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Abstract—Based on their mineralogy and petrography,�200 refractory inclusions studied in the unique carbo-
naceous chondrite, Acfer 094, can be divided into corundum-rich (0.5%), hibonite-rich (1.1%), grossite-rich (8.5%),
compact and fluffy Type A (spinel-melilite-rich, 50.3%), pyroxene-anorthite-rich (7.4%), and Type C (pyroxene-
anorthite-rich with igneous textures, 1.6%) Ca,Al-rich inclusions (CAIs), pyroxene-hibonite spherules (0.5%), and
amoeboid olivine aggregates (AOAs, 30.2%). Melilite in some CAIs is replaced by spinel and Al-diopside and/or
by anorthite, whereas spinel-pyroxene assemblages in CAIs and AOAs appear to be replaced by anorthite.
Forsterite grains in several AOAs are replaced by low-Ca pyroxene. None of the CAIs or AOAs show evidence for
Fe-alkali metasomatic or aqueous alteration. The mineralogy, textures, and bulk chemistry of most Acfer 094
refractory inclusions are consistent with their origin by gas-solid condensation and may reflect continuous
interaction with SiO and Mg of the cooling nebula gas. It appears that only a few CAIs experienced subsequent
melting. The Al-rich chondrules (ARCs;�10 wt% bulk Al2O3) consist of forsteritic olivine and low-Ca pyroxene
phenocrysts, pigeonite, augite, anorthitic plagioclase,� spinel, FeNi-metal, and crystalline mesostasis composed of
plagioclase, augite and a silica phase. Most ARCs are spherical and mineralogically uniform, but some are irregular
in shape and heterogeneous in mineralogy, with distinct ferromagnesian and aluminous domains. The ferromag-
nesian domains tend to form chondrule mantles, and are dominated by low-Ca pyroxene and forsteritic olivine,
anorthitic mesostasis, and Fe,Ni-metal nodules. The aluminous domains are dominated by anorthite, high-Ca
pyroxene and spinel, occasionally with inclusions of perovskite; have no or little FeNi-metal; and tend to form cores
of the heterogeneous chondrules. The cores are enriched in bulk Ca and Al, and apparently formed from melting
of CAI-like precursor material that did not mix completely with adjacent ferromagnesian melt. The inferred
presence of CAI-like material among precursors for Al-rich chondrules is in apparent conflict with lack of evidence
for melting of CAIs that occur outside chondrules, suggesting that these CAIs were largely absent from chondrule-
forming region(s) at the time of chondrule formation. This may imply that there are several populations of CAIs
in Acfer 094 and that mixing of “normal” CAIs that occur outside chondrules and chondrules that accreted into the
Acfer 094 parent asteroid took place after chondrule formation. Alternatively, there may have been an overlap in
the CAI- and chondrule-forming regions, where the least refractory CAIs were mixed with Fe-Mg chondrule
precursors. This hypothesis is difficult to reconcile with the lack of evidence of melting of AOAs which represent

aggregates of the least refractory CAIs and forsterite grains.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Acfer 094 is a unique, type 3 carbonaceous chondrite br
with mineralogical, petrologic, nitrogen isotopic and oxy
isotopic affinities to the CM and CO groups (Newton et al.
1995; Greshake, 1997). Its bulk chemical composition is sim
ilar to that of CM chondrites, whereas oxygen isotopic c
position and matrix modal abundance are similar to thos
CO chondrites. In contrast to CM chondrites, Acfer 094 sh
no evidence for aqueous alteration and thermal metamorp
and has a distinctive carbon isotopic composition. Acfer
also has one of the highest abundances of presolar SiC
diamonds (Newton et al., 1995; Gao et al., 1996). In spite of
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these primitive characteristics, no systematic mineralo
and/or isotopic studies of chondrules and CAIs from this
teorite have been made so far (Weber et al., 1995; Krot et a
1999; Hutcheon et al., 2000). Weber (1995)reported that th
abundance of CAIs in Acfer 094 is� 2 vol%; their sizes rang
from 40 to 500�m; secondary phases, such as nephe
sodalite, and grossular are absent; the most common ty
CAIs are Type A (melilite- and spinel-rich); and the CAIs
mineralogically and petrographically similar to those in CO
CR chondrites.Krot et al. (1999)described the mineralog
oxygen and magnesium isotopic compositions of a relict sp
hibonite CAI inside a ferromagnesian chondrule from A
094.Hutcheon et al. (2000)reported excesses of26Mg (26Mg*)
corresponding to an initial26Al/27Al ratio of 1.2� 10�5 in two
anorthite-rich chondrules from Acfer 094.
To understand the genetic relationships between CAIs,
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AOAs, and Al-rich chondrules (ARCs), we studied the miner-
alogy, petrography, bulk chemistry, Al-Mg and oxygen isotopic
compositions of these objects in primitive carbonaceous chon-
drite groups and ungrouped meteorites, including CR (Aléon et
al., 2002), CB (Krot et al., 2001a), Adelaide (Krot et al.,
2001b,c; Huss et al., 2003) and Acfer 094 (Fagan et al., 2003)
chondrites. Here we describe the mineralogy, petrology, and
bulk chemistry of CAIs, AOAs and Al-rich (�10 wt% bulk
Al2O3, Bischoff and Keil, 1984) chondrules from Acfer 094;
Al-Mg and oxygen isotopic studies are in progress and will be
reported elsewhere.

2. ANALYTICAL PROCEDURES

Three polished thin sections of Acfer 094 were mapped in
Ca, Al, Mg, Ti, and Na K� X-rays with resolutions of 7–10 �m
per pixel with a Cameca SX50 electron microprobe. The ele-
mental maps in Mg, Ca, and Al K� were combined using a
RGB-color scheme (Mg � red, Ca � green, Al � blue) and
ENVI (environment for visualizing images) software. CAIs,
AOAs and Al-rich chondrules identified in the combined X-ray
maps were studied in the backscattered electron (BSE) mode
with a JEOL 5900LV scanning electron microscope. Mineral
compositions were determined with a Cameca SX50 electron
microprobe using 15 kV accelerating voltage, with 10–20 nA
beam current for silicates and 30 nA beam current for metal.
Counting times on both peak and background were 10 s for Na
and K and 3 s for all other elements. Minerals were measured
with a focused (1–2 �m) beam. Glasses (mesostases and melt
inclusions) were analyzed with a defocused beam (3–7 �m).
Well-characterized silicates and oxides were used as stan-
dards. Matrix corrections were applied using a PAP soft-
ware routine. Bulk compositions of CAIs, AOAs, and Al-
rich chondrules were measured by acquiring �15 � 15 �m
rastered beam analyses along profiles covering a whole ob-
ject. Detection limits in silicates were (in wt%) SiO2, Al2O3,
MgO 0.03; TiO2, CaO, K2O 0.04; Na2O, Cr2O3 0.06; MnO
0.07; FeO 0.08.

3. RESULTS

3.1. Mineralogy and Petrology

Refractory inclusions and Al-rich chondrules are relatively
common in Acfer 094 and comprise �2 vol% of the rock (Fig.
1), consistent with the earlier observations by Weber et al.
(1995).

