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Abstract–Calcium-aluminum-rich inclusions (CAIs) are the first solid materials formed in
the solar nebula. Among them, ultrarefractory inclusions are very rare. In this study, we
report on the mineralogical features and oxygen isotopic compositions of minerals in a new
ultrarefractory inclusion CAI 007 from the CV3 chondrite Northwest Africa (NWA) 3118.
The CAI 007 inclusion is porous and has a layered (core–mantle–rim) texture. The core is
dominant in area and mainly consists of Y-rich perovskite and Zr-rich davisite, with minor
refractory metal nuggets, Zr,Sc-rich oxide minerals (calzirtite and tazheranite), and Fe-rich
spinel. The calzirtite and tazheranite are closely intergrown, probably derived from a
precursor phase due to thermal metamorphism on the parent body. The refractory metal
nuggets either exhibit thin exsolution lamellae of Fe,Ni-dominant alloy in Os,Ir-dominant
alloy or are composed of Os,Ir,Ru,Fe-alloy and Fe,Ni,Ir-alloy with troilite, scheelite,
gypsum, and molybdenite. The later four phases are apparently secondary minerals. The Zr,
Sc,Y-rich core is surrounded by a discontinuous layer of closely intergrown hibonite and
spinel. The CAIs are rimmed by Fe-rich spinel and Al-rich diopside. Perovskite has high
concentrations of the most refractory rare earth elements (REEs) but is relatively depleted
in the moderately refractory and volatile REEs, consistent with the ultrarefractory REE
pattern. Based on this unusual Zr,Sc,Y-rich mineral assemblage, the layered distribution in
CAI 007, and the REE concentrations in perovskite, we suggest that CAI 007 is an
ultrarefractory inclusion of condensation origin. In CAI 007, hibonite, spinel, and probably
Al-rich diopside are 16O-rich (D17O ~–22&) whereas perovskite and davisite are 16O-poor
(D17O ~–3&). Such oxygen isotope heterogeneity suggests that the UR inclusion formed in
the various degrees of 16O-rich nebular setting or was originally 16O-rich and then
experienced oxygen isotope exchange with 16O-poor fluid on the CV3 chondrite parent
body.

INTRODUCTION

Calcium-aluminum-rich inclusions (CAIs) in
chondrites are the first solids formed in the solar system
(Connelly et al. 2012) and may be divided into a
number of groups based on their rare earth element

(REE) patterns (Mason and Martin 1977). Among
various groups of CAIs, the group II REE pattern is of
great interest because it is closely related to the
condensation process in the solar nebula and that
commonly observed in chondrites. The group II REE
pattern is mainly featured by a uniform enrichment in
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moderately volatile REEs (La-Sm and Tm) and
depletions in both the most refractory REEs (Gd-Lu
except Tm and Yb) and the most volatile REEs (Eu and
Yb). Such a REE pattern was thought to be produced by
gas–solid condensation after ultrarefractory (UR) CAIs
have been condensed and removed from the solar nebular
gas (Boynton 1975). Recently, an investigation based on
stable isotopic fractionations of REEs in group II CAIs
suggested that the group II REE pattern might have
formed by more complex processes, involving rapid partial
evaporation and condensation of precursors with
chondritic composition and the presence of evaporative
solid residue enriched in the most refractory REEs (Hu
et al. 2020). This means that UR CAIs, which are enriched
in the most refractory REEs and depleted in both
moderately and most volatile REEs, might be either the
most refractory condensation materials in the solar nebula
(Boynton 1975) or solid residues from incomplete
evaporation of precursors with chondritic REE
composition (Hu et al. 2020). Ultrarefractory CAIs have
been reported in a few primitive chondrites, based on the
assumption that the CAIs enriched in Zr,Sc-rich minerals
have UR REE patterns (Palme et al. 1982; Simon et al.
1996; El Goresy et al. 2002; Ushikubo et al. 2004; Ivanova
et al. 2012; Ma et al. 2013, 2014; Krot et al. 2019a; Ma
et al. [2020]; and references therein), which was confirmed
recently by synchrotron radiation X-ray fluorescence
spectroscopic analyses (Genzel et al. 2020).

Ultrarefractory CAIs deserve comprehensive
mineralogical, chemical, and isotopic investigations,
given that they are the refractory materials that have
formed at the highest temperature stage in the solar
system. However, UR CAIs are very rare. Some of them
are very small in size and their constituent minerals are
also usually very fine-grained (Ma et al. 2013, 2020; Krot
et al. 2019a). Some UR CAIs have experienced partial
melting, making it difficult to constrain the origin of UR
inclusions (condensate or evaporation solid residue).
Krot et al. (2019a) performed a comprehensive study on
the petrography, mineral assemblage, mineral chemistry,
and oxygen isotope composition of 25 UR CAIs, which
include most of the UR CAIs found in various chondrites
to date. As shown in Krot et al. (2019a) and references
therein, UR CAIs usually contain various refractory
minerals (such as Zr,Sc-rich minerals and refractory
metals) and show a large variation in oxygen isotopic
compositions, especially in the chondrites that have
probably experienced thermal metamorphism on the
parent bodies.

Here, we describe the mineralogy, petrography,
REE contents, and oxygen isotopic composition of UR
CAI 007 from the CV3 meteorite Northwest Africa
(NWA) 3118. We also discuss the formation history of
this UR inclusion and the potential significance to the

variation of oxygen isotopic compositions among
different minerals.

ANALYTICAL METHODS

The petrography of the Ca,Al-rich inclusion CAI
007 in NWA 3118 was observed using the Zeiss
Supra55 field emission scanning electron microscope
(FE-SEM) with backscattered electron (BSE) imaging
mode at Nanjing University, Nanjing, China. The
instrument was operated at an accelerating voltage of
15 kV. X-ray elemental mapping was performed with an
energy-dispersive spectrometer (EDS) installed on the
JSM 7000F FE-SEM at Hokkaido University, Sapporo,
Japan.

Quantitative compositional analyses of major and
minor elements in oxide and silicate minerals were
conducted with the JEOL 8100 electron probe
microanalyzer (EPMA) with five wavelength-dispersive
spectrometers (WDS) at Nanjing University. Given that
most of the minerals in CAI 007 are fine-grained
(<10 lm), the instrument was operated at an
accelerating 10 kV and a focused beam of 10 nA. The
concentrations of Si, Ti, Zr, Al, Cr, Sc, Y, Mg, Fe, Mn,
Ca, Na, and K were calibrated with both natural and
synthetic standards. Peak and background counting
times were 20 and 10 s for most elements, respectively,
except Na and K (10 and 5 s, respectively). All data
were processed with the ZAF correction procedure
supplied with the JEOL microprobe. The amounts of
Ti3+ in pyroxene with TiO2 ≥ 4 wt% and calzirtite ([Ca,
Zr,Ti]9O16) were calculated based on ideal stoichiometry
of pyroxene and calzirtite, respectively, and an
assumption that titanium is the only element with
various valences.

Rare earth elements in perovskite and hibonite were
measured using JEOL 8530 field-emission EPMA at
Nanjing University. The measurements were made at an
accelerating voltage of 15 kV and a beam current of
20 nA with a focused beam. Peak and background
positions of different REE elements were chosen based
on qualitative analysis of natural monazite. Upper and
lower background positions relative to the elemental
peaks vary by 1–5 mm from element to element. Peak
and background counting times were 20 and 10 s for all
REEs. Concentrations of La, Ce, Pr, Nd, Sm, Eu, Ga,
Tb, Dy, Ho, Er, Tm, Yb, and Lu were calibrated with
REE-doped synthetic phosphate standards. The
detection limits are 0.05 wt% for La2O3, 0.04 wt% for
Ce2O3, 0.07 wt% for Pr2O3, 0.07 wt% for Nd2O3,
0.08 wt% Sm2O3, 0.08 wt% for Eu2O3, 0.1 wt% for
Gd2O3, 0.09 wt% for Tb2O3, 0.1 wt% for Dy2O3,
0.1 wt% for Ho2O3, 0.11 wt% for Er2O3, 0.09 wt% for
Tm2O3, 0.15 wt% for Yb2O3, and 0.16 wt% for Lu2O3.
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Structural characterization of minerals in CAI 007
was performed using electron backscatter diffraction
(EBSD) and transmission electron microscopy. Before
obtaining EBSD patterns, the sample was polished
using a vibromet instrument with silica suspension and
then carbon-coated. The EBSD patterns of minerals
were obtained using an Oxford EBSD detector attached
to the JEOL JSM-6490 SEM instrument at Nanjing
University. The EBSD detector was controlled by Aztec
software. An accelerating voltage of 20 kV and a beam
current of 4 nA were used for collecting EBSD patterns.
The EBSD patterns were indexed with the HKL data
set of minerals and the index quality was evaluated
based on the “mean angular deviation” (MAD) values
and manual check. In this study, the indexed results
with MAD values of <1 are considered desirable for
accurate solutions.

