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Abstract

PLAC: (platy hibonite crystals) and related hibonite-rich calcium-, aluminum-rich inclusions (CAls; hereafter collectively
referred to as PLAC-like CAls) have the largest nucleosynthetic isotope anomalies of all materials believed to have formed in
the solar system. Most PLAC-like CAIs have low inferred initial **A1/2”Al ratios and could have formed prior to injection or
widespread distribution of 2°Al in the solar nebula. In this study, we report 2°Al-°Mg systematics combined with oxygen,
calcium, and titanium isotopic compositions for a large number of newly separated PLAC-like CAls from the Murchison
CM2 chondrite (32 CAls studied for oxygen, 26 of these also for 2°Al-**Mg, calcium and titanium). Our results confirm
(1) the large range of nucleosynthetic anomalies in *°Ti and *®Ca (our data range from —70%c to +170%0c and —60%o to
+80%o, respectively), (2) the substantial range of A0 values (—28%0 to —17%o, with A'’0O = 3§70 — 0.52 x 5'%0), and (3)
general 2°Al-depletion in PLAC-like CAls.

The multielement approach reveals a relationship between A'70 and the degree of variability in *°Ti and **Ca: PLAC-like
CAIs with the highest A'’O (~—17%o) show large positive and negative *°Ti and *®Ca anomalies, while those with the lowest
A0 (~—28%0) have small to no anomalies in *°Ti and *®Ca. These observations could suggest a physical link between
anomalous **Ca and *°Tj carriers and an '®O-poor reservoir. We suggest that the solar nebula was isotopically heterogeneous
shortly after collapse of the protosolar molecular cloud, and that the primordial dust reservoir, in which anomalous carrier
phases were heterogeneously distributed, was 'O-poor (A0 = —17%o0) relative to the primordial gaseous (CO + H,0)
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reservoir (A0 < —35%0). However, other models such as CO self-shielding in the protoplanetary disk are also considered to
explain the link between oxygen and calcium and titanium isotopes in PLAC-like CAls.

© 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Oxygen is unique among the chemical elements in the
solar system in that significant fractions were present in
solid and gaseous states over a large range of temperatures
in the solar nebula. Meteoritic materials show mass-
independent variations in oxygen isotopes that are of
extraordinary magnitude for a major rock-forming
element. For example, many calcium-, aluminum-rich
inclusions (CAls), the oldest dated materials that formed
in the solar system (e.g., Connelly et al., 2012), are enriched
in %0 by ~5% compared to terrestrial planets and aster-
oids (Clayton et al., 1973; MacPherson et al., 2008;
Makide et al., 2009; Ushikubo et al., 2011). The degree
of enrichment/depletion in '°O is commonly expressed
using the A0 value, (A0 =870 — 0.52 x 5'%0, with
5-values being defined as 80 = [((0/"°O)uninown/
(0/**O)ysmow — 1] x 1000, for isotope i and where
VSMOW corresponds to Vienna standard mean ocean
water; Baertschi, 1976), which allows for comparison of
1%0-enrichment even for materials with mass-dependent
isotope fractionation in oxygen. Analyses of solar wind
collected by NASA’s Genesis mission confirmed a predic-
tion (Clayton, 2002) that the Sun, like most CAls, is
enriched in '°O relative to the Earth and terrestrial planets
(McKeegan et al., 2011). As the Sun contains most of the
mass of the solar system and is thus representative of its
average composition, it is not CAls but terrestrial planets
that are highly aberrant in their oxygen isotopic composi-
tion. Several models have been proposed to explain this
discrepancy, which are either based on inheritance of dis-
tinct nucleosynthetic oxygen isotope reservoirs from the
molecular cloud core (Krot et al., 2010) or isotopically
selective gas phase reactions. The latter include self-
shielding during photodissociation of CO molecules fol-
lowed by water ice/CO gas fractionation and thermal pro-
cessing of silicate dust in a gaseous reservoir enriched in
70 and 'O (Clayton, 2002; Yurimoto and Kuramoto,
2004; Lyons and Young, 2005), as well as symmetry-
based reactions (Thiemens, 2006).

Many CAIls seem to have formed in a uniform oxygen
isotopic reservoir that was slightly depleted in '°0 com-
pared to the solar A'’O value of —28.4 & 3.6%0 (+£2c;
McKeegan et al., 2011). For example, CAls from CR chon-
drites and the primitive ungrouped chondrite Acfer 094
commonly show a A'7O value of approximately —23%o
(Makide et al., 2009; Ushikubo et al., 2011). Many CV
CAls likely formed in a similar reservoir, as indicated by
the common A'70 value of ~—23%o in spinel, hibonite, fas-
saite (Al Ti-diopside), and forsterite grains (e.g.,
MacPherson et al., 2008). More "®O-poor compositions in

melilite and anorthite in the same CV CAls are commonly
interpreted as subsequent mineral-dependent exchange with
or remelting in a '°O-poor reservoir (Krot et al., 2009, and
references therein). However, A0 variations in some CV
and CO CALIs have also been attributed to fluctuations in
the isotopic composition of the CAI formation region
(e.g., Simon et al., 2011; Kawasaki et al., 2012; Park
et al., 2012). Additional important exceptions from the
uniform CAI value are several grossite-rich CAls and a
chondrule from CH carbonaceous chondrites that are
1%O-enriched relative to the Sun’s value (A'’O as low as
—37%o0; Kobayashi et al., 2003; Krot et al., 2008, 2015;
Gounelle et al., 2009).

In addition to oxygen isotopes, CAls provide important
information about the presence of various nucleosynthetic
components in the solar nebula. For example, most CV
CAlIs incorporated the short-lived (half-life of ~0.7 Ma)
radionuclide 2°Al at a uniform 2°Al/*’Al ratio of
~5.2 x 1075, called the canonical ratio (Jacobsen et al.,
2008; MacPherson et al., 2012). In addition, CAls show
small-scale anomalies in stable isotopes like 078, %7Zr,
and °*Mo, typically within ~1%o of the terrestrial values
(e.g., Schonbichler et al., 2003; Trinquier et al., 2009;
Burkhardt et al., 2011; Akram et al., 2013). In the context
of this study, we define “regular CAIs” as those having
(1) a uniform A0 of about —23%., (2) a canonical
26A1/27Al ratio, and (3) small-scale nucleosynthetic
anomalies.

When compared to regular CAls, FUN (fractionated
and unidentified nuclear effects) CAls and PLACs (platy
hibonite crystals) are isotopically distinct. In particular,
both FUN CAls and PLACs have lower inferred *°Al/*’Al
ratios than regular CAls, and some have evidence for for-
mation in the absence of 2°Al (e.g., Wasserburg et al.,
1977; Ireland, 1990; Liu et al., 2009; Park et al., 2013). This
26A1 deficiency is commonly attributed to an early forma-
tion prior to arrival of *°Al rather than a late formation
after 2°Al decay, because FUN CAIs and PLACs preserve
larger nucleosynthetic anomalies than regular CAls
(Wood, 1998; Sahijpal and Goswami, 1998). In PLACs:,
nucleosynthetic anomalies can be up to two orders of mag-
nitude greater than in CV CAls (e.g., PLACs have a 8°°Ti
range of ~300%o; Hinton et al., 1987; Ireland, 1990; Liu
et al., 2009); in FUN CAISs, the range of anomalies is inter-
mediate between PLACs and regular CV CAls (e.g., FUN
CAIs have a 8°°Ti range of ~35%o; Krot et al., 2014; Park
et al., 2014). The A'7O values of these *°Al-poor, anoma-
lous CAIs also span a wide range from ~—28%o to ~0%o
(Liu et al., 2009; Krot et al., 2008, 2010, 2014, 2015), indi-
cating oxygen isotopic heterogeneity in the earliest stages of
solar system history.
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PLACSs may be uniquely suited to constrain the origin of
the solar system’s early variation in oxygen isotopes. Their
large nucleosynthetic anomalies indicate that they could be
among the first objects that formed inside the solar system.
In addition, and in contrast to FUN CAIs, their isotopic
signatures have not been overprinted by high degrees of
mass-dependent fractionation (Ireland, 1990; Liu et al.,
2009). While the oxygen isotopic compositions of FUN
CALls are generally consistent with pre-evaporation compo-
sitions close to the carbonaceous chondrite anhydrous min-
eral (CCAM; Clayton et al., 1977) line (Mendybaev et al.,
2013), the exact position of their precursors relative to the
line remains unclear. A recent study found that the oxygen
isotopic compositions of PLACs fall along the CCAM line
like regular CAls and chondrules (Liu et al., 2009), suggest-
ing that a single process could have been responsible for the
oxygen isotope variations in the early solar system.

Based on their potential as a robust recorder of the iso-
topic evolution of the early solar system, we present precise
oxygen isotopic compositions obtained with high spatial
resolution for a large number of newly recovered, carefully
prepared PLACs from the Murchison CM2 chondrite. In
addition, we analyzed many of these CAls for magnesium,
calcium, and titanium isotopes to better characterize their
formation environment and the relationships between dif-
ferent isotopic components in the early solar system. The
results show a clear relationship between the oxygen iso-
topic composition and the magnitude of anomalies in cal-
cium and titanium isotopes, which may be indicative of
the processes responsible for oxygen isotopic variation in
the early solar system. In addition, we confirm the differ-
ences between the titanium isotopic patterns in PLACs
and in other solar system materials and use our calcium
and titanium isotopic patterns to investigate the stellar
sources that contributed material to the early solar system.

2. METHODS
2.1. Sample recovery and selection

Many of the hibonite-rich CAls were separated from a
92 g piece of the Murchison meteorite from the Field
Museum meteorite collection (FMNH ME 2644). This
was achieved by disaggregation with dental tools, which
included removal of the fusion crust, followed by repeated
freezing and thawing while immersed in high purity water
(Fisher Optima™ grade). The hibonite-rich CAlIs were con-
centrated by density separation using an organic heavy lig-
uid (Cargille Labs, density 3.31 g cm ™). The heavy fraction
was then washed in high purity acetone and isopropanol
(both Fisher Optima™ grade) and distributed among 25
dishes, from which CAI candidates were picked. Additional
hibonite-rich objects were recovered from an existing
Murchison acid-residue (Amari et al., 1994). The samples
were mounted on conductive carbon tape and their mineral
chemistry was confirmed by energy-dispersive X-ray spec-
troscopy (EDS). The focus of this study is on the refractory,
26Al-poor and isotopically anomalous types of hibonite-
rich CAls. Other hibonite-bearing objects, such as SHIBs
and highly mass-fractionated hibonites, were obtained in

the same process and were isotopically and chemically ana-
lyzed in the same sessions (K66p et al., 2015, 2016).

2.2. Sample preparation

After removal from the conductive tape, the hibonite-
rich CAls were cleaned with high purity isopropanol
(Fisher Optima™ grade) and dried. Together with terrestrial
mineral standards, the hibonite-rich CAls were mounted in
one-inch diameter epoxy disks. During polishing with a
combination of lapping films and polishing pads, care was
taken to prepare flat surfaces to avoid instrumental mass
fractionation due to topography (Kita et al., 2009). The
polishing relief was checked using a Zygo profilometer at
the University of Wisconsin and was found to be minimal
in nine randomly selected mounts. Specifically, height dif-
ferences between grains and epoxy were <2 um, and the
typical profile over a one-inch disk surface was <10 pm.
The polished mounts were carbon-coated for chemical
and isotopic analyses.

2.3. Electron microscopy

The hibonite-rich CAls were characterized using scan-
ning electron microscopy (SEM) with a Zeiss EVO 60 at
the Field Museum and a JEOL JSM-5800LV at the Univer-
sity of Chicago, both equipped with Oxford Instruments
EDS systems. Backscattered electron (BSE) images, sec-
ondary electron images, and EDS analyses were collected
on both unpolished and polished samples for petrologic
characterization and for identifying the most suitable loca-
tions for isotope analysis.

2.4. Electron microprobe analysis

Quantitative chemical analyses were performed with a
CAMECA SX-50 electron probe microanalyzer (EPMA)
at the University of Chicago. Most of the samples were ana-
lyzed with a 100 nA beam and an acceleration voltage of
20 kV; only the inclusions with small grain sizes were ana-
lyzed with a 50 nA beam and a 15 kV acceleration voltage.
Mineral standards were manganese hortonolite for magne-
sium and iron, corundum for aluminum, and anorthite for
calcium. We observed negative magnesium contents on the
corundum standard due to curvature in the background
caused by the intense aluminum peak, therefore, we cor-
rected for the curvature using data obtained from multiple
peak scans of a magnesium-free corundum standard. The
effect of this correction is negligible for all CAls presented
here.

