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Si and Mg isotope fractionations in melilite in coarse-grained CAIs
measured by SIMS
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Si and Mg isotopic compositions of melilite in three coarse-grained CAIs were measured by SIMS. Isotopic composi-
tions of these elements were fractionated (1.0 to 2.9 ‰/amu for Si and 4.6 to 9.6 ‰/amu for Mg) relative to terrestrial
values. These fractionations are similar to those reported for bulk CAIs (Clayton et al., 1988) and suggest that coarse-
grained CAIs were formed by evaporative loss of some Si and Mg from high-temperature condensates as proposed by
Grossman et al. (2000). No significant zoning of isotopic fractionations was observed in these CAIs. This suggests that
the evaporative loss of these elements from CAIs were slow compared with diffusive homogenization and also suggests
that evaporative loss ceased early before crystallization of Mg-rich melilite.
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the model by Grossman et al. (2002). Other CAIs, how-
ever, show opposite fractionation patterns, which require
other processes such as recondensation and reequilibra-
tion. Homogeneous Mg isotopic fractionations in melilite
mantle have been reported for two type B1 inclusions
(MacPherson et al., 1989; Kennedy et al., 1997). Numer-
ous data of Mg isotopic fractionations within a CAI were
reported by MacPherson and Davis (1993), but the sig-
nificance of the variation of the reported isotopic
fractionation was not discussed. It is not known if Mg
isotopic heterogeneity is common among CAIs.

Si isotopic fractionations, when measured together
with Mg isotopic fractionation, may provide valuable in-
formation on the temperature during the evaporation proc-
ess and also Si concentrations in the melt (Grossman et
al., 2000). Reports of Si isotope fractionations measured
by secondary ion mass spectrometry (SIMS) are rare (e.g.,
Davis et al., 1991; Clayton et al., 1984). Generally, meas-
urements of small degrees of intrinsic isotope
fractionations by SIMS are difficult because deviations
of instrumental isotope fractionations (which are often
quite large when measured by SIMS) cannot be separated
from intrinsic isotope fractionations. Recent reports of
Si isotope measurements (Hua et al., 2000, 2001a, 2001b)
suggested that precise measurements were difficult.

Here we report Si and Mg isotope measurements of
melilite in coarse-grained CAIs by SIMS. Our aims are
1) to establish a protocol for precise measurements of Si
(and Mg) isotope fractionations and 2) to find out the
degree of correlation between Si- and Mg-isotope
fractionations in CAIs and 3) to find out if Si- and Mg-
isotopic heterogeneity within CAIs are common.

INTRODUCTION

Si and Mg isotopic fractionations in coarse-grained
calcium-aluminum-rich inclusions (CAIs) are indicators
of evaporation processes experienced by CAIs (Clayton
et al., 1988; Davis et al., 1990; Grossman et al., 2000).
Si and Mg isotopic fractionations (up to ~5 ‰/amu for Si
and ~11 ‰/amu for Mg) have been reported for bulk CAIs
(Clayton et al., 1988 and references therein). Grossman
et al. (2000) showed that most type B CAIs were depleted
in Si and Mg relative to high-temperature condensates
from the nebula and suggested that isotopic fractionations
resulted from evaporative loss of these elements from
condensates.

The model of Grossman et al. (2000) assumed that
the temperature was constant during the evaporation
event. A more detailed model was presented by Grossman
et al. (2002) where the temperature was allowed to de-
crease while evaporation continued. Because of this con-
tinued evaporation, this model predicted that zoning of
Si and Mg isotopic compositions should be observed in
melilite (solid solution between akermanite (Ca2MgSi2O7,
Ak for short) and gehlenite (Ca2Al2SiO7)) in CAIs.

Fairly large differences in Mg isotopic fractionations
within individual CAI have been reported for several CAIs
(Fahey et al., 1987; Davis et al., 1991; MacPherson and
Davis, 1993; Goswami et al., 1994). Some CAIs show
heavy isotope enrichment near the rim in accordance with



406 N. Sugiura et al.

nucleation sites for melilite crystals in the interior of the
CAI and hence the CAI rim is not the dominant nuclea-
tion site.

AL-9 is also a CAI from Allende, ~5 mm in size and
has a very irregular shape (Fig. 1b). Fassaite is mainly
found in areas rich in spinel grains. Anorthite is present
in the interior and also near the rim. Melilite in AL-9 is
Al-rich (from Ak5 to Ak27) suggesting that this CAI may
be akin to type A CAIs. No large-scale systematic change
in the melilite compositions from the core to the rim was
observed in this CAI.

