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Abstract-The early solar system was a dynamic period during which the formation of early
solids set into motion the process of planet building. Although both astrophysical
observations and theoretical modeling demonstrate the presence of widespread transport of
material, we lack concrete quantitative constraints on timings, distances, and mechanisms
thereof. To trace these transport processes, one needs objects of known early formation times
and these objects would need to be distributed throughout parent bodies with known
accretion times and distances. Generally, these criteria are met by “regular” (i.e., non—
fractionated and unidentified nuclear and excluding hibonite-rich) Ca-Al-rich inclusions
(CAlIs) as these objects formed very early and close to the young Sun and contain distinctive
nucleosynthetic isotope anomalies that permit provenance tracing. However, nucleosynthetic
isotopic signatures of such refractory inclusions have so far primarily been analyzed in
chondritic meteorites that formed within ~4 AU from the Sun. Here, we investigate Ti isotopic
signatures of four refractory inclusions from the ungrouped carbonaceous chondrite WIS
91600 that was previously suggested to have formed beyond ~10 AU from the Sun. We show
that these inclusions exhibit correlated excesses in “°Ti and *°Ti and lack large Ti isotopic
anomalies that would otherwise be indicative of more enigmatic refractory materials with
unknown formation ages. Instead, these isotope systematics suggest the inclusions to be
genetically related to regular CAls commonly found in other chondrites that have a broadly
known formation region and age. Collectively, this implies that a common population of CAls
was distributed over the inner ~10 AU within ~3.5 Myr, yielding an average (minimum) speed
for the transport of millimeter-scale material in the early solar system of ~1 cm s~
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INTRODUCTION

Among the events that occurred in the early solar
system are myriad processes and reactions that led to
solid formation and planet building. One of the most
consequential of these processes for the eventual
compositions and locations of planetary bodies was
the widespread transport of matter throughout the
protoplanetary disk. Whereas many models have been
proposed to explain the movement and eventual current
arrangement of material in the solar system (e.g.,

[Correction added on 27 Jan 2023, after first online publication:
Second affiliation to Jan Render was added.]

Chambers & Wetherill, 1998; Ciesla, 2007; Desch et al.,
2018; Lambrechts & Johansen, 2012), quantitative time-
scales, distances, and underlying mechanisms of the
transport of various objects recovered from laboratory
measurements of materials that date from the very early
solar system are lacking.

The first solids that formed within the solar system
are widely thought to have been assemblages of
refractory minerals, referred to as Ca-Al-rich inclusions, or
CAlIs. Due to their atypical mineralogical compositions,
these objects must have formed in a high-temperature
environment that is often assumed to have existed close
(<1 AU) to the young Sun (Bekaert et al. [2021] and
references therein) and prior to bulk meteorite and
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planetesimal accretion (Connelly et al., 2017; MacPherson
et al., 2012). In this period, the Sun was in a more active
pre-main sequence phase that provided the necessary
physicochemical conditions for CAI formation for
<200,000 years (Cieza et al., 2007). Although having
formed in a broadly similar environment, however, these
refractory inclusions are found in a wide range of
materials—from a variety of chondritic meteorites,
interplanetary dust particles, and even cometary material
(Joswiak et al., 2017; Matzel et al., 2010; McKeegan
et al.,, 1998). As such, not only are refractory inclusions
evidence for substantial material transport throughout
the disk, but they are also highly diagnostic tracer
materials for mixing and transport early in solar system
history. Perhaps most notably, comet Wild 2 contains
such refractory materials (e.g., Joswiak et al., 2017,
Matzel et al., 2010), highlighting that materials from the
inner solar system were transported distally to the
cometary formation regions in the outer solar system.
And, while the observation of refractory minerals in
Wild 2 qualitatively argues for significant outward
transport of inner solar system material, such evidence
remains qualitative due to uncertainties on the radial
accretion distance of Wild 2.

