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Abstract

Fine-grained Ca-Al-rich inclusions (FGIs) in CV chondrites are suggested to be condensates formed directly from the solar
nebular gas. Al–Mg mineral isochrons of seven FGIs from reduced CV chondrites Efremovka, Vigarano, Thiel Mountains
07007, and Northwest Africa 8613 were obtained via in situ Al–Mg isotope measurements using secondary ion mass spectrom-
etry. The slopes of the mineral isochrons for seven FGIs exhibit statistically significant variations in initial 26Al/27Al ratios,
(26Al/27Al)0, ranging from (5.19 ± 0.17) to (3.35 ± 0.21) � 10�5, which correspond to a relative age spread of 0.44 ± 0.07
Myr. Inferred upper limit of (26Al/27Al)0 for the FGIs is identical to the Solar System (26Al/27Al)0 of �5.2 � 10�5 as deter-
mined by whole-rock Al–Mg isochron studies for CAIs in CV chondrites. The intercepts of the mineral isochrons, the initial
26Mg/24Mg ratios the FGIs formed with, are consistent with Mg-isotope evolution path of a solar-composition nebular gas.
The observed variations in (26Al/27Al)0 for FGIs are essentially similar to those (�5.2 to �4.2 � 10�5) for coarse-grained,
igneous CAIs of CV chondrites that are formed by melting and solidification. If 26Al was distributed homogeneously in
the forming region, then our data indicate that thermal processes of condensation and melting for CAI formation occurred
contemporaneously and continued for at least �0.4 Myr at the very beginning of the Solar System. Alternatively, the observed
variations in (26Al/27Al)0 also indicate the possibility of heterogeneous distributions of 26Al in the forming region, correspond-
ing to a range of over at least 3.4 � 10–5 < (26Al/27Al)0 < 5.2 � 10–5.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Ca-Al-rich inclusions (CAIs) in chondrites are the oldest
objects formed in our Solar System with an average age of
4567.30 ± 0.16 Ma as determined by U-corrected Pb–Pb
absolute chronology (Connelly et al., 2012). CAIs had
incorporated live-26Al, a short-lived radionuclide with a
https://doi.org/10.1016/j.gca.2020.03.045

0016-7037/� 2020 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: kawasaki@ep.sci.hokudai.ac.jp (N. Kawasaki).
half-life of 0.705 Myr (Norris et al., 1983), at the time of
their formation (e.g., Lee et al., 1976; MacPherson et al.,
1995). The initial 26Al abundances for CAIs and other var-
ious Solar System materials can be applied to infer relative
chronology of the early Solar System (e.g., Kita et al.,
2013). Several studies suggested that 26Al was homoge-
neously distributed throughout at least the region of the
Solar System where ‘‘canonical” CAIs in CV chondrites
formed (e.g., MacPherson et al., 1995; Jacobsen et al.,
2008; Larsen et al., 2011). Conversely, heterogeneous
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distributions of 26Al in the inner solar protoplanetary disk
have also been suggested from multiple meteoritic records,
(1) presence of 26Al-poor refractory objects, such as FUN
CAIs in CV chondrites (e.g., Wasserburg et al., 1977;
Park et al., 2017 and references therein), corundum grains
in carbonaceous and unequilibrated ordinary chondrites
(Makide et al., 2011), grossite- and hibonite-rich CAIs in
CH and CH/CB chondrites (e.g., Krot et al., 2008), and
hibonite-rich CAIs with large nucleosynthetic anomalies
of Ti and Ca isotopes in CM chondrites (e.g., Kööp
et al., 2016 and references therein), (2) Al–Mg isotopic
compositions of bulk chondrites (Larsen et al., 2011),
and (3) age mismatches between U-corrected Pb–Pb and
26Al�26Mg systems for angrites (Schiller et al., 2015) and
individual chondrules (Bollard et al., 2019).

CAIs are considered to have experienced complex ther-
mal histories in the solar nebular gas having variable iso-
tope compositions during the formation (e.g., Yurimoto
et al., 2008; MacPherson, 2014; Krot, 2019 and references
therein). Coarse-grained, igneous CAIs in CV chondrites,
such as compact Type A, Type B, and Type C CAIs, expe-
rienced melting of precursor solids and crystallization from
a melt (e.g., MacPherson and Grossman, 1981; Wark and
Lovering, 1982; Wark, 1987; Yurimoto et al., 1998).
High-precision Al–Mg mineral isochron studies using sec-
ondary ion mass spectrometry (SIMS) revealed that initial
26Al/27Al ratios, (26Al/27Al)0, for compact Type A and
Type B CAIs in CV chondrites range from �5.2 to
�4.2 � 10–5, which correspond to a relative formation age
spread of �0.2–0.3 Myr (Kita et al., 2012; MacPherson
et al., 2012, 2017, 2018; Kawasaki et al., 2018). Formation
events of Type C CAIs are likely related to the chondrule
formation and they exhibit significantly lower (26Al/27Al)0
for their last melting events, corresponding to a relative
age of >�2 Myr after formation of most CAIs (e.g., Krot
et al., 2005, 2007; Kawasaki et al., 2015).

Coarse-grained, fluffy Type A (FTA) CAIs of CV chon-
drites generally exhibit irregular shapes with aggregate
structures and are composed mainly of gehlenitic melilite
(MacPherson and Grossman, 1984; Katayama et al.,
2012; Kawasaki et al., 2012). They do not display signa-
tures of later extensive melting and can be formed by
gas–solid condensation (MacPherson and Grossman,
1984; Katayama et al., 2012; Kawasaki et al., 2017). There
are three FTA CAIs obtained for high-precision Al–Mg
mineral isochrons and they show (26Al/27Al)0 ranging from
�5.1 to �4.4 � 10–5 (MacPherson et al., 2012; Kawasaki
et al., 2017, 2019), which is similar to those for the igneous
CAIs and corresponds to a relative formation age spread of
�0.2 Myr.

