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Abstract—We report a study of the oxygen isotope ratios of chondrules and their constituent mineral grains
from the Mokoia, oxidized CV3 chondrite. Bulk oxygen isotope ratios of 23 individual chondrules were
determined by laser ablation fluorination, and oxygen isotope ratios of individual grains, mostly olivine, were
obtained in situ on polished mounts using secondary ion mass spectrometry (SIMS). Our results can be
compared with data obtained previously for the oxidized CV3 chondrite, Allende. Bulk oxygen isotope ratios
of Mokoia chondrules form an array on an oxygen three-isotope plot that is subparallel to, and slightly
displaced from, the CCAM (carbonaceous chondrite anhydrous minerals) line. The best-fit line for all CV3
chondrite chondrules has a slope of 0.99, and is displaced significantly (by�17O � �2.5‰) from the Young
and Russell slope-one line for unaltered calcium-aluminum-rich inclusion (CAI) minerals. Oxygen isotope
ratios of many bulk CAIs also lie on the CV-chondrule line, which is the most relevant oxygen isotope array
for most CV chondrite components. Bulk oxygen isotope ratios of most chondrules in Mokoia have�18O
values around 0‰, and olivine grains in these chondrules have similar oxygen isotope ratios to their bulk
values. In general, it appears that chondrule mesostases have higher�18O values than olivines in the same
chondrules. Our bulk chondrule data spread to lower�18O values than any ferromagnesian chondrules that
have been measured previously. Two chondrules with the lowest bulk�18O values (�7.5‰ and�11.7‰)
contain olivine grains that display an extremely wide range of oxygen isotope ratios, down to�17O, �18O
around -50‰ in one chondrule. In these chondrules, there are no apparent relict grains, and essentially no
relationships between olivine compositions, which are homogeneous, and oxygen isotopic compositions of
individual grains. Heterogeneity of oxygen isotope ratios within these chondrules may be the result of
incorporation of relict grains from objects such as amoeboid olivine aggregates, followed by solid-state
chemical diffusion without concomitant oxygen equilibration. Alternatively, oxygen isotope exchange be-
tween an16O-rich precursor and an16O-poor gas may have taken place during chondrule formation, and these
chondrules may represent partially equilibrated systems in which isotopic heterogeneities became frozen into
the crystallizing olivine grains. If this is the case, we can infer that the earliest nebular solids from which
chondrules formed had�17O and �18O values around -50‰, similar to those observed in refractory

inclusions. Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Chondritic meteorites provide us with direct informat
about the early history of the solar system. To understan
processes that took place at this time, it is necessary to u
stand the combined chemical, petrologic, and isotopic info
tion carried by primitive components of chondrites such
chondrules and calcium-, aluminum-rich inclusions (CA
The role of oxygen isotope studies is important to this ov
picture because chondritic components record considerab
ygen isotopic complexity that must be unraveled to p
chondrule and CAI formation in their appropriate contexts

Refractory components, including CAIs and amoeboid
vine aggregates (AOAs) from all major chondrite groups (
bonaceous, ordinary, enstatite) have�5% enrichments in16O
compared with most other components of chondrites (Clayton
et al., 1977; McKeegan et al., 1998; Hiyagon and Hashim
1999; Guan et al., 2000; Fagan et al., 2001). This suggests th
CAIs from different samples shared common origins. Bec
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refractory components are rare, constituting less than 1 vo
% of most chondrite groups, this has led to speculation
these objects sample a restricted environment in the
nebula, that differs from the more volumetrically import
chondrule-forming region (McKeegan et al., 1998; Krot et a
2002). However, the number of detailed studies of oxy
isotope variations in chondrules is limited. A detailed kno
edge of oxygen isotopic relationships within the chond
population is critical to interpreting not only the relationsh
between chondrules and refractory inclusions, but also
evolution of nebular solids in general.

Previous studies have shown that within the CV3 chon
group, the oxygen isotope ratios of bulk chondrules and C
lie along an array that has a slope close to one on an ox
three-isotope plot (e.g.,Clayton, 1993). Oxygen isotope ratio
of individual forsterite grains in CV chondrites also lie clos
this CCAM (carbonaceous chondrite anhydrous minerals)
(Weinbruch et al., 1993; Choi et al., 2000). In this paper w
report a detailed study of the oxygen isotope ratios of a su
23 chondrules extracted from the oxidized CV3 chond
Mokoia, including both bulk chondrule measurements an

situ analyses of their constituent grains. The chondrules are part
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of a suite of 94 chondrules from Mokoia that were separated for
measurements of bulk chemistry by instrumental neutron acti-
vation analysis (Schilk, 1991), the chemistry and petrology of
which will be discussed in detail elsewhere. The chondrule
suite described in this study covers a wide range of composi-
tional and textural types, including FeO-poor, FeO-rich, and
Al-rich chondrules, and porphyritic olivine (PO), porphyritic
olivine/pyroxene (POP), porphyritic pyroxene (PP), and barred
olivine (BO) textural types as well as one compound chondrule.
Measuring oxygen isotope ratios in both bulk chondrules and
on high-spatial resolution, in situ spots on the same chondrules,
places constraints on the heterogeneity of oxygen isotopes in
the chondrule-forming region of the solar nebula. Our obser-
vations include a wider range of bulk chondrule oxygen isotope
ratios than has been observed previously in any other chondrite,
and measurements of oxygen isotopic heterogeneity within
individual chondrules that is unprecedented for chondrules.

Most studies of chondrules and CAIs in CV chondrites have
focused on the oxidized CV3 chondrite, Allende. Mokoia is a
similar chondrite to Allende in many respects, for example,
both have a lower matrix/chondrule ratio (�0.7) than other
members of the oxidized CV chondrites (�1.2: McSween,
1977a). However, there are also some important differences
between them. (1) Mokoia is a relatively unaltered chondrite
that shows minimal effects of thermal metamorphism (Mc-
Sween, 1977a): matrix olivines in Mokoia have a more variable
fayalite content than those in Allende (Peck, 1983; Scott et al.,
1988). Mokoia was classified as a breccia of petrologic types
3.0-3.2 by Guimon et al. (1995), whereas Allende was classi-
fied as 3.2-3.3. (2) Mokoia contains ubiquitous phyllosilicates
in matrix, CAIs, and chondrule mesostases, showing that it
underwent an episode of aqueous alteration (Cohen et al., 1983;
Tomeoka and Buseck, 1990; Kimura and Ikeda, 1998). In
contrast, phyllosilicates have not been observed in Allende,
although rare occurrences of various other, hydrous phases
have been reported (Tomeoka and Buseck, 1982; Kimura and
Ikeda, 1996; Brearley, 1997). (3) Chondrules in Allende con-
tain olivine grains that have wide, FeO-rich rims that have been
interpreted as the result of either nebular alteration (Peck and
Wood, 1987; Hua et al., 1988; Weinbruch et al., 1990) or parent
body processing (Krot et al., 1997). Similar rims have not been
reported in Mokoia chondrules. In summary, by studying chon-
drules in Mokoia, we are thus able to compare the properties of
two oxidized CV chondrites that have experienced different
alteration environments. Although it appears that both Allende
and Mokoia have experienced episodes of aqueous alteration
and thermal metamorphism (Krot et al., 1995, 1997; Hutcheon
et al., 1998), the secondary history of Allende, in which phyl-
losilicate minerals were dehydrated, appears to be more com-
plex than that of Mokoia. Many of the chondrules in Mokoia
show little evidence of metamorphic equilibration. Hence we
are more likely to observe the properties of primary chondrule-
forming processes in Mokoia and gain more direct insights into
the distribution of oxygen isotopes in chondrule-forming re-
gions of the solar nebula.

2. ANALYTICAL TECHNIQUES

Twenty-three chondrules that had been disaggregated from Mokoia
(Schilk, 1991) were selected for oxygen isotope analysis (Table 1).

Fifteen of these were selected because they were large (masses 5 to 21
mg, mean diameters 1.5 to 2.3 mm). For these, we cut the chondrule
into two pieces using a wafering blade and made polished mounts set
in epoxide from one part. The polished faces were used to determine
petrology as well as for in situ oxygen isotope measurements. Second-
ary electron and back-scattered electron imaging, plus cathodolumines-
cence mapping, were performed on the JEOL 5800LV scanning elec-
tron microscope (SEM) at the University of New Mexico. Quantitative
analyses of mineral phases were performed using the JEOL 733 Su-
perprobe electron microprobe, also at the University of New Mexico,
with operating conditions of 15 kV and a beam current of 20 nA.

