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Al-Mg isotopic compositions. Our TEM observations provide evidence for low degree secondary
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Abstract

A coordinated mineralogical and oxygen and Al-Mg isotopic study of a Type B Ca-Al-rich
inclusion (CAI) from the reduced CV3 chondrite Vigarano was carried out using transmission
electron microscopy and secondary ion mass spectrometry. This CAl, a once molten igneous object,
shows heterogeneous oxygen isotopic compositions among its constituent mineral phases. Spinel
is uniformly 0O-rich with A’O <—23%.. The A0 values of Al, Ti-diopside in the CAI core range
from —11%o to —18%., which are positively correlated with its TiO> contents, whereas diopside in
the Wark-Lovering (WL) rim is 0-rich with AYO = —23%.. Melilite in the CAI mantle shows
A0 values <—10%o only when Ake<is but becomes more *%0-poor (A0 = —3%o to —9%o) When
Aks15. These correlated chemical and oxygen isotopic variations were likely established during
crystallization of melilite and Al, Ti-diopside from a partial melt, while spinel preserves the original
180-rich composition of the CAl precursor. We infer that a partial melt was isotopically evolving
from *80-rich to *O-poor during melilite crystallization, then back to **O-rich during Al, Ti-rich
diopside crystallization via exchange with different gas reservoirs of ®O-poor and ¢O-rich
compositions during heating event(s). Our Al-Mg isotopic measurements of the CAIl core and
mantle define a single isochron with an inferred initial 2°Al/2’Al ratio of 4.93x107°,
indistinguishable from that of the WL rim. This indicates that multiple high-temperature events
and oxygen isotopic exchange with isotopically distinct gas reservoirs occurred rapidly during the
CAI formation.
Keywords: Calcium-aluminume-rich inclusions, solar nebula, oxygen isotopes, Al-Mg isotope

systematic, transmission electron microscopy

1. Introduction

Refractory Ca-Al-rich inclusions (CAls) are among the oldest solids (4.567 Ga; Connelly
et al., 2012) that record the early stages of Solar System formation. CAls are composed of high-
temperature refractory minerals that, based on thermodynamic calculations (Grossman, 1972), are
predicted to condense from a cooling gas of solar composition, and so they are commonly thought
to reflect primordial materials. Diverse types of CAls have been identified and extensively studied
from different chondrite groups; now we understand that many CAls are coarse-grained inclusions
that formed by various degrees of melting and evaporation of an initial dust population comprised

of earlier, more primitive condensates. In particular, the CV chondrite group contains relatively
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large and abundant igneous CAls (MacPherson, 2014). Studies of mineralogical and isotopic
record(s) of these igneous CAls can therefore be used to constrain the range of high-temperature
conditions, and possible changing nebular reservoirs, that primordial materials experienced.

Significant variations in oxygen isotopic compositions have been revealed by in situ
measurements within and among igneous CAls in CV chondrites, and the origin of these variations
has been a subject of considerable debate. Many minerals in the inclusion, including melilite,
anorthite, and Al,Ti-diopside, appear to have various degrees of %O depletion, compared to
hibonite and spinel that are consistently *®O-rich. Such oxygen isotopic heterogeneity in igneous
CAls may have been established in the solar nebula by (1) gas-melt exchange during one or more
melting events and subsequent mineral crystallization (e.g., Yurimoto et al., 1998; Fagan et al.,
2004; Yoshitake et al., 2005; Aléon et al., 2007; Aléon, 2016; Kawasaki et al., 2018; Simon et al.,
2019; Suzumura et al., 2021) or (2) gas-solid exchange during one or more nebular heating events
after CAl solidification (Simon et al., 2011, 2016). Importantly, CV chondrites, even those from
the reduced subgroup, are known to have preserved a record of fluid-assisted metasomatism and
thermal metamorphism at a peak temperature of ~300—500°C on their parent body (Brearley and
Krot, 2013). These alteration processes likely modified the primary nebular signatures of oxygen
isotopes in igneous CAls via (3) mineralogically controlled exchange with an *0-poor fluid on
the CV chondrite parent body (e.g., Krot et al., 2019, 2021, 2022). Therefore, the observed
heterogeneous distributions in oxygen isotopes among and within individual minerals from
different igneous CAls in CV chondrites could have been the result of combined and complex
effects of oxygen isotopic exchanges with gas reservoirs in the solar nebula, with aqueous fluids
on the parent body, or both.

Considerable variations in initial 2°Al/2’Al ratios, denoted by (*°Al/?’Al)o, have been
indicated by high-precision mineral isochron studies of igneous CAls from CV chondrites. To first
order, the 2°Al-®Mg isotope systematics (ti2 = 0.705 Ma; Norris et al., 1983) provide high-
resolution timing constraints for the first ~4 Ma of Solar System history. Previous secondary ion
mass spectrometry (SIMS) studies of compact Type A (CTA), Type B, and forsterite-bearing Type
B (FoB) CAls reported a spread in (®Al/2’Al)o from 5.2x10°° to 4.2x107° (Kita et al., 2012;
MacPherson et al., 2012, 2017, 2018; Kawasaki et al., 2018, 2021; Han et al., 2020). This spread
suggests that igneous CAls began to form as early as the canonical 26Al/?’Al value (5.23x10°5;

Jacobsen et al., 2008) was established, and some of them were later reprocessed by repeated high-
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temperature events that occurred for at least ~0.4 Ma in the solar nebula resulting in partial to
complete melting and/or evaporation. Evidence for nebular resetting of 26Al/2’Al in CAls was also
provided by multicollector inductively coupled plasma mass spectrometry measurements of CTA
and Type B CAls from CV chondrites (Young et al., 2005; Simon et al., 2005; Simon and Young,
2011). Thus, igneous CAls from CV chondrites appear to have preserved a record of interaction
and exchange with spatially and/or temporally distinct gas reservoir(s) in the protoplanetary disk.

Here we present the results of coordinated analyses of petrology, mineralogy,
microstructures, and oxygen and Al-Mg isotopic compositions of a Type B CAI, ‘‘Big Guy”, from
the reduced CV3 chondrite Vigarano. Coordinated analyses using multiple ion- and electron-beam
techniques are crucial to fully decipher complex processes that the CAl experienced in the nebular
and asteroidal settings. Our goals were: (1) to better characterize mineralogical and chemical
variations across the CAl, (2) to search for any variations in oxygen and Mg isotopic compositions
across the CAl, (3) to determine the timing of CAI formation relative to the assumed “time zero”
represented by 2Al/%’Al = 5.23x10°° (Jacobsen et al., 2008) using the 26Al-2Mg chronology, (4)
to evaluate mineralogical and isotopic evidence for secondary parent body alteration that the CAl
may have experienced, and finally (5) constrain the formation conditions of the CAl in the solar
nebula. Han et al. (2020) is a companion study that focused on the Wark-Lovering (WL) rim on

the same inclusion to investigate the origin and nature of WL rims.

2. Methods
2.1. Electron microscopy

The CAI Big Guy (Fig. 1) in a thin section of Vigarano (USMNH 447) was initially
characterized using a JEOL 7600F scanning electron microscope (SEM), as well as CAMECA
SX-100 and JEOL JXA-8530F electron probe microanalyzers (EPMASs) at NASA Johnson Space
Center (JSC). The EPMA measurements were performed at 15 kV accelerating voltage, 30 nA
beam current, and 1 pm spot size. After the oxygen and Al-Mg isotope analyses by SIMS, a JEOL
JXA-8530F EPMA at Korea Polar Research Institute (KOPRI) was utilized to obtain chemical
compositions of melilite and pyroxene by measuring >4 points as close as possible (within 5-7
pm) to their SIMS spots. Average values of &kermanite (Ak®) content in melilite and TiO2 (TiO2)
content in pyroxene were used to find any correlations with their oxygen isotopic composition, as

discussed in Section 3.2. These EPMA measurements were performed at 15 kV accelerating
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voltage, 20 nA beam current, and 1 um spot size.