Spinel-rich, fine-grained inclusions (FGIs) in CV chon-
drites are suggested as condensates directly from the solar
nebular gas, based on their volatility-fractionated trace-
element patterns (Boynton, 1975; Davis and Grossman
1979) and complex multi-layered structures (Wark and
Lovering, 1977; Krot et al., 2004a). Two spinel-rich FGIs
in CV chondrites are examined for high-precision Al–Mg
mineral isochron and they exhibit apparently constant
(26Al/27Al)0 of �5.2 � 10–5 (MacPherson et al., 2010;
Kawasaki et al., 2019), being identical to the whole-rock
CAI (26Al/27Al)0 (Jacobsen et al., 2008; Larsen et al.,
2011). Given the limited number for Al–Mg data of FGIs,
relationships of (26Al/27Al)0 between igneous CAIs and
condensate CAIs are still poorly understood although this
type of an investigation enables constraining chronological
relationships between high-temperature thermal processes
of condensation and melting of CAI minerals in the earliest
Solar System.

FGIs in the reduced CV chondrites preserve the original
mineral assemblages formed by condensation, which con-
sist mainly of spinel, melilite, anorthite, and aluminous
diopside with more rarely perovskite and hibonite (Krot
et al., 2004a), however, in FGIs from oxidized CV chon-
drites, such as Allende, original anorthite and melilite have
been replaced by secondary minerals such as nepheline and
sodalite (MacPherson, 2014). In this study, we present Al–
Mg mineral isochrons for seven FGIs from reduced CV
chondrites, Efremovka, Vigarano, Thiel Mountains (TIL)
07007, and Northwest Africa (NWA) 8613 via in situ iso-
tope analysis with SIMS. The isochrons enable (1) a more
systematic comparison of (26Al/27Al)0 between igneous
CAIs and condensate CAIs than that achieved in previous
studies and (2) quantitative investigations of Mg-isotope
evolution of FGIs to provide constraints on a gaseous
reservoir from which they condensed.

2. EXPERIMENTAL TECHNIQUES

2.1. Sample preparation and elemental analysis

FGIs HKE02 and HKE03 are included in a polished sec-
tion of Efremovka (Fig. 1), which also includes an FTA
CAI HKE01 (Kawasaki et al., 2012, 2019). An FGI
HKV03 is found in a polished section of Vigarano. FGIs
TIL01, TIL02, and TIL03 are found in a polished thin sec-
tion of TIL 07007. An FGI HKD01 is found in a polished
section of NWA 8613. The polished sections were coated
with a carbon thin film (�20 nm) for backscattered electron
(BSE) imaging, elemental analysis using an energy disper-
sive X-ray spectrometer (EDS), and electron backscatter
diffraction (EBSD) mapping. Subsequently, they were
coated with a gold thin film (�70 nm) for in situ Al–Mg iso-
tope measurements using SIMS.

BSE images were obtained via a field emission type scan-
ning electron microscope (FE-SEM; JEOL JSM-7000F) at
Hokkaido University. Quantitative elemental analysis and
X-ray elemental mapping were conducted via an energy dis-
persive X-ray spectrometer (EDS; Oxford X-Max 150)
installed on the FE-SEM. A 15 keV electron beam probe
with currents of 1 nA (for quantitative analysis) and
10 nA (for mapping) was employed in the present study.
Bulk Al/Mg chemical compositions of FGIs were estimated
as an average of multiple measurements covering the entire
CAIs via a raster electron beam. We calculated 27Al/24Mg
ratios for each FGI from the bulk Al/Mg chemical compo-
sitions obtained by EDS assuming terrestrial reference
ratios of 25Mg/24Mg = 0.12663 and 26Mg/24Mg = 0.13932
(Catanzaro et al., 1966). Crystal orientation mapping of
the CAI minerals was performed via an EBSD system
(AZtec HKL) equipped with the FE-SEM with a 20 keV



Fig. 1. Combined X-ray elemental map of (a) fluffy Type A CAI HKE01, (b) fine-grained CAI HKE02 and (c) fine-grained CAI HKE03 from
Efremovka. Mg is denoted in red, Ca is denoted in green, and Al is denoted in blue. The yellow boxes in (a) indicate the areas shown in (b) and
(c). The yellow box in (b) indicates the area shown in Fig. 2a and b. The yellow box in (c) indicates the area shown in Fig. 2c and d.
Corresponding back scattered electron images are shown in Fig. S1.
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electron beam probe and a current of 4 nA to determine
grain boundaries of each crystalline mineral. Qualitative
X-ray elemental mapping was simultaneously performed
with EBSD crystal orientation mapping.

2.2. Al–Mg isotope analysis in multicollection mode

Mg-isotopes and 27Al/24Mg ratios of minerals in the
FGIs were measured via the SIMS instrument (Cameca
ims-1280HR) at Hokkaido University. An 16O� primary
beam accelerated to 23 keV was employed in the experi-
ment. We used the peak-jumping mode and multicollection
mode based on the secondary ion intensities of Mg-isotopes
from the minerals. For the analysis of spinel and olivine,
the Mg-isotopes (24Mg+, 25Mg+, and 26Mg+) and 27Al+

were simultaneously measured in multicollection mode with
four Faraday cups: 24Mg+ for L2* (1011 X), 25Mg+ for L1
(1011 X), 26Mg+ for H1 (1011 X), and 27Al+ for H2*
(1010 X or 1011 X). The primary beam current was set to
0.9–4.6 nA with an elliptical shape of 5 � 8 to 8 � 13 lm
for spinel measurements and a 2.5 nA beam with an ellipti-
cal shape of 6 � 10 lm was used for olivine measurements.
The beam sizes are comparable to or may slightly exceed
crystal sizes of objective minerals in FGIs although all the
measurements confirmed that the sputtered craters are per-
fectly monomineralic. The mass resolution of M/DM was
set at �2000. The contributions of ion interferences (e.g.,
24MgH+, 25MgH+, and 52Cr2+) were negligible under these
conditions. The secondary ion intensities of 24Mg+ were
approximately 0.5–1.8 � 108 and 2.4 � 108 cps for spinel
and olivine, respectively. Each measurement was conducted
for 20–40 cycles having a counting time of 10 s. The
obtained count rates were corrected for FC background
and relative yield of each detector. The relative sensitivity
factors for aluminum and magnesium were determined
via measurements of Russian spinel and San Carlos olivine
for spinel and olivine, respectively. The d25Mg values of spi-
nel and olivine in FGIs were calculated after corrections of
instrumental mass fractionation by assuming that d25Mg of
the Russian spinel and San Carlos olivine are zero.

