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Aluminian low-Ca pyroxene in a Ca-Al-rich chondrule from the Semarkona meteorite
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ABSTRACT

A Ca-Al-rich chondrule (labeled G7) from the Semarkona LL3.0 ordinary chondrite (OC) consists
of 73 vol% glassy mesostasis, 22 vol% skeletal forsterite, 3 vol% fassaite (i.e., Al-Ti diopside), and
2 vol% Al-rich, low-Ca pyroxene. The latter phase, which contains up to 16.3 wt% Al,O;, is among
the most Al-rich, low-Ca pyroxene grains ever reported. It is inferred that 20% of the tetrahedral sites
and 13% of the octahedral sites in this grain are occupied by Al. Approximately parallel optical ex-
tinction implies that the Al-rich, low-Ca pyroxene grains are probably orthorhombic, consistent with
literature data that show that AL,O; stabilizes the orthoenstatite structure relative to protoenstatite at
low pressure. The order of crystallization in the chondrule was forsterite, Al-rich low-Ca pyroxene,
and fassaite; the residual liquid vitrified during chondrule quenching. Phase relationships indicate that,
for a G7-composition liquid at equilibrium, spinel and anorthite should crystallize early and orthopy-
roxene should not crystallize at all. The presence of Al-rich orthopyroxene in G7 is due mainly to the
kinetic failure of anorthite to crystallize; this failure was caused by quenching of the G7 precursor
droplet. Aluminum preferentially enters the relatively large B tetrahedra of orthopyroxene; because
only one tetrahedral size occurs in fassaite, this phase contains higher mean concentrations of Al,O;
than the Al-rich orthopyroxene (17.8 and 14.7 wt%, respectively). Chondrule G7 may have formed
by remelting an amoeboid olivine inclusion that entered the OC region of the solar nebula during an

episode of chondrule formation.

INTRODUCTION

Although most natural Mg-Fe low-Ca pyroxenes contain
little Al (typically <3 wt%; Deer et al. 1978), high-pressure
synthesis (1827 kb or 1.8-2.7 GPa) of orthopyroxene from
basaltic-composition melts under wet conditions can produce
grains with substantial AL,O; (3.6—8.8 wt%; Bultitude and Green
1967). This is consistent with the high-pressure origin inferred for
most natural Al-rich, low-Ca pyroxene grains: e.g., 13.91 wt%
Al O; in a ferrohypersthene from a hypersthene-cordierite-biotite
granulite (Devaraju and Sadashivaiah 1971), and 7.72 wt% Al,O5
in a bronzite from a high-pressure megacryst in an alkaline lava
(Binns et al. 1970).

There is one class of Al-rich orthopyroxenes that formed at
low pressure. These occur in refractory inclusions and Ca-Al-
rich chondrules in chondritic meteorites. We report here some
Al-rich, low-Ca pyroxene grains that contain up to 16.3 wt%
Al,O;. Grains of this phase occur in a chondrule in the Semar-
kona LL3.0 ordinary chondrite (OC), the least-metamorphosed
OC known (e.g., Grossman 1985; Grossman and Rubin 1999).
Semarkona fell in India in 1940 (Grady 2000); it has not been
significantly affected by terrestrial weathering.

ANALYTICAL PROCEDURES

Apreviously prepared, 1.7 m wide back-scattered electron (BSE) mosaic image
of Semarkona thin section USNM 1805-3 with a superimposed grid was used to
label and locate chondrules of interest. Chondrule G7 contains the Al-rich, low-Ca
pyroxene grains. BSE images of chondrule G7 were made with the LEO 1430VP
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scanning electron microscope (SEM) at UCLA using a 15 keV acceleration and a
working distance of ~19 mm. I also examined the thin section microscopically in
transmitted light and estimated the modal abundances of the chondrule constituents.
Grain sizes were measured microscopically using a calibrated reticule. Mineral
and mesostasis compositions were determined with the JEOL JXA-8200 electron
microprobe at UCLA, using natural and synthetic standards, an accelerating voltage
of 15 keV, a 15 nA sample current, 20 s counting times, and ZAF corrections.