Bulk O isotope ratios of 23 chondrules were measured, including the
15 chondrules for which the petrology was determined and eight
additional smaller chondrules (masses 2.1-4.8 mg). Bulk oxygen iso-
tope ratios of the chondrules were determined by a laser ablation
technique using a Finnigan MAT Delta Plus XL mass spectrometer at
the University of New Mexico. Chondrule fragments, or whole chon-
drules, �2 mg in mass, were analyzed as O2 using the laser extraction
technique described by Sharp (1990, 1995). Duplicate analyses were
obtained for two of the larger chondrules (34 and 13C). A 13x molec-
ular sieve was used to remove excess NF3. All terrestrial analyses
measured have �17O values of 0 � 0.1‰. Analytical errors on indi-
vidual measurements are � 0.2‰ for �17O and � 0.1‰ for �18O.

In situ oxygen isotope analyses were made for five of the chondrules
using the Cameca IMS 6f ion microprobe (secondary ion mass spec-
trometry [SIMS]) at Arizona State University, on polished mounts
comprising a single chondrule and a San Carlos olivine standard. A
0.2-0.34-nA beam of Cs� was focused into a spot �20 �m in diameter
in aperture illumination mode. Secondary ions were collected by peak-
jumping into either a Faraday cup (16O�) or electron multiplier (17O�

and 18O�) at a mass resolving power of �6500, easily resolving the
16OH� interference on 17O�. Uncertainties on individual analyses,
including analytical errors and statistical variation on repeated analyses
of the standard, are �1.5-5‰ (2�). The magnitudes of matrix effects
are small (less than a few ‰) under our analysis conditions. No
corrections for such effects have been made.

3. RESULTS

The chondrules studied include a variety of textural and
compositional types, summarized in Table 1. Mean Fa contents
of olivine grains, determined from random analyses of olivine
within individual chondrules, range from 0.5 to 12 mol%. Mean
Fs contents of low-Ca pyroxenes range from 0.8 to 2.4 mol%.
Most of the chondrules show little or no evidence of metamor-
phism, in the form of Fe-Mg diffusion along grain boundaries
and cracks in olivine grains at the outer edges of chondrules.
Some of the chondrules show evidence of more extensive
metamorphism (noted in Table 1), with significant Fe-Mg dif-
fusion: these include chondrules 24A and, especially, 33 and
5C, in which mean Fa contents are higher than corresponding
Fs contents of low-Ca pyroxene.

Most of the chondrules studied are FeO-poor, olivine-rich,
porphyritic chondrules. They contain rounded aggregates that
consist predominantly of magnetite, and that we interpret to be
the products of oxidation of Fe,Ni metal that was originally
present when the chondrules formed (Housley and Cirlin, 1983;
Krot et al., 1995; Choi et al., 2000). Figure 1 shows examples
of chondrule textures, as represented by the five chondrules
selected for SIMS analyses. Chondrules 11 (Fig. 1a,b) and 12
(Fig. 1c,d) are fine-grained, FeO-poor, porphyritic chondrules
with mean grain sizes around 30 �m. Both have rounded
outlines in cross-section but are irregular in shape overall.
Chondrule 11 contains predominantly olivine phenocrysts,
whereas chondrule 12 is predominantly olivine-rich, but has an
outer mantle in which coarser laths of low-Ca pyroxene occur,

elongated perpendicular to the outer edge of the chondrule. The
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outer region is also richer in mesostasis than the inner, olivine-
rich zone. For both chondrules 11 and 12, the mesostasis
consists predominantly of a crystalline intergrowth of diopside
and anorthite. Minor enrichments in FeO at the edges of olivine
grains in chondrule 11 may be the result of either igneous
zoning or mild metamorphism. Chondrule 12 has clearly un-
dergone a minor degree of secondary metamorphism that is
observable in the outer region, as well as in a porous zone in the
center, where olivine is slightly enriched in FeO (Fig. 1d).

Chondrule 34 is a coarser-grained, FeO-poor, POP chondrule
(Fig. 1e,f), in which low-Ca pyroxene phenocrysts occur in the
outer regions. Chondrule 36 (Fig. 1g) has a barred olivine
texture, and is the only FeO-rich chondrule studied (mean Fa
� 12 mol%). Coarse, elongated laths of olivine are typically
zoned from Fa 10 at their centers to Fa 18 at their edges.
Chondrule 14C (Fig. 1h) is the only Al-rich chondrule included
in this study. It has a bulk Al content of 6.3 wt.% and consists
of a few large (�100 �m), euhedral olivine grains and a few
small (�50 �m) spinel grains in a mesostasis that consists
predominantly of anorthitic plagioclase (An91). Most of the
other chondrules studied have porphyritic, olivine- and pyrox-
ene-rich textures, crystalline mesostases, and varying abun-
dances of opaques. 13C is a compound chondrule consisting of
an FeO-poor and magnetite-poor, BO inner chondrule and an
FeO-poor and magnetite-rich, PO outer chondrule. For chon-
drule 13C, we measured two bulk oxygen analyses: both anal-
yses could contain either or both the BO and the PO chon-
drules.

Table 1. Chondrule properties an

Chondrule Textural typea
Mass
(mg)

Mean Fa
(mol%)

Me
(m

11 fine-grained PO 10.07 1.49
12 fine-grained POP 8.02 1.08 0
13 PO 6.77 1.18
15 plag-rich POP 5.17 0.97 1
20 not known 2.08 —
33 PO/POP 6.76 6.44 1
34 POP 16.35 4.11 0

36 FeO-rich BO 5.17 12.0
74 not known 2.17 —
80 not known 2.05 —
22A not known 4.75 —
23A plag-rich POP 6.82 1.04 1
24A PO 14.31 3.62 0
26A not known 3.81 —
1C not known 2.82 —
3C not known 3.96 —
5C micro PO/POP 7.03 2.72 1
7C PO 5.77 1.61
9C not known 3.85 —
10C POP 10.84 1.03 1
12C PP 14.85 3.15 2
13Cd compound BO/PO 21.07 0.76 (BO) 0.80

0.81 (PO) 1.33
14C Al-rich PO 15.01 0.52

a PO � porphyritic olivine; POP � porphyritic olivine and pyroxen
b Low-Ca pyroxene only.
c Degree of metamorphism as indicated by FeO zoning along crack
d The two oxygen isotope analyses for 13C are both bulk samples t
Although an effort was made to remove rims from chon-
drules by abrading them (Schilk, 1991), some fine-grained rim
material and opaque rims were observed on several of the
chondrules when they were examined in the SEM (e.g., Fig.
1a,e,h). Fine-grained matrix in CV chondrites has an oxygen
isotope ratio that lies close to the CCAM line, and has higher
�18O values (around 2‰) than most bulk chondrules (Clayton
et al., 1977). In addition, some chondrules have coarse-grained
rims (Rubin, 1984), e.g., chondrule 14C (Fig. 1h). Coarse-
grained igneous rims around chondrules in Allende have con-
sistently high �18O values relative to their host chondrules
(Rubin et al., 1990). We did not determine whether the material
we analyzed for bulk oxygen isotopes contained any rim ma-
terial of any kind. We do not expect any rim material to be
volumetrically significant, or to contribute significantly to the
bulk chondrule measurements. For example, 5 vol.% of rim
material that has a �18O value 2‰ different from the bulk
chondrule will only change the �18O value of the bulk chon-
drule by 0.1‰.

Bulk compositions of all the chondrules studied were deter-
mined by instrumental neutron activation analysis (INAA)
(Schilk, 1991; Jones and Schilk, 2000) and will be discussed in
detail in a forthcoming paper. Variations in Al and Fe contents
for the bulk chondrules illustrate that the chondrules for which
bulk oxygen isotope ratios were measured span the range of
bulk compositions of all Mokoia chondrules (Fig. 2). Bulk
compositions of those chondrules for which petrology has been
determined represent most of the compositional range, with the
exception of the most Fe-rich bulk compositions. The chon-

chondrule oxygen isotope ratios.

