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Abstract—The oxygen isotopic micro-distributions within and among minerals in a coarse-grained Ca,
Al-rich inclusion (CAI), 7R-19-1 from the Allende meteorite, were measured by in situ using secondary ion
mass spectrometry (SIMS). All values of O isotopic ratios in 7R-19-1 minerals fall along the carbonaceous
chondrite anhydrous mineral mixing (CCAM) line on a�17OSMOW vs. �18OSMOW plot. Major refractory
minerals (spinel, fassaite and melilite) in 7R-19-1 showed large negative anomalies of�17O in the order,
spinel (�21‰) � 16O-rich melilite (��18‰) � fassaite (�15 to�1‰) � 16O-poor melilite (�8 to �2‰).
However, the lower limit values of�17O are similar at about�21‰, a value commonly observed in CAIs.
The similarity in the extreme values of the isotope anomaly anomalies suggests that crystallization of all CAIs
started from an16O enrichment of 21‰ (�17O) relative to terrestrial values. The order of the O isotopic
anomalies observed for 7R-19-1, except for16O-poor melilite, is parallel to the crystallization sequence
determined by experiment from CAI liquid (Stolper, 1982), indicating that the O isotopic exchange in 7R-19-1
occurred between CAI melt and surrounding gas while 7R-19-1 was crystallizing from the16O enriched CAI
liquid (��21‰ in �17O) in the16O-poor solar nebula. However, the a single crystallization sequence during
the cooling stage cannot explain the existence of16O-poor melilite. The presence of16O-poor melilite suggests
that multiple heating events occurred during CAI formation. The sharp contact between16O-rich and16O-poor
melilite crystals and within16O-rich melilite indicates that these multiple heatings occurred quickly. Based on
the O isotopic and chemical compositions, fassaite crystals were aggregates of relic crystals formed from CAI
melt whichthat have had various O isotopic compositions from the remelting processes. The results of
intra-mineral distributions of O isotopes also support multiple heating events during CAI

formation. Copyright © 2004 Elsevier Ltd

ed
rally
Al-

eral-
stive
in the
s
arly

ssed

m
ences
with

e O
d
he
AM)
ope
t

ater
are

are
ut

tural
lten
f
i
rm

l.,
om-
the
O
e to

liza-
ows
ineral

logy
been

CAI
ding

.g.,
itial
pla
rvoirrtment

SA
1. INTRODUCTION

Ca, Al-rich inclusions (CAIs) are typically mm- to cm-siz
objects found in various kinds of chondrites. CAIs are gene
composed of melilite, pyroxene, and spinel with Ca- and
rich compositions. From the observed chemical and min
ogical compositions, CAIs are believed to be a very resi
material against the severe high-temperature conditions
early solar nebula (Grossman, 1972). Chronological studie
reveal that CAIs are the oldest known material from the e
solar system (Allègre et al., 1995).

Oxygen isotopic anomalies in CAIs can be best expre
with the well-known three-isotope diagram (�17O vs.�18O) of
Clayton et al. (1973). The isotopic fractionation resulting fro
a normal chemical process depends on the mass differ
among isotopes: the fractionation takes place along a line
a slope of�1/2 on the oxygen three-isotope diagram. Th
isotope ratios (18O/16O and17O/16O) of CAI minerals observe
by Clayton et al. (1973)are distributed along a line called t
“carbonaceous chondrite anhydrous minerals mixing (CC
line” having a slope of almost unity. In the three-isot
diagram, spinel was always the richest in the16O component, a
about�17O � �21‰ relative to Standard Mean Ocean W
(SMOW), clino-pyroxene (fassaite) and olivine (forsterite)
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next at �17O � �15‰, whereas melilite and anorthite
much less enriched in the16O component, normally at abo
�17O � �4‰ (Clayton et al., 1977; Clayton, 1993).

Rounded CAIs in the carbonaceous chondrites show tex
and chemical evidence of having crystallized from a mo
state as isolated droplets (Grossman, 1975). The existence o
well-defined26Al/26Mg isochrons in many of the CAIs ind-
cates that the isotopic composition of Mg was initially unifo
from mineral to mineral in these inclusions (MacPherson et a
1995). Nevertheless, there are widely different O isotopic c
positions distributed even within a single CAI, and most of
O isotopic ratios fall along the usual CCAM line on the
three-isotope plot. No process is known that could give ris
such isotopic distributions of O by closed-system crystal
tion in a melt. Furthermore, no element other than O sh
such large anomalies and unusually heterogeneous interm
distributions of stable isotopes.

To produce the observed correlation between minera
and isotopic composition, the following explanations have
proposed. One is that the isotopic exchange between the
liquid and the external O-bearing reservoir (e.g., surroun
nebular gas) was taking place during crystallization (Clayton,
1993). In this model, the early-crystallizing minerals (e
spinel) have isotopic compositions closer to that of the in
liquid (16O-rich), whereas late-crystallizing minerals (e.g.,-
gioclase) have compositions close to the external rese
(16O-poor) (Stolper, 1982; Stolper and Paque, 1986). The dif-

16
ficulty with this model is that crystallization of melilite (O-
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poor) precedes that of pyroxene (16O-rich). Therefore, O iso-
tope exchange between melt and nebular gas during the cooling
stage of CAIs does not explain the heterogeneous O isotope
distribution.

An alternative explanation is that the observed heterogeneity
of O isotopes was produced by gas-solid exchange after solid-
ification of the CAI liquid (Clayton et al., 1977; Clayton and
Mayeda, 1977). Here, the degree of O isotope exchange de-
pends on the self-diffusion coefficients of O in the minerals: O
of minerals with high O diffusion coefficients will have been
equilibrated with the surrounding gas (16O-poor), while O in
minerals with low O diffusion coefficients retains its original
isotopic composition (16O-rich). For example, spinel, with a
very small O self-diffusion coefficient (Ando and Oishi, 1974),
retains its initial 16O-rich composition, while melilite, with a
large diffusion coefficient, exchanges extensively with the 16O-
poor external reservoir. Hayashi and Muehlenbachs (1986)
reported that O diffusivity in melilite is much higher than in
pyroxene and spinel. However, Yurimoto et al. (1989) and
Ryerson and McKeegan (1994) determined O diffusion coef-
ficients in synthetic åkermanite and gehlenite, and concluded
that in melilite they are at least two orders of magnitude lower
than those reported by these authors. The diffusion studies of
Yurimoto et al. (1989) and Ryerson and McKeegan (1994)
indicate that it is difficult to explain observed O isotopic
distributions among CAI minerals by solid-gas diffusive ex-
change.

Intracrystalline O isotopic distributions in CAI minerals are
homogeneous and this is preserved at the grain boundaries
between minerals having independent O isotopic ratios (Yuri-
moto et al., 1994). This result confirms that partial exchange of
O isotopes in the Allende CAI with the surrounding nebula gas
through the diffusion process is also unlikely as an origin for
the observed intermineral heterogeneity of O isotopes. Yuri-
moto et al., (1994) concluded that the heterogeneous O isotopic
distribution among the minerals was established during crys-
tallization.

Yurimoto et al. (1998) reported that in CAI 7R-19-1, coex-
isting 16O-rich and 16O-poor melilite grains were in direct
contact. They proposed that (1) the 16O-rich CAI originally
crystallized from an 16O-rich partial liquid droplet in the solar
nebula, (2) the original CAI was melted during subsequent
reheating events in the solar nebula, and (3) O isotopic ex-
change with the surrounding 16O-poor nebular gas progressed
through the resolidification of the CAI.

In this work, we report full chemical and petrographic stud-
ies of CAI 7R-19-1, with more detailed analyses of O isotopic
inter/intramineral distributions than presented by Yurimoto et
al. (1998). The objective was to construct a model of CAI
formation constrained by thermal events in the early solar
system as implied by our new data and the previous data for
7R-19-1.

2. EXPERIMENTAL METHODS

2.1. Scanning Electron Microscopy

Backscattered electron images, digital X-ray maps, and quantitative
chemical analyses were obtained from three polished sections of Al-
lende CAI 7R-19-1 with an Hitachi S-2400 scanning electron micro-
scope (SEM) equipped with an Horiba E-MAX 7000 energy-dispersive

X-ray microanalysis system (EDX) at Gakushuin University. For each
quantitative chemical analysis, data for major elements were collected
at 20 keV with a beam current of �1 nA and a measurement time of
100 s for each point. Data were reduced via the ZAF correction
installed in the EDX system. Total weight percent was normalized to
100%. Relative accuracies of abundances are estimated to be �8
C.V.%.

2.2. Oxygen Isotopic Measurement by SIMS

O isotopic ratios were measured by the TiTech CAMECA ims-1270
SIMS instrument on 30 nm Au-coated polished samples utilizing a high
mass resolution technique. The primary ions were mass-filtered posi-
tive 133Cs accelerated to 20 keV, with a beam spot size of 3 to 5 �m
in diameter. A primary current of 2 to 5 pA was adjusted for each
measurement to obtain count rates of negative 16O secondary ions of
(4.0 � 0.2) � 105 counts · s�1 (cps). A normal-incident electron gun
was utilized for charge compensation of the analysis area. The transfer
optics of the instrument were adjusted to obtain an imaged field of 150
�m and the mass spectrometer was set to XY mode (De Chambost et
al., 1991). The field aperture and the energy slit were set to a width of
20 �m in the field image with an energy window of � 75 eV. A
contrast aperture of 400 �m was used and the entrance slit (20 �m
width) and exit slit (150 �m width) of the mass spectrometer were
narrowed enough to obtain the required mass resolution (M/�M
� 6000 at 10% peak width) for separation of 17O� and 16OH� mass
peaks. The 16OH� signal is often 2–3 orders of magnitude larger than
the 17O� signal, which is due to using a small primary beam size with
the low beam current. The 16OH� signal was mainly generated from
the rim of the irradiated area of the primary beam.

Negative secondary ions of 16Otail (15.991520 amu), 16O (15.994915
amu), 17O (16.999131 amu), 16OH (17.002740 amu) and 18O
(17.999160 amu) were analyzed in this sequence. The 16Otail

� and
16OH� signals were measured for the purpose of correcting the remain-
ing interference of the 16OH� component with the 17O� peak. The
interference correction was always less than 0.6‰ in the �17O notation,
even if the 16OH� signal was three orders of magnitude larger than the
17O� signal. Each measurement was conducted with 100 cycles of
counting the 16Otail

� for 5 s, 16O� for 2 s, 17O� for 7 s, 16OH� for 2 s
and 18O� for 3 s, and lasted for 45 min. Each run was started only after
stabilization of the secondary ion beam following presputtering. The
sputtered area after measurement consisted of a 3–5 �m crater � 1 �m
in depth surrounded by a halo. Secondary ions were mainly generated
from the inside of deep craters of 3–5 �m diameter on the sample
surface.

Secondary ions were detected by a Balzers electron multiplier (EM)
operated in a pulse counting mode, with corrections for dead time (21.2
� 0.8 ns) based on measurements of a spinel standard, SPU (spinel
from Russia), under similar conditions as used for the samples.

The matrix effect, which may cause systematic intermineral errors,
can be checked by comparing the analytical results for terrestrial
analogues. For the purpose of estimating the matrix effect and instru-
mental mass fractionation, we measured oxygen isotope ratios of ter-
restrial standards with known oxygen isotopic ratio (Yurimoto et al.,
1994), SPU (spinel from Russia), anorthite (Miyake-Jima, Japan),
augite (Takashima, Japan), synthetic gehlenite and synthetic åkerman-
ite. The reproducibility of 17, 18O/16O on different analyses of the same
standard was within �5‰ (1�). The matrix effect of O isotopic
analysis among these minerals was less than 5‰ (1�) under the
analytical conditions. Overall errors in the observed results are esti-
mated to be �5‰ for each analysis (Ito, 1999).

An average isotope ratio of the SPU standard was used to determine
�17, 18OSMOW values for corresponding unknown samples. The �17,

18OSMOW values were calculated as follows:

	�17or18OSMOW
uk � 	�17or18OSMOW
st � 	Ruk/Rst � 1
 � 1000 �permil�

where R is the measured isotope ratio of 17, 18O/16O and subscripts uk
and st correspond to unknown and standard samples, respectively. For
calculating isotopic ratios, the intensities were linearly interpolated in
time.

Because submicron spinel grains were scattered in some areas of
16O-rich Mel* crystals (16O-rich melilite crystal, see in Fig. 1), to check

possible contamination of the spinel, careful observations by high-
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magnification photographs (optical and backscattered electron images)
have been made within and around the ion probe craters in 16O-rich
melilite. We confirmed that all O isotopic data in this study were
collected from a monomineralic phase. Data from polymineralic phases
due to the effect of primary beam overlapping were rejected.

