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Abstract

We performed high-precision SIMS (secondary ion mass spectrometry) 26Al-26Mg and oxygen isotope analyses of two
unique CAIs, ‘‘Mesquite” and ‘‘Y24”, found in the CO3.05 chondrites Northwest Africa 7892 and Yamato-81020, respec-
tively. Mesquite is unusually large (�5 � 3 mm) for a CAI from any CO chondrite and exhibits a layered texture comprising
a melilite-rich core surrounded by hibonite- and spinel-rich mantle layers and a semi-continuous spinel-dominated rim. The
CAI Y24 stands out because of its distinct mineralogy: grossite, hibonite, and spinel are accompanied by abundant ultra-
refractory-element-rich phases such as warkite, kangite, and perovskite. Silicates are absent in Y24.

Negatively fractionated d25Mg values of phases in the core and mantle layers of Mesquite suggest that the inclusion as a
whole was never molten and, hence, represents an aggregate of condensates. The relatively large grain sizes of melilite in the
core (up to �300 mm) most likely are the result of solid-state recrystallization and coarsening of melilite in the course of a
heating event occurring in the solar nebula. This heating event, however, did not disturb the Al-Mg systematics of Mesquite.
Regardless of their position within Mesquite and the phases analyzed, spots analyzed for Al-Mg plot on a single isochron
characterized by an initial 26Al/27Al of (4.95 ± 0.08) � 10–5 and a d26Mg*0 of –0.14 ± 0.05‰. We suggest that this initial
26Al/27Al ratio corresponds to the formation of Mesquite in the solar nebula that was slightly heterogeneous with respect
to Mg isotopes. Spinel in the rim is uniform in D17O (�–25‰); in contrast, hibonite in the core and mantle layers, albeit also
16O-rich, show variable oxygen isotope ratios (D17O � –15‰ to –23‰), which would be consistent with hibonite condensation
in a gas with quickly-changing oxygen isotope compositions. The 16O-poor composition of melilite (D17O � –1‰ to 0‰) in
the core could be the result of isotope exchange with an 16O-poor gas, perhaps during the heating event that caused the solid-
state recrystallization and coarsening of melilite or the result of oxygen isotope exchange with a fluid on the parent body.
Abundant calcite, phyllosilicates, and sodalite are witnesses to late-stage and low-temperature alteration of the Mesquite
CAI; calcite and phyllosilicates most likely are of terrestrial origin, but sodalite could have formed in the parent body.

Inclusion Y24 is irregularly-shaped, indicating a condensation origin. Completely enclosing other phases, warkite forms
the matrix of Y24, which could be the result of simultaneous condensation and growth of warkite, grossite, and hibonite. Pos-
sibly, spinel formed by replacing grossite or hibonite or both minerals in a gradually cooling gas before any silicates con-
densed. SIMS analyses indicate that condensation occurred in an 16O-rich gas when 26Al/27Al was (5.4 ± 1.0) � 10–5.
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Oxygen isotope exchange with an 16O-poor fluid in the parent body or with an 16O-poor gas in a nebular setting caused the
16O-poor compositions in grossite and kangite.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Calcium-aluminum-rich inclusions (CAIs) – a ubiqui-
tous component of most carbonaceous chondrites (CC) –
are among the oldest solids formed in the solar nebula
(e.g., Kita et al., 2005; Jacobsen et al., 2008; Amelin
et al., 2010; Krot, 2019; MacPherson, 2014) and are espe-
cially abundant in the CO, CV, and CM chondrite groups
(Scott and Krot, 2014, and references therein). The U-
corrected Pb-Pb age of 4.567 ± 0.16 Ga for a set of CAIs
from CV chondrites is taken as ‘‘the zero time point”
(Amelin et al., 2010; Connelly et al., 2012, 2017) in the evo-
lution of the protoplanetary disk. A timeline of events that
occurred during the first few millions of years after this time
zero, i.e., after CAI formation, can then be constructed by
using relative dating methods, with the 26Al-26Mg radioac-
tive decay system being the most utilized one (e.g., Kita
et al., 2005). By measuring the excess of radiogenic 26Mg
due to the in situ decay of 26Al (half-life: �0.7 My,
Norris et al., 1983) in meteoritic samples, it is possible to
deduce the amount of time between time zero and the crys-
tallization or formation of phases in these samples, pro-
vided that the initial abundance of 26Al in the CAI-
forming reservoir is known and it was homogeneously dis-
tributed in the CAI-forming region. In the past 15 years,
high-precision in situ and bulk magnesium isotope mea-
surements of large (>5 mm) CAIs from CV3 chondrites
have revealed that many inclusions which have escaped
post-formation isotopic disturbance show initial 26Al/27Al
ratios (�(26Al/27Al)0) consistent with 5.2 ± 0.1 � 10–5, the
so-called ‘‘canonical” value (e.g., Jacobsen et al., 2008;
MacPherson et al., 2012, 2017). However, there are well-
resolved variations in the (26Al/27Al)0 of CAIs, all obtained
through the internal isochron method, indicating (partial)
melting of some inclusions and resetting of their Mg isotope
systematics (e.g., MacPherson et al., 1995, 2012; Liu et al.,
2019). Those variations play an important role in deducing
the sequence of processes occurring in the nascent proto-
planetary disk (e.g., Liu et al., 2019).

Processes involving gaseous and condensed materials
can be traced by studying the oxygen isotopic composition
of CAIs (e.g., Clayton et al., 1977; Krot and Nagashima,
2016; Ushikubo et al., 2017). Except for rare hibonite and
corundum grains that do not carry fossil records of 26Al
but are 16O-rich (e.g., Liu et al., 2009; Makide et al.,
2011; Kööp et al., 2016), pristine refractory inclusions,
including CAIs that were not affected by secondary pro-
cesses, possess canonical (26Al/27Al)0 and are predomi-
nantly 16O-rich with D17O (=d17O–0.52 � d18O) values
ranging typically between –25‰ and –23‰ (Krot, 2019,
and references therein). On the other hand, CAIs that expe-
rienced melting in the disk or secondary alteration on their
parent-body asteroids often show heterogeneous,
mineralogically-controlled (Krot, 2019) oxygen isotopic
compositions (Kawasaki et al., 2017; Krot et al., 2019c;
Krot, 2019, and references therein); in such inclusions, anal-
yses of, for instance, spinel and hibonite yield 16O-rich com-
positions, whereas minerals such as melilite and anorthite
are usually 16O-poor relative to the aforementioned phases
(Krot, 2019). Further, there is evidence for isotopically dis-
tinct gaseous reservoirs that were present during the era of
CAI formation, as suggested by variable 16O-enrichments
of fine-grained inclusions (Yurimoto et al., 2008, and refer-
ences therein) or 16O-poor refractory oxides (e.g., Ivanova
et al., 2012; Zhang et al., 2015) found in ultra-refractory
(UR) inclusions.

Compared to those from CV chondrites, CAIs from CO
chondrites are small (<500 mm, Russell et al., 1998). Com-
mon CAI types in CO chondrites include melilite-,
hibonite-, and spinel-rich inclusions, whereas grossite- and
pyroxene-rich types are uncommon (Scott and Krot,
2014, and references therein). As in other chondrites, CAIs
rich in ultra-refractory-element-dominant minerals such as
warkite [Ca2Sc6Al6O20] (Ma et al., 2015) or kangite [(Sc,
Ti,Al,Zr,Mg,Ca,h)2O3] (Ma et al., 2013) are extremely rare
in CO chondrites. In 2012, only 13 ultrarefractory (UR)
inclusions were tabulated by Ivanova et al. (2012). More
UR inclusions have been found in the course of the follow-
ing years (e.g., Ma et al., 2012, 2015); a recent compilation
of UR inclusions by Krot et al. (2019a) lists 34 such inclu-
sions known to date. Although no rare earth element (REE)
patterns have been obtained for most of these inclusions, it
is probable that most of them are characterized by ultra-
refractory patterns (enriched in heavy REEs, Boynton,
1989) judging from the high abundance of minerals rich
in ultra-refractory elements (Krot, 2019).

Here we report on two special CAIs found in two differ-
ent CO3.0 chondrites. The first CAI, ‘‘Mesquite”, was
found in the newly described CO3.05 chondrite Northwest
Africa 7892. This inclusion is melilite-rich with a layered
structure. It stands out because its size of �5 mm is much
larger than those of most CO CAIs. The second CAI of
interest, ‘‘Y24”, is from the Yamato(Y)-81020 chondrite,
and is peculiar due to its distinct mineralogy. The isolated
inclusion Y24 is composed of abundant ultra-refractory-
element-rich minerals such as warkite, kangite, and per-
ovskite in combination with grossite, hibonite, and spinel.

Because of their unique features, we investigated both
inclusions petrographically using scanning electron micro-
scopy (SEM) and determined their Al-Mg and O isotope
systematics using secondary ion mass spectrometry (SIMS).
The large size and layered structure of Mesquite offer an
opportunity to check for possible differences in the forma-
tion environments and times between minerals in different
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layers. The isotope data in combination with the special
mineralogy of Y24 will provide some insights into the
chronology and conditions in which UR-element-rich inclu-
sions formed.

2. ANALYTICAL METHODS

2.1. Samples and electron microscopy

The CAI Mesquite is from an epoxy-mounted thick sec-
tion of the NWA 7892 chondrite (The Meteoritical Bulletin,
No. 102) that was purchased from a meteorite dealer in
2012; the studied section is a loan from the Center for Mete-
orite Studies of the Arizona State University (ASU). The
ultra-refractory-element-rich CAI Y24 was discovered in a
thin section of the Y-81020 chondrite (section number
#61-6) that was provided to us by the National Institute
of Polar Research (NIPR), Japan.

Initial secondary electron (SE) and backscattered elec-
tron (BSE) images of Mesquite were acquired using the
JEOL JXA-8530F electron microprobe at Arizona State
University (ASU). Additional imagery of Mesquite as well
as electron images of Y24 were obtained using the Tescan
Vega-3 XMU scanning electron microscope located at the
University of California, Los Angeles (UCLA). Qualitative
elemental distribution maps (X-ray maps) of Ca (Kɑ), Al
(Kɑ), and Mg (Kɑ) of Mesquite, and Ca (Kɑ), Al (Kɑ),
Mg (Kɑ), Ti (Kɑ), Zr (Lɑ), and Sc (Kɑ) of Y24 were made
at ASU and UCLA, respectively.

Chemical compositions of minerals were determined
during two analytical sessions using the JEOL JXA-8200
Superprobe at UCLA (15 kV, 15 nA). In the first session,
melilite, hibonite, and spinel in Mesquite were analyzed
for concentrations of SiO2, TiO2, Al2O3, Cr2O3, MgO,
FeO, CaO, MnO, Na2O, and K2O. The counting time on
the peaks was 20 seconds (5 seconds on background) for
all elements except Na and K (10 and 5 seconds, respec-
tively, on background). The following reference materials
(standards) were used to calibrate the X-ray response for
the various elements: anorthite (Si, Al, Ca), sphene (Ti),
chromium spinel (Cr), forsterite (Mg), magnetite (Fe),
MNGA (Mn), albite (Na), and GKFS (K).

In the second session, the mineral chemistry of hibonite,
grossite, spinel, and those of refractory-element-rich oxides
in Y24 were determined by measuring SiO2, TiO2, ZrO2,
HfO2, Al2O3, Cr2O3, Sc2O3, Y2O3, V2O3, MgO, FeO, and
CaO contents. The counting time on the peaks was 20 sec-
onds (5 seconds on background) for all elements except Cr
(60 seconds on the peak and 15 seconds on the background)
and Y (30 seconds for both the peak and the background).
The following reference materials were used in the second
session: forsterite (Si, Mg), sphene (Ti), zircon (Zr), hafnon
(Hf), anorthite (Al, Ca), chromium spinel (Cr), ScPO4 (Sc),
YPO4 (Y), VOx (V), and magnetite (Fe).