Two transmission electron microscopy (TEM) foils
containing Zr,Sc-rich oxides and refractory metal nuggets
(RMNs), respectively, were prepared with focused ion
beam (FIB) system at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing,
China. The FIB cutting was conducted using Zeiss
Auriga Compact dual beam instrument equipped with an
Omniprobe AutoProbe 200 micromanipulator. Ion
milling was carried out with an accelerating voltage of 4–
30 kV and various beam currents (50 pA–2 nA). The
final foils are approximately 100 nm in thickness. The
microtextural and mineralogical characterizations of
these two foils were performed using FEI Tecnai F20
TEM at Nanjing University. All the TEM observations
were performed at 200 kV. Conventional bright-field
TEM and high-angle annular dark-field (HAADF)
imaging were performed to record the petrographic
textures of the TEM foils. Selected area electron
diffraction and high-resolution TEM images were used to
determine mineral structures; meanwhile, energy-
dispersive X-ray analyses were used to determine
chemical compositions of minerals in the TEM foils. X-
ray elemental mapping was also performed for
constraining the phases at given regions in the TEM foils.

Oxygen isotope compositions of individual minerals
(hibonite, spinel, davisite, perovskite, and Al-rich diopside)
in the CAI 007 were measured with the Cameca IMS-
1280HR ion microprobe at Hokkaido University, with the
full analytical procedures reported in Kawasaki et al.
(2018). The primary ion beam was mass filtered positive
133Cs+ ions (20 keV, 20 pA) with the beam size of ~2 lm
in diameter. A normal incident electron flood gun was used
for the electrostatic charge compensation. The mass
resolution M/DM for 17O– was set at ~6000, sufficient to
separate interfering 16OH–. Negative 16O–, 17O–, and 18O–

ions were detected with a multi-collection mode, with a
multicollector Faraday cup, an axial electron multiplier,

and a multicollector electron multiplier, respectively. The
secondary ion intensity of 16O– was 0.5–1.5 9 107 cps.
Each measurement was conducted with 60 cycles of
counting the secondary ions of 4 s. The instrumental mass
fractionations were calibrated using Takashima augite
(d18O = 6.3&) and Russian spinel (d18O = 8.5&;
Yurimoto et al. 1994) for silicate and oxide minerals,
respectively. The reported uncertainties of the individual
analyses are expressed in 2r, which were estimated by
considering both the internal error of each measurement
and the uncertainty of the instrumental mass fractionation
(assigned as 2SE of repetitive analyses of the standards).
After the measurements, all spots were evaluated using FE-
SEM. Data from spots that overlapped undesirable
minerals and/or cracks have been rejected.

RESULTS

Brief Introduction about NWA 3118

Northwest Africa 3118 is a 5.9 kg oxidized Allende-
like CV3 carbonaceous chondrite found in 2003 (Russell
et al. 2005). It contains abundant large chondrules and
CAIs (usually larger than 1 mm in size), which are
enclosed in fine-grained Fe-rich matrix (Akos et al.
2014; Matsuda et al. 2019). Many of the chondrules in
the NWA 3118 hand specimen appear rust in color. No
metal grains were observed on the hand specimen scale.
The Fe-rich matrix is composed mainly of platy-shaped
ferrous olivine grains (<10 lm in length; Fig. 1a) with
minor Ca-Fe-silicate nodules (hedenbergite and
andradite). Granular ferrous olivine grains, which may
be chondrule fragments, are also commonly observed in
the matrix. Fractures and grain boundaries in
chondrules are usually filled by Fe-rich phases. Fe-Mg
interdiffusion zones of a few micrometers are commonly
observed in olivine grains along grain boundaries and
fractures. In some chondrules, pyroxene grains have
been partially replaced by ferrous olivine (Fig. 1b;
Matsuda et al. 2019). A complex refractory inclusion
(3N), which consists of abundant smaller CAIs with
various mineral assemblages including an UR inclusion
(3N-24), has been reported in NWA 3118 (Ivanova
et al. 2012, 2015; MacPherson et al. 2017; Krot et al.
2019a).

Petrography and Mineralogy of CAI 007

The UR CAI 007, 300 9 500 lm in size, is enclosed
by fine, platy-shaped, and granular ferrous olivine
grains in the matrix (Fig. 2). It has a core–rim layered
structure. The core is dominant in area and consists
mainly of perovskite and davisite with minor Zr,Sc-rich
oxides, spinel, and RMN (Figs. 2 and 3). The sinuous
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rim is 5–10 lm in width and composed mainly of spinel
and Al-rich diopside, with Al-rich diopside located on
the outside. The rim is porous, especially at the
interface between spinel and Al-rich diopside. Some tiny
unidentified phases (probably olivine and phosphate?)
are also present at the interface between spinel and Al-
rich diopside. Most of the diopside grains in the rim are
approximately 1 lm in grain size. Minor amounts of
fine-grained ferrous olivine are also observed as
overgrowth on Al-rich diopside or as inclusions in the
Al-rich diopside layer (Figs. 4b and 4c). A
discontinuous layer consisting of hibonite and spinel
intergrowth is present along the interface between the
core and the rim (Figs. 2 and 3). Fine-grained alteration
products are commonly observed in the core and a few
regions have been heavily altered. Secondary minerals
such as zeolite, grossular, and nepheline have been
observed in the altered regions. A few lath-shaped
hibonite grains are also observed in the altered regions.

The core of CAI 007 is porous in texture and
characterized by the presence of anhedral-to-subhedral
perovskite of various grain sizes (5–20 lm). The
perovskite grains contain high Y2O3 and ZrO2 (4.8–

7.1 wt% and 1.1–1.8 wt%, respectively; Table 1) and
no significant difference was observed for the perovskite
grains of different grain sizes. These perovskite grains
are surrounded by anhedral, fine-grained davisite grains,
which appear to be connected with each other. Davisite
in CAI 007 contains high Al2O3 (25.1–28.0 wt%), Sc2O3

(12.8–15.7 wt%), ZrO2 (8.5–14.6 wt%), and TiO2
tot

(6.0–8.7 wt%). The Y2O3 content in davisite is 0.22–
0.68 wt%. Based on the ideal stoichiometry of pyroxene
(four cations per six oxygen atoms), the davisite has
variable Ti3+/Titot values (0.16–0.70) with a mean value
of 0.39 (Table 2).

Small, anhedral spinel and Zr,Sc-rich oxide grains
(<6 lm) are observed as the interstitial phases between
perovskite and davisite. The spinel grains have an Mg#
value varying from 0.34 to 0.53 (Table 3). The Zr,Sc-
rich oxide grains are mainly associated with relatively
coarse-grained perovskite and enclosed together with
perovskite by fine-grained davisite (Figs. 4a and 4b).
Our HAADF-STEM observations reveal that a tiny Zr,
Sc-rich oxide grain (only one case) is also present as an
inclusion in perovskite. High magnification SEM
imaging shows that most of the Zr,Sc-rich oxide grains
are complex intergrowths of two different phases
(Figs. 5b–d), although a few grains contain only one
phase (Fig. 5a). Our EBSD and TEM observations
reveal that the structures of the brighter phase and the
dark phase are consistent with the I41/acd calzirtite and
the Fm3m tazheranite (Figs. 6 and 7). Both of them
cannot be indexed with the structure of other Zr,Sc-rich

Fig. 1. Backscattered electron image showing a matrix region
in NWA 3118. a) Platy ferrous olivine in the matrix. Irregular
fragments of granular ferrous olivine grains and aggregates of
hedenbergite and andradite are also present. b) Ferrous olivine
replacing low-Ca pyroxene in a chondrule. Ol = olivine;
Px = pyroxene; Hed = hedenbergite; Adr = andradite.

