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Oxygen isotopic compositions of Ca-Al-rich inclusions
(CAls) from chondritic meteorites show that most of them
formed in an unusuat®O-rich setting Clayton et al., 1973,
1977; Yurimoto et al., 1994, 1998; McKeegan et al., 1998;
Guan et al., 2000; Fagan et al., 2001; éieet al., 2002 The
oxygen isotopic compositions combined with petrologic studies
indicate that, as the components of chondrites were beginning
to form, a portion of the solar nebula hot enough to prevent
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Abstract—Amoeboid olivine aggregates (AOAs) from the reduced CV chondrites Efremovka, Vigarano, and
Leoville consist of forsteritic olivine, FeNi-metal and a refractory component composed of spinel, Al-
diopside,*anorthite. Secondary ferrous olivine and alkali-rich minerals (nepheline and sodalite), commonly
observed in the oxidized CVs, are rare. Mineralogy and chemical compositions of AOAs are similar to those
predicted by equilibrium thermodynamic condensation models, suggesting that AOAs formed primarily by
gas-solid condensation over a narrow temperature range, slightly below the temperatures over which most
Ca-Al-rich inclusions (CAls) formed. AOAs in the reduced CVs preservé'generation*®O-rich signal
(817180 ~ —40%0) similar to that observed in many CAls, suggesting that these refractory objects originated
from a common source in the solar nebula. In fact AOAs and many fine-grained CAls may have formed by
the same processes, but at slightly different temperatures, and can be considered a single class of refractory
objects.

Alteration of the AOAs is manifested by differing extents §D-depletion in original AOA minerals,
FeO-enrichment in olivine, and formation of interstitial very fine grained Na-bearing phases. From the six
AOAs and one fine-grained, melilite-pyroxene-rich CAl examined in this study, five distinct patterns of
alteration were identified. (1) One unaltered AOA from Vigarano is characterizetf®yich forsterite
without FeO-rich rims and interstitial Na-bearing phases. (2) Weak alteration in the melilite-pyroxene-rich
CAl is characterized by incomplet€O-depletion in some melilite and precipitation of Na-bearing phases near
the CAl rim. (3) Oxygen isotopic composition and mineralogy are correlated in two AOAs from Leoville with
180-rich olivine, *°0-poor anorthite and a range of intermediate compositions in Al-diopside. This pattern is
consistent with model diffusion between original grains af8xpoor reservoir during a relatively short-term
(<60 yr), high-temperature (900-1100°C) event. (4) Original forsterite has been enriched in FeO, but
remained*®O-rich in one AOA from Vigarano. This result is consistent with the slower rate of diffusion of
O than Fe and Mg in olivine. At least some interstitial phases*&@erich, and Na-bearing phases are
abundant in this AOA. (5) In contrast, oxygen isotopic composition and Fo-content are correlated in two
AOAs from Efremovka. The olivine in these AOAs tends to have forstetfi@-rich cores and FeO-rich
1%0-depleted rims. The general correlation between oxygen isotopic composition and Fo-content is difficult
to model by diffusion, and may have formed instead by aqueous dissolution and precipitation along the
margins of preexisting olivine grains.

Independent evidence for aqueous alteration of the Efremovka AOAs is provided by OH-rich signals
detected during ion beam sputtering of some of'ff@-poor olivine. Elevated®OH-count rates and order of
magnitude increases ih°OH detected during single analyses reflect trapping of an aqueous phase in
180-depleted olivine. An elevaté@OH signal was also detected in one analysis of relatiVdypoor melilite
in the melilite-pyroxene CAIl from Vigarano, suggesting that this object also was altered by aqueous
fluid. Copyright © 2004 Elsevier Ltd

1. INTRODUCTION forsterite condensation was anomalously enriche®@ (for
early studies based on Allende, $8®ssman, 1972, 197See
MacPherson et al., 1988or a review; also,Yurimoto et al.,
1994; Russell et al., 1998; Fagan et al., 2000; Guan et al., 2000;
Krot et al., 2001a Subsequent stages of CAIl processing,
possibly involving remelting Yurimoto et al., 1998; Alen et
al., 2002; Makide et al.,, 20Q2and parent-body alteration
(Young and Russell, 1998; Wasson et al., 2001; Fagan et al.,
2002, resulted in isotopic shifts due to mass-dependent frac-
tionation and isotopic exchange withO-poor reservoirs.
Amoeboid olivine aggregates (AOAs) formed in a nebular
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setting below forsterite condensation temperatures and thus
record petrogenesis over a temperature interval not sampled in
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Wood, 1984; Hashimoto and Grossman, 1987; Komatsu et al.,
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2001; Krot et al., 2002a). Abundances of Na-, Cl-, and FeO-
bearing minerals vary widely among AOAs from different
chondrite groups. The origin of these relatively volatile phases
has been attributed variously to low-temperature condensation
in a nebular setting (Grossman and Steele, 1976; Hashimoto
and Grossman, 1987) and parent body alteration in the presence
of an aqueous fluid (Michel-Lévy, 1986, Komatsu et al., 2001;
Chizmadia et al., 2002; Imai and Yurimoto, 2003). Oxygen
isotopic results indicate that early stages of AOA-formation
took place in a *®O-rich setting, similar to the setting in which
CAls formed, whereas alteration took place in a *°O-poor
setting (Hiyagon and Hashimoto, 1999; Aléon et al., 2002; Krot
et a., 2002a; Imai and Y urimoto, 2003).

Considered alone, these results could be interpreted as a
consequence of a simple transfer of refractory objects from a
180-rich nebular setting to a *°0-poor parent body; however,
this contradicts evidence in coarse-grained CAls (CGls) from
the CV chondrites for the existence of both *°O-rich and
180-poor gasesin the nebula. Most notably, CGls from the CV
chondrites exhibit a characteristic pattern in oxygen isotopic
compositions: most melilite and anorthite are *°0O-poor, some
melilite and anorthite are variably exchanged, fassaite shows no
or minor depletion in 0, and spingl has fully retained its
original *®O-rich isotopic composition (Clayton et al., 1977,
Clayton, 1993; Yurimoto et al., 1994, 1998; Kim et al., 2002).
Comparison of oxygen isotopic systematicsin fine- and coarse-
grained CAls from the CV Efremovka indicates that
Efremovka CGls attained their characteristic oxygen isotopic
compositions before formation of the parent body, most likely
in the nebula (Fagan et al., 2002). The same is probably also
true of CGls from the other CV chondrites. The presence of
180-poor melilite in CV CGls, combined with uniformly €O-
depleted CAlsin CH, CB and enstatite chondrites (Sahijpal et
a., 1999; Krot et a., 2001a; Fagan et al., 2001), indicate that
either multiple CAl-forming regions with distinct oxygen iso-
topic compositions existed simultaneously, or the oxygen iso-
topic composition of CAl-forming regions varied through time.

In this context, AOAs from the CV chondrites provide an
important constraint on oxygen isotopic evolution in the solar
nebula. If the CV AOAs are *°O-poor, then the CGI mélilite
might have exchanged oxygen with a reservoir that remained
180-poor as temperature dropped. If the CV AOAs are *°0O-
rich, then fluctuations in isotopic composition, temperature, or
both are required to account for the oxygen i sotopic systematics
in refractory objects from CV chondrites. Analyses of AOAsin
the CVs Yamato-86009 (Hiyagon and Hashimoto, 1999),
Efremovka (Krot et al., 2002a), and Allende (Imai and Y uri-
moto, 2003) suggest the latter; however, only one CV AOA
was analyzed in each of these studies. Furthermore, it has not
been established whether CV AOAs underwent isotopic alter-
ation with nebular gases. If so, it may be possible that refrac-
tory objects from the CVsare anomalous, as CAl mineralsfrom
many other groups yield homogeneous oxygen isotopic com-
positions that do not require interactions with gases of variable
isotopic composition (McKeegan et al., 1998; Sahijpal et al.,
1999; Fagan et a., 2001; Guan et a., 2000; Krot et al., 2002a).

In this study we review the mineralogy and determinein situ
oxygen isotopic compositions in AOAs from the reduced CV
chondrites Efremovka, Leoville, and Vigarano. This study
builds on the petrogenetic framework established by Komatsu

et a. (2001). Our main goals are to: (1) confirm whether AOAs
originated in a *®O-rich setting, similar to most CAls; and (2)
determine if systematic variations in mineralogy, textures, and
oxygen isotopic compositions can be used to assess the setting
and physical conditions under which AOAs were altered. To
evaluate time-scales and mechanisms of alteration, we model
O-diffusion in avariety of AOA minerals and Fe-Mg-diffusion
in olivine, and compare model results with observed textures
and compositions.

2. ANALYTICAL METHODS
2.1. Petrography and Mineral Compositions

Amoeboid olivine aggregates were identified in three polished thin
sections of Efremovka (E36), Vigarano (USNM 6295-5) and Leoville
(UH 122-1) previously studied by Komatsu et a. (2001). An optical
image of each thin section was obtained using apparatus designed for
scanning of 35 mm photographic slides. All AOAs, CAls, and chon-
drules greater than ~ 100 um across were mapped. Mapping of AOAs
was guided by large-scale X-ray elemental maps (typically, Mg, Al, Ca,
Si and Ti Ka) collected using a Cameca SX-50 electron microprobe at
the University of Hawai'i (UH). Minerals and textures were examined
using petrographic microscopes, and secondary and back-scattered
electron imaging (SEI and BSE, respectively); the electron images were
collected using the UH Cameca SX-50 and a JEOL JSM-5310LV
scanning electron microscope with an Oxford LINK-1SIS EDS detector
at Tokyo Ingtitute of Technology (Titech). The EDS detector was used
to collect quantitative mineral analyses with a ~ 1 um beam and 1 nA
current. Selected minerals were analyzed by wavelength dispersive
spectroscopy (WDS) using a JEOL JXA-8800 electron microprobe at
Titech. The WDS analyses were based on well-characterized oxide and
silicate standards and were collected using: 15 keV accelerating volt-
age; 1 um spot-size; 12 nA current; peak and background counting
times of 12 to 30 s; and a JEOL -supplied ZAF program to account for
matrix effects.

