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Abstract

We have measured helium and neon concentrations, elemental and isotopic ratios of 91 individual presolar graphite grains
from the KFC1 density separate of the Murchison meteorite. Eleven grains contain measurable amounts of either 4He, 20Ne,
21Ne or 22Ne, or a combination thereof. We report the first detection of 21Ne from an individual presolar graphite grain and
the first detection of 4He and 20Ne in individual KFC1 graphite grains. Six of the gas-rich grains originate from asymptotic
giant branch (AGB) stars, while another five are likely derived from core-collapse supernovae. The mono-isotopic 22Ne
detected in one supernova grain is either radiogenic and compatible with condensation in the O/Ne zone, or nucleosynthetic
and derived from the He/C zone. Two grains with 20Ne and 12C/13C <10 are consistent with condensation and Ne acquisition
in a �80:20 mixture of material from the H envelope and He/N zone. The isotopic ratios of a single grain with 21Ne and 22Ne,
and a further grain with 20Ne and 22Ne are compatible with condensation and Ne acquisition in the C/O zone. We discuss the
implications of our study on the understanding of processes in supernova ejecta.
� 2011 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Apart from the interstellar grains collected by the star-
dust probe, presolar grains from interplanetary dust parti-
cles and primitive meteorites are the only samples of
stellar matter available for laboratory analysis on Earth.
As such, they can provide ground truth to astrophysical
models of evolved stars like asymptotic giant branch
(AGB) stars, supernovae and novae. Specific pressures, tem-
peratures, and initial elemental and isotopic compositions
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allow different nucleosynthetic reactions and mixing pro-
cesses to take place and give each source a distinct “finger-
print” in the elemental and isotopic ratios of the
condensing dust grains (Meyer and Zinner, 2006). Presolar
grains, found in primitive meteorites which were never sub-
jected to substantial thermal metamorphism (e.g., the CM2
chondrite Murchison), essentially preserve these isotopic
signatures to the present day.

Over the years, a large number of presolar mineral
phases have been identified by their extremely large isotopic
anomalies, for example nanodiamond residues (Lewis et al.,
1987), silicon carbide (Bernatowicz et al., 1987), graphite
(Amari et al., 1990), silicon nitride (Nittler et al., 1995), oxi-
des (Nittler et al., 1994; Hutcheon et al., 1994) and silicates
(Messenger et al., 2003; Nagashima et al., 2004; Nguyen
and Zinner, 2004).
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Noble gases have played a major role in the identifica-
tion and characterization of presolar grains. Xenon en-
riched in the heaviest and lightest isotopes (called Xe-HL)
was the first presolar noble gas component identified (Rey-
nolds and Turner, 1964) and was later attributed to nanod-
iamond (Lewis et al., 1987). Black and Pepin (1969)
identified an anomalous component of neon (then called
Ne-E), with a very low 20Ne/22Ne-ratio of <3.4, released
at high temperatures from carbonaceous chondrites.
Clayton (1975) proposed that Ne-E was in fact pure 22Ne
from the decay of radioactive 22Na (t½ = 2.6 a), a compo-
nent that is now called Ne-R (for radiogenic). However,
two sub-components of Ne-E were later identified: Ne-
E(H), released at higher temperature (>900 �C) steps from
high-density carriers, and Ne-E(L), released at lower tem-
peratures from low-density carriers. Ne-E(H) is today
called Ne-G (for “Giant”/“AGB”), as it is thought to orig-
inate from the He-shell of AGB stars, where 22Ne is pro-
duced by a-capture on 14N, and is found in presolar
graphite and silicon carbide. Amari et al. (1990) isolated
and analyzed the first presolar graphite grains, and identi-
fied presolar graphite as the sole carrier phase of Ne-
E(L). Amari et al. (1995) showed later that Ne-E(L) is itself
a mixture of Ne-G and Ne-R, with the relative contribu-
tions of the two components depending on the density of
the graphite grains.

The first noble gas analysis of single presolar graphite
grains was done by Nichols et al. (1992). They were ex-
tracted from the CM2 chondrite Murchison, where presolar
graphite has an overall abundance of about 4.7 ± 0.5 ppm
(Huss et al., 2003). The details of the procedure for the iso-
lation of presolar SiC, graphite and diamond are described
in Amari et al. (1994). So far, the number of noble gas stud-
ies of individual presolar graphite grains has remained
rather limited. Most of them have been done on three dif-
ferent density and size fractions of Murchison (KE3: 1.6–
2.05 g/cm3, KFB1: 2.10–2.15 g/cm3; >1 lm, KFC1: 2.15–
2.20 g/cm3; >1 lm). Nichols et al. (1992) found 14 grains
with measurable 22Ne in KFB1, out of 49 grains analyzed.
Nichols et al. (1994) found 9 (out of 21) gas-rich grains
from KE3, and Kehm et al. (1996) found 3 (out of 46)
gas-rich grains in KFC1. In these studies, only 22Ne was
found, with no 20Ne, 21Ne or 4He above the respective
detection limits. Heck et al. (2009) reported 11 gas-rich
among 51 KFB1 grains analyzed, including the first preso-
lar graphite grains to contain measurable 4He and 20Ne.
Recently, graphite from the meteorite Orgueil was sepa-
rated (Jadhav et al., 2008) and initial results of He and
Ne isotope measurements of 15 individual low-density
grains were reported by Heck et al. (2010). Four of these
grains were gas-rich in 22Ne.

There are at least two possible mechanisms that can
incorporate Ne into presolar graphite grains in an expand-
ing supernova ejecta cloud. The presence of Ne-R is best ex-
plained by the condensation of the parent nuclide 22Na
together with graphite (Clayton, 1975; Amari, 2009; Heck
et al., 2009). The presence of 4He, 20Ne, 21Ne and nucleo-
synthetic 22Ne needs another mechanism, as the typical
temperatures in regions where presolar grains condense
are higher than the condensation temperatures of He and
Ne (for the solar nebula at 10�4 bar total pressure,
condensation temperatures are <3 and 9.3 K, respectively:
Lodders, 2003). Ion implantation was proposed as the
mechanism to implant nucleosynthetic Ne-G into SiC
grains from AGB stars by Gallino et al. (1990) and Lewis
et al. (1990). Verchovsky et al. (2004) proposed two ion
implantation regimes for these grains, an initial one during
the “quiet” AGB phase, and a later, more energetic implan-
tation to larger depths during the post-AGB-phase.