Fig. 2. BSE image of the UR inclusion CAI 007 in NWA
3118. The CAI is porous and has a core–rim layered texture.
Its core is dominant and consists mainly of perovskite and
davisite with minor Zr,Sc-rich oxides, spinel, and refractory
metal nuggets. The rim is sinuous in shape and composed
mainly of spinel and Al-rich diopside. A discontinuous layer
consisting of hibonite and spinel intergrowth is present along
the interface between the core and the rim. Dav = davisite;
Di = Al-rich diopside; Hib = hibonite; Pv = perovskite;
Spl = spinel.
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phases such as allendeite, kangite, and zirconolite (Ma
et al. 2013, 2014; Ma 2020). The compositions of
calzirtite grains were determined with EPMA. It has
generally homogeneous chemical compositions, 69.2–
72.0 wt% ZrO2, 12.0–13.2 wt% Sc2O3, 7.0–8.5 wt%
TiO2

tot, 4.0–4.1 wt% CaO, 3.2–3.7 wt% Y2O3, and
minor other elements (Table 4). Based on 16 oxygen
atoms, the chemical formula of calzirtite is
(Zr5.281Sc1.700Ca0.674Ti

4+
0.453Ti

3+
0.436Y0.284Al0.076Mg0.047

Fe0.031Si0.018)9O16, where the amount of Ti3+ was
calculated based on the ideal stoichiometry of calzirtite (9
cations and 16 oxygen atoms). The darker Zr,Sc-rich
phase is too small to be analyzed using EPMA with
confidence. We determined its composition using TEM-
EDS (Table 4). The k-factors were calibrated roughly by
comparing the TEM-EDS and EPMA data for calzirtite.
The average composition of the darker Zr,Sc-rich oxide
phase is 57.9 wt% ZrO2, 32.5 wt% Sc2O3, 7.4 wt%
TiO2, 1.4 wt% CaO, and 0.83 wt% Y2O3. Based on 1.75
oxygen atoms, the chemical formula of tazheranite is
(Sc0.443Zr0.442Ti0.087Ca0.023Y0.003)0.998O1.75. X-ray
elemental mapping was performed to show the
distribution of elements between calzirtite and tazheranite
and the results are shown in Fig. 8.

Numerous RMNs occur as inclusions in other
minerals of the core part (Figs. 4b and 5a). Most of the
RMNs are submicron in size and only a few of them
are as large as 3–4 lm. High-magnification SEM

observations show that some of the RMNs contain very
thin lamellae (Figs. 9a and 9b), and other RMNs also
contain other mineral phases (Figs. 9c and 9d). Based
on HAADF-STEM observations and TEM-EDS
analyses (Fig. 10), Os,Ir-dominant and Fe,Ni,Ir-
dominant alloys are identified, corresponding to
osmium and hexaferrum, respectively (Table 5). The
osmium grains have an alloy chemical formula
Os36Ir24Ru17Fe16Re3Mo2Ni1 while the hexaferrum
grains show homogeneous chemical compositions
Fe48Ni26Ir22Os3Ru2. Our observations demonstrate that
the minerals closely associated with the refractory
metals are scheelite, troilite, gypsum, and molybdenite
(Figs. 9 and 10).

Due to the strong alteration, the boundary between
the hibonite–spinel intergrowth and the Zr,Sc,Y-rich
core is obscured. However, in some regions, the
hibonite–spinel intergrowth connects directly with
the Al-rich diopside rim. The Mg# values of spinel in
the intergrowth are 0.48–0.69 (Table 3). The hibonite
grains contain a few weight percent of TiO2 and MgO
(3.6–6.3 wt% and 2.2–3.3 wt%, respectively; Table 6).

The spinel grains spatially associated with the Al-
rich diopside rim are relatively Mg-rich (Mg# = 0.68–
0.81; Table 3). The Al-rich diopside grains in the rim
are depleted in ZrO2 and Sc2O3 and contain a few
weight percent of Al2O3 (1.7–8.0 wt%) and TiO2 (0.35–
1.2 wt%; Table 6).

Fig. 3. BSE image and combined X-ray elemental mapping results (Mg,Al, or Zr: red; Ca or Sc: green; and Al or Ti: blue).
Adr = Andradite; Clz = calzirtite; Dav = davisite; Di = Al-rich diopside; Hed = hedenbergite; Hib = hibonite; Ol = olivine;
Pv = perovskite; Spl = spinel; Tzr = tazheranite.
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Rare Earth Element Compositions of Minerals in CAI

007

We tentatively measured REE contents in
potentially REE-rich minerals (hibonite, perovskite, and
davisite) in CAI 007 using FEG-EPMA. However, the
REE concentrations in hibonite and davisite are below
the EPMA detection limit (0.04–0.16 wt%). Only a few
most refractory REEs (Gd, Tb, Dy, Ho, Er, and Lu) in
perovskite have contents higher than the EPMA
detection limit. The analytical results for REE in
perovskite are given in Table 1 and plot in Fig. 11.

Oxygen Isotopic Compositions of Minerals in CAI 007

The SIMS oxygen isotopic compositions of
individual minerals in CAI 007 are given in Table 7 and
plotted in Fig. 12. Only one hibonite grain (in the
altered region) was measured in the present study and is
16O-rich (D17O ~–22&). All the spinel grains from the
core, the spinel–hibonite intergrowth, and the rim of
CAI 007 are 16O-rich (D17O ~–22&; Table 7). Both
perovskite and davisite in the Zr,Sc,Y-rich core are 16O-
poor (D17O ~–3&, respectively). Three spots on Al-rich
diopside in the rim were measured and show a relatively
large variation in oxygen isotopic composition among
different grains (D17O ~–20 to –12&; Table 7).
Figure 13 shows the positions of the two spots (@366
and @367) with less 16O-enriched oxygen isotopic
feature of Al-rich diopside. Based on the BSE image,
the diopside rim contains submicron pores, which might
be the main cause of the less 16O-enriched oxygen
isotopic feature of Al-rich diopside.

DISCUSSION

Mineralogical Records of Fluid-Assisted Metamorphism

in NWA 3118 and CAI 007

NWA 3118 is a chondrite found in a hot desert,
and, therefore, probably has experienced terrestrial
weathering. However, such evidence is not commonly
observed in NWA 3118. It is reported that FeNi metal
in chondrites is very sensitive to terrestrial weathering
(Wlotzka 1993). Terrestrial weathering of FeNi metal
will lead to the formation of Fe-oxide or Fe-hydroxide
phases filling fractures or surrounding relict metal
grains (Wlotzka 1993; Zhang and Hsu 2009). FeNi
metal grains are not recognized in hand specimen of
NWA 3118 and Fe-oxide phases have been widely
observed in NWA 3118 (figs. S3 and S5 of Matsuda
et al. 2019), suggesting that NWA 3118 may have
experienced terrestrial weathering. However, Fe-oxide
and Fe-hydroxide veins across the matrix and different

Fig. 4. BSE images showing the mineral assemblages in
different parts of CAI 007. a) Typical region in the core part
consisting of anhedral perovskite with tiny refractory metal
nugget, davisite, calzirtite, and tazheranite. b) A region
showing both the core part and the rim. The rim is Al-rich
diopside-dominant with minor discrete spinel grains. Olivine
grains occur as overgrowths on Al-rich diopside. c) A typical
region showing the hibonite–spinel intergrowth between the
Zr,Sc,Y-rich core part and the rim. Clz = calzirtite;
Dav = davisite; Di = Al-rich diopside; Hib = hibonite;
Ol = olivine; Pv = perovskite; RMN = refractory metal
nugget; Spl = spinel; Tzr = tazheranite.

6 Y. Xiong et al.



components (refractory inclusions and chondrules) are
not observed in our study and in previous investigations
on NWA 3118 (e.g., Akos et al. 2014; Matsuda et al.
2019). Therefore, we suggest that terrestrial weathering
might have not affected the majority of minerals.
Instead, many secondary mineralogical features
observed in NWA 3118 could be attributed to fluid-
assisted metamorphism and/or alteration on the parent
body of the CV3 chondrite parent body (Brearley and
Krot 2013).

