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Oxygen isotope compositions of chondrules in CR chondrites
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Abstract

We report in situ ion microprobe analyses of oxygen isotopic compositions of olivine, low-Ca pyroxene, high-Ca pyroxene, anorthitic
plagioclase, glassy mesostasis, and spinel in five aluminum-rich chondrules and nine ferromagnesian chondrules from the CR carbona-
ceous chondrites EET92042, GRA95229, and MAC87320. Ferromagnesian chondrules are isotopically homogeneous within ±2& in
D17O; the interchondrule variations in D17O range from 0 to �5&. Small oxygen isotopic heterogeneities found in two ferromagnesian
chondrules are due to the presence of relict olivine grains. In contrast, two out of five aluminum-rich chondrules are isotopically heter-
ogeneous with D17O values ranging from �6 to �15& and from �2 to �11&, respectively. This isotopic heterogeneity is due to the
presence of 16O-enriched spinel and anorthite (D17O = �10 to �15&), which are relict phases of Ca,Al-rich inclusions (CAIs) incorpo-
rated into chondrule precursors and incompletely melted during chondrule formation. These observations and the high abundance of
relict CAIs in the aluminum-rich chondrules suggest a close genetic relationship between these objects: aluminum-rich chondrules formed
by melting of spinel–anorthite–pyroxene CAIs mixed with ferromagnesian precursors compositionally similar to magnesium-rich (Type
I) chondrules. The aluminum-rich chondrules without relict CAIs have oxygen isotopic compositions (D17O = �2 to �8&) similar to
those of ferromagnesian chondrules. In contrast to the aluminum-rich chondrules from ordinary chondrites, those from CRs plot on
a three-oxygen isotope diagram along the carbonaceous chondrite anhydrous mineral line and form a continuum with amoeboid olivine
aggregates and CAIs from CRs. We conclude that oxygen isotope compositions of chondrules resulted from two processes: homogeni-
zation of isotopically heterogeneous materials during chondrule melting and oxygen isotopic exchange between chondrule melt and
16O-poor nebular gas.
� 2006 Published by Elsevier Inc.
1. Introduction

Oxygen isotopic compositions of chondritic components
[Ca,Al-rich inclusions (CAIs), amoeboid olivine aggregates
(AOAs), chondrules, andmatrix] in combinationwithminer-
alogical observations, theoretical modeling, and oxygen iso-
topic diffusion and exchange experiments on the calcium–
aluminum-rich and ferromagnesian silicatemelts andminer-
als can potentially provide important constraints on the
genetic relationship between the chondritic components
(e.g., Clayton et al., 1977; Clayton, 1993, 2002; Ryerson
and McKeegan, 1994; Yu et al., 1995; Yurimoto et al.,
0016-7037/$ - see front matter � 2006 Published by Elsevier Inc.
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1989, 1994, 1998; McKeegan et al., 1998; Young and
Russell, 1998; Hiyagon and Hashimoto, 1999; Scott and
Krot, 2001; Yurimoto and Kuramoto, 2004; Krot et al.,
2004a; Boesenberg et al., 2004; Lyons and Young, 2005).
For example, most refractory inclusions in primitive
chondrites are 16O-enriched (D17O 6 �20&; D17O = d17

O � 0.52 · d18O) compared to the majority of chondrules
andmatrices (D17O P �5&), suggesting formation in isoto-
pically distinct gaseous reservoirs separated in time and/or in
space (McKeegan et al., 1998; Krot et al., 2002a, 2004b; Itoh
and Yurimoto, 2003; Scott and Krot, 2003; Yurimoto and
Kuramoto, 2004).

