rims are over-
growths from an Al- and Ca-rich melt. In this chondrule,
olivine overgrowths and glass have 16O-rich compositions
(D17O = �4.3& and �3.9&, respectively), while the relict
olivine cores are relatively 16O-depleted (D17O = �0.8&)
and lie closed to the TF line.

Chondrule CH61 consists of abundant forsteritic olivine
with complex CL zoning profiles. We obtained only two
data points due to the small olivine grain sizes in this chon-
drule. Although data from CH61 are displaced significantly
below the TF line compared to other type IA chondrules,
the data also plot above the Y&R line like other type IA
chondrules.

Data from B47 (type IAB) show the most 16O-rich com-
positions and are close to the CCAM line (d18O � �12.5&

and d17O = �15.2&). The value of D17O = �8.8 ± 0.3&

observed from this chondrule is even lower than those of
Al-rich chondrules in UOCs (D17O P �6&; Russell et al.,
2000). It is interesting to note that the texture of this chon-
drule, shown in Fig. 3d, somewhat resembles those in CO
chondrites, such as small olivine phenocrysts, enrichment
of pyroxene at the periphery of the chondrule, abundant
small metal grains, and relatively thick fine-grained rims
(e.g., Kurahashi et al., 2008).

CH26 is the only type II chondrule that shows a signifi-
cant degree of 16O-enrichment (Fig. 4b). This 16O-enrich-
ment is only observed in one olivine grain (Fig. 3h), while
the rest of the data for this chondrule plot above the TF line



Fig. 5. The average D17O values of olivine and pyroxene from
individual chondrules in LL3.0–3.1 chondrites. The average values
of olivines and pyroxenes (15 lm spot) from individual chondrules
(Table 2) are shown, while individual spot analyses are shown for
three chondrules (CH44, CH61, and CH26) containing relict
olivine grains. The average of all the chondrules (excluding CH44,
CH61, B47, and CH26) is 0.5 ± 0.9& (2SD), is shown by a dashed
line. The solid line is the average LL4–LL6 chondrite bulk D17O
value (Clayton et al., 1991).
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within the range of other type II chondrules (Fig. 4b). There
is no obvious petrographic indication of the 16O-rich grain
being relict, such as higher Fo content. Therefore, the occur-
rence of relict 16O-rich olivine in this chondrule is quite dif-
ferent from that in type II chondrules in CO3 and Acfer 094
that show relict Fo grains (Kunihiro et al., 2004, 2005).

3.4. Heterogeneity within individual 16O-poor chondrules

Five chondrules (K10, K24, B12, B10, and CH4) ana-
lyzed with 15 lm spots show resolvable internal heterogene-
ity in d18O that is more than 1& beyond the analytical
precision (0.2–0.7&). Individual spot analyses and the aver-
age of analyses with different petrographic domains are
shown in Table EA-7 and Table 2, respectively. Two chond-
rules containing dusty olivine grains in Krymka (K10 and
K24) show more than 1& variation in d18O parallel to
the TF line (Fig. 7a). Chondrule K10 (IAB) contains a large
dusty olivine grain at the center (Fig. 3c), which has d18O
values that are lower than the host olivine and pyroxene
by 1–2&. Another chondrule (K24, type IA) contains dusty
olivine grains and shows variation in d18O of �3&, though
no data are from the dusty olivine grains because they were
too small and difficult to analyze.

The chondrule, B12 (IAB), contains a large olivine phe-
nocryst that occupies nearly one-half of the chondrule, while
the rest of the chondrule consists of pyroxene (Fig. 3b).
Three analyses of the olivine grain are homogeneous, and
their average is lower in d18O than those of the pyroxene
grains (Fig. 7b). Two analyses of pyroxene at the periphery
of the chondrule (“Rim” in Fig. 7b) are higher in both d18O
and d17O compared to the analyses of pyroxenes located at
the center of the chondrule (“Center” in Fig. 7b). The aver-
age olivine data and “Rim” pyroxene data plot parallel to
the TF line with relatively high D17O of 1.3–1.4&. The chon-
drule, B10 (IB), contains one olivine phenocryst (�150 lm)
which shows d18O and d17O that are lower than pyroxene by
1&. The analysis of an olivine chadacryst in the same chon-
drule (�30 lm) shows oxygen isotope ratios that are indis-
tinguishable from that of the pyroxene (see Table EA7-2),
indicating that the olivine chadacryst and pyroxene grew to-
gether, while the larger olivine grain is probably relict.

In the chondrule, CH4 (IIAB), the oxygen isotope ratios
at the center of large olivine phenocrysts are homogeneous
(average value with 15 lm spot; d18O = 4.83 ± 0.16&,
n = 5, 2SD, Table EA7-2), while the pyroxene phenocrysts
are lower in d18O (3.9–4.4&) than the olivine and both plot
along a mass dependent fractionation line (Fig. 7b).

3.5. Mesostasis of selected chondrules

We analyzed glass from 9 chondrules (B4, B26, K10,
CH11, CH33, CH52, CH4, CH36, and K27) to test whether
the glass exchanged with “16O-poor” nebular gas during the
melting of the chondrules. In four chondrules (CH11,
CH33, CH4, and CH36), co-existing high Ca-pyroxenes
(“Cpx”) in the same chondrules were also analyzed for
comparison. As shown in Fig. 8, Cpx in these chondrules
occurs as overgrowths at the rim of low-Ca pyroxene
phenocrysts, and as small crystals in the mesostasis. These
analyses are summarized in Table 4 and are plotted to-
gether with the averages of the olivine and pyroxene data
in Fig. 9. The oxygen isotope data in the chondrule glasses
are widely distributed, in contrast to the limited range of
variations observed from the olivine and pyroxene. The
glass data in chondrules CH33 and CH4 show similar
d18O and d17O values to the olivine and low-Ca pyroxene
in the same chondrules. In other chondrules, such as
CH52, CH36, and K27, oxygen isotope ratios in glass are
significantly higher in both in d18O and d17O than olivine
and low-Ca pyroxene. The highest values are d18O =
17&, d17O = 14& and D17O = 5& found in CH36.

Because of the small grain size, clean Cpx analyses were
made only in CH4 and CH33, which are in good agreement
with the analyses of olivine and pyroxene in the same
chondrules. Some Cpx analysis spots in CH36 overlapped
with glass (labeled as “G + Cpx”). The d18O and d17O
values of these mixed analyses are generally proportional
to the fraction of glass observed in the analytical spot, indi-
cating that the Cpx grains in the mixed analysis spots do
not have extremely high d18O and d17O values.

4. DISCUSSION

4.1. Origin of heavy oxygen isotopes in chondrule glass

4.1.1. Effect of aqueous alteration

In this work, we observed large variation in oxygen iso-
tope ratios of glass among chondrules, which are enriched



Table 3
Oxygen isotope ratios of individual spots in chondritesa with 16O-enriched olivine grains, measured by IMS-1280 SIMS.