RESULTS

Petrography of chondrule G7

Chondrule G7 is approximately circular in thin section with an
apparent diameter of 540 um (Fig. 1). This is close to the mean ap-
parent diameter of chondrules in LL3 chondrites (570 (um; Nelson
and Rubin 2002). The chondrule consists of 73 vol% light-brown
glassy mesostasis, 22 vol% skeletal forsterite grains, 3 vol% fassaite
grains (i.e., Al-Ti diopside), and 2 vol% Al-rich low-Ca pyroxene
grains. Opaque phases are absent from the chondrule.

The forsterite grains range in size from 9 x 17 to 30 X 390 um.
Nearly every grain exhibits the chain structure described by Don-
aldson (1976) and comprises linked H-shaped units; many grains
have small appendages (which Donaldson called “tongues”) that
connect adjacent units (Figs. 1 and 2). In some cases, generally
aligned sets of two to five linked units are somewhat offset from
each other. Some of the skeletal forsterite grains have prismatic
terminations and appear subhedral. The forsterite grains are ran-
domly oriented in the chondrule. One grain impinges upon the
edge of a fassaite rim that surrounds the largest grain of Al-rich,
low-Ca pyroxene (Figs. 2 and 3).

Fassaite occurs as 4—18 um thick rims around all of the Al-
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FIGURE 1. Ca-Al-rich chondrule G7 from the Semarkona LL3.0
ordinary chondrite. This chondrule consists mainly of elongated skeletal
forsterite grains exhibiting a chain structure with H-shaped units (dark
gray) and glassy mesostasis (medium gray). At the top and along the right
side of the chondrule are a few small grains of Al-rich, low-Ca pyroxene
(dark gray) surrounded by fassaite rims (light gray). The branching black
lines that transect the chondrule are cracks. Back-scattered electron
image. Scale bar at lower left is 100 pm in length.

FIGURE 2. High-magnification view of forsterite grains (dark gray) in
chondrule G7 showing the displacement of the stacked chains. Fassaite
(light gray) has nucleated on some of the elongated forsterite grains. The
largest grain of Al-rich, low-Ca pyroxene (dark gray) occurs at the upper
right; the grain is surrounded by fassaite. A small elongated forsterite
grain impinges upon the fassaite rim. Back-scattered electron image.
Scale bar at lower left is 10 um in length.

rich, low-Ca pyroxene grains (Fig. 3). It also occurs as individual
3-80 um size euhedral, subhedral, and feathery crystals in the
mesostasis and as 4-5 pm size crystals growing into the meso-
stasis from a forsterite substrate (Fig. 2). Most of the fassaite
grains have angular margins (i.e., crystal faces) at the interface
with mesostasis (Fig. 3).

The Al-rich, low-Ca pyroxene grains all occur near or along
the edge of one side of the chondrule (Fig. 1). Some grains are
blocky; others have a somewhat scalloped outline. The grains

FIGURE 3. The largest grain of Al-rich low-Ca pyroxene (dark gray)
surrounded by a fassaite rim (light gray) that exhibits angular faces at
the interface with the glassy mesostasis (medium gray). A small skeletal
forsterite grain (dark gray) at upper left impinges the fassaite. Back-
scattered electron image.

TABLE 1. Mean compositions (wt%) of phases in chondrule G7

Forsterite Fassaite Al-rich Mesostasis
low-Ca pyx
no. of grains 6 12 23 6
Sio, 41.9 43.1 48.8 449
TiO, 0.37 38 23 22
AlLO; 0.41 17.8 14.7 28.1
Cr,0;5 0.04 0.20 0.13 0.08
FeO 0.14 0.18 0.13 0.12
MnO 0.03 0.06 0.03 0.05
MgO 56.1 13.7 31.2 5.6
CaO 0.28 20.9 24 174
Na,O <0.03 0.04 <0.03 0.26
K,O <0.03 <0.03 <0.03 <0.03
total 99.3 99.8 99.7 98.7
End-member  Fa0.14 Fs0.35 Fs0.22
Wo 52.1 Wo 5.2

range in size from 7 X 9 to 31 X 54 um. All of them are sur-
rounded by rims of fassaite (Fig. 3). Microscopic examination
of the largest Al-rich, low-Ca pyroxene grain shows it to have
approximately parallel optical extinction, consistent (but not
conclusively so) with the phase being orthorhombic.

