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Introduction: Titanium has oxidation states Ti*",
Ti**, and Ti*', with the former two states observed in
natural minerals. Proportions of different oxidation
states of Ti in minerals can be used to trace the redox
conditions under which Ti-bearing minerals formed.
Since Ti is a refractory element, refractory inclusions
in chondrites, which are considered having formed in
the very early solar system, often include Ti-rich min-
erals. Therefore, Ti behaves as one of the few refracto-
ry elements that have been used to constrain the oxy-
gen fugacity of the early solar nebula and its variation
(e.g., [1-8]). In the literature, many investigations on
variation of the redox conditions in the early solar
nebula were based on the data on Ti*'/Ti" values of
pyroxene in refractory inclusions (e.g., [5-6]). Recent-
ly, more attention has been paid to the various Ti*"/Ti""
values between different minerals with discovery of
new Ti-rich minerals (e.g., [7, 9-10]) and applications
of XANES technique (e.g., [8]). In this study, we re-
port Ti-mineralogy of a CAI (designed as A0031) from
the CH chondrite SaU 290 [11] and their oxygen iso-
topic compositions, and discuss their origins.

Results: A0031 is an irregularly-shaped CAI, with
hexaferrum and a few oxide minerals as inclusions in
davisite which is surrounded by an Al,Ti-rich diopside
rim (Fig. 1). Two enstatite grains occur outside of the
Al Ti-rich diopside rim. The oxide minerals in A0031
are perovskite, spinel, panguite, and another Ti-rich
mineral, which has a pseudobrookite structure (abbre-
viated as TPP hereafter). The only perovksite grain
occurs as inclusion with some hexaferrum grains with-
in panguite (Fig. 1). Only two ~1-2 pm-sized
subhedral-euhedral TPP grains are observed and partly
enclosed by subhedral-euhedral panguite grains (Fig.
1). A few small anorthite grains (<2 pum in size) are
observed at the boundary between panguite and
davisite, with one anorthite grain containing a few
submicron spinel grains (Fig. 1).

Mineral compositions and structures of most min-
erals in A0031 were determined by using a JEOL 8200
EPMA with WDS detectors and a Zeiss SEM with an
EBSD detector at Caltech after the procedure of [10],
respectively. However, a few submicron minerals were
identified by using a JEOL 7000F FE-SEM with an
EDS detector at Hokkaido University. Davisite con-
tains 18.56 wt% ALOs, 9.91 wt% TiOy(tot), 9.14 wt%
Sc,03, and 0.83 wt% Y,05. Calculation based on the
stoichiometry of davisite gives a Ti*'/Ti'" value of
0.63. The Al,Ti-rich diopside rim contain 5.19 wt%

AL O3, 3.25 wt% Sc,03, 2.67 wt% TiO,(tot), and 0.29
wt% Y,0;. Panguite has an EBSD pattern similar to
that of panguite reported by [10]. It contains 51.87
wt% TiO,(tot), 14.42 wt% Sc,03, and 4.59 wt% Y,0s.
The empirical formula of panguite calculated on the
basis of 3 O atoms and 1.8 cations [10] is
[(Ti*0.70Z10.04Si0.03)50.86(S€027AL0 23 Ti™ .06 Y 0.05C10.04 Vo0
3)20.68(Mgo.15Cag 10F€0.02)50.27]51.8103. Its stoichiometric
Ti**/Ti* value is 0.07. TPP is identified based on its
unique EBSD pattern (Fig. 2) and high TiO, content.
Its EBSD pattern is best indexed by Cmcm
pseudobrookite structure with smallest mean angular
deviations of 0.31°, compared to those of tistarite and
panguite structures [9-10]. One TPP grain contains
TiO,(tot) and Sc,0O3 up to 74.82 wt% and 8.38 wt%,
respectively. Its Y,0; content is low (0.16 wt%), com-
pared to surrounding panguite and davisite. Its empiri-
cal formula on the basis of 5 O atoms and 3 cations is
[(Ti* 1 36S10.03Zr0.02)51.41(Ti* 0 64Sc026A10.19 V0 05Cr0.03)
51.17(Mg0 34Ca0 0aFe) 03)50.41 1529005 with a Ti**/Ti val-
ue of 0.32.
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Fig. 1. BSE image of A()031 in SaU 290. Sp:spinel;
an:anorthite;  pv:perovskite;  en:enstatite;  TPP:Ti-rich
pseudobrookite-structure phase.