Because refractory materials come in different types, it
is important to wunderstand the different materials’
relationships to each other to have an accurate accounting
of solar system materials. Specifically, these inclusions range
from ultrarefractory hibonite-rich grains found in CM and
CR chonderites (e.g., platy hibonite crystals [PLACs] and/or
spinel-hibonite inclusions [SHIBs]; e.g., Koop, Davis,
et al., 2016; K6o6p, Nakashima, et al., 2016), to the more
enigmatic (F)UN (fractionated and unidentified nuclear)
inclusions (e.g., Koop et al., 2018; Krot et al., 2014) and
“regular” (i.e., non-FUN and excluding hibonite-rich)
inclusions, which are commonly found in various chondrite
groups. The latter type, “regular” CAls, exhibit relatively
small ranges in nucleosynthetic isotope anomalies
compared to (F)UN inclusions and hibonite-rich grains,
which exhibit anomalies up to the percent level (Dauphas &
Schauble, 2016; Shollenberger et al., 2022). This
observation is compatible with “regular” CAls having
formed in an isotopically more homogeneous formation
region, and perhaps in a comparatively limited spatial and
temporal framework. This idea is additionally supported by
both long- and short-lived isotope chronometers, that attest
“regular” CAls (from here on just referred to as simply
“CAIs”) to have formed within ~40,000 to 200,000 years
(e.g., Connelly et al., 2017, Kawasaki et al., 2019;
MacPherson et al., 2012), consistent with the
abovementioned pre-main sequence stage of the young Sun
(Brennecka et al.,, 2020). Critically, this abbreviated
formation period is not only observed for larger sized
inclusions from CV chondrites (Jacobsen et al., 2008) but
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also for regular CAls from ordinary, CO, CR, and CM
chondrites (Makide et al., 2009; Matzel et al., 2013; Russell
et al., 1996; Ushikubo et al., 2017), all of which exhibit
(near-)canonical initial Al abundances (i.e.,
AlI7Aly ~ 5x 107°). And whereas the spatial and
temporal formation conditions of FUN CAls and hibonite-
rich inclusions are less well constrained, isotopic anomalies
of nucleosynthetic origin remain a powerful tool for
discriminating between these different types of refractory
inclusions.

One particularly useful element for determining the
genetic kinship of refractory inclusions is titanium (Ti).
Because Ti is a highly refractory element, it is present as
a major constituent of refractory inclusions, allowing
the Ti isotopic composition to be measured with high
fidelity, even in inclusions with sub-millimeter diameters
(Ebert et al., 2018; Render et al., 2019). Furthermore,
Ti has five stable isotopes (46Ti, 71, *Ti, “Ti, and
Ti) that are formed in a variety of nucleosynthetic
environments, meaning that Ti isotopic signatures can
provide information about the stellar sources that
contributed matter to the solar system (e.g., Steele
et al., 2012). Additionally, since the Ti isotope
signatures of materials such as PLACs, SHIBs, (F)UN
inclusions, and CAls are well documented (Dauphas &
Schauble, 2016; Davis et al., 2018; Render et al., 2019),
the genetic relationship of the different types of
inclusions is well established based on their related
46Ti/*Ti and °Ti/*'Ti signatures (Davis et al., 2018;
Render et al., 2019). Here, we leverage Ti isotopic
signatures of CAls located in a carbonaceous chondrite
that has been proposed to have assembled far more
distally than the parent bodies of most other meteorites
to shed quantitative light on the timings and distances
of the transport and mixing of millimeter-scale solids in
the early protoplanetary disk.

SAMPLES
WIS 91600

Wisconsin Range (WIS) 91600 was first classified as
a C2 carbonaceous chondrite with an affinity toward the
CM group (Choe et al., 2010). WIS 91600 is similar to
Belgica 7904 and Y-86720, which all exhibit bulk
chemical compositions similar to CM chondrites;
however, these three meteorites have undergone more
extensive aqueous alteration than CM chondrites. All
three chondrites exhibit unusual oxygen isotopic
compositions (A'’O ~ 0, close to CI carbonaceous
chondrites) and appear to have been moderately heated,
inducing several changes to these meteorites, most
notably the partial dehydration of phyllosilicates
compared to traditional CMs (e.g., Lentfort et al., 2021;
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Fig. 1. a—) Backscattered electron (BSE) images of an area in WIS 91600 showing framboidal magnetite spheres, indicating a

petrologic type 2.0 or lower for the aliquot used in this study.