2.5. Isotopic analyses

2.5.1. Oxygen

Oxygen isotope analyses were performed with the
WiscSIMS CAMECA IMS 1280 (Kita et al., 2009, 2010)
using a protocol similar to that of Nakashima et al.
(2011). A small primary Cs* beam (~20 pA, ~3 x 4 umz)
was chosen, primarily to preserve material for further
isotopic analysis and to avoid sampling of adjacent
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minerals or alteration phases. Simultaneous detection of the
three oxygen isotopes was achieved using a Faraday cup
(FC) for 'O~ and electron multipliers (EM) for O~ and
0=, San Carlos olivine was used as a running standard
and a WiscSIMS hibonite standard was used for instrumen-
tal bias correction. Two to four spot analyses were collected
in each CAI, and nine to thirteen unknown analyses were
bracketed by eight analyses of the San Carlos olivine stan-
dard. The external reproducibility of the running standard
(~1%o0 (2 standard deviation (SD)) for 8'%0, §!70, and
A"0) was assigned as the analytical uncertainty of
unknown samples (see Kita et al., 2009). The contribution
of the tailing of '°OH™ interference to 7O~ signal was
corrected using the method of Heck et al. (2010), though
the contribution was negligibly small (<0.5%0). After
oxygen isotope analysis, the SIMS pits were checked with
the SEM to verify that only primary, single phases had been
sampled. Analyses from questionable pits (i.e., pits that
were found to contain epoxy or other primary or secondary
phases) were rejected. Oxygen was the first element studied
by SIMS in all CAls to avoid problems with ion implanta-
tion from the primary '°0~ beam, which was used for mag-
nesium, calcium, and titanium isotopic measurements.
Analyses of oxygen isotope standards are presented in
Table EA.1.

2.5.2. Aluminum—magnesium

Magnesium isotopes in hibonite were analyzed with the
WiscSIMS CAMECA IMS-1280 using monocollection EM
detection combined with an additional multicollector FC
detector for simultaneous detection of 2’Al (Kita et al.,
2012; Ushikubo et al., 2013). The measurements were per-
formed in two separate sessions, both of which used a
~9 um diameter primary O~ beam. The primary beam
intensity was 0.15 nA, secondary **Mg" signals were within
a range of (0.3-1.7) x 10° cps. The Madagascar hibonite
(MH) standard was analyzed to determine relative sensitiv-
ity factors (RSF) between ’Al* and **Mg" signals, as was
done in previous studies (Ireland, 1988; Liu et al., 2012).
The *Mg" signal of the hibonite standard was at the high
end of the acceptable EM range (4 x 10° cps), which would
result in a dead time correction inaccuracy of ~1%o. There-
fore, we used an anorthite glass standard with MgO con-
tents comparable to unknown hibonites (1 wt%; Kita
et al.,, 2012) to estimate the instrumental bias correction
for excess 2°Mg (8?°Mg®), in order to avoid any potential
inaccuracy of EM dead time brought about by analyzing
the hibonite standard with a much higher Mg* secondary
ion intensity. We also used anorthite to correct for instru-
mental mass fractionation in 3>°Mg, which could have
introduced a systematic bias due to the matrix effect
between anorthite and hibonite. However, a comparison
of anorthite and Madagascar hibonite standard measure-
ments shows that this effect is small. Counting times of indi-
vidual ions for each cycle were 3 s for **Mg" and 10 s for
BMg*, *Mg*, and P’Al", respectively; the total number
of cycles for each magnesium isotope analysis was between
20 and 40, with resulting uncertainties of 2.9%0 and 2.5%o
on 3*Mg*, 1.5%0 and 1.4%0 on both 3*Mg and §*°Mg.
As the primary objective was to evaluate whether the

studied CAIs belong to the 2°Al-poor population or not,
we sometimes chose to acquire fewer cycles (i.e., 20 instead
of 40) to maximize the number of analyzed unknowns.

Excess Mg was calculated using the relationship
8%°Mg" = 8%°Mg — [(1 + 8*Mg/1000)"/# — 1] x 1000 (Kita
et al., 2012; Davis et al., 2015). We used the updated f value
of 0.5128 (Davis et al., 2015), however, no difference out-
side of quoted uncertainties is observed when the previously
recommended f value of 0.514 (Davis et al., 2005) is
applied. As most analyzed CAls are single hibonite crystals,
initial 2°Al/*’Al ratios can only be inferred from model iso-
chrons by assuming an initial magnesium isotopic composi-
tion (the common assumption is that &*Mgj = 0%o).
However, this assumption is only relevant for a limited
number of samples, as most unknowns do not show excess
25Mg, despite high 2’Al/**Mg ratios. Analyses of magne-
sium isotope standards are presented in Table EA.1.

2.5.3. Calcium and titanium

The calcium and titanium isotopic compositions were
measured with a CAMECA IMS-1280 at the University
of Hawai‘i at Manoa in 26 of the hibonite-rich CAls that
had been studied for oxygen isotopes. The analytical proto-
col used was similar to that of Park et al. (2014), which is
based on previous studies of hibonite-rich CAls (Fahey
et al., 1987a,b; Ireland, 1990). A primary '°0~ beam with
a current of 0.4-0.6 nA and a diameter of 15-18 pm was
used for both MH standards and unknowns. *°Ca ((1.5-
4) x 10° cps) was detected by FC; all other isotopes of
calcium and titanium as well as >'V*', 32Cr™", 3Cr" and
879r*" were measured sequentially using the monocollection
EM detector (count-rates for calcium and titanium isotopes
were between 2 x 10* and <1 x 10° cps on EM). 60 cycles
were acquired with counting times of 2's for *“°Ca, **Ca,
and *Ti, 4s for **Ca, 4965 for *Ti, *'Ti, **Ca, *Ti,
074, ', 32Cr, and 3Cr, 10s for *“*Ca, and 0.96s for
879r?", resulting in a total of ~1.5h for each analysis.
The relative detection efficiency of the FC relative to the
EM was determined from calcium isotopic measurements
on standards assuming that A**Ca plots on a linear mass
fractionation line defined by A*Ca, A®¥Ca, and A®Ca
(A-values are defined as A'Ca = [(\Ca/**Ca)measurea/(‘Ca/
#Ca)errestrial — 1] x 1000); the calculated FC vyield using
22 standard measurements is 1.011 £ 0.025 (2 standard
errors, SE). An EM dead time of 28.9 &+ 2.1 ns (2 SE) was
determined from titanium isotopic measurements on a
TiO, standard and was corrected using methods similar
to Fahey et al. (1987a) and Fahey (1998); the effect of the
uncertainty in the dead time measurement is negligibly
small for the CAlIs studied. The magnification of the trans-
fer optics was ~160. Contrast and field aperture sizes of 400
and 3000 um, respectively, were chosen to transmit most
secondary ions but to avoid transmission of scattered ions
and ions with large emitted angles. The entrance and exit
slits were set to 31 and 94 um, respectively, which resulted
in a mass resolving power (MRP) of ~11,170 defined at
10% of peak height. Compared to fully opened entrance
slits and field aperture, the resulting transmission was
~11%. The MRP was similar to that of Liu et al. (2009)
and was chosen to resolve **Ca from “*Ti. With this
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MRP, the tail of the **Ti peak at the center of the **Ca peak resolved at this MRP and required correction. Interference
had decreased by a factor of ~4 x 107>, which corresponds of *Ca on **Ti was corrected by assuming a terrestrial
to a contribution of the **Ti tail to **Ca of less than ~1.5%0 46Ca/*Ca ratio for unknowns. *Cr and °'V were moni-
in this study and is thus not resolvable within 26 uncertain- tored during analysis for possible interference of >°Cr and
ties. A few isobaric interferences on other masses cannot be 50V on °Ti. While contributions are mostly insignificant

/Fe-rich sil & pv

Fe-rich
sil

R

Fig. 1. BSE images of unpolished and polished hibonite-rich CAls with scale bars corresponding to 50 um. (a) Platy hibonite crystal,
unpolished. (b) Stubby hibonite crystal, partially surrounded by a silicate rim containing small crystals of perovskite and spinel. (c) Polished
hibonite aggregate with perovskite inclusions. (d) Hibonite plate with spinel margin (dark gray, left). (e, f) Hibonite aggregate (2-6-9) before
(e) and after polishing (f). The aggregate is partially surrounded by a rim of alteration phases (FeO-rich silicates), spinel and a calcium- and
magnesium-rich silicate (possibly diopside).
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(<£0.3%0 for 30Cr and *°v; exception is CAI 2-7-3, with a
¢Cr correction of 0.8%0 to the 3°°Ti value), corrections
were applied that assume terrestrial isotopic abundances.
While the assumption of terrestrial isotopic abundances
might be considered problematic for PLAC hibonites, no
significant bias is expected for *°Ti as Cr and V abundances
are low (variations in excess of 1000%0 would be required
for *°Cr/**Cr and *°V/°'V to affect §°°Ti values outside of
uncertainty). Similarly, large anomalies in excess of
~100%0 would be required for *®Ca/**Ca to cause a bias
on 8*Ti outside of quoted uncertainties. In contrast to pre-
vious studies, we chose to correct for instrumental fraction-
ation by sample-standard bracketing and propagated
uncertainties of MH standard measurements, because the
exponential law commonly used in previous studies may
not be appropriate to correct instrumental mass fractiona-
tion accurately (Park et al., 2014; see Appendix A.3). A
Rayleigh law was used to correct for intrinsic mass fraction-
ation of calcium and titanium isotopes, assuming that pos-
sible evaporation of calcium and titanium occurred in the
form of calcium atoms and TiO, molecules, respectively,
as recommended by Zhang et al. (2014). The uncertainties
were propagated from unknown (2 SE of 60 cycles) and
standard analyses (2 SD of bracket average). For calcium,
the normalization pair was “°Ca and **Ca. For titanium,
we consider both “*Ti/*’Ti and “°Ti/**Ti normalization.
Due to the relatively large beam size, cavities, some of
which contained epoxy and/or alteration phases, could
not be avoided in a few hibonite aggregates. However,
post-SIMS EDS analyses of such alteration phases showed
that these are iron- and magnesium-rich silicates with no
significant calcium and titanium abundances. Therefore,
dilution of nucleosynthetic effects due to contamination
should be minimal for all samples.

3. RESULTS
3.1. Petrologic characteristics

The 32 samples included in this study are mostly sizeable
hibonite-rich CAIs (30 to 150 um) that were deemed suit-
able for study of multiple isotopic systems. Many of these
CAIs (N = 14) are single hibonite crystals that have a range
of morphologies from platy (Fig. 1a) to stubby to equant
(Fig. 1b). Additional samples include spinel-free polycrys-
talline hibonite aggregates (N =28; Fig. Ic) and a small
number of hibonite crystals and aggregates with spinel mar-
gins or spinel rims (N = 4; Fig. 1d-f). In addition, there are
six hibonite-rich CAls with irregular shapes that could be
either single crystals or aggregates. Perovskite is a common
phase both at grain boundaries in hibonite aggregates and
as inclusions inside hibonite crystals, where it often forms
thin layers along cleavage planes of hibonite (Fig. 1c). Iron
oxide-rich alteration phases are sometimes preserved in
non-acid-treated samples, filling voids in aggregates and
forming layers within the rims of some samples (Fig. le-f).

Hibonite grains in most of the CAls or CAI fragments
are magnesium-poor (0.1 to 0.2 Mg atoms per formula unit,
pfu), with the exception of two spinel-free hibonite aggre-
gates (1-3-2 and 2-6-3) with magnesium contents up to

0.4 Mg pfu (Table 1). Titanium abundances generally corre-
late with magnesium, consistent with a coupled substitution
of Mg*" and Ti** for two AI*"; however, slight excesses in
titanium could hint at an additional presence of Ti*"
(Table 1). FeO is only above the detection limit (0.08 wt%
for 20 kV and 0.03 wt% at 15 kV analyses) in four hibonite
aggregates. While iron may be contamination in the case of
the extremely fine-grained aggregate 1-3-2 and aggregate
1-5-3, which has abundant alteration phases between hibo-
nite crystals, aggregates 1-1-11 and 2-6-3 consist of sizeable
crystals and contribution from adjacent secondary phases
or contamination is less likely.

3.2. Oxygen isotopes

With A0 values ranging from —28.4 4+ 1.3 to —17.4
+ 0.7%0 (Table 2), the hibonite-rich CAls are ®O-rich com-
pared to the Earth and show a considerable spread in
oxygen isotopes (Fig.2a). The data scatter around the
CCAM line, but many are resolved from and plot to the
right of the CCAM line (Fig. 3). The CAls with the highest
A0 values plot on the left of the CCAM line (depleted in
80), but only two of these (2-6-7 and 2-7-5) are resolved
from the CCAM line outside of 2o uncertainty (Fig. 3).
While most analyses collected within the same CAI agree
within uncertainties, the spot analyses of three CAls do
not agree within uncertainties. As these CAls could be
internally heterogeneous, they are plotted individually in
Fig. 2b. No relationship between oxygen isotopic composi-
tion and CAI morphology or presence or absence of spinel
is apparent in this dataset (Fig. 2c).