2.2. lon Microprobe Analyses

In situ oxygen isotope analyses were collected using a modified
Cameca 1270 ion microprobe at Titech. A primary ion beam of mass
filtered positive Cs ions accelerated to 20 keV was used to excavate
shallow pits ranging from 3 to 10 wm across. The primary current was
adjusted for each measurement to obtain a count rate of negative 50
ions of ~3.5t0 4 X 10° cps. A normal-incident electron gun was used
for charge compensation of analyzed areas. Negative secondary ions
from the 0 tail, *°0, 70, *®0OH, and 0 were analyzed at a mass
resolution power of ~6000, sufficient to completely separate hydride
interference on *7O. Secondary ions were detected by an electron
multiplier in pulse counting mode, and analyses were corrected for
dead time. Matrix effects under these operating conditions at Titech
have been examined by comparing analytical results for a variety of
minerals with known oxygen isotopic composition, including SPU
spind (from Russia), anorthite (Miyake-jima, Japan), augite
(Takashima, Japan), and synthetic gehlenite and akermanite. The re-
producibility of 7 °" 80710 on different analysis points from the same
standard was ~ * 5% (*=10). Matrix effects on detected oxygen
isotopic composition among the minerals analyzed are aso limited to
~ 5%o. Therefore, we used one standard, the SPU spinel, to determine
instrumental mass fractionation during each analytical session. Overall
errors in accuracy are estimated to be ~ * 5%o (*10) for each
analysis. In addition to these random errors, we suspect that two
analytical sessions (A3 and B10) were affected by systematic errorsin
instrumental mass fractionation that displaced results to the *¥O-rich
side of the carbonaceous chondrite anhydrous mineral line (CCAM), as
discussed in Results. We note, however, that al of our results are
within +=10%o. (+20 in accuracy) of CCAM.

Areas selected for analyses were imaged in BSE or SEI before and
after sputtering to verify mineralogy. Most of the sputtered pits are
located entirely or nearly so (>90%) in asingle mineral. However, due
to the fine grain size, several analysis pits overlap on significant
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Fig. 1. Backscattered electron images (BSEs) of Efremovka AOA-
23. (A) Dark gray grains are olivine; medium gray regions are fine-
grained mixtures of Al-diopside, anorthite and minor spinel; white
grains are predominantly FeNi-metal, some are troilite. Area enclosed
by box shown in detail in (B). (B) Olivine (ol) grain boundaries are
relatively FeO-rich. Al-diopside (px) is lighter gray than anorthite (an)
and encloses anorthite and spinel (sp). Bright grains are FeNi metal
(m). Metal grains are partialy oxidized, but the oxidation is not
apparent under the grayscale setting of this image. Craters excavated
during SIMS analyses from two analytical sessions are highlighted by
the arrows, and from left to right are: A2-2, A2-5, A2-6, B5-6, A2-1,
B5-1, A2-10, B5-4, A2-9, B5-3, A2-8, and B5-2.

fractions of two or more minerals, or on distinct textural domains of a
single mineral (e.g., rims and cores of zoned olivine).

3. RESULTS
3.1. Efremovka AOAs 23 and 55
3.1.1. Textures and mineralogy

In thin section, Efremovka AOA-23 is an elongate object
(~1000 X 300 wm) with an irregular surface morphology (Fig.
1A). It is composed dominantly of granular olivine and a
refractory component consisting of finely intergrown Al-diop-
side, anorthite and minor spinel. The refractory component is
evenly dispersed throughout the AOA. Grains of FeNi-metal
are widespread, but in minor mode. Troailite is rare, but does
occur as fine grains included in or interstitial to olivine.

The olivine in AOA-23 consists of closely-packed, equant to
dlightly elongate, anhedral grains on the order of 2to 10 um in
diameter, but ranging up to ~ 20 um across (Fig. 1B). The
seams along olivine grain boundaries are enriched in iron, and
form iron-rich patches where multiple grain boundaries coa-
lesce (Fig. 1B). Oneiron-rich grain wasidentified (Fig. 1B) and
yields a stoichiometric mineral formulawith Fog, in contrast to
compositions near Fo,g for the more abundant magnesian oli-
vine (Table 1). Olivine also appears to be dightly enriched in
iron in halos around tiny troilite inclusions. The metal grainsin
contact with olivine appear to be partly oxidized, but generally
are not associated with Fe-rich halos in neighboring olivine
grains.

The refractory component in AOA-23 is dominated by fine-
grained Al-diopside and anorthite with minor spinel (Fig. 1B).
As indicated in previous studies of AOAs (Komatsu et al.,
2001; Chizmadia et al., 2002; Itoh et a., 2002), the anorthiteis
partially to completely enclosed by Al-diopside and tends not
to be in contact with olivine. Where spinel is present, it tends
to be enclosed within anorthite.

Efremovka AOA-55 is larger than AOA-23 (Fig. 2A). It has
an elongate triangular shape in thin section and a jagged ex-
ternal boundary. Several small fragments of AOA-55 are not
connected in the plane of the thin section to the main body of
the AOA, giving the appearance of “islands’ off of a jagged
“coastline.”

Like AOA-23, AOA-55 consists mostly of forsterite and an
Al-diopside-bearing refractory component, with minor FeNi-
metal; however, this AOA is composed of two distinct textural
domains. The more abundant variety, which occupies the outer
portions, is dominated by branching monomineralic bands of
forsterite and spinel separated by intervening bands of diopside
with variable Al-contents (Fig. 2B). The bands tend to be
curved, and the ratio of olivinerrefractory component is rela
tively low. The core of the AOA is characterized by granular
olivine with refractory nodules and a higher modal abundance
of alivine (Fig. 2C). The texture of the granular olivine domain
is generally similar to that of AOA-23. The refractory compo-
nent in this domain consists mostly of Al-diopside, which
commonly encloses spinel. Spinel in the interiors of the refrac-
tory nodules is characterized by multiple tiny inclusions of
Al-diopside. Similar to AOA-23, these olivine grain boundaries
are FeO-enriched. This contrasts with the branching domain of
AOA-55, where no FeO-enrichment is observed along grain
boundaries (Fig. 2B). Very fine (<1um) FeO-rich grains, pos-
sibly of hercynite, are associated with Mg-spinel in rare cases
in the branching domain.

3.1.2. Oxygen isotopic analyses

Forsterite from Efremovka AOA-23 is dominated by °O-
rich values near —40%. 8”80, but with a range extending
from ~ —30 to —50%. &80 (Table 2, Fig. 3). Iron-rich
olivine, an Al-diopside+spinel mixture, and mixtures of anor-
thite and Al-diopside form a ®O-depletion trend from the
1%0-poor end of the forsterite range to ~ —20%. 8*"*20. No
correlation between oxygen isotopic composition and anorthite:
Al-diopside ratio was observed in the mixed analyses.
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Table 1. Representative electron microprobe analyses (wt %) of olivine and melilite.®

Efremovka AOA-23 Vigarano AOA-65

Vigarano AOA-66

Vigarano CAI-67

Mg-rich Mg-rich Fe-rich Mg-rich Mg-rich Mg-rich Mg-rich Fe-rich
Mineral olivine olivine olivine olivine olivine olivine olivine olivine Mélilite Méelilite Mélilite
SO, 425 27 394 421 424 414 42.0 36.7 233 24.8 24.3
Al,Oq4 <0.05 <0.05 0.66 <0.05 <0.05 <0.05 <0.05 0.29 341 322 328
Cr,04 <0.12 <0.12 0.22 0.19 0.18 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12
FeO 1.67 0.94 9.61 0.31 0.10 4.22 2.96 26.8 0.25 0.49 0.11
MnO 0.11 <0.04 0.21 <0.04 0.06 0.12 0.05 0.19 <0.04 <0.04 0.05
MgO 55.1 55.2 47.8 56.7 56.2 53.3 53.9 341 5.28 281 1.56
Cao 0.18 0.23 0.13 0.18 0.15 0.07 0.09 0.14 35.8 375 39.7
Na,0 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.09 0.13 <0.05
K,0 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 0.04
total 99.6 99.1 98.1 99.6 99.1 99.1 99.0 98.2 98.93 98.09 98.68

Structural formulae based on 4 O (olivine) and 7 O (melilite)

S 101 101 0.99 0.99 1.00 1.00 101 1.00 1.06 115 112
Al b.d. b.d 0.019 b.d. b.d. b.d. b.d. 0.009 1.83 175 1.78
Cr b.d. b.d. 0.004 0.003 0.003 b.d. b.d. b.d. b.d. b.d. b.d.
Fe 0.033 0.019 0.201 0.006 0.002 0.085 0.059 0.61 0.009 0.019 0.004
Mn 0.002 b.d. 0.005 b.d. 0.001 0.002 0.001 0.004 b.d. b.d. 0.002
Mg 1.95 1.95 1.78 1.99 1.98 191 1.93 1.38 0.359 0.194 0.107
Ca 0.005 0.006 0.003 0.005 0.004 0.002 0.002 0.004 1.75 1.86 1.96
Na b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.008 0.012 b.d.
K b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.002
total 2.99 2.99 3.00 3.00 2.99 3.00 2.99 3.00 5.03 4.98 4.99
Fo, Ak 98 99 90 100 100 96 97 69 36 19 11

2h.d. = below detection.

Elevated OH was detected during one analysis (A2-2) and a
replicate (A2-3) collected immediately afterward on the same
spot of a FeO-rich olivine grain margin (Table 2; Fig. 1B).
During analysis A2-2, *®*OH-intensities jumped by nearly an
order of magnitude (Fig. 4A). The OH-signa in these analyses
remained high after the jump, in contrast to occasional spikesin
10OH-signal observed during other analyses (Fig. 4B). Cycles
collected after the jump in *®*OH are more depleted in *°0 than
cycles before the jump, but both pre- and postjump cycles are
180-poor relative to results from forsterite. Thus, the °O-
depleted composition of A2-2 is due to all micro-domains
sampled during sputtering. In the duplicate analysis (A2-3),
only four prejump cycles were collected; these probably reflect
slight movement of the stage between analyses or sputtering of
powder that fell back into the crater. | sotopic results from these
cycles are not distinct from the postjump cycles.

As in AOA-23, most of the forsterite from AOA-55 is
enriched in *0 in comparison to FeO-rich olivine grain bound-
aries (Fig. 3B). Iron-rich grain boundaries were not identified in
the branching textural domains of AOA-55; however, an anal-
ysis collected along a forsterite-forsterite grain boundary
yielded a *°O-depleted composition (analysis B2-1; Table 2;
Figs. 2B and 3B). The count rate of **OH increased by a factor
of approximately four during thisanalysis, indicating sputtering
of an OH-rich micro-domain similar to analysis A2-2.