Rubin et al., 2007). As such, these three chondrites have
been proposed to represent either a grouplet of
anomalous CM chondrites or even potentially a new
distinct group of chondrites known as the CY chondrites
(King et al, 2019). Whereas WIS 91600 has been
broadly classified as petrologic type 2.4 (Choe
et al., 2010), the presence of magnetite (Fig. 1) and the
lack of tochilinite—cronstedtite intergrowths (TCIs)
indicate a petrologic type 2.0 or lower for the specific
piece used in our study. This range of petrologic
characteristics being found in samples of the same
meteorite suggests that the parent body had variable
environmental conditions. Regardless of the exact
characteristics of any specific piece, the broad extensive
aqueous alteration and CM/CY-like properties suggest
that members of this proposed grouplet/group had a
distal formation region, particularly compared to the
parent bodies of ordinary and enstatite chondrites that
exhibit far lower degrees of aqueous alteration. To this
end, recent work by Bryson, Weiss, Biersteker,
et al. (2020) used the magnetic remanence carried by
WIS 91600 and proposed that the parent body(ies) of
these meteorites formed more distally than those of most
other meteorites (including extensively aqueously altered
chondrites like CM chondrites), placing a nominal
quantitative constraint on this distance of >9.8 AU
(details in Material S3 in supporting information).

CAI Samples

Two thick sections of WIS 91600 were examined for
CAlIs using the JEOL 6610 secondary electron microscope
(SEM) at the University of Miinster. Due to the extensive
and ubiquitous aqueous alteration (e.g., Fig. 1), many
primary phases had been destroyed or transformed,;
however, a handful of refractory inclusions were identified
by the presence of spinel and perovskite as well as their
overall shape and appearance. Out of the inclusions of
interest, only four CAls were identified that were large
enough for isotopic investigation. These samples range

from ~0.05 to ~0.15 mm? (Fig. 2a-d), at the upper end
of sizes reported for CM CAls (Ebert et al., 2019;
MacPherson, 2014; Rubin, 2011). Bulk chemical
compositions of these four CAls were characterized using
energy-dispersive X-ray spectroscopy (EDS) and these
data are presented in Table S1 in supporting information.

The four WIS CAls show evidence of having been
subjected to severe aqueous alteration, resulting in the
mineral assembly often being dominated by alteration
products (Fig. 2). Therefore, it was not possible to infer
the original mineralogical composition or perform
unambiguous classification of the subtypes of these
inclusions. The shape of CAI-1 suggests it is a fragment,
yet a circular character is visible, indicating that this
inclusion may have been a compact type CAI at one
time. Its interior has been reworked to secondary
alteration phases, whereas spinel along with small
perovskite grains are present in the rim. CAI-2 is
irregularly shaped, with spinel present on only one side
of the inclusion. Similar to CAI-1, it is possible that this
object is a fragment of a previously disrupted inclusion.
CAI-3 is an elongated and irregularly shaped inclusion
with spinel present as small grains throughout the object,
suggesting it was formerly a porous spinel-pyroxene-rich
aggregate or a distended chain of spinel nodules—
common in CM chondrites (MacPherson, 2014). Lastly,
CAI-4 is also irregularly shaped, but the boundary
between the CAI and the matrix is more recognizable for
this CAI than CAI-3. Spinel is the main phase with small
grains of perovskite also present, along with secondary
phases. As a result of the extensive alteration, none of
the four inclusions show evidence of Ca-pyroxene, a
common phase found in many other CM CAls.