3.3. Magnesium isotopes

The majority of hibonite-rich CAIs have 5>°Mg values
close to 0, but a range of ~7%o may be present in the dataset
(Fig. 4a, Table 3). In the magnesium-three isotope plot,
most data are within error of the mass-dependent fraction-
ation line. Therefore, most of the studied CAIs lack
excesses in 82°Mg* (Table 3) that would attest to a forma-
tion in the presence of live 2°Al (Fig. 4b). Instead, excur-
sions in §°°Mg* are comparable to uncertainties (mostly
within +3%o) for most CAIs. CAls 2-6-8 and 2-7-4 (red dia-
monds in Fig. 4a) have the largest 5°°Mg" values, their
model isochrons yield initial 2°Al/*’Al ratios of (0.86
+0.33)x 107> and (1.54 +£0.25) x 107>, respectively.
Nearly all studied hibonites have 2’Al/>**Mg ratios between
~80 and 150; there are only three outliers with higher
ratios.

3.4. Calcium and titanium isotopes

The studied hibonite-rich CAIs lack large mass-
dependent fractionation effects in calcium and titanium iso-
topes, but do show a large range of negative and positive
anomalies in the neutron(n)-rich isotopes, **Ca and *°Ti
(e.g., approximate range of 240%o for 8°°Ti; Table 4). Most
of the studied CAls fall within a range in 8°°Ti (**Ti/*®Ti
normalization) from approximately —40%o to +20%o a clus-
ter of seven CAls exists at ~+60%0 and two objects have



Table 1
Hibonite mineral chemistry obtained by electron microprobe analysis. In the case of multiple analyses in the same grain, average concentrations are given (in weight percentages, wt%, with
uncertainties corresponding to two standard deviations).

Name N | Tons per formula unit Weight percents
Ca®* AP Mg** Ti*" 0> Cation CaO ALO;3 MgO TiO, FeO Sum

(kV) Sum (Wt%) (wWt%) (Wt%) (Wt%) (Wt%) (Wt%)
1-1-11 3 15, 20 1.0 11.7 0.1 0.2 19 13.00 8.5+0.2 879+13 0.8+£0.0 1.9+0.7 0.13+£0.19 99.3
1-3-2 1 15 1.0 11.2 0.4 0.3 19 13.01 8.4 84.3 2.2 4.1 0.12 99.5
1-4-2 2 15 1.0 11.6 0.2 0.2 19 13.01 8.5+0.2 87.0+0.7 1.0+£0.2 21+0.6 b.d. 98.6
1-4-3 3 15 1.0 11.7 0.1 0.1 19 13.01 8.6+0.2 88.5+ 1.6 0.7+£0.2 1.4+£0.7 b.d. 99.2
1-4-5 4 15 1.0 11.7 0.1 0.1 19 13.00 84+0.1 87.6+1.1 0.7+0.1 1.7+£0.3 b.d. 98.5
1-5-3 4 15 1.1 11.6 0.1 0.2 19 13.01 8.7+0.4 87.8 + 1.1 0.94+0.2 2.0+0.8 0.14 £ 0.15 99.6
1-6-1 3 15 1.0 11.7 0.1 0.2 19 13.00 8.5+0.2 88.5+0.9 09+0.1 1.9+0.3 b.d. 99.9
1-9-3 1 20 1.0 11.5 0.2 0.2 19 13.00 8.6 87.4 1.2 2.7 b.d. 99.9
1-9-4 2 20 1.0 11.6 0.2 0.2 19 13.00 8.5+0.0 87.8+0.5 1.1£0.0 24+0.1 b.d. 99.9
2-2-7 2 20 1.0 11.7 0.1 0.1 19 12.98 8.3+0.1 89.6 +1.9 0.6 +0.1 1.7+ 0.0 b.d. 100.3
2-2-9 2 20 1.0 11.7 0.1 0.1 19 13.00 8.5+0.1 89.1+14 0.8+0.1 1.7+£0.0 b.d. 100.0
2-6-2 2 20 1.0 11.6 0.2 0.2 19 12.99 8.44+0.0 89.1+2.2 1.1+0.2 244+0.6 b.d. 101.1
2-6-3 2 20 1.0 11.4 0.3 0.3 19 13.00 8.6+0.1 86.0+ 14 1.6 £0.0 32402 0.05 £ 0.03 99.5
2-6-5 2 20 1.0 11.6 0.2 0.2 19 13.00 8.6+0.2 88.4+£0.1 0.9+0.0 22403 b.d. 100.2
2-6-7 2 20 1.0 11.6 0.2 0.2 19 13.00 8.7+£09 88.7£0.7 1.0£0.1 24+0.7 b.d. 100.8
2-6-9 2 20 1.0 11.6 0.2 0.2 19 13.00 8.6 £0.0 88.3+1.6 1.0+0.2 2.24+0.7 b.d. 100.1
2-7-1 3 20 1.0 11.7 0.1 0.2 19 12.99 8.5+0.0 89.8 +0.6 0.7+0.1 1.9+0.2 b.d. 101.0
2-7-3 3 20 1.0 11.7 0.1 0.2 19 13.00 8.7+0.5 89.3+1.5 0.8+£0.6 20+0.5 b.d. 100.8
2-7-4 2 20 1.0 11.6 0.2 0.2 19 12.98 8.5+0.1 88.7+04 09+0.1 2.6+0.1 b.d. 100.7
2-7-5 2 20 1.0 11.7 0.1 0.1 19 13.00 8.5+0.0 90.3+0.5 0.7 +0.1 14+04 b.d. 100.9
2-7-7 2 20 1.0 11.6 0.2 0.2 19 13.00 8.5+0.0 88.9+23 09+0.3 22+0.8 b.d. 100.5
2-8-1 4 15, 20 1.0 11.6 0.2 0.2 19 12.99 84402 87.6 £0.9 1.0 £0.0 2.6+0.2 b.d. 99.7
2-8-2 33 15, 20 1.0 11.6 0.1 0.2 19 12.99 8.5+0.2 88.4+1.0 0.8+0.0 21402 b.d. 99.8
2-8-5 2 20 1.0 11.6 0.2 0.2 19 13.00 8.6+0.1 88.6 £ 0.6 1.0+0.2 22+04 b.d. 100.4
2-9-1 2 20 1.0 11.6 0.2 0.2 19 12.99 8.5+0.0 89.1 £ 1.1 0.9+0.0 2.34+0.1 b.d. 100.8
2-9-2 2 20 1.0 11.6 0.2 0.2 19 12.99 8.5+0.3 88.7+0.2 1.0+ 0.1 24+04 b.d. 100.6
2-9-3 2 20 1.0 11.6 0.2 0.2 19 12.98 8.5+0.2 88.0 +0.8 1.0 £0.1 2.7+0.1 b.d. 100.2
2-9-4 1 20 1.0 11.7 0.2 0.2 19 13.00 8.5 88.8 0.9 2.0 b.d. 100.2
2-9-7 1 20 1.0 11.6 0.2 0.2 19 13.00 8.6 88.5 1.0 2.3 b.d. 100.4

# N: Number of analyses.
® 1. Acceleration voltage.
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Table 2
Oxygen isotope measurements for hibonite-rich CAls. Averages of spot analyses are given for most CAls, individual analyses are given for
three possibly internally heterogeneous grains.

Name Type* N 3'%0 3’0 A0
(%) (%) (%)

1-1-11 Agegr., sp rim 3 —34.39+2.25 —39.08 +0.89 —21.20 + 0.68
1-3-2 Aggr. 2 —41.42+1.24 —42.73 £ 0.70 -21.19+0.84
1-4-2 Agegr. 2 —42.18 +0.85 —46.70 +0.92 —24.76 +1.13
1-4-3 Stubby 2 —44.98 +0.85 —51.82+1.43 —28.43 +1.26
1-4-5 Agegr. 2 —45.56 +0.85 —48.17+1.15 —2448 +1.13
1-5-3 Aggr. 2 —4527+1.24 —46.72 + 1.01 —23.17+0.84
1-6-1 Agegr. 2 —42.554+0.73 —46.32 +0.76 —24.20 +0.92
1-9-3 Platy w. sp 2 —43.74 £ 0.65 —49.58 + 0.96 —26.83+£0.79
1-9-4 Platy w. sp 2 —43.49 +0.50 —46.71 +1.24 —24.10 + 1.09
2-2-7 Unclear 2 —44.17 £ 0.62 —47.95+1.04 —24.98 + 1.11
2-2-9 Stubby 2 —45.19+0.62 —46.70 + 1.59 —2320+1.52
2-6-2 Platy 2 —40.66 + 0.82 —42.82+0.70 —21.68 £0.75
2-6-5 Stubby 2 —35.73 +0.64 —40.02 + 0.96 —21.44 +0.84
2-6-7 Stubby 2 —36.01 £ 0.64 —36.15+0.65 —17.42+£0.67
2-6-8 Agegr. 3 —42.07 +0.57 —44.50 +0.56 —22.62 +0.57
2-6-9 Agegr. 2 —41.88 + 0.64 —44.45+0.65 —22.67 £ 0.67
2-7-1 Platy w. sp 2 —40.67 +0.72 —46.02 +0.59 —24.87 +0.63
2-7-3 Platy 3 —39.97 +0.86 —43.87+0.73 —23.08 £ 0.51
2-7-4 Platy 2 —32.78 +0.72 —40.42 +1.79 —23.37+1.85
2-7-5 Unclear 2 —37.74 +£0.72 —37.16 £ 0.67 —17.54 £0.65
2-7-7 Unclear 2 —35.46+0.72 —40.69 + 0.59 —22.26 +0.50
2-8-1 Unclear 2 —37.35+0.50 —38.04+1.24 —18.61 £1.09
2-8-2 Platy 2 —34.80 4+ 0.65 —39.64 + 1.48 —21.55+1.18
2-8-5 Stubby 2 —43.08 + 0.50 —4593+1.24 —23.53+1.09
2-8-6 Platy 2 —38.10+0.62 —38.80 + 1.04 —18.99 + 1.11
2-9-2 Platy 2 —37.76 £ 0.71 —38.99 +0.81 —19.36 £ 0.83
2-9-3 Platy 2 —37.61 £0.71 —38.89 £ 0.81 —19.34+£0.83
2-9-4 Unclear 2 —44.08 +0.77 —51.01 £0.85 —28.09 +0.83
2-9-7 Unclear 2 —35474+0.72 —41.35+0.59 —22.91 +0.50
Possibly internally heterogeneous
2-9-1 Platy —37.99 +£0.82 —37.51 £ 1.00 —17.76 £ 1.05

1 —37.98 +0.82 —40.27 + 1.00 —20.52 +1.05
2-9-5 Platy 1 —37.92+0.82 —38.39 + 1.00 —18.67 +1.05

1 —40.50 +0.82 —40.53 + 1.00 —19.47+£1.05
2-6-3 Agegr. 1 —40.60 + 0.97 —45.40 +0.87 —24.28 +£0.95

1 —37.54+0.97 —42.71 +0.87 —23.19+0.95

& Petrologic type, abbreviations: aggr. — aggregate, sp — spinel, w. — with. If unclear: morphology not recognizable.
® N is number of individual analyses included in average.

more extreme anomalies (—71+ 3% and 171 + 4%o, solvable based on comparable scatter in standard analyses

Table 4, Fig. 5). For 8*Ca, most studied hibonite-rich
CAIs have values between —30%0 and +30%. eight CAls
have 8*3Ca values between ~+55%0 and ~+80%o, with six
of these defining a cluster at ~+70%.. There are also two
grains with more extreme depletions in *®Ca (—43 + 4%o
and —61 + 4%o; Table 4).

The choice of the normalization isotope pair for titanium
(i.e., *°Ti/**Ti vs. **Ti/*Ti normalization) has only a small
effect on the calculated 8°°Ti values. Fig. 5a shows that for
most studied CAls, these values agree with each other within
uncertainty. However, Ti/*Ti normalization results in a
slight decrease in the magnitude of °°Ti for many of the
more anomalous CAls. The lighter calcium and titanium
isotopes have d-values that are mostly within +5%o of the
terrestrial value (Fig. 6, Table 4), which we consider unre-

(also compare Tables EA.2 and EA.3 in electronic appen-
dix). Thus, in contrast to regular CAls and bulk meteorites,
where there is a well-defined correlation between 8*°Ti and
5°°Ti with a slope of ~0.2 (Trinquier et al., 2009; Zhang
etal., 2012), the studied hibonite-rich CAls do not show this
relationship; *°Ti anomalies are minimal—only two exceed
20 and all are less than 40 (Table 4, Fig. 6).