2.2. Ion microprobe analyses

Oxygen and magnesium isotope analyses were per-
formed using the CAMECA ims-1290 ion microprobe at
UCLA during 9 analytical sessions (4 for oxygen isotopes,
5 for magnesium isotopes). For magnesium isotope analysis
of Y24, locations of SIMS measurements were marked by a
focused ion beam (FIB) instrument. All of the SIMS pits
were imaged by SEM to check for pit imperfections and
accuracy of aiming (see Electronic Annex EA1).

2.2.1. Location of SIMS measurements and marking by FIB

Locations of prospective SIMS analyses were chosen
based on high-resolution secondary electron (SE) and
backscattered electron (BSE) images. In the case of inclu-
sion Y24, the small sizes of individual phases would have
made it difficult to aim accurately the primary ion beam
by using the optical microscope of the Cameca ims-1290
alone. Therefore, for magnesium isotope analysis, locations
of interest were marked before analysis by using the Nova
600 NanoLab SEM/FIB instrument of the UCLA Nano-
electronics Research Facility (NRF). The general procedure
follows descriptions in Nakashima et al. (2012) and
Defouilloy et al. (2017). A Ga+ beam (30 kV, 10 pA) was
rastered over the sample surface for approximately 60 sec-
onds to remove the carbon coating from a 1 mm � 1 mm
area on top of the prospective measurement location. Sub-
sequently, SE images were acquired to document the precise
location of the FIB marks. During magnesium isotope
analysis with the Cameca ims-1290, scanning ion images
(Al+) of different raster sizes, which were obtained with a
low primary beam current (�50 pA) to limit sputtering of
the carbon coating, were used to position the primary ion
beam exactly over the FIB marks.

2.2.2. Oxygen isotope analysis

We acquired the oxygen isotopic composition of miner-
als in Y24 and Mesquite in four separate sessions (O3-I,
O3-II, O3-III, O3-IV). In sessions O3-I and -II, a primary
Cs+ beam (Gaussian mode) of �20 pA was focused on
the sample surface resulting in a pit �5 mm in diameter.
Intensities of 16O–, 17O–, and 18O– signals were measured
simultaneously using one Faraday cup (FC) on the multi-
collection detector array, the axial electron multiplier
(EM), and another EM on the detector array, respectively.
The mass resolving power (MRP) for 17O– was set to
�7000; the MRP for 16O– and 18O– on the multi-
collection detector array was 2500. The secondary intensi-
ties of 16O– on the Madagascar hibonite (Madhib) standard
were �4 � 107 (O3-I) or �2.7 � 107 (O3-II) cps due to dif-
ferent magnification settings in the transfer optics. Data
were acquired over 20 cycles of 10 seconds each, after
pre-sputtering (90 or 120 seconds) and two centering routi-
nes (beam in the field aperture, magnetic field centering).
The external reproducibility of the Madhib standard for
d17O, d18O, and D17O was 2.0, 0.7, and 2.0‰ (n = 7,
2SD) or 2.0, 1.5, and 2.5‰ (n = 6, 2SD) for session O3-I
or O3-II, receptively.

In the third session (O3-III), a primary Cs+ beam of
�4 nA was focused on the sample surface (Gaussian mode,
�10 mm, no raster) and secondary intensities were high
enough (�3 � 109 cps for Madhib) to simultaneously detect
ions using two FCs on the multi-collection array (16O–,
18O–) and an axial FC (17O–). The MRP was similar to that
in sessions O3-I and -II. Following pre-sputtering for 45
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seconds and centering routines, data were measured over 10
cycles of 20 seconds each. External reproducibility of the
Madhib standard over the entire session was 0.35, 0.82,
and 0.26‰ (n = 9, 2SD) for d17O, d18O, and D17O,
respectively.

In the fourth session (O3-IV), we analyzed secondary
alteration products and calcite, which contain significant
amounts of water in their crystal structure or within pores.
Hence, the contribution of 16OH– to the 17O– signal is
expected to be non-negligible. By scanning the low-mass
side of the 18O– peak (0.0038 atomic mass units below the
nominal 18O mass, where there is no hydride contribution)
with the axial EM, we estimated the ratio of the counts of
the low-mass tail to the counts of the peak. To a first
approximation, this ratio (1/77,000) adequately describes
the shape for the 16OH– peak and is expected to stay con-
stant regardless of the intensity of the peak. At the end of
each analysis, the 16OH– signal was measured automatically
by deflecting the beam into an axial FC using the DSP2-X
deflector, similar to procedures applied by, e.g., Heck et al.
(2010) and Kita et al. (2010, see their Supplementary data
EA1). The contribution of the hydride tail to the 17O– signal
was estimated based on the established ratio and typically a
correction of 0.5‰ to 2‰ was applied. A primary Cs+

beam of �3 nA was used in the fourth session (Gaussian
mode, �12 mm, 3 mm raster). The collector configuration
and MRP were the same as those in O3-III. Following
pre-sputtering (30 seconds) and centering routines, data
were measured over 10 cycles (each 20 s). The external
reproducibility of the in-house calcite standard (McCain
et al., 2018) over the entire session was 0.8, 1.2, and 0.5‰
(n = 12, 2SD) for d17O, d18O, and D17O, respectively.

Isotope ratios are expressed relative to Vienna Standard
Mean Ocean Water (VSMOW, Baertschi, 1976). Correc-
tions of isotope ratios of unknown samples for mass-
dependent fractionation occurring in the instrument were
carried out by comparing to standards of spinel (Burma spi-
nel, Bsp; d18O = 22.30‰), Madagascar hibonite (Madhib,
d18O = 10.0‰), and calcite (d18O = 11.1‰, McCain et al.,
2018). Additionally, San Carlos (SC) olivine and SC pyrox-
ene or a quartz standard were measured to check instru-
ment stability and isotope fractionation behavior. The
external reproducibilities of d17O, d18O, and D17O (mean
of all analyses of the respective session) on Bsp, Madhib,
and calcite were assigned to represent the analytical uncer-
tainty for the corresponding unknowns. When no matrix-
matched standards were available (e.g., for melilite, gros-
site, phyllosilicates), only D17O values were calculated and
the standard error of the mean on a cycle-by-cycle basis (in-
ternal error, 2SE) was assigned as the analytical uncertainty
in these cases.

2.2.3. Magnesium isotope analysis

The Al-Mg systematics of inclusions were determined in
five separate analytical sessions using an O– (session
MultiFC-I) or O3

– (sessions MultiFC-II, III, MonoEM-I, -
II) primary ion beam generated by a Hyperion-II oxygen
plasma source (Liu et al., 2018). For sessions MultiFC-I
to -III, primary ion currents of 1, 3, or 5 nA (sizes of SIMS
pits: 3–10 mm) yielded secondary ion intensities of 24Mg+,
25Mg+, 26Mg+, and 27Al+ strong enough (e.g., 5 nA,
24Mg+: �1.2 � 108 cps for Bsp, �0.2 � 108 cps for Madhib)
to be detected simultaneously using FCs on the multi-
collection detector array. Interferences of 48Ca2+ and
48Ti2+ were separated from 24Mg+ by setting the instrument
to a MRP of �2500 (exit slit 1 on the multi-collection array,
500 mm). This setting does not allow complete separation of
24MgH+ from the 25Mg+ signal; however, for sessions
MultiFC-I and -II, the hydride contribution to the 25Mg+

signal was minimal due to the high vacuum in the analysis
chamber (<1 � 10–8 torr). In session MultiFC-III, vacuum
in the analysis chamber was degraded, making it necessary
to reduce the exit slit width (exit slit 2, 250 mm, correspond-
ing to MRP of �4500) to separate the hydride peak from
the 25Mg+ signal. After pre-sputtering for 60, 90, or 120 sec-
onds and centering of the beam into the field aperture and
the magnet field on the central FC, data acquisition was
done in 10, 20, or 30 cycles (mostly dependent on the phase
analyzed) with a 15-second counting time per cycle.

In sessions MonoEM-I and -II, primary beam currents
of 90 or 250 pA and 30–50 pA, respectively, resulted in sec-
ondary ion intensities of magnesium isotopes suitable to be
detected by the axial EM in pulse counting mode using
magnetic field switching. Aluminum was collected on the
axial FC2 detector. Counting times were 2, 8, 6, and 2 sec-
onds for 24Mg+, 25Mg+, 26Mg+, and 27Al+, per cycle,
respectively, with 10, 20, or 40 cycles per analysis. Pre-
sputtering of the sample lasted 150 seconds and was fol-
lowed by two centering routines (beam in the field aperture
and magnetic field). The mass spectrometer was set to
achieve a MRP of �5000 using an exit slit width of
150 mm).

Terrestrial standards (San Carlos olivine, San Carlos
pyroxene, Burma spinel, and Madagascar hibonite) were
measured in sessions MultiFC-I to -III to characterize
and correct for mass-dependent instrumental isotope frac-
tionation during analysis, assuming the true isotopic com-
positions for the standards to be 0.12663 for 25Mg/24Mg
and 0.13932 for 26Mg/24Mg (Catanzaro et al., 1966). Instru-
mental mass fractionation (a) inferred from standards is
defined as:

a25 ¼
25Mg= 24Mgð Þstdm

0:12663
and a26 ¼

26Mg= 24Mgð Þstdm
0:13932

;

where m stands for ‘‘measured”. Deviations of the mea-
sured magnesium isotope ratios from the reference values
were expressed in d-notation:

d25Mg ¼ a25 � 1ð Þ � 1000

d26Mg ¼ a26 � 1ð Þ � 1000

The mass dependent fractionation of magnesium in the
unknowns was calculated by correcting for mineral-
specific IMF:

d25Mgunk ¼
25Mg= 24Mgð Þunkm =a25

0:12663
� 1

" #
� 1000

It should be pointed out that the assumption that all
standards are characterized by d25Mg = d26Mg = 0‰ may
be inappropriate for those that were not of mantle origin,
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such as Burma spinel and Madagascar hibonite, and there-
fore could potentially result in a 1 � 2‰ systematic error
on d25Mg of unknown samples (e.g., Young and Galy,
2004). However, such a level of inaccuracy is insignificant
for the purpose of interpreting the formation mechanisms
of the inclusions.

To characterize the fractionation behavior of the instru-
ment, an exponential mass fractionation law

1 þ d25Mg

1000

� �
¼ 1 þ d26Mg

1000

� �b

was applied, and for each of the multi-FC sessions (I, II,
and III) one b value (0.515, 0.513, and 0.516) was derived
by linear regression of standard measurements (only SC oli-
vine, SC pyroxene, Bsp). Analyses performed during
sessions MonoEM-I and -II were reduced using a constant
b of 0.5128 (Davis et al., 2015).

If minerals in the inclusions incorporated 26Al during
their formation, their 26Mg/24Mg ratios would be deviated
from those expected from the measured non-radiogenic
25Mg/24Mg ratio and the effect of mass-dependent fraction-
ation. This excess in 26Mg, denoted d26Mg*, is calculated by
Fig. 1. Images of the Mesquite inclusion. (a) Optical light, (b) X-
ray intensity, and (c) BSE images showing the general texture of
Mesquite. The melilite-rich core is encased in a mantle consisting of
hibonite, spinel, perovskite, as well as melilite. Core and mantle are
themselves partially surrounded by a spinel-rich rim, and the whole
inclusion is encased in an accretionary rim. Rectangles in (c) show
locations of BSE images in Fig. 2. Mel: melilite, Hib: hibonite, Sp:
spinel, Prv: perovskite. Scale bars in all images are 1 mm.
d26Mg� ¼ d26Mg � 1 þ d25Mg

1000

� �1=b

� 1

" #
� 1000

Relative sensitivity factors (RSFs) of 27Al/24Mg, defined
as (27Al/24Mg)m/(27Al/24Mg)true, were deduced by analysis
of terrestrial standards (true 27Al/24Mg of Bsp: 2.56; Mad-
hib: 25.2, Liu et al., 2009) and of a synthetic melilite glass
(Ak20; true 27Al/24Mg ratio: 10.4). RSF values are tabulated
in the Electronic Annex EA1. The RSF value of the melilite
glass was applied to the grossite data reduction. The 2-
sigma external reproducibility of d26Mg* was between
0.04 and 0.14‰ on the Bsp (MultiFC-I to III) and between
0.3 and 0.5‰ on the Madhib standard (MultiFC-I and -II).
On the melilite glass, external reproducibility was �1.5‰
(MonoEM-I) and �1.0‰ (MonoEM-II).