3. RESULTS

3.1. Petrography and Bulk Chemical Composition

The sample used in this study, 7R-19-1, consists of a coarse-
grained CAI separated from the Allende CV3 meteorite spec-
imen 7R-19 provided by Dr. Elbert King. The 7R-19-1 coarse-
grained CAI appears originally to have had a round shape with
�5 mm radius, estimated from the curvature of the CAI edge.
However, this specimen was broken during laboratory han-
dling. Five polished sections were prepared from the pieces of
7R-19-1, and are designated as (a), (b), (c), (d) and (e), of
which (a), (d) and (e) were used in this study. Section (a) is
from the center whereas (d) and (e) are from the edge of the
CAI. All three pieces consist of melilite, fassaite and spinel as
major minerals. The size and occurrences of these minerals are
similar in the three pieces.

The cross section of 7R-19-1(a) is 1.4 mm square (Fig. 1 [a]).
The melilite consists of two-grains, named Mel (0.4 � 0.3 mm)
and Mel* (1.4 � 1 mm). Spinel grains of square or small-
rounded shape (10 to 100 �m) are scattered in Mel* (Fig. 1
[a]). Micron-sized spinel grains ( �2 �m in diameter) were
also observed in Mel* (Fig. 1). The large angular fassaite
crystal is 0.6 � 0.3 mm in size (Fig. 1 [c]). Small, rounded
fassaite grains (�30 �m in diameter) were observed in both
melilite crystals.

Sector-shaped 7R-19-1(d) is the largest piece of 7R-19-1,
and is 3 � 3 mm in size (Fig. 2 [a]). Many melilite crystals
(200–300 �m in size) found in 7R-19-1(d) are lath shaped.
Only the melilite grain in the hibonite-rich center area grain has
an irregular outline (Figs. 2 [a,d]). Some melilite-melilite con-
tacts are planar and others are sutured. The large angular
fassaite crystals (0.8 � 0.5 mm square) have sector and growth
zoning (Fig. 2). A smaller, angular fassaite crystal (0.4 � 0.2
mm) is also observed (Fig. 2 [a]), and very small rectangular
fassaite crystals (20 � 10 �m) are observed in spinel grains.
This fassaite grain has distinct O isotopic ratios discussed in the
following section (sec. 3.3.2). Spinel grains generally are eu-
hedral and 20–100 �m in size, and are poikilitically enclosed
in melilite crystals. The center area of 7R-19-1(d) is composed
of irregularly shaped aggregates of melilite, fine-grained per-
ovskite, irregularly shaped hibonite (40 � 20 �m) and alter-
ation products with rough surfaces (Fig. 2 [c]). A Wark-Lov-
ering rim exists on the circumference of the 7R-19-1(d) with
sector form. The rim consists of a �50 �m layer of irregularly

Fig. 1. [a] Backscattered electron image of 7R-19-1(a). This frag-
ment is collected from the central part of the CAI. Boxed areas [1], [2],
and [3] correspond to Figures 1, 9, and 10, respectively. Backscattered
electron image of small-rounded spinel grains (black points, 2–3 �m in
diameter) in the 16O-rich melilite crystal of 7R-19-1(a). [c] Backscat-
tered electron image of angular fassaite in 7R-19-1(a). Circles show
locations of the SIMS analysis with the analysis number given in Table
7. The white region along crystals is a thin film of gold, which was not
removed by polishing. Sp � spinel; Mel � 16O-poor melilite; Mel*

16
� O-rich melilite.
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shaped spinel and fine-grained perovskite (Fig. 2 [d]). The
intermediate zone between melilite and the spinel � perovskite
layer in the rim is composed of the alteration products anor-

Fig. 2. [a] Backscattered electron image of 7R-19-1(d).
in spinel and fine-grained perovskite. Small rectangular fa
[2], and [3] correspond to Figure 2, [c] and [d], respective
the 7R-19-1(d). The fassaite has sector and growth zonin
were obtained from stepped traverses within the fassaite
of 13 points at intervals of �32 �m along line 1, and of
electron image of the center area of 7R-19-1(d). Brightest s
The white area is melilite; the irregularly shaped gray area
are alteration products. M-26 to 28 and Hib-01 to 02 ind
Backscattered electron image of rim structure of the origi
spinel, perovskite, melilite; and alteration products (ano
� spinel; Fas � fassaite; Hib � hibonite; Pv � perovsk
thite, Fe-rich spinel and altered melilite. Anorthite crystals in
the rim are needle-shaped and are �5 �m in length (Fig. 2 [d]).
Perovskite is present mostly as fine, rounded shapes �5 �m in
diameter in the central and rim areas (Figs. 2 [c,d]).

ment retains parts of the rim of its original CAI, enriched
s visible in the upper left of the sample. Boxed areas [1],
kscattered electron image of the large angular fassaite in
positions of line profiles 1 and 2 are shown by lines and
The O isotopic measurements for line profiles consisted

ts at intervals of �35 �m along line 2. [c] Backscattered
perovskite and the dark area near the perovskite is spinel.
ite. Gray, loosely coagulated crystals with rough surfaces
e SIMS analysis locations shown in Tables 6 and 9. [d]

I in polished section 7R-19-1(d). The rim is composed of
e-rich spinel; and altered melilite). Mel � melilite; Sp
� anorthite.
The frag
ssaite i
ly. Bac

g. The
crystal.
19 poin
pots are
is hibon
icate th
nal CA
rthite; F
ite; An
The size of 7R-19-1(e), a half-circle–like form is 3 � 2 mm
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(Fig. 3). 7R-19-1(e) consists of many crystals of melilite,
fassaite and spinel with small amounts of perovskite in the rim.
Melilite crystals are similar to those in 7R-19-1(d). The fassaite
crystal is 0.5 � 0.4 mm square. Spinel grains are square
�10–100 �m across in the melilite and fassaite crystals. The
interior textures and rim of 7R-19-1(e) are similar to those of
7R-19-1(d).

In summary, the three pieces of the 7R-19-1 sample mainly
consist of melilite (Åk13–30, roughly 60 � 70 vol%), fassaite
(� 10 vol%) and spinel (� 10 vol%) grains. Minor mineral
phases are hibonite and perovskite. Alteration products (mainly
anorthite and grossular) are present along some grain bound-
aries, cracks and the rim.

Although the mineral assemblage of this CAI corresponds to
those of Type B (Grossman, 1975), it does not have the con-
centrically zoned structure with a melilite mantle as normally
seen for the Type B1 CAI’s. The petrographic texture and
mineral composition of 7R-19-1 may correspond to those of
coarse-grained melilite-rich Type B2 or fassaite-rich compact
Type A CAI’s (MacPherson et al., 1988; Simon et al., 1995).
The euhedral textures suggest that 7R-19-1 crystallized from a
melt, and thus represents a primary coarse-grained CAI.

The bulk chemical composition of 7R-19-1 was determined
as the average chemical composition of eight rastered-beam
areas (750 �m square; there is some overlap in the areas) using
SEM-EDX analysis (Table 1). Figure 4 shows the liquidus
phase relationships as projected from spinel onto the plane of
the anorthite-gehlenite-forsterite system (Stolper, 1982; Stolper
and Paque 1986). Two analyses plot away from the others, but

Fig. 3. Backscattered electron image of 7R-19-1(e). The fragment
retains parts of the rim of its original CAI, enriched in spinel and
fine-grained perovskite. Fas � fassaite.

Table 1. Bulk chemical compositions of 7R-19-1.

7R-19-1 (wt%) 1�a

MgO 7.1 2.7
Al2O3 36.3 5.6
SiO2 24.1 3.0
CaO 30.7 4.7
TiO2 1.7 2.1
FeO 0.3 0.5
Total 100

a
 Standard deviations of eight measurements.
these were obtained in areas dominated by fassaite. Six data
points fall in the Type A area (open squares: individual data
points, solid circle: average of eight points). The bulk chemical
composition of 7R-19-1 (solid circle) falls near the composi-
tional area of Type A CAIs.

3.2. Mineral Chemistry

3.2.1. Melilite

Generally, melilite in CAIs can be considered as a binary
solid solution between åkermanite (Ca2MgSi2O7) and gehlenite
(Ca2Al2SiO7). Chemical compositions of melilite crystals in
7R-19-1 were determined in randomly selected spots. For all
melilite analyses, the numbers of cations were calculated on the
basis of seven oxygen atoms. Table 2 summarizes selected
individual data points for representative compositions, and all
data are summarized in Figure 5 as a histogram (over 100
measured points for each section). 7R-19-1(a), which consists
of two crystals, shows a sharp peak throughout at Åk23 while
7R-19-1(d) and (e), which consist of many dispersed crystals
show broad peaks at �Åk17. Based on the histogram shown in
Figure 5, åkermanite compositions of melilite in 7R-19-1 are
similar to those of Type A CAIs (Grossman, 1975).

3.2.2. Fassaite

Representative compositions of fassaite in 7R-19-1(a) and
(d) are summarized in Table 3, where all Ti is assumed to be
Ti4�. The numbers of cations are calculated on the basis of six
oxygen atoms. Contents of Al2O3 and TiO2 in fassaite crystals
of 7R-19-1(a) are 19 �23 wt% and 11 �20 wt%, respectively.
The contents of Al2O3 and TiO2 in fassaite crystals of 7R-19-
1(d) are 17 �27 wt% and 12 �21 wt%, respectively. Small,

16

Fig. 4. Bulk composition of CAI 7R-19-1 (solid circle � average of
eight points; open squares � individual measured points) plotted on
liquidus-phase relationships as projected from spinel onto the plane
anorthite-gehlenite-forsterite (Stolper, 1982). Dashed lines enclose the
observed bulk-composition areas of the principal CV3 coarse-grained
inclusion types (Wark 1981, 1987; Beckett, 1986; Wark et al., 1987;
MacPherson et al., 1988). 7R-19-1 (solid circle) falls near the compo-
sition of Type A CAIs.
rounded, fassaite grains in Mel ( O-poor melilite) and Mel*
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(16O-rich melilite) crystals are similar in chemical composi-
tions to angular fassaite grains in 7R-19-1(a) (Table 3). Large
and small angular fassaite and small rectangular fassaite sur-
rounded by spinel in 7R-19-1(d) are of similar chemical com-
position (Table 3).

The major cations of fassaite are Ca, Al, Ti, Mg and Si. For
the fassaite crystals in 7R-19-1(a) and (d), MgO is plotted vs.
SiO2 and Al2O3 in Figure 6 [a]. MgO and SiO2 abundances are
strongly correlated, while MgO and Al2O3 are strongly anti-
correlated. 7R-19-1(a) and (d) have clearly separate trends of
MgO vs. SiO2 and Al2O3. In a plot of MgO vs. TiO2 (Fig. 6
[c]), the Ti abundances decreases with increasing MgO abun-
dances, and samples (a) and (d) form a single trend. Fassaite
crystals in 7R-19-1(d) have higher TiO2 abundances and
lower Al2O3 abundances than those in 7R-19-1(a). This re-
verse correlation is explained by the exchange reactions,
Ti3� � IVAl3�7Mg2� � Si4� and Ti4� � 2IVAl3�7Mg2�

� 2Si4�, where IVAl refers to Al in the tetrahedral site. Al also
enters pyroxene as Tschermark’s molecule via the reaction
IVAl3� � VIAl3�7Mg2� � Si4� (Simon et al., 1991). These
plots show that 7R-19-1(a) and (d) have clearly separate trends
(Fig. 6 [a]) but the samples form a single trend in Figure 6 [c].
The trends may refer to different growth sectors because sector
zoning is commonly well developed in fassaite crystals in CAIs
(Davis et al., 1991). In a plot of SiO2vs. TiO2 (Fig. 6 [d]), the
correlation of SiO2vs. TiO2 in the fassaites in 7R-19-1(a) and
(d) correspond to those in Type A CAIs (Simon et al., 1999),
indicating 7R-19-1 may be classified as a compact coarse-
grained Type A CAI.

