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Abstract

Calcium-aluminum-rich inclusions (CAls) are the oldest dated objects that formed inside the Solar System. Among these
are rare, enigmatic objects with large mass-dependent fractionation effects (F CAls), which sometimes also have large nucle-
osynthetic anomalies and a low initial abundance of the short-lived radionuclide *°Al (FUN CAIs). We have studied seven
refractory hibonite-rich CAls and one grossite-rich CAI from the Murchison (CM2) meteorite for their oxygen, calcium,
and titanium isotopic compositions. The 2°Al-**Mg system was also studied in seven of these CAls. We found mass-
dependent heavy isotope enrichment in all measured elements, but never simultaneously in the same CAI. The data are hard
to reconcile with a single-stage melt evaporation origin and may require reintroduction or reequilibration for magnesium,
oxygen and titanium after evaporation for some of the studied CAls.

The initial >°Al/*’Al ratios inferred from model isochrons span a range from <I x 107 to canonical (~5 x 107°). The
CAls show a mutual exclusivity relationship between inferred incorporation of live 2°Al and the presence of resolvable
anomalies in **Ca and *°Ti. Furthermore, a relationship exists between 2°Al incorporation and A0 in the hibonite-rich CAls
(i.e., 2°Al-free CAIs have resolved variations in A’O, while CAIs with resolved 26Mg excesses have A'70 values close to
—23%0). Only the grossite-rich CAI has a relatively enhanced A'7O value (~—17%0) in spite of a near-canonical 2°Al/*’Al.
We interpret these data as indicating that fractionated hibonite-rich CAls formed over an extended time period and sampled
multiple stages in the isotopic evolution of the solar nebula, including: (1) an *®Al-poor nebula with large positive and negative
anomalies in *Ca and °Ti and variable A'70; (2) a stage of °Al-admixture, during which anomalies in *Ca and *°Ti had
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been largely diluted and a A'7O value of ~—23%o had been achieved in the CAI formation region; and (3) a nebula with an
approximately canonical level of 2°Al and a A!’O value of ~—23%o in the CAI formation region.

© 2017 Elsevier Ltd. All rights reserved.

Keywords: Fractionated and unidentified nuclear (FUN); CAI; Hibonite; Meteorites; Solar nebula; Oxygen isotopes; Aluminum-26; Mag-
nesium isotopes; Titanium isotopes; Calcium isotopes; Mass-dependent fractionation

1. INTRODUCTION

The enigmatic isotopic characteristics of FUN (fraction-
ated and unidentified nuclear effects) CAls (calcium-,
aluminum-rich inclusions) are believed to hold important
clues to the nucleosynthetic inventory of the Solar System
as well as its evolution. In comparison to most CAls from
CV chondrites (hereafter referred to as regular CAls),
which formed with a high abundance of the short-lived
radionuclide (SLR) 2°Al (i.e., the canonical initial 2°Al/’Al
ratio ((*°Al/*’Al)y) of ~5.2 x 1073; Jacobsen et al., 2008),
many FUN CAIs lack resolvable radiogenic excesses of
the daughter nuclide >*Mg (Krot et al., 2014b, and refer-
ences therein; Park et al., 2017; Williams et al., 2017) or
have a lower inferred (**Al/*’Al), than the canonical value
(e.g., ~5.2 x 1078 for HAL, (2.2 + 1.1) x 107 for C1; Park
et al., 2017). This *Al-poor characteristic of FUN CAls is
coupled with large mass-independent anomalies of nucle-
osynthetic origin that are one or two orders of magnitude
greater than those in regular CAls (e.g., up to ~46%o
enrichments or depletions in neutron-rich isotopes like
BCa, °Ti, **Cr, ®Fe, and up to 4%o effects in strontium,
barium, neodymium and samarium isotopes; Birck, 2004;
Liu et al., 2009; Dauphas and Schauble, 2016; and refer-
ences therein). As such large nucleosynthetic anomalies
are hard to reconcile with late formation after most °Al
had decayed, FUN CAIs are often considered to have
formed prior to arrival of fresh 2°Al in the solar nebula
(e.g., ‘late injection scenario’, Fahey et al., 1987, Wood,
1998; Sahijpal and Goswami, 1998). A recent '8?Hf-!82W
study of an 2°Al-poor ((*°Al/*’Al), of ~3 x 10°%) FUN
CALI supports this interpretation, as the uncertainty of the
inferred age would allow for formation earlier than regular
CAlIs, but not for formation as late as required if the low
26A1/27 Al was attributed to its decay (Holst et al., 2013).

FUN CAls differ from regular CAls not only in their
mass-independent isotope effects, but also in the large
degrees of mass-dependent heavy isotope enrichments
observed in elements like oxygen, magnesium, silicon, cal-
cium, and titanium (e.g., Krot et al., 2014b, and references
therein; Park et al., 2017; Williams et al., 2017). These
observations seemed to suggest a link between the availabil-
ity of anomalous nucleosynthetic components and condi-
tions favorable for creating large mass-dependent
fractionation effects; the latter is commonly attributed to
high degrees of melt evaporation of low-temperature pre-
cursors. However, recent efforts to identify and study more
CAIs with FUN properties (e.g., Wimpenny et al., 2014;
Park et al., 2014, 2017) show that the F and UN character-
istics can be decoupled, i.e., F CAls are highly fractionated,
lack large nucleosynthetic anomalies and have approxi-

mately canonical (*°Al/>’Al),. In addition, there are UN
CAIs, which lack mass-dependent effects, but have larger
anomalies than regular CV CAls and low (2°A1/77 A,
e.g., platy hibonite crystals (PLACs) and PLAC-like CAls
(Zinner et al., 1986; Ireland, 1988, 1990; Liu et al., 2009;
Koop et al., 2016a).

While the isotopic record preserved in FUN and F CAls
(collectively referred to here as F(UN) CAls) may yield
important clues for our understanding of the stellar sources
that contributed material to the Solar System and the
physicochemical conditions that characterized the solar
nebula, much of this record remains poorly understood.
For example, while a late arrival of 2°Al to the protoplan-
etary disk is favored to explain the low (**Al/*’Al), in
FUN and UN CAlIs, its origin remains unclear (i.e.,
large-scale heterogeneity in the protosolar molecular cloud
or direct injection from an unidentified stellar source). Sim-
ilarly, it is not yet clear what the relative roles of age, mix-
ing, and thermal processing are for the interpretation of
nucleosynthetic anomalies of different magnitudes. In addi-
tion, inconsistencies exist between mass-dependent fraction-
ation effects in different elements (e.g., uncorrelated effects
in calcium and titanium) for F(UN) and for regular CAls
(e.g., Ireland et al., 1992; K66p et al., 2016b) when com-
pared with experimental studies and volatility
considerations.

To improve our understanding of these issues, we con-
ducted a multielement isotopic study of seven newly identi-
fied hibonite-rich CAls and one grossite-rich CAI with
mass-dependent fractionation effects. The multielement
approach allows a better evaluation as to which reservoirs
were sampled by these highly refractory mass-fractionated
CAls and what the relationship between 2°Al, nucleosyn-
thetic anomalies and oxygen isotopes was. In addition, it
allows for a systematic investigation of the relationship
between mass-dependent signatures in different elements.

2. METHODS
2.1. Sample recovery, selection and preparation

The hibonite-rich inclusions were separated from the
Murchison CM2 chondrite. They were characterized and
prepared with PLAC-like CAls (K&6p et al., 2016a) and
SHIBs (i.e., spinel-hibonite inclusions; Koop et al.,
2016b). The CAIs presented here are distinct from those
presented in our PLAC and SHIB studies, based on their
mass-dependent isotope effects and often also other proper-
ties such as chemical composition, mineralogy and mor-
phology. Some of the samples (CAls 1-9-1, 2-5-1, 2-6-1,
2-6-6) were recovered from the dense fraction of a freshly
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disaggregated Murchison rock fragment (not acid-treated,
approximately 92 g from Field Museum specimen ME
2644). Others (i.e., CAls 1-10-3, 2-2-1, 2-8-3) were picked
from an existing Murchison HF-HCI acid residue (Amari
et al., 1994). For brevity, we refer to the samples as CAls
below, but acknowledge that they may in fact be fragments
of larger CAls that could have been liberated by parent
body processes or sample preparation.

As described in Koop et al. (2016a.,b), the CAls were
cleaned, mounted close to the centers of one-inch epoxy
rounds alongside standard grains, polished and coated with
carbon. After ion probe analysis, some of the mounts were
polished and recoated in gold and/or carbon.

2.2. Electron microscopy

The CAls were characterized with a Zeiss EVO 60 SEM
at the Field Museum of Natural History, and a JEOL JSM-
5800LV SEM and a TESCAN LYRA3 SEM/FIB at the
University of Chicago, all equipped with Oxford Instru-
ments energy dispersive spectroscopy (EDS) systems. The
samples were analyzed by EDS and imaged using backscat-
tered electrons (BSE) and secondary electrons both prior to
and after polishing. The images and compositional infor-
mation were then used for identifying the most suitable
locations for isotope analysis.

Elemental X-ray maps were produced with the TES-
CAN LYRA3 SEM/FIB. As analyses collected in areas
containing epoxy or residual gold coating can be biased,
the map data were processed after collection by removing
point analyses associated with high carbon or gold signals.

2.3. Quantitative chemical analysis

Most quantitative chemical analyses of hibonite grains
were performed with a Cameca SX-50 electron probe
microanalyzer (EPMA) at the University of Chicago. The
conditions were identical to those described by K&op
et al. (2016a,b). Additional quantitative data were collected
using an Oxford Instruments Wave 500 wavelength-
dispersive spectrometer (WDS) on the TESCAN LYRA3
SEM/FIB. For this, we used the same standard minerals,
a beam current of ~10 nA, and an acceleration voltage of
15kV.

2.4. Isotopic analyses

2.4.1. Oxygen

The CAIs were measured for their oxygen isotopic com-
positions with the WiscSIMS Cameca ims-1280 (Kita et al.,
2009, 2010) with conditions identical to those described by
Ko6o6p et al. (2016a,b). Oxygen isotopes were detected in
multicollection mode using a Faraday cup (FC) for '°0~
and electron multipliers (EM) for 7O~ and '*0~. Two to
four spots were analyzed in every CAI. A San Carlos oli-
vine standard was analyzed and used for bracketing of
unknown analyses (running standard) and appropriate
WiscSIMS mineral standards were used to correct for the
instrumental bias affecting the different analyzed phases
(here: Madagascar hibonite, Al-Mg spinel, corundum). As

no grossite standard was available, Madagascar hibonite
was used to correct grossite analysis. The SIMS pits were
checked with the SEM, which did not reveal any problems
(i.e., only primary minerals were sampled; SIMS pits did
not overlap with cracks or grain boundaries). For all sam-
ples, oxygen was the first element measured for its isotopic
composition.