The excess of radiogenic 26Mg, d26Mg*, was calculated
via an exponential fractionation law with coefficient
anatural = 0.5128 because natural fractionation for
Mg-isotopes is considered to be controlled by evaporation
processes (Davis et al., 2015). However, the natural mass
fractionation deviates from the instrumental mass fraction-
ation of SIMS, and the instrumental mass fractionation also
differs among target minerals and among analytical sessions
under the measurement conditions (Itoh et al., 2008;
Kawasaki et al., 2017, 2018, 2019). We determined instru-
mental mass fractionation, aSIMS, via measurements of ter-
restrial standards to calculate the excess radiogenic 26Mg in
each analytical session. The aSIMS value for spinel was deter-
mined via linear regression of the U25Mg and U26Mg values
of Takashima augite and Russian spinel, while the aSIMS

value for olivine was determined via linear regressions of
the U25Mg and U26Mg values of Takashima augite
and San Carlos olivine, where U25,26Mg = 1000 � ln
[(25,26Mg/24Mg)sample/(

25,26Mg/24Mg)ref.]. The terrestrial
reference ratios of (25Mg/24Mg)ref. = 0.12663 and
(26Mg/24Mg)ref. = 0.13932 (Catanzaro et al., 1966) were
used for d26Mg* calculations, although the final corrected-
d26Mg* values are independent of the ratios taken from ref-
erence. In this study, the aSIMS for spinel was found to be
0.525 ± 0.004, 0.480 ± 0.004, 0.512 ± 0.004, 0.501 ± 0.005,
and 0.515 ± 0.004 for different five sessions, and the aSIMS

for olivine was 0.523 ± 0.005 (2r). From the results
of the linear regressions, an instrumental offset for the
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d26Mg* values, b, which ranged from �0.43 to �0.93 with
2r errors of 0.01–0.02 depending on minerals and analytical
sessions, was identified. The fractionation corrected-d26Mg*
values for CAI minerals were determined by the following
equation

d26Mg� ¼ d26Mgsample � 1þ d25Mgsample
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where d25,26Mgsample = [(25,26Mg/24Mg)sample/(
25,26Mg/24-

Mg)ref. � 1] � 1000, d25Mgstd = [(25Mg/24Mg)std/(
25Mg/24-

Mg)ref. � 1] � 1000. More details and our error estimation
procedure are described elsewhere (Kawasaki et al., 2017).
The analytical errors (2r) for d26Mg* were 0.09–0.10‰
for olivine and 0.09–0.18‰ for spinel.

2.3. Al–Mg isotope analysis in peak-jumping mode

For melilite and anorthite, Mg-isotopes (24Mg+, 25Mg+,
and 26Mg+) were measured using an axial electron multi-
plier, while 27Al+ was measured using a multicollector
Faraday cup (1011 X, designed for H2*) simultaneously
with 25Mg+, in peak-jumping mode. An 16O� primary beam
accelerated to 23 keV was employed in the experiment. The
primary beam current was set to 130–140 pA with a beam
size of 4–7 lm for melilite measurements and a �180 pA
beam with a beam size of �5 lm was used for anorthite
measurements. The beam sizes are comparable to or may
be slightly larger than crystal sizes of objective minerals
in FGIs although all the measurements confirmed that the
sputtered craters are perfectly monomineralic. The mass
resolution of M/DM was set at �4000, which is sufficient
to resolve ion interferences (e.g., 48Ca2+, 24MgH+,
25MgH+, and 52Cr2+). The secondary ion intensities of
24Mg+ were 0.1–1.5 � 105 and 2–7 � 103 cps for melilite
and anorthite, respectively. Each measurement was con-
ducted for 100 cycles with a counting sequence with
24Mg+ for 2 s, 25Mg+ for 2 s, 25Mg+ and 27Al+ for 4 s,
and 26Mg+ for 6 s. The obtained count rates were corrected
for the FC background and EM deadtime. The instrumen-
tal mass fractionation and relative sensitivity factors for
aluminum and magnesium were determined via measure-
ments of synthetic melilite glasses (27Al/24Mg = 96 and
39) and synthetic anorthite glass (27Al/24Mg = 330) for
melilite and anorthite, respectively. Details of synthetic
glasses and relative sensitivity factors are described partly
elsewhere (Kawasaki et al., 2019). The calculation method
of d26Mg* is essentially identical to those described in Sec-
tion 2.3 although aSIMS and b were not determined in the
peak-jumping mode because the instrumental mass frac-
tionation and natural mass fractionation were indistin-
guishable from each other under the measurement
conditions here. The analytical errors for d26Mg* were
assigned as internal errors (2SE) and were 1.1–3.8‰ and
4.7–10.3‰ for melilite and anorthite, respectively.

3. RESULTS

3.1. Mineralogy and petrology

HKE02 and HKE03 are spinel-rich FGIs in the same
polished section of Efremovka with maximum dimensions
corresponding to �1.7 mm and �0.9 mm, respectively
(Fig. 1). The FGIs are located near an FTA CAI HKE01

(Fig. 1a; Kawasaki et al., 2012, 2019). Both spinel-rich
FGIs exhibit irregular shapes and similar complex multi-
layered textures that are mainly composed of spinel, meli-
lite, and diopside (Fig. 2). Crystal sizes of the constituent
minerals are mainly a few micrometers across and generally
less than 10 lm across for the both spinel-rich FGIs
(Fig. 2b and 2d). The textures are consistent with those of
previously reported spinel-rich FGIs from the reduced CV
chondrites (Krot et al., 2004a). The bulk 27Al/24Mg ratios
of HKE02 and HKE03 are estimated as 2.9 and 2.7, respec-
tively. A detailed mineralogical description of HKE02 is
presented by Kawasaki et al. (2019).

HKV03 is a spinel-rich FGI in the polished section of
Vigarano with a maximum dimension of �3 mm (Fig. 3),
located near the FTA CAI V2-01 (Katayama et al., 2012;
Kawasaki et al., 2017, 2019).HKV03 exhibits a highly irreg-
ular shape and is composed of nodules with multi-layered
textures of spinel, melilite, and thin diopside, from their
core to rim (Fig. 3b). Anorthite is occasionally observed
between the melilite layer and diopside layer. Individual
nodules with sizes of several micrometers to several tens
of micrometers are not always directly attached to each
other and are mainly separated by matrix minerals. The
crystal sizes of the constituent minerals are mainly a few
micrometers across and are generally less than 10 lm
across. Hibonite and perovskite are observed as accessory
minerals. The bulk 27Al/24Mg ratio of HKV03 could not
be determined owing to complex textures.