NWA 3118 contains the following alteration records
(1) platy-shaped ferrous olivine in the matrix and ferrous
olivine altering low-Ca pyroxene; (2) Ca-Fe-silicate
phases (hedenbergite and andradite) in the matrix; (3)
fine-grained Ca-rich aluminosilicate minerals (zeolite,
grossular, and nepheline) in the altered regions in CAI
007 and chondrule mesostasis (fig. S2 of Matsuda et al.
2019); (4) magnetite in chondrules and thin Fe-oxide/
hydroxide veinlets infilling the irregular cracks in silicate
minerals (Matsuda et al. 2019); (5) scheelite, gypsum, and
molybdenite observed in refractory metal nuggets. Most
of these minerals are typical alteration products in
oxidized CV3 chondrites (Krot et al. 1995, 1998a, 1998b;
Brearley and Krot [2013] and references therein) and have
also been observed in other groups of carbonaceous
chondrites (e.g., Brearley and Krot 2013; Zhang and
Yurimoto 2013; Li et al. 2017). Zeolite is observed in CV
chondrite for the first time; however, given that NWA
3118 is a find chondrite, we cannot totally exclude the
possibility of terrestrial origin. Gypsum was considered
as a product of terrestrial weathering of chondrite (e.g.,
Lee 1993; Izawa et al. 2010b); however, it was also
observed in fall meteorites that experienced no terrestrial
weathering (e.g., Izawa et al. 2010a). Given that gypsum
shows straight grain boundaries with hexaferrum grains
(Fig. 10), in the present study, we cannot exclude the
parent-body alteration origin of the gypsum. The
magnetite nodules in CVs chondrites were interpreted by
Marrocchi et al. (2016) as magmatic origin. The
petrographic texture of magnetite in NWA 3118 appears
distinctly different from the magnetite nodules described
by Marrocchi et al. (2016), which are usually clean in
BSE images. However, the magnetite grains in chondrules
from NWA 3118 are usually porous in texture (Matsuda
et al. 2019). Therefore, we consider that magnetite in
NWA 3118 should be of parent-body alteration origin. In
previous investigations (El Goresy et al. 1978;
MacPherson et al. [1988] and references therein), scheelite
and molybdenite have been observed in Fremdlinge (also
called opaque assemblage) within CAIs. Many early
workers thought that Fremdlinge has a high-temperature
condensation origin (cf, MacPherson et al. 1988).
However, later investigations suggested that Fremdlinge
should have a high-temperature origin but have
experienced aqueous alteration (including oxidation and
sulfidization) to various degrees (Krot et al. 1995; Hsu
et al. 2006). The aqueous alteration can also account for
the presence of low-temperature mineral phases in
Fremdlinge. In the present study, we also favor an
aqueous alteration origin for the scheelite, molybdenite,
and gypsum in some RMNs from CAI 007. The original
refractory metal probably contains Os, Ir, Ru, Fe, Ni, W,
and Mo. During aqueous alteration, the refractory metal
reacted with fluids containing Ca, S, and O. As a

Table 1. EPMA compositions (wt%) of perovskite in
CAI-007.

1 3 4 5 6

SiO2 0.07 0.04 bdl bdl bdl
TiO2 53.0 53.2 51.7 52.2 52.7

ZrO2 1.5 1.3 1.5 1.7 1.8
Al2O3 1.4 1.2 1.7 1.7 1.5
Cr2O3 bdl bdl bdl 0.09 0.07
Sc2O3 0.25 0.38 0.51 0.34 0.39

Y2O3 5.6 4.8 7.1 6.3 6.4
MgO 0.08 0.03 bdl bdl 0.03
FeO 0.70 0.33 0.58 0.5 0.19

MnO 0.03 bdl bdl bdl 0.07
CaO 36.1 36.0 35.8 35.2 35.3
Na2O 0.25 bdl bdl bdl bdl

K2O bdl 0.02 0.03 bdl bdl
Gd2O3 0.14 0.32 0.13 0.29 0.32
Tb2O3 bdl 0.09 bdl bdl bdl

Dy2O3 0.24 0.32 0.50 0.43 0.40
Ho2O3 0.09 bdl 0.18 0.25 0.29
Er2O3 0.46 0.38 0.65 0.63 0.64
Lu2O3 0.21 0.38 bdl bdl bdl

Total 100.1 98.8 100.4 99.7 100.1
Si 0.002 0.001 bdl bdl bdl
Ti 0.928 0.941 0.909 0.921 0.926

Zr 0.017 0.015 0.017 0.020 0.021
Al 0.038 0.034 0.047 0.048 0.040
Cr bdl bdl bdl 0.002 0.001

Sc 0.005 0.008 0.010 0.007 0.008
Y 0.069 0.061 0.089 0.079 0.08
Mg 0.003 0.001 bdl bdl 0.001

Fe 0.014 0.007 0.011 0.010 0.004
Mn 0.001 bdl bdl bdl 0.001
Ca 0.904 0.909 0.898 0.887 0.887
Na 0.011 bdl bdl bdl bdl

K bdl 0.001 0.001 bdl bdl
Gd 0.001 0.003 0.001 0.002 0.002
Tb bdl 0.001 bdl bdl bdl

Dy 0.002 0.002 0.004 0.003 0.003
Ho 0.001 bdl 0.001 0.002 0.002
Er 0.003 0.003 0.005 0.005 0.005

Lu 0.001 0.003 bdl bdl bdl
Sum 2.000 1.990 1.993 1.986 1.981

Cations are calculated based on three oxygen atoms.

bdl = below detection limit.
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consequence, scheelite, gypsum, troilite, and molybdenite
formed together with osmium and hexaferrum.

Some mineralogical features in CAI 007 and the
NWA 3118 chondrite might involve elemental diffusions
and thermal metamorphism. These include Fe-Mg
interdiffusion in spinel and olivine and exsolution
lamellae in a few refractory metal grains. It is widely
accepted that primitive refractory inclusions were formed
under reducing nebular conditions under which Ti3+-
bearing silicate and oxide minerals are common observed
(Grossman et al. [2008] and references therein; Ma and
Rossman 2009a, 2009b; Zhang and Hsu 2009; Zhang and
Yurimoto 2013; Zhang et al. 2015; Ma et al. 2017; Ma
2019). In the present study, the calculated Ti3+/Titot

values in davisite are consistent with those in Ti-rich
diopside from other primitive CAIs (e.g., Simon and
Grossman 2006; Simon et al. 2007, 2008, 2012; Zhang
and Hsu 2009; Zhang and Yurimoto 2013; Zhang et al.
2015), indicating that CAI 007 should also have formed

under reducing nebular condition. The presence of
scheelite and molybdenite in some RMNs also supports
this inference. Oxides of W and Mo are highly volatile in
nebular settings (Fegley and Palme 1985). If the RMNs
were formed under oxidizing nebular conditions, W and
Mo would be oxidized and not form alloys with other
refractory metal elements. Scheelite and molybdenite
would not be observed in the refractory metal nuggets.
This is in conflict with our observation. Given such a
reducing condition, the Fe-rich feature of spinel and
olivine in CAI 007 cannot be primordial and should be
due to Mg-Fe interdiffusion on the parent body. A
similar Mg-Fe interdiffusion process in NWA 3118 has
been discussed in Matsuda et al. (2019). The calzirtite and
tazheranite intergrowth might be another product of
thermal metamorphism. Both calzirtite and tazheranite
are Zr,Sc-rich oxide phases, but have different structures
(tetragonal and cubic, respectively) and compositions.
Although they have similar TiO2 contents, calzirtite

Table 2. EPMA compositions (wt%) of davisite in CAI-007.

