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ABSTRACT
We have studied more than 2000 presolar silicon carbide (SiC) grains from the Murchison CM2 chondrite in the size
range 0.2–0.5 μm for C- and Si-isotopic compositions. In a subset of these grains, we also measured N-, Mg–Al-,
S-, and Ca–Ti-isotopic compositions as well as trace element concentrations. The overall picture emerging from
the isotope data is quite comparable with that of larger grains, except for the abundances of grains from Type II
supernovae (SNeII) and low-metallicity asymptotic giant branch (AGB) stars. Especially, the latter are much more
abundant among submicrometer-sized grains than among micrometer-sized grains. This implies that SiC grains
from lower-than-solar-metallicity AGB stars are on average smaller than those from solar metallicity AGB stars
which provided the majority of presolar SiC grains. We identified five grains with large enrichments in 29 Si (up
to 3.5× solar) and 30 Si (up to 3.9× solar in three of these grains). These grains are most likely from SNeII. The
isotopically light S (32 S/34 S of 2× solar) together with the heavy Si in one of these grains suggests that molecule
formation precedes macroscopic mixing and dust formation in SNII ejecta. This adds to the complexity of SN
mixing calculations and should be considered in future studies. In total, about 2% of the presolar SiC grains in the
size range 0.2–0.5 μm appear to come from SNeII. This is about a factor of 2 higher than for micrometer-sized
grains and suggests that SNeII, on average, produce smaller SiC grains than solar metallicity AGB stars. The high
29
Si/30 Si ratio in one of the SN grains suggests that current SN models underestimate the 29 Si production in the
C- and Ne-burning regions by about a factor of 2. It is shown that with this adjustment the solar 29 Si/28 Si ratio can
be well reproduced in Galactic chemical evolution models and that a merger of our Galaxy with a low-metallicity
satellite some 1.5 Gyr before solar system formation could account for the slope 1.3 of the Si mainstream line.
Key words: circumstellar matter – Galaxy: evolution – nuclear reactions, nucleosynthesis, abundances – stars:
AGB and post-AGB – supernovae: general
Online-only material: color figure
Alexander 2003). A large number of grains were also analyzed
for the isotopic compositions of, e.g., Mg–Al, Ti, Fe, and Ni
(Hoppe et al. 1994; Huss et al. 1997; Zinner et al. 2007; Marhas
et al. 2008). Complementary measurements by Resonance Ionization Mass Spectrometry (RIMS) have provided isotope data
on several heavy elements, such as Sr, Zr, Mo, and Ba (Nicolussi
et al. 1997, 1998a, 1998b; Savina et al. 2003). Based on the C-,
N-, and Si-isotopic compositions, SiC was divided into several
distinct populations: The mainstream (MS) grains, which comprise about 90% of all SiC grains, and the minor type AB, X, Y,
Z, and nova grains. It is now well established that the majority of
grains, namely, the MS grains, formed in the winds of 1.5–3 M
asymptotic giant branch (AGB) stars of about solar metallicity
(Lugaro et al. 2003; Zinner et al. 2006). Important arguments
in favor of such stars are the C-isotopic ratios as well as the
imprints of s-process nucleosynthesis in the isotopic patterns of
heavy elements in the MS grains. AGB stars of lower than solar metallicity have been proposed as sources for the Y (Amari
et al. 2001a) and Z (Hoppe et al. 1997) grains. The origin of
the AB grains is still a matter of debate; among the proposed
stellar sources are J-type carbon stars and born-again AGB stars
(Amari et al. 2001b). The X grains are thought to come from
Type II Supernovae (SNeII). These grains exhibit higher than solar 12 C/13 C (mostly) and lower than solar 14 N/15 N and 29,30 Si/
28
Si ratios, and they show large excesses in 26 Mg, 44 Ca, and 49 Ti
due to the decay of radioactive 26 Al, 44 Ti, and, at least in part,
49
V (Amari et al. 1992; Nittler et al. 1996; Hoppe et al. 2000;

1. INTRODUCTION
Primitive meteorites, interplanetary dust particles, and matter
from comet Wild 2 contain small concentrations of so-called
presolar grains (Lodders & Amari 2005; Zinner 2007; Hoppe
2008). These pristine samples are older than our solar system
and characterized by large isotopic anomalies in the major and
minor/trace elements. After the first identification of presolar
grains in the late 1980s (Bernatowicz et al. 1987; Lewis et al.
1987), it was quickly realized that these grains represent a sample of stardust that can be analyzed in the laboratory with high
precision for isotopic compositions, chemistry, and structure.
These studies have provided a wealth of information on different astrophysical aspects, such as stellar nucleosynthesis and
evolution, mixing in supernova ejecta, Galactic chemical evolution (GCE), grain formation in circumstellar environments,
and the inventory of stars that contributed dust to the interstellar
gas and dust cloud from which our solar system formed some
4.6 Gyr ago.
Among the identified presolar minerals are diamond, silicon carbide (SiC), graphite, silicon nitride (Si3 N4 ), refractory oxides, e.g., corundum and other forms of Al2 O3 and
spinel (MgAl2 O4 ), and various silicates. SiC is by far the
best-characterized presolar mineral. Thousands of individual grains have been studied for C-, N-, and Si-isotopic
compositions by Secondary Ion Mass Spectrometry (SIMS;
e.g., Hoppe et al. 1994, 1996; Huss et al. 1997; Nittler &
1370
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Figure 1. SEM pictures of presolar SiC grains from Murchison separate KJB (Amari et al. 1994).

Hoppe & Besmehn 2002; Besmehn & Hoppe 2003; Lin et al.
2010).
As pointed out above, lots of isotope data exist for presolar SiC. However, most of these data are for micrometersized grains whereas comparably little information exists on
submicrometer-sized grains. The latter represent most of the
mass of presolar SiC, e.g., about 75% in Murchison (Amari et al.
1994). A comprehensive characterization of submicrometersized SiC grains is thus important to get a complete picture
of SiC formation. First NanoSIMS studies of submicrometersized SiC grains revealed much higher abundances of the rare
and highly interesting Z grains compared to the larger grains
(Zinner et al. 2007) and identified a grain with unusual Siisotopic composition (Hoppe et al. 2009a).
Here, we report on a comprehensive NanoSIMS study
of submicrometer-sized SiC grains from the Murchison
separates KJA and KJB (0.2–0.5 μm; Amari et al. 1994). More
than 2000 grains were measured for C- and Si-isotopic compositions. A subset of the grains was also studied for the isotopic
compositions of N, Mg–Al, S, and Ca–Ti, and for trace element
abundances (Zr, Mo, Ba, Nd). The goals of these measurements
were as follows.
1. To extend isotope measurements to even smaller SiC grains
than those studied by Zinner et al. (2007) and to compare
the general picture emerging from the C, N, Si, and Mg–Al
isotope data of submicrometer-sized SiC grains with that
of micrometer-sized grains.
2. To search for grains with unusual isotopic compositions.
Such rare grains are naturally of great interest because they
permit us to get insights into specific aspects of stellar
nucleosynthesis and evolution, mixing in the ejecta of
stellar explosions, and GCE.
3. To explore the relationship between Si-isotopic signatures
and abundances of heavy s-process elements in the Y and Z
grains. These data are already discussed in Hoppe et al.