Most analyses of other phases from AOA-55, including
Al-diopside, spinel, and mixtures of Al-diopside+olivine and
Al-diopside+spind, fall in the same range asthe olivine (Table
2; Figs. 3B, C). The one exception is a **O-rich spinel (A3-2),
which ishardly surprising given the tendency of spinel to retain
a ®0-rich composition even in altered CAls (Clayton et al.,

1973; Clayton, 1993; Yurimoto et al., 1994); however, two
other spinel analyses are relatively depleted in 0. Enstatite in
a ferro-magnesian chondrule adjacent to AOA-55 is *°O-poor.

Some of the analyses (e.g., B2-2 and B4-4 of AOA-55
forsterite) fall near or dlightly in excess of 20 of analytical
precision to the *¥0-rich, ’O-poor side of CCAM (Fig. 3).
Several of these are from one analytical session (A3) and may
have been affected by an erroneous estimate of instrumental
mass fractionation. Given the predominance of results within
20 of CCAM (Fig. 3), we do not consider the *80-rich/*’O-
poor data points indicative of a significant fractionation from
values near CCAM.

3.2. Leoville AOAs 7 and 8
3.2.1. Textures and mineralogy

Leoville AOAs 7 and 8 have previously been described by
Komatsu et al. (2001; their figs. 1B,C, 2, and 3), and our
observations confirm their results. Leoville AOA-8 islarge and
triangle-shaped with an irregular surface (Fig. 5A). It consists
of forsterite with a granular texture and refractory domains
composed of Al-diopside and anorthite with minor spinel. The
refractory domains are distributed evenly throughout much of
the AOA, but one area is dominated by the refractory compo-
nent (Fig. 5B). Al-diopside forms mantles of the refractory
domains and shares grain boundaries with neighboring olivine;
anorthite is enclosed by and shares convoluted grain boundaries
with Al-diopside; spinel occurs as fine grains with indistinct
crystal boundaries within anorthite (Fig. 5C). Some of the
spinel grains have a mottled texture and appear to be partialy
atered to FeO-bearing submicron-sized grains.
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Fig. 2. (A) Mosaic of BSE images of Efremovka AOA-55. Most of the AOA has a branching texture (B), but a region
in the core is dominated by granular olivine (C). Panels (B) and (C) both consist of a BSE image with a secondary electron
(SEl) overlay. In each composite, a small percentage of the SEI overlay is transmitted, so that the resulting image shows
mineral textures dominated by BSE contrast and sputtered craters dominated by SEI contrast. (B) Elongate strands of
forsterite and spinel interlayered with diopside with variable Al-content form the branching texture. The upper traverse of
craters sputtered during SIMS analyses are, from left to right: B1-2 and B2-2 (same spot); B2-3; and B2-4. The lower set
of craters are, from left to right: B1-1; B2-1; B2-5; A3-1; and B2-6. (C) Granular texture is dominated by equant olivine
grains. Seams between grains are enriched in FeO. Craters sputtered during SIMS analyses are, from left to right: B3-6;
B3-5; B3-3; and B3-4. Al-diopside encloses spinel with tiny islands of Al-diopside (sp,px). Mineral abbreviations as in
Figure 1.

Most of AOA-7 consists of granular forsterite with some within the AOA (Fig. 5D). Some sodic alteration was iden-
FeNi-metal and only a minor fraction of refractory com- tified in this CAIl region by Komatsu et al. (2001), but
ponent. One region, however, consists of fine-grained this appears to be of minor extent. The CAl-region is
Al-diopside and anorthite, and appears to be a CAl enclosed mantled by a semicontinuous band of Al-diopside. Some
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Table 2. Oxygen isotopic results (%o relative to SMOW).2
Analysis Sputtered material (%) 8’0 880 1070 100
Efremovka AOA-23
A2-1 fo (100) -34.7 -338 21 17
A2-2 olv (100, fo with FeO-rich g.b.)° -16.9 -17.9 3.0 25
A2-3 olv (100, fo with FeO-rich g.b.)° -21.7 —-19.9 32 21
A2-4 fo (100) -36.9 -34.7 24 19
A2-5 olv (100, fo with FeO-rich g.b.)° —28.7 —-28.1 2.3 18
A2-6 fo (100) —414 -36.0 24 15
A2-7 fo (100) —46.8 —437 25 17
A2-8 fo (99), Aldi (tr) -36.8 -355 19 15
A2-9 fo (95), Fe-olv (5) -42.8 —41.6 22 15
A2-10 an (75), Aldi (15), fo (10) —205 -214 23 14
B5-1 an (50), Aldi (50) —-22.2 -19.2 23 16
B5-2 an (50), Aldi (50) -27.3 —236 25 17
B5-3 Fe-olv (95), fo (5) -30.3 -28.7 22 15
B5-4 fo (100) —46.5 -35.8 20 16
B5-5 fo (100) —432 -36.0 2.8 16
B5-6 fo (100) =371 -39.1 24 15
B5-7 an (60), Aldi (40) -31.8 -36.1 23 15
B5-8 fo (100) —36.0 -36.9 2.7 17
B5-9 fo (100) -41.1 -37.6 23 16
B5-10 Aldi (70), spn (30) -329 -255 24 15
Efremovka AOA-55
A3-1 Aldi (100) —44.4 -318 23 15
A3-2 spn (100) —51.0 —-421 22 14
A3-3 Aldi (100) —438 -353 25 15
B1-1 fo (90), di (10) -429 -36.3 21 14
B1-2 fo (100) —383 -384 24 19
B2-1 olv (100, fo with g.b.)° —26.8 -25.9 29 23
B2-2 fo (100) —443 -315 21 15
B2-3 spn (100) —36.6 -30.0 21 17
B2-4 spn (100) —34.6 —34.6 22 15
B2-5 di (90), fo (10) —388 -28.2 25 17
B2-6 fo (100) -37.9 -30.0 2.8 19
B3-1 fo (60), Aldi (40) —29.0 -29.2 1.9 16
B3-2 Aldi (60), fo (40) -235 =271 25 15
B3-3 fo (100)4 -39.1 -39.2 21 14
B3-4 olv (100, fo with FeO-rich g.b.)° -26.1 -324 24 15
B3-5 spn (50), Aldi (50) -322 -31.6 24 14
B3-6 fo (100) —405 -37.2 22 13
B3-7 spn (75), Aldi (25) -41.1 —40.8 22 16
B3-8 fo (100) —44.2 —437 27 16
B4-1 Aldi (60), spn (40) —349 -321 21 19
B4-2 olv (50), Aldi (50) -385 -30.9 21 18
B4-3 olv (100, fo with FeO-rich g.b.) —-34.9 —29.7 2.2 20
B4-4 fo (100) —41.9 -322 25 19
B4-6 olv (100, fo with FeO-rich g.b.) -30.5 —-34.3 2.7 33
B4-7 Aldi (50), fo (50) -332 -30.7 20 18
B4-8 Aldi (70), spn (30) -37.9 -30.2 25 2.0
B4-9 Aldi (80), spn (20) —386 -354 23 13
A3-4 chondrule en (100) -10.0 —4.6 2.3 16
Leoville AOA-7
B12-7 Aldi (70), an (30) -11.6 -138 2.6 13
B12-8 Aldi (100) —26.9 -230 25 16
B12-9 fo (100) —29.0 -289 23 14
Leoville AOA-8
B11-1 fo (90), Aldi (10) -36.8 —46.2 25 2.0
B11-2 an (100) -6.8 -06 2.6 15
B11-3 Aldi (100) -337 —288 25 15
B11-4 Aldi (100) -352 —27.8 22 13
B11-5 Aldi (100) —22.6 -18.3 23 15
B11-6 Aldi (100) —42.7 -343 21 15
B11-8 fo (95), Aldi (5) —40.7 -37.0 21 16
B11-9 fo (100) —439 —39.9 24 17
B11-10 fo (100) -37.3 —36.8 26 18
B12-4 Aldi (80), fo (20) —20.6 -213 22 14
B12-5 an (100) —14.4 -9.7 22 14
B12-6 an (80), Aldi (20) -103 -9.7 24 15
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Table 2. (Continued)

Analysis Sputtered material (%) 8’0 880 1070 100
Vigarano AOA-65
B9-5 Aldi (60), an (30), sp (10) -344 —-36.4 2.2 1.8
B9-6 fo (100) —-450 —44.1 25 14
B10-1 fo (100) —414 —-311 2.6 15
B10-2 an (80), Aldi (20) —430 -35.2 20 15
B10-3 an (50), spn (50) —-41.9 —405 2.4 16
B13-1 fo (100) —44.6 —453 2.8 29
Vigarano AOA-66
B9-1 fo (95), Aldi (5) —39.8 -36.4 21 13
B9-2 fo (100) —36.7 —36.5 24 15
B9-3 fo (95), Fe-olv (5) —-411 —-37.8 2.6 16
B9-4 fo (100) —40.3 —40.3 25 18
B10-9 Fe-olv (100) -451 —40.9 2.8 16
B13-2 fo (100) —46.6 —45.2 1.8 15
B13-3 Fe-olv (75), fo (25) —424 —-405 21 16
B13-4 fo (90), Fe-olv (10) —-39.0 -38.3 1.9 15
B13-5 fo (80), Fe-olv (20) -30.1 —27.6 2.8 23
B13-6 Fe-olv (60), an (40) -25 9.8 2.4 1.8
Vigarano CAI-67
B10-4 mel (100) —26.6 —22.6 24 17
B10-5 mel (100) -431 -38.7 20 16
B10-6 mel (100) —41.0 —36.3 19 13
B10-7 Aldi (100) -46.0 -36.3 22 13
B10-8 Aldi (100) —44.3 —-37.7 24 16

Abbreviations: an = anorthite; Aldi = Al-diopside; aoa = amoeboid olivine aggregate; di = diopside; fo = forsterite; g.b. = grain boundary;

mel = melilite; olv = olivine; spn = spinel.

