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ABSTRACT

We report new O isotopic data on 41 presolar oxide grains, 38 MgAl2O4 (spinel) and 3 Al2O3 from the CM2
meteorite Murray, identified with a recently developed automated measurement system for NanoSIMS. We have
also obtained Mg–Al isotopic results on 29 of the same grains (26 spinel and 3 Al2O3). The majority of the
grains have O isotopic compositions typical of most presolar oxides, fall well into the four previously defined
groups, and are most likely condensates from either red giant branch or asymptotic giant branch stars. We have also
discovered several grains with more unusual O and Mg compositions suggesting formation in extreme astrophysical
environments, such as novae and supernovae (SNe). One of these grains has massive enrichments in 17O, 25Mg, and
26Mg, which are isotopic signatures indicative of condensation from nova ejecta. Two grains of SN origin were also
discovered: one has a large 18O/16O ratio typical of Group 4 presolar oxides; another grain is substantially enriched
in 16O, and also contains radiogenic 44Ca from the decay of 44Ti, a likely condensate from material originating in
the O-rich inner zones of a Type II SN. In addition, several Group 2 presolar spinel grains also have large 25Mg
and 26Mg isotopic anomalies that are difficult to explain by standard nucleosynthesis in low-mass stars. Auger
elemental spectral analyses were performed on the grains and qualitatively suggest that presolar spinel may not
have higher-than-stoichiometric Al/Mg ratios, in contrast to SIMS results obtained here and reported previously.

Key words: dust, extinction – novae, cataclysmic variables – nuclear reactions, nucleosynthesis, abundances –
stars: AGB and post-AGB – supernovae: general
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1. INTRODUCTION

Presolar grains are astrophysical fossils contained in primitive
meteorites and provide valuable insight into stellar evolution
and the formation of the elements. These grains are literally
stardust that condensed out of the windy envelopes of ancient
stars and ejecta from supernova (SN) explosions; they have
provided some of the starting material for the formation of the
solar system (SS). Stardust grains represent a nucleosynthetic
snapshot of their parent stars at the time of grain condensation
and afford insight into many astrophysical processes (Clayton
& Nittler 2004; Meyer & Zinner 2006). First identified over
two decades ago by their unusual isotopic compositions when
compared to solar or terrestrial values, presolar grains have
provided constraints on models of nucleosynthesis in asymptotic
and red giant branch (AGB and RGB) stars and SNe, dust
grain condensation conditions in stellar environments, and the
chemical evolution of the galaxy (galactic chemical evolution
(GCE)).

While carbonaceous presolar grains (such as nanodia-
monds, SiC, and graphite) were discovered first (Amari et al.
1990; Bernatowicz et al. 1987; Lewis et al. 1987), O-rich
phases, including alumina (Al2O3), spinel (MgAl2O4), hibonite
(CaAl12O19), and silicates, have also since been identified.
Corundum is the stable mineral phase of Al2O3 on Earth; how-
ever, as microstructural analyses indicate that presolar Al2O3
can exist in other forms (Stroud et al. 2004), we prefer the ter-
minology “alumina” or “Al2O3.” For a comprehensive account
of the various O-rich presolar grain types and their discovery,
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see Zinner (2007). Because of its refractory nature, an ability
to better retain trace elements in its crystal lattice, and typi-
cally larger (often several μm) grain sizes compared to preso-
lar oxides (usually � 1 μm), SiC is the best studied presolar
grain type, and roughly 10,000 SiC grains have been individu-
ally analyzed for their isotopic compositions. In contrast, the
study of presolar oxides is only just beginning to approach
a similar degree of maturity, for several reasons. Because the
SS is O-rich (C/O ∼ 1/2; Lodders 2003) and meteorites pos-
sess high abundances of oxide mineral phases, finding preso-
lar oxides in extraterrestrial samples among literally thousands
of isotopically normal grains (mainly those of SS origin) sur-
rounding them, requires time-consuming and often inefficient
techniques. This situation is unlike the case for SiC, in which
chemical separation treatments can produce residues enriched
(>90%) in presolar SiC (Amari et al. 1994). Traditionally, two
techniques have been successfully applied to identify O-rich
presolar grains in meteoritic separates. Oxygen isotopic raster
imaging has proven efficient for presolar grain discovery in sam-
ples containing dense and tightly packed grains (see Figure 1 of
Nguyen et al. 2003), prepared as either polished meteoritic thin
sections or size-separated aggregates. In this way, thousands
of particles can be measured. Oxygen-rich presolar grains can
subsequently be seen as anomalous O isotopic “hotspots” in the
ion images when compared to surrounding grains. Alternatively,
when oxide-rich grain residues have been produced by chemical
and physical processing that provide well-separated grains on
the sample mounts after deposition, individual (manual) anal-
yses can be performed with little or no isotopic dilution from
adjacent particles, thereby better obtaining the true composi-
tion of the grains. With the implementation of the NanoSIMS
(a high-spatial-resolution, multidetection secondary ion mass

107

http://dx.doi.org/10.1088/0004-637X/717/1/107
mailto:fgyngard@dtm.ciw.edu


108 GYNGARD ET AL. Vol. 717

spectrometer), the analysis of tightly packed grain separates
has the advantage that if grain density is high enough, presolar
grains can be readily discovered (Nguyen & Zinner 2004); how-
ever, it has its drawbacks. Due to primary beam overlap onto
nearby solar-composition, or “normal”, grains, the true isotopic
compositions of the anomalous grains may be diluted and the
magnitude of the isotopic anomalies become the lower limits.
This isotopic dilution is more pronounced for grains with de-
pletions in 17O and/or 18O which are undercounted (Nguyen
et al. 2007) and, because the grains are typically embedded in
the matrix of surrounding grains, further measurements of other
isotopic systems can be compromised (or may be impossible).
This dilution can also affect grains enriched in 17O and 18O (al-
though not as much)—see Figure 5 of Zinner & Gyngard (2009).
Measurements of individual grains have been facilitated by the
development of techniques (Gröner & Hoppe 2006; Nittler &
Alexander 2003) in which well-dispersed grains are automat-
ically identified from ion images by computer algorithms that
recognize and define, based on customizable parameters such as
ion intensity or grain size, discrete particles in the analyzed ar-
eas. Electrostatic deflection of the primary ion beam (under com-
puter control) onto the identified grains then allows their isotopic
compositions to be obtained in a systematic, automated man-
ner. Combined with the high sensitivity at high-mass-resolution
and multidetection capabilities of the NanoSIMS, this method
of automatic analysis has been shown to be particularly useful
for searches of low-abundant presolar grain types (Heck et al.
2006).