Sample name (type) d18O Error d17O Error D17O Error mg#c

CH44 (IA)
#2-olivine (red CL) 1.9 0.4 �0.5 1.0 �1.5 1.0 99.2
#3-olivine (red CL) 2.3 0.4 0.7 1.0 �0.4 1.0 99.3
#4-olivine (red CL) 2.3 0.4 0.7 1.0 �0.5 1.0
#6-olivine (red CL) 2.2 0.4 0.1 1.0 �1.0 1.0
#9-olivine (red CL)b 3.0 0.9 1.0 0.5 �0.6 0.8
#7-olivine (red/blue CL)b 1.5 0.9 �0.9 0.5 �1.7 0.8
#1-olivine (blue CL) �3.1 0.4 �5.5 1.0 �3.9 1.0 99.7
#11-olivine (blue CL)b �2.7 0.9 �5.9 0.5 �4.5 0.8
#10-glassb �2.4 0.9 �5.3 0.5 �4.0 0.8
#8-glassb �2.3 0.9 �5.0 0.5 �3.8 0.8
Red CL olivine average (n = 4) 2.2 0.4 0.3 0.7 �0.9 0.5
Blue CL olivine average (n = 1) �3.1 0.5 �5.8 1.1 �3.9 1.0
Glass average (n = 2) �2.4 0.7 �5.1 0.4 �3.9 0.5

CH61 (IA)
Olivine-1 �2.2 0.5 �2.8 0.5 �1.7 0.4
Olivine-2 �3.1 0.5 �2.7 0.5 �1.1 0.4

CH26, IIAB

Olivine-1 4.3 0.5 3.3 0.5 1.1 0.4 75.7
Olivine-2 4.5 0.5 3.6 0.5 1.2 0.4 78.8
Olivine-3-1 �10.0 0.5 �12.6 0.5 �7.4 0.4 77.1
Olivine-3-2 �3.8 0.5 �6.1 0.5 �4.2 0.4
Pyroxene-1 4.5 0.5 3.2 0.5 0.9 0.4
Pyroxene-2 4.3 0.5 2.6 0.5 0.4 0.4

Average (excluding olivine-3) 4.43 0.40 3.18 0.43 0.88 0.37

a Error quoted to individual data are from 2SD of bracketing standard analyses, while those for the average values are weighted errors of
multiple data.

b The spots sized are 5 lm (S3), otherwise 15 lm (S1).
c Molar [MgO]/[MgO + FeO]% of olivine phenocrysts from Table EA5.

SIMS oxygen isotope study of chondrules in LL3 6621
in both d18O and D17O compared to minerals in the same
chondrules. If Cpx in chondrule mesostasis and at the rim
of phenocrysts crystallized from chondrule melt and they
were in oxygen isotope equilibrium with the melt at high
temperature, Cpx and glass oxygen isotope data should
show identical D17O and small a difference in d18O less than
1& (e.g., Zhao and Zheng, 2003). Although only a few
analyses were successful for Cpx in this study due to small
grain sizes, our glass data consistently show much higher
D17O and d18O than Cpx, while Cpx data are in good agree-
ment with those of phenocrysts in the same chondrules.
Two possible explanations of these observations are: (1)
oxygen isotope ratios in the chondrule melt dramatically
changed after Cpx crystallization due to isotope exchange
with ambient gas, and (2) the oxygen isotope ratios in glass
were altered much later during fluid–rock interaction on the
chondrite parents bodies. Crystallization temperature of
Cpx may not be significantly different from the glass transi-
tion temperature of silicate melt. The first explanation is
unlikely because it requires sudden changes in oxygen iso-
tope ratios in the ambient gas right after Cpx
crystallization.

In Fig. 10, glass data are summarized in an oxygen
three-isotope diagram, and show a linear trend with a slope
of �0.8. The oxygen isotope ratios of feldspar/glass concen-
trates (low density separates) from chondrules and bulk
UOCs (Bridges et al., 1999) plot within the range of SIMS
analyses of chondrule glasses. The highest d18O and d17O
values of glass in CH36 plot along mass fractionation line
defined by matrix magnetite in Semarkona (Choi et al.,
1998), which is considered to be the product of aqueous
alteration in the parent body (Krot et al., 1997). Therefore,
glass might have exchanged oxygen isotopes with an aque-
ous fluid having high D17O values (�5&) in the LL3 parent
body. As discussed by Choi et al. (1998), oxygen isotopic
equilibrium may not have been achieved between magnetite
in the matrix and glass in chondrules. However, here we as-
sessed the oxygen isotope fractionation between magnetite
and chondrule glass to test whether they equilibrated at
low temperature (6260 �C suggested to be the peak meta-
morphic temperature experienced by Semarkona; Alexan-
der et al., 1989). Here we assume the oxygen isotope
fractionation factor between CH36 glass and magnetite to
be similar to that between albite and magnetite, because
the major element composition (especially SiO2 wt%) of
CH36 glass is similar to albite. We assume the d18O value
of matrix magnetite to be 0.4 ± 1.1& from the average of
10 Semarkona matrix magnetite analyses by Choi et al.
(1998). The oxygen isotope fractionation, defined as
D18O(glass-matrix) = d18O(CH36 glass) � d18O(matrix
magnetite), is �17&, which is similar to that of albite–mag-
netite; D18O(albite–magnetite) = 16.7& at T = 250 �C
using the equation in Clayton and Kieffer (1991). There-
fore, it is likely that glass in chondrule CH36 experienced



Fig. 6. Type IA chondrule CH44, showing 16O-poor relict forste-
rite overgrown by 16O-rich olivine rim in an Al–Ca-rich glass. (a)
Color CL image of CH44, by combining three images taken with
red, green, and blue filters (brightness of individual color signals
was not calibrated). Blue CL olivine grains have higher Fo contents
(�Fo99.7) than red CL olivine grains (�Fo99.3) and are enriched in
refractory minor elements (CaO and Al2O3). (b) BSE image of
CH44 with the positions of SIMS spots and D17O values. The
diameters of circles indicate the analysis spot sizes of 15 and 5 lm.
Red, blue and green circles represent the analysis positions from
red CL olivine, blue CL olivine and green CL glass.

Fig. 7. Oxygen isotope ratios of chondrules showing resolvable
internal heterogeneity. “TF” and “Y&R” represent terrestrial mass
fractionation and Young and Russell lines, respectively. (a)
Chondrules K10 (IAB) and K24 (IA) contain dusty olivine grains.
(b) Chondrules B12, B10, and CH4. The average values are shown
for B12 olivine (n = 3, from a single large olivine phenocryst), B10
host (n = 4, 1 olivine and 3 pyroxenes), CH4 olivine (n = 5, 15 lm
spots only) and CH4 pyroxene (n = 4, 15 lm spots only). Other
data are from a single spot analyses.
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almost complete oxygen isotope exchange with an aqueous
fluid in the parent body. Experimental data are not avail-
able for oxygen isotope diffusion in glass at temperatures
below 500 �C. Extrapolation of the existing diffusion data
(Behrens et al., 2004, 2007; see EA8) indicates that oxygen
isotope diffusion in glass with water contents of 0.1 wt%
may occur at a 10 lm scale for 1 Ma at T = 250 �C. Oxygen
isotope exchange between chondrule glass and an aqueous
fluid seems to be incomplete in most of the other chond-
rules, which show oxygen isotope ratios that are intermedi-
ate between that in CH36 glass and those of the olivine–
pyroxene phenocrysts.

Oxygen isotope exchange between chondrule glass and
parent body aqueous fluid may be found in another class
of type 3 chondrites with low petrographic subtypes
(63.2). Maruyama et al. (1999) and Maruyama and Yurim-
oto (2003) suggested mesostasis of chondrules in Allende
(CV3) might be altered by the aqueous alteration in the par-
ent body. The D17O values of mesostasis in Vigarano (CV3)
chondrules analyzed by SIMS systematically show values
higher than olivine and pyroxene phenocrysts (Chaussidon
et al., 2008), which were interpreted as primary isotope ra-
tios in chondrule glass reflecting the solar nebula gas. How-
ever, some data plot on the left side of the CCAM line with
D17O � �2&, similar to that observed in magnetite in Al-
lende CV3 (Choi et al., 1997), could be the result of isotope
exchange with aqueous fluid in the CV parent body.