Ion implantation may also work for supernova graphite
grains. The implantation depth of Ne ions can be calculated
using the SRIM code (Ziegler et al., 2010, http://www.srim.
org). A relative velocity between the ions and the grains of
130–350 km/s results in an implantation depth of 6–30 nm
for 20Ne (Amari, 2009), while implantation depths on the or-
der of �1 lm are reached for relative velocities of
�2700 km/s, typical for the reverse shock region (Heck
et al., 2009). During passage of the grains through this re-
gion, they become dynamically decoupled from the gas.
Throughout the reverse shock, the H-rich regions beyond
the reverse shock and in the interstellar medium (ISM), they
are sputtered by hot H ions. However, for relative velocities
of up to 3000 km/s, a 1 lm graphite grain will not lose sig-
nificantly more than 0.7%, or 7 nm of its diameter in the re-
verse shock, and no more than 20%, or 20 nm of its diameter
in the ISM (Nozawa et al., 2007). Therefore, while ions im-
planted at very low velocities have probably been sputtered
away in the reverse shock or the ISM, ions putatively im-
planted at higher velocities would be detectable. The detec-
tion of nucleosynthetic Ne in supernova graphite grains is
therefore a clear sign that ion implantation takes place in
the expanding ejecta of supernovae, giving us the opportu-
nity to learn more about nature’s biggest explosions.

2. SAMPLES AND METHODS

2.1. Grain preparation and selection

The KFC1 graphite grain density separate (2.15–2.20 g/
cm3) is part of the K-series of presolar grains extracted at
the University of Chicago from the Murchison CM2 carbo-
naceous chondrite in the 1990s (Amari et al., 1994). For this
study, the KFC1 grains were suspended in a drop of isopro-
panol–water solution, and deposited on a gold foil attached
to a standard Al scanning electron microscope (SEM) sam-
ple holder. The grains were then briefly imaged with the
SEM at Washington University in St. Louis and subse-
quently analyzed for their C and Si isotopic composition
(12C�, 13C�, 28Si�, 29Si�, 30Si�) in multicollection with a
rastering Cs+-beam of the Washington University Cameca
NanoSIMS 50 ion micro-probe with a typical rastering-size
of 2 lm. The measured carbon isotopic ratios have typical
analytical errors of 1–2%, while the Si isotope ratios, with
a typical Si abundance of only �100 to 10,000 ppm (Hoppe
et al., 1995), have much higher errors of up to �10%. This
limits their diagnostic use, but nevertheless allows us to rec-
ognize rare grains with large Si anomalies. Interestingly,
grains with significant Si isotopic anomalies are much less
abundant in graphite than in SiC grains (Hoppe et al.,
1995), implying that some equilibration with isotopically

http://www.srim.org
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Fig. 1. The diameter and 12C/13C ratio distributions for KFC1 grains measured by Hoppe et al. (1995), all grains measured for this study, and
the 11 gas-rich grains (the error bars denoting the uncertainty induced by the co-extraction of grains). Small grains with diameters below 2 lm
are under-represented in this study, and the resulting relative over-representation of larger grains is largest for grains in the 3–4 lm bin. Grains
with a 12C/13C ratio <10 are over-represented by about a factor of �2.
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normal material has taken place, probably from the meteor-
ite matrix, further limiting the diagnostic value of Si.

Only grains with diameters above �1.2 lm (measured
from SEM images) were selected for noble gas analysis at
ETH Zurich, as most smaller grains presumably yield
amounts that are below detection limits. Grains with large
diameters (above 2 lm) are thus overrepresented compared
to the KFC1 size distribution reported by Hoppe et al.
(1995) (see Fig. 1). The first 42 grains were selected based
on their distance (>�200 lm) to neighboring grains. This
was done to avoid multiple extractions by the laser beam,
which has a spot size of about 50–100 lm. Thirty-six grains
were selected based on extreme isotopic ratios (12C/13C <20
or 12C/13C >200, or more than 100& away from solar Si
composition), and 14 were selected based on their large size
(measured diameter >2.5 lm). For the latter two groups of
grains, somewhat closer spacings (down to �100 lm) to
neighboring grains were deemed acceptable.

2.2. Calibrations and blanks

A total of 22 calibration measurements were done, with
a known amount of calibration gas (essentially atmospheric
in Ne isotopic composition and slightly higher than atmo-
spheric or “air-like” in 3He/4He, as discussed in Heber
et al. (2009)) processed as in a sample analysis. The spec-
trometer sensitivity determined with these calibrations re-
mained nearly constant: for all species, the 2r variation
was within �1–2%. For the first �30 samples, each grain
extraction was bracketed by cold blank measurements.
During a cold blank, the laser was not fired, but otherwise,
the analysis was carried out just as for a sample. As it be-
came clear after the first �20 cold blanks that the blank
was very stable and essentially zero within error (see be-
low), fewer cold blanks were measured. In total, 50 cold
blanks were measured. In addition, seven hot blanks were
measured, where the laser was aimed at an empty spot on
the sample-holder and operated for the same time as during
a typical grain extraction. Cold and hot blanks agree within
analytical uncertainty, indicating no significant increase in
background gases from laser operation or heating of the
sample-holder gold foil.

2.3. Noble gas extraction and data reduction

Extraction of the noble gases was done by heating the
grains with a 1024 nm Nd:YAG-Laser operated in CW
(continuous wave) mode. The glowing of the heated grains
during the individual extractions was monitored on a video
screen. An extraction was considered successful when a
grain identified on the SEM map was seen glowing on the
screen. Whenever necessary, we attempted to aim the laser
beam off-center to the side facing away from the next neigh-
boring grain(s), but in some cases, neighboring grains were
nevertheless heated, as indicated by their glowing on the
screen. In the following, to be on the safe side, we will treat
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all co-heated (glowing) grains as if they had been co-ex-
tracted. Because of the very low amounts of gas expected,
we used a low-blank extraction line and an ultra-high-sen-
sitivity mass spectrometer, where a molecular drag pump
concentrates the gases almost quantitatively into the ion
source, as described by Baur (1999). Prior to admission into
the mass spectrometer, the gases where cleaned with metal-
oxide getters and activated-charcoal traps cooled with li-
quid N2, in order to remove chemically active and/or inter-
fering species. Remaining contributions of the interfering
species were between one and two orders of magnitude
smaller than typical ion counting errors of the affected spe-
cies and were therefore neglected (except for calibration
measurements) in the data reduction procedure. We used
the analytical method developed by Heck et al. (2007,
2009). No valves are operated between the gas extraction
and the admission of the noble gases into the mass spec-
trometer. After the closure of the pump valve, laser cham-
ber and extraction line are directly connected to the mass
spectrometer. The increase of spectrometer “memory” on
all isotopes of interest (3He+, 4He+, 20Ne+, 21Ne+,
22Ne+), as well as the background of interfering species
(H2