210 calculated as standard deviation of the mean for 60 cycles per analysis.

b Elevated *%OH-intensity.
¢ Spot overlapped with trailite inclusion.
d Spot overlapped with adjacent FeNi-metal grain.

spinel is enclosed by anorthite near the margins of the
CAl-region.
3.2.2. Oxygen |sotopic Analyses

Oxygen isotopic analyses from Leoville AOAs 7 and 8, like
results from the Efremovka CAls, show that forsterite tends to be

180-rich relative to the other phases (Fig. 6). Forsterite analyses
from AOA-8 cluster near —40%0 8”20, but the only forsterite
analyzed from AOA-7 plots near —30%o. Al-diopside exhibits a
wide range in isotopic composition from —40 to —20%. 8*"*20.
The most *60-poor results are for anorthite+ Al-diopside and fall
in arange from ~ —15 to —5%o 8*"*%0, comparable to **O-poor

T T T T T
20 _® Efremovka AOA 23

870 (%)

\ ‘\‘ T T IR @ | — T T T T T
@ Efremovka AOA 55 Efremovka AOA 55

(olivine analyses)

(Al-bearing phases)
POR

CCAM
/ tlo *I*

forsterite / with high OH Q/Q
FeO-bearing olivine @
olivine + Al-diopside ¢
spinel A

Al-diopside / +spinel v/w
anorthite +Al-diopside 4+
chondrule enstatite []

5'%0 (%)

-20 0 20

Fig. 3. Oxygen isotopic compositions of minerals analyzed by ion microprobe from Efremovka AOAs 23 and 55 (Table
2). One analysis of enstatite from a chondrule adjacent to AOA-55 is also plotted. Results are normalized to standard mean
ocean water (SMOW). Approximate error bars (*+10) reflect analytical precision and are shown at right. Reference lines:
TF = terrestria fractionation; CCAM = carbonaceous chondrite anhydrous minerals; POR = primitive oxygen reservoir

(Clayton, 1993; Young and Russell, 1998).
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Fig. 4. Signal intensities for 0, '°OH, 20, "0, and “!O-tail”
during analyses characterized by: (A) ajump in OH-intensity (analysis
A2-2); (B) an abbreviated OH burst (A2-4); and (C) a smooth variation
in OH-intensity (A2-6). All three analyses are of olivine and were
collected during the same analytical session. Each analysis was col-
lected over approximately 50 min and the intensities have been cor-
rected for detector dead time. Note the log scale.

compositions of some anorthite from coarse-grained CAls (Clay-
ton, 1993; Yurimoto et a., 1994). All results except for one
analysis of forsterite (B11-1; Table 2) fal with 20 of anaytical
error of CCAM (Fig. 6); we do not attribute any specia signifi-
cance to the one deviant value.

Unlike the Efremovka analyses, no major jumps in **OH
count rate were detected for Leoville, and no major differences
in mean ®OH count rate were detected for consecutive analy-
ses. One analysis of °O-poor anorthite (B12-5) yielded
steplike increases in *®OH-intensity during the analysis, but
with count rates increasing only by a factor of ~ 1.5.

3.3. Vigarano AOAs 65 and 66, and Mélilite-Pyroxene-
Rich CAI-67

3.3.1. Textures and mineralogy

Vigarano AOAs 65 and 66 and meélilite-pyroxene-rich
CAI-67 occur adjacent to each other (Fig. 7A). AOA-65 is
composed of granular forsterite with small FeNi-metal grains
and a minor proportion of refractory component. As noted in
genera for Vigarano AOAs by Komatsu et a. (2001), the
olivine in AOA-65 is nearly pure forsterite (Table 1). Unlike
the Efremovka AOAs, FeO-enriched grain boundaries of oli-
vine are not characteristic of Vigarano AOA-65 (Fig. 7B). The
refractory component consists of Al-diopside enclosing anor-
thite and spinel. Spinel is minor in abundance and occurs as
inclusions in anorthite. Portions of the AOA are mantled by a
fine-grained, ferrous olivine-rich accretionary rim.

Vigarano AOA-66 is characterized by more extensive alkali-
FeO-dlteration than the other AOASs examined in this study. It
is composed mostly of olivine with well-developed FeO-rich
rims, Al-diopside, and anorthite (Fig. 7C). The interiors of
olivine grains have forsteritic compositions, but they are less
magnesian than olivine grains from the other AOAs we inves-
tigated (Table 1). The olivine rims exhibit a range of compo-
sitions as ferrous as Fogs. The rims are only on the order of 1
to 3 wm across, so some of the apparent range in Fo-content
may be due to overlap of the electron beam on adjacent mag-
nesian olivine. In contrast to olivine, several analyses of Al-
diopside in AOA-66 have MgO/(MgO + FeO) approaching
1.0. Very fine grained, Na-bearing alteration minerals (neph-
eine?) occur in the interstices between olivine, pyroxene, and
anorthite grains and are concentrated near the margins of the
AOA. Most of the AOA is surrounded by an olivine-rich
accretionary rim. With the textural evidence for ateration,
AOA-66 bears a closer resemblance to AOAs from Allende
than those from the reduced CV's (Grossman and Steele, 1976;
Komatsu et al., 2001).

The melilite-pyroxene-rich CAI-67 is fine-grained; it has a
circular general shape in the plane of the thin section, but
similar to the AOAs, its surface is characterized by embay-
ments and promontories (Figs. 7A, D). An olivine-rich accre-
tionary rim separates the CAl from Vigarano matrix. The CAl
is composed primarily of fine, equant grains of Al-diopside,
melilite, and spinel. The Al-diopside occurs in curved mo-
nomineralic bands that weave from core to rim of the CAl.
Meélilite is concentrated in branching domains in the interior
and separated from most of the Al-diopside by athin layer of
spinel with tiny inclusions of Al-diopside (Fig. 7D). Spinel
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Fig. 5. Electron images of Leoville AOAs 8 (A, B, C) and 7 (D). (A) BSE mosaic of AOA-8. Most of the AOA consists
of granular olivine (dark) with an evenly dispersed refractory component of Al-diopside, anorthite, and minor spinel
(medium gray). The white veins are from terrestrial weathering. (B) BSE image of a region with a high proportion of the
refractory component. (C) Composite BSE/SEI image (see Figs. 2B, C) showing detail of textures and three craters sputtered
in the refractory-rich region. Craters are, from top to bottom: B12-4; B11-2; B11-1. (D) BSE image of AOA-7. A region
consisting of finely intergrown Al-diopside and anorthite with minor spinel occurs at upper right (“cal”). Bright veins are
from terrestrial weathering. Mineral abbreviations asin Figure 1.

crystals free of inclusions commonly occur in the melilite-rich
branching domains. Some very fine grained Na-bearing phases
are concentrated near the CAI rim.

3.3.2. Oxygen isotopic analyses

Analyses from the Vigarano AOAs and CAI-67 show an
180-rich signal in forsteritic olivine and Al-diopside, and vari-
able 1°0O-depletions in other phases (Table 2; Fig. 8). Of the
three forgerite analyses from AOA-65, two fall on CCAM with
87180 between —40 and —45%o, wheress the third (B10-1) is
comparablein 6’0, but with ahigher value of 8'80, falling to the
right of CCAM (Fig. 8A). However, this analysis was collected
during session B10, when results appear systemeticaly displaced
to the right of CCAM; thus, we suspect that the true composition
of the forgterite sputtered in B10-1 is closer to CCAM. The
other analyses from AOA-65 include *°O-rich mixtures of
anorthite+Al-diopside and anorthite+spinel, and one dightly

1°0-depleted composition from Al-diopside+anorthite+spinel
(Table 2; Fig. 8A).

Forsteritic olivine from AOA-66 is more FeO-rich than the
AOA-65 forsterite (Table 1), but most isotopic analyses from
AOA-66 are **O-rich, comparable to those of AOA-65 (Table
2; Fig. 8B). However, the AOA-66 forsterites do exhibit atrend
toward more *°O-depleted compositions, including one analy-
sis yidding 6"'%0 ~ —30%. Two analyses of FeO-rich
olivine are similar in isotopic composition to the *°O-rich
forsteritic olivine; however, one anaysis of a FeO-rich
olivine+anorthite mixture (B13-6) is °O-poor, near 0%o
8180, The °O-depleted forsterite (B13-5) and *€O-poor
olivine+anorthite (B13-6) analyses yielded **OH count rates
higher than preceding analyses by factors of approximately two
and three, respectively.

The analyses of Al-diopside and two of three analyses of
melilite from CAI-67 are *°O-rich, with 8780 near —40%o
(Table 2; Fig. 8C). The other melilite analysis (B10-4) overlaps



2600 T.J Fagan et al.

870 (%)

20

40

Al-diopside W
anorthite + Al-diopside -
1 1 ] 1 1 1

@I T 1 1 T T I l/
0 - POR”/"]

forsterite Q| ]

-60 -40 -20 0 20

5'%0 (%o)

110'{'

forsterite Q||

Al-diopside ¥ | |

anorthite + Al-diopside
1 1 1 1 ]
-60 -40 20 0 20

580 (%o)

Fig. 6. Oxygen isotopic compositions of minerals analyzed by ion microprobe from Leoville AOAs 8 (A) and 7 (B).
Normalization, approximate error bars, and reference lines as in Figure 3.

with a crack (Fig. 7D) and is relatively depleted in *°0, with
87180 near —20%o. The *°O-depleted melilite is less gehle-
nitic than the 2°0-rich melilites (Akgg vs. Ak, and Ak, q; Table
1). Count rates of ®OH for the *°O-depleted melilite were
approximately five to six times greater than for the *°O-rich
melilite analyses, which were collected in sequence during the
same analytical session (Fig. 9). All of these resultsfall dightly to
the right of CCAM (Fig. 8C), but they were collected during a
single analytical session, B10, which, as noted above, was char-
acterized by results consistently *0-rich relative to CCAM. Most
of the results from CAI-67 are within 20 analytical precision of
CCAM, and we do not infer that CAI-67 phases are fractionated
significantly from CCAM-like compositions.