3.1.1. Ca,Al-Rich inclusions and amoeboid olivine aggregates

Based on their mineralogy, refractory inclusions in Acfer
094 can be divided into corundum-rich, hibonite-rich, grossite-
rich, spinel-melilite-rich (compact and fluffy Type A), and
pyroxene-anorthite-rich CAIs, pyroxene-hibonite spherules,
and AOAs (Table 1). Most of the CAIs are irregularly shaped
objects that show no clear evidence for having ever been
melted; few exceptions are two pyroxene-anorthite-rich CAIs
with igneous textures, three pyroxene-anorthite-spinel frag-
ments, a unique pyroxene-hibonite spherule, and a fragmented

zoned melilite grain with spinel inclusions (compact Type A
CAI). None of the CAIs contains secondary low-temperature
minerals, such as nepheline, sodalite, grossular, wollastonite,
hedenbergite, andradite, phyllosilicates, and magnetite which
are commonly observed in the CV, CM, enstatite, and meta-
morphosed (petrologic types 3.1–3.9) CO chondrites (e.g.,
MacPherson et al., 1983, 1984, 1988; Lee and Greenwood,
1994; Russell et al., 1998; Fagan et al., 2000).

The corundum-rich CAI contains a corundum-hibonite core
surrounded by a spinel mantle and a thin pyroxene rim; a small
grain of anorthite occurs in its outer portion (Figs. 2a–d). The
CAI core is highly porous; some of the porosity may have
resulted from terrestrial weathering.

The hibonite-rich CAI consists of a hibonite-spinel-perovs-
kite core surrounded by a melilite mantle (Fig. 2e). The CAI
core contains abundant pores. Based on the pristine appearance
of the CAI and the fact that the pores occupy regions between
lath-shaped hibonite crystals, we conclude that this porosity is
a primary signature of the inclusion. Two compositional types
of hibonite were observed: Mg- and Ti-poor and Mg- and
Ti-rich (Table AE1, an. 2, 3); it appears that the former is
replaced by the latter. The only other hibonite-rich CAI is
found inside a ferromagnesian porphyritic olivine (Type II)
chondrule and is described in a separate section (see CAI-
bearing chondrule).

Grossite-rich CAIs are rather common (�10% of all inclu-
sions) (Table 1). They consist of grossite-perovskite � spinel
� hibonite � melilite cores surrounded by melilite or melilite-
pyroxene rims and show large variations in modal mineralogy
(Fig. 3). Perovskite is concentrated in grossite. Hibonite occurs
as lath-shaped grains in spinel, and melilite forms rims around
the cores. Secondary anorthite replacing melilite is very rare
(Fig. 3d). One of the grossite-rich CAIs is anomalously en-
riched in perovskite and has a porous, hibonite-grossite-me-
lilite-perovskite core surrounded by spinel � hibonite, melilite,
and pyroxene layers (Figs. 3a,b).

Spinel-melilite-rich CAIs can be divided into two subtypes:
(i) Irregularly shaped, porous inclusions texturally similar to
the grossite-rich and hibonite-rich inclusions, but lacking gros-
site and hibonite. These inclusions consist of a spinel-perovs-
kite � melilite core surrounded by a melilite-pyroxene rim
(Figs. 4a,b); secondary anorthite replacing melilite is very
minor. (ii) Compact and fluffy Type A CAIs composed of
melilite-spinel � Al-diopside cores surrounded by pyroxene
rims (Figs. 4c,d). Fluffy Type A CAIs, which are dominant,
contain anhedral grains of spinel and Al-diopside embedded in
melilite (Fig. 4d). Compact Type A CAI, which are very rare,
contain euhedral spinel grains (Fig. 4c). Melilite in the outer
portions of the CAIs is commonly replaced by anorthite.

Pyroxene-anorthite-rich CAIs consist of anhedral grains of
Al-diopside, melilite heavily replaced by anorthite, and spinel,
which appears to be corroded by anorthite as well (Figs. 4e,f).
Al-diopside is largely concentrated in the outer portions of the
CAIs, and in turn, may be surrounded by a rim of forsterite.
There is a continuum in modal mineralogy between the me-
lilite-rich and pyroxene-anorthite-rich CAIs (Figs. 4d–f), sug-
gesting that the latter probably formed by replacement of the
melilite-rich inclusions.

Two of the pyroxene-anorthite-rich CAIs can be classified as
Type C inclusions: they have igneous textures and consist of

euhedral and subhedral grains of Al-Ti-diopside and spinel
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surrounded by anorthite (Fig. 5). Both CAIs contain rare grains
of low-Ca pyroxene and forsteritic olivine overgrown by Al-
Ti-diopside and show no evidence for core-rim structure.

Amoeboid olivine aggregates consist of forsteritic olivine,
FeNi-metal, and a refractory component composed of anorthite,
Al-diopside, spinel, and very rare melilite (Fig. 6). There are
large variations in both the modal mineralogy of the refractory
component and refractory component/olivine ratios. Melilite is
replaced by a symplectic intergrowth of spinel and Al-diopside
(Fig. 6b). Spinel grains are typically anhedral and appear to be
replaced by anorthite. Five out of �100 AOAs studied by SEM
and EPMA contain low-Ca pyroxene replacing olivine in the
AOA peripheries (Figs. 6e,f). This is the first discovery of
low-Ca pyroxene associated with refractory inclusions. AOAs
with and without low-Ca pyroxene are texturally and mineral-

Fig. 1. Combined elemental map in Mg (red), Ca (green
Acfer 094. The meteorite contains �2 vol% of Ca, Al-ri
Al-rich chondrules (ARCs).
ogically similar.
The pyroxene-hibonite spherule consists of an Al-rich py-
roxene core with several lath-shaped crystals of hibonite, spinel
and melilite (Fig. 7). Spinel is intergrown with hibonite and
appears to replace it. Melilite occurs in the outer portions of the
spherule and is extensively corroded by anorthite. The pyrox-
ene core has very high and variable Al2O3 contents (23–44
wt%) and is surrounded by a thin rim of Al-diopside.

3.1.2. Ca,Al-Rich inclusion-bearing chondrule

Ferrous porphyritic olivine (Type II) chondrule 17 contains a
relict hibonite-rich CAI (Fig. 8). The CAI consists of hibonite
surrounded by a 5-�m-thick layer and numerous euhedral
crystals of Fe-rich spinel embedded in chondrule mesostasis.
Hibonite and spinel contain tiny inclusions of perovskite, Re-

l K� (blue) X-rays of the unique carbonaceous chondrite
sions (CAIs), amoeboid olivine aggregates (AOAs) and
) and A
ch inclu
Ir-Os–bearing nuggets, and an unidentified Zr-bearing phase.
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The host chondrule consists of subhedral-to-euhedral ferrous
olivines (Fa33 � 5), interstitial anorthitic mesostasis (An70–93),
Fe-Cr-spinel, FeNi-sulfides, and rare forsteritic olivines (Fa4)
that are probably relict. Oxygen and Al-Mg isotopic studies of
chondrule 17 have recently been reported by Krot et al. (1999).
Here, we only summarize the results.