+! HD+ on mass 3, H2
16O+!H2

18O+ on mass 20,
40Ar+! 40Ar++ on mass 40 and CO2

+! CO2
++ on mass

44) is then monitored for four cycles in peak-jumping
mode, prior to sample gas extraction. After extraction
and one additional cycle (�5 min), the spectrometer was
Fig. 2. The recorded 20Ne and 21Ne-signals (represented by white diamo
KFC1f-741/742, plotted against time. For the 21Ne signal, 2r-Poisson-c
extraction. The gray dotted line represents the (linear) forward extrapolati
that the 21Ne signal always plots above this line after extraction. See the
signal at time 0.
separated from the extraction line, and the latter was
pumped in preparation for the next analysis. During that
time, the isotopes of interest and the interfering species in
the spectrometer were measured again in six additional
peak-jumping mode cycles. The “memory” gases from with-
in the mass spectrometer show a steady increase, as exem-
plified in Fig. 2 by 20Ne, that looks just like a blank
measurement in this extraction. In a blank run, we do not
expect the measured signal to show a step or jump at time
zero, the moment we start the laser. A forward extrapola-
tion of the four data points measured prior to the laser
extraction should result in the same value as a backward
extrapolation of the seven data points obtained after the
moment of extraction. The difference between the two
extrapolated signals will thus scatter around zero, and the
detection limit of a species is defined to plot two standard
deviations above the average of this scatter (Heck et al.,
2007). Our blank (the noble gas amount measured in an
empty run) is therefore essentially zero, and each extraction
has its own blank attributed to it, in the form of the for-
ward extrapolation of the first four measurements prior to
the laser extraction. For a more detailed description of this
procedure, see Heck et al., 2007. The detection limits for all
interesting isotopes are as follows (in units of 10�15 ccSTP,
cm3 at standard temperature and pressure, where 1
ccSTP = 2.687 � 1019 atoms): 3He: 0.46, 4He: 430, 20Ne:
29.9, 21Ne: 0.60, 22Ne: 5.53. In the following we will call
nds and black squares, respectively) during the extraction of grains
ounting errors are shown. Time 0 indicates the beginning of laser
on of the first four (“blank”) measurements of the 21Ne signal. Note
Electronic Annex for a discussion of the significance of the 21Ne-
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each grain having a measured gas amount above the detec-
tion limit a “gas-rich” grain. A measurement sequence for a
single “gas-rich” grain, KFC1f-741/742, is shown in Fig. 2.
Within a few seconds after extraction, the signal jumps to a
higher value, and further shows a linear increase, essentially
with the same slope as the line from the first four measure-
ments (see the Electronic Annex for a more thorough dis-
cussion). Upper or lower limits of isotope ratios, where
given, are defined as the ratio between a measured concen-
tration and a detection limit as defined above (or vice ver-
sa). This definition is essentially identical to those used by
Heck et al. (2009) and similar to Nichols et al. (1992,
1994), but more conservative than the one used by Kehm
et al. (1996). A total of 92 grains were degassed in 76 extrac-
tions (10 double, three triple extractions). One extraction
was discarded, as it released a comparatively large amount
of noble gases of atmospheric composition, probably point-
ing to some terrestrial contamination. This leaves us with a
total of 91 presolar graphite grains extracted.

3. RESULTS

The grain diameters, C and Si isotopic ratios, He and Ne
concentrations, and elemental or isotopic ratios or upper/
lower limits, where applicable, for all gas-rich grains are
shown in Table 1. The masses of the grains were calculated
by assuming that they are spheres with radius (dmeas/2),
where dmeas is the average diameter measured from the
SEM-image, and a density corresponding to the average
density of the KFC1 density separate, i.e., 2.18 g/cm3.
Grains with sub-solar 12C/13C are over-represented in our
study, compared to the average distribution (Fig. 1) as re-
ported by Hoppe et al. (1995). Most of the Si isotope ratios
of the grains plot within error on the “mainstream line” as
defined by SiC data (Zinner et al., 2007), and are therefore
of limited diagnostic use (see Fig. EA-1-1 in the Electronic
Annex).

The grains rich in either 4He, 20Ne, 21Ne or 22Ne from all
runs are also displayed in Fig. 3. None of the grains con-
tained 3He above the detection limit, but two grains con-
tained 4He: KFC1f-251 and -312. These are the first 4He-
rich grains reported for the density separate KFC1. Heck
et al. (2009) reported the first 4He measured in a presolar
graphite grain in the lower-density separate KFB1. Neither
of the two 4He-rich grains presented here showed 20Ne,
21Ne or 22Ne above detection limit.

In three further extractions, 20Ne was detected. In two of
the grains (KFC1f-315 and -711), 20Ne was the only detected
noble gas isotope. In a third extraction (KFC1f-342), both
20Ne and 22Ne were found above detection limit, with a mea-
sured 20Ne/22Ne ratio of 5.2 ± 3.1. In another extraction,
both 21Ne and 22Ne were detected, with a 21Ne/22Ne ratio
of 0.046 ± 0.022. This is the first detection of 21Ne in a pre-
solar graphite grain. In the Electronic Annex, we analyze
this detection, discuss and finally reject alternative explana-
tions. In the extraction yielding 21Ne, two grains (KFC1f-
741 and KFC1f-742) were heated simultaneously, so that
the 21Ne and 22Ne cannot be clearly attributed to one of
the two grains, but given the low abundance of gas-rich
grains in KFC1, it is unlikely (p = (11/91)2 = �1.5%) that
both contributed to the observed Ne. However, the two
grains are clearly distinct in terms of C and Si isotope ratios,
and we will consider the attribution of the Ne to one of the
two grains in the discussion section.

In four single-grain extractions (KFC1f-134, -302, -323
and -422), 22Ne was the only isotope significantly above
the detection limit. A fifth single-grain extraction (KFC1f-
701, not shown in Table 1) also showed 22Ne just above
the detection limit, but as the ion counting error of this
measurement is so large it encompasses zero and the aver-
age blank, data from this grain was discarded. In the simul-
taneous extraction of the three grains KFC1f-531, -532 and
-533, a small amount of 22Ne was measured, close to the
detection limit.

4. DISCUSSION

4.1. Inferred bulk concentrations

In a �7 lg bulk sample of KFC1, Amari et al. (1995)
measured a 22Ne concentration of 5.1 � 10�5 ccSTP/g
and 20Ne/22Ne, 21Ne/22Ne ratios of 0.063 and 0.00025,
respectively (corresponding to a 20Ne concentration of
3.2 � 10�6 ccSTP/g, and a 21Ne concentration of
1.3 � 10�8 ccSTP/g). In the course of our project, we have
extracted 91 grains with a total mass of �3.8 ng (assuming
spheres with a density of 2.18 g/cm3). They sum up to a to-
tal 22Ne concentration of 2.7 � 10�5 ccSTP/g, or about half
the value observed by Amari et al. (1995). On the other
hand, the KFC1 single-grain analyses by Kehm et al.
(1996), where three out of 46 grains were found to be gas-
rich, yield an inferred 22Ne concentration of �9 � 10�5

ccSTP/g or about a factor of �3 higher than our value.
The data of Kehm et al. (1996) and our own study taken
together (weighted average from 133 individual grains with
an inferred total mass of �10 ng) thus result in an inferred
bulk concentration of �6.6 � 10�5 ccSTP/g, close to the va-
lue given by Amari et al. (1995). This suggests that the few
22Ne-rich grains found in the single-grain studies indeed
represent the major fraction of 22Ne in bulk KFC1.