4. DISCUSSION

4.1. Multistage Evolution of AOAs: Evidence from
Mineralogy and Textures

Textures and elemental compositions of minerals from the
AOAs studied here reflect an early stage of petrogenesis in-
volving moderately refractory elements followed by variable
ateration resulting in an enrichment in volatile components
(Komatsu et al., 2001). This broad petrogenetic framework is
appropriate for many AOAS, asit is consistent with resultsfrom
Allende (Grossman and Steele, 1976; Kornacki and Wood,
1984), COs (Chizmadiaet al., 2002), and the large set of AOAS
from reduced CV's examined by Komatsu et al. (2001). How-
ever, different studies have favored nebular (Grossman and
Steele, 1976; Hashimoto and Grossman, 1987) vs. parent body
(Komatsu et a., 2001; Chizmadia et a., 2002; Imai and Y uri-
moto, 2003) settings for the low-temperature stage.

These previous studies and our own results indicate that the
early, high-temperature stage involved condensation and
growth of granular grains of forsterite ~ 5-15 um in diameter.
Composite nuggets of finer-grained Al-diopside, anorthite, and
spinel also formed and came into contact with strands and
clumps of grains of forsterite. Isolated grains of FeNi-metal
comprised a widespread but relatively minor 1%-generation
component of the AOASs. This similarity in condensation tem-

peratures of FeNi-metal, olivine, diopside, and spinel (Gross-
man, 1972; Petaev and Wood, 1998; Ebel and Grossman, 2000)
suggests that the 1¥-generation mineral assemblages of AOAs
were sensitive to volatility. The aggregates became lithified
during sintering and localized melting and recrystallization
aong grain boundaries (Komatsu et a., 2001). The amoeboidal
shapes and the absence of classical igneous textures indicate that
the proportion of melting on the “whole-rock” scale remained low.
However, locdized melting along forsterite-anorthite grain bound-
ariesand crystallization of Al-diopside (Komatsu et al., 2002) may
account in part for the textural sequence of olivine, Al-diopside,
anorthite, and spind in the refractory domains (Figs. 1, 5, and 6).
The branching texture in Efremovka AOA-55 differs from the
more common, equant refractory nodules, yet even in the branch-
ing textural domains, olivine grains are separated from spinel by
an intervening layer of Al-diopside (Fig. 2B). These branching
domains may have undergone a higher proportion of melting than
the granular domains.

Textural and compositional evidence of alteration is variable
among the AOAs we examined. The least altered AOA in this
study is Vigarano AOA-65. The olivine in this AOA is nearly
pure forsterite (Table 1), with no evidence for FeO-enrichment
aong olivine grain boundaries or interstitial Na-bearing alter-
ation phases (Fig. 7B). lronicaly, the most heavily altered
AOA, Vigarano AOA-66, occurs adjacent to AOA-65 in Vi-
garano. Even the most forsteritic cores of olivine grains ana-
lyzed from AOA-66 have significant FeO, and all of the for-
steritic cores are surrounded by FeO-rich rims, with Fo-
contentsranging at least aslow as Fogg (Table 1; Fig. 7C). Very
fine-grained, interstitial, Na-bearing alteration phases are con-
centrated in peripheral zones of the AOA, but occur in much of
the interior as well. Due to the fine grain size, we have not
identified the mineralogy associated with sodic alteration.
Nonetheless, the abundance of Na-bearing phases combined
with the zoned FeO-rich olivine grains indicate that AOA-66
was altered at temperatures low enough to permit stability of
FeO-rich olivine and condensation of Na-bearing phases.

The other AOAs record intermediate stages of textural alter-
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Fig. 7. BSE images of Vigarano AOAs 65 and 66, and fine-grained, melilite-pyroxene-rich Ca-Al-rich inclusion, CAI-67.
(A) CAI-67 isthe spherical object at center; AOA-65 is located above and to the left of the CAI; AOA-66 islocated in the
upper right portion of the image. The darker appearance of AOA-65 compared to AOA-66 reflects the more Fo-rich
composition of olivine grains in the former. (B) Detail of AOA-65, showing an olivine “doughnut” around a refractory
domain composed of Al-diopside, anorthite, and spinel. White grains are FeNi metal. Craters sputtered during SIMS
analyses consist of B13-1 (upper left); B10-1 (upper right); and B10-3 (center). (C) Detail of AOA-66, showing forsteritic
olivine grains rimmed by fayalitic olivine, and abundant Al-diopside in the interior. Sputtered craters at center are: B9-4
(upper); B10-9 (lower). (D) Detail of CAI-67, showing crystal boundaries of melilite, Al-diopside, and spinel. Dark to
medium gray zones separating melilite (mel) from most Al-diopside are fine-grained mixtures of spinel and Al-diopside
(sp+px). Craters sputtered during SIMS analyses are, from top to bottom: B10-4; B10-7; B10-6; B10-5; B10-8. Mineral

abbreviations as in Figure 1.

ation between the extremes of AOAs 65 and 66 from Vigarano.
Efremovka AOA-23 and the granular domain of AOA-55 have
olivine grains with nearly pure forsterite interiors and some-
what diffuse FeO-enriched zones along olivine-olivine grain
boundaries (Table 1; Fig. 1B). Spinel in the branching domain
of AOA-55 is rarely associated with a fine-grained, FeO-rich
alteration phase. Most of the opague grains in the Efremovka
AOAs consist of FeNi-metal, but some troilite is also present,
suggesting a stage of limited crystallization or alteration below
troilite condensation temperatures near 700K (Petaev and
Wood, 1998). Fine-grained sodic and FeO-rich dateration
phases are present in Leoville AOAs 30 and 75, but are rare.
Likewise, Vigarano CAI-67 is characterized by some fine-
grained sodic alteration near its rim, but does not exhibit the
pervasive evidence of alteration of Vigarano AOA-66.

4.2. Diffusion Modeling: What Were the Timescales and
Mechanisms of AOA Alteration?

4.2.1. Model constraints and calculations

Petrographic, elemental, and isotopic results show that
AOAs in the reduced CV's were originally FeO-poor and *°O-
rich. Some of the AOAs were modified subsequently, showing
variable depletionsin *°0 and enrichmentsin FeO in olivine. If
alteration was controlled by diffusion, then mineral composi-
tions should match predictabl e patterns based on the knowledge
of grain shapes, dimensions, diffusion parameters, and compo-
sitions of the initia grains and the gas or fluid environment in
which alteration took place. Further, if such a match is ob-
tained, then it may be possible to make quantitative estimates of
timescales or cooling rates of alteration.
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In the following treatment of diffusion, we assume that
15-generation minerals in AOAs were: (1) spherical; (2) *°O-
rich; (3) FeO-poor; and (4) homogeneous in composition.
Spherical grain-shape is obvioudy a simplification, but al the
major AOA primary minerals are equant rather than elongate or
sheetlike, so a spherical approximation is appropriate for mod-
eling. The *0-rich, FeO-poor initial compositions are based on
observations of AOA minerals from mineralogically unaltered
chondrites (e.g., Aléon et a., 2002; Chizmadiaet al., 2002; Itch
et a., 2002; Fagan et al., 2003), and thermodynamic models
that predict that initial silicates and oxides condensing from
gases originating from a variety of physical conditions are
FeO-poor (Grossman, 1972; Petaev and Wood, 1998; Ebel and
Grossman, 2000; however, see Grossman and Fedkin, 2003).

From these initial conditions, diffusive reequilibration of
spherical grainsin a surrounding environment of fixed compo-
sition results in a series of predictable zoning profiles as time
progresses (Fig. 10). Figure 10 is based on the work of Crank
(1975; see his fig. 6.1), who uses fixed values of Dt/a? (where
D = diffusion coefficient, t = time, and a = grain radius) for
each compositiona profile, whereas we use values of fractional
equilibration, f:

%

f—l—i;:zexp[ —n2w2<¥)] [

Values of f range from f = O for absence of diffusiontof = 1
for complete equilibration by diffusion. Intermediate values
correspond to specific zoning profiles (Fig. 10).

For a given zoning profile, a set of temperature-time and
temperature-cooling rate solutions can be calculated if diffu-
sion parameters and grain radii are known. In this study, we use
a 6-um radius for olivine and 2-um radii for anorthite, Al-
diopside, and spinel. These grain sizes are somewhat larger
than the mean radii observed in thin section, but most of our
isotopic analyses are from coarser than average grains. We note
further that mean radii of equant grains in thin section appear

finer than true radii because the section surface shows many
off-center dices through grains.

Estimates of the key diffusion parameters, frequency factor
D, and activation energy Q, are available from experimental
studies, and are used to calculate the diffusion coefficient D
over arange of temperatures from:

D = De """ )

Frequency factors and activation energies have been deter-
mined from experimental studies of single crystals of synthetic
forsterite by Jaoul et al. (1983; Table 3; aso see Jaoul et d.,
1980; Reddy et a., 1980). Diffusion rates in olivine are ex-
pected to increase with both Fa-content and oxygen fugacity
(fO,), as these conditions lead to perturbations in olivine stoi-
chiometry that, although minor in elemental composition, are
significant in contributing to the concentration of crystalline
defects (Nakamura and Schmalzried, 1983). However, for
olivines over the range FO_g5 100, diffusion rates of oxygen
(Jaoul et al., 1983; Gérard and Jaoul, 1989; Ryerson et al.,
1989) and Fe-Mg (Chakraborty, 1997) do not show a strong
sensitivity to composition.

We use two types of thermal models, analogous to two of the
model histories examined by Ryerson and McKeegan (1994):
(2) heating at a fixed temperature for a specified time; and (2)
instantaneous heating to an initial temperature, T,, followed by
cooling from a specific initial cooling rate. Both models are
simpler than natural thermal histories; however, the goa of the
modeling is not to duplicate natural events, but to evaluate
whether diffusion is a plausible mechanism of ateration. Frac-
tional equilibration as a function of time can be calculated for
fixed-temperature heating by simple application of Eqns. 1 and
2. Modeling diffusion during cooling requires an integral so-
lution to sum incremental changes in composition as tempera-
ture drops from the initial temperature, T,. We adopt the
approach of Ryerson and McKeegan (1994) and use a solution
developed by Kaiser and Wasserburg (1983) for the time-
integral,7(=°), of the diffusion coefficient for temperature drop-
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Fig. 9. Comparison of **0H-intensities from SIMS analyses of AOA-65 and CAI-67 from Vigarano. Signal intensities
of 160, 80H, 80, 170, and “°0O-tail” are plotted for analyses collected in sequence during the same analytical session: (A)
analysis B10-3 of a mixture of 180-rich anorthite+spinel from a refractory nodule in AOA-65; (B), analysis B10-4 of
melilite (Akg) from CAI-67 with *°O-depleted composition; (C) analysis B10-5 of *°O-rich melilite (Ak,,) from CAI-67;
(D) analysis B10-6 of *%0-rich melilite (Ak,o) from CAI-67. See Table 2 for isotopic results and Figure 7D for locations
of the melilite analyses. Signal intensities are corrected for dead time. Note the log scale.

ping from T, to the temperature at which the diffusion rate
approaches zero:

RTID(To)
rQ

where R is the gas constant, D(T,) is the diffusion coefficient
a T,, Q isthe activation energy (Eqgn. 2), and ry is the initial
cooling rate. We then substitute () for Dt in Egn. 1 to
determinef for a cooling system. Model results were calculated
using routines written in MATLAB by the senior author.