SH-1 is a type B1 CAI from Sahara 98044 (CV3), ~1

Fig. 1.  Backscattered electron images of CAIs. a) AL-2. b) AL-9. c) SH-1. Circled numbers show locations of SIMS analyses. The
numbers are given according to the order of SIMS measurements. In the CAIs, small darkest grains are spinel, and light-gray
area is melilite. Some of the uniform black areas in the CAIs are filled with epoxy. Areas slightly darker than melilite are either
fassaite, anorthite or altered areas containing Na etc.

EXPERIMENTAL

Samples
AL-2 is a type B CAI from Allende, ~5 mm in size

with a well-developed melilite mantle and has a thick rim
(Fig. 1a). Fassaite is abundant in the core of this CAI.
Anorthite is present only near the rim, suggesting that it
was formed by secondary alteration. Melilite composi-
tions in AL-2 are normal for a type B CAI, ranging from
Ak15 to Ak60. No large-scale systematic change in the
melilite compositions from the core to the rim was ob-
served in this CAI. This suggests that there were many
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cm in size with a well-developed melilite mantle (Fig.
1c). Fassaite and anorthite are present in the core and the
mantle of this CAI. Melilite compositions in SH-1 are
normal for type B CAIs, ranging from Ak20 to Ak43. In
SH-1, melilite near the rim seems to be always Al-rich
suggesting that the melilite grains nucleated at the sur-
face of the CAI. But, no large-scale systematic change in
the melilite compositions from the core to the rim was
observed in this CAI.

Crystals of synthetic akermanite and gehlenite and
glass samples of Ak50 and Ak30 compositions were used
for calibration of composition dependence of isotopic
fractionations measured by SIMS. These samples were
produced in air to avoid isotopic fractionation.

Ion microprobe measurements
A Cameca IMS-6F ion probe at University of Tokyo

was used for the measurements. Since instrumental iso-
topic fractionation could results from many factors, ex-
actly the same measurement conditions are required for
standards and CAI samples. Therefore, both a CAI and a
standard sample (glass of Ak50 composition) were set in
a polished section. Intrinsic isotope fractionations were
obtained from the difference in isotopic compositions
between the CAI and the standard sample.

In the case of CAI melilite samples and the accompa-
nying Ak50 samples, both Mg and Si isotopes were mea-
sured on the same spot. Both Si and Mg isotopic
fractionations were measured with the same ion probe
setting except for the entrance slit width which was ad-
justed to give nearly the same count rates (1 × 105 c/s) of
major isotopes. In the case of standard synthetic samples
(gehlenite, glass(Ak50), glass(Ak30) and akermanite set
together in a holder), Si and Mg measurements were made
separately, mainly because comparison among the syn-
thetic samples was the main aim of the measurements,
and partly because the homogeneity of the isotopic com-
positions were guaranteed for these samples.

Since the absolute value of the Si instrumental mass
fractionation is large (~–30 ‰/amu for melilite compared
with –7 ‰/amu for Mg), reproducibility of the experi-
mental conditions is important, particularly for Si isotope
measurements. Our measurement conditions were cho-
sen because they were easily reproducible. A defocused
and intense 16O– primary beam (22.6 KeV, 35 microm-
eter in diameter; 1.6 nA) was used. The secondary ions
(Mg+ and Si+ at 10 KeV) were extracted from the center
of the sputtered area ~11 micrometer in diameter. Since
the secondary ion signals were strong, this small aper-
ture was used to reduce the signal to appropriate levels.
In the secondary ion column, the energy slit was wide
open (~100 eV) and the largest focal plane aperture (400
µm in diameter) was selected so that all secondary ions
(with various energies and directions of movement) were

evenly sampled. The entrance slit position was adjusted
to maximize secondary ion signals. The mass resolving
power was set to ~4000 which was enough for eliminat-
ing all significant interferences. The count rates for 24Mg
and 28Si were set to ~1 × 105 c/s, so that slight changes in
the dead time of the counting system do not affect the
isotopic ratios significantly. Charge-up of sputtered area
was detected by observing the secondary ion beam posi-
tion on the focal plane and offset voltage was applied to
compensate the charge-up effects. In the depth profile,
Si+ count rate showed complicated change during the first
~15 minutes of sputtering. First, a sharp peak in the count-
ing rate was observed, then a minimum at ~1/2 of the
peak count rate was observed. Then, another broad peak
was observed before a steady count rate was achieved.
Measurements were started after ~20 minutes of
presputtering when secondary ion signals became steady.
First Si isotopes were measured for 21 minutes then Mg
isotopes were measured for 17 minutes.