4.1.2. Contribution to whole-rock oxygen isotope ratios

The average of D17O value of chondrules, based on the
analyses of olivine and pyroxene obtained in this work
(0.5 ± 0.9&, 2SD, Fig. 5), is systematically lower than the
average value of bulk LL chondrites (�1.26&, Clayton
et al., 1991), or those in the host bulk meteorites of these
chondrules (1.1&, 1.0&, 1.2& for Semarkona, Bishunpur
and Krymka, respectively; Clayton et al., 1991). From the
analyses of chondrule glass in this work and previous stud-
ies of matrix magnetite (Choi et al., 1998), it is evident that
the most 16O-poor component in the bulk LL chondrites re-
sides in chondrule glass and matrix minerals. Their oxygen
isotope ratios probably reflect exchange with a 16O-poor



Fig. 8. BSE images of SIMS analysis spots in chondrule mesosta-
sis. (a) CH33 (type IB) and (b) CH52 (type IIA). Arrows indicate
SIMS analysis spots. “Ol”, olivine; “Cpx”, high Ca-pyroxene;
“Lpx”, low Ca pyroxene. The small 5 lm spots are shown with
circles representing the size of SIMS pits. In CH33, some high Ca
pyroxene rims are large enough to obtain clean SIMS analyses. In
this example, glassy mesostasis is also analyzed adjacent to high Ca
pyroxene. In CH52, the glass analysis spot slightly overlaps with
pyroxene micro-crystallites.
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fluid during aqueous alteration in the LL parent body. The
bulk d18O values of all three LL3 chondrites are higher than
that of the average type 4–6 LL chondrites (5.4–6.1& ver-
sus 5.0&; Clayton et al., 1991), which is also consistent with
aqueous alteration of components in these LL3 chondrites
at lower temperatures.

We suggest that the bulk LL chondrite oxygen isotope
ratios were established by the mixing of anhydrous silicates,
represented by the average chondrule olivine and pyroxene
data, and liquid water (or ice) accreted by the LL parent
body. The origin of the water in the ordinary chondrite par-
ent body that resulted in aqueous alteration in type 3 chon-
drites is not well understood. It could be ice accreted by the
parent body, or H2O released by pyrolysis or oxidation of
organic material. If we assume the water content of bulk
Semarkona (1.6 wt%, Jarosewich, 1990) as the amount of
water that existed in the LL chondrite parent body, the
D17O value in the initial water of �20& is estimated to in-
crease the bulk D17O value from 0.5& (average chondrules)
to 1.1& (bulk Semarkona). The highest D17O values ever
observed from meteorites are “Cosmic symplectite”

(COS), magnetite-sulfide assemblages in a matrix phase of
Acfer 094 (ungrouped C chondrite), with D17O = +80&

(d18O = d17O � 180&, Sakamoto et al., 2007). Acfer 094
is the least aqueously altered chondrite (Greshake, 1997),
which may preserve unaltered materials accumulated to
asteroids. Addition of an extremely 16O-depleted compo-
nent, similar to those found in COS, would increase the
D17O value of fluid significantly.

4.2. Oxygen isotope systematics of chondrules in LL3

chondrites

4.2.1. Primary oxygen isotopes in chondrules estimated from

phenocryst data

As discussed above, the primary oxygen isotope ratios in
chondrules are most likely represented by olivine and
pyroxene phenocrysts, except for rare cases where unmelted
(relict) olivine with distinct oxygen isotope ratios are found.
Considering that the volume percentage of glass in most
chondrules is less than 30%, the oxygen isotope ratios of
the average olivine and Low-Ca pyroxene phenocrysts
should be close to that of individual bulk chondrules prior
to parent body alteration. In contrast, actual bulk chon-
drule isotope analyses could be easily displaced by more
than 1&, depending on the fraction of glass and the degree
of oxygen isotope exchange with aqueous fluid. In the fol-
lowing discussion, the average olivine and pyroxene data
from individual chondrules are considered to represent
their primary oxygen isotope ratios. In Fig. 11, oxygen iso-
tope ratios obtained from olivine and pyroxene are summa-
rized as d18O–D17O diagram. Most chondrules plot above
the TF line and generally follow a separate mass dependent
fractionation line with D17O values between 0& and 1&,
below that of bulk LL chondrites (D17O � 1.3&). One
chondrule (K25, IAB) shows a D17O value as high as
1.6 ± 0.2& that plot above the bulk LL chondrite
(Fig. 5). Type IA chondrule data are fractionated to light
isotope enrichments compared to types IAB and B. Type
II chondrule data show a narrow range of values. Some
chondrules show 16O-enrichment towards the CCAM line,
either as a whole or as relict grains. These results signifi-
cantly extend the range of oxygen isotope ratios in OC
chondrules compared to previous bulk analyses (Clayton
et al., 1991; Bridges et al., 1998).

The systematic variation in oxygen three-isotope ratios
among type I and type II chondrules is also demonstrated
in Fig. 12, showing the d18O and D17O values of individual
chondrules with their mg# of olivine and pyroxene pheno-
crysts. The figure clearly demonstrates the large mass
dependent isotope fractionation (variable d18O with con-
stant D17O values) among type I chondrules, especially
those with the highest mg#. A large mass dependent isotope
fractionation occurred under the conditions that formed
magnesian chondrules, possibly under reducing conditions.

4.2.2. Correlation between d18O and Mg/Si ratio in type I

chondrules

In this study, we found a large mass dependent frac-
tionation in oxygen isotopes among type I chondrules,
especially light isotope enrichment in IA. If oxygen iso-
tope fractionation among type I chondrules is caused by



Table 4
Oxygen isotope ratios of high Ca pyroxene (Cpx) and mesostasis (G) compared to olivine (Ol) and low Ca pyroxene (Lpx) in selected
chondrules, measured by IMS-1280 SIMS.

Chondrulea (type) Phase Glass SiO2% d18O Error d17O Error D17O Error

B4 (IA) G 48.5 7.4 0.5 5.4 0.5 1.5 0.4
G 49.5 5.3 0.5 3.5 0.5 0.7 0.4
Olb 3.3 0.4 1.5 0.3 �0.2 0.3

B26 (IA) G 51.9 8.7 0.5 6.6 0.5 2.0 0.4
G 54.0 3.0 0.5 2.0 0.5 0.4 0.4
Olb 0.5 0.4 0.3 0.5 0.0 0.6

K10 (IAB) G 59.7 6.3 0.2 4.7 0.3 1.4 0.2
Olb 5.2 0.5 3.7 0.4 0.9 0.3

CH11 (IB) Cpx + G(�30%) 4.8 1.0 2.8 0.8 0.3 0.9
G 55.2 9.8 1.0 6.7 0.8 1.6 0.9
G 58.7 7.1 1.0 4.6 0.8 0.9 0.9
G 57.5 7.9 1.0 5.3 0.8 1.2 0.9
Ol–LPxb 5.8 0.4 3.7 0.5 0.6 0.4