Based on their O isotopic composition, most presolar oxide
grains have been loosely assigned to four groups (Nittler
et al. 1997), thought to reflect origins in distinct types of
stars. Although the boundaries between the groups are not
well defined, the groups have been roughly established as:
Group 1 grains, which are characterized by enrichments, often
large, in 17O and moderate depletions in 18O; Group 2 grains,
which have slight enrichments in 17O (comparable to those
of most Group 1 grains) but more extreme 18O depletions
than Group 1 grains; Group 3 grains, which are enriched in
16O; and Group 4 grains, which are enriched in either 18O or
both of the heavy O isotopes. The isotopic signatures of most
Group 1–3 grains are consistent with model calculations of
the envelope compositions of low-mass (M � 3 M�), close-to-
solar metallicity RGB and AGB stars (e.g., Boothroyd et al.
1994), while the enigmatic Group 4 grains have been theorized
to possibly be SN condensates (Choi et al. 1998; Nittler et al.
2008). Prior to the studies by Zinner et al. (2005) and Nittler et al.
(2008), few measurements of isotopic systems other than O had
been primarily reported for presolar Al2O3 (Nittler et al. 1997)
and hibonite (Choi et al. 1999). Unlike Al2O3 grains, spinel and
hibonite grains provide the opportunity to determine isotopic
compositions of major elements besides O; in fact, roughly half
of the spinel grains measured for Mg isotopes exhibit substantial
isotopic anomalies (both enrichments and/or depletions in 25Mg
and 26Mg relative to 24Mg) generally consistent with origins
inferred from their O isotopic compositions (Zinner et al. 2005).
However, some previously discovered presolar spinel grains
have extreme Mg compositions (enrichments in both 25Mg
and 26Mg over 1000‰) that are difficult to reconcile with their
measured O isotopic compositions in the context of current AGB
nucleosynthesis models (Iliadis et al. 2008; Nittler et al. 2008).
It also should be made clear here that excesses in 25Mg and
26Mg are effectively the same as depletions in 24Mg, and vice
versa.

In this work, we report the development of an automated,
high-mass-resolution system for the analysis of individual grains
in the NanoSIMS and its first application to a spinel-rich residue
of grains from the Murray CM2 carbonaceous chondrite. We
have also obtained the Mg–Al isotopic compositions of a subset
of the grains, expanding the database of presolar spinel grains
analyzed for Mg isotopes roughly twofold, and for several
grains, Ca and Ti isotopes were also measured. In addition, we
obtained Auger elemental spectra on the majority of the grains,
in order to compare them to our results from SIMS analysis.
Reports of parts of this work have been presented previously
(Gyngard et al. 2009, 2010; Gyngard & Zinner 2009; Zinner &
Gyngard 2009).

2. EXPERIMENTAL TECHNIQUES

The pedigree of the Murray residue analyzed here is described
in detail by Tang & Anders (1988). Essentially, a 12.7 g fragment
of the meteorite was chemically treated with HF and HCl in
order to remove both silicates and carbonaceous material and
the resulting residue was size-separated into three fractions. The
CG fraction, used in this study, has an average grain diameter of
0.45 μm and predominantly consists of spinel. The procedure
for mounting these grains for NanoSIMS analysis is described
by Zinner et al. (2003).

In collaboration with Cameca, the manufacturer of
NanoSIMS, we have developed an automated, high-mass-
resolution measurement technique for the rapid analysis of large
numbers of well-separated grains, similar to previously devel-
oped systems on NanoSIMS and ims-6f microprobes (Gröner
& Hoppe 2006; Nittler & Alexander 2003). For this study, au-
tomated measurements consisted of the following sequence: a
20 × 20 μm2 area was presputtered with a high-current primary
Cs+ beam to remove surface contamination and to implant Cs
in the grains present, which enhances the negative secondary
ion yield. Scanning ion images of 16O−, 17O−, 18O−, 24MgO−,
and AlO− were subsequently acquired in multidetection with
a ∼1 pA, 100 nm Cs+ primary beam. With particle defini-
tion software (Nittler 1996), individual grains were identified
in the 16O− images, sorted according to various criteria (such
as proximity to surrounding grains), and individually measured
by electrostatically deflecting the primary beam onto each grain
and rastering over a square area with a side approximately twice
the grain’s diameter (as determined from the ion images). Af-
ter analysis of each selected grain in a given imaged area, the
sample stage was moved and the entire process repeated. The
viability and reproducibility of the system will be discussed
further below; however, it is clear that with this technique, thou-
sands of grains can be automatically analyzed over the course
of several days, with little user intervention. The automated sys-
tem we have developed here differs from a previous system for
the NanoSIMS (Gröner & Hoppe 2006) in that it is completely
integrated into the instrument’s software, allowing for greater
measurement flexibility and compatibility. Image processing is
accomplished with software written in the IDL language (ITT);
information is passed between the main NanoSIMS software
and the IDL program via text files. It must be noted that one
grain, C4-8, was not found by the automatic grain technique,
but rather was observed as an 17O− “hotspot” in a large pile of
grains in an automatically obtained 20 × 20 μm2 image. Be-
cause of its close proximity to other material, this grain was not
selected by the grain recognition algorithm to be automatically
measured in that area; its O isotopic composition was measured
manually.
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For the present study, the practical measurement conditions
(arrived at by trying to minimize needless grain erosion, while
optimizing for efficient identification of stardust grains) were
as follows: each area scanned was subjected to 2 minutes of
pre-sputtering to clean off surface contamination and implant
Cs in the surface of the grains to enhance secondary ion yields,
followed by a 5.5 minute acquisition of the ion image used
for particle identification. On average, each area contained 10
identified grains whose individual measurements took roughly
1.5 minutes each. These conditions led to a net throughput
of ∼2.25 minutes per particle, not including instrumental
setup and tuning, and resulted in about 640 individual particle
measurements per day. At present, the system automatically
determines the integration time of each measurement based on
the approximate size of the grain to be measured; however, in the
future, efficiency could be increased if measurement times were
adjusted for desired statistical precision. In addition, increasing
the number of grains per image by optimizing the density of the
deposited grains on the mounts would also increase the overall
efficiency. Unfortunately, for liquid suspensions of oxides, as
opposed to, for example, SiC, the grains have a tendency
to clump together, making the production of well-dispersed
(with minimum distances between individual grains of several
microns) sample mounts difficult.

Synthetic Al2O3 grains, with essentially normal O isotopic
compositions, were used for normalization of the O data; how-
ever, this is not absolutely necessary as presolar grains are
identified by their large isotopic deviations from bulk averages
of meteoritic grains. The Al2O3 standard in this study is the
same as that used by Zinner et al. (2003) and was shown to
have approximately SMOW (standard mean ocean water: 17O/
16O = 0.0003829 and 18O/16O = 0.0020052) isotopic composi-
tion. Once grains were identified as isotopically anomalous and
hence presolar, they were analyzed with the PHI 700 Scanning
Auger Nanoprobe at Washington University, equipped with a
field-emission electron source, in order to relocate the grains,
take high-resolution scanning electron microscope (SEM) im-
ages, and independently determine the grains’ mineralogy via
Auger electron spectroscopy. While, in principle, standard en-
ergy dispersive X-ray (EDX) analysis could obtain the same
information, the fact that many of the grains were clumped
together made Auger analysis preferable. Due to the short in-
elastic mean free path of Auger electrons (only electrons emitted
from the very top surface escape the sample with their original
Auger energy), analysis of the energy distribution of emitted
Auger electrons results in a smaller effective analysis depth
of Auger electrons emitted with characteristic energies (a few
nm) than that for X-rays (∼1 μm; Stadermann et al. 2009). This
makes it possible to determine elemental compositions with less
contribution from adjacent or underlying material, in particular
for grains that are �200 nm in size and are touched or en-
compassed by adjacent grains. The spinel grains were analyzed
with a 10 kV, 10 nA electron beam. Unlike silicates (Floss &
Stadermann 2009), in which substantial electron beam damage
can alter grain chemistry, the spinel grains showed no evidence
of beam damage under these conditions. In most cases, spectra
were acquired by rastering the electron beam over part of the
grain and collecting Auger electrons with energies from 30 to
1730 eV. In a few cases, elemental maps of selected elements
(e.g., O, Mg, Al, and Si) were also taken of areas in which the
grain density was particularly high and the full spectral measure-
ments yielded inconclusive spectra, mostly due to sample stage
drift when the analysis area moved during the short analysis of

(a) (b)

(c) (d)

Figure 1. SEM and O isotopic ratio images of grain 12-13-3 found in this
study. (a) High-resolution SEM image acquired with the Auger Nanoprobe.
(b) Low-resolution NanoSIMS secondary electron image of the grain; the
lower isotopically normal grain was subsequently sputtered away. ((c) and (d))
O isotopic ratio images of 17O/16O and 18O/16O, expressed as delta values
(deviations from solar isotopic ratios in parts per thousand, ‰), revealing the
top, presolar grain to be a Group 4 grain.