The uncertainties in d25Mg, d26Mg, and d26Mg* of
unknowns were calculated by adding in quadrature the
in-run variation (internal error) of individual analyses and
the standard error of the mean of the respective standard
measurements. For the uncertainty in 27Al/24Mg, the proce-
dure is similar except that the respective relative statistical
quantities were used. Isochron regression was performed
by using a Python implementation of the Mahon regression
algorithm (Mahon, 1996; Trappitsch et al., 2018). Uncer-
tainties on slope and intercept are the 95%-confidence inter-
vals (no ‘‘overdispersion” applied) by using a t-value
appropriate for the degrees of freedom of the regression.

3. RESULTS

3.1. Petrography and mineral chemistry

Mesquite is a large (5 mm � 3 mm), layered, melilite-
rich inclusion from the NWA 7892 CO3 chondrite. Besides
melilite, the inclusion comprises hibonite, spinel, per-
ovskite, and secondary phases such as calcite, phyllosili-
cates, and sodalite. EDS x-ray mapping and BSE imaging
(Fig. 1) reveal that the layered structure is concentric and
composed of a melilite core (Figs. 1 and 2a, c) with domains
of hibonite, a mantle (Fig. 2b) with layers of hibonite-spinel
(±melilite), hibonite-melilite, and hibonite-melilite-
perovskite, and a semi-continuous rim made of spinel and
perovskite. The entire inclusion is surrounded by a fine-
grained accretionary rim mainly comprising an unidentified
Fe, Ca, Al-rich phase, finely dispersed Fe-oxides or hydrox-
ides, and fine (a few mm) fragments of forsterite (Fig. 2d).
The concentric layering is well-developed in the left half
of the inclusion as shown in Fig. 1 but less apparent in
the other half, possibly due to sectioning effects (Fig. 1b).
This observation means that the inclusion is oriented in
such a way that the hibonite-rich mantle and the spinel-
rich rim were cut obliquely relative to the layering during



Fig. 2. BSE images showing the (a) texture of melilite in Mesquite’s core, (b) sequence of mantle layers, (c) alteration textures associated with
hibonite domain in the core, and (d) veined accretionary rim. Ca: calcite, other abbreviations as in Fig. 1. For location of BSE images see also
Fig. 1c. Scales bars are 100 mm.

Fig. 3. Graphs showing mineral chemistry of (a) melilite and (b)
hibonite in Mesquite. Melilite is gehlenitic with åkermanite
contents < 10 mol.%. (b) Variations in mineral chemistry of
hibonite can be explained by the coupled substitution (MgTi4+)
(2Al)–1. apfu: atoms per formula unit.
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thick section preparation and therefore these layers exhibit
a wider apparent thickness. The hibonite domains in the
melilite core might therefore be actually part of the
hibonite-rich mantle (Fig. 2c).

Melilite grains in the core are up to �300 mm in size
(Fig. 2a). Melilite in the mantle forms overgrowths
(<10 mm) on often subhedral hibonite and fills spaces
between hibonite grains. The åkermanite content of melilite
ranges from �0 to 10 mol.% (Fig. 3a, Table 1) regardless of
whether melilite is located in the inclusion’s core or in the
mantle layers. Magnesium contents of hibonite are between
0.2 and 0.6 apfu (atoms per formula unit, based on 19 O,
Fig. 3b, Table 1). Most variability in the hibonite chemistry
can be explained by the coupled substitution (MgTi4+)
(2Al)–1. Spinel in the mantle and rim is near-endmember
MgAl2O4.

Mesquite suffered significant low-temperature alter-
ation. Secondary minerals formed along grain boundaries
and voids in the melilite-rich core (Fig. 2a) and in the inclu-
sions’ mantle and rim. Hibonite domains in the core of the
inclusion show evidence for alteration and formation of cal-
cite and phyllosilicates (Fig. 2c). Further, calcite fills the
veins that cut the accretionary rim, and x-ray mapping
shows a Ca-rich chondrite matrix close to these still-filled
veins (Figs. 1b and 2d). On the other hand, veins in the
accretionary rim on the right half of the inclusion are free
of alteration products and the adjacent chondrite matrix
is less Ca-rich (Fig. 1b). Sodalite, confirmed by EDS anal-
yses, is present in the mantle layers.

Inclusion Y24 measures approx. 300 mm � 150 mm, is
irregularly shaped, and comprises grossite, spinel, and hibo-
nite as well as ultra-refractory-element-rich oxides such as
warkite, kangite, and perovskite (Fig. 4a). All phases are
encased in warkite, which forms the matrix of this inclusion
(Figs. 4 and 5a). Subhedral laths of grossite are located
close to the inclusion’s margins and do not show a preferred
orientation within the inclusion. They possess undulant
grain boundaries with warkite. Spinel is either located close
to the edges of grossite laths or is part of the laths itself; spi-
nel crystals in the lower left of the inclusion (Fig. 4) are
lath-shaped. One single, subhedral hibonite crystal is pre-
sent in Y24 and it shares a straight grain boundary with
adjacent spinel (Fig. 5a). Three different Sc, Zr, Ti-rich oxi-
des were identified. Kangite, with Sc as the dominant
cation, and a HREE-rich perovskite form clusters of inter-



Table 1
Mineral chemistry of phases in Mesquite from NWA 7892.

No. 1 2 3 4 5 6 7 8 9 10 11
Mineral Melilite Melilite Melilite Melilite Hibonite Hibonite Hibonite Hibonite Spinel Spinel Spinel

wt.%

SiO2 24.13 22.76 23.89 21.62 0.41 0.25 0.34 0.39 0.05 0.03 0.04
TiO2 0.00 0.04 0.00 0.07 5.23 6.70 2.53 6.72 0.06 0.15 0.10
Al2O3 33.76 36.27 34.37 36.04 82.15 82.06 87.31 82.04 71.81 71.84 71.62
Cr2O3 0.01 0.05 0.00 0.00 0.00 0.03 0.02 0.00 0.15 0.05 0.10
MgO 1.35 0.38 1.01 0.05 2.70 3.34 1.39 3.43 27.87 27.62 27.41
FeO 0.00 0.00 0.00 0.03 0.02 0.02 0.06 0.07 0.36 0.26 0.84
MnO 0.01 0.01 0.01 0.03 0.02 0.00 0.00 0.00 0.07 0.06 0.02
CaO 41.36 41.26 41.35 40.88 8.65 8.44 8.56 8.59 0.14 0.09 0.08
Na2O 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.00

Total 100.61 100.76 100.63 98.72 99.19 100.84 100.22 101.24 100.50 100.12 100.21

apfu

Si 1.09 1.03 1.08 1.00 0.05 0.03 0.04 0.04 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.45 0.56 0.21 0.56 0.00 0.00 0.00
Al 1.81 1.94 1.84 1.97 11.00 10.83 11.49 10.79 2.00 2.01 2.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.09 0.03 0.07 0.00 0.46 0.56 0.23 0.57 0.98 0.98 0.97
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 2.01 2.00 2.01 2.03 1.05 1.01 1.02 1.03 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 5.00 5.00 5.00 5.01 13.01 12.99 13.01 13.00 3.00 2.99 3.00

Ak 9.1 2.5 6.9 0.3 – – – – – – –

O 7 7 7 7 19 19 19 19 4 4 4
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Fig. 4. (a) BSE image and (b-d) X-ray intensity maps of inclusion
Y24 illustrating its irregular shape and texture. Spinel is located at
the edges of grossite (Gross) laths. Laths themselves are encased in
warkite (Wark) matrix. Refractory-element-rich oxides (Ka: kan-
gite, Prv: perovskite) form clusters. Rectangles in (a) show position
of images in Fig. 5. Scale bar in (a) is 50 mm.
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connected grains (individual grains: <�5 mm) in the inclu-
sion’s interior (Fig. 5a). Sizes of these clusters decrease
towards the margins of the inclusion. The third oxide is
finer-grained, Zr-rich (BSE-bright) and subordinate in
abundance to the other two oxides. Clusters or chains of
oxides tend to be aligned with grossite laths or with the cur-
vature of the inclusion’s margins.

Electron probe microanalysis (EPMA) results (Table 2)
show that warkite (endmember: Ca2Sc6Al6O20) contains
significant amounts of Ti (up to 0.7 apfu), Zr (0.3 apfu),
Mg (0.3 apfu), and Y (0.1 apfu). Given the stoichiometric
constraints (20 O, cation total of 14), most Ti in warkite
is trivalent. This is not uncommon for warkite (Ma et al.,
2020). Grossite composition is that of the endmember
(CaAl4O7). Aluminum spinel contains negligible amounts
of Fe (�0.1 apfu). The Sc-rich oxide in Y24 exhibits a
higher Sc/Ti ratio than the kangite described by Ma et al.
(2013) (Fig. 6). However, since Sc is the major trivalent
cation and trivalent cations are overall dominant (Sc
+ Al + Y: �1.2 apfu; Ti4++Ca + Zr: �0.7 apfu; based on
3 O), this Sc-rich oxide can be best termed kangite (Ma
et al., 2013). EDS analyses show the presence of Gd, Dy,
and Er in perovskite, which explains the low oxide totals
of EPMA analyses (see Table 2). Qualitative EDS x-ray
mapping indicates that the BSE-bright, fine-grained oxide
phase is very Zr-rich; no accurate chemical composition
was determined because of the small grain sizes.

3.2. Oxygen isotopes

Spinel grains in Mesquite are characterized by D17O val-
ues of �–25‰ (Fig. 7a); in comparison, hibonite is more
variable in D17O (–23‰ to –15‰) (Table 3). Some small
part of this variability might be due to the primary ion
beam hitting pores and cracks, potentially filled with sec-
ondary phases (see Electronic Annex EA1), but as will be
argued later, the oxygen isotopic composition of hibonite
most likely was inherited from the gas reservoirs. The oxy-
gen isotopic compositions of spinel and hibonite in Mes-
quite plot on or close to the carbonaceous chondrite
anhydrous mineral (CCAM) line on the oxygen three-
isotope diagram (Fig. 7b). Calcite was found to plot on
the TF line, as was the unknown secondary phase that
forms intergrowths with calcite in hibonite domains from
the core of the inclusion. The D17O values of sodalite are
either indistinguishable from 0‰ or slightly more 16O-
rich. The accretionary rim is slightly more 16O-rich
(D17O � –2.5‰) than the sodalite.

Spinel in Y24 is also 16O-rich (–17‰ to –20‰, see Fig. 8
and Table 4). Warkite was found to be indistinguishable
from spinel in terms of D17O, whereas grossite is either
16O-poor (–2‰) or 16O-rich (–18‰, mixture with warkite).
The 16O-poor composition of grossite in Y24 is in line with
findings of a previous study of a grossite-beaing CAI from
Y-81020 (Krot et al., 2019b). Kangite was found to be
16O-poor, with D17O values of 0‰ and –5‰ (n = 2).