Mineral and mesostasis compositions

The mean compositions of forsterite, fassaite, Al-rich, low-Ca
pyroxene, and mesostasis are listed in Table 1. All of the phases
contain substantial concentrations of Al,O5.

The Al,O; concentration in forsterite (0.41 wt%) exceeds
that in normal low-FeO (type-IA) chondrules in Semarkona
(0.03-0.35 wt%; Table 1 of Jones and Scott 1989). Other
compositional differences between forsterite in chondrule G7
and type-IA chondrules include the appreciably lower FeO in
G7 (0.14 vs. 0.45-2.41 wt%), lower Cr,0; (0.04 vs. 0.06—1.11
wt%) and substantially higher TiO, (0.37 vs. 0.02—-0.07 wt%).
On the other hand, the forsterite CaO content (0.28 wt%) in G7
is close to the mean olivine CaO content of type-IA chondrules
(0.31 wt%; Table 1 of Jones and Scott 1989).

Fassaite does not occur in typical type-IA chondrules. Nev-
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TaBLE2. Compositions (wt%) and chemical formulae of selected
analyses of Al-rich low-Ca pyroxene in chondrule G7 and
in other refractory and moderately refractory objects from
meteorites
1 2 3 4 5 6

Sio, 49.5 483 47.2 534 513 48.6

TiO, 24 23 37 1.55 0.40 4.5

Al,O, 134 156 16.3 7.5 12.0 12.6

Cr,0; 0.14 0.18 0.14 0.71 0.27 0.88

FeO 0.09 0.11 0.20 0.35 0.52 1.1

MnO 0.04 <0.03 0.04 n.d. n.d. 0.17

MgO 316 31.1 29.8 35.0 328 316

Ca0 2.8 2.6 25 1.04 2.0 0.51

Na,0  <0.03 <0.03 <0.03 n.d. n.d. <0.06

K,O <0.03 <0.03 <0.03 nd. n.d. <0.04

Total 100.0 100.2 99.9 99.6 99.3 100.0
Numbers of ions on the basis of six O

Si 1.68 1.64 1.61 1.81 1.75 1.66

AlY 0.32 0.36 0.39 0.17 0.24 0.32

Cr 0.00 0.00 0.00 0.02 0.01 0.02

AM 0.21 0.26 0.26 0.13 0.24 0.19

Ti 0.06 0.06 0.10 0.04 0.01 0.12

Mg 1.60 1.57 1.51 1.77 1.66 1.60

Ca 0.10 0.10 0.09 0.04 0.07 0.02

Fe 0.00 0.00 0.00 0.01 0.02 0.03

Notes: n.d. = not determined. 1, 2, and 3 from chondrule G7; 4 from a refractory
inclusion in the Allende CV3 carbonaceous chondrite (Fuchs 1969); 5 from an
Al-diopside-rich chondrule in the Hammadah al Hamra 237 fine-grained Ben-
cubbin-like meteorite (Krot et al. 2001); 6 from a plagioclase-rich chondrule in
the Leoville CV3 carbonaceous chondrite (Krot et al. 2002).

ertheless, the fassaite in G7 is within the range of fassaite com-
positions reported in refractory inclusions in CV carbonaceous
chondrites (Table A3.16 of Brearley and Jones 1998). In particular,
some fassaite grains in type-B inclusions in CV3 Allende are rather
close in composition to fassaite in chondrule G7. One unusual
feature of G7 fassaite is its relatively high Cr,0O; content (0.20
wt%); this value is higher than those in most refractory-inclusion
fassaite grains (which generally contain <0.08 wt% Cr,03).