(A color version of this figure is available in the online journal.)

some small grains. These elemental maps provide a qualitative
overview of the elemental distribution and can be very helpful
in the identification of interfering adjacent grains.

In roughly a quarter of the grains, it was apparent from the
SEM images (Figures 1(a) and (b)) that the “particle” defined by
the grain recognition software and measured automatically in the
NanoSIMS consisted, in fact, of multiple grains. In most cases, a
“manual operator” would likely have observed this and excluded
the grains from measurement. In order to obtain the true isotopic
composition of the actual presolar grain, we obtained raster-
ion images of the three O isotopes with a ∼100 nm Cs+

primary beam in the NanoSIMS (Figures 1(c) and (d)). After
identification of the anomalous grain, we carefully sputtered
away the surrounding material using the NanoSIMS’ Cs+

primary beam (Zinner & Gyngard 2009). This process allowed
us to not only determine the O composition of such “cleaned
up” grains without interferences, but also enhanced our ability to
make future measurements of the isotopic compositions of other
elements without contributions from adjacent normal grains.
This is especially important as subsequent isotopic analyses
of these samples with positive secondary ions (e.g., for Mg,
K, Ca, and Ti) require an O− primary beam, which has a
much larger beam spot (500–1000 nm versus 100 nm) than the
Cs+ beam, thereby making the measurements more susceptible
to contamination due to beam overlap. If enough material of
the presolar grain remained, we remeasured the O isotopes
after removal of nearby material; however, in a few cases, we
extracted the O isotopic ratios from the ion images themselves,
to preserve as much of the grain as possible for further analyses.

For grains that had not been completely sputtered away dur-
ing O isotopic analysis, we also measured their Mg isotopic
composition and Al content with the NanoSIMS. This was done
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by simultaneous detection of secondary ions of the three sta-
ble Mg isotopes (24Mg+, 25Mg+, and 26Mg+) and 27Al+, pro-
duced by bombardment with a ∼10 pA, ∼0.5–1 μm O− primary
beam rastered over the grain. SS spinel grains—as determined
from their approximately normal (see discussion below) O iso-
topic composition—nearby on the sample mount were used as
standards for normalizing the Mg isotopes and determining the
Al+/Mg+ relative sensitivity factor (RSF), needed to quantify
Al/Mg elemental ratios. Two particularly interesting grains, dis-
cussed below, were further characterized in a separate measure-
ment session of 39K+, 41K+, 40Ca+, 42Ca+, 43Ca+, 44Ca+, 47Ti+,
and 48Ti+ with a combination of multidetection and magnetic
peak switching. Beam blanking was employed in order to elim-
inate contamination due to beam overlap onto nearby material.
A perovskite (CaTiO3) standard was used for normalization of
the Ca–Ti isotopic compositions and an RSF of 2.83 between
Ca and Ti (determined from an NBS 610 glass) was assumed.

3. RESULTS

3.1. O Isotopes

A total of 312 20 × 20 μm2 areas were automatically mapped
and 3152 grains were identified and measured for their O iso-
topic composition. The average isotopic composition of the
357 non-anomalous grains with errors less than 20‰, mea-
sured in multiple automated runs over the course of a week, is
δ17O/16O = −47‰ ± 26‰ and δ18O/16O = −59‰ ± 19‰ (er-
rors are the standard deviations of the 357 grain measurements),
consistent with previously reported spinel grains from Ca–Al-
rich inclusions (CAIs) having compositions of δ17O = δ18O =
−40‰ (Clayton 1993), even though we cannot absolutely state
that all of these grains are, in fact, spinel and not Al2O3. These
results indicate an about 2%–3% uncertainty in the automated
technique—good enough for efficient identification of presolar
grains. The closeness of the secondary ion extraction optics to
the sample surface (400 μm) in the NanoSIMS likely increases
the sensitivity of the automatic system to sample height topog-
raphy effects compared to other ion microprobes. For grains
not remeasured for their O isotopes, the errors on the O iso-
topic ratios are calculated by including uncertainties from both
counting statistics and the overall scatter on standards measured
during the automated run in which the grains were discovered
(not the 3% overall uncertainty quoted above).

Forty-one grains (Table 1) were found to have anomalous
O isotopic compositions, defined by enrichments or depletions
more than 3σ away from the average O composition of nearby
“solar” meteoritic spinel grains, thus corresponding to a presolar
number abundance of ∼1.3% among the grains of the Murray
CG residue. The O isotopic ratios, shown in Figure 2, are
similar to those obtained by previous analyses on presolar
oxide grains and fall into all four previously identified groups
(Nittler 1997). As typical for presolar oxides, the majority of
the grains are enriched in 17O, characteristic of Group 1 and 2
grains. Six grains exhibit large 18O depletions (18O/16O < 10−3)
characteristic of Group 2 grains, in addition to at least one Group
3 grain (depletions in both 17O and 18O) and one Group 4 grain
(enriched in 18O). Grain C4-8 is unique in that its 17O/16O ratio
of 4.4 × 10−2 is the largest ever observed in presolar O-rich
grains and is at least an order of magnitude greater than the
theoretical maximum value in models of low-mass AGB stars,
thought to be the progenitors of Group 1 grains. One other grain,
T54 (Nittler et al. 1997), has been reported to have a comparably
large enrichment in 17O (17O/16O = 1.4 × 10−2), though still a

Figure 2. Plot of the O isotopic compositions of the anomalous grains found in
this study and previously identified presolar oxide and silicate grains (see Hynes
& Gyngard 2009, and references therein). The labeled grains are discussed
specifically in the text. In this and all other figures, dashed lines indicate solar-
system isotopic ratios and error bars are 1σ .

factor of 3 less than that of C4-8; such large enrichments most
likely indicate a nova origin for these grains, the astrophysical
implications of which will be discussed below.

As mentioned above, SEM images showed that some of the
grains measured automatically actually consisted of two or more
grains tightly packed together. In such cases, oxygen isotopic
ion imaging (for example, Figures 1(c) and (d)) proved very ef-
fective at establishing which of the grains were indeed presolar.
The O isotopic composition of the grain depicted in Figure 1
(12-13-3) is shown in Figure 2, as well as the compositions of
grains measured both automatically and manually (following
careful sputter removal of the normal grains nearby). For the
majority of the grains, the shift of their isotopic composition
after sputter removal is subtle. For at least two grains, however,
the compositions were shown to exhibit much more extreme
anomalies than those obtained by the automated analysis. Grain
7-5-7, which was originally thought to be a fairly typical Group
3 grain, is, in fact, extremely enriched in 16O (17O/16O = 3.9 ×
10−5 and 18O/16O = 2.1 × 10−4) and likely not of an AGB star
origin. The Group 4 grain from this study, grain 12-13-3, was
shown to be substantially more enriched in both 17O and 18O
than the automatic measurement revealed (Gyngard et al. 2009).

