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Introduction: The Allende type B1 CAI TS34 is
one of the most well-studied CAls in the solar system
[1]. In typical CAI fashion, oxygen isotopes are dis-
tributed heterogeneously among the constituent miner-
als along a slope-1 line on an oxygen three-isotope
diagram. Although TS34 has an igneous texture, oxy-
gen isotope trends among the minerals do not follow
the equilibrium crystallization sequence expected for
CAI melt composition [2]. It is not easy to see how the
oxygen isotope heterogeneity could have been caused
by oxygen isotope exchange by solid-state diffusion
after CAI solidification because of the oxygen self-
diffusivities in the minerals [3, 4]. In fact, oxygen iso-
topes measured in Al-Ti-rich clinopyroxene in another
coarse-grained type B CAI with intermediate '°O-
enrichment did not show any diffusion exchange pro-
file for oxygen isotopes [5]. Evidence of oxygen isoto-
pe exchange during melting and recrystallization by
temporal heating in the solar nebula is observed within
melilite crystals in coarse-grained type A CAls [6, 7].
Here, we revisit the TS34 CAI to measure the oxygen
isotope distribution with careful petrographic control,
and propose a new mechanism to form the oxygen
isotopic distribution observed in the CAL

Experimental methods: The Type B1 CAI, TS34,
is included in a polished thin section of the Allende
CV3 carbonaceous chondrite. The polished thin section
was coated with a carbon thin film (~20 nm) for
backscattered electron (BSE) imaging and elemental
analysis using an energy dispersive X-ray spectrometer
(EDS), and coated with a gold thin film (~70 nm) for
oxygen isotope measurements using SIMS.

BSE images were obtained using a field emission
type scanning electron microscope (FE-SEM; JEOL
JSM-7000F) at Hokkaido University. Quantitative el-
emental analysis and X-ray elemental mapping were
conducted using an energy-dispersive spectrometer
(EDS, Oxford X-Max 150) installed on the FE-SEM.

Oxygen isotopic compositions of the minerals in
TS34 were measured using the SIMS instrument
(Cameca ims-1280HR) at Hokkaido University. A
'33Cs" primary beam (20 keV, 60 pA) with a diameter
of 2-3 um was used. Negative secondary ions were
measured simultaneously in the multicollection mode.
A normal incident electron flood gun was used for the
electrostatic charge compensation. The mass resolution
M/AM for 'O was set at ~6000, while that for '°0” and

0" was ~2000. The intensity ratios measured were
corrected to 8-SMOW values using terrestrial stand-
ards.

Results and Discussion: The TS34 CAI mainly
consists of melilite, Al-Ti-rich clinopyroxene and spi-
nel [1, 8-11] in an igneous texture. Oxygen isotopic
compositions of the minerals plot along a slope-1 line
(Fig. 1). Spinel is '°O-rich, whereas melilite '°O-poor,
which are consistent with previous results [1, 9]. On
the other hand, Al-Ti-rich clinopyroxene crystals have
various degrees of '°0-enrichments between O isotopic
compositions of spinel and melilite. In order to clarify
systematics of the oxygen isotopic variation, we
mapped the spatial heterogeneity of the oxygen iso-
topes within a pyroxene crystal.

Blocky Al-Ti-rich clinopyroxene crystals are abun-
dant in TS34 CAI Chemical zoning of Ti reveals the
direction of crystal growth. The pyroxene grew from
Ti-rich to Ti-poor compositions with gradual chemical
zoning as shown in the contour lines of Fig. 2. Oxygen
isotopic compositions were measured along lines A-B
and A-C traversing crystal growth contours. Point A
corresponds to the start of crystal growth and points B
and C correspond to the ends of crystal growth for the
pyroxene.

The pyroxene crystal covers the entire variation
range of oxygen isotopic compositions observed in the
TS34 CAI Crystal growth began with an '°O-poor
composition that is isotopically in equilibrium with
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Fig. 1. Oxygen isotope compositions of minerals in TS34.
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Fig. 2. Ti elemental map of Al-Ti-rich clinopyroxene
in TS34. The pyroxene contains spinel (black) inclu-
sions and is surrounded by melilite (black). Dashed
lines show growth contours. Small dots between A-B
and A-C show measurement points for O isotope
analysis.

melilite (Fig. 3). As the crystal grew, the oxygen iso-
topic composition gradually became Q-rich along the
slope-1 line and approached the solar O isotopic signa-
ture [12-14]. The bulk O isotopic composition of py-
roxene is relatively '°O-rich, consistent with results
from mineral separates [1], because the volume pro-
portion of '°O-poor compositions is relatively small.
The oxygen isotopic distribution in pyroxene corre-
lates with the O isotopic evolution of the liquid in the
CAIL The oxygen isotopic composition of the liquid
was '°0-poor when the liquid equilibrated with melilite
and the earliest pyroxene. The'®O-rich spinel are relict
crystals [2] that preserve a record of isotopic disequi-
librium. As the temperature fell, the liquid crystallized
pyroxene with increasingly '°O-rich composition. The
"O-rich signature must have been introduced from
outside the CAI because there are no available reser-
voirs within the CAI. The surrounding gas is the most
plausible candidate for the '®O-rich source because O
is the most abundant element in the gas after H and He.
Oxygen isotopic variation of the gas surrounding CAls
is supported by measurements of directly condensed
minerals of CAls [15-19]. The oxygen isotopic varia-
tions observed in the TS34 CAI suggest that the gas
changed cyclically from '®O-rich (spinel), '°O-poor
(melilite, early pyroxene) and then 16O—rich(late pyrox-
ene) in the early solar system. Oxygen isotopic contrast
between the Sun and the solar protoplanetary disk, i.e.,
having solar and planetary signatures, respectively, has
been derived by a model [20]. A boundary between the
contrasting reservoirs may have existed at the inner
edge of the protoplanetary disk [21]. Preservation of
oxygen isotopic variations requires melting and recrys-
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Fig. 3. Oxygen isotope variation within the clinopyroxene
crystal shown in Fig. 2. Lines A-B and A-C are shown in
Fig. 2. The crystal started '°O-poor (inside inner growth
contour) and ended '°O-rich (outside outer contour).

tallization that may have been caused by giant flares
from the protosun [22].
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