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Abstract

High precision SIMS 26Al–26Mg isotope analyses were performed for a pristine Type B1 CAI Leoville 3535-1 on multiple
mineral phases that include aluminum-rich zoned melilite mantle (Åk20–Åk60), magnesium-rich melilite (Åk70), fassaite, spinel
and anorthite in the core. The data yield a well-defined internal isochron with an inferred initial 26Al/27Al ratio of
(5.002 ± 0.065) � 10�5, which is lower than those of bulk CAIs and pristine fine-grained CAIs. Assuming homogeneous dis-
tribution of 26Al in the early solar system, Leoville 3535-1 formed �50 ka after the time corresponding to the bulk CAI iso-
chron. One anorthite analysis near the grain boundary adjacent to melilite shows sub-lm-scale heterogeneous magnesium
distribution, though the 26Al–26Mg data plot on the isochron regression. Thus, the internal 26Al–26Mg system of the CAI
remained closed since the last melting event that crystallized anorthite.

High precision magnesium isotope analyses of magnesium-rich minerals (fassaite, magnesium-rich melilite, and spinel)
show a small amount of scatter from the regression line (�0.1&) beyond analytical uncertainties. Most spinel and some fassa-
ite data are systematically displaced below and above the regression line, respectively. It is likely that spinel remained
unmelted at the time of the last melting event, while fassaite and anorthite crystallized from a partial melt. The regression
line made by fassaite and anorthite data shows an initial 26Al/27Al ratio indistinguishable from that using all data. Mass
dependent fractionation of magnesium isotopes in spinel is the same as those in melilite and fassaite (d25Mg � 5&), indicating
that magnesium isotope fractionation, presumably from evaporative magnesium loss, predated the last melting event. Thus a
majority of the CAI appears to have escaped magnesium isotope exchange with nebular gas during the last melting event,
except for the outer rim of the melilite mantle that shows slightly lower d25Mg values.

The 26Al–26Mg systematics of this Leoville Type B CAI suggest it experienced a final melting event at �50 ka after the
initial Al–Mg fractionation event. This may correspond to melting during the active protostar stage (known as “Class I”),
during which sporadic high temperature heating events repeatedly affected refractory solids in the solar nebula.
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1. INTRODUCTION

Calcium-, aluminum-rich inclusions (CAIs) in primitive
meteorites (e.g., MacPherson et al., 2005; MacPherson,
2007) are the oldest solar system objects measured by the
Pb–Pb absolute chronometer (Amelin et al., 2002, 2010;
Connelly et al., 2008; Bouvier and Wadhwa, 2010). Unal-
tered phases in these objects have large 16O enrichments rel-
ative to Earth, the Moon and most bulk meteorites
(d18O � d17O � �50&; Clayton et al., 1973), an isotopic
composition similar to that of the Sun recently estimated
from the analysis of solar wind collected by the Genesis
space craft (McKeegan et al., 2011). CAIs occur in almost
all types of chondritic meteorites and also among particles
collected by the Stardust mission from comet 81P/Wild 2
(McKeegan et al., 2006; Zolensky et al., 2006; Simon
et al., 2008), indicating that CAIs are ubiquitously distrib-
uted throughout the early solar system. Shu et al. (1996)
suggested that CAIs formed close to the young sun, and
were then lifted and transported to the asteroidal belt by
a magnetically driven wind (X-wind model). Cuzzi et al.
(2003) suggested CAIs were originally formed in hot inner
solar nebula and transported to asteroid regions by out-
ward radial diffusion in a weakly turbulent disk. Ciesla
(2007) further showed high efficiency of outward radial
transport by a two dimensional model that explains exis-
tence of CAIs as far as comet-forming regions.

Lee et al. (1977) reported the first clear evidence of in-
situ decay of 26Al (half life; �0.7 Ma) from the mineral sep-
arates of the Allende CAI “WA”, showing the correlated
excess of 26Mg from the decay of 26Al with 27Al/24Mg ratios
and inferred initial 26Al/27Al ratios of (5.1 ± 0.6) � 10�5.
MacPherson et al. (1995) summarized the literature data
and showed that most CAIs consistently have an initial
26Al/27Al ratio of �5 � 10�5, which is referred to as the
“canonical” value. Exceptions are those called FUN (frac-
tionation and unidentified nuclear effects, e.g., Wasserburg
et al., 1977) CAIs and hibonite-bearing CAIs (Fahey et al.,
1987; Ireland, 1988) with low inferred initial 26Al/27Al ra-
tios (610�6), which might indicate minor heterogeneity of
26Al in the early solar nebula (MacPherson et al., 1995).
For normal CAIs, it was not clear that there was any signif-
icant spread of initial 26Al/27Al ratios among CAIs, because
of limited analytical precision and possible later distur-
bance of some of the CAIs (e.g., Podosek et al., 1991;
LaTourrette and Hutcheon, 1999).

Recently, several studies have measured the initial
26Al/27Al ratios of CAIs with significantly improved analyt-
ical precision using multicollector inductively coupled plas-
ma mass spectrometers (MC-ICPMS) or multicollector
secondary ion mass spectrometers (MC-SIMS). There has
been a vigorous debate as to the actual value of initial
26Al/27Al ratio of CAIs, with values as high as (6–7) �
10�5 being proposed (Bizzarro et al., 2004, 2005; Young
et al., 2005; Thrane et al., 2006; Cosarinsky et al., 2007; Ba-
ker, 2008; Jacobsen et al., 2008; MacPherson et al., 2010).
Recent estimates of the initial 26Al/27Al ratios of bulk CAIs
in CV3 chondrites from two different laboratories show con-
sistent values of (5.23 ± 0.13) � 10�5 (Jacobsen et al., 2008)
and (5.25 ± 0.02) � 10�5 (Larsen et al., 2011) based on the
well-defined isochron regressions. Several data from in-situ
techniques such as laser ablation (LA) MC-ICPMS and
MC-SIMS suggested the elevated initial 26Al/27Al ratios
(e.g., Taylor et al., 2005; Young et al., 2005; Cosarinsky
et al., 2007; Connolly et al., 2009, 2010; Simon and Young,
2011), though some of these data are scattered in the
26Al–26Mg isochron diagrams. It should be mentioned that
many CAIs might have experienced alteration in their par-
ent bodies, such as thermal metamorphism, aqueous alter-
ation and shock reheating that can partially reset inferred
26Al/27Al ratios (e.g., Podosek et al., 1991; Nakamura
et al., 1992; Caillet et al., 1993; Fagan et al., 2007). Forma-
tion of secondary minerals in the CAIs might cause either
open or closed system redistribution of aluminum and mag-
nesium, which may explain the disturbed data on the Al–Mg
isochron diagram. In such cases, accurate and reliable initial
26Al/27Al ratios would not be obtained.

Here, we report a high precision MC-SIMS Al–Mg iso-
tope study of a pristine large igneous Type B1 CAI (Leoville
3535-1). This CAI has no petrologic signs of secondary min-
eralization. The improved analytical precision of the latest
generation of SIMS (CAMECA IMS-1280 at the University
of Wisconsin-Madison; WiscSIMS, Valley and Kita, 2009;
Kita et al., 2009a) allows us to evaluate the linearity of data
in an isochron diagram and to test whether the Al–Mg iso-
tope system in this CAI remained closed.