3.2. Mg, Ca, and Ti Isotopes

The Mg isotopic compositions of the grains are included
in Table 1 and shown in Figure 3. In general, the Mg results
are similar to those of previous analyses of presolar spinel
grains (Zinner et al. 2005). Approximately half of the grains
cluster around normal Mg isotopic composition; however, the
rest exhibit considerable isotopic anomalies. The most extreme
Mg anomalous grains are 14-12-7 (a Group 2 grain) and C4-
8, with δ25Mg = 1034‰ ± 8‰ and 949‰ ± 8‰, δ26Mg =
1040‰ ± 8‰ and 929‰ ± 8‰, respectively (delta notation:
δiX/jX = [(iX/jX)measured/(iX/jX)� – 1] × 1000); these are some
of the largest 25Mg excesses observed to date. There is a cluster
of six grains exhibiting similar Mg isotopic ratios, characterized
by large 26Mg excesses (200‰–400‰) and 25Mg depletions of
about 200‰, but dissimilar O isotopic compositions. The most
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Table 1
Oxygen and Mg–Al Isotopic and Elemental Ratios of the Presolar Oxides from This Work

Sample Groupa Mineralogy 17O/16O (10−4) 18O/16O (10−3) δ25Mg/24Mg (‰) δ26Mg/24Mg (‰) Al/Mgb

1-2-8 1 Al2O3 10.45 ± 0.38 1.51 ± 0.05 −48 ± 22 2 ± 22 35.56 ± 5.36
3-3-10 1 Spinel 13.90 ± 0.26 1.55 ± 0.03 −4 ± 6 −6 ± 5 2.54 ± 0.38
6-13-5 1 Spinel 8.93 ± 0.37 1.73 ± 0.05 91 ± 9 211 ± 9 3.31 ± 0.50
6-14-8 1 Spinel 7.98 ± 0.17 2.20 ± 0.03 −235 ± 20 216 ± 25 5.17 ± 0.78
6-24-10 1 Spinel 10.17 ± 0.21 1.31 ± 0.03 −220 ± 5 309 ± 5 2.56 ± 0.39
7-1-4 1 Spinel 7.10 ± 0.38 2.04 ± 0.07 −190 ± 9 255 ± 10 3.28 ± 0.49
7-5-7c U Spinel 0.40 ± 0.10 0.21 ± 0.02 −276 ± 10 13 ± 12 3.09 ± 0.46
8-24-13 1 Spinel 14.85 ± 0.70 1.96 ± 0.08 43 ± 9 91 ± 8 3.06 ± 0.46
8-9-3 1 Al2O3 51.42 ± 1.05 1.89 ± 0.07 −66 ± 21 −25 ± 20 40.04 ± 6.04
9-10-17 2 Spinel 11.54 ± 0.42 0.64 ± 0.04 −191 ± 8 376 ± 10 3.38 ± 0.51
9-18-8 1 Spinel 4.96 ± 0.21 1.81 ± 0.04 −8 ± 6 −3 ± 5 2.84 ± 0.43
9-20-15 1 Spinel 5.37 ± 0.24 1.64 ± 0.04 7 ± 7 10 ± 6 2.53 ± 0.38
9-21-11 1 Spinel 13.90 ± 0.42 2.01 ± 0.05 −12 ± 5 −3 ± 4 2.51 ± 0.38
9-27-18 1 Spinel 5.31 ± 0.20 1.96 ± 0.04 0 ± 12 16 ± 11 3.18 ± 0.48
9-8-20 2 Spinel 12.87 ± 0.56 0.56 ± 0.04 −186 ± 8 341 ± 9 3.17 ± 0.48
10-11-4 3 Spinel 3.54 ± 0.09 1.41 ± 0.02 −9 ± 5 −8 ± 5 3.00 ± 0.45
11-1-1 1 Spinel 9.50 ± 0.27 1.56 ± 0.04 −42 ± 7 −29 ± 6 2.63 ± 0.40
12-12-4 1 Spinel 6.39 ± 0.36 1.23 ± 0.05 −23 ± 14 9 ± 14 3.68 ± 0.55
12-13-3 4 Spinel 11.16 ± 0.52 6.62 ± 0.13 71 ± 13 735 ± 16 3.69 ± 0.56
13-28-12 1 Spinel 4.82 ± 0.32 1.92 ± 0.07 24 ± 10 15 ± 10 2.86 ± 0.43
13-30-9 2 Spinel 11.89 ± 0.32 0.07 ± 0.02 150 ± 7 602 ± 8 3.11 ± 0.47
13-34-3 2 Spinel 10.09 ± 0.32 0.49 ± 0.03 −183 ± 7 354 ± 8 2.87 ± 0.43
13-6-3 1 Spinel 4.64 ± 0.37 2.18 ± 0.08 −46 ± 24 −20 ± 23 2.26 ± 0.34
14-1-14 2 Al2O3 9.88 ± 0.38 0.37 ± 0.03 −1 ± 33 727 ± 43 111.12 ± 16.77
14-12-7 2 Spinel 7.65 ± 0.24 0.23 ± 0.02 1034 ± 8 1040 ± 8 2.39 ± 0.36
14-13-6 1 Spinel 4.45 ± 0.31 1.40 ± 0.06 −7 ± 8 12 ± 8 3.48 ± 0.52
14-14-5 1 Spinel 6.51 ± 0.23 1.34 ± 0.04 1 ± 8 −6 ± 8 2.86 ± 0.43
14-19-2 1 Spinel 13.67 ± 0.27 1.96 ± 0.04 1 ± 6 −3 ± 5 3.12 ± 0.47
C4-8 U Spinel 440.36 ± 1.22 1.10 ± 0.02 949 ± 8 929 ± 8 2.89 ± 0.43

3-6-8 1 Spinel 5.05 ± 0.30 1.65 ± 0.06
6-16-1 1 Spinel 7.20 ± 0.16 1.83 ± 0.03
6-2-1 1 Spinel 7.17 ± 0.14 1.81 ± 0.03
6-21-9 1 Spinel 6.61 ± 0.15 1.33 ± 0.03
8-17-2 1 Spinel 5.94 ± 0.29 1.12 ± 0.05
8-9-11 1 Spinel 4.54 ± 0.10 1.87 ± 0.03
9-23-6 1 Spinel 9.76 ± 1.17 2.30 ± 0.18
10-7-16 1 Spinel 9.15 ± 0.21 0.98 ± 0.03
12-20-10 U Spinel 88.01 ± 2.97 1.18 ± 0.11
13-3-12 1 Spinel 5.83 ± 0.55 2.07 ± 0.10
14-6-3 1 Spinel 5.25 ± 0.21 1.84 ± 0.04
9-28-4 1 Spinel 8.69 ± 0.26 1.86 ± 0.04

Solar 3.83 2.01 ≡ 0 ≡ 0 0.082d

Notes. All errors are 1σ . Grain C4-8 was not discovered by the automated measurement system.
a U signifies “Unusual.”
b Determined from NanoSIMS analysis; errors are from both counting statistics and reproducibility on the standards.
c 44Ti/48Ti = (3.6 ± 0.8) × 10−3.
d Lodders (2003).

16O-rich grain, 7-5-7, is unique in having essentially normal
26Mg/24Mg, but a 25Mg depletion of about 300‰.

