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Abstract

We found a unique hibonite (CaAl;»019) inclusion Kz1-2 from the Kainsaz (CO3) chondrite, which exhibits evidence for a
strong link between “normal” CAls and FUN inclusions. Kz1-2 shows strongly fractionated isotopic compositions of O, Ca, and
Ti preferring heavy isotopes and a characteristic REE abundance pattern similar to those of FUN (or HAL-type hibonite)
inclusions, suggesting an intensive distillation process in the formation of this inclusion. Unlike FUN inclusions, however, Kz1-2
shows large excesses in *°Mg and possibly in *'K most likely from the decays of now-extinct nuclides *°Al and *'Ca with the
inferred initial ratios of (*Al*7Al)g~5.3x 10> and (*'Ca/**Ca)y~ 1.1 x 103, respectively, and no detectable mass-independent
isotopic anomalies in Ca and Ti, both of which are characteristic of “normal” CAls. These observations suggest that the distillation
process which produced isotopic fractionation in Kz1-2 occurred as early as the formation of “normal” CAls. It is also inferred that

the formation process of FUN inclusions is closely related to that of “normal” CAls.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Refractory inclusions, also called Ca—Al-rich inclu-
sions or CAls, are composed mostly of refractory minerals
with condensation temperatures >1300 K (e.g. [1,2]) and
are considered to have formed at high temperatures. They
have the oldest >°’Pb/*°°Pb ages of 4567.2 Ma [3] so far
obtained for solar system materials. Early formation of
CAlIs is also supported by the existence of excesses in
26Mg [4,5] and *'K [6,7], which are decay products of the
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now-extinct short-lived nuclides 2°Al (half-life: 0.72 Myr)
and *'Ca (half-life: 0.10 Myr), respectively. The inferred
initial 2°A1/*’Al ratios obtained for many CAls are
~5x 10" (so-called “the canonical value”) [5] and those
of *!Ca/**Ca obtained in recent work are ~ 1.4 x 10~ * [7].

There is a minor group of CAls, which can be distin-
guished from other inclusions solely by their isotopic
characteristics. They are called FUN inclusions (e.g.
[8—10]), in which “F” stands for “Fractionation”, due to
their fractionated isotopic compositions of many elements
(e.g., O, Mg, Si, Ca, and Ti) preferring heavier isotopes
(the F-signature), and “UN” stands for “Unidentified
Nuclear effects” such as enrichment or depletion of **Ca
and *°Ti (the UN-signature). Although the F- and UN-
signatures are often accompanied with each other, some
inclusions have only F- or only UN-signature, and in such
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cases, we may call them as F inclusions or UN inclusions,
respectively. Most of the CAls other than F, UN, and FUN
inclusions may be called as “normal CAIs”. It has been
recognized that FUN inclusions generally have only small
or negligible excesses in 2°Mg (or *'K) due to decay of
26A1 (or *'Ca) [5,7,9-15]. This may be interpreted in
different ways; FUN inclusions formed later than normal
CAIs when these nuclides have mostly decayed, or they
formed earlier than normal CAls that formed after the
injection of radioactive nuclides *°Al and *'Ca possibly
from stellar source(s), or it may be explained by
heterogeneity in the abundance of short-lived nuclides
in the early solar nebula. Here we report a hibonite
inclusion that clearly shows both F-signature and excesses
in 2°Mg and *'K. This suggests that F (and possibly FUN)
inclusions formed very early in the solar system history.

2. Experimental
2.1. Samples

An angular-shaped hibonite inclusion, Kzl1-2
(~100 umx 100 pm in size) was found in a thin section
of the Kainsaz CO3 chondrite. It consists mostly of
hibonite (CaAl;,09) in the interior with small (Iess than
a few micrometers) corundum (Al,O3) grains on the
outer margin and a thin (~5 um) rim layer of spinel
(MgAl,Oy; Fig. 1). Chemical compositions of minerals
in Kz1-2 are shown in Table 1. Hibonite of Kzl1-2
contains no detectable MgO and TiO, (<0.2%) but it
contains small amounts of FeO. Fe content tends to
increase toward the outside of the inclusion although it

Fig. 1. Backscattered electron image of the hibonite inclusion, Kz1-2.
A hibonite crystal (gray) is surrounded by a spinel rim (light gray).
Small corundum grains (dark gray) are found between the hibonite
crystal and the spinel rim. All phases in Kz1-2 contain significant
amounts of FeO (0.3% for hibonite, 0.6% for corundum and 21% for
spinel rim). The scale bar is 50 um.

Table 1
Elemental abundances of Kz1-2
Hibonite Spinel Corundum
MgO nd.? 13.6 n.d.
Al,O4 91.3 61.8 99.4
CaO 8.6 n.d. n.d.
Cr,0; n.d. 1.0 n.d.
FeO 0.3 21.0 0.6°
ZnO n.d. 0.9 n.d.
Total 100.2 98.2 100.1

? n.d. indicates less than detection limit (typically 0.2%).
® Fe content of corundum was calculated as F e,03.

is not clear whether this is an intrinsic feature or a later
metamorphic one.

