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Introduction: Ningqgiang is an anomalous carbo-
naceous chondrite, with petrologic and chemical affini-
ties to CK and CV chondrites. Bulk and in situ oxygen
isotope analyses have been reported for its chondrule,
matrix, and type A calcium-aluminum-rich inclusions
(CAls) [1-4]. In this study, we investigate the oxygen
isotope compositions of another type of CAls --
anorthite-spinel-rich inclusion (ASI) [5], in Ningqiang.

Samples and Analytical Techniques: We ana-
lyzed three CAls from two polished thin sections of
Ninggiang (NQJ1-1 and NQJ2-1). Two of the CAls
(NQJ1-1#1 and NQJ2-1#1) are irregular-shaped large
(a few mm in size) ASIs previously described in [5].
They consist of a spinel-rich core, a spinel-anorthite-
Ca-pyroxene mantle, and a melilite-spinel crust. So-
dalite coexists with nepheline in the mantles in the
ASIs, and both replace anorthite. The other CAI
(NQJ1-1#2) is a small (~60 pm in diameter) melilite-
spinel inclusion with a diopside rim.

In-situ oxygen isotope analyses of individual com-
ponents in Ningqiang CAls were carried out using the
Cameca IMS 6f ion microprobe at ASU, and tech-
niques described in [6]. Uncertainties on individual
analyses, taking into account the variation on repeated
analyses of the standard, are ~1-2%o (2c). Matrix ef-
fects are minor under our analysis conditions and no
correction for such effects has been made.

Results: The oxygen isotope compositions of in-
dividual minerals in the three Ningqiang CAls are
plotted in Fig. 1. All the data plot along the CCAM
line with spinel showing “typical” '®O-enriched 5'*0
and 8'70 values at —40 to —50%o. Spinels in the mantle
and core of the ASIs exhibit no obvious difference in
their oxygen isotope compositions. The less '°O-
enriched d—values (-37%o0 and -40%o) of two spinels,
one in the crust of NQJ1-1#1 and the other in the
center of NQJ1-1#2, result from slight beam overlap
onto '°O-poor melilite (see following results) during
anallysie. diopside grains, one in the crust of NQJ1-1#1
and the other in the rim of NQJ1-1#2, contain interme-
diate '°O-excesses, plotting along the CCAM line at 3-
values of about —30%o.

Two anorthite spots from the NQJ1-1#1 mantle
have &-values of ~ —15%0 and —12%,. Similar oxygen
isotope compositions were observed in two melilite

grains separately located in the crust of NQJ1-1#1 and
the center of NQJ1-1#2.

Sodalite in the mantle of NQJ1-1#1, which con-
tains *°S excesses from in situ decay of the short-lived
radionuclide *°Cl [7], is slightly less '°O-enriched than
melilite and anorthite.

Intriguing oxygen isotopic data were observed for
perovskite in the two Ningqiang ASIs. Perovskite
grains in the two ASIs are normally about 10 pm or
less in size. They can be found enclosed in spinel,
melilite, and diopside (e.g. Fig. 2; Fig. 3). The oxygen
isotope compositions of six perovskite grains show
large variations and generally are not enriched in '°O.
Two perovskite grains in the NQJ1-1#1 core (Fig. 2),
obviously formed earlier than spinel and showing no
sign of late reaction, have d-values of about —27%o.
SEM examination of ion microprobe craters indicated
slight overlap onto the surrounding spinel for these
two spots. Two perovskites in the NQJ2-1#1 mantle
(Fig.3), probably endured a later alteration event dur-
ing which anorthite and Ca-pyroxene replaced melilite
to form the ASI mantle [5], give values of 8'*0=-5%o
and 8'"0=-10%o. Due to beam overlap, the 8-values
(8'%0=-16%0 and 8'"0=-17%o) of another perovskite
grain of similar occurrence suffer from significant con-
tribution from surrounding diopside, anorthite, and
spinel grains. One grain from the crust of NQJ1-1#1, is
the most '°O-depleted grain measured in this study,
with 8'*0=5%o and 8'70=-2%o. Similarly '°O-depleted
oxygen isotope compositions were previously reported
for perovskite in type A CAls from Leoville [8] and
Ninggiang [4], and in a type B CAI from Allende [9].

Discussion: The oxygen isotope heterogeneity
among spinel, diopside, melilite, anorthite, and so-
dalite in Ningqiang CAIS is generally similar to obser-
vations made in Allende CAls [e.g. 10, 11], presuma-
bly produced by post-crystallization isotopic exchange
between '°O-rich solids and '®O-poor nebular gas (or
some other '®0-poor components). Ninggiang melilite,
anorthite, and sodalite are somewhat less depleted in
%0 than their counterparts in Allende CAls [10, 11].
Anorthite in Ninggiang ASIs was formed by reaction
of melilite with gaseous components [5], probably in a
'%0-poor reservoir in the nebula. The intermediate '°O-
exess of anorthite is consistent with its secondary ori-
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gin. In addition, the reaction probably took place at
least 1.5 My after formation of the original CAls as
indicated by the absence of **Mg-excess in anorthite.
Sodalite in the Ningqgiang CAls was produced by al-
teration of anorthite, which happened not much later
than the formation of anorthite, otherwise the short-
lived *Cl should have decayed [7]. Sodalite shows
only slightly less '®0-excess than anorthite, suggesting
a similar oxygen reservoir for both minerals.

Perovskite is believed to be one of the high tem-
perature primary phases formed early in CAI conden-
sation or crystallization sequences [e.g., 12, 13], and
should consequently contain '°O-enrichments like
most hibonite and spinel. All the in situ measurements
available [4, 8, 9, and this study], however, indicate
that CAI perovskite is relatively '°O-depleted. What
could be the possible mechanisms that produced '°O-
poor perovskite? If originally '°O-enriched, later par-
tial melting might affect the perovskites in the type A
CAI from Leoville [8] and the type B CAI from Al-
lende [9], but little melting has been observed in the
two ASIs [5] and the fluffy type A CAI [14] from
Ninggiang. For later diffusion process to be the cause
of '®O-depletion in CAI perovskite, it requires very
fast oxygen diffusion rate in perovskite. There is no
experimental data available; however, if the oxygen
diffusion rate in perovskite is similar to that in spinel,
which is extremely slow, diffusion could not be the
cause for '°O-depletion in perovskite. In addition, the
occurrence of 'O-poor perovskite enclosed in '®O-rich
spinel is difficult to explain by diffusion processes.
Another possibility is that perovskite are relict grains
that formed with or without '®0 excesses before their
incorporation into the CAls, which implies that they
originated from a separate CAI formation episode as
for spinel and pyroxene, and probably from a different
oxygen isotopic reservoir as well. Obviously, further
systematic investigation is needed to understand the
implications of the observed '°O-depletion in CAI
perovskite.
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| Fig. 1 Oxygen Isotopes
in Ningqiang CAls
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Fig. 3 Perovskite in the mantle of NQJ2-1#1