2. ANALYTICAL METHODS

2.1. Sample

The sample used in the present study is a large
(8 � 6 mm) Type B1 CAI (USNM 3535-1) from the Leo-
ville CV3 chondrite (Fig. 1). The CAI was originally chosen
for a study of the internal distribution of magnesium and
silicon isotope fractionations (Richter et al., 2007b; Knight
et al., 2009). The outer edge of the CAI is surrounded by a
thick (500 lm) melilite mantle that shows major element
zoning with increasing åkermanite (Åk) contents from the
rim to the interior (Åk20–60). The texture and zoning indi-
cate that the CAI crystallized inwards from the edge. Minor
amounts of small spinel grains (<20 lm) also occur within
mantle melilite. The core consists of åkermanite-rich meli-
lite (Åk65–80), fassaite, anorthite and spinel. TiO2 contents
of fassaite range from 2 to 10 wt.%, generally showing high-
er TiO2 in fassaite within the melilite-rich mantle and lower
TiO2 in the core. There are no secondary minerals, such as
nepheline and sodalite, observed in this CAI. SEM-EDX
elemental maps of several areas of the CAI have been made
and the Al–Mg chronology data reported in this paper are
mainly from areas for which elemental maps are available.

The CAI section was originally potted in a 25 mm diam-
eter, 13 mm thick phenolic mount. Because the sample de-
gassed significantly and degraded the vacuum in the
SIMS, which was problematic for silicon isotopic analyses
and because the sample height was not compatible with
the regular SIMS sample holder (12 mm), the sample was la-
ter made into a polished thin section with the original sur-
face attached to a glass slide. The new thin section surface
is within 40 lm of the original surface, but as the mirror



Fig. 1. Backscattered electron (BSE) images of the Leoville 3535-1 Type B1 CAI. (a) Image of whole CAI. The rectangle indicates the area
shown as an expanded view in (b). (b) Expanded view of the CAI including the �500 lm thick melilite (Mel) mantle. The core of the CAI
consists of euhedral melilite (Mel), fassaite (Fas) and anorthite (An). Small grains of spinel (650 lm) are distributed throughout the inclusion.
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image. The Al–Mg data reported in this paper were obtained
from both the original mount and from the thin section.

2.2. Electron microscopy

In order to guide the location of the SIMS analyses, we
obtained detailed secondary electron (SE) and backscat-
tered electron (BSE) images using a JEOL JSM-5800LV
scanning electron microscope (SEM) at the University of
Chicago and a Hitachi S-3400 SEM at the University of
Wisconsin-Madison. We also obtained elemental abun-
dance maps of selected areas using an Oxford/Link ISIS-
300 X-ray microanalysis system on the Chicago SEM.
These maps were used to obtain maps of åkermanite con-
tent of melilite, which were very useful in selecting SIMS
analysis points. Additional SE and BSE images were ob-
tained after SIMS analyses, in order to examine the ana-
lyzed spots for potential inclusions and any other specific
features that might have affected the SIMS analyses.

In the early stage of this work, we did not have multiple
melilite standards with homogeneous aluminum and mag-
nesium contents that could be used for SIMS 27Al/24Mg
calibration. Therefore, the major element compositions of
melilite in the CAI were obtained using the CAMECA
SX-51 electron microprobe analyzer (EPMA) at the Uni-
versity of Wisconsin with an accelerating voltage of 15 kV
and a focused beam of 12 nA. Pure synthetic åkermanite
and gehlenite crystals (provided by M. Morioka of the
Radioisotope Center at the University of Tokyo), which
had been made as described in Morioka and Nagasawa
(1991), were used as EPMA calibration standards. We also
obtained major element compositions of fassaite at the
location of the SIMS analyses using EPMA.

2.3. SIMS Al–Mg isotope analyses

The IMS-1280 at WiscSIMS was used for the SIMS Al–
Mg isotope analyses. We used O� primary ions with total
impact energy of 23 kV (�13 kV at the ion source and
+10 kV at the sample surface) and detected Mg+ and Al+

secondary ions. We applied two different analytical condi-
tions using monocollection electron multiplier (mono-EM)
and multicollection Faraday cups (MC-FC) for anorthite
and other magnesium-rich minerals (melilite, fassaite, and
spinel), respectively, due to the difference in secondary
Mg+ intensities. The CAI analyses were made in three
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sessions; analyses of melilite mantle in MC-FC mode (S1),
analyses of anorthite in mono-EM mode (S2), and analyses
of three magnesium-rich minerals, melilite, fassaite, and spi-
nel, in both mantle and core in MC-FC mode (S3).

2.3.1. Multicollection FC analysis

For multicollection FC analyses, the primary O� ion
beam was adjusted to produce a 20 � 25 lm oval shape
with an intensity of 7 nA (spinel) and 20 nA (melilite and
fassaite). By using the Duo lens (a new primary ion lens be-
tween the duoplasmatron ion source and primary beam
mass filter), a primary ion intensity of 20 nA is easily ob-
tained in Köhler illumination mode with mass and beam
apertures of 200 and 750 lm diameter, respectively, where
the mass aperture determines the size of the primary beam.
In this condition, the SIMS analysis pits show a small
amount of aberration and the carbon coat is removed over
an area �40 lm across, although the direct secondary ion
images show that the majority of secondary ions are created
only from a central 20 � 25 lm area. For spinel analyses
with higher magnesium contents, we inserted a 400 lm
beam aperture in order to remove the aberration of the pri-
mary beam. This condition made aiming of analysis loca-
tion much easier for spinel with grain sizes typically
smaller than 20 lm, although the primary beam intensity
was reduced to 7 nA. Examples of SIMS pits produced by
the different analysis conditions are shown in Fig. 2.

Secondary ion optics were adjusted to 200� magnifica-
tion from the sample to the field aperture (6000 lm square)
with mass resolving power of �2500 (entrance slit; 90 lm
and exit slit 500 lm). The contributions of 48Ca++ and
Fig. 2. Examples of SIMS spots in different minerals (shown as BSE imag
are 20 lm for (a–c) and 10 lm for (d). Melilite and fassaite analyses
25 � 20 lm oval beam spot with a surrounding area �40 � 50 lm where t
using a 5–7 nA primary beam with �25 lm well-defined flat-bottomed pi
overlaps with grain boundaries. Anorthite analyses were made using a 1
MgH+ interferences to the Mg+ mass spectrum were negli-
gibly small. The energy slit was set to 40 eV. Four multicol-
lection FC detectors were used to detect 24Mg+, 25Mg+,
26Mg+ (with 1011 ohm resistors) and 27Al+ (with 1010 ohm
resistor) simultaneously, with 25Mg+ set to the ion optical
axis. Since the primary beam size transferred to the field
aperture plane is comparable to the size of the field aperture,
we applied XY-mode by using rectangular lenses at the cou-
pling optics (between an electrostatic analyzer and a sector
magnet) to produce a rectangular field aperture image with
an aspect ratio of 5:1 at the entrance of the sector magnet,
which reduced the aberration of the mass spectrum (De
Chambost et al., 1997). In general, XY-mode would cause
Y-deflection of the secondary beam but we did not find a sig-
nificant difference in Y-deflection among four detectors.
Secondary 24Mg+ and 27Al+ ions intensities were (0.5–
3) � 108 and (1–4) � 108 cps (counts per second), respec-
tively, depending on the mineral phase. A single analysis
takes 8 min, including 60 s of presputtering, �120 s for
automated centering of the secondary optics, and 300 s of
integration (10 s � 30 cycles) of the Mg+ and Al+ signals.
The baseline of the FC detectors was monitored during pre-
sputtering and averaged over eight analyses. Due to differ-
ence in Mg+ secondary intensities, we run each mineral
separately. The melilite glass standard (�Åk65), fassaite
glass standard with 5 wt.% TiO2 and natural spinel standard
were repeatedly analyzed during melilite, fassaite and spinel
analyses, respectively. In addition, multiple synthetic and
natural standards were used to evaluate analytical condi-
tions (Table EA1). A total of eight analyses of standard were
obtained that bracket 8–10 unknown sample analyses. The
es). (a) Melilite, (b) fassaite, (c) spinel, and (d) anorthite. Scale bars
were made using 20 nA O� primary ions, and the BSE shows a
he surface carbon coating was removed. Spinel analyses were made

ts, although the edge of beam (partly shown as a dashed line) often
nA primary beam, resulting in �8 lm flat-bottomed pits.
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average values of the bracket standard analyses were used
to correct for instrumental bias on the measured
magnesium isotope ratios. The measured ratios (25Mg/24Mg
and 26Mg/24Mg) are converted to d notation (d25Mg and
d26Mg) by normalizing to the terrestrial reference ratios of
(25Mg/24Mg) = 0.12663 and (26Mg/24Mg) = 0.13932
(Catanzaro et al., 1966), respectively.