To understand the genetic relationship between CAIs
and chondrules and evolution of the oxygen isotopic com-
position of the inner solar nebula, we initiated a study of
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the mineralogy, petrography, oxygen, and 26Al–26Mg iso-
topic systematics of chondrules and refractory inclusions
from primitive ordinary and carbonaceous chondrites.
Based on the detailed mineralogical study of aluminum-
rich (>10 wt% Al2O3) chondrules from the CV, CR, and
ungrouped carbonaceous chondrites Adelaide and Acfer
094, it is inferred that aluminum-rich chondrules (ARCs)
formed by melting of the spinel–anorthite–pyroxene CAIs
mixed with ferromagnesian precursors compositionally
similar to magnesian (Type I) chondrules (Krot and Keil,
2002; Krot et al., 2001, 2002b, 2004c). This model, howev-
er, appears to be inconsistent with oxygen isotopic compo-
sitions of ARCs from unequilibrated ordinary chondrites
Sharps (H3.4), Inman (L3.4), Chainpur (LL3.4), and Quin-
yambie (L3.4), which on a three-oxygen isotope diagram
(Fig. EA1) define a slope of about 0.8 (Russell et al.,
2000), distinct from a slope of about 1 along which most
CAIs plot [carbonaceous chondrite anhydrous mineral
(CCAM) line]. To minimize the effects of thermal meta-
morphism and to test the model of Krot and Keil (2002),
we measured in situ oxygen isotopic compositions of indi-
vidual minerals in aluminum-rich and ferromagnesian
chondrules from the Antarctic CR carbonaceous chon-
drites Elephant Moraine (EET) 92042, Graves Nunatak
(GRA) 95229, and MacAlpine Hills (MAC) 87320. These
meteorites experienced aqueous alteration to a very minor
degree and show no evidence for thermal metamorphism
(Krot et al., 2002c). The obtained results are compared
with oxygen isotopic compositions of CAIs and AOAs
from CR chondrites which have been recently reported
by Aléon et al. (2002).

2. Analytical procedures

Five aluminum-rich chondrules (ARCs) rich in plagio-
clase and seven ferromagnesian chondrules from the Ant-
arctic CR carbonaceous chondrites EET92042, 22,
EET92174, 7 and GRA95229, 9 were studied using opti-
cal microscopy, backscattered electron (BSE) imaging, X-
ray elemental mapping, electron probe microanalysis
(EPMA), and ion microprobe analysis. BSE images were
obtained with the JEOL JSM-5900LV scanning electron
microscopes (SEM) using a 15 kV accelerating voltage
and 1–2 nA beam current. Electron probe analyses were
performed with a Cameca SX-50 electron microprobe
using a 15 kV accelerating voltage, 10–20 nA beam cur-
rent, beam size of �1–2 lm and wavelength dispersive
X-ray spectroscopy. For each element, counting times
on both peak and background were 30 s (10 s for Na
and K). Matrix effects were corrected using PAP proce-
dures. The element detection limits with the Cameca
SX-50 were (in wt%): 0.04 (K2O), 0.07 (Cr2O3), 0.08
(Na2O), and 0.09 (FeO). X-ray elemental maps with a
resolution of 2–3 lm/pixel were acquired with five spec-
trometers of the Cameca microprobe operating at
15 kV accelerating voltage, 50–100 nA beam current
and �1–2 lm beam size.
Oxygen isotopic compositions of olivine, pyroxenes,
spinel, anorthite, and mesostasis were measured in situ
with the CRPG-CNRS Cameca IMS 1270 ion micro-
probe operated in multicollection mode. 16O and 18O
were measured using Faraday cups; 17O was measured
using the axial electron multiplier. A Cs+ primary beam
of 10 nA was used to produce ion probe sputter pits
approximately 25–30 lm in diameter. With such condi-
tions, the count rate was �2 · 106 counts per second
for 18O. Corrections for instrumental mass fractionation
(IMF), counting statistics, and uncertainty in standard
compositions were applied. The IMF was corrected using
terrestrial standards: olivine, clinopyroxene, orthopyrox-
ene, MORB glass, adularia, spinel, and quartz. Under
the analytical conditions employed, the total precision
(2r) of individual oxygen isotopic analyses is better than
1.5& for both d18O and d17O. Oxygen isotopic composi-
tions are reported as per mil deviations from SMOW
(Standard Mean Ocean Water) (d18O and d17O) and as
16O excesses relative to terrestrial samples (D17O). Fol-
lowing oxygen isotopic measurements, each chondrule
analyzed was re-examined in BSE and secondary electron
images to verify the locations of the sputtered craters
and mineralogy of the phases analyzed.

3. Results

The mineralogy and petrology of aluminum-rich and
ferromagnesian chondrules from CR chondrites, including
those studied for oxygen isotopic compositions, have been
recently described by Krot and Keil (2002) and by Krot
et al. (2004d). In this paper, we only summarize the major
mineralogical characteristics of the chondrules analyzed.
Because some of the chondrules show evidence for oxygen
isotopic heterogeneity, we illustrate the positions of ion
probe spots in these chondrules.