After the Mg–Al measurements, two grains had sufficient
material remaining for analysis of their K, Ca, and Ti isotopic
compositions. For grain 7-5-7, no counts of 42Ca and 43Ca were
recorded, and its 41K/39K and 47Ti/48Ti ratios are normal within
(admittedly large) errors. Due to the small size of this grain
(very little material remained after the Mg–Al measurement)
and the fact that K, Ca, and Ti are present only as trace elements,
analytical uncertainties are large. However, the grain has a clear
enrichment in 44Ca (44Ca/40Ca = 1.3 ± 0.4) corresponding to
a 44Ca excess of ∼58,000‰. This leads to an inferred 44Ti/48Ti
ratio of (3.6 ± 0.8) × 10−3. Although we tried to avoid nearby
contamination, any terrestrial Ti would reduce the calculated

44Ti/48Ti ratio, and, in fact, such dilution of the grain’s true
ratio may have occurred, as we observed an unexpectedly high
48Ti+/40Ca+ ratio, perhaps from material left over from a
nearby grain. However, an explanation for why there would
be significantly more Ti than Ca contamination is unknown.
Unfortunately, the second grain, C4-8, contained too little Ca
and Ti for obtaining a meaningful isotopic analysis—all isotopic
ratios are normal within very large uncertainties.

3.3. Al/Mg Elemental Ratios

Based on our NanoSIMS measurements of Al and Mg, the
presolar spinel grains of this study appear to have elevated
Al/Mg ratios (shown in Table 1, where measured) compared to
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Figure 3. Mg isotopic compositions of the presolar grains not sputtered away
during O isotopic measurement, expressed as δ-values, or deviations from solar
isotopic ratios in parts per thousand (‰).

the stoichiometric atomic ratio of two. This has been observed
before in studies of presolar Murray spinel (Zinner et al. 2005)
and has been hypothesized to possibly be indicative of formation
in a high temperature environment (Simon et al. 1994). While
it is tempting to try to quantify the Auger elemental spectra
taken by using the Al/Mg ratios determined for the nearby solar
spinel grains as standards, the fact that some spinel-like minerals
from CAIs from the Murchison CM2 chondrite exhibit elevated
Al/Mg ratios, indicative of high temperature alteration (Simon
et al. 1994), precludes the assumption of stoichiometric compo-
sition. In addition, most of the spectra are extremely noisy due
to the small size of the grains, which in turn makes any absolute
quantification of the RSF between Al and Mg inherently more
uncertain. Qualitatively, however, there seems to be little or no
difference in the Al and Mg compositions of the Auger spectra
of solar and non-solar spinel. The question of whether or not
most presolar Murray spinel grains are truly non-stoichiometric
or whether these results are artifacts of the instrumental tech-
niques will be discussed below in Section 4.4.

4. DISCUSSION

The astrophysical setting, nucleosynthesis, and mixing pro-
cesses in RGB and AGB stars, along with comparisons to
presolar grain data, have been extensively reviewed (Busso
et al. 1999; Nittler et al. 2008); however, a few points rele-
vant to the discussion here will be presented. In Figure 4, a
schematic diagram is shown of the various astrophysical pro-
cesses that are primarily responsible for the O isotopic composi-
tions of both Group 1 and 2 grains. During main-sequence core
H-burning, 17O is enriched due to proton capture on 16O in the
CNO cycle, greatly increasing the 17O/16O ratio, while 18O is
essentially destroyed due to the 18O(p, α)15N reaction operat-
ing at relatively low (∼1.5 × 107 K) temperatures (Boothroyd
et al. 1994). After the cessation of H-burning in their core, low-
to-intermediate-mass (<8 M�) stars cool and expand, moving
up the RGB in the Hertzprung–Russell diagram. Immediately
subsequent to this expansion, these stars undergo a deep convec-
tion event (first dredge-up), in which the remaining products of
H-burning in layers including those that experience CNO cy-
cling are mixed up to the stellar surface, largely homogenizing

Figure 4. Schematic diagram of the stellar processes responsible for the O
isotopic composition of most Group 1–3 presolar oxide and silicate grains.
Grains C4-8 and T54 plot in the region only accessible by nova nucleosynthesis.
Also shown are ellipses representing the four groups identified for presolar
O-rich grains. Approximate shifts in composition from cool bottom processing
(CBP), galactic chemical evolution (GCE), and hot bottom burning (HBB) are
given as double black, solid gray, and dotted gray lines, respectively.

the envelope of the star and enriching the surface in previ-
ously synthesized 17O-rich and 18O-poor material. The surface
18O/16O ratio is reduced by ∼20% and the 17O/16O ratio in-
creases to a degree that depends primarily on the initial mass
of the star (which effectively determines the maximum depth of
the first dredge-up). The predicted 17O/16O ratio increases with
stellar mass up to a maximum of 0.004 for a 2.5 M� star, after
which the 17O/16O ratio begins to decline with increasing mass
(Boothroyd & Sackmann 1999). It should be noted here that
stars of mass greater than 3.5 M� undergo another deep mixing
event, the second dredge-up, which does not significantly alter
the O isotopic composition of the star’s surface (Lattanzio &
Boothroyd 1997). Other mixing processes reaching sites expe-
riencing nuclear reactions, occurring later in the evolution of
the star during the RGB and AGB phase, can also occur, e.g.,
hot bottom burning (HBB) for intermediate-mass stars and cool
bottom processing (CBP) for low-mass stars, but they primarily
destroy 18O and have only a small effect on the star’s 17O/16O
ratio; these processes will be discussed in more detail later.

Within this general context, most grain data fall well into
the previously established groups, and indicate an origin in
low-mass AGB or RGB stars of lower-than- or close-to-solar
metallicity. Consistent with previous observations, the Group 2
grains must have experienced CBP to account for their low
18O/16O ratios. However, some of the grains found in this
study do not fit within this framework, and require differ-
ent astrophysical origins. One grain (C4-8), with the largest
17O/16O ratio discovered to date, probably condensed from nova
ejecta and is further discussed in Section 4.1. Several Group 2
grains have extreme Mg isotopic compositions which are diffi-
cult to produce in models of single low-mass AGB stars, perhaps
indicative of a binary star origin. These grains are discussed in
Section 4.2. The one Group 4 grain we have identified has an
isotopic composition consistent with formation in SN ejecta,
similar to previous results for Group 4 grains. Grain 7-5-7, with
its large 16O enrichment and clear evidence for 44Ti, also likely
condensed from SN material. These two grains’ isotopic compo-
sitions are compared with SN model predictions in Section 4.3.
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In Section 4.4, we make some general remarks addressing the
question of the grains’ stoichiometry, and discuss whether or
not Al/Mg ratios as determined by SIMS measurements for
presolar spinel are conclusive.

4.1. Nova Nucleosynthesis and Grain Production

4.1.1. Classical Novae

Classical novae are stellar explosions in close binary systems
caused by the buildup of H-rich material onto the white dwarf
(WD) companion of a cool, red, main-sequence (observationally
often a K or M type) star. The angular momentum of accrued
material from the RGB companion star causes the formation
of an accretion disk around the WD. This H-rich matter
eventually falls onto the WD, and as the material at the base
of the star’s envelope is very dense (1000–10,000 g cm−3), it
is essentially electron degenerate. Degenerate material cannot
maintain hydrostatic equilibrium (e.g., pressure will not increase
with temperature) because it does not expand and cool when
the temperature increases. Through continuing mass-transfer
episodes from the companion star, temperatures increase and
nuclear reactions, mainly with H, can be powered at the base of
the WD’s envelope without any subsequent expansion, leading
to a thermonuclear runaway (TNR) on the surface of the WD.
Degeneracy ceases when the Fermi temperature is reached
and the envelope can then expand, thus ending the explosion
and returning the WD to its pre-outburst state; however, the
continuing accretion of H-rich material from the companion
RGB star typically leads to further episodes of TNR and the
corresponding ejection of nuclear processed matter (José et al.
2006). Novae ejecta are usually dominated by C/O ratios much
less than one (except for very massive explosions) and typically
occur for WDs that are carbon–oxygen (CO) or oxygen–neon
(ONe) rich, depending on the main-sequence mass of the star
that evolved to become the WD. The secondary star in the binary
system can itself re-accrete material ejected from these nova
outbursts, possibly affecting its surface isotopic composition
(Marks et al. 1997), although the gross compositional change
may be small. Nuclear processes affecting the O and Mg isotopes
are dominated by proton capture reactions. The significant
production of 17O in CO novae is most sensitive to the 17O(p, α)
reaction; whereas for ONe novae, variations in the 18F(p, α) and
17F(p, α) reactions can greatly affect the 16O, 17O, and 18F (and
thereby 18O) abundances. Uncertainties in many reaction rates
can strongly affect predictions for the production of the Mg
isotopes in both CO and ONe nova models. In particular, the
rate for 23Na(p, γ ) strongly affects 24,25,26Mg, and 26Alg(p, γ ),
which is responsible for production of 26Al—though, in general,
CO nova models produce considerably less 26Al than do ONe
models (Iliadis et al. 2002).