Hibonite is enriched in 16O (�18O � �31 to �36‰, �17O
� �37 to �42‰). Spinel is relatively 16O-poor (�18O � �26
to �32‰, �17O � �31 to �32‰), probably due to overlap of
the beam onto plagioclase mesostasis (�18O � �3 to �6‰,
�17O � �5 to �8‰) in the adjacent chondrule. Within the
chondrule, a relict forsterite grain is more 16O-enriched (�18O
� �5‰, �17O � �7‰) than the fayalitic olivines (�18O � �3
to �3‰, �17O � �1 to �5‰). Hibonite of the relict CAI is
isotopically anomalous with �26Mg � �5 � 2‰. Plagioclase
of the host chondrule shows no resolvable 26Mg*, implying an
upper limit for (26Al/27Al)I of �1 � 10�5.

3.1.3. Al-Rich chondrules

Al-rich chondrules (ARCs) are relatively common in Acfer
094, but less abundant than refractory inclusions. Based on
textures and mineralogy, ARCs can be divided into zoned
(Figs. 9 and 10) and unzoned (Fig. 11) chondrules.

The zoned chondrules either have clear core-mantle struc-
tures (Figs. 9a–e) or contain mineralogically distinct portions
(Figs. 9f, 10a–c). Cores of the chondrules s4 (Figs. 9a,b), 314
(Figs. 9c,d) and 335 (Fig. 9e) are FeNi-metal-free/poor and
consist mainly of anorthitic plagioclase and high-Ca pyroxene;
low-Ca pyroxene and forsteritic olivine are minor or absent.
Mantle zones are FeNi-metal-rich and consist of low-Ca py-
roxene, high-Ca pyroxene, forsteritic olivine and anorthitic
plagioclase or mesostasis. Chondrule 3 (Fig. 9f) has two min-
eralogically distinct portions: one composed of anorthite and
high-Ca pyroxene and another composed of low-Ca pyroxene,

Table 1. Classification of refractory inclusions in Acfer 094.a

Type Mineralogy Number %

Corundum rich cor-hib-sp [cpx] 1 0.5
Pyroxene-hibonite-

spherule
cpx-hib-sp-mel-an

[cpx]
1 0.5

Hibonite rich hib-pv-sp-mel [cpx] 2 1.1
Grossite rich grs-pv � mel �

hib � sp [sp-mel-
cpx � an

16 8.5

Spinel-melilite rich sp-pv � mel �
hib � an [cpx]

95 50.3

Pyroxene-anorthite
rich

an-cpx-sp � mel 14 7.4

Pyroxene-anorthite
rich, type C

an-cpx-sp-ol-opx 3 1.6

AOAs fo-met � opx-cpx-an
� sp � mel

57 30.2

Total 189 100

a An � anorthite; cor � corundum; cpx � A1, Ti-diopside;
fo � forsterite; grs � grossite; hib � hibonite; mel � melilite;
pv � perovskite; sp � spinel; met � FeNi-metal; ol � olivine;
opx � low-Ca pyroxene.
forsteritic olivine, and abundant FeNi-metal nodules.
Fig. 2. Elemental maps in Mg (a) and Al K� (b) X-rays and BSE
images (c-e) of the corundum-rich CAI s2 (a-d) and hibonite-rich
CAI 33 (e) from Acfer 094. The CAI s2 consists of a corundum-
hibonite core surrounded by a spinel mantle and a thin pyroxene
rim. Small grain of anorthite occurs in the outer portion of the
inclusion. The CAI 33 is composed of a hibonite-spinel-perovskite
core surrounded by a melilite rim. There are two compositional
types of hibonite in the CAI: Ti-Mg-poor (hb1) and Ti-Mg-rich (hb2)
(see Table AE1, an. 2, 3). Region outlined in (c) is shown in detail
in “ d.” an � anorthite; cor � corundum; hb � hibonite; mel
� melilite; px � Al-diopside; pv � perovskite; sp � spinel.
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Chondrules 300 (Figs. 10a,b), 215 (Fig. 10c), and 312 also
contain mineralogically distinct portions; however, their Al-
rich portions consist largely of anorthitic plagioclase and
spinel, rather than anorthite and high-Ca pyroxene. The spinel
grains are euhedral or subhedral, and occasionally contain
inclusions of perovskite (identified by EDS); spinels either
occur as clusters of grains surrounded by plagioclase (Fig. 10c)
or individual grains enclosed by plagioclase or intergrown with
low-Ca pyroxene (Fig. 10b). Ferromagnesian portions of the

Fig. 3. BSE images of the grossite-rich CAIs from A
perovskite � spinel � melilite � hibonite core surroun
occasionally replaced by anorthite. There are significant v
in (a) is shown in detail in “b.” grs � grossite.
chondrules consist of forsteritic olivine, low-Ca pyroxene,
FeNi-metal, high-Ca pyroxene, and glassy mesostasis; low-Ca
pyroxene typically replaces olivine (Fig. 10c). Chondrule 313
(Fig. 10d) consists of low-Ca pyroxene phenocrysts replacing
forsteritic olivine, coarse anorthite laths poikilitically enclosing
spinel grains, FeNi-metal nodules, and crystalline mesostasis
composed of anorthite and a silica phase.

The unzoned chondrules are rounded and mineralogically
uniform (Fig. 11). They consist of elongated low-Ca pyroxene
grains overgrown by high-Ca pyroxene and poikilitically en-

. The CAIs are irregularly shaped and have a grossite-
a melilite rim or a melilite-Al-diopside rim. Melilite is
s in modal mineralogy of the CAI cores. Region outlined
cfer 094
ded by
ariation
closing olivine grains, FeNi-metal nodules, anorthitic plagio-
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clase, and crystalline mesostasis composed of anorthite,
high-Ca pyroxene, and a silica phase.

3.1.4. Pyroxene-Plagioclase-Spinel fragments with igneous
textures

Three Ca-Al-rich fragments (Fig. 12) have igneous tex-

Fig. 4. BSE images of the spinel-rich (a, b), melilite-ric
The spinel-rich CAIs (a, b) have spinel-perovskite-mel
anorthite replaces melilite. The melilite-rich CAI 58 (c) c
spinel grains; melilite is replaced by anorthite. The me
enclosing anhedral spinel grains and minor Al-Ti-diopsid
rim of diopside (px2). The pyroxene-anorthite-rich CAI 10
and surrounded by the rims of pyroxene and forsterite. T
is surrounded by a pyroxene-forsterite rim. fo � forsterit
tures and are mineralogically distinct from the refractory
inclusions and Al-rich chondrules described above. Frag-
ment 11a consists of anorthitic plagioclase, Al-Ti-diopside,
and forsterite (Fig. 12a). Fragment 8 consists of a large
spinel grain overgrown by anorthitic plagioclase, and
high-Ca pyroxene, and low-Ca pyroxene (Fig. 12b). Frag-
ment 88 consists of coarse-grained Al-diopside, euhedral

and pyroxene-anorthite-rich (e, f) CAIs from Acfer 094.
res surrounded by melilite � anorthite-pyroxene rims;
of åkermanite-rich (Åk62–69) melilite enclosing subhedral
h CAI 95 (d) has a more gehlenitic (Åk18–26) melilite
melilite is replaced by anorthite and is surrounded by a

as a spinel-melilite core extensively replaced by anorthite
328 (f) has an anorthite core with minor spinel; the core
h (c, d)
ilite co
onsists
lilite-ric
e (px1);
4 (e) h

he CAI
e.
spinel grains, and minor anorthite (Fig. 12c).
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3.2. Mineral Chemistry

Corundum is nearly pure Al2O3, and grossite is nearly pure
CaAl4O7 (Table AE1).1 Hibonite shows large variations in
TiO2 and MgO (Table AE1; Fig. 13). Two of the hibonite-rich
inclusions contain low-Ti, low-Mg hibonite coexisting with
high-Ti, high-Mg hibonite (Table AE1, an. 2–5); it appears that
the former is replaced by the latter (Fig. 2e). Relict hibonite in
chondrule 17 (Fig. 8) is characterized by low TiO2 and MgO
contents (Table AE6).