The instrumental biases on d25Mg (mass-dependent frac-
tionation) in melilite and fassaite were estimated from the
analyses of multiple standards, which for melilite increases
by 1& linearly from Åk15 to Åk100 and for fassaite de-
creases by 0.6& as TiO2 increases from 2 to 10 wt.% (Ta-
bles EA2-1, EA2-2, and EA2-3). The d25Mg values in the
CAI minerals were corrected according to their Åk mole%
and TiO2 wt.% for melilite and fassaite, respectively. The
instrumental bias on d25Mg in spinel is estimated by assum-
ing the d25Mg value in the standard to be 0. Because the
standard is very close to pure MgAl2O4 (0.6 wt.% FeO),
we corrected matrix effects on d25Mg measurements of spi-
nel in CAIs using data from our spinel standard. External
reproducibility (2SD, 2 standard deviation) of measured
d25Mg values of standard is typically 0.1–0.2&, which is
usually similar to or slightly larger than internal error
(2SE, two standard error of the mean of 30 cycles in a single
analysis). The final errors of d25Mg values in unknown sam-
ples are assigned to be the same as the 2SD of bracketing
standards, unless internal errors are much larger than the
external errors (see Table EA2).

An isotope mass fractionation correction (both instru-
mental and natural) is applied to the SIMS measured mag-
nesium isotope ratios in order to estimate excess 26Mg. The
fractionation-corrected d26Mg* values were calculated
using an exponential law with the coefficient b = 0.514 (Da-
vis et al., 2005) from the evaporation experiments of Rich-
ter et al. (2007a).

d26Mg� ¼ d26Mg� ð1þ d25Mg=1000Þ1=b � 1
h i

� 1000 ð1Þ

External reproducibility of fractionation-corrected
d26Mg* values for standards were typically 0.04& (2SD)
for a fassaite glass standard (FAS-G H5; TiO2 = 4.8%)
and the spinel standard and 0.1& (2SD) for the Åk65 glass
standard, which are comparable to internal errors of indi-
vidual analyses (2SE). We always see a slight positive offset
of measured d26Mg* values at the level of 0.1–0.3& for
glass and mineral standards, which we attribute to a small
instrumental bias, possibly due to the efficiency of the detec-
tors or some other unknown matrix effects. The offset is
corrected according to the value obtained from the bracket-
ing standard analyses. For aluminum-rich melilite glass
standards (Åk15–25), the reproducibility of the standard
was degraded to 0.15–0.20& due to lower Mg ion intensi-
ties, although they are comparable to the internal errors
of individual analyses. The errors of the d26Mg* values
for unknown melilite analyses were estimated by combining
the internal error of each analysis and the error of the aver-
age value of eight bracketing Åk65 glass standard (i.e., 2SD
of standard analyses was divided by

p
n; see Tables EA2-1

and EA2-2). For fassaite glass standards, the d26Mg* values
in two standards with lower TiO2 contents (�2 wt.%)
(FAS-G L2 and H2 in Table EA1) are systematically lower
than other fassaite glass standards by nearly 0.1&, so that
we applied the second order correction linearly with TiO2

contents and included an additional 0.05& uncertainty that
propagated to the final error. We checked 48Ti++ interfer-
ence to 24Mg+ peak, but the contribution from Ti interfer-
ence is negligibly small. The second-order corrections for Ti
in the CAI fassaite (2.5–8.6 wt.% TiO2) are less than 0.07&

(Table EA2-3). For spinel analysis, unknown sample and
standard are very similar in chemical composition, so that
additional biases from matrix effects are not considered.
Therefore, external reproducibility of the average d26Mg*

value of bracketing standard (2SD) was applied to the final
error assignment (Table EA2-4).

The external reproducibility of the measured 27Al/24Mg
ratios of the standards was better than 1% (2SD). Relative
sensitivity factors (RSF) of 27Al/24Mg ratios were calcu-
lated by comparing those of raw SIMS data and those cal-
culated from EPMA analyses.

RSF ¼ ð27Al=24MgÞSIMS=ð27Al=24MgÞEPMA ð2Þ

For melilite and fassaite analyses, multiple standards
with a range of major element concentrations were analyzed
to estimate RSF. There is no obvious change in the RSF
among melilite standards including both glasses and a syn-
thetic crystal (Åk15–75), so that the RSF is estimated to be
0.911 with an uncertainty of 1% for melilite. The RSF in
two fassaite glass standards with lower TiO2 contents
(�2 wt.%) were systematically higher than those in other
standards (Table EA2-3). It is possible that complex mix-
tures of major elements in solid solution in fassaite make
the RSF more variable than a simple solid solution in meli-
lite. We also applied 1% uncertainty in RSF of spinel anal-
yses (Table EA2-4) due to uncertainties of EPMA
calibrations.

2.3.2. Anorthite analyses

For magnesium isotope analysis of anorthite, we used the
monocollection electron multiplier (EM) in magnetic peak
switching mode, while the 27Al+ signal was detected using
a multicollection FC detector (with a 1011 ohm resistor) on
the high mass side simultaneously with the detection of
25Mg+. The primary beam intensity was �1.3 nA with
8 lm oval shaped spots (Fig. 2d), using a mass aperture of
100 lm and beam aperture of 400 lm. Due to the smaller
beam size, the field aperture was set to 4000 lm squares
and the regular circular mode was used for the coupling op-
tics. The typical 24Mg+ and 27Al+ ion intensities were
�2 � 105 and 5 � 107 cps, respectively. The mass resolving
power (M/DM) was set to 3500 (at 10% peak height) by set-
ting entrance and exit slit widths of 90 and 300 lm, respec-
tively. Other instrumental parameters are the same as those
for multicollection FC analyses. A single analysis takes
�30 min, including 400 s of presputtering to stabilize Mg
ion intensity, �60 s for automated centering of the second-
ary optics, and 50 cycles of switching between 24Mg+,
25Mg+ and 26Mg+ (counting times of 3, 10, and 10 s, respec-
tively, with 3 s waiting time). We used a natural plagioclase
mineral standard with An59 composition (Lab1), which was
previously used as a standard for Al–Mg dating of



Table 1
The Al–Mg isotope analyses of melilite, fassaite, and spinel in Leoville 3535-1 Type B1 CAI.