Selected analyses of some Al-rich, low-Ca pyroxene grains
in chondrule G7 are listed in Table 2. The Al,O; contents range
up to 16.3 wt%, far higher than that in the Al-rich orthopyroxene
described by Fuchs (1969) from a refractory inclusion in the
Allende CV3 carbonaceous chondrite (7.5 wt%; Table 2). The
G7 low-Ca pyroxene grains have less FeO and Cr,0; and more
TiO, and CaO than the grains in the Allende inclusion. The G7
grains are also more aluminian than previously described low-Ca
pyroxene grains from an Al-diopside chondrule in the Hammadah
al Hamra 237 (HH237) fine-grained Bencubbin-like meteorite
(12.0 wt%; Krot et al. 2001) or from a plagioclase-rich chondrule
from the Leoville CV3 chondrite (12.6 wt%; Krot et al. 2002).

Analysis 3 of the G7 low-Ca pyroxene grains indicates that
20% of the tetrahedral sites and 13% of the octahedral sites are
occupied by Al. These exceed the corresponding values for the
other grains: 8.5 and 6.5% in Allende, 12 and 12% in HH237,
and 16 and 10% in Leoville.

Terrestrial occurrences of Al-rich, low-Ca pyroxene all con-
tain appreciable FeO (7-20 wt%) and Fe,O; (1-8 wt%) (Table
3). The terrestrial grain with the most Al,O; (13.91 wt% in a
ferrohypersthene from a hypersthene-cordierite-biotite granulite
from India) still has a lower Al,O; content than the mean value in
the Al-rich low-Ca pyroxene grains in chondrule G7 (14.7 wt%;
Table 1). The terrestrial occurrences also differ in having less

TaBLE 3. Compositions (wt%) of selected terrestrial occurrences of
Al-rich low-Ca pyroxene
Source 1 2 3 4 5 6 7
Sio, 49.32 48.48 5235 46.91 53.16 4730  48.85
TiO, 0.81 0.52 0.23 0.51 1.35 0.63 0.24
Al,O, 6.39 7.21 7.72 826  10.55 1081 1391
Cr,0; n.d. n.d. 037 n.d. n.d. n.d. n.d.
FeO 16.40 20.62 7.23 19.88 17.10 9.20 18.22
MnO 0.26 0.49 0.15 0.20 0.00 0.03 0.86
MgO 23.52 19.97 29.00 20.02 11.95 23.60 11.51
Ca0 2.02 0.46 1.92 0.34 0.00 0.28 0.42
Na,O 0.00 0.02 0.18 0.10 nd. nd. nd.
K0 0.00 0.00 0.00 0.06 n.d. n.d. n.d.
Total 100.22 99.81 99.92 99.63 100.41 99.65 98.78

Notes:n.d.=not determined. 1 = Hypersthene from hypersthene peridotite from
Finland.The analysis also includes 1.02 wt% Fe,05, 0.03 wt% F and 0.45 wt% H,O
(Lokka 1943). 2 = Hypersthene from hypersthene-spinel-plagioclase hornfels
from Scotland. The analysis also includes 1.97 wt% Fe,0; and 0.07 wt% H,0
(Howie 1964). 3 = Orthopyroxene in high-pressure megacryst WA1 from alkaline
lava from New South Wales. The analysis also includes 0.66 wt% Fe,0; and 0.11
wt% NiO (Binns et al. 1970). 4 = Hypersthene from plagioclase-hypersthene-
garnet granulite from Lapland. The analysis also includes 3.02 wt% Fe,0; and
0.33 wt% H,0 (Eskola 1952). 5 = Hypersthene from charnockite from India. The
analysis also includes 4.30 wt% Fe,O; and 2.00 wt% H,O (Rajagopalan 1946).
6 = Bronzite from pyrope-sapphirine rock from the Anabar Massif in northern
Siberia. This analysis also includes 7.80 wt% Fe,O; (Lutts and Kopaneva 1968).7 =
Ferrohypersthene from hypersthene-cordierite-biotite granulite from India. This
analysis also includes 4.77 wt% Fe,O; (Devarahu and Sadashivaiah 1971).