2.4.2. Aluminum-magnesium

Magnesium isotopes in hibonite grains were analyzed
using a monocollection EM detector combined with an
additional FC detector for simultaneous detection of *’Al
with Mg (Kita et al., 2012; Ushikubo et al., 2013) using
a ~9 um diameter primary O~ beam. Many conditions
(i.e., counting times, number of cycles) were identical to
those described by K&op et al. (2016a). Specific differences
to the aforementioned protocol were that the primary beam
current had to be increased for some hibonite grains due to
low MgO contents. Grains with MgO contents< 1 wt%
were measured with a ~0.5 nA primary beam. For more
MgO-rich hibonites, a ~0.15nA beam was used. The
resulting secondary >*Mg" signals were within a range of
(0.4-1.6) x 10°cps. A WiscSIMS Madagascar hibonite
(MH) standard was analyzed to determine the relative sen-
sitivity factor (RSF) between ZTAIT and *Mg" signals,
which is used to correct the measured >’Al/**Mg ratios of
unknowns, as was done in previous studies (Ireland, 1988;
Liu et al., 2012; Koop et al., 2016a,b). The chemical differ-
ence between the Madagascar hibonite standard and mete-
oritic hibonites may have introduced a small bias in the
corrected 2’Al/**Mg values and inferred 2°Al/?’Al ratios
(for a discussion, see Koop et al., 2016b).

The hibonite analyses were bracketed by measurements
of anorthite glass standards with MgO contents compara-
ble to unknowns (1% for MgO-rich and 0.1% for MgO-
poor hibonites, respectively; Kita et al., 2012). These were
used to estimate the instrumental bias for radiogenic excess
Mg (5*°Mg") and to correct for instrumental mass frac-
tionation in 8* Mg (the standard has a 8 Mg of —1.77%o;
Kita et al., 2012). A systematic bias introduced by the
matrix effect between anorthite and hibonite would not
affect 3*°Mg" outside of quoted uncertainties, but could
affect 625Mg values. However, based on a comparison of
anorthite and Madagascar hibonite standard measure-
ments, this effect is small (not resolved if Madagascar hibo-
nite has a 8*°Mg = 0%o).

A single analysis was collected in the grossite-rich CAI
2-6-1. Grossite was analyzed with a ~0.15nA beam
(alongside and under identical conditions as the more
MgO-rich hibonite grains described above). Due to the
low MgO abundance in grossite, the secondary signals were
low (~1, ~0.1 and ~437 cps for 2*Mg", ®Mg" and **Mg",
respectively). Isotope ratios were calculated from the sum
of signals collected in 19 cycles to minimize the ratio bias
effect (Ogliore et al., 2011). No grossite standard was
available, so Madagascar hibonite was used to estimate
the RSF and correct the measured 2’Al/>**Mg ratio. This
was similar to Makide et al. (2009) and the matrix
effect may have resulted in a small bias in >’Al/**Mg and
*°Al/*Al ratios.
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Two analyses were collected in a spinel grain in CAI 1-
9-1 under identical conditions as those reported by Koop
et al. (2016b).

For analyses of hibonite and spinel, excess °Mg was
calculated using the equation 5°Mg* = &°Mg—[(1
+ 5°Mg/1000)'/P — 1] x 1000 (e.g., Davis et al., 2015).
The updated B value of 0.5128 was used (Davis et al.,
2015). However, no difference outside of quoted
uncertainties is observed when the previously recom-
mended B value of 0.514 (Davis et al., 2005) is applied
instead. For one-spot analyses, initial 6Al/?’Al ratios
were inferred from model isochrons that assume a
normal initial magnesium isotopic composition (i.e.,
52°Mgj = 0).

2.4.3. Calcium and titanium

The conditions for calcium and titanium analyses on
the University of Hawai‘i Cameca ims-1280 have been
reported in detail by K&op et al. (2016a,b) for hibonite-
rich CAls that were analyzed in the same session as the
CAIs presented here. All data presented here were cor-
rected for instrumental mass-fractionation by bracketing
unknown analyses with measurements on a Madagascar
hibonite standard. The calcium and titanium isotopic
compositions of the latter are assumed to correspond to
the values listed in Niederer and Papanastassiou (1984)
and Niederer et al. (1981), respectively. Any remaining
mass-dependent fractionation is interpreted to reflect
intrinsic fractionation (Fc, and Fgy) and corrected for
using a Rayleigh law, assuming that calcium evaporated
as Ca atoms and titanium as TiO, molecules, based on
evaporation experiments of Zhang et al. (2014). For
calcium, *Ca/*°Ca was used for normalization, for
titanium, data are reported in both the OTi/4Ti and
“6Ti/**Ti normalizations. Intrinsic fractionation (Fp; and
Fc.) was calculated as Fpy= —[A46Ti/ {mass(48Ti) -
mass(*°Ti)}],  with  A*Ti = [(*°Ti/*Ti)measurcd/
(**Ti/*Ti)standara — 1] % 1000 (analogous for *Ti/*'Ti
normalization and Fc,). Both Fr; and Fc, are given in
units of %o/amu, and positive values indicate heavy
isotope enrichment.

3. RESULTS
3.1. Petrologic characteristics

3.1.1. Morphology and mineralogy

Five of the CAIs (2-2-1, 2-5-1, 2-6-6, 2-8-3, and 2-8—
7) are single hibonite crystals with inclusions of other min-
erals. The others are a hibonite aggregate with inclusions of
corundum (1-10-3), a platy object consisting of hibonite
and spinel (1-9-1), and a grossite-rich object (2-6-1).

CAlIs 2-2-1 and 2-8-3 are platy hibonite crystals recov-
ered from the acid residue (Fig. 1). Prior to polishing, the
surfaces of both crystals showed abundant hexagonal pits
(illustrated for 2-8-3 in Fig. 1a). The polished surfaces of
both CAlIs reveal round to elongated inclusions of per-
ovskite and voids in the centers (Fig. 1b and c). The elon-
gated voids and perovskite inclusions are oriented in two
directions that define ~60 degree angles in both crystals.

CAlIs 2-5-1, 2-6-6 and 2-8-7 are stubby hibonite crys-
tals. All three have eroded margins, but for 2-6-6 and 2-5-
1, some crystal faces define ~120 degree angles, consistent
with their hexagonal crystal system (Fig. 2a and c). CAls
2-5-1 and 2-6-6 were picked from the non-acid-treated
Murchison separate, while 2-8—7 was recovered from the
acid-residue. Prior to polishing, the surface of 2-5-1 was
found to be covered in fine-grained silicate material
(Fig. 2b), which is not apparent in the polished mount
(Fig. 2a). All three crystals contain abundant sub-pum-
sized refractory metal nuggets (RMN).

CAI 1-9-1 is a hibonite plate partially covered by spinel.
Prior to polishing, the spinel had a mottled, grainy texture;
the surface of the hibonite is smoother but is embayed
(Fig. 3a). Fine-grained silicates partially cover the spinel
(Fig. 3a) as well as the edge of the CAI (Fig. 3b).

CAI 1-10-3 is an irregularly shaped aggregate of hibo-
nite crystals recovered from the acid-residue (Fig. 4). Most
hibonite crystals contain pm- to sub-pm-sized inclusions of
corundum. A single RMN was identified at a corundum-
hibonite grain boundary (Fig. 4c).

CAI 2-6-1 is a ~120-um-sized fragment composed
mostly of grossite, and is surrounded by a discontinuous

Fig. 1. Platy hibonite grains 2-2—1 and 2-8-3 in BSE. (a) The unpolished surface of platy hibonite 2-8-3 is covered with hexagonal pits and
elongated voids. (b) The polished surface of 2-8-3 reveals round to elongated perovskite inclusions and holes, oriented in two different
directions. (c) The polished surface of 2-2—1 shows similar elongated and round holes.
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Fig. 2. BSE images of mass-fractionated stubby hibonites 2-5-1, 2-6-6, and 2-8-7. (a) The polished surface of CAI 2-5-1. Some crystal faces
define 120 degree angles. (b) The side of grain 2-5-1 before polishing. The grain is covered by fine-grained FeO-rich silicates. (¢) Similar to
2-5-1, the faces of 2-6-6 define 120 degree. (d) Grain 2-8-7 has an irregular shape.

o " FeO-rich
silicate

Fig. 3. BSE images of mass-fractionated spinel-hibonite platelet 1-9-1. (a) Before polishing, the hibonite surface shows layers of hibonite with
rounded dents, the spinel has a mottled appearance. (b) After polishing, perovskite inclusions are apparent in the hibonite. Abbreviations: Hib

— hibonite, Sp — spinel, Pv — perovskite.

rim of FeO-rich silicates (Fig. 5). Set inside the grossite are
multiple inclusions, e.g., rounded perovskite grains
(<15 um) as well as polymineralic assemblages. Assem-
blages of type 1 (enlarged in Fig. 5c, e and ~5 to 30 um
in diameter) consist of a hibonite core surrounded by a
band of amoeboid sub-um-sized Ca-Ti-rich oxide grains
(possibly perovskite), which are set inside hibonite. In addi-
tion to the Ca-Ti-rich phase, the assemblage in Fig. 5c con-
tains two sub-pm-sized grains rich in zirconium located at
the grain boundary between hibonite and two Ca-Ti-rich
oxide grains. Another assemblage occurs close to the lower
left side of 2-6-1 (left edge of the CAI and surrounding an
interior hole; Fig. 5a), and consists of oxide and silicate
mineral layers. The first layer directly adjacent to interior
grossite consists of small hibonite platelets (up to ~5 pm
across) followed by a discontinuous spinel layer and
anorthite (Fig. 5a, b, and d).

3.1.2. Mineral chemistry

Hibonite grains in the studied CAls have variable MgO
and TiO, contents (Table 1). Hibonites in 2-5-1 and 2-6-6
have low MgO and TiO, contents (~0.2 and 0.4 wt%,
respectively); 1-9-1, 1-10-3, and 2-8-7 have intermediate
MgO contents of ~0.5 wt%; and platy hibonite crystals

2-2-1 and 2-8-3 have the highest MgO and TiO, contents
(~1 and 2 wt%, respectively; Table 1). Electron microprobe
analyses collected in hibonite grains 2-2-1, 2-6-6, and 2-8—
3 suggest that the edges of these hibonite grains are more
MgO- and TiO,-rich than the centers. The elemental maps
of 2-8-3 also show center to edge zoning in MgO, TiO, and

EPMA and SEM-WDS analyses of CAI 2-6-1 suggest
that both grossite and hibonite (measured in assemblage
1) are close to endmember compositions. Neither of these
minerals contains detectable MgO, but titanium was
detected at low levels in both (Table 1). While overlap with
the surrounding titanium-rich phase cannot be excluded for
the hibonite analysis due to its small size, the analysis
regions within grossite were free of inclusions. This suggests
that titanium is present inside the grossite lattice, and may
be trivalent and substituting for AI*".