Compositional zoning in the large angular fassaite in 7R-19-
1(d) (Fig. 2) consists of a central zone and a mantle zone.
SEM-EDS traverse analyses across the zoning show an abrupt
change of MgO, SiO2, Al2O3 and TiO2 concentrations at the
boundary between the central and mantle zones (shown by
arrows in Fig. 7). Trends of MgO, SiO2, Al2O3 and TiO2 within
the central zone are similar to those within the mantle zone. The
fassaite crystal exhibits an increase in MgO and SiO2 from core
to rim, while TiO2 and Al2O3 decrease in abundance and CaO

Table 2. Representative ana

7R-19-1 (a)

Mel*a Melb

1 2 1 2

MgO 2.1 2.4 2.6 3.9
Al2O3 33.1 30.5 33.8 30.7
SiO2 24.6 26.1 24.1 25.5
CaO 40.3 41.1 39.5 39.9
Total 100 100 100 100

Cations per
Mg 0.14 0.16 0.17 0.27
Al 1.77 1.64 1.81 1.65
Si 1.12 1.19 1.09 1.16
Ca 1.96 2.00 1.92 1.94
Total 4.99 4.99 4.99 5.02
Åk 14 17 16 25

a Mel* � 16O-rich melilite.
b Mel � 16O-poor melilite.
is constant from core to rim in both zones (Fig. 7).
3.2.3. Spinel

We analyzed chemical compositions of both blocky and
irregular spinel grains in 7R-19-1(d). Representative composi-
tions are summarized in Table 4 for blocky spinel, and for
irregular-shaped spinel both in the central area and the rim. The
numbers of cations were calculated on the basis of four oxygen
atoms. Blocky spinel grains, which are scattered in melilite
crystals, are nearly pure MgAl2O4. Some spinel grains included
rectangular fassaite crystals (20 � 10 �m), and their chemical
compositions are similar to those of the blocky spinel grains.
Diffusion profiles of Fe were observed in some of the spinel
grains. Irregular spinel crystals in the center of 7R-19-1(d),
some with small rounded perovskite, have CaO (�2 wt%),
TiO2 (�2 wt%) and FeO (�4 wt%), while those in the rim have
CaO (�5 wt%), TiO2 (�6 wt%) and, FeO (�6 wt%) (Table 4).
Usually spinel contains CaO in trace amounts of  1 wt%
(Grossman, 1975). Therefore, the relatively large amount of
CaO we measure in irregular spinel possibly could be due to
beam overlap or some convolution effect arising from measur-
ing adjacent perovskite.

3.2.4. Accessory minerals (hibonite, anorthite, and
perovskite)

Table 5 summarizes some representative compositions of
hibonite [Ca(Al,Ti,Mg)12O19] crystals present in the center of
7R-19-1(d) (Fig. 2 [c]). The hibonite crystals contain MgO (�5
wt%), SiO2 (�2 wt%) and TiO2 (�6 wt%).

Some representative compositions of fine-grained (5 �m)
anorthite crystals [CaAl2Si2O8] observed as an alteration phase
along some grain boundaries (Fig. 2 [d]) in 7R-19-1(d) are
listed in Table 5. The composition is nearly pure anorthite
(An95–100: average An99).

Some representative compositions of fine perovskite grains
[CaTiO3] found in the center (Fig. 2 [c]), the rim area (Fig. 2
[d]) and around the spinel crystals of 7R-19-1(d) are summa-

melilite in 7R-19-1 (wt%).

7R-19-1 (d)

2

åk-rich 7R-19-1 (e)

1 2 1 2

2.0 12.4 10.2 2.9 2.6
34.5 10.0 15.6 31.8 32.8
23.5 36.7 33.2 24.1 23.7
40.0 40.8 41.0 41.2 40.9

100 100 100 100 100
en anions

0.14 0.85 0.69 0.2 0.17
1.85 0.54 0.84 1.72 1.77
1.07 1.68 1.52 1.1 1.09
1.95 2.00 2.01 2.02 2.00
5.01 5.07 5.06 5.04 5.03

13 76 62 21 17
lysis of

1

3.8
32.0
24.3
40.0

100
7 oxyg
0.25
1.72
1.11
1.95
5.03

23
rized in Table 5. This phase is nearby pure CaTiO3, with MgO
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(�1 wt%), and Al2O3 (�6 wt%). SiO2 ranges up to 3 wt% but
reaches such a high value only in one case (Table 5).

Some of the data for hibonite and perovskite have small
amounts of TiO2, SiO2 and MgO (Grossman, 1975). These
contaminations could be due to some convolution effect during
the measurement from surrounding minerals, i.e., fassaite, me-

Fig. 5. Histograms of melilite composition (åkermanite mol%) in
7R-19-1(a), (d), and (e), together with observed åkermanite contents of
Type A and B in Allende inclusions (Grossman, 1975). The histogram
for the melilite in 7R-19-1(a) has a sharp peak in frequency between
Åk18 and Åk23; in 7R-19-1(d) and (e) there is a broad peak between
Åk13 and Åk25, and Åk10 and Åk23, respectively.
lilite.
3.3. Oxygen Isotopes

The distributions of O isotopic composition in the 7R-19-1
constituent minerals are summarized in Tables 6 to 9. Calcu-
lated errors indicated on the tables represent standard errors
(1�), which were calculated from the standard deviations of
measurement cycles. These results are also plotted in three-
isotope diagrams, which are shown in Figures 8 [a–d]. The data
points fall on the CCAM line and are apparently in agreement
with previous observations on normal coarse-grained CAIs.
The degree of the 16O excess can be shown by �17O values
(�17O � �17O � �18O � 0.52), which are used for discussion
in this paper (with a few exceptions). Errors for �17O are
calculated by error propagation of 1� errors of �17O and �18O.

3.3.1. Melilite

3.3.1.1. 7R-19-1(a). The �17O values of the Mel crystal
range from �8‰ to �2‰ and those of the Mel* crystal range
from �25‰ to �13‰ (Table 6). A line profile of O isotopic
distributions was obtained from stepped traverses across the
boundary of the Mel (16O-poor melilite) and Mel* (16O-rich
melilite) crystals (Fig. 9), and another one within the Mel*
crystal near the angular fassaite crystal (Fig. 10). The grain
boundary between Mel and Mel* was determined by the trend
of åkermanite zoning in the crystal and cleavage orientation.
The O isotopic measurement for line profiles consists of 6–10
points spaced at intervals of 5–25 �m depending on the O
isotopic variations between adjacent points.

The O isotopic compositions of �17, 18O are homogeneous in
the Mel* crystal at about � �38‰, and abruptly changes to �
�10‰ at the Mel* crystal rim inside of the Mel crystal (Fig. 9,
Table 6). Åkermanite content gradually increases from Åk20 to
Åk30 towards the grain boundary. The O isotopic boundary
between 16O-poor and 16O-rich zones is not exactly at the grain
boundary of the two melilite crystals but is �100–120 �m
from the grain boundary.

The line profile within the Mel* crystal near the angular
fassaite crystal (Fig. 10) shows, correlated with a gradual
increase in åkermanite content from Åk20 to Åk80, a change of
O isotopic ratios from �35‰ to �10‰ in �17, 18O (Fig. 10 and
Table 6). The boundary between 16O-poor and 16O-rich regions
is within the Mel* �100–120 �m from the crystal’s edge.
These observations indicate that 16O-poor melilite was over-
grown directly on the 16O-rich melilite grains.

3.3.1.2. 7R-19-1(d). 7R-19-1(d) consisted of many coarse-
grained melilite crystals (Fig. 2 [a]). The �17O values of these
melilites range from �19‰ to �7‰ (Table 6). Melilite in the
center and the rim area with complex texture shows 16O-poor
isotopic compositions (Figs. 2 [c,d], Table 6). Also, melilite
that is close to hibonite grains has an 16O-poor isotopic com-
position (Fig. 2 [c], Table 6, d_M-26 to 28). Within each
melilite grain, O isotopic distributions are homogeneous (e.g.,
g#1 as d_M-02 and 03; g#2 as d_M-08, 09, 41, 62, and 83; g#3
as M-23 and 24; in Fig. 8 [a] and Table 6).

3.3.1.3. 7R-19-1(e). O isotopic compositions in 7R-19-1(e)
are different from those in 7R-19-1(d) and show a bimodal
16O-rich/16O-poor distribution. Almost all melilite crystals
show a large negative anomaly: �17O values of 16O-rich me-

lilite range from �20‰ to �10‰ (Table 6). A small amount
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of melilite has a relatively 16O-poor composition: �17O values
of these melilites range from �9‰ to �3‰ (Table 6). The
�17O values of melilite in the rim are from �19‰ to �13‰
(Table 6).

3.3.2. Fassaite

3.3.2.1. 7R-19-1(a). The �17O values of the angular fassaite
range from �15‰ to �1‰ (Table 7). The �17O value of a

Table 3. Representative ana

7R-19-1 (a)

Angular
Small

in Mel*a1 2 3

MgO 7.9 8.4 8.6 6.2
Al2O3 22.6 22.3 22.0 21.1
SiO2 31.6 32.5 33.1 28.4
CaO 22.3 22.3 21.6 24.8
TiO2 15.6 14.5 14.7 19.6
Total 100 100 100 100

Cations per
Mg 0.44 0.46 0.47 0.35
Al 0.99 0.97 0.95 0.94
Si 1.17 1.20 1.22 1.07
Ca 0.88 0.88 0.85 1.00
Ti 0.43 0.40 0.41 0.55
Total 3.91 3.91 3.90 3.91

a Mel* � 16O-rich melilite.
b Mel � 16O-poor melilite.

Fig. 6. Oxide relationship of fassaite in 7R-19-1(a) and in 7R-19-
1(d). Solid and open circles are measured points in 7R-19-1(a) and in
7R-19-1(d), respectively. [a] MgO vs. SiO2, [b] MgO vs. Al2O3, [c]
MgO vs. TiO2, and [d] SiO2 vs. TiO2. Two ellipses shown in [d] are
typical ranges of Type B and compact Type A inclusions (Simon et al.,

1999).
small fassaite inclusion (20 �m in diameter) in the Mel crystal
is �8‰. The �17O values of a small fassaite inclusion in the
Mel* crystal ranges from �19 to �15‰, i.e., it appears to have
the same O isotopic composition as the surrounding 16O-rich

fassaite in 7R-19-1 (wt%).

7R-19-1 (d)

Large angular
Small

angular
Fas in
spinel1 2 3

5.1 5.7 5.8 7.5 10.4
20.1 19.7 19.3 17.3 27.4
30.1 30.8 31.3 34.3 31.8
24.6 24.5 24.7 24.6 18.7
20.1 19.4 19.0 16.3 11.7

100 100 100 100 100
en anions

0.29 0.32 0.32 0.42 0.56
0.89 0.87 0.85 0.76 1.17
1.13 1.15 1.17 1.28 1.15
0.99 0.98 0.99 0.98 0.73
0.57 0.55 0.54 0.46 0.32
3.86 3.55 3.87 3.89 3.94

Fig. 7. Results of SEM-EDS traverse analysis across the angular
fassaite in 7R-19-1(d). Oxide abundance is plotted against distance
lysis of

Small
in Melb

7.1
22.2
31.6
27.9
11.3

100
6 oxyg

0.40
0.98
1.19
1.12
0.32
4.01
from core to rim for line profile 1 [a] and line profile 2 [b] of Figure 2.
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Mel* crystal (Table 7). The O isotopic composition of the small
fassaite inclusion in the Mel crystal is depleted in 16O com-
pared to the small fassaite in Mel*, but slightly enriched com-
pared to the surrounding 16O-poor Mel crystal (Table 7). The
wide variation in O isotopic composition of fassaite crystals
indicates that the crystallization of fassaite in 7R-19-1 contin-
ued from 16O-rich to 16O-poor melts.

3.3.2.2. 7R-19-1(d). The �17O values of the large angular
fassaite crystal range from �15‰ to �1‰ (Fig. 8 and Table
7). The �17O values of the small, rectangular fassaite crystal
range from �5‰ to �3‰ (Fig. 2 [a] and Table 7). The
distributions of O isotopic composition of fassaite in 7R-19-
1(d) are similar to those of fassaite in 7R-19-1(a). The �17O
value of a small rectangular fassaite (20 � 10 �m) in a spinel
grain is �16‰ (Table 7), which is similar to that in surround-
ing spinel (Table 8). This fassaite grain appears to have the
same O isotopic composition as the surrounding 16O-rich
spinel, suggesting an inclusion of the spinel grain.