3.3. Al-Mg systematics

We analyzed melilite and hibonite in the core and man-
tle of Mesquite as well as spinel in the mantle and rim layers
of the inclusion, with 27Al/24Mg ratios of �2.7 for spinel,
23–46 for hibonite, and 32–342 for melilite (Table 5). All
phases analyzed in the different layers showed evidence
for incorporation of live 26Al during their formation and
plot on a single, well-defined isochron (Fig. 9). The slope
of this isochron corresponds to an (26Al/27Al)0 of (4.95
± 0.08) � 10–5; the intercept is –0.14 ± 0.05‰, resolvable
from zero (MSWD = 2.4, 95%-confidence intervals,
Fig. 9). Further, individual isochrons using just melilite
from the core [(5.07 ± 0.35) � 10–5; –0.03 ± 2.13‰;
MSWD = 1.92; 95%-confidence intervals], analyses of both
the melilite and hibonite from the core [(5.10 ± 0.26) �
10–5; –0.45 ± 0.66‰; MSWD = 1.43; 95%-confidence inter-
vals] or just analyses of the mantle layers [(4.95 ± 0.11) �
10–5; –0.19 ± 0.18‰; MSWD = 3.8; 95%-confidence]
possess slopes and intercepts that are indistinguishable
from each other.

Mesquite is characterized by mostly negatively fraction-
ated stable magnesium isotopes, with d25Mg values being
distinguishable from zero for most minerals of the core
and mantle layers (Fig. 10). On the other hand, analyses
of spinel of the rim yielded either slightly positive d25Mg
values or values that are indistinguishable from zero. Spinel
from the mantle is significantly lighter than spinel in the



Fig. 5. BSE images of Y24 illustrating (a) grossite laths encased in warkite matrix and (b) intergrowth textures of refractory-element-rich
oxides. For location of images within inclusion and mineral abbreviations see Fig. 4. Scale bars are 10 mm (a) and 5 mm (b).

Table 2
Mineral chemistry of phases in inclusion Y24 from Y-81020.

No. 1 2 3 4 5 6 7 8
Mineral Hibonite Spinel Grossite Warkite Warkite Kangite Kangite Perovskite

wt.%

SiO2 0.15 0.03 0.00 0.40 0.16 0.00 0.06 0.06
TiO2 4.30 0.08 0.11 6.55 5.63 18.96 14.35 46.19
ZrO2 0.26 0.04 0.00 3.52 4.26 18.61 26.79 4.60
HfO2 0.12 0.00 0.04 0.26 0.33 0.42 0.61 0.28
Al2O3 82.86 69.96 79.02 38.72 38.15 11.16 9.27 3.54
Cr2O3 0.00 0.14 0.00 0.01 0.04 0.00 0.12 0.00
Y2O3 0.00 0.00 0.00 0.78 1.33 8.27 6.53 7.59
Sc2O3 0.39 0.09 0.40 33.78 34.19 39.81 39.06 3.81
MgO 2.29 27.90 0.06 1.33 0.98 0.02 0.04 0.00
FeO 0.26 0.30 0.14 0.16 0.08 0.03 0.02 0.04
CaO 8.09 0.08 20.78 14.71 13.97 1.55 3.39 29.61

Total 98.72 98.61 100.54 100.21 99.09 98.82 100.23 95.71a

apfu

Si 0.02 0.00 0.00 0.06 0.02 0.00 0.00 0.00
Ti4+ 0.37 0.00 0.00 0.21 0.06 0.34 0.26 0.85
Ti3+ – – – 0.48b 0.54b – – –
Zr 0.01 0.00 0.00 0.24 0.29 0.21 0.31 0.05
Hf 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00
Al 11.15 1.99 4.00 6.35 6.38 0.31 0.26 0.10
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y 0.00 0.00 0.00 0.06 0.10 0.10 0.08 0.10
Sc 0.04 0.00 0.01 4.10 4.23 0.82 0.82 0.08
Mg 0.39 1.00 0.00 0.28 0.21 0.00 0.00 0.00
Fe 0.02 0.01 0.00 0.02 0.01 0.00 0.00 0.00
Ca 0.99 0.00 0.96 2.19 2.12 0.04 0.09 0.77

Total 13.00 3.00 4.99 14.00 14.00 1.83 1.84 1.96

O 19 4 7 20 20 3 3 3

a HREE (Gd, Dy, and Er) present, as detected by EDS.
b Estimated based on stoichiometry.
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rim. The d25Mg values of melilite and hibonite of the core
are indistinguishable from those of the mantle. One melilite
analysis of the mantle yielded a slightly positive d25Mg
value.

All analyzed phases in Y24 (spinel, hibonite, grossite)
show evidence for incorporation of live 26Al during their
formation (Fig. 11). The d26Mg* values range from 0.81
± 0.09‰ for spinel to 65 ± 8‰ for grossite. The corre-
sponding lowest and highest 27Al/24Mg ratios are 2.68
± 0.06 and 196 ± 23, respectively (Table 6). One should
note that the true 27Al/24Mg ratios of unknown grossite
analyses were calculated by using the RSF of the synthetic



Fig. 6. Ternary diagram (mol percent) illustrating relative abun-
dances of Zr, Ti, and Sc in different refractory-element-rich oxides
found in CAIs. In comparison to the kangite described by Ma et al.
(2013), kangite in Y24 in more Sc rich. Data from [1] Ivanova et al.
(2012), [2] Ma et al. (2013), and [3] Ma et al. (2012).
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melilite glass (Ak20) because of the lack of a proper grossite
RSF standard; therefore, most likely there would be a sys-
tematic error associated with this RSF correction, but the
exact degree of such inaccuracy cannot be quantified. Iso-
chron regression yielded an initial 26Al/27Al of (5.4
± 1.0) � 10–5 and (d26Mg*)0 of –0.22 ± 0.27‰ (MSDW =
3.0, n = 4, 95%-confidence intervals, Fig. 11). The
d25Mg of hibonite is negatively fractionated (–2.26
± 0.25‰); that of spinel is indistinguishable from 0
(0.10 ± 0.12‰).

4. DISCUSSION

In the following, the evolution of the Mesquite and Y24
inclusions will be discussed individually based on their tex-
tural and isotopic characteristics. Each of the inclusions is
of particular interest and uncommon for CO chondrites:
Fig. 7. Oxygen isotope systematics of minerals in Mesquite. (a) Spinel an
(Ushikubo et al., 2012) lines in the oxygen three-isotope diagram. Calcite
are similar to those of the alteration products associated with the hiboni
slightly more 16O-rich.
Mesquite stands out because of its size and texture; Y24,
large for an isolated UR inclusion, is warkite-rich and com-
prises an assemblage of Si-free minerals.

4.1. Mesquite – one-of-a-kind inclusion from CO chondrites

Mesquite is substantially larger than CAIs that have
been previously described in CO3 chondrites, which are
typically <500 mm (e.g., Russell et al., 1998; Itoh et al.,
2004; Han and Brearley, 2017; Mishra, 2018). The petro-
graphic texture, mineralogy, and magnesium and oxygen
isotopic compositions of this inclusion suggest that it had
a complicated history of evolution in the solar nebula. Pet-
rographically, although not ‘‘fluffy” or nodular, Mesquite
shares a few similarities with fluffy Type A (FTA) inclusions
from CV chondrites, such as its size, melilite-rich mineral-
ogy (plus fine-grained hibonite, and spinel), irregular tex-
ture of the mantle minerals, the absence of blocky spinel,

and the low åkermanite content (�Ak0�9) of melilite (e.g.,
MacPherson and Grossman, 1984, Brearley and Jones,
1998, and references therein; MacPherson, 2014). Isotopi-
cally, the slightly negatively fractionated stable Mg isotopes
(d25Mg) found throughout Mesquite (except for spinel in
the outermost part of the rim) are also similar to those
reported for FTA samples (e.g., MacPherson et al., 2012).
These mineralogical and isotopic characteristics can be best
understood in the context of formation of Mesquite by con-
densation and isotopic fractionation associated with this
process. Once the inclusion formed, it was never molten.
However, the Mesquite’s rounded to polygonal shape,
coarser-grained core melilite (compared to that in the
rim) and the lack of a nodular substructure are more con-
sistent with the ‘‘compact” type A (CTA) lithology, which
is normally interpreted as having crystallized from a melt
(e.g., MacPherson and Grossman, 1984; Simon et al., 1999).

4.1.1. The nebular history of Mesquite based on Al-Mg

systematics and oxygen isotope ratios

One way to reconcile the seemingly conflicting scenarios
would be condensation and coagulation of minerals to form
d hibonite plot close to the CCAM (Clayton et al., 1977) or PCM
is 16O-poor and plots on the TF line. (b) The D17O values of calcite
te domains in the core and that of the accretionary rim. Melilite is



Table 3
Oxygen isotope ratios of phases in Mesquite.

Analysis Mineral Textural position d17O 2SDa d18O 2SDa D17O 2SDb

O3-IV-Cal-1 Calcite Core 13.43 0.76 25.66 1.23 0.09 0.49
O3-IV-Cal-2 Calcite Core 11.84 0.76 23.07 1.23 �0.16 0.49
O3-IV-Cal-3 Calcite Core 13.55 0.76 26.15 1.23 �0.04 0.49
O3-IV-Cal-4 Calcite Core 13.52 0.76 26.38 1.23 �0.20 0.49
O3-IV-Alter-1 Phyll + Calcite Core �0.19 0.71
O3-IV-Alter-2 Phyll + Calcite Core �0.44 0.55
O3-III-Hib-1 Hibonite Core �30.10 0.35 �27.71 0.82 �15.69 0.26
O3-III-Hib-2 Hibonite Core �44.03 0.35 �43.43 0.82 �21.45 0.26
O3-III-Hib-3 Hibonite Core �35.78 0.35 �34.77 0.82 �17.70 0.26
O3-III-Hib-4 Hibonite Core �40.21 0.35 �38.89 0.82 �19.99 0.26
O3-III-Mel-1 Melilite Core �0.60 0.40
O3-III-Mel-2 Melilite Core �0.64 0.71
O3-IV-Mel-3 Melilite Core �1.00 1.12
O3-IV-Mel-4 Melilite Core �0.77 0.26
O3-III-Hib-5 Hibonite Mantle �45.31 0.35 �45.83 0.82 �21.48 0.26
O3-III-Hib-6 Hibonite Mantle �47.41 0.35 �47.13 0.82 �22.90 0.26
O3-III-Hib-7 Hibonite Mantle �37.55 0.35 �35.11 0.82 �19.29 0.26
O3-IV-Sod-1 Sodalite Mantle �0.93 0.89
O3-IV-Sod-2 Sodalite Mantle �0.38 0.57
O3-IV-Sod-3 Sodalite Mantle �0.92 0.37
O3-I-Sp-1 Spinel Rim �49.52 0.92 �48.48 1.42 �24.31 1.51
O3-I-Sp-2 Spinel Rim �49.77 0.92 �48.09 1.42 �24.76 1.51
O3-IV-Cal-5 Calcite Accr. rim 10.56 0.76 20.32 1.23 �0.01 0.49
O3-IV-Mix-1 Fe-rich oxides Accr. rim �2.53 0.84
O3-IV-MIx-2 Fe-rich oxides Accr. rim �2.77 0.61

a External reproducibility on standards.
b External reproducibility on standards or in-run variation (2SE).