Analysis number 27Al/24Mg Errora d26Mg* (&) Errora (&) d25Mg (&) Errora (&)

Session 1 (2007 July)

Melilite core -#19 1.23 0.01 0.577 0.084 5.52 0.07
Melilite core -#20 1.21 0.01 0.663 0.087 5.53 0.07
Melilite mantle -#21 2.10 0.02 0.805 0.095 5.62 0.07
Melilite mantle -#22 3.99 0.04 1.554 0.102 5.08 0.07
Melilite mantle -#23 6.04 0.06 2.290 0.105 3.66 0.07
Melilite mantle -#24 7.29 0.07 2.719 0.105 5.30 0.07
Melilite mantle -#25 5.94 0.06 2.205 0.101 5.21 0.07
Melilite mantle -#26 7.15 0.07 2.804 0.106 4.45 0.07
Melilite mantle -#27 9.11 0.09 3.243 0.136 3.71 0.07

Session 3 (2009 September)

Melilite mantle -#41 1.97 0.02 0.780 0.081 5.35 0.12
Melilite mantle -#42 3.76 0.03 1.320 0.095 5.12 0.12
Melilite mantle -#43 1.57 0.01 0.656 0.074 5.61 0.12
Melilite core -#44 1.14 0.01 0.384 0.057 5.07 0.12
Melilite core -#45 1.03 0.01 0.389 0.066 5.15 0.12
Melilite core -#46 1.15 0.01 0.622 0.063 5.36 0.12
Melilite mantle -#47 6.56 0.05 2.367 0.105 4.63 0.12
Melilite mantle -#48 8.22 0.07 2.715 0.131 3.50 0.12
Melilite mantle -#49 2.07 0.02 0.733 0.084 5.10 0.12
Fassaite -#59 (TiO2 = 8.0%) 2.23 0.11 0.874 0.067 5.09 0.25
Fassaite -#60 (TiO2 = 5.5%) 1.99 0.10 0.871 0.069 4.79 0.25
Fassaite -#61 (TiO2 = 2.8%) 1.05 0.05 0.567 0.067 4.34 0.25
Fassaite -#62 (TiO2 = 2.5%) 1.05 0.05 0.452 0.064 4.45 0.25
Fassaite -#63 (TiO2 = 4.2%) 1.80 0.09 0.768 0.062 5.08 0.25
Fassaite -#64 (TiO2 = 8.6%) 2.05 0.10 0.824 0.070 5.17 0.25
Fassaite -#65 (TiO2 = 5.1%) 1.28 0.06 0.631 0.066 4.86 0.25
Fassaite -#66 (TiO2 = 7.6%) 2.12 0.11 0.851 0.076 5.07 0.25
Spinel -#47 (fassaite) 2.56 0.03 0.946 0.045 5.76 0.10
Spinel -#48 (melilite mantle) 2.62 0.03 0.899 0.045 5.47 0.12
Spinel -#49 (anorthite) 2.59 0.03 0.886 0.045 6.19 0.11
Spinel -#50 (core) 2.59 0.03 1.083 0.045 5.72 0.11
Spinel -#51 (anorthire in core) 2.60 0.03 0.957 0.045 5.55 0.12
Spinel -#52 (fassaite in core) 2.55 0.03 0.899 0.045 5.50 0.11
Spinel -#53 (fassaite) 2.59 0.03 0.958 0.045 5.96 0.14
Spinel -#54 (spinel aggregates) 2.62 0.03 0.952 0.045 5.93 0.12
Spinel -#55 (spinel aggregate) 2.60 0.03 0.962 0.045 5.66 0.12

a Error assigned to individual values are at the 95% confidence level.
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chondrules (e.g., Kita et al., 2000; Kurahashi et al., 2008)
and has a similar 27Al/24Mg ratio (�280) to those in the
anorthite of the CAI. Reproducibility of d26Mg* values of
the plagioclase standard was better than 1&, although
showing a small negative bias of �1.5& that was corrected
for in unknown samples (Table EA2-5). The RSF of anor-
thite is estimated by using measured 27Al/24Mg ratios of
the Lab1 standard. However, due to its low magnesium con-
tents (�0.1 wt.% MgO), the uncertainty of calibration of the
27Al/24Mg ratio using EPMA is as large as 6%. Moreover,
the major element composition of Lab1 is more sodium-rich
(An59) than the pure anorthite in the CAI, and therefore the
RSF may be different from that of the standard.

More recently, a synthetic anorthite glass standard that
is doped with 1.0 wt.% MgO (“AnG + Mg 1%”) became
available for more precise RSF estimates (Kita et al.,
2009b). We compared SIMS-measured 27Al/24Mg ratios be-
tween Lab1 and this anorthite glass standard in three sepa-
rated Al–Mg sessions in 2009–2010 and found that their
ratios were consistent within 1%. Thus, the RSF of anor-
thite applied to the CAI analyses was reevaluated by using
the new anorthite glass standard to be 1.004 ± 0.013 (see
detailed calculation in Table EA2-5). Although the
27Al/24Mg ratio of AnG + Mg 1% glass is estimated to be
1%, an additional uncertainty based on the comparison of
the measured 27Al/24Mg ratios between Lab1 and the glass
standard of 0.9% (2r from three sessions) was propagated
to the final error estimate. This made the overall uncer-
tainty of the RSF for anorthite to be 1.3% in the present
study.

3. RESULTS

3.1. Al–Mg isotope data

The results of the Al–Mg analyses of Leoville 3535-1
Type B1 CAI are shown in Tables 1 and 2. We obtained
18 melilite, eight fassaite, and nine spinel analyses using



Table 2
The Al–Mg isotope analyses of anorthite in Leoville 3535-1 Type B1 CAI.

Analysis number 27Al/24Mg Errora d26Mg* (&) Errora (&) ECFb

Normal spots

Anorthite -#3 233 4 82.5 1.7 0.45
Anorthite -#4 234 4 84.0 2.1 0.66
Anorthite -#5 214.4 1.4 77.3 1.9 0.54
Anorthite -#6 247.4 1.9 88.4 2.0 0.23
Anorthite -#8 234 3 84.2 2.3 0.57
Anorthite -#9 198 3 71.2 2.2 0.47
Anorthite -#10 (rim of #8-9) 366 18 132.2 6.3 0.85

Irregular spots

Anorthite -#2 (small holes on BSE) 216 10 62.3 6.3 0.46
Anorthite -#7 (many micro-cracks) 173 4 60.1 2.9 0.42

a Error assigned to individual values are at the 95% confidence level.
b Error correlation factor between 27Al/24Mg and d26Mg* values.
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multi-FC mode (S1 and S3) and nine anorthite analyses
using mono-EM mode (S2). Full SIMS data and EPMA
data are found in Tables EA2 and EA3, respectively. The
locations of the SIMS analyses are shown in Fig. EA4.
Melilite analyses were made in two sessions two years
apart, but there are no systematic differences between the
two data sets. Data from the first session (S1) contain more
mantle melilite data than the second session (S3). The
27Al/24Mg ratios of melilite analyses range from 1.0 to 9.1
and correspond to Åk70–20, similar to those observed by
Richter et al. (2007b) and Knight et al. (2009) for the same
CAI. The 27Al/24Mg ratios of fassaite analyses show a smal-
ler range of 1–2, which generally correlate with TiO2 con-
tents. The excess d26Mg* values range from 0.4& to 3&

for melilite and from 0.5& to 0.9& for fassaite (Table 1).
Most of the melilite and all fassaite analyses in the CAI
show heavy magnesium isotope enrichments after instru-
mental bias correction with the d25Mg value of �5&. The
d25Mg values of aluminum-rich melilite (Åk630) at the
rim of the CAIs show slightly lower values (as low as 3.5&).