Aluminum-rich chondrules in CR chondrites have
porphyritic or microporphyritic textures and are magne-
sium-rich: Fa and Fs contents of olivine and pyroxenes
are <2–3 mol%. They typically consist of enstatite,
pigeonite, and olivine phenocrysts, interstitial anorthitic
plagioclase, pigeonite, and augite, Fe,Ni-metal nodules,
and crystalline mesostasis composed of anorthitic plagio-
clase, silica, pigeonite, and augite (Figs. 1–4). Chond-
rules #1 from EET92042 (Fig. 3) and # 1 from
EET92174 (Fig. 4) contain large regions rich in anor-
thite and spinel, which may represent remelted relict
CAIs (Krot and Keil, 2002).

Enstatite (Fs0.5–1Wo1–5) and pigeonite (Fa1–2Wo5–8)
have high concentrations of Al2O3 (0.5–4 wt%), TiO2 (up
to 1.2 wt%), and Cr2O3 (0.4–1.6 wt%) and moderate con-
centrations of MnO (0.1–0.6 wt%). Augite (Fs1–2Wo35–45)
has higher concentrations of Al2O3 (1–6 wt%), TiO2 (0.5–
5.5 wt%), Cr2O3 (0.3–3 wt%), and MnO (up to 2.5 wt%).
Olivine is Cr-rich (up to 0.9 wt% Cr2O3) and poor in
MnO, CaO, and Al2O3. Plagioclase (An85–100) has rather
high contents of MgO (up to 1.2 wt%). Spinel grains are



Fig. 1. Combined X-ray elemental map in Mg (red), Ca (green), and Al Ka (blue) (A), elemental map in Mg (B), and BSE image (C) of the aluminum-rich
chondrule #1 from MAC87320. The region outlined in ‘‘A’’ is shown in detail in ‘‘C.’’ Chondrule consists of low-Ca pyroxene (px), forsteritic olivine (ol),
anorthitic plagioclase (an), high-Ca pyroxene (cpx), Fe,Ni-metal nodules (met), and crystalline mesostasis composed of anorthitic plagioclase, silica (sil),
and high-Ca pyroxene. The white vein-like features in ‘‘C’’ are cracks filled by terrestrial weathering products; the irregularly shaped white regions in ‘‘C’’
are gold particles of coating used for an Al-Mg isotope study. Here and in Figs. 2–5 ion microprobe spots produced during oxygen-isotopic measurements
are outlined; numbers near ellipsoids correspond to analysis numbers listed in Table 1.
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FeO-poor (<1.7 wt%) and Cr-bearing (up to 8.7 wt%
Cr2O3). Although Cr concentrations in spinel grains range
broadly within a chondrule, no compositional zoning has
been observed within an individual spinel grain; instead,
Cr-poor spinel is overgrown by Cr-rich spinel (Fig. 3).
Fe,Ni-metal nodules have kamacitic compositions and
are compositionally uniform within a chondrule.

Most ferromagnesian chondrules have porphyritic tex-
tures and are composed of magnesium olivine and low-
Ca pyroxene phenocrysts (Fa and Fs <2–3 mol%) and
glassy or microcrystalline mesostasis (Figs. 5A–D); the
only exception is a ferroan porphyritic olivine (Type II)
chondrule MAC87320 #13 containing ferrous (Fa30–40)
olivine phenocrysts (Fig. 5E).

Oxygen isotopic compositions of aluminum-rich and
ferromagnesian chondrules analyzed are listed in Table 1
and plotted in Figs. 6 and 7. Although some spots over-
lapped on several minerals or cracks (Figs. 1–3), we consid-
er that the main contribution for the oxygen isotopic
measurements come from the dominant mineral of the
beam area (see Table 1), and that the contributions from
the other associated minerals are negligible. On a three-ox-
ygen isotopic diagram, both chondrule types plot along the
carbonaceous chondrite anhydrous mineral (CCAM) line
(Fig. 8A). Olivine, pyroxene, and mesostasis in individual
ferromagnesian chondrules are isotopically uniform; the
only exceptions are chondrules #10 and #11 from
MAC87320 (Figs. 5C and D), in which the largest olivine
grains are slightly 16O-enriched relative to the finer-grained
olivine and pyroxene phenocrysts (Table 1; Figs. 6A, B and
8A, B). The interchondrule variations are small: D17O
ranges from 0 to �5&. The ferrous olivine chondrule
#13 fromMAC87320 (Fig. 5E) has the heaviest oxygen iso-
topic composition (Table 1; Figs. 6C and 8A, B).