The quasi-simultaneous arrival effects reported by
Slodzian et al. (2001) need to be taken care of when meas-
urements were made by a counting system based on an
electron multiplier. The effect on the present measure-
ments is probably small because molar fractions of Si and
Mg in melilite are small (~0.1). Furthermore, since in-
trinsic mass fractionations were obtained from the differ-
ences between natural melilites and synthetic samples that
were measured under practically identical conditions, the
quasi-simultaneous arrival effects canceled out in the in-
trinsic mass fractionations.

Measurements were made at several locations (near
the rim, in the mantle and in the core; see Fig. 1) in the
CAIs. Al was measured together with Mg for Al-Mg age
determination. The Al measurements were made with a
Faraday cup whereas the Si and Mg measurements were
made with an electron multiplier. The reference values
for magnesium isotopic ratios (25Mg/24Mg = 0.12663 and
26Mg/24Mg = 0.13932) are taken from Catanzaro et al.
(1966). ∆25Mg and ∆26Mg are defined as differences from
the reference values in ‰ unit. The reference values for
Si have not been well established. For now we use the
values (29Si/28Si = 0.050633 and 30Si/28Si = 0.033474)
reported by Zinner (1989). ∆29Si and ∆30Si are defined as
differences from the reference values in ‰ unit. For this
choice of reference Si isotopic ratios, measured Si iso-
topic compositions do not plot exactly on the mass
fractionation line through the origin on the Si three iso-
tope plot, but rather plot slightly below the mass
fractionation line (see below). But this is not a problem
in this study because we only discuss variations along a
line of a slope 1/2.

Isotope fractionations of Si (hereafter F(Si)) were
obtained by projecting the isotopic compositions (∆29Si
and ∆30Si) onto the mass fractionation line of a slope 1/2
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on the three-isotope plot. (The slope of the fitting line to
all the Si data (CAI and synthetic) of this study is 0.51 ±
0.07 (1σ). A more precise slope (0.501) has been obtained
by Clayton et al. (1985). Because of the limited range of
the ∆30Si values (~12‰) in our data, a slight difference
in the estimated slope does not make much difference in
the Si fractionation values obtained by projection onto
the fitting line.) Similarly, isotope fractionations of Mg
(hereafter F(Mg)) of synthetic samples (akermanite,
gehlenite, Ak30 glass and Ak50 glass set together in a
holder) were obtained by projecting the isotopic compo-
sitions (∆25Mg and ∆26Mg) onto the mass fractionation
line. In the case of Mg in CAIs, because of the variable
amounts of excess 26Mg from 26Al decay, such projection
was not appropriate and ∆25Mg value itself was used as
F(Mg). (Also, in the case of Ak50 samples accompany-
ing the CAIs, ∆25Mg value itself was used as F(Mg) to
avoid any systematic error due to different handling of
the data between the CAIs and the standard samples.) The
advantage of using values projected onto the mass
fractionation line is reduced errors because errors in the
direction perpendicular to the fractionation line can be
ignored. Note that F values are nominal (intrinsic + in-
strumental) isotope fractionations relative to the reference
values. Intrinsic mass fractionations were calculated from
the differences in F values between the CAI and the stand-
ard sample. Excess 26Mg due to 26Al decay was calcu-
lated by δ26Mg = ∆26Mg – 2 × ∆25Mg.

Three kinds of errors of isotopic ratios are discussed
in the following sections. 2σ designates twice of stand-
ard deviation. This is used for 1) errors due to counting
statistics for each measurement (e.g., errors of F values
for one spot on CAI melilite) and 2) deviations around
the mean value for repeated (N times) measurements (e.g.,
deviations of F values for several spots on CAI melilite).
2σmean designates twice of the estimated error of a mean
value for repeated measurements, calculated by 2σmean =
2σ/N1/2. This indicates reliability of the estimated aver-
age value. Typical 2σ errors due to counting statistics for
F(Si) are 0.8 ‰/amu. Typical 2σ errors due to counting
statistics for F(Mg) in CAIs and synthetic samples are
1.1 ‰/amu and 0.5 ‰/amu, respectively.