The spinel analyses were made in multiple locations and
textural contexts in the CAI, including spinel in mantle
melilite, in other minerals (anorthite, fassaite, and core
melilite), at the boundary of three minerals (#50), and in
spinel aggregates. Because the spinel grains in the CAI
are close to pure MgAl2O4, the 27Al/24Mg ratios are con-
stant at 2.59 ± 0.05 (n = 9, 2SD; Table EA2-4), which cor-
responds to an atomic ratio of Al/Mg = 2.04 ± 0.04. The
excess d26Mg* values are also indistinguishable with an
average value of 0.93 ± 0.06& (2SD, n = 8; Table EA2-
4), except for spot #50 that is at the grain boundary of three
minerals in the core (d26Mg* = 1.08 ± 0.05 &). The d25Mg
values of spinel analyses show an average of 5.8 ± 0.5&

(2SD, n = 9; Table EA2-4) that is consistent with those of
melilite and fassaite, although the d25Mg value of the terres-
trial spinel standard is not known and assumed to be zero.

The 27Al/24Mg ratios of anorthite range from 170 to
370, with most of the data having values of 200–250. The
excess d26Mg* values range between 60& and 130& (Ta-
ble 2). For most analyses, the 27Al/24Mg ratios and
d26Mg* values were constant during 50 cycles of analyses
of each spot. However, for spot #10, the 24Mg signal inten-
sities fluctuated between 1.1 � 105 and 1.9 � 105 cps, which
resulted in the variation of 27Al/24Mg ratios between 470
and 280 that correlate with the excess d26Mg* values from
170& to 100& (Table EA2-6). For this reason, we esti-
mated the error correlation coefficient between 27Al/24Mg
ratios and the excess d26Mg* values of individual cycles
for all the anorthite analyses. As shown in Table 2, the error
correlation coefficients were mostly �0.5 or less, except for
spot #10 showing a value of 0.85.
3.2. Al–Mg isochron diagram

The data in Tables 1 and 2 are plotted as an 26Al–26Mg
isochron diagram in Fig. 3. A regression of data using ISO-
PLOT (Ludwig, 2003) yields a well-correlated isochron
with a slope of 0.3590 ± 0.0008 (on a d26Mg* vs. 27Al/24Mg
diagram) with an initial d26Mg* value of 0.06 ± 0.08&. We
rejected two anorthite data (#2 and #7) because they were
obviously off the line. In Fig. 4, we compared SEM images
of SIMS spots after anorthite analyses and found unusual
features on analysis spots #2 and #7, which were rejected
from the regression line. The spot #2 contains small dark
dotted areas, possibly lm-scale inclusions, and spot #7
show small cracks. In contrast, other spots were featureless
and smooth. These two outlier data may have been affected
by secondary processes in the parent body, such as impact
deformation or shock melting observed from objects in
Leoville (e.g., Nakamura et al., 1992; Caillet et al., 1993).
The SIMS spots of Mg-rich minerals sometime show a sim-
ilar minor cracks (EA4), though there are no obvious rela-
tionship to their 26Al–26Mg data.

The error associated with the slope of the regression line
is only 0.2%, although the uncertainties of anorthite and
melilite RSF at the level of 1% should be included when
comparing the data with that from other laboratories.
The slope corresponds to a 26Al/27Al ratio of
(5.002 ± 0.065) � 10�5

. The MSWD (Mean Square
Weighted Deviation) of the regression line is 5.4, which is
significantly larger than unity. As shown in Fig. 3b, the
magnesium-rich data closer to the origin of the isochron
show a small amount of scatter around the best-fit line
(0.1–0.2&) that is somewhat larger than the analytical
uncertainties (�0.05&).



Fig. 3. 26Al–26Mg isochron diagram of Leoville 3535-1. (a)
anorthite data, (b) magnesium-rich mineral data. Anorthite data
points #2 and #7 are off the linear trend and were not included in
the regression determining the slope of the isochron. The dashed
line in (b) indicates 2r error limits of the regression line.
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If a kinetic mass fractionation correction with b = 0.511
(e.g., Young et al., 2002; Bizzarro et al., 2004) is applied in-
stead of b = 0.514 that was derived from evaporation
experiments (Davis et al., 2005), the excess d26Mg* values
would be lower by 0.06& for a sample with d25Mg = 5&.
Because most data have very similar d25Mg (5–6&), using
b = 0.511 would shift the regression line parallel to the
one shown in Fig. 3. This would lower the initial d26Mg* va-
lue to 0.00 ± 0.08&, but the slope of the isochron would
not change. Data from the aluminum-rich melilite rim have
slightly lower d25Mg values of 3–4& and the excess d26Mg*

values using kinetic mass fractionation law would shift the
data by only 0.03–0.04&, which is much smaller than their
analytical uncertainties. In fact, the isochron slope esti-
mated from our SIMS data is strongly controlled by the
anorthite data with excess d26Mg* values of 70–130&.

3.3. Anorthite rim with low Mg content

In this study, three analyses were made from a single
anorthite grain (spots #8–10, Fig. 5a) to evaluate subsoli-
dus magnesium isotope diffusion effects that might have dis-
turbed or reset the Al–Mg isotope system (e.g., LaTourrette
and Wasserburg, 1998). We intentionally aimed one spot at
the rim of the grain within 10 lm of the boundary adjacent
to melilite (spot #10). The 27Al/24Mg ratio of #10 was the
highest among all the analyses in the CAI and the ratio var-
ied from 280 to 470 during the 50 cycles of analyses
(Fig. 5b). The result indicates a heterogeneous distribution
of magnesium in the anorthite at a scale smaller than the
depth sampled by a single analysis (�1 lm). If there were
subsolidus reheating events for the CAI after the solidifica-
tion of anorthite, the excess 26Mg that had been accumu-
lated in anorthite would be modified by isotope exchange
with isotopically normal magnesium during diffusion. The
magnesium-poor domain of spot #10 should be the first
place to see such an effect, because it is close to the grain
boundary of an otherwise magnesium-rich mineral and
has a low magnesium concentration. For this reason, we
calculated the average 27Al/24Mg ratio and d26Mg* value
from cycles 27–36 of spot #10, where the 24Mg intensities
were lowest (Fig. 5b and c and Table EA2-6). The average
value from the low magnesium cycles of spot #10 (here
after called #10L) plots exactly on the same isochron with
other data (Fig. 5d). The model initial 26Al/27Al ratio of
the #10L is calculated to be (5.1 ± 0.2) � 10�5, which
agrees with the internal isochron of the CAI within error.
The error of the model 26Al/27Al ratio (precision �4%) cor-
responds to uncertainty of �40 ka in relative age. Thus,
anorthite in Leoville 3535-1 does not show any evidence
of subsolidus reheating postdating the crystallization of
the CAI by more than 40 ka.

4. DISCUSSION

4.1. Relative age of the Leoville 3535-1 Type B1 CAI

The internal 26Al–26Mg isochron of CAI Leoville 3535-1
is interpreted to represent the time when the minerals in this
CAI crystallized from a melt. If the initial 26Al/27Al ratio of
the Solar System was homogeneous, the relative formation
time (Dt) is estimated by Eq. (3).