(2009b), and we will only briefly deal with this issue
here.
2. EXPERIMENTAL
Thousands of grains from Murchison separates KJA and KJB
(Amari et al. 1994) were transferred in an isopropanol suspension to clean Au foils. The KJA and KJB samples consist of
∼90% and ∼97%, respectively, of SiC. Grain sizes are typically
between 0.2 and 0.5 μm. Selected SiC grains from separate KJB
are shown in Figure 1. Prior to the isotope and trace element
studies, both mounts were scanned with low magnification in
the Leo 1530 FE-SEM at the Max Planck Institute for Chemistry
to search for regions with grain densities suitable for automated
ion imaging with the NanoSIMS (see below). Our NanoSIMS
measurements were conducted in two different modes, a single grain study of selected grains and automated studies of a
large number of single grains by ion imaging. Table 1 gives an
overview on the isotope and trace element analyses.
2.1. Ion Imaging
Systematic C and Si isotope measurements were done on
the KJA and KJB mounts by the fully automated ion imaging
procedure developed for the Cameca NanoSIMS 50 at the Max
Planck Institute for Chemistry (Gröner & Hoppe 2006). In
this way, 1411 SiC grains were identified and analyzed on
the KJB mount (in two series) and another 615 SiC grains
on the KJA mount. Prior to its application to presolar SiC
grains, the procedure was tested on ∼1 μm sized synthetic SiC
grains. Grain-to-grain reproducibilities of 13 C/12 C and 29,30 Si/
28
Si ratios are typically about 1% (Figure 2), which is sufficient
for the analysis of presolar grains. The general setup for the
analysis of the KJA and KJB grains can be described as follows:
in a first step, simultaneous ion images of 12 C− , 13 C− , 28 Si− ,
29 −
Si , and 30 Si− , produced by rastering a focused Cs+ beam
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Figure 2. Histograms of δ 13 C, δ 29 Si, and δ 30 Si values of synthetic SiC grains measured by NanoSIMS ion imaging (Gröner & Hoppe 2006). Grain-to-grain
reproducibilities are on the order of 10‰.
Table 1
Isotope and Trace Element Measurements on Murchison KJA and KJB Grains
Measurement Mode

C

Si

N

Mg–Al

Single KJB grains
Ion imaging (KJB, series 1)
Ion imaging (KJB, series 2)
Ion imaging (KJA)
Ion imaging—selected grains

98
925
486
615

88a,b
925
486
615

89a

47

Total

2124

2114

105

16
47

S

Ca–Ti

Trace Elements

1

2

55

1

2

55

Notes.
a 9 grains (out of 98 analyzed) excluded from data set due to too large shifts of CN and Si mass peaks.
b One grain excluded because of nearby Si contamination.

(100 nm, ∼1 pA) over areas 30 × 30 μm2 in size (integration
time ∼15 minutes), were taken and SiC grains identified on
the basis of the 28 Si ion image; in the second step, the Cs+
beam was deviated onto identified SiC grains and rastered over
areas around the grains with lateral length of 2× the grain size
(defined at the 10% of the maximum 28 Si intensity). In the
“normal” data acquisition mode, only the integrated secondary
ion intensities were recorded for each grain. For a subset of the
KJB measurements (including two unusual grains, see below),
however, the data of individual SiC grains were recorded with
image information (∼100 nm resolution). The integration time
per grain was set to 60 s, which allowed us to get sufficiently
precise C- and Si-isotopic ratios. And, finally, the sample stage
is moved to an adjacent position and the whole procedure starts
with step 1. In total, we analyzed 236 areas on the KJB mount
and 164 on the KJA mount. Synthetic SiC was used as isotope
standard.
2.2. Isotope Measurements on Selected SiC Grains
Ninety-eight randomly selected SiC grains from separate KJB
were measured for C-, N-, and Si-isotopic compositions and
a subset of these grains also for Mg–Al. Negative secondary
ions of 12 C, 13 C, 12 C14 N, 12 C15 N, 28 Si, 29 Si, and 30 Si, produced
by bombarding the samples with a defocused (0.5–1 μm) or
rastered (0.8 × 0.8 μm2 ) Cs+ beam (< 1 pA), were measured
in a combined multi-collection/peak-jumping mode using three
magnetic field steps. Synthetic SiC doped with N was used
as isotope standard. The Mg–Al isotope measurements were

made with a rastered (0.8 × 0.8 μm2 ) primary O− beam
(∼300 nm, 10–15 pA) and positive secondary ion intensities
of 24 Mg, 25 Mg, 26 Mg, 27 Al, and 28 Si were recorded in multicollection. NIST SRM611 glass and spinel grains of solar
system origin from the Murray meteorite (Zinner et al. 2005)
were used as isotope and element abundance standards. Most
studied KJB grains show large excesses in 26 Mg that can be
attributed to the decay of radioactive 26 Al. Inferred initial
26
Al/27 Al ratios were calculated from 26 Al/27 Al = δ 26 Mg/
1000 × (26 Mg/24 Mg) /(27 Al+ /24 Mg+ ) × ε(Al+ )/ε(Mg+ ). The
relative sensitivity factor ε(Al+ )/ε(Mg+ ) was determined as 1.56
from measurements on the Murray spinel grains. This value is
within the range obtained from other studies (Hoppe et al. 2000;
Zinner et al. 2005). To infer Al concentrations in the SiC grains,
we measured the relative Al+ /Si+ sensitivity factor in NIST
SRM611 glass which gave a value of 4.
Another 16 grains (15 of which are KJB AB grains and one
unusual KJA grain) selected from ion imaging were measured
for N-isotopic compositions and one unusual KJB grain also for
Ca–Ti and one unusual KJA grain for S and Ca–Ti. The N isotope
measurements on the 15 KFB grains followed the procedure as
outlined above except that 29 Si and 30 Si were not measured
and that no peak jumping was required. Four unusual KJA
grains were re-measured for C- and Si-isotopic compositions
with high spatial resolution in the image mode (2 × 2 μm2 )
using the multi-collection setup as described in Section 2.1.
In addition, for one of these grains, N was measured together
with S. These measurements were done with the Cs+ primary
ion source (100 nm, <1 pA) and multi-collection by analyzing

No. 2, 2010

SMALL PRESOLAR SiC GRAINS
500

SiC populations
KJG (1.8-3.7 m)
IH6 (0.25-0.65 m)
KJB (0.3-0.5 m)
KJA (0.2-0.5 m)

1373
KJE/KJG/KJH
Murchison-Nit03

400
300

Mainstream

200
100
0

Number of grains

Type AB

Type X

KJB

200

100

0
KJA

Type Y
80

40

Type Z

0

1

10

1

100

Abundance (%)
Figure 3. Abundances of the populations of presolar SiC with different sizes.
Data sources: Hoppe et al. (1994) for Murchison KJG, Zinner et al. (2007)
for Indarch IH6, and this study for Murchison KJA and KJB. The hatched bar
represents an upper limit on Z grains in Murchison KJG.

negative secondary ions of 12 C14 N, 12 C15 N, 28 Si, 32 S, and 34 S
in the image mode (2 × 2 μm2 ). C-, N-, Si-, and S-isotopic
ratios were normalized to measurements on the N-doped SiC
standard. This sample also contained sufficient S, which was
used as reference for the 34 S/32 S ratio. Since S ionizes very
well, it is subject to the QSA effect (Slodzian et al. 2001).
However, for the measurements described here, QSA affects
S isotope ratios by less than 1‰ and can be neglected. The
experimental details of the Ca–Ti measurements are described
in Hoppe et al. (2009a). Calcium-rich grains on the KJB mount
and, respectively, the N-doped SiC sample were used as Ca
isotope standards.
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Figure 4. Histograms of 12 C/13 C ratios of presolar SiC grains. SiC grains from
KJE/KJG/KJH and Murchison-Nit03 are micrometer-sized, those from KJB
and KJA are submicrometer-sized. Data sources: Hoppe et al. (1994, 1996)
for KJE/KJG/KJH, Nittler & Alexander (2003) for Murchison-Nit03, and this
study for KJB and KJA. The dotted line represents the solar 12 C/13 C ratio.
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Selected KFB Y and Z grains as well as several MS grains
identified by ion imaging were measured for Zr, Mo, Ba, and
Nd concentrations. The experimental details and results of these
measurements are given in Hoppe et al. (2009b).
3. RESULTS
The results of the isotope measurements on KJA and KJB
grains are summarized in Tables 2 and 3 and displayed in
Figures 3 (SiC populations), 4 and 5 (C and N), 6 and 7
(Mg–Al), 8, 9, and 12 (Si), and 10 (C and Si).
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Figure 5. C- and N-isotopic ratios of presolar SiC grains from Murchison
separates KJA and KJB. The different SiC populations are shown by different
symbols. The solar ratios are indicated by the dotted lines. The gray-shaded area
represents predictions for a solar metallicity 1.5 M AGB star with consideration
of CBP (Nollett et al. 2003).