Three electron-transparent sections were prepared from the core and the core-mantle
boundary of the CAl, using a FEI Quanta 3D 600 dual beam focused ion beam (FIB)/SEM at
NASA JSC. In addition, three additional sections were cut from the mantle-rim boundary, and
their transmission electron microscopy (TEM) observations were presented in Han et al. (2020).
The FIB sections were examined using a 200kV JEOL 2500SE field-emission scanning TEM
(STEM) at NASA JSC. Bright-field (BF) and dark-field (DF) STEM images, high-resolution (HR)
TEM images, and selected area electron diffraction patterns were acquired and processed using
GATAN Digital Microscopy Suite® imaging software. In addition, quantitative chemical
microanalyses and elemental mapping were carried out using a Thermo-Noran thin-window
energy dispersive X-ray spectrometer. Elemental X-ray maps were obtained using STEM raster
mode with a scanned probe size of 2 nm and a dwell time of 50 ps/pixel. Data reduction was
performed using the Cliff-Lorimer thin film approximation with experimental and theoretical K-

factors.

2.2. SIMS measurements

Han et al. (2020) presented oxygen and Al-Mg isotopic compositions of the CAl Big Guy,
with a focus on its WL rim, obtained using the CAMECA NanoSIMS 50L ion microprobe at
NASA JSC and the CAMECA ims-1290 ion microprobe at UCLA, respectively. For this study,
new oxygen and Al-Mg isotope measurements from the same inclusion were made with the UCLA
ims-1290 ion microprobe.

Given the relatively large errors associated with the NanoSIMS oxygen isotope data
reported in Han et al. (2020), we re-analyzed oxygen isotopic compositions of melilite, spinel, and
diopside in Big Guy in two sessions using the ims-1290 ion microprobe. In session one (30-1), a
~4 nA Cs* beam focused into a ~10 pm spot was used to analyze coarse melilite grains in the CAI
interior, and three oxygen isotopes were collected simultaneously by using three Faraday cups
(FCs). In session two (30-11), due to the smaller sizes of spinel and diopside in the CAl interior
and the WL rim, a ~50 pA Cs* beam focused into a ~2—-3 um spot was used, and secondary ions
of 10, 70, and 80~ were detected simultaneously on a multicollector FC, the axial electron
multiplier (EM), and a multicollector EM, respectively. A normal incidence electron gun was used

for charge compensation. lon intensities were corrected for backgrounds and yields (FC) or
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deadtime (EM) as appropriate for each detector. The mass resolution power (MRP, defined as
M/AM) was set at ~5500 on mass 17 to ensure that the contribution of *30H-to 'O~ was negligible.
Oxygen isotopic compositions are reported in delta notation relative to Standard Mean Ocean
Water (SMOW), with 880 (%0) = [((*"*80/**0)sample/(}"180/*°0)smow)*1]x1000. Vertical
deviations from the terrestrial fractionation line were calculated as A’O (%o) = §1'0—0.52x50.
Instrumental fractionation was corrected using Madagascar hibonite for melilite in session one
(30-1) and Burma spinel for spinel, Synthetic gehlenite (Yurimoto et al., 1994) for melilite, and
San Carlos pyroxene for diopside in session two (30-11). Reported errors on §*20, §*'0, and AY'O
are 2o standard deviations obtained from repeated measurements of standards, which are ~0.8%o,
~0.5%o, and ~0.5%o, respectively, for session one (30-1) and ~0.8%o, ~1.0%o, and ~0.9%o for
session two (30-I1). Overall, our new ims-1290 ion microprobe data are consistent within errors
with the NanoSIMS data (Han et al., 2020) but of higher precision; thus, only the new data acquired
here are discussed in detail below. One should note that only A0 values are discussed below, as
517180 in melilite and diopside could be a few %o deviated from the true values due to the lack of
matrix-matching standards to correct for the matrix effects, which are purely mass dependent.

Han et al. (2020) applied peak-jumping monocollection to analyze melilite from the CAI
interior, which resulted in somewhat a larger uncertainty on A®Mg* values. Such uncertainty
precluded a precise determination of (*®Al/2’Al), from its isochron diagram, although the melilite
data were broadly consistent with high-precision multicollection data obtained from hibonite,
spinel, and diopside in the CAl interior and the WL rim. Thus, we re-measured Al-Mg isotopic
compositions of melilite, spinel, and Al, Ti-diopside from the CAl interior using high-precision
multicollection with FCs, as described in Han et al. (2020).

3. Results
3.1. Mineralogy and petrology

The Vigarano CAI Big Guy is a 1,200x750 um fragment of a coarse-grained Type B
inclusion with a classic core-mantle-rim structure (Fig. 1). The core, ~650 pm across, consists of
a polycrystalline mass of blocky Al Ti-diopside grains and poikilitic euhedral spinel crystals (Fig.
2). The core diopside appears to be zoned outwards from Ti-rich, Mg-poor to Ti-poor, Mg-rich
(Fig. 2b), with a range of 6.7-16.5 wt% TiO and 16.7-21.3 wt% Al,Oz (Fig. 3a). The core edges
are highly convoluted and exhibit Ti enrichments (Figs. 2f-g). TEM analyses show that Al,Ti-



177 diopside (15 wt% TiO>) in the core edge is rimmed by a thin (~200-500 nm) layer of Al-diopside
178 (<3 wt% TiOy), and these two diopsides are chemically distinct but crystallographically continuous
179  (Fig. 4). Although both diopsides have relatively constant Al.Oz contents (15-17 wt%), the core
180 Al Ti-diopside shows Ti enrichments and corresponding Si depletions within ~20 nm of the grain
181  boundary (Fig. 4b), contributing to the Ti enrichments along the core edge. Locally, symplectic
182  intergrowths of perovskite, melilite, and Al, Ti-diopside occur at the core-mantle boundary (Figs.
183  2d-e). TEM analyses show that the perovskite grains in these intergrowths are typically elongated
184  and partially surrounded by Al, Ti-diopside, embedded in melilite (Fig. 5a).

185 The mantle is composed predominantly of coarse melilite grains, ~250-450 pum in size.
186  These melilite grains radiate from the WL rim towards the core and are strongly zoned along their
187  lengths, indicating inward growth during crystallization of a CAl melt (MacPherson and Grossman,
188 1981). In general, the akermanite content varies systematically (Fig. 3b), gradually decreasing
189  from 55 mol% to 15 mol% over a distance of ~50-200 um from the core and then becoming
190  relatively constant (~10-15 mol%) throughout the rest of the mantle. Notably, the akermanite
191  content decreases down to 0 mol% within ~20 um from the WL rim. Based on TEM observations
192  reported in Han et al. (2020), the mantle margin just inside of the WL rim consists of micrometer-
193  sized, pure gehlenite grains with a rare inclusion of grossite.

194 Spinel occurs as subhedral to euhedral grains poikilitically enclosed in the core and the
195  mantle. Although its grain size and abundance tend to increase inwards, spinel both in the core and
196  the mantle has a uniform composition of nearly pure MgAl204 with 0.3-0.6 wt% V203 and <0.1wt%
197  FeO. Additionally, perovskite occurs as small grains attached to spinel crystals in the core and the
198  mantle (Figs. 2d-g), but rarely as interstitial grains between melilite grains in the mantle.

199 Finally, the CAl is surrounded by a classic multi-layered WL rim sequence (from the inside
200  outwards): hibonite, spinel with hibonite and perovskite, melilite partially replaced by anorthite,
201  zoned diopside grading outwards from Al, Ti-rich to Al,Ti-poor, and forsteritic olivine. A detailed
202 microstructural and isotopic study of the WL rim was presented in Han et al. (2020). An
203  accretionary rim is also present on the WL rim and is dominated by forsteritic olivine with minor
204  metal and micro-CAls (Fig. 1).

