
LLNL-JRNL-2002387 

Mineralogical and isotopic constraints 
on early, high-temperature events and 
reservoirs recorded in the interior of a 
type B Ca-Al-rich Inclusion from the 
reduced CV3 chondrite Vigarano

M Liu, J Simon, J Han, L Keller, C Park, N 
Matsuda

August 2025 

 Geochimica et Cosmochimica Acta



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under Contract DE-AC52-07NA27344. 



Geochimica et Cosmochimica Acta
 

Mineralogical and Isotopic Constraints on Early, High-Temperature Events and
Reservoirs Recorded in the Interior of a Type B Ca-Al-Rich Inclusion from the Reduced

CV3 Chondrite Vigarano
--Manuscript Draft--

 
Manuscript Number: GCA-D-25-00121

Article Type: Article

Keywords: Calcium-aluminum-rich inclusions, solar nebula, oxygen isotopes, Al-Mg isotope
systematic, transmission electron microscopy

Corresponding Author: JANGMI HAN
NASA Johnson Space Center
Houston, TX UNITED STATES

Corresponding Author's Institution: NASA Johnson Space Center

First Author: JANGMI HAN

Order of Authors: JANGMI HAN

Changkun Park

Ming-Chang Liu

Nozomi Matsuda

Justin I. Simon

Lindsay P. Keller

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 CAI, a
once molten igneous object, shows heterogeneous oxygen isotopic compositions
among its constituent mineral phases. Spinel is uniformly 16O-rich with Δ17O ≤−23‰.
The Δ17O values of Al,Ti-diopside in the CAI core range from −11‰ to −18‰, which
are positively correlated with its TiO2 contents, whereas diopside in the Wark-Lovering
(WL) rim is 16O-rich with Δ17O = −23‰. Melilite in the CAI mantle shows Δ17O values
≤−10‰ only when Åk<15 but becomes more 16O-poor (Δ17O = −3‰ to −9‰) when
Åk>15. 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 16O-rich composition of the CAI precursor. We infer that a
partial melt was isotopically evolving from 16O-rich to 16O-poor during melilite
crystallization, then back to 16O-rich during Al,Ti-rich diopside crystallization via
exchange with different gas reservoirs of 16O-poor and 16O-rich compositions during
heating event(s). Our Al-Mg isotopic measurements of the CAI core and mantle define
a single isochron with an inferred initial 26Al/27Al ratio of 4.93×10−5, 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.

Suggested Reviewers: Steve Simon
sbs8@unm.edu

Sasha Krot
sasha@higp.hawaii.edu

Noriko Kita
kita@wisc.edu

Emma Bullock
ebullock@carnegiescience.edu

Jerome Aleon
jerome.aleon@mnhn.fr

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Dr. Hailiang Dong 

Executive Editor 

Geochimica et Cosmochimica Acta 

 

February 3, 2025 

 

Dear Dr. Dong 

 

We would like to submit our manuscript entitled “Mineralogical and Isotopic Constraints on 

Early, High-Temperature Events and Reservoirs Recorded in the Interior of a Type B Ca-

Al-Rich Inclusion from the Reduced CV3 Chondrite Vigarano” for publication in Geochimica 

et Cosmochimica Acta. In this manuscript, we present the results of coordinated transmission 

electron microscopy (TEM) and secondary ion mass spectrometry (SIMS) analyses of a Type B 

Ca-Al-rich inclusion (CAI) to characterize its petrography, mineralogy, chemistry, and oxygen and 

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

parent body alteration, which demonstrates that the inclusion retained primary features recorded 

in the solar nebula and so a great target for studies of the formation and early evolution of the Solar 

System. Our SIMS oxygen isotope analyses revealed a correlation between oxygen isotopic 

heterogeneity and CAI mineral chemistry, providing important implications on the isotopic 

evolution of gas reservoirs in the solar nebula. Finally, our SIMS Al-Mg isotope analyses 

constrained the timing and timescale for the CAI formation and its oxygen isotopic evolution. 

Therefore, this manuscript presents studies of fundamental questions regarding the conditions and 

processes that existed in the early stages of Solar System formation so that we believe that it will 

be of broad interest to the cosmochemistry community.  

 

We would suggest Audrey Bouvier, Noriko Kita, and Yves Marrocchi as potential Associated 

Editors.  

 

Thank you for your attention to our manuscript! 

 

Best regards, 

Jangmi Han, Ph.D. 

Planetary Scientist 

Amentum, NASA Johnson Space Center 

Email: jangmi.han@nasa.gov 

Cover Letter



1 

 

Mineralogical and Isotopic Constraints on Early, High-Temperature Events and Reservoirs 1 

Recorded in the Interior of a Type B Ca-Al-Rich Inclusion from the Reduced CV3 Chondrite 2 

Vigarano 3 

 4 

Jangmi Han a,b,*, Changkun Park c,d, Ming-Chang Liu e,f, Nozomi Matsuda e, Justin I. Simon g, and 5 

Lindsay P. Keller g 
6 

 7 

a Department of Earth and Atmospheric Sciences, University of Houston, Houston, Texas 77204, 8 

USA 9 

b Amentum, NASA Johnson Space Center, Houston, TX 77058, USA 10 

c Division of Glacier and Earth Sciences, Korea Polar Research Institute, Incheon 21990, Republic 11 

of Korea 12 

d Polar Science, Korea National University of Science and Technology, Daejeon 34113, Republic 13 

of Korea 14 

e Department of Earth, Planetary, and Space Sciences, UCLA, Los Angeles, CA 90095, USA 15 

f Lawrence Livermore National Laboratory, Livermore, CA 94550, USA 16 

g Astromaterials Research and Exploration Science, NASA Johnson Space Center, Houston, TX 17 

77058, USA 18 

*Corresponding author. E-mail: jangmi.han@nasa.gov. 19 

 20 

Submitted to Geochimica et Cosmochimica Acta, February 3, 2025 21 

Manuscript Click here to view linked References

https://www2.cloud.editorialmanager.com/gca/viewRCResults.aspx?pdf=1&docID=31953&rev=0&fileID=994409&msid=aa84edb9-55d7-4f3e-8df7-949c1d384594
https://www2.cloud.editorialmanager.com/gca/viewRCResults.aspx?pdf=1&docID=31953&rev=0&fileID=994409&msid=aa84edb9-55d7-4f3e-8df7-949c1d384594


2 

 

Abstract  22 

A coordinated mineralogical and oxygen and Al-Mg isotopic study of a Type B Ca-Al-rich 23 

inclusion (CAI) from the reduced CV3 chondrite Vigarano was carried out using transmission 24 

electron microscopy and secondary ion mass spectrometry. This CAI, a once molten igneous object, 25 

shows heterogeneous oxygen isotopic compositions among its constituent mineral phases. Spinel 26 

is uniformly 16O-rich with Δ17O ≤−23‰. The Δ17O values of Al,Ti-diopside in the CAI core range 27 

from −11‰ to −18‰, which are positively correlated with its TiO2 contents, whereas diopside in 28 

the Wark-Lovering (WL) rim is 16O-rich with Δ17O = −23‰. Melilite in the CAI mantle shows 29 

Δ17O values ≤−10‰ only when Åk<15 but becomes more 16O-poor (Δ17O = −3‰ to −9‰) when 30 

Åk>15. These correlated chemical and oxygen isotopic variations were likely established during 31 

crystallization of melilite and Al,Ti-diopside from a partial melt, while spinel preserves the original 32 

16O-rich composition of the CAI precursor. We infer that a partial melt was isotopically evolving 33 

from 16O-rich to 16O-poor during melilite crystallization, then back to 16O-rich during Al,Ti-rich 34 

diopside crystallization via exchange with different gas reservoirs of 16O-poor and 16O-rich 35 

compositions during heating event(s). Our Al-Mg isotopic measurements of the CAI core and 36 

mantle define a single isochron with an inferred initial 26Al/27Al ratio of 4.93×10−5, 37 

indistinguishable from that of the WL rim. This indicates that multiple high-temperature events 38 

and oxygen isotopic exchange with isotopically distinct gas reservoirs occurred rapidly during the 39 

CAI formation.  40 

Keywords: Calcium-aluminum-rich inclusions, solar nebula, oxygen isotopes, Al-Mg isotope 41 

systematic, transmission electron microscopy 42 

 43 

1. Introduction 44 

Refractory Ca-Al-rich inclusions (CAIs) are among the oldest solids (4.567 Ga; Connelly 45 

et al., 2012) that record the early stages of Solar System formation. CAIs are composed of high-46 

temperature refractory minerals that, based on thermodynamic calculations (Grossman, 1972), are 47 

predicted to condense from a cooling gas of solar composition, and so they are commonly thought 48 

to reflect primordial materials. Diverse types of CAIs have been identified and extensively studied 49 

from different chondrite groups; now we understand that many CAIs are coarse-grained inclusions 50 

that formed by various degrees of melting and evaporation of an initial dust population comprised 51 

of earlier, more primitive condensates. In particular, the CV chondrite group contains relatively 52 
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large and abundant igneous CAIs (MacPherson, 2014). Studies of mineralogical and isotopic 53 

record(s) of these igneous CAIs can therefore be used to constrain the range of high-temperature 54 

conditions, and possible changing nebular reservoirs, that primordial materials experienced. 55 