Fig. 8. Graph showing oxygen isotopic composition of minerals in
Y24. Spinel and warkite are 16O-rich, whereas the two grossite
analyses show either 16O-rich or -poor compositions.
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Mesquite. After condensation of hibonite and melilite in the
core and subsequent formation of the mantle and rim lay-
ers, Mesquite could have undergone heating at subsolidus
temperatures (melilite, T < 1400 K, Stolper, 1982), which
turned the inclusion into a hot plastic solid, followed by
slow cooling to allow for solid-state recrystallization (sin-
tering) and coarsening of melilite in the core. A similar tex-
ture of melilite has been reported for a synthetic refractory
inclusion that recrystallized after being heated to a sub-
solidus temperature (Fig. 2b of Mendybaev et al., 2006).
Spinel and hibonite both have higher melting temperatures
(e.g., > 1773 K; Beckett and Stolper, 1994) than melilite so
they would have been unaffected by such thermal
processing.
The interpretation that Mesquite was never molten (with
perhaps the exception of the outermost rim) is supported by
its Al-Mg systematics. This inclusion, regardless of the
phase, is generally characterized by slightly negative, yet
somewhat homogeneous, d25Mg of �7 ± 3‰/amu, except
for spinel in the outermost rim (which has 0‰ �
d25Mg � 3‰, and will be discussed briefly later) and one
melilite analyzed in the mantle layer. Further, Mesquite
has a well-constrained 26Al isochron, the slope and inter-
cept of which correspond to 26Al/27Al = (4.95 ± 0.08) �
10–5 and d26Mg*0 = –0.14 ± 0.05‰, respectively. This sug-
gests that Mesquite derived its observed magnesium iso-
topic composition from gas-solid condensation, instead of
crystallization from a completely molten precursor. There
are two arguments in favor of this interpretation. First,
complete melting often is accompanied by isotopic homog-
enization, and to some extent, evaporative loss of and iso-
topic fractionation of relatively volatile components, such
as Mg (e.g., Richter et al., 2007). If the inclusion was mol-
ten at low (nebular) pressures, Mg would have evaporated
and undergone Rayleigh fractionation, leaving isotopically
heavy Mg in the inclusion (e.g., Grossman et al., 2000,
2008). Type B CAIs found in CV3 chondrites, which are
thought to have been at least partially molten (e.g.,
Stolper, 1982; MacPherson and Grossman, 1984; Stolper
and Paque, 1986) and commonly show positive magnesium
isotope fractionations, are best understood in this context
(e.g., Richter et al., 2002). The second reason is that if Mes-
quite was once molten, its 26Al/27Al ratio would have
marked the timing of recrystallization, which is 5 � 104 yr



Table 4
Oxygen isotope ratios of minerals in inclusion Y24.

Analysis Mineral d17O 2SDa d18O 2SDa D17O 2SDb

O3-II-Sp-1 Spinel �41.90 2.08 �47.43 3.11 �17.24 2.04
O3-II-Sp-2 Spinel �43.17 2.08 �45.54 3.11 �19.48 2.04
O3-II-Sp-3 Spinel �41.89 2.08 �42.11 3.11 �20.00 2.04
O3-II-Sp-4 Spinel �42.78 2.08 �47.09 3.11 �18.30 2.04
O3-II-War-1 Warkite �16.90 1.66
O3-II-War-2 Warkite + kangite �18.45 2.29
O3-II-Ka-1 Kangite �5.07 1.96
O3-II-Ka-2 Kangite 0.13 2.17
O3-II-Grs-1 Grossite �2.31 2.11
O3-II-Grs-2 Grossite + warkite �17.95 2.53

a External reproducibility on standards.
b External reproducibility on standards or in-run variation (2SE).

Table 5
Al-Mg systematics of Mesquite.

Analysis Mineral Domain 27Al/24Mg 2SE d26Mg* 2SE d25Mg 2SE

FCII_Hib@4 Hibonite Core 26.90 1.40 9.10 0.49 �7.52 0.28
FCII_Hib@3 Hibonite Core 29.61 1.57 10.22 0.41 �7.35 0.20
FCII_Hib@2 Hibonite Core 23.29 1.18 8.41 0.52 �7.60 0.37
FCII_Hib@1 Hibonite Core 23.26 1.16 8.07 0.48 �6.74 0.22
EMII_Mel@1 Melilite Core 53.53 0.56 16.56 3.45 �5.23 2.14
EMII_Mel@2 Melilite Core 172.57 1.93 66.01 5.00 �12.78 2.51
EMII_Mel@3 Melilite Core 63.21 0.66 22.70 3.59 �6.48 2.16
EMII_Mel@4 Melilite Core 68.21 0.71 23.57 3.09 �6.17 2.06
EMII_Mel@5 Melilite Core 66.36 0.69 25.06 2.60 �7.42 1.55
EMII_Mel@11 Melilite Core 342.13 3.75 118.40 7.94 �2.67 3.92
EMII_Mel@12 Melilite Core 33.17 0.34 10.14 2.77 �7.16 1.32
EMII_Mel@13 Melilite Core 31.81 0.33 12.61 2.37 �7.31 1.28
EMII_Mel@14 Melilite Core 94.00 0.99 36.99 3.30 �6.93 2.04
FCI_Hib@2 Hibonite Mantle 41.82 0.58 14.05 0.47 �6.88 0.23
FCI_Hib@3 Hibonite Mantle 29.06 0.40 10.86 0.54 �7.37 0.29
FCI_Hib@4 Hibonite Mantle 21.09 0.29 7.50 0.37 �6.47 0.20
FCI_Hib@5 Hibonite Mantle 45.98 0.64 15.74 0.78 �7.49 0.41
FCI_Hib@6 Hibonite Mantle 29.94 0.41 11.71 0.55 �7.11 0.27
FCI_Hib@7 Hibonite Mantle 29.05 0.43 10.31 0.49 �6.24 0.28
FCI_Hib@8 Hibonite Mantle 32.43 0.45 10.66 0.70 �6.18 0.34
FCI_Hib@9 Hibonite Mantle 23.73 0.35 8.32 0.43 �2.65 0.22
FCI_Hib@10 Hibonite Mantle 27.60 0.38 9.26 0.37 �7.34 0.18
EMII_Mel@6 Melilite Mantle 203.29 2.29 74.63 5.90 �5.19 3.48
EMII_Mel@7 Melilite Mantle 94.83 1.74 30.43 3.42 �6.01 2.34
EMII_Mel@8 Melilite Mantle 183.69 1.98 66.60 6.22 �4.96 3.72
EMII_Mel@9 Melilite Mantle 61.75 0.69 20.12 3.26 �4.33 1.63
EMII_Mel@10 Melilite Mantle 50.59 0.56 19.30 4.03 1.50 2.63
FCI_Sp@1 Spinel Mantle 2.63 0.03 0.57 0.24 �2.88 0.21
FCI_Sp@2 Spinel Mantle 2.68 0.03 0.84 0.23 �3.68 0.20
FCI_Sp@3 Spinel Rim 2.68 0.03 0.81 0.10 3.26 0.17
FCIII_Sp@1 Spinel Rim 2.82 0.07 0.83 0.12 0.02 0.16
FCIII_Sp@2 Spinel Rim 2.76 0.07 0.71 0.12 �0.05 0.17
FCIII_Sp@3 Spinel Rim 2.77 0.07 0.92 0.10 1.31 0.16
FCIII_Sp@4 Spinel Rim 2.84 0.07 0.90 0.12 0.27 0.17
FCIII_Sp@5 Spinel Rim 2.76 0.07 0.84 0.13 0.97 0.17
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after the large CV CAIs in CV chondrites formed at
26Al/27Al = 5.2 � 10�5 (e.g., Jacobsen et al., 2008), or
�105 yr after dust condensation and coagulation started,
with 26Al/27Al = 5.4 � 10�5 (Liu et al., 2019). However,
given the high bulk 27Al/24Mg ratio of Mesquite (�15), to
arrive at the current intercept value of d26Mg*0 = –0.14‰
at the time of recrystallization, the starting (pre-26Al decay)
d26Mg*0 value of Mesquite’s precursor materials would
have been –0.42‰ or –0.64‰, depending on the reference
time point chosen (26Al/27Al = 5.2 � 10�5 or 5.4 � 10�5,
respectively). Even though literature data suggest that
d26Mg*0 in the CAI formation reservoir(s) appeared to be
slightly heterogeneous when 26Al/27Al was uniform at 5.2
(±0.1) � 10�5 (e.g., Larsen et al., 2011; Wasserburg et al.,



Fig. 9. (a) Isochron diagram of Mesquite and (b-d) diagrams showing zoomed-in sections of the same dataset shown in (a). All analyses plot
on a single isochron regardless of the textural position of analyzed minerals. Uncertainties on slope and intercept are 95%-confidence
intervals; uncertainties of individual analyses are on the 2r level.
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2012; MacPherson et al., 2017; Larsen et al., 2020), both
–0.42‰ and –0.64‰ far exceed the range (from –0.13 to
–0.014‰ relative to a terrestrial reference value) reported
for CAIs carrying the canonical 26Al abundance. Therefore,
we argue that the magnesium isotopic composition of all
the phases of Mesquite must have evolved by closed-
system behavior (i.e., never disturbed) since the formation
of this inclusion by condensation, which took place when
26Al/27Al = (4.95 ± 0.08) � 10�5.

Spinel in the outermost rim, albeit plotting on the same
26Al isochron as the mantle and core hibonite and melilite,
shows heavier d25Mg values (0‰ � d25Mg � 3‰) com-
pared to them. Normally, positive d25Mg is understood to
be a result of isotope fractionation associated with evapora-
tion of a molten droplet, which tends to enrich the residues
in heavy relative to light isotopes. Therefore, the outermost
rim of Mesquite could have been melted by flash heating
and then cooled not too long after final coagulation so that
spinel still records the same 26Al abundance as the rest of
the inclusion. As will be discussed later, for this scenario
to be consistent with the observed oxygen isotopic compo-
sitions, the surrounding gas during remelting of the outer-
most rim must have been 16O-rich (with D17O = �25‰),
otherwise exchange between a melt and the gas would have
resulted in rapid isotopic equilibration and erased the orig-
inal oxygen isotopic composition of the spinel. For exam-
ple, at a temperature at which spinel could melt (e.g.,
1773 K; diffusivity taken from Ryerson and McKeegan,
1994), it would take no more than a couple of seconds to
homogenize oxygen isotopes in a 20 mm-thick molten layer.
An alternative explanation for spinel’s relatively isotopi-
cally heavy d25Mg but 16O-rich oxygen isotope composition
would be that this mineral phase in the rim condensed from
an 16O-rich gas reservoir with an already fractionated mag-
nesium isotopic composition, which could potentially be
realized if lighter magnesium isotopes have been depleted
by kinetic condensation of interior phases of Mesquite. If
this scenario is correct, the formation of Mesquite must
have proceeded very quickly so that the gas parcel in which
Mesquite formed would have remained isotopically heavy
(in magnesium) at the late stages of condensation.

4.1.2. Implications for the formation of first solids in the early

Solar System

The combination of inferred 26Al abundance and initial
d26Mg0* value of Mesquite also has an important implica-



Fig. 10. Graph showing d25Mg values of minerals from different layers or domains of Mesquite. Except for spinel of the rim and one melilite
in the mantle, Mg isotopes are negatively fractionated. Uncertainties of individual analyses are on the 2r level.

