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Abstract

Calcium-aluminum-rich inclusions (CAls) are highly refractory objects found in different chondrite groups and represent
some of the oldest known solids of the Solar System. As such, CAls provide key information regarding the conditions pre-
vailing in the solar protoplanetary disk as well as subsequent mixing and transport processes. Many studies have investigated
CAIs for their isotopic compositions and reported nucleosynthetic isotope anomalies in numerous elements, which are typ-
ically explained by the variable incorporation of isotopically highly anomalous presolar phases. However, with the exception
of **Cr-enriched nanospinels, the exact presolar phases responsible for the isotopic heterogeneities are yet to be identified. To
address this issue, we here present in-situ Ti isotopic analyses obtained on a diverse set of CAls from various CV3 chondrites.
The in-situ measurements were performed by targeting individual mineral phases of 15 CAls with laser-ablation mass spec-
trometry and indicate significant inter- and intra-CAI isotopic heterogeneity in the neutron-rich isotope *°Ti. This is partic-
ularly pronounced for primitive fine-grained CAls, whereas coarse-grained CAls, which have been subject to melting, exhibit
smaller degrees of Ti isotopic heterogeneity.

To further investigate this Ti isotopic heterogeneity, we additionally obtained Ti isotopic compositions of sequential acid
leachates from two fine-grained and two coarse-grained CAls derived from CV3 chondrites. In contrast to potential expec-
tations from the first part of the study, we do not observe any significant intra-CAI Ti isotopic heterogeneity between the
different leaching steps. The lack of intra-CAI Ti isotopic heterogeneity in the acid leachate samples of this study likely reflects
that the leaching procedure is unable to efficiently separate the carriers of isotopically anomalous Ti in CAlIs. By comparing
the bulk CAI Ti isotope compositions with Ti isotope data for hibonite-rich objects from the literature, we find that the range
of Ti isotope compositions recorded by CAls from various chondrite groups can be accounted for by the averaging of hibonite
grains. In turn, the variable Ti isotope compositions of hibonite grains can be explained by the averaging of isotopically
diverse presolar grains present in the Sun’s parental molecular cloud. This effect of averaging is statistically supported by
the central limit theorem, and the concept has the potential to be useful for other isotopic systems.
© 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Calcium-aluminum-rich inclusions (CAls) are the oldest
dated solids that formed within the Solar System near the
young sun around 4.567 Ga (Amelin et al., 2010;
Connelly et al., 2012). Therefore, these objects—and in par-
ticular their chemical and isotopic signatures—provide a
window to examine the earliest reservoir(s) present in the
Solar System and how that reservoir(s) evolved through
time, a process critical for understanding the formation of
later formed solids such as the terrestrial planets. Previous
work has shown for a whole suite of elements that CAls
have mass-independent (nucleosynthetic) isotope anomalies
compared to later formed Solar Systems solids (e.g.,
Dauphas and Schauble, 2016, Burkhardt et al., 2019 and
references therein). More specifically, nucleosynthetic
anomalies reported in CAls and bulk meteorites demon-
strate that CAls are closely related to the carbonaceous
(CC) meteorite reservoir (Burkhardt et al, 2019;
Brennecka et al., 2020). This may, at first glance, seem sur-
prising, as CAls are commonly thought to have formed
close to the young sun, whereas the CC reservoir was pre-
sumably located in the outer Solar System, beyond the orbit
of Jupiter (Warren, 2011; Budde et al., 2016; Kruijer et al.,
2017). However, the isotopic link between CAls and the CC
reservoir results naturally through the outward transport of
CAIs during rapid radial expansion of the early disk
(Burkhardt et al., 2019; Nanne et al., 2019). This example
highlights that understanding the history of CAls is a key
point in reconstructing Solar System formation and
evolution.

Calcium-aluminum-rich refractory inclusions sensu lato
can be divided into three different groups: (1) hibonite-
rich inclusions, including platy hibonite crystals (PLACs)
and spinel-hibonite inclusions (SHIBs), (2) CAls that exhi-
bit “Fractionated and Unidentified Nuclear” (FUN) iso-
topic anomalies, and (3) “normal” CAIs. Each of these
groups is defined by certain isotopic characteristics, and
hibonite-rich inclusions also differ from FUN and normal
CAlIs in terms of texture and mineralogy. For example,
so-called normal CAIs can be categorized according to
petrological characteristics; with coarse-grained CAls
exhibiting clear evidence of having been melted, whereas
fine-grained CAls have not been melted as indicated by
their  primitive texture and small grain sizes
(generally < 10 um). Type A CAls are characterized by
the presence of melilite and the absence of grossmanite
and primary anorthite, while Type B CAls have abundant
primary anorthite and grossmanite (commonly referred
to, but officially discredited, as ‘fassaite’). Fluffy Type A
CAls are irregular in shape, some comprising collections
of “nodules”, and contain melilite and spinel in addition
to perovskite (MacPherson and Grossman, 1984). Also,
fluffy Type A CAls are characterized by 60-75 volume per-
cent of fine-grained, secondary alteration products. Isotopi-
cally, many of the normal CAIs have **Mg excesses
consistent with the so-called canonical initial *5Al/*’Al
ratios (ie, ~52 X 107% Jacobsen et al., 2008:
MacPherson et al., 2012), and a small range of *°Ti anoma-
lies from ~2 to 15 in &°°Ti units, where £°°Ti is the parts per

ten thousand deviation relative to terrestrial *°Ti/*’Ti after
internal normalization, with a distinct peak near ¢*°Ti = 9
(e.g., Leya et al., 2009; Trinquier et al., 2009; Williams
et al., 2016; Simon et al., 2017; Davis et al., 2018; Ebert
et al., 2018; Render et al., 2019; Torrano et al., 2019). In
comparison, hibonite-rich inclusions either lack clear evi-
dence for 2°Al or have evidence for low initial 2°Al/*’Al
ratios (e.g., Ireland, 1990; Liu et al., 2009, 2012; Ko6p
et al., 2016a, 2016b) and are characterized by the largest
range of *°Ti anomalies with €>°Ti values ranging from
—700 to 2700 (e.g., Zinner et al., 1986; Hinton et al.,
1987; Ireland, 1988; Liu et al., 2009; Ko6op et al., 2016a).
Note that the SHIBs tend to have smaller *°Ti anomalies
than PLAC:S (e.g., K6op et al., 2018). The rare FUN inclu-
sions are similar to hibonite-rich inclusions in that they
exhibit lower initial 2°Al/*’Al ratios (e.g., Park et al.,
2017). However, FUN samples have *°Ti anomalies that
typically fall in the middle of the range of values reported
for hibonite-rich inclusions and normal CAls. Previous
work has suggested that the isotopic differences between
all of these refractory inclusions could be due to different
formation times whereby the PLACs formed first followed
by FUN inclusions, SHIBs, and then normal CAls (e.g.,
Ko66p et al., 2016a; Render et al., 2019; Torrano et al.,
2019). In this scenario, the groups of refractory inclusions
each record a different step of the progressive homogeniza-
tion of presolar material from the Sun’s parental molecular
cloud. However, it has not yet been shown with isotopic
dating that the PLACs are in fact older than FUN inclu-
sions, SHIBs, and normal CAls. Therefore, the relationship
between these different objects remains unknown.

In order to elucidate the relationship between these
early-formed objects, it is important to understand the car-
riers of the isotopic anomalies. However, thus far, the only
confirmed presolar carrier of isotopically anomalous mate-
rial are nanospinels that show large enrichments in >*Cr
(Dauphas et al., 2010; Qin et al., 2011a). Given that
coarse-grained normal CAIs have undergone partial or
complete melting and thus, homogenization of their com-
ponents, these samples are less likely to preserve any origi-
nal presolar carriers. On the other hand, fine-grained
CAlIs—including fluffy Type A inclusions—are thought to
represent condensates from a hot solar gas upon cooling
and, as they have been subject to less post-condensation
equilibration, could preserve signatures of their original
components. Moreover, recent studies have provided evi-
dence for internal CAI isotope heterogeneity, suggesting
that some of the original building components of fine-
grained CAls survived their formation processes (Simon
et al., 2017; Myojo et al., 2018; Charlier et al., 2021). For
example, Simon et al. (2017) utilized laser ablation multi-
collector inductively coupled plasma mass spectrometry
(LA-MC-ICPMS) and reported variable **Ti anomalies in
different portions of the same fine-grained CAI. Similarly,
Myojo et al. (2018) reported variable *Sr anomalies in dif-
ferent CAI phases from a fluffy Type A inclusion. Both
studies suggest that different CAI mineral phases have vari-
able Ti and Sr isotopic anomalies in fine-grained and fluffy
Type A CAls. Additionally, recent work has presented
noble gas s-process (i.e., slow neutron capture process of
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nucleosynthesis) isotopic enrichments in the fine-grained
“Curious Marie” CAI and attributed the isotopic anoma-
lies to the presence of silicon carbide (SiC), a presolar grain
formed in the outflows of asymptotic giant branch (AGB)
stars, contained within the CAI (Pravdivtseva et al.,
2020). Given that presolar grains are not expected to sur-
vive in the CAl-forming region/process due to the prevail-
ing high temperatures (>1200 K, Scott and Krot, 2014), it is
unclear if the SiC was incorporated into the original con-
densate grains or alternatively, if the SiC was present in
the region where fine-grained CAIs were agglomerated. If
further isotopic evidence for the presence of SiC in CAls
is obtained, this would have important implications for
CAI formation, including the building materials of CAIs
and how fine-grained inclusions incorporated SiC grains.
Additionally, if evidence is found for specific CAI minerals
hosting the isotopically anomalous material such as hibo-
nite grains, this could provide information about the rela-
tionship between hibonite-rich inclusions and normal CAls.