The reduced CV chondrite TIL 07007 contains numer-
ous pristine FGIs (Kim and Choi, 2016). TIL01 is a
spinel-rich FGI in the polished thin section of TIL 07007
with a maximum dimension of �1.3 mm (Fig. 4). On the
polished thin section, TIL01 appears as being separated
into two inclusions (Fig. 4a). However, the two islands
are petrographically very similar to each other such that
they are extremely likely to correspond to a single FGI.
In a manner similar to the spinel-rich FGIs HKE02 and
HKE03, TIL01 exhibits an irregular shape and complex
multi-layered textures that are mainly composed of spinel,
melilite, and diopside (Fig. 4b). Crystal sizes of the con-
stituent minerals are mainly a few micrometers across and
generally less than 10 lm across. The bulk 27Al/24Mg ratio
of TIL01 is estimated as 2.6.

TIL02 in the polished thin section of TIL 07007 consists
of fine-grained anorthite-pyroxene-rich core enclosed by
FTA CAI-like melilite-rich mantle, with a maximum
dimension of �3.4 mm (Fig. 5). The FTA CAI-like
melilite-rich mantle is surrounded by a Wark–Lovering
rim that is composed of spinel, anorthite, and diopside



Fig. 2. Representative textures of (a, b)HKE02 and (c, d)HKE03. (a) Combined X-ray elemental map in the area indicated by the yellow box
in Fig. 1b denoting Mg (red), Ca (green), and Al (blue). (b) Electron backscatter diffraction (EBSD) Euler map of the same area shown in (a).
(c) Combined X-ray elemental map in the area indicated by the yellow box in Fig. 1c denoting Mg (red), Ca (green), and Al (blue). (d)
Electron backscatter diffraction (EBSD) Euler map of the same area displayed in (c). All the maps exhibit the same field of view. Di, diopside;
Mel, melilite; Ol, olivine; Sp, spinel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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(Fig. 5b, Wark and Lovering, 1977). The anorthite-
pyroxene-rich core part is composed of mineral layers of
anorthite and diopside with fewer amounts of melilite and
spinel (Fig. 5b and c). The anorthite crystals in the core part
have grain sizes of typically several micrometers across and
generally less than 10 lm across (Fig. 5c and d). Spinel crys-
tals with sizes of �1 lm are often observed in melilite crys-
tals and at grain boundaries of anorthite and melilite
(Fig. 5c and d). The bulk 27Al/24Mg ratio of TIL02 is esti-
mated as 5.4.

TIL03 in the polished thin section of TIL 07007 is an
intermediate object between spinel-rich FGIs and amoeboid
olivine aggregates (AOAs), with a maximum dimension of
�6 mm (Fig. 6). TIL03 exhibits an irregular shape and is
petrographically divided into core and mantle parts. The
core part exhibits complex multi-layered textures composed
mainly of spinel, anorthite, diopside, and forsteritic olivine
(Fig. 6b). The mantle part contains melilite and more abun-
dant olivine than the core part and olivine grains also form
the accretionary rim (Fig. 6c, e.g., Krot et al., 2004b). The
bulk 27Al/24Mg ratio of TIL03 is estimated as 0.7. TIL03
does not belong to either typical FGIs and AOAs and is
chemically intermediate between them.
HKD01 in the polished thin section of NWA 8613 is a
hibonite-rich FGI, which exhibits an irregular shape with
a maximum dimension of �12 mm (Fig. 7). HKD01 is com-
posed mainly of melilite, hibonite, and spinel with crystal
sizes of generally less than �10 lm across with the excep-
tion of lath shaped hibonite crystals with sizes of typically
a few tens of micrometers. HKD01 is petrographically
divided into hibonite-spinel-rich core and melilite-rich man-
tle parts. The entire inclusion is rimmed by a mineral layer
of hibonite, spinel and diopside. The bulk 27Al/24Mg ratio
of HKD01 is estimated as 4.8.

3.2. Al–Mg isotopic compositions

The Mg-isotopic compositions and 27Al/24Mg ratios
measured for minerals in the FGIs are summarized in
Table 1 and plotted on 26Al�26Mg evolution diagrams in
Fig. 8. The Al–Mg isotope data of HKE02 are obtained
from Kawasaki et al. (2019). The data for each FGI
with the exception of TIL02 yield very well-correlated
26Al�26Mg mineral isochrons. The Al–Mg isotope data
for melilite and spinel in TIL02 plot within the error on a
single straight line on 26Al�26Mg evolution diagram



Fig. 3. Combined X-ray elemental maps of fine-grained CAI
HKV03 from Vigarano denoting Mg (red), Ca (green), and Al
(blue). The yellow box in (a) indicates the area shown in (b). An,
Anorthite; Di, diopside; G, gold coating residues; Mtx, matrix;
Mel, melilite; Sp, spinel. Corresponding back scattered electron
images are shown in Fig. S2. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Combined X-ray elemental maps of fine-grained CAI
TIL01 from Theil Mountains 07007 denoting Mg (red), Ca (green),
and Al (blue). The yellow box in (a) indicates the area shown in (b).
Di, diopside; Mel, melilite; Ol, olivine; Sp, spinel. Corresponding
back scattered electron images are shown in Fig. S3. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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(Fig. 8f) while the anorthite data scatter significantly below
the line (Fig. 8e). We define an 26Al�26Mg mineral isochron
of TIL02 using melilite and spinel data (Fig. 8f) without
anorthite data (see discussion below). Inferred (26Al/27Al)0
and initial d26Mg* values, (d26Mg*)0, for each of the FGI
are summarized in Table 2. The d26Mg* data calculated
using the exponent 0.511 in the kinetic fractionation law
(e.g., Jacobsen et al., 2008; Larsen et al., 2011;
Wasserburg et al., 2012) and initial values using those val-
ues are listed in supplementary materials (Tables S1 and
S2). The choice of exponents is insignificant for discussion
in this paper because the changes in d26Mg* values and ini-
tial values are significantly lower than the analytical errors.