CH33 (IB) Cpx 2.0 0.8 1.3 0.5 0.3 0.6
G 56.7 4.6 0.8 2.6 0.5 0.3 0.6
G 56.5 3.7 0.8 2.4 0.5 0.4 0.6
Ol–Lpxb 1.9 0.4 1.7 0.4 0.7 0.4

CH52 (IIA) G 70.0 14.5 0.8 10.4 1.0 2.8 1.0
G (+ Cpx incl.) 69.5 13.6 0.8 9.3 1.0 2.2 1.0
Olb 4.6 0.5 3.0 0.5 0.6 0.4

CH4 (IIAB) Cpx 3.3 1.0 3.1 0.8 1.4 0.9
Gc (n = 3) 67–75 6.1 0.8 4.8 0.5 1.6 0.6
Olb 4.8 0.4 3.4 0.3 0.9 0.3
Lpxb 4.0 0.5 3.2 0.4 1.2 0.3

CH36 (IIAB) G + Cpx (<50%) 68.1 12.5 0.8 9.4 1.0 2.9 1.0
Cpx(50%) + G(50%) 10.3 0.8 7.2 1.0 1.8 1.0
Cpx(50%) + G(50%) 9.0 0.8 7.1 1.0 2.4 1.0
Gc (n = 2) 67–71 17.3 0.6 13.8 0.7 4.8 0.7
Ol–Lpxb 4.2 0.4 2.8 0.3 0.6 0.2

K27 (IIAB) G 65.4 12.5 0.2 9.9 0.3 3.3 0.2
Ol–Lpxb 4.6 0.3 2.8 0.2 0.4 0.2

a rror quoted to individual data are from 2SD of bracketing standard analyses, while those for the average values are weighted errors of
multiple data.

b Olivine and low Ca pyroxene data from Table 2.
c The average value of multiple spots (see Table EA 7-2).
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the Rayleigh distillation process, such as evaporation of
silicate melt in the solar nebula, chondrules with heavy
and light isotope enrichments may correspond to evapora-
tion residues and re-condensates from evaporated species,
respectively. According to d18O values, type IA (lower
d18O) and IB (higher d18O) chondrules may correspond
to condensates and evaporated residues, respectively.
However, Jones (1994) reported that type IA chondrules
are generally enriched in refractory elements and depleted
in volatiles (such as Mn and Na), while type IB chond-
rules are slightly enriched in moderately volatile elements.
The major element data shown in Fig. 2a are consistent
with this previous study. Therefore, a Rayleigh distillation
process can not explain both the isotopic and chemical dif-
ference between types IA and IB chondrules. Further-
more, the d18O values in type I chondrules show a
negative correlation with the bulk Mg/Si ratios
(Table EA5), as shown in Fig. 13a. Because Si is less
refractory than Mg (e.g., Wang et al., 2001), a positive
correlation would be seen if the oxygen isotopes were frac-
tionated by a Rayleigh distillation process in contrast to
the actual observation.
In addition to type IA chondrules, an Al-rich chondrule
(CH5) also shows low d18O values, though CH5 does not
have a high Mg/Si ratio. In this chondrule, Nagahara
et al. (2008) observed an inward diffusion of Si and Na from
the periphery of the chondrule, which they interpret as evi-
dence for recondensation of Si and alkali elements in the
glass. According to the model of Nagahara et al. (2008),
chondrule CH5 originated from a type C CAI-like refrac-
tory precursor, which was heated in the presence of precur-
sors of ferromagnesian chondrules at a temperature much
higher than 1300 �C, with dust/gas ratios 100 times the
solar composition, and total pressure of 10�4 bar. Under
these conditions, solid precursors would have evaporated
except for Ca, Al-rich refractory precursors. During cooling
below the temperature of 1300 �C, Mg and Si recondensed
into the chondrule melt and forsterite crystallized. Mg-rich
chondrules might be formed in the same environment. Bulk
major element compositions in UOC chondrules show a
significant Mg/Si elemental fractionation (Table 1).
Nagahara et al. (2005) argue that the large Mg/Si fraction-
ation seen from bulk major element compositions of ordin-
ary chondrite chondrules is difficult to explain solely by



Fig. 9. The oxygen isotope ratios of mesostasis in selected chondrules. (a) B4, (b) B26, (c) K10, (d) CH11, (e) CH33, (f) CH52, (g) CH4, (h)
CH36 and (i) K27. Data are shown in Table 4. In each plot, filled circles are glass, open squares are high Ca pyroxene (Cpx), open diamonds
are olivine and low Ca pyroxene (Lpx) phenocryst data from 15 lm spot analysis and half filled squares are mixed analyses of overlapping
glass and high Ca-pyroxene. The volume % of Cpx in the mixed analyses of Cpx-glass are shown in parentheses. Slope 1 and 0.5 lines represent
the Y&R line and TF lines, respectively, shown as references.
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condensation of solar composition gas, or by evaporation
of chondritic precursors. In order to explain the observed
major element fractionation among chondrules in ordinary
chondrites, they proposed the fractionated solid precursors,
which were depleted in refractory elements and metals, and
the open system behavior of the major oxides by evapora-
tion and recondensation during chondrule-forming melting
events.

4.2.3. Equilibrium oxygen isotope fractionation under dust-

enriched conditions

Clayton et al. (1991) mentioned that mass dependent
fractionation of oxygen isotopes may occur between olivine
and nebula gas at high temperature (�1500 �C), with the
equilibrium fractionation factor D18O(olivine-H2O) of
�2&. According to a calculation by Onuma et al. (1972),
both CO and H2O molecules favor the heavy oxygen iso-
tope compared to olivine at high temperature. To under-
stand the mass dependent fractionation in oxygen
isotopes among type I chondrules, we evaluate oxygen
isotope fractionation between solid and gas at high temper-
ature under dust-enriched conditions. We adapt the equilib-
rium condensation model in dust-enriched system by Ebel
and Grossman (2000) to estimate fractionation of major
elements and O-bearing molecules in solid and gas as a
function of temperature. In the dust-enriched system, the
composition of the gas changes with temperature and ele-
mental composition of solid from which multiple gas spe-
cies evaporates. In contrast to “solar nebula gas”, which
is of solar composition, a gas phase formed at high temper-
ature in a dust-enriched system is referred to as “ambient
gas” throughout the paper. We used one model parameter
from Ebel and Grossman (2000) with a total pressure of
10�3 bar and dust enrichment of �100 compared to solar
compositions, which makes low FeO molar abundance in
the silicate phases (mg# � 97) similar to type I chondrules.
These parameters are similar to those used by Nagahara
et al. (2008). We consider that carbon in the precursors



Fig. 10. Summary of oxygen three isotope ratios of glass in LL3.0–
3.1 chondrules. The SIMS analyses of glass in this work are shown
as open circles and low density separates from UOCs as filled
diamonds (Bridges et al., 1999). The SIMS data plot along a single
trend with the slope of �0.8. The average oxygen isotope ratio of
magnetite in matrix of Semarkona (Choi et al., 1998) is shown as
comparison. Glass data from chondrule CH36 plot on the same
mass fractionation line with magnetite data (gray line). Some
chondrule glass data plot at the lower end of the trend and are close
to those in olivine and pyroxene phenocrysts, indicating oxygen
isotope exchange with aqueous fluid was insignificant in these
chondrules.