RESULTS

The results of Si and Mg isotopic measurements of
synthetic samples that were set in a holder and measured
in a session under a virtually identical condition are sum-
marized in Table 1. Figures 2a and 2b show that the iso-
topic fractionations of Si and Mg are nearly constant
among these samples within the respective 2σmean values
(~1.0 ‰/amu for Si and ~0.5 ‰/amu for Mg). In other
words, matrix effects are not important among melilite

Sample Mean F(Si) ± 2σ
(‰/amu)

N* 2σmean

(‰/amu)
Mean F(Mg) ± 2σ

(‰/amu)
N* 2σmean

(‰/amu)

Ak100 –32.7 ± 0.8 4 0.4 –6.1 ± 1.4 7 0.5
Ak50 –33.9 ± 1.0 4 0.5 –6.9 ± 1.4 12 0.4
Ak30 –33.4 ± 0.9 4 0.4 –6.9 ± 1.2 6 0.5
Gehlenite –33.0 ± 1.4 2 1.0

Table 1.  Nominal (intrinsic + instrumental) Si and Mg isotope fractionations of syn-
thetic samples

*N = number of measurements.

Fig. 2.  (a) Si and (b) Mg isotope fractionations of synthetic
samples (akermanite and gehlenite crystals and glass samples
of Ak30 and Ak50 compositions) measured by SIMS. These are
due to instrumental mass fractionation. Error bars are 2σ due
to counting statistics. Nearly constant fractionations among
these samples suggest that fractionations do not depend on the
melilite composition.
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samples. Thus isotopic fractionations in CAI melilites
(after correcting for a standard melilite) are attributable
to intrinsic fractionation (e.g., due to evaporation) rather
than matrix effects.

The results for melilite in CAIs and accompanying
Ak50 samples are summarized in Table 2. The sample
numbers given in Table 2 correspond to the spots of SIMS
analysis on the CAI shown in Fig. 1. Tables 1 and 2 show
that the 2σ deviation of F(Si) for a synthetic sample is
less than 1.4 ‰/amu (the largest deviation for gehlenite
in Table 1). The 2σ of F(Mg) for a synthetic sample are
less than 2.8 ‰/amu (the largest deviation for Ak50 ac-
companying SH-1 in Table 2). These deviations of the F
values for a synthetic sample are somewhat larger than

those expected from the counting statistics of each meas-
urement. However, compared with the range of F(Si) ~ 5
‰/amu errors reported by Hua et al. (2001a) for a syn-
thetic sample, the present results seem more precise.

Four glass samples of Ak50 composition that were set
(not intentionally) differently in SIMS holders, were mea-
sured in this study (Tables 1 and 2). The average F(Si)
values (and 2σmean) for individual glass samples range
from –33.9 ± 0.5 to –36.4 ± 0.4 ‰/amu and the average
F(Mg) values (and 2σmean) range from –6.9 ± 0.4 to
–9.4 ± 0.5 ‰/amu. These data show that the variations in
the fractionations among the four samples cannot be ac-
counted by statistical deviations. This means that signifi-
cant instrumental mass fractionations occur among the

Sample* F(Si) ± 2σ** F(Mg) ± 2σ** δ26Mg ± 2σ Al/24Mg
(‰/amu) (‰/amu) (‰)

AL-2
mel-1 –33.0 ± 0.7 –0.3 ± 1.1 2.0 ± 2.4 6.8
mel-2 –34.2 ± 0.7 0.3 ± 1.1 1.5 ± 2.5 4.9
mel–3 –34.4 ± 0.7 –0.2 ± 1.1 2.2 ± 2.6 6.5
mel-4 –33.9 ± 0.8 –0.5 ± 1.3 4.6 ± 3.0 8.7
mel-5 –33.0 ± 0.7 –0.9 ± 1.1 2.3 ± 2.5 1.6
mel-6 –32.5 ± 0.8 –0.2 ± 1.5 4.2 ± 3.4 10.5
mel-7 –33.9 ± 0.7 1.2 ± 1.1 5.0 ± 2.6 8.9
mel-8 –33.6 ± 0.7 0.5 ± 1.1 1.8 ± 2.6 7.9
mel-9 –34.2 ± 0.7 0.1 ± 1.1 1.6 ± 2.6 7.6
Average (9) –33.6 ± 1.3 (0.4) 0.3 ± 1.3 (0.4) — —
Ak50 (6) –36.3 ± 0.9 (0.4) –9.3 ± 1.8 (0.7) — —