Averaged d25Mg values of minerals in FGIs are 0.8
± 2.5‰ (2SD) for melilite and spinel in HKE02, 0.8
± 1.9‰ for melilite and spinel in HKE03, 1.0 ± 1.4‰ for
melilite and spinel in HKV03, 1.1 ± 1.4‰ for melilite and
spinel in TIL01, 0.0 ± 2.0‰ for melilite and spinel in
TIL02, –2.2 ± 7.8‰ for anorthite in TIL02, 0.7 ± 2.1‰
for melilite and olivine in TIL03, and 1.1 ± 2.7‰ for meli-
lite and spinel in HKD01, respectively. The d25Mg values of
the FGI minerals are generally �0–1‰, although those of
anorthite in TIL02 exhibit large analytical errors compared
with the other minerals.

4. DISCUSSION

4.1. Al–Mg isotope systematics

4.1.1. Disturbances of Al–Mg system for anorthite in fine-

grained CAI TIL02

The Al–Mg systematics of TIL02 is disturbed from a
single straight line, i.e., the anorthite data scatter below



Fig. 5. (a–c) Combined X-ray elemental maps of fine-grained CAI TIL02 from Theil Mountains 07007 denoting Mg (red), Ca (green), and Al
(blue). The yellow box in (a) indicates the area shown in (b). The yellow box in (b) indicates the area shown in (c). (d) EBSD Euler map of the
same area displayed in (c). An, anorthite; Di, diopside; Mtx, matrix; Mel, melilite; Sp, spinel. Corresponding back scattered electron images
are shown in Fig. S4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. (a) Combined X-ray elemental maps of fine-grained CAI TIL03 from Theil Mountains 07007 denoting Mg (red), Ca (green), and Al
(blue). (b) Magnified elemental map of the area as indicated by box (b) in (a). (c) Magnified elemental map of the area indicated by box (c) in
(a). An, anorthite; Di, diopside; Mtx, matrix; Mel, melilite; Ol, olivine; Sp, spinel. Corresponding back scattered electron images are shown in
Fig. S5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (a) Combined X-ray elemental map of fine-grained CAI
HKD01 from Northwest Africa 8613 indicating Mg (red), Ca
(green), and Al (blue). A corresponding back scattered electron
image is shown in Fig. S6. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.)
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the mineral isochron defined by the melilite and spinel data
(Fig. 8e). If we estimate slopes forced through an initial
Mg-isotope ratio of d26Mg* = 0 at 27Al/24Mg = 0 for each
analysis of the anorthite, then they exhibit apparent initial
values of (26Al/27Al)0 ranging from (1.1 ± 0.5) � 10�6 to
(1.77 ± 0.06) � 10�5.

The Al–Mg systems of anorthite in many coarse-grained
CAIs from Allende, Efremovka, and Vigarano are consid-
ered to have been disturbed by solid-state diffusion of Mg
in the anorthite after 26Al decay during metamorphism on
the asteroidal parent body (e.g., Yurimoto et al., 2000;
Fagan et al., 2007; Ito and Messenger, 2010; MacPherson
et al., 2012; Kawasaki et al., 2015, 2018; Aléon et al.,
2018). The disturbance processes of Al–Mg system for
CAI minerals are controlled by the self-diffusion rates of
Mg in the minerals as well as their grain sizes, textural rela-
tionships, and chemical and Mg-isotopic compositions
within and between minerals (e.g., Yurimoto et al., 2000;
Kawasaki et al., 2015, 2018). Kawasaki et al. (2015) demon-
strated Mg-isotope exchange between anorthite and spinel
resulting in resetting of the Al–Mg system for anorthite in
Allende Type C CAI EK1-04–2 by quantifications of those
controlling factors.

The anorthite measured for Al–Mg isotopes is located in
the core part of TIL02 and exhibits grain sizes of typically



Table 1
Magnesium isotopic compositions (‰) and 27Al/24Mg ratios of minerals in fine-grained CAIs.

Minerals 27Al/24Mg 2r d26Mg* 2r d25Mg 2r

HKE03

Mel 29.2 0.3 7.5 1.3 2.1 1.7
Mel 40.8 1.1 9.9 1.5 �0.1 1.8
Mel 49.7 0.3 11.8 1.8 0.4 1.8
Mel 46.6 0.6 12.2 1.6 �0.5 1.3
Mel 32.9 0.4 7.3 1.4 2.0 1.1
Mel 28.8 0.3 6.6 1.2 0.7 0.8
Mel 56.1 0.6 13.7 1.5 0.7 1.3
Sp 2.582 0.004 0.69 0.11 1.05 0.06

HKV03

Mel 51.9 1.4 18.9 2.0 0.8 1.2
Mel 32.0 0.3 11.3 1.6 1.2 1.0
Mel 82.8 3.3 31.1 2.4 1.1 1.3
Mel 40.3 0.5 14.5 1.9 2.3 1.3
Mel 56.5 0.9 20.3 1.7 0.0 1.1
Mel 133.0 2.3 46.8 3.2 0.8 2.0
Mel 57.7 1.1 20.6 1.9 2.2 1.4
Mel 62.2 0.5 21.3 2.2 0.5 1.4
Sp 2.513 0.004 0.92 0.13 0.79 0.09
Sp 2.519 0.004 0.93 0.18 0.78 0.09
Sp 2.530 0.004 0.85 0.13 1.03 0.09
Sp 2.503 0.004 0.80 0.14 0.26 0.10

TIL01

Mel 21.7 0.5 6.1 1.3 �0.5 1.1
Mel 18.0 0.4 5.3 1.1 1.1 1.0
Mel 28.1 0.1 8.5 2.0 1.3 1.3
Mel 30.1 0.5 9.8 1.7 1.2 1.4
Mel 34.6 0.5 11.5 1.3 0.9 1.3
Mel 19.2 0.1 5.6 1.1 2.1 1.3
Mel 26.8 0.1 9.0 1.3 0.9 1.3
Sp 2.584 0.009 0.73 0.14 1.18 0.08
Sp 2.591 0.009 0.84 0.12 1.49 0.07