Our inferred bulk amounts of 20Ne (2.9 � 10�5 ccSTP/g)
and 21Ne (1.6 � 10�7 ccSTP/g) are higher (by a factor of �9
and �13, respectively) than the values given by Amari et al.
(1995). This factor could be explained if large grains or
grains with isotopic anomalies, which were preferred in
our selection, were also more likely to be rich in 21Ne and
20Ne. This tentative explanation is supported by the fact
that all grains rich in 21Ne or 20Ne from our study are either
large (>4 lm diameter) or have a low 12C/13C ratio (<10).

4.2. Identification of stellar sources

In the following paragraphs we discuss the stellar sources
for the gas-rich grains listed in Table 1. We consider five dif-
ferent stellar sources: AGB stars, born-again AGB stars, J-
type carbon stars, novae and core-collapse supernovae.

Asymptotic giant branch (AGB) stars are low- and inter-
mediate-mass stars (1–8 M(), essentially in the last evolu-
tion stage driven by nuclear burning. Hydrogen and
Helium are fused in separate, alternating shells above a



Table 1
Results for all gas-rich grains.

Grain /
(lm)

12C/13C d29Si (&) d30Si (&) 4He 20Ne 21Ne 22Ne 4He/20Ne 4He/22Ne 20Ne/22Ne 21Ne/22Ne Stellar source

KFC1f-
251

3.1 699 ± 6 �6 ± 15 �7 ± 18 7000 ± 2100 >76 >410 Z/Z( = 1=3, 5 M( AGB star.
No He loss?

KFC1f-
312

3.6 146 ± 1 �8 ± 16 �30 ± 19 810 ± 170 >15 >79 Z/Z( = ½ � 1, 2–3 M( AGB
star. No He loss?

KFC1f-
315

1.4 7.07 ± 0.04 130 ± 80 46 ± 88 1000 ± 300 <12 >6.1 SN (C/O 45.1%, He/N
54.9%, or H envelope 71.9%,
He/N: 28.1%) Or J type
carbon star?

KFC1f-
711

1.4 7.62 ± 0.04 �83 ± 45 �69 ± 54 1400 ± 500 <9.6 >7.5 SN (C/O 48.3%, He/N
51.7%, or H envelope 77.0%,
He/N: 23.0%) Or J type
carbon star?

KFC1f-
134

3.6 1557 ± 23 5 ± 53 �23 ± 61 12 ± 1 <60 <4.6 <0.088 Z/Z( = 1/6, 1.5–2 M( AGB
star. He loss >64%

KFC1f-
302

3.5 104 ± 1 �4 ± 17 �25 ± 20 66 ± 7 <13 <0.96 <0.019 Z/Z( = ½ � 1, 2–3 M( AGB
star. He loss >91%

KFC1f-
323

1.3 313 ± 2 �46 ± 46 �121 ± 52 970 ± 250 <16 <1.2 <0.023 Z/Z( = 1=3, 1.5 M( AGB
star, He loss >89%? Or SN
(He/C or O/Ne 98.6%, He/N
1.4%)?

KFC1f-
422

2.4 211 ± 1 11 ± 32 �83 ± 35 88 ± 27 <30 <2.2 <0.043 Z/Z( = ½ � 1, 2–3 M( AGB
star. He loss >79%

KFC1f-
531*

5.4 11.3 ± 0.1 �31 ± 18 �39 ± 22 3.4 ± 1.0 <66 <5.0 <0.096 Born-again AGB star? SN?
CO nova?

KFC1f-
532*

1.7 638 ± 5 �140 ± 90 320 ± 130 110 ± 30 Z/Z( = 1=3, 2–3 M( AGB
star, (similar to SiC Z
grains?) probable carrier
grain for this extraction.

KFC1f-
533*

2.7 5.30 ± 0.03 �11 ± 10 �32 ± 12 27 ± 8 Born-again AGB star? SN?
CO nova?

KFC1f-
342

5.2 202 ± 1 37 ± 35 �23 ± 40 21 ± 10 4.1 ± 1.5 <12.1 <63 5.2 ± 3.1 <0.092 SN (C/O 97.8%, He/N 2.2%)

KFC1f-
741**

4.1 479 ± 4 �50 ± 17 �60 ± 20 0.80 ± 0.28 17 ± 6 <30 <2.3 0.046 ± 0.022 SN (C/O or He/C, 99.1%,
He/N 0.9%), probable carrier
grain for this extraction.

KFC1f-
742**

4.3 108 ± 1 �39 ± 29 �1 ± 36 0.67 ± 0.24 15 ± 5 SN (condensation: C/O or
He/C, 95.9%, He/N 4.1%)

Inferred
bulka

– – – – �82 2.9 0.016 2.7 – – – – –

All noble gas concentrations and given in units of 10�5 ccSTP/g.
SN = supernova.
*,** Co-extractions, He and Ne concentrations calculated, and stellar sources assigned, as if the measured gas amount resulted from the respective grain.

a Note that the inferred bulk may be biased from the preferential selection of large and isotopically anomalous grains.
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Fig. 3. Measured noble gas amounts (and corresponding 1r errors) of the 11 gas-rich grains, expressed in multiples of the standard deviation
from the average blank for the respective isotope. For example, the measured 22Ne amount of grain KFC1f-302 plots �12 standard deviations
(from the average blank) above the average blank for 22Ne. Two standard deviations define the detection limit for all species.
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degenerated core, which leads to instabilities resulting in
thermal pulsing and an associated dredge-up of nuclear
ashes into the photosphere (“third dredge-up events”; e.g.,
Herwig, 2005). Due to their strong stellar winds and abun-
dance, AGB stars are the main contributors of stardust to
the ISM, and are also important drivers of galactic chemi-
cal evolution (e.g., Arnone et al., 2003). Presolar graphite
condenses in the extended envelopes of these stars. A
majority of isotopic signatures of presolar graphite grains
can be matched with AGB star model predictions. Such
models were first published by Gallino et al. (1990) and
have been updated in Heck et al. (2007). Born-again AGB

stars and J-type carbon stars are two types of evolved stars
with low 12C/13C-ratios (<15), which are enriched (Asplund
et al., 1999, and references therein), and solar-like (Abia
and Isern, 2000), in their s-process element abundances,
respectively. So far, no detailed model predictions for the
yields of all Ne and He isotopes exist for these two objects,
although the work by Herwig et al. (2011) is a promising
first step in this direction. A high abundance of the neu-
tron-seed isotope 22Ne, and therefore a low 20Ne/22Ne-ra-
tio, similar to those in AGB stars, have been suggested
for born-again AGB stars (Heck et al., 2007), while for J-
type carbon stars, high 20Ne abundances from hot a-cap-
ture, and therefore a high 20Ne/22Ne-ratio are expected
(Abia and Isern, 2000; Deupree and Wallace, 1987). Novae
are recurring thermonuclear explosions on the surface of
white dwarfs, fed by H and He accreting from the expanded
atmosphere of an evolved companion star. The modeled
12C/13C ratios of novae are also very low (0.3–1.8), while
the 20Ne/22Ne depends on the composition of the involved
white dwarf (carbon, oxygen (CO) or oxygen, neon, magne-
sium (ONe), José et al., 2004). Core-collapse supernovae