Melilite is Na-free and ranges from Åk1 to Åk70; most
analyses are in the range of Åk1–20 (Table AE2; Fig. 14). The
highest åkermanite content was found in compact Type A CAI
58 containing euhedral inclusions of spinel (Fig. 4c). Compo-
sitional variations of melilite within an individual CAI are
small (�10 mol% Åk); melilites from the grossite- and hibo-
nite-rich CAIs tend to have lower Åk contents than those from
the less refractory, spinel-melilite-rich CAIs (Fig. 14).

Plagioclase in most CAIs and AOAs is nearly pure
CaAl2Si2O8; the only exception is plagioclase from Type C

1 Tables AE1-AE6 are in an electronic annex (Elsevier website, Sci-

Fig. 5. BSE images of the pyroxene-anorthite-rich CAI
of euhedral and subhedral grains of Al-Ti-diopside and s
olivine are rare minerals which are overgrown by Al-T
numerous inclusions of euhedral and subhedral grains of s
by a layer of Al-diopside grains having euhedral shapes.
enceDirect).
CAI 113 (Figs. 5a–c), which contains 0.18 wt% Na2O (Table
AE3). Plagioclase grains in both zoned and unzoned Al-rich
chondrules contain 0.1–0.4 wt% Na2O (Table AE3). The high-
est Na2O contents (0.74–3.4 wt%) were found in plagioclase
grains in Type II chondrule 17 with relict CAI (Fig. 8).

High-Ca pyroxenes in CAIs and AOAs are typically charac-
terized by very low (or below detection limits) MnO and Cr2O3

contents (Table AE4; Fig. 15); Al2O3 and TiO2 range from 0 to
45 wt% and 0–4.5 wt%, respectively. The Al contents in
diopside generally increase towards spinel or anorthite grains.
The highest Al2O3 contents were found in the pyroxene-hibo-
nite spherule 86 (Fig. 7). Compared to the high-Ca pyroxenes
in refractory inclusions, those in ARCs have higher MnO and
Cr2O3 and similar TiO2 and Al2O3 contents (Table AE4; Fig.
15). High-Ca pyroxenes in igneous-textured pyroxene-plagio-
clase-spinel fragments are characterized by high Al2O3 and
relatively high TiO2 and Cr2O3 contents (Table AE4; Fig. 15).

Low-Ca pyroxenes (Wo0.7–2.7) in AOAs are magnesium-rich
(Fs0.6–1) and characterized by low TiO2 (0.03–0.27 wt%), Al2O3

(0.21–0.54 wt%), Cr2O3 (0.28–0.33 wt%), and MnO (0.08–0.12
wt%) (Table AE5). Poor stoichiometry and high FeO of some of
the analyses are due to the presence of terrestrial weathering

gneous textures from Acfer 094. (a–c) CAI 113 consists
rrounded by anorthite. Low-Ca pyroxene and forsteritic

de. (d) CAI 510 consists of an anorthite-rich core with
d rare grains of low-Ca pyroxene; the core is surrounded
s with i
pinel su
i-diopsi
pinel an
products, small grain sizes of low-Ca pyroxenes, and their close
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intergrowths with forsteritic olivine. Low-Ca pyroxenes and pi-
geonites in ARCs contain systematically higher TiO2 (0.15–1.8
wt%), Al2O3 (0.91–8 wt%), and Cr2O3 (0.56–1.1 wt%), com-

Fig. 6. BSE images of AOAs from Acfer 094. The A
component composed of anorthite, Al-diopside, � melilit
spinel and Al-diopside. There are large variations in the
component/olivine ratios. Forsterite grains in outer porti
pyroxene. Region outlined in (a) is shown in detail in “b
pared to those in AOAs (Table AE5).
Spinel grains in CAIs, AOAs, and ARCs are magnesium-
rich (except in relict CAI 17) and have low TiO2 and Cr2O3

(�1.7 wt%). Spinels in chondrule 17 (Fig. 8) are iron-rich

nsist of forsteritic olivine, FeNi-metal, and a refractory
inel. Melilite is replaced by symplectitic intergrowths of
mineralogy of the refractory component and refractory

the AOAs 105 (e) and 213 (f) are replaced by low-Ca
FeNi-metal; px � low-Ca pyroxene.
OAs co
e, � sp
modal

ons of
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(Table AE6).
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Olivine grains in AOAs and rims around CAIs are nearly pure
forsterite (Fa�2) and typically have low Cr2O3 and MnO contents
(Fig. 16). Olivine grains in the outer portions of some of the AOAs
are enriched in MnO (up to 1.7 wt%) compared to those in their
cores (�0.5 wt%). Olivine grains in AOAs with and without
low-Ca pyroxene are compositionally similar. Olivine grains in
ARCs are magnesium-rich (Fa�2) and slightly enriched in Cr2O3

(0.3–0.7 wt%) compared those in AOAs and CAIs (Fig. 16).

3.3. Bulk Chemistry

Bulk compositions of CAIs, AOAs and ARCs from Acfer,
together with the trajectory representing the bulk composition of
solids condensed at equilibrium from a cooling gas of solar com-
position, are plotted on a phase diagram representing a projection
from spinel onto the plane larnite-forsterite-corundum (Fig. 17).
The bulk compositions of CAIs, ordered according to volatility
(hibonite-rich, grossite-rich 3 spinel-melilite-rich 3 pyroxene-
anorthite-rich) generally follow the condensation trajectory, but
are systematically enriched in Al2O3. Bulk compositions of AOAs
occupy a region between Al-diopside, anorthite, and forsterite,
reflecting their mineralogy (Fig. 6) and origin as aggregates of
forsterite and a refractory component composed of anorthite, Al-
diopside and spinel (Grossman and Steele, 1976; Komatsu et al.,
2000). All AOAs (except one) plot to the left of the anorthite-
forsterite thermal divide. Bulk compositions of ARCs plot near the
field occupied by pyroxene-anorthite-rich CAIs and AOAs, but to
the right of the thermal divide (Fig. 17).