3.1. SiC Populations
For the classification of the KJA and KJB grains of this study,
we have used the following definition: (1) MS: 12 C/13 C =

10–100 and Si along MS line (δ 29 Si = 1.37 × δ 30 Si−20; Zinner
et al. 2007); (2) AB: 12 C/13 C  10 and Si along MS line; (3)
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Table 2
Abundances of Presolar SiC Populations
Population Size

KJB (0.3–0.5 μm)
No. of

Mainstream
A&B
X
Y
Z
Nova & unusual

Grainsa

84/813/415
7/29/11
1/8/12
2/22/13
4/51/34
0/2/1

IH6b (0.25–0.65 μm)

KJA (0.2–0.5 μm)

KJGc (1.8–3.7 μm)

(%)

No. of Grains

(%)

(%)

(%)

86.9
3.1
1.4
2.5
5.9
0.2

533
23
7
22
25
5

86.7
3.7
1.1
3.6
4.1
0.8

79.6
4.9
1.5
6.4
7.6

> 88.9
5.6
1.0
3.9
<0.6d

Notes.
a Single grain measurements/ion imaging (series 1)/ion imaging (series 2).
b Data from Zinner et al. (2007).
c Data from Hoppe et al. (1994).
d No actual Z grains found; upper limit represents one grain.
Table 3
KJA and KJB Grains with Unusual Isotopic Compositions
Grain

A
B
C
D
E

KJA1-4-9-6
KJB2-11-17-1
KJA1-2-11-2
KJA1-1-16-15
KJB2-11-8-11

A
B
C
D
E

KJA1-4-9-6
KJB2-11-17-1
KJA1-2-11-2
KJA1-1-16-15
KJB2-11-8-11

12 C/13 C

368
265
387
79
390

±
±
±
±
±

53
14
8
3
40

δ 44 Ca (‰)
40 ± 19
10 ± 76

14 N/15 N

43 ± 1

44 Ti/48 Ti

δ 29 Si (‰)
263
634
1362
1811
2530

±
±
±
±
±

43
20
7
38
62

δ 30 Si (‰)
−185
−177
1245
2882
2108

±
±
±
±
±

48
18
9
56
70

δ 34 S (‰)

δ 42 Ca (‰)

−517 ± 88

−14 ± 16
383 ± 158

(10−2 )

1.8 ± 0.9

10 6

101

Murchison KJB

Murchison KJB
10 5

10

solar

Number

MS
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Z
X

0

Al/27Al
26

10 3
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10
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X
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Figure 6. Magnesium-26 excesses in permil relative to solar isotopic abundances
as a function of the measured 27 Al+ /24 Mg+ ratio in different types of presolar
SiC grains from Murchison separate KJB. Except the X grain, the data points
fall roughly along a line, indicative of only relatively small variations (within a
factor of 10) of initial 26 Al/27 Al ratios.

Figure 7. Inferred initial
ratios as a function of 12 C/13 C ratios in
different populations of presolar SiC grains from Murchison separate KJB. The
solar 12 C/13 C ratio is indicated by the dotted line. One data point actually
represents two grains that are attached to one another. The gray-shaded area
represents model predictions for 1.5 and 2 M AGB stars with metallicities
1/3, 1/2, and 1× solar (w/o CBP; Zinner et al. 2007).

X: δ 29,30 Si  −100‰ or δ 29 Si  −200‰; (4) Y: 12 C/13 C 
100 (excluding X grains); (5) Z: −200‰ < δ 29 Si < 0 and Si
on 30 Si-rich side of MS line (deviation >3σ ); (6) Nova: 12 C/

13

C  10, 14 N/15 N  20, and Si on 30 Si-rich side of MS line
(deviation >3σ ). We note that grains classified as nova grains
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(MS) line is shown for comparison (δ 29 Si = 1.37 × δ 30 Si − 20; Zinner et al.
2007). For clarity, only data with errors of less than 20‰ are shown (except one
X grain and the unusual grain).

are not necessarily all from novae, since grains with very low
12
C/13 C and 14 N/15 N ratios with likely SNeII origin have been
found (Nittler & Hoppe 2005). Several grains are outside of this
classification scheme and are marked as “unusual” in Figures 8
and 9. Five of these grains will be discussed in detail below.
The calculation of the abundances of the different populations
is based on the study of 98 randomly selected grains and of
1411 KJB and 615 KJA grains identified by ion imaging. The
abundances of MS (close to 90%), AB and Y (a few percent
each), and X grains (∼1%) are similar to previously observed
abundances over a wide size range (see Table 1 and Figure 3;
Hoppe et al. 1994, 1996; Nittler & Alexander 2003; Zinner et al.
2007). However, the abundance of Z grains (4%–6%) is much
higher than among micrometer-sized grains. This confirms the
observation by Zinner et al. (2007) who found that Z grains
make up about 8% of submicrometer-sized SiC grains from the
enstatite chondrite Indarch. Only one nova grain was found,
confirming the very low abundance of such grains among
presolar SiC. However, a relatively large fraction of KJA grains
(0.8%) and about 0.2% of KJB grains is classified as unusual
and these grains are of particular interest.
3.2. Carbon and Nitrogen Isotopes
In Figure 4, we present the 12 C/13 C ratios of the KJA and
KJB grains in histograms along with data for micrometer-sized
grains. The 12 C/13 C ratios vary between 2 and >1000 with most
grains having 12 C/13 C ratios between 40 and 70. This is fully
compatible with what has been observed for larger grains. The
KJA histogram reveals a second, smaller peak around 12 C/13 C
= 20. This value is particularly interesting as it represents the
12
C/13 C ratio after the first and second dredge-up in red giant
stars (Boothroyd & Sackmann 1999). However, inspection
of selected KJB ion images and SEM studies suggest that
about 30% of our measurements were done on multi-grain

MS
AB
Y
Z
X
unusual
Nova

E

D
C

1000

29

Si (‰)

Si (‰)

0

1375

B

MS line

A

0
Murchison
KJA + KJB

-1000
-1000

0
30

1000
Si (‰)

2000

3000

Figure 9. Silicon-isotopic compositions of presolar SiC grains from Murchison
separates KJA and KJB. This plot is an extension of Figure 8 which also includes
grains with extreme isotopic compositions. The five grains labeled A–E have
unusual isotopic compositions and are discussed in the text.

assemblages and the simultaneous measurement of one AB grain
together with one, two, or three MS grains could account for
12
C/13 C ratios around 20. The mass-weighted average of 12 C/
13
C ratios of KJA/KJB grains measured by ion imaging is 38.9
± 1.9, in very good agreement with the ratios of KJA/KJB bulk
(= aggregates of grains) samples (Amari et al. 2000). The C–N
isotope plot (Figure 5) shows the well-known picture from the
study of larger SiC grains: AB grains have both isotopically
light and heavy N; the MS grains have predominantly light N;
Y and Z grains have light N; and X grains heavy N. 12 C/13 C
ratios of X grains are between 13 and 1200. If we consider only
those X grains for which contributions from nearby or attached
SiC grains can be excluded, then about 40% of our X grains
have 12 C/13 C < 100 (Figure 10). This is in between the 62%
observed for micrometer-sized grains by Nittler & Alexander
(2003) and the abundance inferred from the study of Hoppe
et al. (2000) who found 28% of X grains with 12 C/13 C < 100.
3.3. Magnesium–Aluminum
Out of the 47 KJB grains studied for Mg–Al, 38 are MS grains,
6 are AB grains, 2 are Z grains, and 1 is an X grain. Forty-six of
these grains have 25 Mg/24 Mg ratios, which are within 2σ of the
solar ratio. The mass-weighted average of all grains is δ 25 Mg =
5‰ ± 13‰. Forty-two grains have excesses in 26 Mg of more
than 2σ . 26 Mg/24 Mg ratios are up to 100× the solar ratio (Figure 6). Because of the normal 25 Mg/24 Mg ratios and the magnitude of 26 Mg excesses, the excesses in 26 Mg are best explained
by the decay of radioactive 26 Al (half life ∼700,000 yr). Estimated Al concentrations vary between 0.2 and 14 wt.%. Except
for the X grain, δ 26 Mg values exhibit a rough positive correlation
with 27 Al+ /24 Mg+ (Figure 6). This indicates only a limited range
of initial 26 Al/27 Al ratios. For a given 27 Al+ /24 Mg+ , δ 26 Mg
varies by about a factor of 10 which means variations of initial
26
Al/27 Al ratios by the same factor for most grains. Figure 7
shows the inferred 26 Al/27 Al ratios as a function of 12 C/13 C. Except for one measurement, the MS and Z grains have 26 Al/27 Al
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Si-isotopic signature similar to grain C was found as subgrain
within presolar graphite (Croat et al. 2010). Just recently, two
more submicrometer-sized SiC grains with large enrichments in
29
Si and 30 Si (by factors between 1.7 and 2.6) have been found
(Zinner et al. 2010; Gyngard et al. 2010).
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Figure 10. Delta-30 Si as a function of 12 C/13 C of SiC grains from Murchison
separates KJA and KJB. The unusual grains C–E are off-scale. The two different
symbols of X grains indicate high spatial resolution imaging data (gray) and,
respectively, data obtained in the “normal” measurement mode (black); see the
text for details. Solar isotopic compositions are indicated by the dashed lines.