mark the death of massive stars (>8 M(, e.g., Leonard,
2010). Prior to the supernova, they go through a series of
nuclear burning stages (H, He, C, Ne, O and finally Si burn-
ing), where the ashes of the most recent stage become the
fuel for the next one. Whenever a new stage starts in the
center of the star, the last stage continues to burn in a shell
around the innermost core. The stellar core develops an
onion-shell structure, with the ashes of the last, Si burning
stage accumulating as an inert Fe/Ni-core in the center, and
all of the earlier burning stages going on in separated shells
(or zones) above the core (zones from core to surface: Fe/
Ni, Si/S, O/Si, O/Ne, C/O, He/C, He/N, and H envelope,
Meyer et al., 1995). Finally, the core partially collapses into
a neutron star, producing a fierce neutrino wind, upon
which the collapsing star rebounds and explodes outward,
initiating explosive burning in all shells while accelerating
the shell material outward (Meyer and Zinner, 2006). As
the ejecta of 25 M( supernovae are considered representa-
tive of the total supernova contribution to the ISM
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(Woosley and Weaver, 1995), we will use a supernova mod-
el (s25a28d) of a 25 M( star by Rauscher et al. (2002).

For the identification of the most likely stellar source of
a grain we work with Figs. 4 and 5. Using the 12C/13C and
Ne isotopic ratios (or upper/lower limits thereof), it is usu-
ally straightforward to identify which of the stellar sources
are compatible, since the four non-supernova sources usu-
ally occupy well-defined regions in the two diagrams. If sev-
eral sources provide possible fits, this is pointed out in the
discussion. If the data of a grain does not fit any of the
source regions, but can be explained by mixtures of super-
nova zone-averages, we assume that it is of supernova ori-
gin. We then attempt to reproduce its 12C/13C composition
from mixtures of material from the carbon-rich (C/O >1)
He/C and He/N supernova zones, where the condensation
of graphite is likely. If this is not possible, we consider all
other supernova zones. The five grains of supernova origin
found in this study (�50%) are to first order compatible
with the finding of Hoppe et al. (1995) that more than
60% of all graphite grains are derived from supernovae
Fig. 4. Measured 20Ne/22Ne ratio of KFC1f-342 (black square, error b
triangles, respectively) of 20Ne/22Ne ratios of all other 20Ne- or 22Ne
comparison), with predicted nucleosynthetic yields for CO, ONe novae (Jo
according to Heck et al., 2007), born-again AGB stars (12C/13C: Asplund
J-type carbon stars (12C/13C: Abia and Isern, 2000, no bounds are know
2007) and the Fe/Ni, Si/S, He/N and H envelope zones of a 25 M( super
and C/O zones outside the plot area (based on model s25a28d from Raus
grains are compatible with an AGB star origin, but for grains KFC1f-323
(see discussion). Carbon isotopic ratios for these grains can be produced
regions, and the C/O region (C/O �0.25–0.5). See Fig. EA-1-2 for a colo
(or Wolf–Rayet stars), implying that supernova grains are
about equally likely to be gas-rich as grains from other
sources. Our data for grains from AGB stars provide fur-
ther confirmation of existing models, which is why we will
discuss them first, and address the supernova grains in the
later paragraphs.

4.3. Grains from AGB stars

In grains KFC1f-251 and KFC1f-312, 4He was above
detection limit. As no other noble gas isotope was above
detection limit in these two extractions, we can only give
lower limits to the 4He/22Ne ratio. This ratio and the C,
Si isotopic composition can be matched with models of
AGB stars of 2–5 M( and Z/Z( = 1/3 � 1, by assuming
that the grains condense in the stellar winds (thus acquiring
the C and Si isotopic ratios of the H envelope) and are irra-
diated by He and Ne ions originating in the He shell (Heck
et al., 2007). Together with the grain KFB1 g-34-4 reported
by Heck et al. (2009), these are the only known graphite
ars are 1r) and upper or lower limits (down-, and upward facing
-rich grains (including three grains from Kehm et al., 1996, for
sé et al., 2004), AGB stars (a synthesis of He-shell/envelope values,

et al., 1999, 20Ne/22Ne: same as for AGB stars, Herwig et al., 2011),
n on the 20Ne/22Ne ratio, but it is assumed to be high: Heck et al.,
nova, with arrows indicating the position of the O/Ne, O/Si, He/C
cher et al., 2002). The upper limits on the 20Ne/22Ne ratio for most
, -315, -711, -332/342 and -741/742, a supernova origin is proposed
by mixing material from the carbon-rich (C/O >1) He/N and He/C
red version.



Fig. 5. The five proposed supernova grains, with predictions by Rauscher et al. (2002) for the Ne-composition of different zones within a
25 M( supernova (model s25a28d) after the decay of all short-lived radio-activities (including 22Na), with six different nucleosynthetic zones
shown (the O/Si and Si/S zones plot outside the area), AGB stars (He shell, Heck et al., 2007; Gallino et al., 1990), CO and ONe novae (José
et al., 2004). As there are no detailed nucleosynthetic models of born-again AGB stars and J-type carbon stars, these sources are not displayed
here. For two supernova grains (KFC1f-342 and KFC1f-741/742), a measured ratio is known, and from the detection limit of the third,
undetected Ne isotope, an upper limit can be calculated. Therefore, the true Ne ratios of these grains must plot somewhere on the solid lines
concluded by white triangles. Both grains are compatible with the C/O zone, while KFC1f-741/742 is also compatible with the He/C zone. For
grains KFC1f-315 and KFC1f-711, only 20Ne was detected, therefore upper limits on the 20Ne/22Ne and 20Ne/21Ne ratios constrain the true
ratio to an area to the top and left of the grey short-dashed lines (e.g., compatible with the He/N zone) For grain KFC1f-323, only 22Ne was
detected, constraining its 20Ne/22Ne and 20Ne/21Ne ratios to an area to the bottom-left of the black short-dashed lines, compatible with the
He/C zone, but also with AGB stars. See Fig. EA-1-3 for a colored version.
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grains with a measured 4He/22Ne compatible with AGB
models. In grains KFC1f-134, KFC1f-302, KFC1f-422, only
22Ne was above detection limit, therefore we can only give
an upper limit to the 20Ne/22Ne ratio for these grains. To-
gether with the C, Si isotopic composition, these upper lim-
its are in accordance with models of sub-solar to solar
metallicity (Z/Z( = 1/6 � 1), low- to intermediate (1.5–
3 M() mass AGB stars (Heck et al., 2007). To explain the
non-detection of 4He in these grains, we have to assume a
minimum amount of He loss for each grain (Table 1).
Grains KFC1f-531, KFC1f-532 and KFC1f-533 were co-
heated in the same extraction. It is therefore not possible
to attribute the measured 22Ne unequivocally to any of
the three grains. However, grain KFC1f-532 was at the cen-
ter of the laser beam and is therefore considered the most
likely grain to have released the measured 22Ne. The Si iso-
topes of this grain (d29Si: �135 ± 85, d30Si: 317 ± 128)
resemble the ones from presolar SiC “Z grains”, which
are thought to originate from low-metallicity AGB stars.
The C isotopic ratio matches a low metallicity (Z/
Z( = 1=3), 2–3 M( AGB star (Heck et al., 2007). The two
other grains heated in the same extraction both have a very
low 12C/13C-ratio, which would indicate a born-again AGB
star, a supernova or a CO nova as origin. Grain KFC1f-
323, which is discussed with the supernova grains below,
could also originate in a Z/Z( = 1=3, 1.5 M( AGB star.