Significant variations in oxygen isotopic compositions have been revealed by in situ 56 

measurements within and among igneous CAIs in CV chondrites, and the origin of these variations 57 

has been a subject of considerable debate. Many minerals in the inclusion, including melilite, 58 

anorthite, and Al,Ti-diopside, appear to have various degrees of 16O depletion, compared to 59 

hibonite and spinel that are consistently 16O-rich. Such oxygen isotopic heterogeneity in igneous 60 

CAIs may have been established in the solar nebula by (1) gas-melt exchange during one or more 61 

melting events and subsequent mineral crystallization (e.g., Yurimoto et al., 1998; Fagan et al., 62 

2004; Yoshitake et al., 2005; Aléon et al., 2007; Aléon, 2016; Kawasaki et al., 2018; Simon et al., 63 

2019; Suzumura et al., 2021) or (2) gas-solid exchange during one or more nebular heating events 64 

after CAI solidification (Simon et al., 2011, 2016). Importantly, CV chondrites, even those from 65 

the reduced subgroup, are known to have preserved a record of fluid-assisted metasomatism and 66 

thermal metamorphism at a peak temperature of ~300–500℃ on their parent body (Brearley and 67 

Krot, 2013). These alteration processes likely modified the primary nebular signatures of oxygen 68 

isotopes in igneous CAIs via (3) mineralogically controlled exchange with an 16O-poor fluid on 69 

the CV chondrite parent body (e.g., Krot et al., 2019, 2021, 2022). Therefore, the observed 70 

heterogeneous distributions in oxygen isotopes among and within individual minerals from 71 

different igneous CAIs in CV chondrites could have been the result of combined and complex 72 

effects of oxygen isotopic exchanges with gas reservoirs in the solar nebula, with aqueous fluids 73 

on the parent body, or both.  74 

Considerable variations in initial 26Al/27Al ratios, denoted by (26Al/27Al)0, have been 75 

indicated by high-precision mineral isochron studies of igneous CAIs from CV chondrites. To first 76 

order, the 26Al-26Mg isotope systematics (t1/2 = 0.705 Ma; Norris et al., 1983) provide high-77 

resolution timing constraints for the first ~4 Ma of Solar System history. Previous secondary ion 78 

mass spectrometry (SIMS) studies of compact Type A (CTA), Type B, and forsterite-bearing Type 79 

B (FoB) CAIs reported a spread in (26Al/27Al)0 from 5.2×10−5 to 4.2×10−5 (Kita et al., 2012; 80 

MacPherson et al., 2012, 2017, 2018; Kawasaki et al., 2018, 2021; Han et al., 2020). This spread 81 

suggests that igneous CAIs began to form as early as the canonical 26Al/27Al value (5.23×10−5; 82 

Jacobsen et al., 2008) was established, and some of them were later reprocessed by repeated high-83 
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temperature events that occurred for at least ~0.4 Ma in the solar nebula resulting in partial to 84 

complete melting and/or evaporation. Evidence for nebular resetting of 26Al/27Al in CAIs was also 85 

provided by multicollector inductively coupled plasma mass spectrometry measurements of CTA 86 

and Type B CAIs from CV chondrites (Young et al., 2005; Simon et al., 2005; Simon and Young, 87 

2011). Thus, igneous CAIs from CV chondrites appear to have preserved a record of interaction 88 

and exchange with spatially and/or temporally distinct gas reservoir(s) in the protoplanetary disk.  89 

Here we present the results of coordinated analyses of petrology, mineralogy, 90 

microstructures, and oxygen and Al-Mg isotopic compositions of a Type B CAI, ‘‘Big Guy”, from 91 

the reduced CV3 chondrite Vigarano. Coordinated analyses using multiple ion- and electron-beam 92 

techniques are crucial to fully decipher complex processes that the CAI experienced in the nebular 93 

and asteroidal settings. Our goals were: (1) to better characterize mineralogical and chemical 94 

variations across the CAI, (2) to search for any variations in oxygen and Mg isotopic compositions 95 

across the CAI, (3) to determine the timing of CAI formation relative to the assumed “time zero” 96 

represented by 26Al/27Al = 5.23×10−5 (Jacobsen et al., 2008) using the 26Al-26Mg chronology, (4) 97 

to evaluate mineralogical and isotopic evidence for secondary parent body alteration that the CAI 98 

may have experienced, and finally (5) constrain the formation conditions of the CAI in the solar 99 

nebula. Han et al. (2020) is a companion study that focused on the Wark-Lovering (WL) rim on 100 

the same inclusion to investigate the origin and nature of WL rims.   101 

 102 

2. Methods 103 

2.1. Electron microscopy 104 

The CAI Big Guy (Fig. 1) in a thin section of Vigarano (USMNH 447) was initially 105 

characterized using a JEOL 7600F scanning electron microscope (SEM), as well as CAMECA 106 

SX-100 and JEOL JXA-8530F electron probe microanalyzers (EPMAs) at NASA Johnson Space 107 

Center (JSC). The EPMA measurements were performed at 15 kV accelerating voltage, 30 nA 108 

beam current, and 1 μm spot size. After the oxygen and Al-Mg isotope analyses by SIMS, a JEOL 109 

JXA-8530F EPMA at Korea Polar Research Institute (KOPRI) was utilized to obtain chemical 110 

compositions of melilite and pyroxene by measuring ≥4 points as close as possible (within 5–7 111 

µm) to their SIMS spots. Average values of åkermanite (Åkav) content in melilite and TiO2 (TiO2
av) 112 

content in pyroxene were used to find any correlations with their oxygen isotopic composition, as 113 

discussed in Section 3.2. These EPMA measurements were performed at 15 kV accelerating 114 
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voltage, 20 nA beam current, and 1 μm spot size.  115 

Three electron-transparent sections were prepared from the core and the core-mantle 116 

boundary of the CAI, using a FEI Quanta 3D 600 dual beam focused ion beam (FIB)/SEM at 117 

NASA JSC. In addition, three additional sections were cut from the mantle-rim boundary, and 118 

their transmission electron microscopy (TEM) observations were presented in Han et al. (2020). 119 

The FIB sections were examined using a 200kV JEOL 2500SE field-emission scanning TEM 120 

(STEM) at NASA JSC. Bright-field (BF) and dark-field (DF) STEM images, high-resolution (HR) 121 

TEM images, and selected area electron diffraction patterns were acquired and processed using 122 

GATAN Digital Microscopy Suite® imaging software. In addition, quantitative chemical 123 

microanalyses and elemental mapping were carried out using a Thermo-Noran thin-window 124 

energy dispersive X-ray spectrometer. Elemental X-ray maps were obtained using STEM raster 125 

mode with a scanned probe size of 2 nm and a dwell time of 50 μs/pixel. Data reduction was 126 

performed using the Cliff-Lorimer thin film approximation with experimental and theoretical K-127 

factors. 128 

 129 

2.2. SIMS measurements 130 

Han et al. (2020) presented oxygen and Al-Mg isotopic compositions of the CAI Big Guy, 131 

with a focus on its WL rim, obtained using the CAMECA NanoSIMS 50L ion microprobe at 132 

NASA JSC and the CAMECA ims-1290 ion microprobe at UCLA, respectively. For this study, 133 

new oxygen and Al-Mg isotope measurements from the same inclusion were made with the UCLA 134 

ims-1290 ion microprobe.  135 

Given the relatively large errors associated with the NanoSIMS oxygen isotope data 136 

reported in Han et al. (2020), we re-analyzed oxygen isotopic compositions of melilite, spinel, and 137 

diopside in Big Guy in two sessions using the ims-1290 ion microprobe. In session one (3O-I), a 138 

∼4 nA Cs+ beam focused into a ∼10 μm spot was used to analyze coarse melilite grains in the CAI 139 

interior, and three oxygen isotopes were collected simultaneously by using three Faraday cups 140 

(FCs). In session two (3O-II), due to the smaller sizes of spinel and diopside in the CAI interior 141 

and the WL rim, a ∼50 pA Cs+ beam focused into a ∼2–3 μm spot was used, and secondary ions 142 

of 16O, 17O, and 18O were detected simultaneously on a multicollector FC, the axial electron 143 

multiplier (EM), and a multicollector EM, respectively. A normal incidence electron gun was used 144 

for charge compensation. Ion intensities were corrected for backgrounds and yields (FC) or 145 
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deadtime (EM) as appropriate for each detector. The mass resolution power (MRP, defined as 146 

M/ΔM) was set at ~5500 on mass 17 to ensure that the contribution of 16OH to 17O was negligible. 147 

Oxygen isotopic compositions are reported in delta notation relative to Standard Mean Ocean 148 

Water (SMOW), with δ17,18O (‰) = [((17,18O/16O)sample/(
17,18O/16O)SMOW)×1]×1000. Vertical 149 

deviations from the terrestrial fractionation line were calculated as Δ17O (‰) = δ17O−0.52×δ18O. 150 

Instrumental fractionation was corrected using Madagascar hibonite for melilite in session one 151 

(3O-I) and Burma spinel for spinel, Synthetic gehlenite (Yurimoto et al., 1994) for melilite, and 152 

San Carlos pyroxene for diopside in session two (3O-II). Reported errors on δ18O, δ17O, and Δ17O 153 

are 2σ standard deviations obtained from repeated measurements of standards, which are ~0.8‰, 154 