METHODS
Sample Removal

After characterization, the CAIs were removed from
the WIS 91600 section following the method of Charlier
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Fig. 2. a—d) Backscattered electron (BSE) images of the investigated CAI samples. White dashed lines mark the area of the

investigated CAI. sp = spinel; pv = perovskite.

et al. (2000), as outlined in our previous study (Render
et al., 2019). In brief, thick sections of the meteorite
were mounted in a New Wave Research Micro Mill,
and a droplet of Milli-Q water was placed on the
meteorite surface. By drilling through the water droplet
into the area of interest, a suspension was created that
was transferred into PFA beakers using a pipette. Even
though the inclusions described here were the largest
ones present in our aliquot of WIS 91600, these CAls
were smaller than the minimum drill hole dimensions,
making it inevitable that some surrounding host
chondrite material was included with the sample during
removal, as shown in Fig. 3.

Dissolution of the drilled out material was
performed using table-top digestion in concentrated
HNO;-HF and reverse aqua regia for several days
each on a hotplate at 180 °C. After digestion, the
samples were dried down and re-dissolved in 12 M
HNO; for Ti purification following the method of
Torrano et al. (2019). Procedural blanks of this
chemical purification procedure are ~2 ng Ti and yields
are >70%. This sample set was accompanied by BCR-
2 and an aliquot (48.7 mg) of the bulk WIS 91600
chondrite.

Ti Isotope Measurements

Titanium isotope measurements were performed
using the Neptune Plus MC-ICPMS in combination
with a Cetac Aridus II® desolvator at the Institut fiir
Planetologie in Miinster and internally normalizing to
PTi/*Ti = 0.749766. Analyses were performed in
medium resolution mode and on the left shoulder of the
peak plateau to avoid a gaseous interference on mass 50
(Render et al., 2019). Results are given in e-notation, as
parts-per-ten-thousand deviations relative to the Origins
Lab OL-Ti standard:

(iTi/47Ti) sample
("Ti/*"Ti)

standard

e'Ti =

—1] x 10, 000.

The analytical uncertainty of our method was
determined from the twofold standard deviation of a
total of 20 analyses of the terrestrial basalt standard
BCR-2, yielding external reproducibilities for e*°Ti,
e*Ti, and £°°Ti of 0.68, 0.66, and 0.78 for 50 ng g~' Ti
solutions and 0.50, 0.29, and 0.49 for 100 ng g' Ti
solutions, respectively.
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Fig. 3. a—d) Pictures of the samples investigated in this study after removal using the microdrill. Dashed lines indicate the

approximate area of the CAI, also shown in Fig. 2.

As visible in Fig. 3, Ti from the surrounding
host meteorite was included to various degrees
during excavation of the four inclusions. Following
Ebert et al. (2018) and Render et al. (2019), we
therefore performed corrections on the measured Ti
isotopic composition to subtract any potential
effects from incidentally incorporated host chondrite
material. To this end, the fraction of CAI material
in each drill hole was calculated by comparing the
pre- and post-removal photographs, allowing for the
contribution of the host meteorite to be subtracted
from the measured value to calculate the original Ti
isotopic composition of the CAI (details given in
Material S2 in supporting information and in
Render et al., 2019). In the following sections, the
given Ti isotopic compositions of CAls always refer
to the corrected values. We emphasize that even the
highest correction of 0.36 e-units (applied to the
¢>°Ti isotopic composition of “CAI 17) is smaller than
the analytical uncertainty achieved here, indicating that
the incidental inclusion of surrounding host meteorite
material during the drilling process only has a minor
effect on the Ti isotopic compositions reported.

RESULTS AND DISCUSSION
Ti Isotope Signatures

Ti isotopic compositions of standards and samples
and their associated uncertainties are shown in Table 1
and Fig. 4. To verify the accuracy of our method, we
analyzed our internal laboratory CAI standard, the
sample “Egg-2 high” as well as the terrestrial basalt
standard USGS BCR-2 in the same analytical session.
Both standards yielded Ti isotopic compositions that are
typical for a CV CAI (Egg-2 high) as well as of a
terrestrial sample (BCR-2) and that are indistinguishable
from previously reported Ti isotopic signatures for these
particular samples (e.g., Ebert et al.,, 2018; Gerber
et al., 2017; Render et al., 2019; Zhang et al., 2011).