We also found two hibonite-bearing inclusions,
Kz1-9 and Kz1—11, on the same thin section. Kz1-11
(~250 um %200 pm in size) is an aggregate of blade-
shaped hibonite crystals with a thin (<10 pm) diopside
rim layer. Kz1-9 (~60 pm in diameter) is a spherule
which mostly consists of hibonite and fassaite. Hibonite
grains are embedded in fassaite and the whole spherule
is surrounded by a thin (<5 pm) diopside rim. Sodium-
rich phases (e.g., sodalite) are observed between fassaite
and the diopside rim. This inclusion is similar to a
hibonite—pyroxene (or hibonite—glass) spherule de-
scribed previously in [12,16,17].

2.2. Analytical techniques and conditions

Petrographic observation and measurements of the
elemental compositions were carried out with a JEOL
JMS-5310 scanning electron microscope equipped with
a Link-ISIS energy dispersive X-ray analysis system
(Oxford Co.) at the University of Tokyo. O, Mg, K, Ca,
and Ti isotopes and REE abundances of Kzl1-2 were
measured with a CAMECA ims-6f ion microprobe at
the University of Tokyo. Oxygen isotopic measurements
using a Cs* primary beam were performed before other
measurements (Mg, K, Ca, and Ti isotopes and REE
abundances) in order to avoid contamination with the
O primary beam.

2.2.1. O isotopes

Oxygen isotopes were measured using a 19.5 keV Cs"
ion beam ~15 pm in diameter with an intensity of
~0.1 nA. Negative secondary ions were accelerated at
—9.5 kV and detected with a Faraday Cup (FC, for 1°07)
or an electron multiplier-based ion counting system (EM,
for 707, '°0OH™ and '"®0"). A mass resolving power was
set to ~5000 and the contribution of '°OH" signal at the
center of the 'O peak was negligible. A normal
incidence electron gun was used for charge compensation.
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Repeated analyses were performed on a San Carlos
olivine standard (8'70=2.54%o, 6'%0=4.92%0) and all
the data of the sample were normalized to the average of
data of the San Carlos olivine.

Matrix effects were predetermined for various min-
erals, but essentially no effects were observed among
San Carlos olivine, spinel and pyroxene (both diopside
and low Ca pyroxene) within experimental uncertainties
(<2%o for "*0/'°O ratio). Only corundum and quartz
showed large matrix effects; the measured '*0/'°O ratios
for corundum and quartz were 9.5+2.2%o and 20.9+
4.7%o lower than the true values, respectively, when
normalized to the San Carlos olivine data. We do not
have hibonite data, but oxygen isotopic compositions
measured for coexisting spinel and hibonite in other
refractory inclusions usually show no difference within
experimental uncertainty (e.g. [18]), suggesting negligi-
ble matrix effect for hibonite, too. Hence, we applied no
matrix effect corrections in the present analyses for
hibonite and fassaite.

2.2.2. ?°Al- Mg systematics

Magnesium isotopes and Al/Mg ratios were measured
using a 22.5 keV O™ ion beam ~ 20 um in diameter with
an intensity of ~ 1.0 nA. Positive secondary ions of Mg
and Al were accelerated at +10.0 kV and detected with a
Faraday Cup (FC, for 2’Al") or an electron multiplier-
based ion counting system (EM, for **Mg*, *Mg" and
26Mg"). A mass resolving power was set to about 4500
and the contribution of **Ca*" signal at the center of the
2*Mg" peak and that of **MgH" signal at the center of
the >Mg" peak were negligible.

Deviations of the measured Mg isotopic ratios
from the terrestrial values, *’Mg/**Mg=0.12663 and
2OMg/**Mg=0.13932 [19], were expressed as follows:
AP Mg={(**Mg"/**Mg")/0.12663—1} x 1000 and
A*Mg={(**Mg"/**Mg")/0.13932—1} x 1000 (%o),
respectively. Intrinsic mass fractionation of the sample
(F(Mg)) was determined by F(Mg)=A**Mg(sample)—
A**Mg(standard) (%o/amu), where Madagascar hibonite
was used for the terrestrial standard. The mass-
independent isotopic anomaly of *°Mg was determined
by a linear correction of mass-dependent isotopic frac-
tionation, 5*°Mg=A**Mg—2xA**Mg (%0). The
2TAl/**Mg ratio was determined by multiplying the
measured 2’Al"/**Mg" ratio by 1.16 (£0.05), a relative
sensitivity factor determined by the analysis of Mada-
gascar hibonite standard.

2.2.3. ¥ Ca— K systematics
Potassium isotopes and Ca/K ratios were measured
using a 22.5 keV O ion beam ~ 30 pm in diameter with

an intensity of ~3.0 nA. Positive secondary ions of K
and Ca were accelerated at +10.0 kV and detected with a
Faraday Cup (FC, for *°Ca™) or an electron multiplier-
based ion counting system (EM, for *°K*, *'K*,
40ca*Ca®", ¥Ca’ and *Ca"). Secondary ions emitted
from the central ~15 pm area of the beam spot were
measured by limiting the ions using a “field aperture”
placed on the focal plane of the secondary ion image of
the sample surface. A mass resolving power was set to
~6500 and the contribution of **CaH" signal at the
center of the *'K" signal was negligible. Although
interferences of 3*Sr?" and %°Sr** for **Ca* and ** Ca",
respectively, cannot be resolved at this mass resolution,
their contributions were negligible judging from the
878r?" signal.