4. DISCUSSION

4.1. Classification and comparison with other Murchison
hibonites

Similar to PLACs described previously (e.g., Ireland,
1990; Liu et al., 2009, 2012), the CAIs presented here
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Fig. 2. Oxygen three-isotope diagrams. (a) All studied PLAC-like CAIs are '°O-rich relative to the terrestrial fractionation line, but define a
considerable spread in oxygen isotopes. (b) The enlargement of the PLAC-like CAI region from (a) shows that the data scatter around
commonly cited lines of slope ~1 (i.e., CCAM; Young & Russell (Y&R), Young and Russell, 1998; and primitive chondrule mixing (PCM),
Ushikubo et al., 2012). For comparison, the average composition of 36 SHIBs analyzed in the same session is plotted as well. (c) The color-
coding shows that there is no obvious relationship between morphology and oxygen isotopes for the studied CAls. Plots (a) and (b) show the
average oxygen isotopic compositions from multiple analyses in the same PLAC-like CAls, except for grains 2-6-3, 2-9-1 and 2-9-5, for which
individual analyses are plotted as they may be heterogeneous in oxygen isotopes. In (c), average compositions are plotted for all PLAC-like
CAlIs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Oxygen isotopes in PLAC-like CAls. (a) Same as Fig. 2c, but with color-coding indicating other isotopic properties (i.e., red
corresponds to PLAC-like CAls with the highest 8*°°Mg" values, orange and yellow to the largest positive and negative anomalies in *°Ti,
respectively, blue to six grains with indistinguishable calcium and titanium isotopic compositions). The same color-coding is used in
subsequent figures. (b) This A'7O versus 8'30 plot shows the data as well as the CCAM line. If the precursors (e.g., solids or gases) of these
CAIs were initially on the CCAM line, subsequent processing resulted in isotopically light characters only for CAIs with enhanced A’O
values (yellow and orange diamonds, possibly also blue diamonds), while processing imprinted isotopically heavy signatures on many CAls
with low A70. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

consist predominantly of hibonite, show a large range of
3%°Ti and 8*®Ca values, lack large radiogenic excesses in
2Mg and show limited variation in magnesium contents
(i.e., 2’ Al/**Mg ratios were typically 80-180; Fig. 4b). These
characteristics were found in hibonite-rich CAIs with a
variety of morphologies (Fig. 2c, Tables 2-4), i.e., single
hibonite crystals ranging from platy to equant, hibonite

aggregates, and objects in which hibonite is associated with
spinel (usually margins or rims of spinel). Petrologically
similar inclusions have been classified as PLACs by other
authors (Ireland, 1988, 1990; Liu et al., 2009, 2012). But
since two-thirds of the CAls studied here do not exhibit
platy morphologies, we classify these CAls collectively as
PLAC-like CAIs. The observation that most PLAC-like
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Fig. 4. (a) Magnesium three-isotope diagram. Most PLAC-like CAIs show only small degrees of variation in Mg and **Mg and plot within
uncertainty of the line defined by mass-dependent fractionation processes. Only two PLAC-like CAIs (red) show clear enrichments in 2Mg
relative to the array, possibly due to radioactive decay of 2°Al. (b) All spot analyses of PLAC-like CAIs fall below the isochron defined by
CAIs with a canonical abundance of Al (MacPherson et al., 2012). Most PLAC-like CAIs have 8*°Mg" values within uncertainty of 0%, a
few have values that are marginally resolved from 0%o, consistent with formation in a 2Al-free or -poor environment. Only two CAls
(red diamonds) have larger positive 8°°Mg" values, which could be a result of incorporation of 2°Al or nucleosynthetic magnesium anomalies.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

CALIs are not platy is consistent with the common descrip-
tion of PLACs as crystal fragments, which implies they
have broken off larger crystals or aggregates. Six PLAC-
like CAls studied here have identical isotopic compositions
in all four elements (within 2c uncertainty; blue diamonds
in Figs. 2d, 4, 6 and 7), which also supports the idea that
many single crystals may have been liberated from larger
objects by fragmentation, alteration on the parent body
and/or sample preparation processes like disaggregation
and in some cases acid treatment.

The four hibonite-rich CAls that are associated with spi-
nel were classified as PLAC-like CAls instead of SHIBs
because their isotopic properties closely resemble those of
PLAC-like CAIs (Figs. 2c and 5). Hibonite grains in these
CALIs also have uniformly low magnesium contents, similar
to hibonite grains in spinel-free PLAC-like CAls and differ-
ent from SHIB hibonites (locally, magnesium contents in
some SHIB hibonite grains may be similarly low, but such

grains are usually strongly zoned; Fig. A.2). A clear differ-
ence between PLAC-like CATIs and SHIBs that were studied
in the same sessions is that PLAC-like CAls show a larger
range and clear offsets from the CCAM line, while all
SHIBs cluster near the CCAM line at a A0 of ~—23%o
(e.g., Koop et al., 2016).

4.2. Mass-dependent fractionation and nucleosynthetic effects
in PLAC-like CAls

4.2.1. Oxygen isotopes

This study confirms the spread in A’O found in the
most recent study of PLACs or PLAC-like CAls (Liu
et al., 2009). The observed range (—28%oc to —17%o) is more
restricted and on average more '®O-rich than A'O values
of 2°Al-poor FUN and F CAIs, which extend to ~0%o
(e.g., Krot et al., 2008, 2010, 2014, 2015).
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Table 3
Al-Mg isotope analyses, including 2°Al/>’Al ratios inferred from model isochrons. An anorthite standard was used for normalization.
Name Type" Phase® Session® Cycles® 33 Mg 3%Mg 2TAl/#*Mg 3*Mg” 2A1/77Al
(%o) (%o) (%o) (%o) (107
1-1-11  Aggr,sprim  Hib July 14 20 22408 11417 1239424 33426 —04+03
1-4-2 Aggr. Hib July 14 20 —-03+1.4 14+14 111.5+1.7 20+34 02+04
1-4-3 Stubby Hib Feb 14 39 -0.8+1.8 1.9+1.8 180.2 £ 2.7 34+£28 0.34+0.2
1-4-5 Aggr. Hib July 14 20 -1.2+1.5 —-08+1.5 1445 £ 2.1 1.5+25 0.1 +0.2
1-5-3 Agegr. Hib July 14 20 -08+1.5 0.1+1.5 106.1 £2.2 1.7+ 2.6 0.24+0.3
1-6-1 Aggr. Hib July 14 20 —-1.8+1.2 -1.0+£1.2 111.5+2.3 2.61+2.6 0.34+0.3
1-9-3 Platy w. sp Hib Feb 14 37 —-14+1.5 0.7+ 1.5 101.4 +2.9 33426 0.5+04
2-2-7 Unclear Hib July 14 20 -22+1.7 —-0.1+1.7 181.6 £2.5 42434 0.3+£03
2-2-9 Stubby Hib July 14 20 -20+£1.5 -27+1.5 1259+ 1.8 1.24+3.0 0.1+0.3
2-6-2 Platy Hib July 14 20 00+14 -05+14 81.8+1.6 —0.5+2.7 —-0.1 £0.5
2-6-5 Stubby Hib July 14 20 22415 26+ 1.5 102.2 +£2.0 —-1.6+£25 —-0.2+0.3
2-6-7 Stubby Hib Feb 14 39 54+1.6 7.1+1.6 104.0 £ 1.8 —35+£25 —-0.5+0.3
2-6-8 Agegr. Hib July 14 20 1.7+ 1.6 114+ 1.6 1146 £1.8 8.1+3.1 1.0+04
2-7-1 Platy w. sp Hib July 14 20 -03+1.3 1.6+1.3 1351 £2.3 20+£23 0.2+0.2
2-7-3 Platy Hib July 14 20 —27+24 —6.6t+24 413.0+5.3 —1.3+46 0.0+0.2
2-7-4 Platy Hib July 14 39 —-0.7+1.1 10.7 £ 1.1 1033+ 1.4 12.1+£2.2 1.6 £0.3
2-7-5 Unclear Hib July 14 39 0.1 +1.1 -04+1.1 139.2+14 —-0.7+2.1 —-0.1£0.2
2-8-1 Unclear Hib Feb 14 39 1.2+1.8 25+1.8 101.6 14 0.2+2.6 0.0+04
2-8-2 Platy Hib July 14 20 31+14 63+14 122.1 £1.8 02422 0.0+0.3
2-8-5 Stubby Hib July 14 20 —-1.9+1.6 —1.1+1.6 1143+ 1.7 2.6 +3.1 03+04
2-8-6 Platy Hib July 14 20 20+1.8 244+1.8 101.8 £ 1.2 —-1.6 £3.9 —-0.2+0.5
2-9-1 Platy Hib July 14 39 03+1.1 0.8+1.1 1052+ 1.6 0.2+2.1 0.0+0.3
2-9-2 Platy Hib July 14 20 1.2+1.5 1.2+1.5 1053 £2.1 —-1.3+28 —-02+04
2-9-3 Platy Hib July 14 39 0.8+1.2 1.4+12 96.5+ 14 —0.1+2.3 0.0+0.3
2-9-4 Unclear Hib July 14 39 -22+1.2 -1.8+1.2 889+ 14 25422 04403
2-9-5 Platy Hib July 14 20 -2.0+1.5 —-1.3+1.5 146.5+ 1.8 26+33 0.3+0.3

# Petrologic type with abbreviations as in Table 1.
® Phase analyzed.

¢ SIMS analysis session.

9 Number of cycles.

The resolved A'’O variations among PLAC-like CAIs
are in clear contrast to regular CAls as defined in Section 1.
The trend of the PLAC-like CAI data is along the CCAM
line and therefore resembles trends described by some CAls
and Wark-Lovering (WL) rims from the altered CV3.6
chondrite Allende (e.g., Clayton et al., 1977; Simon et al.,
2011; Park et al., 2012). However, recent studies focused
on CAls and WL rims from the least metamorphosed chon-
drites commonly have found more uniform compositions
close to the common A'7O values of —23%c; this indicates
that most of the variations found in Allende CAIs may have
resulted from mineral-dependent exchange with or remelt-
ing in a '®O-poor reservoir (Krot et al., 2009; Bodénan
et al., 2014). Similarly, our high spatial resolution analyses
of a large number of SHIBs revealed that their A'’O range
is more restricted (—24.5+ 1.0 to —22.0 + 0.8%0; K66p
et al.,, 2016) than previously thought (—27%¢ to —16%c;
Liu et al., 2009). Yet, PLAC-like CAls we analyzed and
prepared under identical conditions as SHIBs show a
A0 range of ~11%o and thus substantiate the inferences
that: (1) PLAC-like CAIs are distinct from regular CAIs
and SHIBs in oxygen isotopes; and (2) while the oxygen
isotopic composition may have been uniform during forma-
tion of regular CAls, considerable variations existed during
formation of PLAC-like CAls.

The distribution of PLAC-like CAIs (Liu et al., 2009;
this study) is largely consistent with a line of slope ~1

in the oxygen-three isotope diagram (e.g., CCAM, PCM
(Ushikubo et al., 2012), and Young & Russell (Young
and Russell, 1998) lines), similar to more evolved (i.e.,
more homogeneous) chondritic components like Allende
CAIs and chondrules. However, we also find resolved
deviations to both sides of the CCAM line in some
PLAC-like CAls (Figs. 2 and 3). Most of these are dis-
placed towards heavier compositions relative to the
CCAM line (right side), but at least two grains are isotopi-
cally light (Figs. 2 and 3). Six hibonite grains (blue dia-
monds in Fig. 3) also plot to the left but overlap with
the CCAM line within 2 uncertainty. These six grains
may have been liberated from the same CAI (see Sec-
tion 4.1) and their clustering to the left of the CCAM line
could indicate that they are isotopically light. These excur-
sions from a single mixing line are unlikely to be due to
instrumental or secondary effects (for a thorough discus-
sion, see Appendix A.2). Instead, the deviations could
reflect mass-dependent fractionation processes associated
with their formation, i.e., condensation and melt evapora-
tion (Richter et al., 2002). However, it is unclear why
PLAC-like CAIs would show a relationship between
A0 and mass-fractionation effects. Furthermore, there
is no correlation between the magnitude of oxygen iso-
topic deviation from the CCAM line and Mg (Tables
2 and 3), which might be expected for condensation or
evaporation. Alternatively, deviations from a single mixing



Table 4

Calcium and titanium isotope data, the latter is given in two commonly used normalizations (*°Ti/*3Ti and “*Ti/*'Ti) to facilitate comparisons with other studies and materials. The data listed here
is corrected by sample-standard bracketing and a Rayleigh law. Internally corrected data using the exponential law can be found in Electronic Appendix Table EA.2.

