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Abstract

Highly precise and accurate ion microprobe analyses of oxygen three-isotope ratios in chondrules from the Acfer 094, one
of the most primitive carbonaceous chondrites, show that chondrules preserve evidence for oxygen isotope heterogeneity in
chondrule-forming regions of the solar nebula. Identical D17O values in most minerals and glass within each chondrule indi-
cate that the oxygen isotope ratio in chondrule melt did not change during or after crystallization. Nearly half of the chond-
rules studied contain small amounts of olivine grains that have an oxygen isotope anomaly relative to other minerals and glass
in the same chondrule. Most chondrules in Acfer 094 can be classified into two oxygen isotope groups (D17O � �2& and
D17O � �5&) indicating that the final melting of chondrules occurred within two distinct oxygen isotope reservoirs, probably
representing the local protoplanetary disk immediately before planetesimal formation. One of these reservoirs (D17O � �2&)
is observed from chondrules in other carbonaceous chondrites and from crystalline silicates in comet Wild 2, suggesting that
crystalline silicates formed in an oxygen isotope reservoir of D17O � �2& were widely distributed in the outer asteroid belt
and throughout the outer solar nebula. Oxygen three-isotope ratios of minerals in chondrules from Acfer 094 are distributed
along a newly defined Primitive Chondrule Minerals (PCM) line, which has slope �1 [d17O = (0.987 ± 0.013) �
d18O � (2.70 ± 0.11)] and intersects the terrestrial fractionation line at d18O = 5.8 ± 0.4&. These data are distinct from,
and plot between, the CCAM, and Young and Russell lines. The PCM line is interpreted to represent the mixing trend of
extreme oxygen isotope reservoirs in the early solar system that were the primary oxygen isotope reservoir of solids that
accreted to form planets including the Earth.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Chondrules are abundant igneous silicate spherules in
chondritic meteorites and are considered to form by tran-
sient high temperature processes in the solar nebula (Con-
nolly and Love, 1998), which postdate the oldest Ca, Al-
rich inclusions (CAIs) by at least 1–2 million years (Kita
et al., 2005) and probably formed in a dust-enriched part
of the solar nebula (Alexander et al., 2008). The recent dis-
covery of chondrule-like objects in the short-period comet
Wild 2 (McKeegan et al., 2006; Nakamura et al., 2008) indi-
0016-7037/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.gca.2012.05.010

⇑ Corresponding author. Tel.: +1 608 265 2601.
E-mail address: ushi@geology.wisc.edu (T. Ushikubo).
cates that chondrules were widely distributed from the
asteroid belt to the Kuiper belt. Thus, both the formation
processes and the migration mechanisms of chondrules in
the early solar system provide critical information to under-
stand the growth of the solar system (Ciesla, 2005).

Although bulk oxygen isotope ratios of individual
chondrules are variable typically at the level of a few to sev-
eral &, bulk chondrule data from different classes of chon-
drites distribute at the specific locations in the oxygen three-
isotope diagram near those of their host meteorites (Clayton
et al., 1983; Clayton 2003). These data have been interpreted
to indicate a close relation between the regions where chond-
rules formed and where they accreted to make asteroidal
parent bodies. In contrast, in situ oxygen isotope studies
of chondrules using ion microprobes show that significantly
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large internal oxygen isotope variations in some chondrules
are typically found in forsteritic olivine grains (Yurimoto
and Wasson, 2002; Jones et al., 2004; Kunihiro et al.,
2004, 2005; Kita et al., 2010). In some cases, both d18O
and d17O values are as low as�50&, suggesting a close rela-
tion with a 16O-rich component observed in the CAIs
(d18O � d17O � �45&, e.g., Clayton, 2003), an unusual
chondrule from CH chondrite (d18O � d17O � �75&,
Kobayashi et al., 2003), and the solar wind
(d18O � d17O � �59& for the Solar Wind L1 point, McKe-
egan et al., 2011), which may represent the initial solar sys-
tem oxygen isotope ratios (Clayton, 2002; Yurimoto and
Kuramoto 2004). Therefore, precursors of chondrules might
be derived from various sources with distinct oxygen isotope
ratios that partly survived in chondrules in primitive
meteorites.

Oxygen isotope ratios of many chondrules from carbo-
naceous chondrites indicate that chondrules record partial
exchange of oxygen between the chondrule-forming melt
and ambient gas that was 16O-poor relative to chondrule
precursors (Clayton et al., 1983; Bridges et al., 1999). This
conclusion is supported by values of glass that are system-
atically higher in d18O and d17O relative to olivine and
pyroxene phenocrysts in the same chondrule (Bridges
et al., 1999; Chaussidon et al., 2008). However, based on re-
cent oxygen isotope analyses of chondrules in Semarkona,
Kita et al. (2010) suggested that oxygen isotope ratios in
chondrule glass would have been partially altered by fluids
in the parent body. Furthermore, if chondrule formation
occurred in a dust-rich environment by shock-wave heating
(Alexander et al., 2008), the oxygen isotope ratios of the
ambient gas might be dominated by that of chondrule pre-
cursors. In this case, the oxygen isotope ratios of ambient
gas are expected to have approached the average oxygen
isotope ratios of chondrule precursors, which would be re-
corded in chondrule-forming melt. Existence of the 16O-
poor primordial dust in the Solar Nebula has been dis-
cussed by Krot et al. (2010).

To understand the systematics of oxygen isotope ratios
recorded in chondrules before accretion into their parent
body, in situ high-precision ion microprobe oxygen isotope
analyses were performed for chondrules from the Acfer 094,
which is an ungrouped carbonaceous chondrite (e.g., New-
ton et al., 1995). We analyzed oxygen isotope ratios of large
minerals (>15 lm) as well as tiny minerals and glass in mes-
ostasis (�5 lm) in individual chondrules in order to fully
characterize oxygen isotope systematics. Acfer 094 is ideally
suited for studying the primary oxygen isotope record of
minerals and glass in chondrules because it is one of the
least equilibrated carbonaceous chondrites (type 3.00, Kim-
ura et al., 2008) and contains almost no secondary hydrous
minerals (Greshake, 1997).

2. ANALYTICAL PROCEDURES

2.1. Electron microscopy and Raman spectroscopy

For petrographic observation of chondrules, backscat-
tered electron (BSE) and secondary electron (SE) images
were obtained by a Hitachi S-3400N scanning electron
microscope (SEM) at University of Wisconsin-Madison
(UW-Madison). Cathodoluminescence (CL) observation
by SEM was also imaged for selected samples that contain
CL luminous forsteritic olivine. Major element composi-
tions in minerals and glass were obtained using the JEOL
733 electron-probe microanalyzer (EPMA) at Ibaraki Uni-
versity. Quantitative mineral analyses were conducted at
15 kV and a sample current of 20 nA for olivine and pyrox-
ene, and 4 nA for glass, plagioclase, and silica. Matrix cor-
rections were carried out by the Bence-Albee correction
method.

The Raman spectra were obtained to identify silica poly-
morphs in chondrules using a JASCO NRS-1000 Raman
microspectrometer at the National Institute of Polar Re-
search, Japan. The laser power was 11 mW and the size
of the laser beam was �1 lm in diameter.

2.2. SIMS oxygen isotope analysis

Oxygen three-isotope analyses were performed with a
Secondary Ion Mass Spectrometer (SIMS), CAMECA
IMS 1280 at the WiscSIMS Laboratory, UW-Madison.
The analytical conditions were similar to those of Kita
et al. (2009) and Kita et al. (2010). We applied focused
Cs+ ion primary beam with 20 kV total accelerating volt-
age. In order to analyze individual minerals and glass with-
out overlap, we used two different primary beam
conditions: a large beam (�15 lm) with high primary ion
intensity (�2.5 nA) for analysis of olivine and pyroxene
phenocrysts; and a smaller beam (�3 lm) with low primary
ion intensity (�25 pA) for analysis of fine-grained minerals
(high-Ca pyroxene, plagioclase, silica) and glass (Fig. 1). A
normal incidence electron gun and �40 nm Au coat were
used for charge compensation. Secondary ions of 16O�,
17O� and 18O� were detected with multiple collectors simul-
taneously. For 15 lm spot analyses, we used three Faraday
cups with a typical count rate of 16O� of �2 � 109 cps. For
3 lm spot analyses, we used a Faraday cup for 16O� and
two electron multipliers for 17O� and 18O�. A typical count
rate of 16O� with a 3 lm spot was �2 � 107 cps. The mass
resolving power (MRP) was set to �2200 for 16O� and
18O�. For 17O�, we applied different settings for MRP for
analyses with a 15 lm spot (MRP � 5000) or analyses with
a 3 lm spot (MRP � 6000) because the relative ion inten-
sity of 16OH� vs. 17O� is higher ([16OH�/17O�] � 1) than
with a 15 lm spot analyses ([16OH�/17O�] � 0.2). The
count rate of 16OH� was measured after each O isotope
analysis and the contribution of 16OH� to 17O� was esti-
mated assuming that both 16OH� and 17O� have the same
mass spectrum (Heck et al., 2010). The estimated 16OH�

contribution to 17O� was always less than 0.08& for both
standard and sample analyses. After the oxygen isotope
analyses, all the analysis pits were observed by SEM. Data
from irregular pits (e.g., pits on cracks, mixture of multiple
phases) were rejected.