The compositions of the RMNs in 2-5-1 and 2-6-6
were reported in Schwander et al. (2015). They are almost
entirely composed of iridium, osmium, and ruthenium.
They therefore are more refractory than typical RMNs
(Schwander et al., 2015), and also are highly depleted in
tungsten and molybdenum, which are more volatile under
oxidizing compositions (Palme et al., 1998).
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b CLimage:

A

Fig. 4. Hibonite-corundum CAI 1-10-3. (a) The BSE image shows that 1-10-3 is a hibonite aggregate with inclusions of corundum. This
image was previously published by Schwander et al. (2015). (b) Corundum shows bright cathodoluminescence (CL); hibonite and epoxy are
black. The CL image was obtained with a Hitachi S-3400 SEM equipped with a Gatan PanaCL/F system at the University of Wisconsin,
Madison. (c) The enlargement of the white box in (a) shows a refractory metal nugget at a grain boundary between hibonite and corundum.
Abbreviations: Hib — hibonite, Cor — corundum, RMN - refractory metal nugget.

10 pm

—MgO-, FeO-rich

Fig. 5. Grossite-rich CAI 2-6-1 in BSE and EDS false-colors. (a) BSE image. This CAI consists mostly of grossite and is surrounded by a
discontinuous FeO-rich rim. (b) Combined elemental map (Mg: red, Ca: green, Al: blue, Si: white) of the CAI (c) Enlargement of the box
labeled ‘¢’ in (a). (d) Enlargement of the box labeled ‘d’ in (a). (¢) Enlargement of the box labeled ‘¢’ in (a). Abbreviations: An —anorthite, Gro
— grossite, Hib — hibonite, Pv — perovskite, Sp — spinel. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)



Table 1
Chemical compositions of the fractionated CAls obtained by EPMA. Uncertainties correspond to two standard deviations.

Tons per formula unit Weight percents

Name Phase  Location # of Voltage Ca®" APF"  Mg?" Ti*" 07" Cationsum CaO (wt%) ALO; (wt%) MgO (wt%) TiO, (Wt%) FeO (wt%) Sum (wt%)
analyses (kV)

EPMA

1-9-1 Hib 1 20 1.016 11.760 0.087 0.117 19 12.993 8.56 90.12 0.53 1.41 b.d. 100.61
1-10-3  Hib 7 15&20 0999 11.820 0.080 0.083 19 12.997 8.39+026 9030+£1.85 0.48+0.10 0.99+022 bd. 100.16
2-2-1 Hib Center 1 20 1.015 11.705 0.140 0.140 19 13.001 8.54 89.48 0.85 1.68 b.d. 100.54
2-2-1 Hib Edge 1 20 1.024 11.678 0.153 0.149 19 13.004 8.56 88.77 0.92 1.78 b.d. 100.03
2-5-1 Hib Center 1 20 1.015 11912 0.026 0.034 19 12.987 8.57 91.44 0.16 0.41 b.d. 100.57
2-5-1 Hib Center 1 20 1.021 11.909 0.027 0.034 19 12.990 8.63 91.48 0.16 0.41 b.d. 100.67
2-5-1 Hib Edge 1 20 1.021 11.905 0.030 0.034 19 12.990 8.56 90.69 0.18 0.40 b.d. 99.84
2-5-1 Hib Edge 1 20 1.008 11.902 0.032 0.035 19 12.977 8.57 91.99 0.20 0.42 b.d. 101.18
2-5-1 Hib Edge 1 20 1.022 11.909 0.027 0.031 19 12.989 8.63 91.47 0.17 0.37 b.d. 100.63
2-6-1 Gro 3 20 0.997 3.971 0.021 7 4.989 21.54+£0.07 78.02+0.41 b.d. 0.64£0.02 b.d. 100.19
2-6-6 Hib Center 1 20 1.025 11.922 0.032 0.017 19 12.997 8.64 91.31 0.20 0.21 b.d. 100.35
2-6-6 Hib Center 1 20 1.010 11.925 0.033 0.021 19 12.990 8.56 91.94 0.20 0.26 b.d. 100.96
2-6-6 Hib Center 1 20 1.017 11.925 0.033 0.019 19 12.994 8.63 91.96 0.20 0.23 b.d. 101.02
2-6-6 Hib Edge 1 20 1.019 11.871 0.050 0.046 19 12.986 8.53 90.42 0.30 0.55 b.d. 99.80
2-8-3 Hib Center 1 20 1.004 11.714 0.139 0.141 19 12.998 8.47 89.84 0.84 1.70 b.d. 100.85
2-8-3 Hib Center 1 15 1.015 11.719 0.139 0.130 19 13.002 8.49 89.08 0.84 1.54 b.d. 99.95
2-8-3 Hib Edge 1 20 1.005 11.649 0.170 0.172 19 12.995 8.46 89.12 1.03 2.06 b.d. 100.67
2-8-3 Hib Edge 1 15 1.034 11.638 0.168 0.158 19 12.998 8.54 87.37 1.00 1.85 b.d. 98.76
2-8-3 Hib Edge 1 15 1.027 11.642 0.168 0.163 19 13.000 8.55 88.07 1.01 1.93 b.d. 99.55
2-8-3 Hib Edge 1 20 0998 11.652 0.170 0.174 19 12.993 8.39 89.12 1.03 2.08 b.d. 100.62
2-8-17 Hib Center 1 20 1.006 11.892 0.059 0.039 19 12.995 8.46 90.93 0.36 0.46 b.d. 100.21
2-8-7 Hib Edge 1 20 1.005 11.886 0.063 0.043 19 12.997 8.47 91.03 0.38 0.51 b.d. 100.39

SEM with WDS:
2-6-1 Gro 5 15 1.032 3.954 0.020 7 5.006 22154032 77.12+1.13 bd 0.58 +0.12 99.85
2-6-1 Hib 3 15 1.057 11.923 0.030 19 13.010 872+0.17 89.38+094 bd 0.35£0.03 98.45

0¢
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MgO (wt%)

Fig. 6. Elemental zoning in platy hibonite 2-8-3. (a) and (b) show that the grain is zoned in MgO and TiO,, with the edges of the hibonite
being more enriched in MgO and TiO, than the center. (c) The edges of the grain are less Al,O5-rich than the center. (d) A BSE image of 2-8-3
with the mapped area outlined in white. The mapped area was constrained to one side of the CAI in order to avoid areas of the grain that were
charging due to laser beam damage of the coating (laser beam analyses were performed after the isotopic analyses presented here were

collected).
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Fig. 7. Oxygen three-isotope plot showing SIMS spot analyses for the eight CAls. The listed phases (Hib: hibonite, Sp: spinel, Cor:
corundum, Gro: grossite) correspond to the analyzed minerals in the CAls. The solar A'7O line refers to the Genesis mission value of ~—28%o

(McKeegan et al., 2011). Plotted uncertainties are 2c.

3.2. Oxygen isotopes

In the oxygen three-isotope diagram, all eight CAIs plot
to the right of the CCAM (carbonaceous chondrite anhy-
drous mineral) line (Fig. 7). The largest offsets from the
CCAM line are shown by spinel-hibonite platelet 1-9-1
and stubby hibonite crystals 2-5-1 and 2-8-7. In compar-
ison, the offsets are small for the hibonite-corundum aggre-
gate 1-10-3, stubby hibonite crystal 2-6-6, platy hibonite
crystals 2-2-1 and 2-8-3, as well as grossite-rich CAI 2—
6-1. Spot analyses collected inside the same CAI typically
agree within measurement uncertainties, only the spot anal-
yses collected in spinel-hibonite platelet 1-9-1 show a larger
spread (i.e., one spinel analysis plots closer to the CCAM
line than the two hibonite analyses; Fig. 7, Table 2).

Six of the CAIs have A'7O values (A!70 =38""0-
380 x 0.52, i.e., a measure for the mass-independent vari-
ation in oxygen isotopes) that agree within uncertainty; the
average for these six CAls is —23.8 4 0.5%o (uncertainty is

2SE). CAIs 2-5-1 and 2-6-1 have higher A'’O values (i.e.,
—13.6 £ 1.0%0 and —17.4 £ 0.8%o, respectively).

3.3. Magnesium isotopes

The magnesium isotopic analyses obtained in spinel-
hibonite platelet 1-9-1 and stubby hibonites 2-6-6 and 2—
5-1 fall on a mass-fractionation line of slope ~0.5 drawn
through the origin of the magnesium three-isotope diagram
(Fig. 8a). With 8*°Mg and §*°Mg values of ~6-7%. and
~12-15%o, respectively, CAI 2-6-6 shows the largest corre-
lated excesses. The spinel and one hibonite analysis of CAI
1-9-1 plot close to the origin (Fig. 8a, Table 3), another
hibonite analysis has a negative 8°Mg. Stubby hibonite
2-8-7 and platy hibonites 2-2-1 and 2-8-3 have
positive §°°Mg, but lack corresponding effects in
BMg (8*Mg ~ (=5 to 0)%e; Fig. 8a).

Consequently, CAls 2-2-1, 2-8-3, and 2-8-7 have
resolved positive 8**Mg* values (~10%o, ~40%o, and 45%o,
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Table 2

Oxygen isotopic compositions of the eight fractionated CAls. Uncertainties are 2c.