The refractory element titanium (Ti) has five stable iso-
topes (*°Ti, *'Ti, **Ti, **Ti, and *°Ti) and is present in
refractory inclusions at the weight percent level, making it
useful for understanding the origin of nucleosynthetic iso-
tope anomalies in hibonite-rich inclusions and normal
CAls—hereafter referred to simply as CAls. Furthermore,
the Ti isotope compositions of numerous hibonite-rich
inclusions and CAlIs from CV, CK, CM, CO, CR, and ordi-
nary chondrites have been reported (Niederer et al., 1980,
1981, 1985; Niemeyer and Lugmair, 1981, 1984;
Heydegger et al., 1982; Ireland et al., 1985; Fahey et al.,
1985, 1987; Zinner et al., 1986; Hinton et al., 1987;
Ireland 1988, 1990; Papanastassiou and Brigham, 1989;
Sahijpal et al., 2000; Leya et al., 2009; Trinquier et al.,
2009; Williams et al., 2016; Koop et al., 2016a, 2016b,
2018; Simon et al., 2017; Ebert et al., 2018; Davis et al.,
2018; Render et al., 2019; Torrano et al., 2019). These stud-
ies have shown that most inclusions have anomalous Ti iso-
tope compositions, however, the magnitude of the Ti
isotope anomaly strongly depends on the type of inclusion
investigated (i.e., PLACs, SHIBs, FUN CAls, CAls). It is
currently not known whether the variable Ti isotopic
anomalies reported in CAls are ultimately derived from
incorporation of presolar grains or are representative of
heterogeneity in the solar protoplanetary disk or its paren-
tal molecular cloud as a whole.

Two main approaches have been utilized to investigate
the Ti isotope compositions of refractory inclusions. The
first is in-situ studies employing either secondary ion mass
spectrometry (SIMS) to investigate hibonite-rich inclusions
(e.g., Ireland, 1990; Liu et al., 2009; K&o6p et al., 2016a,
2016b, 2018) or LA-MC-ICPMS for single spot ablation
and point analyses of CAlIs or CAI minerals (Williams
et al., 2016; Simon et al., 2017). The second approach is
chemical dissolution that yield Ti isotopic compositions of
bulk CAIs utilizing MC-ICPMS (e.g., Leya et al., 2009;
Trinquier et al., 2009; Davis et al., 2018; Ebert et al.,
2018; Render et al., 2019; Torrano et al., 2019). Some of
these studies were able to measure smaller sized refractory
inclusions (<1mm) by micro-milling the samples from the
chondritic meteorites (Ebert et al., 2018; Render et al.,

2019). However, the first approach with SIMS has relatively
large uncertainties compared to the latter approach, mak-
ing it difficult to place constraints on the relationship
between hibonite-rich inclusions and CAls (e.g., Render
et al., 2019), and the second method analyzes the bulk com-
position of CAls, representing an average composition that
does not distinguish between different CAI phases. Conse-
quently, important information about the individual phases
present in CAls is lost.

Another approach that elucidates the carriers of isotope
anomalies is sequential acid leaching of primitive bulk
meteorites (e.g., Rotaru et al., 1992; Dauphas et al., 2002;
Schonbéchler et al., 2005; Reisberg et al., 2009; Trinquier
et al., 2009; Yokoyama et al., 2010; Hidaka and Yoneda,
2011; Qin et al., 2011b; Burkhardt et al., 2019). Sequential
acid leaching dissolves the various sample phases by
increasing the acid strength in each step. For example,
phases such as sulfates, sulfides, and carbonates are dis-
solved early in the leaching procedure with acetic acid,
dilute HCI, and dilute HNOj; solutions (Rotaru et al.,
1992). In comparison, phases such as oxides and silicates
are dissolved later in the leaching procedure when more
concentrated mixtures of HF, HCl, and HNO; are
employed. While sequential acid leaching has been used
on primitive meteorites, including the Orgueil and Murchi-
son chondrites that have internal Ti isotope heterogeneity
(Trinquier et al., 2009; Burkhardt et al., 2019), this method
has not been utilized for primitive CAls.

In this study, we use two different methodologies on sep-
arate sample sets to assess the presolar carrier(s) of the Ti
isotope anomalies in CAls. The first approach is examining
15 CAls of variable sizes from CV3 chondrites with LA-
MC-ICPMS to probe different Ti-bearing CAI mineral
phases. Some large CAls were specifically selected for this
work to search for internal CAI Ti isotope variations.
For this purpose, Type A CAls, especially fluffy Type A,
are of particular interest as these objects are believed to
have never been molten and have the most refractory com-
positions. The second approach is sequential acid leaching
of four CAIs from CV3 chondrites, including a fluffy Type
A inclusion and one fine-grained inclusion, in order to
chemically separate the various Ti-bearing phases in each
individual CAI. This combined CAI Ti isotopic dataset is
then used to infer the cause of Ti isotope heterogeneity in
the CAl-forming region/process and the implications this
has for the composition of Ti-bearing solids in the solar
parental molecular cloud.

2. SAMPLES AND METHODS
2.1. In-situ approach

2.1.1. Samples investigated

A petrologically diverse set of CAls was selected for Ti
isotope analyses utilizing laser ablation (Table 1). All CAls
originated from CV3 chondrites, but differ significantly in
their sizes, textures, and mineralogy. Twelve CAls from
Allende were investigated including Type A, fluffy Type
A, Type B, Type Bl, Type B2, fine-grained, and a
forsterite-bearing Type B. Also, we examined several CAls
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Table 1

CAI samples from CV3 chondrites for LA-MC-ICPMS.

CAI Host meteorite Mineral phases Description
SJ101* Allende gro, mel, an, cpx, fo-, cpx-rich bands, sp, and, ne FoB
AL4884" Allende mel, grsm, sp, an Type Bl
Bocce Ball® Allende mel, grsm, an, sp Type B2
EK5-2-1R* Allende hib, pv, sp, mel, sod, ne Type A — CG
461 3B3" Allende sp, hib, mel FG

461 13B" Allende hib, sp Type A - FG
L144A Leoville mel, px, pv, sp compact Type A
Crucible® NWA 2364 grsm, mel, an, sp Type B
MKJ1 Allende mel, grsm, sp fluffy Type A
MKJ2 Allende sp, mel FG

KAM J1 Allende mel, grsm, sp, hib Type Bl
KAM L1 Allende mel, pv, grsm, sp, hib Type B
KAM L2B Allende mel, grsm, an, pv, sp Type B
KAM L2F Allende Ca-px, an, sod, ne, hd, sp, gro fluffy Type A
E44 Efremovka an, mel, px Type Bl

% Sample originally investigated in Simon et al. (2017).

® This CAl is also known as American Museum of Natural History (AMNH) AL4947 and = andradite; an = anorthite; cpx = clinopyroxene;
fo = forsterite; grsm = grossmanite; gro = grossular; hd = hedenbergite; hib = hibonite; mel = melilite; ne = nepheline; pv = perovskite;
px = pyroxene; sod = sodalite; sp = spinel; CG = coarse-grained; FG = fine-grained; FoB = forsterite-bearing.

derived from other CV3 chondrites including a Type B CAI
from Northwest Africa (NWA) 2364, a Type Bl from Efre-
movka, and a compact Type A CAI from Leoville. The *°Ti
anomalies for six of these inclusions (i.e., EKS5-2-1R,
AL4884, 461 3B3, 461 13B, SJ101, and Crucible) have pre-
viously been reported by Simon et al. (2017), which also
contains detailed information regarding the texture and
mineralogy of these specific CAls. Below we describe the
other CAls and provide a summary of all CAls in Table 1.

AMNH AL4947 is a Type B2 CAI from Allende. Nick-
named and hereafter referred to as Bocce Ball due to its
spherical shape, the inclusion is ~6 mm in diameter. Petro-
graphically, it has coarse-grained crystals of melilite, gross-
manite, anorthite, and spinel in a fine-grained matrix. There
are also porous regions of alteration minerals that appear
to be replacing melilite. Outside the coarse-grained region
of the CAI, there is a mixture of grossmanite and melilite
of varying size and angularity. A thin Wark-Lovering
(WR) rim up to 20 pm surrounds the object.

L144A is a compact Type A, oval-shaped CAI from
Leoville and measures about 10 x 6 mm. It has fine-
grained intergrown melilite and rare Ti-Al-rich pyroxene
that encloses abundant micron-sized perovskite grains. Spi-
nel is present throughout the CAI. The WL rim is com-
posed of an inner layer of spinel, hibonite, melilite, and
calcic pyroxene. The outer layer is composed predominately
of Al-rich pyroxene. The TiO, content of the pyroxenes
varies from 2 to 7 wt% for grains near the rim and up to
17-19 wt% for interior grains (Simon et al., 2005). E44 is
a Type Bl CAI from Efremovka and contains melilite,
anorthite, and fassaitic pyroxene (Young et al., 2005).

461 13B is a fine-grained inclusion, originally investi-
gated in Simon et al. (2017), containing hibonite and spinel
within its aggregate interior (Fig. 1a). MKJ1 from Allende
is a fluffy Type A CAI that is ~2.5 x 5 mm. The object has
abundant Al-rich melilite which is anhedral to subhedral in

shape. Grossmanite and spinel are associated with seem-
ingly independently rimmed objects that results from the
intertwining of matrix and CAI material. MKJ2 is ~2.5 X
4 mm and forms a pseudo rectangular shape, which is in
part due to how the piece was broken off from a larger slab.
This CAl is fine-grained and its mantle is somewhat diffuse.
The core consists mainly of spinel with a predominately
melilite mantle. It appears that this CAI experienced signif-
icant alteration.

KAM J1 is an oval-shaped Type B1 CAI from Allende.
The mantle is predominately melilite. The core contains
grossmanite, spinel, and some hibonite. It measures
~4 x 3 mm in size. KAM L1 is an irregularly-shaped Type
B CAI containing a large mantle of melilite, perovskite, and
grossmanite, with a core rich in spinel and hibonite. The
object measures ~4.5 x 2 mm. KAM L2B is an elongated
Type B CAI, ~4 x 1 mm in size. The object contains meli-
lite, grossmanite, anorthite, and perovskite. Spinel is con-
centrated on one side of the object, perhaps suggesting
deformation. KAM L2F is a fluffy Type A CAI measuring
~3 x 1.5 mm (Fig. 1b). The object contains Ca-pyroxene,
anorthite, sodalite, nepheline, and hedenbergite with minor
amounts of spinel and grossular.

For the samples prepared at the University of California
Los Angeles (UCLA), segments of chondrite containing
individual CAIs were cut from larger slabs or rock frag-
ments using a diamond blade saw. Thick sections of all
samples were mounted in epoxy. To ensure that the sample
surfaces were flat and adequate for analyses, the mounts
were first polished using sandpaper and then a series of dia-
mond slurries, decreasing in grit size with each subsequent
step. The final step of the polishing regimen uses a %
micron grit size. After each day of analyses, samples were
repolished with the Y4 micron grit diamond slurry to remove
any material remaining on the surface due to laser ablation
and ensure that the surface is flat for future analyses.
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Fig. 1. False color (RGB = Mg-Ca-Al) X-ray scanning electron microscope images of (a) fine-grained CAI 461 13B and (b) fluffy Type A CAI
KAM L2F. CAI 461 13B is composed of hibonite and spinel as well as hedenbergite, ferro-akermanite, and nepheline. CAI KAM L2F is
composed mainly of Ca-pyroxene, anorthite, sodalite, nepheline, and hedenbergite. Circular spots are the laser ablation pits. CAI 461 13B was

originally investigated in Simon et al. (2017).