14 15 16 17 18 20 26 28 29 30

SiO2 19.6 17.3 14.0 17.9 12.7 15.3 15.1 16.3 17.7 17.0
TiO2

tot 8.2 8.7 6.0 7.0 6.2 7.5 7.5 6.3 7.7 7.0

Ti2O3 5.1 5.0 1.4 2.8 0.74 2.9 2.1 2.3 3.6 0.99
TiO2 2.5 3.1 4.4 3.9 5.3 4.3 5.2 3.8 3.6 5.9
ZrO2 8.5 10.4 14.0 9.0 14.6 12.5 10.2 12.8 10.5 11.0

Al2O3 25.1 27.1 28.0 26.5 28.0 27.9 26.9 27.2 26.6 26.4
Cr2O3 bdl 0.03 0.08 bdl 0.10 0.03 0.02 bdl bdl 0.08
Sc2O3 14.4 13.3 15.4 14.5 14.7 14.0 15.7 12.8 13.4 13.7

Y2O3 0.33 0.68 0.55 0.22 0.61 0.58 0.38 0.32 0.34 0.39
MgO 0.44 0.31 0.25 0.51 0.12 0.41 0.18 0.52 0.89 1.0
FeO 0.42 0.23 0.35 0.09 0.49 0.20 0.07 0.25 0.30 1.8
MnO 0.09 0.10 0.05 0.26 bdl bdl 0.17 bdl 0.06 bdl

CaO 22.8 22.3 21.8 22.5 21.7 22.1 21.9 22.8 22.1 21.7
Na2O bdl bdl bdl 0.02 bdl 0.05 bdl bdl 0.04 0.13
K2O bdl bdl bdl bdl bdl bdl 0.02 0.02 bdl bdl

Total 99.8 100.4 100.3 98.5 99.1 100.5 98.2 99.3 99.5 100.3
Si 0.802 0.710 0.581 0.742 0.537 0.631 0.635 0.678 0.728 0.699
Ti3+ 0.176 0.172 0.047 0.096 0.026 0.096 0.072 0.076 0.125 0.034

Ti4+ 0.076 0.095 0.139 0.123 0.170 0.136 0.166 0.121 0.112 0.182
Zr 0.170 0.208 0.284 0.181 0.303 0.252 0.208 0.260 0.211 0.221
Al 1.210 1.311 1.371 1.288 1.394 1.354 1.329 1.335 1.290 1.273
Cr bdl 0.001 0.003 bdl 0.003 0.001 0.001 bdl bdl 0.002

Sc 0.512 0.475 0.558 0.521 0.543 0.502 0.574 0.465 0.479 0.488
Y 0.007 0.015 0.012 0.005 0.014 0.013 0.008 0.007 0.007 0.008
Mg 0.027 0.019 0.015 0.031 0.007 0.025 0.011 0.032 0.055 0.063

Fe 0.014 0.008 0.012 0.003 0.017 0.007 0.003 0.009 0.010 0.062
Mn 0.003 0.003 0.002 0.009 bdl bdl 0.006 bdl 0.002 bdl
Ca 1.003 0.982 0.975 0.998 0.984 0.979 0.987 1.016 0.977 0.956

Na bdl bdl bdl 0.002 bdl 0.004 bdl bdl 0.003 0.01
K bdl bdl bdl bdl bdl bdl 0.001 0.001 bdl bdl
Ti3+/Titot 0.7 0.65 0.25 0.44 0.13 0.41 0.3 0.39 0.53 0.16

Cations are calculated based on six oxygen atoms.

bdl = below detection limit.
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contains much higher ZrO2, Y2O3, and CaO and
lower Sc2O3 than tazheranite. They are probably
decomposition products of a Zr,Sc-rich oxide precursor
during thermal metamorphism. Given that both aqueous
alteration and thermal metamorphism are involved and
heat-driving processes, they might have taken place in a
common thermal event (fluid-assisted metamorphism).

Condensation Origin of CAI 007 and Comparison with

Other UR Inclusions

The rare earth element pattern is an important
criterion to constraining origin and formation process
of refractory inclusions (Boynton 1975). Ultrarefractory
inclusions are defined based on their uniquely UR REE
pattern, complementary to Group II REE pattern.
However, due to the rare presence of UR inclusions

and the fine-grained feature of their constituent
minerals, REE concentrations of UR inclusions and
their constituent minerals were rarely measured (Palme
et al. 1982; Simon et al. 1996; El Goresy et al. 2002;
Ushikubo et al. 2004; Ma et al. 2013; Genzel et al.
2020). Our EPMA data show that the Y-rich perovskite
contains high concentrations of the most refractory
REEs (Gd, Tb, Dy, Ho, Er, and Lu), with other REEs
having concentrations below the detection limit of
EPMA. This result is well consistent with the UR REE
pattern of other UR CAIs (e.g., Genzel et al. 2020;
Fig. 11). Given the enrichments in Zr, Sc, Ti, and the
most refractory REEs, the CAI 007 should be a new
UR inclusion, although, unfortunately, the REE
concentrations in other minerals in CAI 007 cannot be
determined using EPMA due to the high detection
limit.

Table 3. EPMA compositions (wt%) of spinel in CAI-007.

Spinela Spinelb Spinelc

23 27 28 31 31 32 35 4 16 25

SiO2 0.16 0.14 0.13 0.34 0.07 0.02 0.09 0.11 0.86 0.18

TiO2 0.11 0.30 0.12 0.09 0.07 0.19 0.03 0.35 0.31 0.16
ZrO2 bdl bdl 0.04 0.04 bdl Bdl 0.07 bdl 0.47 0.17
Al2O3 65.4 62.6 63.1 62.9 65.1 65.3 67.2 66.6 66.6 68.2
Cr2O3 0.03 0.12 0.04 0.09 0.11 0.18 0.05 0.09 0.30 0.24

Sc2O3 0.06 0.04 0.05 0.02 0.09 0.02 bdl 0.05 0.08 0.08
Y2O3 bdl bdl 0.06 bdl bdl bdl 0.05 bdl 0.06 bdl
MgO 13.1 8.1 9.4 9.71 16.9 18.3 17.8 20.5 18.6 21.4

FeO 21.3 28.2 27.1 26.4 17.3 15.5 14.3 11.3 12.1 9.1
MnO 0.05 0.05 0.05 0.17 0.09 0.03 0.14 0.05 bdl bdl
CaO 0.24 0.21 0.20 0.12 0.08 0.13 0.12 0.23 0.79 0.24

Na2O 0.04 bdl 0.06 0.13 bdl 0.06 bdl bdl 0.02 bdl
K2O bdl bdl 0.03 bdl 0.04 bdl 0.03 0.04 0.02 Bdl
Total 100.5 99.7 100.3 100.0 99.9 99.7 99.9 99.3 100.2 99.7

Si 0.004 0.004 0.003 0.009 0.002 0.001 0.002 0.003 0.021 0.004
Ti 0.002 0.006 0.002 0.002 0.001 0.004 0.001 0.007 0.006 0.003
Zr bdl bdl 0.001 0.001 bdl bdl 0.001 bdl 0.006 0.002
Al 2.001 2.000 1.994 1.988 1.972 1.965 2.003 1.972 1.965 1.989

Cr 0.001 0.003 0.001 0.002 0.002 0.004 0.001 0.002 0.006 0.005
Sc 0.001 0.001 0.001 0.001 0.002 0.001 bdl 0.001 0.002 0.002
Y bdl bdl 0.001 bdl bdl bdl 0.001 bdl 0.001 bdl

Mg 0.512 0.328 0.377 0.391 0.653 0.701 0.677 0.774 0.699 0.795
Fe 0.462 0.640 0.606 0.590 0.371 0.331 0.302 0.237 0.253 0.187
Mn 0.001 0.001 0.001 0.004 0.002 0.001 0.003 0.001 bdl bdl

Ca 0.007 0.006 0.006 0.003 0.002 0.004 0.003 0.006 0.021 0.006
Na 0.002 bdl 0.003 0.007 bdl 0.003 bdl bdl 0.001 bdl
K bdl bdl 0.001 bdl 0.001 bdl 0.001 0.001 0.001 bdl
Sum 2.993 2.988 2.997 2.997 3.009 3.013 2.994 3.004 2.981 2.993

Mg# 0.53 0.34 0.38 0.40 0.64 0.68 0.69 0.77 0.73 0.81

Cations are calculated based on four oxygen atoms.

bdl = below detection limit.
aSpinel in the core part.
bSpinel intergrown with hibonite.
cSpinel associated with Al-rich diopside in the rim.
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Fig. 5. BSE images of the Zr,Sc-rich oxide minerals in the CAI 007. a) Calzirtite grains, which contain tiny grains of tazheranite,
exist in the interstices of Y-rich perovskite. b–d) Complex petrographic textures between calzirtite and tazheranite. A tiny metal
grain is also present as inclusion in tazheranite. Pv = perovskite; Dav = davisite; Clz = calzirtite; Tzr = tazheranite;
RMN = refractory metal nugget.