4. DISCUSSION

4.1. Pristine Nature of Ca,Al-Rich Inclusions, Amoeboid
Olivine Aggregates and Al-Rich Chondrules in Acfer
094

The pristine nature of Acfer 094 has previously been inferred
from its matrix mineralogy, dominated by amorphous material
and submicron-sized forsterite and low-Ca pyroxene (Gre-

Fig. 7. BSE image of a pyroxene-hibonite spherule from Acfer 094. The
spherule consists of high-Ca pyroxene, hibonite, spinel, and melilite partly
replaced by anorthite. The pyroxene core has very high and highly variable
Al2O3 contents. It is surrounded by a rim of Al-diopside.
shake, 1997), and from the very high abundances of presolar
SiC and diamonds (Gao et al., 1996; Newton et al., 1995). The
CAIs, AOAs, and ARCs studied here show no evidence for
secondary alteration that resulted in formation of the secondary
nepheline, sodalite, grossular, wollastonite, hedenbergite, an-
dradite, ferrous olivine, carbonates, phyllosilicates, and mag-
netite in CAIs, AOAs, and chondrules in enstatite and CM, CO
and CV carbonaceous chondrites (e.g., MacPherson et al.,
1988; Jones and Brearley, 1994; Russell et al., 1998; Fagan et
al., 2000; Komatsu et al., 2000). Based on these observations,
we infer (i) Acfer 094 is a mineralogically pristine rock that
escaped thermal metamorphism and aqueous alteration, (ii) the
observed reaction relationships between minerals in CAIs and
AOAs in Acfer 094 must have occurred in a nebular setting,
and (iii) Acfer 094 is a very important meteorite for under-
standing both the physicochemical conditions during the for-
mation of refractory inclusions and chondrules, and the original
distribution of short-lived radionuclides and oxygen isotopes in
these components (e.g., Fagan et al., 2003).

We note that neither refractory inclusions nor Al-rich chon-
drules in primitive meteorites such as CR (Weber and Bischoff,
1997; Aléon et al., 2002; Krot and Keil, 2002), CH (Krot et al.,
2002c; McKeegan et al., 2003), CB (Krot et al., 2001a,b), and
Acfer 094 (this study) show evidence for Fe-alkali metasomatic
alteration, whereas both refractory inclusions and Al-rich chon-
drules in less primitive CV (e.g., MacPherson et al., 1988;
Kimura and Ikeda, 1997; Krot et al., 2002b) and metamor-
phosed CO chondrites (e.g., Kurat and Kracher, 1980; Jones
and Brearley, 1994; Hutcheon and Jones, 1995; Jones and
Hutcheon, 1996; Russell et al., 1998) contain secondary Fe-
and alkali-rich secondary phases. These observations suggest
that the Fe-alkali metasomatic alteration of the CO and CV
refractory inclusions and chondrules most likely occurred in the
same location, nebular or asteroidal. Based on the differences
in bulk chemistry and isotope chemistry (oxygen and magne-
sium) between CAIs and Al-rich chondrules, and the presence
of 16O-rich forsterite-rich accretionary rims around igneous,
Type B CAIs in CV chondrites, Krot et al. (2002c) concluded
that CAIs had been largely absent from the chondrule-forming
region(s) at the time of chondrule formation. If this is the case,
the correlated presence or absence of altered CAIs and chon-
drules in carbonaceous chondrites may imply that this alter-
ation occurred in an asteroidal setting (Krot et al., 1995, 1998).
This conclusion is consistent with the observed correlation
between the degree of the alteration and metamorphic type of
the CO chondrites (e.g., Russell et al., 1998).

4.2. Ca,Al-Rich Inclusions: I. Evidence for a
Condensation Origin, Gas-Solid Nebular Reactions,
Isolation, and Remelting

The mineralogy, petrology, textures, and bulk chemical com-
positions of CAIs from Acfer 094 suggest that most of them
represent gas-solid nebular condensates, rather than evapora-
tive residues or remelted condensates. This conclusion is sup-
ported by the following observations: (i) Most CAIs in Acfer
094 are irregularly shaped, porous objects; CAIs with igneous
textures and subhedral-to-euhedral spinel and pyroxene grains
are very rare. (ii) Many CAIs are mineralogically zoned, with
the peripheries being less refractory than the cores, suggesting

the CAIs are not evaporative residues. (iii) Melilite in CAIs is
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commonly replaced by a fine-grained mixture of spinel and
diopside, and/or by anorthite and diopside.

The mineralogical zoning of the CAIs and the mineralogy of
alteration products of melilite are generally consistent with the
predicted condensation sequence of a gas of solar composition
with the exception of spinel formation before melilite, a com-
mon feature of CAIs that has yet to be satisfactorily explained
(e.g., Yoneda and Grossman, 1995; Petaev and Wood, 1998;
Ebel and Grossman, 2000).

The gas-solid reactions responsible for the nebular alteration
of melilite are predicted to occur in a cooling gas of solar
composition (MacPherson et al., 2002; Krot et al., 2004), e.g.,

Ca2Al2SiO7 � 3 SiO(g) � 3 Mg(g) � 6 H2O(g)

� 2 CaMgSi2O6 � MgAl2O4 � 6 H2(g) (1)

Ca2Al2SiO7 � 3 SiO(g) � Mg(g) � 4 H2O(g) � CaAl2Si2O8

� CaMgSi2O6 � 4 H2(g) (2)

The observed increase of the Al contents in high-Ca pyroxenes
towards spinel grains in CAIs containing little or no melilite
may have resulted from reaction of spinel with diopside (reac-

Fig. 8. BSE images of the CAI-bearing chondrule 17 fro
of perovskite, a Zr-bearing phase (Zr-ph), and Re, Ir, Os-b
Fe-rich spinel (sp). The host chondrule consists of ferro
Fe-Cr-spinel (chr), and relict grains of forsteritic olivine
region outlined in (b) is shown in detail in “c.”
tion 3) or from replacement of melilite (reaction 4):
MgAl2O4 � CaMgSi2O6 � 0.5 SiO(g) � 0.5 H2O(g)

� 0.5 CaAl2Si2O8 � Mg2SiO4 � 0.5 CaAl2SiO6 � 0.5 H2(g)

(3)

Ca2Al2SiO7 � 2 SiO(g) � Mg(g) � 3 H2O(g) � CaAl2SiO6

� CaMgSi2O6 � 3 H2(g) . (4)

Although most of the grossite- and hibonite-rich CAIs are
melilite-bearing and appear to be gas-solid condensates, only a
few show evidence for gas-solid interactions leading to forma-
tion of anorthite (Fig. 3d). These observations and the presence
of CAIs of different volatility in Acfer 094 suggest that these
CAIs experienced different degrees of interaction with the
cooling nebular gas. This may imply that the CAIs of different
volatility were isolated from the nebular gas at different ambi-
ent nebular temperatures (Krot et al., 2002c).