�18O
(‰) 2�

�17O
(‰) 2�

�17O
(‰)

Degree
metam.c

�7.48 0.1 �10.63 0.2 �6.74 minor
�11.74 0.1 �14.56 0.2 �8.46 minor

1.70 0.1 �2.19 0.2 �3.08 minor
2.70 0.1 �1.32 0.2 �2.73 none
1.93 0.1 �1.35 0.2 �2.35

�0.63 0.1 �4.42 0.2 �4.09 significant
�0.35 0.1 �3.75 0.2 �3.57 minor
�0.91 0.1 �4.51 0.2 �4.04

6.00 0.1 2.69 0.2 �0.43 none
�1.46 0.1 �4.63 0.2 �3.87

5.31 0.1 0.18 0.2 �2.58
0.44 0.1 �3.86 0.2 �4.09
4.37 0.1 �0.72 0.2 �2.99 minor
0.71 0.1 �2.58 0.2 �2.95 moderate

�4.41 0.1 �8.20 0.2 �5.91
�1.27 0.1 �4.99 0.2 �4.33
�1.82 0.1 �5.32 0.2 �4.37
�2.37 0.1 �5.63 0.2 �4.39 significant
�2.86 0.1 �6.06 0.2 �4.58 none
�0.73 0.1 �4.71 0.2 �4.33
�0.80 0.1 �4.01 0.2 �3.59 none

2.39 0.1 �1.51 0.2 �2.75 none
�0.66 0.1 �4.37 0.2 �4.03 minor
�1.71 0.1 �4.55 0.2 �3.66

0.96 0.1 �3.08 0.2 �3.58 none

porphyritic pyroxene; BO � barred olivine.

rain boundaries in olivine and low-Ca pyroxene.
include both the BO and the PO chondrule.
d bulk

an Fsb

ol%)

—
.86

.24
—
.81
.80

—
—
—
—
.10
.98
—
—
—
.21
—
—
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narrow range of bulk Fe, but a wider range of bulk Al. The one
Al-rich chondrule in this study, 14C, has a bulk Al content of
6.3 wt.%. The two plagioclase-rich porphyritic chondrules, 15
and 23A (Table 1), have bulk Al contents of 2.6 and 4.0 wt.%
respectively. The chondrule with the most FeO-rich olivine in
this study, chondrule 36, has a bulk Fe content of 12.5 wt.%,
which is in the middle of the range of the entire suite of Mokoia
chondrules: the bulk Fe content of chondrules is largely a factor
of the amount of iron that was originally present as metal and
sulfide minerals.

Bulk oxygen isotope ratios for the chondrules studied are
given in Table 1 and plotted in an oxygen three-isotope dia-
gram in Figure 3. Most of the data form an array that lies close
to, although slightly above, the CCAM line defined by anhy-
drous minerals in CAIs (Clayton et al., 1977). The �18O values
of the Mokoia chondrules range from -11.7‰ (chondrule 12) to
�5.3‰ (chondrule 36). Bulk �18O values from Allende chon-
drules (Clayton et al., 1983; Rubin et al., 1990) have similar
values (Fig. 3).

In situ ion microprobe measurements of oxygen isotope
ratios were made on individual grains in chondrules 11, 12, 34,

Fig. 1. Back-scattered electron images of Mokoia chond
Fine-grained, PO chondrule 11: (b) is area outlined by
measurements (see Table 2). (c, d) Fine-grained, POP ch
center of the chondrule, which appears to be somewhat p
image) compared with most olivine grains in the chondru
region that is rich in mesostasis, and are elongated perpen
34: (f) is area outlined by box in (e). Circles show the po
FeO-rich, BO chondrule 36; (h) Al-rich chondrule 14C, w
obtained on grains labeled A-D), small spinel grains (e.g.

Fig. 2. Bulk chemical compositions of Mokoia chondrules (data from
Schilk, 1991). The chondrules for which bulk oxygen isotope ratios
were measured in this study span the range of compositions represented
by all chondrules. Petrology has not been determined for the most
Fe-rich chondrules. Chondrules selected for in situ analyses (labeled)
represent a wide range of bulk Al, but a relatively limited range of bulk Fe.
and an opaque-rich rim.
36 and 14C. These chondrules were selected because their bulk
�18O values represent the entire range of the suite (Fig. 3), and
because they represent a variety of textural types (Fig. 1). Most
of the data were obtained on individual olivine grains, although
two low-Ca pyroxene grains in chondrule 12, and two spinel
grains in chondrule 14C, were also analyzed. The data are
summarized in Table 2.

The �18O values of olivine range from �50 to �1.3‰ in
chondrule 11 (Fig. 4a) and �40 to �14‰ in chondrule 12 (Fig.
4c). For both chondrules, the oxygen isotope ratios of all olivine
and pyroxene grains analyzed lie on the CCAM line, within
analytical error. In chondrule 12, pyroxene grains have signifi-
cantly higher values of �18O than olivines (�4.6 and -1.0‰). The
spatial distribution of values of �17O for both chondrules is shown
in Figures 4b and 4d. For chondrule 11, most analyses were for
individual grains, although we managed to obtain two analyses on
grain h2 and four analyses on the relatively large (80 � 40 �m)

r which in situ oxygen isotope data were obtained. (a, b)
(a). Circles show the positions of three oxygen isotope
12: (d) is area outlined by box in (c). In a region in the

“Por” ), olivine grains are enriched in FeO (lighter in the
-Ca pyroxene phenocrysts (Pyx) are present in an outer
to the outside edge of the chondrule. (e, f) PO chondrule
of three oxygen isotope measurements (see Table 2). (g)
cludes large olivine grains (oxygen isotope analyses were
d Sp2), a high proportion of plagioclase-rich mesostasis,

Fig. 3. Bulk oxygen isotope ratios for 23 Mokoia chondrules (see
Table 1). Two analyses were obtained for chondrules 34 and 13C.
Chondrules for which in situ oxygen isotope ratios were determined are
shown as filled symbols: they represent the entire range of oxygen
isotope ratios shown by all chondrules. Data from chondrules in the
Allende chondrite (Clayton et al., 1983; Rubin et al., 1990) are shown
for comparison. Mokoia chondrules show a wide range of values of
�18O, and define an array that lies subparallel to, but slightly above, the
CCAM line. The CCAM line is defined by analyses of anhydrous
minerals in CAIs from Allende (Clayton et al., 1977). TF is the
terrestrial fractionation line (�18O � 0.52 x �17O).
rules fo
box in
ondrule
orous (
le. Low
dicular
sitions
hich in
, Sp1 an
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grain f1, which appears to be a single crystal (Fig. 5a). Both grains
were, isotopically, relatively homogeneous, one being among the
most 16O-rich and the other the least 16O-rich (Table 2; Fig. 4a,b).
Olivine grains in chondrule 12 were too small for more than one
analysis on each grain. Analyses of olivine in the central, porous
region of chondrule 12 tended to have lowest �18O values of -18
to -19‰ (Fig. 4c,d).

Figure 6 shows the variation in minor element compositions
between olivine grains in chondrules 11 and 12, as a function

17

Table 2. Oxygen isotope ratios (SIMS analyses) of in

Mineral Grain Analysis �18O

Chondrule 11
olivine e1 �
olivine f1 a �
olivine f1 b �
olivine f1 d1 �
olivine f1 d2 �
olivine f2 �
olivine g1-1 �
olivine g1-2 �
olivine h1
olivine h2 a �
olivine h2 b �
olivine j1 �
olivine k1 �
olivine m1 �
olivine m2 �
olivine o1 �
Chondrule 12
olivine b1d �
olivine b3c �
olivine b4e �
olivine b2d �
olivine b3a �
olivine b2c-1 �
olivine b2c-2 �
olivine b2c-3 �
olivine b2c-4 �
olivine b2c-5 �
olivine b4d-1 �
olivine b4d-2 �
pyroxene b1eepyx �
pyroxene b3apyx �
Chondrule 34
olivine A �
olivine B �
olivine C �
olivine D
olivine E
Chondrule 36
olivine 1b
olivine 2b
olivine 4b
Chondrule 14C
olivine A core1 �
olivine A core2 �
olivine A rim1 �
olivine A rim2 �
olivine B core �
olivine C core �
olivine C rim �
olivine D core �
olivine D rim �
spinel Sp1 �
spinel Sp2 �
of � O values. For several of the grains, the composition
given is the mean of several analyses obtained in a zoning
profile that was made across the grain before the SIMS mea-
surement was made. Other compositions are for as few as one
electron microprobe analysis per grain. Most grains were very
homogeneous and show little or no zoning in major or minor
elements, as illustrated in Figure 5b, which shows a composi-
tional profile across grain f1 in chondrule 11. Figure 6 shows
that olivine in both chondrules is rather homogeneous and
shows little variation in minor element compositions from grain

l olivine and pyroxene grains in Mokoia chondrules.