~0.5‰, and ~0.5‰, respectively, for session one (3O-I) and ~0.8‰, ~1.0‰, and ~0.9‰ for 155 

session two (3O-II). Overall, our new ims-1290 ion microprobe data are consistent within errors 156 

with the NanoSIMS data (Han et al., 2020) but of higher precision; thus, only the new data acquired 157 

here are discussed in detail below. One should note that only Δ17O values are discussed below, as 158 

δ17,18O in melilite and diopside could be a few ‰ deviated from the true values due to the lack of 159 

matrix-matching standards to correct for the matrix effects, which are purely mass dependent. 160 

Han et al. (2020) applied peak-jumping monocollection to analyze melilite from the CAI 161 

interior, which resulted in somewhat a larger uncertainty on Δ26Mg* values. Such uncertainty 162 

precluded a precise determination of (26Al/27Al)0 from its isochron diagram, although the melilite 163 

data were broadly consistent with high-precision multicollection data obtained from hibonite, 164 

spinel, and diopside in the CAI interior and the WL rim. Thus, we re-measured Al-Mg isotopic 165 

compositions of melilite, spinel, and Al,Ti-diopside from the CAI interior using high-precision 166 

multicollection with FCs, as described in Han et al. (2020).  167 

 168 

3. Results 169 

3.1. Mineralogy and petrology 170 

The Vigarano CAI Big Guy is a 1,200×750 μm fragment of a coarse-grained Type B 171 

inclusion with a classic core-mantle-rim structure (Fig. 1). The core, ~650 µm across, consists of 172 

a polycrystalline mass of blocky Al,Ti-diopside grains and poikilitic euhedral spinel crystals (Fig. 173 

2). The core diopside appears to be zoned outwards from Ti-rich, Mg-poor to Ti-poor, Mg-rich 174 

(Fig. 2b), with a range of 6.7–16.5 wt% TiO2 and 16.7–21.3 wt% Al2O3 (Fig. 3a). The core edges 175 

are highly convoluted and exhibit Ti enrichments (Figs. 2f-g). TEM analyses show that Al,Ti-176 
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diopside (15 wt% TiO2) in the core edge is rimmed by a thin (~200–500 nm) layer of Al-diopside 177 

(<3 wt% TiO2), and these two diopsides are chemically distinct but crystallographically continuous 178 

(Fig. 4). Although both diopsides have relatively constant Al2O3 contents (15–17 wt%), the core 179 

Al,Ti-diopside shows Ti enrichments and corresponding Si depletions within ~20 nm of the grain 180 

boundary (Fig. 4b), contributing to the Ti enrichments along the core edge. Locally, symplectic 181 

intergrowths of perovskite, melilite, and Al,Ti-diopside occur at the core-mantle boundary (Figs. 182 

2d-e). TEM analyses show that the perovskite grains in these intergrowths are typically elongated 183 

and partially surrounded by Al,Ti-diopside, embedded in melilite (Fig. 5a).  184 

The mantle is composed predominantly of coarse melilite grains, ~250–450 µm in size. 185 

These melilite grains radiate from the WL rim towards the core and are strongly zoned along their 186 

lengths, indicating inward growth during crystallization of a CAI melt (MacPherson and Grossman, 187 

1981). In general, the åkermanite content varies systematically (Fig. 3b), gradually decreasing 188 

from 55 mol% to 15 mol% over a distance of ~50–200 µm from the core and then becoming 189 

relatively constant (~10–15 mol%) throughout the rest of the mantle. Notably, the åkermanite 190 

content decreases down to 0 mol% within ~20 µm from the WL rim. Based on TEM observations 191 

reported in Han et al. (2020), the mantle margin just inside of the WL rim consists of micrometer-192 

sized, pure gehlenite grains with a rare inclusion of grossite.  193 

Spinel occurs as subhedral to euhedral grains poikilitically enclosed in the core and the 194 

mantle. Although its grain size and abundance tend to increase inwards, spinel both in the core and 195 

the mantle has a uniform composition of nearly pure MgAl2O4 with 0.3–0.6 wt% V2O3 and <0.1wt% 196 

FeO. Additionally, perovskite occurs as small grains attached to spinel crystals in the core and the 197 

mantle (Figs. 2d-g), but rarely as interstitial grains between melilite grains in the mantle.  198 

Finally, the CAI is surrounded by a classic multi-layered WL rim sequence (from the inside 199 

outwards): hibonite, spinel with hibonite and perovskite, melilite partially replaced by anorthite, 200 

zoned diopside grading outwards from Al,Ti-rich to Al,Ti-poor, and forsteritic olivine. A detailed 201 

microstructural and isotopic study of the WL rim was presented in Han et al. (2020). An 202 

accretionary rim is also present on the WL rim and is dominated by forsteritic olivine with minor 203 

metal and micro-CAIs (Fig. 1).  204 

Despite being found in a reduced CV3 chondrite, Big Guy does show minor effects of 205 

secondary parent body alteration, similar to other coarse-grained CAIs in the same meteorite 206 

(Brearley and Krot, 2013). The principal manifestation of such processes is the widespread, yet 207 
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heterogeneous, Fe enrichments along cracks and grain boundaries throughout the inclusion (Fig. 208 

2c). TEM analyses of the core-mantle boundary reveal that ubiquitous Fe-rich veins up to ~1.5 µm 209 

in thickness occur along the grain boundaries of Al,Ti-diopside and melilite and commonly cross-210 

cut through melilite grains (Figs. 4a, 5). These veins are typically porous and poorly crystalline, 211 

and their interfaces with melilite appear highly irregular and commonly embayed into melilite 212 

grains. Some veins between melilite grains are zoned (Fig. 5b); the grains are walled by a porous, 213 

fibrous layer rich in phyllosilicates, whereas the middle of the veins is relatively denser and more 214 

Fe-rich. Phyllosilicates show a basal spacing of ~0.7 nm corresponding to serpentine (Fig. 5c). 215 

The Fe-rich layer is inferred as ferrihydrite and possibly nanophase magnetite, based on the 216 

observed basal spacings of 0.20 nm, 0.25 nm, and 0.52 nm (Lee et al., 1996). At the mantle-rim 217 

boundary, amorphous Fe-rich veins (≤0.5 µm in thickness) are developed along grain boundaries 218 

of melilite and hibonite and into melilite grains.  219 

 220 

3.2. Oxygen isotopic compositions 221 

The oxygen isotopic compositions of the CAI Big Guy are plotted in Figure 6 and listed in 222 

Table 1. Spinel is uniformly 16O-rich with Δ17O ≤−23‰, regardless of its location. The WL rim 223 

diopside is also 16O-rich with Δ17O = −23‰. In contrast, Al,Ti-diopside in the core and melilite in 224 

the mantle are relatively 16O-depleted to various degrees, with Δ17O values ranging from −11‰ to 225 

−18‰ and from −3‰ to −15‰, respectively.  226 

The observed variations in oxygen isotopic compositions of pyroxene and melilite in Big 227 

Guy appear to be correlated with their chemical compositions. Figure 6a shows a positive 228 

correlation between Δ17O values and TiO2 contents of Al,Ti-diopside in the core and diopside in 229 

the WL rim. Such a relationship has been reported for Al,Ti-diopside in CTA and Type B CAIs 230 

(Aléon, 2016; Kawasaki et al., 2018; Suzumura et al., 2021; Krot et al., 2022; MacPherson et al., 231 

2022). Although different CAIs display different ranges of oxygen isotopic and chemical 232 

compositions of Al,Ti-diopside, their Δ17O variations flatten out towards −23‰ with decreasing 233 

TiO2 content in the diopside. Figure 6b shows a relationship between Δ17O values and the 234 

åkermanite contents of melilite in the mantle. The Δ17O values ≤−10‰ can be observed only in 235 

melilite with Åk<15. Melilite with Åk>15 is more 16O-poor, with Δ17O ranging from −3‰ to −9‰. 236 

A similar trend between oxygen isotopic compositions and chemical zoning of melilite (Åk<30) 237 

was observed for the CTA CAI E49 in Efremovka (Aléon et al., 2007). In contrast, relatively 238 
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constant 16O-poor compositions were observed from melilite with Åk up to ~60 mol% in CTA and 239 

Type B1 CAIs (Kawasaki et al., 2018; Suzumura et al., 2021). Figures 6c and 6d show the spatial 240 

distribution of oxygen isotopic compositions on the maps of TiO2 content of the core Al,Ti-241 

diopside and åkermanite content of the mantle melilite, suggesting no simple monotonic change 242 

of Δ17O variations in these two phases as a function of distance from the matrix. In particular, the 243 

most 16O-enriched melilite with Δ17O ≈ −15‰ is observed in the center of the mantle where its 244 

åkermanite content is lowest (~15 mol%), and a gradual decrease in 16O enrichment occurs towards 245 

both the core (Δ17O ≈ −3‰) and the mantle margin (Δ17O ≈ −7‰). The Δ17O increase towards the 246 

core is accompanied with a gradual Mg enrichment in melilite up to Åk ≈ 55 mol%, whereas, in 247 

the mantle margin, the Δ17O values do not correlate with the chemical compositions of melilite.  248 