Dt ¼ �s� ln
ð26Al=27AlÞL3535-1

ð26Al=27MgÞSSI

� �
ð3Þ

In the above equation, mean life s is 1.02 Ma using the
26Al half-life of 0.705 Ma (Norris et al., 1983) and the
(26Al/27Al)SSI is the Solar System Initial (SSI) (26Al/27Al)
ratio. It is often assumed that the bulk CAI 26Al–26Mg iso-
chron represents the time when refractory solids first con-
densed from a well-mixed gas of solar composition, giving
a range of Al/Mg ratios among bulk CAIs. Thus, the rela-
tive time Dt is calculated relative to the time of bulk CAI
isochron. Multiple bulk CAIs analyses made by Thrane
et al. (2006) and Jacobsen et al. (2008) both show well-cor-
related 26Al–26Mg regression lines, but their inferred initial
26Al/27Al ratios differ by 11%, which is much larger than
their reported uncertainty. Thrane et al. (2006) reported
an initial 26Al/27Al ratio of (5.85 ± 0.05) � 10�5, while Jac-
obsen et al. (2008) reported an initial 26Al/27Al ratio of
(5.23 ± 0.13) � 10�5. Recently, Larsen et al. (2011) re-
ported a new result from bulk CAI-AOAs 26Al/27Al ratio
of (5.25 ± 0.02) � 10�5 that was obtained in the same
laboratory of Thrane et al. (2006). Thus, the discrepancy



Fig. 4. BSE images used to examine the SIMS pits that were produced by the anorthite analyses. The two data points that are off the
regression line in Fig. 3 (#2 and #7) have irregular SIMS pits, indicating possible disturbance by secondary processes in the parent body. The
scale bar is 10 lm long. Fine lines on the diagonal directions seen in all images are scratches from polishing.

N.T. Kita et al. / Geochimica et Cosmochimica Acta 86 (2012) 37–51 45
between two groups seems to be resolved. Another indepen-
dent investigation by Baker (2008) also supports the value
obtained by Jacobsen et al. (2008).

MacPherson et al. (2010, 2012) reported 26Al–26Mg
isochron data from two pristine fine-grained type A
(FTA) CAIs with the initial 26Al/27Al ratios of
(5.27 ± 0.17) � 10�5 and (5.29 ± 0.28) � 10�5, which may
represent the formation of earliest condensates in the solar
nebula. These values are in agreement with those of the
bulk CAI isochrons by Jacobsen et al. (2008) and Larsen
et al. (2011), supporting that the initial 26Al/27Al ratios of
the bulk CAIs represent the formation of earliest conden-
sates in the solar nebula.

Several in-situ 26Al–26Mg studies using both LA-ICP-
MS and MC-SIMS suggested evidence for “supra-canoni-
cal” 26Al/27Al ratios (Taylor et al., 2005; Young et al.,
2005; Cosarinsky et al., 2007; Connolly et al., 2009,
2010). Connolly et al. (2009) compared the analyses of a
single CAI by using both LA-ICP-MS and SIMS and found
consistent results between the two methods. Therefore, the
elevated 26Al/27Al ratios are not analytical artifacts. How-
ever, all these data reporting supra-canonical 26Al/27Al ra-
tios were not derived from CAIs with well-defined
26Al–26Mg isochron regression. Considering that the bulk
CAI isochrons by several groups now consistently show
canonical initial 26Al/27Al ratios, it is very unlikely that
individual CAIs formed originally with 26Al/27Al ratios
higher than bulk data, unless there were complex isotope
exchange in open system as proposed by Simon and Young
(2011). Rather, elevated 26Al/27Al ratios might be estimated
from data points that plot above the bulk CAI isochron as
a result of later redistribution of 26Al–26Mg system.
Here, we use the initial 26Al/27Al ratios of the bulk CAIs
for substituting that of SSI in the Eq. (3). The relative ages
Dt = 46 ± 29 and 50 ± 13 ka are obtained using the bulk
CAI isochron data of Jacobsen et al. (2008) and Larsen
et al. (2011), respectively. Thus, the final crystallization of
Leoville 3535-1 Type B1 CAI postdates the time given by
the bulk CAI isochron by �50 ka.

4.2. Internal Al–Mg isotope systematics in Leoville 3535-1

4.2.1. Closure of the Al–Mg system in anorthite

In this work, a very precise initial 26Al/27Al ratio was
obtained because of well-correlated isochron data from
anorthite with extremely radiogenic magnesium isotope ra-
tios (d26Mg* = 70–130&). According to crystallization
experiments for Type B CAI compositions (MacPherson
et al., 1984; Stolper and Paque, 1986), spinel and melilite
crystallize before fassaite and anorthite. Type B CAIs often
show a reverse-zoned melilite mantle, indicative of crystal-
lization of fassaite prior to anorthite, which requires cool-
ing rates faster than �0.5 �C h�1 (MacPherson et al.,
1984). The texture of Type B CAIs with coarse fassaite
and anorthite indicates nearly synchronous crystallization
of these minerals under the cooling rates <50 �C h�1 (Stol-
per and Paque, 1986). Thus, anorthite is among the last
minerals to crystallize in type B CAIs and the inferred ini-
tial 26Al/27Al ratio obtained in this study most likely repre-
sents the time of last melting of the CAI.

Alternatively, the CAI might experience resetting of
26Al–26Mg system by later subsolidus heating. Anorthite is
especially sensitive to disturbance, because magnesium diffu-
sion in anorthite is faster than in other CAI minerals



Fig. 5. An anorthite analysis at the rim adjacent to melilite (#10). (a) Location of analyses. Two other spots (#8 and #9) were obtained in the
same grain near the center. (b) Variation of 24Mg intensity and 27Al/24Mg ratios within a single analysis (50 cycles). Cycles 27–36 (shown as
grey) show the highest 27Al/24Mg ratios. (c) The excess d26Mg* of individual cycles, showing highest values at cycles 27–36. (d) The average
data from cycles 27–36 of the analysis #10 (“An#10L”) plot on the isochron diagram. The two other spots in the same anorthite grain (#8 and
#9) have lower 27Al/24Mg ratios similar to other analyzed anorthite grains. The grey line represents a regression line of all data excluding
anorthite #10, which is indistinguishable from the isochron shown in Fig. 3. The data for An#10L plot on the same isochron as the rest of
data. The average of all 50 cycles of spot #10 (An-#10) is shown as an error ellipse for comparison.
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(LaTourrette and Wasserburg, 1998; Liermann and Gan-
guly, 2002; Ito and Ganguly, 2009). Diffusion could have af-
fected the magnesium isotopic composition and/or the Al/
Mg ratio during subsolidus reheating events in the solar neb-
ula (e.g., Young et al., 2005; Ito and Messenger, 2010; Simon
and Young, 2011) or during parent body thermal metamor-
phism. The analysis obtained from the rim of an anorthite
grain adjacent to melilite (An-#10) shows excellent agree-
ment with rest of the anorthite analyses, even though the
magnesium concentration in the spot was the lowest among
all the analyses and variable within the analytical depth of
�1 lm. Low and variable magnesium contents in the An-
#10 analysis could be caused by a redistribution of magne-
sium postdating the last melting event (Yurimoto et al.,
2000), although it must have taken place shortly after the fi-
nal crystallization of anorthite such that the isochron was
not affected. Thus, the Leoville 3535-1 anorthite data
strongly indicate the absence of subsolidus diffusion over a
prolonged period since the last melting of the CAI.

Ito and Ganguly (2009) compared diffusion rates of
magnesium among anorthite, spinel, and melilite and
concluded that melilite should be the most robust phase
for Al–Mg dating of CAIs. MacPherson et al. (2012) found
spinel grains that show large 26Mg excesses up to 3& in a
Vigarano F1 type B CAI. The large excess is found exclu-
sively for spinel grains included in anorthite, in which
26Mg excesses were nearly completely erased by later parent
body alteration associated with the formation of nepheline
lamellae. In contrast, analyses of spinel grains in melilite
and fassaite in the same CAI plot along the isochron de-
fined by melilite and fassaite with the canonical 26Al/27Al
ratio. MacPherson et al. (2012) explained unsupported ex-
cess 26Mg in spinel surrounded by anorthite as a result of
isotope exchange between anorthite and spinel by a subsol-
idus heating event due to fast diffusion of magnesium in
these minerals, while spinel in melilite and fassaite did not
exchange magnesium with host mineral due to slow diffu-
sion rate of magnesium in the host.