Corrections that may be needed for accurate *'K
measurements are ‘°Ca*?*Ca”" interference and back-
ground noise of the EM. Contribution of the *’Ca**Ca*"
interference was estimated from **Ca” multiplied by
Oca®BCa® /P Ca’, instead of *°Ca*?Ca®'/**Ca’, a
similar method used by Srinivasan et al. [20]. This
ratio, *°Ca**Ca*"/**Ca", varies from one mineral to
another, as demonstrated by Srinivasan et al. [20]. In this
study, the *°Ca**Ca®"/**Ca" ratio was determined by the
mean value measured in Kz1-2 (~1.5x 10~ ). We note
that our ratios of *°Ca**Ca®'/**Ca’ for hibonite are
smaller than that (~7x10°) used by Srinivasan et al.
[20], possibly due to slightly different analytical
conditions. The background noise of EM in our system

Table 2
Relative sensitivity factors and mono-oxide production ratios used in
the present study

RSF? RO'/R"™®

Ba 0.56 0.048
La 0.67 0.217
Ce 0.60 0.230
Pr 0.60 0.183
Nd 0.69 0.154
Sm 0.73 0.087
Eu 0.75 0.064
Gd 0.72 0.138
Tb 0.69 0.135
Dy 0.70 0.104
Ho 0.70 0.103
Er 0.62 0.103
Tm 0.66 0.093
Yb 0.55 0.075
Lu 0.50 0.133
Hf 0.24

® Relative sensitivity factor (RSF) compared with Ca' intensity:
RSF=(R"/Ca")ops/(R/Ca),ear, Where R stands for Ba, REEs or Hf.

® Production ratios of mono-oxide ions/atomic ions: R stands for Ba
or REEs (nominal values at an energy offset of 60 eV).
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was about 0.003 counts/s and was important only for the
40Ca™Ca®" measurements. Isotopic ratios were calculated
based on the averaged ion counts of the whole data rather
than the average of the isotopic ratios obtained for
individual measurement cycles. This is because an
average of isotopic ratios would give an overestimated
value at small count rates; in an extreme case, for example,
an isotopic ratio would become infinite when the count of
the denominator isotope happens to be zero in one of the
measurement cycles.

40Ca/*K ratio was determined by multiplying the
measured *°Ca*/*’K” by 3.0(x0.1), a relative sensitivity
factor determined for terrestrial feldspar. This value is
very close to the previous value of 3.1 determined for
terrestrial pyroxene [20].

2.2.4. Ca and Ti isotopes
Ca and Ti isotopes were measured using a 22.5 keV
O ion beam ~30 pm in diameter with an intensity of

~3.0 nA. Positive secondary ions were accelerated
at +10.0 kV and detected with an EM. *°Ca”*, **Ca”,
Bca’, ¥sr?, ¥Ca’, *Ca’, and **Ti" were measured
for Ca isotopic measurements and **Ca*, *°Ti", 4'Ti",
BT, 71, °Ti, 3V, and *>Cr" were measured for
Ti isotopic measurements. Secondary ions emitted from
the central ~ 15 pum area of the beam spot were measured
using the analytical method for the Ca—K systematics. A
mass resolving power was set to ~ 10,000 to resolve
hydride signals and **Ti from **Ca.

Since interferences of *°V" and *°Cr" for *°Ti*
cannot be resolved at this mass resolution, °'V* and
2Cr" signals were measured to estimate the contribu-
tions of *°V* and *°Cr" for *°Ti*. Assuming that
S0V/A1V and *°Cr/**Cr of the Kz1-2 were equal to the
terrestrial value (0.002503 and 0.051859, respectively),
the estimated >V signal was very small and negligible
OV /POTi" <0.0001) but the estimated *°Cr" signal was
not negligible and the correction for >°Ti" was about 1%.

Table 3
Isotopic compositions of Kz1-2
Oxygen 5'70 5'%0 A0
(%0)* (%0)* (%0)*
San Carlos olivine 2.5 +1.5 4.9 +2.0 0.0 +1.2
Kz1-2 -13.7 +1.5 6.1 +2.0 -16.9 +1.3
Magnesium 2TAlP* Mg F(Mg) 5*Mg (**Mg*Mg)
(%o/amu)* (%o)
Madagascar hibonite 18.5 +1.6 0.0 +1.0 0.1 +2.3 0.13934 +0.00031
Kz1-2 hibonite #1 613.0 +54.2 4.7 +3.1 222.5 +8.7 0.17031 +0.00121
Kz1-2 hibonite #2 4789.4 +425.9 —26.6 +29.2 2029.5 +100.1 0.42207 +0.01394
Potassium 0caK KK (*°ca®*Ca)*' /Bca’
Madagascar hibonite 4.55¢+3 +8.7e+1 0.0719 +0.0006 1.66e—6 +5.0e—7
Fassa diopside #1 1.3le+6 +4.6e+4 0.0714 +0.0117 2.54e-5 +3.5e—6
Fassa diopside #2 1.54e+6 +4.0e+4 0.0707 +0.0098 2.30e—5 +1.0e—6
Fassa diopside #3 2.45e+7 +1.5e+6 0.0307 +0.3142 2.58e—5 +3.0e—6
Kz1-2 hibonite #1 4.55¢+5 +2.7e+4 0.0792 +0.0079 1.40e—6 +4.2e—-7
Kz1-2 hibonite #2 2.68¢+5 +1.3e+4 0.0756 +0.0042 1.40e—6 +4.2¢e—7
Kz1-2 hibonite #3 2.89¢+6 +1.8e+5 0.0780 +0.0274 1.66e—6 +5.0e—7
Kz1-2 hibonite #4 2.54e+5 +1.6e+4 0.0777 +0.0053 1.66e—6 +5.0e—7
Kz1-2 hibonite #5 7.38e+5 +3.8e+4 0.0880 +0.0110 1.66e—6 +5.0e—7
Calcium o F(Ca) 5*Ca *Ca 5*%Ca
(%o/amu)* (%o) (%o) (%0)
Madagascar hibonite —-0.12 +0.04 0.0 +1.1 -14 +3.5 -0.6 +6.7 -1.0 +3.7
Kz1-2 hibonite 0.58 +0.03 16.4 +1.3 -0.4 +4.7 -0.9 +7.3 -1.4 +5.0
Titanium B F(Ti) Y7 Ti 5*Ti 5°°Ti
(%0/ amu) a (%o) (%o) (%0)
Madagascar hibonite —-0.69 +0.19 0.0 +4.2 1.5 +14 1.2 +1.5 0.2 +1.9
Kz1-2 hibonite -0.19 +0.26 10.9 +7.0 7.9 +11.5 —6.6 +11.7 =73 +14.8