Fig. 6. EBSD patterns of calzirtite (a and b) and tazheranite (c and d) in CAI 007. a) EBSD pattern of calzirtite in CAI 007 and
the pattern b) indexed with the tetragonal I41/acd structure (MAD = 0.29); c) EBSD pattern of tazheranite in CAI 007 and the
pattern (d) indexed with the cubic Fm3m structure (MAD = 0.23).
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Although CAI 007 has experienced fluid-assisted
metamorphism on the parent body, its layered texture
and the petrographic texture of the constituent minerals
have been retained and can be used to constrain the
formation sequence of the constituent minerals in this
ultrarefractory inclusion. Given the layered texture and
the porous texture of CAI 007, this UR inclusion
should not have experienced melting and
recrystallization. Instead, it might be of condensation or
evaporative residue origin.

In CAI 007, the core is composed of RMNs, Y-rich
perovskite, and Zr,Sc-rich oxide and silicate minerals. If
considering the 50% condensation temperatures of Ir,

Os, Ru, Y, Zr, and Sc (Lodders 2003), the formation
temperature of the core might be approximately 1800–
1700 K (Komatsu et al. 2018). The hibonite–spinel
intergrowth probably has formed at 1668–1628 K (Han
et al. [2015] and references therein). The spinel-Al-
diopside rim is much less refractory, probably forming
at a temperature approximately 1400–1350 K (Komatsu
et al. 2018). Such a relationship between condensation
temperature and the layered texture can be interpreted
in two ways. One is the whole CAI 007 is a
condensation product from the solar nebular gas with
three stages. In the first stage, RMNs crystallized as the
first condensation phase from the nebular gas.

Fig. 7. High-resolution TEM image and selected area electron diffraction (SAED) patterns of the Zr,Sc-rich oxide minerals in
CAI 007. a) High-resolution TEM image at the grain boundary between calzirtite and perovskite. b) Fast Fourier transfer image
of the calzirtite grain shown in (a). c,d) SAED patterns of tazheranite.
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Subsequently, Y-rich perovskite and Zr,Sc-rich oxides
(their precursor) condensed and the former phase
might be earlier, given that most Zr,Sc-rich oxide
phases occur at the interstices of Y-rich perovskite.
Then, fine-grained davisite and minor spinel condensed
and surrounded early-formed RMNs, Y-rich
perovskite, and Zr,Sc-rich oxide phases. It is also
possible that davisite might have formed through a
reaction between Zr,Sc-rich oxide(s) and SiO,Ca-
bearing nebular gas (Ma et al. 2020). In the second
stage, spinel and hibonite condensed together on the
ultrarefractory core part. In the third stage, spinel and
Al-rich diopside condensed and formed the rim. The
other possibility is that the core is an evaporative
residue whereas the other two parts are condensates
after the formation of the Zr,Sc,Y-rich core. If
assuming that Zr,Sc-rich oxide phases form at a higher
temperature than Zr,Sc-rich silicate phase (davisite),
the petrographic texture of the core may be indicative
of condensation rather than evaporation residue.
Generally, we prefer a condensation origin of CAI 007
based on its petrography and mineralogy.

Recently, Krot et al. (2019a) compared mineral
assemblages of known ultrarefractory inclusions
including the 3N-24 UR CAI from NWA 3118. Based

on their comparison, refractory metal nuggets,
perovskite, davisite, spinel, and Al-rich diopside are the
most common minerals in ultrarefractory inclusions,
with warkite, hibonite, and melilite relatively less
common (Krot et al. 2019a; Ma et al. 2020). From this
aspect, the mineral assemblage of CAI 007 is similar to
most ultrarefractory inclusions, although no warkite
and melilite were observed in CAI 007.

The UR CAI 3N-24 in NWA 3118 has been studied
by previous investigators (Ivanova et al. 2012, 2015;
Krot et al. 2019a; Genzel et al. 2020). It contains Y-rich
perovskite, two Zr,Sc-rich oxide phases, Sc,Zr-rich
pyroxene, and Al-rich pyroxene. Although both 3N-24
and CAI 007 are observed in the NWA 3118 chondrite,
they are different in many aspects. The 3N-24 is an
inclusion in a complex refractory inclusion; however,
CAI 007 is an individual inclusion enclosed in the fine-
grained matrix. In mineralogy, the spinel–hibonite
intergrowth was not observed in 3N-24 (Ivanova et al.
2012, 2015; Krot et al. 2019a), but is present in CAI
007. The davisite in CAI 007 also contains much higher
Sc2O3 (12.8–15.7 wt%) than the Zr,Sc-rich pyroxene
(<3.1 wt%) that directly surrounds Zr,Sc-rich oxides
(Ivanova et al. 2012). Ivanova et al. (2012) suggested
that 3N-24 has experienced partial melting; however,

Table 4. Chemical compositions of calzirtite and tazheranite in CAI-007.

Calzirtite-EPMA Tazheranite-TEM-EDS

21 22 25 Average 6 16 19 Average

SiO2 0.04 0.19 0.11 0.11

TiO2 7.0 8.6 7.5 7.7 7.4 7.9 6.9 7.4
ZrO2 70.7 69.2 70.2 70.0 57.1 57.2 59.4 57.9
Al2O3 0.41 0.46 0.39 0.42
Sc2O3 13.0 12.0 13.0 12.6 33.8 32.6 31.2 32.5

Y2O3 3.2 3.7 3.5 3.5 0.74 0.90 0.86 0.83
MgO 0.18 0.25 0.17 0.20
FeO 0.26 0.39 0.07 0.24

CaO 4.1 4.1 4.0 4.1 1.1 1.4 1.7 1.4
Total 98.8 98.9 98.9 98.8 100 100 100 100
Si 0.007 0.030 0.016 0.018

Titot 0.813 0.985 0.869 0.889 0.086 0.092 0.082 0.087
Ti4+ 0.403 0.557 0.398 0.453
Ti3+ 0.410 0.428 0.471 0.436

Zr 5.343 5.202 5.299 5.281 0.434 0.436 0.456 0.442
Al 0.075 0.083 0.071 0.076
Sc 1.748 1.605 1.748 1.700 0.458 0.443 0.427 0.443
Y 0.262 0.305 0.284 0.284 0.003 0.004 0.004 0.003

Mg 0.043 0.058 0.040 0.047
Fe 0.034 0.049 0.009 0.031
Ca 0.676 0.682 0.664 0.674 0.018 0.024 0.029 0.023

Sum 9.000 9.000 9.000 9.000 0.999 0.999 0.997 0.998

Cations of calzirtite are calculated based on 16 oxygen atoms. The concentrations of Ti3+ are calculated based on the ideal stoichiometry of

calzirtite (9 cations per 16 oxygen atoms).

Cations of tazheranite are calculated based on 1.75 oxygen atoms.
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CAI 007 has not experienced subsequent high-
temperature melting after its formation. Whether the
above differences are due to different formation
processes remains unclear. It is very likely that the two
UR inclusions originally have different chemistry.

Zirconium, scandium-rich oxide phases are
important UR minerals in CAI 007 and have also been
observed in many of the other ultrarefractory inclusions
(Ivanova et al. 2012; Rubin and Ma 2017; Krot et al.

[2019a] and references therein; Ma et al. 2014, 2020).
Ivanova et al. (2012) have compared the compositions
of Zr,Sc-rich oxide phases in the UR inclusions at that
time. Figure 14 shows a comparison including the data
for Zr,Sc-rich oxide phases in CAI 007. The data show
a large chemical variation in ZrO2, Sc2O3, TiO2, Y2O3,
and CaO (Fig. 14). However, unfortunately, structural
information is usually absent for most of these Zr,Sc-
rich oxide phases. We will first compare these data from

Fig. 8. a) HAADF-STEM image showing the complex texture between tazheranite and calzirtite in CAI 007. b–i) X-ray
elemental mapping results. Note that calzirtite contains higher Ca and Y concentrations than tazheranite. Clz = calzirtite;
Dav = davisite; Pv = perovskite; Tzr = tazheranite.
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those phases with structural information (Ma and
Rossman 2008; Ma et al. 2014).