AL-9
mel-1 –34.5 ± 0.7 –6.0 ± 1.6 6.3 ± 3.8 26.8
mel-2 –36.8 ± 0.7 –5.0 ± 1.6 10.6 ± 3.7 30.5
mel–3 –36.2 ± 0.7 –3.7 ± 1.6 8.4 ± 3.8 28.3
mel-4 –36.7 ± 0.8 –6.0 ± 2.1 13.0 ± 4.8 49.2
mel-5 –36.9 ± 0.7 –4.3 ± 1.2 5.0 ± 2.8 14.2
mel-6 –34.3 ± 0.8 –4.8 ± 1.6 7.5 ± 3.8 23.9
Average (6) –35.7 ± 2.4 (1.0) –4.8 ± 1.9 (0.8) — —
Ak50 (7) –36.4 ± 1.1 (0.4) –9.4 ± 1.6 (0.5) — —

SH-1
mel-1 –33.7 ± 0.7 –0.8 ± 1.2 3.5 ± 2.6 10.3
mel-2 –34.5 ± 0.8 –1.8 ± 1.1 2.2 ± 2.6 9.1
mel–3 –34.0 ± 0.7 –0.8 ± 1.1 –0.7 ± 2.7 4.1
mel-4 –32.0 ± 0.7 –1.2 ± 1.1 2.4 ± 2.5 9.8
mel-5 –33.2 ± 0.7 0.2 ± 1.1 0.1 ± 2.6 4.1
mel-6 –32.5 ± 0.7 –1.6 ± 1.0 4.6 ± 2.4 6.9
mel-7 –31.7 ± 0.7 –1.8 ± 1.1 4.8 ± 2.6 10.4
mel-8 –31.1 ± 0.7 0.0 ± 1.1 3.5 ± 2.7 4.6
Average (8) –32.9 ± 2.4 (0.8) –1.0 ± 1.5 (0.5)
Ak50 (6) –34.8 ± 1.3 (0.5) –7.3 ± 2.8 (1.2)

Table 2.  Si and Mg isotopic compositions of CAIs and accompanying Ak50
samples

The 2σ error attached to each CAI datum is due to counting statistics.
*: Number of measurements is given in parenthesis.
**: Values in these columns are nominal (intrinsic + instrumental) isotopic fractionations relative to reference values. 2σmean errors of the
estimated mean values are given in parenthesis.
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samples that were set in SIMS holders (not intentionally)
differently. Thus, having a standard sample on the same
polished section together with a CAI is quite important.
We note in passing that the average F(Si) and the average
F(Mg) are well correlated among the four Ak50 samples.

In one case (Ak50 measured with SH-1), the devia-
tion of the Mg isotopic fractionation (2σ = 2.8 ‰/amu)
was considerably larger (>5×) than that expected from
counting statistics. Thus, there still remained some in-
strumental factors (other than setting of samples) that were
not well controlled in the present measurements. Never-
theless, the errors are generally small enough for the pur-
pose of this study. As will be shown later (Fig. 4c), in
this Ak50 sample, F(Mg) seems to be correlated with
F(Si).

As we mentioned already, the average F(Mg) for Ak50
glass samples set in different holders ranged from –6.9 to
–9.4 ‰/amu. These values are quite similar to those re-
ported by Fahey et al. (1987). But the agreement may be
fortuitous because the data by Fahey et al. (1987) were
obtained from the early stage of sputtering whereas our
data were obtained after a long presputtering period. The
instrumental Si isotope fractionation for Ak50 glass sam-
ples set in different holders ranged from –33.9 to –36.4
‰/amu, as we mentioned already. This is quite different
from that (–49.2 ‰/amu) reported by Fahey et al. (1987).
Such a difference is not unexpected because instrumen-
tal mass fractionations depend on the setting of the ion
microprobe (e.g., extraction voltage of secondary ions)
quite sensitively.

Mg isotopic compositions in CAIs are positively
fractionated relative to those in the Ak50 samples and
are nearly constant within each CAI (Table 2).

The Si isotopic compositions of CAIs and accompa-
nying Ak50 samples are shown in Fig. 3. On average, the
data points are located below the fractionation line. This
is probably due to the choice of the reference values of Si
isotopic compositions that appear not well established
(Zinner, 1989). F(Si) and F(Mg) in CAIs and accompa-
nying Ak50 samples are shown in Fig. 4. Figure 4 shows
that deviations of F(Si) and F(Mg) within a CAI are not
very large (≤2.4 ‰/amu for Si and ≤1.9 ‰/amu for Mg).
In particular, in the case of AL-2, 2σ deviations of F(Si)
and F(Mg) are both only ~1.3 ‰/amu. But the 2σ devia-
tions of Si isotope fractionations for AL-9 and SH-1 are
~2.4 ‰/amu, noticeably larger than that ~0.8 ‰/amu ex-
pected from counting statistics. These deviations of Si
isotopic fractionations could be due to intrinsic
fractionation within the CAIs. But in view of the exam-
ple (Fig. 4c) that a 2σ deviation that is larger than that
expected by counting statistics could happen even for a
standard sample, we consider that these deviations of
fractionations are due to variable instrumental
fractionation.