2� �17O (‰) 2� �17O (‰)

4.7 �22.2 3.0 �12.8
4.5 �43.9 3.1 �22.4
3.2 �48.9 2.5 �22.8
1.8 �46.7 2.0 �20.8
1.9 �47.5 2.2 �20.8
3.2 �14.3 2.5 �6.9
2.5 �48.7 2.5 �24.6
1.9 �44.7 2.2 �23.4
3.0 �6.2 2.3 �6.9
3.1 �12.3 2.5 �6.3
2.0 �6.9 2.1 �4.7
3.2 �33.4 2.5 �15.9
3.2 �13.0 2.6 �6.1
1.9 �45.8 2.3 �22.3
3.2 �16.5 2.4 �7.5
3.2 �36.3 2.5 �18.3

5.1 �30.7 3.0 �16.2
5.1 �23.7 3.0 �16.2
5.1 �25.6 2.9 �14.2
5.1 �20.6 3.0 �11.9
5.1 �25.7 3.0 �15.7
1.5 �31.9 2.2 �15.3
1.4 �39.5 2.2 �19.0
1.6 �39.9 1.9 �19.1
1.6 �30.8 2.1 �18.4
1.9 �34.4 2.2 �17.6
2.3 �27.4 2.2 �13.9
1.7 �26.7 2.3 �13.6
1.7 �7.9 2.4 �5.5
5.1 �5.2 3.1 �4.6

2.5 �6.9 3.3 �4.9
2.5 �7.9 3.4 �6.0
2.4 �11.2 3.3 �7.0
2.6 �4.2 3.7 �4.4
2.7 �4.1 3.2 �4.7

3.7 4.9 3.2 �1.7
3.7 0.9 3.2 �1.7
3.7 7.0 3.4 0.6

3.3 �14.2 3.6 �6.0
4.0 �9.2 4.2 �7.0
3.5 �10.0 3.7 �7.3
3.3 �8.7 3.7 �6.1
3.0 �8.6 3.7 �5.4
3.7 �10.2 3.6 �7.7
3.1 �13.4 3.8 �8.2
3.4 �9.9 3.7 �7.8
3.2 �12.9 3.7 �8.5
3.2 �9.4 3.9 �6.0
3.6 �9.4 3.9 �6.8
dividua

(‰)

18.0
41.3
50.2
49.8
51.3
14.2
46.5
41.0
1.3

11.6
4.2

33.5
13.2
45.2
17.3
34.5

27.9
14.5
22.0
16.7
19.2
32.0
39.4
40.0
23.8
32.4
26.0
25.2
4.6
1.0

3.8
3.6
8.1
0.4
1.3

12.7
5.0

12.2

15.7
4.2
5.2
5.0
6.2
4.9

10.0
4.1
8.5
6.6
5.1
to grain. There are no correlations between minor element



alues o

3429Oxygen isotopes in Mokoia chondrules
concentrations and �17O values, except for a weak correlation
for FeO in chondrule 12. FeO-rich olivine, from the central,
porous region in chondrule 12, has relatively low �17O values
compared with olivine in the un-metamorphosed main part of
the chondrule. However, low �17O values are not restricted to
this porous zone, as can be seen in Figure 4d, and variations in
�17O show no obvious spatial relationship to the edge of the
chondrule or the porous zone.

For chondrules 34, 36, and 14C, we measured oxygen iso-
tope ratios in situ on a limited number of olivine grains. The
data are summarized in Figure 7. In all these chondrules,
analyses of olivine are distributed along the CCAM line, as is
the case for chondrules 11 and 12, although olivine grains in
34, 36, and 14C are distributed across a much more restricted
range than we observed in chondrules 11 and 12. In chondrule
14C, olivine has lower �18O values than the host bulk chon-
drule, whereas in chondrule 34, olivine has slightly lower �18O
values than the bulk, and in chondrule 36, olivine has slightly
higher �18O values than the bulk. The difference between the

Fig. 4. Oxygen isotope ratios of individual olivine and
spatial distribution of values of �17O (‰) within these c
extremely heterogeneous. There are no apparent relation
isotope ratios. In both chondrules, �18O values of most oli
symbols). Low-Ca pyroxene in chondrule 12 has lower v
olivines and the bulk in 14C is consistent with this chondrule
having a high proportion of mesostasis (Fig. 1g), which must
have higher �18O values than the olivine.

For chondrule 14C, we obtained analyses from the cores and
rims of the largest olivine grains (Fig. 8a). These grains show
zoning in cathodoluminescence (Fig. 8b), with the intensity
decreasing monotonically from core to rim. The grains are
weakly and normally zoned in FeO and MgO, and show zoning
of minor elements, including decreases in CaO and Al2O3, and
an increase in Cr2O3, from core to rim (Fig. 8c). Within the
errors of our measurements, there is no distinguishable difference
in oxygen isotope ratios between the cores and rims of these
olivine grains (Fig. 7c). Oxygen isotope ratios of spinel grains
in this chondrule are indistinguishable from the olivine data.

4. DISCUSSION

4.1. Bulk Chondrule Oxygen Isotope Ratios

4.1.1. Comparison with Allende and possible secondary effects

Our data for bulk oxygen isotope ratios of Mokoia chon-

e grains in Mokoia chondrules 11 (a) and 12 (c), and the
les (b, d). Oxygen isotope ratios in both chondrules are
etween spatial locations of the grains and their oxygen
ins are lower than those of the bulk chondrules (open star
f �17O than olivine. Scale bars are 500 �m.
pyroxen
hondru
ships b

vine gra
drules show general similarities to previous data obtained for
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chondrules from Allende (Clayton et al., 1983; Rubin et al.,
1990): they mostly form an array that lies parallel to, but
slightly higher than, the CCAM line on an oxygen three-isotope
plot (Fig. 3). Thus, it is clear that the (oxidized) CV chondrule
suite in general, rather than the Allende suite in particular,
shows these general properties. Despite the general similarities
between the Mokoia and Allende data sets, it is important to
discuss some salient differences, which may serve to shed
additional light on important aspects of the chondrule forma-
tion process.

Our data for Mokoia show a significantly wider spread than
any set of bulk chondrules measured previously. The most
16O-rich chondrule measured previously in Allende had a �18O
value of -2.7‰. The extension of the data array by more than
10‰ in �18O has important implications, not the least of which
is that it shows that the data for CV chondrules do in fact lie on
an array that is subparallel to the CCAM line. This interpreta-
tion was somewhat ambiguous for the Allende data, because of

Fig. 5. Grain f1 in chondrule 11, the grain on which we obtained four
oxygen isotope analyses. (a) Back-scattered electron image of grain f1
after SIMS analysis, showing the location of the analysis pits. Two of
the analyses (d1, d2) were obtained consecutively on the same (upper-
most) spot. The arrow shows the position and direction of the electron
microprobe traverse, shown in (b), that was obtained before SIMS
analyses. Light gray streaks are an artifact of the SIMS analyses.
the apparent upswing in the trend towards the terrestrial frac-
tionation (TF) line at the 16O-poor end of the array. The
Allende chondrules that lie close to the TF line are FeO-rich,
BO chondrules (Clayton et al., 1983; McSween, 1985). From
the Allende data it was not clear whether CV chondrules form
a single, continuous array with a steep slope, or whether the
FeO-rich chondrules have undergone secondary exchange from
an initial array with a slope close to one. Our data suggest that
the latter interpretation is more likely correct. The only FeO-
rich, BO chondrule that we analyzed (chondrule 36) lies in a
position that could be interpreted either as an extension of the
main CV chondrule array, or as a part of the same FeO-rich,
BO group as those in Allende.