Fig. 11. The d18O–D17O plot of chondrules in LL3. The average
olivine and pyroxene data are shown except for CH26 (olivine 3),
CH44 blue and red CL olivine grains, and 2 analyses of olivine in
CH61. Most of the data plot within a grey rectangle hatched area.
In this diagram, a mass dependent isotope fractionation (MF) effect
is seen as a spread of data horizontally with a constant D17O. TF,
Y&R, and CCAM lines are shown as references. Grey crosses are
bulk analyses of Allende CV3 chondrules (Clayton et al., 1983).
The grey arrow shows a mixing trend between 16O-rich component
near CCAM line and the average chondrule values. The slope of
the line is steeper than a simple enrichment or depletion of 16O with
the direction shown by the arrow labeled as “+16O”.

Fig. 12. The average oxygen isotope ratios of individual chond-
rules versus mg# of olivine and pyroxene. (a) D17O and (b) d18O. A
large variation of d18O values are seen for mg# > 97, while D17O
values are indistinguishable.
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produce CO and remaining oxygen atoms in gas produce
H2O at high temperature. Equilibrium oxygen isotope frac-
tionation factors between silicate melt and molecules are
estimated from reduced partition functions in the literature
(Richet et al., 1977; Clayton and Kieffer, 1991) and shown
in Table 5. In the calculation, we ignored the effect of SiO
molecules in the gas by replacing them with H2O molecules,
because the reduced partition function of SiO molecule is
not known. The reduced partition function of silicate is esti-
mated as the average of those of olivine and diopside for
simplicity. The calculation is done for the temperature
range of 1177–1577 �C, where Mg and Si condense to solid.
We define D18O as fractionation of the 18O/16O ratio in so-
lid and gas at high temperatures relative to the average pre-
cursor solid, but not the fractionation factor between solid
and gas. It should be mentioned that O/Si and C/Si molar
ratios of the system are nearly identical to those in the pre-
cursor dust when dust enriches more than 100 times the so-
lar compositions. Therefore, the average oxygen isotope
ratios in the system should be the same as that of average
precursor dusts.

The results of the calculations are shown in Fig. 13b as a
function of Mg/Si ratios of solid that change with the tem-
perature of condensation. In the model by Ebel and Gross-
man (2000), they assumed “CI dust” that contains water
(H2O) and C at the level of bulk CI chondrites. Under these
conditions, D18OSolid is nearly constant from �1.5& to
�1.8& because more than a half of the oxygen in the sys-
tem resides as H2O molecules that buffer the isotope ratios
of silicate. In comparison, two cases where precursor dusts
are (1) anhydrous with carbon and (2) anhydrous and free
of carbon are also calculated by simply reducing the O/Si
atomic ratio from 7.8 to 3.6 for anhydrous dust and the
C/Si atomic ratio from 0.85 to 0 for carbon-free dust.



Fig. 13. The correlated Mg/Si ratios and oxygen isotope fractionations among type I chondrules. (a) Data from type I chondrules in this
work. Grey crosses are data from type II chondrules. (b) Model oxygen isotope fractionation of chondrules under the dust enrichment of 100
times solar compositions with pressure of 10�3 bar. Major element compositions of solids are taken from Ebel and Grossman (2000). The
D18O is defined as the isotope fractionation of d18O in solid and gas from the initial average precursor solids. Calculations were made for three
different precursors with different amounts of H2O and C (see text). Open symbols are results of calculation for solid at temperatures from
1177 to 1577 �C. Filled symbols are isotope fractionation of gas at temperatures from 1427 to 1527 �C. The arrow labeled as “CI” represents
the molar Mg/Si ratio of CI chondrites (Anders and Grevesse, 1989). (c) Model oxygen isotope fractionation during repeated evaporation and
recondensation processes. Anhydrous CI-dust is assumed in the calculation. In this model, heating events occur four times at temperatures
from T = 1427 to 1577 �C with 50 �C increments. Oxygen isotope fractionations in solid compared to initial ratios (D18O) are calculated for
these temperature steps, which are shown as open diamonds. In the model, the gas phase enriched in heavy isotopes is removed at each step,
which results in progressive depletion of d18O values. Oxygen isotope fractionations in the increment gas that are separated from solid are
shown as filled diamonds. For OC-like precursors with the lower abundance of refractory elements (Al and Ca), Mg/Si ratios in solid may be
higher than those for CI-dust precursors (Nagahara et al., 2005) as shown as a dashed-line arrow (“OC-dust”).

SIMS oxygen isotope study of chondrules in LL3 6627
The results of calculation with anhydrous precursors show
decreasing D18Osolid with increasing Mg/Si ratios of solid at
a temperature lower than 1400 �C. This is a range of tem-
perature where Mg condensed nearly 100%, while Si con-
densed only partially. With decreasing temperature, both
Si and oxygen fully condensed to a solid, so that the oxygen
isotope ratio does not change from the original values
(D18Osolid = 0). At a higher temperature (P1500 �C), the
major element composition is Ca, Al-rich with lower Mg/
Si ratios and D18Osolid is �1.8& in all cases, because oxygen
in the system resides mainly in gas phases as H2O.

The negative correlation between the d18O values and
the Mg/Si ratios in type I chondrules (Fig. 13a) is similar
to a result of the model calculation for anhydrous precur-
sors. The Al-rich chondrule (CH5) shows both low d18O
and lower Mg/Si, which is also shown in the model calcula-
tion at high temperature. However, differences in the d18O
values between type IA chondrules and type IB chondrules
are 3–5&, much larger than those in the model calculation
for the range of Mg/Si ratios. Therefore, equilibrium iso-
tope fractionation between silicate and gas alone does not
explain the observed range of d18O among type I chond-
rules. Additional fractionation could be caused by a kinetic
fractionation during condensation (e.g., Richter, 2004), or
by a high abundance of organic carbon in the precursor
that formed abundant CO molecules in gas phase, though
these effects may not be much larger than 1& level. It is also
possible that the equilibrium fractionation of oxygen iso-
tope between silicate and SiO molecule are much larger
than that between silicate and H2O molecule, which was
used in the model calculation, though currently no data is
available for SiO.

Here, we consider another model for the system
with anhydrous CI-dust, in which the oxygen isotope



Table 5
Oxygen isotope fractionation between minerals (olivine and pyroxene) and gas (CO and H2O) at high temperature.

Reduced partition functiona D18O (solid–gas)b

T (�C) CO
a = 18.202

b = �1.736

H2O
a = 15.624
b = �3.523

Ol
a = 8.326
b = �0.142
c = 0.0032

Px
a = 9.237
b = �0.199
c = 0.0053

(Ol + Px)–CO (&) (Ol + Px)–H2O (&) Ol–solarc (&)

1900 3.78 3.15 1.76 1.95 �1.92 �1.30 �1.81
1800 4.14 3.44 1.93 2.14 �2.11 �1.41 �1.98
1700 4.56 3.78 2.13 2.36 �2.32 �1.54 �2.17
1600 5.05 4.17 2.36 2.62 �2.56 �1.68 �2.39
1500 5.61 4.61 2.63 2.92 �2.84 �1.84 �2.65
1400 6.28 5.13 2.96 3.28 �3.17 �2.02 �2.94
1300 7.07 5.78 3.34 3.70 �3.55 �2.26 �3.30
1200 8.02 6.45 3.81 4.22 �4.01 �2.44 �3.69
1100 9.16 7.27 4.38 4.84 �4.55 �2.66 �4.15
1000 10.57 8.30 5.08 5.63 �5.22 �2.94 �4.73
900 12.32 9.46 5.98 6.61 �6.03 �3.16 �5.39
800 14.49 10.94 7.13 7.88 �6.99 �3.44 �6.18

a ln(b) � 1000 = aT�2 +bT�4 + cT�6, where T is absolute temperature (K). CO and H2O molecules: the coefficients (a, b) of the equations
are estimated from the theoretical calculations for 800, 900, 1100, and 1300 �C by Richet et al. (1977) with assuming c = 0. Olivine (Ol) and
pyroxene (Px): coefficients (a, b, c) are from Clayton and Kieffer (1991).