Fig. 3.  Nominal (intrinsic + instrumental) Si isotope
fractionation in (a) AL-2 and the accompanying Ak50 glass,
(b) AL-9 and the accompanying Ak50 glass and (c) SH-1 and
the accompanying Ak50 glass. In all cases, data points tend to
be plotted slightly below the fractionation line passing through
the reference value of Si (Zinner, 1989). Deviations of Si data
points for AL-9 and SH-1 are considerably larger than those
expected from counting statistics. However, based on a couple
of lines of evidence we argue that these deviations could be
due to instrumental fractionations.
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There are a couple of lines of evidence that support
this view.

1) F(Si) values at nearby spots are not well correlated.
For instance, in the case of AL-9, F(Si) = –36.9‰ of spot
#5 was the lowest value but a nearby spot #6 gave the
highest value of F(Si) = –34.3‰.

2) Also, there appear to be no significant differences
in the Si and Mg isotopic compositions at different loca-
tions of CAIs (core, mantle and near the rim). For in-
stance, the highest F(Si) value in SH-1 was observed in
the core (spot #8) whereas the second highest value was
observed near the rim (spot #7).

3) The F(Si) within a CAI is not correlated with the
F(Mg) (Fig. 4). Since F(Si) and F(Mg) should be corre-
lated if the fractionations resulted from vaporization, this
suggests that the deviations in the F(Si) in AL-9 and SH-
1 are not due to intrinsic fractionation. Also, no correla-
tion between the melilite composition and the isotope

Fig. 4.   Nominal ( intrinsic + instrumental)  isotopic
fractionations of Si and Mg in (a) AL-2 and the accompanying
Ak50 glass, (b) AL-9 and the accompanying Ak50 glass and
(c) SH-1 and the accompanying Ak50 glass. The deviations in
F(Si) and F(Mg) are not well correlated in AL-9 and SH-1. Also
note a relatively large deviation of F(Mg) for Ak50 accompa-
nying SH-1. This deviation is due to instrumental fractionation.

Fig. 5.  Intrinsic isotopic fractionations of (a) Si and (b) Mg
plotted against akermanite mole %. In both figures isotope
fractionations do not show significant dependence on
akermanite content. F(Si) values have been adjusted assuming
–0.28 ‰/amu for terrestrial samples.
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Fig. 7.  Al-Mg systematics in (a) AL-2, (b) AL-9 and (c) SH-1.
Data from synthetic glass samples are plotted on the y-axis.

Table 3.  Intrinsic Si and Mg isotope fractionations and in-
ferred initial 26Al/27Al in CAIs

*: Errors represent 2σ deviations. 2σmean errors of the mean values
are given in parenthesis.
Uncertainties of the isotopic compositions of synthetic samples (~0.3
‰/amu for Si and ~2 ‰/amu for Mg) are not propagated to the errors
shown in this table.

Fig. 6.  Relationship between average intrinsic isotopic
fractionation of Mg and Si for three CAIs obtained by SIMS in
this study together with literature data (Grossman et al., 2000).
The Si fractionation values of both literature data and the
present data are shifted upward by 0.28 ‰/amu.

Sample Si* Mg* (26Al/27Al)0

(‰/amu) (‰/amu)

AL-2 2.9 ± 1.6 (0.6) 9.6 ± 2.1 (0.8) (3.8 ± 1.7) E-05
AL-9 1.0 ± 2.6 (1.1) 4.6 ± 2.5 (0.9) (3.6 ± 0.7) E-05
SH-1 2.2 ± 2.7 (1.0) 6.4 ± 3.2 (1.3) (5.3 ± 2.3) E-05

fractionated by ~–0.28 ‰/amu relative to the reference
value (Grossman et al., 2000). Therefore, Si isotopic data
of CAIs discussed in Grossman et al. (2000) were ad-
justed upward by 0.28 ‰/amu. We also assumed this
–0.28 ‰/amu for our synthetic samples. The uncertainty
of the Si isotopic fractionation in our synthetic samples
may be ~0.3 ‰/amu.

fractionations was observed (see Fig. 5 and Al/24Mg in
Table 2).