The unambiguous condensation origin and pristine nature of
the CAIs from Acfer 094 provides a unique opportunity for
studying problems of nebular condensation that are still not
well-understood. The famous spinel-melilite condensation dis-
crepancy mentioned above is one of them. Condensation of

r 094. The relict CAI consists of hibonite with inclusions
PGE) nuggets. It is surrounded by a shell of fine-grained,
ine (fa), plagioclase mesostasis (pl), FeNi-sulfides (sf),

egions outlined in (a) are shown in detail in (b) and (d);
m Acfe
earing (
us oliv
(fo). R
spinel before melilite can be explained either by a kinetic delay
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of the melilite condensation by �100 K (Beckett and Stolper,
1994) or by condensation of melilite-free cores from fraction-
ated nebular systems of nonsolar composition. Neither alterna-
tive has been explicitly explored so far.

Here we used the CWPI (Condensation With Partial Isola-

Fig. 9. BSE images of the Al-rich chondrules comp
Chondrule s4 (a, b) has an anorthite-rich core (outlined in (
FeNi-metal (mt) nodules. Chondrule 314 (c, d) has an an
contains tiny grains of high-Ca pyroxene and anhedral lo
The core is surrounded by an olivine-pyroxene mantle h
nodules. Chondrule fragment 335 (e) consists of an anort
and an FeNi-metal-rich zone composed of low-Ca pyroxe
dominant portion is composed of anorthite and high-Ca p
forsteritic olivine, and abundant FeNi-metal nodules. Re
respectively.
tion) code (Petaev et al., 2003) to test these alternatives. The
calculations were done at nebular pressure of 10�4 bar. The
delay of melilite condensation modeled by the removal of
gehlenite and åkermanite from the thermodynamic database
results in the increase of the stability field of grossite and the
appearance of CaAl2O4, larnite, rankinite, and wollastonite in

the mineralogically distinct portions from Acfer 094.
ounded by a low-Ca pyroxene mantle containing abundant
-rich core (outlined in (c)) which is FeNi-metal-free and
yroxene grains poikilitically enclosing forsteritic olivine.
porphyritic texture and containing abundant FeNi-metal
h-Ca pyroxene zone (outlined) which is FeNi-metal-free
ndrule 3 (f) has two mineralogically distinct portions: the
e (cpx); the minor portion consists of low-Ca pyroxene,
utlined in (a) and (c) are shown in detail in (b) and (d),
osed of
a)) surr
orthite

w-Ca p
aving a
hite-hig
ne. Cho
yroxen

gions o
the condensation sequence of the gas of solar composition.



2178 A. N. Krot et al.
Moreover, there is no spinel in such a condensation sequence.
This along with the lack of Si in the cores of the hibonite- and
grossite-rich inclusions hints that these CAIs condensed out of
fractionated systems. An obvious assumption on condensation
of these inclusions from Si-depleted nebular systems does not
work. Although the condensation temperature of melilite is
suppressed and a number of Ca-rich phases condensed before
it, spinel still condenses after melilite regardless of the degree
of Si depletion. Nebular systems enriched in Al or Mg also do
not condense spinel before melilite. Only in the systems de-
pleted in Ca by 84.4% or more, spinel condenses before me-
lilite, with the temperature gap between these two minerals
widening as the Ca depletion increases. For example, the equi-
librium condensation sequence of the system depleted in Ca by
85% with the solar abundances of other elements is as follows:
corundum (1705–1419 K), hibonite (1595–1415 K), Ti3O5

(1582–1545 K), perovskite (1545–1394 K), spinel solid solu-
tion (1420–1321 K), Mg-poor melilite solid solution (1416–
1390 K), Al,Ti-rich clinopyroxene (1399–1322 K), anorthite
(1321 K), forsterite (1381 K), etc. The depletion of the system
in Ca delays condensation of all Ca-bearing minerals compared

Fig. 10. BSE images of the Al-rich chondrules con
Chondrule 300 (a, b) has a spinel-anorthite-rich core (ou
olivine is replaced by low-Ca pyroxene. Chondrule fragm
inclusions of perovskite and surrounded by an anorthite lay
and forsteritic olivine replaced by low-Ca pyroxene. Chon
forsteritic olivine, anorthite laths poikilitically enclosing
composed of anorthite and a silica (sil) phase. Region ou
to the system of solar composition. Another consequence of the
Ca depletion is the appearance of Ti3O5 in the condensation
sequence that can be viewed as the evidence for condensation
of Ti in hibonite if appropriate thermodynamic data would be
included in the database. Making a simplistic assumption that
both hibonite and Ti3O5 condense into a single phase, one
can calculate Ti content of � 0.2 wt% in late hibonite. This
example demonstrates that condensation of a Ca-depleted
system can account for the mineralogies and textures of
hibonite- and spinel-rich inclusions, but not the grossite-rich
ones. Obviously, grossite and spinel compete for Al, so the
Ca/Mg ratio of a condensing system determines what min-
eral prevails. It is possible, that further adjustment of elemen-
tal abundances in fractionated nebular system may result in
even better matches between the observed and calculated
mineralogical and chemical compositions of CAIs, but it is
beyond the scope of this work. The question ‘Where and how
such fractionated systems may be created?’ still remains to be
answered.

A few CAIs in Acfer 094 appear to have been melted. These
include type C CAIs 113 and 510 (Fig. 5), a hibonite-pyroxene
spherule 86 (Fig. 7), and a compact Type A CAI 58 (Fig. 4c)

spinel-rich regions (remelted CAIs?) from Acfer 094.
in (a)) surrounded by an olivine-low-Ca pyroxene zone;
5 (c) contains a cluster of spinel grains containing tiny

ther portion of the chondrule contains FeNi-metal nodules
3 (d) consists of low-Ca pyroxene phenocrysts corroding
grains, FeNi-metal nodules, and crystalline mesostasis

n (a) is shown in detail in (b).
taining
tlined
ent 21

er; ano
drule 31

spinel
tlined i
with euhedral spinel grains and åkermanite-rich melilite. Other
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igneous objects possibly related to CAIs are pyroxene-plagio-
clase fragments with igneous textures (Fig. 12).

4.3. Ca,Al-Rich Inclusions: II. Comparison with CAIs
from Other Chondrite Groups

The first comparison of CAIs from Acfer 094 with those from

Fig. 11. BSE images of the extensively melted Al-rich cho
no relict grains or mineralogically distinct regions. Chondrule
high-Ca pyroxene and surrounded by anorthite. Chondrule 55
forsteritic olivine and FeNi-metal nodules, coarse-grained h
mesostasis composed of anorthitic plagioclase, high-Ca pyr
pyroxene phenocrysts and elongated grains overgrown by
composed of anorthitic plagioclase, high-Ca pyroxene, and
forsteritic olivine, anorthite, and crystalline mesostasis comp
Regions outlined in (c) and (e) are shown in detail in (d) an
other chondrite groups was made by Weber et al. (1995). Based on
their study of 23 CAIs from Acfer 094, they concluded that these
CAIs are mineralogically distinct from those in CV, CM, and CH
chondrites, and are similar to those from CO and CR chondrites.
Our study of � 200 refractory inclusions in Acfer 094 provides a
more complete comparison. There are primary mineralogical dif-
ferences between CAIs from Acfer 094 and those from CV, CM,

from Acfer 094. These chondrules are rounded and contain
consists of elongated low-Ca pyroxene grains overgrown by
sists of low-Ca pyroxene phenocrysts poikilitically enclosing
yroxene, lath-shaped anorthitic plagioclase, and crystalline
nd a silica phase. Chondrule 307 (c, d) consists of low-Ca
pyroxene, FeNi-metal nodules, and crystalline mesostasis
phase. Chondrule 401 (e, f) consists of low-Ca pyroxene,

anorthitic plagioclase, high-Ca pyroxene, and a silica phase.
spectively.
ndrules
50 (a)
(b) con

igh-Ca p
oxene, a
high-Ca
a silica

osed of
d (f), re
CH, CB and CR chondrites.
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CAIs in CV chondrites are significantly larger and less
refractory on average than those in Acfer 094: grossite- and
hibonite-rich CAIs are very rare in CV chondrites (e.g.,
MacPherson et al., 1988). It appears that most CV CAIs expe-
rienced complex formation histories involving multiple heating