Our bulk aliquot of WIS 91600 exhibits positive Ti
isotopic anomalies in €*°Ti and €°°Ti, whereas its **Ti
value is not resolved from BCR-2 (Table 1), all of
which are in good agreement with previously published
Ti isotopic compositions of CM chondrites and the
ungrouped  chondrite  Tagish  Lake  (Trinquier
et al., 2009), demonstrating the close genetic kinship
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Table 1. Mass-independent Ti isotopic compositions of terrestrial and CAI samples investigated in this study.
Sample TiO, (Wt%)? fear ppb Tig N° g*Ti¢ e Ti¢ eTi¢
Egg-2 high 100 1 1.82 + 0.50 0.71 £ 0.29 9.85 + 0.49
BCR-2 50 10 -0.23 + 0.21 0.07 £ 0.21 0.16 £ 0.25
100 10 —-0.24 + 0.16 —0.09 + 0.09 —0.16 = 0.16
WIS 91600 bulk 0.057 300 5 0.63 £ 0.10 —-0.05 + 0.03 2.81 £0.15
CAI 1¢ 0.17 0.70 50 2 —0.03 £+ 0.68 — —-0.06 = 0.80
CAI 2 0.36 0.30 100 3 0.94 + 0.50 0.63 £+ 0.30 3.17 £ 0.49
CAI 3¢ 0.10 0.82 50 2 0.56 + 0.68 — 1.18 + 0.79
CAI 4 0.54 0.28 100 3 0.99 + 0.50 0.28 + 0.29 4.36 + 0.52

“TiO, concentration in weight percent as determined by SEM-EDS for CAls and by quadrupole ICPMS for bulk WIS 91600. fca; denotes the
fraction of CAI material per sample.

®Number of analyses of the same sample solution.

“Nucleosynthetic Ti isotope data are reported using the e-notation relative to the OL-Ti reference standard and are mass-bias corrected by
internally normalizing to **Ti/*’Ti = 0.749766 and using the exponential law. For samples measured >3 times, uncertainties are twofold standard
errors (2 SE) from replicate analyses; for samples measured <3 times, uncertainties reflect the external reproducibility as defined by 2 x standard
deviation (2 SD) of repeated analyses of BCR-2. Measured Ti isotopic compositions of the WIS CAls were corrected for incidental inclusion of

host chondrite material (Fig. 3) and final uncertainties include a 50% propagation from these corrections (details given in Material S2).
9No e*Ti isotope data reported due to low Ti contents and more significant interferences from “*Ca during these measurements.

between these carbonaceous chondrites. However,
whereas both Tagish Lake and CM chondrites
typically exhibit Ti concentrations of ~550 pg g™' (e.g.,
Braukmiiller et al., 2018), we determined a comparatively
lower Ti abundance of 339 pg g~' for our aliquot of WIS
91600 (corresponding to 0.057 wt% TiO,, Table 1), which
is more akin to the Ti concentration reported for CI
chondrites (~400 pg g~' Ti; Braukmiiller et al., 2018).
Consistent with this observation, the section of WIS
91600 investigated here also exhibits a more Cl-like
structure and modal mineralogy: typical CM phases, such
as TCIs, are completely absent, whereas framboidal
magnetite is omnipresent (Fig. 1). Similar observations
have been previously made for other anomalous CM
and C2 chondrites such as Essebi, Bells, and Tagish
Lake (e.g., Brearley, 1995; Brown et al., 2000; Patzek
et al., 2018). In these chondrites, the framboidal
magnetite typically results from heavy and progressive
alteration under the presence of aqueous fluids and the
breakdown of tochilinite (McSween, 1987; Tomeoka &
Buseck, 1985).