Errors of O isotopes are 1o and errors of other isotopes are 2o.
? Data of sample are normalized to those of terrestrial minerals.



T. Ushikubo et al. / Earth and Planetary Science Letters 254 (2007) 115-126 119

The contributions of **Sr*" and **Sr*" signals for **Ca”
and **Ca" signals were negligible.

After corrections of interferences, the observed Ca and
Ti isotopic ratios were normalized to the terrestrial values
of Ca and Ti [21,22]. The intrinsic mass fractionation of
Ca and Ti isotopes of the sample, F(Ca) and F(Ti),
respectively, were determined by F(Ca)=A*Ca(the
sample) — A*°Ca(Madagascar hibonite) and F(Ti)=
A*Ti(the sample)— A**Ti(Madagascar hibonite) (%o/
amu), where A*°Ca=—{(*°Ca’/**Ca")/47.153—1} x
1000/4 and A*°Ti=—{(**Ti"/**Ti")/0.108548 — 1} x
1000/2. The mass-independent isotopic anomalies of
‘Ca and /Ti were calculated according to the exponential
isotopic mass fractionation law [23]:

& Ca = (iCa+ /é4ca+)measured X (mi/44)w 1
(tCa+ /44Ca+ )

literature

%1000
&/Ti = (iTi+ /48Ti+)measured X (mj/48)7ﬂ 1
(/'Ti+ /48Ti+)
%1000 (%o)

where o and 8 were determined by (**Ca’/*Ca”)sampie/
47.153=(40/44)" and (**Ti"/**Ti")sampie/0. 108548 = (46/
48P,

literature

2.2.5. Rare earth elements

REE abundances were measured using a 22.5 keV O~
ion beam ~20 pm in diameter with an intensity
of ~1.0 nA. Positive secondary ions were accelerated
at+10.0 kV and signals from 133 amu to 185 amu, which
correspond to ions of Ba" to Hf ", were detected by an EM.
A mass resolving power was set to ~300 to obtain
maximum intensities of secondary ions. An energy
filtering method, with an energy offset of 60 V and an
energy window of 30 V, was applied for the REE analyses
to reduce the effects of complex molecular interferences.
Because of the low mass resolving power, atomic (M)
and oxide (MO") ion signals were not resolved (e.g.
156Gd" and '*°Ce'®O" were observed at 156 amu), where
M represents Ba, REE, and Hf. Hence, the observed
signals of masses 135 to 184 amu were mathematically
deconvolved into atomic (M ") and oxide (MO") ion sig-
nals using a method slightly modified from that described
in [24]. Also some major element ions such as *°Ca",
Mg, 7Al" and *®Si" were analyzed with a Faraday
Cup. Absolute abundances of Ba, REE, and Hf were
determined by the observed M'/Ca" ratios and prede-
termined relative sensitivity factors, (M/Ca");on probe/
(M/Ca)ye, and Ca concentration in the analyzed spots
determined after the ion microprobe analyses. Oxide

production ratios (MO/M") and sensitivity factors of
M" relative to Ca" were predetermined using synthetic
glass standards and NIST 612 standard (Table 2) and
used for the calculation. The former were mainly used
for determination of oxide production ratios and the
latter for determination of relative sensitivity factors.

3. Results

The results of the isotopic measurements are sum-
marized in Table 3. Oxygen isotopic compositions of
Kz1-2 and other two hibonite-bearing inclusions, Kz1—
9 and Kz1-11, are illustrated in Fig. 2. For comparison,
O isotopic compositions of three HAL-type hibonite
inclusions, HAL, 7-404, and 7-971, previously reported
in[11,25] are also shown. In contrast to Kz1-9 and Kz1—
11, O isotopic composition of Kz1-2 is located to the
right of the CCAM line like those of HAL-type hibonite
inclusions. This is characteristic of FUN inclusions. It is
considered that precursors of the FUN inclusions
originally had §'"0~8"0~—=50%0 like common
refractory inclusions and that mass-dependent fraction-
ation caused by an intense distillation process and late
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Fig. 2. Oxygen isotopic compositions of Kz1-2 (large filled circle) and
other hibonite-bearing inclusions, which were found in the same thin
section (small filled symbols). Errors are lo. Oxygen isotopic
compositions of HAL-type hibonite inclusions (open symbols) are also
shown [11,25]. The terrestrial fractionation line and the Carbonaceous
Chondrite Anhydrous Minerals line are shown for reference. In contrast
to O isotopic compositions of other hibonite-bearing inclusions on the
same thin section, that of Kz1-2 is located to the right of the CCAM line,
which is a characteristic of HAL-type hibonite inclusions. The oxygen
isotopic composition of Kz1-2 can be explained by a mass fractionation
and a mixing with the solar nebular gas.
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mixing with normal O (located somewhere near the TF
line) produced the characteristic O isotopic compositions
of FUN inclusions [8,25,26]. The oxygen isotopic
composition of Kz1-2 suggests that this inclusion also
experienced an intense distillation process.