TIL02

An 1839 48 234.2 8.1 2.2 3.9
An 3415 131 46.5 9.0 1.5 5.5
An 1050 19 8.2 4.7 �6.2 2.8
An 1436 32 60.0 5.6 �3.1 3.3
An 3855 121 38.3 10.3 �5.5 5.3
Mel 29.3 0.1 10.2 1.3 �0.3 1.1
Mel 57.8 0.2 18.2 1.9 0.1 1.4
Mel 24.1 0.1 8.1 1.4 0.2 1.2
Mel 48.8 0.2 16.6 1.7 �0.4 1.3
Mel 45.4 0.3 15.5 1.7 �2.5 1.2
Mel 55.3 0.3 17.5 1.4 0.0 1.2
Mel 21.6 0.1 6.6 1.1 0.9 1.1
Mel 22.5 0.1 7.0 1.1 0.8 1.3
Mel 40.0 0.3 12.6 1.9 �0.6 1.5
Sp 2.495 0.002 0.81 0.09 0.85 0.08
Sp 2.486 0.001 0.78 0.09 0.79 0.10

TIL03

Mel 42.6 0.7 13.1 1.9 �0.1 1.4
Mel 22.7 0.1 5.6 1.5 2.3 1.3
Mel 30.6 0.3 8.8 1.4 0.2 1.1
Mel 55.4 1.0 16.1 1.8 2.8 1.2
Mel 14.2 0.0 4.4 1.1 1.2 0.9
Mel 31.4 0.2 9.8 1.2 0.9 1.0
Mel 40.4 0.9 11.6 1.2 0.7 0.9
Ol 0.0009 0.0001 0.02 0.09 �0.39 0.07
Ol 0.0001 0.0000 �0.03 0.09 �0.09 0.05
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Ol 0.0002 0.0000 �0.03 0.09 0.17 0.05
Ol 0.0002 0.0000 0.00 0.10 0.10 0.06

HKD01

Mel 225.1 3.9 76.5 3.2 1.2 1.6
Mel 272.7 0.7 95.9 3.8 3.0 2.2
Mel 152.6 0.4 52.7 2.5 �0.5 1.2
Mel 139.7 1.2 47.7 2.9 2.9 2.0
Mel 59.5 0.6 19.8 1.7 �0.9 1.7
Mel 61.4 0.2 21.6 1.9 �0.5 1.7
Mel 145.6 2.4 51.0 2.5 0.9 1.3
Mel 120.2 0.5 41.7 2.4 1.3 1.2
Mel 85.3 0.2 27.9 2.5 0.8 1.9
Sp 2.521 0.002 0.82 0.11 0.45 0.15
Sp 2.518 0.002 0.81 0.14 0.09 0.14
Sp 2.506 0.001 0.75 0.12 2.55 0.15
Sp 2.512 0.001 0.85 0.11 2.62 0.15

An: anorthite, Mel: melilite, Ol: olivine, Sp: spinel.
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several micrometers across and generally less than 10 lm
across (Fig. 5c and d). Spinel crystals with sizes of �1 lm
are often observed at grain boundaries of the anorthite.
Based on the calculation by Kawasaki et al. (2015) using
self-diffusion coefficients of Mg-isotopes in spinel (Sheng
et al., 1992; Liermann and Ganguly, 2002) and in anorthite
(LaTourrette and Wasserburg, 1998), if Mg-isotopes in
10 lm-sized anorthite grains are equilibrated by diffusion,
then Mg-isotope equilibrium is also achieved in
1 lm-sized spinel grains. In order for re-equilibration of
Mg-isotopes in 10 lm-sized anorthite grains within a time-
scale of 1–10 Myr, required temperatures could be calcu-
lated to be higher than �650–700 K. The exchange
conditions, textural relationships, and anorthite Al–Mg iso-
tope data suggest that the anorthite in the core part of
TIL02 partially exchanged their Mg-isotopes with the spi-
nel grains by solid-state diffusion, and this could have
occurred during metamorphism on the parent body, of
which metamorphic temperatures may have been lower
than �650–700 K. Given numbers of Mg atoms in the
anorthite grain and spinel grain of TIL02, the spinel with
1/100 volume of the anorthite are sufficient to decrease
d26Mg* for the anorthite to 1/10. Therefore, the Al–Mg iso-
tope data for the anorthite in this study do not exhibit
chronological significance due to incomplete resetting of
the Al–Mg system with the exception of exhibiting evidence
of live-26Al at the CAI formation.

Given that the anorthite grains partially exchanged their
Mg-isotopes, the diffusion distance of Mg-isotopes in the
spinel grains of TIL02 may be at most 1 lm scale. The spi-
nel grains measured for Al–Mg isotopes are slightly larger
than 10 lm in size, and thus the Al–Mg system could have
remained isotopically closed starting from their formation
within the measurement error. Similarly, the Al–Mg system
for the melilite grains measured could also have remained
isotopically closed from their formation within the mea-
surement error.

4.1.2. Primitive signatures of (26Al/27Al)0 for fine-grained

CAIs from reduced CV chondrites

The Al–Mg isotopic compositions of spinel and melilite
in the FGIs HKE02, HKE03, HKV03, TIL01, TIL02 and
HKD01, and olivine and melilite in the FGI TIL03 evi-
dently exhibit an isochronous correlation between 27Al/24-
Mg and d26Mg*. The Al–Mg mineral isochrons of the
seven FGIs are defined (Fig. 8). The inferred (26Al/27Al)0
for HKE02 and HKV03 are essentially identical to the
whole-rock CAI value of (26Al/27Al)0 � 5.2 � 10–5

(Jacobsen et al., 2008; Larsen et al., 2011) within their
errors while those for the other five FGIs are clearly lower
than the whole-rock CAI value. The seven FGIs exhibit sta-
tistically significant variations in (26Al/27Al)0, ranging from
(5.19 ± 0.17) to (3.35 ± 0.21) � 10�5.