 249 

3.3. Al-Mg isotopic compositions 250 

The Al-Mg isotope data of spinel, Al,Ti-diopside, and melilite in the CAI Big Guy are 251 

plotted in Figure 7 and listed in Table 2. These high-precision multicollection data define a single 252 

isochron, albeit with some scatter (reduced 𝜒2 = 4.6) in the melilite data. The slope and the intercept 253 

of the isochron correspond to (26Al/27Al)0 = (4.93±0.18)×10−5 and Δ26Mg0* = −0.01±0.1‰ (2σ), 254 

respectively. This inferred (26Al/27Al)0 ratio is consistent with that reported in Han et al. (2020) 255 

derived from the data obtained with the same instrument of spinel and Al,Ti-diopside from the 256 

CAI interior, and hibonite, spinel, and diopside from the WL rim.  257 

All minerals in the CAI interior exhibit high δ25Mg values. Spinel and Al,Ti-diopside have 258 

relatively constant δ25Mg values of ~11‰ and ~9‰, respectively. The δ 25Mg values of melilite 259 

show a range from 6.5‰ to 8.4‰. In contrast, Han et al. (2020) reported a distinctly lower range 260 

of δ25Mg values (mostly <0‰) in the WL rim minerals.  261 

 262 

4. Discussion 263 

4.1. Mineralogical constraints  264 

The Vigarano CAI Big Guy has diagnostic mineralogical and petrologic features of Type 265 

B CAIs so that it can be interpreted as an igneous object that was once molten (e.g., MacPherson 266 

and Grossman, 1981). The bulk composition of Big Guy, estimated by using the method described 267 

in Simon and Grossman (2004), is 25 SiO2, 3 TiO2, 33 Al2O3, 8 MgO, and 31 CaO, (in wt%). This 268 

composition is marginally within a previously reported range for Type B CAIs, and the observed 269 
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compositional ranges of melilite and Al,Ti-diopside in the CAI interior are more comparable to 270 

those reported from Type B1 than Type B2 CAIs (Wark and Lovering, 1982; Simon and Grossman, 271 

2004, 2006). The bulk composition of Big Guy plots above the saturation surface of melilite on the 272 

gehlenite-anorthite-forsterite phase diagram projected from spinel, suggesting that spinel 273 

crystallizes first, followed by melilite and finally Al,Ti-diopside (Stolper, 1982). This is consistent 274 

with our petrographic observations, from which a crystallization sequence of spinel, followed by 275 

melilite and finally Al,Ti-diopside (Ti-rich to Ti-poor), can be inferred. Finally, an igneous origin 276 

of Big Guy is supported by mass-dependent fractionation of Mg isotopes determined from spinel, 277 

Al,Ti-diopside, and melilite in the CAI interior (δ25Mg = ~7–11‰; Table 2), which is consistent 278 

with that associated with evaporation of Type B CAI-like melts in vacuum (Richter et al., 2007). 279 

Our TEM observations of the core-mantle boundary from Big Guy provide evidence for a 280 

late-stage crystallization history of the CAI core. Along the highly irregular core-mantle boundary, 281 

Al,Ti-diopside is rimmed by Al-diopside (Fig. 4), and the local symplectic intergrowths of 282 

perovskite grains and partially surrounding Al,Ti-diopside are embedded in melilite (Fig. 5a). We 283 

infer that a residual melt was trapped between Al,Ti-diopside and melilite after the formation of 284 

the CAI core. The core Al,Ti-diopside, which most Ti in the original melt was incorporated into, 285 

would have provided a substrate for additional crystallization of crystallographically oriented Al-286 

diopside, forming the chemically evolved thin rim layer. When the Al-diopside rim layer was 287 

crystallizing, some local melts may have evolved towards Ti-enriched composition and thus 288 

resulted in crystallization of symplectic intergrowths of fine-grained perovskite and Al,Ti-diopide 289 

(Simon et al., 1999). Alternatively, the characteristics along the core-mantle boundary may be a 290 

result of multiple short-lived heating events that led to various degrees of partial melting during 291 

the CAI formation history. If short-lived heating occurred around the solidus temperature of the 292 

CAI melt (~1250℃; Stolper, 1982) after the CAI solidification, minor Al,Ti-diopside and 293 

åkermanitic melilite may have melted as a thin veneer on the surface of the core (e.g., Aléon et al., 294 

2007; Kawasaki et al., 2018), resulting in rapid crystallization of the Al-diopside rim layer and the 295 

symplectic intergrowths of perovskite and Al,Ti-diopside.  296 

After the crystallization of the Al-diopside rim layer onto the core Al,Ti-diopside, an 297 

interdiffusion involving the coupled substitution of Ti4+ + 2Al3+ ↔ Mg2+ + 2Si4+ likely occurred 298 

between these two diopsides, resulting in very narrow Ti-enrichment within ~20 nm of the Al,Ti-299 

diopside grain edge (Fig. 4b). The interdiffusion rate may be very slow because the substitution 300 
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involves six cations, as noted by Simon and Grossman (2006). To induce the interdiffusion 301 

between Al,Ti-diopside and Al-diopside after the CAI solidification, late high-temperature nebular 302 

processing, such as a flash heating event responsible for the WL rim formation (Wark and Boynton, 303 

2001; Han et al., 2020), is therefore more effective than thermal diffusion in response to parent 304 

body metamorphism. 305 

 306 

4.1.1. Evidence for parent body alteration 307 

Our TEM observations provide evidence for a low degree of secondary parent body 308 

alteration processing of the CAI Big Guy. These observations are preferentially apparent with 309 

melilite and include the presence of poorly crystalline Fe-rich veins and their ragged interfaces 310 

with adjacent melilite (Figs. 4a, 5). Similarly, Paque et al. (2009) observed amorphous OH-bearing 311 

veins that share corroded interfaces with melilite in a Type B1 CAI 3537-2 from the reduced CV 312 

chondrite Leoville that was classified as the same petrologic subtype as Vigarano (Bonal et al., 313 

2006). In addition, previous hydrothermal experiments conducted at 200–400°C for up to 7 days 314 

demonstrated that melilite was dissolved readily by fluids to release Al, Si, and Ca, forming 315 

hydrous phases such as Na zeolite (Nomura and Miyamoto 1998; Ichimura et al. 2017). We 316 

therefore conclude that the Fe-rich veins formed by partial dissolution of primary melilite in 317 

response to incipient aqueous alteration in a low-temperature, oxidizing parent body environment. 318 

In particular, the observed zonation in the veins between melilite grains (Fig. 5b) indicates that 319 

primary melilite has been partially replaced by phyllosilicates during aqueous alteration, while Fe-320 

rich oxides precipitated from aqueous fluids into an open space formed by the dissolution of 321 

primary melilite. However, melilite in immediate contact with the veins contains no detectable Na 322 

and Fe, suggesting that parent body processing seems to only have minimal effects on primary 323 

characteristics of the CAI inherited during its formation in the solar nebula.  324 

Our interpretation is consistent with TEM studies of the matrix mineralogy in Vigarano. 325 

Lee et al. (1996) observed minor amounts of ferrihydrite and smectite as fine intergrowths between 326 

Mg-Fe silicate (mostly partially equilibrated FeO-rich olivine) and oxide grains in the Vigarano 327 

matrix. These observations were interpreted as a result of low-temperature (<150°C) aqueous 328 

alteration, followed by metamorphic heating (~400–500°C) in the parent body environment. In 329 

addition, Abreu and Brearley (2011) reported the abundance of FeO-rich olivine with 330 

heterogeneous compositions, grain sizes, and morphologies in the Vigarano matrix. These 331 
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observations were interpreted to indicate that FeO-rich olivine formed by recrystallization of 332 

amorphous silicate precursor in the presence of limited amounts of fluids during the early stages 333 

of metamorphic heating on the parent body. However, the widespread occurrence of amorphous 334 

carbon observed in the Vigarano matrix likely reflects the primary nebular signature of organic 335 

material, demonstrating a very limited, mild degree of thermal processing in the asteroidal setting 336 

(Brearley, 1990; Abreu and Brearley, 2011).  337 

 338 

4.2. Oxygen isotopic constraints 339 

 The CAI Big Guy exhibits considerable heterogeneity in oxygen isotopic composition, with 340 

Δ17O ranging from solar-like −25‰ to planetary-like −3‰ (Table 1). Spinel is uniformly 16O-rich, 341 

but Al,Ti-diopside and melilite are 16O-depleted to various degrees, which appear to correlate with 342 

their chemistry (Fig. 6). Big Guy is unique in that the mantle melilite is characterized by variable 343 

Δ17O (Fig. 6d), with the center of the mantle being the most 16O-enriched (Δ17O ≈ −15‰) and the 344 

edges (in contact with the core and the WL rim) being relatively depleted (Δ17O ≈ −3‰ and −7‰). 345 

The coupled chemical and oxygen isotopic variations suggest the CAI underwent complicated 346 

thermal and crystal growth histories. Below we explore possible mechanisms for the origin of 347 

heterogeneous oxygen isotopic compositions observed in Big Guy, taken together with a 348 

quantitative consideration of oxygen diffusion rates in CAI minerals. We note that most of these 349 

rates were experimentally determined in dry conditions, which may have been distinctly different 350 

from the asteroidal environment in which aqueous fluids were locally interacting with CAI 351 

minerals.  352 

 353 

4.2.1. Minimal exchange with an 16O-poor fluid 354 

All CV chondrites including Vigarano are known to have experienced mineralogically 355 

controlled exchange with an 16O-poor fluid during metamorphic heating on their parent asteroid 356 