ratios between 3 × 10−4 and 3 × 10−3 . One data point plots at
26
Al/27 Al = 6 × 10−3 . This measurement comprises contributions from two MS grains (12 C/13 C = 28 and 50), which could
be spatially resolved for the C, N, and Si isotope analysis with
the Cs source but not for Mg–Al because of the larger beam
size of the oxygen source. The AB grains tend to have slightly
higher 26 Al/27 Al ratios, with values between 10−3 and 10−2 .
The one X grain studied for Mg–Al has 26 Al/27 Al ∼ 0.4, the
highest ratio among the studied KJB grains. This value comes
close to the highest 26 Al/27 Al ratio (0.6) found in X grains
to date (Amari et al. 1992). The observed 26 Al/27 Al characteristics of individual KJB grains studied here is qualitatively
consistent with what was previously observed for micrometersized (Hoppe et al. 1994; Huss et al. 1997; Amari et al. 2001b)
and submicrometer-sized grains (Zinner et al. 2007). Also the
mass-weighted average 26 Al/27 Al ratio of 2.5 × 10−3 is compatible with that measured in KJB bulk samples (2.45 × 10−3 ;
Amari et al. 2000).
3.4. Silicon Isotopes
The KJA and KJB grains of this study have δ 29 Si values between −700‰ and +2500‰ and δ 30 Si values between −700‰
and +2900‰ (Figures 8 and 9). Mass-weighted averages of
δ 29 Si and δ 30 Si values of KJA/KJB grains measured by ion
imaging are 24.0 ± 2.4 and 36.2 ± 2.7, respectively. This is, as
for 12 C/13 C and 26 Al/27 Al, in excellent agreement with data for
KJA/KJB bulk samples (Amari et al. 2000). This means that the
SiC grains studied by us can be considered representative for
KJA and KJB grains. Overall, the Si-isotopic signatures of individual grains agree quite well with what was observed before for
micrometer-sized grains (Hoppe et al. 1994, 1996; Huss et al.
1997; Nittler & Alexander 2003) as well as for submicrometersized grains (Zinner et al. 2007). There are, however, a few
exceptions that deserve further attention: there are five grains,
labeled A–E in Figures 8 and 9, with highly unusual Si-isotopic
signatures (see also Table 3). Grain A (from separate KJA) and

Four of the special grains A–E have isotopically light C with
C/13 C ratios between 270 and 390 (grains A, B, C, and E;
Table 3). Grain D has isotopically heavy C with 12 C/13 C = 79.
As pointed out in Sections 2.1 and 2.2, these measurements were
made with high spatial resolution which allowed us to exclude
contributions from other, nearby SiC grains to the isotope data
(Figure 11). The isotopically heavy C of grain D thus cannot be
explained as being due to inclusion of a nearby MS grain in the
C isotope measurement. KJA grains A and D and KJB grain E
(∼200 nm) were too small for additional isotope measurements.
However, KJA grain C was comparatively large (∼500 nm). It
had not only a high N content as typical for SiC but also a
relatively high S (∼ 1 weight permil) and Ca contents (several
weight permil), and we were able to measure the 15 N/14 N, 34 S/
32
S, 42 Ca/40 Ca, and 44 Ca/40 Ca ratios. Nitrogen is isotopically
heavy with 14 N/15 N = 43 ± 1. Sulfur-34 turned out to be
strongly depleted with δ 34 S = −517 ± 88‰. While 42 Ca is
slightly enriched with δ 42 Ca = 383‰ ± 158‰, 44 Ca/40 Ca is
close to normal with δ 44 Ca = 10‰ ± 76‰ Also for KJB grain
B, we were able to measure the Ca–Ti-isotopic composition
(Hoppe et al. 2009a). We obtained δ 42 Ca = −14‰ ± 16‰ and
δ 44 Ca = 40‰ ± 19‰, i.e., Ca isotope ratios are close to solar.
However, in the context of the likely SNII origin of this grain,
the small but noticeable 44 Ca excess is best explained by the
decay of radioactive 44 Ti. From the 44 Ca excess and the Ca/Ti
ratio, an initial 44 Ti/48 Ti of 0.018 ± 0.009 is calculated.
12

4. DISCUSSION
4.1. Overall Picture
If we compare our C, N, Mg–Al, and Si isotope data with those
of micrometer-sized SiC grains (Hoppe et al. 1994, 1996; Huss
et al. 1997; Nittler & Alexander 2003) as well as those of the
submicrometer-sized SiC grains studied by Zinner et al. (2007),
it is found that the overall picture is quite similar for the majority
of the grains. However, there are noticeable exceptions to this
which will be discussed in Sections 4.2 and 4.3. In the following,
we will briefly discuss the overall isotope characteristics of the
MS, AB, Y, and Z grains in the context of AGB star models.
The evolution of low- and intermediate-mass (1–8 M ) stars
is characterized by three dredge-up episodes (Iben & Renzini
1983) in which the initial elemental and isotope composition of
the envelope is changed. For most of their life these stars are
main-sequence stars. This phase is characterized by hydrostatic
H burning in the core. After exhaustion of core H-burning matter
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Figure 11. NanoSIMS ion images of 28 Si− and 13 C/12 C and SEM images of the unusual presolar SiC grains A–E (from left to right). Field of view is 2 × 2 μm2 in
images A, C, and D, and 1.9 × 1.9 μm2 in images B and E. The false color scale ranges from minimum (black) to maximum (white) values in each ion image.
(A color version of this figure is available in the online journal.)

that experienced H burning is mixed to the surface in the socalled first dredge-up. In H burning, the C- and N-isotopic
compositions are changed by the CNO cycle and the first dredgeup enhances the 13 C/12 C and 14 N/15 N ratios in the envelope.
In the following red giant phase, He burns in the core and H
in an overlying shell. After exhaustion of core He-burning stars
more massive than about 4 M experience the second dredge-up,
again enriching the stellar envelope with the ashes of H burning.
The star has now reached the AGB phase. In this phase, H and
He burning proceed alternately in two thin shells on top of the
CO core (Busso et al. 1999). The shell He burning is thermally
instable, triggering a sequence of dredge-up events, called the
third dredge-up (TDU). In the TDU events, the convective
envelope moves inward into the top layer of the He intershell (a
thin shell between the H- and He-burning shells) and the ashes of
He and H burning are mixed upward, successively enriching the
envelope in 12 C (from partial He burning in the He intershell),
s-process elements (produced by neutron-capture reactions in
the He intershell), and 26 Al (from proton-capture reactions on
25
Mg in the H-burning shell; e.g., Karakas & Lattanzio 2003).
Dredge-up of 12 C moves the C/O ratio upward and once C/O
exceeds unity the star turns into a carbon star and SiC can form.
Models of 1.5–3 M AGB stars predict 12 C/13 C ratios of 40–140
for solar metallicity, up to 400 for half solar metallicity, and up to
900 for one third solar metallicity (Zinner et al. 2006). 14 N/15 N
is not changed by the TDU and predictions for 14 N/15 N after the
second dredge-up range up to 1600 (Becker & Iben 1979; El Eid
1994). Although affected by the s-process, significant changes
in the envelope Si-isotopic composition are expected only for
lower-than-solar-metallicity stars, namely, enrichments in 29 Si
of up to ∼50‰ and in 30 Si of up to ∼300‰ in one third solar
metallicity stars (Zinner et al. 2006). Predicted 26 Al/27 Al ratios
are in the range 1–4 × 10−3 , with only a small dependency
on metallicity (Zinner et al. 2007). Beyond these three dredgeup episodes, the envelope composition may also be modified
by two other processes, namely, cool bottom processing (CBP;