2.1.2. Rare earth element measurements

Concentrations of rare earth elements were obtained
with the CAMECA ims 1290 at UCLA following proce-
dures previously published by Schmitt and Vazquez
(2006). Energy-filtering was employed to suppress oxide
interferences for the heavy REE. Intensities were normal-
ized to 3°SiT. Relative sensitivity factors were obtained
from analysis of NIST SRM 610 glass.

2.1.3. LA-MC-ICPMS

In-situ Ti isotope analyses were conducted at UCLA
using LA-MC-ICPMS (ThermoFinnegan Neptune™) fol-
lowing previously published methods (Simon et al., 2017).
The 193 nm excimer laser (Photon-Machines, Analyte
193) was operated at a UV of 28 J/ecm? to extract Ti from
the sample. Titanium measurements were predominately
made in Ti-rich pyroxene with perovskite and hibonite
sometimes present in the analyzed area. Material was

ablated at a pulse repetition rate of 3-6 Hz, using a spot size
ranging from 86 to 172 um depending upon the concentra-
tion of Ti. Helium (0.29 1/min) carried ablated material
from the sample chamber to a mixing chamber where it
combines with Ar (0.6 1/min) and N, (8 ml/min) before
being introduced into the ICP torch. Faraday collectors
with 10"" Q resistors were spaced to collect it Tt
S0Ti*, SV, and 32Cr'. The mass resolving power was
~7000 and standard-sample bracketing was used to correct
for instrumental mass bias. Additionally, an instrumental
mass fractionation factor, o;,g, was calculated following
Simon et al. (2017). An individual measurement encom-
passes 10 cycles of 4 s integrations. We peak stripped inter-
ferences from *°Cr and *°V by monitoring **Cr and °'V
during each analysis and correcting for instrumental frac-
tionation in the usual way (P exponents characterizing
instrumental fractionation). Anomalous *°Ti/*Ti isotope
effects are reported utilizing the e-notation, or parts per
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ten thousand deviation relative to terrestrial *°Ti/*'Ti. The
external reproducibility of the method (2 x standard devi-
ation, 2SD) based on multiple analyses of our UCLA Glass
#5 (P10) was + 3.7 for £°Ti. The mass-dependent Ti iso-
tope fractionations, obtained via standard-sample bracket-
ing, are provided in the supplement.

2.2. Acid leaching approach

2.2.1. Samples investigated

The four CAls selected for acid leaching were extracted
from carbonaceous chondrite samples provided by the
Institut fiir Planetologie at the University of Miinster. This
sample set includes one fine-grained inclusion from the CV3
chondrite Acfer 082, one fine-grained inclusion from the
CV3.6 chondrite Allende, one fine- to medium-grained
inclusion from the CV3 chondrite Acfer 082, and one
coarse-grained inclusion from the CV3 chondrite NWA
6619 (Table 2). The CAI samples were carefully extracted
from their meteorite hosts using a diamond saw. The cut
surfaces were polished with SiC abrasive paper, after which
each CAI weighed between 37 mg and 137 mg. Next, a
corundum drill was used to further remove matrix material
surrounding the CAls. Before crushing the CAI samples,
they were cleaned in ethanol for ~10 minutes in an ultra-
sonic bath. Each CAI sample was then crushed into smaller
pieces using an agate mortar and pestle. Given the irregular
shapes of fine-grained inclusions, the CAI pieces were care-
fully separated from remaining chondrite matrix by hand-
picking under a stereo microscope. At this point, each
CAI sample was split into two fractions: one larger mass
fraction to be utilized for the leaching procedure and one
smaller mass fraction to be completely digested in order
to obtain a bulk CAI Ti isotope composition. CAI pieces
were specifically set aside for the leaching procedure and
it was visually estimated that the CAI fractions used for
leaching had <5% matrix material. However, to maximize
the available CAI sample material, some CAI pieces with
a small amount of matrix material were utilized for the bulk
CAI Ti isotope work. It was visually estimated that the
total amount of matrix material in the bulk CAI fraction
was <30%. Note that the chondrite matrix material con-
tains significantly less Ti (<0.08 wt% Ti; Braukmiiller
et al., 2018) than the CAI (~1 wt% Ti) so that the Ti isotope
composition of the bulk CAls should not be significantly
affected by such addition of matrix material. In the worst-
case scenario of 30% matrix and 70% CAI, the matrix

would be contributing < 3% of the total Ti, rendering it
insignificant at the analytical precision achieved in this
study. The CALI pieces set aside for leaching and bulk Ti iso-
tope measurements were ground into a fine powder using
an agate mortar and pestle. Smaller pieces of each CAI
were also saved and put into thin sections for petrographic
investigation.

All four CAIs were studied by optical and electron
microscopy. A JEOL 6610-LV electron microscope at the
Interdisciplinary Center for Electron Microscopy and
Microanalysis (ICEM) at the University of Miinster was
chosen to study the texture and to identify the different min-
eral phases for each CAI. The attached energy dispersive
spectroscopy (EDS) system was used for qualitative and
quantitative mineral analyses. Samples and appropriate
mineral standards were measured at an acceleration voltage
of 20 kV and the beam current constancy was controlled by
a Faraday cup. Natural and synthetic standards from Asti-
mex, olivine (Mg, Fe, Si), jadeite (Na), plagioclase (Al),
sanidine (K), diopside (Ca), rutile (Ti), chromium-oxide
(Cr), rhodonite (Mn), and pentlandite (Ni) were used for
mineral analyses. The EDS analyses were done with the
INCA analytical program provided by Oxford Instruments.

Warrior, from the CV3 chondrite Acfer 082, is an
irregularly-shaped and fine-grained inclusion comparable
to fluffy Type A CAls (Fig. 2a). The interior mainly consists
of melilite including large areas of hibonite and spinel. Per-
ovskite is present within melilite, spinel, and hibonite. Platy
and lath-shaped hibonite (which are similar in composition)
often occur in association with spinel creating hibonite/spi-
nel patches within melilite (Fig. 2b). Small areas show signs
of secondary alteration (Fig. 2b), and these altered areas are
rich in Al, Ca, Ti, and Si and are nearly free of Na, K, Cr,
or Ni. Perovskite is still present (Fig. 2b). A clear and dis-
tinct WL rim is not present but the inclusion is rimmed by a
patchy-like spinel rim often intergrown with hibonite laths.

Pigeon is a fine- to medium-grained compact Type A
inclusion from the CV3 chondrite Acfer 082. This CAI is
dominated by melilite (>90 vol%) in the interior enclosing
small perovskites (Fig. 2¢). Pigeon has a very distinct WL
rim consisting of (outside to inside) olivine, diopside, gross-
manite, and spinel (Fig. 2d); however, in some parts of the
rim the olivine is missing. Grossmanite in the rim is mostly
destroyed by secondary alteration (Fig. 2d).

Lizard is a fine-grained and irregularly-shaped Type A
inclusion from the CV3.6 chondrite Allende. This inclusion
is dominated by melilite surrounding small grains of

Table 2
CAI samples used for acid leaching in this study.
CAI Host meteorite Mass for Mass for bulk Ti  REE pattern Mineral phases* Description
leaching (mg) measurement (mg)
Warrior  Acfer 082 (CV3)  92.5 15.8 Group 111 mel, sp, hib, pv, grsm, FeNi  fluffy Type A - FG
Pigeon  Acfer 082 (CV3)  50.3 4.6 Group II mel, di, sp, ol, grsm, pv compact Type A - FMG
Lizard Allende (CV3.6) 22.8 8.2 Group 1 mel, di, sp, an, sod, pv, grsm Type A — FG
Garland NWA 6619 (CV3) 7.4 3.5 Group V grsm, an, sp, di, hib, and Type C - CG

* In order of high to low abundances and = andradite; an = anorthite; di = diopside; FeNi = FeNi metal; grsm = grossmanite;
hib = hibonite; mel = melilite; ol = olivine; pv = perovskite; sod = sodalite; sp = spinel; CG = coarse-grained; FG = fine-grained;

FMG = fine- to medium-grained.
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perovskite and spinel (Fig. 2e). Secondary alteration prod-
ucts are present in many parts of the melilite interior. The
inclusion is surrounded by a distinct WL rim consisting
of (outside to inside) diopside, grossmanite, and spinel fol-
lowed by a perovskite-rich layer. The area between the WL
rim and dominating melilite interior is strongly affected by
secondary alteration resulting in the formation of sodalite
and anorthite (Fig. 2f). Furthermore, spinel in the rim is
enriched in Fe (FeO ~ 4.7 wt%) relative to the spinel within
the melilite of the interior (FeO ~ 1.9 wt%).

Garland is a coarse-grained Type C inclusion from
the CV3 chondrite NWA 6619. This CAI mainly
consists of grossmanite (present in various compositions:
AlLL,O; ~ 11.0-22.0 wt% and TiO, ~ 2.0-16.4 wt%) and
anorthite. Furthermore, spinel is a common inclusion
within both grossmanite and anorthite (Fig. 2g). Large
areas are affected by secondary parent-body alteration
resulting in spinel with higher concentrations of Fe than
in unaffected areas. The lower part of the CAI is sur-
rounded by a diopside rim and an “inner layer” consisting
of spinel and hibonite (Fig. 2h). Both layers are missing on
other parts of the CAI. This irregularly-shaped rim suggests
an impact-induced fragmentation of the CAI prior to incor-
poration into (accretion of) the host meteorite. The area
between the diopside and the spinel/hibonite rim is domi-
nated by secondary alteration products including andradite
(Fe,Si,Ca-rich phase; Fig. 2h). This phase may originate
from aqueous alteration on the parent-body (Krot et al.,
2008). The alteration phases closer to the center of the
CALI are enriched in potassium and nickel (K,O ~ 3.1 wt
%; NiO ~ 8.2 wt%; Na,O ~ 1.2 wt%; FeO ~ 1.4%),
whereas the alteration products between the diopside and
spinel rim are enriched in sodium (K,O ~ 1.2 wt%;
NiO ~ 2.8 wt%; Na,O ~ 5.5 wt%; FeO ~ 2.3%). This
speaks for two different alteration events and/or a chemi-
cally evolving fluid with time.