b Equilibrium oxygen isotope fractionation between solid and gas, defined as [ln(bsolid) � ln(bgas)] � 1000&.
c “Solar” indicates the gas of solar system compositions, assuming 50% and 25% of oxygen atoms reside in CO and H2O molecules, while

rest of oxygen atoms are in silicate.
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fractionation occurs by the multiple steps of the evapo-
ration and recondensation processes. For the convenience
of calculation, the model assumes that (1) the temperature
of heating is 1427 �C for the first step and increases every
50 �C up to 1577 �C at the fourth step, (2) gas phase that is
in oxygen isotope equilibrium with solid phase is removed
from the system at each step, and (3) the major oxide compo-
sition at each temperature is adapted from the equilibrium
condensation model of Ebel and Grossman (2000) with
Ptotal = 10�3 bar and dust enrichment of �100 compared
to solar compositions. Under these conditions, roughly a
half of oxygen atoms reside in gas phase, which are enriched
in 18O/16O and removed from the system at each step. The
results of calculation show a progressive decrease in D18Osolid

by 0.6–1.2& at each step and a slight positive correlation
between Mg/Si ratios and D18Osolid (Fig. 13c). The D18Osolid

in the final solid at 1577 �C is as low as�3.2&, and elemental
compositions of the solid is similar to Al-rich chondrules
with high Al and Ca abundance and subchondritic Mg/Si ra-
tios. Therefore, this model may explain the results of Al-rich
chondrule CH5, but not fully explains type IA chondrule
B26 with low d18O and high Mg/Si (�1.5). The initial solid
precursors of OC chondrules were likely to be depleted in
refractory elements (i.e., lower Al and Ca) as indicated from
bulk OC chondrite compositions. For the OC-chondritic
initial dust compositions, compositional trajectory of con-
densed solid passes through higher Mg/Si ratios and lower
Al and Ca abundances than those of CI-dust precursors
(e.g., Nagahara et al., 2005). Therefore, the repeated heating
processes for OC-dust would result in low D18Osolid values
with the Mg/Si ratios higher than that of CI dust, which
are shown by dashed arrow in Fig. 13c and best explain the
type IA data in Fig. 13a.

Incremental gas components separated from solid are
also estimated and shown in Fig. 13c. The composition of
gas in the first step (1427 �C) is too Si-rich compared to
chondrules in LL3 chondrites. However, the Mg/Si ratios
in the increment of gas separated from multiple heating
steps gradually moves to that of CI-dust, while the D18Ogas

remains slightly positive (+0.7&). The elemental composi-
tions and isotope ratios of gas phase in this model match
the chemical and isotopic signatures of type IB chondrule,
i.e., subchondritic Mg/Si ratios (Fig. 13a), volatile element
enrichment/refractory elements depletion (Fig. 1), and
slightly elevated d18O values than the rest of chondrules
by �1& (Fig. 12). Thus, precursors of type IB chondrules
may be fine-grained dusts that were condensed from frac-
tionated gas. Consequently, common solid precursors for
types IA and IB chondrules might have d18O values of
�5&, slightly lower than those of IB (5.6–5.8&).

In contrast to oxygen isotope fractionation among type I
chondrules, significantly mass-dependent isotope fraction-
ation in other elements (Mg, Si, K, Fe, and S) have not been
observed previously (e.g., Alexander et al., 2000; Alexander
and Wang, 2001; Yu et al., 2003; Tachibana and Huss,
2005). Equilibrium isotope fractionations of Mg and Si be-
tween gas species and silicates are much smaller (e.g., Mg
atoms and SiO molecules versus Mg and Si in olivine) than
the case for oxygen isotope, so that significant mass frac-
tionation of Mg and Si isotopes may not be expected.

4.2.4. Apparent closed system for type II chondrules

The equilibrium condensation model by Ebel and Gross-
man (2000) explains high FeO contents of type II chond-
rules by heating of “CI dust” that was enriched more
than �1000 of solar compositions. The model calculations
of the oxygen isotope fractionations between gas and
silicates under the dust enrichment of �1000 compared to
solar compositions are also performed and shown in
Fig. EA9. The condensation temperatures of Mg and Si
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under such conditions become much higher (1500–
1700 �C), indicating that major element fractionation may
occur only at temperatures much higher than 1500 �C.
Assuming the “CI dust” as precursor, the system produces
a significant amount of H2O evaporated from water ice.
Then, the d18O values in silicates decrease by �1& as a re-
sult of fractionation between silicate and H2O. If precursor
dusts were anhydrous, even with high enrichment of dust at
�1000 of solar compositions, high FeO contents of type II
chondrules (i.e., mg# between 90 and 70) may not be ex-
plained due to low oxygen fugacity in the gas (Fedkin
and Grossman, 2006). If a small amount of water ice, for
example at the level of 1 wt% (one-tenth of that in CI chon-
drites �10 wt%), dust enrichment of �10,000 times the so-
lar compositions may be required to reproduce FeO
contents in type II chondrules. In this case, oxygen isotope
fractionation in silicates should be small (60.2&) unless
precursors were heated to a high temperature above con-
densation of major oxides (MgO and SiO2). Small varia-
tions in d18O values among type II chondrules are
consistent with either constant fractionation from CI dust
precursor, or nearly no fractionation with anhydrous dust
precursors. If the d18O values in type II chondrules reflect
fractionation between silicates and water in gas during
chondrule formation, the d18O value of the average precur-
sor “CI dust” should be �1& higher in d18O, which is sim-
ilar to those of type IB chondrules with d18O of 5.5–6.0&.

In the above conditions to form type II chondrules, a
mole fraction of H2O (i.e., �molar H2O/H2) would be as
high as �0.2 with either “CI dust” with the enrichment of
�1000 of solar compositions, or dust containing 1 wt%
water-ice with the enrichment of �10,000. This value is or-
ders of magnitude higher than estimates for the solar neb-
ula (�5 � 10�4). Oxygen isotope exchange experiments
between the melt and H2O vapor, Yu et al. (1995) indicate
that multiple melting events might be required to highly ex-
change oxygen isotopes with nebula gas due to low gas den-
sity. Under the conditions with high enrichment of dust and
existence of water ice, nearly complete oxygen isotope ex-
change between ambient gas and chondrule melt might oc-
cur. Thus, type II chondrule formation would result in
nearly homogeneous oxygen isotope ratios among minerals
within a chondrule, as well as among chondrules forming in
the same environment. This is consistent with the narrow
range of oxygen isotope ratios observed from type II
chondrules in this study.