4.1.2. Presolar Grains from Novae

Principally through proton captures, novae are efficient pro-
ducers of the stable isotopes 13C, 15N, and 17O, as well as the ra-
dioactive isotopes 22Na and 26Al (José & Hernanz 1998; Kovetz
& Prialnik 1997; Starrfield et al. 1998). To date, primarily car-
bonaceous phases of presolar grains (e.g., SiC and graphite),
exhibiting a combination of low 12C/13C and 14N/15N ratios,
high 30Si/28Si, and high inferred 26Al/27Al and low 20Ne/22Ne
ratios (when measured), have been purported to have formed in
novae (Amari et al. 2001; Heck et al. 2007; José et al. 2004).
There is some controversy, however, as an SN origin cannot
absolutely be ruled out, based on a large 47Ti excess in one

grain and large 28Si, 49Ti, and 44Ca isotopic excesses in another
putative nova grain candidate (Nittler & Hoppe 2005). Also,
quantitative comparison of the grain data and nova models in-
dicates that the model compositions are much more extreme
than those of the grains (Amari et al. 2001); hence, the grains
must have condensed in nova ejecta that were mixed with a
substantial amount of close-to-solar composition matter. De-
spite this uncertainty, one recently discovered SiC grain with a
12C/13C ratio of about 1 (Nittler et al. 2006) most likely formed
in ONe nova ejecta. In addition, José & Hernanz (2007) recently
concluded that 26Al/27Al ratios cannot be used to distinguish be-
tween an SN and nova origin, and that most of the Amari et al.
(2001) grains are likely of nova origin; though, clearly more
multi-element isotopic studies of nova-candidate SiC grains are
needed to unambiguously determine their origins. Prior to this
study, only one possible nova oxide (Al2O3) grain, T54, has
been identified (Nittler et al. 1997). Its extreme 17O enrichment
(17O/16O = 1.41 × 10–2) cannot be produced by standard AGB
star nucleosynthesis and the grain has been suggested to be a
probable CO nova condensate (Nittler & Hoppe 2005).

4.1.3. Grain C4-8

The O isotopic composition of grain C4-8 of this study is
characterized by a huge enrichment in 17O, with 17O/16O =
(4.40 ± 0.01) × 10−2. Although Group 1 grains also have 17O
excesses (Zinner 2007), RGB and AGB stars, the most likely
sources of these grains (Nittler 1997), cannot produce such
a high 17O/16O ratio. In other words, the large 17O excesses
observed in grains C4-8 and T54 (i.e., 17O/16O � 4 × 10−3)
cannot be explained by typical nucleosynthesis processes that
take place in the parent stars of Group 1 grains. In nova
explosions, maximum temperatures greater than 108 K can
be reached (depending on the WD mass), causing fast CNO
processing (i.e., in the “hot” CNO cycle), or non-equilibrium
burning, in which the rate of nuclear processing is predominately
governed by β+-decay half-lives (Pagel 2009; Starrfield et al.
2008; Starrfield et al. 1972). Quantitative predictions for the
mean mass-averaged O isotopic composition of CO and ONe
nova models for different WD masses (José et al. 2004) are
shown in Figure 5, along with the compositions of grains
C4-8 and T54. In some cases, multiple compositions have
been calculated for a given model, such as for the 0.8 M�
and 1.15 M� CO models, corresponding to different amounts
of mixing between the solar-like accreted envelope and core
WD material (José & Hernanz 1998). Unlike in the case of
putative SiC nova grains, ONe novae cannot be the progenitors
of grains C4-8 and T54, as ONe novae produce 18O/16O ratios
larger than solar; the best match to the O isotopic compositions
of these grains is produced by CO nova models. Model CO8 of
José et al. (2004), a 1.15 M� CO model computed for an initial
composition with a 50% degree of mixing between core material
and accreted envelope, best explains the composition of grain
C4-8; however, a 0.8 M� model (CO4) cannot unequivocally
be ruled out. Coincidentally, a 1.25 M� CO model calculated
by Yaron et al. (2005) predicts an 17O/16O of 0.049, also in
reasonable agreement with the composition of C4-8; however,
the 18O/16O ratio is not explicitly given in their work. The O
isotopic composition of grain T54 is very well explained by
a 0.8 M� CO model (CO2), also calculated and evolved from
an initial composition of 50% core material and 50% envelope.
It is interesting to note that models CO2 and CO8 have been
computed with an updated (increased) 18F + p reaction rate
(Hernanz et al. 1999), as opposed to the other CO models,
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Figure 5. Plot of the O isotopic compositions predicted by various nova models,
shown with the data from grains C4-8 and T54. Errors on the grain data are
smaller than their symbol size. Multiple points for some models are due to
variation in the amount of mixing between the roughly solar accreted material
and the WD core. Models explicitly mentioned in the text are labeled in gray.

leading to significantly less production of 18O compared to
models of the same WD mass, regardless of the amount of
core–envelope mixing. The O isotopic compositions of both
C4-8 and T54 seem to favor the models calculated with the
updated rate.

Grain C4-8 is significantly enriched in both 25,26Mg (δ25Mg =
949‰ ± 9‰ and δ26Mg = 929‰ ± 7‰) and, similar to the
situation for the O isotopes, nucleosynthesis in RGB and AGB
stars cannot produce the observed Mg isotopic excesses. During
the main-sequence stage of close-to-solar metallicity low-mass
(�3 M�) stars, temperatures in the zones containing material
brought to the surface by first dredge-up are not high enough
for Mg to undergo any substantial nuclear processing; therefore,
predicted enrichments are only up to a few permil (Karakas &
Lattanzio 2003). During the AGB phase, 25Mg and 26Mg can be
created in the H-burning shell by successive p-captures when the
Mg–Al chain (of which 26Al is the main product) is activated,
as well as by the 22Ne(α, n)25Mg and 22Ne(α, γ )26Mg reactions
operating in the He-burning shell. Third dredge-up (TDU)
increases the amount of heavy Mg isotopes in the envelope.
However, models of AGB stars of close-to-solar metallicity do
not predict 25Mg enrichments greater than ∼40‰ (Zinner et al.
2005). Larger enhancements are possible for lower metallicity
stars (up to ∼200‰); however, these stars are assumed to have
initial 25Mg/24Mg ratios lower than solar, severely limiting the
maximum δ25Mg values that can be reached. The production of
the isotopes of Mg and Al will be discussed in more detail later in
the context of Group 2 grains, but, regardless, 25Mg/24Mg ratios
greater than 300‰ cannot be produced in any single-AGB-star
scenario.