Fig. 3 shows the results of Mg and K isotopic
measurements of Kz1-2. This inclusion has extremely
large positive anomaly in *°Mg (up to ~+2030%o) and the
inferred initial 2°Al*’Al ratio is (5.33+0.16)x10 >,
assuming that 5>°Mg is 0%o for 2’ Al/**Mg=0 (Fig. 3a).
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Fig. 3. (a) Al-Mg plot for Kz1-2. The broken line is the best fit line
assuming the initial **Mg/**Mg=0.13932 (the terrestrial value, solid
line). The inferred initial 2°Al2”Al is (5.33+0.16)x 10~ > (broken ling).
(b) Ca—K plot for Kz1-2. All *'K/*°K data tend to show higher than the
terrestrial value of 0.072 (solid line). The inferred *'Ca/**Ca=1.4x10"*
obtained by Sahijpal et al. [7] is shown by the broken line. Errors are 2o
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Fig. 4. Mass-dependent isotopic fractionation of Ca, F(Ca), and Ti, F
(Ti) of Kz1-2 and other HAL-type hibonite inclusions [11,23]. Those
of residue of the evaporation experiment in vacuum that was
performed by Floss et al. [30] are also shown. Among five HAL-
type hibonite inclusions, 7-404 and 7-971 have heavier Ti isotopes
than the isotopic evolution curve of residues. Errors are 2o.

This is close to 2°Al/*’Al~5x 10>, which is commonly
observed in normal CAls [5], and *°Al/*’Al~5.9%10
which is recently obtained by isochrones comprised of
bulk CAls [27-29]. Five measurements were performed
for K isotopes and the results tend to show positive *'K
isotopic anomalies though clear excess *'K beyond 20
error is observed only for one datum. Although the
correlation in Fig. 3b is not good, we may calculate the
initial *'Ca/*°Ca ratio from the present results. Assuming
that excess in *'K was derived from a decay of *'Ca and

Table 4
CI normalized REE abundances of Kz1-2

Hibonite
La 69.7 +7.7
Ce 0.1 <
Pr 46.1 +6.2
Nd 41.8 +4.8
(Pm)
Sm 27.0 +3.9
Eu 14.1 +11.0
Gd 17.9 +2.9
Tb 10.5 +3.8
Dy 14.4 +2.1
Ho 27.2 +4.6
Er 39.9 +4.9
Tm 33.1 +6.2
Yb 1.6 +0.9
Lu 40.9 +8.3

Errors are 20.
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the initial *'K/*’K ratio is 0.0722 for 40Ca/39K:O, we
obtain the inferred initial *'Ca/**Ca ratio to be (1.07+
0.63)x 10~ %, which is close to those of common refractory
inclusions (*'Ca/*°Ca~1.4x10"% [7]).

Ca and Ti isotopes of KzI-2 show strong pos-
itive fractionation with F(Ca)=16.4+1.3%o/amu and
F(Ti)=10.9+7.0%0/amu (Table 3). Fig. 4 shows F(Ca),
and F(Ti) of Kz1-2 and those of other HAL-type
hibonite inclusions [11,23]. Those of evaporation
residues that were studied by Floss et al. [30] were also
shown in Fig. 4. Kz1-2 shows higher F(Ca) than but
comparable F(Ti) to those of other HAL-type hibonite
inclusions. No clear correlation is found between F
(Ca) and F(Ti) among all these inclusions (Fig. 4).
Kz1-2 does not show clear excesses or depletions in
“8Caand *°Ti within analytical errors (~ 5%o for 6**Ca
and ~15% for &°°Ti; Table 3). Because of low
concentration of Ti in Kz1-2 (less than 0.2% in TiO,)
and the count rate of a >°Ti" signal was one order of
magnitude less than that of a **Ca" signal, errors of Ti
isotopic measurements are large.

Kz1-2 has characteristic fractionated REE abun-
dances (Table 4 and Fig. 5). Firstly, abundances of Ce
(<0.1xCI)and Yb (~ 1 X CI) are significantly lower than
those of other REEs (from ~10xCI to ~70xCI).
Secondly, abundances of LREE tend to decrease but
those of HREE tend to increase with decreasing ionic
radius, resulting in a concave REE pattern. Such a pattern
is similar to those for the other HAL-type hibonite
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Fig. 5. REE abundances of Kz1-2 and other HAL-type hibonite
inclusions [12,31,32]. All of them have a large negative anomaly in
Ce, which is probably caused by evaporative loss of Ce when they
formed. HREE fractionation pattern of Kz1-2 shows an intermediate
pattern between roll-off (HAL and DH-H1) and HREE-enrichment (7-
404, 7-971, and Isna SP16). Errors are 20.

inclusions [12,31,32] (Fig. 5). Two typical REE patterns
can be identified in the HAL-type hibonite inclusions.
One type shows gradual decrease in abundance from La
to Yb with a large depletion in Ce and a small enrichment
in Lu (HAL and DH-H1). The other type shows a
concave REE pattern with significant depletions in Ce,
Eu, and Yb (7-404, 7-971, and Isna SP16). Kz1-2 seems
to have an intermediate REE pattern of these two.