Fig. 12. BSE images of the refractory fragments having igneous
textures from Acfer 094. Fragment 11a (a) consists of anorthitic pla-
gioclase, Al-Ti-diopside, and forsterite. Fragment 8 (b) consists of a
large spinel grain overgrown by anorthitic plagioclase, and high-Ca
pyroxene, and low-Ca pyroxene. Fragment 88 (c) consists of coarse-
grained Al-diopside, euhedral spinel grains, and minor anorthite.
and possibly melting episodes (e.g., MacPherson and Davis,
1993; Yurimoto et al., 1994, 1998; Connolly and Burnett, 1999;
Hsu et al., 2000; MacPherson et al., 2002). In addition, some
CAI types are found only in CV chondrites, e.g., Type B and
forsterite-bearing CAIs.

The CM CAIs are dominated by spinel-pyroxene assem-
blages (e.g., MacPherson et al., 1983, 1984), which are rare in
Acfer 094. In addition, platy hibonite crystals (PLACs) and
spinel-hibonite CAIs (SHIBs) commonly observed in CMs,
have not been observed in Acfer 094.

Refractory inclusions in CH chondrites are significantly
smaller (�20 �m in apparent diameter) and more refractory
on average than those in Acfer 094; grossite- and hibonite-
rich CAIs are common, whereas anorthite is virtually absent
(e.g., Weber et al., 1995; Krot et al., 2002c; McKeegan et al.,
2003), and AOAs are exceptionally rare (Krot, unpublished
data).

Fig. 13. Concentrations (in atoms per structural formulae calculated
based on 19 oxygens) of Al vs. Mg � Ti � Si in hibonite in CAIs from
Acfer 094. CAIs 18 and 33 contain both high-Ti and low-Ti hibonites.

Fig. 14. Histogram of åkermanite (Åk) content (in mol%) in melilite
in CAIs from Acfer 094. Åkermanite content increases in the order

grossite-bearing 3 hibonite-bearing 3 melilite-rich CAIs.
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CAIs in CB chondrites are dominantly pyroxene-rich, typi-
cally surrounded by monomineralic forsterite rims and contain
essentially no anorthite; most CAIs have igneous textures;
AOAs are exceptionally rare (Krot et al., 2001a).

Refractory inclusions in CR chondrites are less refractory on
average than those in Acfer 094: spinel-pyroxene aggregates,
melilite-rich (commonly anorthite-bearing) CAIs, and AOAs
are the dominant types; grossite- and hibonite-rich CAIs are

Fig. 15. Concentrations (in wt%) of Al2O3 vs. TiO2 (a), MnO (b) and
Cr2O3 (c) in high-Ca pyroxenes in CAIs, AOAs, ARCs, and spinel-
pyroxene-plagioclase fragments with igneous textures from Acfer 094.
High-Ca pyroxenes in ARCs and spinel-pyroxene-plagioclase frag-
ments are enriched in MnO and Cr2O3 relative to those in CAIs and
AOAs. High-Ca pyroxenes in a hibonite-pyroxene spherule have very
high and variable Al2O3 contents. Dashed lines in (b) and (c) show
detection limits of the microprobe analyses.
rare (Weber and Bischoff, 1997; Aléon et al., 2002).
As a population of objects, refractory inclusions in Acfer 094
are most similar, but not identical, to those in CO chondrites
(Weber, 1995; Russell et al., 1998). The grossite- and hibonite-
rich CAIs found in Acfer 094 are rare in CO chondrites.

Based on these observations, we infer that refractory inclu-

Fig. 16. Histogram (a) of fayalite (Fa) contents (in mol%) and concen-
trations (in wt%) of MnO (b) and Cr2O3 (c) vs. Fa contents in olivine in
CAIs (filled symbols) and AOAs (empty symbols) from Acfer 094.
sions in Acfer 094 form a mineralogically distinct population of
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objects, most similar to that in CO chondrites. The fact that
each chondrite group appears to have a distinct population of
refractory inclusions may suggest multiple episodes of CAI
formation in the nebula, each characterized by a distinct set of
physicochemical conditions (Krot et al., 2002c).

4.4. Amoeboid Olivine Aggregates: Origin by
Aggregation of Gas-Solid Nebular Condensates

Similar to AOAs from the reduced CV chondrites (Komatsu
et al., 2000) and type 3.0 CO chondrites (Chizmadia et al.,
2002), AOAs in Acfer 094 are irregularly shaped, porous
objects with mineralogy and textures generally consistent with
formation as aggregates of gas-solid nebular condensates, such
as forsterite and FeNi-metal, and a refractory component com-
posed of Al-diopside, spinel, anorthite, and minor melilite. The
refractory minerals in AOAs appear to have recorded similar
nebular reactions to those observed in CAIs (reactions 1–4). In
addition, forsterite grains in the peripheries of 5 AOAs are
replaced by low-Ca pyroxene, suggesting the following reaction:

Mg2SiO4 � SiO(g) � H2O(g) � Mg2Si2O6 � H2(g) . (5)

Relatively high contents of Al2O3 and CaO in these pyroxene
may suggest either a small degree of melting of the AOAs or
“contamination” of the analyses by submicron-sized inclusions
of Al-diopside and anorthite commonly observed as inclusions
in forsterite of AOAs (Fig. 6f; Komatsu et al., 2000). If this
replacement occurred by a gas-solid reaction, which is kineti-
cally sluggish (Imae et al., 1993), it must have taken place in
CAI-forming region characterized by high ambient nebular

16

Fig. 17. Bulk compositions of CAIs, AOAs and ARCs from Acfer 094
projected from spinel onto the plane larnite (La)-forsterite (Fo)-corundum
(Cor), together with the spinel-saturated liquidus relationships in this
system; solid vectors show calculated trajectory for bulk condensed solids
during equilibrium condensation (from MacPherson and Huss, 2000).
Dashed line connecting anorthite and forsterite is a thermal divide. Bulk
compositions of AOAs and CAIs plot to the left from the thermal divide.
Bulk compositions of ARCs are similar to pyroxene-anorthite-rich CAIs
but plot to the right from the thermal divide.
temperature (�1200–1300 K; Krot et al., 2000d) and O-rich
isotopic composition (Krot et al., 2002a). If this reaction oc-
curred at subsolidus temperatures, it may have taken place in
chondrule-forming regions that generally appear to have 16O-
poor isotopic composition (Leshin et al., 1998). Oxygen-isoto-
pic studies of AOAs with low-Ca pyroxene can potentially help
to distinguish between these scenarios (e.g., Krot et al., 2004).