The FGI HKE02 exhibiting the highest (26Al/27Al)0 of
(5.19 ± 0.17) � 10�5 and FGI HKE03 exhibiting the lowest
(26Al/27Al)0 of (3.35 ± 0.21) � 10�5 are included in the
same polished section of Efremovka (Fig. 1). The two
spinel-rich FGIs exhibit similar mineralogical textures.
They are composed mainly of mineral layers of spinel, meli-
lite, and diopside (Fig. 2a and c). The crystal sizes of the
constituent minerals are mainly a few micrometers across
and are generally less than 10 lm across for the both FGIs
(Fig. 2b and d). The re-equilibrium processes of the Al–Mg
system for CAI minerals are controlled by textural relation-
ships and Al–Mg isotopic compositions of the minerals
(e.g., Kawasaki et al., 2015); thus, the observations strongly
suggest that the difference in (26Al/27Al)0 between them
does not originate from late disturbances of the Al–Mg sys-
tem on the parent body. Therefore, the observed variations
in (26Al/27Al)0 among the FGIs are most likely to reflect
variations in (26Al/27Al)0 acquired at nebular thermal pro-
cesses (i.e., condensation) in the earliest Solar System. Sim-
ilar, albeit slightly smaller, variations ranging from (5.05
± 0.18) to (4.08 ± 0.75) � 10�5 were reported for individual
FGIs in some of the most pristine carbonaceous chondrites,
Acfer 094 (C-ungrouped) and Yamato-81020 (CO)
(Ushikubo et al., 2017).

4.2. (26Al/27Al)0 and (d26Mg*)0 for fine-grained CAIs

It is still debatable whether variations in (26Al/27Al)0
observed among CAIs correspond to a formation age
spread or heterogeneous distributions of 26Al/27Al ratios in
the forming region, or both. (e.g., Wasserburg et al., 1977;



Fig. 8. 26Al�26Mg mineral isochrons for fine-grained CAIs from reduced CV chondrites, (a)HKE02, (b) HKE03, (c) HKV03, (d) TIL01, (e, f)
TIL02, (g) TIL03, and (h) HKD01. (f) shows data with low 27Al/24Mg ratio in (e). Al–Mg isotope data for (a) HKE02 are obtained from
Kawasaki et al. (2019). Isoplot Model 1 (Ludwig, 2003) is used to fit isochrons. Errors correspond to 2r. Symbols without error bars exhibit
errors smaller than their symbol sizes. An, anorthite; Mel, melilite; Ol, olivine; Sp, spinel.
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Table 2
Summary of (26Al/27Al)0, (d

26Mg*)0 and bulk 27Al/24Mg for each fine-grained CAI.

CAI Meteorite (26Al/27Al)0 2r (d26Mg*)0 2r bulk 27Al/24Mg

HKE02a Efremovka 5.19 � 10-5 0.17 � 10-5 0.022 0.087 2.9
HKE03 Efremovka 3.35 � 10-5 0.20 � 10-5 0.07 0.12 2.7
HKV03 Vigarano 4.99 � 10-5 0.17 � 10-5 �0.030 0.078 n.a.
TIL01 Thiel Mountains 07007 4.43 � 10-5 0.31 � 10-5 �0.03 0.12 2.6
TIL02 Thiel Mountains 07007 4.53 � 10-5 0.18 � 10-5 �0.014 0.076 5.4
TIL03 Thiel Mountains 07007 4.09 � 10-5 0.22 � 10-5 �0.013 0.046 0.7
HKD01 Northwest Africa 8613 4.812 � 10-5 0.089 � 10-5 �0.060 0.063 4.8

n.a.: not analyzed.
a From Kawasaki et al. (2019).

Fig. 9. Mg-isotope evolution of fine-grained CAIs from reduced
CV chondrites. Mg-isotope evolution curves starting from whole-
rock CAI (26Al/27Al)0 and (d26Mg*)0 values (black circles,
Jacobsen et al., 2008; Larsen et al., 2011) are depicted by colored
dotted lines for fine-grained CAIs HKE03 (27Al/24Mg = 2.7),
TIL01 (27Al/24Mg = 2.6), TIL02 (27Al/24Mg = 5.4), TIL03

(27Al/24Mg = 0.7), and HKD01 (27Al/24Mg = 4.8), and by an
orange-colored thick line for a solar-composition gas
(27Al/24Mg = 0.101). If Al/Mg chemical fractionations for the
fine-grained CAIs occurred at the formation time of canonical
CAIs, then Mg-isotopic compositions of the fine-grained CAIs may
have individually evolved by their bulk 27Al/24Mg ratios along the
colored dotted lines. Conversely, if the CAIs condensed from the
solar-composition gas, then their Mg-isotopic compositions would
be plotted within the orange-colored thick line. Note that the Mg-
isotope evolution curves are drawn using the whole-rock CAI
values by Jacobsen et al. (2008), because the values reported by
Jacobsen et al. (2008) entirely cover those of Larsen et al. (2011)
due to larger analytical errors. Colored diamonds correspond to
inferred (26Al/27Al)0 and (d26Mg*)0 values of the fine-grained CAIs.
The 27Al/24Mg ratio of the Solar System is obtained from Lodders
(2003). Errors are 2r. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.)
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Krot et al., 2008, 2012; Jacobsen et al., 2008; Larsen et al.,
2011; Makide et al., 2011; Holst et al., 2013; Kööp et al.,
2016; Park et al., 2017; Kawasaki et al., 2019 and references
therein). The debate can be clarified if precisions of
(d26Mg*)0 and (26Al/27Al)0 are sufficiently high because
(d26Mg*)0 increases with time depending on the 26Al/24Mg
ratio (Fig. 9). However, the variations in (d26Mg*)0 among
the FGIs in this study are not resolvable even if applying
the smallest analytical error (0.046‰), which is one of the
smallest errors for mineral isochron studies so far. We can-
not rule out the view of heterogeneous distributions of
26Al in the forming region of FGIs. If this is the case, then
the data imply heterogeneous distributions of 26Al in the
CV CAI-forming region corresponding to a range of over
at least 3.4 � 10–5 < (26Al/27Al)0 < 5.2 � 10–5.