Fig. 2. BSE images of the aluminum-rich chondrules #9 (A–C) and #7 (D–F) from GRA95229. Regions outlined in ‘‘A’’ and ‘‘D’’ are shown in detail in
‘‘B, C’’ and ‘‘E, F,’’ respectively. Chondrule #7 has a microporphyritic texture and consists of forsteritic olivine, low-Ca pyroxene, high-Ca pyroxene, lath-
shaped anorthitic plagioclase, silica-plagioclase mesostasis, and Fe,Ni-metal nodules. Chondrule #9 has a porphyritic texture and consists of forsteritic
olivine, low-Ca pyroxene, and crystalline mesostasis composed of silica, plagioclase, and high-Ca pyroxene.
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The aluminum-rich chondrules containing CAI-like
regions, #1 from EET92042 (Fig. 3) and #1 from
EET92174 (Fig. 4), have heterogeneous oxygen isotopic
compositions with D17O varying from �15 to �6&
and from �11 to �2&, respectively (Table 1; Figs.
7A and B). This isotopic heterogeneity is due to the
presence of 16O-enriched spinel and anorthite, which
have been interpreted to represent relict CAIs incom-
pletely destroyed during chondrule melting (Krot and
Keil, 2002). The aluminum-rich chondrules without
relict CAIs have oxygen isotopic compositions similar
to those of ferromagnesian chondrules (Table 1; Figs.
6 and 7C–E).
4. Discussion

4.1. Evidence for the presence of 16O-rich CAIs among

aluminum-rich chondrule precursors

It has been recently concluded that refractory inclusions
originated in an 16O-rich gaseous reservoir, whereas chond-
rules formed in the presence of a 16O-poor nebular gas
(e.g., Scott and Krot, 2001; Krot et al., 2002a, 2004a; Clay-
ton, 2002; Itoh and Yurimoto, 2003; Yurimoto and
Kuramoto, 2004). Based on the mineralogical and petro-
graphic observations, Krot and co-authors (Krot and Keil,
2002; Krot et al., 2001, 2002b, 2004c) inferred that ARCs



Fig. 3. Combined X-ray elemental map in Mg (red), Ca (green), and Al Ka (blue) (A) and BSE images (B–I) of the aluminum-rich chondrule #1 from
EET92042. Regions outlined in ‘‘A’’ are shown in detail in ‘‘D, E,’’ ‘‘F, G,’’ and ‘‘H, I’’; region outlined in ‘‘F’’ is shown in detail in ‘‘G.’’ The chondrule
consists of anorthitic plagioclase poikilitically enclosing Cr-rich (Cr-sp) and Cr-poor (sp) spinel grains, high-Ca pyroxene, low-Ca pyroxene, Fe,Ni-metal
nodules, minor forsteritic olivine, and crystalline mesostasis composed of silica, anorthitic plagioclase, and high-Ca pyroxene. Images ‘‘B’’ and ‘‘C,’’ ‘‘D’’
and ‘‘E,’’ ‘‘F’’ and ‘‘G,’’ and ‘‘H’’ and ‘‘I’’ show the same regions before and after ion probe analyses.
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formed by melting to various degrees of the spinel–anor-
thite–pyroxene CAIs mixed with ferromagnesian precur-
sors compositionally similar to Type I chondrules. A
similar conclusion had been previously reached by other
researchers as well (e.g., Kring and Holmen, 1988; Kring
and Boynton, 1990; Sheng et al., 1991; Jones and Brearley,
1994; Maruyama et al., 1999; Maruyama and Yurimoto,
2003). The oxygen isotopic compositions of the ARCs from
CR chondrules, support this model: the 16O-rich isotopic
signature in the ARCs is observed only in phases interpret-
ed as relict CAI minerals incompletely melted during chon-
drule formation (Krot and Keil, 2002).

4.2. Evidence for oxygen isotopic exchange between

chondrule melts and the solar nebular gas

Although ferromagnesian chondrules are much more
abundant than aluminum-rich chondrules in all chondrite
groups, a systematic search for the refractory inclusion-
bearing chondrules using high resolution X-ray elemental
mapping and BSE imaging revealed that relict refractory
inclusions are exceptionally rare in ferromagnesian chond-
rules (Bishoff and Keil, 1984; Itoh et al., 2002; Yurimoto
and Wasson, 2002; Krot and Keil, 2002; Krot et al.,
1999, 2001, 2002b, 2004c). In contrast, more than 15% of
aluminum-rich chondrules from Acfer 094, Adelaide, CV,
and CR carbonaceous chondrites contain relict CAIs and
AOAs, indicating a close genetic relationship between the
aluminum-rich chondrules and refractory inclusions (Krot
and Keil, 2002; Krot et al., 2001, 2002b, 2004c,e). Based on
these observations, we infer that the vast majority of alumi-
num-rich chondrules in carbonaceous chondrites formed
by melting of CAI-like precursors mixed with ferromagne-
sian chondrule precursors.