(Brearley and Krot, 2013). Aqueous fluids with Δ17O = −3±2‰ were inferred from oxygen isotopic 357 

compositions of secondary minerals produced during metasomatic alteration of Allende coarse-358 

grained CAIs (Krot et al., 2021, 2022). Similar 16O-poor compositions are observed from some 359 

melilite analyses in Big Guy (Table 1). As discussed in Section 4.1.1, melilite has been 360 

preferentially dissolved and replaced by Fe-rich veins (Figs. 4a, 5), suggesting that this primary 361 

phase is susceptible to interactions with aqueous fluids on the parent body. However, the 362 



13 

 

correlation between oxygen isotopic compositions and chemistry observed from Al,Ti-diopside 363 

and melilite (Fig. 6) would have not been expected through interactions with an 16O-poor fluid in 364 

the asteroidal setting. Therefore, the parent body alteration scenario seems unlikely for the origin 365 

of the observed disequilibrium in oxygen isotopes among coexisting minerals in Big Guy. 366 

This interpretation is supported by our oxygen isotope data measured from the WL rim of 367 

Big Guy. The SIMS analyses show that spinel and diopside in the WL rim are 16O-rich with Δ17O 368 

≤−23‰ (Table 1), which agrees well with the NanoSIMS data of all the WL rim minerals reported 369 

in Han et al. (2020). The Δ17O values of the WL rim melilite and anorthite, −20.0±3.1‰ and 370 

−21.8±3.1‰, respectively, are only marginally higher than coexisting spinel and diopside. The 371 

oxygen diffusivity in anorthite is about 10 times faster than that in melilite, and ~10 orders of 372 

magnitude faster than those of spinel and diopside at 300–400℃ (Fig. 8a; Yurimoto et al., 1989; 373 

Ryerson and McKeegan, 1994). Under wet conditions, oxygen diffusion in anorthite is enhanced 374 

by 5–6 orders of magnitude compared to that under dry conditions (Fig. 8a; Giletti et al., 1978; 375 

Elphick et al., 1988). Therefore, anorthite would be the most susceptible to oxygen isotopic 376 

exchange with an 16O-poor fluid in response to thermal metamorphism on the parent body. Since 377 

anorthite grains in the WL rim, which are typically 5 µm in size (Han et al. 2020), still retain the 378 

original oxygen isotopic compositions, the maximum heating duration at peak metamorphic 379 

temperatures of 300–400°C (Busemann et al., 2007) cannot be longer than ~50 years (Fig. 9). 380 

Diffusive exchange for this relatively short timescale would not have affected oxygen isotopic 381 

compositions over lengths of <1 µm for other mineral phases, even if the oxygen diffusion process 382 

was enhanced by aqueous fluids during thermal metamorphism. Thus, the observed 16O depletions 383 

over a distance of 50–100 µm in the edges of the mantle melilite cannot be accounted for by 384 

metamorphic heating on a timescale of ~50 years.  385 

Additional evidence against the parent body origin of oxygen isotopic variations in the 386 

mantle melilite comes from the spinel chemistry. It is known that Mg-Fe interdiffusion in spinel 387 

is 2–3 orders of magnitude faster than oxygen self-diffusion in melilite at 300–400℃ (Fig. 8a; 388 

Freer and O’Reilly, 1980; Yurimoto et al., 1989). If oxygen isotopic compositions of the mantle 389 

melilite were largely modified during thermal metamorphism on the parent body, FeO in spinel, 390 

particularly in the WL rim, should have been greatly increased through Fe diffusion from the 391 

matrix as well. However, spinel contains only minor FeO up to 1.1 wt%, regardless of its location 392 

and size. We thus conclude that the observed oxygen isotopic variations across Big Guy were 393 
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established in the solar nebula, and there was minimal oxygen isotopic exchange with an 16O-poor 394 

fluid on the Vigarano parent body.  395 

 396 

4.2.2. Nebular exchange recorded in the core and the mantle 397 

As indicated by its igneous texture, the CAI Big Guy crystallized from a melt, with spinel 398 

being the first phase to form, followed by melilite and Al,Ti-diopside. The uniform, solar-like 16O-399 

rich compositions (Δ17O ≈ −23‰) of euhedral spinel crystals in the CAI interior (Table 1) and the 400 

slow oxygen diffusivity in spinel (Fig. 9; Ryerson and McKeegan, 1994) suggest that the original 401 

melt (and likely the precursor material to this melt) was characterized by Δ17O = −23‰. Equally, 402 

fine-grained WL rim minerals are 16O-rich, which contrasts sharply with variably 16O-depleted 403 

Al,Ti-diopside and melilite in the CAI interior (Fig. 6, Table 1; Han et al., 2020). Therefore, the 404 

heterogenous oxygen isotopic compositions of Al,Ti-diopside and melilite in the CAI interior must 405 

have been established between the formation of spinel in the CAI interior and the WL rim, the 406 

latter of which represents the final stage of the entire CAI formation involving condensation in an 407 

16O-rich gas (Han et al., 2020). Two mechanisms in the nebular setting are considered below.    408 

In the first scenario, Al,Ti-diopside and melilite in the CAI interior may have recorded an 409 

evolving oxygen isotopic composition of a crystallizing melt that was exposed to gas reservoirs of 410 

different oxygen isotopic compositions (e.g., Yurimoto et al., 1998; Yoshitake et al., 2005; Aléon 411 

et al., 2007; Aléon, 2016; Kawasaki et al., 2018; Suzumura et al., 2021). The strong zonation of 412 

åkermanite contents in the mantle melilite (Fig. 3b) and the Al and Ti zonation in the core Al,Ti-413 

diopside (Fig. 2b), combined with their texture, indicate inward growth of these two phases during 414 

radiative cooling from a molten droplet (MacPherson and Grossman, 1981; Simon and Grossman, 415 

2006). Therefore, the observed correlations between oxygen isotopic composition and chemistry 416 

of Al,Ti-diopside and melilite (Fig. 6) suggest that the oxygen isotopic variations were established 417 

during crystallization of these two phases from a cooling melt.  418 

Aléon et al. (2007) argued that oxygen isotopic equilibration of an 16O-rich melt interior 419 

with an 16O-poor gas during melilite crystallization can be reached via oxygen diffusion in 420 

interstitial melts between crystallizing melilite grains inward from the melt surface, owing to fast 421 

kinetics of oxygen diffusion in Ca,Al-rich melt (Oishi et al., 1974; Yamamoto et al., 2021, 2022). 422 

Likewise, Kawasaki et al. (2018) proposed a melt channelway mechanism that enabled oxygen 423 

isotopic exchange between an 16O-poor melt in the inclusion interior and an 16O-rich gas at the 424 
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inclusion surface during Al,Ti-diopside crystallization, after the formation of the mantle melilite. 425 

Indeed, Yamamoto et al. (2021, 2022) experimentally demonstrated that oxygen isotopes were 426 

exchanged at the melt surface and simultaneously diffused into the melt interior, based on 427 

isothermal oxygen isotope exchange experiments on Type B CAI-like melt with low-pressure H2O 428 

and CO gases above the liquidus temperature of melilite at 1420℃ and 1460℃. Alternatively, a 429 

nebular gas may have penetrated through grain boundaries and crack networks of early 430 

crystallizing melilite crystals into a melt in the inclusion center (Kawasaki et al., 2018). We 431 

therefore envisage the following steps by assuming that oxygen isotopes were continuously 432 

transported and diffused into the melt interior.  433 

1) The CAI precursor that formed initially in an 16O-rich gas (Δ17O ≈ −23‰) was heated 434 

to temperatures above the liquidus temperature of spinel (~1550℃; Stolper, 1982; 435 

Stolper and Paque, 1986), producing a melt having a homogenous 16O-rich 436 

composition. Spinel crystallized first from this melt and was 16O-rich. Alternatively, 437 

the spinel may have been a relict phase that was originally 16O-rich and survived after 438 

a melting event at temperatures of ~1400–1550℃, the liquidus temperature between 439 

spinel and melilite (Stolper, 1982; Stolper and Paque, 1986; Yamamoto et al., 2021).      440 

2) As the 16O-rich melt underwent oxygen isotopic exchange with an 16O-poor gas, 441 

melilite crystals with Δ17O ≈ −15‰ and Åk ≈ 15 mol% began to nucleate on the surface 442 

of this melt at ~1450℃ (Mendybaev et al., 2006; Kamibayashi et al., 2021). Upon 443 

cooling, crystallizing melilite continued to grow inward, as it became increasing in Åk 444 

content up to ~55 mol% but depleted in 16O down to Δ17O ≈ −3‰.  445 

3) After melilite largely formed, this partial melt was then exposed to an 16O-rich gas and 446 

diffusively equilibrated with this gas during crystallization of Al,Ti-diopside at 447 

temperatures of ~1100–1230℃ (Stolper, 1982; Stolper and Paque, 1986). The first 448 

crystallizing diopside was the most depleted in 16O (Δ17O ≈ −11‰) but the most 449 

enriched in TiO2 up to ~17 wt%. As cooling proceeded, diopside became progressively 450 

enriched in 16O up to Δ17O ≈ −18‰ while simultaneously decreasing in TiO2 down to 451 