In contrast to Vigarano F1, we do not find any differ-
ence among spinel data that are hosted by anorthite, meli-
lite and fassaite in Leoville 3535-1. Anorthite in the CAI is
unaltered and does not show thin lamellae of nepheline.
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Therefore, there is no indication of subsolidus heating
events that could modify the 26Al–26Mg system of the Leo-
ville 3535-1. Similarly, the internal 26Al–26Mg systematics
of Leoville 3535-1 CAI and the data collected closest to
the rim does not support this CAI being affected by subsol-
idus heating events in the solar nebula that lasted for a time
as long as 0.3 Ma suggested by Young et al. (2005).

4.2.2. Multiple melting process

While we find the well-defined correlated excess from
anorthite data, the MSWD of the isochron fit of all data
(�5) is significantly larger than unity, indicating a multi-
stage evolution of the 26Al–26Mg system. Fig. 6 shows an
expanded view of isochron diagram at magnesium-rich
end. Data scatter significantly beyond analytical uncertain-
ties along the isochron regression line, which results in the
large MSWD. There seems to be systematic displacement
from the regression line depending on mineral phases. Spi-
nel data, except for one spot, plot below the regression line,
while fassaite data plot above the line. Melilite data plot
generally on or below the line similar to spinel, but some
of most åkermanite-rich melilite plot above the line, similar
to fassaite.

The coarse-grained texture of Leoville 3535-1 indicates
that it was almost completely melted and cooled slowly,
no more that a few tens degrees per hour. The melilite is
zoned with increasing åkermanite towards the interior,
which indicates that the mantle crystallized inwards from
the rim, similar to what was observed experimentally when
CAI-like melts were heated under extremely reducing con-
ditions (Mendybaev et al., 2006). Stolper and Paque
(1986) used experimental data to argue that heating of Type
B CAIs produced a high degree of partial melting with
some fraction of the original spinel having remained solid
while other minerals melted; melilite, fassaite and anorthite
crystallized as the melt cooled. Because some fraction of the
spinel might predate the melting event and because virtually
all the melilite would have crystallized before fassaite and
Fig. 6. Comparison of 26Al–26Mg data for spinel, melilite, and
fassaite with low 27Al/24Mg ratios (<3). The solid and dashed lines
are the regression line and error limits shown in Fig. 3b. Data show
significant scatter and some data are displaced beyond analytical
uncertainties. Generally, the spinel data and the fassaite data plot
below and above and the regression line, respectively, even though
most data fall on the regression line within errors.
anorthite, we calculated a regression line made by the fassa-
ite and anorthite data. As shown in Fig. 7, the regression
line shows MSWD nearly unity and the inferred initial
26Al/27Al ratio of (4.988 ± 0.065) � 10�5 with a positive
intercept of d26Mg* = 0.13 ± 0.03&. The inferred initial
26Al/27Al ratio is indistinguishable from that obtained by
all data in Fig. 3. Several åkermanitic melilite and one spi-
nel data also plot along the line. The åkermanitic nature of
these core melilites indicates that they were the last melilites
to crystallize, which would have been at much the same as
when fassaite and anorthite would have begun to crystal-
lize. Thus, it is not entirely surprising that the core melilites
plot along with the fassaite data. One spinel analysis plots
on the fassaite-anorthite isochron (#50) located at the
boundary of multiple minerals in the core of the CAI
(Fig. EA4-6). Magnesium isotopes in spinel #50 would
have equilibrated with fassaite and anorthite during the last
melting event. In contrast, other spinel data plot below the
fassaite-anorthite line, which is consistent with the idea that
spinel remained solid during the last melting event. Gehlen-
itic melilite in the melilite mantle could also have remained
solid during the last melting. However, relatively larger
analytical errors on aluminum-rich melilite do not allow
us to resolve any potential differences.

Mass dependent fractionations of magnesium isotopes
in spinel (as indicated from d25Mg values) are almost iden-
tical to those in melilite and fassaite and positively fraction-
ated by �5& (Table 1). Because the excess d26Mg* in spinel
might not have been homogenized with the melt during the
last melting event, heavy isotope enrichment of Mg would
have originated from earlier heating events predating the
fassaite–melilite isochron. Such events could include nearly
complete melting of the CAI precursor, in which spinel had
crystallized. Alternatively, solid precursors of the CAI al-
ready acquired heavy magnesium enrichment by earlier
evaporation processes. In either case, the magnesium iso-
tope exchange between molten CAI and surrounding neb-
ula gas might not occur significantly during the last
melting event. Minor magnesium isotope exchange would
have occurred at the rim of melilite mantle that show sys-
tematically lower d25Mg values (Richter et al., 2007b;
Knight et al., 2009). High precision Al–Mg dating of
Fig. 7. The 26Al–26Mg isochron for fassaite-anorthite data. Anor-
thite data are not shown in this figure, but melilite and spinel data
are shown as filled symbols in comparison. The best fit line and
error envelopes are shown as black and grey lines, respectively.



Fig. 8. A compilation of the initial 26Al/27Al ratios of individual
Type B CAIs from internal isochron regressions. Bulk CAI
isochron data from Jacobsen et al. (2008; J08) and Larsen et al.
(2011; L11) are shown as reference. Data for Leoville 3535-1 are
from Fig. 3. Data sources for the other Type B CAIs: Allende A44,
AJEF, and A43 (Jacobsen et al., 2008); NWA 2364 (Bouvier and
Wadhwa, 2010); Vigarano F1 (MacPherson et al., 2012). The bulk
CAI isochron of Jacobsen et al. (2008) and the internal isochrons of
two fluffy Type A CAIs (FTA MacPherson et al., 2010, 2012)
suggest systematically higher initial 26Al/27Al ratios than Type B
CAIs.
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several Vigarano CAIs (MacPherson et al., 2012) also indi-
cates similar closed system evolution of magnesium iso-
topes during the reheating of CAIs (Davis et al., 2010).

If anorthite last crystallized during a later reheating
event while spinel (and potentially some melilite) remained
solid and preserved the isotopic signature of the initial crys-
tallization event, the regression line made by fassaite-anor-
thite would provide the better estimate of the initial
26Al/27Al ratios characteristic of the last partial melting
event. Compared to the inferred 26Al/27Al ratio of
(5.002 ± 0.065) � 10�5 using all data (Fig. 3), the value of
(4.988 ± 0.065) � 10�5 obtained from fassaite-anorthite
regression line is lower only by 0.3% and thus the difference
between two regression lines is insignificant. Since the mul-
tiple melting processes in Type B1 CAI could be very com-
plicated, we consider the regression line using all data as the
best estimate of initial 26Al/27Al ratio of the Leoville 3535-1
CAI, but we recognize that it is dominated by data points
affected by the later reheating event, especially those in
anorthite.