4.5. Al-Rich Chondrules: Origin by Melting of a Mixture
of Ca,Al-Rich and Ferromagnesian Precursors

The Al-rich chondrules in Acfer 094 are texturally and
mineralogically similar to those in CR and reduced CV chon-
drites (Krot et al., 2002b,c), suggesting similar precursor ma-
terials. Many consist of chemically and mineralogically distinct
portions: Ca,Al-rich portions largely composed of anorthitic
plagioclase, high-Ca pyroxene, and � spinel, and Fe,Mg-rich
portions mainly composed of low-Ca pyroxene, high-Ca py-
roxene, forsteritic olivine, FeNi-metal, and glassy or crystalline
mesostasis (Figs. 9 and 10). The mineralogy and bulk compo-
sitions of the Ca,Al-rich portions are similar to those of Type C
and pyroxene-anorthite-rich CAIs from Acfer 094, whereas
ferromagnesian portions are mineralogically and chemically
similar to Type I chondrules. The heterogeneous Al-rich chon-
drules probably reflect a heterogeneity in the precursor mate-
rials because melting of a homogeneous mixture of aluminous
and ferromagnesian grains of appropriate composition would
produce a single liquid.

These observations must indicate that the Al-rich chondrules
formed by melting of heterogeneous precursor materials com-
posed of mixtures of refractory, Ca,Al-rich components com-
positionally similar to pyroxene-anorthite-rich CAIs and
Fe,Mg-rich components compositionally similar to normal (fer-
romagnesian) chondrules. According to this model, the Ca,Al-
rich portions of the Al-rich chondrules may represent CAIs
melted to varying extent during chondrule formation. This
interpretation accounts for the heterogeneous Al-rich chon-
drules, as a relatively large CAI or CAI fragment surrounded by
ferromagnesian grains provides a heterogeneity in precursor
materials that could result in the observed textures. The pres-
ence of some CAIs in chondrule-forming regions before chon-
drule-formation is supported further by the hibonite-bearing
CAI enclosed in a ferromagnesian chondrule (Fig. 8). This
model is consistent with the common presence of relict spinel-
pyroxene-anorthite-rich CAIs in Al-rich chondrules from the
CV, CO, CR, and CH chondrites (Jones and Brearley, 1994;
Hutcheon and Jones, 1995; Jones and Hutcheon, 1996; Krot et
al., 2000b; Krot and Keil, 2002b). In addition, the presence of
a refractory component in precursor materials for the Al-rich
chondrules from CO and CV chondrites has been previously
inferred from their oxygen isotopic and trace element studies
(e.g., Misawa and Nakamura, 1988, 1996; Sheng et al., 1991;
Maruyama et al., 1999).

The possible presence2 of the least refractory, pyroxene-
anorthite-spinel CAIs as relict objects inside Al-rich chondrules
is consistent with the observed compositional (Fig. 17) and
mineralogical evolution (reactions 1–4) of CAIs in Acfer 094,

2 The relic origin of the Ca, Al-rich portions in the Acfer 094 Al-rich
chondrules is inferred so far only from the mineralogical observations;

trace element and isotope studies are required to test this hypothesis.
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suggesting that Al-diopside, anorthite, and spinel are the final
products of this evolution. We note that the bulk compositions
of refractory inclusions and AOAs in Acfer 094 plot to the left
of the plagioclase-olivine thermal divide, whereas bulk com-
positions of the Al-rich chondrules plot to the right (Fig. 17).
These observations and higher abundances of moderately vol-
atile elements, such as Mn, Cr, and Na, in Al-rich chondrules
compared to CAIs and AOAs suggest that simple melting of
CAIs or AOAs, without addition of more Si- and volatile-rich
material cannot produce Al-rich chondrules. This addition
could have occurred either as a result of mixing of CAI-like
solids with ferromagnesian precursors rich in Si (e.g., dust of
solar composition) and moderately volatile element materials
before melting, or by direct condensation of SiO and moderately
volatile elements into chondrule melts (Tissandier et al., 2002).

The inferred presence of CAI-like material among the pre-
cursors for Al-rich chondrules is in apparent conflict with the
lack of evidence for melting of CAIs outside chondrules, sug-
gesting CAIs were largely absent from chondrule-forming re-
gion(s) during chondrule formation. This may imply several
populations of CAIs in Acfer 094. Mixing of “normal” CAIs
(which occur outside chondrules) and chondrules accreting into
the Acfer 094 parent asteroid took place after chondrule for-
mation. This hypothesis is generally consistent with the pres-
ence of the mineralogically and isotopically unique, hibonite-
rich CAI inside chondrule 17. Alternatively, the CAI- and
chondrule-forming regions may have overlapped, allowing the
least refractory CAIs to mix with Fe,Mg-rich chondrule pre-
cursors. This hypothesis, however, is difficult to reconcile with
the lack of evidence for melting of AOAs representing aggre-
gates of the least refractory CAIs and forsterite grains.

5. CONCLUSIONS

Refractory inclusions in Acfer 094 can be divided into co-
rundum-rich (0.5%), hibonite-rich (1.1%), grossite-rich (8.5%),
spinel-melilite-rich (50.3%), pyroxene-anorthite-rich (7.4%),
and Type C (pyroxene-anorthite-rich with igneous textures;
1.6%) Ca,Al-rich inclusions, pyroxene-hibonite spherules
(0.5%), and amoeboid olivine aggregates (AOAs, 30.2%).

The mineralogy, textures, and bulk chemistry of these inclu-
sions are consistent with a gas-solid condensation origin and
may reflect continuous interaction with SiO and Mg of the
cooling nebula gas; only a few CAIs experienced subsequent
melting.

None of the CAIs or AOAs show evidence for Fe-alkali
metasomatic alteration typical of refractory inclusions in the
enstatite, oxidized CV and metamorphosed CO carbonaceous
chondrites.

Refractory inclusions in Acfer 094 form a mineralogically
distinct population of objects, most similar to that in CO
chondrites The fact that each chondrite group appears to have
a distinct population of refractory inclusions may suggest that
there were multiple episodes of CAI formation in the nebula,
each characterized by a distinct set of physical-chemical con-
ditions.

Al-rich chondrules in Acfer 094 are mineralogically similar
to those in other carbonaceous chondrite groups (CO, CV, CR)
and consist of forsteritic olivine and low-Ca pyroxene phenoc-

rysts, pigeonite, augite, anorthitic plagioclase, FeNi-metal, and
crystalline mesostasis composed of plagioclase, augite and a
silica phase. Some of the Al-rich chondrules contain Ca,Al-rich
portions which appear to be relict, remelted CAIs largely com-
posed of anorthite, high-Ca pyroxene, and spinel. We infer that
Al-rich chondrules formed by melting of precursor materials
composed of a mixture of a refractory, Ca, Al-rich component
compositionally similar to pyroxene-anorthite-rich CAIs and a
Fe-Mg component compositionally similar to normal chondrules.
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