Fig. 11. Isochron diagram of minerals in Y24. Uncertainties on
slope and intercept are 95%-confidence intervals; uncertainties of
individual analyses are on the 2r level.
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tion for formation of solids in the early Solar System.
Through in-situ analysis of �two dozen very small (�30–
100 mm) CAIs from one of the most primitive CO3 chon-
drites, Allan Hills 77307, Liu et al. (2019) showed that most
of the samples formed two major populations with regard
to inferred 26Al/27Al and d26Mg0*: one group appears to
have formed earlier, with 26Al/27Al = 5.4 � 10�5 (marking
the timing of dust condensation and coagulation) and ini-
tial d26Mg0* = �0.14‰, whereas the other registers slightly
lower 26Al/27Al = 4.9 � 10�5 and elevated d26Mg0* =
�0.04‰. Although such a relationship between 26Al/27Al
and d26Mg0* was interpreted as a result of reprocessing of
earlier-formed inclusions by a nebula-wide thermal event
when 26Al/27Al = 4.9 � 10�5, it may also be compatible
with a scenario of formation of another generation of CAIs
in a slightly Mg-heterogeneous gas (Liu et al., 2019). As
stated previously, high-precision bulk and in-situ magne-
sium isotope data available to date suggest that the CAI
formation reservoir(s), albeit with homogeneous 26Al/27Al
of 5.2 � 10�5, were characterized by an apparent d26Mg0*
heterogeneity, with values between –0.13 to –0.014‰ (e.g.,
Larsen et al., 2011; Wasserburg et al., 2012; MacPherson
et al., 2017). If this Mg heterogeneity in the gas had per-
sisted to 26Al/27Al = 4.9 � 10�5, the increase in d26Mg0*
due to the decay of 26Al/27Al from 5.2 � 10�5 would have
only been 0.002‰ (or 0.004‰ if from 5.4 � 10�5) in a gas
reservoir of solar composition (27Al/24Mg = 0.101,
Lodders, 2003). As a condensate, Mesquite’s d26Mg0* of
�0.14 ± 0.05‰ implies that this value would have also
characterized the gas reservoir in which this inclusion
formed. The meaning of this inference is twofold. (1) A
thermal event that had disturbed some of the earlier-
formed inclusions could have also led to formation of
new inclusions. Therefore, there could have been multiple
generations of CAIs forming in the solar nebula, a conclu-
sion similar to what other studies of fine-grained CAIs from
pristine chondrites (COs and reduced CV3) have suggested
(e.g., Ushikubo et al., 2017; Kawasaki et al., 2020). (2)



Table 6
Al-Mg systematics of Y24.

Analysis Mineral 27Al/24Mg 2SE d26Mg* 2SE d25Mg 2SE

FCII_Y24_Hib@1 Hibonite 22.90 1.57 9.13 0.54 �2.26 0.25
FCII_Y24_Sp@4 Spinel 2.68 0.11 0.81 0.09 0.10 0.12
EMI_Y24_Gros@3 Grossite 196.42 23.36 65.40 8.03
EMI_Y24_Gros@4 Grossite 116.53 11.98 38.22 9.56
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Magnesium isotopes (more specifically, d26Mg0*) may have
continued to have been somewhat heterogeneous in the gas
even when 26Al/27Al = 4.9 � 10�5. If the latter is true, it
may pose a challenge for the dynamic modeling of isotope
mixing in the solar nebula.

4.1.3. Variable D17O values of hibonite in core and mantle:
16O-rich gas with shifting oxygen isotopic compositions

In contrast to the undisturbed magnesium isotopes, the
oxygen isotopic compositions in Mesquite may have been
affected by some level of open-system isotopic exchange.
Spinel in the rim is characterized by uniform (d17O, d18O)
= (�–49.5‰, �–48.3‰) or D17O of �–25‰, which is very
typical of this mineral in CAIs (e.g., Ireland et al., 2020).
Hibonite in the core and mantle is less enriched in 16O rel-
ative to spinel, with D17O ranging from –16‰ to –23‰, and
the core on average appears more 16O-poor than the
mantle, despite the fact that only a handful of points in
each domain exist. It should be pointed out that various
degrees of ‘‘contamination” with secondary phases
appeared in the majority of the analyzed spots (shown in
EA1). Although contamination with secondary phases
would certainly have affected the D17O values of hibonite,
they were unlikely to account for the full range of the vari-
ation. The oxygen isotopic compositions in melilite appear
to be more 16O-depleted compared to those in spinel and
hibonite, but we will show later that such isotopic charac-
teristics were possibly derived from thermal reprocessing
of melilite. Given the slow diffusion rates of oxygen iso-
topes in spinel and hibonite (e.g., �10�22 and �10�23 m2

s�1, respectively, at 1400 K; Ryerson and McKeegan,
1994; Lagerlof et al., 1989; note that the diffusivity of oxy-
gen in hibonite was approximated by using that in MgO-
doped sapphire), the observed d17O and d18O values in the
two phases most likely reflect the oxygen isotopic charac-
teristics of the nebular gas from which they condensed.
Alternatively, it is still possible that 16O-rich spinel in
the rim was melted by flash heating and then crystallized
in a still 16O-rich setting, most likely soon after coagula-
tion of Mesquite was finished. Regardless of the scenario,
slightly less negative, but variable D17O in the core and
mantle hibonite compared to that of rim spinel would
imply that Mesquite condensed and coagulated within a
timescale of 3.3 � 104 yr (calculated from the isochron
error) in an 16O-rich gas with changing oxygen isotopic
compositions from D17O �–18‰ to –25‰. If this interpre-
tation is correct, Mesquite would be one rare example of a
CAI (excluding platy hibonite crystals, e.g., Liu et al.,
2009; Kööp et al., 2016) that contains hibonite with pris-
tine (nebular), but heterogeneous D17O values (e.g.,
Krot, 2019).
4.1.4. 16O-poor melilite: Oxygen isotope exchange in the

solar nebula or on the parent-body asteroid?

Based on the consistent d25Mg values and tight 26Al iso-
chron, core melilite and hibonite must have condensed con-
temporaneously (within the temporal resolution of 26Al
chronometry), and therefore should have very similar, if
not identical, enrichments in 16O. However, melilite has
the most 16O-poor compositions compared to hibonite
and spinel, and its D17O values cluster around –1‰. This
result suggests that melilite underwent isotope exchange
with an 16O-poor component. Since the magnesium isotopic
composition of Mesquite suggests that this inclusion has
either never been melted or experienced very limited melting
in the outermost rim, isotope exchange via solid-state diffu-
sion would be the most feasible explanation. For melilite to
have retained pristine magnesium but lost the original oxy-
gen isotopic compositions, the maximum temperature Mes-
quite experienced must not have exceeded 1493 K, which is
consistent with the sub-solidus temperature of melilite, so
that magnesium would be a slower diffuser than oxygen
in melilite (see Yurimoto et al., 1989; Ryerson and
McKeegan, 1994; Ito and Ganguly, 2009). If isotope
exchange with the nebular gas was responsible for the
altered oxygen isotopic composition of melilite, heating of
the inclusion to no more than 1493 K must have taken
place when it was surrounded by a 16O-poor gas; the timing
of this thermal event, however, did not affect the inclusion’s
magnesium isotopes or 26Al isochron.

Judging from the low petrologic subtype of NWA 7892
(3.05, The Meteoritical Bulletin, No. 102), which indicates
low peak temperatures (<700 K; Schwinger et al., 2016;
Imae and Nakamuta, 2018) of parent body metamorphism,
melilite was unlikely to have exchanged its oxygen isotopes
with an 16O-poor fluid in the meteorite parent body. Com-
plete isotope equilibration between an 16O-poor fluid and a
100-mm melilite crystal by thermally driven solid-state diffu-
sion of oxygen would take longer than any reasonable res-
idence time of liquid water in chondrite parent bodies (e.g.,
9 million years for CI chondrites; Fujiya et al., 2013); how-
ever, diffusion rates of oxygen in silicates under wet condi-
tions, relative to dry conditions (Farver, 2010, and
references therein), are known to be much faster. This could
have significantly shortened the required timescales for
equilibration and opens up the possibility of fluid-
enhanced oxygen isotope exchange and alteration of the
originally 16O-rich melilite. Further, parent body processes
have been commonly suggested to be the main cause of the
relatively 16O-poor and variable oxygen isotope composi-
tions of melilite in CAIs from carbonaceous chondrites of
petrologic subtypes �3.1 (e.g., Wasson et al., 2001; Itoh
et al., 2004; Zhang et al., 2020).
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A recent oxygen isotope study of a smaller CAI
(�100 mm) from NWA 7892, however, found d17O and
d18O values of ��50‰ for both spinel and melilite
(Zhang et al., 2020), suggesting that the effects of asteroidal
fluids likely were minimal in the studied thin section of
NWA 7892. While alteration of the oxygen isotope compo-
sition of melilite on the parent body cannot be ruled out, we
suggest that the melilite in Mesquite obtained its oxygen
isotope composition by exchange with an 16O-poor gas in
the Solar nebula, based on the low petrologic subtype of
NWA 7892 and the presence of 16O-rich melilite in a differ-
ent CAI from the same meteorite (Zhang et al., 2020).

4.1.5. Alteration products in Mesquite: terrestrial or

asteroidal?

There is abundant evidence for low-temperature alter-
ation throughout Mesquite. This includes calcite, miner-
alogically uncharacterized phyllosilicates and sodalite that
fill veins and voids in the core, mantle layers, and rim. Fur-
ther, the brownish portion of Mesquite, which roughly
traces the outline of mantle layers as seen in the optical
photomicrograph (Fig. 1a), corresponds to elevated Ni
and Fe contents in EDS X-ray maps, indicating some
degree of oxidation by a fluid.

The occurrence of these secondary phases begs a ques-
tion about their origins. Core and rim calcite and core phyl-
losilicates all have D17O = 0‰. Although this value falls in
the range of D17O for meteoritic calcite grains from CM
chondrites (��2 to 2‰; e.g., Fujiya et al., 2015), the lack
of variation is more consistent with precipitation from ter-
restrial water introduced during the weathering process on
the Earth’s surface. In contrast, sodalite measured here on
average is characterized by a D17O value close to �1‰.
Given that sodalite formation requires a Cl-rich fluid to
transport Na into primary phases to replace Ca and Mg,
this D17O value most likely is derived from the original min-
eral, which was 16O-rich, being altered by isotopically heavy
water. When and where this alteration process took place is
not well-constrained. Water in the parent-body asteroid
remains a possibility, but transformation of the primary
phase into sodalite by terrestrial weathering cannot be ruled
out, especially when there is already evidence for terrestrial
water flowing through the inclusion. However, if sodalite
indeed formed on the parent body, it would indicate high
water-to-rock ratios and provide strong evidence for fluid-
driven and -enhanced oxygen isotope exchange of melilite
in an asteroidal setting. To shed light on this question, anal-
ysis of sulfur isotopes in sodalite seeking the fossil record of
another short-lived radionuclide 36Cl (t1/2 = 0.3 Myr)
would be necessary (see e.g., Lin et al., 2005; Hsu et al.,
2006; Tang et al., 2017).

4.2. Inclusion Y24 – The largest isolated UR inclusion known

to date

Previous REE measurements of several CAIs with abun-
dant Zr- and Sc-rich phases all yielded ultrarefractory REE
patterns; hence, it is suggested that inclusions rich in these
rare minerals can be classified as UR inclusion even though
no REE patterns have been obtained (Krot, 2019, and
references therein). This could certainly be the case for
the warkite- and kangite-rich CAI Y24. A recent and com-
prehensive study on UR inclusions by Krot et al. (2019a)
listed 34 samples that have been found prior to our study,
of which 20 are isolated objects in the matrix like Y24.
The largest of these isolated UR inclusions measures
120 mm in its longest dimension, but stills pales in compar-
ison to Y24 (max. 300 mm). Of the seven described CO
chondrite UR inclusions (isolated + compound objects),
none contains grossite, and only one is free of silicates like
Y24.

4.2.1. The nebular history of Y24

The negatively fractionated d25Mg in hibonite (Table 6)
and the irregular shape of Y24 point to a condensation ori-
gin and suggest that Y24 was never molten. However, there
is petrographic evidence that Y24 represents more than a
simple aggregate of once separate condensate grains.
Almost every grossite lath has anhedral spinel that is
located close to its edge and is interpreted to have formed
by replacement of grossite. Accordingly, the aggregate of
spinel grains in the lower left of Y24 in Fig. 4a could have
formed by complete pseudomorphic replacement of gros-
site. Grossite, in turn, could have formed even earlier by
reaction between hibonite and the nebular gas, as expected
for equilibrium condensation (e.g., Fegley, 1982;
Grossman, 2010). However, the only hibonite lath in Y24
shares a straight grain boundary with adjacent spinel, sug-
gesting that no such reaction took place between both
minerals.