4.3. Link to chondrules in carbonaceous chondrites

The lowest D17O value among all the chondrules ana-
lyzed in this study is obtained from a type IAB chondrule;
�8.8 ± 0.3& in B47. It is likely that the precursor solids of
chondrules in LL were initially heterogeneous in oxygen
three isotopes with variable degrees of 16O-enrichments,
similar to the case of chondrules in carbonaceous chon-
drites. The oxygen isotope ratios from three 16O-rich
chondrules (CH26, CH44, and B47) plot towards the
CCAM line (Figs. 4b and 11), similar to those of chond-
rules in CV (e.g., Clayton et al., 1983; Jones et al., 2004).
These data strongly indicate that chondrules in LL3 share
the common oxygen isotope reservoir with chondrules in
carbonaceous chondrites. The oxygen isotope analyses of
Al-rich chondrules in UOCs show similar negative D17O
values down to �6&, but plot nearly on the Y&R line
(Russell et al., 2000), though these data could not be re-
solved from the CCAM line due to relatively large analyti-
cal uncertainties (�2–3&) of earlier SIMS analyses. Data
from chondrule CH61 (type IA) in this work plot slightly
above the Y&R line, similar to those of Al-rich chondrules.
It is possible some IA and Al-rich chondrules started from
refractory precursors that had oxygen isotope ratios on a
linear trend made by B47, CH26, and CH44, and their oxy-
gen isotope ratios are mass fractionated towards lower d18O
by an extensive evaporation and recondensation process
during chondrule formation.

As shown in Fig. 14, the BO chondrule data from CV3
chondrites deviate significantly from the CCAM line in the
oxygen three isotope diagram with a steeper slope towards
bulk OC chondrule data (Clayton et al., 1983, 1991). Clay-
ton et al. (1983) considered oxygen isotope ratios in BO
chondrules in Allende CV3 to represent that of nebula
gas, because BO chondrules formed by complete melting
of the solid precursor. A similar conclusion was made from
the SIMS analyses of chondrules in CV3 and CR2 by Chau-
ssidon et al. (2008), who estimated the oxygen isotope ratios
in the solar nebular gas to be on the TF line with
d18O = 3.6 ± 1& and d17O = 1.8 ± 1&. They further indi-
cated chondrules from UOC and EH chondrites, also
formed in the nebula gas with the identical oxygen isotope
ratios. The majority of chondrules analyzed in this work,
especially type II chondrules, also plot along the extension
of CV3 BO chondrule data (see Figs. 4c and 14), so that
these chondrules from two different chondrite groups might
share a common isotope reservoir during their formation.

Clayton et al. (1991) presented a model for partial iso-
tope exchange between 16O-rich solid and 16O-poor nebula
gas that differ in D17O at the level of a few &, similar to the
level of equilibrium isotope fractionation between solid and
H2O gas at high temperature (Fig. 8 of Clayton et al.,
1991). The mixing line forms a slope much steeper than
unity, similar to the trend between CV3 BO chondrules
and K25 in Fig. 14. However, as we discussed in the previ-
ous section, oxygen isotope ratios of type II chondrules
might be very similar to the average of solid precursors
(including ice if present) due to a significant enrichments
of dust compared to the solar compositions. Therefore,
contribution from the nebula gas should be very small.
Alternatively, a linear trend in Fig. 14 could be a mixing
line between two solid precursors, represented by K25
(IAB) and BO chondrules in CV3 (Fig. 14), respectively.
The 16O-poor precursor, similar to K25, might experience
a large oxygen isotope fractionation between solid and
gas, as has been proposed for type IA chondrule formation.
Furthermore, before chondrules started to form in the local
disk regions, heating of disk material under low dust con-
centrations might also cause a large isotope fractionation
in solid phases. As an extreme case, the equilibrium isotope
fractionation between olivine and solar nebula under the
standard solar nebula compositions (no dust enrichment)
is estimated to be �4& at the condensation temperature



Fig. 14. The oxygen isotope mixing trend among type II chondrules
in LL3 and BO chondrules in CV3. Data from K25 (IAB) and type
II chondrules are from this work. Data from BO and porphyritic
(labeled as “others”) chondrules in CV3 are from Clayton et al.
(1983). TF, Y&R, and CCAM lines are shown as references. A solid
grey line is the mixing line between K25 and BO chondrules in CV3,
on which most type II chondrules plot. Assuming the oxygen
isotope ratios in K25 to be the 16O-poor end member, those in the
16O-poor precursors are estimated from which oxygen isotope ratios
in solid were fractionated. The estimated range of precursors is
shown as a grey oval area, where “Dust � 1”, “Dust � 100”, and
“Dust � 1000” represent enrichments of dust relative to solar
compositions. Multiple heating events affecting the precursors, such
as repeated chondrule formation, would result in larger isotope
fractionation, so that the initial oxygen isotope reservoir of the LL
chondrite forming regions could be along the mass dependent
fractionation line shown by the dashed arrow.
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of olivine (�1170 �C; Yoneda and Grossman, 1995, see Ta-
ble 5). Considering the mass balance of oxygen between so-
lid and gas, the average oxygen isotope ratios of gas and
solid would be 3& higher in d18O along the same mass frac-
tionation line (Fig. 14, “Dust � 1”). Therefore, if precursor
solids in LL chondrites formed in equilibrium with the local
solar nebula, the oxygen isotope ratios of the gas would
have been heavier in d18O compared to that of K25, as
shown in Fig. 14.

4.4. Internal oxygen isotope heterogeneity within a chondrule

4.4.1. Case for 16O-poor relict grains and 16O-rich

overgrowths

As described earlier, CH44 shows reversed zoning in
olivine phenocrysts, Fo99.3 core overgrown by Fo99.7 rim.
The resorption texture of zoned olivine is clearly seen in
the CL image (Fig. 6a) and indicates that the olivine core
is an unmelted relict, and the reverse zoning of olivine over-
growth resulted from disequilibrium between the olivine
core and the melt. The most interesting feature in CH44
is that the relict olivines show slightly FeO-rich (Fo99.3)
compositions and higher D17O values ��0.8& than over-
growths (Fo99.7, D17O = �4&). This is different from the
normal occurrence of relict grains that are usually more
Mg-rich and 16O-rich (e.g., Kunihiro et al., 2004, 2005;
Jones et al., 2004). The oxygen isotope data from two types
of olivine seem to plot on the mixing line between B47 and
majority of other chondrules (Fig. 11).

One interpretation is that CH44 formed in the carbona-
ceous chondrite-forming region with 16O-rich ambient gas,
whereas the precursor solid included grains derived from
the ordinary chondrite-forming region. However, as we dis-
cussed above, the precursor of ordinary chondrites might
include 16O-rich refractory components, so that CH44
might have formed in the ordinary chondrite region from
two solid precursors, one with refractory-rich and 16O-rich
components, and another with large forsterite grains
(P100 lm) and relatively 16O-poor oxygen isotope ratios.
The systematic differences in Ca and Al contents in the
two types of olivine support the hypothesis that the olivine
overgrowths crystallized in a melt with high refractory ele-
ment abundance. According to Pack et al. (2004), refrac-
tory forsterite (RF) grains with bright CL are found in
various types of chondritic meteorites and their oxygen iso-
tope ratios are consistently 16O-rich compared to other oliv-
ine grains in the same meteorites. It seems likely that
refractory-rich precursors in CH44 share similar chemical
and isotope characteristics with those of precursors of RF
in other chondrites. Moderately 16O-rich isotope ratios
(D17O = �4&) in glass and melt-grown olivine in CH44
are likely in the equilibrium with the ambient gas, which
might have the intermediate D17O value by averaging 16O-
rich (D17O 6 �6&) and 16O-poor (D17O � 0&) precursors.