Our oxygen isotopic results for olivine are compared with
Fo-content and with oxygen isotopic compositions of coexist-
ing Al-diopside, anorthite and spinel. For Fe-Mg diffusion, we
use parameters from the recent study of Chakraborty (1997;
Table 3), which covers the compositional range of interest and
was determined at relevant fO, (10~ 2 bars). We recognize that
significant controversy exists over the true Fe-Mg diffusion
rates in olivine (Buening and Buseck, 1973; Misener, 1974;
Jurewicz and Watson, 1988; Chakraborty et a., 1994; Mi-

T(OO) =

©)

yamoto et al., 2002). The Chakraborty (1997) study yields the
sowest Fe-Mg diffusion rates in olivine, but these are till
faster by two orders of magnitude or more than oxygen (Fig. 11).

Oxygen diffusion parameters for spinel, anorthite and diop-
side were analyzed by Ryerson and McKeegan (1994). The
Ryerson and McKeegan results for spinel are similar to those of
previous studies (Reddy and Cooper, 1981; Ando and Qishi,
1983) and are used here. Their results for anorthite [010] fall
near those of Elphick et al. (1988) for the [001] direction. For
their modeling, Ryerson and McKeegan derived parameters
based on both their and the Elphick et a. results, and we do the
same in this study. Oxygen diffusion in diopside was evaluated
by Ingrin et a. (2001) in a study that yielded values of D
comparable to the Ryerson and M cKeegan results over ~ 1100
to 1300°C, but predicted faster rates of diffusion at lower
temperatures as a consequence of a lower activation energy
(Table 3; Fig. 11). For the present study, we consider both the
Ryerson and McKeegan (1994) and Ingrin et al. (2001) cali-
brations.
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Diffusion zoning profiles related to fractional equilibration, f
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Fig. 10. Diffusion-controlled zoning profiles for fixed values of
fractional equilibration, f, in a spherical grain (see fig. 6.1 of Crank,
1975). Fractiona radiusis calculated from r/a, wherer = distance from
core and a = grain radius. Normalized composition is calculated from
(C-C)/(Cy-C,), where C = composition, C, = surface composition, C,
= initial composition of grain. See Eqgn. 1 for definition of fractional
equilibration, f. Note that alteration of agrain core by diffusion requires
f = ~0.6.

4.2.2. Results of diffusion modeling

Modeling results for constant-temperature heating are pre-
sented in Figure 12. Figure 12A shows the temperature-time
combinations for oxygen diffusion in olivine (FO,q, grain
radius = 6 um) to attain fractional equilibration values of f
= 0.1, 0.3, 0.7 and 0.9. The temperature-time combinations for
Fe-Mg diffusion in olivine (Fogg) to attain f = 0.1, 0.6, and
0.99 are a'so shown, although these solutions show time max-
ima because diffusion rate increases as Fa-content increases.
Nonetheless, the plotted results highlight the different diffusion
rates of O vs. Fe-Mg in alivine. As a consequence of these
different rates, simultaneous diffusion of Fe and isotopically
distinct O into forsterite does not result in a correlation between
Fo-content and oxygen isotopic composition in zoned grains.
Instead, by the time an olivine grain has undergone minor
exchange of O (fg ~ 0.1), the grain has completely equilibrated
with respect to Fe (fegug ~ 1.0; Fig. 12A). This pattern is

Table 3. Parameters used for modeling diffusion in AOAS™

D, (m?/s)° Q (k¥mol)®
O in forsterite* 23X 1071 293
O in anorthite*>° 15x 10°1° 217
O in diopside® 43x10°* 457
O in spinel® 22%x 1077 404
O in diopside* 20x 1071 234
Fe-Mg in olivine® 54x10°° 226

aData sources: *Jaoul et al. (1983); 2Elphick et al. (1988); *Ryerson
and McKeegan (1994); “Ingrin et al. (2001); *Chakraborty (1997).

b See Egn. 2 for parameter definitions.

¢ Anorthite parameters from combined experimental results.
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16001500 1400 1300 1200 1100 1000

14
B sc FeMg.. 1
'16__ foMg\\"*%\\ 7]
;@ i an~-~::\::\2*;\wm“\ww:
g '18 — fo h‘\,\ -
(&) L Seo. A
SCGI T ~ <]
= 5 I~ 3
= = Tl ~ < _ 4
20 SCRY SR M~ dilPy
'..\\ N ~ _
- ~
- SGdiRM T
i N J
.. ~
22 sp N —
.‘24 Ll 1 1 I L1 1.1 I Ll 11 lJ L L1 I L1 1 1 l L1 11
5 6 7 8
10YT (K)

Fig. 11. Diffusion coefficients and temperature ranges of experimen-
tal calibration for minerals in reduced CV AOAs. Oxygen diffusion
parameters are from the following studies: an, anorthite (combined
calibration of Elphick et al., 1988, and Ryerson and McKeegan, 1994);
di RM, diopside (Ryerson and McKeegan, 1994); di IPJ, diopside
(Ingrin et a., 2001); fo, forsterite (Jaoul et a., 1983); sc GJ, San Carlos
olivine (Fog,, Gérard and Jaoul, 1989); sc Ry, San Carlos olivine (Fog,,
Ryerson et a., 1989); sp, spinel (Ryerson and McKeegan, 1994).
Cation diffusion coefficients are: sc FeMg, Fe-Mg interdiffusion in San
Carlos olivine (Fogs, Chakraborty, 1997); fo Mg, Mg diffusion in
forsterite (Chakraborty et al., 1994).

expected to hold even for large increases in Fa-content, because
the higher concentrations of defects associated with fayalitic
olivine should result in higher diffusion rates for both Fe-Mg
and O (Nakamura and Schmalzried, 1983; Gérard and Jaoul,
1989; Chakraborty, 1997). Thus, olivine that has undergone
partial Fe-Mg-equilibration should retain its original oxygen
isotopic composition if compositional exchange is controlled
by diffusion. This is also true for model diffusion during
cooling (Fig. 13A).

Modeling also shows that minor oxygen isotopic exchange
(f ~ 0.1) in AOA forsterite can occur by diffusion within the
temperature-time limits of the solar nebula. A forsterite grain
with 6 um radius attains a fractional equilibration value of f =
0.1 if oxygen diffusion proceeds at 900°C for 55 yr, or at
1100°C for 250 d (Fig. 12A). The same zoning pattern can be
attained by cooling from 900°C at an initia rate of 0.04°Clyr,
or from 1100°C at an initial rate of 4.3°Cl/yr (Fig. 13A). These
rates are much slower than estimates for chondrule and igneous
CAI cooling, although chondrule and CAl cooling rates cover
a higher temperature range (Jones et a., 2000). Faster cooling
rates and shorter heating durations are plausible for higher
temperatures, but higher temperatures also lead to evaporation
of AOA minerals under arange of pressures and dust:gas ratios
(e.g., Ebel and Grossman, 2000). In fact, specific conditions of
low pressure (107° bars) and low dust:gas (1:1) result in



Oxygen isotopic evolution of AOAs 2605

@ T T T T T T T T
1ok olivine, radius = 6pym

time 4
10
(yrs)

4 I T NN TN TSN T S T A T

L 1 L 1 1 ! M

L L L B WL B e g e e
7~.
f(fo) = 0.3 ~.

~
/

~
N .
P RN BT S TR E AT

08

06

0.4

0.2

/S LR L m e

.}

P el T PR RPN T B B

LI B e e e e e e
f(fo) = 0.7
0.8

06
0.4

0.2
,

/v
7

LI S S B S S B
e Lo by 0 b g g by sy

POy e el SN NP Y NP NN SN PN N I

500 700 900 1100 1300 1500

T(°C)

1_.*..,.,.,.,.1.1.,_
[ N, /]
L \ /
08 - -
L fl)=01 . /]
- \, / E
L N ]
06 - N / -
L . / -
f L [— — DiRMcaliby | -
) ‘A
04 ‘_—-—-— Sp (RM calib.) N _'
“ L|—-— Di(IPJcalib.) / =~
L / J
- / 4
02 I~ s/ -
i s -7 ]
[ e ]
obmbmdm T T 1
L LA B L B B B E LA B s
- / E
i f(fo) = 0.5 / ]
08 / ,/_.
L Ra
o / ,/ .
L , J
06 [ / e 7]
f L / /l 4
L / , J
04 - 4 —
L / S ]
B / /, T
L , ]
02 /e -
- / ’,/ B
L Z-7 ]
PO == i PR PN NN BRI INVUNN NN MO
1 T T T T T T T TT=T T
LA I B I B B B il B
[ ffo)=09 . 1
L , J
f ’ —
08 [ / , ]
/7
L / ‘ J
L / II o4
0.6 _— 7 =
f L / // i
L / )/ |
04 __ / // _:
- / /, -
L P ]
02 /0 -
A '
[ 7~ ]
Py ril PR PR PR SN P P NP P !
500 700 900 1100 1300 1500

T(°C)

Fig. 12. Fractional equilibration, f, in model minerals resulting from diffusion at constant temperature. (A) Time required
for olivine to attain noted values of f as afunction of temperature. Time-temperature curves are shown for oxygen diffusion
in forsterite and Fe-Mg diffusion in Fogs. (B) Vaues of f for oxygen diffusion in diopside and spinel coexisting with
forsterite with f = 0.1. Temperatures are fixed explicitly on the horizontal axis, and heating time is also fixed at each
temperature by the requirement that f = 0.1 for oxygen diffusion in forsterite. Curves are based on diffusion calibrations
of Ryerson and McKeegan (RM) for spinel and diopside, and Ingrin et a. (IPJ) for diopside (Table 3). See text for
discussion of the differences between the RM and IPJ calibrations for diopside. Model anorthite has fully equilibrated (f
= 1) with the surrounding oxygen reservoir. (C-F) Analogous to (B) with forsterite f = 0.3, 0.5, 0.7 and 0.9. Model grains
are spherical with radii of 6 um for olivine and 2 wm for anorthite, diopside and spinel. Zoning profiles for spherical grains

of specified f are shown in Figure 10.

evaporation of AOA minerals at temperatures slightly below
1000°C (Ebel and Grossman, 2000).