Conversely, on the Mg-isotope evolution diagram
(Fig. 9), the data of FGIs plot on the Mg-isotope evolution
curve of solar-composition gas within the errors, thereby
suggesting that their (26Al/27Al)0 correspond to a formation
age spread and their condensation occurred from the solar-
composition nebular gas. The FGIs cannot be formed via
recondensation of their evaporation gas or from Al/Mg
fractionated nebular gas formed at the age corresponding
(26Al/27Al)0 of �5.2 � 10–5 (Jacobsen et al., 2008; Larsen
et al., 2011) because the FGI data clearly deviate from
the Mg-isotope evolution curves of the fractionated
Al/Mg ratio materials (Fig. 9). Note that the heterogeneity
of 26Mg/24Mg in the CAI-forming region has also been sug-
gested (e.g., Wasserburg et al., 2012; Larsen et al., 2020).
The inferred (d26Mg*)0 for formation reservoirs of some
of CV CAIs and CAIs of CR chondrites, �0.095
± 0.026‰ (Larsen et al., 2020), is lower than that for most
of CV CAIs, �0.0159 ± 0.0014‰ (Larsen et al., 2011) or –
0.040 ± 0.029‰ (Jacobsen et al., 2008). Assuming precur-
sors of the FGIs formed when 26Al/27Al was (5.23
± 0.13) � 10–5 (Jacobsen et al., 2008), the precursor
(d26Mg*)0 can be back-calculated to be �0.29 ± 0.13‰
for HKE03, �0.18 ± 0.14‰ for TIL01, –0.28 ± 0.13‰ for
TIL02, –0.07 ± 0.06‰ for TIL03, and �0.20 ± 0.09‰ for
HKD01. Some of the back-calculated (d26Mg*)0 are clearly
lower than the any inferred (d26Mg*)0 values for CAI-
formation reservoirs above. Rather, such large negative
(d26Mg*)0 values have been recognized only for FUN CAIs
(e.g., Park et al., 2017 and references therein), although the
observed variations of mass-dependent magnesium isotope
fractionation for the FGIs are very small (d25Mg �0–1‰).
These simulations further support Al/Mg chemical
fractionation events for the FGIs did not occur at the
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formation age of canonical CAIs and they formed from the
evolved solar-composition nebular gas (Fig. 9). The forma-
tion age spread corresponds to 0.44 ± 0.07 Myr at the very
beginning of the Solar System.

The variations in (26Al/27Al)0 observed among the FGIs
in this study are essentially similar to those for coarse-
grained, igneous CAIs and FTA CAIs in CV chondrites
(Fig. 10, Kita et al., 2012; MacPherson et al., 2012, 2017,
2018; Kawasaki et al., 2017, 2018, 2019). Among them,
Fig. 10. Variations in initial 26Al/27Al ratios for CAIs in CV
chondrites as determined by high-precision mineral isochron
studies. Initial 26Al/27Al ratios for fine-grained CAIs from
MacPherson et al. (2010) (open diamond) and this study (colored
diamonds) are shown for L3536, HKE02, HKV03, HKD01, TIL02,
TIL01, TIL03, and HKE03, from top to bottom. Initial 26Al/27Al
ratios for fluffy Type A (FTA) CAIs from the literature (open
triangles, from top to bottom) are shown for F8, V2-01, and
HKE01 (MacPherson et al., 2012; Kawasaki et al., 2017, 2019).
Initial 26Al/27Al ratios for igneous CAIs from the literature are
shown for E60, E64, SJ101, F9, USNM 3898, TS34, L3535, F4,
V3137, 4N, TS35, F1, F6, and ALVIN (open squares, from top to
bottom, Kita et al., 2012; MacPherson et al., 2012, 2017, 2018;
Kawasaki et al., 2018). Whole-rock CAI initial 26Al/27Al ratios
(black circles) are from Jacobsen et al. (2008) and Larsen et al.
(2011). Errors correspond to 2r. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)
the igneous CAIs can potentially have a significant age
spread, given that the relative age of the Allende Type B1
CAI TS34 from the formation of canonical CAIs
(Jacobsen et al., 2008; Larsen et al., 2011) calculated from
(26Al/27Al)0 is consistent with the relative age calculated
from (d26Mg*)0 and bulk 27Al/24Mg (Kawasaki et al.,
2018). Moreover, igneous CAIs exhibiting sub-canonical
(26Al/27Al)0 values display elevated positive (d26Mg*)0 val-
ues (MacPherson et al. 2012; Kita et al., 2012). Therefore,
if the formation regions of FGIs, igneous CAIs, and FTA
CAIs in CV chondrites are identical, then our data indicate
that the CV CAI formation continued for at least �0.4 Myr
at the very beginning of the Solar System. The inferred per-
iod for the CV CAI formation can indicate either the time
duration of refractory dust transportation processes from
the CAI-forming region, which may correspond to the inner
edge of the solar protoplanetary disk (Itoh and Yurimoto,
2003; Yurimoto et al., 2008), to a forming region of the
CV chondrite parent body (e.g., Ciesla, 2010) or the time
duration of occurrence of the CAI formation processes in
the CAI-forming region.

5. CONCLUSIONS

In this study, high-precision Al–Mg mineral isochrons of
seven FGIs from the reduced CV chondrites via in situ anal-
ysis with SIMS exhibited statistically significant variations
in (26Al/27Al)0 among FGIs, ranging from (5.19 ± 0.17) to
(3.35 ± 0.21) � 10�5. Two spinel-rich FGIs from
Efremovka with similar mineralogical textures exhibit a
highest (26Al/27Al)0 of (5.19 ± 0.17) � 10�5 and a lowest
(26Al/27Al)0 of (3.35 ± 0.21) � 10�5. This indicates that
the difference in (26Al/27Al)0 between them does not origi-
nate from late disturbances of the Al–Mg system on the
parent body. The inferred (d26Mg*)0 values for FGIs are
consistent with the Mg-isotope evolution of a solar-
composition nebular gas. The Al–Mg data indicate that
the FGIs formed from the solar-composition nebular gas
over the period of 0.44 ± 0.07 Myr under the assumption
of homogeneous distributions of 26Al in the forming region.
The observed variations in (26Al/27Al)0 for FGIs are essen-
tially similar to those for igneous CAIs in CV chondrites,
thereby indicating that CAIs in CV chondrites have
variations in (26Al/27Al)0 from �5.2 to �3.4 � 10–5 despite
their petrologic types and the formation processes they
experienced. The data indicate that CAI-formation thermal
processes—condensation and melting—occurred contem-
poraneously during �0.4 Myr at the very beginning of
the Solar System, if 26Al was distributed homogeneously
in the forming region. Alternatively, the observed
variations in (26Al/27Al)0 indicate the possibility of
heterogeneous distributions of 26Al in the forming region,
corresponding to a range of over at least 3.4 � 10–5 <
(26Al/27Al)0 < 5.2 � 10–5.
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