Based on petrographic observations, the ARCs can be
divided into two groups: with and without relict CAIs;



Fig. 4. Combined X-ray elemental map in Mg (red), Ca (green), and Al Ka (blue) (A) and BSE images (B–F) of the aluminum-rich porphyritic olivine–
pyroxene chondrule #1 from EET92147. Regions outlined in ‘‘A’’ are shown in detail in ‘‘E–F.’’ The chondrule consists of high-Ca pyroxene, low-Ca
pyroxene, forsteritic olivine, lath-shaped anorthite, silica-bearing mesostasis, and abundant Fe,Ni-metal nodules. The central part of the chondrule
contains a region enriched in anorthitic plagioclase and spinel, which represents an incompletely melted CAI.
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the latter appear to have been more extensively melted than
the former. We suggest that the relict CAI material may
have been originally present in precursors of all/most
ARCs from CR chondrites, but have been subsequently
dissolved in many of the host chondrule melts. Oxygen iso-
topic compositions of minerals in the extensively melted
(relict mineral-free) aluminum-rich and ferromagnesian
chondrules from CR chondrites could have resulted from
(i) homogenization of oxygen isotopic compositions of ini-
tially heterogeneous precursors during melting and/or (ii)
oxygen isotopic exchange between chondrule melt and
the surrounding gas.

Oxygen isotopic compositions of olivines from CR
chondrules measured by Leshin et al. (1998) showed that
there is no significant evidence for isotopic heterogeneity
among different grains in a single chondrule with the excep-
tion of a relict forsteritic grain within a Renazzo Type II
chondrule, which is 16O-enriched by several per mil relative
to the other olivines in the chondrule. This homogeneity
among the melt-grown olivines was interpreted as an evi-
dence against oxygen isotopic exchange with nebular gas
during chondrule crystallization (Leshin et al., 1998,
2000). We note that extensive oxygen isotopic exchange be-
tween chondrule-like melts and gas is observed to occur in
experiments (e.g., Yu et al., 1995; Boesenberg et al., 2004).

Using the same data, Varley et al. (2002) searched for a
correlation between oxygen isotopic compositions of chon-
drule olivines with a host chondrule convolution index (ra-
tio of chondrule�s perimeter to the perimeter of a circle with
the same area as the chondrule). They found that the more
16O-rich chondrules generally have the larger convolution
index, possibly indicating greater gas-melt exchange for
the most molten chondrules.

Because the ARCs without relict CAIs and the
ferromagnesian chondrules studied have rather similar oxy-
gen isotopic compositions and are isotopically rather
uniform (Figs. 6C–F and 7C–E), we infer that the, alumi-
num-rich and ferromagnesian chondrules were melted



Fig. 5. BSE images of ferromagnesian chondrules studied for oxygen isotopic compositions in CR chondrites. The region outlined in ‘‘C’’ is shown in
detail in ‘‘D.’’ (A) Magnesian porphyritic olivine–pyroxene chondrule #12 from EET92042 consists of olivine and low-Ca pyroxene phenocrysts, and fine-
grained mesostasis composed of anorthitic plagioclase, pigeonite (pig), augite (aug), and silica. (B) Magnesian porphyritic olivine–pyroxene chondrule #11
from EET92042 consists of olivine and low-Ca pyroxene phenocrysts, and mesostasis composed of high-Ca pyroxene and glass. (C, D) Magnesian
porphyritic olivine–pyroxene chondrule #11 from MAC87320 consists of forsteritic olivine, low-Ca pyroxene overgrown by high-Ca pyroxene, Fe,Ni-
metal nodules and glassy mesostasis. (E) Ferroan porphyritic olivine chondrule #13 from MAC87320 consists of fayalitic olivine phenocrysts and
mesostasis composed of skeletal olivine crystals and glass.
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and experienced oxygen isotopic exchange in a similarly
16O-depleted gaseous reservoir. At the same time, the alu-
minum-rich chondrule #1 from EET92147 (Fig. 4), with
a high proportion of unmelted CAI material, contains
chondrule phenocrysts enriched in 16O compared to the
other ARCs (Fig. 7A). These observations may indicate
that this chondrule experienced smaller degree of oxygen
isotopic exchanges with the surrounding gas and its oxygen
isotopic composition was largely established by melting of
isotopically heterogeneous precursors.
It has been recently shown (Aléon et al., 2002) that
AOAs and most CAIs from CR chondrites are 16O-rich
(D17O of hibonite, melilite, spinel, pyroxene, anorthite,
and forsterite <�20&) and isotopically homogeneous
within 3–4& (Figs. 8C and D), suggesting that these
objects (or their precursors) formed in an 16O-rich gaseous
reservoir. Clearly igneous CAIs (compact Type A, Type B,
and Type C) are systematically 16O-depleted compared to
AOAs which appear to have escaped substantial melting
(Krot et al., 2004d). Among these, three compact Type A