Heating in the reduced CV parent body may not have been of
sufficient temperature or duration to cause significant oxygen
isotopic exchange in AOA oalivine by diffusion. Minor oxygen
isotopic exchange (f = 0.1) in model forsterite can be attained
by heating at 500°C for over 10 yr or at 600°C for ~10° yr
(Fig. 12A). It is not clear if the reduced CV chondrites were
metamorphosed under these conditions (Guimon et al., 1995;

Lee et a., 1996; Krot et al., 1998). On the other hand parent
body heating may have been strong enough to cause diffusive
exchange of Fe and Mg in olivine (Weinbruch et a., 1994).
Oxygen isotopic compositions resulting from diffusion in co-
existing forsterite (radius = 6 wm), diopside and spind (radii = 2
wm) are shown in Figures 12B— for hegting at constant temper-
ature. In each of these panels, fractiona equilibration for oxygen
diffusion in olivine is fixed; therefore, the hesting duration, t, a a
given temperature, T, isaso fixed. These panelsrelate temperature
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Fig. 13. Fractiona equilibration, f, in model minerals resulting from diffusion as temperature drops at a specific initial
rate from an initial temperature. (A) Initial cooling rate required for olivine to attain noted values of f as afunction of initial
temperature (see Egn. 3). Curves of initial cooling rate vs. initial temperature shown for oxygen diffusion in forsterite and
Fe-Mg diffusion in Fogg. (B) Values of f for oxygen diffusion in diopside and spinel coexisting with forsterite with f = 0.1.
Initial temperatures are fixed explicitly on the horizontal axis, and initial cooling rate is also fixed at each temperature by
the requirement that f = 0.1 for oxygen diffusion in forsterite. Anorthite has fully exchanged (f = 1) with the surrounding
oxygen reservoir. (C-F) Analogous to (B) with forsterite f = 0.3, 0.5, 0.7 and 0.9. Model grain shapes and diffusion
parameters are the same as in Figure 12. See text for discussion of the differences between the Ryerson and McKeegan
(1994, “RM”) and Ingrin et al. (2001, “IPJ") calibrations for diopside.

and time to fractiona equilibration in diopside and spind (radii
= 2 wm). Mode sping exhibits minor to negligible diffusive
equilibration at all temperatures below 1100°C for olivine that has
also undergone minor exchange (Fig. 12B). As hesting duration
increases, spinel undergoes grester equilibration at relatively high
temperatures, but fractional equilibration resulting from low-tem-
perature, long-term heating remains low (Figs. 12C—+). The Ry-
erson and McKeegan (1994, “RM” in this discussion) and Ingrin
et a. (2001, “IPJ’) calibrations yield many conflicting predictions
for diopside. Under long-term, low-temperature (<800°C) condi-

tions that lead to minor isotopic exchange in forsterite, the RM
calibration predicts that diopside undergoes minimal isotopic ex-
change, whereas the IPJ calibration predicts that diopside under-
goes nearly complete isotopic exchange (Fig. 12B). However,
under shorter-term, higher-temperature (900°C<T<1400°) con-
ditions, the two cdibrations are similar in that they both predict
intermediate oxygen exchange in diopside. As hegting duration
increases, the |PJ calibration predicts that fractiona equilibration
is complete or nearly completein model diopside for both high-
and low-temperature events (Figs. 12C—). The RM calibration
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predicts similar, extensive equilibration at high temperatures,
but minor equilibration at low temperatures. Model anorthite
(radius = 2 wm) has fully exchanged oxygen with the sur-
rounding environment at al temperature-time histories consid-
ered. Similar patterns of oxygen isotopic exchange in model
AOA mineras are obtained for diffusion during cooling, indi-
cating that these patterns do not depend on constant tempera-
ture heating (Figs. 13B—F).

4.2.3. Comparison of model with observed results

4.2.3.1. Efremovka AOAs 23 and 55. Most olivine grains from
Efremovka AOAs 23 and 55 have forsteritic *°O-rich cores,
and FeO-rich **O-depleted rims (Fig. 3). This correlation be-
tween Fo-content and oxygen isotopic composition is very
difficult to reconcile with ateration by diffusion because Fe
and Mg diffuse much more rapidly in olivine than O (Figs. 12A
and 13A). It is possible that the correlation between oxygen
isotopic composition and Fo-content was caused by an early
diffusive exchange of oxygen isotopes followed by diffusion
from a FeO-rich reservoir; however, this requires that the
correlation is simply a coincidence resulting from a fortuitous
combination of two separate diffusion events. Furthermore,
compositional exchange by diffusion is not supported by the
oxygen isotopic compositions of anorthite from Efremovka
AOA-23. These analyses were affected by beam overlap with
adjacent Al-diopside; nonetheless, the available results do not
indicate that the anorthite completely exchanged oxygen, con-
tradicting model predictions (Figs. 12 and 13).

Another possibility is that the concentrations of Fe** dis-
solved in local aqueous fluids varied during hydrothermal
metamorphism on the Efremovka parent body, possibly as
consequence of a vapor to liquid phase transition of aqueous
fluid. Under this scenario, the Efremovka AOAS might have
been in contact continuously with *°O-poor fluid that was
enriched at a late stage in dissolved Fe®". The contrast in
AOA-55 between *°0-depleted, FeO-poor olivine rims in the
branching textural domain and *°O-depleted, FeO-rich olivine
rimsin the granular domain may have resulted from a variation
in original porosity: a higher percentage of melting and recrys-
tallization may have resulted in a less permeable structure in
the branching domain. Continuous exposure to *°O-poor fluid
or vapor may have caused °O-depletion of olivine grain
boundaries, whereas a late-stage enrichment in dissolved Fe**
was of insufficient duration to penetrate the low-porosity
branching domains and cause significant Fe-Mg exchange in
olivine.

Alternatively, it is possible that FeO-enrichment and *°O-
depletion in the AOA alivine rims were controlled by a mech-
anism other than diffusion. Compositional exchange in the
olivine rims may have occurred by dissolution and reprecipi-
tation, possibly followed by a relatively dry therma pulse,
similar to the sequence of events proposed for parent body
ateration in CV chondrites (Kojima et al., 1993; Krot et a.,
1995, 1998; Kojima and Tomeoka, 1996; Imai and Y urimoto,
2003). As discussed by these authors, after partial dissolution
of the preexisting olivine, another mineral, perhaps a phyllo-
silicate, may be precipitated and then transformed to fayalitic
olivine during subsequent metamorphism. However, this multi-
stage alteration and dehydration should produce oxygen isoto-

pic fractionations in addition to simple mixing (Clayton and
Mayeda, 1999). Alternatively, olivine may have precipitated
directly from fluid; though conditions for olivine precipitation
remain to be verified experimentally. The presence of an aque-
ous phase during alteration of the olivine is supported by high
levels of ®OH detected during some analyses of some rela-
tively *O-poor olivine (Fig. 4.).

Yet another set of factors that could enhance isotopic ex-
change on the Efremovka parent body are the possible effects
of deformation. Deformation may have been driven by hydro-
fracturing as ices expanded during melting and vaporization
(Wilson et al., 1999) and by shock deformation during aster-
oidal impacts (Scott et al., 1992; MacPherson and Krot, 2002).
These processes are difficult to address, but they would be
expected to enhance the ingress of fluids into AOAs and
increase diffusion rates by deformation of crystal structures.

4.2.3.2. Leoville AOAs 7 and 8. In contrast to the Efremovka
AOAs, Leoville AOAs 7 and 8 have oxygen isotopic system-
atics that may be explained as a consequence of variable rates
of diffusion in AOA minerals. Isotopic analyses indicate that
olivine in these AOASs has experienced only minor oxygen
isotopic exchange, whereas feldspar has undergone extensive
exchange and diopside yields a range of isotopic compositions
indicating fractional exchange (Fig. 6). Assuming fractional
exchange in olivine of f ~ 0.1, then extensive zoning (f = 0.1
to 0.8; Fig. 10) in diopside is attained simultaneously with
compl ete i sotopic equilibration in anorthite under constant tem-
perature heating at ~ 900 to 1100°C over durations of ~ 250 d
to 55 yr (Figs. 12A, B). This result is consistent with both the
Ryerson and McKeegan (1994) and Ingrin et al. (2001) diffu-
sion calibrations for diopside. Likewise, diffusion during rapid
cooling from high temperatures also provides a genera fit to
the oxygen isotopic patterns in these AOAs (Fig. 13). Cooling
rates and timescales appear reasonable in the context of the
duration of the solar nebula. Minima exchange of FeO into
olivineis consistent with a high-temperature setting for isotopic
diffusion as olivine with significant Fa-content is not stable at
high temperatures (e.g., Petaev and Wood, 1998). Based on
these results, it is plausible that the Leoville AOAs underwent
oxygen isotopic alteration in a high-temperature diffusion-
dominated event.

4.2.3.3. Vigarano AOAs 65 and 66, CAI-67. The Vigarano
AOAs and FGI show marked contrasts in oxygen isotopic and
Fe-Mg compositional patterns. Vigarano AOA-65 is dominated
by FeO-poor, **0-rich compositions suggesting minimal alter-
ation after initial formation in a €O-rich, FeO-poor high-
temperature setting. One of the six SIMS analyses from this
AOA (B9-5; Table 2) has apartially *°O-depleted composition,
possibly reflecting rim compositions of fine-grained diopside
and anorthite. All other analyses, including those dominated by
anorthite (e.g., B10-2, Table 2) are *°0O-rich, indicating that any
reheating events in the presence of a *°*O-poor gas or fluid must
have been of short duration or at low temperature.