Ma and Rossman (2008) reported the presence of
Y-rich tazheranite in Allende with both structural and
chemical information. Ma et al. (2014) reported the
coexistence of two Zr,Sc-rich oxide phases (allendeite
and tazheranite) within an UR inclusion from Allende.
Allendeite and tazheranite belong to trigonal and cubic
crystal systems, respectively. Both allendeite and
tazheranite reported in Ma et al. (2014) have a well-
defined chemical formula. According to the plot in
Fig. 14, the Zr,Sc-rich oxide in Acfer 182 and the
darker Zr,Sc-rich oxide phase in CAI 007 have chemical
compositions similar to allendeite. They are the most
Sc-rich phase(s) in the currently known refractory
inclusions. However, interestingly, the darker Zr,Sc-rich
oxide phase in CAI 007 is chemically (MO1.75, M = Zr,
Sc, Ca, Ti, and Y) and structurally consistent with
tazheranite rather than allendeite. The reason for this
discrepancy is unclear. It might be due to their various
formation processes and/or subtle chemical difference.
In chemistry, allendeite contains CaO higher than those
in the tazheranite in CAI 007 and the Zr,Sc-rich oxide
in Acfer-182. However, the tazheranite in CAI 007 has
a composition distinctly different from that in Allende
and the tazheranite in other meteorites (Ma and

Rossman 2008; Ivanova et al. 2012; Ma et al. 2014;
Fig. 14). If all these are indeed tazheranite, tazheranite
in nature might form a rather wide solid solution with
other phases.

Calzirtite in CAI 007 has ZrO2, TiO2, and CaO
contents similar to the Zr,Sc-rich oxide-1 in the 3N-24
inclusion reported by Ivanova et al. (2012) and the Zr,
Sc-rich oxide phase in Orans reported by Noonan et al.
(1977). However, they have different Y2O3 and Sc2O3

contents. Recently, Ma (2020) reported the presence of
calzirtite in the Leoville CV3 chondrite, which contains
much lower Sc2O3 and higher CaO, TiO2, and Y2O3

than other occurrence of calzirtite. Since their ZrO2

contents are generally constant, the compositional
variation could be attributed to the cation substitution
Sc3+ Y3+ and Ca2+ + Ti4+ 2M3+. Ivanova et al. (2012)
also reported another Zr,Sc-rich oxide phase besides
tazheranite in the 33E-1 inclusion from the Efremovka
CV3 chondrite. Its chemical composition plots in the
region between calzirtite, tazheranite, and allendeite. If
all the titanium in this phase is Ti4+, it requires a
complex chemical formula to interpret its composition
(Ivanova et al. 2012). This phase deserves further
detailed observations to determine its texture with other
Zr,Sc-rich oxide phases, crystal structure, and valence
states of titanium.

Fig. 9. BSE images showing refractory metal nuggets in CAI 007. a) Some refractory metal grains are totally enclosed by
perovskite while one grain is partly included in calzirtite. b) One refractory metal grain (Os,Ir-alloy) contains very fine exsolution
lamellae (Fe,Fe-alloy). c,d) Refractory metal grains are associated with other mineral phases like scheelite and molybdenite.
RMN = refractory metal nugget; Pv = perovskite; Clz = calzirtite; Dav = davisite; Mol = molybdenite; Sch = scheelite.
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Oxygen Isotopic Heterogeneity in CAI 007

Oxygen isotopic composition is an important factor
of constraining the formation process, nebular
condition, and post-formation history of CAIs in
chondrites. Based on the models about the oxygen
isotope distribution and evolution in the solar system

(Clayton 2002, 2003; Yurimoto and Kuramoto 2004;
Lyons and Young 2005; Sakamoto et al. 2007), the
solar nebular gas had a 16O-rich oxygen isotope
composition, probably similar to that of the present
solar wind (McKeegan et al. 2011). Most pristine CAIs
in most unmetamorphosed carbonaceous chondrites are
usually uniformly 16O-rich (D17O ~ –22&; Yurimoto

Fig. 10. a) HAADF-STEM image showing the mineral assemblage of a refractory metal nugget. b–i) X-ray elemental mapping
results. Gp = gypsum; Hexaferrum = Fe,Ni-alloy; Osmium = Os,Ir-alloy; Sch = scheelite; Tro = troilite.
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Table 5. TEM-EDS compositions of osmium and hexaferrum in CAI-007.

Osmium Hexaferrum

4 7 8 9 17 22 24 6 16 23 30

Fe 5.7 7.1 5.8 6.0 5.8 5.5 6.4 30.8 29.9 31.1 25.7

Ni 0.41 0.45 0.45 0.48 0.40 0.49 0.46 18.2 17.0 17.6 13.9
Mo 0.69 bdl 1.6 0.66 0.87 1.2 2.1 bdl bdl bdl bdl
Ru 11.5 12.6 10.0 9.8 11.9 10.8 14.5 2.2 bdl bdl 4.9
Re 4.2 4.8 4.4 2.9 3.8 4.5 3.4 bdl bdl bdl bdl

Os 46.4 55.2 42.7 41.4 43.2 47.2 45.4 3.4 4.0 3.8 15.2
Ir 31.1 19.9 35.1 38.8 34.1 30.3 27.8 45.4 49.1 47.5 40.4
Total 100.0 100.1 100.1 100.0 100.1 100.0 100.1 100.0 100.0 100.0 100.1

Fe 15.48 18.69 15.87 16.35 15.69 15.10 16.70 48.44 48.60 49.56 44.42
Ni 1.05 1.12 1.15 1.22 1.02 1.27 1.14 27.27 26.31 26.66 22.89
Mo 1.10 bdl 2.51 1.05 1.36 1.93 3.16 bdl bdl bdl bdl

Ru 17.3 18.37 15.03 14.81 17.72 16.26 20.84 1.93 bdl bdl 4.66
Re 3.42 3.82 3.60 2.38 3.11 3.69 2.61 bdl bdl bdl bdl
Os 37.08 42.75 34.13 33.31 34.31 37.76 34.60 1.56 1.91 1.81 7.70

Ir 24.57 15.24 27.71 30.88 26.78 23.98 20.95 20.81 23.18 21.98 20.32
Total 100 100 100 100 100 100 100 100 100 100 100

Metal atoms are calculated based on 100 atoms.

bdl = below detection limit.

Table 6. EPMA compositions (wt%) of hibonite and Al-rich diopside in CAI-007.

Hibonite Al-rich diopside

22 36 37 1 3 18 21

SiO2 0.33 0.29 0.35 51.2 49.2 51.8 53.4

TiO2 4.8 4.7 4.9 0.72 1.2 0.44 0.39
ZrO2 0.64 0.56 0.48 bdl 0.07 0.19 bdl
Al2O3 83.0 82.7 83.6 4.5 8.0 5.2 2.4

Cr2O3 bdl bdl 0.06 0.04 0.09 0.16 0.16
Sc2O3 0.45 0.30 0.23 0.17 0.12 0.28 0.12
Y2O3 bdl 0.02 0.04 0.07 0.03 0.07 bdl

MgO 3.0 2.9 2.9 17.0 15.8 16.9 18.9
FeO 0.44 0.74 0.62 1.4 1.2 0.69 0.26
MnO bdl 0.09 0.04 0.14 0.10 bdl bdl

CaO 8.4 7.7 8.2 23.9 24.3 24.1 24.6
Na2O bdl bdl bdl bdl 0.07 0.05 0.02
K2O bdl 0.02 bdl 0.05 0.04 0.02 0.02
Total 101.1 100.0 101.5 99.2 100.3 99.8 100.3

Si 0.037 0.032 0.039 1.871 1.782 1.873 1.921
Ti 0.407 0.399 0.413 0.020 0.034 0.012 0.011
Zr 0.035 0.031 0.026 bdl 0.001 0.003 bdl

Al 10.951 11.017 10.977 0.193 0.341 0.219 0.101
Cr bdl bdl 0.005 0.001 0.003 0.004 0.005
Sc 0.044 0.029 0.023 0.005 0.004 0.009 0.004

Y bdl 0.001 0.003 0.001 0.001 0.001 bdl
Mg 0.503 0.487 0.487 0.934 0.858 0.917 1.018
Fe 0.041 0.070 0.058 0.044 0.036 0.021 0.008
Mn bdl 0.008 0.004 0.004 0.003 bdl bdl

Ca 1.006 0.939 0.983 0.935 0.944 0.932 0.946
Na bdl bdl bdl bdl 0.005 0.003 0.001
K bdl 0.002 bdl 0.002 0.002 0.001 0.001

Sum 13.023 13.016 13.018 4.010 4.012 3.997 4.015

Cations of hibonite are calculated based on 19 oxygen atoms.