Extreme Mg isotopic anomalies and production of 26Al
expected in nova outbursts and the Mg composition of C4-8
are shown, along with the nova model predictions of José et al.
(2004) for Mg and Al, in Figure 6. For grains like C4-8 with large
anomalies in both 25Mg and 26Mg, it is difficult to disentangle
26Mg directly produced by nucleosynthesis and radiogenic 26Mg
from the decay of 26Al. Thus for the nova models plotted in
Figure 6, contributions of the decay of 26Al to 26Mg have been
included. Because the Al/Mg ratio in stoichiometric spinel is 2,
whereas the solar ratio is 0.082 (Lodders 2003), the 26Al model
abundances have been multiplied by a factor of 24, close to the
value used by Lugaro et al. (2007).

Figure 6. Plot of the Mg isotopic compositions theoretically predicted for the
ejecta of CO and ONe novae (José et al. 2004), compared with the measured Mg
isotopic ratios of grain C4-8. For the models, the contribution of 26Al was also
included, multiplied by a factor of 24 to account for the preferential condensation
of Al into spinel. Models explicitly mentioned in the text are labeled in gray.

In contrast to the case of the O isotopes, the Mg isotopic
composition of C4-8 is very close to that predicted for the 0.6 M�
CO nova model (CO1). Except for the 0.6 M� model, both CO
and ONe novae are predicted to produce enormous enrichments
of both 25Mg and 26Mg (whether or not radiogenic 26Mg is
included) relative to solar abundances. In model CO1, only
little nuclear processing (i.e., destruction) of 24Mg occurs, as the
WD mass is too low to significantly activate the 24Mg(p, γ )25Al
reaction (José et al. 2004). Unfortunately, model CO8, which
gives the best fit to the O composition of C4-8, predicts Mg
isotopic ratios much too extreme to explain the grain data.
Ultimately, all nova models (CO or ONe), except for the
unique case of CO1, produce 25Mg/24Mg and 26Mg/24Mg
ratios too high by at least an order of magnitude to fit the
grain’s composition. On the other hand, model CO1 predicts
17O/16O and 18O/16O ratios significantly lower than that of
C4-8. No Mg isotopic ratios are reported for the Yaron et al.
(2005) model, only elemental mass fractions for Z > 8, thus
no comparisons with the grain data can be made. As it was
completely consumed during its O isotopic measurement, the
Mg and Al compositions of grain T54 were not determined, and
thus no additional information is available to confirm the grain’s
tentative nova origin, or to constrain model predictions.

The presence of intermediate-mass elements from Si to Ca
has been astronomically observed in the dust shells of some
classical novae (Andreä et al. 1994), and model calculations of
ONe novae predict nucleosynthetic production of Si through Ca
(José et al. 2001). For very violent nova explosions with large
progenitor masses, recent model calculations have indicated nu-
cleosynthesis beyond Ca, which is typically the endpoint of nova
nucleosynthesis, and predictions for the Ti compositions in some
ONe nova models have shown extreme enrichments in 46Ti, 47Ti,
and 49Ti—up to roughly 1000% for 46Ti (José & Hernanz 2007).
Unfortunately, measurement of the isotopic compositions of Ca
and Ti of C4-8 cannot help to further constrain the origin of this
unique grain, as statistically significant isotopic results could
not be obtained. Unlike the situation for the supposed nova SiC
grains, both C4-8 and T54 are likely to come from CO novae,
which are not expected to undergo nuclear burning of elements
(such as Si, S, Ca, Ti, etc.) heavier than those effected by CNO
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and Mg–Al cycle processing. Due to the dearth of seed elements
heavier than O for which nuclear burning (typically proton cap-
ture) can occur, the scope of nucleosynthesis that can happen
for elements heavier than those involved in CNO and Mg–Al
cycling is limited. While spinel grains afford the opportunity to
accurately measure their O, Mg, and Al compositions (all major
elements), the Auger spectrum of C4-8 indicated little or no Ca
(for which Auger analysis is particularly sensitive) or Ti, making
isotopic analysis difficult because of poor counting statistics and
susceptibility to possible contamination on the sample mount.

4.1.4. Condensation Conditions of Novae Grains

The mineralogy of condensed grains typically depends on the
C/O ratio, as most of the C and O tends to get tied up in the
very stable CO molecule (Lodders & Fegley 1995). Excess of
either O or C typically allows the formation of oxide/silicate
or carbonaceous phases, respectively. Despite this condition,
equilibrium condensation of SiC and graphite can occur in ONe
novae due to the presence of heavier elements (e.g., Mg, Al, Si,
etc.) that alter the condensation chemistry (José & Hernanz
2007; José et al. 2004), and C-rich dust has actually been
observed around both CO and ONe novae (Gehrz et al. 1998).
Although we cannot assume grain survival probabilities are the
same for oxides and carbonaceous grains, in light of the fact that
nova ejecta are O-rich, it remains puzzling why relatively few
oxide nova grains have been identified compared to the number
of purported carbonaceous nova grains.

It is outside the scope of this paper to discuss in detail the
genesis of all candidate nova grains (both C-rich and O-rich)
and compare them with nucleosynthesis predictions. However,
by comparing the number of presolar nova grains discovered so
far among their grain types, we can gain insight into the relative
abundances of C- or O-rich nova grains preserved in primitive
meteorites. In addition to oxide grains C4-8 and T54 discussed
earlier, one presolar silicate grain with a possible nova origin
has also been identified (Nguyen et al. 2007). This grain has an
17O/16O ratio of (9.54 ± 0.11) × 10−3, which is significantly
larger than the maximum 17O/16O ratio of 4 × 10−3 that can be
achieved in a single 2.5 M� RGB star. A search of the Presolar
Database (Hynes & Gyngard 2009) revealed an additional four
oxide grains that have 17O/16O ratios greater than 4 × 10−3

by more than 2σ , suggesting a possible nova origin for these
grains as well (Choi et al. 1999; Nguyen et al. 2003; Nittler
& Hoppe 2005)—these grains were also discussed in Nittler
et al. (2008) as being likely nova condensates. Based on the
total number of presolar oxide and silicate grains in the Presolar
Database (as of writing, 612 and 230 grains, respectively) and by
assuming between two and six oxide grains to have a nova origin,
we estimate that nova grains constitute ∼0.3%–1% of presolar
oxide grains and 0.4% of presolar silicate grains, corresponding
to 0.4%–0.8% of all O-rich grains identified so far. As mentioned
earlier, SiC is the most studied type of presolar grain, with
almost 10,000 individual grains measured. Of these grains, at
least eight have been identified as having a possible nova origin
(Amari et al. 2001; Gao & Nittler 1997; Heck et al. 2007; Hoppe
et al. 1996; Nittler & Alexander 2003; Nittler & Hoppe 2005),
although in principal, most of these grains could have either
a nova or SN origin (Nittler & Hoppe 2005). If all eight of
these grains did originate in novae, they represent ∼0.09% of
the SiC population. However, this is an upper limit; searches
often target only specific rare grain types and other grain types,
especially mainstream SiC (∼93% of the SiC population), are
either not measured or not reported in the literature. This bias is