Name C* 3YTi 3*Ti 8%°Ti Fry° 3*Ti 3Ty 5°°Ti Fri 3*Ca *Ca 5*Ca Fca
(%o) (%0) (%0) (%0/ amu) (%o) (%0) (%0) (%0/ amu) (%0) (%0) (%0) (%o/ amu)
4Ti/**Ti normalization® “*Ti/*’Ti normalization 40Ca/**Ca normalization

1-1-11  Cleavage 0.7+5.2 2.1+£39 9.7+68 —-124+33 04+43 —-1.7+4.7 63+91 -024+26 —-0.1+3.0 04+22 19.84+6.8 —-0.1+04
1-4-2 Py, cleavage -0.5+52 -2.1+39 54469 0.84+33 —03+42 144438 89+93 01426 v28+3.0 05419 -3.6+6.5 02404
1-4-3 0.0+£53 -294+4.1 45469 01+£33 -08+44 1.4+49 89+95 —-13+£27 -36+30 -04+22 -87+65 —-03+04
1-4-5 Pv, cleavage —13+51 -23+39 3.2+68 0.84+3.3 0.6 +4.2 1.84+4.38 6.14+9.2 03426 —-33+£29 -—-14420 —474+6.6 -03+04
1-5-3 Boundary —-29+27 -38+28 —-39.9+3.0 25+1.2 22429 34+28 —353+4+43 20+£12 31427 —-45+32 —-434+4.1 0.2+1.0
1-6-1 —-0.1+£21 -13+£23 45+3.1 23+£12 -05429 0.7+£2.0 6.4+39 1.6+12 -05+24 -0.6+3.3 —0.1+3.3 044+0.5
2-2-7 Crack -0.7+51 —-1.5+4.0 04+70 -054+33 02+44 1.3+438 25493 —-114+26 —-15+29 0.6 £2.1 —5.5+6.6 0.6+04
2-2-9 -284+51 21439 -7246.7 1.14+£3.3 33443 244438 —-5349.1 1.5+26 -3.6+30 -284+£22 -—-174+65 -06+04
2-6-2 Crack -0.9+20 24+£24 188 £34 1.2+1.0 25426 —06423 149 £4.6 28+12 —12+47 03+£27 150 £ 44 0.7+£1.0
2-6-5 Pv —-0.74+2.2 43+24 95429 —-07+1.2 33430 —-1.8+£22 2.6+42 1.84+1.3 1.84+24 09435 271437 -02+0.5
2-6-7 Pv —-21+20 —-15+£22 -71.3+3.0 —-14+1.0 23423 20+£23 -70.1+42 —-1.1+£1.2 09+49 1.6+£29 —-612+39 —-0.6+1.0
2-6-8 Pv 2.64+2.0 09423 —-181+£33 —-184+10 -35+£22 -16+22 —181+£43 -274+12 -—-1.0+£49 02427 -204+42 1.0+£1.0
2-7-3 Pv 32427 -17+30 -268+38 —-18+12 -58+32 -07+28 -228+58 —-42+1.5 -0.8+3.1 03+29 -239+5.1 2.14+0.7
2-7-4 1.0+1.6 49+1.8 585428 —0240.7 1.0+£22 -29+19 51.34+4.7 1.84+1.2 0.54+3.2 1.54+2.38 81.2+57 -0340.6
2-7-5 SIMS pit 03+2.1 62+25 171.0+£4.0 —-02+0.9 28+26 —-32+23 1604+6.0 27+13 -3.0+3.1 0.4+3.1 56.5+57 -03+0.7
2-8-1 03420 55421 62.243.0 0.240.9 24422 -29+21 53.6 £4.3 28410 —1.1+£23 0.0+3.6 711+£55 —0.6£0.5
2-8-2 0.2+2.1 4.04+2.1 143+29 -21+£1.0 20+£24 21422 84+43 —-0.1+1.1 32+24 23+3.6 31,5451 -02+0.5
2-8-5 -0.74+£19 -38+21 —8.6+3.3 25410 —-1.1+£22 27421 —-2.6+43 06+1.1 -27+48 —074+£25 -—18.0+£4.0 1.34+£1.0
2-8-6 -04+£21 24+£26 60.4+2.8 1.1£0.8 214+24 —-104£23 56.34+4.2 26+1.1 0.1+24 —0.1+3.0 70.0 +4.5 —-0.74+0.9
2-9-1 Crack 0.7+£2.2 34+24 64.6 +3.3 1.9+1.3 0.6+29 -20+2.1 59.3+4.1 32+12 —-16+26 03+34 70.7+3.8 —-02+0.5
2-9-2 Crack —0.1+2.0 54+23 64.2 +3.2 1.4+12 26+28 -26+19 55.7+4.2 414+12 0.8+25 1.8+33 72.6+35 —-03+0.5
2-9-3 Cleavage 1.14+£2.0 2.042.1 612432 34412 -06+£28 —-1.6%19 58.54+3.8 39+£1.1 -09+£25 -09+34 69.7 £3.5 0240.5
2-9-4  Pv 05+21 -08+£26 -2.0+£32 21+£13 —-1.14£29 0.1+2.1 —-0.6+4.3 1.5+13 —-1.0+27 -1.0+3.7 —-0.3+3.5 0.6+0.5
2-9-5 Epoxy 0.0£2.0 34+23 60.5 + 3.1 22+1.2 1.8+29 —-1.7+£2.0 55.1+4.1 39+12 —-04+25 -09+34 719+36 —-02+0.5
1-9-3 Pv 1.3£1.8 —0.1+21 —4.5+£2.7 1.7£0.7 —-194+22 -0842.0 -39+43 I.1+1.1 —-15+31 -03+32 —4.0+54 0.8+0.7
2-7-1 1.0+20 —-09+2.0 —0.6+29 24+07 —-19+23 0.0+£2.2 1.2+4.6 14+12 —-08+3.1 0.6 +3.1 5.6+£5.3 0.7+£0.7

# Description of imperfections found in analysis pit post SIMS. Abbreviations:

® Intrinsic fractionation in Ti.
¢ Favored normalization for Ti isotopes.

Pv — perovskite, RMN - refractory metal nugget.
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Fig. 5. (a) This figure illustrates the effects of choosing different normalization pairs on 8°°Ti values. While most PLAC-like CAls plot on or
within uncertainty of the 1:1 line (i.e., the magnitude of 5°°Ti values is not significantly affected by choosing *°Ti/**Ti or “*Ti/*’Ti
normalization), the magnitudes are typically slightly smaller in **Ti/*’Ti normalization, particularly for grains with larger anomalies. (b) The
5*7Ti versus 8*Ti plot shows that the spread in 8*'Ti appears to be smaller than in 3*'Ti.
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Fig. 6. Comparison of *°Ti anomalies with effects in *°Ti (a) and *°Ti (b). (a) §**Ti and 8°°Ti correlate in sign (**Ti/**Ti normalization). (b) In
“Ti/*'Ti normalization, §*°Ti and §°°Ti values do not correlate for most PLAC-like CAIs. Both the CAIs studied here as well as literature
data for PLACs deviate from the extrapolated correlation line defined by more homogeneous solar system materials (Trinquier et al., 2009).
However, some of the data with smaller anomalies in *°Ti (|8°°Ti| < ~25%o) appears to plot on the correlation line. Literature data is from
Steele and Boehnke (2015) and references therein and limited to grains labeled ‘PLACs’.

line could represent mixing between distinct anomalous 4.2.2. Magnesium isotopes
nucleosynthetic oxygen components. The origin of these With an average inferred 2°Al/*’Al ratio of (1.7
oxygen isotopic variations is discussed in more detail in +1.6) x 107°, PLAC-like CAIs are not only 2°Al-poor rel-

Section 4.3. ative to many regular CAls, but also appear to have formed



L. K&6p et al. / Geochimica et Cosmochimica Acta 189 (2016) 70-95 83

LA N A B N N B B ) B

100 - (131 norm)

0\\0/ I §+
8 L

) o
©

< PLAC-like CAls 1
Color-coded for: b

® 26Mg excess

& Max8™Ti

& Min 8°Ti

< identical Ca & Ti isotopes

® Literature data

| I IS I SR SO NS ST S N S N

100 150 200 250

5°°Ti (%o)

Fig. 7. The graph shows the large enrichments and depletions in *Ca and >°Ti in PLAC-like CAls. The titanium data are normalized to
46Ti/**Ti, the calcium data to *°Ca/**Ca. The range and distribution of the dataset is similar to previous studies. Literature data for PLACs
are compiled from Zinner et al. (1986, 1987), Fahey et al. (1987a.b), Ireland (1990), Sahijpal et al. (2000) and Liu et al. (2009).

from material with a 2°Al/?’Al ratio below the Galactic
background level of ~8 x 107® (Dichl et al., 2006). Only
two CAls have enhanced 5*°Mg* values (2-6-8 and 2-7-4,
with 8.0 + 6.0%0 and 12.1 £ 2.2%o, respectively) that could
be consistent with 2°Al incorporation close to the Galactic
background level (model °Al/?’Al ratios of ~(10-15) x
10~%). While the PLAC-like CAls investigated show excur-
sions to positive §°°Mg* values, negative 5°°Mg* values are
only marginally resolved (the lowest value is —3.5 4 2.5%o,
20). This is in contrast to previous studies, which found
resolved negative 5*°Mg" values (down to —6 =+ 2%e; Liu
et al., 2012). When combined with the data from Liu
et al. (2012), PLAC-like CAls may indicate magnesium iso-
topic variability on the order of 15-20%o in the early solar
system, assuming that the positive 5°°Mg” values reflect
magnesium isotopic variability, not 2°Al decay. Whether
this assumption is realistic is evaluated in Section 4.4.

Most PLAC-like CAls cluster around a 8>>Mg of 0
(Fig. 4a). However, the data were normalized to an anor-
thite glass standard as the only available hibonite standard
has significantly higher magnesium contents than the
PLAC hibonites. Since the matrix effect could have intro-
duced a small, consistent bias in 8*°Mg and 5°°Mg, no sig-
nificance can be placed on the absolute values. However,
the spread within the dataset is likely real (Fig. 4a). All
PLAC-like CAls except CAls 2-6-8 and 2-7-4 plot within
20 uncertainty of the mass-fractionation line (Fig. 4a).
Therefore, we refrain from assigning significance to poorly
defined trends the dataset, but encourage reinvestigation of
the magnesium isotopic systematics in PLAC-like CAls
with a new, possibly synthetic standard that is a better
match to the chemistry of PLAC hibonite.

4.2.3. Calcium and titanium isotopes

The 2o uncertainties listed in Table 4 for calcium and
titanium isotope measurements obtained with the
CAMECA IMS-1280 (3-7%o for both &°Ti and §*Ca)
are comparable to previous studies of similar CAls using

other instruments (CAMECA IMS-3f: ~1-6%. for &°°Ti,
~3-6%0 for §*®Ca, Treland, 1990; 3-5%. for §°°Ti, Fahey
et al., 1987a; CAMECA IMS-1270: ~7-9%o for 8°°Ti, Liu
et al., 2009). But while previous studies applied the expo-
nential law to correct for instrumental and intrinsic frac-
tionation simultaneously (internal correction), our data
was corrected for instrumental fractionation using
sample-standard bracketing and for intrinsic fractionation
by applying a Rayleigh law (Zhang et al., 2014). As uncer-
tainties of bracketing standard measurements were propa-
gated, the resulting uncertainties are larger than for
internally corrected data. As outlined in the Appendix
A.3, the new approach is preferable because (1) it is doubt-
ful that both instrumental and intrinsic fractionation follow
the exponential law (Park et al., 2014; Zhang et al., 2014);
and (2) the larger resulting uncertainties likely reflect the
true uncertainty of our measurements more accurately.
However, Appendix A.3 demonstrates that the two
approaches yield indistinguishable &-values within 2c
uncertainties and that direct comparison with internally
corrected literature data is therefore possible. For reference,
Electronic Appendix Table EA.2 shows our data internally
corrected with the exponential law.

Similar to previous studies, the ranges in 5°°Ti and
5*8Ca values are large and the anomalies tend to agree in
sign (Fig. 7), consistent with a common nucleosynthetic ori-
gin of these nuclides. The data show clear deviations from a
two-component mixing line, which is consistent with previ-
ous studies of similar types of CAls (Zinner et al., 1986,
1987; Fahey et al., 1987a,b; Ireland, 1990; Sahijpal et al.,
2000; Liu et al., 2009). Such a distribution could be a result
of mixing a distinct isotopically anomalous carrier phase
(fixed Ca/Ti ratio, e.g., perovskite as suggested by
Dauphas et al., 2014) into a chemically heterogeneous neb-
ula reservoir, or by mixing multiple carrier phases (variable
Ca/Ti ratios) into a chemically homogeneous or heteroge-
neous nebula. Since both the range and the distribution
resemble previous studies, we conclude, like previous
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authors, that the dataset is consistent with a heterogeneous
distribution of neutron-rich material, probably originating
from a Type Ia supernova, in a reservoir depleted in this
component compared to solar (e.g., Hinton et al., 1987).

Anomalies in the lighter isotopes of calcium and tita-
nium are either small or unresolved in the studied PLAC-
like CAIs (Fig. 6, Table 4). Some PLAC-like CAls have
anomalies in *Ti or *°Ti when normalized to *°Ti/**Ti or
Ti/*"Ti, respectively. Previous studies concluded that the
anomaly was in “°Ti and thus normalized to *°Ti/**Ti
(e.g., Fahey et al., 1985; Ireland, 1988, 1990; Liu et al.,
2009). But recent evidence for correlated anomalies in
4Ti and *°Ti (**Ti/*'Ti normalization) in CV CAls, bulk
chondrites and achondrites (Trinquier et al., 2009) suggests
that an anomalous **Ti component existed in the early solar
system and could also be present in PLAC-like CAls. How-
ever, many PLAC-like CAls deviate from the extrapolated
correlation line (Fig. 6b) and the degree of variability in
8%Ti (~10%o0) is smaller than expected (~40%o0) based on
the Trinquier et al. correlation and the magnitude of effects
in 8°°Ti. These results could suggest that the anomalous
46Tj component was not present in the PLAC formation
reservoir or that homogenization affected the anomalous
carriers of *°Ti and “°Ti differently between formation of
PLAC-like and CV CAIs. However, literature data renor-
malized by Steele and Bochnke (2015) reveals a 8*°Ti range
of approximately 40%o in PLAC-like CAls, which is compa-
rable to the predicted range for these CAls (~60%o, given
the larger range of 8°°Ti effects in literature data). These
results suggest that the **Ti component may have been pre-
sent in the formation reservoir of PLACs, but was initially
decoupled from the *°Ti component. PLAC-like CAIs with
small anomalies (|8°°Ti| < 25%0) studied here fall on the
Trinquier et al. correlation line (Fig. 6b), which could indi-
cate that PLAC-like CAIs with smaller anomalies formed
after onset of the process responsible for the coupling of
*0Tj and “°Ti in the early solar system. However, this cou-
pling is not observed for PLACs with similar anomalies
in the renormalized literature data (Steele and Bochnke,
2015; Fig. 6b). For additional discussion regarding the
choice of normalization isotopes for PLAC-like CAIs, see
Appendix A.4.