205 Despite being found in a reduced CV3 chondrite, Big Guy does show minor effects of
206  secondary parent body alteration, similar to other coarse-grained CAIls in the same meteorite

207  (Brearley and Krot, 2013). The principal manifestation of such processes is the widespread, yet
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heterogeneous, Fe enrichments along cracks and grain boundaries throughout the inclusion (Fig.
2¢). TEM analyses of the core-mantle boundary reveal that ubiquitous Fe-rich veins up to ~1.5 um
in thickness occur along the grain boundaries of Al, Ti-diopside and melilite and commonly cross-
cut through melilite grains (Figs. 4a, 5). These veins are typically porous and poorly crystalline,
and their interfaces with melilite appear highly irregular and commonly embayed into melilite
grains. Some veins between melilite grains are zoned (Fig. 5b); the grains are walled by a porous,
fibrous layer rich in phyllosilicates, whereas the middle of the veins is relatively denser and more
Fe-rich. Phyllosilicates show a basal spacing of ~0.7 nm corresponding to serpentine (Fig. 5c).
The Fe-rich layer is inferred as ferrihydrite and possibly nanophase magnetite, based on the
observed basal spacings of 0.20 nm, 0.25 nm, and 0.52 nm (Lee et al., 1996). At the mantle-rim
boundary, amorphous Fe-rich veins (<0.5 um in thickness) are developed along grain boundaries
of melilite and hibonite and into melilite grains.

3.2. Oxygen isotopic compositions

The oxygen isotopic compositions of the CAIl Big Guy are plotted in Figure 6 and listed in
Table 1. Spinel is uniformly °O-rich with A0 <—23%o, regardless of its location. The WL rim
diopside is also 1°0-rich with A0 = —23%.. In contrast, Al, Ti-diopside in the core and melilite in
the mantle are relatively °O-depleted to various degrees, with A’O values ranging from —11%o to
—18%o and from —3%o to —15%o, respectively.

The observed variations in oxygen isotopic compositions of pyroxene and melilite in Big
Guy appear to be correlated with their chemical compositions. Figure 6a shows a positive
correlation between A0 values and TiO; contents of Al,Ti-diopside in the core and diopside in
the WL rim. Such a relationship has been reported for Al, Ti-diopside in CTA and Type B CAls
(Aléon, 2016; Kawasaki et al., 2018; Suzumura et al., 2021; Krot et al., 2022; MacPherson et al.,
2022). Although different CAls display different ranges of oxygen isotopic and chemical
compositions of Al Ti-diopside, their AYO variations flatten out towards —23%. with decreasing
TiO2 content in the diopside. Figure 6b shows a relationship between AO values and the
dkermanite contents of melilite in the mantle. The A’O values <~10%o can be observed only in
melilite with Ak<s. Melilite with Aks1s is more %0-poor, with A0 ranging from —3%o to —9%o.
A similar trend between oxygen isotopic compositions and chemical zoning of melilite (Ak<so)
was observed for the CTA CAIl E49 in Efremovka (Aléon et al., 2007). In contrast, relatively
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constant *60-poor compositions were observed from melilite with Ak up to ~60 mol% in CTA and
Type B1 CAls (Kawasaki et al., 2018; Suzumura et al., 2021). Figures 6¢ and 6d show the spatial
distribution of oxygen isotopic compositions on the maps of TiO. content of the core Al,Ti-
diopside and akermanite content of the mantle melilite, suggesting no simple monotonic change
of A0 variations in these two phases as a function of distance from the matrix. In particular, the
most 1°0-enriched melilite with A0 = —15%o is observed in the center of the mantle where its
dkermanite content is lowest (~15 mol%), and a gradual decrease in %0 enrichment occurs towards
both the core (A0 = —3%.) and the mantle margin (A0 =~ —7%o). The A0 increase towards the
core is accompanied with a gradual Mg enrichment in melilite up to Ak = 55 mol%, whereas, in

the mantle margin, the A0 values do not correlate with the chemical compositions of melilite.

3.3. Al-Mg isotopic compositions

The Al-Mg isotope data of spinel, Al Ti-diopside, and melilite in the CAl Big Guy are
plotted in Figure 7 and listed in Table 2. These high-precision multicollection data define a single
isochron, albeit with some scatter (reduced x? = 4.6) in the melilite data. The slope and the intercept
of the isochron correspond to (25Al/2’Al)o = (4.93+0.18)x10° and A?Mgo* = —0.01+0.1%o (25),
respectively. This inferred (?Al/2’Al)o ratio is consistent with that reported in Han et al. (2020)
derived from the data obtained with the same instrument of spinel and Al,Ti-diopside from the
CAl interior, and hibonite, spinel, and diopside from the WL rim.

All minerals in the CAl interior exhibit high §2°Mg values. Spinel and Al,Ti-diopside have
relatively constant §2°Mg values of ~11%o and ~9%, respectively. The § Mg values of melilite
show a range from 6.5%o to 8.4%o. In contrast, Han et al. (2020) reported a distinctly lower range

of 5°Mg values (mostly <0%o) in the WL rim minerals.

4. Discussion
4.1. Mineralogical constraints

The Vigarano CAI Big Guy has diagnostic mineralogical and petrologic features of Type
B CAls so that it can be interpreted as an igneous object that was once molten (e.g., MacPherson
and Grossman, 1981). The bulk composition of Big Guy, estimated by using the method described
in Simon and Grossman (2004), is 25 SiO», 3 TiO2, 33 Al203, 8 MgO, and 31 CaO, (in wt%). This

composition is marginally within a previously reported range for Type B CAls, and the observed
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compositional ranges of melilite and Al, Ti-diopside in the CAl interior are more comparable to
those reported from Type B1 than Type B2 CAls (Wark and Lovering, 1982; Simon and Grossman,
2004, 2006). The bulk composition of Big Guy plots above the saturation surface of melilite on the
gehlenite-anorthite-forsterite phase diagram projected from spinel, suggesting that spinel
crystallizes first, followed by melilite and finally Al, Ti-diopside (Stolper, 1982). This is consistent
with our petrographic observations, from which a crystallization sequence of spinel, followed by
melilite and finally Al, Ti-diopside (Ti-rich to Ti-poor), can be inferred. Finally, an igneous origin
of Big Guy is supported by mass-dependent fractionation of Mg isotopes determined from spinel,
Al,Ti-diopside, and melilite in the CAI interior (§2°Mg = ~7—11%o; Table 2), which is consistent
with that associated with evaporation of Type B CAl-like melts in vacuum (Richter et al., 2007).

Our TEM observations of the core-mantle boundary from Big Guy provide evidence for a
late-stage crystallization history of the CAl core. Along the highly irregular core-mantle boundary,
Al Ti-diopside is rimmed by Al-diopside (Fig. 4), and the local symplectic intergrowths of
perovskite grains and partially surrounding Al, Ti-diopside are embedded in melilite (Fig. 5a). We
infer that a residual melt was trapped between Al Ti-diopside and melilite after the formation of
the CAI core. The core Al,Ti-diopside, which most Ti in the original melt was incorporated into,
would have provided a substrate for additional crystallization of crystallographically oriented Al-
diopside, forming the chemically evolved thin rim layer. When the Al-diopside rim layer was
crystallizing, some local melts may have evolved towards Ti-enriched composition and thus
resulted in crystallization of symplectic intergrowths of fine-grained perovskite and Al, Ti-diopide
(Simon et al., 1999). Alternatively, the characteristics along the core-mantle boundary may be a
result of multiple short-lived heating events that led to various degrees of partial melting during
the CAI formation history. If short-lived heating occurred around the solidus temperature of the
CAIl melt (~1250°C; Stolper, 1982) after the CAI solidification, minor Al,Ti-diopside and
akermanitic melilite may have melted as a thin veneer on the surface of the core (e.g., Aléon et al.,
2007; Kawasaki et al., 2018), resulting in rapid crystallization of the Al-diopside rim layer and the
symplectic intergrowths of perovskite and Al,Ti-diopside.