Table 4. Representative analy

Blocky

1 2 3 4 1

MgO 30.3 29.6 29.9 29.6 26.7
Al2O3 69.7 69.6 69.4 69.4 69.8
CaO nda 0.8 nd 1.0 nd
TiO2 nd nd 0.7 nd nd
FeO nd nd nd nd 3.5
Total 100 100 100 100 100

Cations per
Mg 1.07 1.05 1.06 1.06 0.96
Al 1.95 1.95 1.94 1.96 1.98
Ca nd 0.02 nd 0.01 nd
Ti nd nd 0.01 nd nd
Fe nd nd nd nd 0.07
Total 3.02 3.02 3.01 3.03 3.01

a nd � not detected.

Table 5. Representative analysis

Hibonite

1 2 3 1

NaO nda nd nd nd
MgO 5.5 4.0 4.6 nd
Al2O3 84.2 79.9 82.2 42.0
SiO2 nd 1.8 nd 41.0
CaO 5.9 8.4 7.3 17.0
TiO2 4.4 6.1 5.9 nd
Total 100 100 100 100

Cations per 19 oxygen anions Ca

Na nd nd nd nd
Mg 0.92 0.65 0.78 nd
Al 11.09 10.61 10.89 2.27
Si nd 0.20 nd 1.88
Ca 0.71 1.01 0.88 0.84
Ti 0.37 0.52 0.50 nd
Total 13.09 12.99 13.05 4.99
AN 100

a
 nd � not detected.
We have measured line profiles of O isotopes within the
large single crystal of fassaite across the growth zone (Fig. 2).
The O isotopic measurements for line profiles consist of 13
points at intervals of �32 �m (Fig. 11 [a]), and of 19 points at
the intervals of �35 �m (Fig. 11). The �17O distributions of
line profile 01 and 02 in the angular fassaite range from �14‰
to �8‰ and from �13‰ to �4‰, respectively (Table 7).
Both line profiles show relatively homogeneous distributions of
16O enrichment within the analytical error (Fig. 11). We did not
find any evidence for systematic exchanges of O isotopic
distributions during the fassaite crystallization.

3.3.3. Spinel

3.3.3.1. 7R-19-1(a). The �17O values of spinel range from
�21‰ to �16‰ (Table 8). All spinel grains have the same
large negative �17O of � �20‰ within the analytical error (�
�5‰).

pinel in 7R-19-1 (d) (wt%).

lar in center Irregular in rim

3 4 1 2 3 4

25.7 27.0 29.2 25.3 27.5 26.4
67.3 68.9 69.0 67.0 61.3 62.8
1.7 0.5 nd 1.8 4.0 4.6
1.9 nd nd nd 5.3 6.2
3.4 3.6 1.9 5.9 1.9 nd

100 100 100 100 100 100
en anions

0.93 0.97 1.04 0.92 1.00 0.98
1.93 1.96 1.94 1.92 1.77 1.80
0.04 0.01 nd 0.05 0.10 0.12
0.03 nd nd nd 0.10 0.11
0.07 0.07 0.03 0.11 0.03 nd
3.00 3.01 3.01 3.00 3.00 3.01

r minerals in 7R-19-1(d) (wt%).

Anorthite Perovskite

2 3 1 2 3

nd 1.2 nd nd nd
nd nd nd 1.0 0.2

39.0 52.1 2.5 5.6 1.7
42.6 32.3 3.0 nd nd
18.4 14.5 41.2 39.5 41.1
nd nd 53.3 53.9 57.0

100 100 100 100 100

er 8 oxygen anions Cations per 3 oxygen anions

nd 0.04 nd nd nd
nd nd nd 0.03 0.01

2.12 2.82 0.06 0.15 0.05
1.96 1.49 0.07 nd nd
0.9 0.71 0.98 0.94 0.99
nd nd 0.89 0.9 0.97

4.98 5.06 2.00 2.02 2.02
100 95
sis of s

Irregu

2

26.6
68.2
1.3
0.8
3.1

100
4 oxyg
0.96
1.94
0.03
0.02
0.06
3.01
of mino

tions p
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Table 6. Oxygen isotopic compositions of melilite in 7R-19-1.

Analysis
�17 OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

a

(‰)

7R-19-1 (a)

Mel (16O-poor melilite)
a_M-10 �4.1 � 3.5 �9.8 � 1.8 1.0 � 3.9
a_M-11 �4.6 � 3.6 �12.7 � 2.1 2.0 � 3.8
a_M-12 �13.4 � 3.1 �9.6 � 2.1 �8.4 � 3.8
a_M-15 �10.4 � 3.2 �8.1 � 2.1 �6.2 � 3.8
a_M-38 �11.1 � 3.4 �10.3 � 2.1 �5.7 � 4.0
a_M-39 �10.8 � 3.5 �8.3 � 1.9 �6.4 � 4.0

Mel* (16O-rich melilite)
a_M-01 �28.8 � 3.4 �30.2 � 2.0 �13.1 � 4.0
a_M-02 �29.8 � 2.7 �24.6 � 1.9 �17.1 � 3.3
a_M-03 �33.0 � 3.0 �34.0 � 2.0 �15.3 � 3.6
a_M-04 �31.3 � 3.0 �32.9 � 2.0 �14.1 � 3.6
a_M-05 �32.9 � 2.6 �34.7 � 2.0 �14.8 � 3.3
a_M-06 �38.0 � 3.0 �34.9 � 2.0 �19.8 � 3.6
a_M-07 �37.7 � 3.2 �28.9 � 2.2 �22.7 � 3.9
a_M-08 �42.3 � 3.1 �33.6 � 2.1 �24.8 � 3.8
a_M-09 �29.0 � 2.8 �31.7 � 2.1 �12.6 � 3.5
a_M-14 �40.3 � 3.0 �43.9 � 1.9 �17.5 � 3.5
a_M-30 �48.0 � 2.9 �43.8 � 1.7 �25.2 � 3.3
a_M-37 �38.8 � 3.0 �40.2 � 1.5 �17.9 � 3.4
a_M-41 �32.3 � 3.4 �34.2 � 2.4 �14.5 � 4.2
a_M-54 �43.4 � 3.0 �35.1 � 2.3 �25.1 � 3.8
a_M-55 �44.3 � 3.0 �39.7 � 1.4 �23.6 � 3.3
a_M-56 �43.9 � 2.7 �42.4 � 1.6 �21.9 � 3.2
a_M-57 �39.5 � 2.8 �44.4 � 1.5 �16.4 � 3.2
a_M-58 �36.4 � 2.9 �43.8 � 1.7 �13.6 � 3.3
a_M-59 �38.0 � 3.0 �43.1 � 1.4 �15.6 � 3.3

Line profile between Mel & Mel*
a_M-16 �39.8 � 3.0 �36.1 � 1.9 �21.1 � 3.6
a_M-21 �18.4 � 3.2 �12.5 � 2.2 �11.9 � 3.8
a_M-45 �36.1 � 2.9 �36.3 � 1.5 �17.1 � 3.2
a_M-47 �10.0 � 3.0 �8.9 � 1.6 �5.4 � 3.4
a_M-48 �22.1 � 3.2 �20.5 � 1.8 �11.5 � 3.6
a_M-49 �35.5 � 3.4 �38.7 � 1.8 �15.3 � 3.8
a_M-50 �27.9 � 3.1 �33.0 � 1.6 �10.7 � 3.5
a_M-51 �9.7 � 3.2 �13.7 � 1.8 �2.6 � 3.6
a_M-52 �18.1 � 3.1 �9.2 � 1.8 �13.3 � 3.6
a_M-53 �12.5 � 2.9 �11.5 � 1.9 �6.5 � 3.5

Line profile within Mel*
a_M-31 �23.0 � 3.0 �21.3 � 1.7 �11.9 � 3.4
a_M-32 �19.5 � 3.2 �11.1 � 1.4 �13.7 � 3.5
a_M-33 �14.1 � 3.0 �11.8 � 1.6 �7.9 � 3.4
a_M-34 �35.0 � 2.9 �33.8 � 1.6 �17.4 � 3.3
a_M-35 �36.7 � 3.0 �33.6 � 1.6 �19.3 � 3.4
a_M-36 �10.1 � 2.7 �5.8 � 1.6 �7.1 � 3.2

7R-19-1 (d)

d_M-01 �7.6 � 2.8 �5.7 � 1.5 �4.6 � 3.2
d_M-04 �2.2 � 3.3 �2.9 � 1.5 �0.7 � 3.6
d_M-05 �7.4 � 3.2 �2.1 � 1.6 �6.3 � 3.6
d_M-06 4.3 � 3.0 4.1 � 1.7 2.1 � 3.5
d_M-07 �0.7 � 3.3 1.6 � 1.8 �1.5 � 3.8
d_M-10 �2.5 � 3.5 0.0 � 1.7 �2.5 � 3.9
d_M-11 �10.3 � 2.8 �6.4 � 1.5 �6.9 � 3.1
d_M-12 �13.9 � 2.8 �10.8 � 1.5 �8.3 � 3.3
d_M-13 �33.0 � 3.3 �26.6 � 1.6 �19.2 � 3.4
d_M-14 �4.9 � 3.3 �1.6 � 1.6 �4.1 � 3.7
d_M-15 �28.9 � 3.0 �19.7 � 1.5 �18.6 � 3.4
d_M-16 �11.0 � 3.2 �1.2 � 1.5 �10.4 � 3.6
d_M-17 �17.5 � 2.8 �4.8 � 1.8 �15.0 � 3.3
d_M-18 0.5 � 3.5 1.9 � 1.7 �0.5 � 3.9
d_M-19 �24.6 � 3.0 �16.2 � 1.9 �16.1 � 3.6
d_M-20 �16.6 � 2.7 �5.8 � 1.5 �13.5 � 3.1
d_M-21 �19.0 � 3.4 �14.6 � 1.6 �11.4 � 3.8
d_M-22 �18.2 � 3.5 �13.1 � 1.8 �11.4 � 3.9
Table 6. (Continued)

Analysis
�17 OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

a

(‰)

7R-19-1 (d)

d_M-25 �15.8 � 3.2 �16.1 � 1.8 �7.4 � 3.7
d_M-29 �2.8 � 3.5 �1.0 � 1.7 �2.2 � 3.9
d_M-35 11.8 � 3.1 13.2 � 1.6 4.9 � 3.5
d_M-36 9.2 � 3.2 5.5 � 2.2 6.3 � 3.9
d_M-37 12.2 � 3.3 11.1 � 1.8 6.4 � 3.8
d_M-38 14.3 � 3.4 13.5 � 1.8 7.3 � 3.8
d_M-39 7.2 � 3.2 14.6 � 1.9 �0.4 � 3.8
d_M-40 10.9 � 2.9 15.9 � 1.8 2.6 � 3.4
d_M-42 �18.8 � 3.3 �14.7 � 1.5 �11.2 � 3.6
d_M-43 �19.5 � 3.0 �19.1 � 1.6 �9.6 � 3.4
d_M-44 �18.0 � 2.6 �22.0 � 1.4 �6.5 � 2.9
d_M-45 �22.0 � 3.1 �11.8 � 1.7 �15.9 � 3.5
d_M-46 2.3 � 3.1 5.9 � 1.7 �0.7 � 3.6
d_M-47 4.5 � 2.9 5.7 � 1.7 1.5 � 3.4
d_M-48 0.1 � 3.2 9.1 � 1.6 �4.6 � 3.6
d_M-49 �5.9 � 2.7 �0.8 � 1.7 �5.4 � 3.2
d_M-50 �18.8 � 2.8 �16.0 � 1.7 �10.5 � 3.3
d_M-51 �6.6 � 3.2 �13.8 � 1.5 0.6 � 3.5
d_M-52 �21.4 � 3.5 �17.9 � 1.7 �12.1 � 3.9
d_M-53 �11.2 � 2.9 �9.0 � 1.7 �6.5 � 3.3
d_M-54 �31.6 � 3.0 �28.5 � 1.5 �16.8 � 3.3
d_M-55 �5.1 � 2.8 �5.0 � 1.5 �2.5 � 3.2
d_M-56 4.9 � 2.9 2.8 � 1.6 3.5 � 3.3
d_M-57 1.6 � 3.4 8.1 � 1.7 �2.6 � 3.8
d_M-63 3.5 � 3.0 14.7 � 1.8 �4.2 � 3.5
d_M-64 10.3 � 2.9 18.3 � 1.7 0.8 � 3.3
d_M-65 11.0 � 3.0 17.8 � 1.6 1.7 � 3.4
d_M-66 �16.4 � 2.4 �7.9 � 1.7 �12.3 � 3.0
d_M-69 �22.7 � 3.1 �9.3 � 1.9 �17.8 � 3.7
d_M-72 �24.4 � 2.8 �13.7 � 1.6 �17.2 � 3.2
d_M-73 6.6 � 3.3 5.0 � 1.8 4.0 � 3.8
d_M-74 �15.4 � 3.1 �16.2 � 1.5 �7.0 � 3.4
d_M-75 �23.6 � 2.9 �22.2 � 1.7 �12.1 � 3.3
d_M-76 �20.8 � 3.0 �20.6 � 1.6 �10.0 � 3.4
d_M-77 0.6 � 2.4 8.2 � 1.5 �3.6 � 2.8
d_M-78 0.0 � 3.0 8.8 � 1.7 �4.5 � 3.4
d_M-79 �1.1 � 3.1 �1.7 � 1.4 �0.2 � 3.4
d_M-80 �21.1 � 3.2 �19.3 � 1.5 �11.1 � 3.5
d_M-81 �9.2 � 2.8 �11.2 � 1.5 �3.4 � 3.2
d_M-82 �0.7 � 3.1 0.8 � 1.7 �1.1 � 3.5

g#1
d_M-02 �6.5 � 3.0 2.5 � 1.5 �7.8 � 3.4
d_M-03 �1.5 � 3.0 5.2 � 1.7 �4.3 � 3.4

g#2
d_M-08 �3.9 � 3.3 2.5 � 1.8 �5.2 � 3.7
d_M-09 �4.1 � 3.1 �3.2 � 1.6 �2.5 � 3.5
d_M-41 0.6 � 3.2 7.3 � 1.6 �3.2 � 3.6
d_M-62 1.7 � 3.5 1.5 � 1.6 0.9 � 3.8
d_M-83 �6.3 � 2.2 �7.4 � 3.7 �4.3 � 3.4

g#3
d_M-23 �27.8 � 2.8 �28.4 � 1.7 �13.0 � 3.3
d_M-24 �34.6 � 3.4 �30.0 � 1.8 �19.0 � 3.9