Measured 18O/16O and 17O/16O ratios are normalized to
the VSMOW scale (d18O and d17O, see McKeegan and Le-
shin, 2001) and the instrumental bias was corrected from
analyses of a thin section of San Carlos olivine (SC-ol) stan-
dard (d18O = 5.32&; Kita et al., 2010), which was used for



Fig. 1. Backscattered electron images of representative oxygen
isotope analysis pits on G56 (type IA) with (a) �2.5 nA, 15 lm Cs+

beam and (b) �25 pA, 3 lm Cs+ beam. The dashed square in (a)
indicates the field of view of (b). Analysis points are indicated by
arrows. Abbreviations: Ol = olivine, LPx = low-Ca pyroxene,
HPx = high-Ca pyroxene.
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a running standard to bracket unknown chondrule analy-
ses. Multiple mineral (low-Ca pyroxene, diopside, plagio-
clase, and quartz) and four geological glass standards
(ML3B-G, T1-G, StHs6/80-G, ATHO-G, Jochum et al.,
2006) with known oxygen isotope ratios (i.e., d18O in Vien-
na Standard Mean Ocean Water (VSMOW) scale) were
analyzed in order to estimate the instrumental bias relative
to sample matrix. The correction methods of instrumental
bias are described in Kita et al. (2010). The bias correction
factors of mineral and glass standards relative to SC-ol may
change from session to session, depending on the primary
beam conditions, and thus standards with matching matrix
compositions were analyzed in the same session in order to
estimate the bias correction factors more accurately. Actual
bias correction factors used in this work are described in
Electronic Annex EA1. The instrumental biases from sam-
ple matrix are mass dependent (d17O = 0.52 � d18O), so
that there is no measurable systematic bias in D17O values
(=d17O � 0.52 � d18O) among different terrestrial stan-
dards (Table EA2-1 in Electronic Annex EA2).

The instrumental biases of high-Ca pyroxene, plagio-
clase, and glass vary linearly with molar 100 � [CaO/
(CaO + MgO + FeO)] (Wo), molar 100 � [CaO/(CaO +
0.5Na2O + 0.5K2O)] (An), and SiO2 wt.%, respectively
(Fig. EA1-1 in Electronic Annex EA1). The instrumental
biases of magnesian olivine and low-Ca pyroxene depend lit-
tle on their molar 100 � [MgO/(MgO + FeO)] (Mg#) values
at Mg# P 60 (Valley and Kita, 2009), so that no correction
is applied to olivine and low-Ca pyroxene based on Mg#.
However, olivine and low-Ca pyroxene in the type II chond-
rules studied often include those with Mg# outside the range
of our standards (olivine Mg# = 100–60, pyroxene
Mg# = 97–70, Valley and Kita, 2009). Therefore, FeO-rich
olivine (Mg# < 60) and low-Ca pyroxene (Mg# < 70) data
from some chondrules would have uncertainty of the instru-
mental bias in d18O of up to �1& at most. We applied the
instrumental bias of quartz to correct that of cristobalite.
Previous studies have suggested that there is not a large dif-
ference in bias among polymorphs of SiO2 (Schulze et al.,
2003), but this has not been evaluated yet for cristobalite.
The D17O values of such samples are not affected.

The analytical uncertainty of individual analyses of un-
knowns is calculated based on the spot-to-spot reproduc-
ibility (±2SD, standard deviation) of the eight bracketing
SC-ol standard analyses (Kita et al., 2009; Valley and Kita,
2009). Typical 2SD errors of d18O, d17O, and D17O with the
high intensity beam are ±0.3, ±0.6, and ±0.6&, respec-
tively. Those of d18O, d17O, and D17O with the low intensity
beam are ±1.2, ±1.2, and ±1.1&, respectively.
3. SAMPLE SELECTION

We chose 57 chondrules including nine large olivine
fragments (possibly chondrule fragments) from a thin sec-
tion of Acfer 094 chondrite (USNM 7233-6) based on size
of the chondrule (typically >200 lm in diameter) and petro-
logic characteristics (e.g., type I vs. type II, silica-bearing
chondrules, plagioclase-rich chondrule). After EPMA anal-
ysis, we selected 42 chondrules for oxygen isotope analysis
based on the position in the thin section and petrologic type
of the chondrules as described below.

The selected samples include 29 type I (FeO-poor,
Mg# P 90) chondrules (Fig. 2a–c), 12 type II (FeO-rich,
Mg# < 90) chondrules (Fig. 2d), and one Al-rich chondrule
(Fig. 2e). Six out of 29 type I chondrules are classified as
refractory forsterite (RF) bearing chondrules (RF-type I
in the Table 1 and Fig. 2c) because they contain forsterite
grains with >0.5 wt.% CaO (Steele, 1986). CL images of
RF-type I chondrules are shown in Fig. EA3 in Electronic
Annex EA3. CL images are useful to recognize highly mag-
nesian refractory forsterite that shows luminous blue CL.
In addition to typical porphyritic olivine and/or pyroxene
chondrules, the samples include non-porphyritic chondrules
that have been totally melted and rapidly cooled such as
two radial pyroxene (RP) chondrules (1 type I and 1 type
II), one barred olivine (BO) chondrule (type I: Fig. 2f),
one cryptocrystalline (CC) chondrule (type I: Fig. 2g),
two silica-bearing chondrules (1 type I and 1 type II:
Fig. 2h). The silica minerals in two silica-bearing chond-
rules show strong peaks at 419.4 and 228.4 cm�1, character-
istic of cristobalite (Kimura et al., 2005). Existence of
cristobalite in these chondrules indicates that they formed
by rapid cooling from melt after crystallization (Hezel
et al., 2003). Three large olivine fragments (possibly por-
phyritic chondrule fragments: 1 type I, 1 RF-bearing type
I, and 1 type II) were also analyzed. The sample names
and petrologic features of chondrules are summarized in
Table 1. Backscattered electron images of chondrules that



Fig. 2. Backscattered electron (BSE) images of typical chondrules from Acfer 094. (a) type IAB chondrule G76, (b) type IAB chondrule G68,
(c) Refractory forsterite (RF) bearing type IA chondrule G100, (d) type II chondrule G63, (e) Al-rich chondrule G15, (f) type I barred olivine
chondrule G48, (g) type IB cryptocrystalline chondrule G57, and (h) Silica-bearing type II chondrule G94. Brightness and contrast of the BSE
images for type II chondrules are individually adjusted to show texture clearly. Oxygen isotope analysis points and minerals are shown in
Fig. EA3 in the Appendix.
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we analyzed for oxygen isotopes in this study are shown in
Electronic Annex EA3.

During the selection of chondrules for oxygen isotope
analysis, we intentionally selected more from the less-abun-
dant groups of chondrules than the major type I porphyritic
olivine-pyroxene chondrules with the purpose of
understanding the oxygen isotope systematics among vari-
ous types of chondrules. As a result, selected chondrules
for isotope analysis are slightly biased towards more type
II and RF-bearing type I chondrules. We selected 12 type
II chondrules out of 42 chondrules, which is higher than
the frequency of type II chondrules in Acfer 094 (�20%,



Table 1
Petrologic type, elemental compositions of olivine and pyroxene phenocrysts, and averaged oxygen isotope ratios of host chondrules.

Sample
name

Type2 Texture Mg#4 Olivine Low-Ca
pyroxene

High-Ca
pyroxene6

Feldspar6 Glass6 Averaged oxygen isotope ratios Relict
olivine6

Distance
from center7

Fo5 En5 d18O d17O D17O

Acfer 094 (USNM 7233-8)
Al-rich

G15 Al-rich Porphyritic 99.1 91.3 (85.4–97.8) + + + �3.74 ± 0.85 �6.59 ± 0.44 �4.64 ± 0.42 <5.0 mm
RF-type I

G100 RF-IA Porphyritic 99.5 99.5 (99.1–99.7) + Heterogeneous + 5.3 mm
G13 RF-

IAB
Porphyritic 98.8 99.2 (98.9–99.5) 92.5 (84.2–97.7) + + + Heterogeneous + <5.0 mm

G56 RF-
IAB

Porphyritic 99.5 99.4 (99.2–99.6) 98.2 (97.6–98.7) + + �5.86 ± 0.32 �8.60 ± 0.39 �5.55 ± 0.37 <5.0 mm

G67 RF-
IAB

Porphyritic 99.2 99.4 (99.0–99.6) 97.2 (95.0–98.2) + �6.72 ± 0.33 �9.62 ± 0.42 �6.12 ± 0.39 <5.0 mm

G77 RF-
IAB

Porphyritic 99.3 99.3 (99.1–99.5) + + �4.71 ± 0.40 �7.43 ± 0.32 �4.98 ± 0.19 5.2 mm

G113 RF-I Olivine fragment 99.5 99.5 (99.0–99.6) �6.82 ± 0.33 �9.82 ± 0.29 �6.27 ± 0.27 <5.0 mm
Type I (Mg# > 98)