~7 wt%.  452 

This proposed gas-melt exchange scenario may be realized both in the context of a single 453 

melting event and multiple melting events, as suggested by Kawasaki et al. (2018) who also 454 

observed a similar correlation between oxygen isotopic compositions and TiO2 contents (i.e., 455 
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crystal growth direction) of Al,Ti-diopside grains in the Allende CAI TS34. During a single 456 

melting event, continuous exchange would have occurred with the surrounding nebular gas whose 457 

composition changed from 16O-poor to 16O-rich. The melilite crystallization must have stopped as 458 

soon as the melt began to exchange oxygen isotopes with an 16O-rich nebular gas. Therefore, the 459 

first crystallizing (i.e., the most Ti-rich) Al,Ti-diopside became the most 16O-depleted within the 460 

core, but slightly more 16O-enriched than the last crystallizing (i.e., the most Mg-rich) melilite 461 

(Figs. 6c-d). Alternatively, multiple heating events may have taken place in nebular gas reservoirs 462 

of different oxygen isotopic compositions. After the CAI interior first crystallized from a melt in 463 

an 16O-poor nebular gas, a later heating event would have occurred in an 16O-rich nebular gas 464 

around the solidus temperature of the CAI melt (~1250℃; Stolper, 1982). Subsequent partial 465 

melting resulted in progressive exchange with the 16O-rich nebular gas during re-crystallization of 466 

Al,Ti-diopside, so this phase became gradually 16O-enriched. The full equilibration of oxygen 467 

isotopic compositions between melilite and Al,Ti-diopside would not be expected, as indicated by 468 

a difference in oxygen isotopic compositions at the interface between these two phases (Figs. 6c-469 

d).  470 

In the second scenario, after initial crystallization of the CAI interior from an 16O-rich melt, 471 

melilite and Al,Ti-diopside may have experienced solid-state diffusive exchange with an 16O-poor 472 

gas reservoir in the solar nebula (Simon et al., 2011, 2016). This later exchange should have 473 

occurred before WL rim formation; otherwise, fine-grained anorthite and melilite in the WL rim 474 

would have been 16O-poor. Yet, this scenario seems problematic. Solid-state diffusion would be 475 

expected to produce a Δ17O profile having the most 16O depletion at crystal edges and gradual 16O 476 

enrichment moving inwards. This is not the case for Big Guy in which 16O depletions are correlated 477 

with Mg enrichments in the mantle melilite and Ti enrichments in the core Al,Ti-diopside (Fig. 6). 478 

To be consistent with the gas-solid exchange scenario, it must experimentally demonstrate that 479 

there is a correlation between oxygen diffusion rates and Ti contents in diopside, with Al,Ti-480 

diopside being the most susceptible to oxygen diffusive exchange (MacPherson et al., 2022), and 481 

also that oxygen diffusion in Al,Ti-diopside should be similar to or even faster than that in 482 

gehlenite. Nonetheless, because oxygen diffusion in melilite is 2–3 orders of magnitude faster than 483 

that in diopside below the solidus temperature of melilite, at 1100–1400℃ (Fig. 8b), any diffusive 484 

exchange processes that may have disturbed oxygen isotopic compositions in the entire mantle 485 

melilite should still result in no or minimal modification on the original oxygen isotopic 486 
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compositions of diopside, even in the outermost core (Fig. 10). In other words, if the observed 487 

oxygen isotopic variation in the core Al,Ti-diopside originated from solid-state diffusion, the 488 

mantle melilite could not have retained any signature of internally heterogenous oxygen isotopic 489 

compositions. A partial equilibration of Mg contents in the mantle melilite would also be expected 490 

as Mg diffusion in melilite becomes faster than its oxygen diffusion with increasing temperature 491 

(Fig. 8b). Therefore, any subsequent partial melting event would be necessary at temperatures 492 

higher than the liquidus temperature of melilite to reset a relationship between chemical and 493 

oxygen isotopic compositions established via solid-state diffusion in the mantle melilite. However, 494 

such an event would likely lead to a partial to complete melting of the core Al,Ti-diopside 495 

surrounded by the mantle melilite. Overall, because of the observed compositional trends in Al,Ti-496 

diopside and melilite, gas-solid exchange event(s) are unlikely to explain the observed 497 

heterogenous distribution of oxygen isotopes in the CAI core and mantle.  498 

In all scenarios discussed above, the oxygen isotopic heterogeneity observed in Big Guy 499 

involves at least two isotopically distinct (16O-rich and 16O-poor) gas reservoirs in which this CAI 500 

formed and evolved prior to WL rim formation (e.g., Yurimoto et al., 1998; Yoshitake et al., 2005; 501 

Katayama et al., 2012; Park et al., 2012; Aléon, 2016; Simon et al., 2011, 2016, 2019; Kawasaki 502 

et al., 2018; Suzumura et al., 2021). This explanation can be realized in the context of transport of 503 

CAIs between gas reservoirs of different isotopic compositions (e.g., Ciesla, 2010; Boss et al., 504 

2012) and/or by fluctuations of oxygen isotopic compositions in CAI-forming regions (e.g., Park 505 

et al., 2012; MacPherson et al., 2022). 506 

 507 

4.2.3. Enigmatic history of the mantle margin  508 

Han et al. (2020) revealed that the mantle margin of Big Guy is mineralogically and 509 

texturally different, compared to the underlying mantle composed of coarse, zoned melilite (Åk~10–510 

55) grains, suggesting its distinct formation event after the mantle solidification. For example, the 511 

mantle margin exhibits a gradual decrease in åkermanite content of melilite towards the WL rim, 512 

down to Åk0 (Fig. 3b). This zone contains fine-grained gehlenite grains with rare grossite just 513 

inside of the WL rim that share a common crystallographic orientation (Han et al., 2020). Likewise, 514 

the margins of coarse-grained CAIs from CV chondrites are commonly of higher gehlenitic content 515 

(Åk0–10) than expected for the first-crystallized melilite from a melt of their bulk composition 516 

(Åk~10–20; e.g., Bullock et al., 2013; Simon et al., 1999). It is likely that this gehlenitic melilite 517 



18 

 

crystallized from a surficial Ca,Al-enriched melt that formed on the CAI margins by a later flash 518 

heating and subsequent evaporative loss of Mg (e.g., Beckett and Stolper, 1994; Simon et al., 1999; 519 

Bullock et al., 2013; Han et al., 2020). This high-temperature event may be related to an initial 520 

step in the WL rim formation (Wark and Boynton, 2001; Han et al., 2020). 521 

However, the measured isotopic compositions of the mantle margin of Big Guy appear to 522 

pose a problem in elucidating its formation processes and conditions. The slight 16O depletion is 523 

observed from gehlenitic melilite (Åk5.5–11.4) in the mantle margin, over less than a few tens of µm 524 

from the WL rim (Fig. 6d). If the relatively 16O-poor compositions in this mantle margin resulted 525 

from isotopic exchange between melilite and an 16O-poor gas before the WL rim formed, the time 526 

required would not be longer than 10 years at 1100–1400℃ (Fig. 10). Such a heating duration may 527 

have also resulted in diffusive exchange in Mg isotopes over a distance of ~10–30 μm (Fig. 10). 528 

Although a detailed survey of oxygen and Mg isotopic compositions in the mantle margin of Big 529 

Guy is lacking in this study, this zone does not appear to exhibit a greater degree of mass-dependent 530 

fractionation favoring higher Mg isotopes relative to the mantle interior (Table 2; Han et al., 2020), 531 

as would be expected from surface evaporation of a melt. Similarly, the margins of Type B1 and 532 

B2 CAIs are composed of very gehlenitic melilite (Åk0–10) characterized by isotopically lower Mg 533 

isotopes than in the interiors (Young et al., 2005; Simon et al., 2005; Bullock et al., 2013; Kawasaki 534 

et al., 2018). These data suggest that a later Mg isotopic exchange with an external and isotopically 535 

normal or subchondritic gas reservoir occurred in the CAI margins to erase the effect of mass-536 

dependent fractionation in Mg isotopes produced during evaporation of a surficial melt (Simon et 537 

al., 2005; Bullock et al., 2013; Han et al., 2020). Such exchange may have been initiated during or 538 

before the formation of the WL rim spinel and diopside layers having normal or subchondritic Mg 539 

isotopic compositions (Simon et al., 2005; Han et al., 2020). Meanwhile, Park et al. (2012) revealed 540 

that individual melilite grains in the mantle margin of the Allende CTA CAI ON01 are reversely 541 

zoned, having Mg increase towards their core, that are correlated with progressive 16O depletion. 542 

They concluded that this correlation is a record of melilite crystal growth by condensation from a 543 

nebular gas in which its pressure was decreasing and also its oxygen isotopic composition was 544 

evolving from 16O-poor to 16O-rich (Katayama et al., 2012). Therefore, coordinated studies using 545 

high spatial resolution instruments of the margins of coarse-grained CAIs in CV chondrites are 546 

required to explore any correlations between chemical and oxygen and Mg isotopic compositions 547 

of gehlenitic melilite grains in the CAI margins and to better understand the origin of these melilite 548 
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grains and their relation to the WL rim formation.  549 