After the crystallization of the Al-diopside rim layer onto the core Al Ti-diopside, an
interdiffusion involving the coupled substitution of Ti*" + 2AIP* <> Mg?* + 2Si** likely occurred
between these two diopsides, resulting in very narrow Ti-enrichment within ~20 nm of the Al, Ti-

diopside grain edge (Fig. 4b). The interdiffusion rate may be very slow because the substitution
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involves six cations, as noted by Simon and Grossman (2006). To induce the interdiffusion
between Al,Ti-diopside and Al-diopside after the CAl solidification, late high-temperature nebular
processing, such as a flash heating event responsible for the WL rim formation (Wark and Boynton,
2001; Han et al., 2020), is therefore more effective than thermal diffusion in response to parent

body metamorphism.

4.1.1. Evidence for parent body alteration

Our TEM observations provide evidence for a low degree of secondary parent body
alteration processing of the CAIl Big Guy. These observations are preferentially apparent with
melilite and include the presence of poorly crystalline Fe-rich veins and their ragged interfaces
with adjacent melilite (Figs. 4a, 5). Similarly, Paque et al. (2009) observed amorphous OH-bearing
veins that share corroded interfaces with melilite in a Type B1 CAI 3537-2 from the reduced CV
chondrite Leoville that was classified as the same petrologic subtype as Vigarano (Bonal et al.,
2006). In addition, previous hydrothermal experiments conducted at 200-400°C for up to 7 days
demonstrated that melilite was dissolved readily by fluids to release Al, Si, and Ca, forming
hydrous phases such as Na zeolite (Nomura and Miyamoto 1998; Ichimura et al. 2017). We
therefore conclude that the Fe-rich veins formed by partial dissolution of primary melilite in
response to incipient aqueous alteration in a low-temperature, oxidizing parent body environment.
In particular, the observed zonation in the veins between melilite grains (Fig. 5b) indicates that
primary melilite has been partially replaced by phyllosilicates during agueous alteration, while Fe-
rich oxides precipitated from aqueous fluids into an open space formed by the dissolution of
primary melilite. However, melilite in immediate contact with the veins contains no detectable Na
and Fe, suggesting that parent body processing seems to only have minimal effects on primary
characteristics of the CAl inherited during its formation in the solar nebula.

Our interpretation is consistent with TEM studies of the matrix mineralogy in Vigarano.
Lee et al. (1996) observed minor amounts of ferrihydrite and smectite as fine intergrowths between
Mg-Fe silicate (mostly partially equilibrated FeO-rich olivine) and oxide grains in the Vigarano
matrix. These observations were interpreted as a result of low-temperature (<150°C) aqueous
alteration, followed by metamorphic heating (~400-500°C) in the parent body environment. In
addition, Abreu and Brearley (2011) reported the abundance of FeO-rich olivine with

heterogeneous compositions, grain sizes, and morphologies in the Vigarano matrix. These
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observations were interpreted to indicate that FeO-rich olivine formed by recrystallization of
amorphous silicate precursor in the presence of limited amounts of fluids during the early stages
of metamorphic heating on the parent body. However, the widespread occurrence of amorphous
carbon observed in the Vigarano matrix likely reflects the primary nebular signature of organic
material, demonstrating a very limited, mild degree of thermal processing in the asteroidal setting
(Brearley, 1990; Abreu and Brearley, 2011).

4.2. Oxygen isotopic constraints

The CAI Big Guy exhibits considerable heterogeneity in oxygen isotopic composition, with
A0 ranging from solar-like —25%o to planetary-like —3%o (Table 1). Spinel is uniformly *%0-rich,
but Al, Ti-diopside and melilite are %0-depleted to various degrees, which appear to correlate with
their chemistry (Fig. 6). Big Guy is unique in that the mantle melilite is characterized by variable
AYO (Fig. 6d), with the center of the mantle being the most *®0-enriched (A'O =~ —15%o) and the
edges (in contact with the core and the WL rim) being relatively depleted (A0 = —3%o and —7%o).
The coupled chemical and oxygen isotopic variations suggest the CAIl underwent complicated
thermal and crystal growth histories. Below we explore possible mechanisms for the origin of
heterogeneous oxygen isotopic compositions observed in Big Guy, taken together with a
quantitative consideration of oxygen diffusion rates in CAl minerals. We note that most of these
rates were experimentally determined in dry conditions, which may have been distinctly different
from the asteroidal environment in which aqueous fluids were locally interacting with CAI

minerals.

4.2.1. Minimal exchange with an ¢O-poor fluid

All CV chondrites including Vigarano are known to have experienced mineralogically
controlled exchange with an *O-poor fluid during metamorphic heating on their parent asteroid
(Brearley and Krot, 2013). Aqueous fluids with A0 = —3+2%. were inferred from oxygen isotopic
compositions of secondary minerals produced during metasomatic alteration of Allende coarse-
grained CAls (Krot et al., 2021, 2022). Similar *O-poor compositions are observed from some
melilite analyses in Big Guy (Table 1). As discussed in Section 4.1.1, melilite has been
preferentially dissolved and replaced by Fe-rich veins (Figs. 4a, 5), suggesting that this primary
phase is susceptible to interactions with aqueous fluids on the parent body. However, the
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correlation between oxygen isotopic compositions and chemistry observed from Al,Ti-diopside
and melilite (Fig. 6) would have not been expected through interactions with an *0-poor fluid in
the asteroidal setting. Therefore, the parent body alteration scenario seems unlikely for the origin
of the observed disequilibrium in oxygen isotopes among coexisting minerals in Big Guy.

This interpretation is supported by our oxygen isotope data measured from the WL rim of
Big Guy. The SIMS analyses show that spinel and diopside in the WL rim are 1O-rich with AYO
<—23%o (Table 1), which agrees well with the NanoSIMS data of all the WL rim minerals reported
in Han et al. (2020). The A O values of the WL rim melilite and anorthite, —20.0+3.1%o and
—21.8+3.1%o, respectively, are only marginally higher than coexisting spinel and diopside. The
oxygen diffusivity in anorthite is about 10 times faster than that in melilite, and ~10 orders of
magnitude faster than those of spinel and diopside at 300—400°C (Fig. 8a; Yurimoto et al., 1989;
Ryerson and McKeegan, 1994). Under wet conditions, oxygen diffusion in anorthite is enhanced
by 5-6 orders of magnitude compared to that under dry conditions (Fig. 8a; Giletti et al., 1978;
Elphick et al., 1988). Therefore, anorthite would be the most susceptible to oxygen isotopic
exchange with an 1°0-poor fluid in response to thermal metamorphism on the parent body. Since
anorthite grains in the WL rim, which are typically 5 pm in size (Han et al. 2020), still retain the
original oxygen isotopic compositions, the maximum heating duration at peak metamorphic
temperatures of 300-400°C (Busemann et al., 2007) cannot be longer than ~50 years (Fig. 9).
Diffusive exchange for this relatively short timescale would not have affected oxygen isotopic
compositions over lengths of <1 um for other mineral phases, even if the oxygen diffusion process
was enhanced by aqueous fluids during thermal metamorphism. Thus, the observed 0 depletions
over a distance of 50-100 um in the edges of the mantle melilite cannot be accounted for by
metamorphic heating on a timescale of ~50 years.

Additional evidence against the parent body origin of oxygen isotopic variations in the
mantle melilite comes from the spinel chemistry. It is known that Mg-Fe interdiffusion in spinel
is 2-3 orders of magnitude faster than oxygen self-diffusion in melilite at 300—400°C (Fig. 8a;
Freer and O’Reilly, 1980; Yurimoto et al., 1989). If oxygen isotopic compositions of the mantle
melilite were largely modified during thermal metamorphism on the parent body, FeO in spinel,
particularly in the WL rim, should have been greatly increased through Fe diffusion from the
matrix as well. However, spinel contains only minor FeO up to 1.1 wt%, regardless of its location

and size. We thus conclude that the observed oxygen isotopic variations across Big Guy were
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established in the solar nebula, and there was minimal oxygen isotopic exchange with an *O-poor

fluid on the Vigarano parent body.