G7 IAB Porphyritic 98.5 98.8 (98.5–98.9) 97.7 (97.4–97.9) + + + �3.39 ± 0.49 �6.82 ± 0.48 �5.06 ± 0.38 + <5.0 mm
G181 IAB Porphyritic 98.3 98.6 (98.5–98.6) 96.6 (93.6–97.7) + + + �6.51 ± 0.92 �8.71 ± 0.67 �5.33 ± 0.65 <5.0 mm
G26 IAB Porphyritic 98.9 98.9 (98.8–99.2) 98.0 (97.6–98.3) + + �5.53 ± 0.31 �7.87 ± 0.50 �4.99 ± 0.46 + <5.0 mm
G38 IAB Porphyritic 99.1 99.1 (99.0–99.2) 95.9 (94.3–97.7) + + �3.73 ± 0.74 �6.73 ± 0.62 �4.79 ± 0.31 <5.0 mm
G421 IAB Porphyritic 98.4 98.8 (98.4–99.1) 96.0 (95.0–97.6) + + �6.30 ± 0.95 �8.61 ± 0.68 �5.47 ± 0.47 <5.0 mm
G46 IAB Porphyritic 98.9 98.8 (98.6–99.0) 97.9 (97.6–98.2) + + �4.59 ± 0.53 �7.27 ± 0.39 �4.88 ± 0.29 + <5.0 mm
G68 IAB Porphyritic 98.0 98.7 (98.5–98.8) 93.4 (86.6–97.7) + + Heterogeneous + <5.0 mm
G70 IAB Porphyritic 99.0 99.1 (98.9–99.3) 97.8 (97.8–97.8) + + �6.54 ± 0.44 �9.11 ± 0.27 �5.70 ± 0.22 + <5.0 mm
G73 IAB Porphyritic 99.1 99.2 (99.1–99.4) 97.4 (97.1–97.7) + �6.80 ± 0.81 �9.70 ± 0.54 �6.16 ± 0.24 5.6 mm
G761 IAB Porphyritic 98.5 98.4 (98.2–98.7) 97.7 (97.5–97.8) + + �3.47 ± 0.40 �6.88 ± 0.84 �5.08 ± 0.78 5.6 mm
G81 IAB Porphyritic 99.1 99.1 (99.0–99.2) 98.1 (98.0–98.2) + + + �5.80 ± 0.41 �8.90 ± 0.43 �5.89 ± 0.42 + <5.0 mm
G84 IAB Porphyritic 99.0 99.2 (99.0–99.4) 98.0 (98.0–98.0) + Heterogeneous + <5.0 mm
G871 IAB Porphyritic 99.1 99.2 (98.9–99.4) 97.5 (96.0–98.1) + + �12.73 ± 0.54 �15.95 ± 0.68 �9.33 ± 0.60 <5.0 mm
G95 IAB Porphyritic 98.7 98.7 (98.6–98.7) 97.8 (96.6–98.2) + �3.41 ± 0.37 �6.54 ± 0.26 �4.77 ± 0.26 6.1 mm
G641 IB Porphyritic, dusty olivine 99.0 98.6 (97.7–99.3) 98.2 (97.9–98.4) + + 1.48 ± 1.01 �1.06 ± 0.83 �1.83 ± 0.66 + <5.0 mm
G481 I Barred ol 99.4 99.4 (99.2–99.4) 93.1 (89.8–94.9) + + �3.78 ± 0.72 �7.25 ± 0.68 �5.28 ± 0.49 <5.0 mm
G901 I Silica-bearing3 99.2 99.2 (99.1–99.4) 85.3 (85.3–85.3) + + �6.86 ± 1.12 �10.47 ± 0.95 �6.91 ± 0.79 5.9 mm
Type I (90 < Mg# < 98)

G52 IA Porphyritic 94.6 94.6 (94.3–94.9) + 1.88 ± 0.36 �1.22 ± 0.52 �2.19 ± 0.51 + <5.0 mm
G45 IAB Porphyritic 95.2 95.6 (95.4–95.8) 92.5 (89.1–95.6) + 0.66 ± 0.39 �2.08 ± 0.38 �2.42 ± 0.36 + <5.0 mm
G74 IAB Porphyritic 94.5 94.6 (93.3–95.4) 91.2 (91.2–91.2) + + 1.50 ± 0.61 �1.15 ± 0.44 �1.93 ± 0.25 + 6.0 mm
G27 I Radial pyroxene 91.4 88.2 (86.2–89.1) 0.40 ± 0.36 �1.89 ± 0.25 �2.10 ± 0.22 <5.0 mm
G39 I Olivine fragment 92.3 92.3 (88.8–96.0) + + 3.12 ± 0.51 1.12 ± 0.39 �0.51 ± 0.37 <5.0 mm
G57 I Cryptocrystalline 96.0 �5.35 ± 0.63 �7.70 ± 0.47 �4.91 ± 0.44 <5.0 mm

(continued on next page)
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Table 1 (continued)

Sample
name

Type2 Texture Mg#4 Olivine Low-Ca
pyroxene

High-Ca
pyroxene6

Feldspar6 Glass6 Averaged oxygen isotope ratios Relict
olivine6

Distance
from center7

Fo5 En5 d18O d17O D17O

Type II (Mg# < 90)

G6 IIA Porphyritic 49.7 49.7 (38.9–63.1) + 1.57 ± 0.50 �1.51 ± 0.50 �2.27 ± 0.19 <5.0 mm
G10 IIA Porphyritic 67.8 67.8 (53.3–95.9) + + �0.03 ± 1.20 �2.79 ± 1.05 �2.78 ± 0.53 + <5.0 mm
G34 IIA Porphyritic 77.1 77.1 (66.6–96.2) + 1.79 ± 0.71 �1.83 ± 0.52 �2.75 ± 0.53 + <5.0 mm
G63 IIA Porphyritic 62.1 62.1 (52.7–86.2) + 0.72 ± 0.39 �2.01 ± 0.64 �2.54 ± 0.50 + <5.0 mm
G71 IIA Porphyritic 67.6 67.6 (54.2–96.3) + 2.07 ± 0.49 �0.98 ± 0.45 �2.05 ± 0.27 + 5.1 mm
G751 IIA Porphyritic 75.4 75.4 (59.5–93.8) + + + 2.39 ± 1.96 �0.42 ± 1.68 �1.72 ± 0.66 + <5.0 mm
G86 IIA Porphyritic 60.0 60.0 (47.2–70.7) + + 1.63 ± 0.36 �1.49 ± 0.73 �2.34 ± 0.61 + <5.0 mm
G79 IIAB Porphyritic 42.2 36.5 (14.9–48.5) 44.7 (34.0–53.8) + �8 �8 �1.54 ± 0.32 <5.0 mm
G85 IIB Porphyritic 87.1 86.0 (82.6–88.9) + + + 2.70 ± 0.39 1.46 ± 0.22 0.06 ± 0.25 <5.0 mm
G32 II Olivine fragment 60.1 60.1 (51.5–76.2) + 2.26 ± 0.36 �1.41 ± 0.31 �2.54 ± 0.29 7.8 mm
G351 IIAB Radial pyroxene 46.1 35.4 (34.4–37.1) 49.0 (44.4–55.0) + �8 �8 �2.07 ± 0.80 <5.0 mm
G941 II Silica-bearing3 41.6 38.3 (37.9–38.5) 42.2 (41.7–42.8) �8 �8 �1.82 ± 0.56 6.6 mm

1 The average values were based on data of 3 lm beam analyses.
2 RF = refractory forsterite bearing, I = type I, II = type II, A = predominately olivine phenocrysts, AB = olivine and pyroxene phenocrysts.
3 Cristobalite identifed by Raman spectroscopy.
4 Averaged number of olivine and low-Ca pyroxene.
5 Average composition and range (in parenthesis).
6 + indicates occurrence in the chondrule.
7 Sample position from the center of the ion microprobe holder.
8 The average value is not calculated because of no appropriate standards.
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Kunihiro et al., 2005). From a total of 41 type I chondrules
that were examined by EPMA and CL images, we selected
all of the RF-bearing type I chondrules (total 6), but only
23 non-RF bearing type I chondrules. Nonetheless, our se-
lected chondrules generally cover the representative chon-
drule types in the meteorite.

Position of chondrules near the center of a 25 mm diam-
eter thin section was also a criterion for sample selection.
The section is mounted in a sample holder that has a
100 lm thick tungsten lip with 20 mm diameter window,
to which �10 kV extraction voltage is applied. Analysis of
chondrules located near the lip would show additional
instrumental bias due to the deformation of the ion extrac-
tion field. Kita et al. (2009) demonstrated that variation of
the analytical bias due to stage position (measured d18O va-
lue) is comparable to the reproducibility of the repeated
analyses at the center of the sample holder (�±0.3&,
2SD) if the analysis point is within 6 to 7 mm from the center
of the sample holder. Most chondrules analyzed in this work
were chosen within 5 mm from the center of the sample
holder. Distances of chondrules from the center of the sam-
ple holder are shown in Table 1 if they are more than 5 mm.
Two samples among the selected chondrules were located
significantly farther from the center, 7.8 mm and 6.6 mm
for FeO-rich olivine fragment G32 and FeO-rich silica-bear-
ing chondrule G94, respectively. These samples were chosen
due to their uncommon mineralogy and chemistry even
though data could be slightly biased. The effect of sample
stage position on oxygen three-isotope ratios is likely mass
dependent, so that D17O values would not be affected.

4. RESULTS

The major element compositions of individual minerals
in chondrules were obtained using EPMA (more than 20
analyses per chondrule) and summarized in Table 1. Repre-
sentative major element analyses of minerals in various
types of chondrules are shown in Table EA2-2 in Electronic
Annex EA2. We performed 340 oxygen isotope analyses
(191 with a 15 lm spot and 149 with a 3 lm spot) from
42 chondrules from Acfer 094 chondrite. Oxygen three-iso-
tope plots of individual chondrules are shown in Figs. 4–8.
The oxygen isotope data of individual chondrules are sum-
marized in Table EA2-3 and analysis points are shown in
Fig. EA3. The EPMA analyses of high-Ca pyroxene, pla-
gioclase and glass from the same locations as the SIMS
analyses (summarized in Table EA2-3) were used to calcu-
late instrumental bias due to sample matrix as a function of
Wo mol%, An mol%, and SiO2 wt.%, respectively, as de-
scribed in EA1. The full data sets including analyses of run-
ning standards for these two analysis sessions are shown in
Tables EA2-4 and EA2-5. A number of oxygen isotope
analyses for each chondrule sample (2–14 points each) were
made according to texture, mineralogy, and observed oxy-
gen isotopic heterogeneity of the sample.

4.1. D17O Values in individual chondrules

Many chondrules from Acfer 094 show internal oxygen
isotope heterogeneity beyond analytical uncertainties.
Examples of chondrules with internally heterogeneous oxy-
gen isotope ratios are shown in Fig. 3. Oxygen isotope ra-
tios of individual minerals in these chondrules are
distributed along a slope �1 line in an oxygen three-isotope
diagram (Fig. 3e–h). In most cases, while a majority of data
in a single chondrule show either indistinguishable or a rel-
atively narrow range of oxygen isotope ratios (6few &),
distinctively different oxygen isotope ratios are observed
among a few analyses or less, exclusively from olivine
(Fig. 3e–g). In a few cases, oxygen isotope ratios in a chon-
drule are entirely heterogeneous, spanning over 40&

(Fig. 3h). To distinguish heterogeneity of oxygen ratios in
individual chondrules, we calculated D17O, which repre-
sents deviation of oxygen isotope ratios from the terrestrial
mass fractionation line (TF line; D17O � 0). Because mass
dependent fractionation of d18O vs. d17O along slopes par-
allel to the TF line may occur during chondrule formation
by chemical and/or physical processes even from an initially
homogeneous oxygen isotope reservoir, D17O is a conve-
nient notation to describe oxygen isotope heterogeneity.
Analyses with a 15 lm spot have significantly better preci-
sion than smaller spots and are most commonly used in
the examination of internal heterogeneity. Distribution of
D17O values in chondrules changes systematically with
chondrule types (i.e., texture and mineral chemistry), as
summarized below.