Name Type" Spot® 31%0 3170 A0

(%o) (%o) (%o)

1-9-1 Platy w. sp spl.1 7.23 £0.52 —18.65+£1.19 —22.40 + 1.00
spl.2 2.81 +£0.52 —20.92 +1.19 —22.39 +1.00
hibl.1 8.76 +0.52 —18.34 £ 1.19 —22.90 £ 1.00
hib1.2 8.98 +0.52 —18.87+1.19 —23.53 +1.00

1-10-3 Cor-hib aggr. hibl.1 —41.22+0.74 —45.71 £ 0.56 —24.28 +£0.48
hib2.1 —42.45+0.74 —45.16 £ 0.56 —23.09 +0.48
corl.1 —41.98 £0.74 —45.82 £0.56 —24.00 +0.48

2-2-1 Platy hibl.1 —37.31 +0.68 —43.83 +1.31 —2443 +1.40
hib1.2 —38.23 £ 0.68 —43.55+1.31 —23.67 £+ 1.40

2-5-1 Stubby hibl.1 25.01 £1.10 0.44 +1.30 —12.56 +1.02
hib1.2 23.15+1.10 —2.68 +1.30 —14.72 £1.02
hib1.3 24.48 +1.10 —0.93 £1.30 —13.65+£1.02
hibl.4 2436 +1.10 —0.73 £ 1.30 —13.40+£1.02

2-6-6 Stubby hibl.1 —36.64 £0.71 —42.21 £0.80 —23.16 £0.85
hibl.2 —37.02+0.71 —42.48 +0.80 —23.224+0.85

2-8-3 Plate hibl.1 —35.81 £0.50 —42.86 + 1.56 —24.24 +1.38
hibl.2 —34.95+0.50 —43.09 + 1.56 —2491 +1.38

2-8-7 Stubby hibl.1 4.08 £ 0.68 -21.89 +1.31 —24.01 £+ 1.40
hibl.2 4.04 £+ 0.68 —22.90 +1.31 —25.00 +1.40

2-6-1 Gro-rich grol.1 —18.25+0.97 —26.81 +0.87 —17.32+£0.95
grol.2 —20.04 £0.97 —27.93 £0.87 —17.50 £0.95

# Petrologic type, abbreviations: aggr. — aggregate, sp — spinel, w. — with, cor — corundum, gro — grossite. If unclear: morhology not

recognizable from polished surface.

® Notation indicates phase, grain, and spot number, e.g. hib2.1 is the first spot collected on the second analyzed hibonite grain.

respectively; Table 3). Model isochrons vyield initial
26A1/27Al ratios of (0.348 +£0.058) x 107> for 2-8-7,
(4.72 £0.27) x 10~ for 2-8-3, and (4.95+0.26) x 107>
for 2-2-1. Stubby hibonites 2-6-6 and 2-5-1 as well as
spinel-hibonite platelet 1-9-1 lack radiogenic 2°Mg"
excesses (Fig. 8b). The disparity in 2’Al/**Mg ratios for
repeated analyses in stubby hibonite 2-6-6 in Fig. 8b is
evidence for strong elemental zoning in this grain.

In CAI 2-6-1, only grossite could be analyzed. The
calculated 8*Mg" value is approximately 3,500,000%c
(**Mg/**Mg ratio of ~482), counting statistics yield a 2c
uncertainty of ~45,000%. The 2’ Al/**Mg ratio is ~(1.02 +
0.01) x 107 (corrected using the RSF determined from
Madagascar hibonite), which yields a model °Al/?’Al ratio
of (4.7+0.6) x 107°. To the best of our knowledge, the
Mg excess and the *’Al/**Mg ratio in grossite-rich CAI
2-6-1 are the highest ever reported for CAI minerals. For
comparison, >’Al/**Mg ratios between 70 and 4000 were
reported for grossite in CAlIs from CR chondrites by
Makide et al. (2009), who also corrected the ratios using
an RSF obtained from Madagascar hibonite. The ratios
reported for the MgO-poor hibonite grains in HAL and
HO030 (ie., ZAl/**Mg ~(1-4) x 10* for HAL, Fahey
et al., 1987, and ~(0.8-6) x 10* for H030, Rout et al.,
2009) and for corundum grains (*’Al/**Mg up to

~1.4 x 10° in 1769-9-1; Makide et al., 2013) are also lower

than in 2-6-1.

3.4. Calcium and titanium isotopes

All studied CAIs are mass-dependently enriched in

heavy calcium isotopes (expressed as a positive Fc, value
in %o/amu; for a definition, see Section 2); evidence for frac-
tionation effects in titanium (i.e., Fp; resolved from 0) was
only found in some of the CAls (Table 4). Five CAls have
similarly large F¢, values of ~15%c/amu: platy hibonites 2—
2-1 and 2-8-3, spinel-hibonite-platelet 1-9-1, stubby hibo-
nite 2-8-7, and grossite-rich CAI 2-6-1. Smaller F, values
are found in stubby hibonites 2-5-1 (~10%c/amu) and 2-6—
6 (~4%o/amu), and hibonite-corundum aggregate 1-10-3
(~3%o/amu). Resolved fractionation effects in titanium are
found in 1-9-1, 2-5-1, and 2-8-7, regardless of normaliza-
tion. CAls 1-10-3 and 2-6-6 have small positive Fr; values
when normalized to *®Ti, but lack resolved effects when
normalized to *’Ti. No or only marginally resolved frac-
tionation effects in titanium were found in grossite-rich
CAI 2-6-1 and platy hibonite grains 2-2-1 and 2-8-3
(Table 4).

Mass-independent effects are most pronounced in the
neutron-rich isotopes of calcium and titanium, i.e., BCa
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Fig. 8. (a) Magnesium three-isotope plot showing SIMS spot analyses for six of the eight fractionated CAls. (b) Platy hibonites 2-2-1 and 2—
8-3 have positive 5°*Mg” values consistent with incorporation of 2°Al close to the canonical level. In contrast, no evidence for incorporation
of live Al was found in stubby hibonites 2-6-6 and 2-5-1 as well as spinel-hibonite platelet 1-9—1. The two analyses in stubby hibonite 2-8—7
reveal positive 8°°Mg" values, consistent with incorporation of 2°Al at a subcanonical level. The inset shows the analysis in the grossite-rich
CAI 2-6-1, which has an extremely high >’Al/**Mg ratio and cannot be plotted on the same scale. Plotted uncertainties are 2c.

and *°Ti (Fig. 9). Anomalies in *®Ca are resolved in four
CAIs (Table 4). These are stubby hibonites 2-5-1
(8%8Ca ~ 40%0) and 2-6-6 (8**Ca ~ 10%), spinel-hibonite
platelet 1-9-1 (8*®Ca ~ 10%0), and hibonite-corundum
aggregate 1-10-3 (8*8Ca ~ —15%0). Anomalies in *°Ti tend
to be smaller than in **Ca and the magnitudes depend on
the normalizing isotope pair. No effects are resolvable
beyond a 3c-uncertainty in “’Ti/*’Ti normalization,
but stubby hibonite 2-5-1 shows a resolved >°Ti excess in
46Ti/**Ti normalization (Table 4).

4. DISCUSSION
4.1. Classification

All studied CAIs are isotopically heavy in calcium
isotopes. Such enrichments are usually attributed to evapo-
rative loss from highly refractory melts (Ireland et al., 1992;
Floss et al., 1996). This calcium isotope fractionation fur-
ther justifies a classification of these CAls as FUN or F
CAlIs, even though many of them lack mass-fractionation
effects in magnesium. The common definition for FUN

CAls, which includes the presence of significant fractiona-
tion in magnesium isotopes (as summarized by
MacPherson, 2014), does not seem applicable for the most
refractory examples of F(UN) CAls, as many, including the
famous FUN CAI HAL, lack fractionation effects in
magnesium (Lee et al., 1979; Fahey et al., 1987). This is
likely because magnesium was completely lost during
evaporation and isotopically normal magnesium was rein-
troduced at a later stage (Ireland et al., 1992; see
Section 4.4).

Therefore, stubby hibonite 2-5-1 and spinel-hibonite
platelet 1-9—-1 can be classified as FUN CAls, as they have
considerable nucleosynthetic anomalies and large fraction-
ation effects in calcium, titanium and oxygen. Hibonite-
corundum aggregate 1-10-3 and stubby hibonite 2-6-6
have smaller, but clearly resolved fractionation effects in
calcium (2-6-6 is also fractionated in magnesium isotopes)
and clear enrichments in **Ca; they should thus also be
grouped with the FUN CAIs. The remaining CAls, 2-8—
7, 2-2-1, 2-8-3, and 2-6-1, have no mass-independent
anomalies in calcium and titanium isotopes, which suggests
a classification as F CAls.



Table 3
Aluminum-magnesium isotopic compositions of seven of the eight fractionated CAls. Uncertainties are 26.
Name Type® Spot® Session®  Cycles’  Standard® 3> Mg Mg TA1/**Mg 3%°Mg" 26A1/77Al A1/77Al
(%) (%) (%) (1079) (1079)
Model Internal®
1-9-1 Platy w. sp  hibl.1 Febl4 39 An 1% MgO -0.57+1.79 -3.10+1.79  220.90 +2.89 —-1.98 +2.73 -0.12+0.17 —0.01 £0.11
hib1.2 Julyl4 39 An 1% MgO —4.13+1.16 —690+1.16 19497 +2.52 1.14 £2.13 0.08 £0.15
spl.1 Julyl4 30 Sp 0.79 +£0.14 1.534+0.25 2.61 +0.03 —0.01 +0.14
spl.2 Julyl4 30 Sp 0.61 £0.14 1.17 £0.25 2.64 +0.03 —0.02+0.14
2-2-1 Platy hibl.1 Julyl4 39 An 1% MgO —-525+1.16 34.50+1.16 125.83 + 1.60 4471 £2.35 4.95+0.26
2-5-1 stubby hibl.1 Febl4 39 An 0.1% MgO  —-1.56+1.50 —2.57+1.50 1560.67 + 15.91 0.47 £ 3.50 0.00 + 0.03
2-6-6 Stubby hibl.1 Febl4 39 An 0.1% MgO  7.48 +£1.33 14.80 + 1.33 1026.38 + 10.67 0.14 £2.99 0.00 + 0.04
hibl1.2 Febl4 39 An 0.1% MgO  6.30 £ 0.91 12.29 £ 0.91 484.24 £+ 5.06 —0.05+2.50 0.00 £+ 0.07
2-8-3 Platy hibl.1 Febl4 36 An 1% MgO —4.76 £1.66  34.30 + 1.66 134.23 +4.73 43.56 +£4.34 4.52 +0.48
hibl1.2 Febl4 39 An 1% MgO —-1.87+146 34.57+1.46 110.58 + 1.74 38.20 £+ 2.47 4.81+£0.32
2-8-7 Stubby hibl.1 Febl4 39 An 0.1% MgO  —4.43+1.17 1.28 +1.17 397.78 +4.29 9.87 £2.37 0.35+0.08
hibl1.2 Febl4 39 An 0.1% MgO  —4.18 £0.97 1.97 £0.97 400.55 +£4.22 10.08 +2.31 0.35+0.08
2-6-1 grol.1 Julyl4 21 see text 1.02x 107+ 1 x 10°  (3.4640.45) x 4.73 £0.62

10°

@ Petrologic type with abbreviations as in Table 1.

® Phase analyzed.
¢ SIMS analysis session.

4 Number of cycles included in average.
¢ Standard used for correction of instrumental fractionation. ‘An 1% MgO’ and ‘An 0.1% MgO’ refer to synthetic anorthite standards with 1 and 0.1 wt% MgO, respectively.