Center
d_M-26 1.5 � 3.5 1.5 � 1.7 0.8 � 3.9
d_M-27 5.1 � 2.7 4.9 � 1.4 2.5 � 3.1
d_M-28 �3.5 � 3.3 0.6 � 1.8 �3.8 � 3.8
d_M-58 �16.3 � 3.1 �14.9 � 1.8 �8.6 � 3.6
d_M-59 �2.2 � 3.5 0.6 � 1.9 �2.5 � 4.0
d_M-60 �13.4 � 2.8 �13.1 � 1.8 �6.6 � 3.3
d_M-61 �6.0 � 3.2 �0.4 � 1.8 �5.8 � 3.7
d_M-67 �10.4 � 3.1 �7.6 � 1.6 �6.4 � 3.5

Rim
d_M-68 �3.5 � 3.3 5.0 � 1.6 �6.1 � 3.7
d_M-70 �14.5 � 3.4 �6.4 � 1.8 �11.2 � 3.9
d_M-71 �17.4 � 3.3 �15.2 � 1.7 �9.5 � 3.7
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3.3.3.2. 7R-19-1(d). The �17O values of spinel range from
�29‰ to �14‰. The blocky spinel crystal included in a small
fassaite grain was 16O-rich (�17O � �29‰). The spinel crystal
in the central area near the small perovskite crystals is also
16O-rich (�17O � �26‰), as is an irregular spinel in the rim
adjacent to a melilite crystal (�17O � �20‰) (Table 8).

3.3.3.3. 7R-19-1(e). The �17O values of spinel range from
�26‰ to �17‰. The �17O value of the spinel near the small
fine-grained perovskite in the rim is �21‰ (Table 8).

3.3.4. Accessory minerals (hibonite and perovskite)

In 7R-19-1(d), the hibonite in the central area surrounding
irregular-shaped melilite was enriched in 16O (�17O � �
�23‰) (Fig. 2 and Table 9). The small perovskite surrounding
the irregularly shaped spinel crystal, irregularly shaped aggre-
gate of melilite and alteration products in the center area was
16O-poor (�17O � �7‰) (Table 9).

In 7R-19-1(e), the �17O value of fine-grained perovskite in
the rim surrounding spinel and the alteration products anorthite,
Fe-rich spinel and altered melilite, was �11‰ (Table 9).

4. DISCUSSION

4.1. Chemical Composition of 7R-19-1

The bulk chemical composition estimated from the analysis
of 7R-19-1 falls near the area for Type A CAIs in the anorthite-
gehlenite-forsterite system (Fig. 4), and hence, based on chem-

Table 6. (Continued)

Analysis
�17 OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

a

(‰)

7R-19-1 (e)

16O-poor melilite
e_M-15 �8.6 � 3.3 9.9 � 1.6 �3.7 � 3.7
e_M-16 �12.7 � 3.0 �6.6 � 1.7 �9.3 � 3.4
e_M-17 �12.3 � 2.9 �17.8 � 1.6 �3.1 � 3.3

16O-rich melilite
e_M-01 �26.2 � 3.1 �19.3 � 1.5 �16.2 � 3.5
e_M-02 �35.2 � 2.9 �37.1 � 1.7 �15.8 � 3.4
e_M-03 �25.0 � 2.8 �29.9 � 1.6 �9.5 � 3.2
e_M-04 �42.2 � 2.9 �43.9 � 1.3 �19.3 � 3.2
e_M-05 �24.8 � 3.0 �25.0 � 1.6 �11.8 � 3.4
e_M-06 �33.7 � 2.7 �33.7 � 1.7 �14.2 � 3.2
e_M-07 �29.7 � 3.0 �32.5 � 1.6 �12.8 � 3.4
e_M-08 �25.7 � 2.8 �26.7 � 2.0 �11.8 � 3.4
e_M-09 �28.4 � 3.1 �27.8 � 1.7 �13.9 � 3.6
e_M-10 �29.8 � 3.6 �31.0 � 1.5 �13.7 � 3.9
e_M-11 �29.5 � 3.5 �28.3 � 1.6 �14.8 � 3.8
e_M-12 �33.7 � 3.0 �36.3 � 1.6 �14.8 � 3.4
e_M-13 �42.8 � 2.7 �49.8 � 1.4 �16.9 � 3.0
e_M-14 �41.4 � 3.0 �42.0 � 1.5 �19.5 � 3.3
e_M-18 �35.8 � 3.2 �31.7 � 1.6 �19.3 � 3.6
e_M-20 �40.8 � 2.7 �42.5 � 1.5 �18.7 � 3.1
e_M-21 �21.9 � 3.0 �15.3 � 1.6 �13.9 � 3.4

Rim
e_M-22 �19.7 � 2.9 �12.8 � 1.9 �13.0 � 3.5
e_M-23 �29.5 � 3.1 �19.8 � 1.6 �19.2 � 3.5

a �17O � �17O � 0.52 � �18O. Errors are calculated from error
propagation of �17O and �18O.
ical composition, 7R-19-1 may be classified as fassaite-rich,
compact Type A CAI. Chemical analysis of melilite indicates a
peak at Åk15–20 in the abundance-composition histogram (Fig.
5), which also corresponds to Type A. Although, from modal
compositions of melilite, fassaite and spinel, this inclusion
might be designated as Type B, small amounts of fassaite are
often observed in coarse-grained Type A inclusions. Therefore,
from combined textural, mineral and the bulk chemical com-
positions, 7R-19-1 can be designated as a coarse-grained com-
pact Type A with a mostly volatile chemical composition.

The large angular fassaite in 7R-19-1(d) (Fig. 2) is compo-
sitionally zoned from core to rim. MgO, SiO2, Al2O3 and TiO2

concentrations abruptly change at the boundary between the
central and mantle zones (Fig. 7). The zones appear to be the
product of growth zoning from liquid based on the observed
change (Fig. 7). The trends of MgO, SiO2, Al2O3 and TiO2

zoning in the central zone are not different, however, from
those in the mantle zone. Thus, mantle zones probably repre-
sent overgrowths on the central zone. The trends in the central
zone indicate that Al2O3 and TiO2-rich contents in the melt
gradually decreased with crystallization. A sharp boundary of
the zoning profiles of MgO, SiO2, Al2O3 and TiO2 indicates
that the liquid compositions changed before the starting of
mantle-zone crystallization. The curved and irregular boundary
suggests that melting of the central zone occurred before man-
tle crystallization.

4.2. O Isotopic Compositions in 7R-19-1

In 7R-19-1, three major refractory minerals (spinel, melilite
and fassaite) show large negative �17O anomalies decreasing in
the order, spinel � melilite � fassaite (Fig. 8). The order of the
O isotope anomalies normally observed for coarse-grained
CAIs, on the other hand, is spinel � fassaite � melilite. In this
respect, 7R-19-1 is unusual. Experimental investigation of the
crystallization sequence from Ca, Al-rich liquid (Stolper, 1982;
Stolper and Paque 1986) showed that spinel was the first
mineral to crystallize, followed by melilite. If crystallization of
the CAI started from an 16O-rich liquid, the first crystallized
minerals including melilite would have an 16O-rich composi-
tion. Except for the existence of 16O-poor melilite in 7R-19-1,
the order of the O isotopic anomaly of the three major refrac-
tory minerals is consistent with this crystallization sequence. If
crystallization of the CAI started from an 16O-rich liquid in
16O-poor gas such as in the dynamic exchange model of Ry-
erson and McKeegan (1994), gradual zoning of O isotopes is
expected in melilite. However, the sharp boundary between
16O-rich and 16O-poor regions in melilite is not consistent with
this model. Various O isotopic compositions in fassaite crystals
in 7R-19-1 also argue against the model; for fassaite, this
difficulty has already been pointed out by Ryerson and Mc-
Keegan (1994). Therefore, 16O-poor melilite may have crystal-
lized at a later stage during 16O-poor conditions without sig-
nificant influence of diffusion.

The order of the O isotope anomalies in 7R-19-1 and that in
coarse-grained CAIs reported previously are different; how-
ever, the lower limit values for �17, 18O/16O (about �21‰ in
�17O) are similar (Fig. 8). The same lower value also has been
observed in CAIs of ordinary and other meteorite groups (Clay-
ton, 1993). In recent SIMS studies (Fahey et al., 1987; McKee-

gan, 1987; Zinner et al., 1991; Yurimoto et al., 1994, 1998;
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Table 7. Oxygen isotopic compositions of fassaite in 7R-19-1.

Analysis
�17OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

c

(‰)

7R-19-1 (a)

Angular
a_F-01 �9.3 � 2.8 �9.6 � 2.1 �4.3 � 3.5
a_F-02 �5.2 � 2.9 �12.6 � 2.0 1.3 � 3.5
a_F-03 �17.2 � 2.7 �22.4 � 2.2 �5.5 � 3.5
a_F-04 �3.3 � 3.1 �8.1 � 2.0 0.9 � 3.7
a_F-05 �24.3 � 3.0 �18.5 � 2.1 �14.7 � 3.7
a_F-06 �17.1 � 3.4 �11.7 � 2.1 �11.1 � 4.0
a_F-07 �21.4 � 3.4 �21.8 � 2.1 �10.1 � 4.0
a_F-08 �5.5 � 2.5 �2.3 � 2.1 �4.3 � 3.3
a_F-09 0.2 � 3.0 �1.3 � 2.0 0.9 � 3.7
a_F-10 1.1 � 3.1 0.0 � 2.1 1.2 � 3.7

Small grain in Mela

a_F-13 �16.9 � 3.3 �16.5 � 2.1 �8.3 � 3.9
Small grain in Mel*b

a_F-11 �32.2 � 3.1 �33.6 � 2.0 �14.7 � 3.7
a_F-12 �37.8 � 3.0 �36.3 � 2.0 �18.9 � 3.6

7R-19-1 (d)