Wasserburg et al. 1995; Nollett et al. 2003) and hot bottom
burning (HBB; Boothroyd et al. 1995). In CBP, matter is mixed
from the convective envelope down to regions near to the
H-burning shell where some CNO processing may occur and
back again. HBB is expected to occur only in stars heavier than
∼4 M . In HBB, the base of the convective envelope gets hot
enough for H burning. However, AGB stars of solar metallicity
in which HBB operates do not become carbon stars and no SiC
is expected to form (Zinner et al. 2006). CBP will change the Cand N-isotopic ratios toward the CNO cycle equilibrium values,
i.e., 12 C/13 C is shifted to lower values and 14 N/15 N to higher
values. 26 Al/27 Al ratios are predicted to be high. This ratio is
very sensitive to the temperature considered in CBP; predicted
26
Al/27 Al ratios are 10−3 for T6 = 43 (T6 = T/106 K) and 0.1
for T6 = 57 (Nollett et al. 2003).
As pointed out above, the isotopic signatures of most MS, AB,
Y, and Z grains agree quite well with what was observed before
both for micrometer- and submicrometer-sized SiC grains. The
observed ranges of C-, N-, Al-, and Si-isotopic ratios of common
presolar SiC grains have been discussed in great detail (e.g.,
Nittler & Alexander 2003; Zinner et al. 2006, 2007), and we do
not repeat the discussion here. We just want to point out that
the observed isotopic signatures of our KJA/KJB MS, Y, and
Z grains can be explained fairly well in the context of current
AGB star model predictions and with the assumption that the
Si MS line reflects GCE, representing the starting compositions
of a large number of AGB stars (Alexander 1993; Gallino et al.
1994; Timmes & Clayton 1996; Lugaro et al. 1999). Exceptions
are the measured 26 Al/27 Al ratios that are slightly lower than
predicted. However, it has to be pointed out that the predictions
are very sensitive to the 26 Al(p, γ )27 Si rate which still bears
large uncertainties and lower 26 Al/27 Al ratios, in the range of
most presolar SiC grains, are easily achieved when the current
uncertainties are considered (Zinner et al. 2007; van Raai et al.
2008). Based on the observed C-isotopic ratios of Z grains,
it was argued that their parent stars must have experienced
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CBP on the AGB (Nittler & Alexander 2003; Zinner et al.
2006). In this context, the 26 Al/27 Al ratios of Z grains are
puzzling as they should be higher than in MS grains, contrary
to the observation (Figure 7 and Zinner et al. 2007). Zinner
et al. (2007) argued that the parent stars of Z grains might
have had high circulation rates (to account for comparative low
12
C/13 C ratios) but never experienced high enough temperatures
for significant 26 Al production.
The MS grains are considered to be from stars with metallicities around solar. δ 29 Si values of MS grains are between
−100‰ and +200‰ (Figure 8). Silicon-29 and 30 Si are secondary nuclides and their Galactic abundances are expected to
increase with time, i.e., with metallicity. In this respect, higher
than solar 29 Si/28 Si and 30 Si/28 Si ratios are surprising because
the AGB stars that produced the MS grains are older than our
solar system. One possibility to account for the observed range
in Si-isotopic compositions would be incomplete mixing of SN
ejecta in the interstellar medium (ISM; Lugaro et al. 1999). We
note, however, that Nittler (2005) argued that the observed correlation between Si and Ti isotopes in SiC can only account for a
portion of the spread in Si-isotopic ratios. An alternative explanation is a merger of our Galaxy with a low-metallicity satellite
galaxy (Clayton 2003). We come back to this possibility in
Section 4.4.
In Figure 12, we display two quantities, Δ30 Si and δ 29 Siini
(Zinner et al. 2006), of MS, Y, and Z grains. These two quantities
are calculated by backprojecting measured δ 29,30 Si values along
a line with slope 0.2, the assumed evolution of Si isotopes
in AGB stars (inferred with the Guber et al. (2003) neutroncapture reaction rates for Si), onto the Si MS line. Δ30 Si can
be considered a measure for the dredge-up of s-process Si, and
δ 29 Siini a measure for the initial metallicity of the parent star. For
the Z grains, there is a nice negative correlation between Δ30 Si
and δ 29 Siini ; i.e., the lower the initial 29 Si/28 Si, the higher the 30 Si
enrichment relative to the initial composition. Based on these
specific Si-isotopic signatures, Z grains are considered to come
from AGB stars of lower-than-solar-metallicity (e.g., Hoppe
et al. 1997; Nittler & Alexander 2003). This view is nicely
confirmed by the Ba abundances measured for many Z (and
Y) grains of this study. There is a positive correlation between
Ba concentrations and amount of s-process Si (represented by
Δ30 Si), which can be well explained by predictions for 2–3 M
AGB stars with metallicities of 0.3–0.5× solar. This is discussed
in more detail in Hoppe et al. (2009b). Previous measurements of
submicrometer-sized SiC from the Indarch meteorite revealed a
very high abundance of Z grains of about 8% (Zinner et al. 2007).
Z grains are very rare among micrometer-sized grains (Hoppe
et al. 1994; Nittler & Alexander 2003). Our study of KJA/KJB
grains revealed a Z grain abundance of 4% (KJA) and 6% (KJB),
respectively (Table 2 and Figure 3). Although this is somewhat
lower than inferred for Indarch SiC grains, our study confirms
that this population of grains from lower-than-solar-metallicity
AGB stars is much more abundant among small presolar SiC
grains. A natural explanation might be that AGB stars with
lower-than-solar-metallicity have less Si in their winds which
might lead to the preferential growth of small (submicrometersized) SiC grains. This is underlined by calculated total ejected
dust masses in AGB stars with different metallicities; according
to Ferrarotti & Gail (2006), the ejected total SiC mass in a 2 M
AGB star is 3.2 × 10−5 M for Z = 0.02 (solar metallicity) and
only 2.8 × 10−7 M for Z = 0.004 (1/5 solar metallicity), i.e.,
about 2 orders of magnitude less. We also note that the assumed
metallicity of 1/3 solar for the Z grain parent stars is at the
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Figure 12. Distance Δ30 Si as a function of the initial δ 29 Siini of SiC MS, Y, and
Z grains from Murchison separates KJA and KJB. For a definition of Δ30 Si and
δ 29 Siini , see Zinner et al. (2006). The gray-shaded area represents the region
with no Z grains as observed by Nittler & Alexander (2003). Note that we used
a different AGB evolution line to calculate Δ30 Si and δ 29 Siini than Nittler &
Alexander (2003); this has been considered in the representation of the grayshaded area.

lower end of metallicities at which AGB stars are expected to
have contributed SiC to the solar nebula (Gail et al. 2009).
Grain-size dependencies of isotopic ratios have been observed
from measurements of bulk samples. Lewis et al. (1990, 1994)
analyzed noble gases in size-separated Murchison SiC fractions
and found that inferred s-process 86 Kr/82 Kr and 80 Kr/82 Kr ratios
increase and, respectively, decrease with grain size. Originally,
this was interpreted by formation of larger SiC grains in
environments with higher neutron exposure (Lewis et al. 1990,
1994; Gallino et al. 1990). Later, Verchovsky et al. (2004)
proposed that the grain-size dependence of the Kr-isotopic ratios
results from the implantation of two components, a low-energy
component from the main stage of AGB evolution and a highenergy component from the post AGB planetary nebula phase.
We consider it as unlikely that the higher abundance of Z grains
among the smallest grains is responsible for the observed grainsize dependency of Kr isotope ratios. Z grains make up at most
10%, and it is doubtful that their Kr content is significantly
higher than that of MS grains since concentrations of other
s-process elements (e.g., Zr and Ba) on average are only 2×
higher in Z grains compared to MS grains (Hoppe et al. 2009b).
4.2. Y Grains
For the Y grains, there is no clear correlation between Δ30 Si
and δ 29 Siini . In particular, we note that there are two Y grains
(as well as one grain classified as MS grain) with relatively
high δ 29 Siini and Δ30 Si (Figure 12). Y grains with a similar
characteristic are also evident from other studies (e.g., Nittler
& Alexander 2003; Amari et al. 2001a). The two Y grains are
shifted by >3σ from the MS line with Δ30 Si values of ∼ 60‰,
δ 29 Siini of > 100‰, and 12 C/13 C ratios of 170 and 210. These
signatures can be well explained by an origin from 1.5—3 M
AGB stars of half solar metallicity (Zinner et al. 2006). In
the light of the finding of SN grains with isotopically heavy

O/C

C>O
E
C
B
A

Si/S
0

D

O/Si
He/C, He/N, H

Mass Fraction or
Solar-Normalized Isotope Ratio

Si (‰)
29

C<O

5000

0

Si/28Si
Si/28Si
34
S/32S

30

H

He/N

2

10

10000

He/C

15 M SNII

O/C

O/Ne

1379
O/Ne

SMALL PRESOLAR SiC GRAINS
Ni
Si/S
O/Si

No. 2, 2010

15 M SN

29

1

10

0

10

-1

10

C

12

-2

10

-3

Si

28

10

S

32

5000

10000

Si (‰)

30

Figure 13. Range of possible Si-isotopic compositions in the ejecta of a 15 M
SNII according to the model of Rauscher et al. (2002). The end members
are represented by the averaged compositions in the different SN shells and
are marked by asterisks. Note that the compositions in the O/Si and O/Ne
zones are modified according to Hoppe et al. (2009a) (i.e., 2× increased 29 Si
yield). The dark-gray shaded area represents mixtures with C/O > 1 if the full
He/C and He/N zones and 5% of the H zone along with variable amounts from
the remaining zones contributed to the SiC condensation site in the SN ejecta.
Labels A–E indicate five grains with unusual Si-isotopic compositions.