" Inferred from model isochron.
¢ Inferred from internal isochron.
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Table 4

Calcium and titanium isotopic compositions of the eight fractionated CAls. Titanium data is given in two commonly used normalizations (**Ti/**Ti normalization is preferred, **Ti/*"Ti

normalization (italics) is given to facilitate comparison with other recent studies). Uncertainties are 2c.

FCa

5%Ca
(%o)

3*Ca
(%o)

3*Ca
(%o)

8T Fri

(%o)

3**Ti
(%o)

5*°Ti
(%o)

3*Ti 5°°Ti Fr
(%)

(%o)

5*7Ti
(%o)

Analyzed phases®

Typezl

Name

(%o/amu)

(%o/amu)

(%o/amu)

4Ca/**Ca normalization:

1.7 £3.1

“Ti/*Ti normalization:

46Ti/*%Ti normalization®:

0.6 £2.3

3.6 +14 1.7+28 141+54 147 £0.6

1.6 £1.7
0.6 £2.6

38+1.0 —-07+£28 —05+£25 26+54
24+1.1 13435

29 +32

0.5+£25

Platy w. sp  Hib, Pv (minor)

1-10-3 Aggr. w. cor Hib

9-1
2-2-1
2-5-1

1-

—14.0 4.5 3.3 4+0.9

—0.3 £6.6
427 +£53
13.8 4.1
0.1 £5.1

—23+£25 -39+3.1

86 £57
43+9.2
—2.0+42 52+87

2.6 £3.0
0.8 £4.7

-19+28 -33+30 45+34

2.1 +5.1 0.0 £4.1
—1.2+40 54 +£45

15.6 £0.4
10.0 £ 0.5
42 +1.0

—0.8 £3.0 0.6 £2.6

—0.7 £33 3.7 +4.3

6.0 £69

Hib
Hib

Platy

39+3.6
0.6 +2.8

122 +24 54+23

14+19
1.2+ 14

3.6 +£4.3

141 +£58 89+1.8

39 +£56
42 +£32

Stubby
2-6-6 Stubby
2-8-3 Platy

2-8-7
2-6-1

1.8 +4.38

—4.24+41 —07+38 63+7.0
0.1 +£27

32 +1.7
0.7 £ 1.0

09 +4.1

1.3 £25

Hib, RMN (minor) 2.5 + 3.8

Hib
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16.7 £0.5
15.6 £0.9
15.6 £0.9

—14+23 04 +£35

—0.9+25 24+5.1

0.7 £22

—-2.5+43

—19+44 —04+42 -22+77 114+22 —03+49 1.0+£29

0.3+43

—0.1+42 -38+57 121 £1.6

Hib, RMN (minor) 1.3 +£3.9
Gro

Stubby

—1.5+30 -28 +4.1

1.5+18 0.1 +26

7.2 +6.5

1.2 +35

20+1.8

—0.7+34 —1.8+39 48 +49

Gro-rich

& Petrologic type with abbreviations as in Table 2.

® Analyzed phases as found in analysis pit post SIMS. Minor indicates that the relative contribution of the second listed mineral was small. Abbreviations: Hib — hibonite, Pv — perovskite, RMN

— refractory metal nugget, Gro — grossite.

¢ Intrinsic fractionation in Ti.

4 Favored normalization for Ti isotopes.

The FUN CAls (1-9-1, 2-5-1, 2-6-6) measured for
magnesium isotopes show no evidence for incorporation
of live 2°Al. In contrast, the four F CAIs (2-2-1, 2-6-1,
2-8-3, 2-8-7) show indications for incorporation of live
*°Al. However, while 2-2-1, 2-8-3, and 2-6-1 have model
(26Al/27A1)0 ratios close to canonical, 2-8-7 has a low
model (2°A1/27Al), of ~3 x 107 that is similar to the ratios
found in some FUN CAIs (e.g., Cl1, DH-HI1; Krot et al.,
2014b; Park et al., 2017; and references therein). 2-8-7
may therefore be closer related to FUN CAls rather than
F CAls, its lack of resolved anomalies could simply be a
coincidence as anomalies in **Ca and *°Ti in FUN CAls
span a range from negative to positive values. We do not
expect that Al-Mg systematics in hibonite were affected
by parent body processing.

4.2. Individual isotopic systems

4.2.1. Oxygen isotopes

All studied CAIs are offset to the right of the
CCAM line. We quantify this offset using the
A"Occam value, which is the deviation from the line in
3180  ([ABOccam = 880 + (A0 — Interceptecam)/
(Slopemrr — Slopeccam)], MFL  stands  for  mass-
dependent fractionation line; K66p et al., 2016b). If the off-
set from the CCAM line is due to mass-dependent fraction-
ation only, A®Occam values can be directly compared to
5'%0 values from experimental evaporation studies (e.g.,
Mendybaev et al., 2013, 2017). Corundum-hibonite aggre-
gate 1-10-3 has the smallest ABOccam (~5%o). Platy hibo-
nites 2-2-1 and 2-8-3, and stubby hibonite 2-6-6 have
ABOccam of ~10%0, which is larger than in SHIBs
(Koop et al., 2016b), but similar to many PLAC-like CAls
(Koop et al., 2016a). Stubby hibonites 2-5-1 and 2-8-7 as
well as spinel-hibonite platelet 1-9—1 have larger A'"* Occam
values (~50%c). A mass-dependent fractionation origin
(e.g., by incomplete melt evaporation of oxygen) for the off-
sets is likely, as the individual spinel and hibonite analyses
in 1-9-1 fall along a line with slope of ~0.5 (Fig. 7) and the
position of these grains in the oxygen three-isotope diagram
is similar to F(UN) CAls (e.g., Krot et al., 2010, 2014b, and
references therein).

Most of the studied CAIs have A'’O values similar to
many other F(UN) and regular CAIs (i.e.,~—23%0 to
~—=24%0; Makide et al., 2009; Krot et al., 2010 and refer-
ences therein, 2014b; Bullock et al., 2012; K&o6p et al.,
2016b; Kawasaki et al., 2017; Ushikubo et al., 2017;
Williams et al., 2017). The only two CAls with different
A0 values are the grossite-rich CAI 2-6-1 and the highly
offset stubby hibonite 2-5-1. Both are 'O-poor compared
to the other studied hibonite-rich CAls. Similar or even
higher A'70O values have been reported for F(UN) CAls
(Krot et al., 2010, 2014b).

4.2.2. Magnesium isotopes and *° Al1-*° Mg systematics
3%Mg values collected in hibonite are negative in almost
all studied CAls. This may in part be the result of having
used an anorthite standard for instrumental mass fraction-
ation correction (see Section 2.4.2). We therefore only attri-
bute significance to relative differences within the sample
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Fig. 9. Calcium (a) and titanium (b) isotopic compositions of the studied hibonite-rich and grossite-rich CAIs. Calcium data is normalized to
44Ca/*Ca, titanium to “°Ti/**Ti. Note that anomalies are plotted on different scales in (a) and (b).

set, not to absolute values. The only grain that is clearly
mass-dependently enriched in heavy magnesium isotopes
relative to the other CAls is stubby hibonite 2-6-6, which
has a §*°Mg of ~6-7%oc/amu (Fig. 8a). The small spread
defined by analyses in 1-9-1 (in spinel and hibonite;
Fig. 8a) may not be significant, as the analyses were col-
lected in different sessions and the magnitude of 8> Mg vari-
ations is comparable to two analyses collected in platy
hibonite crystal 2-8-3, which are not accompanied by cor-
responding variations in §°°Mg (Fig. 8a). The lack of large
magnesium isotopic fractionation in most studied hibonites
is similar to many PLAC-like CAls and SHIBs (Koop
et al., 2016a,b) as well as HAL-type hibonites (Ireland
et al., 1992). In contrast, hibonite grains in multimineralic
FUN CALIs often have large mass-dependent Mg fractiona-
tion, similar to those observed in other minerals (Holst
et al., 2013; Park et al., 2017).

Four CAIs (2-2-1, 2-6-1, 2-8-3, and 2-8-7) show
mass-independent 2*Mg excesses, three CAIs (1-9-1, 2-5—
1, and 2-6-6) show no such **Mg excesses, and 1-10-3
was not analyzed for magnesium isotopes. Assuming that
the 2°Mg excesses are due to 2°Al decay, the two platy crys-
tals, 2-2-1 and 2-8-3, and grossite-rich CAI 2-6-1 give
similar model initial 2°A1/?Al ratios (i.e., (4.95 £ 0.26) x
1075, (4724+027)x 107> and (4.73+0.62) x 107>,
respectively). All are close to the canonical ratio
(Jacobsen et al., 2008) and in excellent agreement with the
initial ratio inferred from a multi-SHIB mineral isochron
(Koop et al., 2016b). For 2-6-1, the extreme depletion in
the nonradiogenic magnesium isotopes coupled with the
large excess of 2Mg may be explained by in-situ Al decay
in an essentially magnesium-free CAI, e.g., due to a near
complete evaporation of magnesium prior to crystallization
of the grossite. For 2-8-7, the model initial 26A1/%7 Al ratio,
(3.48 £ 0.58) x 107, is lower than in regular CAls, higher
than in the FUN CAI HAL, and similar to some other
FUN CAIs (e.g., Cl; Esat et al., 1978; Fahey et al., 1987;
Park et al., 2017). Since no internal isochrons could be con-
structed for the single hibonite crystals, the positive 5°°Mg”*
cannot be unequivocally ascribed to 2°Al decay, as they
could also be the result of nucleosynthetic Mg or **Mg
excesses. However, the position of the grains in the magne-
sium three-isotope diagram (Fig. 8a; i.e., all three samples
have 8* Mg values close to 0%o) suggests that the variation
is likely in 2°Mg (radiogenic or nucleosynthetic), not in
2*Mg. The only CAI for which two mineral phases could
be analyzed and therefore regression of an internal isochron
could have been possible is the spinel-hibonite platelet 1-9—

1; however, a fit through two spinel and two hibonite
analyses shows no evidence for incorporation of live
AL (°AI/77Al) = <1.0 x 107°,

4.2.3. Calcium and titanium isotopes

All studied CAIs show resolved intrinsic mass-dependent
fractionation in calcium isotopes (Fc, between 3 and
16%o/amu). All of these values were corrected for instrumen-
tal fractionation using a hibonite bracketing standard. This
includes the analysis of CAI 2-6-1, in which grossite was
analyzed. Due to the matrix effect, both F¢, and Fr; values
could be slightly biased for this CAI, but we do not expect
that the high Fc, value of (15.6 & 0.9)%c/amu is purely the
result of the matrix effect for this CAI.