 550 

4.3. Al-Mg isotopic constraints  551 

Despite a limited degree of Mg isotopic disturbance, as suggested by scatter of a couple of 552 

data points beyond the analytical uncertainties (reduced 𝜒2 = 4.6), our new Al-Mg isotope data of 553 

spinel, Al,Ti-diopside, and melilite from the CAI Big Guy define a single isochron, with a slope 554 

corresponding to (26Al/27Al)0 = 4.93×10−5 (Fig. 7). This ratio indicates that Big Guy crystallized 555 

from a melt ~5×104 years after the peak formation of large CV CAIs at 26Al/27Al = 5.23×10−5, as 556 

concluded in Han et al. (2020), and is also consistent with Big Guy having been processed in a 557 

major nebula-wide heating event proposed by Liu et al. (2019). 558 

The Al-Mg isotope data of hibonite, spinel, and diopside from the WL rim also define an 559 

isochron that has essentially the same slope as do the CAI interior data, suggesting no resolvable 560 

age gap between the formation events of the CAI interior and the WL rim (Han et al., 2020). Since 561 

oxygen diffuses ~10 times faster than Mg in melilite at 1100–1400℃ (Fig. 8b), if Al-Mg 562 

systematics in the mantle melilite had been disturbed during the WL rim formation, significant 16O 563 

enrichments would have achieved from the WL rim towards the center of the mantle via exchange 564 

with an ambient 16O-rich gas in which the WL rim minerals were condensing. Instead, the mantle 565 

margin exhibits relative 16O depletions outwards the WL rim (Fig. 6d). Moreover, as discussed in 566 

Section 4.2.1, the preservation of 16O-rich compositions across the WL rim melilite and anorthite 567 

(Han et al., 2020) implies that Al-Mg isotopic compositions across the core to the WL rim of the 568 

CAI were largely undisturbed by fluid-assisted thermal metamorphism on the parent body, as 569 

oxygen diffuses at least ~10 times faster than Mg in melilite and anorthite at 300–400℃ (Fig. 8a). 570 

Therefore, the lack of any difference in (26Al/27Al)0 inferred from the CAI interior and its WL rim 571 

indicates that multiple high-temperature events, as well as oxygen isotopic exchange with 16O-rich 572 

and 16O-poor gas reservoirs, should have occurred rapidly, within a short time duration that cannot 573 

be resolved by the Al-Mg chronology (Aléon et al., 2007; Kawasaki et al., 2018, 2021).  574 

 575 

5. Conclusions 576 

Our coordinated mineralogical and oxygen and Al-Mg isotopic analyses of the CAI Big 577 

Guy from Vigarano provide constraints on the history of high-temperature events and reservoir 578 

evolution in the early solar nebula. This CAI is typical of Type B CAIs, as an igneous object that 579 
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was once molten in which spinel crystallized first, followed by melilite and Al,Ti-diopside. 580 

Melilite in the mantle has been preferentially altered in the presence of limited fluids on the parent 581 

body, but the overall effects of secondary parent body alteration were minimal on primary nebular 582 

characteristics of the CAI.  583 

Importantly, heterogeneous oxygen isotopic compositions are observed among and within 584 

constituent minerals in the CAI interior, in contrast to 16O-rich WL rim minerals. Spinel is 585 

uniformly 16O-rich with Δ17O ≤−23‰, whereas Al,Ti-diopside in the core and melilite in the 586 

mantle are relatively 16O-depleted to various degrees. The Δ17O values ranging from −11‰ to 587 

−18‰ of Al,Ti-diopside are positively correlated with its TiO2 contents, flattening out towards 588 

−23‰ recorded in the WL rim diopside. With Δ17O values ranging from −3‰ to −15‰, melilite 589 

in the CAI mantle shows Δ17O values ≤−10‰ only when Åk<15 but becomes more 16O-poor when 590 

Åk>15. We conclude that the correlated chemical and oxygen isotopic variations were established 591 

during crystallization of melilite and Al,Ti-diopside from a partial melt, while spinel retained the 592 

original 16O-rich composition of the CAI precursor. Constraints from oxygen diffusion rates in 593 

CAI minerals preclude solid-state diffusive exchange with nebular gases and with parent body 594 

fluids to account for such correlated variations. Instead, the partial melt should have isotopically 595 

evolved from 16O-rich to 16O-poor during melilite crystallization, then back to 16O-rich during 596 

Al,Ti-rich diopside crystallization via exchange with 16O-poor and 16O-rich gas reservoirs during 597 

single or multiple heating events. 598 

Our Al-Mg isotopic measurements of spinel, Al,Ti-diopside, and melilite from the CAI 599 

interior define a single isochron with (26Al/27Al)0 = 4.93×10−5, consistent with the WL rim data. 600 

Thus, we conclude no resolvable age gap between the formation events of the CAI interior and the 601 

WL rim, implying that multiple high-temperature events and oxygen isotopic exchange between 602 

the CAI melt and isotopically distinct nebular gases occurred rapidly.  603 
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TABLES 821 

 822 

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

mineral spot # δ18O 2σ δ17O 2σ Δ17O 2σ 
TiO2

av 

(wt%) 

Åkav 

(mol%) 

Core          

spinel S1 −46.9 0.8 −48.4 1.0 −24.0 0.9   
 S2 −46.6 0.8 −47.7 1.0 −23.5 0.9   

Al,Ti-diopside F2 −9.7 0.8 −16.5 1.0 −11.4 0.9 16.2  

 F3 −10.0 0.8 −18.2 1.0 −13.0 0.9 16.0  

 F4 −24.2 0.8 −29.7 1.0 −17.1 0.9 13.1  

 F5 −8.6 0.8 −16.1 1.0 −11.7 0.9 15.6  

 F6 −28.8 0.8 −33.3 1.0 −18.3 0.9 11.2  

Mantle     
 

    

spinel S3 −46.1 0.8 −49.4 1.0 −25.4 0.9   
 S4 −47.9 0.8 −47.9 1.0 −23.0 0.9   

melilite M1 −11.3 0.8 −13.3 1.0 −7.4 0.9  11.4 

 Grain #1         

 M8 −2.1 0.8 −10.3 0.5 −8.7 0.5  30.8 

 M9 −3.8 0.8 −12.0 0.5 −9.5 0.5  15.8 

 M10 −10.9 0.8 −18.5 0.5 −12.3 0.5  12.1 

 M11 −20.5 0.8 −26.2 0.5 −15.1 0.5  13.1 

 M12 −21.0 0.8 −26.9 0.5 −15.5 0.5  10.5 

 M13 −12.3 0.8 −20.1 0.5 −13.2 0.5  9.2 

 Grain #2         

 M2 −20.5 0.8 −20.8 1.0 −10.1 0.9  5.5 

 M3 −28.6 0.8 −30.0 1.0 −15.1 0.9  10.6 

 M4 −21.2 0.8 −21.9 1.0 −10.8 0.9  8.5 

 M5 −10.3 0.8 −12.5 1.0 −7.2 0.9  54.4 

 M6 −9.6 0.8 −10.5 1.0 −5.6 0.9  53.6 

 M7 −10.4 0.8 −11.8 1.0 −6.4 0.9  55.5 

 M14 10.6 0.8 1.7 0.5 −3.3 0.5  55.4 

 M15 4.4 0.8 −5.0 0.5 −6.8 0.5  47.9 

 M16 4.0 0.8 −5.0 0.5 −6.6 0.5  33.8 

 M17 −1.1 0.8 −9.2 0.5 −8.1 0.5  19.1 

 M18 −18.0 0.8 −24.6 0.5 −14.8 0.5  14.3 

 M19 −16.8 0.8 −23.8 0.5 −14.5 0.5  12.4 

 M20 −19.9 0.8 −26.2 0.5 −15.3 0.5  11.4 

WL rim          

spinel S5 −47.1 0.8 −49.6 1.0 −25.2 0.9   

diopside D1 −38.5 0.8 −43.0 1.0 −23.0 0.9 0.9  

* Spots M8 to M20 were obtained from the first session (3O-I), whereas the rest was obtained 824 

from the second session (3O-II). TiO2
av (wt%) and Åkav (mol%) are average values of multiple 825 

EPMA analyses around SIMS pits of Al,Ti-diopside, melilite, and diopside.  826 

827 
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Table 2. Al-Mg isotopic compositions of individual minerals from the CAI Big Guy. 828 

mineral spot # δ25Mg (‰) 2σ 27Al/24Mg 2σ Δ26Mg* (‰) 2σ 

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 

829 
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FIGURE CAPTIONS 830 

 831 

Figure 1. (a) BSE image and (b) corresponding combined elemental map in Mg (red), Ca (green), 832 

and Al (blue) Kα x-rays of the CAI Big Guy. The CAI shows a distinct core-mantle-rim structure. 833 

The dotted line A-B indicates an electron microprobe traverse across a single melilite crystal 834 

shown in Figure 3b. Abbreviations hereafter: sp = spinel; mel = melilite; AlTi-di = Al,Ti-rich 835 

diopside; WL = Wark-Lovering rim; AR = olivine-rich accretionary rim.     836 

 837 

Figure 2. (a, d, f) BSE images, (b, e, g) combined elemental maps in Mg (red), Ti (green), and Al 838 