The Allende chondrite has been subjected to a complex
alteration history, probably involving aqueous alteration and
subsequent dehydration that took place on its parent body after
accretion (Krot et al., 1995). Fayalite-rich rims on forsterite
grains in porphyritic olivine chondrules in Allende (Peck and
Wood, 1987; Hua et al., 1988) probably result from this com-
plex processing. We observe no comparable fayalite-rich rims
on forsterite grains in the Mokoia chondrules included in this
study. Oxygen isotope ratios in the Mokoia chondrule suite are
therefore more likely to be representative of primary nebular
properties than those in the Allende suite. However, any dif-
ferences in secondary processing do not appear to have had a
significant effect on bulk chondrule oxygen isotope ratios,
because the data for Allende and Mokoia are essentially indis-
tinguishable. Some of the Mokoia chondrules in our study show
the effects of mild metamorphism, but this apparently also has
only a negligible effect on the oxygen isotope ratios of the bulk
chondrules. The three chondrules that show the most significant
effects of metamorphism (33, 24A, 5C) do not depart signifi-
cantly from the main array of data in Figure 3.

Both Mokoia and Allende are oxidized CV chondrites, in
which Fe,Ni metal that was originally present has been oxi-
dized to magnetite, probably in an asteroidal setting after ac-
cretion (Housley and Cirlin, 1983; Krot et al., 1995; Choi et al.,
1997, 2000). Most of the Mokoia chondrules studied contain at
least some magnetite, although chondrules 12C and 36 do not
contain any. Choi et al. (2000) showed that magnetite in
Mokoia has a lower �17O value than forsteritic olivine, with a
�17O value of about �1‰ and �18O of �3‰. The contribution
of magnetite to the bulk chondrule oxygen isotope ratio may be
significant for opaque-rich chondrules, and cause the bulk data
to be displaced towards lower �17O values relative to the
original chondrule material. We have not determined propor-
tions of magnetite in each chondrule in this study, so we have
not evaluated the possible effect of magnetite on the bulk data
quantitatively. However, because the bulk data for chondrule
12C, which contains no magnetite, and chondrule 14C, which
contains a significant amount of magnetite in an opaque rim
(Fig. 1h), both lie close to the CCAM line, the effect does not
appear to be noticeable within our data set.

Oxygen isotope ratios for two chondrules from Mokoia, the
plagioclase-rich POP chondrule 23A, and chondrule 80, the
petrology of which was not determined, lie slightly below the
CCAM line. These chondrules lie close to the slope 0.5, Al-
lende mass fractionation (AMF) line (Fig. 9). Chondrule 23A
does not show any strong evidence for extensive alteration in
the form of Na metasomatism or aqueous alteration, such as

that observed in Allende CAIs and chondrules (Young and
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Russell, 1998; Ash and Young, 2000; Young et al., 2002). Bulk
Na contents of both 23A (0.43 wt.%) and 80 (0.37 wt.%) are
very typical of the entire ferromagnesian chondrule suite in
Mokoia (Schilk, 1991), and the plagioclase in chondrule 23A
has a composition of An96. Young and Russell (1998) also
suggested that the melilite mass fractionation line could be the
result of evaporative processes that did not necessarily include
Na reactions. It is possible that chondrules 23A and 80 are part
of such a trend, and that fractionation occurred during evapo-
ration of either plagioclase or a melt.

To summarize, even though Allende and, to a lesser extent,
Mokoia, have been altered by secondary processing, there are
essentially no manifestations of these effects in the bulk oxygen
isotope ratios of most chondrules. The most significant effects
appear to be present in chondrules with high �18O in which
there is greater dispersion about the CCAM line.

4.1.2. Isotopic evolution of CV chondrite components

The distribution of oxygen isotope ratios in bulk CAIs from
Allende is controlled by the fact that individual mineral sepa-
rates have oxygen isotope ratios that vary along the CCAM line
(�17O � 0.94 x �18O -4.1: Clayton et al., 1977). The CCAM
line has generally been considered to describe the behavior of
most materials in CV chondrites, including bulk chondrule data
for Allende chondrules that have been shown to lie slightly
above this line (Clayton et al., 1983; Rubin et al., 1990: Fig. 3).
However, Young and Russell (1998) defined a different line,
with a slope of 1.00 (�17O � 1.00 x �18O -1.044), based on
high-precision, in situ analyses of unaltered minerals in a single
CAI from Allende (The Y&R line: Figs. 9 and 10). This line
converges with CCAM at �18O values around -40‰, corre-
sponding to oxygen isotopic compositions of spinels in CAIs,
and intersects with oxygen isotopic compositions of ordinary
chondrites at the low-16O end. Young and Russell (1998)
described this line as the “primitive oxygen isotope reservoir”

Fig. 6. Variation in �17O (‰) in chondrules 11 and 12,
grains. In chondrule 11, and for most elements in chondru
contents of olivine grains in chondrule 12 show a negativ
of the early solar nebula. They interpret the CCAM line as
resulting from mass fractionation at the 16O-poor end of the
Y&R line during secondary alteration processes of CAI min-
erals, along the AMF line (Fig. 9).

Several different scenarios have been proposed to account
for a distribution of oxygen isotope ratios along a line of slope
one: (1) Oxygen isotope exchange between initially 16O-rich
CAI minerals with �18O around -40‰, and an 16O-poor nebula
gas with �18O around 0‰ (Clayton, 1993); (2) Non-mass-
dependent fractionation processes in the solar nebula (Thi-
emens, 1996); (3) Isotopic self-shielding either in the solar
nebula or in the molecular cloud from which the solar nebula
formed (Clayton, 2002; Yurimoto and Kuramoto, 2002; Lyons
and Young, 2003). Different models predict different values for
the bulk solar oxygen isotopic composition (Wiens et al.,
1999).

Despite considerable discussion of the nature of the Y&R
line and its relationship to CCAM, few papers have considered
in detail how the oxygen isotope ratios for bulk chondrules may
be accounted for in terms of either of these proposed arrays.
The exact slope of the array defined by the CV chondrule data
is somewhat ambiguous because of uncertainties in the cause of
the dispersion of data at the 16O-poor end of the array. A
best-fit line to all the CV chondrule data (Allende and Mokoia
combined) has a slope of 0.99 (�17O � 0.99 x �18O -3.48: R2

� 0.96). This line is plotted in Figure 9. However, if we
exclude the Mokoia and Allende data for FeO-rich BO chon-
drules, plus the Mokoia data that lie below the CCAM line (i.e.,
chondrules with �18O �3‰), the best-fit line has a slope of
0.94, and is essentially coincident with the CCAM line (�17O
� 0.94 x �18O -3.61: R2 � 0.98). Although it is possible that
all of the chondrules with �18O �3‰ have been affected by
secondary processes, particularly the FeO-rich BO chondrules
from Allende, no substantial arguments have been put forward
for this possibility, and we prefer at this point to use the
slope-0.99 line as the one that defines the entire CV chondrule

nction of the chemical compositions of individual olivine
there is no correlation between �17O and chemistry. FeO
lation with �17O.
as a fu
le 12,
array. This line (CV-ch, Figs. 9 and 10) is displaced signifi-
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cantly from the Young and Russell line (Fig. 9), by �2.5‰ in
�17O, and shows a significant departure from the CCAM line at
low values of �18O (Fig. 10). The displacement of the Y&R
line from CV-ch and CCAM does not appear to be the result of
systematic laboratory errors, because Young and Russell
(1998) and Young et al. (1998) also made several measure-
ments of CAI phases that do lie on the CCAM line.