Clear evidence for mass-dependent fractionation (MDF)
in titanium isotopes is only present in some of the samples
(e.g., 1-9-1, 2-5-1, and 2-8-7). The magnitude of calcu-
lated Fr; values depends on the isotope chosen for normal-
ization (compare Fig. 10a and b), which could be a result of
mass-independent (e.g., nucleosynthetic) variation in one or
more of the isotopes in question. Potential candidates for
nucleosynthetic anomalies (aside from known effects in
59Ti) are “Ti and “Ti. For the former, variations have been
reported in PLACs, which tend to mimic the large-scale
anomalies in *°Ti in sign (e.g., Ireland, 1988). If this was
the case for the CAIs presented here, it could potentially
account for the shift in Fp; for 2-5-1 from lower (MDF
assessed using *°Ti/**Ti; Fig. 10b) to higher values (MDF
assessed using **Ti/*"Ti; Fig. 10a), as this CAI has a posi-
tive anomaly in *°Ti (Table 4). Variations in “°Ti have been
identified in CV CAls and were shown to correlate with
anomalies in °Ti (Trinquier et al., 2009; MDF assessed
using “*Ti/*’Ti), but such effects were found in neither
PLACs or PLAC-like CAls (Ireland, 1988; Koop et al.,
2016a) nor in the F(UN) CAlIs studied here (Table 4). Since
the mass-independent isotopic properties of FUN CAls
resemble those of PLACs and PLAC-like CAls more clo-
sely (e.g., presence of both enrichments and depletions in
30T, variations in A'7O; e.g., Ireland, 1988; Koop et al.,
2016a), normalization to *°Ti/**Ti is likely more appropri-
ate for the eight CAls studied here as well. The significance
of mass-fractionation effects in calcium and titanium is dis-
cussed in Section 4.4.

The range in *¥Ca is significantly larger than in 8°°Ti
for the studied CAIs (—14%0 to +43%0 vs. —4%o to
+ 14%o, respectively; Fig. 11). The presence of resolved
anomalies in **Ca and/or *°Ti appears to be limited to
CAIs which show no indication for incorporation of live
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2041 (1-9-1, 2-5-1, and 2-6-6), while CAls with potential
incorporation of %Al (2-2-1, 2-6-1, 2-8-3, and 2-8-7)
show no anomalies beyond 3¢ uncertainty. However, no
magnesium isotopic data were obtained for corundum-
hibonite aggregate 1-10-3, the only CAI with a **Ca deple-
tion. Similar to mass-fractionation effects, the magnitude of
0Tj anomalies depends on the normalization isotope pair
(Fig. 11). For example, the CAI with the largest 5**Ca
(~43%o0), 2-5-1, lacks a resolvable excess in 8°°Ti when
normalized to **Ti/*'Ti, but has a resolved 8°°Ti excess in
4Ti/*T{ normalization. As discussed above, this effect
could be a result of a covariation between *°Ti and >°Ti,
which would lead to a decrease in the magnitude of 8°°Ti
when normalized to **Ti/*’Ti. As the *°Ti/**Ti normaliza-
tion has been found to be more useful for PLAC-like CAls
and the §%Ca-8°°Ti distribution closely resemble that
found in PLAC-like CAls with moderate isotopic anoma-
lies (Koop et al., 2016a), only **Ti/**Ti normalization is
considered in the discussion below.

4.3. Relationships between mass-independent isotope effects

To investigate the relationship between mass-
independent effects in different elements (e.g., radiogenic
excesses, nucleosynthetic anomalies), we first address the
question of whether the elevated 3**Mg* values in four
studied CAIs (i.e., platy hibonites 2-2-1 and 2-8-3,
grossite-rich CAI 2-6-1, stubby hibonite 2-8-7) are the
result of >°Al decay or nucleosynthetic magnesium anoma-
lies. The largest excess in 2Mg was observed in the grossite-
rich CAI (8%°Mg" of ~3,500,000%0). A nucleosynthetic
anomaly is unlikely due to the large magnitude (for com-
parison, the largest nucleosynthetic anomalies in materials
considered to have formed in the Solar System are on the
order of only ~300%o; Ireland, 1990); instead, the excess
can be attributed to incorporation of 2°Al almost at the
canonical level. For the other three CAls (2-2-1, 2-8-3,

and 2-8-7), a radiogenic origin is indicated by three lines
of evidence. (1) As argued in Section 4.2.2, the elevated
5?°Mg" values are likely due to an excess in **Mg rather
than an excess in >*Mg. (2) The lack of clearly resolved
anomalies in calcium and titanium isotopes in all four CAIs
suggests that they formed in a well-mixed reservoir. If true,
no nucleosynthetic anomalies in magnesium would be
expected. (3) The three CAls have A'70 values similar to
regular 2°Al-bearing CAls and SHIBs (i.e.,~—23%0). This
further supports the view that these CAls formed in an
evolved, homogenized reservoir that should not have
retained magnesium isotopic heterogeneity on the order
that is observed in the three CAls (compare Koop et al.,

2016a,b). Thus, it seems reasonable to conclude that the ele-
vated 5°°Mg* values in stubby hibonite 2-8-7 and the frac-
tionated platy hibonite crystals (2-2-1 and 2-8-3)
correspond to incorporation of 2°Al at levels of (0.3
+0.1)x10°x2’A1  and  (4.8+0.2) x 107° x 77Al,
respectively.

In contrast to the aforementioned CAls, no evidence for
Al incorporation was found in fractionated hibonites
2-5-1 and 2-6-6 as well as fractionated spinel-hibonite pla-
telet 1-9-1 (e.g., Fig. 8b). Therefore, it appears that the
fractionated CAls belong to at least three distinct isotopic
populations: 2°Al-free CAIs, CAls with intermediate
26A1/27Al, and CAIs with approximately canonical
26A1/%7Al. Among the seven CAls studied for *°Al-*Mg
systematics, only the 2°Al-free CAls show anomalies in
48Ca and *°Ti beyond 3o (Fig. 12). The CAls are therefore
consistent with the mutual exclusivity relationship between
resolved anomalies in “Ca and potentially radiogenic
excesses in 2°Mg in hibonite-bearing CAls (Clayton et al.,
1988) and a scenario in which 2°Al arrived in the CAI for-
mation region after first generations of CAls had formed
and isotopic anomalies had been largely erased or diluted
(e.g., Wood, 1998; Sahijpal and Goswami, 1998; Koop
et al., 2016a). If the low 2°Al/*’Al ratio of (0.348
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+0.058) x 107° in CAI 2-8-7 is due to formation during
admixture of 2°Al, the lack of resolved anomalies in this
CAI could indicate that isotopic heterogeneity had
decreased to a level of <~5%o upon admixture of 2041,
Alternatively, if 2°A1 did not arrive late and was instead
homogeneously distributed in the early Solar System, heat-
ing mechanisms must have existed late in solar nebula his-
tory (at least ~4-5 Ma after CAls with canonical ratios
formed) that reset the 2°Al-**Mg system such that no
resolved radiogenic **Mg excesses would be preserved in
some of the CAls. This would likely require complete loss

and reintroduction of isotopically normal magnesium (see
Section 4.4).

For the fractionated CAls, anomalies in **Ca are larger
than in *°Ti (Fig. 11) and the most anomalous CAls are
clearly resolved from the correlation line defined by bulk
meteorites (Dauphas et al., 2014; Fig. 13). The offsets from
the correlation line are similar to those found in PLAC-like
CAIs with comparable anomalies in “*Ca (|8] = 0 to ~50%o),
while some PLAC-like CAls with larger anomalies (|5 >
~50%o0) show significantly larger offsets (Fig. 13).

The fractionated CAls studied here show the same rela-
tionship between '°O enrichment and the magnitude of
anomalies in *®Ca and °Ti as PLAC-like CAls: large
anomalies are only found in CAls with A'’O higher than
solar (McKeegan et al., 2011), and the range of §**Ca
and 8°°Ti increases with A'’O (K&6p et al., 2016a). In par-
ticular, the highly fractionated stubby hibonite 2-5-1 has
the largest anomalies in “*Ca and *°Ti and has the most ele-
vated A0 value. As for PLAC-like CAIs, the link between
anomalous compositions and oxygen isotopes may be
indicative of a '®O-poor character for the reservoir that
contained anomalous calcium and titanium carriers
(Koop et al., 2016a).

4.4. Relationship between mass-dependent isotope
fractionation in different elements

4.4.1. The problem of the stable isotopic patterns

All studied CAIs show heavy isotope enrichment in cal-
cium (~3-17%c/amu) and some also in titanium (~0-12%c/
amu). All have positive ABOccam values (~9-53%0), but
only three are highly fractionated in oxygen (~50%c). Five
of the eight CAls show no heavy isotope enrichment in
magnesium, and only one (2-6-6) is heavy in magnesium
(1-10-3 was not analyzed for magnesium isotopes and the
degree of fractionation in the grossite in 2-6-1 cannot be
assessed due to low magnesium abundances). Mass-
dependent heavy isotope enrichments in these elements
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have been observed in other CAls and are usually attribu-
ted to incomplete evaporation of the element, likely from
a melt (Ireland et al., 1992; Floss et al., 1996; Mendybaev
et al.,, 2013; Krot et al., 2014b, and references therein,
Park et al., 2017). The problem with the results established
here is that they are in conflict with experimental con-
straints and theoretical considerations (see problems 1-4
outlined below) and seem to imply a decoupling between
mass-dependent fractionation effects in different elements.
It is unlikely that this is due to errors in the correction
for instrumental effects, as the CAls were analyzed along-
side a large number of other hibonite-rich CAls for which
no comparable effects were found (Ko6op et al., 2016a,b).
Therefore, the effects are considered to be real and intrinsic
to the CAls studied. In the discussion below, it is generally
assumed that the precursors of the CAls were initially solid
(i.e., solar nebula condensates, primordial dust or mixtures
thereof) and that the CAls are the residues of melt evapo-
ration from those precursors.

Problem (1): All studied CAls are isotopically heavy in
calcium, suggesting partial evaporative loss of this element
(Figs. 10 and 14). However, melts that evaporate calcium
should be devoid of magnesium, as it is more volatile and
should have been lost before calcium evaporation started
(e.g., compare Fig. 2 in Floss et al., 1996; Simon and
DePaolo, 2010). If, contrary to expectations, some magne-
sium was retained in the melt and was incorporated into
hibonite upon crystallization, it should be highly mass frac-
tionated. However, all studied CAls contain magnesium (as
a minor element in most hibonites, and as a major element
in spinel grains in 1-9-1 and 2-6-1), and mass fractionation
in magnesium is minimal or nonexistent in five of these
CAlIs, including the spinel in 1-9-1 (Figs. 8a and 14a; not
assessed in CAls 2-6-1 and 1-10-3).