CAI-67 exhibits a similar isotopic pattern: dominated by
180-rich compositions but with one exceptional analysis (B10-
04; Table 2) indicating partial oxygen isotopic exchange in
melilite. This **0O-depleted composition may be a consequence
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of the effect of magjor element composition on diffusion rate in
melilite (Yurimoto et al., 1989), or the OH-rich composition of
thismelilite (Fig. 9), or the fact that this analysis was collected
along acrack (Fig. 7D) where migration of *60-poor fluid may
have been localized. However, the most significant result from
CAI-67 is that the diopside and two of three melilite analyses
are *°0-rich. The melilite analyses are particularly important
because oxygen diffuses much more rapidly in melilite than in
the common AOA phases (Yurimoto et al., 1989; Ryerson and
McKeegan, 1994). Therefore, the results from this CAl con-
form to the results from AOA-65, indicating an origin in a
180-rich FeO-poor setting, followed by minor localized
alteration.

In contrast to these two objects, AOA-66 shows evidence of
substantial re-equilibration in a FeO-rich, *°O-poor setting.
Olivine from this AOA is distinctly zoned with rims of ~Fo,,
and cores of Fo_qg (Table 1; Fig. 7C). The core compositions
are particularly significant because they have incorporated
more FeO than the forsterite cores in adjacent AOA-65. If this
FeO-enrichment is aresult of diffusion, then the Fe-Mg-zoning
indicates fractional equilibration in excess of 0.6 (fegug = 0.6;
Fig. 10). At the same time, olivine cores and rims have re-
mained *°O-rich, while some interstitial grains are *0-poor
(Table 2; Fig. 8).

Diffusion may have controlled elemental and oxygen isoto-
pic compositions in AOA-66 alivine. Because of differencesin
diffusion rates, originally °O-rich, Fe-poor olivine is expected
to undergo Fe-Mg-exchange before O-exchange during diffu-
sion from a *®0-poor, FeO-rich reservoir (Figs. 12A and 13A).
Grain margins and newly crystallized interstitial grains may
reflect the composition of a **O-poor altering reservoir, ac-
counting for the **0-poor composition of analysis B13-6 (Ta-
ble 2; also see Imai and Y urimoto, 2003). The distinct Fe-Mg
and oxygen isotopic characteristics of AOA-66 indicate that
this object evolved independently of adjacent objects AOA-65
and CAI-67, confirming previous interpretations that Vigarano
is a breccia composed of Allende-like and reduced CV-like
components (McSween, 1977; Krot et a., 2000).

4.3. Comparison of AOSs with CAls. Implications for
High-Temperature Nebular Processing

4.3.1. AOAs and CAls may have come from the same
nebular setting

The %0-rich 1%-generation signal of the AOAS examined in
this study is common to most CAls (Clayton et ., 1973, 1977,
Yurimoto et a., 1994, 1998; McKeegan et al., 1998; Guan et
a., 2000; Krot et a., 2001b; Fagan et al., 2001; Aléon et a.,
2002). This similarity in oxygen isotopic composition com-
bined with previous studies (Grossman and Steele, 1976; Kom-
atsu et a., 2001, 2002; Chizmadia et al., 2002) suggest that
AOAs may have formed by condensation in the same nebular
region as CAls, but at lower temperatures, followed by anneal-
ing and low-degree partial melting. In fact, there may be no
functional difference in the 1¥-generation origin of spinel-
pyroxene-anorthite-rich CAls and AOAs, except that they
formed initially over slightly different temperature intervals.

The CAl-like domains enclosed within the reduced CV
AOAs are dominated by Al-diopside, anorthite and spinel (this

study; Komatsu et al., 2001), al having condensation temper-
atures similar to those of forsterite and FeNi-metal (Grossman,
1972; Petaev and Wood, 1998; Ebel and Grossman, 2000). The
more refractory CAl minerals, such as corundum, hibonite,
grossite, and melilite, are conspicuously absent. Of these min-
erals, only melilite has been reported from AOAS in generdl,
and its occurrence is rare (Hashimoto and Grossman, 1987;
Fagan et a., 2003). The paucity of highly refractory CAI-
minerals in AOAs is consistent with efficient temperature-
based sorting during 1%-generation processing.

4.3.2. AOAs and CAls were altered under a variety of
conditions

Even if discussion islimited to the AOAs and CAl examined
in this study, multiple patterns in oxygen isotopic systematics
are found. In the Efremovka AOAs, the FeO-rich, *°0O-depleted
compositions of olivine rims combined with the more rapid
diffusion rates of Fe-Mg than O imply that either: (1) O and
Fe-Mg were decoupled during alteration of original olivine
grains by diffusion, or (2) O and Fe-Mg alteration of AOAs
occurred simultaneously by a mechanism other than diffusion,
possibly dissolution and recrystallization. The OH-rich, *°O-
depleted analyses in Efremovka provide independent evidence
that alteration of the Efremovka AOAs occurred in the presence
of a hydrous fluid. In contrast, the distribution of oxygen
isotopes among minerals in the Leoville AOAs can be ex-
plained as a consequence of diffusion during relatively short-
term, high-temperature heating in the presence of a **O-poor
gasin anebular setting. Two contrasting patterns were identi-
fied in Vigarano. One AOA and CAI-67 exhibit minimal evi-
dence of ateration after formation in a *®O-rich, FeO-poor
setting. The other AOA has undergone extensive FeO-alkali
metasomatic alteration. The olivine in this AOA is zoned in
Fe-Mg but has retained its *®O-rich oxygen isotopic composi-
tion, and a mixed analysis of overlapping grain margins yields
a0-poor composition. This pattern is plausible for alteration
and diffusive reequilibration in the presence of a *°O-poor,
FeO-rich fluid. The contrast between this AOA and the adjacent
minimally-altered AOA and CAI indicate that the FeO-rich
AOA was atered before assembly of the Vigarano parent body,
possibly on a previous generation asteroid.

The isotopic patterns observed in the reduced CVs are di-
verse, yet they can al be explained as a consequence of
diffusion and solid-gas or solid-aqueous fluid reactions that are
plausible given estimates of the duration of the solar nebulaand
parent body metamorphism. This is not the case for coarse-
grained type B CAls, which require some mechanism to en-
hance the O-diffusion rate in melilite (Yurimoto et a., 1989;
Ryerson and McKeegan, 1994) to account for the oxygen
isotopic systematics of Type B CAls (Clayton et a., 1977,
Clayton, 1993; Yurimoto et al., 1994; Kim et al., 2002). It has
been suggested that melilite in the Type B CAls is melted
during rapid heating and exchanges oxygen while molten with
asurrounding **O-poor gas (Y urimoto et al., 1998). This model
depends on kinetically favored melting of melilite under dis-
equilibrium conditions (Greenwood and Hess, 1996). No sim-
ilar type of event is required to account for the oxygen isotopic
systematics in the AOAs of this study. However, a nebular
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setting for isotopic exchangeis plausible for Leoville AOAs-30
and -75.

These observations can be explained if refractory objects
formed or were atered in a nebular setting that was subject to
rapid variations in oxygen isotopic composition. This inference
is consistent with the presence of *°O-rich minerals in Wark-
Lovering rims that surround CAls having *°O-poor melilite
(Krot et al., 2002a; Y oshitake et al., 2002), and with oxygen
isotopic variations of melilite from asingle CAl (Harazono and
Yurimoto, 2003). The genera correlation between igneous
textures and *°O-depletions in CAls from CR-chondrites also
supports a model where refractory objects experienced reheat-
ing in a nebular setting with varying oxygen isotopic compo-
sitions (Aléon et a., 2002). Variations in isotopic composition
linked to thermal fluctuations can be accounted for by the
X-wind model (Shu et al., 1996) as a consequence of radia
oscillations in location of the X-point and consequent oscilla-
tions in dust:gas ratios in the region where AOAs and CAls
formed (Yurimoto et al., 2001; Itoh and Yurimoto, 2003).
Changes in isotopic composition also may have resulted from
variations in the extent of mass-independent fractionation (Thi-
emens and Heidenreich, 1983; Thiemens, 1999), or from tur-
bulent drift of refractory solidsinto isotopically distinct regions
of the nebula (Cuzzi et al., 2003).

5. CONCLUSIONS

A common setting for the origin of AOAs and CAls is
credible based on mineral assemblages, textures, elemental
compositions and oxygen isotopic ratios. Thusit is possible that
AOAsand CAlsformed in the same regions and from the same
parcels of gas, but were sorted by condensation over distinct
temperature ranges. Temperature-based sorting has also been
called upon to explain the distribution of CAls among members
of the CR-clan (Weber and Bischoff, 1994, 1997; Krot et a.,
2002b). Of course, zoning patterns, Wark-Lovering rims, and
isotopic distributions indicate that some CAls underwent com-
plex thermal histories, but many refractory objects, including
most AOAS, probably formed initially over limited temperature
ranges before separation from reactive gas.

The AOAs examined here show variable depletions in *°0,
reflecting alteration under different conditions. Correlated *°0-
depletion and FeO-enrichment in olivine rims in two AOAs
from Efremovka probably originated by dissolution and pre-
cipitation in the presence of an agueous fluid in a parent body
setting (Kojima et d., 1993; Kojima and Tomeoka, 1996; Krot
et al., 1995, 1998). This hypothesis is consistent with elevated
OH detected during SIMS analyses of *°0-depleted domains.
Elevated OH also correlates with **0O-depletion in a melilite-
pyroxene CAl from Vigarano, suggesting isotopic exchange in
an agueous environment. This CAl occurs adjacent to two
AOAs: oneisunaltered, but the other has undergone FeO-alkali
metasomatism and alteration in a *®0-poor setting. The contrast
between these adjacent objects indicates that the FeO-alkali
metasomatic event preceded accretion of the Vigarano parent
body, and may have occurred on a previous asteroid.

In contrast, two AOAs from Leoville have oxygen isotopic
patterns that can be attributed to diffusional exchange during a
high-temperature event. The Leoville AOAs have **O-rich
olivine, Al-diopside with variable intermediate compositions

and *°0-poor anorthite. These results can be modeled for AOA
grain sizes as a result of exchange with a *®O-poor reservoir
during heating to ~ 900 to 1100°C over durations of ~ 250 d
to 55 yr, consistent with a dynamic nebular setting with spatial
or temporal transitions in temperature and oxygen isotopic
composition occurring on timescales of months to years.
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