According to Young and Russell (1998), deviations from the
Y&R line at the 16O-poor end, in CAIs, are the result of

Fig. 7. Oxygen isotope ratios of individual olivine grains in Mokoia
chondrules 34, 36, and 14C, as well as individual spinel grains in
chondrule 14C. Oxygen isotope ratios in these chondrules are more
homogeneous than those in chondrules 11 and 12. Bulk chondrule
oxygen isotope ratios are indicated as open star symbols.
secondary, mass-fractionation processes (Fig. 9). Young and
Russell interpret the array of CAI data (bulk CAIs and mineral
separates) that extends along the CCAM line as the result of

16

Fig. 8. Olivine grain C from chondrule 14C. (a) Back-scattered electron
image. “Sp” indicates an inclusion of spinel. The arrow shows the location
and direction of the electron microprobe traverse shown in (c). Circles
highlight the SIMS analysis pits for this grain. (b) Cathodoluminescence
(CL) image, showing that CL intensity decreases from the core to the edge
of the olivine grain. The position of the electron microprobe traverse is
visible as a row of spots. (c) Electron microprobe traverse showing minor
element zoning across the grain. Bright CL is associated with high CaO
and Al2O3 contents of the olivine, in the core region.
mixing between altered CAI components and O-rich, unal-
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tered spinel with �18O values around -40‰. However, the
spread along the CV-ch line for chondrules cannot be inter-
preted in the same way as the mixing model for CAIs. Firstly,
ferromagnesian chondrules do not contain an identifiable 16O-
rich component similar to spinel in CAIs. The 16O-rich olivine
data for chondrules 11 and 12 do not obviously result from the
presence of relict grains (see below). Secondly, it is unlikely
that all bulk chondrule data result from mass fractionation from
original compositions along the Y&R line: because evidence
from our in situ data show that olivine and mesostasis compo-
sitions in individual chondrules are distributed along a slope-
one line (see below), the olivine and the mesostasis would have
had to undergo mass fractionation independently, and would
have had to fractionate to exactly the same extent in the same
direction to result in the production of a second line that has a
slope close to one. We suggest that the CV chondrule line is a
more relevant and significant line for chondrules than the Y&R
line, and we note that oxygen isotope ratios of many bulk CAIs
fall along this line (Fig. 10). Also, as noted by Young and
Russell (1998), not all unaltered mineral separates from CAIs
fall on the Y&R line (Clayton et al., 1977; Mayeda et al., 1986;
Young et al., 1998). Thus, the CV-ch line appears to be highly
relevant to most of the material present in CV chondrites.

An interpretation of the relationships between the CCAM,
Y&R, and CV-ch lines is essential to understanding the isotopic

Fig. 9. Oxygen isotope ratios of bulk chondrules in the CV carbo-
naceous chondrites Mokoia (this study) and Allende (Clayton et al.,
1983; Rubin et al., 1990), and their relationships to various defined
lines on the oxygen plot. The best-fit line to all bulk chondrule data
(open circles: CV-ch) has a slope of 0.99 (r2 � 0.96). The Young and
Russell line (Y&R), defined by high-precision analyses of unaltered
minerals in a CAI from Allende (open stars: Young and Russell, 1998),
has a slope of 1.00. The dashed line, AMF, is the Allende mass
fractionation line (slope �0.5, �17O � �2.75‰) that represents alter-
ation of chondrule and CAI minerals in Allende (Young and Russell,
1988; Young et al., 2002). CCAM (see Fig. 3) has a slope of 0.94. The
CV-ch line is displaced from the Y&R line by approximately 2.5‰ in
�17O.
evolution of CV chondrite components. Oxygen isotope ratios
of bulk CAIs and bulk chondrules overlap at values of �18O
around -10‰. Bulk chondrules, bulk CAIs, and many CAI
mineral separates fall on or close to the CV chondrule line,
down to values of �18O around -30‰ (Fig. 10). For �18O
values between -30 and -50‰, most CV components lie closer
to the Y&R line than to the CV-ch line. Since we are unable to
determine whether the best-fit line for chondrules should have
a slope more similar to the CCAM line (0.94), because of
uncertainties in the 16O-poor data (see above), the relationship
between 16O-rich CAIs and chondrules is not completely clear.
Although data for one CAI fall along the Y&R line (Young and
Russell, 1998), it appears that most CAIs form a continuous
array with bulk chondrules and chondrule components. Hence,
there is a close association between the oxygen isotope reser-
voirs (solids and/or gases) from which many CAIs and all
chondrules formed, and the processes of oxygen isotopic evo-
lution that they or their precursors underwent. This conclusion
is supported by observations of physical associations between
CAIs and chondrules (e.g., Itoh and Yurimoto, 2003). Several
authors (e.g., McKeegan et al., 1998; Wasson, 2000; Krot et al.,
2002) have suggested that CAIs formed in a different isotopic
environment from chondrules, for example that CAIs were
formed close to the protosun in an X-wind environment (Shu et
al., 1996). However, even if independent formation processes
are invoked, fundamental relationships between the oxygen
isotope ratios of CAIs and chondrules (at least for the oxidized
CV chondrites) show these two components to be intimately

Fig. 10. High-precision data showing oxygen isotope relationships
between various components in CV carbonaceous chondrites. The
CV-ch, Y&R, and CCAM (dashed) lines are defined in Figure 9. The
Y&R line is defined by unaltered minerals from one CAI (open stars:
Young and Russell, 1998). Most bulk CAIs from Allende (filled dia-
monds: Clayton et al., 1977) lie on an extension of the CV-ch line.
Oxygen isotope ratios for bulk chondrules and bulk CAIs overlap at
values of �18O around -10‰. CAI mineral separates (filled circles) with
�18O values greater than -30‰ also lie close to the CV-ch line,
although more 16O-rich mineral separates (�18O values around -40‰)
do not.
associated.
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4.2. In situ Oxygen Isotope Data

The five chondrules that we selected for in situ oxygen
isotope analyses span the entire range of �18O values for the
Mokoia suite (Fig. 3), and represent a range of textural and
compositional types (Fig. 1). Several general observations can
be made about our SIMS data. First, oxygen isotope ratios of
olivine grains are extremely variable, demonstrating that the
array of oxygen isotope ratios shown by bulk chondrules is not
the result of simple mixing of two endmembers, such as olivine
and mesostasis. Second, oxygen isotope ratios of the olivine
grains tend to correlate with the bulk oxygen isotope ratios
measured (Figs. 4 and 7): for example, the chondrules with the
lowest bulk �18O values (11 and 12) are those in which the
most 16O-rich olivine grains are observed, and the chondrule
with the highest bulk �18O value (36) is the one that contains
the most 16O-rich olivine grains. Third, in general, we infer that
chondrule mesostases are depleted in 16O relative to the bulks:
in chondrules 11, 12, 34, and 14C, most olivine grains are more
16O-rich than the host bulk chondrules. Chondrule 36 differs in
that olivine appears to be slightly depleted in 16O relative to the
bulk chondrule. Such isotopic differences between different
phases in the same chondrules could be the result of partial
exchange of oxygen with a gas during chondrule formation, or
exchange of oxygen in the solid state either before or after the
chondrite accreted. These possibilities are discussed further below.

4.2.1. Microporphyritic chondrules, 11 and 12

Chondrules 11 and 12 have bulk oxygen isotope ratios that
are notably enriched in 16O relative to the main group, with
�18O values of �7.5 and �11.7‰ respectively (Table 1, Fig.
3). In situ analyses of individual olivine grains in both of these
chondrules show remarkable heterogeneity (Fig. 4), with a
range of �18O values of �50‰ in chondrule 11 and 30‰ in
chondrule 12. There are very few known examples of olivine
grains in ferromagnesian chondrules that show enrichments in
16O equivalent to values of �18O around -50‰ (e.g., Yurimoto
and Wasson, 2002), and this is the first reported example of
such extreme isotopic heterogeneity in chondrules in which
there are no obvious differences in chemical composition or
texture between the grains. (The 16O-rich forsterite observed by
Yurimoto and Wasson (2002) within a type II chondrule in the
CO3 chondrite, Yamato 81020, was interpreted as having re-
crystallized from a melt in which a relict AOA was locally
incorporated.) The isotopic heterogeneity in chondrules 11 and
12 appears to be predominantly grain-to-grain heterogeneity,
and in most cases does not appear to be correlated with the
spatial location of the grain within the chondrule (Fig. 4b,d). In
chondrule 12, large negative values of �17O (�15 to -19‰) are
associated with olivine in the central, porous, region, but en-
richments in 16O are not restricted to this region.