4.1.1. Non-porphyritic chondrules and an Al-rich chondrule

We measured oxygen isotope ratios of six non-porphy-
ritic chondrules with textures that indicate crystallization
after the total melting and rapid cooling. They include
one barred olivine (BO) chondrule (G48, Fig. 2f), two ra-
dial pyroxene (RP) chondrules (G27 and G35), one crypto-
crystalline (CC) chondrule (G57, Fig. 2g), and two silica-
bearing chondrules (G90 and G94, Fig. 2h). Oxygen isotope
ratios of multiple phases in an individual chondrule are
generally homogeneous and consistent with high tempera-
ture equilibration (Fig. 4). Although oxygen isotope ratios
for cristobalite in G90 (Fig. 4c) and G94 (Fig. 4g) plot to
the right of other minerals, this could be a result of an ana-
lytical artifact due to lack of a cristobalite standard. The
D17O values of multiple analyses in each chondrule are
identical within the external reproducibility (Table EA2-3).

We also measured oxygen isotope ratios of minerals in
an Al-rich chondrule (G15), which mostly consists of low-
Ca pyroxene, high-Ca pyroxene, and plagioclase (Figs. 2e
and 4a). No resolvable difference in D17O values are ob-
served among these analyses.

4.1.2. Type II porphyritic chondrules

Oxygen isotope ratios of individual porphyritic type II
chondrules are shown in Figs. 3e and 5. Most type II porphy-
ritic chondrules are distributed at d18O > 0& and some oliv-
ine grains’ data are distributed along a slope of �1 line.
Internal variations in D17O are observed in 6 out of 10 type
II porphyritic chondrules (Table EA2-3). In most cases,
relatively lower D17O values (�5 to �7&) are observed in
forsteritic cores (Mg# = 96–86) of strongly zoned olivine
phenocrysts, in contrast to higher D17O values (�2 to
�3&) at the fayalitic rim (Mg#�60, e.g., Fig. 3a, e and i).
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Similar oxygen isotope anomalies in forsteritic olivine cores
in type II chondrules have been reported previously (e.g.,
Yurimoto and Wasson, 2002; Kunihiro et al., 2004, 2005).
This is consistent with the idea that the forsteritic core of
olivine phenocrysts in type II chondrules is an unmelted “rel-
ict” olivine grain from a solid precursor of the chondrule and
their oxygen isotope ratios never equilibrated with the final
chondrule-forming melt (e.g., Nagahara, 1981) although
such exchange is possible (Boesenberg et al., 2004, 2008).
In contrast, the fayalitic rims of olivine phenocrysts, pyrox-
ene, and glass show relatively higher D17O values at �2 to
�3& and are indistinguishable within individual chondrules
(e.g., G63, Fig. 3a, e and i). In some cases, ferroan olivine
grains that are not recognized as relict olivine grains from
chemical compositions have distinct oxygen isotope ratios
compared to other analyses in the same chondrule (G34,
G75, and G86, Table 1 and Table AE2-3). Two pyroxene-
rich type II porphyritic chondrules (G79 and G85) are
internally homogeneous in D17O although oxygen isotope
ratios of mesostasis are positively fractionated beyond the
analytical uncertainty (Fig. 5g and h).

4.1.3. Type I porphyritic chondrules

Oxygen isotope data of individual type I and RF-bear-
ing type I porphyritic chondrules are shown in Fig. 6 (for
Mg# = 90–98), Fig. 7 (for Mg# > 98), and Fig. 8 (for
RF-bearing type I). Oxygen isotope ratios of relatively
FeO-rich (Mg# = 90–98) type I chondrules tend to be dis-
tributed at d18O > 0& (Fig. 6). In contrast, those of type
I with Mg# > 98 and RF-bearing type I chondrules are
mostly distributed at d18O < 0& (Figs. 7 and 8). Internal
variations in D17O are also observed in type I porphyritic
chondrules (3 out of 4 for Mg# = 90–98 and 8 out of 15
for Mg# > 98, respectively) and RF-bearing type I (2 out
of 6). In these chondrules, some olivine grains show vari-
able D17O values while other olivine and low-Ca pyroxene
grains, and high Ca-pyroxene and plagioclase in the meso-
stasis in the same chondrule show consistent D17O values
(Fig. 3j and k). In a few chondrules (G68 and G84), most
data show variable D17O values beyond the analytical
uncertainty, some of which approach values as low as
�23& (Figs. 3l and 7i) similar to those observed in CAIs
(e.g., Yurimoto et al., 2008). Olivine grains with distinct
D17O values from others in the same chondrule are thus
interpreted to be “relict olivines” that survived the last
melting of chondrules, even though their mineral composi-
tions are not distinguishable from other olivine grains in the
chondrule, unlike forsteritic olivine in type II chondrules.
Dusty olivine grains in G64 are an exception. Many of these
relict olivine grains are 16O-rich compared to other analyses
in the same chondrules (Fig. 3f and h), similar to the case
reported in the literature (Yurimoto and Wasson, 2002;
Jones et al., 2004; Kunihiro et al., 2004, 2005; Ruzicka
et al., 2007; Kita et al., 2010). In the Acfer 094 chondrules,
we also found several type I chondrules having 16O-poor
relict olivine grains that differ in D17O by 1–3& compared
to the D17O values of other minerals (e.g., G46, Fig. 3k).
In G26, G46, and G81, D17O values of relict olivine grains
are up to �3.5&, �2&, and �4&, respectively, which are
resolved from those of the rest of data in the same chond-
rules (�6 to �5&, Figs. 3k and 7c,h, Table EA2-3). In
G64, D17O values of olivine grains including a dusty olivine
grain are �0&, while all those of pyroxene and glass are
��2& (Fig. 7l, Table EA2-3). Only a few similar cases with
16O-poor relict olivine grains were previously reported
(Kunihiro et al., 2004, 2005; Kita et al., 2010). Interestingly,
all the heterogeneous chondrules examined in this study
contain relict olivine grains that are either 16O-poor or
16O-rich, but not both, relative to other minerals in the
same chondrule.

Two RF-bearing type I chondrules (G13 and G100)
show variable oxygen isotope ratios, though the ranges of
variation of D17O values are relatively small (�1& in G13
and �4& in G100, Fig. 8a and b, Table EA2-3). In both
chondrules, olivine grains near the center of chondrules
show the lowest D17O values. In G13, D17O values of pyrox-
ene (from �4 to �5&) are not well resolved from those of
olivine. In G100, D17O values of glass are similar to that of
olivine grains near the edge of the chondrule (��2.5&,
Table EA2-3, Fig. EA3).

4.2. Characteristic oxygen isotope ratios of individual

chondrules

Results of oxygen three-isotope analyses of individual
chondrules indicate that most chondrules consist largely
of phenocrysts and mesostasis having identical D17O values
within analytical uncertainties. Here, we estimate the aver-
age oxygen three-isotope ratios of individual chondrules by
excluding the contribution of relict olivine grains.

4.2.1. Methods

As noted earlier, recognition of relict olivine grains by
oxygen isotope anomaly depends on the scale of isotope
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heterogeneity compared to the analytical precisions. Our
data combine two analysis sessions with different beam sizes
and analytical uncertainty in D17O measurements (i.e., typ-
ically ±0.6& for 15 lm beam analyses and ±1.1& for 3 lm
beam analyses) and the number of analyses vary depending
on the size of phenocrysts. We calculate the average oxygen
isotope ratios of individual chondrules based on following
procedures:

(1) When we could obtain oxygen isotope data with a
higher-precision 15 lm beam, we calculated average
oxygen isotope ratios of individual chondrules using
oxygen isotope data of olivine and low-Ca pyroxene
phenocrysts whose D17O values cluster within 3SD of
analytical uncertainty. We did not use oxygen isotope
data of high-Ca pyroxene, plagioclase, silica, and
glass in mesostasis because most data were obtained
by using low precision 3 lm beam analyses.

(2) Ten chondrules were analyzed only at lower-preci-
sion 3 lm beam conditions. The average oxygen iso-
tope ratios are calculated using 3 lm beam analyses
for these chondrules. To be consistent with the calcu-
lation for other chondrules with 15 lm beam analy-
ses, the average values are calculated using data
from olivine and low-Ca pyroxene phenocrysts that
are indistinguishable in D17O values within 3SD of
analytical uncertainty.

(3) Because of the lack of standards for low Mg# olivine
and low-Ca pyroxene, we did not use measured d18O
and d17O values of olivine with Mg# < 60 and low-
Ca pyroxene with Mg# < 70 to calculate the average
oxygen isotope ratios. We used the measured D17O
values of low Mg# olivine and low-Ca pyroxene
because the matrix effect of the instrumental bias of
the ion microprobe is mass-dependent and it does
not affect to the measured D17O values.

(4) Uncertainties of the average values are estimated at
95% confidence levels. Errors of average D17O values
are either the 2SE (twice the standard error of the
mean) of data or 2r of the weighted mean based on
the uncertainty of individual data, whichever is larg-
est. Errors of average d18O and d17O values are either
the 2SE of data or the uncertainty of single analyses
(as determined by 2SD of 8 bracketing standard anal-
yses) divided by square root of the number of data (n),
whichever is largest. Additional uncertainties from
instrumental bias corrections, ±0.3& and ±0.15&

for d18O and d17O measurements, respectively are
added, so that they are propagated to the final error
estimates, as described by Kita et al. (2010).