4.4. Grains from supernovae

While the grain KFC1f-323 has a measurable amount of
22Ne and a 12C/13C ratio compatible with an origin in an
AGB star (Heck et al., 2007), this grain also shows a small
excess of 28Si (d29Si: �46 ± 46, d30Si: �121 ± 56), which
calls for a discussion. In case of a supernova origin, the
22Ne measured in this grain could either be radiogenic
(Ne-R from the decay of 22Na), or nucleosynthetic, proba-
bly from the He/C zone (see Fig. 5). The 12C/13C ratio of
313 ± 2, taken at face value, would imply condensation
somewhere in the Si/S zone (see Fig. 4). Condensation of
graphite grains outside the carbon-rich (C/O >1) He/C
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and He/N zones is possible according to a model proposed
by Clayton et al. (1999). In the model of Ebel and Grossman
(2001), graphite may condense down to the O/Si zone
(where C/O �1.6 � 10�3) if the formation of any kind of
gaseous molecule (e.g., CO, SiO, H2O, etc.) is somehow sup-
pressed, which is certainly not expected from our current
understanding of supernova ejecta clouds. Graphite can
however never condense in the Fe/Ni and Si/S zones, as
these innermost zones are dominated by metals (predomi-
nantly Fe, Si and some amount of Ti), which will quickly
bind all the available C to form carbides, predominantly
TiC. TiC sub-grains (�15–500 nm) in presolar graphite
grains are common and show C isotopic ratios that are iden-
tical to the C ratio of the surrounding graphite (Stadermann
et al., 2005). The abundance of these TiC sub-grains in
graphite is so low (200–2500 ppm by mass) that equilibra-
tion of core-derived TiC with graphite material derived from
another zone would not significantly alter the C isotopic
composition of the grain (in the case of KFC1f-323, even
the addition of �1% of material from the Fe/Ni zone to a
grain condensed in any of the possible mixing zones would
only lower its 12C/13C ratio to �4800). The observed
12C/13C ratio in the graphite grain KFC1f-323 can however
also be reached by condensing the grain from a mixture of
material from the carbon-rich He/C (98.58%) and He/N
(1.42%) zones (with the average atomic 12C/13C ratio being
�9.27 � 105 in the He/C zone and �3.45 in the He/N zone).
Alternatively, the 22Ne could be of radiogenic (Ne-R) origin.
In that case, the grain would probably have condensed in the
22Na-rich O/Ne zone, a conclusion that was also reached by
Amari (2009) for graphite grains from the low-density sepa-
rate KE1. An origin in the O/Ne zone is compatible with the
12C/13C ratio if the admixture of small amounts (1.42% or
3.80%, respectively) of material from the He/N zone or
the H envelope is allowed. Nucleosynthetic Ne from the
O/Ne zone (with a 21Ne/22Ne-ratio of�3.5) can then be con-
strained to <0.1% of the total Ne inventory.

In both grains KFC1f-315 and KFC1f-711, 20Ne was
found, with no other noble gas isotope above the detection
limit. Both grains have a very low 12C/13C-ratio of
7.07 ± 0.04 and 7.62 ± 0.04, respectively, excluding AGB
stars as a possible source (Fig. 4). Interestingly, they are
also of virtually identical size (�1.4 lm). Silicon isotopes
for both grains are solar within two standard deviations
(see Table 1 or Fig. EA-1-1 in the Electronic Annex). This
excludes an ONe nova, which would be expected to pro-
duce grains with low 12C/13C-ratios alongside large 29Si
and/or 30Si anomalies. Although the Si-isotopes in the
KFC1 presolar graphite grains have been partially equili-
brated with isotopically normal material, in this case, solar
material contributions of >80% are necessary to “hide” a
putative ONe nova provenance. Based on the lower limit
on the 20Ne/22Ne ratio, we can also exclude a CO nova
and a born-again AGB star as origin (see Fig. 4). J-type car-
bon stars would be a possible source as they have been ob-
served to have low 12C/13C-ratios (Abia and Isern, 2000)
and are expected to have high 20Ne/22Ne ratios (Heck
et al., 2007), but so far, there are no detailed nucleosyn-
thetic models of J-type carbon stars. As we will show below,
the grains can be attributed to a specific zone of the
Rauscher et al. (2002) supernova model, which is therefore
our preferred interpretation. Nittler and Hoppe (2005) sug-
gested that some presolar grains with low 12C/13C ratios
might originate from supernovae, based on the observation
of high excesses of 28Si, 49Ti, 44Ca and inferred 26Al in one
grain that had previously been classified as a nova grain due
to its very low 12C/13C ratio. They point out that a possible
explanation for the low 12C/13C ratio is proposed by Langer
et al. (1998), where the rotation of the pre-supernova star
induces mixing between a 13C-rich layer next to the 12C-rich
He shell. In the Rauscher et al. (2002) supernova model,
12C/13C ratios at or below the value observed in these two
grains are found in two nucleosynthetic zones (Fe/Ni and
He/N). As explained above, the Fe/Ni zone is excluded,
so any supernova zone-mixing scenario must include some
material from the He/N zone. Beside the two core zones, we
also exclude the O/Si zone for its very low C/O-ratio as ex-
plained before, and the O/Ne zone for the absence of Ne-R
in these grains. The 12C/13C ratios of the two grains can
then be reached by mixing either �50% He/N material with
material from the He/C and C/O zones, or �20% He/N
material with �80% H envelope material. In Fig. 5, grains
KFC1f-315 and -711 are included only with lower limits
(from Table 1) for 20Ne/22Ne (horizontal short-dashed lines
on the left side of the figure) and 20Ne/21Ne (sloped short-
dashed lines on the right side of the figure, derived from the
non-detection of 21Ne and the ratio of the 21Ne, 22Ne detec-
tion limits). The true isotopic Ne ratio of the grains must
thus plot in the area on top and left of the horizontal and
sloped lines, excluding the He/C zone and the part of the
C/O zone. The grains can therefore only have formed in
mixtures of either 50% He/N + 50% C/O, or 20% He/
N + 80% H envelope. It is interesting to note that
KFC1f-711 and -315 are nearly identical grains with respect
to size (1.4 lm), 12C/13C ratio (�7) and a measurable 20Ne
concentration of �1 � 10�3 ccSTP/g. In future work, mea-
suring a relatively high 21Ne/22Ne-ratio of �0.3–0.7 in such
a grain would further corrobate their supernova origin and
might make it possible to distinguish between a He/N + C/
O, or He/N + H envelope condensation.