Problem (2): In five of the CAIs, mass fractionation
effects in oxygen and magnesium are decoupled
(Fig. 14a). Experimental studies of CAI melts show that
evaporation results in comparable effects in 8'%0 (equiva-

lent to A"®Occam if precursor was on the CCAM line)
and Mg (Mendybaev et al., 2013). In contrast, most
studied CAlIs with positive A®Occam values (~10%0 to
55%0) lack corresponding enrichments in Mg (Fig. 14a).
Only one CAI with isotopically heavy oxygen (2-6-6) plots
close to the correlation line found by Mendybaev et al., the
offset is comparable to the scatter found in other FUN
CAIs (Mendybaev et al., 2013, 2017, and references
therein).

Problem (3): Most CAls deviate from the calcium and
titanium fractionation trend defined by evaporation exper-
iments using a Ca-,Ti-oxide melt (Zhang et al., 2014;
Fig. 10c). While many fall to the right of the trend (i.e.,
higher Fr; than expected based on their F¢,), three grains
show no heavy isotope enrichment in titanium (beyond
30) in spite of being among the most fractionated in
calcium.

Problem (4): An exercise to constrain the preevapora-
tion compositions for the hibonite-rich CAls using mass-
dependent fractionation effects and mineral chemistry (see
Appendix A.l for details) shows that the inferred precur-
sors of these CAls are too oxygen-rich (i.e., the inferred rel-
ative abundances of O® are not charge-balanced by
cations). To account for the high loss in oxygen, it appears
that other elements (e.g., silicon, magnesium) must have
evaporated from the precursor melts alongside oxygen.
The dataset is therefore not self-consistent.

Volatility considerations associated with problem (1),
i.e., presence of magnesium in spite of calcium isotopic frac-
tionation in all studied grains, require that magnesium was
(re)introduced into the CAls after the evaporation event.
[reland et al. (1992) concluded the same for magnesium-
bearing HAL-type hibonites with fractionation effects in
calcium and titanium. Unless the gas was fractionated from
the evaporating melts, the reintroduction of magnesium
cannot have occurred by a direct recondensation into the
melt following the evaporation event, as calcium should
have recondensed before magnesium, which should have
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erased heavy isotope enrichment in calcium. If true, this
implies that mass-dependent fractionation patterns in the
studied CAls cannot be explained by a single high temper-
ature event.

Most fractionated CAls fall off the steep Fc, vs. Fpy
trend defined by Ca-,Ti-oxide evaporation residues
(Zhang et al., 2014; problem 3). In particular, many
hibonite-rich CAls, including four CAIs studied here,
SHIBs (Ko66p et al., 2016b) and four HAL-type hibonites
(Ireland et al., 1992), plot to the right of the Zhang et al.
(2014) trend (i.e., they have enhanced fractionation in tita-
nium; Fig. 10c¢). Evaporation experiments of CAI melts
with different starting compositions show that a higher rel-
ative abundance of an evaporating element can lead to
increased evaporation rates and thus higher degrees of
mass-dependent fractionation (Mendybaev et al., 2013,
2017). Since the Ca/Ti ratio of the Zhang et al. (2014) melts
was close to one, this would suggest that most of the start-
ing compositions of the studied CAIs had Ca/Ti ratios
below one. This does not seem likely as the solar Ca/Ti
ratio is ~25 (Lodders, 2003) and could suggest that Al-,
Ca-,Ti-oxide melts may show a different evaporation
behavior than the Ca-,Ti-oxide melts studied by Zhang
et al. (2014). Given how many fractionated hibonite-rich
CAls (e.g., HAL-type hibonites from Ireland et al., 1992,
SHIBs from Ko66p et al., 2016b, four CAls from this study)
as well as evaporation residues of Allende (Floss et al.,
1996) plot to the right of Zhang et al. trend, evaporation
experiments with more realistic compositions (i.e., with
melts that include aluminum and have Ca/Ti ratios closer
to solar) may be required to solve this problem.

4.4.2. Solution: Element-specific dilution?

As outlined above, the dataset established here is not
self-consistent (Problem 4, Appendix A.1) and the presence
of magnesium in seven hibonite-rich CAls (and its unfrac-

tionated character in five of these) is inconsistent with their
heavy isotope enrichment in calcium. Similar observations
in HAL-type hibonites have been attributed to reintroduc-
tion of magnesium after quantitative evaporation, possibly
by metamorphism or a reaction with the solar nebula gas
(Ireland et al., 1992). Ireland et al. (1992) also consider that
surface contamination and ‘ion probe knock-on effects’ can
be responsible for the presence of magnesium in hibonites.
For the CAIs studied here, this is unlikely for three reasons.
(1) The magnesium contents in three CAls are so high (i.e.,
in 1-9-1 Al-Mg spinel was measured in addition to hibo-
nite; 2-2—-1 and 2-8-3 have ~1 wt% MgO) that it is unlikely
that surface contamination diluted magnesium isotope sig-
natures significantly for these grains. (2) The extraordinar-
ily low MgO content and highly radiogenic Mg isotopic
composition of the grossite-rich CAI 2-6-1 indicate that
surface contamination is negligible for the studied samples.
(3) The hibonite grains studied here show a good correla-
tion between MgO with TiO, (as expected for a coupled
substitution of Mg>" and Ti*" with two AI’", Table 1),
which suggest that magnesium is present in the hibonite lat-
tice. We further found that for some grains (e.g., 2-2-1, 2—
6-6, and 2-8-3; Table 1 and Fig. 6), the abundances of
magnesium (and titanium) are higher at grain edges than
in the centers. This may support a scenario in which mag-
nesium entered the hibonite lattice by diffusion. Parent
body metamorphism is unlikely to be a relevant process
as these hibonites were separated from the Murchison
CM2 chondrite, a meteorite that shows evidence for aque-
ous, but not significant thermal processing (e.g., Krot
et al., 2014a), leaving reactions with the solar nebula gas
at high temperatures as a possible mechanism for introduc-
tion of magnesium. Such high temperature events may not
only have led to introduction of magnesium into the hibo-
nite lattice, but could have also led to formation of
magnesium-rich minerals like spinel in CAls 1-9-1 and 2-
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6-1. Reintroduction of magnesium can also explain the
decoupling of fractionation effects in oxygen and magne-
sium (solution to problem 2).

If magnesium was introduced after the evaporation
event, the isotopic signatures of other elements may also
have been affected by this event. Among these elements
may be titanium, as its abundance is coupled with magne-
sium in hibonite (coupled substitution; Table 1). An indica-
tor for dilution of mass fractionation effects in titanium
could be a small Fr; value in grains with large Fc, values
(i.e., analyses plotting in the solid gray region in
Fig. 10c). Most prominently, this is observed in platy hibo-
nites 2-2-1 and 2-8-3 (as well as grossite-rich CAI 2-6-1),
which are highly fractionated in calcium, but lack any
resolvable fractionation in titanium. The hibonites in 2-2—
1 and 2-8-3 have the highest abundances of magnesium
and titanium (Table 1). If these grains were initially
titanium-poor and most of the titanium was reintroduced
late alongside magnesium, heavy isotope enrichments in
titanium could have been diluted, shifting these grains
towards the y-axis in Fig. 10. Low initial titanium abun-
dances in crystallizing fractionated hibonites could have
been the result of the lack of a substitution partner (i.e.,
magnesium). While trivalent titanium could substitute for
AP, significant abundance of trivalent titanium may be
unlikely as the evaporation process itself appears to result
in oxidizing conditions and evidence for oxidizing condi-
tions is found in many F(UN) CAls (Ireland et al., 1992;
Floss et al., 1996). Oxidizing conditions are also indicated
by the RMNs found in 2-6-6 and 2-5-1, which are highly
depleted in Mo and W, elements that are volatile under oxi-
dizing conditions (Fegley and Palme, 1985; Schwander
et al., 2015). In summary, it is possible that small Fr; values
in some fractionated hibonites with high F, values are the
result of dilution with isotopically normal titanium that
may have entered the hibonite lattice alongside magnesium.
While this may explain data falling to the left of the Zhang
et al. (2014) trend in Fig. 10c, it does not explain why many
grains fall to the right of that trend (i.e., dotted region).

In addition to magnesium and titanium, the oxygen iso-
topic signatures could have been altered in some hibonites
and possibly in grossite in CAI 2-6-1. Candidates for such
alteration may be platy hibonites 2-2-1 and 2-8-3, which
have Fc, values similar to CAIs 1-9-1 and 2-8-7
(~15%0/amu), but in contrast to 1-9-1 and 2-8-7, their off-
sets from the CCAM line are small(A'®Occam close to 10%o
vs. >50%0). As noted above, these two grains also contain
high amounts of magnesium and titanium, and it may be
possible that fractionation in oxygen isotopes was partially
erased in these CAls, perhaps in the same event that diluted
isotopic signatures in magnesium and titanium. Since 2-2-1
and 2-8-7 have typical CAI A'7O values close to ~—23%o,
the most likely reservoir for the exchange is the solar nebula
gas, as neither laboratory contamination nor alteration in
the parent body are expected to produce this value. Inter-
estingly, the spinel-hibonite platelet 1-9-1, which also con-
tains high amounts of magnesium (in hibonite as well as in
the spinel) and may have been affected by reintroduction of
titanium, appears to have retained its highly fractionated
oxygen isotopic signature (the A'®Occanm values in both

spinel and hibonite are the highest among the CAls studied
here). This interpretation would imply that oxygen isotopes
remained largely unaffected for some CAls while magne-
sium and titanium exchanged (e.g., 1-9-1), while others
may have experienced almost complete equilibration in
oxygen isotopes (2-2-1 and 2-8-3). A possible solution is
that magnesium and titanium exchanged with the solar neb-
ula gas while CAI 1-9-1 was solid, possibly preventing oxy-
gen isotope exchange, while exchange for other CAls (e.g.,
2-2-1 and 2-8-3) may have occurred while these were (re-)
melted. However, another interpretation is that 2-2-1 and
2-8-3 formed from higher temperature precursors which
had lost less oxygen before calcium evaporation started.