Similarly, all four refractory inclusions investigated
here underwent extensive aqueous alteration as
indicated by the abundance of alteration products and
magnetite surrounding CAI-1 (Fig. 2). The reason for
the presence of this magnetite-rich rim surrounding only
one of the four CAls is currently not known but may
indicate that CAI-1 may have had a rim that differed in
mineralogy to that of the other CAls. Furthermore,
evidence from other CAIls found in a thin section of
WIS 91600 (not measured here) shows multiple highly
altered spinel and Al-rich regions where the Al-phases
have been largely destroyed and paired with low-Ti

content CAls, suggesting that CAls in this meteorite
have been, in general, significantly altered.

A survey of 20 refractory inclusions from the
Mighei CM chondrite yielded an average ~2 wt% TiO,
(MacPherson & Davis, 1994), whereas samples of this
study contained systematically less TiO,, ranging
between 0.10 and 0.56 wt% (note, however, that the
abovementioned survey also included hibonite-bearing
inclusions, which is a Ti-bearing mineral that is absent
in the inclusions investigated here). The WIS CAls also
contain lower Ti concentrations compared to “regular”
CAIs from other chondrite groups that—while variable
from sample to sample—typically contain 0.5-2 wt%
TiO, (e.g., Ebert et al., 2018; Render et al., 2019;
Stracke et al., 2012). This dearth of Ti could be
indigenous to these WIS CAlIs or, alternatively, the lack
of Ti could in principle be a function of the significant
aqueous and metamorphic alteration observed in this
aliquot of WIS 91600.

Similarly, the four CAIls in this study exhibit
relatively small isotopic anomalies in the most diagnostic
isotope (¢°°Ti) ranging from ~0 (CAI 1) to ~4.5 (CAI 4)
e-units compared to other CAIs that often display
excesses of ~9 e. In fact, there appears to be a link
(R* = 0.83) between Ti concentration and £°Ti in the
four CAls investigated in this study. However, given that
Ti is not typically considered a mobile element under
most conditions (e.g., Gaillardet et al., 2014), it appears
rather unlikely that most of the initial Ti in these CAls
has been redistributed. Instead, we currently presume
that the abovementioned link between Ti concentration
and Ti isotopic composition is coincidental and may
result from the relatively small number of inclusions
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Fig. 4. a) Nucleosynthetic Ti isotopic compositions of the four inclusions from WIS 91600 reported here are distinct from Ti
isotope data of hibonite-rich and FUN CAIls (Ko6op et al., 2018; Loss et al., 1994; Niederer et al., 1980, 1981; Park et al., 2014;
Williams et al., 2016) and the two hibonite-rich inclusions from the CM chondrite Jbilet Winselwan (Render et al., 2019) (note

that hibonite-rich grains can be far more isotopically anomalou

s [K6op, Davis, et al., 2016; Ko6p, Nakashima, et al., 2016]). b)

Instead, all four WIS 91600 inclusions studied here fall along the linear regression previously defined for “regular” CAls
(Shollenberger et al. [2022] and references therein). Uncertainties of JW-4, JW-7, and bulk WIS 91600 are smaller than the

symbols.

studied here. Consistent with this hypothesis, the bulk
WIS 91600 Ti isotope signature is also indistinguishable
to previously reported nucleosynthetic Ti isotope
anomalies of CM chondrites that WIS 91600 has been
suggested to be related to. This is despite the severe
aqueous alteration of our section of bulk WIS 91600 and
its comparatively low Ti concentration, indicating that
mass-independent Ti isotopic compositions are not
substantially affected during secondary alteration and the
potential redistribution of Ti.