The extraction of grain KFC1f-342 is the only one where
both 20Ne and 22Ne were above the detection limit. The
12C/13C ratio is 202.3 ± 1.2, and the Si isotope ratio plots
close to the mainstream line. The C isotopic ratio clearly ex-
cludes a born-again AGB star, J-type carbon star and a
nova as origin (Fig. 4). The measured 20Ne/22Ne ratio is
5.2 ± 3.1. While within 2r, this ratio is consistent with
AGB star model predictions (20Ne/22Ne <0.13; Heck et
al., 2007, see Fig. 4), this is nevertheless an unlikely expla-
nation, as the maximum amount of 20Ne expected from the
product of the measured amount of 22Ne (6.37 � 10�15

ccSTP) and the AGB star He-shell 20Ne/22Ne ratio of
<0.13, is still far below the 20Ne detection limit
(2.99 � 10�14 ccSTP), i.e., if the Ne of this grain was of
AGB He-shell origin, we would not have seen any 20Ne
above the detection limit. If we however accept the detec-
tion of 20Ne, we can give a lower limit of >4.69
(>2.99 � 10�14/6.37 � 10�15) to the 20Ne/22Ne ratio for this
grain, derived from the ratio of the 20Ne detection limit and
the measured 22Ne. As shown in Figs. 4 and 5, the only
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supernova zone compatible with the measured 20Ne/22Ne
ratio is the C/O zone (model range of values: 1.7–60), and
fittingly, a mixture of 97.8% C/O material and 2.2% He/
N material (zone-averages) yields the 12C/13C-ratios ob-
served in this grains.

Grains KFC1f-741 and KFC1f-742 were co-heated in the
same extraction. In this extraction, both 21Ne and 22Ne were
above the detection limit. This is the first detection of 21Ne in
a presolar graphite grain. While the 12C/13C ratio of both
grains is compatible with an AGB star origin (and incompat-
ible with a nova, born-again AGB and J-type carbon star ori-
gin; see Fig. 4), we do not expect high amounts of 21Ne to be
found in any type of grain from an AGB star (see Fig. 5).
Gallino et al. (1990) predict 21Ne/22Ne ratios for AGB stars
of different metallicities between�5 � 10�4 and 0.014, Kara-
kas et al. (2008) predict 21Ne/22Ne-G = 0.0033 for the max-
imum 18F(a,p)21Ne rate, and from the most 22Ne-rich
presolar SiC grain of the mainstream group (SiC166) mea-
sured by Heck et al. (2007), an upper limit to the
21Ne/22Ne-ratio of �0.0055 can be calculated. All these val-
ues are well below 0.046 ± 0.022, the value measured in grain
KFC1f-741/742. KFC1f-741 is the only gas-rich grain that
shows a robust 2r excess of 28Si (with d29Si = �50 ± 17&

and d30Si = �60 ± 20&), and enrichments in 28Si are ex-
pected in grains from supernovae. This makes KFC1f-741
the likely carrier of the measured 21Ne. If the 12C/13C ratio
of 479 ± 4 for this grain is not a mixing product, this ratio
plots somewhere in the O/Si zone. Both the C/O and the
He/C supernova zone are fitting – within 2r-errors – the
Ne ratios (see Fig. 5), and indeed the 12C/13C ratio can also
be reproduced with mixing 99.1% material from the C/O or
He/C zones with 0.9% from the He/N zone.

In summary, we have one possible supernova grain
(KFC1f-323) with a 22Ne inventory that is either nucleosyn-
thetic if the grain condensed from material from the He/C
and He/N zones, or radiogenic if it condensed in the O/
Ne zone. We find two probable supernova grains
(KFC1f-315 and KFC1f-711), remarkably similar in size,
12C/13C ratio and 20Ne concentration, that are compatible
with condensation and Ne acquisition from either a 80:20
mixture of H envelope and He/N, or a 50:50 mixture of
C/O and He/N zone material, respectively. Finally, super-
nova grain KFC1f-342 condensed and acquired its nucleo-
synthetic 20Ne, 22Ne inventory predominantly from the C/
O zone, while supernova grain KFC1f-741 condensed and
acquired its nucleosynthetic 21Ne, 22Ne inventory predomi-
nantly from either the C/O or the He/C zone.

4.5. Contributions of radiogenic 22Ne?

While 20Ne and 21Ne from supernova grains has to be of
nucleosynthetic origin, 22Ne can also be of radiogenic ori-
gin, from the decay of 22Na (Ne-R). This is of no concern
for the grains KFC1f-315 and KFC1f-711, where no 22Ne
was found. But for the other three supernova grains, we
have to investigate a possible contribution of Ne-R. So-
dium-22 reaches its highest abundance in the O/Ne zone
(�1.8 � 10�6; Rauscher et al., 2002) and is one to four or-
ders of magnitude less abundant in most parts of the C/O,
He/C and He/N zones. In a small part of the He/N zone,
the 22Na-abundance may reach values of up to
�8.4 � 10�7, similar to those in the O/Ne zone. However,
this 22Na-“spike” in the He/N zone may also be a computa-
tional artifact, as it is not as pronounced in lower mass
supernova models from Rauscher et al. (2002) and does
not show up in the supernova model of Chieffi and Limongi
(2004). Although 22Na is less abundant than 22Ne in most
supernova zones, Na can be intercalated into graphite (see
Amari, 2009, and references therein) while noble gases can-
not, thus possibly resulting (during the life-time of 22Na) to
a Ne-R contribution that is larger than would be expected
from the atomic Na/Ne ratio in the supernova ejecta gas
alone. For grain KFC1f-323, where only 22Ne was above
detection limit, even pure Ne-R cannot be excluded, and
the grain is consistent with condensation in both the He/C
(implying nucleosynthetic 22Ne) or O/Ne (implying radio-
genic 22Ne) zone. For the other two grains where some
22Ne was measured (KFC1f-342 and KFC1f-741), the detec-
tion of 20Ne or 21Ne, respectively, already requires a signif-
icant contribution of nucleosynthetic Ne. But the attempt to
attribute the measured Ne composition directly to a specific
nucleosynthetic supernova zone would be meaningless if
there is also a significant contribution of Ne-R.