The average oxygen isotope ratios of individual chond-
rules are listed in Table 1. Selections of data that were used
to calculate individual average values are shown in
Table EA2-3. For four chondrules (G13, G68, G84, and
G100), the entire chondrule data set is scattered without
clustering of data within 3SD limits (Figs. 3h, 7i and
8a,b). We did not obtain the average oxygen isotope ratios
for these chondrules, which are noted as “heterogeneous”

in Table 1. For type II chondrules G35 and G94, the average
d18O and d17O values are not calculated, but only the aver-
age D17O values are shown, because all data were derived
from olivine and pyroxene with Mg# < 60 in these chond-
rules. In the above calculations, relict grains whose D17O
values differ by more than 2& and 3& from the rest of anal-
yses in the same chondrules are eliminated from the average
for data using 15 lm beam and 3 lm beam condition,
respectively. There are four chondrules with 8 data points
(out of total 340 analyses) that were at the margin of the
3SD limit and treated differently from the above descrip-
tions for including or not including in the average values.
Detailed explanations are found in Electronic Annex EA1.

4.2.2. Phenocrysts, glass, and “host chondrule”

The D17O values of high-Ca pyroxene, plagioclase, silica,
and glass in mesostasis (Table EA2-3) are consistent with
the average D17O values of chondrules listed in Table 1 (oliv-
ine and low-Ca pyroxene phenocrysts) within the analytical
uncertainty. In Fig. 9, the D17O and d18O values of glass are
compared to the average values of the same chondrules from
Table 1. The average values for glass in each chondrule are
shown in Table 2 for those with multiple glass analyses.
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Both D17O and d18O values of glasses in each chondrule
from Acfer 094 are almost identical to those of phenocrysts
in each chondrule. These correlations indicate that chon-
drule glasses are in isotopic equilibrium with olivine and
pyroxene phenocrysts at high temperature. Although devia-
tion from the 1:1 line of d18O values for a few chondrules
might be the result of kinetic effects (evaporation and
condensation) during chondrule formation, this is minor
for most chondrules. Thus, we confirm that the average oxy-
gen isotope ratios calculated from olivine and low-Ca
pyroxene phenocrysts represent oxygen isotope ratios of
“relict olivine-free” portion of individual chondrules in Ac-
fer 094. Hereafter, we call this “relict olivine-free” portion of
chondrule that consists of multiple mineral phases and glass
with indistinguishable D17O values to be the “host chon-
drule”. In contrast, oxygen isotope ratios of “bulk” chond-
rules are different from those of “host chondrules” if the
chondrules contain a number of relict olivine grains.

4.3. A correlation between O isotopes and Mg# of chondrules

Fig. 10 shows distributions of oxygen isotope ratios of
host chondrules. In contrast to the large variation among
oxygen isotope ratios in relict olivine grains (Fig. 3e–h), oxy-
gen isotope ratios of host chondrules are bimodally distrib-
uted within two groups centered between the CCAM line
and the Young and Russell line (Fig. 10a). The data cluster
in two regions: d18O � �5& (D17O � �5&) and at
d18O � 1& (D17O � �2&) showing a gap of d18O values
from �3& to 0& with only a few exceptions: d18O � 3&

(D17O � 0&) and d18O � �12& (D17O � �9&) (Fig. 10a
and c). The distribution of D17O values of host chondrules
from Acfer 094 is similar to that of MgO-rich olivine analyses
from primitive chondrites (Libourel and Chaussidon, 2011).
The two major groups (D17O � �5& and ��2&) show a
Table 2
The d18O and D17O values of averaged homogeneous phenocrysts and g

Chondrule Type1 d18O

Averaged chondrule2 G

G56 RF, IAB �5.86 ± 0.32 �
G77 RF, IAB �4.71 ± 0.40 �

G7 IAB �3.39 ± 0.49 �
G26 IAB �5.53 ± 0.31 �
G38 IAB �3.73 ± 0.74 �
G48 IA, BO �3.78 ± 0.72 �
G52 IA 1.88 ± 0.36
G64 IB 1.48 ± 1.01
G70 IAB �6.54 ± 0.44 �
G90 I, Silica �6.86 ± 1.12 �

G10 IIA �0.03 ± 1.20 �
G32 II,Ol-frag 2.26 ± 0.36
G34 IIA 1.79 ± 0.71
G35 IIAB –
G63 IIA 0.72 ± 0.39
G79 IIAB –

1 RF = refractory forsterite bearing, I = type I, II = type II, A =
phenocrysts, BO = barred olivine, Silica = silica-bearing, Ol-frag = olivin

2 Averaged values of homogeneous phenocrysts.
3 Averaged value is shown if multiple data exist.
correlation with mineral chemistry of olivine and pyroxene.
The relatively 16O-rich group (D17O = �5.4 ± 1.2&, 2SD,
n = 19) consists of chondrules with MgO-rich olivine and
pyroxene (Mg# > 96). In contrast, the 16O-poor group
(D17O = �2.2 ± 0.7&, 2SD, n = 16) shows wide variation
in Mg# and mainly consists of chondrules with more FeO-
rich olivine and pyroxene (Mg# � 99–42) (Fig. 10b). These
two groups exist regardless of chondrule type, i.e., porphy-
ritic chondrules and non-porphyritic chondrules as well as
the Al-rich chondrule. Note that G64, which is the most
MgO-rich chondrule of the 16O-poor group chondrule
(D17O = �1.83 ± 0.66&, Mg# � 99), has relict dusty olivine
grains with D17O of �0& (Fig. 7l, Table EA2-3, Fig. EA3).

A similar bimodal distribution has been observed in
chondrules and isolated olivine grains from ALHA77307
(CO3) (Jones et al., 2000; Wasson et al., 2004), Murchison
(CM2) (Jabeen and Hiyagon, 2003), Acfer 094 (Kunihiro
et al., 2005), Y81020 (CO3) (Kunihiro et al., 2004; Tenner
et al., 2011), Tagish Lake (C2-ungrouped) (Russell et al.,
2010), and CR chondrites (Libourel and Chaussidon,
2011), although Connolly and Huss (2010) reported that
type II chondrules from CR2 chondrites tend to have much
higher D17O values. The Mg#s of the 16O-rich group chond-
rules from Acfer 094 are mainly higher than 98 and the low-
er limit of the occurrence of the 16O-rich group chondrules
is at Mg# � 96 (Fig. 10b), which is different from that of
the petrographic classification of type I and type II chond-
rules (Mg# = 90). Thus, the 16O-rich group (D17O � �5)
consists of type I chondrules but the 16O-poor group con-
sists of both type I chondrules and type II chondrules.
The oxygen isotope ratios of refractory forsterite (RF)
bearing type I chondrules (D17O = �5.0 to �6.3&) are
within the range of those of the 16O-rich group chondrules.
This is similar to those of RF-bearing type I chondrules
from CV chondrites (Pack et al., 2004).
lass in each chondrule.

D17O

lass3 Averaged chondrule2 Glass3

4.71 ± 0.96 �5.55 ± 0.37 �5.61 ± 0.79
4.12 ± 1.06 �4.98 ± 0.19 �5.53 ± 1.42

3.55 ± 0.99 �5.06 ± 0.38 �4.40 ± 0.57
5.20 ± 1.16 �4.99 ± 0.46 �4.41 ± 1.05
5.84 ± 1.29 �4.79 ± 0.31 �3.91 ± 1.57
3.75 ± 1.04 �5.28 ± 0.49 �4.98 ± 0.78
1.81 ± 1.04 �2.19 ± 0.51 �2.16 ± 0.78
1.83 ± 0.73 �1.83 ± 0.66 �1.90 ± 0.81
6.45 ± 0.58 �5.70 ± 0.22 �5.57 ± 1.14
7.13 ± 0.76 �6.91 ± 0.79 �7.41 ± 0.56

0.59 ± 0.99 �2.78 ± 0.53 �3.06 ± 0.57
4.00 ± 1.06 �2.54 ± 0.29 �0.70 ± 1.60
1.21 ± 1.06 �2.75 ± 0.53 �2.60 ± 1.60
1.25 ± 1.06 �2.07 ± 0.80 �1.32 ± 1.60
3.88 ± 0.96 �2.54 ± 0.50 �2.79 ± 0.79
3.47 ± 1.06 �1.54 ± 0.32 �3.11 ± 1.42

predominately olivine phenocrysts, AB = olivine and pyroxene
e fragment.
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Fig. 10. (a) Oxygen three-isotope plot of average values of
individual host chondrules and olivine fragments (see Table 1
and Table EA2-3). Error bars are 95% confidence. Four reference
lines are the same as Fig. 3. (b) Average D17O values plotted vs.
Mg# for individual host chondrules and olivine fragments. For
comparison, the average D17O values of pyroxene from chondrule-
like objects (data from Nakamura et al., 2008) are shown as
“Cometary”. Error bars are 95% confidence (see Electronic Annex
EA1). (c) Histogram of the average D17O of individual host
chondrules and olivine fragments showing a bimodal distribution
of oxygen isotope ratios.
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Interestingly, if we calculate the average D17O of come-
tary chondrule-like objects from the comet Wild 2 using
oxygen isotope data of pyroxenes of individual objects
(excluding one anomalous pyroxene analysis of Torajiro;
Nakamura et al., 2008) according to the concept of host
chondrules, their average D17O value is ��2& with Mg#
of 96–86 (Fig. 10b), which is consistent with the 16O-poor
group from Acfer 094.