2.2.2. Leaching of the CAIs

The CAI powders as well as a blank were processed
through a sequential acid leaching procedure modified after
Reisberg et al. (2009). As the CAI samples were all less than
100 mg, in this work we used significantly less acid volume
compared to the original procedure from Reisberg et al.

<

(2009) that was used to leach 16.5 g of the Murchison mete-
orite. Our sixth leaching step was similar to the adjustment
made in the leaching procedure from Shollenberger and
Brennecka (2020). The steps are as follows:

Step 1) 0.9 mL acetic acid + 0.9 mL H,O, 1 day, 20 °C.
Step 2) 0.6 mL HNO; + 1.2 mL H,0, 5 days, 20 °C.
Step 3) 0.83 mL HCI + 0.97 mL H,O, 1 day, 75 °C.
Step 4) 0.9 mL HF + 0.45 mL HCI + 0.45 mL H,O,
1 day, 75 °C.
Step 5) 0.9 mL HF + 0.9 mL HCI, 3 days, 150 °C.
Step 6) 0.6 mL HNO; + 1.2 mL HF + 34 pL HCIO,, 180
°C, 5 days.
Dry down at 180 °C to remove HCIO,.
Treat sample with 200 pl concentrated HNO;.
Dry down at 200 °C to remove HCIOy, (repeat HNO3
addition and dry down four times).
1.2 mL HNO; + 0.6 mL HCI, 2 days, 150 °C.
When the leaching was complete, all six leaching steps
for each CAI and blank were evaporated to dryness at
90 °C. Subsequently, all leaching samples were treated with
3 mL of reverse aqua regia and fluxed for 1 hour at 110 °C.
In preparation for chemical separation of Ti, the samples
were evaporated to dryness and converted to nitride form
by fluxing in 1 mL of 12 M HNOj; at 120 °C. The samples
were evaporated to dryness and brought up in 3 mL of
12 M HNOj; and fluxed overnight at 120 °C. After letting
the samples cool to room temperature, 2% of each solution
was removed for analysis of major and trace element
concentrations.

2.2.3. Chemical dissolution of bulk CAIs

The powdered CAI sample aliquots set aside for
the bulk Ti isotope measurements were digested on hot
plates in 5 mL of a 3:1 concentrated HF-HNO; mixture
at 180 °C. After three days, 10 pL. of HCIO, was added
to the samples and they were placed back on the hot plate
at 180 °C for five days. The samples were evaporated to
dryness and the dry down procedure previously described
in Section 2.2.2 was used to remove all HCIO,4. Then the
samples were fluxed in 3 mL of reverse aqua regia overnight
at 110 °C. The next day the samples were briefly placed in
an ultra-sonic bath to physically break up grain conglomer-

Fig. 2. Backscatter electron (BSE) images of the CAls used for acid leaching. Regions outlined in white boxes on “a, c, e, g” are shown in
detail in “b, d, f, h”, respectively. (a) Warrior is a fine-grained fluffy Type A CAI that mainly consists of spinel, hibonite, and perovskite
embedded in a melilite main mass. (b) Warrior close up of spinel/hibonite patches within melilite. (c¢) Pigeon is a compact Type A CAI and
melilite is the dominant phase along with minor perovskite grains and some altered areas. (d) A distinct Wark-Lovering rim is present in
Pigeon, consisting of olivine, diopside, grossmanite, and spinel. (¢) Lizard is a fine-grained Type A CAI and the groundmass consists of
melilite with minor spinel and perovskite. (f) Lizard is surrounded by a clear Wark-Lovering rim (from outside to inside: diopside,
grossmanite, spinel followed by a mixture of perovskite with melilite including secondary alteration phases like sodalite and anorthite). (g)
Garland is a coarse-grained Type C CAI and mainly consists of grossmanite, anorthite, and spinel. Garland is largely affected by secondary
alteration resulting in various alteration products (enriched in potassium and nickel) and Fe-bearing spinel. (h) A diopside rim is partly
present in Garland as well as an “inner rim” consisting of spinel and hibonite. The area between the two “rims” is strongly affected by
secondary alteration resulting in the formation of andradite and alteration phases enriched in sodium. mel = melilite; sp = spinel;
hib = hibonite; pv = perovskite; alt = alteration, grsm = grossmanite; an = anorthite; and = andradite; sod = sodalite; di = diopside;

ol = olivine; WL = Wark-Lovering-rim.
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ations further and then fluxed for ~4 hours at 130 °C on the
hot plate. The temperature of the hot plate was increased to
150 °C overnight and the samples were fluxed for two more
days to achieve complete dissolution. In preparation for
chemical separation and purification of Ti, the CAI samples
were evaporated to dryness, dissolved in 2 mL of 12 M
HNO3, fluxed for 1 hour at 130 °C, and evaporated to dry-
ness at 110 °C. This step was repeated again to fully convert
the samples to nitride form. Finally, the samples were dis-
solved in 3 mL of 12 M HNOj; and placed on a hot plate
overnight at 120 °C. Similar to the leaching solutions, 2%
of each bulk CAI solution was removed for major and trace
element measurements.

2.2.4. Chemical separation of Ti

We used previously described methods for the chemical
purification of Ti (Zhang et al., 2011; Torrano et al., 2019).
Our two-step Ti purification method utilized procedure 2
column 1 from Torrano et al. (2019) followed by column
2 from Zhang et al. (2011). The day before loading samples
on the first Ti column, approximately 30-50 mg of H;BO3
was added to each sample solution for the complexation of
fluorides and the samples were then fluxed overnight at
120 °C.

Here we briefly describe the chemical separation proce-
dures as specific details can be found in the aforementioned
studies (Zhang et al., 2011; Torrano et al., 2019). First, the
dissolved samples were loaded onto pre-cleaned and pre-
conditioned TODGA resin (2 mL cartridges) in 3 mL of
12 M HNOj;. The matrix was eluted in 10 mL of 12 M
HNO; and subsequently Ti and iron (Fe) were eluted
together in 10 mL of 6 M HNOs;. The Ti and Fe cut was
evaporated to dryness and then fluxed in 2 mL of concen-
trated HNOs. In preparation for the second column, the
sample solutions were evaporated to dryness, fluxed in
~1 mL 4 M HF, evaporated to dryness, and then fluxed
in 3 mL of 4 M HF. The sample solutions were loaded onto
0.8 mL of pre-cleaned and pre-conditioned Biorad AG1-X8
200—400 mesh resin (chloride form). The matrix was eluted
in 10 mL of 4 M HF followed by the elution of any remain-
ing vanadium in 10 mL of 0.4 M HCI - 1 M HF. A purified
Ti cut was eluted using 5 mL of 9 M HCL - 0.01 M HF. In
preparation for isotopic measurement, the purified Ti cuts
were fluxed in ~1 mL concentrated HNO3;, evaporated to
dryness, and fluxed in 1 mL of the running solution (ie.,
0.34 M HNO; — 0.0014 M HF). The chemical yields for
Ti through this separation procedure were typically greater
than 90%. Before isotopic measurement, pre-dilutions of all
samples were checked to verify that interfering elements
(i.e., Ca, Cr, and V) were below the maximum thresholds
determined by Zhang et al. (2011) [ie., Ca/Ti < 20,
Cr/Ti < 0.1, V/Ti < 2].

2.2.5. Major and trace element measurements

Aliquots of the leaching solutions and bulk CAI samples
set aside for major and trace element analysis were diluted
appropriately with 2% HNOj;. Select major and trace ele-
ment concentrations were obtained on a Thermo Scientific®
XSeries2 quadrupole inductively coupled plasma mass
spectrometer (ICP-MS) housed at the University of

Miinster following previously published methods (e.g.,
Shollenberger and Brennecka, 2020).

2.2.6. Ti isotope measurements

The Ti isotope compositions of the bulk CAIs, CAI lea-
chates, and standards were measured at the University of
Miinster using a Neptune Plus MC-ICPMS in combination
with a Cetac Aridus II® desolvator with jet sample
and X skimmer cones following previously published meth-
ods (Gerber et al., 2017; Render et al., 2019). All samples,
geological reference materials, and the bracketing Origins
Lab OL-Ti standard solution were measured at Ti concen-
trations of 200 ppb. The Ti isotope data were reduced off-
line and isobaric interferences on Ti isotopes were corrected
from signals monitored on masses 44 (Ca), 51 (V), and 53
(Cr). The interference corrections were well within the
range that can be accurately corrected. To account for the
fact that instrumental mass bias of these interfering ele-
ments can diverge from that of Ti (e.g., P # BT, where
B is the exponent characterizing instrumental fractiona-
tion), the natural isotope ratios for these interfering ele-
ments (*°Ca/**Ca, *¥Ca/**Ca, °V/°'V, and *Cr/*3Cr)
were manually adjusted using doped standard solution tests
(Zhang et al., 2011). To verify the accuracy and repro-
ducibility of our method, the geological reference materials
BCR-2 and JB-2 were measured during the same analytical
session as all samples.

To obtain mass-independent Ti variations (i.e., nucle-
osynthetic anomalies), instrumental mass bias was cor-
rected by internal normalization using
PTi/4Ti = 0.749766 and the exponential law. The Ti iso-
tope results are presented using the e-notation, or parts
per ten thousand deviation from the Origins Lab OL-Ti
standard using the following equation where i represents
either 46, 48, or 50:

. f]"l‘ 47 Ti
3 Ti.\'amnle = ; ( e / )Sa’nplf
(l Tl/ Tl)OL*Ti standard

- 1) % 10,000

The external reproducibility of the method (2SD) based
on multiple analyses of BCR-2 and JB-2 was +0.31 for
e*Ti, £0.11 for £**Ti, and +0.33 for £*°Ti. The six blank
measurements corresponding to each leaching step all con-
tained <3 ng Ti, which is negligible considering most sam-
ples had significantly more than 1000 ng of Ti. The mass-
dependent Ti isotope fractionations, obtained via
standard-sample bracketing, are provided in the
supplement.

3. RESULTS
3.1. Rare earth element patterns

Shown in Fig. 3 are the rare earth element (REE) pat-
terns of the four bulk CAls used for the acid leaching pro-
cedure and one CAI investigated via LA-MC-ICPMS. The
REE patterns are normalized to CI chondrites (Lodders,
2003). The CAIs Lizard and Garland have mostly flat,
unfractionated REE patterns, although Garland is more
depleted in the heavy REEs compared to the light REEs.
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Fig. 3. Rare Earth element patterns of select CAls analyzed in this
study. Data normalized to CI chondrites using Lodders (2003).