If magnesium and titanium were introduced after the
evaporation event, it should also have affected mass-
independent signatures. For nucleosynthetic anomalies,
introduction of isotopically normal titanium should have
reduced *°Ti anomalies (if present) and could be responsible
for the observation that anomalies in “®Ca are greater than
those in *°Ti (Fig. 11). A postdistillation introduction of
isotopically normal titanium (and possibly magnesium)
could also explain the variable isotopic compositions Liu
et al. (2009) measured in the highly mass-fractionated hibo-
nite aggregate Mur-B1. This CAI is isotopically heavy in
titanium and oxygen, which could be indicative of a melt
distillation origin. The unexpected internal heterogeneity
in titanium isotopes (8°°Ti range from ~0%o to ~—46%o)
in this CAI could be explained if melt distillation was fol-
lowed by reintroduction of isotopically normal titanium,
as the effect on individual minerals could have been differ-
ent depending on their proximity to the edge of the inclu-
sion and/or their titanium content. However, we note that
Liu et al. (2009) preferred a condensation origin for this
CALI due to the lack of cerium depletion and its texture.

Similarly, introduction of magnesium may have affected
5?°Mg" values and, depending on the timing of the evapo-
ration event, inferred (26A1/27A1)0 ratios. Here, we assume
that magnesium entered the hibonite lattice in a one-way
reaction, which would probably not result in significant
changes in (?*A1/?”Al), as analyses would simply be shifted
along possible isochrons. If magnesium evaporation was
quantitative (as expected based on measured F¢,), the pres-
ence of elevated 3**Mg* in some of the CAIs implies that
evaporation must have occurred while 26A1 was still alive,
but we cannot infer when magnesium was added to these
CAIs. Evaporation and reintroduction of magnesium can
also produce (*°Al/*’Al), of ~0 for 2°Al-rich precursors if
evaporation and reintroduction events took place after
26Al had fully decayed. However, this scenario is equivalent
to a late formation of FUN CAls after 2°Al had decayed
and has the same problems as outlined in Section 1. We
therefore prefer the interpretation in which the isotopically
anomalous CAls with (*°A1/2’Al)y ~ 0 formed early in a
26 Al-poor reservoir.

Among the studied elements, calcium may be the best
recorder of primary nucleosynthetic and mass-
fractionation effects in hibonite. This is indicated foremost
by 2-2-1 and 2-8-3, which preserve large fractionation
effects in calcium, but appear to have experienced the most
extensive reintroduction of magnesium, and possibly dilu-
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tion of isotopic effects in oxygen and titanium (Figs. 7, 8
and 10). In addition, calcium preserves nucleosynthetic
anomalies for all 26Al-poor fractionated hibonites (1-9-1,
2-5-1, 2-6-6). In contrast to elements like magnesium
and titanium, exchange or reintroduction of calcium may
be inhibited by mineral chemistry (Murchison hibonites
show no significant substitution for calcium, e.g., Koop
et al., 2016a,b).

5. CONCLUSIONS

1. Mass-fractionated hibonite- and grossite-rich CAls span
a range of inferred initial 2°Al/>’Al ratios from approx-
imately zero to canonical. They show a mutual exclusiv-
ity relationship between inferred incorporation of live
26A1 and the presence of resolvable anomalies in “®Ca
and *°Ti, just as has been observed in non-F(UN)
hibonite-rich CAls (Ko66p et al., 2016a,b). This suggests
that these CAIs sampled two distinct reservoirs: an 2°Al-
poor, isotopically anomalous reservoir and a well-mixed
reservoir that contained live 2°Al. If these reservoirs
formed because the solar nebula evolved from an ini-
tially isotopically heterogeneous towards a more homo-
geneous stage over time, the data can be interpreted
such that fractionated CAIs formed over an extended
time period and sampled the following stages in the iso-
topic evolution of the solar nebula: (1) an 26 Al-poor neb-
ula with large positive and negative anomalies in **Ca
and *°Ti; (2) a period of *®Al-admixture, during which
anomalies in *®Ca and *°Ti had been largely diluted;
and (3) a nebula with an approximately canonical level
of °Al in the CAI formation region. This interpretation
suggests that conditions favorable for forming these
highly fractionated, refractory objects existed for an
extended period of time. Since both fractionated and
unfractionated CAIs seem to have recorded the 2°Al-
poor anomalous nebula as well as the 2Al-rich nebula,
it appears that CAls formed over an extended time via
distinct processes or under distinct conditions, either
simultaneously at different solar radii, or alternating in
the hot regions close to the Sun.

2. The hibonite-rich fractionated CAls studied here show a
link between inferred initial °Al/>’Al ratios and A'’O
values. The CAls with low inferred initial *°Al/*’Al
ratios show a resolved range of A'’O values, while CAIs
with possible incorporation of 26Al (*°Al/*’Al between
(0.348 4 0.058) x 10~ and canonical) have A'’O values
close to the common CAI value of ~-23%. (Makide
et al., 2009; Bullock et al., 2012; Ko6p et al., 2016b;
Ushikubo et al., 2017). This could suggest that the oxy-
gen isotopic composition of the CAI formation region
was variable before fresh 2°Al arrived, and had been
(temporarily) stabilized at a A'’O value of ~—23%. while
%Al was being admixed. The mass-fractionated
hibonite-rich CAls studied by Liu et al. (2009) appear
to be consistent with this relationship: the 2®Al-poor
CAI Mur-Bl is less '®O-rich (A0 ~ —14%0) than the
fractionated CAI with a positive 2°Al/*’Al (CH AS5;
listed A'’O values of spot analyses are ~—22%o, Liu

et al., 2009). In contrast, fractionated CAI Kzl1-2 is
apparently inconsistent with this relationship, as it has
an elevated A'’O value (~—17%0) and approximately
canonical abundance of 2°Al (Ushikubo et al., 2007).
However, in contrast to the CAls studied here, the oxide
phases in Kz1-2 are FeO-rich, which indicates that it
experienced different alteration processes than the CAls
studied here.

. The grossite-rich CAI, which has an inferred 2°Al/*’Al

ratio close to canonical, is slightly depleted in 'O
(A0 ~ ~17%c). This CAI could have formed from
slightly '6O-depleted material, recorded variations in
the oxygen isotopic composition of the CAI formation
region, or exchanged with a '°0-poor reservoir after for-
mation. The latter could indicate that grossite may be
more susceptible to exchange than hibonite.

. This study confirms that mass-dependent fractionation

effects can be observed in refractory hibonite- and
grossite-rich CAls that belong to different populations
based on their nucleosynthetic and radiogenic isotope
characteristics. Similar to previous studies, we attribute
heavy isotope enrichment to melt evaporation in the
solar nebula. Heavy isotope enrichment was observed
in all studied elements, but never simultaneously in all
elements in the same CAI.

. The presence of unfractionated or isotopically light

magnesium in hibonites with heavy isotope enrichment
in calcium suggests that magnesium was (re-)
introduced into the CAIls after the evaporation event
(also see Ireland et al., 1992). The correlation between
magnesium and titanium contents in these hibonites
may suggest that for some of these CAls, titanium
could have (re-)entered the hibonite lattice alongside
magnesium.

. Most hibonite data indicate preferential evaporative loss

of titanium relative to calcium (relative to the calcium
and titanium evaporation trend established by Zhang
et al., 2014). This result may suggest that calcium-,
titanium-, and aluminum-rich oxide melts show a
different evaporation behavior than the calcium-
and titanium-rich oxide melts studied by Zhang et al.
(2014).

. All eight studied CAIls preserve mass-dependent frac-

tionation in calcium isotopes. The largest nucleosyn-
thetic anomalies are also found in this element (in
48Ca). This could indicate that calcium is more robust
to isotopic dilution, possibly because it is fixed by hibo-
nite stoichiometry (all Murchison hibonites have ~8.5 wt
% CaO, corresponding to one Ca atom per formula unit,
while magnesium and titanium contents are variable). If
postevaporation processes affected the titanium and/or
oxygen isotopic compositions of the studied hibonite-
rich CAls, the variability found in mass-dependent sig-
natures suggests that these processes occurred in distinct
reservoirs and/or under distinct conditions for almost
every CAI. However, it cannot be excluded that the cal-
cium, titanium, and oxygen isotopic signatures are pri-
mary and reflect the evaporation process. In this case,
the lack of trends is likely the result of different pre-
evaporation compositions.
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APPENDIX A

A.1. Balancing and attempting to constrain the precursor
compositions

The variability of mass fractionation effects observed in
the eight CAls could be a result of formation from precur-
sor melts with different starting compositions (note that this
is not a solution to problem 1). For example, with an F¢, of
~15%ofamu and a A"®Occan of ~10%0, CAI 2-2-1 may
have formed from a more refractory precursor than CAI
2-8-7, which has a similar Fc,, but a A"®Occam of
~55%o, suggesting that a larger fraction of oxygen was lost,
possibly alongside less refractory elements like magnesium
or silicon.

Using the mass-fractionation data and experimentally
established fractionation factors (here, values from
Mendybaev et al., 2013, are used for oxygen and from
Zhang et al., 2014, for calcium and titanium), one can
attempt to constrain the pre-evaporation compositions of
these CAls. The problem for this calculation is that the loss
of less volatile elements like magnesium and silicon, which
might have been present in some of the precursor melts,
cannot be estimated because of the lack of heavy isotope
enrichment in magnesium preserved in all but one of the
hibonite-rich CAls and the lack of data for silicon. Because
of this, magnesium and silicon loss are not considered in the
calculations. It further needs to be assumed that the refrac-
tory element aluminum did not evaporate, as its loss cannot
be assessed (aluminum has only one stable isotope). Finally,
we assume that the EPMA analyses reported in Table 1 cor-
respond to the bulk composition of the evaporation resi-
dues (i.e., small perovskite inclusions are not considered,
and it is assumed that the grains were not liberated from
a larger assemblage of different bulk chemistry). Even for
spinel-hibonite platelet, using the hibonite chemistry for
the bulk composition is a reasonable assumption for this
exercise, because aluminum and magnesium are not
considered for the balancing. This exercise suggests losses
of ~10-90% for titanium, ~30-80% for calcium, and
20-90% for oxygen (Table A.l1). Since the relative

abundances of oxygen are significantly higher than those
of calcium and titanium, the resulting pre-evaporation com-
positions are extremely oxygen-enriched and not charge-
balanced. This suggests that evaporation of calcium and
titanium alone cannot account for the loss in oxygen in
the seven CAls and that other elements must have evapo-
rated from the melts to account for the loss in oxygen. This
could indicate that all CAIs formed from lower temperature
precursors that contained elements like silicon and magne-
sium, which evaporated alongside oxygen prior to the evap-
oration of refractory elements. However, some CAI melts
may also have lost aluminum, which could make a large dif-
ference here as it is the most abundant cation in hibonite.
Furthermore, the assumption that the studied CAls are
the sole residues of the evaporation process is questionable,
which may have affected the results of this calculation.

In summary, based on the available data, it appears that
the mass-fractionation effects in oxygen, calcium, and tita-
nium are not self-consistent for the hibonite analyses and
that different precursor compositions alone cannot explain
the mass-fractionation data established here.

APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2017.04.029.
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