(blue) Kα x-rays, and (c) Fe Kα x-ray map of the core region of the CAI Big Guy. Abbreviations 839 

hereafter: pv = perovskite.  840 

 841 

Figure 3. Chemical compositions of Al,Ti-diopside and melilite from the CAI Big Guy. (a) A plot 842 

of TiO2 versus Al2O3 contents in Al,Ti-diopside from the CAI core. (b) Compositional profile 843 

across a single melilite grain in the CAI mantle. The electron microprobe traverse, as indicated by 844 

the A-B line in Figure 1, was obtained along the elongation direction of the melilite crystal with a 845 

spacing of 2 µm between points.    846 

 847 

Figure 4. (a) BF STEM image and (b) compositional profile of Al,Ti-diopside along the core edge 848 

that is rimmed by a thin layer of Al-diopside. The solid line in (a) indicates the TEM EDX traverse 849 

across the grain boundary, with 0 being the start point. The vertical dotted line in (b) represents 850 

the grain boundary between two chemically different diopsides. Abbreviations hereafter: Al-di = 851 

Al-rich diopside; alt = secondary alteration phase.     852 

 853 

Figure 5. (a) BF STEM image of perovskite grains in the symplectic intergrowth with Al,Ti-854 

diopside and melilite along the core-mantle boundary. (b, c) BF STEM and HRTEM images of a 855 

secondary Fe-rich vein associated with melilite grains along the core-mantle boundary. Some veins 856 

between melilite grains are zoned, with a denser and more Fe-rich middle. The veins are poorly 857 

crystalline and contains phyllosilicates exhibiting the 0.7 nm basal spacing of serpentine, as 858 

indicated by two parallel lines in (c).    859 

 860 
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Figure 6. Oxygen isotopic compositions of Al,Ti-diopside and melilite from the CAI Big Guy. (a) 861 

A relationship between Δ17O value and TiO2 content of diopside. (b) A relationship between Δ17O 862 

value and åkermanite content of melilite. (c) A distribution of Δ17O values on the TiO2 content 863 

map of the core Al,Ti-diopside. (d) A distribution of Δ17O values on the åkermanite content map 864 

of the mantle melilite. Terrestrial fractionation (TF) line is shown for reference. Our SIMS data 865 

are compared with those obtained from CTA and B1 CAIs, which were reported in Aléon et al. 866 

(2007), Aléon (2016), Kawasaki et al. (2018), and Suzumura et al. (2021). 867 

 868 

Figure 7. Magnesium isotopic compositions of individual minerals from the CAI Big Guy. A 869 

dotted line represents the CAI’s isochron with (26Al/27Al)0 = (4.93±0.18)×10−5 and Δ26Mg0* = 870 

−0.01±0.1‰ (2σ). 871 

 872 

Figure 8. Arrhenius plots of oxygen and Mg diffusivities in spinel, melilite, anorthite, and diopside. 873 

Oxygen diffusion in anorthite was compared under both dry and wet conditions, and a dry 874 

condition was considered for oxygen diffusion in all other minerals, as well as Mg diffusion in all 875 

minerals. Oxygen and Mg diffusivities are indicated by dashed and solid lines, respectively. 876 

Vertical solid lines indicate temperature ranges estimated for (a) fluid-assisted thermal 877 

metamorphism on the parent body and (b) gas-solid interaction in the solar nebula. Diffusion data 878 

were from Gilletti et al. (1978), Yurimoto et al. (1989), Morioka and Nagasawa (1991), Ryerson 879 

and McKeegan (1994), Liermann and Ganguly (2002), Ito and Ganguly (2009), Zhang et al. (2010), 880 

and Van Orman et al. (2014). 881 

 882 

Figure 9. Oxygen diffusion in anorthite under dry and wet conditions at 300–400℃, estimated for 883 

a temperature range of peak metamorphic heating on the Vigarano parent body. The preservation 884 

of 16O-rich composition of fine-grained anorthite (typically <5 µm in size) in the WL rim 885 

constrains peak metamorphic heating to have occurred for less than 50 years.  886 

 887 

Figure 10. Oxygen and Mg diffusion time and length for spinel, melilite, and diopside below the 888 

solidus temperature of melilite at 1100℃ (a) and 1400℃ (b). Oxygen and Mg diffusion data are 889 

indicated by dashed and solid lines, respectively.  890 
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Figure 1. (a) BSE image and (b) corresponding combined elemental map in Mg (red), Ca (green), 3 

and Al (blue) Kα x-rays of the CAI Big Guy. The CAI shows a distinct core-mantle-rim structure. 4 

The dotted line A-B indicates an electron microprobe traverse across a single melilite crystal 5 

shown in Figure 3b. Abbreviations hereafter: sp = spinel; mel = melilite; AlTi-di = Al,Ti-rich 6 

diopside; WL = Wark-Lovering rim; AR = olivine-rich accretionary rim.     7 
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Figure 2. (a, d, f) BSE images, (b, e, g) combined elemental maps in Mg (red), Ti (green), and Al 9 

(blue) Kα x-rays, and (c) Fe Kα x-ray map of the core region of the CAI Big Guy. Abbreviations 10 

hereafter: pv = perovskite.  11 

  12 



Figure 3. Chemical compositions of Al,Ti-diopside and melilite from the CAI Big Guy. (a) A plot 13 

of TiO2 versus Al2O3 contents in Al,Ti-diopside from the CAI core. (b) Compositional profile 14 

across a single melilite grain in the CAI mantle. The electron microprobe traverse, as indicated by 15 

the A-B line in Figure 1, was obtained along the elongation direction of the melilite crystal with a 16 

spacing of 2 µm between points.    17 

  18 



Figure 4. (a) BF STEM image and (b) compositional profile of Al,Ti-diopside along the core edge 19 

that is rimmed by a thin layer of Al-diopside. The solid line in (a) indicates the TEM EDX traverse 20 

across the grain boundary, with 0 being the start point. The vertical dotted line in (b) represents 21 

the grain boundary between two chemically different diopsides. Abbreviations hereafter: Al-di = 22 

Al-rich diopside; alt = secondary alteration phase.     23 
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Figure 5. (a) BF STEM image of perovskite grains in the symplectic intergrowth with Al,Ti-25 

diopside and melilite along the core-mantle boundary. (b, c) BF STEM and HRTEM images of a 26 

secondary Fe-rich vein associated with melilite grains along the core-mantle boundary. Some veins 27 

between melilite grains are zoned, with a denser and more Fe-rich middle. The veins are poorly 28 

crystalline and contains phyllosilicates exhibiting the 0.7 nm basal spacing of serpentine, as 29 

indicated by two parallel lines in (c).    30 
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Figure 6. Oxygen isotopic compositions of Al,Ti-diopside and melilite from the CAI Big Guy. (a) 32 

A relationship between Δ17O value and TiO2 content of diopside. (b) A relationship between Δ17O 33 

value and åkermanite content of melilite. (c) A distribution of Δ17O values on the TiO2 content 34 

map of the core Al,Ti-diopside. (d) A distribution of Δ17O values on the åkermanite content map 35 

of the mantle melilite. Terrestrial fractionation (TF) line is shown for reference. Our SIMS data 36 

are compared with those obtained from CTA and B1 CAIs, which were reported in Aléon et al. 37 

(2007), Aléon (2016), Kawasaki et al. (2018), and Suzumura et al. (2021). 38 

39 
40 



Figure 7. Magnesium isotopic compositions of individual minerals from the CAI Big Guy. A 41 

dotted line represents the CAI’s isochron with (26Al/27Al)0 = (4.93±0.18)×10−5 and Δ26Mg0* = 42 

−0.01±0.1‰ (2σ). 43 

 44 
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Figure 8. Arrhenius plots of oxygen and Mg diffusivities in spinel, melilite, anorthite, and diopside. 46 

Oxygen diffusion in anorthite was compared under both dry and wet conditions, and a dry 47 

condition was considered for oxygen diffusion in all other minerals, as well as Mg diffusion in all 48 

minerals. Oxygen and Mg diffusivities are indicated by dashed and solid lines, respectively. 49 

Vertical solid lines indicate temperature ranges estimated for (a) fluid-assisted thermal 50 

metamorphism on the parent body and (b) gas-solid interaction in the solar nebula. Diffusion data 51 

were from Gilletti et al. (1978), Yurimoto et al. (1989), Morioka and Nagasawa (1991), Ryerson 52 

and McKeegan (1994), Liermann and Ganguly (2002), Ito and Ganguly (2009), Zhang et al. (2010), 53 

and Van Orman et al. (2014). 54 

 55 



Figure 9. Oxygen diffusion in anorthite under dry and wet conditions at 300–400℃, estimated for 56 

a temperature range of peak metamorphic heating on the Vigarano parent body. The preservation 57 

of 16O-rich composition of fine-grained anorthite (typically <5 µm in size) in the WL rim 58 

constrains peak metamorphic heating to have occurred for less than 50 years.  59 

 60 



Figure 10. Oxygen and Mg diffusion time and length for spinel, melilite, and diopside below the 61 

solidus temperature of melilite at 1100℃ (a) and 1400℃ (b). Oxygen and Mg diffusion data are 62 

indicated by dashed and solid lines, respectively.  63 
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