Thus we consider that both Si and Mg isotopic com-
positions within each CAI are essentially constant for all
three CAIs studied here. Although, detailed documenta-
tion of Si- and Mg-isotopic homogeneity of CAIs were
scarce, it is possible that a majority of CAIs have homo-
geneous isotopic compositions. If, in spite of the above
argument, the 2σ deviations of F values within a CAI are
intrinsic, then the data in Table 2 suggest that the intrin-
sic deviations (2σ) of up to 2.4 ‰/amu for Si and up to
1.9 ‰/amu for Mg are present in the CAIs.

From the differences in the average isotopic compo-
sitions between CAIs and the accompanying Ak50 sam-
ples, intrinsic isotope fractionations of Si and Mg were
calculated (Table 3). We do not know the exact isotopic
compositions of the synthetic samples. In the case of Si,
meteorites and terrestrial samples seem to be generally



Isotope fractionations in CAIs 413

In the case of Mg, natural terrestrial materials seem
to have well restricted isotopic compositions (Catanzaro
and Murphy, 1966). But synthetic metallic Mg seems to
have larger mass fractionations (Galy et al., 2001). We
assumed 0.0 ‰/amu for the Mg isotope fractionation in
our synthetic samples. According to the literature values
of Mg isotopic composition in terrestrial materials
(Catanzaro and Murphy, 1966; Galy et al., 2001) the un-
certainty of Mg isotopic fractionation in our synthetic
samples may be as large as 2 ‰/amu.

As shown in Fig. 6, Si and Mg in these CAIs are
isotopically heavy and Si and Mg fractionations are cor-
related. It can be seen that the isotopic fractionations ob-
tained by SIMS in this study agree quite well with litera-
ture values obtained by bulk analyses.

Inferred initial 26Al/27Al values of the CAIs are given
in Table 3. Al-Mg isochron diagrams for melilite of the
three CAIs are shown in Fig. 7. The isochron was fairly
well determined for AL-9 because of low-Mg concentra-
tions in the melilite. Precisions of the inferred 26Al/27Al
ratios for AL-2 and SH-1 are not as good due to the lim-
ited ranges in the Al/24Mg ratios. The inferred 26Al/27Al
ratios in melilite in these CAIs are nearly identical with
the canonical value (5 × 10–5) within the 2σ errors (Table
3).

DISCUSSION

Si and Mg in the three CAIs are isotopically heavy,
suggesting that these CAIs experienced evaporative loss
of these elements. The average Si and Mg isotope
fractionations for each CAI are positively correlated and
agree well with those obtained by analyses of bulk CAIs
(Clayton et al., 1988). Si and Mg isotope fractionations
resulting from evaporative loss of Si and Mg from high-
temperature condensates were studied in detail by
Grossman et al. (2000). The isotopic fractionations of Si
and Mg in the present CAIs correspond to losses of 5–
20% of Si and 20–40% of Mg.

The model of Grossman et al. (2000) predicted that
type A inclusions should record smaller Si isotope
fractionations than type B inclusions for a given amount
of Mg isotope fractionation. So far, such a difference in
Si isotope fractionations between type A and type B in-
clusions has not been observed. Certainly, more isotopic
data are needed to find out if there are significant iso-
topic differences between type A and type B inclusions.

Grossman et al. (2002) presented an advanced model
of formation of coarse-grained CAIs, by incorporating
cooling history of a CAI melt. Assuming that the CAI
melt continued to evaporate during the cooling stage of
the CAI formation, it was predicted that late-forming
melilite (which is Mg-rich) should have more fractionated
Si and Mg isotopic compositions. (Note that in this model,

melt is assumed to be homogeneous.) According to this
model, Mg isotope fractionations in a CAI range from a
couple of ‰/amu to more than 10 ‰/amu, depending on
various parameters. The present study, however, showed
that the Si and Mg isotopic compositions are nearly con-
stant within each CAI, and no correlation between the
melilite composition and the isotope fractionations was
observed (Fig. 5 and Al/24Mg in Table 2). In particular, it
seems not possible to produce unzoned fractionation of
F(Mg) and F(Si) observed in AL-2 by the model of
Grossman et al. (2002).

A possible explanation for this isotopic homogeneity
within each CAI may be reduction of the surface area of
melt during cooling of CAIs. As already discussed by
Grossman et al. (2002), the surface of CAI melt may be
covered with solid spinel and/or melilite, which prevents
further evaporation from the melt.