Cations of Al-rich diopside are calculated based on six oxygen atoms.

bdl = below detection limit.
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et al. 2008; Krot et al. 2012) and should have formed in
the 16O-rich gaseous reservoirs (Yurimoto et al. 2008).
Meanwhile, numerous investigations suggested that 16O-
poor gaseous reservoirs might also exist in the CAI
formation regions (Yurimoto et al. 1998; Simon et al.
2011; Katayama et al. 2012; Kawasaki et al. 2012, 2017;
Park et al. 2012; Zhang et al. 2015; Yoshizaki et al.
2019; Krot et al. 2019a, 2019b). The presence of 16O-
poor gaseous reservoirs might have led to the formation
of uniformly 16O-poor CAIs and CAIs with
heterogeneous oxygen isotopic compositions. It is also
argued that post-crystallization oxygen isotope exchange
might account for the 16O-poor feature of some CAIs
(Wasson et al. 2001; Kawasaki et al. 2015, 2018; Simon
et al. 2019; Krot et al. 2019a, 2019b).

Recently, Krot et al. (2019a) reported high quality
SIMS oxygen isotopic compositions for minerals in 25
UR inclusions, and interpreted these oxygen isotopic
compositions by all of the above situations. The CAI
007 UR inclusion in this study also shows a large
variation among different minerals, with spinel and
hibonite being 16O-rich, perovskite and davisite being

Fig. 11. Rare earth element compositions of perovskite in
CAI 007. The shaded area shows the REE compositions of
minerals in other UR CAIs reported in Genzel et al. (2020).
The local dashed line indicates the concentration of Yb is
below detection limit of EPMA analysis and the pattern is
arbitrarily drawn.

Table 7. Oxygen isotope compositions (&) of minerals in CAI-007.

Spot# d18O 2r d17O 2r D17O 2r

Zr,Sc,Y-rich core
Perovskite
@331 4.9 0.7 0.6 1.7 �1.9 1.7

@362 6.0 0.9 �0.6 2.0 �3.7 2.0
@363 6.4 0.9 �0.5 2.1 �3.8 2.2
Davisite
@332 10.4 1.1 4.1 2.5 �1.3 2.5

@361 10.2 1.4 0.0 2.8 �5.3 2.9
Spinel
@394 �39.5 1.2 �44.8 2.0 �24.3 2.1

Hibonite–spinel intergrowth
Hibonite
@360 �37.7 1.5 �42.1 3.4 �22.5 3.5

Spinel
@357 �36.7 1.3 �41.5 2.8 �22.4 2.9
@358 �38.6 1.4 �41.8 2.8 �21.7 2.9
@359 �38.3 1.2 �42.7 2.7 �22.8 2.8

Spinel–diopside rim
Spinel
@365 �37.2 1.2 �41.5 2.7 �22.2 2.8

Al-rich diopside
@364 �25.8 1.5 �33.7 3.1 �20.3 3.2
@366 �24.7 1.7 �29.8 3.6 �17.0 3.7

@367 �16.3 1.6 �20.6 3.4 �12.1 3.5
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16O-poor, and Al-rich diopside being intermediately
16O-rich in oxygen isotopic composition.

Wasson et al. (2001) demonstrated that oxygen
isotope compositions of fine-grained minerals (normally
less than 10 µm) changed toward the 16O-poor direction
by aqueous alteration on the parent body because the
aqueous fluids were 16O-poor. Krot et al. (2019a) also
suggested that some minerals in the UR inclusions
might have experienced oxygen isotope exchange with
aqueous fluids on the chondrite parent bodies. The
isotope exchange might be controlled by combination of
diffusion, dissolution, and grain growth mechanisms
(Nakamura et al. 2005). Such a scenario can also
account for the oxygen isotope distribution among
different minerals in CAI 007, given that CAI 007 has
experienced fluid-assisted metamorphism as discussed in
the previous section.

The minerals show a large variation of oxygen
isotopic composition among different minerals in CAI
007. All the measured spinel grains are as 16O-enriched
as those of the most primitive UR CAIs. The 16O-rich
oxygen isotopic feature of spinel and hibonite indicates
that they were formed in the 16O-rich nebular setting.
Davisite and perovskite are 16O-poor, suggesting that
these minerals were probably formed in the 16O-poor
nebular setting or their oxygen isotopic signature might
have been reset on the parent body because the oxygen
diffusion coefficient of perovskite is large (Sakaguchi

and Haneda 1996). Currently, no self-diffusion
coefficient is available for davisite, but the oxygen self-
diffusion is normally slow in pyroxene (Farver 2010
and references therein). The davisite has porous
aggregate texture and the grain size is smaller than
perovskite, typically a few micrometers in size or less.
The texture might not be directly formed by
condensation but by aqueous alteration on the parent
body. If so, crystal growth in the fluid might have reset
the oxygen isotope signature to 16O-poor. The crystal
sizes of Al-rich diopside are several micrometers and
the Al-rich diopside layer is very thin with abundant
pores. The diffusion, dissolution, and grain growth
mechanism (Nakamura et al. 2005) might also be
developed in the Al-rich diopside layer. As a result, the
Al-rich diopside grains became moderately 16O-depleted
to various degrees.

CONCLUSIONS

We performed a detailed petrological, mineralogical,
and SIMS oxygen isotope analysis on an ultrarefractory
inclusion CAI 007 from the CV chondrite NWA 3118.
1. The unique Zr,Sc,Y-rich mineral assemblage,

enrichment of the most refractory REEs in
perovskite, and layered texture indicate that CAI
007 in NWA 3118 is an ultrarefractory inclusion
with a condensation origin.

2. The CAI 007 inclusion has experienced fluid-assisted
metamorphism on the parent body. The evidence
includes (1) Fe-enrichment in spinel and olivine; (2)
exsolution lamellae and the presence of scheelite,
troilite, gypsum, molybdenite in refractory metal
nuggets; (3) the presence of zeolite, grossular, and

Fig. 12. Oxygen isotope compositions of minerals in CAI 007.
The terrestrial fractionation (TF) line and carbonaceous
chondrite anhydrous mineral (CCAM) line are adopted from
Clayton et al. (1977). Error bars are 2r.

Fig. 13. BSE image showing the locations of two SIMS spots
(@366 and @367) on Al-rich diopside in the rim. Note that
pores are commonly present in the rim. Di = Al-rich diopside.
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potential nepheline; and (4) the intergrowth of
calzirtite and tazheranite.

3. We have determined the chemistry and structure of
the two Zr,Sc-rich oxide phases in CAI 007,
calzirtite and tazheranite. The calzirtite in CAI 007
is one of the Zr-dominant refractory phases, while
the tazheranite is one of the most Sc-rich phases in
chondrites.

4. Minerals in the CAI 007 UR inclusion have
different oxygen isotope compositions. Hibonite,
spinel, and probably Al-rich diopside are 16O-rich
(D17O ~–22&) whereas perovskite and davisite are
16O-poor (D17O ~–3&). Such oxygen isotope
heterogeneity suggests that the UR inclusion formed
in the various degrees of 16O-rich nebular setting or
was originally 16O-rich and then experienced oxygen
isotope exchange with 16O-poor fluid on the CV3
chondrite parent body.
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