Large angular
d_F-02 �17.6 � 3.2 �9.8 � 1.7 �12.5 � 3.6
d_F-03 �6.5 � 3.4 �1.2 � 1.7 �5.9 � 3.8
d_F-04 �17.3 � 2.9 �19.4 � 1.9 �7.1 � 3.4
d_F-05 �15.5 � 3.3 �11.3 � 1.6 �9.7 � 3.7
d_F-06 �10.7 � 3.0 �11.2 � 1.5 �4.9 � 3.3
d_F-07 �20.7 � 3.1 �11.2 � 1.4 �14.9 � 3.4
d_F-10 �21.5 � 3.2 �23.8 � 1.6 �9.1 � 3.6
d_F-11 �25.2 � 3.0 �24.8 � 1.6 �12.3 � 3.4
d_F-12 �24.9 � 3.0 �24.7 � 1.5 �12.1 � 3.3
d_F-13 �21.2 � 3.4 �26.5 � 1.4 �7.5 � 3.7
d_F-14 �16.8 � 3.0 �21.0 � 1.4 �5.8 � 3.3
d_F-15 �25.9 � 2.7 �27.6 � 1.8 �11.6 � 3.2
d_F-16 �24.8 � 3.2 �20.8 � 1.6 �13.9 � 3.5
d_F-17 �16.2 � 2.9 �25.7 � 1.5 �2.9 � 3.3
d_F-18 �27.1 � 3.5 �24.2 � 1.6 �14.5 � 3.9
d_F-19 �17.8 � 3.3 �18.4 � 1.6 �8.2 � 3.6
d_F-20 �24.8 � 3.3 �18.4 � 2.2 �15.2 � 4.0
d_F-21 �21.7 � 2.8 �22.8 � 1.7 �9.8 � 3.3
d_F-42 �20.6 � 3.3 �15.9 � 1.6 �12.3 � 3.7
d_F-43 �19.2 � 2.7 �17.4 � 1.4 �10.2 � 3.1
d_F-44 �14.1 � 3.0 �21.5 � 1.7 �3.0 � 3.4
d_F-45 �20.6 � 2.9 �18.5 � 1.5 �11.0 � 3.2
d_F-46 �14.6 � 3.2 �16.6 � 1.6 �6.0 � 3.6
d_F-47 �14.6 � 3.4 �16.0 � 1.5 �6.3 � 3.7
d_F-48 �14.5 � 2.8 �18.3 � 1.5 �5.0 � 3.2
d_F-49 �6.8 � 3.1 �7.9 � 1.5 �2.7 � 3.4
d_F-50 �7.2 � 3.3 8.7 � 1.7 �2.7 � 3.7
d_F-51 �2.4 � 2.9 �7.0 � 1.4 1.2 � 3.2
d_F-52 �4.6 � 2.9 4.6 � 1.6 �7.0 � 3.3
d_F-53 �4.7 � 2.8 �0.3 � 1.5 �4.6 � 3.2
d_F-54 �11.8 � 2.9 �5.9 � 1.5 �8.7 � 3.3
d_F-55 �13.5 � 3.4 �9.2 � 1.5 �8.7 � 3.7
d_F-56 �17.1 � 3.0 �13.6 � 1.5 �10.0 � 3.3
d_F-57 �23.2 � 3.1 �19.2 � 1.6 �13.2 � 3.4
d_F-58 �21.8 � 2.8 �19.3 � 1.5 �11.8 � 3.2
d_F-59 �19.5 � 3.0 �20.2 � 1.6 �9.0 � 3.5
d_F-60 �15.3 � 3.1 �19.5 � 1.5 �5.1 � 3.4
d_F-61 �16.5 � 2.9 �17.0 � 1.6 �7.6 � 3.3
d_F-91 �3.9 � 3.3 9.3 � 1.5 �8.7 � 3.7
d_F-92 �3.3 � 2.7 9.9 � 1.7 �8.5 � 3.2
d_F-93 0.8 � 2.9 10.9 � 1.4 �4.8 � 3.2
d_F-94 �18.5 � 2.9 �14.8 � 1.6 �10.8 � 3.3
d_F-95 �16.3 � 3.1 �9.6 � 1.6 �11.3 � 3.5
d_F-96 �13.0 � 3.4 �16.6 � 1.6 �4.4 � 3.8
d_F-97 �18.7 � 3.1 �11.6 � 1.6 �12.7 � 3.5
d_F-98 �9.8 � 2.9 �10.1 � 1.6 �4.5 � 3.3
d_F-99 �18.1 � 2.8 �11.0 � 1.4 �12.4 � 3.2
d_F-100 �8.0 � 3.6 �10.6 � 1.7 �2.5 � 3.9
d_F-101 �12.8 � 2.8 �14.0 � 1.6 �5.5 � 3.2
Table 7. (Continued)

Analysis
�17OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

c

(‰)

7R-19-1 (d)

d_F-102 �9.7 � 3.0 �4.2 � 1.7 �7.5 � 3.4
d_F-103 0.0 � 3.0 3.2 � 1.6 �1.7 � 3.4
d_F-104 �0.9 � 2.9 �2.9 � 1.7 0.6 � 3.3
d_F-105 �11.4 � 3.3 �10.5 � 1.5 �5.9 � 3.7
d_F-106 �0.3 � 3.2 0.7 � 1.6 �0.7 � 3.5
d_F-107 �7.4 � 2.6 �3.4 � 1.7 �5.7 � 3.2
d_F-108 �8.5 � 3.0 �3.6 � 1.8 �6.7 � 3.5
d_F-109 �17.8 � 3.1 �15.9 � 1.6 �9.5 � 3.5
d_F-110 �7.1 � 3.1 �5.5 � 1.5 �4.3 � 3.4
d_F-111 �8.7 � 3.0 �8.0 � 1.7 �4.6 � 3.4
d_F-112 �1.7 � 3.9 4.9 � 1.7 �4.2 � 3.2
d_F-113 �3.9 � 2.5 8.4 � 1.6 �8.3 � 3.0
d_F-114 �12.5 � 2.9 �2.4 � 1.1 �11.3 � 3.1
d_F-115 �12.5 � 2.6 �1.4 � 1.5 �11.8 � 3.0
d_F-116 �2.1 � 3.2 2.1 � 1.5 �3.2 � 3.6
d_F-117 �1.8 � 2.6 6.9 � 1.5 �5.4 � 3.0
d_F-118 �2.3 � 3.0 7.1 � 1.7 �6.0 � 3.4
d_F-119 0.0 � 3.1 9.2 � 1.3 �4.8 � 3.3
d_F-120 �6.4 � 3.8 0.9 � 1.7 �6.8 � 4.2
d_F-121 �1.7 � 2.8 �1.8 � 1.5 �0.8 � 3.2
d_F-122 �12.9 � 2.9 �3.2 � 1.7 �11.3 � 3.4
d_F-123 �10.2 � 3.2 �2.4 � 1.3 �8.9 � 3.5

Small rectangular
d_F-01 �5.1 � 2.9 �5.0 � 1.7 �2.5 � 3.3
d_F-08 �8.5 � 3.0 �7.1 � 1.3 �4.8 � 3.3

Small fassaite in spinel (d_S-10)d

d_F-09 �36.3 � 3.0 �39.1 � 1.4 �16.0 � 3.4
Line profile #1

d_F-77 �16.5 � 3.2 �8.2 � 1.6 �12.2 � 3.5
d_F-78 �14.9 � 3.1 �8.4 � 1.8 �10.5 � 3.5
d_F-79 �14.7 � 2.8 �5.3 � 1.5 �11.9 � 3.2
d_F-80 �18.9 � 2.8 �10.5 � 1.5 �13.5 � 3.2
d_F-81 �15.7 � 3.5 �7.2 � 1.7 �11.9 � 3.9
d_F-82 �17.1 � 3.2 �13.6 � 1.7 �10.0 � 3.6
d_F-83 �13.8 � 2.9 �9.1 � 1.4 �9.1 � 3.2
d_F-84 �12.8 � 3.2 �6.1 � 1.7 �9.6 � 3.6
d_F-86 �13.6 � 2.8 �3.1 � 1.8 �12.0 � 3.3
d_F-87 �13.6 � 2.9 �3.7 � 1.4 �11.7 � 3.3
d_F-88 �13.3 � 2.7 �8.7 � 1.6 �8.7 � 3.2
d_F-89 �14.8 � 3.3 �12.6 � 1.4 �8.2 � 3.6
d_F-90 �11.6 � 3.3 �3.9 � 1.5 �9.6 � 3.7

Line profile #2
d_F-22 �15.8 � 2.8 �16.1 � 1.6 �7.4 � 3.2
d_F-23 �18.1 � 3.1 �9.8 � 1.5 �13.0 � 3.4
d_F-24 �21.2 � 3.3 �15.8 � 1.5 �13.0 � 3.6
d_F-26 �21.7 � 2.9 �20.1 � 1.8 �11.2 � 3.4
d_F-27 �13.0 � 3.5 �15.6 � 1.6 �4.8 � 3.8
d_F-28 �17.5 � 3.3 �18.5 � 1.5 �7.8 � 3.6
d_F-29 �23.2 � 3.3 �20.9 � 1.9 �12.3 � 3.8
d_F-30 �19.3 � 2.8 �18.7 � 1.9 �9.5 � 3.4
d_F-31 �17.3 � 3.0 �15.5 � 1.7 �9.2 � 3.5
d_F-32 �16.8 � 3.2 �18.9 � 1.7 �7.0 � 3.6
d_F-33 �23.7 � 3.8 �21.1 � 1.5 �12.7 � 4.1
d_F-34 �15.5 � 3.0 �18.5 � 1.3 �5.9 � 3.3
d_F-35 �19.5 � 3.4 �12.1 � 1.6 �13.2 � 3.8
d_F-36 �19.3 � 3.1 �14.6 � 1.9 �11.7 � 3.5
d_F-37 �10.4 � 3.0 �11.7 � 1.7 �4.3 � 3.5
d_F-38 �15.1 � 2.9 �18.4 � 1.6 �5.6 � 3.4
d_F-39 �15.1 � 3.1 �12.1 � 1.5 �8.8 � 3.4
d_F-40 �11.9 � 3.1 �11.4 � 1.8 �6.0 � 3.6
d_F-41 �8.5 � 3.0 �3.2 � 1.7 �6.8 � 3.5

a Mel � 16O-poor melilite.
b Mel* � 16O-rich melilite.
c �17O � �17O � 0.52 � �18O. Errors are calculated from error

propagation of �17O and �18O.
d Small rectangular fassaite crystals (d_F-09) are observed in spinel
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McKeegan et al., 1998), an 16O excess of � �21‰ (�17O), as
also defined by conventional measurements of CAIs, is gener-
ally considered the endmember composition except for a single
chondrule having an 16O excess of � �40‰ (�17O) (Koba-
yashi et al., 2003). The similarity in the extreme values of �
�21‰ (�17O) and the existence of 16O-rich melilite and spinel
crystals demonstrate that the crystallization of 7R-19-1 started
from a liquid with an 16O-rich composition of � �21‰ (�17O)
relative to terrestrial oxygen, and supports the hypothesis that
CAI precursors were originally enriched in 16O. These O iso-
topic characteristics observed for 7R-19-1 are consistent with
simple solidification of a Ca, Al-rich liquid following the
experimentally determined crystallization sequence (Stolper,
1982; Stolper and Paque 1986). Thus, the CAI initially crys-
tallized from an 16O and Ca, Al-rich liquid in the early solar
nebula.

4.2.1. O isotopic composition in spinel

All the spinel grains, including the blocky grains in 7R-19-
1(a), (d) and (e) and the irregularly shaped grains in the rim of
(d) and (e), are enriched in 16O by about �17, 18O � �40‰
(Fig. 8 [c]).

In 7R-19-1(a), spinel grains are scattered throughout the 16O

Table 8. (Continued)

Analysis
�17OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

a

(‰)

7R-19-1 (e)

e_S-01 �41.9 � 3.3 �43.5 � 1.5 �19.3 � 3.6
e_S-02 �45.3 � 2.9 �36.7 � 1.2 �26.2 � 3.1
e_S-03 �38.7 � 2.6 �41.8 � 1.2 �16.9 � 2.9
e_S-04 �41.1 � 3.0 �41.5 � 1.7 �19.6 � 3.5
e_S-05 �41.8 � 2.9 �40.8 � 1.7 �20.6 � 3.4

Rim
e_S-06 �41.6 � 2.9 �39.2 � 1.5 �21.2 � 3.3

a �17O � �17O � 0.52 � �18O. Errors are calculated from error
propagation of �17O and �18O.

b Small rectangular fassaite crystals (d_F-09) are observed in spinel
grain (d_S-10). See text.

Table 9. Oxygen isotopic compositions of minor minerals in 7R-
19-1.

Analysis
�17OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

a

(‰)

7R-19-1 (d)

Perovskite in center
d_Pv-01 �7.9 � 3.0 �2.2 � 1.4 �6.7 � 3.3

Hibonite in center
d_Hb-01 �46.1 � 2.8 �41.9 � 1.5 �24.3 � 3.2
d_Hb-02 �44.0 � 3.1 �43.6 � 1.5 �21.3 � 3.5

7R-19-1 (e)

Perovskite in rim
e_Pv-01 �12.7 � 2.8 �3.8 � 1.6 �10.7 � 3.2

a �17O � �17O � 0.52 � �18O. Errors are calculated from error
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Table 8. Oxygen isotopic compositions of spinel in 7R-19-1.