Another possible explanation for the isotopic homo-
geneity of CAIs provided by Grossman et al. (2002) was
multiple melting events experienced by CAIs. The argu-
ment is based on high Na concentrations in some CAIs
(MacPherson and Davis, 1993). Since a significant
amount of Na is not expected to remain in a melt from
which ~20% of Si and Mg evaporated, it was suggested
that Si and Mg isotope fractionations may have been es-
tablished in an earlier melting event before incorporation
of Na. MacPherson and Davis (1993) showed that in a
remelted CAI, Na and Mg concentrations show a good
correlation due to fractional crystallization. We examined
present CAIs for remelting signature and did not find good
evidence for it. Na concentrations in the melilite were
not very high and did not correlate with Mg concentra-
tions but seem to be relatively high in areas near altera-
tion products. Thus, present CAIs are considered not to
have been remelted.

Another possible explanation for the isotopic homo-
geneity of CAIs that cannot be, a priori, ruled out, is iso-
tope homogenization by later metamorphic events. How-
ever, 26Mg heterogeneity is preserved in the melilite in
these CAIs (Fig. 7). Also, Mg self-diffusion is expected
to be as slow as the MgSi-AlAl inter-diffusion in melilite
(Morioka and Nagasawa, 1991). Since chemical hetero-
geneity of melilite is well preserved in melilite in the
CAIs, i t  is  unlikely that the constant isotopic
fractionations in the CAIs resulted from metamorphic
events.

Thus, we consider that reduced surface area of liquid
during cooling of CAIs is the most plausible explanation
for the lack of zoning of isotopic compositions in these
CAIs. In contrast to these CAIs, a couple of CAIs are
known to have isotope zoning, lighter isotopic composi-
tions in the interior and heavier isotopic compositions in
the region near the rim (E40 studied by Goswami et al.,
1994; Vigarano 1623-5 studied by Davis et al., 1991).
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Such zoning may be explained by the model of Richter et
al. (2002). In this model, depending on the choice of the
parameters, evaporation of Mg and Si could be very fast
compared with diffusion of these elements in the melt,
resulting in both compositional and isotopic zoning in the
melt. (This is in contrast with the model of Grossman et
al. (2002) where the melt is always homogeneous both
compositionally and isotopically.) Goswami et al. (1994)
showed that the melilite in the CAI (E40) is both
compositionally and isotopically zoned from the rim to
the interior. In contrast, no large scale zoning of the
melilite composition from the rim to the core across the
melilite mantle was observed in the present CAIs.

Quick evaporation of Si and Mg is possible under a
high ambient H2 pressure. Under lower H2 pressures,
evaporation is slow and it is possible to have nearly ho-
mogeneous isotopic and chemical compositions in the
melt by diffusive homogenization. According to Richter
et al. (2002), the absence of isotopic zoning in the present
CAIs suggests that H2 pressure was less than ~10–4 bars
during the heating event. During cooling of CAIs, sur-
face area of liquid may be reduced by formation of solid
spinel and/or melilite, preventing further evaporation and
isotope fractionation in late crystallizing melilite. The
model of Richter et al. (2002) is attractive in the sense
that both isotopic homogeneity and heterogeneity can be
explained by adopting different ambient H2 pressures. The
Al-Mg ages of these CAIs suggest that the Mg isotopic
fractionation was established when the coarse-grained
CAIs were initially formed.

CONCLUSIONS

Si and Mg isotopic compositions in melilite in syn-
thetic samples and three coarse-grained CAIs were mea-
sured. The isotopic fractionations of Si and Mg measured
by SIMS are nearly constant for the synthetic melilite
samples. Thus isotopic fractionations in CAI melilite (af-
ter correcting for a standard melilite) are attributable to
intrinsic fractionation (e.g., due to evaporation) rather than
matrix effects.

Si and Mg in the three CAIs are isotopically heavy
and the isotope fractionations are fairly well correlated,
suggesting that these CAIs experienced evaporative loss
of these elements. The average Si and Mg isotopic
fractionations in each CAI fit well in the range obtained
by bulk measurements (Clayton et al., 1988). These iso-
topic compositions are well explained by the model of
Grossman et al. (2000) where coarse-grained CAIs were
formed by heating high-temperature condensates.

The Si and Mg isotopic compositions of melilite are
virtually constant within each CAI studied here. In con-
trast, there are a couple of CAIs that were reported to
show isotopic zoning. These disparate observations sug-

gest that H2 partial pressure was variable either spatially
or temporally during formation of coarse-grained CAIs.
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