4.4.2. Origin of relict olivine grains in chondrules

In addition to CH44 discussed above, only one type II
chondrule showed a relict olivine with the oxygen isotope
ratios significantly below the TF line (CH26, IIAB;
Fig. 4b). It seems that chondrules in LL3 are more inter-
nally homogeneous than chondrules in other groups of
chondrites, such as CV (Jones et al., 2004; Chaussidon
et al., 2008), CO (Kunihiro et al., 2004), Acfer 094 un-
grouped C (Kunihiro et al., 2005; Ushikubo et al., 2009),
and Y-793408 H3.2 (Kita et al., 2008), in which 16O-rich
relict olivine are more frequently observed. With the im-
proved analytical precision, several chondrules that were
examined in this work show internal oxygen isotope heter-
ogeneity at the level of a few &, as shown in Fig. 7. These
chondrules are mainly from FeO-poor porphyritic chond-
rules showing a hint of incomplete melting, such as dusty
olivine grains and large phenocrysts. The heterogeneous
oxygen isotope ratios observed among these chondrules
completely overlap with those of internally homogeneous
chondrules (Fig. 4c). Therefore, the origin of relict grains
is most likely from fragments of chondrules that were incor-
porated among the precursors of newly formed chondrules.

Libourel and Krot (2007) suggested a planetary origin
for relict olivine grains in type I chondrules based on gra-
noblastic chondrules in CV3. They considered that a large
systematic difference in the oxygen isotope ratios of olivine
and pyroxene would support their hypothesis, This differ-
ence was not found for the chondrules we report in this
paper.
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4.5. Relationship between oxygen isotopes and Al–Mg ages

of LL3 chondrules

In type II chondrules from LL3.0–3.1 chondrites, the
26Al–26Mg ages correlate with the enrichment of Si relative
to Mg (Mostefaoui et al., 2002; Tachibana et al., 2003;
Tomomura et al., 2004; Kita et al., 2005). Tachibana
et al. (2003) suggested that the Si/Mg ratios of chondrule
precursors in UOC-forming regions changed with time as
a result of repeated chondrule formation associated with
evaporation and recondensation of elements that are more
volatile than Mg. In contrast, the oxygen isotope ratios in
type II chondrules fall in a narrow range and do not show
any correlation with bulk chondrule Si/Mg ratios. As dis-
cussed above, it is likely that oxygen isotope ratios of type
II chondrule precursors were homogenized in dust-rich
environments.

In three type IIAB chondrules (CH4, CH36 and K27),
both the initial 26Al/27Al ratios and oxygen three isotope
ratios were obtained for the glass. The initial 26Al/27Al ra-
tios in CH36 and K27 are (6.6 ± 1.9) � 10�6 and
(6.1 ± 1.7) � 10�6, respectively, which are lower than that
of CH4, (9.0 ± 1.6) � 10�6. As shown in Figs. 9 and 10,
glass in CH36 and K27 yields high D17O values of 3–5&,
indicating that oxygen isotopes exchanged with an aqueous
phase during parent body metamorphism. In contrast, the
Al–Mg isotope system of these chondrules does not show
any evidence of later disturbance (Kita et al., 2000, 2005).
Correlated 26Mg excesses with Al/Mg ratios are observed
from glass analyses in both CH4 and CH36 (Kita et al.,
2000). A similar range of inferred initial 26Al/27Al ratios
of (7–10) � 10�6 are obtained from plagioclase-bearing
type II chondrules (Kita et al., 2000; Mostefaoui et al.,
2002; Kita et al., 2005), so that there is no difference be-
tween the Al–Mg data obtained from glass analyses and
from anorthitic plagioclase analyses. These data also argue
against redistribution of Al and Mg in glass that exchanged
oxygen isotopes with aqueous fluid.

It is perplexing that oxygen isotope exchange with aque-
ous fluid occurred without Mg isotope diffusion in the same
glass. Due to a lack of low temperature diffusion experi-
ments, it is not possible to compare isotope diffusion rates
between oxygen and Mg in hydrated glass. In order to dis-
turb the Al–Mg system, Mg isotope exchange should occur
between glass and other Mg-rich phases, most likely Ca-
pyroxene microcrystallites. If Mg isotope diffusion in Ca
pyroxene was very slow during parent body thermal meta-
morphism, Mg with normal isotope ratios might not be
available for isotope exchange with glass. Further studies
comparing oxygen isotopes and Mg isotopes in glass may
address this question.

5. CONCLUSIONS

We have performed a systematic examination of 36
chondrules from some of the least equilibrated ordinary
chondrites using newly developed very precise and accurate
(sub-&) SIMS oxygen three-isotope analyses. These high
precision analyses are able to resolve mass dependent oxy-
gen isotope fractionations that are superimposed on mass
independent isotope effects in ferromagnesian chondrules.
Bulk types IA and IB chondrules show mass dependent
fractionations of �5& in d18O, where refractory element-
rich type IA chondrules are enriched in the light isotopes
and volatile element-rich type IB chondrules are slightly en-
riched in the heavy isotopes. This is the first study to corre-
late isotopic fractionation with chemistry and mineralogy of
chondrules in ordinary chondrites. In contrast, oxygen iso-
tope ratios in type II chondrules have a limited range with
an average d18O of 4.51 ± 0.44&, d17O = 2.89 ± 0.60&,
and D17O = 0.54 ± 0.60&, (2SD, n = 14), which is slightly
enriched in 16O relative to bulk LL chondrites.

The systematic differences in oxygen isotope ratios
among different types of chondrules may be explained by
variable enrichment of dust during chondrule-forming heat-
ing events. At lower levels of dust enrichment (dust/gas ra-
tios at 100 times solar), evaporation and recondensation of
solids may result in oxygen isotope fractionation between
chondrule melt and gas, which accompanies bulk Mg/Si
fractionation. Thus, the isotopic and chemical characteris-
tics of type IA chondrules may be explained by recondensa-
tion of major oxides and separation of gas and solid, similar
to the process proposed for Al-rich glassy chondrules by
Nagahara et al. (2008). Type II chondrule data are best ex-
plained by the formation from precursors with a small
amount of water ice (e.g., 1/10 of CI chondrites) under
the higher dust enrichment (1000–10,000 times solar).
Evaporation and recondensation of major oxides are sup-
pressed so that oxygen isotope fractionations in solid did
not occur significantly. With a higher water partial pressure
in the ambient gas, which resulted in high FeO abundance
of type II chondrules, oxygen isotope ratios among type II
chondrules might be homogenized by isotope exchange
with water vapor in the ambient gas.

Data from chondrule glasses show a large variation in
d18O and d17O, up to 17& and 14& in CH36 (type IIAB),
respectively, and form a linear trend with the slope of 0.8.
The highest chondrule glass D17O value of 4.8 ± 0.7& in
Semarkona is consistent with the magnetite D17O values in
Semarkona (Choi et al., 1998), indicating that oxygen iso-
topes in glass exchanged with an aqueous fluid in the LL
parent body. The data from olivine and pyroxene suggest
that the precursors of chondrules in ordinary chondrites
were made of both 16O-poor precursors (D17O P 1.6&)
and the 16O-rich precursors (D17O as low as �9&) common
to chondrules in carbonaceous chondrites. Depending on
the chondrule heating conditions, mixing of these two reser-
voirs occurred in various proportions during melting of
chondrules and through the isotope exchange between
ambient gas and chondrule melt. Further studies using high
precision SIMS oxygen isotope analyses of chondrules from
various chondrite groups may help us to understand the
variety of isotope reservoirs and physical conditions during
formation of chondrules in the proto-planetary disk.
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