5. DISCUSSION

5.1. Oxygen isotope ratios of the chondrule-forming melt

5.1.1. Oxygen isotopic compositions of phenocrysts and glass

Most porphyritic chondrules studied in this work consist
largely of olivine and low-Ca pyroxene phenocrysts, and
fine-grained minerals and glass in mesostasis that show
identical D17O values, which we interpret to be the host
chondrule. Fig. 11 shows d18O values of olivine and low-
Ca pyroxene phenocrysts of individual host chondrules.
Chaussidon et al. (2008) suggested that olivine in type I
chondrules are derived from differentiated planetesimals
and that oxygen isotope ratios of olivine and pyroxene in
type I chondrules from CV and CR chondrites record a
mixing trend between 16O-rich olivine and 16O-poor SiO
gas in the Solar Nebula. The suggested trend (d18O(pyrox-
ene) = 0.72 � d18O(olivine) + 1.21) by Chaussidon et al.
(2008) is shown as a dashed line labeled C08 in Fig. 11. In
contrast, our data are distributed on the 1:1 line and are
not consistent with the trend of C08. Recently, Rudraswami
et al. (2011) reported that oxygen isotope ratios of olivine
and low-Ca pyroxene of individual chondrules from Allende
(CV3) are also distributed on the 1:1 line. We do not find any
data along the trend reported by Chaussidon et al. (2008) or
evidence to support the planetesimal origin for olivine grains
in chondrules. Instead, oxygen isotope data of both this
study and Rudraswami et al. (2011) suggest that most of
the olivine and pyroxene in each chondrule crystallized from
the same chondrule-forming melt.

Considering that olivine has the highest liquidus temper-
ature among the constituent minerals in ferromagnesian
chondrules, it is possible that some olivine grains in porphy-
ritic chondrules remained solid during the chondrule-melting
processes (e.g., Connolly and Desch, 2004). If residual oliv-
ine had distinct oxygen isotope ratios from the chondrule-
forming melt, their oxygen isotope ratios could be preserved
due to the short time-scales involved and slow diffusion of
oxygen in olivine (Jaoul et al., 1980; Houlier et al., 1988).
Oxygen isotope ratios of remaining minerals and glass may
represent those of the chondrule-forming melt. Next, we will
discuss characteristics of oxygen isotope ratios of host
chondrules. Characteristics of oxygen isotope ratios of relict
olivine grains, which may preserve information of precursor
of chondrules, will be discussed in Section 5.3.

We found that phenocrysts and coexisting glass have
identical D17O values at the level of 1& in a large number
of chondrules from Acfer 094 (Fig. 9). This is distinct from
previously reported data. In the previous studies from type
3 carbonaceous and ordinary chondrites, the D17O values of
glass or mesostasis in chondrules are significantly higher
than those of phenocrysts (Bridges et al., 1999; Maruyama
et al., 1999; Maruyama and Yurimoto, 2003; Chaussidon
et al., 2008; Kita et al., 2010). For instance, Kita et al.
(2010) observed higher D17O and d18O values in glass rela-
tive to those of phenocrysts in the same chondrules from
the least equilibrated ordinary chondrite, Semarkona
(LL3.01 after Kimura et al., 2008). The D17O values of glass
in Semarkona were as high as 5&, which is similar to those
in matrix magnetite that formed by the aqueous alteration
in the LL chondrite parent body (Choi et al., 1997). For this
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reason, Kita et al. (2010) concluded that oxygen isotope
ratios in chondrule glass in Semarkona were altered by iso-
tope exchange with aqueous fluid at low temperature in the
parent body. In contrast, Acfer 094 did not experience any
thermal metamorphism or aqueous alteration in the parent
body, based on occurrence of martensite in chondrules
(Kimura et al., 2008), highly unequilibrated fine-grained
matrix (Greshake, 1997), and fine-grained cosmic symplec-
tite (COS) in matrix (Sakamoto et al., 2007). Therefore, we
consider that glass in Acfer 094 chondrules preserves the
pristine oxygen isotope ratios of chondrule-forming melt
at the time when chondrules solidified.

Almost all “primitive chondrites” would have experi-
enced parent body processes to some extent that might dis-
turb their pristine oxygen isotope ratios in chondrule
mesostasis. In type 3 chondrites such as LL3 and CV3, that
were slightly more altered or metamorphosed in their par-
ent bodies than Semarkona, oxygen isotope ratios in pla-
gioclase and silica might have been altered by exchange
with fluid due to fast oxygen isotope diffusivities in those
minerals (Cole and Chakraborty, 2001). High-Ca pyroxene
would be overgrown during devitrification of glass and
replacement of plagioclase by nepheline (Brearley and
Jones, 1998; Huss et al., 2006), during which isotope ex-
change would occur. In type 2 chondrites such as CM2
and CR2, minerals and glass might have been replaced by
alteration products such as phyllosilicates (Brearley, 2006)
and intrinsic oxygen isotope ratios could be disturbed. In
these cases, it is difficult to determine oxygen isotope sys-
tematics of individual chondrules. However, oxygen isotope
data in Acfer 094 chondrules show that the D17O values of
low-Ca pyroxene and of most olivine phenocrysts are in
good agreement with those of minerals and glass in chon-
drule mesostasis (e.g., Fig. 3j and k). Similarly, a few anal-
yses of high-Ca pyroxene in Semarkona are also
indistinguishable from olivine and low-Ca pyroxene in the
same chondrules (Kita et al., 2010). Thus, oxygen isotope
ratios of host chondrules can be represented by those in
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Fig. 11. Comparison of average d18O values between olivine and
coexisting low-Ca pyroxene. The 1:1 line (solid line) and the
previously reported correlation line in chondrules by Chaussidon
et al. (2008) (dotted line, C08) are shown. Error bars are 2SD of
oxygen isotope data of individual chondrules (Table EA2-3).
phenocrysts, especially low-Ca pyroxene, which should
have been crystallized from melt and would easily preserve
their primary oxygen isotope signature against mild parent
body processes. The high precision and accuracy of SIMS
oxygen isotope analysis of multiple olivine and low-Ca
pyroxene phenocrysts in a single chondrule would be very
useful way to characterize oxygen isotope ratios of chond-
rules. This approach can be applied to chondrules in many
different chondrites even if they have suffered parent body
alteration in some degree.

5.1.2. Mechanisms for oxygen isotopic homogeneity of the

chondrule-forming melt

A host chondrule with internally homogeneous D17O
values from multiple mineral phases and glass strongly indi-
cates that the chondrule-forming melt had homogeneous
oxygen isotope ratios and remained unchanged during
and after cooling. Our data do not support zoning of
D17O values in the chondrule-forming melt, which has been
hypothesized as a result of a partial oxygen isotope ex-
change between gas and the chondrule-forming melt having
distinct D17O values (e.g., Clayton et al., 1983).

If we assume that chondrule formation was in a closed
system for oxygen isotope exchange with surrounding gas,
then oxygen isotope ratios in a chondrule were homogenized
to be an average value of heterogeneous precursor dusts,
excluding relict olivine grains. However, many chondrules
might be formed in an open system with respect to major
oxides, such as MgO and SiO2, and recondensed from sur-
rounding gas (e.g., Libourel et al., 2006; Nagahara et al.,
2008). Furthermore, in a given chondrule, the “homoge-
nized” host chondrule’s D17O value is always at the higher
or lower end of the D17O distribution among relict olivine
grains (e.g., Fig. 3e–g). As we observed a wide range of
D17O values among relict olivine grains in Acfer 094 chond-
rules (from �23 to 0&), it is odd that we do not observe
intermediate D17O values in host chondrules with respect
to those of relict olivine grains in the same chondrules.

Based on an experimental study of oxygen isotope ex-
change between water vapor and chondrule-forming melt,
Yu et al. (1995) predicted the occurrence of internal oxygen
isotope zoning in the chondrule-forming melt due to partial
oxygen isotope exchange at low H2O partial pressures, the
canonical condition of the solar nebula. Assuming this con-
dition, the observed internal oxygen isotope homogeneity in
Acfer 094 chondrules indicates that they formed in environ-
ments where solar nebula gas and precursor solid had iden-
tical isotope ratios. Alternatively, if chondrules formed in
dust-enriched environments (Ebel and Grossman, 2000;
Ozawa and Nagahara, 2001; Alexander, 2004; Alexander
et al., 2008; Nagahara et al., 2008), isotope exchange be-
tween ambient gas and the chondrule-forming melt might
have occurred rapidly due to evaporation and re-condensa-
tion of major silicates during the chondrule-forming high
temperature heating events. In this case, the oxygen isotope
ratios in the temporal gas would be the same as average
precursor solids, so that repeated chondrule-forming events
would result in homogeneous local oxygen isotope reser-
voirs. In addition, if the chondrule-forming melt was
formed by frictional heating in a shocked nebular gas
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(Desch et al., 2005), internal flow of the melt (Uesugi et al.,
2003) would enhance homogenization of oxygen isotopes of
the melt. Thus, oxygen isotope ratios of host chondrules
represent those of chondrule-forming region.

5.2. Two major oxygen isotope reservoirs in Acfer 094

chondrule-forming regions

The D17O values of host chondrules from Acfer 094
show a bimodal distribution (D17O � �5& and �2&) with
only a few exceptions (Fig. 10c). This indicates that these
chondrules mostly formed in two distinct oxygen isotope
reservoirs. The 16O-rich chondrules (D17O � �5&) consist
of phenocrysts of low FeO content (Mg# > 96), implying
that they formed under a reducing environment. In con-
trast, the 16O-poor chondrules with a nearly constant
D17O value of �2& have a wide range of FeO contents
(Mg# � 99 with metal grains to Mg# � 42, Fig. 10b).
Mg# is controlled by a number of factors, including bulk
composition, but for a single composition, oxygen fugacity
is most important. The occurrence of such a wide range in
composition from Mg# � 99 to 42 indicates that they
formed under a wide range of oxygen fugacity (log f(O2)
from �11 to �9 at 1600 �C) (Zanda et al., 1994), which cor-
responds to �IW-3 to IW-1, below the Iron–Wustite (IW)-
buffer (Myers and Eugster 1983).