Si (see Section 4.3), an SNII origin appears to be a distinct
possibility. Isotopically heavy Si along with C/O > 1 is easily
achieved in SN ejecta (see Figure 13 for the possible Si-isotopic
compositions in 15 M SNII ejecta). The scenario of a possible
non-AGB origin of this subset of Y grains is supported by
the finding of a Y grain with δ 29 Siini ∼ 75‰, Δ30 Si ∼ 120‰
(calculated with a slope 0.2 AGB Si evolution, see Section 4.1),
12
C/13 C = 203, and very large Ti isotope anomalies (Amari et al.
2001a). These authors pointed out that this grain might have a
different origin than the other Y grains. However, a possible SN
origin of the two Y grains found here remains highly speculative
since no isotope data other than for C and Si are available to
make a stringent test of the SN hypothesis. Future studies should
give special attention to Y grains with high δ 29 Siini to shed more
light on the origin of those grains.
4.3. Special Grains A–E
The isotopic signatures of grain B had been already discussed
in great detail (Hoppe et al. 2009a). An SNII source is clearly
favored for this grain. All stars more massive than about 8 M
are believed to explode as SNII. Before the explosion, the star
consists of concentric layers that experienced different stages
of nuclear burning (Figure 14). Isotope ratios are very different
for the different SN zones, and from the grain’s isotope data
it is possible to infer constraints on the mixing of matter from
different layers in SN ejecta (e.g., Nittler et al. 1996; Travaglio
et al. 1999; Hoppe et al. 2000; Lin et al. 2010). Grain B has
an unusual large 29 Si/30 Si ratio of two times the solar ratio
which suggests relatively large contributions from the O/Ne
zone. This permitted us to make a stringent test of the Travaglio
et al. (1998) hypothesis suggesting that the 29 Si yield is two
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Figure 14. Profiles of 12 C, 28 Si, 32 S, and of solar-normalized 29 Si/28 Si,
30 Si/28 Si, and 34 S/32 S ratios in the interior of a 15 M Type II SN (Rauscher

et al. 2002). The different SN layers are named according to the most abundant
elements present (Meyer et al. 1995).

times higher in the C- and Ne-burning zones (O/Si and O/Ne;
see Figure 14) of SNII than currently predicted. And indeed,
only with a respective modification of 29 Si yields in a 15 M
SNII, is it possible to get a perfect match to the C-, Si-, and Tiisotopic data of grain B. A twofold higher 29 Si yield in the O/Si
and O/Ne zones requires a three times higher 26 Mg(α, n)29 Si
reaction rate at T9 = 1–3 than currently used. This increase
is qualitatively compatible with the uncertainties on this rate.
Grain A has C- and Si-isotopic signatures similar to grain B
(Figure 9; Table 3) and an SNII source is also suggested for
this grain. The isotope data of grain A can be reproduced by
mixing matter from the Si/S, O/Si, O/Ne, He/C, He/N, and
H zones in the 15 M SNII model of Rauscher et al. (2002)
with two times increased 29 Si yield in the O/Si and O/Ne
zones in a ratio 0.34%:0.17%:2.3%:45.0%:26.6%:25.6%. This
gives δ 29 Si = 260‰, δ 29 Si = −170‰, 12 C/13 C = 380, and
C/O > 1.
For grain C, too, an SNII is the most likely stellar source.
Based on a comparison between the isotope data and stellar
model predictions, we exclude an AGB star (see discussion
in Sections 4.1 and 4.2) or a nova, which are predicted to
have 12 C/13 C ratios of < 10 (José et al. 2004), as sources of
grain C. This grain has strong enrichments in 29 Si and 30 Si, the
opposite of what is shown by X grains which have a proven
SN origin. But as can be seen from Figure 13, SNII mixtures
are expected to show not only light Si but also heavy Si.
However, most of the mixtures with heavy Si will have C/O
< 1 and only specific constraints on the mixing ratios yield
C/O ratios > 1. The C- and Si-isotopic signatures of grain
C can be well reproduced along with having C/O ∼1 in the
ejecta if matter from the O/Si, O/Ne, O/C, He/C, He/N, and
H zones in the 15 M SNII model of Rauscher et al. (2002) is
mixed in a ratio 0.43%:1.5%:2.0%:42.2%:25.0%:28.8% and if
the 29 Si yield in the O/Si and O/Ne zones is increased by a
factor of 2. This results in δ 29 Si = 1360‰, δ 30 Si = 1220‰,
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C/ C = 440, δ Ca = 700‰, and δ Ca = −20‰, in
reasonably good agreement with the grain’s data. We note that
the modification of 29 Si yields is not necessarily required to
reproduce the isotope ratios of grain C, but without doing so
C/O will be far lower than 1. The predicted 14 N/15 N ratio of
this mixture is about a factor of 2 and the 34 S/32 S ratio a factor
of 4 too high. Especially, the low 34 S/32 S ratio poses a serious
problem in the context of current SNII models in which 34 S is
highly enriched in the O-rich zones (Figure 14). Only in the
Si/S zone it is strongly depleted, but significant admixture of
matter from this zone would decrease predicted 29 Si and 30 Si
enrichments considerably. It is possible to achieve a satisfactory
fit to the grain’s Si and S isotope data only if the 34 S abundance in
the O/Si zone would be ∼100× lower. The same basic problem
is encountered if we consider a 25 M SNII.
An interesting possibility to account for the observed Si
and S isotope characteristics may be the following: molecule
formation occurs early in SNII ejecta, and S-bearing molecules,
e.g., SiS, are important constituents of SN ejecta (Cherchneff &
Lilly 2008). Because Si, S, and Ca are very abundant in the Si/S
zone, SiS and CaS may already form before thorough mixing
with matter from overlaying layers and SiC dust formation
occurs. SiS and CaS play important roles in the pathway of
SiC formation, and CaS is known to form solid solutions with
SiC (Lodders & Fegley 1995). In this way, comparably large
amounts of S from the Si/S zone may have been transported
outward and incorporated as CaS into SiC grains condensing
from matter from the overlying SN zones. Of course, it would
be expected that SiC grains would also contain some Si and
Ca from the Si/S zone in this scenario. It is possible to find a
mixing scenario that includes matter from the Si/S zone that
can reproduce the C-, Si-, and Ca-isotopic ratios of grain C. A
fractionation of a factor of ∼20 between S from the Si/S zone
and from the other zones would be required in order to account
for the measured 34 S/32 S ratio. This mixing scenario gives a
C/O ratio below 1. However, if molecule formation does indeed
occur before macroscopic mixing in the SN ejecta, then a C/O
ratio of <1 in the overall mixture may not necessarily prevent
SiC formation. Hints that element fractionation by molecule
formation may play an important role for the condensation of
dust in SN ejecta is also evident from the work of Marhas et al.
(2008), who measured Fe- and Ni-isotopic compositions of X
grains. These authors did not find excesses in 54 Fe which is
puzzling in view of the required significant contributions from
the Si/S zone, which is very rich in 54 Fe, in order to account
for the Si-isotopic signature of X grains. Clearly, more detailed
work on the chemistry in SNII ejecta is needed to follow up on
these findings.
Grains D and E show even higher enrichments in 29 Si and
30
Si than grain C (Table 3 and Figure 9). As for grain C,
we rule out an AGB star or nova source. The Si-isotopic
signatures of grains D and E can be quantitatively explained by
SNII mixtures; however, a satisfactory fit is achieved only for
C/O < 1 (Figure 13). For example, the isotopic compositions
of grain E can be reproduced if we mix matter from the O/Si,
O/Ne, O/C, He/C, He/N, and H zones from the 15 M SNII
model of Rauscher et al. (2002) with modified 29 Si yield in a
ratio 2.8%:11.8%:1.7%:33.4%:19.7%:30.4% which gives δ 29 Si
= 2530‰, δ 30 Si = 2010‰, 12 C/13 C = 410, and C/O = 0.21.
For grain D, predicted 12 C/13 C ratios are much higher (> 10×)
than observed, the result of the required large contributions
from the O/C zone which has a very high C abundance and
high 12 C/13 C. For example, if we mix matter from the O/Ne,
12