On the other hand, three of the CAls have fractionated
REE patterns: Pigeon and 461 13B are characterized by
the high-temperature volatility fractionation group II
REE pattern whereas Warrior has depletions in europium
and ytterbium consistent with the group III REE pattern.

3.2. Ti contents in the CAI leaching fractions

Shown in Fig. 4 is the distribution of Ti among the six
leaching steps for each individual CAI. The majority of
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Fig. 4. The distribution of Ti in the six leaching steps shown in %
for the four different CAls. For all CAls, significantly less Ti is
liberated in the first and sixth leaching steps compared to the four
middle leaching steps.

Table 3
Average °Ti anomalies of CAI samples measured via LA-MC-
ICPMS.

Sample Description n e°Ti +
fine-grained|fluffy Type A

461 3B3* FG 13 7.6 9.2
461 13B* Type A — FG 7 41.2 13.3
MKJ2 FG 5 7.5 11.9
KAM L2F fluffy Type A 3 4.0 4.8
MKJ1 fluffy Type A 6 —0.1 17.2
coarse-grained

EK5-2-1R* Type A — CG 6 1.0 1.8
L144A compact Type A 27 7.7 5.4
KAM J1 Type Bl 3 5.3 6.6
AL4884* Type Bl 6 8.8 42
E44 Type Bl 5 8.8 4.1
Bocce Ball Type B2 6 6.2 9.6
KAM L1 Type B 7 7.5 4.5
KAM L2B Type B 5 9.0 1.0
Crucible* Type B 1 6.5 3.7
SJ101* FoB 5 11.0 33

The uncertainties shown are the 2 x standard deviation (2SD) of
the sample measurements or the external reproducibility of the
method (2SD) for samples that were measured less than 3 times.
Note that the uncertainties are substantially larger for fine-grained/
fluffy Type A samples, indicating isotopic heterogeneity in these
samples beyond the analytical precision of our method (see
Fig. 5a). *Data for SJ101, AL4884, EK5-2-1R, 461 3B3, 461 13B,
and Crucible were previously published in Simon et al. (2017). Note
461 3B3 was analyzed here three more times so the average value
has been updated from Simon et al. (2017).

the Ti for each CAI is leached during steps 2-5 while only
small amounts of Ti are leached in the first and sixth leach-
ing steps (Fig. 4). Furthermore, the CAls have different Ti
release patterns. For example, Pigeon, Garland, and Lizard
have a similar pattern where the amount of Ti released
increases from step one to step four followed by a decrease
of Ti released in the fifth and sixth steps. In contrast, War-
rior has a more uniform release of Ti between the second
and fifth leaching steps.
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—$- ©46113B* « L144A (core)
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Fig. 5. The £°°Ti spot analyses of the CAls obtained via LA-MC-ICPMS for (a) fine-grained (circles) and fluffy Type A CAIs (diamonds) and
(b) coarse-grained CAls (Type B = circles, Type A = diamonds, forsterite bearing = squares). Uncertainties shown represent 2 x standard
error (2SE) internal precision of the individual measurements. *Data for SJ101, AL4884, EK5-2-1R, 461 3B3, 461 13B, and Crucible were

previously published in Simon et al. (2017).
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3.3. 3°Ti anomalies of CAls via LA-MC-ICPMS

The >°Ti anomalies of the 15 CAIs from CV3 chondrites
are presented in Fig. 5 relative to USNM 83191 rutile (ter-
restrial) standard and are separated into fine-grained/fluffy
Type A CAls (Fig. 5a) and coarse-grained CAls (Fig. 5b).
The average *°Ti anomalies for each CAI are located in
Table 3, while data for individual spot analyses are pro-
vided in the supplementary material. The majority of the
€°Ti values are between 6 and 10 (Fig. 5), consistent with
previously reported values for CAls (e.g, Leya et al,
2009; Trinquier et al., 2009; Williams et al., 2016; Simon
et al., 2017; Davis et al., 2018; Ebert et al., 2018; Render
et al., 2019; Torrano et al., 2019). The coarse-grained CAls
of this study define a range of £”°Ti compositions from ~—1
to 15 (Fig. 5b). In contrast, the fine-grained and fluffy Type
A CAIs span a larger range of €°Ti compositions from
~—16 to 45 (Fig. 5a). Furthermore, we observe intra-CAI
variation in £°°Ti for some of the samples (Fig. 5), although
the widest variability is observed within the fine-grained

and fluffy Type A CAls. For example, six different spot
analyses were performed on the fluffy Type A inclusion
MKJ 1 and the two most extreme £°Ti values were —16.
0 + 3.4 and 6.9 + 3.6 (Fig. 5a). L144A, another compact
Type A CAI, displays some variability within its core but
not its mantle (Fig. 5b). The spot analyses for the mantle
are tightly clustered around €°Ti = 9 while the core dis-
plays a larger variance among data points and has a lower
average value of £°Ti = 6. Our observation of intra-CAI
0T variation is in contrast to a previous study that did
not observe any intra-CAlI variation in *°Ti outside of the
analytical uncertainty (Williams et al., 2016).

3.4. Ti isotope compositions of CAls and CAI leachates via
solution MC-ICPMS

The Ti isotope compositions for the CAls of this study
and their corresponding leachates as well as the terrestrial
basalts analyzed alongside the CAls are provided in Table 4.
The terrestrial basalts have Ti isotope compositions that are

Table 4

Titanium isotope compositions of bulk CAls, CAI leachates, and terrestrial standards measured via solution MC-ICPMS.

Sample Description Host meteorite n €*Ti + e8Ti + e>Ti +
BCR-2 Terrestrial basalt 12 0.05 0.16 0.06 0.13 —0.13 0.34
JB-2 Terrestrial basalt 14 —0.05 0.38 0.02 0.09 —0.06 0.31
Basalt average —0.01 0.06 0.04 0.02 —0.10 0.07
External reproducibility (2SD) 0.31 0.11 0.33
Garland bulk Type C/CG NWA 6619 5 1.66 0.17 0.37 0.06 9.28 0.19
L1 2 1.67 0.44 0.70 0.11 9.20 0.33
L2 5 1.73 0.18 0.41 0.08 9.30 0.29
L3 5 1.86 0.19 0.45 0.16 9.44 0.26
L4 5 1.79 0.23 0.64 0.16 9.32 0.25
L5 6 1.90 0.13 0.26 0.19 9.54 0.15
L6 2 1.89 0.31 0.33 0.21 9.11 1.88
Warrior bulk fluffy Type A/FG Acfer 082 9 —0.07 0.09 0.24 0.20 2.39 0.09
L1 5 -0.19 0.08 0.34 0.08 0.69 0.16
L2 7 —0.14 0.16 0.49 0.19 1.98 0.23
L3 7 -0.29 0.17 0.54 0.18 2.09 0.25
L4 8 —0.21 0.18 0.38 0.24 2.03 0.10
L5 7 —0.22 0.18 0.68 0.08 1.81 0.18
L6 5 —0.37 0.23 0.58 0.06 2.05 0.29
Pigeon bulk compact Type A/FMG Acfer 082 5 1.81 0.28 0.74 0.28 9.28 0.19
L1 5 1.62 0.10 0.42 0.14 8.86 0.11
L2 6 1.67 0.17 0.42 0.23 9.17 0.17
L3 6 1.78 0.27 0.45 0.10 9.25 0.14
L4 11 1.61 0.06 0.36 0.09 9.40 0.09
L5 5 2.00 0.38 0.47 0.05 9.51 0.15
L6 5 2.03 0.17 0.69 0.39 9.39 0.23
Lizard bulk Type A/FG Allende 5 1.79 0.10 0.49 0.04 9.53 0.28
L1 5 1.74 0.19 0.37 0.09 9.01 0.28
L2 5 1.75 0.07 0.54 0.11 9.45 0.21
L3 5 1.79 0.16 0.56 0.13 9.45 0.21
L4 5 1.76 0.17 0.53 0.16 9.53 0.26
L5 5 1.81 0.15 0.51 0.07 9.51 0.10
L6 1 1.63 0.31 0.53 0.11 9.58 0.33

Data are internally normalized to “*Ti/*’Ti = 0.749766. The uncertainties shown represent the 95% confidence intervals for samples that were
measured 5 or more times. For samples that were measured less than 5 times, the uncertainties shown are either the external reproducibility of
the method or the 2 x standard deviation (2SD) of the sample measurements, whichever was larger. L1 = leachate 1, L2 = leachate 2,
L3 =leachate 3, L4 = leachate 4, L5 = leachate 5, L6 = leachate 6, CG = coarse-grained, FMG = fine to medium-grained, FG = fine-grained.
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indistinguishable from values reported in the literature
within the analytical uncertainties (e.g., Trinquier et al.,
2009; Zhang et al., 2011; Davis et al., 2018; Render et al.,
2019; Torrano et al., 2019), demonstrating the accuracy
of our measurements. The Ti isotope compositions of the
four bulk CAls and their six individual leachates are pre-
sented in Fig. 6 relative to the OL-Ti standard. All bulk
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CAls and their leachates have £*°Ti, £**Ti, and £°°Ti values
that are consistent with literature CAI Ti isotope data from
ordinary, CM, CO, CV, and CK chondrites (e.g., Trinquier
et al., 2009; Leya et al., 2009; Williams et al., 2016; Ebert
et al., 2018; Davis et al., 2018; Render et al., 2019;
Torrano et al., 2019). The bulk CAls and their leachates
have small but resolvable excesses in ¢**Ti ranging from
0.24 to 0.74 (Fig. 6b). Garland, Pigeon, Lizard, and their
corresponding leachates have excesses in €**Ti and €°Ti
around 1.7 and 9.4, respectively (Fig. 6a/c). In contrast,
Warrior and its leachates are characterized by small deficits
in €*°Ti of ~0.2 and excesses in £>°Ti of ~2 with the excep-
tion of the first Warrior leachate that has £>°Ti = 0.69 + 0.
16 (Fig. 6a/c).