4.2.2. Nebular exchange recorded in the core and the mantle

As indicated by its igneous texture, the CAl Big Guy crystallized from a melt, with spinel
being the first phase to form, followed by melilite and Al, Ti-diopside. The uniform, solar-like 1°O-
rich compositions (A0 =~ —23%o) of euhedral spinel crystals in the CAl interior (Table 1) and the
slow oxygen diffusivity in spinel (Fig. 9; Ryerson and McKeegan, 1994) suggest that the original
melt (and likely the precursor material to this melt) was characterized by A0 =—23%o. Equally,
fine-grained WL rim minerals are *%0-rich, which contrasts sharply with variably '°O-depleted
Al Ti-diopside and melilite in the CAl interior (Fig. 6, Table 1; Han et al., 2020). Therefore, the
heterogenous oxygen isotopic compositions of Al, Ti-diopside and melilite in the CAl interior must
have been established between the formation of spinel in the CAI interior and the WL rim, the
latter of which represents the final stage of the entire CAl formation involving condensation in an
180-rich gas (Han et al., 2020). Two mechanisms in the nebular setting are considered below.

In the first scenario, Al,Ti-diopside and melilite in the CAl interior may have recorded an
evolving oxygen isotopic composition of a crystallizing melt that was exposed to gas reservoirs of
different oxygen isotopic compositions (e.g., Yurimoto et al., 1998; Yoshitake et al., 2005; Aléon
et al., 2007; Aléon, 2016; Kawasaki et al., 2018; Suzumura et al., 2021). The strong zonation of
akermanite contents in the mantle melilite (Fig. 3b) and the Al and Ti zonation in the core Al,Ti-
diopside (Fig. 2b), combined with their texture, indicate inward growth of these two phases during
radiative cooling from a molten droplet (MacPherson and Grossman, 1981; Simon and Grossman,
2006). Therefore, the observed correlations between oxygen isotopic composition and chemistry
of Al, Ti-diopside and melilite (Fig. 6) suggest that the oxygen isotopic variations were established
during crystallization of these two phases from a cooling melt.

Aléon et al. (2007) argued that oxygen isotopic equilibration of an ®O-rich melt interior
with an %0-poor gas during melilite crystallization can be reached via oxygen diffusion in
interstitial melts between crystallizing melilite grains inward from the melt surface, owing to fast
kinetics of oxygen diffusion in Ca,Al-rich melt (Oishi et al., 1974; Yamamoto et al., 2021, 2022).
Likewise, Kawasaki et al. (2018) proposed a melt channelway mechanism that enabled oxygen

isotopic exchange between an °0-poor melt in the inclusion interior and an *O-rich gas at the
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inclusion surface during Al,Ti-diopside crystallization, after the formation of the mantle melilite.
Indeed, Yamamoto et al. (2021, 2022) experimentally demonstrated that oxygen isotopes were
exchanged at the melt surface and simultaneously diffused into the melt interior, based on
isothermal oxygen isotope exchange experiments on Type B CAl-like melt with low-pressure H.O
and CO gases above the liquidus temperature of melilite at 1420°C and 1460°C. Alternatively, a
nebular gas may have penetrated through grain boundaries and crack networks of early
crystallizing melilite crystals into a melt in the inclusion center (Kawasaki et al., 2018). We
therefore envisage the following steps by assuming that oxygen isotopes were continuously
transported and diffused into the melt interior.

1) The CAI precursor that formed initially in an *O-rich gas (A0 =~ —23%.) was heated
to temperatures above the liquidus temperature of spinel (~1550°C; Stolper, 1982;
Stolper and Paque, 1986), producing a melt having a homogenous !O-rich
composition. Spinel crystallized first from this melt and was O-rich. Alternatively,
the spinel may have been a relict phase that was originally **O-rich and survived after
a melting event at temperatures of ~1400-1550°C, the liquidus temperature between
spinel and melilite (Stolper, 1982; Stolper and Paque, 1986; Yamamoto et al., 2021).

2) As the ®O-rich melt underwent oxygen isotopic exchange with an ®O-poor gas,
melilite crystals with A0 = —15%o and Ak = 15 mol% began to nucleate on the surface
of this melt at ~1450°C (Mendybaev et al., 2006; Kamibayashi et al., 2021). Upon
cooling, crystallizing melilite continued to grow inward, as it became increasing in Ak
content up to ~55 mol% but depleted in *0 down to AYO = —3%o.

3) After melilite largely formed, this partial melt was then exposed to an *O-rich gas and
diffusively equilibrated with this gas during crystallization of Al,Ti-diopside at
temperatures of ~1100-1230°C (Stolper, 1982; Stolper and Paque, 1986). The first
crystallizing diopside was the most depleted in *0O (AYO =~ —11%o) but the most
enriched in TiO2 up to ~17 wt%. As cooling proceeded, diopside became progressively
enriched in %0 up to AYO = —18%o while simultaneously decreasing in TiO2 down to
~7 wWt%.

This proposed gas-melt exchange scenario may be realized both in the context of a single

melting event and multiple melting events, as suggested by Kawasaki et al. (2018) who also

observed a similar correlation between oxygen isotopic compositions and TiO. contents (i.e.,
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crystal growth direction) of Al Ti-diopside grains in the Allende CAIl TS34. During a single
melting event, continuous exchange would have occurred with the surrounding nebular gas whose
composition changed from °0-poor to *O-rich. The melilite crystallization must have stopped as
soon as the melt began to exchange oxygen isotopes with an 1°O-rich nebular gas. Therefore, the
first crystallizing (i.e., the most Ti-rich) Al Ti-diopside became the most *O-depleted within the
core, but slightly more ®O-enriched than the last crystallizing (i.e., the most Mg-rich) melilite
(Figs. 6¢-d). Alternatively, multiple heating events may have taken place in nebular gas reservoirs
of different oxygen isotopic compositions. After the CAl interior first crystallized from a melt in
an 0-poor nebular gas, a later heating event would have occurred in an °O-rich nebular gas
around the solidus temperature of the CAI melt (~1250°C; Stolper, 1982). Subsequent partial
melting resulted in progressive exchange with the °O-rich nebular gas during re-crystallization of
Al,Ti-diopside, so this phase became gradually °O-enriched. The full equilibration of oxygen
isotopic compositions between melilite and Al, Ti-diopside would not be expected, as indicated by
a difference in oxygen isotopic compositions at the interface between these two phases (Figs. 6¢-
d).

In the second scenario, after initial crystallization of the CAl interior from an *%0-rich melt,
melilite and Al, Ti-diopside may have experienced solid-state diffusive exchange with an *O-poor
gas reservoir in the solar nebula (Simon et al., 2011, 2016). This later exchange should have
occurred before WL rim formation; otherwise, fine-grained anorthite and melilite in the WL rim
would have been °O-poor. Yet, this scenario seems problematic. Solid-state diffusion would be
expected to produce a A*O profile having the most **0 depletion at crystal edges and gradual %0
enrichment moving inwards. This is not the case for Big Guy in which 80 depletions are correlated
with Mg enrichments in the mantle melilite and Ti enrichments in the core Al, Ti-diopside (Fig. 6).
To be consistent with the gas-solid exchange scenario, it must experimentally demonstrate that
there is a correlation between oxygen diffusion rates and Ti contents in diopside, with Al Ti-
diopside being the most susceptible to oxygen diffusive exchange (MacPherson et al., 2022), and
also that oxygen diffusion in Al,Ti-diopside should be similar to or even faster than that in
gehlenite. Nonetheless, because oxygen diffusion in melilite is 2—3 orders of magnitude faster than
that in diopside below the solidus temperature of melilite, at 1100-1400°C (Fig. 8b), any diffusive
exchange processes that may have disturbed oxygen isotopic compositions in the entire mantle

melilite should still result in no or minimal modification on the original oxygen isotopic
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compositions of diopside, even in the outermost core (Fig. 10). In other words, if the observed
oxygen isotopic variation in the core Al Ti-diopside originated from solid-state diffusion, the
mantle melilite could not have retained any signature of internally heterogenous oxygen isotopic
compositions. A partial equilibration of Mg contents in the mantle melilite would also be expected
as Mg diffusion in melilite becomes faster than its oxygen diffusion with increasing temperature
(Fig. 8b). Therefore, any subsequent partial melting event would be necessary at temperatures
higher than the liquidus temperature of melilite to reset a relationship between chemical and
oxygen isotopic compositions established via solid-state diffusion in the mantle melilite. However,
such an event would likely lead to a partial to complete melting of the core Al,Ti-diopside
surrounded by the mantle melilite. Overall, because of the observed compositional trends in Al, Ti-
diopside and melilite, gas-solid exchange event(s) are unlikely to explain the observed
heterogenous distribution of oxygen isotopes in the CAI core and mantle.