13

42

44

Vol. 719

O/C, He/C, He/N, and H zones from the 15 M SNII model
of Rauscher et al. (2002) with modified 29 Si yield in a ratio
0.47%:30.8%:5.3%:3.1%:60.3%, we obtain δ 29 Si = 1810‰,
δ 30 Si = 2730‰, 12 C/13 C = 1180, and C/O = 0.55. The same
principal problems are encountered with the 25 M SNII model.
Unfortunately, no S isotope data are available for this grain
to check whether the special S-isotopic signature of grain C
is a general feature of SN grains with isotopically heavy Si.
However, if we follow up on the idea of element fractionation in
SNII ejecta assuming preferential trapping of C from the outer
zones (He/C, He/N, and H), because of removal of C from the
C/O zone due to efficient CO formation, it is possible to have
a 12 C/13 C ratio as observed. This would require a fractionation
by a factor of ∼100 between C from the outer zones and C from
the O/C zone. We note that this fractionation would change
the 12 C/13 C in the mixing scenarios for grains C and E only
marginally as in these cases the required contributions from the
O/C zone are much lower. Support for this idea comes from the
work of Cherchneff & Lilly (2008) who argued that carbon is
locked up in CO and CO2 in fully mixed SN ejecta despite the
inclusion of Compton electron destruction reactions (Clayton
et al. 1999). Clearly, as already pointed out above, a better
understanding of the role of molecule formation on SiC dust
formation in SNII ejecta is needed to improve predictions from
SN mixing scenarios.
The three SN grains with isotopically heavy Si together with
the two SN grains enriched in 29 Si represent some 0.25% of the
analyzed SiC grains. If we also consider the two Y grains (and a
related MS grain) with possible SN origin, this number increases
to 0.4%. And if we consider the potential agglomeration of
analyzed KJA/KJB grains (see Section 3.2), then the X grain
abundance, measured as 1.3%, might be a little bit higher as
well. In total, we then find an abundance of SN grains among
<0.5 μm sized presolar SiC of about 2%. This is about a factor
of 2 higher than observed for micrometer-sized grains. While
the abundance of X grains appears to be largely independent
of grain size, 29 Si-rich grains are more abundant among the
smallest grains. This fact may bear important information about
the conditions of grain formation in SN ejecta, and it is hoped
that future studies of dust formation in SN ejecta will address
this issue.
4.4. Galactic Chemical Evolution of Silicon
GCE models fail to account for the solar Si-isotopic ratios.
Specifically, 29 Si is too low (Timmes & Clayton 1996). By
considering 1.5× enhanced SNII 29 Si yields, Lugaro et al.
(1999) achieved a good match between Si-isotopic ratios of
SiC MS grains and predictions from incomplete mixing of SN
ejecta. As pointed out above, Travaglio et al. (1998) proposed
to increase the 29 Si yields in the C- and Ne-burning (O/Si and
O/Ne) zones of SNII by a factor of 2, a suggestion strongly
supported by the Si isotope data of grain B (Hoppe et al. 2009a).
Further support for this suggested modification comes from
grain C. SNeII account for more than 80% of the 29 Si in the
ISM (Timmes & Clayton 1996) and because the O/Si and
O/Ne zones provide > 90% of the 29 Si in SNeII, a change of
the 29 Si yield in these zones will heavily influence predictions
for the evolution of the 29 Si abundance in the ISM. The question
of how a modified 29 Si yield affects the GCE of the Si isotopes
was already briefly addressed by Hoppe et al. (2009a). Here, we
will refine the respective calculation.
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A twofold increase of the Si yield in the O/Si and
O/Ne zones increases the averaged overall 29 Si yield of solar metallicity 15, 19, and 25 M SNII by a factor of 1.85 (only
little variation between the different masses). For a solar metallicity star, a twofold higher 29 Si yield in the O/Si and O/Ne
zones requires an increase of the 26 Mg(α, n)29 Si rate by a factor
of ∼3 (Hoppe et al. 2009a). We extended the respective calculation to a 0.1 Z star which gave essentially the same result.
We thus assume that 29 Si SNII yields change by the same factor,
regardless of metallicity and mass. We calculated the Galactic
evolution of 29 Si/28 Si and 30 Si/28 Si using the “GCE machine”
on www.webnucleo.org (Meyer et al. 2001), which is based on
the analytical GCE models of Clayton (1985) and Clayton &
Pantelaki (1986). These models use the instantaneous mixing
and recycling approximations (IRA) and assume that the initial
mass function (IMF) and the stellar remnant mass function are
independent of Z. For the calculations, we used the ejecta from a
set of SNeII, having ten different masses between 12 and 40 M
and six different metallicities from 0 to solar (Woosley & Weaver
1995). The Salpeter IMF was employed and Si-isotopic ratios
were calculated for the time interval between Galactic disk formation (0.7 Gyr) and solar system formation (9.2 Gyr). 29,30 Si/
28
Si ratios increase linearly with time, starting at very low ratios. This is because 28 Si is a primary nuclide and 29,30 Si are
secondary nuclides. With standard 29 Si yields, we obtain δ 29 Si
= −450‰ at t = 9.2 Gyr, i.e., way too little 29 Si. For 30 Si/28 Si,
we obtain δ 30 Si = −155‰, which is a reasonably good fit to the
solar ratio. If we increase the average 29 Si SNII yield by a factor
of 1.85, then one obtains δ 29 Si = 20‰ at t = 9.2 Gyr, which is
an almost perfect fit to the solar ratio. The evolution of 29 Si/30 Si
is displayed in Figure 15. The higher-than-solar 29 Si/30 Si ratio
is essentially due to lower-than-solar 30 Si. In comparison to the
IRA model, the Timmes & Clayton (1996) model predicts a
steeper rise in the 29 Si/28 Si and 30 Si/28 Si ratios in early times
(< 3 Gyr) before flattening out. Nevertheless, 29 Si/30 Si ratios
are almost the same in both models over the whole Galactic
history (Figure 15). If we consider (1) that the proposed SNII
29
Si yield increase is independent of mass and metallicity and
(2) that SNeII have contributed >80% of 29 Si and 30 Si in the
ISM (Timmes & Clayton 1996), then the 29 Si/30 Si is estimated
to increase by a factor of ∼1.7 in the Timmes & Clayton (1996)
model, resulting in an 29 Si/30 Si ratio close to solar, in line with
the predictions from our IRA model.
Clayton (2003) postulated that a Galactic merger of our
Galaxy with a satellite galaxy some 1–2 Gyr before solar system
formation could have spawned a starburst. Stars that formed in
this starburst would have had initial compositions that were a
mix between the more evolved Galaxy and the less evolved
satellite. When these stars went through their AGB phases, they
ejected dust with silicon-isotopic compositions that reflected the
mix of compositions, thereby resulting in the spread we observe
in the MS line.
The merger scenario is attractive because it can explain why
the Sun has a lower isotopic abundance of 29,30 Si than the SiC
MS grains despite the fact that it formed later in Galactic history
than the stars that ejected the grains. In this scenario, the Sun
formed from a mixture that favored the satellite compared to
the bulk of the stars formed in the starburst. Although large
uncertainties on age estimates exist, it can also explain why the
grains seem all to be younger than 1 Gyr (Heck et al. 2009;
Gyngard et al. 2009) since they would largely come from stars
forming in a narrow time interval. A standard Galactic evolution
explanation for the MS grains requires that the parent stars of
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Figure 15. Calculated Galactic evolution of 29 Si/30 Si (normalized to solar)
between 0.7 Gyr (Galactic disk formation) and 9.2 Gyr (solar system formation).
Thick lines: IRA; thin line: Timmes & Clayton (1996), labeled TC96. The IRA
calculations are based on SNII ejecta, using ten different masses in the range
12–40 M and six different metallicities in the range 0–1 Z (Woosley & Weaver
1995). 29 Si is calculated both with standard 29 Si yields and with 1.85× enhanced
29 Si yields. See the text for details.