4. Discussions
4.1. The formation process of KzI-2 and its timing

Positively fractionated isotopic compositions in O,
Ca, and Ti (the F-signature) and the characteristic REE
pattern of Kz1-2 suggest that this inclusion is closely
related to HAL-type hibonite inclusions. Kz1-2, how-
ever, has large *°Mg and *'K excesses but no significant
mass-independent isotopic anomalies in **Ca and *°Ti
(the UN-signature). These signatures are common with
normal CAls.

It should be noted that the F-signature and the UN-
signatures have independent information, though they
are frequently observed together in the same inclu-
sion. The former reflects a physical condition which
caused a distillation event, while the latter reflects
isotopic signatures of the precursor material. In fact,
isotopic anomalies in **Ca and *°Ti of some hibonite-
bearing UN inclusions (without an F-signature) are
much larger than those for FUN inclusions (with an F-
signature) [12,16,17,23,33—-39]. Hence, we consider
the F- and UN-signatures separately to understand the
origin of F, UN and FUN inclusions as well as normal
CAls.

Positively fractionated isotopic compositions in O,
Ca and Ti (Figs. 2 and 4) suggest that Kzl-2
experienced severe distillation while this inclusion was
molten [30,40,41]. In contrast, compact-type CAls
usually show only small or no isotopic fractionations
although they have evidence for crystallization from
once molten droplets. These suggest that FUN inclu-
sions formed in more tenuous nebular gas environment
or less dust enriched environment than those of normal
CAls and that equilibration between melt and the
surrounding (once evaporated) gas was extremely
restricted [e.g. [42]].

The extremely low MgO content of hibonite in Kz1-2
is also consistent with intense distillation. It is not
surprising, however, that we cannot detect any fraction-
ated Mg remaining in Kz1-2 because Mg must have
been almost completely evaporated from the precursor
during the distillation event where even Ca and Ti were
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largely evaporated. For the same reason, it is not likely
that a detectable amount of fractionated K, which is
much more volatile than Mg, remained in Kz1-2. Hence,
we consider that possible excess *'K observed in Kz1-2
(Fig. 3b) is most likely due to in situ decay of *'Ca.

Ca and Ti isotopic fractionations (F(Ca) and F(Ti),
respectively) in Kz1-2 and other HAL-type hibonite
inclusions do not correlate well (Fig. 4). Although F(Ca)
and F(Ti) data of HAL, DH-H1, and Kz1-2 are plotted
along the isotopic evolution curve of evaporation
residues from the bulk Allende composition [30],
those of 7-404 and 7-971 data are deviated from the
isotopic evolution curve and show heavier Ti isotopes.
Because it is difficult to suppress Ca isotope fraction-
ation alone, this may suggest that HAL-type hibonite
inclusions were formed from different initial composi-
tions of the precursor materials.

The large negative Ce anomaly observed in the REE
pattern of Kz1-2 (Fig. 5) indicates that this inclusion
was formed under an oxidizing condition because Ce
becomes more volatile than other REEs under oxidizing
conditions [31,43]. It has been experimentally demon-
strated that a large Ce depletion can be produced when a
melt is evaporated under a high vacuum [11,30,41,44].
In contrast, no Ce depletion was caused by evaporation
experiments under reducing conditions [45]. Because a
Ce depletion is characteristic of HAL-type hibonite
inclusions that have positively fractionated isotopes,
intensive distillation processes and oxidizing conditions
could be closely related (e.g., the occurrence of inten-
sive heating in a dust-enriched region or in the absence
of a reducing hydrogen-rich nebular gas).

The characteristic concave REE pattern in Kz1-2 has
also been observed in some other HAL-type hibonite
inclusions (Fig. 5). This REE pattern seems a mixture of
two effects: 1) a gradual decrease in REE abundance
that is caused by partitioning when hibonite crystallized
[46] and 2) an enrichment of HREE. Enrichment of Tm
comparable to those of Er and Lu suggests that HREE
enrichment was caused under an oxidizing condition
[43]. If the distillation processes that formed some HAL-
type hibonite inclusions were so intense to cause HREE
enrichment compared with LREE, the concave REE
pattern could be explained consistently. In this case, it is
required that a phase that partitioned REE with hibonite.
However, Kz1-2 consists of hibonite, spinel, and
corundum and we could not identify any appropriate
phase. A tiny phase or glass that partitioned REE with
hibonite may be preserved in Kz1-2. The positively
fractionated isotopic compositions and characteristic
REE fractionation of Kz1-2 strongly suggest that this
inclusion formed through an intense distillation process

which is similar to those of other HAL-type hibonite
inclusions.