Table 1
Ion microprobe analyses of oxygen-isotopic compositions of Al-rich and ferromagnesian chondrules in CR carbonaceous chondrites

Chondrite chd# Type Spot# Min. analyzed d18O (&) 2r (&) d17O (&) 2r (&) D17O (&) 2r (&)

EET92147 #1 ARC 2 an �11.9 0.9 �15.6 0.6 �9.4 1.1
EET92147 #1 ARC 20 an �11.2 0.9 �14.2 0.4 �8.4 1.0
EET92147 #1 ARC 3 an [ol] �9.1 0.8 �13.7 0.3 �9.0 0.9
EET92147 #1 ARC 5 ol [an] �13.6 1.0 �16.3 0.5 �9.2 1.1
EET92147 #1 ARC 50 ol [an] �13.7 1.0 �16.0 0.5 �8.8 1.1
EET92147 #1 ARC 4 ol [opx+an] �11.6 1.0 �13.7 0.5 �7.7 1.1
EET92147 #1 ARC 6 opx �7.8 1.3 �11.9 0.8 �7.9 1.5
EET92147 #1 ARC 7 opx [ol+an] �8.0 1.3 �11.6 0.8 �7.5 1.5
EET92147 #1 ARC 8 opx [ol+an] �8.2 1.3 �10.4 0.7 �6.1 1.5
EET92147 #1 ARC 1 sp [an+ol] �24.8 0.9 �28.0 0.4 �15.1 1.0

EET92042 #1 ARC 5 an �4.1 0.8 �8.6 0.4 �6.5 0.9
EET92042 #1 ARC 4 cpx 1.4 2.4 �1.6 1.2 �2.4 2.7
EET92042 #1 ARC 1 cpx [an] 2.1 2.3 �2.0 1.2 �3.1 2.6
EET92042 #1 ARC 3 opx �0.1 1.3 �4.3 0.7 �4.2 1.5
EET92042 #1 ARC 2 opx [ol] 0.1 1.3 �2.1 0.7 �2.2 1.4
EET92042 #1 ARC 6 sp [an] �12.3 0.7 �16.2 0.5 �9.8 0.8
EET92042 #1 ARC 60 sp [an] �13.7 0.9 �17.7 0.5 �10.6 1.0

GRA95229 #7 ARC 1 ol 1.5 1.1 �3.5 0.5 �4.3 1.2
GRA95229 #7 ARC 2 ol 2.3 1.0 �1.5 0.5 �2.7 1.1
GRA95229 #7 ARC 20 ol 1.0 0.9 �4.2 0.6 �4.7 1.0
GRA95229 #7 ARC 3 ol 1.6 1.0 �4.1 0.6 �5.0 1.2
GRA95229 #7 ARC 4 opx [an+sil+cpx] 2.1 1.4 �0.7 0.7 �1.8 1.6
GRA95229 #7 ARC 5 an+cpx [sil] 3.7 0.9 �1.3 0.4 �3.2 1.0

GRA95229 #9 ARC 5 an [cpx] 3.5 0.8 �2.2 0.5 �4.0 1.0
GRA95229 #9 ARC 3 cpx �2.0 1.3 �5.1 0.7 �4.0 1.4
GRA95229 #9 ARC 1 opx [ol] 1.7 1.3 �1.8 0.7 �2.7 1.4
GRA95229 #9 ARC 2 opx [cpx+an] 0.2 1.3 �3.0 0.7 �3.1 1.4
GRA95229 #9 ARC 4 opx [cpx+ol+an] 0.9 1.3 �2.6 0.7 �3.0 1.5

MAC87320 #1 ARC 1 ol �4.8 1.0 �7.5 0.5 �5.0 1.1
MAC87320 #1 ARC 10 ol �3.6 1.0 �7.9 0.6 �6.1 1.2
MAC87320 #1 ARC 2 opx [cpx] �1.8 1.3 �5.9 0.7 �5.0 1.5
MAC87320 #1 ARC 3 cpx+opx [an] 0.6 0.8 �6.9 0.4 �7.2 0.9
MAC87320 #1 ARC 30 an+cpx [opx] �1.7 0.8 �5.5 0.4 �4.6 0.9