4. DISCUSSION
4.1. *°Ti anomalies in CV3 CAIs via LA-MC-ICPMS

The 15 CV3 CAls investigated utilizing LA-MC-ICPMS
show significant *°Ti variability both within and amongst
CAIs (Fig. 5). The widest variability is observed in the
fine-grained and fluffy Type A inclusions that are thought
to represent primitive condensates from a hot solar gas
upon cooling (Fig. 5a). This observation is consistent with
other studies that have shown that fine-grained/fluffy Type
A CAls span a larger range of isotope anomalies compared
to coarse-grained CAls for elements like Mo (Burkhardt
et al., 2011; Brennecka et al., 2020) and Sr (e.g., Myojo
et al., 2018; Charlier et al., 2019). Evidently, the fact that
fine-grained/fluffy Type A inclusions have not been melted
results in the preservation of larger variations in isotopic
anomalies for various elements. In contrast, the smaller
range of *°Ti anomalies for coarse-grained CAIs (Fig. 5b)
apparently reflects the fact that these inclusions have been
partially or completely melted during which their original
components were equilibrated (i.e., homogenized).

Most of the CAls investigated via laser ablation in this
work tend to have €°Ti values clustering around 6-10
(Fig. 5) and define an average of ~9. Interestingly, L144A
displays variability in its core but not in the mantle
(Fig. 5b). This result is consistent with the mineralogy of
this CAI as the mantle is more uniform mineralogically
compared to the core. Furthermore, there are CAIs with

<

Fig. 6. The (a) £*°Ti, (b) £**Ti, and (c) £*°Ti data of the four CAIs
and their leachates. For each CAI, the bottom data point (black) is
the bulk CAI measurement. The sample directly above the bulk
data point is the first leaching step followed by the second leaching
step and sequentially progressing to the sixth leaching step at the
top for each CAI as demonstrated by the labeling next to Garland.
Data are internally normalized using the exponential law and *-
Ti/*"Ti = 0.749766. The uncertainties shown represent the 95%
confidence intervals for samples that were measured 5 or more
times. For samples that were measured less than 5 times, the
uncertainties shown are either the external reproducibility of the
method or the 2SD of the sample measurements, whichever was
larger. CG = coarse-grained, FMG = fine to medium-grained,
FG = fine-grained.
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more extreme & °Ti values such as MKJ1 and 461 13B.
MKI1 is a fluffy Type A inclusion and displays both nega-
tive and positive £°°Ti values ranging from —16.0 + 3.4 to
6.9 + 3.6. Although the most positive value is consistent
with £°Ti isotope data from bulk CAls, the most negative
value of MKJ 1 is rare in bulk CAls. However, a similarly
negative €°°Ti value (—18.44 4+ 0.42) has been previously
reported for a hibonite-rich CAI (JW-4) from the CM
chondrite Jbilet Winselwan (Render et al., 2019). On the
other hand, 461 13B has the largest £°Ti values reported
for any normal CAI ranging from 28.7 + 4.5 to
459 4+ 6.7 (Simon et al., 2017). This CAI is a Type A
fine-grained inclusion composed mainly of spinel and hibo-
nite grains. Additionally, this inclusion has a group II REE
pattern (Fig. 3), indicative of condensation from a gas frac-
tionated previously by partial evaporation, resulting in a
dearth of the more refractory REE in the gas and its con-
densates (e.g., Hu et al., 2021). The mineralogy and REE
pattern suggest that 461 13B is a more pristine sample.
Nonetheless, the fact that some of the CAls fall signifi-
cantly outside of the average £*°Ti CAI value indicates that
there was heterogeneity in the precursor material from
which the CAls formed (Brennecka et al., 2020).

4.2. Ti isotope anomalies in CV3 CAls and their acid
leachates

The Ti isotope compositions of the four bulk CAls of
this study (Fig. 6; black symbols) are variable yet fall within
previously reported ranges for CAls separated from CV,
CK, CO, CM, and ordinary chondrites (e.g., Trinquier
et al., 2009; Leya et al., 2009; Ebert et al., 2018; Davis
et al., 2018; Render et al., 2019; Torrano et al., 2019). As
previous work has suggested, the similar Ti isotopic compo-
sitions recorded by all of these CAls indicates that these
samples have a shared genetic heritage and likely formed
contemporaneously in a single region of the solar nebula
or from a single reservoir (e.g., Ebert et al., 2018; Render
et al., 2019; Torrano et al., 2019). As such, the acid lea-
chates derived from the four bulk CAIls of this study are
also representative of CAls in general.

In comparison to previous work in which bulk CAls
were analyzed (e.g., Leya et al., 2009; Trinquier et al.,
2009; Davis et al., 2018; Ebert et al., 2018; Render
et al., 2019; Torrano et al., 2019), the acid leaching proce-
dure utilized in this work allows for the chemical separa-
tion of various Ti-bearing phases within a CAI. The acid
leachates from the two coarse-grained CAls (Pigeon and
Garland) have little, if any, Ti isotope variability between
the six different leaching steps for each individual CAI, as
expected (Fig. 6). Given that these two CAIs were once
molten, the homogenization of Ti isotopes between the
various Ti-bearing phases of these inclusions is expected.
On the other hand, fine-grained CAls did not experience
melting and could potentially preserve their original com-
ponents. However, we observe that the two fine-grained
inclusions (Warrior and Lizard) also have little, if any,
Ti isotope variability between the six different leaching
steps with the exception of the first Warrior leachate for
e>°Ti (Fig. 6¢).

Within CAIls, Ti is mainly located in hibonite, per-
ovskite, and pyroxene. These phases are expected to be
attacked and dissolved in the middle leaching steps, and
our leaching results indicate that the bulk of the Ti is
released in leaching steps two through five for all four CAls
(Fig. 4). The Ti release patterns demonstrate that the major
Ti-bearing phases are attacked to some extent in the second
and third leaching steps and are fully dissolved once the use
of HF is employed in the fourth and fifth leaching steps.
This is supported by the fact that for all CAls investigated,
the most Ti is released in the fourth leaching step when HF
is first used (Fig. 4). In contrast to the middle leachates,
<1% of the total Ti is released in the first acid leaching step
for each individual CAI (Fig. 4). This is consistent with the
fact that acetic acid, which is used in the first leaching step,
is not expected to dissolve any of the major Ti-bearing
phases. In the final leaching step, the amount of the total
Ti released is low (<3%; Fig. 4), and it is expected that
the most chemically resistant phases would be attacked
including spinel and SiC, if it is present in CAIs. Neverthe-
less, even though the CAls selected for this work are differ-
ent in terms of their mineralogy (Fig. 2) and REE patterns
(Fig. 3), all acid leachates of each individual CAI have
mostly uniform “*Ti, **Ti, and *°Ti isotope anomalies that
are consistent with their corresponding bulk CAI (Fig. 6).
The exception to this observation is that for all CAI sam-
ples the first leaching step has a slightly smaller *°Ti anom-
aly compared to the middle leaching steps (Fig. 6¢c). Given
that the first leaching step utilizes acetic acid, we interpret
the smaller *°Ti anomalies in the first acid leachates to be
due to the dissolution of easily accessible, isotopically less
anomalous Ti in CAls hosted in alteration phases such as
carbonates, sulfates, and phosphates.

4.3. Comparison between laser ablation and acid leaching

One clear difference between our two approaches, per-
formed on separate CAI sample sets, is that the laser abla-
tion data provides significant evidence of intra-CAl
heterogeneity while the leachate data does not. The lack
of variation in the Ti isotope compositions of the CAI acid
leachates likely reflects that the leaching procedure itself is
not effective in separating the different Ti-bearing phases
compared to the laser technique. For example, all of the
hibonite grains are likely to be attacked and dissolved dur-
ing the same leaching steps, resulting in the average Ti iso-
tope composition of all the hibonites that were attacked/
dissolved during that step. Burkhardt et al. (2019) noted
that sequential acid leachates obtained on the Murchison
meteorite show only marginally larger Ti isotope anomalies
compared to the range covered by bulk meteorites and
CAls, indicating that the leaching procedure was less effec-
tive in separating the anomalous Ti carrier phases. A simi-
lar observation was made on sequential acid leachates from
Orgueil (Trinquier et al., 2009). As such, the lack of varia-
tion between the different leaching steps of the fine-grained
CAIs does not require that the CAls lack intra-CAI Ti iso-
tope heterogeneity, but rather suggests that this leaching
procedure is unable to efficiently separate the various Ti-
bearing phases. However, only two fine-grained CAls were
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leached in this work and they may not be a completely rep-
resentative population of fine-grained CAls. Nonetheless,
the laser can target specific CAI phases resulting in the
observed intra-CAI °Ti isotope heterogeneity. Addition-
ally, two CAIs, 461 3B3 and EK5-2-1R, had been previ-
ously analyzed for their *°Ti isotope compositions using
thermal ionization mass spectrometry (TIMS) as reported
in Simon et al. (2017). For both inclusions, the *°Ti TIMS
data and average of the *°Ti laser ablation data (Table 3)
agree within the 2SD uncertainties demonstrating that both
analytical methods yield consistent and accurate isotopic
compositions.

Despite the lack of intra-CAI Ti isotope variability in
the CAI acid leachates, we do observe Ti isotope hetero-
geneity amongst the different CAls investigated. For exam-

ple, while most of the samples have similar excesses in *°Ti,
“8Ti, and °Ti, the fluffy Type A CAI Warrior and its corre-
sponding leachates exhibit deficits in *°Ti as well as smaller
excesses in ~°Ti (Fig. 6). To compare our data with previous
work, we show in Fig. 7 plots of £**Ti versus £*°Ti and e**Ti
versus £°°Ti. In both diagrams, the bulk CAI data from this
study plot on or close to linear regressions previously
reported for 46 Allende CAls (Davis et al., 2018). In agree-
ment with previous studies, the CAls indicate a heterogene-
ity of Ti isotopes in the CAl-forming region or process
(e.g., Simon et al., 2017; Davis et al., 2018; Ebert et al.,
2018; Render et al., 2019; Torrano et al., 2019). Using the
Ti isotope data of this work as well as other recent Ti iso-
topic studies on CAls derived from CV, CK, CM, and
CO chondrites (Leya et al., 2009; Trinquier et al., 2009;
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Fig. 7. (a) £*°Ti versus £°Ti and (b) £**Ti versus £>°Ti data of our bulk CAls as well as literature data (shown as grey circles). Solid black lines
are best-fit regressions for all CAI data, and solid grey lines are regressions reported in Davis et al. (2018) from 46 Allende CAls, shown for
comparison. Literature CAI data are from Leya et al. (2009), Trinquier et al. (2009), Davis et al. (2018), Burkhardt et al. (2019), Render et al.
(2019), Torrano et al. (2019), and Brennecka et al. (2020). As indicated by high MSWDs for both regressions, there is significant scatter
beyond the analytical uncertainties, suggesting the presence of multiple isotopically anomalous phases in CAls.
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Davis et al., 2018; Burkhardt et al., 2019; Render et al.,
2019; Torrano et al., 2019; Brennecka et al., 2020), we recal-
culated the linear regression for £**Ti versus £°°Ti. In com-
parison to the slope of 0.162 4+ 0.030 from Davis et al.
(2018), we obtain an indistinguishable but more precise
slope of 0.188 + 0.015 (95% confidence interval, CI) for
125 CAls (details regarding the methods and samples used
to calculate these slopes and intercepts can be found in the
supplementary material). Likewise, for €**Ti versus &>°Ti,
our slope of 0.081 £ 0.020 (95% CI) for 119 CAISs is indis-
tinguishable from the slope reported for 46 Allende CAIls
(0.094 + 0.045; Davis et al., 2018). Similar to Davis et al.
(2018), we observe significant scatter beyond the analytical
uncertainties, as indicated by MSWD > 1 for both regres-
sions. This suggests that multiple isotopically anomalous
phases are involved in the generation of Ti isotopic hetero-
geneity in CAls.