Simon et al. (2019a) described a grossite-bearing inclu-
sion (31-2) from DOM 08006 that shares some textural sim-
ilarities with Y24. The inclusion 31-2 records an almost
complete condensation sequence: hibonite in the core is sur-
rounded by grossite + perovskite, which in turn is sur-
rounded by melilite. Some spinel grains are in between
the grossite and melilite layers. Texturally, spinel formed
earlier than melilite, although the reverse would be expected
from a gradually cooling gas. Importantly, as in Y24, spinel
in 31-2 does not form a continuous rim around grossite but
occurs as isolated and elongated patches at the edges of
grossite. The main difference between inclusions Y24 and
31-2, however, is the presence of the silicates melilite and
diopside in the latter that are completely absent in Y24.
Given that Y24 inclusion is essentially Si-free, it must have
largely condensed above the condensation temperature of
melilite, and its mineralogy appears to be consistent with
the condensation sequence of corundum (although com-
pletely replaced) followed by hibonite, grossite, and spinel
(e.g., Fegley, 1982; Grossman, 2010). This inference is sup-
ported by the petrographic observation that spinel partially
replaced grossite in Y24.

Inclusion Y24 is warkite-rich and shows faint miner-
alogical zoning: the center is dominated by refractory-
element-rich oxides, whereas grossite laths are located
towards the edge of the inclusion (Fig. 4). Oxides and gros-
site laths are themselves embedded in a matrix made of war-
kite (Ca2Sc6Al6O20), which is therefore texturally late.
Warkite, grossite, and hibonite could, however, have
formed nearly simultaneously after the refractory oxides
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or their precursor phases had started to condense. If war-
kite grew faster than grossite and hibonite, it would have
enclosed both minerals during its growth; this would also
explain the observed textural relationship.

Thermodynamic data are not yet available for warkite,
so this phase does not appear in calculations of equilibrium
condensation sequences. Fortunately, the thermodynamic
properties of the CaO-Al2O3-Sc2O3 system are of interest
to material scientists because knowledge of these properties
help define process parameters for the recovery of rare-
earth and other trace elements from metallurgical slags.
The first assessment of this ternary system was recently
undertaken by Zhi et al. (2019). These authors performed
quench experiments in an Ar atmosphere and constructed
isothermal sections of the phase relationships at 1773 K
and 1873 K. Isothermal sections show Ca2Sc6Al6O20 as
the liquidus phase for Sc-rich starting compositions as well
as a three-phase region at Al-rich bulk compositions com-
prising CA2 (CaO	2Al2O3), CA6 (CaO	6Al2O3), and
Ca2Sc6Al6O20 (Zhi et al., 2019), which correspond stoichio-
metrically to the minerals grossite, hibonite, and warkite,
respectively. Although the study did not specify crystallo-
graphic information such as space group and cell parame-
ters for these three phases, it did characterize the cell
parameters of the phase CA (CaO	Al2O3), which occurs
at lower Al contents. Results for CA are in agreement with
krotite (Ma et al., 2011). It should be pointed out that the
phase relationships obtained by melting experiments may
not be directly applicable to condensates (grossite and war-
kite), but experiments such as those carried out by Zhi et al.
(2019) still offer general insights into the expected phase
relationships during condensation and show that phases
with chemical compositions similar to those of grossite,
hibonite, and warkite might have formed simultaneously
in a cooling gas.

4.2.2. Heterogeneous oxygen isotopic composition of Y24

Spinel and warkite in Y24 are 16O-rich (D17O � –17‰ to
–20‰) whereas kangite and grossite are characterized by
16O-poor compositions (–5‰ < D17O < 0‰). Ivanova
et al. (2012) measured the oxygen isotopic compositions
of Zr-,Sc-,Y-rich oxides in two compound CAIs from CV
chondrites that contain UR inclusions and found these oxi-
des to be depleted in 16O (D17O � –5‰ to –2‰) relative to
spinel. Based on petrographic observations, the authors
concluded that one of the inclusions experienced melting
and Zr-, Sc-, Y-rich oxides likely exchanged oxygen iso-
topes with an 16O-poor gas. Further, Krot (2019) offered
an extensive dataset on oxygen isotopes of UR inclusions
and compiled oxygen isotope data of grossite-bearing inclu-
sions (Simon et al., 2019a, 2019b; Krot et al., 2019b) in
unaltered and metamorphosed carbonaceous chondrites.
UR inclusions found in CO3.0 chondrites are 16O-rich with
very limited spread (�25‰ � D17O � �20‰), regardless of
the phases (hibonite, melilite, grossite, warkite, etc.). In
contrast, UR inclusions and grossite-bearing inclusions
found in CO chondrites of petrologic type � 3.1 show
heterogeneous, mineralogically-dependent oxygen isotope
compositions, with a trend of decreasing degree of 16O
enrichment from spinel (D17O = �24 � �26‰), certain
Zr-,Sc-,Y-rich oxides (e.g., warkite and davisite
(CaScAlSiO6), D17O = �23 � �2‰) and kangite
(D17O = �2‰; only a handful of data points due to the
extremely rare occurrence). The oxygen isotope hetero-
geneities in UR CAIs from CO chondrites of such petro-
logic types have been interpreted to result from exchange
with fluids on the parent bodies (Krot et al., 2019a). Yam-
ato 81020 is a CO 3.05. The implication of this observation
is that if 16O-poor asteroidal water, with an inferred D17O
of �0.3 ± 0.7‰ (Doyle et al., 2015) was responsible for
the observed oxygen isotope variation in Y24, as suggested
for CO3.1 chondrites by Krot et al. (2019b) and Simon
et al. (2019b), water–rock interactions disturbing the CAIs’
oxygen isotopes could have started in CO chondrites with a
petrologic type as low as 3.05. However, such effects may
have been local and limited, as other refractory inclusions
from this chondrite have isotopically uniform D17O
of � 23‰ (e.g., Ushikubo et al., 2017). In this context
Krot et al. (2019b) described grossite, in an inclusion from
Y-81020, that is 16O-depleted to various degrees, probably
due to fluid-assisted thermal metamorphism.

Alternatives to isotope exchange inside the parent bod-
ies include condensation of Y24 in a gas of variable oxygen
isotopic composition (similar to that proposed in e.g., Park
et al., 2012) and isotope exchange with an 16O-poor gas in a
nebular setting. The total variation, which appears to be
somewhat bimodal (at D17O = �20‰ and �0‰), is unli-
kely to be a result of condensation of Y24 taking place in
an oxygen-isotopically heterogeneous gas reservoir because
one would expect a more random distribution of D17O in
Y24. In the context of isotope exchange with an 16O-poor
gas component, the interaction between a melt and a gas
can be confidently ruled out since Y24 does not show evi-
dence for melting. However, given our ignorance of oxygen
diffusivities in warkite, kangite and grossite, solid-state dif-
fusive exchange with the nebular gas still remains plausible
for Y24. If this inference is correct, it would imply that oxy-
gen diffuses faster in grossite and kangite than in warkite,
despite them all being refractory phases.

4.2.3. First 26Al age on an isolated UR inclusion

This study, for the first time, presents data on the Al-Mg
systematics of an isolated UR inclusion. So far, the Al-Mg
systematics have only been reported for two UR inclusions
that are part of the composite CAIs previously studied by
Ivanova et al. (2012). A conference abstract (Park et al.,
2014) about these inclusions cited values for (26Al/27Al)0
that are, within uncertainties, indistinguishable from the
‘‘canonical” value of �5.2 � 10–5. One of the first attempts
to measure Al-Mg systematics in a complex inclusion con-
taining abundant UR oxides showed the presence of 26Al at
the time this CAI formed but isochrons are disturbed (El
Goresy et al., 2002). A few isolated grossite-bearing CAIs
(not UR inclusions) from DOM 08004 and 08006 (CO3.1
and 3.0, respectively) have also been analyzed for 26Al
abundances, and three populations of inclusions with
regard to the inferred 26Al/27Al ratios were identified:
4.5 � 10�5, 1 � 10�5 and 
10�6 (Simon et al., 2019b). Fur-
ther, Makide et al. (2009) studied Al-Mg systematics of
grossite-rich CAIs from CR2 chondrites and deduced
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model isochrons based on grossite analyses that result in
(26Al/27Al)0 of �4.3 � 10�5.

The slightly negative d25Mg values found in hibonite
provide another line of evidence for Y24 being a condensate
inclusion, rather than a recrystallized solid from a melt.
Within analytical uncertainty, the three phases plot on a
single isochron with (26Al/27Al)0 = (5.4 ± 1.0) � 10–5

(MSWD = 3.0, 95%-confidence interval, Fig. 111). The
scatter of data around the isochron regression could in part
result from the use of inappropriate RSF for grossite, but it
does not change the fact that Y24 formed with the presence
of 26Al. This initial ratio is indistinguishable from the
‘‘canonical” value of �5.2 � 10–5, indicating that the (par-
tial) replacement of grossite by spinel occurred shortly after
grossite and hibonite formation, and the process responsi-
ble for the 16O-poor composition in grossite had very little
effect (if any) on the magnesium isotopic composition. Fur-
ther, the replacement happened in the same 16O-rich reser-
voir where most CAIs were formed, as suggested by the
oxygen isotopic composition of spinel.

5. CONCLUSIONS

We studied the petrography, oxygen isotopic composi-
tion, and Al-Mg systematics of the CAIs Mesquite and
Y24 found in the CO3 chondrites NWA 7892 and Y-
81020, respectively. Mesquite is unusually large
(�5 � 3 mm) for a CAI from a CO chondrite and is miner-
alogically zoned: a core mostly made of coarse-grained (up
to �300 mm) melilite is surrounded by mantle layers
[hibonite-spinel(±melilite), hibonite-melilite, hibonite-
melilite-perovskite], and a semi-continuous spinel-
dominated rim. We envision the following, most likely for-
mation scenario for Mesquite. Based on negatively fraction-
ated d25Mg values of melilite, hibonite, and spinel in the
mantle layers, it seems likely that the inclusion was never
molten as a whole, and its primary phases condensed from
the nebular gas. A heating event with a maximum temper-
ature lower than the melilite solidus temperature (1493 K)
after initial condensation possibly led to coarsening of meli-
lite in the core by solid-state re-crystallization. All minerals
analyzed for their Al-Mg systematics, regardless of their
locations within the CAI, plot on a single isochron, the
slope and intercept of which corresponds to an
26Al/27Al = (4.95 ± 0.08) � 10–5 and d26Mg*0 =
–0.14 ± 0.05‰. The 26Al/27Al ratio is marginally resolved
from the ‘‘canonical” value and is interpreted to have
marked the ‘‘formation time”, rather than the ‘‘reset time”,
of Mesquite. Together with the d26Mg*0 value, one could
infer that condensation of Mesquite took place in a slightly
Mg-heterogeneous solar nebula when 26Al/27Al = 4.9 �
10–5, which represented the time for a nebula-wide thermal
event (Liu et al., 2019), and that there have been multiple
generations of CAIs forming in the solar nebula.
1 Because of the low degrees of freedom (f = 2), the 95%
confidence interval around the initial ratio is significantly wider
than the 2r-level uncertainty that is solely based on analytical
errors. Assigning uncertainties solely based on analytical errors
yields (26Al/27Al)0 = (5.4 ± 0.44) � 10–5.
Spinel in the rim of Mesquite is 16O-rich (D17O �
–25‰); oxygen isotope ratios of hibonite are also 16O-rich
but to a variable degree, and plot along the CCAM line
(D17O � –15‰ to –23‰). Their D17O values are consistent
with condensation of Mesquite in an 16O-rich gas with
quickly (within the resolution of our 26Al isochron, that
is, �33,000 years) changing D17O from –18‰ to –25‰.
Melilite also could have been initially enriched in 16O but
later acquired its 16O-poor composition by exchange with
an 16O-poor gas during the heating event that also led to
coarsening. Since heating did not affect the 26Al isochron,
its timing could not be constrained. Alternatively, melilite
could have obtained its oxygen isotopic composition by iso-
topic exchange with an 16O-poor fluid on the parent body.
Mesquite shows evidence for extensive low-temperature ter-
restrial alteration such as formation of calcite and phyllosil-
icates. Sodalite is present throughout the mantle layers and
could have formed by the reaction between a Cl-rich fluid
and the primary mineral phases in the parent body.