Analysis
�17OSMOW

(‰)
�18OSMOW

(‰)
�17OSMOW

a

(‰)

7R-19-1 (a)

a_S-01 �41.1 � 3.3 �39.0 � 1.8 �20.8 � 3.7
a_S-02 �34.3 � 3.0 �35.3 � 2.0 �16.0 � 3.7
a_S-03 �37.8 � 2.8 �35.3 � 2.1 �19.5 � 3.5
a_S-05 �41.0 � 2.9 �39.5 � 2.2 �20.5 � 3.6
a_S-06 �38.0 � 3.0 �40.2 � 2.1 �17.1 � 3.7
a_S-08 �41.5 � 3.3 �42.1 � 2.3 �19.7 � 4.0
a_S-09 �38.8 � 2.7 �41.6 � 1.9 �17.1 � 3.3
a_S-12 �41.4 � 3.1 �42.8 � 2.0 �19.1 � 3.7

7R-19-1 (d)

d_S-01 �46.0 � 3.5 �43.3 � 1.3 �23.5 � 3.8
d_S-02 �42.3 � 3.2 �41.6 � 1.7 �20.7 � 3.7
d_S-03 �32.1 � 3.1 �34.2 � 1.4 �14.3 � 3.4
d_S-04 �42.1 � 3.1 �42.2 � 1.4 �20.1 � 3.4
d_S-05 �41.2 � 3.0 �39.2 � 1.6 �20.8 � 3.4
d_S-06 �41.8 � 3.2 �38.6 � 1.6 �21.8 � 3.6
d_S-07 �39.9 � 3.0 �36.6 � 1.5 �20.9 � 3.3
d_S-09 �44.6 � 3.1 �40.9 � 1.6 �23.3 � 3.5
d_S-11 �37.6 � 3.0 �43.4 � 1.6 �15.0 � 3.4
d_S-12 �44.2 � 3.0 �33.3 � 1.6 �26.9 � 3.4
d_S-13 �43.4 � 3.1 �43.4 � 1.5 �20.8 � 3.5
d_S-14 �40.6 � 2.8 �38.3 � 1.5 �20.6 � 3.2
d_S-15 �42.8 � 3.2 �41.7 � 1.6 �21.2 � 3.6
d_S-19 �39.9 � 2.8 �35.3 � 1.7 �21.6 � 3.3
d_S-20 �38.4 � 3.1 �40.7 � 1.6 �17.2 � 3.5
d_S-21 �41.6 � 3.4 �40.2 � 1.7 �20.7 � 3.8
d_S-22 �41.6 � 3.4 �43.2 � 1.7 �24.1 � 3.3
d_S-23 �40.4 � 3.6 �37.9 � 1.6 �20.7 � 3.9
d_S-25 �46.0 � 3.0 �41.3 � 1.7 �24.5 � 3.5
d_S-26 �39.2 � 3.6 �35.9 � 1.5 �20.5 � 3.9
d_S-27 �40.4 � 3.1 �36.2 � 1.6 �21.6 � 3.5
d_S-28 �44.9 � 3.0 �42.7 � 1.6 �22.7 � 3.4
d_S-29 �40.6 � 2.7 �42.7 � 1.5 �18.3 � 3.1
d_S-30 �43.4 � 2.7 �42.5 � 1.7 �21.3 � 3.2
d_S-31 �41.8 � 3.3 �42.0 � 1.6 �19.9 � 3.7
d_S-32 �40.1 � 3.0 �44.6 � 1.6 �16.9 � 3.4
d_S-33 �39.6 � 2.6 �41.0 � 1.3 �18.2 � 2.9
d_S-34 �36.7 � 2.9 �44.3 � 1.7 �13.7 � 3.3
d_S-35 �48.7 � 3.1 �38.5 � 1.5 �28.7 � 3.4
d_S-36 �41.0 � 2.7 �43.3 � 1.5 �18.4 � 3.1
d_S-42 �43.0 � 3.4 �38.8 � 1.5 �22.8 � 3.7
d_S-43 �42.5 � 3.5 �43.4 � 1.5 �19.9 � 3.7
d_S-44 �35.2 � 3.0 �36.1 � 1.7 �16.5 � 3.4
d_S-45 �43.2 � 2.9 �41.9 � 1.6 �21.4 � 3.3
d_S-46 �44.6 � 2.7 �39.7 � 1.4 �23.9 � 3.1
d_S-47 �43.1 � 3.0 �42.6 � 1.5 �20.9 � 3.4
d_S-48 �39.4 � 2.9 �39.3 � 1.5 �19.0 � 3.3
d_S-49 �42.6 � 3.1 �38.1 � 1.6 �22.8 � 3.5
d_S-50 �43.5 � 3.7 �38.7 � 1.4 �23.4 � 3.9
d_S-51 �36.8 � 3.1 �41.0 � 1.3 �15.4 � 3.4
d_S-52 �44.9 � 3.2 �40.2 � 1.4 �23.9 � 3.5

Spinel containing small fassaite (d_F-09)b

d_S-10 �43.0 � 3.0 �27.7 � 1.5 �28.6 � 3.3
Center

d_S-08 43.7 � 2.8 �34.7 � 1.5 �25.7 � 3.1
Rim

d_S-24 43.6 � 2.7 �45.2 � 1.9 �20.2 � 3.5
propagation of � O and � O.
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rich melilite (Fig. 1 [a]). The textural relationship indicates that
the spinel crystals were the first crystallized mineral in the CAI
and that the spinel grains continued to crystallize during the
crystallization of the 16O-rich melilite. The observed texture is
consistent with the O isotopic distribution in that both spinel
grains and the surrounding melilite have the same O isotopic
ratios. In 7R-19-1(d) and (e), on the other hand, spinel grains
with 16O-rich compositions are scattered throughout 16O-poor
melilite (Figs. 2 [a] and 3). After the crystallization of 16O-poor
melilite, O isotopic compositions of spinel enclosed in the
melilite could not be changed from 16O-poor to 16O-rich.
Therefore, 16O-rich spinel grains were present before the crys-
tallization of the surrounding 16O-poor melilite.

4.2.2. O isotopic composition in melilite

The previous conclusion, combined with the observed uni-
16

Fig. 8. Oxygen isotopic distributions of refractory mine
[c] for spinel, and [d] for accessory minerals (hibonite
� carbonaceous chondrites anhydrous minerals mixing lin
error bars are shown.
form O-enrichment in spinel, indicates that the formation of
7R-19-1 started under the condition of � �21‰ (�17O) en-
richment of 16O relative to SMOW in the early solar system. In
the three-oxygen isotope plots for 7R-19-1 (Fig. 8 [a]), there is
a continuous distribution of O isotopic compositions of melilite
ranging from �40‰ to �10‰ in �17, 18O along the CCAM
line. This suggests that the CAI was a) either initially produced
with an 16O-rich composition and exchanged O isotopes with
the 16O-poor environment in a later event, or b) was produced
in an environment in which O isotope ratios were continuously
changing.

Figure 9 [a] shows the traverse analysis at a grain boundary
between 16O-poor melilite (Mel) and 16O-rich melilite (Mel*)
crystals in 7R-19-1(a). The gehlenite-åkermanite ratios are
similar in the core of both melilite crystals, but the O isotopic
compositions differ. The åkermanite component in both is
uniform within the central portion of each crystal, but it in-

7R-19-1(a), (d), and (e). [a] For melilite, [b] for fassaite,
erovskite). TF � terrestrial fractionation line; CCAM
W � standard mean ocean water. Representative 1�mean
rals in
and p

e; SMO
creases gradually toward the crystal rim (Fig. 9). From this
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increase, it can be seen that melilite crystals grew towards the
grain boundary from both sides. Although the O isotopic com-
position in Mel* is 16O-enriched near the center of the crystal,

Fig. 9. Traverse analysis at the grain boundary between Mel (16O-
poor) and Mel* (16O-rich) in 7R-19-1(a). [a] The line profile of O
isotopic distribution shown in was obtained from stepped traverses
across the boundary of the two melilite crystals. The line profile
consisted of 10 points at intervals of �15 �m. Open circles are analysis
points. The grain boundary between Mel and Mel* is shown by the
thick white dashed line. Numbers in the figure correspond to the
measurement numbers in Tables 6, 7, and 8. Area shown is the boxed
area [2] in Figure 1 [a]. Plot of the distribution of åkermanite content
(mol%) and O isotopic ratios along the line between analytical loca-
tions M-16 and M-21. Solid and open circles are �17OSMOW and
�18OSMOW values, respectively. Horizontal lines and boxes are aver-
ages and 1� reproducibility, respectively, of �18OSMOW within the area
of homogeneous O isotopic ratios. The region enriched in 16O is in
sharp contact with the 16O-poor region, but an obvious change in
åkermanite content is not observed at the contact. The åkermanite
content increases near and at the grain boundary. Error bars are 1�mean.
it is deficient near the grain boundary. At the crystal rim, the
composition is 16O-poor to the same degree as in the adjacent
Mel grain. 16O-rich and 16O-poor regions of Mel* are in direct
contact within a single crystal, with a clear isotopic disconti-
nuity. As the O isotopic compositions in the melilite plot on the
CCAM line in Figure 8, the change of O isotopic compositions
must be the result of the mixing of an 16O-poor component with

16

Fig. 10. Traverse analysis within Mel* (16O-rich melilite) in 7R-19-
1(a). [a] The line profile of O isotope distribution shown in was
obtained from stepped traverses within the Mel* crystal. The line
profile consisted of six points at intervals of �25 �m. Open circles are
analysis points. Numbers in the figure correspond to the measurement
numbers of Table 6. Area shown is boxed area [3] in Figure 1 [a]. Plot
of the distribution of åkermanite content (mol%) and O isotopic ratios
along the line between analytical locations M-34 and M-36. Solid
and open circles are �17OSMOW and �18OSMOW values, respectively.
Horizontal lines and boxes are averages and 1� reproducibility of
�18OSMOW within the areas of homogeneous O isotopic ratios, respec-
tively. Error bars are 1�mean.
an O-rich component.
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Figure 10 [a] shows the traverse analysis within the 16O-rich
melilite, Mel*, near the angular fassaite crystal in the 7R-19-
1(a). The åkermanite content gradually increases from the core
to the rim (Fig. 10), whereas the core shows a uniform com-
position as in Mel* (Fig. 9). This zoning pattern indicates the
crystal growth of melilite. O isotopic ratios change from �35‰
to �10‰ in �17, 18O in the uniform Åk content region where
the Åk zoning starts. The position of O isotope change relative
to the grain boundary is the same as in Mel* (Fig. 9).

Fig. 11. Plot of the distribution of SiO2 (wt%) in fassaite and �17O
along the lines between analytical locations at F-77 to F-90 as line
profile 1 and F-22 to F-41 as line profile 2 in Figure 2 [b] and Table 6.
Solid circles are �17O. Solid lines represent an average of �17O values.
Error bars are 1�mean and box is 1�. Errors for �17O were calculated
from the error propagation from 1� for �18O and �17O.
A crack existed in the Mel* crystal in Figure 9 [a]. The
position of the crack and that of the grain boundary are differ-
ent. A possible explanation for the sharp O isotopic boundary
between Mel* and Mel, namely that it is due to O isotopic
exchange with an 16O-depleted component penetrating through
the crack, is ruled out because the O isotopic boundary does not
correspond to the crack in Mel* (Fig. 9 [a]) nor is it along the
crack in Figure 10 [a]. Therefore, it is difficult to envision O
isotope exchange via cracks as the major cause for the O
isotope heterogeneity in Mel*.

The observations of both line profiles also indicate that
solid-state diffusion as a principal mechanism to generate the O
isotopic heterogeneity between the Mel (16O-poor melilite) and
Mel* (16O-rich melilite) grains is ruled out. If the change of O
isotopic composition after crystallization is due to diffusion in
the solid, O isotopic compositions should change gradually
inside the crystal. Therefore, the 16O-rich melilite must have
crystallized before the crystallization of the 16O-poor melilite,
and the later-formed 16O-poor melilite possibly results from
remelting and recrystallizing caused by a reheating event. The
O isotopic distributions in the melilite crystal can only be
explained as the result of a sudden change from 16O-rich to
16O-poor during or before the recrystallization of O isotopic
ratios in the surrounding environment.