On the other hand, Kz1-2 has high abundance of
excess “°Mg and a hint of excess *'K with the inferred
initial ratios of (5.33£0.16)x10 > for 2°Al/*’Al and
(1.07+0.63)x 10~ ® for *'Ca/*°Ca, respectively, although
the latter value is rather uncertain. These values are
comparable to those of normal CAls: °Al/*’Al=5 to
6x107° [5,27-29] and *'Ca/*°Ca ~1.4x10"% [7],
respectively. As noted previously, the F-signature in
Kz1-2 was most likely produced through intense
distillation from a molten precursor. Any excesses in
26Mg or *'K produced prior to this high temperature event
would be completely erased during the molten stage by
mixing with abundant normal Mg and K isotopes. Hence,
the fact that Kz1-2 has a large excess in °Mg (and a
possible excess in *'K) corresponding to *°Al/*’Al of
normal CAls suggests that the time of the distillation
event experienced by Kz1-2 is as early as the formation of
normal CAls. Caillet et al. [47] reported that a unique
wollastonite-bearing CAI, White Angel, has both a large
mass-dependent fractionation in Mg (~15%o/amu on
average in the interior of the inclusion) and a high inferred
20A1/*7 Al ratio of (5.3+0.6)x 10~°. This also suggests a
possibility of an early occurrence of the distillation event.
The relationship between White Angel and FUN inclu-
sions, however, is not clear because this inclusion has
unusual wollastonite-rich texture and the Group II REE
pattern, which indicates more complicated formation
process(es) of White Angel. In this sense, the similarity in
the texture and the F-signature of Kz1-2 and those of
HAL-type hibonite inclusions is remarkable.

The fact that Kz1-2 has the F-signature, no UN-
signature and high initial abundance(s) of *°Al (and
*Ca) suggests that: (1) Kz1-2 has experienced an
intensive distillation process similar to those for FUN and
HAL-type hibonite inclusions; (2) the precursor material
of Kz1-2 is common with those of normal (non-FUN)
CAISs with canonical “°Al (and *' Ca) abundance(s); and
(3) the formation of Kz1-2 (the timing of the distillation
event) is as early as the formation of normal CAls. Hence,
Kz1-2 has strong links both to normal CAls and to FUN
and HAL-type hibonite inclusions. This may suggest that
the formation process of FUN inclusions is closely
related to those of normal CAls and that FUN inclusions
formed as early as normal CAls.

4.2. Implications for the isotopic heterogeneity in the
early solar nebula

The oxygen isotopic compositions of UN inclusions
(mostly hibonite-bearing inclusions) are 1°Q-rich with
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670 ~8"80~—-40%0 to —50%o, similar to those of
normal CAls [48—-52]. The precursor materials of FUN
and F inclusions, including the present hibonite
inclusion Kz1-2, also seem to share the same 1°0-rich
composition before the large mass-dependent isotopic
fractionation event(s) [8,11,53]. This suggests that both
UN (including FUN) and normal (including F) inclu-
sions formed in an '°O-rich environment.

However, the former has variable mass-independent
isotopic anomalies in Ca and Ti (UN-signatures) but the
latter has mostly homogeneous isotopes. This may be
interpreted in terms of isotopic homogenization process
of refractory elements in the early solar nebula, i.e., UN
inclusions may have formed while isotopic heterogene-
ity still existed in these refractory elements and normal
CAIs may have formed after homogenization of Ca and
Ti isotopes. Existence of both positive and negative
anomalies in **Ca and *°Ti relative to the average (solar)
isotopic compositions seems consistent with this idea.
Note that homogenization of Ca and Ti isotopes among
different grains requires extremely high temperatures,
where sufficient partial pressures of Ca and Ti exist in
the gas phase, but homogenization of O isotopes can
proceed at much lower temperatures.

Aluminum is also highly refractory, and in this sense,
homogenization of Al isotopes (*°Al/*’ Al ratios) may be
considered in a similar way as homogenization of Ca and
Ti isotopes. Rather homogeneous initial *°Al/*’ Al ratios
of normal CAlIs (i.e., 5 to 6x 10™ ) could be the result of
such a homogenization process. However, the situation is
not so straightforward. If the canonical 2°A1/2” Al ratio is
the result of the isotopic homogenization process, we
would expect both super-canonical and sub-canonical
ratios for the earlier inclusions formed before isotopic
homogenization of Al and other refractory elements (e.g.,
Ca and Ti), represented by UN and FUN inclusions.
However, this is not the case. Inclusions having sig-
nificant isotopic anomalies (e.g., |6°°Ti| >10%o) always
show very low initial °Al/*’Al (and *'Ca/*°Ca) ratios
(e.g., [5,37,54]) and super-canonical ratios have never
been reported in UN and FUN inclusions. In contrast,
inclusions having high (canonical) initial *°A1/>’Al (and
41Ca/*°Ca) ratios always show no or small Ca and Ti
isotopic anomalies (typically less than 10%o in **Ca and
*OTi; e.g. [37]). Although uncertainties of 6**Ca and 6°°Ti
in Kz1-2 are still large (—1.4+5.0%0 and —7.3+14.8%o,
respectively), it is evident that Kz1-2 does not have an
isotopic anomaly of larger than 10%o in **Ca, which is
typically observed in inclusions that show low initial
26 A1/27 Al ratios. It is also expected that Kz1—2 does not
have a large isotopic anomaly in *°Ti because isotopic
anomalies of **Ca and *°Ti are usually associated with

each other [37]. So, even if we include the present results
of Kz1-2, an exclusive correlation between the UN
signature and the occurrence of “°Al (and *'Ca) is true.
This strongly suggests that abundance(s) of 2°Al (and
“1Ca) was (were) very low when UN and FUN inclusions
formed.