4.4. On the presence of SiC in CAls

Recent work on the Curious Marie fine-grained Allende
CAI found evidence, based on s-process noble gas enrich-
ments, that SiC is or was present in this particular CAI as
well as three other fine-grained CAls (Pravdivtseva et al.,
2020). Pravdivtseva et al. (2020) argued that the SiC was
incorporated into the CAI upon initial formation and sur-
vived later parent-body processing. However, CAls and
their precursor materials are believed to have condensed
from a hot solar gas upon cooling proximal to the young
sun and at such high temperatures (>1200 K), it is expected
that any presolar grains like SiC would be completely
destroyed by exposure to hot nebular gases (>1200 K)
within ~1000 years (Mendybaev et al., 2002). Consistent
with this, SiC grains have not yet visually been identified
in any CAI. While it would be difficult to find a SiC signa-
ture in a Ti isotope measurement of a bulk CAI, the CAI
acid leachates investigated in this work provide an opportu-
nity to examine if SiC is present in CAls. This is due to the
fact that the leaching procedure is able to dissolve different
CAI mineral phases in each leaching step. If present in
CAls, chemically resistant phases like SiC would be
attacked in the final leaching step that utilizes the most
chemically aggressive acid treatment. This has previously

1200 +

800 - °

400 - g
=
w

0 ] /.
-400 1 -e-mainstream SIiC ®
-800 -
46 47 48 49 %0

atomic mass

been shown in leaching studies of primitive chondrites,
where the last leaching step typically exhibits s-process
enrichments, and the most likely phase responsible for the
enrichments is SiC (e.g., Schonbichler et al., 2005; Qin
et al., 2011b; Shollenberger & Brennecka, 2020).

The Ti isotopic compositions of various types of SiC
grains—including mainstream grains—have been reported
(e.g., Gyngard et al., 2018). For the purpose of this discus-
sion, we will focus on the average Ti isotopic composition
of mainstream SiC grains as they make up ~90% of all
SiC grains (e.g., Nittler, 2003). Furthermore, mainstream
SiC grains are thought to derive from AGB stars as they
are characterized by large s-process enrichments. These
grains are believed to be responsible for the s-process noble
gas enrichments from Pravdivtseva et al. (2020). It is possi-
ble to compare the mainstream SiC Ti isotope pattern with
the final leaching steps—the step that would concentrate
SiC—of the four CAIs of this study (Fig. 8). When normal-
ized to *Ti/*'Ti (Burkhardt et al., 2019), the average main-
stream SiC grains are characterized by large excesses in *°Ti
and slightly larger excesses in *°Ti (Fig. 8a). Furthermore,
the mainstream SiC grains have significant deficits in *Ti.
Similarly, the sixth and final acid leaching step obtained
on the Murchison meteorite is characterized by deficits in
“Ti accompanied by excesses in both *°Ti and °°Ti,
although significantly smaller in magnitude compared to
mainstream SiC grains (Fig. 8b; Burkhardt et al., 2019).
Burkhardt et al. (2019) suggested that the first five leaching
steps do not attack the chemically resistant SiC, and conse-
quently, the sixth and final leaching step is enriched in that
phase and has a Ti isotope pattern that is shifted towards a
SiC pattern.

Even though the mineralogy of CAls is different from
that of whole rock Murchison, if SiC grains are present in
the CAls of this study then they would similarly shift the
Ti isotope pattern in the sixth and final leaching step, given
the chemically resistant nature of SiC. Therefore, in the
final leaching step we would expect to see a similar pattern
as that seen in the sixth Murchison leaching step character-
ized by deficits in **Ti and larger excesses in “°Ti (Fig. 8b).
However, the sixth leaching steps from the CAIs of this
study have the largest excesses in *°Ti followed by signifi-
cantly smaller excesses in both *°Ti and “*Ti with the excep-
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Fig. 8. Plots of the Ti isotope patterns from (a) mainstream SiC (normalized SiC grain data taken from Burkhardt et al. (2019)) and (b) the
sixth leaching step of our four CAls as well as the sixth leaching step of the Murchison meteorite from Burkhardt et al. (2019). Uncertainties
for the leaching samples are smaller than the symbols with the exception of *°Ti for Garland L6.
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tion of the Warrior sample that has deficits in “°Ti (Fig. 8b).
We conclude that in our CAIs we do not observe a shift in
the Ti isotope pattern for the final leaching steps due to SiC.
The CAI acid leachates presented in this work suggest that
SiC grains are not present in significant quantities in the
CALIs of this study. This observation is contrary to the s-
process noble gas isotopic enrichments found in fine-
grained Allende CAls that have been interpreted as a SiC
signature (Pravdivtseva et al., 2020), and further work is
necessary to understand the distribution of SiC in fine-
grained CAls. Although difficult to estimate, one possibility
is that SiC grains contribute a significant fraction of noble
gases in CAls compared with their contribution to Ti. Tita-
nium is much more abundant in non-presolar phases in
CALls, thus diluting any potential effects from Ti that could
have been leached out of presolar phases in our CAls. The
lack of Ti isotopic evidence for SiC in CAI leachates indi-
cates that SiC does not appear to be a major carrier phase
responsible for Ti isotope anomalies in CAls.

4.5. On the cause of Ti isotope anomalies in CAls

The four bulk CAls and the laser ablation spots (>100)
analyzed in this work as well as bulk CAI values from the
literature (>120) all demonstrate significant heterogeneity
in Ti isotopes in the CAl-forming region/process. This
heterogeneity is illustrated in Fig. 9 with normalized prob-
ability density plots for €**Ti, €**Ti, and ¢°°Ti. For &*°Ti,
both the bulk CAI data and the laser ablation data have
a well-defined probability density with a peak around 9.
Prominent peaks in €*°Ti and €**Ti at approximately 1.5
and 0.3, respectively, are also well-defined (Fig. 9). How-
ever, some CAls fall outside of the main probability density
peaks for each of the Ti isotope ratios, as most clearly evi-
dent in &°°Ti (Fig. 9c). The outliers indicate that there was
substantial heterogeneity in the precursor material from
which the CAIs formed. For the in-situ work, the fine-
grained CAls, with the exception of 461 13B, form a pla-
teau at values slightly higher than 0 for ¢°Ti (Fig. 9¢). In
this work, we suggest that the variable £*°Ti, **Ti, and
£°Ti compositions amongst CAls from CV, CK, CO,
CM, and ordinary chondrites represent echoes of larger
heterogeneities in the precursor materials that have been
dampened due to averaging. However, a few notable
samples such as CAls 461 13B (£*°Ti ~ 45; Simon et al.,
2017), Warrior (¢°Ti ~ 2.5), MKJ1 (¢°Ti ~ 0),
JW-4 (&°Ti ~ —18; Render et al., 2019), and JW-7
(SSOTi ~ 14; Render et al., 2019) allow us to see this echo
of precursor isotopic heterogeneity clearly. The precursor
heterogeneity is likely to have been derived from solids in
the parental molecular cloud.

The Ti isotopic data presented in this work as well as in
previous studies suggests significant Ti isotope variability
both within and amongst the genetically related CAls from
CV, CK, CM, CO, and ordinary chondrites (Fig. 9). Phases
that harbor the Ti isotope anomalies in CAls include
corundum, hibonite, and perovskite, and these three phases
are expected to condense in that order of descending tem-
perature from a hot solar gas upon cooling (Ebel and
Grossman, 2000). However, corundum grains contain
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Fig. 9. Normalized probability density plots for (a) €*°Ti, (b) €*3Ti,
and (c) e°Ti for CAIs. All isotopes of Ti display a robust
probability density. Literature data are from Leya et al. (2009),
Trinquier et al. (2009), Williams et al. (2016), Davis et al. (2018),
Ebert et al. (2018), Shollenberger et al. (2019), Burkhardt et al.
(2019), Render et al. (2019), Torrano et al. (2019), and Brennecka
et al. (2020).

traces of Ti and these grains are extremely rare in CAls
(e.g., Shollenberger et al., 2018) as corundum is predicted
to react with the nebular gas to form hibonite. Hibonite
is more common in CAls as a result and is an important
repository for Ti. Perovskite is rich in Ti but previous work
has found no correlation between perovskite content and
the magnitude of the Ti isotope anomalies (Render et al.,
2019). On the other hand, hibonite-rich inclusions such as
SHIBS and PLACs have been shown to exhibit variable
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and large Ti isotope anomalies (e.g., Zinner et al., 1986;
Hinton et al., 1987; Ireland, 1988; Liu et al., 2009; K66p
et al., 2016a), making hibonite grains potential candidates
for carriers of Ti isotope anomalies through to the CAI for-
mation process. In addition, probability density functions
of CAls, SHIBs, and PLACs, all culminate close to the
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same Ti isotopic compositions (Fig. 10a/b/c), indicating
that Ti isotope anomalies of CAls are purely the result of
averaging large numbers of smaller SHIB and PLAC
grains. The fact that PLACs and SHIBs more often than
not exhibit Group II-like REE patterns, similar to those
for 461 13B and Pigeon (Ireland et al., 1988), may be
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Fig. 10. Normalized probability density plots for (a) £*°Ti, (b) €**Ti, (c) £*°Ti, (d) €**Ca, (e) £**Ca, and (f) £*3Ca for hibonite-rich objects as
well as CAls. The more tightly restrained values for CAls suggests the CAI composition reflects averaging of the isotopically diverse hibonite
grains. Literature hibonite data are all renormalized Ti isotope ratios presented in Steele and Boehnke (2015) as well as data from Ko6op et al.
(2016a; 2018). Literature hibonite, SHIB, and CAI Ca data are from Zinner et al. (1986), Clayton et al. (1988), Ireland (1990), Ireland et al.
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evidence for the influence of hibonite-rich material as pre-
cursors to the fine-grained CAls. We note that the Group
II patterns for 461 13B and Pigeon resemble those of per-
ovskites from Murchison, including the lack of depletions
in the more volatile Eu and Yb (Ireland et al., 1988).