In all scenarios discussed above, the oxygen isotopic heterogeneity observed in Big Guy
involves at least two isotopically distinct (*°0-rich and *80-poor) gas reservoirs in which this CAl
formed and evolved prior to WL rim formation (e.g., Yurimoto et al., 1998; Yoshitake et al., 2005;
Katayama et al., 2012; Park et al., 2012; Aléon, 2016; Simon et al., 2011, 2016, 2019; Kawasaki
et al., 2018; Suzumura et al., 2021). This explanation can be realized in the context of transport of
CAls between gas reservoirs of different isotopic compositions (e.g., Ciesla, 2010; Boss et al.,
2012) and/or by fluctuations of oxygen isotopic compositions in CAl-forming regions (e.g., Park
et al., 2012; MacPherson et al., 2022).

4.2.3. Enigmatic history of the mantle margin

Han et al. (2020) revealed that the mantle margin of Big Guy is mineralogically and
texturally different, compared to the underlying mantle composed of coarse, zoned melilite (Ak-10-
55) grains, suggesting its distinct formation event after the mantle solidification. For example, the
mantle margin exhibits a gradual decrease in akermanite content of melilite towards the WL rim,
down to Ako (Fig. 3b). This zone contains fine-grained gehlenite grains with rare grossite just
inside of the WL rim that share a common crystallographic orientation (Han et al., 2020). Likewise,
the margins of coarse-grained CAls from CV chondrites are commonly of higher gehlenitic content
(Ako_10) than expected for the first-crystallized melilite from a melt of their bulk composition
(Ak-1020; €.g., Bullock et al., 2013; Simon et al., 1999). It is likely that this gehlenitic melilite
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crystallized from a surficial Ca,Al-enriched melt that formed on the CAI margins by a later flash
heating and subsequent evaporative loss of Mg (e.g., Beckett and Stolper, 1994; Simon et al., 1999;
Bullock et al., 2013; Han et al., 2020). This high-temperature event may be related to an initial
step in the WL rim formation (Wark and Boynton, 2001; Han et al., 2020).

However, the measured isotopic compositions of the mantle margin of Big Guy appear to
pose a problem in elucidating its formation processes and conditions. The slight °O depletion is
observed from gehlenitic melilite (Akss_11.4) in the mantle margin, over less than a few tens of pm
from the WL rim (Fig. 6d). If the relatively *O-poor compositions in this mantle margin resulted
from isotopic exchange between melilite and an *%0-poor gas before the WL rim formed, the time
required would not be longer than 10 years at 1100-1400°C (Fig. 10). Such a heating duration may
have also resulted in diffusive exchange in Mg isotopes over a distance of ~10-30 um (Fig. 10).
Although a detailed survey of oxygen and Mg isotopic compositions in the mantle margin of Big
Guy is lacking in this study, this zone does not appear to exhibit a greater degree of mass-dependent
fractionation favoring higher Mg isotopes relative to the mantle interior (Table 2; Han et al., 2020),
as would be expected from surface evaporation of a melt. Similarly, the margins of Type B1 and
B2 CAls are composed of very gehlenitic melilite (Ako_10) characterized by isotopically lower Mg
isotopes than in the interiors (Young et al., 2005; Simon et al., 2005; Bullock et al., 2013; Kawasaki
etal., 2018). These data suggest that a later Mg isotopic exchange with an external and isotopically
normal or subchondritic gas reservoir occurred in the CAl margins to erase the effect of mass-
dependent fractionation in Mg isotopes produced during evaporation of a surficial melt (Simon et
al., 2005; Bullock et al., 2013; Han et al., 2020). Such exchange may have been initiated during or
before the formation of the WL rim spinel and diopside layers having normal or subchondritic Mg
isotopic compositions (Simon et al., 2005; Han et al., 2020). Meanwhile, Park et al. (2012) revealed
that individual melilite grains in the mantle margin of the Allende CTA CAl ONO1 are reversely
zoned, having Mg increase towards their core, that are correlated with progressive %0 depletion.
They concluded that this correlation is a record of melilite crystal growth by condensation from a
nebular gas in which its pressure was decreasing and also its oxygen isotopic composition was
evolving from 1®0-poor to 1°0O-rich (Katayama et al., 2012). Therefore, coordinated studies using
high spatial resolution instruments of the margins of coarse-grained CAls in CV chondrites are
required to explore any correlations between chemical and oxygen and Mg isotopic compositions

of gehlenitic melilite grains in the CAl margins and to better understand the origin of these melilite
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grains and their relation to the WL rim formation.

4.3. Al-Mg isotopic constraints

Despite a limited degree of Mg isotopic disturbance, as suggested by scatter of a couple of
data points beyond the analytical uncertainties (reduced y? = 4.6), our new Al-Mg isotope data of
spinel, Al Ti-diopside, and melilite from the CAI Big Guy define a single isochron, with a slope
corresponding to (*®Al/2’Al)o = 4.93x107° (Fig. 7). This ratio indicates that Big Guy crystallized
from a melt ~5x10* years after the peak formation of large CV CAls at 2°Al/?’Al = 5.23x107°, as
concluded in Han et al. (2020), and is also consistent with Big Guy having been processed in a
major nebula-wide heating event proposed by Liu et al. (2019).

The Al-Mg isotope data of hibonite, spinel, and diopside from the WL rim also define an
isochron that has essentially the same slope as do the CAl interior data, suggesting no resolvable
age gap between the formation events of the CAl interior and the WL rim (Han et al., 2020). Since
oxygen diffuses ~10 times faster than Mg in melilite at 1100-1400°C (Fig. 8b), if Al-Mg
systematics in the mantle melilite had been disturbed during the WL rim formation, significant %0
enrichments would have achieved from the WL rim towards the center of the mantle via exchange
with an ambient *%0-rich gas in which the WL rim minerals were condensing. Instead, the mantle
margin exhibits relative 0O depletions outwards the WL rim (Fig. 6d). Moreover, as discussed in
Section 4.2.1, the preservation of *®O-rich compositions across the WL rim melilite and anorthite
(Han et al., 2020) implies that Al-Mg isotopic compositions across the core to the WL rim of the
CAI were largely undisturbed by fluid-assisted thermal metamorphism on the parent body, as
oxygen diffuses at least ~10 times faster than Mg in melilite and anorthite at 300-400°C (Fig. 8a).
Therefore, the lack of any difference in (?*Al/?’Al)o inferred from the CAl interior and its WL rim
indicates that multiple high-temperature events, as well as oxygen isotopic exchange with 0-rich
and *0-poor gas reservoirs, should have occurred rapidly, within a short time duration that cannot
be resolved by the Al-Mg chronology (Aléon et al., 2007; Kawasaki et al., 2018, 2021).