Oxygen isotopic compositions of A0031 were
mapped by using a Cameca IMS-1270 instrument with
a SCAPS detector at Hokkaido University. The abso-
lute 8'%0 value of each pixel on A0031 was calibrated
with an olivine fragment nearby, whose 3'*0 value is
+9%o (determined by spot analysis using the same in-
strument). The SCAPS result shown in Fig. 3b indi-
cates that minerals in A0031 have almost identical
oxygen isotope compositions with an average 8'°0
value of about —9%o. The high-5'°0 rim in Fig. 3b

could be caused by the large variation of oxygen con-
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centration at the margin of A0031 during SCAPS sput-
tering.

Fig. 2. EBSD pattern (a) of TPP and (b) indeed with the

Cmcm pseudobrookite structure.
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Fig. 3. BSE image (a) and 6'°0 isotopograph (b) of A0031.
The high-6"50 rim could be caused by large variation of O
concentration at the margin of A0031 during sputtering.
Discussion: 1) Mineralogy of A0031. Our observa-
tion reveals that A0031 in SaU 290 is a very unique
CAI, containing not only multiple Ti-minerals but also
a few very rare Ti-minerals (e.g., panguite and TPP). It
provides us a good oppotunity to understand Ti-
mineralogy of the early solar nebula and its oxygen
fugacity. Panguite in A0031 is the third report of this
mineral in nature. It shares two common features with
the type panguite from Allende [10] and Murchison
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[12]. Both have the low stoichiometric Ti**/Ti"? val-
ues, and both contain high Y,0s. Panguite is the min-
eral containing the highest Y,0; in A0031, which is
comparable to that of perovskite and kangite from Al-
lende [7], impling that panguite is another potential
REE carrier in the early solar system. TPP in A0031 is
the first natural Ti,Sc-dominant oxide with a
pseudobrookite structure, as a refractory mineral.
There are two octohedral positions in a
pseudobrookite-structure mineral. At temperatures
higher than 514 K, the two octahedral positions are
higly disordered [13]. So, TPP in A0031 might also
have a highly cation-disordered structure, showing a
chemical formula of (Ti**, Ti**,S¢c,Al,Mg);0s.

2) Origin of various Ti*"/Ti"" values among Ti-
rich minerals in A0031. Our mineral chemistry data
indicate that Ti-rich minerals (perovskite, panguite,
TPP, and davisite) in A0031 have various Ti’"/Ti""
values. The origin of this feature is closely related to
the formation of A0031. The irregular shape and lay-
ered texture of A0031 favors a condensation origin.
However, theoretical calculation [14] indicates that
clinopyroxene should condensate prior to Ti;Os, which
is in contrast to the petrographic texture of A0031. So,
we prefer that A0031 could have crystallized from a
refractory melt with the possibility that the Al Ti-rich
diopside rim and enstatite could be of condensation
origin. This inference is consistent with the compact
texture of A0031. Different Ti''/Ti®® values among
Ti-rich minerals in A0031 do not mean a change of
oxygen fugacity during crystallization of AO0031.
Meanwhile, the presence of metal in A0031 and
cryptochondrules in SaU 290 implies that A0031 has
not experienced thermal metamorphism under an O-
rich condition. This means that oxygen exchange may
not have taken place for minerals in A0031. Our oxy-
gen isotope mapping result supports this inference.
Thus, the various Ti**/Ti"® values might reflect differ-
ent partitioning coefficients of Ti’" and Ti*" among
different minerals. It has no indication for change of
oxygen fugacity in the early solar system except for a
reducing condition.
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