Later formation of UN and FUN inclusions after the
decay of *°Al seems unlikely because it is difficult to
retain large isotopic anomalies for several million years
after the formation of normal CAIs whose isotopes
already had been well homogenized. It also seems
inconsistent with the present results that Kz1-2, an F-
inclusion closely related to FUN and HAL-type hibonite
inclusions, formed as early as normal CAls. Hence, 2641
(and *'Ca) must be introduced (or produced) at some
time after the formation of UN and FUN inclusions and
before (or during) the formation of normal CAls.

Two possible models have been proposed. One is that
short-lived nuclides were synthesized by irradiation of
protostellar cosmic rays near the central proto-Sun
[55,56]. The other is that short-lived nuclides except for
'9Be were injected from other stellar source when the
solar system formed (e.g. [57]).

Lee et al. [56] proposed that the precursors of normal
CAIs were derived from the innermost part of the disk
(i.e., inside of the reconnection ring; see Fig. 2 in [56])
but the precursors of UN and FUN inclusions were
derived from outside of the reconnection ring. Because
of the high temperatures and the high flux of energetic
particles at the inside of the reconnection ring, isotopes
of refractory elements were homogenized and short-
lived nuclides were synthesized. In contrast, outside the
reconnection ring, isotopic heterogeneity of refractory
elements remained and short-lived nuclides were not
synthesized as much as those at the inside of the recon-
nection ring because the temperature was not high
enough to homogenize isotopic compositions of refrac-
tory elements and materials were not strongly irradiated.
This is consistent with the exclusive correlation between
the UN signature and the occurrence of 2°Al (and *' Ca).

However, this model is inconsistent with the fact that
evidence for existence of live '’Be was observed in FUN
and UN inclusions [58—61]. Beryllium-10 cannot be
produced in stellar sources but is produced by irradiation
of (solar) energetic particles. Hence, the decoupled
occurrence of '°Be vs. 2°Al and *' Ca strongly suggests
that energetic particle irradiation is not the primary
source of *°Al and *'Ca present in some early solar
system solids.

We prefer, therefore, a stellar origin for 2°Al and other
(not all, e.g., lOBe) short-lived nuclides, which might be
introduced at some stage of the early solar system
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evolution (e.g., [57]). In this model, UN and FUN inclu-
sions are considered to have formed prior to the injection
of 2°Al from a stellar source, possibly a supernova or an
AGB star. The existence of the UN-signature in UN and
FUN inclusions might be the result of incomplete isotopic
homogenization at this very early stage of solar system
evolution. Normal CAls might have formed after the
injection of 2°Al and after homogenization of isotopes of
refractory elements (Al, Ca and Ti). This explains rather
uniform abundance of 2°Al (the canonical value) and the
absence of the isotopic anomalies in Ca and Ti (UN-
signature) in normal CAls. The fact that the F-signature is
often accompanied with the UN-signature may indicate
that intensive distillation events were very active in the
earliest stage of the solar system evolution when isotopic
heterogeneity still existed in refractory elements (Ca and
Ti), though the mechanisms of such distillation events are
not clear at present. The present hibonite inclusion Kz1-2
seems to be a rare inclusion, which shows both an F-
signature and a high (~ canonical) abundance of Al (and
possible presence of *' Ca), suggesting strong links both to
the normal CAls and to FUN and HAL-type inclusions.
This inclusion possibly formed at the earliest time of the
formation period of normal CAls, when injection of *°Al
and isotopic homogenization of refractory elements had
been completed but intensive distillation events were still
active.

5. Conclusions

We found a unique hibonite inclusion Kz1-2 from the
Kainsaz (CO3) chondrite, which shows (1) significant
mass-dependent isotopic fractionations in O, Ca and Ti
(F-signatures), (2) no significant isotopic anomalies in
*8Ca and *°Ti (no UN-signatures) and (3) a significant
excess in 2(’Mg and a possible excess in *'K, most likely
from the decays of now-extinct short-lived nuclides 2°Al
and *'Ca with the inferred initial ratios of *°Al/*’Al=
(5.33+0.16)x 10> and *'Ca/**Ca=(1.07+0.63)x 10~ %,
respectively. The F-signature and the fractionated REE
pattern with a large Ce depletion indicate a close relation
between Kzl1-2 and HAL-type hibonite inclusions,
suggesting both of them have experienced intensive
distillation. In contrast to HAL-type hibonite inclusions,
however, Kz1—2 shows high initial abundance(s) of *°Al
(and *'Ca) and no UN-signature, suggesting that Kz1-2
formed from a precursor material similar to those of nor-
mal CAls and that Kz1-2 formed as early as normal
CAls. Hence, Kz1-2 has strong links both to FUN or
HAL-type hibonite inclusions and to normal CAls.

The present results seem to exclude a late formation
of UN and FUN inclusions after significant decay of

26 Al, but support an earlier formation of UN and FUN
inclusions when isotopic heterogeneity still existed in
refractory elements. Aluminum-26 (and some other
now-extinct short-lived nuclides) must have been
introduced (or produced) at some time after the
formation of UN and FUN inclusions. Normal CAls,
on the other hand, might form after injection (or
production) of 2°Al and after homogenization of
isotopic compositions of refractory elements. The
present results suggest that the intensive distillation
process, which formed the F-signature, apparently
occurred while normal CAls formed and that such a
process was not restricted to a specific isotopic reservoir
(with UN-signatures). The hibonite inclusion Kz1-2
would provide an important example showing close
relationships among F-, UN-; FUN-inclusions and
normal CAls.
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