Within CAIs in CV chondrites, oxygen isotopic heterogene-
ity on a similar scale, and with an array of similar slope to that
observed in chondrules (the CCAM line or the Y&R line: see
above) has been attributed to solid-state exchange of oxygen
between an initially 16O-rich CAI and an external reservoir
(such as the nebular gas), after solidification of the CAI (Clay-
ton, 1993). A solid-state mechanism was also proposed by

Bridges et al. (1999) to account for the oxygen isotope distri-
bution observed in chondrules from partially equilibrated ordi-
nary chondrites that have undergone metamorphism at low
temperatures. In both these cases, the spread in the data is
mineral-specific, and reflects different diffusion rates of oxygen
in the constituent minerals. However, for chondrules 11 and 12,
we cannot invoke such a mechanism to explain the spread in
the data, because the spread occurs within a single mineral
phase, olivine, and because there appears to be no spatial
relationship such as a relationship between �17O and distance
from the edge of the chondrule (Fig. 4). Thus we discount
postsolidification diffusion as a reasonable mechanism to in-
troduce isotopic heterogeneity into the chondrules, either in the
nebula or in the parent body after accretion. We consider two
possibilities for the origin of the isotopic heterogeneity in
chondrules 11 and 12: 1) that relict, 16O-rich grains are present,
and 2) that isotopic heterogeneity is the result of partial ex-
change between melt and gas during chondrule formation.

In the case of incorporation of 16O-rich relict grains into the
host chondrules, 16O-rich olivine would be incorporated into
the precursor assemblage, and would not melt during chondrule
formation. Jones et al. (2000) showed that relict forsterite in a
type II chondrule from the CO3 chondrite, ALHA77307, re-
tained its oxygen isotope signature during formation of the host
chondrule. For a relict-grain scenario, an array with a slope of
one could represent solid-solid mixing, in which the solid
chondrule precursors contained both 16O-rich and 16O-poor
materials. Solid material rich in16O (with �18O values around
�50‰) may be derived from refractory inclusions such as
CAIs or AOAs, whereas 16O-poor solid material (with �18O
values around 10‰) may be characteristic of solids that con-
densed in the chondrule-forming region. Although oxygen iso-
tope ratios for CAIs in CV chondrites only go down to �18O
values around �40‰, CAIs and AOAs in other chondrite
groups, such as the CM chondrites, do extend to values of �18O
around �50‰ (Hiyagon and Hashimoto, 1999). (The most
extreme 16O enrichment reported to date in chondritic material
is a value of �18O around �75‰ in a cryptocrystalline chon-
drule with an olivine shell, from the Acfer 214 CH chondrite;
Kobayashi et al., 2003).

Texturally and chemically, chondrules 11 and 12 are unre-
markable in that they appear to be very typical type IA, PO,
ferromagnesian chondrules. Their bulk chemical compositions
are very similar to each other, and indistinguishable from bulk
compositions of the majority of ferromagnesian chondrules in
the Mokoia suite studied (e.g., Fig. 2; see also Schilk, 1991).
From studies of experimental analogs, it appears that to pro-
duce a microporphyritic texture, nucleation sites that are essen-
tially the remnants of precursor solid grains must remain in the
melt during chondrule formation (Lofgren, 1996). The question
that needs to be addressed for chondrules 11 and 12 is whether
the olivine grains present grew from a chondrule melt (i.e., the
relict-grain nucleation sites were microscopic, and are no
longer identifiable, at least at the resolution of the SEM) or
whether a large percentage of the volume of the olivine grains
present is relict material. Lofgren (2000) has argued that a large
proportion of the olivine grains present are relicts, and that only a
narrow overgrowth on each grain grew from the chondrule melt.

In chondrule 12, the outer zone in which low-pyroxene
grains are arranged perpendicular to the chondrule rims, and in

which a high proportion of mesostasis is present, suggests
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growth of the low-Ca pyroxene, at least, from a melt. However,
it is possible that the olivine grains throughout the chondrule
are relicts. In both chondrules 11 and 12 there is no indication,
either from composition or texture, that enrichments in 16O are
associated with grains that may be relicts. Olivine grains in
both chondrules are chemically homogeneous, showing essen-
tially no zoning from cores to rims of individual grains, and
little compositional variation from grain to grain (Figs. 5 and
6). The most obvious plausible source of 16O-rich relict for-
sterite is AOAs. However, although forsterite grains in AOAs
in CV chondrites have similar FeO contents to olivine in
chondrules 11 and 12 (0.4-2 wt.%: Komatsu et al., 2001), they
also contain abundant pores and tiny inclusions of Al-diopside
(Komatsu et al., 2001), neither of which is observed in chon-
drules 11 and 12, and they contain 	0.1 wt.% Cr2O3 and MnO
(Komatsu et al., 2001), compared with levels around 0.4-0.5
wt.% Cr2O3 and �0.1 wt.% MnO in chondrules 11 and 12.
Thus, olivine in chondrules 11 and 12 is not direct relict AOA
material. Olivine from the central, porous, region of chondrule
12 shows some enrichment in FeO that appears to be the result
of minor, secondary, metamorphism. Minor elements (Cr2O3,
CaO and MnO) have not been affected greatly by this process.
There is essentially no correlation between oxygen isotope
ratios and olivine chemistry (Fig. 6), and there are no compel-
ling compositional arguments that the 16O-rich olivine grains in
chondrules 11 and 12 are relict grains. If relict grains were
present originally, they either had the same chemical compo-
sitions as the chondrule olivine that grew from the melt, which
we consider unlikely, or the chemical evidence that they are
relicts has been eradicated by secondary, solid-state diffusion.

It is possible that olivine grains may have been homogenized
chemically while retaining oxygen isotope heterogeneities, be-
cause, for volume diffusion in the solid state, diffusion of
oxygen in olivine is considerably slower than cation diffusion
(Freer, 1990). Chemical homogenization of relict grains could
plausibly have taken place at high temperature, during chon-
drule formation. The diffusion coefficient of Ca2� cations in
olivine is around 10�10 cm2 s�1 at 1550°C (Morioka, 1981).
Using the relationship x2 � Dt, diffusion of Ca over 10 �m
would take �3 h at this temperature. Calcium ions diffuse more
slowly than the other measured cations (Fe, Mg, Mn, and Cr),
and 1550°C is a minimum peak temperature for chondrule
formation (Hewins and Connolly, 1996). For MgO-rich chon-
drules like chondrules 11 and 12, peak temperatures may have
been closer to 1900°C (Hewins and Connolly, 1996), at which
temperature diffusion would have been much faster. Thus, it is
reasonable that olivine in chondrules 11 and 12 could have
been homogenized chemically by solid-state diffusion during
chondrule formation. In contrast, oxygen isotopic heterogeneity
could have been preserved under the same conditions. At
1550°C, and at an oxygen fugacity corresponding to the iron-
wüstite buffer, the diffusion coefficient of oxygen in forsterite
is �10�14 cm2 s�1 (Ryerson et al., 1989). Oxygen diffusion
over 10 �m at this temperature would take �3 yr.

If isotopic heterogeneity resulted from solid-solid mixing,
then it follows that 16O-rich solid material was a ubiquitous
component of chondrule precursor material (in CV carbona-
ceous chondrites), resulting in the oxygen isotope ratios of all
bulk chondrules falling along the same mixing line (the CV-ch

line, Fig. 10).
An alternative to the above model is that the spread in
oxygen isotope ratios results from interactions between solid
and gas reservoirs with different abundances of 16O during
chondrule formation, for example between a chondrule that is
16O-rich, and an 16O-poor gas. Gas/melt exchange has been
proposed previously to explain oxygen isotope data for CAIs
(Clayton, 1993), ferromagnesian chondrules (McSween, 1985),
and aluminum-rich chondrules (Russell et al., 2000). Exchange
could occur during chondrule formation, when the chondrule
was molten. In this scenario, the precursors to chondrules 11
and 12 had �18O values around �50‰. The first olivine grains
to grow from the molten chondrule were 16O-rich. Oxygen
isotope exchange with a 16O-poor nebula gas occurred rapidly
as the chondrule cooled, so that olivine grains that nucleated
and grew successively reflected the isotopic ratio of the pro-
gressively more 16O-depleted melt. Oxygen isotope exchange
between gas and melt has been shown experimentally to occur
on short time scales (minutes) at chondrule formation temper-
atures (Yu et al., 1995).