The relation between Mg# and the D17O value of chond-
rules suggests that an increase of the D17O value of chond-
rules is closely associated with oxidation of the ambient
nebular gas, which may be linked to the processing of ices
and icy bodies (Connolly and Huss, 2010). However, if
the oxygen fugacity of the chondrule forming environment
was simply controlled by the addition of water or ice with
an extremely high D17O value, which is the predicted com-
ponent from a CO self-shielding model (Yurimoto and
Kuramoto, 2004) and could be as high as D17O = +80&

(inferred from COS in Acfer 094 matrix, Sakamoto et al.,
2007), the D17O values in chondrule hosts should strongly
correlate with Mg#. This is not the case for chondrules in
Acfer 094 because the D17O values of ��2& are seen from
chondrules independent of their Mg#. The extremely 16O-
poor water predicted from CO self-shielding might have
contributed an oxygen isotope reservoir for the 16O-poor
group chondrules by mixing of more 16O-rich dusts, such
as precursors of CAIs and AOAs (D17O � �25&) or the
16O-rich group chondrules (D17O � �5&). However, if this
is the case, an increase of D17O value and an exchange of
oxygen isotopes between the extremely 16O-poor water
and silicate dust in the chondrule-forming region must have
occurred prior to chondrule formation. Instead, the fairly
constant D17O among these 16O-poor group chondrules
could be explained by formation in a dust-rich environment
(Wood and Hashimoto, 1993; Ebel and Grossman, 2000;
Alexander, 2004; Fedkin and Grossman, 2006) if the oxy-
gen fugacity varied according to the degree of dust enrich-
ment. Alternatively, the oxygen fugacity may also increase
with abundance of water or ice whose D17O value was close
to that of the precursors of the 16O-poor group chondrules.

The two major oxygen isotope reservoirs (D17O = �5&

and �2&) that are recognized in chondrules from Acfer
094 may have existed commonly and broadly in the early
solar system. In the Acfer 094 meteorite, more than 50%
of chondrules are in the 16O-rich group (D17O � �5&).
This is deduced because type I chondrules comprise 80%
of chondrules in Acfer 094 (Kunihiro et al., 2005) and 18
out of 25 type I chondrules (excluding “heterogeneous”

chondrules) are classified into the 16O-rich group in this
study. The existence of these two chondrule groups in car-
bonaceous chondrites is supported by published data
although these groups were not previously recognized.
The 16O-rich group (D17O � �5&) seems to be abundant
in CV and CO chondrites (Rubin et al., 1990; Maruyama
et al., 1999; Jones et al., 2000, 2004; Wasson et al., 2004;
Chaussidon et al., 2008, 2010; Jones and Schilk, 2009;
Libourel and Chaussidon, 2011). The 16O-poor chondrules
(D17O � �2&) are commonly observed in CR, CH, and
CBb chondrites (Krot et al., 2006a,b, 2010; Nakashima
et al., 2010, 2011a; Libourel and Chaussidon, 2011). Bimo-
dal distribution of D17O values among chondrules similar to
those in this study have been observed from Allende (CV3)
and Y 81020 (CO3.0) chondrites (Rudraswami et al., 2011;
Tenner et al., 2011). The D17O values of some anhydrous
interplanetary dust particles (IDPs) (Aléon et al., 2009),
and of chondrule-like objects and low-Ca pyroxene frag-
ments recovered from the comet Wild 2 (McKeegan et al.,
2006; Nakamura et al., 2008; Nakashima et al., 2011b)
are also clustered around �2&. These results suggest that
the environment where the 16O-poor chondrule group
(D17O � �2&) formed existed at the outer asteroid belt
or beyond and that chondrules and crystalline silicates
formed there were widely distributed throughout the outer
solar nebula, from the outer asteroid belt to the Kuiper belt
region.

The study on the Al–Mg systematics of some of chond-
rules in Acfer 094 does not show a correlation between in-
ferred initial 26Al/27Al ratios and D17O values (Ushikubo
et al., 2010). Tenner et al. (2011) measured oxygen isotope
ratios of chondrules in Y 81020 (CO3.0) that were previ-
ously analyzed for Al–Mg age (Kurahashi et al., 2008)
and showed no correlation between inferred initial
26Al/27Al ratios and D17O values. The absence of correla-
tion between D17O values and 26Al ages of chondrules in
a single meteorite suggests that chondrules record regional
oxygen isotopic heterogeneity in the chondrule-forming re-
gions of the solar nebula instead of a temporal change of
oxygen isotope ratios in the solar nebula. This is similar
to the suggestion by Kurahashi et al. (2008) based on the
contemporaneous formation of chondrules in LL3 and
CO3 chondrites that have distinct oxygen isotope ratios.
Different chondritic parent bodies probably collected differ-
ent fractions of chondrules that have various oxygen iso-
tope ratios. Furthermore, minor chondrule groups that
have distinct D17O values (e.g., ��9&, �0&, and �1&)
have been recognized in carbonaceous chondrites (Con-
nolly and Huss, 2010; Nakashima et al., 2010, 2011a;
Libourel and Chaussidon, 2011), some of which were iden-
tified among Acfer 094 chondrules. Highly precise and
accurate oxygen isotope ratios of “host chondrules” will
determine the distribution of oxygen isotopes in the solar
nebula before chondrules accreted into their parent bodies.
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5.3. Relict olivine grains and oxygen isotope reservoirs

In this study, nearly half of the chondrules contain relict
olivine grains that show either relatively 16O-rich or 16O-
poor oxygen isotope ratios relative to the host chondrules
(Fig. 12). In four chondrules, significantly 16O-enriched oliv-
ine grains with D17O values lower than �10& (down to
�23&) are observed (G45, G68, G70, and G84; Figs. 3f,h,
6b and 7i, Table EA2-3), similar to those reported in other
chondrites (e.g., Yurimoto and Wasson, 2002; Jones et al.,
2004). Precursors of these olivine grains could be uniformly
16O-enriched olivine-bearing inclusions, such as amoeboid
olivine aggregates (AOA) (e.g., Hiyagon and Hashimoto,
1999; Aléon et al., 2002; Krot et al., 2002; Kobayashi
et al., 2003; Fagan et al., 2004; Itoh et al., 2007). In the pre-
vious studies, heterogeneous oxygen isotope ratios in chond-
rules are interpreted as the result of mixing of 16O-rich solid
precursor and 16O-poor nebula gas (e.g., Clayton et al.,
1983; Krot et al., 2005). Under this simple mixing model, rel-
ict olivine grains should be always more 16O-rich than host
chondrules. Many chondrules have 16O-rich relict olivine
grains relative to oxygen isotope ratios of host chondrules.
However, four type I chondrules in Acfer 094 have the re-
verse relation; 16O-poor relict grains are observed
(Fig. 12). In addition, most relict grains have D17O values
between�2& and�6&, and fully overlap with the two ma-
jor isotope reservoirs discussed above. Many 16O-poor relict
olivine grains are observed in 16O-rich group chondrules and
vice versa (Fig. 12). These data suggest that the majority of
relict olivine grains are not related to AOA-like precursors,
but instead relate to materials formed in two major isotope
reservoirs. Thus migration of solid precursor might have oc-
curred from one isotope reservoir to the other before the
melting of chondrules. The results from this study suggest
that distinct oxygen isotope reservoirs existed in the proto-
planetary disk at the time of chondrule formation (2–3 Ma
Chon
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sorted in the order of the D17O values. Error bars are 95% confidence.
after CAI formation; Kita et al., 2005) although their spatial
and time scales are not known. A limited amount of radial
migration might occur between separated disk regions (Cuz-
zi et al., 2010), which resulted in limited range of the D17O
values among relict olivine grains in many chondrules. Mix-
ing of different isotope reservoirs seems to occur between or-
dinary-chondrite forming regions and carbonaceous-
chondrite forming regions (Kita et al., 2010). Some chond-
rules in LL chondrites are significantly 16O-rich with D17O
values as low as �9& (Russell et al., 2000; Ruzicka et al.,
2007; Kita et al., 2010), similar to those found in MgO-rich
type I chondrules (Mg# > 96) in Acfer 094 and other chond-
rules in carbonaceous chondrites. Kita et al. (2010) further
suggested that type II chondrules in LL3 are on the mixing
line between ordinary chondritic precursors (D17O P 1.6&)
and CV chondrite BO chondrule-like precursors
(D17O � �2&). Weisberg et al. (2011) reported that some
chondrules from E3 chondrites contain minerals whose oxy-
gen isotope ratios are similar to those of chondrules from or-
dinary, carbonaceous, and R chondrites.

Although a secular change of oxygen isotope ratios of
the ambient nebular gas in the individual chondrule form-
ing region might have occurred during the chondrule-form-
ing process (e.g., Connolly and Huss, 2010), the occurrence
of multiple oxygen isotope components in chondrules from
various types of chondrite suggests that migration of
chondrules and chondrule precursor silicates was common
in chondrule forming regions. Host chondrules preserve
chemical and isotopic characteristics of the last chondrule
formation that occurred in different regions of the proto-
planetary disk. As described in the Section 5.2, more than
50% of chondrules in Acfer 094 are the 16O-rich group
(D17O � �5&). The materials accreted to the Acfer 094
parent asteroid were mainly from the region with
D17O � �5&, while a smaller portion also derived from
the region with the D17O value ��2&.
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Fig. 13. Oxygen isotope ratios of olivine (Mg# > 60) and pyroxene
(Mg# > 70) phenocrysts of chondrules and olivine fragments from
Acfer 094 (individual in situ analyses, with a 15 lm spot). (a)
Enlarged view of oxygen isotope ratios of individual analyses. For
comparison, oxygen isotope ratios of bulk chondrules from CV
chondrite (Clayton et al., 1983; Jones et al., 2004), those of
unaltered CAI (Young and Russell, 1998), and those of Earth and
Moon (E&M), Martian meteorites (Mars), most primitive achon-
drites (P-A), ordinary chondrite (O), and R chondrite (R) (Clayton,
2003) are shown. (b) Overall view of oxygen isotope ratios of
individual analyses. In the inset, oxygen isotope data of cosmic
symplectites (COS) with in situ SIMS analyses (Sakamoto et al.,
2007) are shown. Four reference lines are the same as Fig. 3.
Typical uncertainty (2 SD) of 15 lm spot analyses is shown at the
lower-right of each panel.