Lastly, we note that even if these CAls lost some of
their Ti during aqueous alteration of WIS 91600, the
inclusions investigated here are still enriched in Ti
compared to the surrounding material. Specifically, and
despite their dearth in Ti, the CAls still contain ~3 to
~10 times more Ti than their host meteorite (Table 1).
Importantly, any potential mixing of host rock Ti with
CAI Ti would only shift the measured CAI signal
slightly closer to the bulk rock instead of drastically
altering the isotopic character of a CAI. Thus, it is

possible that the Ti isotope anomalies of the inclusions
have been diluted to smaller magnitudes; however, it
would be very difficult to overprint the isotopic
character of the inclusions (Ebert et al., 2018).
Considering that both FUN CAIs and hibonite-rich
inclusions are vastly different in their Ti isotopic
compositions (Fig. 4), it would require >100 times the
original Ti content of the inclusions to effectively
overprint such highly anomalous Ti isotopic signatures.

Potential Genetic Relationships to Different CAI Families

The primary goal of this study is to determine if the
inclusions located in WIS 91600—even if potentially
modified by aqueous alteration—are genetically related
to well-studied CAls found in other carbonaceous
chondrites. As mentioned above, the four inclusions
investigated here are distinguishable in their Ti isotopic
compositions, but even when CAIs from various host
meteorites have different absolute nucleosynthetic
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anomalies, their relationship to one another can be
probed using isotope anomaly ratios.

For regular CAls, this genetic kinship is
recognizable in correlated £*°Ti versus ¢*°Ti anomalies
(Davis et al., 2018; Render et al., 2019), with almost all
inclusions analyzed so far plotting along a well-defined
array (¢*°Ti = [0.188 + 0.015] x €°Ti — [0.10 + 0.14];
Shollenberger et al., 2022). In contrast, earlier formed
solids, such as PLACs and SHIBs, not only display
considerably larger isotopic anomalies but also lack this
correlation in Ti isotope anomalies (e.g., K&op, Davis,
et al., 2016; Koop, Nakashima, et al., 2016). As evident
from their vastly different isotopic characters, these
hibonite-rich inclusions as well as (F)UN CAIs do not
share the same isotopic heritage and must have
captured different mixtures of isotopically anomalous
matter compared to regular CAls. Combining the *°Ti
and €°°Ti of a sample thus provides a means to test the
genetic relationship of individual refractory inclusions.

Three of the four WIS 91600 inclusions measured
here exhibit distinguishable excesses in €°°Ti, and two
display positive anomalies in €**Ti. Even though these
anomalies are more muted compared to many other CAls
from other meteorites, all four inclusions measured in this
study fall along the previously defined e**Ti-¢™Ti
correlation line (Fig. 4), strongly suggesting that these
WIS 91600 CAls incorporated similar mixtures of
presolar matter and thus likely share a common origin
with CAIs from other chondrites. It is yet unclear why
CAIs have variable isotopic anomalies in certain elements
(e.g., Ti, Ni, Sr, Mo, W; Brennecka et al., 2020; Render
et al., 2018); however, proposed explanations include that
one source of material during the CAl-forming epoch
was isotopically anomalous, and/or that late-infalling
material from the solar system’s parental molecular cloud
had variable isotopic signatures due to changes in the
isotopic composition of this infall (Brennecka et al., 2020;
Jacquet et al.,, 2019; Nanne et al., 2019). As such,
inclusions spanning the &**Ti-e>°Ti correlation could
possibly represent CAls that formed at slightly different
times during the infall and/or incorporated moderately
more or less of similarly sourced isotopically anomalous
Ti phases. As formation ages for these four inclusions in
particular have not been reported, their precise
chronology is unknown; however, based on extensive
prior chronology (Connelly et al., 2017; Kawasaki
et al., 2019; MacPherson et al., 2012), the population of
CAls is generally thought to have been formed within
<200,000 years during the Sun’s pre-main sequence phase
(Brennecka et al., 2020).

Considering the vast differences in mineralogical
composition and isotopic character between CAls and
other early solids, these four refractory inclusions from
WIS 91600 appear unrelated to (F)UN CAIls and
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hibonite-rich inclusions and display characteristics that
are typical for regular CAls. Collectively, these
observations indicate that the four inclusions analyzed
here formed broadly contemporaneously together with
CAls from other carbonaceous chondrites and within
<1 AU of the Sun.