Finally, we note that similar to previous studies (e.g.,
Ireland, 1990), the PLAC-like CAls show no significant
intrinsic fractionation in calcium and titanium isotopes,
precluding that these highly refractory materials formed
by extensive melt evaporation of primitive precursors.

4.3. A link between oxygen isotopes and large-scale
nucleosynthetic anomalies and its implications

The studied PLAC-like CAIs show a link between oxy-
gen isotopes and the magnitude of nucleosynthetic anoma-
lies (Fig. 8). Large positive and negative anomalies in *°Ti
and *®Ca only occur in CAls with '°O-poor compositions
relative to the Sun, and the ranges in 5°°Ti and §*3Ca values
decrease as the CAls become '°O-enriched, resulting in a
triangular distribution in Fig. 8. Some of the data are clus-
tered; the cluster at a A'’O of ~—19%o in Fig. 8 may be the
result of sampling multiple fragments of a larger CAI that
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Fig. 8. The PLAC-like CAls show a relationship between the
magnitude of nucleosynthetic anomalies in (a) *°Ti and (b) **Ca
and the enrichment in °Q. '°0-rich CAIs lack sizeable anomalies
and the range of anomalies increases with increasing A'’O values.
The dashed lines indicate the lower bound of the distribution of
PLAC-like CAls. Arrows point to the composition of hibonite-
corundum spherule BB-5. Literature data for PLACs and BB-5
were compiled from Fahey et al. (1987a) and references therein,
Ireland (1990), Ireland et al. (1992), Sahijpal et al. (2000), and Liu
et al. (2009).

broke apart (see Section 4.1). In contrast, another possible
cluster exists at A'7O ~—22%o, but §**Ca values show a
considerable spread (~+15%o to +40%o; Fig. 8b), suggesting
these grains could have sampled nebula material with sim-
ilar oxygen but variable calcium isotopic characteristics.
Both the '®O-rich, isotopically normal and most of the
1%0-poor, isotopically anomalous PLAC-like CAls appear
to have avoided incorporation of significant levels of 2°Al
(compare Figs. 4 and 8).

Literature data for PLAC-like CAls are generally con-
sistent with a triangular distribution (Fig. 8; data compiled
from Fahey et al. (1987a,b, and references therein), Ireland
(1990), Ireland et al. (1992), Sahijpal et al. (2000) and Liu
et al. (2009)). Combined, these data fan out approximately
symmetrically to negative and positive 8°°Ti and 5*Ca
values with increasing A'’O (indicated by dashed lines in
Fig. 8). The hibonite-corundum CAI BB-5 plots outside
of the triangular distribution defined by PLAC-like CAls
(ie., A0 = —32 + 4%0, §*¥Ca = —56 & 4%o, $°Ti = —72
4+ 2%o0; Fahey et al., 1987a), potentially challenging its
significance. However, the mineralogy of BB-5 is distinct
from PLAC-like CAls, suggesting that it formed under
different conditions (and different location or time) and
could have sampled a different isotopic reservoir than
PLAC-like CAls. Given that the triangular distribution is
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defined by a large number of PLAC-like CAls (literature
data and this study), it seems unlikely that it is coincidental.

Below, we explore a number of scenarios that could
explain the link between nucleosynthetic anomalies and
oxygen isotopes in PLAC-like CAls. This interpretation is
challenging as oxygen isotopic compositions of gases and
solids in the early solar system are unknown and models
make conflicting assumptions and predictions. For exam-
ple, nebular self-shielding models typically assume that at
time zero, CO, H,O and dust had uniform compositions
(ie., solar A'O; Clayton, 2002; Lyons and Young, 2005),
while Krot et al. (2010) suggest that the solar nebula gas
(i.e., CO + H,0) was enriched in '0 and primitive dust
was 16O-poor relative to the Sun. Furthermore, isotopic
self-shielding may have occurred in the parent molecular
cloud, and models predict that the isotopic composition
of material falling onto the forming protoplanetary disk
was likely variable in time (Lee et al., 2008; Yang et al.,
2011). Unless otherwise stated, we assume that the inferred
A0 value for the Sun (~—28%0; McKeegan et al., 2011)
represents the average composition of the solar nebula.
From this perspective, the most 160-rich PLAC-like CAls,
which lack anomalies in calcium and titanium isotopes, can
be viewed as isotopically normal in oxygen and refractory
elements, while the ®O-poor ones are viewed as isotopically
anomalous in oxygen. In addition, we assume that PLAC-
like CAls formed prior to regular CAls, based on consider-
ations described in Section 1.

4.3.1. A nucleosynthetic link between anomalies in oxygen,
calcium and titanium

The link between oxygen isotopes and anomalies in **Ca
and *°Ti in PLAC-like CAIs could be a result of mixing
between a solar component (A0 of ~—28%o, 8°Ti and
5*8Ca of ~0%o0) and distinct presolar carrier phases with iso-
tope anomalies in all three elements. Such a mixing model
requires at least two distinct '°O-poor components (one
enriched, the other depleted in both *°Ti and *¥Ca). We
consider this scenario unlikely for two reasons. First, the
symmetry of the distribution calls for two complementary
components, which seems coincidental given that other tita-
nium, calcium or magnesium isotopes do not show compa-
rable effects (Figs. 4 and 6). Second, it is difficult to identify
suitable sources for the two components. For example, type
Ia supernovae (SN) are not expected to produce *°Ti- and
48Ca-rich oxide grains (see Dauphas et al., 2010) and while
Type II SN may produce '°O-poor material with depletions
and enrichments in *°Ti, such material should have enrich-
ments in *°Ti. In addition, **Ca is not produced in these SN
(Rauscher et al., 2002).

4.3.2. Symmetry-dependent fractionation of oxygen isotopes

Since it is unlikely that the variations in oxygen,
calcium, and titanium isotopes were introduced by the
presolar components with anomalies in all three elements,
we now consider separate origins for the variations in
A0 and refractory elements. For oxygen, chemical reac-
tions can introduce symmetry-dependent fractionation
(e.g., Thiemens, 2006). Such reactions could have taken
place in the solar nebula and would have resulted in both

sub- and supersolar A!7O values in oxygen-bearing species.
Any aberration from the solar value would then indicate
that the material experienced processing. As we expect that
unprocessed material is more likely to retain nucleosyn-
thetic anomalies than processed materials, it is unclear
why large anomalies would be associated with nonsolar
(i.e., processed) oxygen isotopic compositions in PLAC-
like CAls. While symmetry-dependent fractionation of oxy-
gen isotopes cannot be excluded, we see no direct support
for this scenario in the dataset.

4.3.3. Isotopic self-shielding

Isotopic self-shielding is another process often consid-
ered to explain the A'’O variations of solar system materi-
als (e.g., Clayton, 2002; Yurimoto and Kuramoto, 2004;
Lyons and Young, 2005). Nebular self-shielding models
assume that prior to its initiation, dust and gas had solar
A0 values. Upon onset of self-shielding, '®O-rich CO
and '%0-poor H,O reservoirs are hypothesized to have
formed, resulting in an isotopic zonation of nebular H,O
and CO that likely varied in time (Clayton, 2002; Lyons
and Young, 2005). To account for the link between A'’O
and anomalies in *°Ti and “*3Ca, isotopically anomalous
precursors could have equilibrated with '®O-poor H,O,
while isotopically uniform precursors either avoided equili-
bration, or fully equilibrated with both '°O-rich CO and
16O-poor H-O. Based on these considerations, three scenar-
ios can be explored to explain the isotopic characteristics of
PLAC-like CAls.

(1) Thermal processing: '°O-rich PLAC-like CAls may
have experienced high degrees of thermal processing
resulting in a solar A'’O due to full equilibration with
both '®0-rich CO and '°O-poor H,O and efficient
dilution of isotopic anomalies in refractory elements
(e.g., during full volatilization and recondensation
of dust). In contrast, '®O-poor, isotopically anoma-
lous PLAC-like CAls could have experienced lower
degrees of processing that did not result in efficient
dilution of anomalies and only allowed for oxygen
isotopic exchange with '®0O-poor H,0O, but not '°O-
rich CO.

(2) Temporal A'7O variations: Nebular regions may
have experienced a rise and fall in the A0 of H,O
(Lyons and Young, 2005). If PLAC-like CAIs
formed over an extended period of time, they may
have tracked the initial evolution of H,O from solar
to '%O-poor compositions. However, the link
between A7O values and the degree of heterogeneity
in *°Ti and *3Ca would then suggest that their forma-
tion region evolved from an isotopically homoge-
nized to a highly heterogeneous state (indicated by
dashed arrows in Fig. 9a). Alternatively, if PLAC-
like CAIs tracked the fall of A0, the relationship
in Fig. 8 would be consistent with PLAC-like CAIs
having formed in a nebula that experienced continu-
ous homogenization of nucleosynthetic anomalies
(ie., highly anomalous '°O-poor PLAC-like CAls
formed prior to '°O-rich, homogeneous PLAC-like
CAlIs; solid arrows in Fig. 9). However, this scenario
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Fig. 9. Illustration of the chronological explanations for the link
between oxygen isotopes and anomalies in *3Ca (squares) and *°Ti
(diamonds). (a) Arrows indicate how the degree of isotopic
heterogeneity in the CAI formation would have changed if
PLAC-like CAIs formed either while A'’O values were increasing
(dashed arrows, e.g., due to self-shielding) or decreasing (solid
arrows). (b) Illustration of the nonuniform oxygen isotopic
evolution of the nebula inferred if a chronology is assigned based
on the degree of isotopic heterogeneity in refractory elements.
Assuming that the nebula started with a solar oxygen isotopic
composition and that mixing processes continuously homogenized
nucleosynthetic anomalies, the data would suggest that the CAI
formation region evolved from a solar oxygen isotopic composition
to a A0 of —17%o or higher (this phase was not sampled by
PLAC-like CAIs). Then, the first PLAC-like CAls formed,
recording elevated A'’O values and large anomalies in **Ca and
OTi. The dataset then indicates that while the CAI formation was
becoming increasingly homogenized in refractory elements, it also
became continuously enriched in 'O, returning to a solar A!”O. (c)
The nonuniform oxygen isotopic evolution of the CAI formation
region inferred from PLAC-like, regular and FUN CAls. After the
initial reversal and evolution of the CAI formation region to a
A0 of ~—28%o as inferred in (b), a second reversal may have
resulted in an evolution to a A'’O of ~—23%. before a canonical
distribution of 2°Al was achieved, as indicated by FUN and other
fractionated CAIs with low 2°Al/?’Al ratios and small or unre-
solved nucleosynthetic anomalies (Park et al., 2013, 2014; K&6p
et al., 2015). The CAI formation region may have remained or
fluctuated around a A'7O of ~—23%o until a canonical abundance
had been achieved and regular CAls formed.

would likely require a subsequent reversal and evolu-
tion to a A'70 value of ~—23%. to account for the
compositions of regular CAls if they formed after
PLAC-like CAIs in the same region (Fig. 9c).

(3) Radial A'7O variations: The predicted radial zona-
tion in the A0 of nebular H,O (Clayton, 2002;
Lyons and Young, 2005) may have allowed PLAC-
like CAls to inherit different A’O values if they or
their precursors formed at different distances from
the Sun. For example, at larger distances, precursors
of 1°0-poor, anomalous CAls may have formed as
aggregates of '®0-poor H,O ice and unprocessed, iso-
topically anomalous dust. In contrast, the more iso-
topically uniform, '®O-rich PLAC-like CAls may
have formed closer to the Sun in a region that was
not affected by self-shielding. Higher ambient tem-
peratures near the Sun and mixing during a possibly
longer transit through the disk could account for the
isotopically uniform compositions of these CAls.
However, this model would require that PLAC-like
CAIs with indistinguishable chemical and morpho-
logical characteristics could form at both small and
large distances from the Sun (e.g., shock waves) or
that the '®O-poor, icy anomalous precursors
migrated inward and were transformed into CAls
in the hot regions close to the Sun while preserving
the isotopic properties of both ice and dust. The lat-
ter scenario might be complicated by the different
condensation temperatures of ice and dust (silicate
and oxide). As ice is expected to evaporate during
transit before reaching the CAI formation region,
the volatilized H>O could have fractionated from
the dust phase, mixed with more 160-rich CO and
H,O in the inner solar system, leaving behind
160-rich, anomalous dust.