T. Ushikubo et al. / Geochimica et Cosmochimica Acta 90 (2012) 242–264 259
5.4. Primary oxygen isotope trend in chondrules

Oxygen isotope ratios of chondrules from Acfer 094 are
distributed between the CCAM (Clayton et al., 1977) and
Y&R lines (Young and Russell, 1998) (Fig. 10a). To char-
acterize oxygen three-isotope systematics of anhydrous
minerals in chondrules from the least metamorphosed car-
bonaceous chondrite, we plot individual oxygen isotope
analyses obtained in this work as shown in Fig. 13. We used
only data from olivine and low-Ca pyroxene measured with
the high-intensity 15 lm beam because: 1) analyses with a
high intensity beam provide the highest precision and accu-
racy and 2) olivine and low-Ca pyroxene are major pheno-
crysts of chondrules that would not significantly fractionate
oxygen isotopes during igneous differentiation. The data
are tightly clustered along a slope �1 line from
d18O = �43.4 ± 0.3& to 3.1 ± 0.2&. These data are dis-
tinct from, and plot between the CCAM line and the
Y&R line (Fig. 13). The regression line of these data is
d17O = (0.987 ± 0.013) � d18O � (2.70 ± 0.11) (95% confi-
dence, MSWD = 5.0). We also found that oxygen isotope
ratios measured at WiscSIMS of olivine and low-Ca pyrox-
ene in chondrules from CH, CO, and CV chondrites are
consistently distributed along this regression line (Nakashi-
ma et al., 2011a; Rudraswami et al., 2011; Tenner et al.,
2011). Thus, we interpret the new line obtained from olivine
and low-Ca pyroxene phenocrysts of chondrules in this
study to represent the best estimate for anhydrous minerals
of chondrules that formed in the solar nebula. Here, we call
this line the Primitive Chondrule Minerals (PCM) line.

Our data are generally similar to bulk CV3 chondrules
(Clayton et al., 1983; Rubin et al., 1990; Jones et al.,
2004), but systematically plot towards the left (depleted in
18O) from bulk CV3 chondrules (Fig. 13a). It is possible
that the bulk chondrule data are biased to heavy isotope
enrichment along slope �0.5 mass fractionation lines be-
cause aqueous alteration in CV3 chondrite parent body
would result in higher d18O in altered mesostasis in chond-
rules (Bridges et al., 1999; Young et al., 2002; Kita et al.,
2010; Rudraswami et al., 2011).

The slope of the PCM line (0.987 ± 0.013) is slightly
steeper than the CCAM line (0.94), but indistinguishable
from unity within uncertainty. This line intersects the ter-
restrial fractionation (TF) line at d18O = 5.8 ± 0.4&, which
is indistinguishable from the value for the terrestrial mantle
(d18O = 5.5&) (Eiler, 2001), lunar rocks (Wiechert et al.,
2001; Spicuzza et al., 2007) and bulk enstatite chondrites
(Clayton, 2003; Franchi, 2008). Furthermore, oxygen iso-
tope ratios of extremely 16O-poor COS in the matrix of
the Acfer 094 meteorite (Sakamoto et al., 2007) plot on
the extension of the PCM line within uncertainty
(Fig. 13b inset). Oxygen isotope ratios of the most 16O-rich
CAIs and a chondrule from carbonaceous chondrites
(Kobayashi et al., 2003; Gounelle et al., 2009) are also con-
sistent with the PCM line, although the precision of these
data are not high enough to distinguish the difference be-
tween the CCAM line and the PCM line (Fig. EA1-2 in
Electronic Annex EA1).

A simple trend line cannot explain the variation of oxy-
gen isotope ratios of planetary materials. For example,
although oxygen isotope ratios of most primitive achon-
drites, such as lodranites, acapulcoite, winoanites, and
brachinites plot close to the PCM line, other achondrites
such as HED meteorites, Ureilites, and Martian meteorites
are not on the PCM line (Clayton, 2003; Franchi, 2008)
(Fig. 13a). The apparent exceptions to the PCM line are
chondrules from ordinary and R chondrites whose oxygen
isotope ratios are distributed to the left of the PCM line
(Fig. 13a). However, Kita et al. (2010) found that oxygen
three isotope ratios of some chondrules and relict olivine
grains in chondrules from Semarkona (LL3.0) plot between
the CCAM line and the Y&R line with negative D17O
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values, similar to those in carbonaceous chondrites. Simi-
larly, oxygen isotope ratios of 16O-rich olivine grains in
chondrules from enstatite chondrites plot along a slope 1
line that is indistinguishable from the PCM line (Weisberg
et al., 2010, 2011). The data for these relict olivine grains
suggest that the precursor of at least some chondrules from
ordinary and enstatite chondrites consisted of dust whose
oxygen isotope ratios were similar to those of chondrules
from carbonaceous chondrites. An additional process is
needed to cause lighter oxygen isotope ratios of chondrules
from ordinary and R chondrites.

Clayton et al. (1991) pointed out that silicates favor
enrichment of lighter oxygen isotopes by a few & in d18O
compared to CO and H2O gas under equilibrium at high
temperatures (�1500�C). The equilibrium oxygen isotope
fractionation factor between dust and gas is variable
according to partial pressure of gas species (e.g., CO,
H2O) and the gas/dust ratio (Onuma et al., 1972; Kita
et al., 2010). Kita et al. (2010) observed systematic varia-
tions in d18O among type I chondrules in Semarkona
(LL3) that inversely correlate with Mg/Si ratios of chond-
rules, which they interpreted as isotope fractionation be-
tween gas and solid during chondrule formation. It is
possible that the deviation of oxygen isotope ratios of
chondrules from ordinary and R chondrites from the
PCM line might reflect gas–solid isotope fractionation prior
to or during chondrule forming processes. Conversely, the
PCM line with a slope �1.0 may represent the mixing of
two extreme oxygen isotope reservoirs in the protoplane-
tary disk, such as those represented by COSs and CAIs.
Early processes occurred in the solar nebula which resulted
in the mixing of extreme reservoirs and formed dust parti-
cles with oxygen isotope ratios along the PCM line. These
dust particles might be precursors of chondrules and the
ranges of D17O values in dust would be locally homogenized
in the dust-enriched disk during chondrule formation.

6. CONCLUSIONS

We performed in situ oxygen three-isotope analyses of
minerals and glass in chondrules from Acfer 094, which is
one of the least equilibrated carbonaceous chondrites, to
understand systematics of oxygen isotopes in chondrules.
The main conclusions obtained from this study are:

(1) Most chondrules in Acfer 094 (38 out of 42) mostly
consist of minerals and glass that are isotopically
homogeneous within each chondrule with indistin-
guishable D17O values which we call the “host chon-
drule”. Host chondrules crystallized from a melt with
homogeneous D17O values that remained unchanged
during subsequent cooling of the chondrule-forming
melt.

(2) The presence of small amounts of relict olivine with
different D17O values from the host chondrule dem-
onstrates the usefulness of multiple high precision
isotope analyses of olivine and low-Ca pyroxene in
a single chondrule to estimate the pristine oxygen iso-
tope ratios in the chondrule-forming melt.
(3) Most chondrules in Acfer 094 are divided into two
oxygen isotope groups, the 16O-rich group (D17O =
�5.4 ± 1.2&, 2SD, n = 19 with Mg# > 96) and the
16O-poor group (D17O = �2.2 ± 0.7&, 2SD, n = 16
with Mg# � 99–42), indicating that these chondrules
formed in two distinct oxygen isotope reservoirs in
the solar nebula. The 16O-poor chondrule group
(D17O � �2&) in Acfer 094 may relate to the com-
mon occurrence of the 16O-poor chondrules
(D17O � �2&) in carbonaceous chondrites and the
comet Wild 2. Therefore, we suggest that the environ-
ment where the 16O-poor chondrule group
(D17O � �2&) formed existed at the outer asteroid
belt or beyond and that chondrules and crystalline
silicates formed there were widely distributed
throughout the outer solar nebula, from the outer
asteroid belt to the Kuiper belt region.

(4) The D17O values of relict olivine grains in chondrules
from Acfer 094 mainly distribute from �2 to �6&,
which corresponds to the range of D17O values of
the 16O-rich and 16O-poor chondrule groups. This
suggests that the precursor solids of chondrules from
Acfer 094 migrated between the locations of two iso-
tope reservoirs.

(5) Oxygen isotope ratios of minerals in chondrules from
Acfer 094 are distributed along a slope �1 line
(d17O = (0.987 ± 0.013) � d18O � (2.70 ± 0.11)),
which we call the Primitive Chondrule Minerals
(PCM) line. The PCM line falls between the CCAM
and the Y&R lines and intersects the terrestrial frac-
tionation line at d18O = 5.8 ± 0.4&, which is indis-
tinguishable from the value for the terrestrial
mantle (d18O = 5.5&). We propose that the PCM
line represents the primary trend of the major oxygen
isotope reservoirs (16O-rich CAIs and 16O-poor COS)
in the protoplanetary disk from which chondrules in
various chondrite classes were produced.

ACKNOWLEDGEMENTS

We thank Glenn J. MacPherson and Linda Welzenbach,
Smithsonian Institute, for the use of the Acfer 094 thin section.
We also thank Akira Yamaguchi, NIPR, for the Raman analysis
and Jim Kern for the technical support at WiscSIMS laboratory.
We thank Alexander N. Krot for editorial handling, and Devin
Schrader, Tak Kunihiro, and an anonymous reviewer for
constructive reviews. This work is supported by NASA Cosmo-
chemistry Program (NNX07AI46G and NNX10AH77G,
N.T.K.) and a Grant-in-aids of Ministry of Education, Science,
and Culture (No. 19540500 and 22540488, M.K.). WiscSIMS
is partly supported by NSF (EAR03-19230, EAR07-44079,
EAR10-53466).

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2012.05.010.

http://dx.doi.org/10.1016/j.gca.2012.05.010
http://dx.doi.org/10.1016/j.gca.2012.05.010


T. Ushikubo et al. / Geochimica et Cosmochimica Acta 90 (2012) 242–264 261
REFERENCES
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