EET92042 #11 Type I 1 mes �0.1 2.6 �2.7 1.3 �2.7 2.9
EET92042 #11 Type I 2 ol �2.4 0.9 �3.6 0.5 �2.4 1.1
EET92042 #11 Type I 5 ol 0.8 1.1 �2.5 0.5 �2.9 1.2
EET92042 #11 Type I 3 opx �3.5 1.4 �3.3 0.7 �1.5 1.6
EET92042 #11 Type I 4 opx 0.4 1.3 �2.5 0.7 �2.7 1.4

EET92042 #12 Type I 1 ol 2.4 1.1 �0.7 0.5 �1.9 1.2
EET92042 #12 Type I 2 opx [ol] 2.0 1.3 �1.0 0.7 �2.0 1.5

GRA95229 #20 Type I 1 opx 3.5 1.3 �1.7 0.7 �3.6 1.5
GRA95229 #20 Type I 2 opx 2.1 1.3 �1.0 0.6 �2.1 1.4
GRA95229 #20 Type I 3 opx 3.0 1.3 �0.7 0.7 �2.3 1.5

MAC87320 #10 Type I 1 ol 1.1 1.0 �0.8 0.5 �1.4 1.1
MAC87320 #10 Type I 3 ol 2.9 1.0 �2.9 0.6 �4.4 1.2
MAC87320 #10 Type I 30 ol 2.7 1.4 �2.1 0.7 �3.5 1.5
MAC87320 #10 Type I 2 opx 2.1 1.4 �0.7 0.7 �1.9 1.6
MAC87320 #10 Type I 4 opx 1.7 1.3 0.7 0.7 �0.2 1.5

MAC87320 #11 Type I 1 ol �4.9 1.0 �7.7 0.5 �5.1 1.1
MAC87320 #10 Type I 3 ol 1.5 0.9 �5.4 0.7 �6.1 1.2
MAC87320 #10 Type I 30 ol 1.4 1.0 �4.4 0.6 �5.1 1.1
MAC87320 #10 Type I 4 ol �5.3 1.0 �11.2 0.6 �8.5 1.2
MAC87320 #10 Type I 2 opx 1.8 1.2 �2.3 0.7 �3.3 1.4
MAC87320 #10 Type I 5 opx [ol] 1.7 1.3 �1.5 0.6 �2.4 1.4

MAC87320 #12 Type I 3 mes 3.4 2.6 �0.1 1.3 �1.9 2.9
MAC87320 #12 Type I 2 ol 2.4 1.1 �0.3 0.5 �1.5 1.2
MAC87320 #12 Type I 1 opx 3.2 1.3 0.3 0.7 �1.3 1.5
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Fig. 6. Oxygen isotopic composition of ferromagnesian chondrules in CR chondrites. Most chondrules are isotopically uniform. Oxygen isotopic
heterogeneity in chondrules #10 and #11 from MAC87320 is due to the presence of relict olivine grains. CCAM, carbonaceous chondrite anhydrous
mixing line. Terrestrial fractionation and CCAM lines are shown for reference.

Table 1 (continued)

Chondrite chd# Type Spot# Min. analyzed d18O (&) 2r (&) d17O (&) 2r (&) D17O (&) 2r (&)

MAC87320 #13 Type II 3 mes 9.4 2.5 4.4 1.3 �0.5 2.8
MAC87320 #13 Type II 1 ol 8.7 0.9 3.5 0.5 �1.0 1.0
MAC87320 #13 Type II 2 ol 8.9 0.9 3.9 0.5 �0.7 1.0

ARC, aluminum-rich chondrule; an, anorthitic plagioclase; cpx, high-Ca pyroxene; mes, mesostasis; ol, olivine; opx, low-Ca pyroxene; sp, spinel. mineral
listed in brackets represents a minor phase in an anlayzed spot.
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CAIs and a Type B inclusion are only slightly 16O-depleted
(D17O � �18 to �15&; Figs. 8C and D), suggesting they
experienced melting in a slightly 16O-depleted gaseous res-
ervoir. In contrast, three Type C CAIs are 16O-depleted to
a level observed in the CR chondrules (D17O = �3 to
�18&; Figs. 8C and D). We infer that these CAIs



Fig. 7. Oxygen isotopic composition of aluminum-rich chondrules from CR chondrites. The oxygen isotopic heterogeneity in chondrules EET92147 #1
and EET92042 #1 is due to the presence of relict CAIs; other chondrules are isotopically uniform.