MS grains with the heaviest Si are several gigayears younger
than those with light or solar Si (Timmes & Clayton 1996).
Lifetimes of 2–3 M stars are around 1 Gyr (e.g., Timmes et al.
1995), i.e., dust from the parent stars of MS grains should have
formed over a time interval of several gigayears, a timescale
longer than the typically supposed dust survival timescale of
∼500 Myr (Jones et al. 1994, 1996).
A remaining question concerns the slope 4/3 of the MS line.
Both 29 Si and 30 Si are secondary isotopes; therefore, we expect
their yields from a given generation of stars to be proportional
to Z, the metallicity, at the time those stars formed. In this
case, 29 Si and 30 Si would grow together to give a line in the
δ 29 Si–δ 30 Si plot with slope unity. If the yield of one of these
isotopes were quadratic, that is, proportional to Z2 , however, the
curve in the δ 29 Si–δ 30 Si plot could bend upward or downward.
For all metallicities except half solar, there are three series of
models available for the 30, 35, and 40 M stars (Woosley &
Weaver 1995). These are labeled A, B, and C. The A series
models have the lowest explosion energies and the most fallback.
We obtain a quadratic dependence for the 30 Si yield if we choose
the A series models for all 30, 35, and 40 M stars except for
the 30 M model with initial solar metallicity, for which we
choose the model s30B. Fallback may depend to some degree
on the presupernova structure of the star, which, in turn, might
depend on the star’s initial metallicity or mass. Additional stellar
modeling is required for further insight into the viability of a
quadratic yield dependence on Z.
We have modeled the merger scenario using Clayton’s standard model 2 (Clayton 1984) for GCE with terminated infall and 28 Si, 29 Si, and 30 Si yields yZ such that yZ = α +
βZ + γ Z 2 . From the Woosley & Weaver (1995) stellar models, choice of the A series models, except series B for the
30 M star of solar metallicity, gives us a linear yield for
28,29
Si (α, β = 0, γ = 0) but a quadratic yield for 30 Si
(α, β, γ all = 0, with γ < 0). The silicon yields and
the overall primary metallicity yield employed are shown in
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Table 5
Clayton (1984) Standard Galactic Chemical Evolution Model 2 Parameters
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Galactic chemical
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Figure 16. Calculated Galactic evolution of δ 29,30 Si (normalized to solar) for
a merger of our Galaxy with a satellite 7 Gyr after disk formation (cf. Clayton
2003). The dashed line represents the Si isotope evolution in the satellite and
(undisturbed) Galaxy. The thick solid line represents the predicted mixing line
for Si-isotopic compositions of SiC grains from AGB stars that formed after the
merger. See the text for details.
Table 4
Yield Parameters for the Merger Model
Species
28 Si
29 Si
30 Si
Total primary

α

β

γ

7.97e−4
2.65e−6
1.12e−6
0.012

−1.68e−3
2.92e−3
2.23e−3
0

0
0
−2.17e−2
0

Table 4. Note that the 29 Si β yield parameter in Table 4 includes
an upward adjustment by the factor 1.85, as discussed above.
We evolved the Galaxy and satellite separately. We took both
to buildup by infall (k = 1). Table 5 shows the particular input
GCE parameters for the model, and Figure 16 shows the resulting evolution of δ 29 Si–δ 30 Si in the ISM in the Galaxy and in the
satellite in the absence of the merger. We then considered the
merger to occur at a time 7 Gyr after disk formation, which we
took to begin 0.7 Gyr after the big bang; thus, in this model, the
merger happened roughly 1.5 Gyr before the birth of the Sun.
At the time of the merger, the Galaxy and satellite have silicon
compositions indicated by the large dots in Figure 16, and stars
forming in the starburst initiated by the merger would have initial compositions lying along the thick solid line between the
two mixing end members. For our chosen set of parameters, this
line has slope ∼1.3, in agreement with that for the MS SiC line;
thus, a quadratic yield for 30 Si could explain the slope of the
MS SiC line. We note that, if we do not adjust the 29 Si yield
upward by a factor 1.85, the curves completely miss the MS
grains; thus, a ∼2× upward adjustment of the 29 Si yield is also
required to explain the solar abundance of this isotope in the
merger scenario.
In the merger model, the metallicity of the satellite is
0.75 Z and that of the Galaxy is 1.5 Z , the mixing ratio
(satellite to Galaxy) to produce solar 29 Si/28 Si is 63:37. The

metallicity of this mix is 1.03 Z . To cover the observed
range of Si-isotopic compositions of the MS grains (δ 29 Si =
−100. . .+200‰) mixing ratios between 80:20 and 30:70 are
required, corresponding to metallicities from 0.9 to 1.3 Z ,
compatible with the view that the majority of MS grains are
from ∼solar metallicity AGB stars (Lugaro et al. 2003; Zinner
et al. 2006). In our model, typical MS grains will come from
AGB stars with Z ∼ 1.1 Z . From a Monte Carlo simulation to
reproduce the O-isotopic compositions of presolar oxide grains
from red giant stars, Nittler (2009) argued that the Sun might
have a moderately low metallicity for its age. The results of our
model are in line with this view. Figure 15 shows that IRA works
very well for silicon since these isotopes are dominantly SNII
products. Thus, if the assumptions on yield versus metallicity
dependence made in our merger model would be applied to the
Timmes & Clayton (1996) model, we would expect a similar
δ 29 Si versus δ 30 Si slope, i.e., ∼4/3, in a mixing scenario based
on the Timmes & Clayton (1996) GCE model.
Because the O/Si and O/Ne zones are the most important
sites of 29 Si production, an adjustment of the respective yields
in these zones is the most promising way to account for higher
Galactic 29 Si abundances. Just recently, Lin et al. (2010) argued
for an end member with δ 29 Si ∼ −650‰ and δ 30 Si ∼ −1000‰
in SNeII in order to explain the observed Si-isotopic ratios of
most X grains. Current SNII models do not provide an end
member with this isotopic signature (cf. Figure 14). If we modify
the 29 Si in the Si/S zone such that δ 29 Si ∼ −650‰, then the 29 Si
yield in the Si/S zone of the solar metallicity 15 M and 25 M
SNII models of Rauscher et al. (2002) has to be increased by a
factor of ∼20 which would increase the total 29 Si yield in the
ejecta by about 30%, not sufficient to overcome the 29 Si/28 Si
problem in current GCE models.
5. SUMMARY AND CONCLUSIONS
1. More than 2000 presolar SiC grains from the Murchison meteorite with sizes 0.2–0.5 μm were studied by
NanoSIMS ion imaging for C- and Si-isotopic compositions. Selected grains identified by ion imaging as well as
additional grains were also measured for N-, Mg–Al-, S-,
and Ca–Ti-isotopic compositions and trace element concentrations.
2. The overall picture emerging from our isotope data, except
the abundances of SN and Z grains, is very similar to that
of micrometer-sized presolar SiC grains. It is concluded
that AGB stars, the major suppliers of presolar SiC grains,
simultaneously form SiC dust over a large range of grain
sizes.
3. Z grains are much more abundant among the small SiC
grains of this study than among micrometer-sized grains.
This is in line with data of SiC grains from the Indarch
meteorite (Zinner et al. 2007) and implies that SiC grains
from lower-than-solar-metallicity AGB stars are on average
smaller than those from solar metallicity AGB stars.
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4. We identified five SiC grains with unusual Si-isotopic
compositions. The grains exhibit large enrichments in the
heavy Si isotopes with enrichments in 29 Si of up to 3.5×
and in 30 Si of up to 3.9× relative to their solar isotope
abundances. These grains most likely formed in SNII ejecta.
The S isotope measurement on one of these grains suggests
that molecule formation precedes macroscopic mixing
and dust formation in SNII ejecta. This would permit
element fractionation between different zones, adding to
the complexity of SN mixing calculations.
5. One of the unusual grains has a very high 29 Si/30 Si ratio.
This signature, along with isotope data of other elements,
suggests that current SN models underestimate the 29 Si
yield of the C- and Ne-burning regions in SNII by about a
factor of 2 (Hoppe et al. 2009a). With this adjustment the
solar 29 Si/28 Si is well reproduced in a simple GCE model.
Such an adjustment would also be required in a Galactic
merger scenario for explaining the presolar SiC MS line
slope.
6. While the abundance of SN grains with isotopically light
Si (X grains) appears to be largely independent of grain
size, SN grains with isotopically heavy Si (unusual grains)
are much more abundant among the smallest SiC grains.
In addition, about 5% of the Y grains from this study may
be from SNeII. Together with the unusual grains and the X
grains, the SN grains constitute about 2% of the presolar
SiC grains in the size range 0.2–0.5 μm. This is about
a factor of 2 higher than for micrometer-sized grains and
suggests that SNII, on average, produce smaller SiC dust
than solar metallicity AGB stars.
We thank Joachim Huth for his help with the SEM analyses, Philipp R. Heck and Christian Vollmer for their support on the NanoSIMS, Roy S. Lewis for the preparation of
the Murchison SiC samples, Lih-Sin The for helpful discussions, Alexander Heger for providing detailed SNII data on
www.nucleosynthesis.org, and Larry Nittler for his helpful and
constructive review.
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