Figuratively speaking, we can imagine the contribution of
Ne-R in Fig. 5 to constitute a slope 1 “shadow” cast by a
nucleosynthetic zone, if illuminated from the top right
(22Ne-poor) corner of Fig. 5. Any grain having a Ne-compo-
sition possibly plotting within the shadow of a 22Na-rich
zone (or all zones, when accounting for possible mixtures)
can be suspected to have a significant Ne-R contribution,
while such a contribution can be excluded for grains having
a Ne-composition plotting outside of all possible shadows.
For grain KFC1f-342, where we only have an upper limit
to the 21Ne/22Ne ratio, a possible true 21Ne/22Ne ratio within
the shadow of a zone is not excluded. While we therefore can-
not exclude a contribution from Ne-R for grain KFC1f-342,
we still consider this unlikely, given that both the Ne and C
isotopic composition match the 22Na-poor C/O zone (in a
part that is not itself in the shadow of another zone). For
grain KFC1f-741, both the Ne and C isotopic compositions
match the C/O or He/C zones. Here, we have a measured va-
lue for the 21Ne/22Ne ratio, which places this grain with high
probability outside of any shadows (see Fig. 5).

One might ask whether the uncertainties of these nucle-
osynthetic models do not preclude the precise prediction of
these Ne-R “shadows”. However, the main uncertainty in
this kind of supernova models lies in the 22Ne production
rate (Rauscher et al., 2002) and not necessarily the
20Ne/22Ne, 21Ne/22Ne ratios. A variation in the 22Ne-pro-
duction rate will therefore move the predicted zonal compo-
sitions parallel to the shadows, with no consequences for
the argumentation presented here.

4.6. Condensation and ion implantation in supernova ejecta

In infrared observations of the Cassiopeia A supernova
ejecta cloud with the Spitzer Space telescope (Rho et al.,
2008), supernova dust grains have been observed to con-
dense in the expanding ejecta. These observations show
the nucleosynthetic zones remain essentially intact.
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However, previous work on presolar grains from superno-
vae (Travaglio et al., 1999; Lin et al., 2010; Hoppe et al.,
2010) has shown that it is not possible to reproduce the ob-
served supernova grains without mixing of material from
several different zones. The disentangling of the different
zones becomes increasingly complex if many isotope sys-
tems are measured in the same grains. The five probable
KFC1 supernova grains found in this study can however
be explained by a simple two-component mixture of zone-
averages. All five grains have a Ne isotopic composition
compatible with the zone of condensation as implied by
their 12C/13C ratio, in accordance with a previous finding
in supernova graphite grains from the KE3 density separate
(Amari, 2009). The detection of nucleosynthetic Ne, how-
ever, constitutes an interesting difference to the work by
Amari (2009), where all the observed 22Ne found in these
low-density presolar graphite grains is derived from the de-
cay of 22Na. As 22Na can be intercalated into graphite, no
special acquisition mechanism for nucleosynthetic Ne is
needed. In fact, as Amari (2009) pointed out, the complete
absence of 20Ne in the KE3 graphite grains speaks against
any significant nucleosynthetic Ne addition in these grains.
Since 20Ne and 22Ne are much more abundant than 22Na
in the O/Ne zone, where most of the 22Na is produced, even
a very small addition of nucleosynthetic Ne would shift the
20Ne/22Ne ratio to the high values typical for that zone.
Amari (2009) proposed that either the relative velocities be-
tween gas and grains in the expanding supernova ejecta are
so small that no implantation takes place, or that Ne is in-
deed implanted, but is later sputtered away again by hot
H ions when the grains pass through the reverse shock
and into the interstellar medium (ISM). In this context, we
can give two possible (but mutually non-exclusive) explana-
tions as to why grains of higher density would be more likely
to retain nucleosynthetic Ne: The high-density grains may
either have formed in another environment, where the rela-
tive gas velocity is higher, so that the Ne ions can be im-
planted deep into the grains. Or, high-density grains may
be more resilient against sputtering by hot ions and thus able
to retain their implanted nucleosynthetic Ne. In future
work, when more supernova graphite grains with nucleosyn-
thetic inventories have been identified, it will become possi-
ble to establish whether the nucleosynthetic Ne is surface- or
volume correlated, thereby giving constraints on typical ion
implantation velocities in the different supernova zones.

5. SUMMARY AND CONCLUSIONS

� We have analyzed C, Si, He and Ne isotopes from 91
individual presolar graphite grains from the KFC1 den-
sity separate of the Murchison meteorite. Eleven grains
showed measurable gas amounts in one or more of the
measured He and Ne isotopes (Table 1). Integrated Ne
concentrations and abundances of gas-rich grains are
similar to values determined in earlier studies by Amari
et al. (1995) (bulk) and Kehm et al. (1996) (single grains)
of the KFC1 density separate. This implies that the few
Ne-rich KFC1 grains carry the major fraction of Ne in
bulk KFC1 grains.
� By comparing the grain isotope data with published
nucleosynthetic model predictions for AGB stars, born-
again AGB stars, J type carbon stars, novae and superno-
vae, we have attributed all the gas-rich grains to their most
probable stellar sources. In six out of 91 grains, the data
best matches model predictions of AGB stars with sub-
solar to solar (Z/Z( = 1/6 to 1) metallicities and a few
(1.5–5) solar masses (Table 1). This is in line with the inter-
pretation of isotopic signatures of KFC1 graphite by
Amari et al. (1995) and Hoppe et al. (1995). Two grains
from AGB stars have retained most of their He and show
a lower limit to the 4He/22Ne ratio in agreement with
model predictions. For the other grains attributed to
AGB stars, no 4He was detected, indicating a He loss of
at least 64–91%, compared to these model predictions.
� Five of the gas-rich grains likely formed in core-collapse

supernovae (Table 1). The C and Ne isotopic composi-
tions of these grains are consistent with condensation
in (mixtures of) the C/O, He/C, He/N and H envelope
zones of a model supernova with 25 M(. We report
the first detection of nucleosynthetic 20Ne (KFC1f-315,
KFC1f-711, KFC1f-342) and 21Ne (KFC1f-741/742) in
KFC1 presolar graphite grains, sometimes measured
together with 22Ne (KFC1f-342 and KFC1f-741/742).
One grain (KFC1f-323) released only 22Ne, which could
be explained either with nucleosynthetic Ne from the
He/C and He/N zones, or with radiogenic Ne from
intercalation of 22Na in the O/Ne zone.
� We can exclude a significant contribution of 22Ne

from the decay of co-condensed 22Na (t½ = 2.6 years)
for three (KFC1f-315, KFC1f-711, KFC1f-741/742) of
the five supernova grains from KFC1. This, and the
detection of nucleosynthetic Ne, contrasts with KE3
graphite grains where all measured 22Ne is radiogenic
(Amari, 2009). We propose that the differences between
the KE3 and KFC1 graphites are best explained by either
formation in regions of the supernova with higher ion
energies, or by higher resilience of high-density grains
to sputtering in the reverse shock and the interstellar
medium.
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