776 A.N. Krot et al. 70 (2006) 767–779
experienced melting and oxygen isotopic exchange in an
16O-poor gaseous reservoir, possibly contemporaneously
with chondrules (Krot et al., 2004a). The overall data for
the CR AOAs, CAIs, ARCs, and ferromagnesian chond-
rules demonstrate that there is a continuum in oxygen iso-
topic compositions between these components (Fig. 8),
possibly indicating an increasing degree of interaction
and isotope exchange with the 16O-poor gas during melt-
ing. At the same time, because AOAs and CAIs, which ap-
pear to have escaped melting (labeled as ‘‘non-igneous(?)’’
in Fig. 8), are similarly 16O-rich, we infer that these refrac-
tory inclusions were not affected by oxygen isotopic
exchange during chondrule formation. They were either
absent from the chondrule-forming region at the time of
chondrule formation, or, which is more likely, chondrule-
forming events were rather localized and these objects
escaped melting (Russell et al., 2005). The latter is consis-
tent with the presence of relict CAIs and AOAs in chond-
rules (e.g., Yurimoto and Wasson, 2002; Krot et al., 2005a;
Russell et al., 2005) and mineralogical and isotopic
evidence for melting of some CAIs in the chondrule-form-
ing region (Krot et al., 2005b). Since oxygen isotope ex-
change between gas and solid refractory inclusions is
much slower than between gas and melt (Yurimoto et al.,
1989, 1998; Ryerson and McKeegan, 1994), no significant
oxygen isotope heterogeneity is expected to be present in
the unmelted refractory inclusions.

Recently, Jones et al. (2004) described several micropor-
phyritic Type I chondrules from Mokoia and Allende
showing very large variations in oxygen isotopic composi-
tions (D17O from �25 to �5&) between individual olivine
grains. These chondrules may reflect incorporation of relict



Fig. 8. Oxygen isotopic compositions of chondrules (this study) and refractory inclusions (Aléon et al., 2002) in CR carbonaceous chondrites. (A, C) d17O
vs. d18O; error bars are 2r. Aluminum-rich chondrules and ferromagnesian (Type I and Type II) chondrules are 16O-depleted relative to AOAs and most
CAIs. Aluminum-rich chondrules with relict CAIs are 16O-enriched compared to those without relict CAIs and ferromagnesian chondrules. Clearly
igneous CAIs [compact Type A (CTA), Type B, and Type C] are 16O-depleted compared to AOAs. The Type C CAIs are 16O-depleted to a level observed
in the CR chondrules. Terrestrial fractionation line and carbonaceous chondrite anhydrous mineral (CCAM) line are shown for reference. (B, D) D17O of
individual minerals in chondrules, CAIs, and AOAs; error bars are 2r. Aluminum-rich chondrules with relict CAIs show O-isotopic heterogeneity with
spinel being 16O-enriched relative to anorthitic plagioclase and chondrule phenocrysts. Aluminum-rich chondrules without relict grains and
ferromagnesian chondrules are isotopically uniform. The only exceptions are Type I chondrules MAC87320 #10 and MAC87320 #11 that contain
16O-enriched relict olivine grains. an, anorthite; cpx, high-Ca pyroxene; grs, grossite; hib, hibonite; mel, melilite; mes, anorthitic plagioclase or mesostasis;
ol, forsteritic olivine; opx, low-Ca pyroxene; px, aluminum–titanium–diopside; sp, spinel. CTA #1, GRA95229 #1; CTA #2, GRA95229 #2; CTA #3,
GRA95229 #3; Type B #22, GRA95229 #22; Type C #1, MET00426 #1; Type C #2, MET00426 #2; Type C #10, El Djouf 001 #10.
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grains from AOAs or incomplete oxygen isotope exchange
between an early generation of 16O-rich chondrules and
16O-poor gas during multistage chondrule formation.
Alternatively, these objects are AOAs which experienced
early melting in an 16O-rich gas (CAI-forming region)
and subsequent incomplete melting in an 16O-poor gas
(chondrule-forming region).

We conclude that oxygen isotopic compositions of Al-
rich chondrules from CR chondrites resulted from melting
and homogenization of isotopically heterogeneous materi-
als and from oxygen isotopic exchange between chondrule
melt and nebular gas.
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