TABLE4. Bulk composition (wt%) of chondrule G7, Ca-Al-rich chon-
drules and fragments from ordinary chondrites, and a

hypothetical mixture of refractory minerals

Bulk comp Normalized bulk  Ca-Al-rich Ca-Al-rich  Refractory
of G7 comp of G7  chondrules* fragments*  mixturet
Si0, 442 447  49.1(39.5-57.0) 41.4(15.1-56.6) 446
TiO, 1.8 1.8 0.67(0.18-2.32) 0.73(0.36-1.38) -
AlL,O; 20.5 20.8 16.1(10.3-28.2) 21.0(6.3-52.6) 20.9
Cr,0;  0.08 0.08  0.37(0.07-1.39) 0.64(0.16-3.2) -
FeO 0.12 0.12  5.2(0.43-14.5) 8.0(2.15-19.3) -
MnO 0.04 0.04 0.15(0.02-0.39) 0.25(0.05-0.98) -
MgO 19.0 19.2 16.1(3.8-33.8)  15.9(7.0-28.7) 19.3
Ca0 129 131 10.1 (4.3-19.6) 9.4 (3.1-14.7) 15.2
Na,O 0.18 0.18 2.15(0.04-4.7) 1.98 (0.05-4.7) -
K,0  <0.03 <0.03  0.11(0.02-0.36) 0.20(0.02-0.92) -
Total 98.8 100.0 100.05 99.50 100.0

* Mean composition and range from Bischoff and Keil (1984).

1 Calculation of bulk composition of a mixture consisting of the following pure
end-member phases (in wt%): 55% anorthite, 28% forsterite, 16% diopside,
and 1% spinel.

TiO, (0.23-1.35 wt%) than the G7 grains (2.0-3.7 wt%).

The G7 mesostasis averages 28.1 wt% Al,O; and 17.4 wt% CaO
(Table 1). These concentrations are similar to those of some glassy
mesostases in type-IA chondrules in Semarkona, e.g., chondrule C61
contains 27.4 wt% Al,O; and 20.7 wt% CaO (Table 3 of Jones and
Scott 1989). However, the G7 mesostasis has lower FeO (0.12 vs.
0.28-1.37 wt%), lower Cr,O; (0.08 vs. 0.19—-1.18 wt%), and higher
TiO, (2.2 vs. 0.51-1.51 wt%) than the type-IA mesostases.

Bulk composition

The bulk composition of chondrule G7 (Table 4) was cal-
culated from the modal abundances (converted into wt% using
estimated densities of the constituent phases: forsterite = 3.22;
mesostasis = 2.70; Al-rich, low-Ca pyroxene = 3.21; fassaite
= 3.30 (values in g/cm®) and the mean compositions of the
phases (Table 1). Bischoff and Keil (1984) defined Ca-Al-rich
chondrules as those containing 210 wt% Al,O; and <5.0 wt%
Na,O. It is clear that G7 (with 20.8 wt% Al,O;, 13.1 wt% CaO,
and 0.18 wt% Na,0) fits this definition. Table 4 shows that the
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bulk composition of chondrule G7 lies within the concentration
ranges of most elements (expressed as oxides) in Ca-Al-rich
chondrules and Ca-Al-rich fragments in OC. The only excep-
tion is FeO, which is lower in G7 (0.12 wt%) than in the other
objects (0.43-19.3 wt%).