Implications for Solar System Transport Processes

Based on the measured magnetic remanence carried
by WIS 91600 (Bryson, Weiss, Biersteker, et al., 2020)
compared to that carried by individual chondrules
extracted from several meteorites (Borlina et al., 2021;
Fu et al., 2014, 2020), bulk meteorites (Bryson, Weiss,
Lima, et al, 2020; Cournede et al., 2015), and
magnetohydrodynamical models of the protoplanetary
disk (Bai, 2015; Bai & Goodman, 2009; Weiss
et al., 2021), the parent body of WIS 91600 has been
argued to originate notably more distally than those of
most of meteorite groups, potentially at >10 AU (a
detailed discussion of these comparisons is presented in
Material S3 in supporting information).

As indicated by their Ti isotopic and mineralogical
signatures, the four WIS CAIs studied here are most
consistently related to CAIls found in the more well-
studied carbonaceous chondrite groups (e.g., CM, CV,
CR chondrites). This link is important because such
regular CAls are thought to have formed close to the
Sun (<1 AU; Bekaert et al., 2021) in a geologically brief
window of time (<200,000 years; Connelly et al., 2017;
Kawasaki et al., 2019; MacPherson et al., 2012), and
their presence in a meteorite that formed distally in the
solar system at ~3.5 Myr (Sugiura & Fujiya, 2014)
provides some of the first quantitative constraints on the
time scales and distances of the transport of millimeter-
scale material in the early solar system. This is consistent
with the more recent notion that CAIs were already
present in the CC region prior to achondrite (Render
et al., 2022) and iron meteorite (Zhang et al., 2022)
formation (i.e., <1 Myr after solar system formation).
Taking the conservatively approximated values of
0.5 AU for CAI formation and 3.5 Myr after CAI
formation for the accretion of the WIS 91600 parent
body at 9.8 AU, we calculate a first-order approximation
of the transport speed of millimeter-scale objects in the
early protoplanetary disk of ~400 km year™'. This first
estimate fails to capture any of the caveats resulting from
the uncertainties of the formation/accretion ages of CAls
and the WIS 91600 parent body, as well as of the
distances of their formation. Addressing this shortcoming
is possible by employing a Monte Carlo approach
(N = 30,000 cycles), which provides a perhaps more
reliable estimate of the average transport speed and
assigns an uncertainty to this assessment (see Material S4
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in supporting information). To this end, we integrate the
abovementioned formation times and locations of CAls
and WIS 91600 to a transport distance of 9.3 + 2.0 AU
over a transfer period 3.5 £ 1.0 million years. Using
these parameters, our model yields an average transport
speed of 410 + 170 km year™' or, on a more human
scale, 1.2 + 0.5 cm s~! (2 SD).

Of course, this calculated average transport speed is
unable to capture the highly turbulent nature of disk
dynamics, nor does it account for any potential travel
above the midplane of the disk. As such, it represents a
minimum rate based on a direct line distance from the
source and the production and accretion ages of the
materials involved. Similarly, the previously reported
WIS 91600 accretion distance of ~9.8 AU represents a
minimum distance for CAI transport—this could extend
well into cometary accretion areas of >30 AU (e.g.,
Joswiak et al., 2017; Matzel et al., 2010). Nonetheless,
this work demonstrates how to genetically connect
material formed at a broadly known time and location
in the inner solar system to its settling place in the outer
solar system at a known time and location. As such,
our investigation provides a fundamental constraint on
the rates of transport of millimeter-scale material in the
early solar system that could help to shed light on the
dynamics of dust, gas, and solids within this structure.
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SUPPORTING INFORMATION Material S2. Correction of Ti isotopic
compositions.
Additional supporting information may be found in Material S3. Details on paleomagnetic remanence
the online version of this article. measurements of WIS 91600.
Material S1. Chemical compositions of CAls and Material S4. Monte Carlo simulations.

bulk WIS 91600.
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