5. Conclusions
Our coordinated mineralogical and oxygen and Al-Mg isotopic analyses of the CAIl Big
Guy from Vigarano provide constraints on the history of high-temperature events and reservoir

evolution in the early solar nebula. This CAl is typical of Type B CAls, as an igneous object that
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was once molten in which spinel crystallized first, followed by melilite and Al,Ti-diopside.
Melilite in the mantle has been preferentially altered in the presence of limited fluids on the parent
body, but the overall effects of secondary parent body alteration were minimal on primary nebular
characteristics of the CAL.

Importantly, heterogeneous oxygen isotopic compositions are observed among and within
constituent minerals in the CAI interior, in contrast to %O-rich WL rim minerals. Spinel is
uniformly 0-rich with AYO <—23%,, whereas Al,Ti-diopside in the core and melilite in the
mantle are relatively 1°O-depleted to various degrees. The AYO values ranging from —11%o to
—18%o of Al,Ti-diopside are positively correlated with its TiOz contents, flattening out towards
—23%o recorded in the WL rim diopside. With A’O values ranging from —3%o to —15%o, melilite
in the CAIl mantle shows A0 values <—10%o only when Ak<s but becomes more *%0-poor when
Aks15. We conclude that the correlated chemical and oxygen isotopic variations were established
during crystallization of melilite and Al, Ti-diopside from a partial melt, while spinel retained the
original ®0-rich composition of the CAI precursor. Constraints from oxygen diffusion rates in
CAI minerals preclude solid-state diffusive exchange with nebular gases and with parent body
fluids to account for such correlated variations. Instead, the partial melt should have isotopically
evolved from %O-rich to 0O-poor during melilite crystallization, then back to *%O-rich during
Al Ti-rich diopside crystallization via exchange with *0-poor and *0O-rich gas reservoirs during
single or multiple heating events.

Our Al-Mg isotopic measurements of spinel, Al,Ti-diopside, and melilite from the CAI
interior define a single isochron with (®AlI/2’Al), = 4.93x107°, consistent with the WL rim data.
Thus, we conclude no resolvable age gap between the formation events of the CAl interior and the
WL rim, implying that multiple high-temperature events and oxygen isotopic exchange between
the CAIl melt and isotopically distinct nebular gases occurred rapidly.
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821  TABLES

822
823  Table 1. Oxygen isotopic compositions of individual minerals from the CAIl Big Guy.

H av av
mineral spot# 80 26 SO 26 AYO 20 (T\,'\,?o;,) (rf\okl% )
Core
spinel S1 —-469 08 484 10 -240 09

S2 -46.6 08 477 10 235 09
Al,Ti-diopside F2 -9.7 08 -165 10 -114 09 16.2
F3 -10.0 08 -182 10 -13.0 0.9 16.0
F4 -242 08 297 10 -17.1 09 13.1
F5 —8.6 08 -161 10 -11.7 0.9 15.6
F6 -28.8 08 333 10 -183 09 11.2
Mantle
spinel S3 —-46.1 08 494 10 -254 09
S4 -479 08 479 10 230 09
melilite M1 -11.3 08 -133 10 74 0.9 11.4
Grain #1
M8 -2.1 08 -103 05 87 0.5 30.8
M9 -3.8 08 -120 05 95 0.5 15.8
M10 -109 08 -185 05 -123 05 12.1
M11 -205 08 -262 05 -151 05 13.1
M12 -210 08 269 05 -155 05 10.5
M13 -123 08 -201 05 132 05 9.2
Grain #2
M2 -205 08 -208 10 -101 0.9 55
M3 -286 08 -300 10 -151 09 10.6
M4 -212 08 -219 10 -108 0.9 8.5
M5 -103 08 -125 10 7.2 0.9 54.4
M6 —9.6 08 -105 10 -56 0.9 53.6
M7 -104 08 -118 10 -64 0.9 55.5
M14 10.6 0.8 1.7 05 -33 0.5 55.4
M15 4.4 08 5.0 05 6.8 0.5 47.9
M16 4.0 08 50 05 6.6 0.5 33.8
M17 -1.1 08 92 05 -81 0.5 19.1
M18 -180 08 246 05 -148 05 14.3
M19 -168 08 238 05 -145 05 12.4
M20 -199 08 262 05 -153 05 11.4
WL rim
spinel S5 —47.1 08 496 10 252 09
diopside D1 —-385 08 430 10 -230 0.9 0.9

824  * Spots M8 to M20 were obtained from the first session (30-1), whereas the rest was obtained
825  from the second session (30-11). TiO® (wt%) and Ak?' (mol%) are average values of multiple
826  EPMA analyses around SIMS pits of Al Ti-diopside, melilite, and diopside.

827
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828

829

Table 2. Al-Mg isotopic compositions of individual minerals from the CAI Big Guy.

mineral spot# 8°Mg (%) 26 YAlP*Mg 26 A®Mg* (%) 20

Core

spinel S11 10.78 0.17 2.56 0.01 0.96 0.10
S12 10.54 0.18 2.57 0.01 0.81 0.10

Al Ti-diopside  F11 9.42 0.27 2.23 0.00 0.91 0.23

Mantle

melilite M21 8.26 0.20 2.75 0.02 1.19 0.30
M22 8.15 0.21 5.02 0.05 1.80 0.31
M23 8.16 0.27 13.94 0.08 5.00 0.57
M24 7.62 0.18 13.32 0.08 5.00 0.30
M25 7.82 0.27 14.39 0.09 4.85 0.56
M26 7.21 0.27 12.93 0.12 5.69 0.34
M27 7.69 0.22 7.78 0.04 2.91 0.39
M28 7.80 0.47 17.31 0.49 5.61 0.70
M29 8.02 0.28 19.33 0.04 7.11 0.51
M30 8.21 0.14 4.19 0.02 1.43 0.25
M31 7.91 0.33 15.68 0.11 5.60 0.61
M32 7.72 0.20 15.75 0.07 5.08 0.34
M33 7.86 0.31 15.59 0.09 4.58 0.48
M34 7.71 0.27 19.49 0.05 6.37 0.49
M35 6.53 0.42 21.07 0.36 6.94 1.22
M36 6.84 0.23 12.45 0.11 4.79 0.44
M37 8.29 0.12 2.12 0.04 0.91 0.21
M38 8.24 0.13 2.76 0.02 0.80 0.19
M39 8.39 0.15 2.51 0.02 0.73 0.21
M40 8.01 0.12 4.83 0.02 1.72 0.28
M41 7.94 0.16 4.94 0.04 1.53 0.28
M42 7.62 0.29 11.08 0.08 3.97 0.58
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FIGURE CAPTIONS

Figure 1. (a) BSE image and (b) corresponding combined elemental map in Mg (red), Ca (green),
and Al (blue) Ka x-rays of the CAl Big Guy. The CAI shows a distinct core-mantle-rim structure.
The dotted line A-B indicates an electron microprobe traverse across a single melilite crystal
shown in Figure 3b. Abbreviations hereafter: sp = spinel; mel = melilite; AlTi-di = Al,Ti-rich

diopside; WL = Wark-Lovering rim; AR = olivine-rich accretionary rim.

Figure 2. (a, d, f) BSE images, (b, €, g) combined elemental maps in Mg (red), Ti (green), and Al
(blue) Ka x-rays, and (c) Fe Ka x-ray map of the core region of the CAIl Big Guy. Abbreviations
hereafter: pv = perovskite.

Figure 3. Chemical compositions of Al Ti-diopside and melilite from the CAIl Big Guy. (a) A plot
of TiO2 versus Al2O3 contents in Al,Ti-diopside from the CAI core. (b) Compositional profile
across a single melilite grain in the CAIl mantle. The electron microprobe traverse, as indicated by
the A-B line in Figure 1, was obtained along the elongation direction of the melilite crystal with a

spacing of 2 um between points.