Di1SCUSSION

Petrographic comparison to Ca-Al-rich chondrules

Chondrule G7 fits within the bulk compositional ranges of
Ca-Al-rich chondrules in OC (except for having lower FeO)
(Table 4). It is also similar in texture and mineralogy to many
of these objects. Bischoff and Keil (1984) described a variety
of Ca-Al-rich chondrule that is similar to G7 in having a barred-
olivine-like texture consisting of narrow olivine laths surrounded
by Ca-Al-rich glassy mesostasis that constitutes 50-70 vol%
of the chondrule. Many of the Ca-Al-rich chondrules in OC
contain fassaite and low-Ca pyroxene. Although Bischoff and
Keil (1983a, 1983b, 1984) did not report any Al-rich, low-Ca
pyroxene, such grains occur in some Ca-Al-rich chondrules (e.g.,
Krot et al. 2001).

Crystallization sequence

The Ca-Al-rich bulk composition of chondrule G7 implies
that it formed from a relatively refractory precursor. The circular
shape and high glass content of the chondrule (Fig. 1) indicate
that it formed from a complete or nearly complete melt that
cooled quickly. Any voids that existed in its precursor dustball
would have collapsed during melting. Opaque phases that may
have been present initially would have formed dense immiscible
droplets; they could have been lost from the spinning molten
chondrule via centrifugal action.

As chondrule G7 cooled, the randomly oriented, skeletal
chain olivine grains must have crystallized very rapidly from the
melt. The impingement of one of the forsterite grains on a fassaite
rim around an Al-rich low-Ca pyroxene grain (Fig. 3) indicates
that forsterite crystallized before fassaite. This sequence is also
indicated by the occurrence of small fassaite grains growing at
the surface of some forsterite grains. Because fassaite forms rims
on the Al-rich low-Ca pyroxene grains, it is clear that low-Ca
pyroxene also crystallized before fassaite.

Superpositioning relationships cannot be used to determine
whether or not forsterite crystallized before Al-rich, low-Ca
pyroxene, but the much higher modal abundance of forsterite
suggests that forsterite was the first phase to crystallize. The
Al-rich, low-Ca pyroxene crystallized shortly thereafter. Fassaite
later nucleated and grew on the forsterite and Al-rich, low-Ca
pyroxene grains. Finally, the chondrule cooled below the glass
transition temperature and the residual liquid vitrified.

The bulk composition of G7 matches a hypothetical mixture
of 55 wt% anorthite, 28 wt% forsterite, 16 wt% diopside, and
1 wt% spinel fairly closely (Table 4). When these proportions
are plotted on the equilibrium pseudo-ternary diagram of the
system forsterite-diopside-anorthite (Fig. 9.3 of Morse 1980),
the point is within the forsterite field (albeit only marginally).
This location is consistent with the conclusion that forsterite was
the first phase to crystallize.

In the anorthite-forsterite-wollastonite-silica system, we can

use a projection from the forsterite component of forsterite-satu-
rated compositions onto the enstatite-anorthite-wollastonite plane
(Fig. 4 of Longhi 1987); the bulk composition of chondrule G7
plots close to the boundary separating the spinel+forsterite and
anorthite+forsterite fields. This finding indicates that, in addition
to forsterite, spinel, and anorthite should crystallize at equilibrium
from a G7-composition liquid. However, orthopyroxene should
not crystallize at equilibrium from such a liquid.

The occurrence of Al-rich orthopyroxene in chondrule G7
must be due mainly to the kinetic failure of anorthite to crystal-
lize. This failure probably resulted from chondrule quenching and
rapid crystal growth. [In this regard, quenching has been shown
capable of suppressing pyroxene crystallization in experimental
charges with bulk compositions within the pyroxene stability
field (e.g., Planner 1979; Tsuchiyama et al. 1980).] Because
Al,0; was not partitioned into anorthite in chondrule G7, it was
available for incorporation into pyroxene.

Crystallization of Al-rich low-Ca pyroxene

Ultimately, the high bulk Al,O; in chondrule G7 (20.8 wt%;
Table 4) is responsible for the substantial Al,O; contents of all
of the phases (Table 1). The Al-rich, low-Ca pyroxene would not
have crystallized from a system with appreciably lower AlL,Os.
The approximately parallel extinction of the Al-rich, low-Ca
pyroxene grains suggests that this phase is orthorhombic. This
inference is consistent with the report of O’Hara and Schairer
(1963) that showed that Al,O; greatly stabilizes the orthoenstatite
structure relative to protoenstatite in the diopside-pyrope system
at low pressure (i.e., 1 atm or 10° Pa). These workers produced or-
thopyroxene grains with high Al,O; (up to 6 wt%) mainly because
of the high Al,O5/CaO ratio at the pyrope end of the join.