Inclusion Y24 is a unique, isolated UR inclusion from
the CO3.05 chondrite Yamato 81020. Y24 is devoid of sil-
icates and comprises grossite, hibonite, spinel, and ultra-
refractory-element-rich oxide phases, such as kangite and
warkite, and perovskite. All minerals are embedded in a
matrix made of warkite. The irregular shape of the inclu-
sion and the Al-Mg systematics of hibonite indicate that
phases are primary condensates. A possible formation sce-
nario for Y24 involves condensation of hibonite, pseudo-
morphic replacement of it by grossite, and formation of
warkite. The textural relationship, i.e. phases embedded in
a matrix of warkite, can be explained by relatively fast war-
kite condensation that outpaced that of grossite and hibo-
nite, or condensation of grossite and hibonite followed by
that of warkite. Anhedral spinel patches are located at the
edges of grossite laths and are interpreted to have formed
at the expense of grossite in a gradually cooling gas, as
expected for equilibrium condensation at temperatures
above that of melilite stability. The Al-Mg and oxygen iso-
tope systematics of this unique inclusion indicate that hibo-
nite, grossite, and spinel formed in an 16O-rich gas when
26Al/27Al was (5.4 ± 1.0) � 10–5. The 16O-poor composi-
tions of grossite and kangite could have been derived from
oxygen isotope exchange with an 16O-poor fluid in the par-
ent body or with an 16O-poor gas by self-diffusion in a neb-
ular setting.
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D. and Ivanova M. A. (2012) The absolute chronology and
thermal processing of solids in the solar protoplanetary disk.
Science 338(6107), 651–655. https://doi.org/
10.1126/science.1226458.

Connelly J. N., Bollard J. and Bizzarro M. (2017) Pb–Pb
chronometry and the early Solar System. Geochim. Cosmochim.

Acta 201, 345–363. https://doi.org/10.1016/j.gca.2016.10.044.
Davis A. M., Richter F. M., Mendybaev R. A., Janney P. E.,

Wadhwa M. and McKeegan K. D. (2015) Isotopic mass
fractionation laws for magnesium and their effects on 26Al–26-
Mg systematics in solar system materials. Geochim. Cosmochim.

Acta 158, 245–261. https://doi.org/10.1016/j.gca.2015.01.034.
Defouilloy C., Nakashima D., Joswiak D. J., Brownlee D. E.,

Tenner T. J. and Kita N. T. (2017) Origin of crystalline silicates
from Comet 81P/Wild 2: Combined study on their oxygen
isotopes and mineral chemistry. Earth Planet. Sci. Lett. 465,
145–154. https://doi.org/10.1016/j.epsl.2017.02.045.

Doyle P. M., Jogo K., Nagashima K., Krot A. N., Wakita S.,
Ciesla F. J. and Hutcheon I. D. (2015) Early aqueous activity
on the ordinary and carbonaceous chondrite parent bodies
recorded by fayalite. Nat. Commun. 6(1). https://doi.org/
10.1038/ncomms8444.
El Goresy A., Zinner E., Matsunami S., Palme H., Spettel B., Lin
Y. and Nazarov M. (2002) Efremovka 101.1: a CAI with
ultrarefractory REE patterns and enormous enrichments of Sc,
Zr, and Y in Fassaite and Perovskite. Geochim. Cosmochim.

Acta 66(8), 1459–1491.
Farver J. R. (2010) Oxygen and hydrogen diffusion in minerals.

Rev. Mineral. Geochem. 72(1), 447–507. https://doi.org/
10.2138/rmg.2010.72.10.

Fegley M. B. (1982) Hibonite condensation in the solar nebula.
Lunar Planet. Sci. MCMLXXXI, 211–212.

Fujiya W., Sugiura N., Sano Y. and Hiyagon H. (2013) Mn–Cr
ages of dolomites in CI chondrites and the Tagish Lake
ungrouped carbonaceous chondrite. Earth Planet. Sci. Lett.

362, 130–142. https://doi.org/10.1016/j.epsl.2012.11.057.
Fujiya W., Sugiura N., Marrocchi Y., Takahata N., Hoppe P.,

Shirai K., Sano Y. and Hiyagon H. (2015) Comprehensive
study of carbon and oxygen isotopic compositions, trace
element abundances, and cathodoluminescence intensities of
calcite in the Murchison CM chondrite. Geochim. Cosmochim.

Acta 161, 101–117. https://doi.org/10.1016/j.gca.2015.04.010.
Grossman L. (2010) Vapor-condensed phase processes in the early

solar system. Meteorit. Planet. Sci. 556, L63. https://doi.org/
10.1111/j.1945-5100.2009.01010.x.

Grossman L., Simon S. B., Rai V. K., Thiemens M. H., Hutcheon
I. D., Williams R. W., Galy A., Ding T., Fedkin A. V., Clayton
R. N. and Mayeda T. K. (2008) Primordial compositions of
refractory inclusions. Geochim. Cosmochim. Acta 72(12), 3001–
3021. https://doi.org/10.1016/j.gca.2008.04.002.

Grossman L., Ebel D. S., Simon S. B., Davis A. M., Richter F. M.
and Parsad N. M. (2000) Major element chemical and isotopic
compositions of refractory inclusions in C3 chondrites: the
separate roles of condensation and evaporation. Geochim.

Cosmochim. Acta 64(16), 2879–2894.
Han J. and Brearley A. J. (2017) Microstructures and formation

history of melilite-rich calcium–aluminum-rich inclusions from
the ALHA77307 CO3.0 chondrite. Geochim. Cosmochim. Acta

201, 136–154. https://doi.org/10.1016/j.gca.2016.10.014.
Heck P. R., Ushikubo T., Schmitz B., Kita N. T., Spicuzza M. J.

and Valley J. W. (2010) A single asteroidal source for
extraterrestrial Ordovician chromite grains from Sweden and
China: High-precision oxygen three-isotope SIMS analysis.
Geochim. Cosmochim. Acta 74(2), 497–509. https://doi.org/
10.1016/j.gca.2009.10.027.

Hsu W., Guan Y., Leshin L. A., Ushikubo T. and Wasserburg G.
J. (2006) A late episode of irradiation in the early solar system:
evidence from extinct 36Cl and 26Al in meteorites. Astrophys. J.
640, 525–529.

Imae N. and Nakamuta Y. (2018) A new mineralogical approach
for CO3 chondrite characterization by X-ray diffraction:
Identification of primordial phases and thermal history. Mete-

orit. Planet. Sci. 53, 232–248. https://doi.org/10.1111/
maps.12996.

Ireland T. R., Avila J., Greenwood R. C., Hicks L. J. and Bridges
J. C. (2020) Oxygen isotopes and sampling of the solar system.
Space Sci. Rev. 216(2). https://doi.org/10.1007/s11214-020-
0645-3.

Itoh S., Kojima H. and Yurimoto H. (2004) Petrography and
oxygen isotopic compositions in refractory inclusions from CO
chondrites. Geochim. Cosmochim. Acta 68(1), 183–194. https://
doi.org/10.1016/S0016-7037(03)00368-5.

Ito, M., Ganguly, J., 2009. Magnesium diffusion in minerals in
CAIs: New experimental data for melilites, implications for the
Al-Mg chronometer and thermal history of CAIs. Lunar
Planet. Sci. MMIX, abstract #1753.

Ivanova M. A., Krot A. N., Nagashima K. and MacPherson G. J.
(2012) Compound ultrarefractory CAI-bearing inclusions from

https://doi.org/10.1016/j.gca.2020.12.014
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0005
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0005
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0005
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0005
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0005
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0005
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0010
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0010
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0010
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0015
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0015
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0015
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0015
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0020
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0020
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0020
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0025
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0025
https://doi.org/10.6028/jres.070A.037
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0035
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0035
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0035
https://doi.org/10.1126/science.1226458
https://doi.org/10.1126/science.1226458
https://doi.org/10.1016/j.gca.2016.10.044
https://doi.org/10.1016/j.gca.2015.01.034
https://doi.org/10.1016/j.epsl.2017.02.045
https://doi.org/10.1038/ncomms8444
https://doi.org/10.1038/ncomms8444
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0065
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0065
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0065
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0065
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0065
https://doi.org/10.2138/rmg.2010.72.10
https://doi.org/10.2138/rmg.2010.72.10
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0075
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0075
https://doi.org/10.1016/j.epsl.2012.11.057
https://doi.org/10.1016/j.gca.2015.04.010
https://doi.org/10.1111/j.1945-5100.2009.01010.x
https://doi.org/10.1111/j.1945-5100.2009.01010.x
https://doi.org/10.1016/j.gca.2008.04.002
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0095
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0095
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0095
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0095
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0095
https://doi.org/10.1016/j.gca.2016.10.014
https://doi.org/10.1016/j.gca.2009.10.027
https://doi.org/10.1016/j.gca.2009.10.027
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0110
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0110
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0110
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0110
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0110
http://refhub.elsevier.com/S0016-7037(20)30727-4/h0110
https://doi.org/10.1111/maps.12996
https://doi.org/10.1111/maps.12996
https://doi.org/10.1007/s11214-020-0645-3
https://doi.org/10.1007/s11214-020-0645-3
https://doi.org/10.1016/S0016-7037(03)00368-5
https://doi.org/10.1016/S0016-7037(03)00368-5


94 A.T. Hertwig et al. / Geochimica et Cosmochimica Acta 296 (2021) 75–96
CV3 carbonaceous chondrites. Meteorit. Planet. Sci. 47, 2107–
2127. https://doi.org/10.1111/maps.12031.

Jacobsen B., Yin Q.-Z., Moynier F., Amelin Y., Krot A. N.,
Nagashima K., Hutcheon I. D. and Palme H. (2008) 26Al–26Mg
and 207Pb–206Pb systematics of Allende CAIs: Canonical solar
initial 26Al/27Al ratio reinstated. Earth Planet. Sci. Lett. 272(1-
2), 353–364. https://doi.org/10.1016/j.epsl.2008.05.003.

Kawasaki N., Itoh S., Sakamoto N. and Yurimoto H. (2017)
Chronological study of oxygen isotope composition for the
solar protoplanetary disk recorded in a fluffy Type A CAI from
Vigarano. Geochim. Cosmochim. Acta 201, 83–102. https://doi.
org/10.1016/j.gca.2015.12.031.

Kawasaki N., Wada S., Park C., Sakamoto N. and Yurimoto H.
(2020) Variations in initial 26Al/27Al ratios among fine-grained
Ca-Al-rich inclusions from reduced CV chondrites. Geochim.

Cosmochim. Acta 279, 1–15. https://doi.org/10.1016/j.
gca.2020.03.045.

Kita N. T., Huss G. R., Tachibana S., Amelin Y., Nyquist L. E.
and Hutcheon I. D. (2005) Constraints on the origin of
chondrules and CAIs from short-lived and long-lived radionu-
clides. In Chondrites and the Protoplanetary Disk (eds. A. N.
Krot, E. R. D. Scott and B. Reipurth). Astronomical Society of
the Pacific, San Francisco, CA, pp. 558–587.

Kita N. T., Nagahara H., Tachibana S., Tomomura S., Spicuzza
M. J., Fournelle J. H. and Valley J. W. (2010) High precision
SIMS oxygen three isotope study of chondrules in LL3
chondrites: Role of ambient gas during chondrule formation.
Geochim. Cosmochim. Acta 74(22), 6610–6635. https://doi.org/
10.1016/j.gca.2010.08.011.
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