In summary, if isotopic self-shielding was responsible for
the oxygen isotopic variations in PLAC-like CAls, a num-
ber of scenarios could be invoked that may explain the link
between oxygen isotopes and the degree of isotopic hetero-
geneity in refractory elements. The newly established sys-
tematics should be taken as additional constraints for the
early isotopic evolution of the solar nebula.

4.3.4. Presolar reservoirs model

As an alternative to self-shielding, the relationship
between oxygen isotopes and **Ca and *°Ti anomalies
could be the result of a physical link between anomalous
presolar phases and a '®O-poor reservoir. As both calcium
and titanium are refractory elements (Grossman, 1972;
Lodders, 2003) and are thus present in solids over a large
range of nebula temperatures, this '®O-poor reservoir may
have been the primordial solar nebular dust. In this model,
large anomalies in **Ca and *°Ti would have been caused by
a heterogeneous distribution of anomalous isotopic carriers
in the unprocessed dust reservoir. If unprocessed nebular
dust was 'O-poor compared to the Sun, the nebular gas
(likely CO + H»>O) must have been relatively enriched in
180 (Fig. 10a). These considerations are similar to a model
proposed by Krot et al. (2010) that explains the difference in
A0 between the Sun and terrestrial planets and asteroids
as a result of isotopically distinct presolar dust and gas
reservoirs. The model suggests that variations in A'’O
result from exchange between the dust and gas reservoirs
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Fig. 10. Illustration of the presolar reservoirs model based on Krot
et al. (2010), but extended to explain the compositions of PLAC-
like CAls. Initially, the solar system’s oxygen is present in two
distinct reservoirs, i.e., 1°O-rich gas (cloud symbol) and '®O-poor
primordial dust (gray band, e.g., at A'?O = 0%o). The dust spans a
range of anomalies in “*Ca and *°Ti because of heterogeneous
distribution of neutron-rich carrier phase(s) in the dust reservoir
(indicated by pattern in primitive dust band). (a) Complete
equilibration between dust and gas leads to a solar A'’O and
homogenization of nucleosynthetic anomalies (star symbol). (b)
The compositions of the PLAC-like CAls (diamonds for >°Ti,
squares for **Ca) can be explained by mixing between equilibrated
and primitive dust. The data constrains a lower limit for the A'’O
value of the primitive dust (—17%o).

during thermal processing (Fig. 10a). Assuming that
anomalies in *°Ti and *®Ca are efficiently diluted by such
thermal processing, the triangular distribution (Fig. 8)
found in PLAC-like CAlIs could be explained if they formed
as mixtures between highly processed and unprocessed
dust. Unprocessed dust would be '°O-poor with large vari-
ations in *°Ti and *®Ca (Fig. 10b), while highly processed
dust had no or minimal anomalies in refractory elements
and a solar A0 if it equilibrated with the gas reservoir
at a solar dust-to-gas ratio.

The assumption that thermal processing results in effi-
cient dilution of nucleosynthetic anomalies in calcium and
titanium isotopes is in contrast to a model proposed by
Trinquier et al. (2009). Specifically, Trinquier et al. (2009)
propose that preferential volatilization of less-stable
anomalous carriers and subsequent fractionation of gas
from remaining dust could have created isotopically
anomalous reservoirs. However, the refractory nature of

calcium and titanium suggests that they would be among
the last elements to evaporate and among the first elements
to recondense, which may limit the efficiency of thermal
processing as a mechanism for creating isotopic anomalies
in these elements. Instead, we expect that thermal process-
ing (e.g., complete volatilization and recondensation) was
efficient in homogenizing isotopic anomalies in a poorly
mixed reservoir. For PLAC-like CAls, the anomalies are
likely a result of heterogeneous distribution of *°Ti and
48Ca enriched carriers from a Type Ia SN in a reservoir that
was depleted in these isotopes (Hinton et al., 1987; Sec-
tion 4.2.3). Type Ia SN ejecta are likely among the most
fragile presolar components (coatings on preexisting ISM
grains (Nozawa et al., 2011) or small, reactive metal grains),
and were likely susceptible to being destroyed and diluted
by the thermal processes that lead to oxygen isotope
exchange between gas and dust (see Huss et al., 2003, for
a discussion on mineralogy-dependent loss of presolar car-
riers due to nebular thermal processing). This may also be
the reason why this presolar component has yet to be iso-
lated and identified in a meteorite.

If distinct presolar oxygen isotopic components were
present and heterogeneously distributed in the primordial
dust reservoir, the presolar reservoirs model can also
account for the observed deviations from a single mixing
line in oxygen isotopes (Fig. 3a). This interpretation is sup-
ported by studies of presolar oxide and silicate grains,
which are on average °O-poor and show additional varia-
tion in 70O and 8O (e.g., Nittler et al., 2008). In the
absence of mass-dependent fractionation, the dataset
would be expected to fan out symmetrically to both sides
of a mixing line defined by the average compositions of
the primordial gas and dust reservoirs. This is not observed
in the PLAC-like CAIs (Fig. 2b), possibly because of con-
tributions from mass-dependent isotope fractionation (e.g.,
due to melt evaporation). This could also be the reason
why PLAC-like CAIs with solar A'’O are displaced from
the CCAM line. However, it is not known whether the
composition of the Sun, and therefore the composition of
completely equilibrated dust, is on or displaced from the
CCAM line (McKeegan et al., 2011). The possibility of
nucleosynthetic oxygen isotope anomalies complicates the
interpretation of calculated A'7O-values. In A'7O notation,
deviations of nucleosynthetic origin to the left (‘%0-poor or
17Q-rich) or right (*¥O-rich or 1"O-poor) of a slope-one line
would be interpreted as lower or higher enrichment in '°0,
respectively, while the anomalies are actually in 0 or 0.
However, the fluctuations around a slope-one line are too
small to affect the triangular distribution in Fig. 8
significantly.

Finally, we note that the isotopic composition of BB-5
(Fahey et al., 1987a; Fig. 8) is not directly consistent with
the model as this inclusion is '°O-rich in spite of being
highly depleted in **Ca and °Ti. This may require addi-
tional processing (e.g., the CAI might have equilibrated
with the '°O-rich gas reservoir after formation at high tem-
peratures) or could be an indicator against the presolar
reservoirs model. Reanalysis of BB-5 with modern instru-
mentation is desirable.



88 L. K&6p et al. / Geochimica et Cosmochimica Acta 189 (2016) 70-95

4.4. The degree of isotopic heterogeneity at the time of
introduction of 2°Al

Most PLAC-like CAls show a mutual exclusivity rela-
tionship between potential radiogenic Mg excesses and
anomalies in *°Ti and **Ca (e.g., Clayton et al., 1988;
Ireland, 1988; Liu et al., 2009; this work), suggesting that
the concentration of 2°Al was low in their formation region.
PLAC-like CAIs 2-6-8 and 2-7-4 have considerable anoma-
lies, but also enhanced 826Mg* values (~10%o; red dia-
monds in Figs. 4-7), possibly indicative of Z°Al
incorporation at a level of (1-1.5) x 10~°. However, posi-
tive 8?*Mg" values can also result from magnesium isotopic
heterogeneity (excesses in 2°Mg and **Mg, or depletions in
ZMg). Based on their position relative to other PLAC-like
CAIs in Fig. 4a, excesses in 2°Mg are more likely than in
2*Mg, which allows for both radiogenic and nucleosynthetic
origins. If the excesses are radiogenic, they could be (1) due
to admixture of fresh 2°Al that eventually resulted in a
canonical 2°Al/*’Al ratio of ~5 x 1073 in regular CAls or
(2) small heterogeneities in the background level of 2°Al.
If fresh 2°Al was admixed into the CAI formation region
while PLAC-like CAls formed (1), more of these CAls
should show positive 8**Mg" values and 3°*Mg* variations
should be larger. This is contrary to observations. Instead,
small fluctuations in the distribution of the 2°Al back-
ground may be possible, as the model *°Al/*’Al for 2-6-8
and 2-7-4 are only slightly larger than the Galactic back-
ground level (Diehl et al., 2006).

5. CONCLUSIONS

(1) Our study confirms the 2°Al-poor character of
PLAC-like CAls, the large range of anomalies in
9Ti and *8Ca (>100%0) as well as the range in A'’O
from solar (~—28%o) to ~—17%.. However, the high-
er precision achieved in this study reveals deviations
from the CCAM line, mostly to the right, but in at
least two cases also to the left of the line. We primar-
ily ascribe these deviations from a two-component
mixing line to nucleosynthetic effects in oxygen iso-
topes rather than solely to signatures of condensation
and evaporation.

Our study reveals a new, systematic relationship
between the A0 value and the magnitude of *°Ti
and **Ca anomalies in these °Al-poor CAls, which
could suggest a physical link between anomalous
“Ca and *°Ti carriers and a '®O-poor reservoir.
The distribution could be a result of varying degrees
of equilibration between isotopically distinct inher-
ited presolar dust and gas reservoirs, similar to a
model proposed by Krot et al. (2010). However, the
data can also be explained in the context of isotopic
self-shielding, but seems to require additional condi-
tions to be met (e.g., prolonged formation of these
objects, reversals in the oxygen isotopic evolution
of the CAI formation region, transient heating events
in colder nebula regions, or different degrees of ther-
mal processing).

@2

—

(3) The 26 PLAC-like CAls studied for titanium isotopes
lack the large variations in “°Ti that would be
expected by extrapolation from the variation in solar
system materials that formed after arrival of 26Al
(Trinquier et al., 2009). This may suggest that the
anomalous **Ti and *°Ti components were initially
decoupled.

(4) Small fluctuations in 3**Mg" exist in PLAC-like CAls
and may be the result of magnesium isotopic hetero-
geneity or 2Al decay. While we conclude that PLAC-
like CAIs formed prior to arrival of fresh 2°Al that
led to a canonical abundance in regular CAls, small
5°®Mg" variations could be due to variations in the
26 Al background level.

(5) PLAC-like CAls appear to record an era of solar
nebular history prior to isotopic homogenization
and introduction of 2°Al and may be the oldest object
to have formed in the solar system.
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APPENDIX A
A.1. Preparing flat epoxy grain mounts for small samples

Most SIMS applications require preparation of samples
that have a minimal profile over a large surface area
(<10 pm variation in the inner 7 mm of a polished mount;
Kita et al., 2009). This is necessary as changes in the relative
elevation of analysis areas result in distortions of the
electric field lines that lead to additional instrumental
mass-fractionation, which cannot be corrected for using
standards. To avoid these effects, grains or rock fragments
can be cast in the center of one-inch epoxy rounds, which
are then polished flat and coated with a conductive material
(e.g., gold or carbon). For small samples (<~30 um), it is
difficult to mount multiple grains in a single mount because
they need to be placed at the same level, otherwise polishing
leads to loss of samples and/or exposure of only part of the
mounted samples. If samples are precious, a common
approach is thus mounting and polishing small grains indi-
vidually or depositing them on or pressing them into metal
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mounts. Preparing samples in individual mounts is inconve-
nient for SIMS analyses as it requires frequent sample
changes, and preparation in metal mounts can be highly
labor intensive because grains need to be polished individ-
ually prior to pressing them into the metal if flat surfaces
are required.

Therefore, we have developed a new technique that
allows mounting of multiple small or thin samples in the
same mount. The approach presented here has worked very
well for preparing the thin, platy hibonite crystals for anal-
ysis, but it was also used to mount larger samples (>1 mm).

For this technique which is illustrated in Fig. Al, a
cleaned, thick (>1 mm) microscope slide is attached to a
steady surface (e.g., an aluminum block works well). Using
a cleaned razor blade, a piece of thin one-sided tape is
smoothly attached to the slide and the aluminum block
(commercially available, clear acetate packaging tape was
found to work well), with the sticky side facing down. No
air bubbles should be trapped between the glass and the
tape. The tape surface is then cleaned and dried. Using a
clean hair, a thin line of epoxy is applied to the center of
the slide covered with tape. The samples (cleaned and dried)
are then placed on the epoxy lines. If grains are very small
(<5 pum), it was found to be good practice to first place the
grain on the line, but then push the grains off the line so
they were only attached to the tape by the minimal amount
of epoxy adhering to the grain. After attaching all grains to
the tape surface, commercially available one-inch ring
molds were added (and fixed to the tape using a layer of
clay on the outside), the assemblage was covered with a
clean beaker and the epoxy was left to cure for 3-4 h at
room temperature (this was a fraction of the required cur-
ing time of ~24 h). We then filled the molds with freshly
prepared epoxy. After curing, the mount can be easily

@ One-sided tape

Aluminum block

(2) Thin lines of epoxy ®

/ Microscope slide

(View from side)

Samples

removed from the tape. Grains are usually already partially
exposed, only a small amount of polishing is necessary to
fully expose small grains. We therefore polished the mounts
by hand, often using a combination of lapping film and pol-
ishing pads, starting at a 6 or 9 pum grid, but the grid size
needs to be adjusted based on the size of the samples
mounted. Frequent checks of the polishing progress under
a petrographic microscope are required.