Orthopyroxene has two kinds of Si-O chains with different
configurations. The more fully extended A chain has smaller
tetrahedra than the more compressed B chain (Deer et al. 1978). It
seems likely that Al preferentially enters the B tetrahedra (Takeda
1972). In fassaite, the Si-O chains are all equivalent and only
one size of tetrahedral site is available. This feature leads to
complete disordering of the Si-Al substitution. Because more
tetrahedral sites that can readily accommodate Al are available
in fassaite (e.g., Peacor 1967), fassaite should generally contain
higher concentrations of Al,O; than coexisting orthopyroxene
(Takeda 1972). This difference is, in fact, the case for chondrule
G7 where the mean Al,O; concentrations in fassaite and low-Ca
pyroxene are 17.8 and 14.7 wt%, respectively (Table 1).

Origin of chondrule G7

The similarity in bulk composition between chondrule G7
and the mixture of 55 wt% anorthite, 28 wt% forsterite, 16 wt%
diopside, and 1 wt% spinel (Table 4) is consistent with the idea
that the chondrule was formed by melting a precursor dustball
that contained these phases in approximately these proportions.
These are also the principal phases that constitute amoeboid oliv-
ine inclusions (AOI) in carbonaceous chondrites (e.g., Grossman
and Steele 1976; McSween 1977a; Kornacki and Wood 1984,
Hashimoto and Grossman 1987; Aléon et al. 2002; Chizmadia et
al. 2002). In a comprehensive study of AOI in CO3.0 Y-81020,
Itoh et al. (unpublished manuscript 2003) found that the propor-
tions of forsterite, diopside, and anorthite vary appreciably; some
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AOI have proportions of these phases that approximate those that
match the bulk composition of chondrule G7. In addition, a few
AOI contain up to 3 vol% spinel (Chizmadia et al. 2002; Komatsu
et al. 2001, 2003). Accordingly, it is possible that chondrule G7
formed from an AOI precursor.

This scenario is speculative. Although OC contain rare re-
fractory inclusions (e.g., MacPherson et al. 1988), AOI have not
been reported. The apparent absence of AOI in OC is in contrast
to the case for most carbonaceous-chondrite groups (i.e., CM,
CO, CV, CR), whose members contain a few vol% of both AOI
and refractory inclusions (e.g., McSween 1977a, 1977b, 1977c,
1979; Weisberg et al. 1993). It seems possible that AOI were
mixed into the OC region of the solar nebula but were remelted
during chondrule formation. Because most normal ferromag-
nesian chondrules appear to have experienced more than one
melting episode (e.g., Rubin and Krot 1996; Wasson and Rubin
2003), it is plausible to infer that any AOI that might have been
present in the OC chondrule-formation region also could have
been remelted. A remelted AOI could resemble chondrule G7 in
texture and bulk composition.

The O-isotopic composition of an AOI that was remelted in
the OC-chondrule-formation region is difficult to predict. Spi-
nel, diopside, anorthite, and forsterite in AOI in Y-81020 are all
enriched in '°O (with both 3'70 and §"0 approximately equal
to —40%o; Itoh et al. unpublished manuscript 2003). Ca-Al-rich
chondrules in OC that formed from AOI would have inherited
this O-isotopic composition from the precursor AOI unless they
underwent isotopic exchange with '*O-poor nebular gas in the
OC-chondrule-formation region (Krot et al. 2002) during the
time that they were molten.

The rare refractory inclusions in OC could have been late
additions that largely post-dated chondrule formation. If so,
they would have escaped remelting and retained their '°O-rich
compositions.
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