To further examine if the averaging of hibonite grains
can explain the Ti isotopic compositions of CAls, shown
in Fig. 10a/b/c are normalized probability density plots of
&*Ti, ¢**Ti, and &°°Ti for hibonite data reported in the lit-
erature. Overlain on top of these data are the CAI data
from Fig. 9. For the hibonite grains, the data span a range
in €*°Ti from approximately —750 to over 1000. The hibo-
nite grains have smaller ranges in both £*°Ti and £**Ti com-
pared to ¢°Ti. However, a main peak is observed in all
three plots. The peaks for the CAls mimic those of the
hibonite grains, but are much more tightly clustered around
their common peak in the probability density functions.
This observation is best explained by CAls representing
averages of their precursor materials characterized by the
hibonite-rich inclusions. Note that the hibonite data exhibit
a skew towards higher €°°Ti values that would explain the
fact that the CAI data have relatively small but distinctly
positive £°°Ti values. Although all CAIs show an order of
magnitude less dispersion in Ti isotope anomalies com-
pared with the hibonites, the concept of an “echo” of dis-
persion is bolstered by the persistence of a greater spread
in values among the unmelted (i.e., fine-grained and fluffy
Type A) CAls. The greater spread in non-mass dependent
Ti isotope ratios among the unmelted CAls testifies to the
importance of melting in the averaging process.

The effect of averaging on Ti isotope variations in CAls
can be quantified utilizing the central limit theorem. The
central limit theorem requires that random sampling of a
population characterized by an initial mean value and stan-
dard deviation (with replacement), results in an approxi-
mately normal distribution with a more restricted
dispersion (smaller standard deviation). The central limit
theorem can be expressed in terms of the dispersion in the
random sample, o', and the original dispersion, o, accord-
ing to the equation:

o =a(N)"? (1)

where N is the number of random samples taken from the
parent population. In the present application ¢ is the stan-
dard deviation defined by the hibonites, N represents the
number of hibonite grains averaged to create a CAI, and
o' is the expected standard deviation of the CAls. Note that
the original population, in this case the hibonite data, does
not need to be characterized by a normal distribution for
the central limit theorem to apply; the resulting population
obtained by averaging will converge to normal distributions
regardless. We apply the central limit theorem to &*°Ti,
£®Ti, and £°°Ti in hibonite-rich inclusions and CAIs to test
the hypothesis that the latter are averages of the former.
For these calculations we take a typical CAI as having a
radius of 300 um, suggesting that ~8000 precursor grains
similar to the hibonites with radii of 15 um are required
to compose a single CAI In the case of ¢°°Ti, we calculate
a standard deviation of 416 for the hibonites reported in the
literature (Steele and Boehnke, 2015; Koop et al., 2016a,

Table 5

Central limit theorem (CLT) parameters and results in comparison
to CAI data for averaging a mixture of N = 8000 hibonite grains to
form a single CAI. In this context, o is the standard deviation of Ti
or Ca isotopic compositions for hibonites, ¢’ is the expected
standard deviation of Ti or Ca isotopic compositions for a resulting
sub-population of CAls. Overall, 6(CAI) is in good agreement with
the predictions from the CLT, supporting the idea that the range of
Ti and Ca isotope data of CAls result from averaging isotopically
anomalous hibonite grains.

4674 4874 S0 20, By B0,
c 54 22 416 25 22 312
o 0.6 0.2 4.6 0.3 0.2 3.5
cf. o(CAI) 0.8 0.4 2.5 1.4 1.7 3.4

2018), yielding for a CAI obtained by averaging 8000 of
these grains

o'sor: = 416(8000) /> = 4.6 2)

In comparison, the actual standard deviation from the CAI
data is 2.5. We take these values within a factor of 2 of one
another to be evidence that the data are consistent with the
central limit theorem (Table 5). These same calculations
were also performed for €*Ti and £**Ti and are summa-
rized in Table 5. For all three isotope ratios of Ti, the stan-
dard deviation of over 130 measured bulk CAI samples is
consistent with the prediction from the central limit theo-
rem based on the spread in hibonite values. We note that
there are some differences between the predictions from
the central limit theorem and the actual standard deviation
of the CAIs. For example, the predicted dispersion among
CAIs is smaller than the observed CAI standard deviations
for £*Ti and £**Ti by a factor of 2 or less (Table 5). How-
ever, the differences are well within the uncertainties arising
from the vagaries of the assumptions made to arrive at N in
Eq. (2), for example. The factor of 2 discrepancy between
the prediction and the measured &°°Ti CAI data (Table 5)
may reflect the fact that most of the CAls analyzed for
eTi are larger CAIs (>500 pum) derived from CV3
chondrites. Nevertheless, the overall agreement from the
CAI data and central limit theorem predictions demon-
strates that the Ti isotope compositions of CAls from
CV, CK, CM, CO, and ordinary chondrites can be
explained by the averaging of more isotopically diverse
hibonite grains.

To further evaluate the effect of averaging hibonite
grains to form CAls, we performed the same exercise for
the refractory element Ca, which is a major constituent in
both CAIs and hibonite. Calcium isotopic data from
hibonite-rich objects and normal CAls from Valdes et al.
(2021) are shown as normalized probability density plots
for £**Ca, £**Ca, and £*¥Ca in Fig. 10d/e/f. For the hibonite
grains, the data span a range in £**Ca from approximately
—600 to over 1000. The hibonite grains have smaller ranges
in both £**Ca and £*Ca compared to £*Ca. However, a
main peak is observed in all three plots that coincides in
each case with the peaks defined by the much more tightly
clustered CAI data. Consistent with the Ti isotopic results,
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this observation is best explained by CAls representing
averages of their precursor materials, vestiges of which
comprise the hibonite-rich inclusions. We investigated this
relationship using the central limit theorem (CLT) and
the result is presented in Table 5. Overall, the predictions
from the CLT are consistent with the standard deviations
defined by Ca isotopic data from the literature. This
demonstrates that the Ca isotope compositions of CAIs
can also be explained by the averaging of more isotopically
diverse hibonite grains.

Application of the central limit theorem shows that dis-
persion in non-mass dependent Ti and Ca isotope ratios
among CAls and hibonite grains is the natural consequence
of averaging and results neither from large-scale hetero-
geneities in reservoirs nor from diachronous additions of
nuclides to the solar system. Primary evidence for the statis-
tical effect comes from the decrease in dispersion in various
isotope ratios with increasing size. In other words, PLACs
have the largest range of Ti and Ca isotope anomalies and
are smaller in size compared to CAls. CAls, on the other
hand, have the smallest range of Ti and Ca isotope anoma-
lies and are larger in size compared to PLACs. The success
of the central limit theorem in explaining the relationship
between CAls and hibonite-rich inclusions in Ti and Ca iso-
tope ratios suggests that this may be a useful concept for
other isotope systems in CAls.

Extrapolation back to the dispersion in isotope ratios
among the molecular cloud grains suggests extreme grain-
to-grain variability of many orders of magnitude in these
most primitive solids. We can apply the central limit theo-
rem in reverse, working back from the hibonite population
to their molecular cloud precursors. Assuming comparable
densities, it takes roughly 27 million presolar grains with
diameters of 0.1 um to comprise a single 30 pm diameter
hibonite. This suggests, for example, that the dispersion
in ¢°Ti among presolar grains in the molecular cloud
should have been on the order of 2 x 10° in epsilon units
based on a spread of about 400 for £°°Ti among the hibo-
nites. Such large variations in €>°Ti have been found in
presolar grains, with values up to 10° to 10° in epsilon units
(Jadhav et al., 2008, Nittler et al., 2018).

5. CONCLUSIONS

This study combined Ti isotopic data from in-situ,
sequential acid leaching, and bulk dissolution techniques
in order to investigate the origin of Ti isotopic anomalies
in the earliest solids known to have formed in the Solar Sys-
tem. The in-situ LA-MC-ICPMS data revealed significant
S0Ti heterogeneity both within and amongst the diverse
sample set of 15 CV CAls investigated. Fine-grained CAls
span a larger range of *°Ti anomalies compared to coarse-
grained CAlSs, testifying to the more primitive character of
fine-grained inclusions. The *°Ti anomalies recorded by the
15 CAIs in this study are consistent with previously pub-
lished values from CV, CK, CM, CO, and ordinary chon-
drite CAls, and provide further evidence for significant Ti
isotope heterogeneity in the CAI-forming region/process.

In contrast, sequential acid leaching of two coarse-
grained and two fine-grained CAls revealed no significant

intra-CAI Ti isotope heterogeneity. The lack of intra-CAI
Ti isotope heterogeneity in the acid leachates, particularly
the two fine-grained inclusions, likely reflects that the leach-
ing procedure is unable to efficiently separate the major Ti-
bearing phases. As a result, each leaching step has a similar
Ti isotope composition to the bulk CAI value. Further-
more, the lack of **Ti deficits as well as larger 46T excesses
in the final leaching step—the most chemically aggressive
step that would attack SiC—of four leached CAls suggests
that SiC is not present in significant quantities in these
CAls. This demonstrates that SiC grains themselves are
not a major phase responsible for the Ti isotope anomalies
found in CAls.

Instead, by comparing probability density functions of
mass-fractionation corrected “°Ti/*’Ti, “®Ti/*'Ti, and *°-
Ti/*'Ti ratios from CAls, PLACs, and SHIBs, this work
demonstrates that the Ti isotope anomalies of the CAI pop-
ulation can be explained by the averaging of isotopically
diverse hibonite grains. In turn, the diverse Ti isotopic com-
positions of hibonite grains reflect condensation from an
isotopically heterogenous molecular cloud. This idea of
averaging is additionally supported by Ca isotopic data
from the literature and is quantitively supported by the cen-
tral limit theorem.
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