4.2.3. Positive intercept of 26Al–26Mg isochron regression

The intercept of isochron regressions in Fig. 3 (all data)
and Fig. 7 (fassaite–anorthite) show positive d26Mg* values
of 0.06 ± 0.08& and 0.13 ± 0.03&, respectively, while the
former value can not be distinguished from zero beyond
the statistical uncertainty. As mentioned earlier, these val-
ues might be systematically decreased by 0.06& if
b = 0.511 (kinetic mass fractionation) is used for the mass
dependent fractionation correction law. In either correction
methods, fassaite-anorthite regression line shows a positive
intercept beyond analytical uncertainties, which may indi-
cate the internal redistribution of radiogenic 26Mg in the
CAI during the last melting event. The difference between
initial d26Mg* values of fassaite–anorthite isochron of Leo-
ville 3535-1 and bulk CAI isochron data are 0.11 ± 0.04&

and 0.13 ± 0.05&, by applying the intercepts of bulk iso-
chron data from Jacobsen et al. (2008) corrected for
b = 0.511 and 0.514, respectively (�0.040 ± 0.029& and
�0.004 ± 0.044&). The small increase of d26Mg* values at
�0.1& may be explained by the closed system evolution
of 26Al–26Mg system for the first 50 ka under the 27Al/24Mg
ratio of �7, which is significantly higher than those of bulk
Type B CAIs (2.2-3, Jacobsen et al., 2008). It is possible
that the partial melt was enriched in Al2O3 relative to
MgO by selective melting of anorthite during reheating pro-
cesses of the CAI. However, it is difficult to model the detail
growth of d26Mg* values in the CAI, given the relatively
large uncertainties of analyses.

4.3. Implications for the early history of the solar nebula

In Fig. 8, the initial 26Al/27Al ratio of Leoville 3535-1 is
compared to the ratios of other type B CAIs from CV3
chondrites from recent internal MC-ICPMS and MC-SIMS
analyses with well-defined isochron (Jacobsen et al., 2008;
Bouvier and Wadhwa, 2010; MacPherson et al., 2012).
Four data are from ICP analyses of mineral separates from
Allende CAIs (A44A, AJEF, and A43; Jacobsen et al.,
2008) and NWA 2364 (Bouvier and Wadhwa, 2010).
Another is from SIMS analyses of the Vigarano Type B2
CAI F1 that was analyzed during the session S3 of this
study (MacPherson et al., 2012). Uncertainties of the in-
ferred 26Al/27Al ratios of these data are much larger (4–
8%) than the present work (1.3%) due to the limited range
of 27Al/24Mg ratios (typically 2–8) from mineral separates
for ICPMS analyses and magnesium-rich minerals for
SIMS analyses. In the case of F1, the isochron regression
was made using only magnesium-rich minerals due to the
anorthite data having been affected by low temperature par-
ent body alteration (MacPherson et al., 2012). The Leoville
3535-1 data agree very well with three Type B CAIs (A44A,
AJEF, and NWA 2364) showing the initial 26Al/27Al ratios
of 5.0 � 10�5, which is systematically lower than those ob-
tained from the bulk CAI isochron data (Jacobsen et al.,
2008; Larsen et al., 2011). Thus, major melting (or remelt-
ing) events of refractory solids in the solar nebula that
formed Type B CAIs may postdate by �50 ka the conden-
sation of their solid precursors. Two other Type B CAI (F1
and A43) show initial 26Al/27Al ratios lower than that of
Leoville 3535-1. These relatively younger Type B CAIs
may indicate that heating events affecting the Type B CAIs
continued for at least another 0.1 Ma.

A comprehensive study of the Al–Mg system in pristine,
unaltered CAIs from Vigarano was undertaken by MacPh-
erson et al. (2012) that included FTA, CTA (compact type
A), Type B, Type C and AOAs. They found a systematic
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difference in the inferred 26Al/27Al ratios between unmelted
and melted CAIs. Melted CAIs generally show a range of
26Al/27Al ratios (4–5) � 10�5 and one unusual Type C
CAI contains a subregion with the 26Al/27Al ratio
2 � 10�5, which postdates the bulk CAI isochron by
�1 Ma. Variable initial 26Al/27Al ratios within a single
CAI have also been found in Allende type B CAI USMN
5241 (Hsu et al., 2000). Therefore, melting of CAIs appears
to have continued for as long as 1 Ma, which brings it close
to the age of the earliest chondrule formation events.

The time scales for the initial condensation of CAI pre-
cursors and their subsequent reheating are comparable to
the infalling and evolved protostar stages of low mass stars,
known as Class 0 and Class 1 objects, with typical durations
of �10 ka and �0.1 Ma, respectively (Feigelson and Mont-
merle, 1999). During these periods, the accretion rate of cir-
cumstellar material to the young Sun was high and
molecular bipolar flow was active, which would cause high
temperature heating events consistent with the chemical
and isotopic properties of CAIs (e.g., MacPherson et al.,
2005). Ciesla (2010) recently argued that the short interval
among ages of CAIs relates to the preservation mechanism
of refractory objects in the protoplanetary disk. The refrac-
tory inclusions that formed early in the inner disk might
spread to the outer disk within the first 0.1 Ma, while those
formed in a later period would not be efficiently transported
to the outer disk. The early-formed CAIs that were spread
over the large heliocentric distances might survive until the
time of chondrule formation (P2 Ma) and subsequent
planetesimal formation. According to Ciesla’s model, the
age distribution of CAIs would have a sharp peak at the
oldest end. Current available data on type B CAIs show a
peak on 26Al/27Al �5.0 � 10�5, which corresponds to
�50 ka after the time of bulk CAI isochron (Fig. 8). There
are compound CAI–chondrule objects, in which relict CAIs
are enclosed by chondrules, showing relatively low initial
26Al/27Al ratios (e.g., Makide et al., 2009). These CAI–
chondrule compound objects indicate that the CAIs were
incorporated to chondrule forming environments more
than 2 Ma after CAI forming events. Because the Leoville
3535-1 CAI preserved such a well-defined isochron with
26Al/27Al = 5.0 � 10�5, this particular CAI would not have
experienced the reheating 2 Ma later during chondrule for-
mation. Pristine CAIs could have been located in parts of
the disk where chondrule formation process was not effi-
cient, but were eventually incorporated into the CV chon-
drite parent body. More analyses of various types of
pristine CAIs by in-situ high precision SIMS technique will
help to better constrain the environments of their forma-
tion, the nature of energetic processes that reheated them
and the transport of solid in the protoplanetary disk.

5. CONCLUSIONS

High-precision SIMS 26Al–26Mg analyses of the pristine
Type B1 CAI Leoville 3535-1 show a well-defined isochron
with the initial 26Al/27Al = (5.002 ± 0.065) � 10�5. Analy-
sis of anorthite near the boundary with melilite shows var-
iable 27Al/24Mg ratios of 280–470 and yet plot exactly on
the same isochron. We conclude that the CAI did not
experience subsolidus diffusion affecting the Al–Mg system
much after the last melting event. Assuming a homoge-
neous distribution of 26Al in the solar system, the Leoville
3535-1 Type B1 CAI last melted �50 ka after the time of
the bulk CAI isochron, most likely the time of condensation
of refractory solids in the earliest solar nebula. A small
(�0.1&) scatter of the magnesium isotope ratios from the
regression line is observed in magnesium-rich minerals,
especially spinel and fassaite being below and above the
regression line, respectively. Spinel could be solid residues
that survived the partial melting of the CAI precursor,
while fassaite and anorthite crystallized from the melt gen-
erated by partial melting. Assuming later partial melting
and recrystallization of fassaite and anorthite, the isochron
regression line was obtained for fassaite-anorthite data with
an initial 26Al/27Al value of (4.988 ± 0.065) � 10�5, which
is indistinguishable from that obtained from all data. The
mass dependent fractionation of magnesium in spinel is al-
most the same as that in melilite and fassaite, indicating
that spinel would have been crystallized during the earlier
melting event and that the CAI remained closed against
magnesium isotope exchange with solar nebula.

Highly precise and accurate SIMS Al–Mg isotope anal-
ysis of CAIs is a powerful means of resolving relative time
differences of their formation as short as 10 ka. More stud-
ies on a variety of pristine CAIs combining petrographic,
chemical, and isotope analyses will provide valuable in-
sights into the earliest history of the Solar System on time
scales of 0.1 Ma or less.
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