Figure 4. (a) BF STEM image and (b) compositional profile of Al, Ti-diopside along the core edge
that is rimmed by a thin layer of Al-diopside. The solid line in (a) indicates the TEM EDX traverse
across the grain boundary, with 0 being the start point. The vertical dotted line in (b) represents
the grain boundary between two chemically different diopsides. Abbreviations hereafter: Al-di =

Al-rich diopside; alt = secondary alteration phase.

Figure 5. (a) BF STEM image of perovskite grains in the symplectic intergrowth with Al Ti-
diopside and melilite along the core-mantle boundary. (b, c) BF STEM and HRTEM images of a
secondary Fe-rich vein associated with melilite grains along the core-mantle boundary. Some veins
between melilite grains are zoned, with a denser and more Fe-rich middle. The veins are poorly
crystalline and contains phyllosilicates exhibiting the 0.7 nm basal spacing of serpentine, as

indicated by two parallel lines in (c).
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Figure 6. Oxygen isotopic compositions of Al Ti-diopside and melilite from the CAIl Big Guy. (a)
A relationship between A0 value and TiO2 content of diopside. (b) A relationship between A0
value and dkermanite content of melilite. (c) A distribution of AYO values on the TiO, content
map of the core Al,Ti-diopside. (d) A distribution of AYO values on the dkermanite content map
of the mantle melilite. Terrestrial fractionation (TF) line is shown for reference. Our SIMS data
are compared with those obtained from CTA and B1 CAls, which were reported in Aléon et al.
(2007), Aléon (2016), Kawasaki et al. (2018), and Suzumura et al. (2021).

Figure 7. Magnesium isotopic compositions of individual minerals from the CAI Big Guy. A
dotted line represents the CAI’s isochron with (*®Al/2’Al)o = (4.9340.18)x10° and A?®Mgo* =
—0.01£0.1%o (20).

Figure 8. Arrhenius plots of oxygen and Mg diffusivities in spinel, melilite, anorthite, and diopside.
Oxygen diffusion in anorthite was compared under both dry and wet conditions, and a dry
condition was considered for oxygen diffusion in all other minerals, as well as Mg diffusion in all
minerals. Oxygen and Mg diffusivities are indicated by dashed and solid lines, respectively.
Vertical solid lines indicate temperature ranges estimated for (a) fluid-assisted thermal
metamorphism on the parent body and (b) gas-solid interaction in the solar nebula. Diffusion data
were from Gilletti et al. (1978), Yurimoto et al. (1989), Morioka and Nagasawa (1991), Ryerson
and McKeegan (1994), Liermann and Ganguly (2002), Ito and Ganguly (2009), Zhang et al. (2010),
and Van Orman et al. (2014).

Figure 9. Oxygen diffusion in anorthite under dry and wet conditions at 300—400°C, estimated for
a temperature range of peak metamorphic heating on the Vigarano parent body. The preservation
of ®0-rich composition of fine-grained anorthite (typically <5 um in size) in the WL rim

constrains peak metamorphic heating to have occurred for less than 50 years.
Figure 10. Oxygen and Mg diffusion time and length for spinel, melilite, and diopside below the

solidus temperature of melilite at 1100°C (a) and 1400°C (b). Oxygen and Mg diffusion data are

indicated by dashed and solid lines, respectively.
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Figure 1. (a) BSE image and (b) corresponding combined elemental map in Mg (red), Ca (green),
and Al (blue) Ka x-rays of the CAIl Big Guy. The CAI shows a distinct core-mantle-rim structure.
The dotted line A-B indicates an electron microprobe traverse across a single melilite crystal
shown in Figure 3b. Abbreviations hereafter: sp = spinel; mel = melilite; AITi-di = Al Ti-rich
diopside; WL = Wark-Lovering rim; AR = olivine-rich accretionary rim.
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9  Figure 2. (a, d, f) BSE images, (b, €, g) combined elemental maps in Mg (red), Ti (green), and Al
10  (blue) Ka x-rays, and (c) Fe Ka x-ray map of the core region of the CAI Big Guy. Abbreviations
11  hereafter: pv = perovskite.
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Figure 3. Chemical compositions of Al, Ti-diopside and melilite from the CAIl Big Guy. (a) A plot
of TiO2 versus Al>Os contents in Al,Ti-diopside from the CAI core. (b) Compositional profile
across a single melilite grain in the CAIl mantle. The electron microprobe traverse, as indicated by
the A-B line in Figure 1, was obtained along the elongation direction of the melilite crystal with a
spacing of 2 um between points.
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Figure 4. (a) BF STEM image and (b) compositional profile of Al, Ti-diopside along the core edge
that is rimmed by a thin layer of Al-diopside. The solid line in (a) indicates the TEM EDX traverse
across the grain boundary, with 0 being the start point. The vertical dotted line in (b) represents
the grain boundary between two chemically different diopsides. Abbreviations hereafter: Al-di =
Al-rich diopside; alt = secondary alteration phase.
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Figure 5. (a) BF STEM image of perovskite grains in the symplectic intergrowth with Al,Ti-
diopside and melilite along the core-mantle boundary. (b, ¢) BF STEM and HRTEM images of a
secondary Fe-rich vein associated with melilite grains along the core-mantle boundary. Some veins
between melilite grains are zoned, with a denser and more Fe-rich middle. The veins are poorly
crystalline and contains phyllosilicates exhibiting the 0.7 nm basal spacing of serpentine, as
indicated by two parallel lines in (c).
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Figure 6. Oxygen isotopic compositions of Al Ti-diopside and melilite from the CAIl Big Guy. (a)
A relationship between A0 value and TiO2 content of diopside. (b) A relationship between A'O
value and akermanite content of melilite. (c) A distribution of A’O values on the TiO2 content
map of the core Al,Ti-diopside. (d) A distribution of AYO values on the dkermanite content map
of the mantle melilite. Terrestrial fractionation (TF) line is shown for reference. Our SIMS data
are compared with those obtained from CTA and B1 CAls, which were reported in Aléon et al.
(2007), Aléon (2016), Kawasaki et al. (2018), and Suzumura et al. (2021).
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Figure 7. Magnesium isotopic compositions of individual minerals from the CAI Big Guy. A
dotted line represents the CAI’s isochron with (*°Al/2’Al)o = (4.93+0.18)x10° and A*®Mgo* =

~0.0120.1%0 (20).
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Figure 8. Arrhenius plots of oxygen and Mg diffusivities in spinel, melilite, anorthite, and diopside.
Oxygen diffusion in anorthite was compared under both dry and wet conditions, and a dry
condition was considered for oxygen diffusion in all other minerals, as well as Mg diffusion in all
minerals. Oxygen and Mg diffusivities are indicated by dashed and solid lines, respectively.
Vertical solid lines indicate temperature ranges estimated for (a) fluid-assisted thermal
metamorphism on the parent body and (b) gas-solid interaction in the solar nebula. Diffusion data
were from Gilletti et al. (1978), Yurimoto et al. (1989), Morioka and Nagasawa (1991), Ryerson
and McKeegan (1994), Liermann and Ganguly (2002), Ito and Ganguly (2009), Zhang et al. (2010),
and Van Orman et al. (2014).
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Figure 9. Oxygen diffusion in anorthite under dry and wet conditions at 300—400°C, estimated for
a temperature range of peak metamorphic heating on the Vigarano parent body. The preservation
of 1®0O-rich composition of fine-grained anorthite (typically <5 pm in size) in the WL rim
constrains peak metamorphic heating to have occurred for less than 50 years.

1

100000 +

10000 +

-
o
=3
=]

Time (year)

10 +

0.1

anorthlte,,_,1__,,_,,46006 -
& -
P
,,,_.,.,,....,0,.,,,,.,,,.
—"300°C (@)
o awe e
e
1 2 3 4 5 8§ % B §Ho
Diffusion length (um)



61
62
63

64

Figure 10. Oxygen and Mg diffusion time and length for spinel, melilite, and diopside below the
solidus temperature of melilite at 1100°C (a) and 1400°C (b). Oxygen and Mg diffusion data are

indicated by dashed and solid lines, respectively.
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