Melilite with both 16O-rich and 16O-poor isotopic composi-
tions formed in the solar nebula, as nebula gas with 16O
depletion and dust with 16O enrichment existed simultaneously
(Clayton, 1993). Our data indicate that 16O-rich melilite crys-
tallized without the O isotopic exchange with the surrounding
solar nebula, and that 16O-poor melilite crystallized after the
exchange occurred. Possible candidates for the mechanism may
be metamorphic recrystallization or solidification after remelt-
ing of precursor materials with 16O-rich composition in an
16O-poor environment during a subsequent reheating event.
Because recrystallization of coarse-grained melilite is implau-
sible during low-grade metamorphism on the Allende parent
body, the 16O-poor melilite probably resulted from remelting of
the CAI in the solar nebula.

If this reheating event continued for a sufficiently long
duration, O isotopic exchange by diffusion processes must have
occurred across the 16O-rich/16O-poor boundary between dif-
ferent crystals (Fig. 9) and within the single crystal of melilite
(Fig. 10). An upper limit of diffusion length indicated by Figure
10 is 80 �m, but the actual diffusion length is not well con-
strained by this value because of the wide distance between
measurement points. In Figure 9, the O isotopic distribution is
carefully measured in intervals every 5 �m around the bound-
ary between regions of different O isotopic composition. The
abrupt change of the O isotopic composition in Figure 9
strongly suggests that the possible diffusion length is 5 �m or
less. As we classified 7R-19-1 as Type A, we may apply the
experimental results of Stolper (1982). Since the crystallization
temperature of melilite is at �1400°C or higher for Type-A
CAI (Stolper, 1982), the time for diffusing O distances of 5 �m
and 80 �m are calculated to be less than 1 d and up to 17 d,
respectively, using the diffusion coefficient for O in melilite
(Yurimoto et al., 1989). Therefore, the short reheating duration
for the formation of the CAI was less than 1 d. This diffusion
length of melilite is too short to cause disturbance of O isotopic
compositions of spinel and diopside and of the åkermanite

composition of melilite because of their slow diffusivities (Ry-
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erson and McKeegan, 1994; Nagasawa et al., 2001). These
results for intramineral distributions of O isotopes support the
view that the heterogeneous distribution of the O isotopic
anomaly within the CAI was caused by multiple short-term
heating events in the early solar nebula.

4.2.3. O isotopic compositions in fassaite

The O isotopic compositions observed in the angular fassaite
crystal in 7R-19-1(a) (Fig. 1 [c]) vary from �15‰ to �1‰ in
�17O (Table 7). Such 16O-poor fassaite is uncommon in normal
CAIs (Clayton, 1993). If this O isotopic difference were caused
by solid-state diffusion exchange with O of normal isotopic
composition in the surrounding nebular gas, then the adjacent
melilite crystal with higher diffusivity (Yurimoto et al., 1989;
Ryerson and McKeegan, 1994) would not have been able to
retain an 16O-rich composition. Therefore, the observed varia-
tion of O isotopes cannot be explained by solid-state diffusion
of O after crystallization of fassaite.

Several fine, rounded grains of fassaite (20 �m in diame-
ter) are scattered throughout the 16O-rich melilite crystal in
7R-19-1(a) (Fig. 1 [a]). A single very small fassaite grain also
was found in one spinel grain in 7R-19-1(d). These fassaite
grains (�17O � � �17‰, Table 7) appear to have been
trapped in the melilite or spinel and, judging by their rounded
shape, may be a relict phase from the CAI precursor. They are
enriched in 16O to the same degree as the surrounding 16O-rich
melilite (�17O for Mel* � � �18‰, Table 6).

Elsewhere within sample 7R-19-1(a), small (30 �m in
diameter) fassaite grains exist in 16O-poor melilite crystals. A
fassaite grain in this setting was found to be slightly richer in
the 16O-rich component (�17O � � �8‰, Table 7) than the
surrounding 16O-poor melilite (�17O for Mel � � �5‰, Table
6). The similarity in the O isotopic composition of the fine-
grained fassaite in the 16O-poor melilite and the angular fas-
saite in 7R-19-1(a) suggests that the angular fassaite and the
fine-grained fassaite in the 16O-poor melilite crystallized before
the 16O-poor melilite crystallized.

The line profiles for �17O in the large, angular fassaite of
7R-19-1(d) are relatively homogeneous (Fig. 11) from core to
rim. These near-constant O isotopic ratios indicate that the O
isotopic composition in the CAI melt did not change during the
crystallization of this fassaite. Observations of the oxide abun-
dance within this crystal (Fig. 7), however, show that the
angular fassaite has separate core and mantle parts. We there-
fore suggest that this fassaite crystallized from a melt with
evolving chemical compositions before the O isotopic compo-
sitions of the melt changed. Even if there is growth zoning, as
represented by the sharp boundary of chemical compositions in
the crystal, a change in the O isotopic compositions in the
crystal is not indicated.

Based on the O isotopic measurement of fassaite crystals in
7R-19-1, fassaites having various O isotopic compositions were
preserved in the CAI. These O isotopic variations indicate that
the fassaites consist of crystals formed from various origins,
such as surviving relict phases of the CAI precursor, and that

they crystallized after the melting of the CAI precursor.
4.2.4. O isotopic compositions of perovskite

We have measured O isotopic compositions of fine-grained
perovskite crystals in the central part of 7R-19-1(d) and in the
rim of 7R-19-1(e) (Table 9). The measured perovskite crystal in
the center area of 7R-19-1(d) was mainly surrounded by ag-
gregates of spinel and hibonite crystals with identical 16O-
enrichments (Tables 8 and 9). However, the perovskite has an
16O-poor isotopic composition. The perovskite crystal in the
rim of 7R-19-1(e) is surrounded by spinel crystals and also is
16O-poor compared to these (Tables 8 and 9). In other words,
the perovskite crystals in the rim and central area have the same
O isotopic compositions of �17O � � �10‰, which is dif-
ferent from what is observed in surrounding minerals. O dif-
fusivity in perovskite is �3 to 6 orders of magnitude higher
than that in other minerals from CAIs: spinel, anorthite, diop-
side, åkermanite and gehlenite (Yurimoto et al., 1989; Gauta-
son and Muehlenbachs, 1993; Ryerson and McKeegan, 1994).
Since perovskite grains are the smallest crystals among the CAI
minerals, their O isotope ratios are comparatively easy to
change from their original ratios to 16O-depleted values during
parent-body processes.

4.3. Formation Process of 7R-19-1

Based on the O isotopic distributions among CAI constituent
minerals, chemical compositions of minerals and petrographic
textures, the crystallization sequence of 7R-19-1 can be traced.
Initially, spinel and melilite crystallized from a Ca, Al-rich
silicate liquid enriched in 16O by � 40‰ relative to the
terrestrial isotope ratio. Following spinel and melilite, fassaite
started to crystallize from the residual liquid. The crystalliza-
tion sequence determined by Stolper (1982) is parallel to the
order of the O isotopic anomalies among these minerals. O
isotopic compositions in melilite vary widely from �40‰ to
0‰ in �17, 18O (Fig. 8 [a]). This means that 16O-rich melilite
experienced multiple remelting/recrystallizing episodes and O
isotopic ratios in melilite gradually evolved to become less
16O-rich. The melilite crystals with more evolved O isotopic
compositions crystallized simultaneously with the fassaite. Be-
cause the chemical compositions of the core of 16O-poor me-
lilite and of the adjacent 16O-rich melilite are similar and the O
isotopic distribution changes sharply from 16O-rich to 16O-
poor, it is difficult to explain how the 16O-poor melilite was
sequentially crystallized by a single stage of cooling. Before, or
during, the crystallization of 16O-poor melilite, fassaite crystals
with various O isotopic compositions formed. During the crys-
tallization of the fassaite grains, an event which changed the
chemical composition of the CAI liquid occurred: possibly a
mixing of a melilite component into the CAI liquid. Results of
the line analyses of O isotopes within the fassaite crystals
indicate that the fassaite crystallized from a liquid with homo-
geneous O isotopic ratios.

One potential problem with this remelting model is that
fassaite grains should melt first according to the phase equilib-
rium diagram for CAI compositions. Thus, relict fassaite grains
with 16O enrichment are unlikely to remain. However, for
transient heating, melting of minerals may be controlled by
kinetics rather than by equilibrium. According to a model for

the kinetics of congruent melting, the melting rate of åkerman-
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ite is much faster than that of diopside at temperatures above
the melting point of åkermanite (Greenwood and Hess, 1996).
At 1600°C, when åkermanite and diopside have the same grain
size, melting of åkermanite is faster than that of diopside by
about one and half orders of magnitude (Greenwood and Hess,
1996). As the grain size of melilite is similar to that of the
angular fassaite in 7R-19-1, melilite grains would have melted
faster than the fassaite grains. Based on the results of O isotope
measurements in melilite and fassaite, after the transient heat-
ing, melilite and fassaite grains again crystallized from the
liquid produced by remelting of preexisting minerals. The REE
distributions among fassaite,16O-rich melilite and 16O-poor
melilite crystals in 7R-19-1(a) are also consistent with a pro-
cess of partial remelting (Yurimoto et al., 1998).

Rather than being unique, the formation process of 7R-19-1
can be applied to other CAIs. If CAI precursors were composed
originally of 16O-rich materials, remelting would result in O
isotopic similarity between the surrounding nebular gas and the
newly crystallized minerals. If the reheating event occurred one
or more times during CAI formation (e.g., Yurimoto et al.,
1989; Sheng et al., 1992; MacPherson and Davis, 1993; Ryer-
son and McKeegan, 1994), the O isotopic composition of CAIs
would be reset to the solar nebular value except in the unmelted
portions of crystals. At least one remelting/recrystallizing pro-
cess is necessary to explain the existence of the sharp O
isotopic boundary within the 16O-rich melilite crystals. More-
over, it is necessary that the large variations in O isotopic
compositions of melilite and fassaite were formed by succes-
sive, multiple remelting/recrystallizing events. The heteroge-
neous O isotopic distribution among minerals having igneous
textures like normal Allende Type B CAI could result from
such multiple heating events. A possible candidate for the
energy source of the multiple heating events may be fluctuating
radiation of an active protosun (Shu et al., 1997; Itoh and
Yurimoto, 2003).

5. CONCLUSIONS

Oxygen isotope ratios 18O/16O and 17O/16O were measured
by SIMS with 5 �m lateral resolution in minerals from Allende
CAI 7R-19-1. these ratios fall along the slope of the � 1
CCAM line. The major refractory minerals (spinel, fassaite and
melilite) showed large negative anomalies of 17O and 18O
relative to 16O, and the order of O isotopic anomalies is parallel
to the crystallization sequence from a CAI compositional liq-
uid. This indicates that the CAIs crystallized from a liquid of
CAI composition. Although the degree of the O isotope anom-
alies in 7R-19-1 and the normal coarse-grained CAIs are dif-
ferent, lower limit values of �17O are similar at about �21‰
relative to the terrestrial value. The similarity in the extreme
values demonstrates that the crystallization of all CAIs started
from a Ca, Al-rich liquid with an 16O-rich composition of �
�21‰ (�17O). Sharp O isotopic boundaries within and be-
tween melilite crystals indicate that 7R-19-1 experienced in-
complete remelting caused by at least one reheating event of
approximately 1 d. This remelting process occurred in an
16O-poor isotopic environment because the recrystallized ma-
terial is 16O-depleted. Fassaite crystals consist of aggregates of
various origins, such as relict CAI precursors. They crystallized

from a CAI melt which had various O isotopic compositions
established during remelting. The heterogeneous O isotopic
distributions among minerals having the igneous texture of
normal CAIs could result from the multiple heating events.

The 16O-poor isotopic compositions cannot result from
solid-state diffusion, i.e., O isotopic exchange between the un-
melted minerals and surrounding gas did not occur even at the
time of partial remelting of CAI precursors. The coexistence of
igneous minerals with O isotopic distributions in disequilib-
rium may be explained as a result of gradual isotope exchange
between partially molten CAI droplets with 16O-rich isotopic
compositions and the surrounding solar nebula gas with 16O-
poor composition during successive multiple heating events.

Acknowledgments—The 7R-19-1 samples were provided by Dr. Elbert
King. MI would like to thank Dr. Robert Ilchik and Prof. Roy Johnson
for critical discussion and for help in improving the English of this
paper. Comments and suggestions by an anonymous reviewer, Dr. J.
Paque, Dr. F. J. Ryerson and associate editor Dr. U. Ott resulted in
significant improvement to the paper and are gratefully acknowledged.
This work was partly supported by Monbu-Kagaku-Gijutsu Sho (HY
and HN).

Associate editor: U. Ott

REFERENCES
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