The observation that low-Ca pyroxene grains in the outer
zone of chondrule 12 are more depleted in 16O than the olivines
in the chondrule interior is consistent with a gas/melt exchange
model. A high abundance of pyroxene at the edge of a chon-
drule has been suggested to be the result of silicon condensa-
tion during chondrule formation (Tissandier et al., 2002), which
might have accompanied oxygen exchange. Inferred depletions
in 16O in mesostasis relative to olivine in the same chondrule
(see above) would also be consistent with this model. The
observations that low-Ca pyroxene in chondrule 12, and mes-
ostasis in general in all chondrules, have lower 16O than olivine
argue against the possibility that the solid was 16O-poor and the
gas was 16O-rich.

If oxygen isotope heterogeneity is the result of isotopic
exchange between an 16O-rich chondrule melt and an 16O-poor
nebular gas, this has important implications for understanding
the distribution of oxygen isotopes in the solar nebula. It raises
the possibility that the precursors of ferromagnesian chondrules
(i.e., most of the solid material forming in the solar nebula) had
initial oxygen isotope ratios corresponding to �17O, �18O val-
ues around �50‰. Clayton and Mayeda (1984) proposed that
oxygen isotope ratios of chondrule precursors could have ini-
tially been as 16O-rich as refractory inclusions, on the basis of
observations on CM chondrites. Clayton (2002) also argued
that this was the case, based on an isotopic self-shielding
model. It is possible that chondrules 11 and 12 represent the
first generation of chondrules, i.e., the first batch of material
that underwent chondrule formation. Subsequent recycling of
chondrule material and equilibration with nebular gas may have
resulted in the grouping of oxygen isotope ratios of bulk
chondrules in carbonaceous chondrites around �18O values

0‰. The differences in oxygen isotope ratios between chon-
drules and CAIs may be attributable to a greater number of
reheating events, and a greater degree of equilibration with the
gas reservoir, for the chondrule population.

4.2.2. Porphyritic chondrule 34

In chondrule 34, isotopic ratios of olivine grains cluster
around the mean for the bulk chondrule (Fig. 7a). In contrast to

chondrules 11 and 12, the olivine data show only small varia-
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tions. Although chondrule 34 is a type IA, POP chondrule, it is
significantly coarser grained than chondrules 11 and 12 (Fig.
1), and the likelihood that the olivine and pyroxene grains grew
from the chondrule melt is less equivocal. There are no appar-
ent relict grains in this chondrule. According to the melt/gas
exchange scenario for oxygen isotope evolution we presented
above, chondrule 34 would represent the product of recycling
of chondrule material in the chondrule-forming region, during
which oxygen isotope ratios of the precursor solids became
homogenized.

4.2.3. Barred olivine chondrule 36

As discussed above, the bulk chondrule data for chondrule
36, along with the FeO-rich barred olivine chondrules in Al-
lende (Clayton et al., 1983: Fig. 3), could be interpreted as
deviating from the general porphyritic chondrule trend that falls
slightly above the CCAM line. However, if we define the
CV-ch line as above (Figs. 9 and 10), the BO chondrules do not
depart significantly from the main trend (Fig. 9), although since
the slope of the CV-ch line is largely controlled by the data for
these chondrules, this inference is partly self-fulfilling. The ion
microprobe data can help to clarify the oxygen isotope rela-
tionships between barred and porphyritic chondrules: Although
the errors are large, the in situ data for chondrule 36 (Fig. 7b)
tend to support the interpretation that the oxygen isotope com-
position of this chondrule lies along either the CCAM line or
the CV-ch line, rather than representing a deviation from the
porphyritic chondrule trend.

Choi et al. (2000) inferred that the 16O-poor end of the CV
chondrite array has values of �18O � �10‰ and �17O
� �5‰, with �17O � �1‰, and our data for chondrule 36
fall very close to this composition. Because barred olivine
chondrules are likely to have undergone the most extensive
exchange with the nebular gas, it is possible that chondrule 36
represents the most isotopically equilibrated chondrule in CV
chondrites that has been analyzed to date.

4.2.4. Al-rich chondrule, 14C

Chondrule 14C is Al-rich, and thus, compositionally, may
represent material that is intermediate between CAI and ferro-
magnesian chondrule material. Our in situ oxygen isotope data
address the question of whether Al-rich chondrules contain
relict CAI material, and the relationships between these differ-
ent types of materials. Russell et al. (2000) showed that in
unequilibrated ordinary chondrites, individual mineral grains in
Al-rich chondrules define a trend that extends from ferromag-
nesian chondrule compositions towards 16O-rich values. They
showed that spinel grains in Al-rich chondrules are not relict
grains from CAIs, and concluded that Al-rich chondrules are
more closely related to ferromagnesian chondrules than to
CAIs. Our data for chondrule 14C agree with these conclu-
sions. In chondrule 14C, we see no evidence that either the
olivine or the spinel is relict CAI material because all the grains
have values of �18O around -5 to -10‰, in the range of most
ferromagnesian chondrules. Unlike the data for unequilibrated
ordinary chondrites (UOCs), mineral grains in 14C are entirely
within the range of mineral grains from ferromagnesian chon-

drules.
The cores of olivine grains in chondrule 14C are enriched in
refractory lithophile elements such as CaO and Al2O3, and
show bright cathodoluminescence (Fig. 8). Olivine grains with
these properties have previously been suggested to be relict
condensates (Steele, 1986; Weinbruch et al., 1993, 2000). Our
data show that there is no distinguishable difference in oxygen
isotopic compositions between the cores and edges of these
grains, arguing against the likelihood that the cores are relict
condensates, and supporting the arguments that these grains
grew from chondrule melts (McSween, 1977b; Jones and Scott,
1989).

Oxygen isotope ratios in olivine in 14C are significantly
enriched in 16O compared with the bulk chondrule value (Fig.
7c). We interpret this to indicate that the mesostasis in this
chondrule is depleted in 16O relative to olivine. This effect may
also be present in chondrule 34, but is probably particularly
pronounced in chondrule 14C because of the high proportion of
mesostasis. Two possible explanations for the differences be-
tween the two phases can be invoked, both of which were
discussed above for chondrules 11 and 12. Firstly, it is possible
that the mesostasis has been affected by solid-state equilibra-
tion with an external reservoir during parent body processing.
Bridges et al. (1999) suggested that this mechanism was re-
sponsible for a similar effect in chondrules from unequilibrated
ordinary chondrites. In Mokoia, the more 16O-poor external
reservoir could be the same reservoir that Choi et al. (2000)
inferred to be present during formation of magnetite and
fayalite in Mokoia, with an oxygen isotope ratio at the high end
of the CCAM line and a value of �17O of about -1‰. We
discounted this mechanism for producing the oxygen isotope
heterogeneity in chondrules 11 and 12, because in those chon-
drules the heterogeneity is within one mineral phase, olivine.
However, in chondrule 14C the heterogeneity appears to be
mineral-specific and it is very likely that oxygen isotope ex-
change would occur more rapidly in feldspar than in olivine
and spinel, so we consider this mechanism to be viable. The
alternative model for the differences in isotopic compositions
between olivine and mesostasis is that oxygen isotope ex-
change took place between the molten chondrule and the neb-
ula gas, as discussed for chondrules 11 and 12. Because the
fractionation is in the same sense as chondrules 11 and 12, and
because the distribution in chondrule 14C lies along the same
line as the distribution in chondrules 11 and 12, we consider
this model to be equally viable.

5. SUMMARY

Bulk chondrule oxygen isotopic compositions for Mokoia
span a wider range than any that has been measured for other
carbonaceous chondrites, down to �18O values around �12‰.
The most 16O-rich bulk chondrules are microporphyritic, oli-
vine-rich chondrules in which there is considerable isotopic
heterogeneity between individual olivine grains, with ex-
tremely 16O-rich olivine grains having �18O values around
�50‰. This heterogeneity may represent solid-state chemical
equilibration of isotopically heterogeneous assemblages that
contained relict olivine grains, or it may have been produced by
gas-melt isotopic exchange during chondrule formation, during
which a changing oxygen isotopic composition became fro-

zen-in to individual olivine grains.
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Bulk chondrules in the CV chondrites, Allende and Mokoia,
lie on a line with a slope of 0.99 on an oxygen 3-isotope plot
that is displaced significantly from the Young and Russell,
slope 1.00, “primitive oxygen reservoir” line. The CV-chon-
drule line defines the most relevant and significant array of
oxygen isotopes for chondrules and other components in CV
chondrites.
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