The main advantages of the described technique are (1)
easy removal of the cured epoxy round from the tape, (2)
extremely flat surface of the epoxy round even prior to pol-
ishing, (3) only minimal amounts of the epoxy need to be
removed to fully expose small grains, (4) the tape is flat
enough that multiple small samples can be mounted on
the same level and evenly exposed during polishing. We
have tested this for samples that are as thin as ~5 pm. More
tests are necessary to determine the minimum grain size this
approach can be used for.

A.2. Evaluation of possible instrumental and secondary
effects on oxygen and magnesium isotopes

The PLAC-like CAls show deviations from the CCAM
line to both lighter and heavier compositions and a small,
yet resolvable spread in magnesium isotopes (~7%o amu ).
These variations could be indicative of the formation
processes of PLAC-like CAls or of oxygen and magnesium
isotopic heterogeneity in the early solar system (see Sections
4.2.1 and 4.2.2), but could also be a result of improper cor-
rection of measured isotope ratios by SIMS.

Due to mass-dependent fractionation processes inside
the mass spectrometer, measured isotope ratios typically
deviate from true ratios. For the oxygen and magnesium
isotopes in Figs. 2 and 4, these deviations would result in

(View from top)

Fig. Al. Illustration of major steps required for the preparation of flat grain mounts of micron-sized samples (described in text).
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shifts along lines of slope ~0.5. Quantities that could poten-
tially be affected include 570, 8'%0, 626Mg, 825Mg and
YTAl/**Mg ratios, while the A0, radiogenic excess
3?°Mg"* and 8-values for calcium and titanium isotopes will
be largely unaffected as they were internally corrected for
additional mass fractionation after sample-standard brack-
eting. The bias in d-values for oxygen and magnesium iso-
topes can arise in two ways. (1) Instrumental bias can
affect unknowns individually due to differences in unknown
chemistry (e.g., variable magnesium and titanium contents)
or geometric effects (Kita et al., 2009), which could poten-
tially account for different degrees of fractionation within
the sample set, i.e., isotopically heavy and isotopically light
compositions with respect to the CCAM line and some of
the spread in the 5>>Mg vs. **Mg diagram. (2) A constant
bias can affect the data set as a whole and shift it towards
heavy or light compositions due to differences in the chem-
ical compositions of the standard and unknowns (e.g.,
higher FeO and REE contents in standard in the case of
Madagascar hibonite, higher Si and Ca contents in the case
of anorthite).

(1) First, we will exclude the possibility that variations in
Murchison hibonite mineral chemistry are responsible for
variations in the degree of fractionation within the
unknown dataset. As there are resolvable mass-independent
variations (spread in A!’O) in addition to possible mass-
dependent fractionation effects in oxygen isotopes, an eval-
uation of possible mass-dependent fractionation effects
requires assumptions regarding the initial composition of
the PLAC-like CAI precursors. Since the primary variation
of the dataset is along a mass-independent line of slope ~1
similar to the CCAM line, the most reasonable choice is to
assume that the precursors of PLAC-like CAls initially fell
along the CCAM line. Possible fractionation effects can
then be compared by calculating the deviation of data from
the CCAM line (in 3'%0 in Fig. A2a). Using this notation, it

becomes obvious that there is no relationship between min-
eral chemistry and the degree of fractionation in oxygen
isotopes in the studied hibonites (Fig. A2a). In Fig. A2a,
the Mg content is plotted, which can be used to assess the
chemical variability in the studied grains as it is coupled
with the abundances of Ti*‘and AT (Mg + Tit*=2
AIH), and no major variation in other elements was
observed. The lack of a relationship between mineral chem-
istry and mass fractionation in oxygen isotopes (Fig. A2a)
suggests that mineral chemistry did not influence instru-
mental fractionation for the studied hibonites. This is even
the case for SHIB hibonites measured in the same session,
which have a significantly larger range of magnesium and
titanium contents than the PLAC-like CAls but show min-
imal mass fractionation effects (Fig. A2a; Koop et al.,
2016). Similar to oxygen, there is no correlation between
mineral chemistry and the degree of fractionation in magne-
sium isotopes (Fig. A2b). The data therefore suggest that
variations in hibonite chemistry have no significant effect
on instrumental fractionation of unknown measurements.

Similarly, geometric effects such as polishing relief or
charging effects that could introduce additional fractiona-
tion for individual samples can be ruled out as topography
was found to be minimal in the grain mounts (see Sec-
tion 2.2). This is further substantiated by the consistently
low values for the automatically adjusted deflector settings
for all measurements, which can become elevated during
automatic centering of the secondary beam in cases of
uneven surfaces.

(2) While we can exclude that variations in unknown
chemistry affect instrumental fractionation of individual
hibonite analyses, the possibility remains that the dataset
as a whole could be offset from true values in oxygen or
magnesium because we had to use the FeO-rich Madagas-
car hibonite for fractionation correction. For oxygen, such
a shift can likely be ruled out using the SHIB dataset, as
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Fig. A2. Hibonite analyses show no relationship between mineral chemistry and the degree of mass fractionation in oxygen (a) and
magnesium (b). Magnesium is a good proxy for the chemical variation of Murchison hibonites as titanium abundances mirror magnesium and
are opposite to variations in aluminum (coupled substitution), and variations in other elements are minimal. The magnesium contents were

obtained by EPMA (a) and by SIMS (b).
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analyses of spinel and hibonite within the same SHIB typ-
ically agree within uncertainty and no consistent bias
between hibonite and spinel analyses was found. Since spi-
nel and hibonite SHIB data are on or only slightly offset
from the CCAM line, using a Madagascar hibonite stan-
dard appears to introduce no or only a minimal a bias for
oxygen isotopes.

Due to the lack of a suitable standard, we did not
attempt to assess absolute 8*°Mg for the dataset. While
the average 3*°Mg value in PLAC-like CAIs is indistin-
guishable from zero (0.0 + 0.8%0), we used anorthite for
normalization and thus expect that the dataset as a whole
could be lighter or heavier by up to ~2%. amu ' due to
the matrix effect. In contrast, the internal variations in
PLAC-like CAls of ~5%c amu~' in magnesium isotopes
(Fig. 4) are likely intrinsic as chemical variation or topogra-
phy in these samples is minimal (see above).

Similarly, the difference in unknown and standard com-
position can affect 2’Al/**Mg ratios measured by SIMS.
Based on SHIB data, we infer that the RSF bias is at the
order of 5% at most, but due to the 26Al-poor nature of
the sample set, this small potential bias does not affect the
conclusions of this study.

Finally, the possibility exists that some variations, in
particular the mass-independent range in A’O of ~11%,
are due to secondary processes or contamination. While
exchange during aqueous alteration on the Murchison par-
ent body could technically result in variations in oxygen
isotopes (Clayton and Mayeda, 1984), the lack of isotopic
variation in SHIB hibonites regardless of petrologic setting
(fine-grained, coarse-grained, rimmed, located in the center
or at edge of the inclusion as well as in direct proximity to
alteration phases; K66p et al., 2016) suggests that hibonite
grains did not readily exchange with '®O-poor liquids. Sim-
ilarly, contamination can be excluded as the SHIBs and
PLAC-like CAIls experienced the same preparation steps
and because the small primary spot size of the Cs™ primary
beam during oxygen isotope analysis allowed us to effi-
ciently avoid sampling of secondary phases, which was con-
firmed with the SEM after the analysis. We therefore
conclude that the oxygen isotope data presented in Fig. 2
and Table 2 reflects the true composition of the studied
CAIs. Deviations from the CCAM line are intrinsic and
either due to isotope fractionation inherent from their for-
mation processes or nucleosynthetic anomalies in oxygen
isotopes.

A.3. Mass-fractionation correction for calcium and titanium
isotopes

As outlined in Section 2.5.3, instrumental fractionation
of calcium and titanium analyses was corrected by
sample-standard bracketing and any potential intrinsic
fractionation was corrected using a Rayleigh law. This is
in contrast to previous studies, which corrected for both
sources of mass-fractionation simultaneously by applying
the exponential law (internal normalization). We decided
to deviate from this convention for four main reasons. (1)
It has been shown that evaporation of calcium and titanium
from experimental melts results in isotopic fractionation

that follows a Rayleigh law, not the exponential law
(Zhang et al., 2014). (2) A number of standard analyses cor-
rected with the exponential law yield d-values that are
resolved from 0%¢ beyond calculated 2c uncertainties (com-
pare Table EA.2). This may indicate that fractionation of
calcium and titanium isotopes inside the CAMECA IMS-
1280 follows a law that is different from the exponential
law. Nonzero standard &°Ti values are more often
observed in **Ti/**Ti normalization than in **Ti/*’Ti nor-
malization (EA.2), possibly because of increased extrapola-
tion using a law that does not accurately describe
fractionation inside the instrument. If true, it is better to
estimate the degree of instrumental fractionation for
unknowns from bracketing standard measurements. (3)
The range of 3°°Ti and 3*%Ca values is approximately 7%
for standards corrected with the exponential law (compare
EA.2). Given this spread, we believe that the 2c uncertain-
ties calculated for internally normalization data (on average
~2%o for unknowns) underestimate the true uncertainty of
our analyses. By sample-standard bracketing, we propagate
the uncertainties associated with the bracketing standards,
which yields larger uncertainties that probably reflect the
true uncertainty of our measurements more accurately. (4)
Finally, this data treatment is consistent with magnesium
isotopic analyses, in which instrumental fractionation is
corrected using sample-standard bracketing followed by
correction of intrinsic fractionation using an appropriate
law obtained from experiments (Davis et al., 2015).

Comparison of the two approaches: Sample-standard
bracketing followed by correction with the Rayleigh law
yields larger uncertainties (3-7%c on both 8°°Ti and
3*®Ca) than internal correction with the exponential law
(2-3%0 on both 3°°Ti and 3**Ca). As noted above, this is
because uncertainties of the bracketing standard analyses
are propagated and is believed to reflect the true measure-
ment uncertainties more accurately. As illustrated in
Fig. A3 for titanium, the different approaches for fraction-
ation correction have only small effects on calculated
d-values and the values overlap within 2c uncertainties.
This suggests that the newly obtained data can be compared
with data from previous studies that used different mass-
fractionation correction schemes.

A.4. Choice of normalization isotope pairs for titanium

Some of the studied PLAC-like CAIs have small anoma-
lies in *Ti or *°Ti when normalized to *°Ti/**Ti or
“OTi/*"Ti, respectively. Previous studies concluded that the
anomaly was in *’Ti and thus normalized to “°Ti/**Ti
(e.g., Fahey et al., 1985; Ireland, 1988, 1990; Liu et al.,
2009), but the presence of small anomalies in *°Ti in CV
chondrite CAIs (Trinquier et al., 2009) casts doubts on
whether “°Ti should be used as a normalization isotope
for PLAC-like CAIs. Anomalies in *°Ti would produce arti-
ficial anomalies in **Ti of the same sign if the data are nor-
malized to **Ti/**Ti. The variation in PLAC-like CAIs
could therefore be in *°Ti rather than *°Ti. For example,
a +5%o anomaly in *°Ti would introduce artificial anoma-
lies in **Ti and >°Ti of +2.4%0 and +5%0 in **Ti/**Ti nor-
malization. Similarly, a +5% anomaly in *Ti would
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Fig. A3. Comparison of the titanium isotopic data processed with different approaches for mass-fractionation correction on 8°°Ti (a, b), 8*'Ti
(c) and 8*Ti (d). 3-Values obtained by internal correction of instrumental and intrinsic fractionation effects with the exponential law are
plotted against d-values for which instrumental fractionation was corrected by sample-standard bracketing and intrinsic fractionation was
corrected using a Rayleigh law. The area in the box in (a) is magnified in (b) to show the effects more clearly. All panels show that the
differences in the magnitudes of calculated d-values (deviations from a 1:1 line) are small compared to the calculated 2c uncertainty of the

data. The data is normalized to *°Ti/**Ti.

introduce artificial anomalies in *°Ti and *°Ti of +2.6%0 and
—7%o in **Ti/*'Ti normalization. Artificial variation in *°Ti
or ®Ti is thus approximately half that of the normalizing
isotope with the actual variation (i.e., *°Ti or *°Ti, respec-
tively). Therefore, if the variation was only in one of the
two isotopes, the range of artificial variation should be
about half that of the actually variable isotope. Thus, com-
parison of the ranges of 3**Ti and 3*Ti values may be a
way of identifying the better normalization pair. For our
dataset, both 8*'Ti and §*°Ti have a range of approximately
10%o, but while 5*Ti values show a continuous distribu-
tion, the range of *°Ti values is mostly the result of two
outliers, while the rest of the data show a range closer to
5%o. While the new dataset may thus hint at the variation
being in “*Ti for most studied grains, the situation seems
different for the data recently compiled and renormalized
by Steele and Boehnke (2015), which show a larger range

in 8*°Ti than in §*Ti. PLAC-like CAls thus appear to show
small variations in both *°Ti and *’Ti and an ideal normal-
ization pair may not exist. We emphasize again that the
effect of the different normalization pairs on the magnitude
of 8°°Ti values is small (Fig. 5) and has no consequence for
the conclusions drawn in this study.

APPENDIX B. SUPPLEMENTARY DATA
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2016.05.014.
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