most obvious for SiC X grains, which constitute only ∼1%
of presolar SiC grains, but account for ∼5% of SiC grains
analyzed. To correct for this overabundance of rare grain types
that have been measured, we extrapolated from the number of X
grains in the Presolar Database and the reported SiC grain type
abundances (Hoppe & Ott 1997; Meyer & Zinner 2006; Nittler
& Alexander 2003) to calculate the likely fraction of presolar
SiC grains from novae that would have resulted from unbiased
surveys. This yields a bias corrected value of only ∼0.02% of
SiC grains originating in novae and this percentage would be
even lower if some of the eight SiC grains assumed to be from
novae actually condensed in SN ejecta. It is therefore likely that
the smaller number of oxide nova grains than SiC nova grains
that have been found is due to statistics: over 10 times more
SiC grains have been measured than oxide grains and almost
40 times more SiC grains than silicate grains. After accounting
for this measurement bias, experimental grain data tend to show
that the relative fraction of nova grains among O-rich grains
is several times, up to an order of magnitude, higher than the
fraction of SiC grains from novae. These considerations are at
least qualitatively consistent with astronomical observations of
nova dust shells exhibiting enhancements in O-rich minerals.
Although the small number of nova grains of any grain type that
have been measured, as well as the fundamental uncertainty in
the specificity of their origin, puts large uncertainties on these
abundance estimates, it is clear that SiC nova grains do not
largely outnumber O-rich nova grains. In addition, the maximal
abundances of presolar oxides and silicates are at least 100 ppm
and 180 ppm, respectively, in primitive meteorites—greater than
the 55 ppm maximum observed for SiC in minimally altered
CR meteorites (Davidson et al. 2009), with the caveat that these
abundances are not determined for the same meteorites. Since
primitive meteorites are the closest representatives of the SS as
a whole, the total abundance of O-rich nova grains in the SS, and
thus probably interstellar space, must be much higher than that
of SiC grains from novae. Further dedicated searches for O-rich
grains showing the signature of nova explosions are needed to
confirm these results, and, the discovery of more of these grains
will provide crucial information about nucleosynthesis in binary
star systems.

4.2. Group 2 grains

As mentioned above, Group 2 presolar oxide and silicate
grains are defined by large depletions in 18O and modest en-
richments in 17O. In addition, they typically have high in-
ferred 26Al/27Al ratios. While the star’s initial mass essentially
determines the maximum surface 17O/16O ratio that can be
reached by the first dredge-up, the corresponding 18O/16O ra-
tio is reduced by only a relatively minor amount (up to 20%).
In principle, at least two different possibilities (or a combi-
nation thereof) can explain the low 18O/16O ratios seen in the
Group 2 grains: (1) the grains originated in low metallicity stars,
hence with lower-than-solar initial 18O/16O ratios (Boothroyd
& Sackmann 1999) or (2) some extra mixing process, such as
HBB in intermediate-mass AGB stars or CBP in low-mass AGB
stars, that cycled material through H-burning regions, resulted
in the destruction of 18O, reducing the 18O/16O ratio. The low
18O/16O ratios of the Group 2 grains (and the inferred metal-
licities of their parent stars) almost solely reflect the effect of
mixing processes; thus, it is impossible to directly infer metal-
licity from the O isotopic ratios. If grains that are on the border
between Groups 1 and 2 are excluded, it can be seen in Figure 2
that the observed width of the distribution of the 17O/16O ratios



116 GYNGARD ET AL. Vol. 717

for Group 2 grains is at least a factor of 5 smaller than that for
Group 1 grains; hence these grains must have condensed from
stars with a much narrower range of initial stellar masses than
the Group 1 grains—this is discussed in detail in Nittler et al.
(2008).

4.2.1. AGB Stars and Extra Mixing Processes

After the cessation of core H- and He-burning, low- and
intermediate-mass stars enter the AGB phase of their lives. At
this point, the star consists of a CO electron-degenerate core,
surrounded by a convective envelope. Between the convective
envelope and core are two thin layers, separated by a He
intershell of mass 10−2 to 10−3 M� (Straniero et al. 1997), that
alternately burn H and He. For most of the time during the
AGB phase, the star burns H; however, as the He abundance
and electron degeneracy grow in the intershell, He begins
to burn at its bottom and a TNR occurs (the thermal pulse,
or TP), making the intershell convective and shutting down
H-burning. Depending on the mass of the star, He-burning can
last for as long as 100 yr for low-mass stars (�4 M�) to only
10 yr for more massive stars. After the TP, the convective
envelope dips down into part of the intershell (TDU) and
this process mixes the freshly synthesized products of He-
burning and previous H-burning, as well as neutron-capture
nucleosynthesis, into the envelope, and H-burning begins anew.
It should be remarked here, however, that the TP-AGB phase of
the star does not significantly alter the O isotopic composition
of the envelope.

During the TP-AGB phase, stars of mass roughly 4–7 M�
undergo HBB, in which the bottom of the star’s convective
envelope extends into the top of the H-burning shell where CNO
cycling occurs. Large depletions in 18O are predicted by HBB
models, yielding 18O/16O ratios as low as 10−7 (Boothroyd
et al. 1995). Such extreme ratios are not observed in the grains,
though it is possible that nearby terrestrial material on the sample
mount could dilute the measured O and shift 18O/16O ratios,
particularly for grains with extreme 18O depletions, toward
solar-like values. HBB also efficiently converts C into N, so that
the star maintains C/O < 1 in the envelope (whereas, typically,
TDU increases the amount of C such that the star fairly rapidly
becomes a C-star), allowing for the continued condensation of
O-rich grains. One extremely 18O depleted spinel grain, OC2
(Zinner et al. 2005), with extreme 25Mg and 26Mg enrichments
of 433‰ and 1170‰, respectively, was suggested to have
formed in an intermediate-mass AGB star (Lugaro et al. 2007;
Zinner et al. 2005), with the assumption of a small amount
of dilution of its original composition during measurement.
However, re-evaluation of the rate of the 16O(p, γ )17F reaction
(Iliadis et al. 2008), responsible for production of 17O, limits
the minimum 17O/16O ratio obtained in the envelope of stars
experiencing HBB to 2.5 × 10−3, effectively ruling out an
intermediate-mass star as the progenitor of this grain, which has
an 17O/16O ratio of 1.25 ± 0.07 × 10−3. Furthermore, since,
as discussed above, the 17O/16O ratio is largely an indicator of
initial stellar mass, the 17O/16O ratios of most of the Group 2
grains indicate an origin in low-mass (1.2–1.6 M�) AGB stars,
which do not experience HBB. However, as the 17O/16O ratio
decreases with stellar mass above 2.5 M�, stars of 6–8 M� are
also predicted to produce a spread of 17O/16O ratios consistent
with that of the Group 2 grains. Regardless, an examination of
the currently available grain data (Hynes & Gyngard 2009) so
far shows no evidence of any grains from intermediate-mass
stars, consistent with the conclusions reached by Nittler (2009).

As has been pointed out previously by many authors, the
best explanation for the O and Al isotopic compositions of
the Group 2 grains is CBP (or “extra mixing”) that might
occur in low-mass AGB stars (Boothroyd & Sackmann 1999;
Nollett et al. 2003; Wasserburg et al. 1995). This process
is characterized by an as yet not well understood physical
process in which material is slowly circulated from the star’s
convective envelope down to near the H-burning shell, where
it undergoes some moderate nuclear processing before being
cycled back up into the envelope. Despite uncertainty in the
exact mechanism of circulation (see Busso et al. 2007 for an
updated discussion on the possible physical mechanisms), low
12C/13C and 18O/16O ratios in astronomical observations of
RGB stars (e.g., Kahane et al. 1992) and laboratory isotopic
measurements of presolar grains (Nittler et al. 2008; Zinner
et al. 2006) show substantial evidence that CBP occurs in
both RGB and AGB stars. Also, at least for RGB stars, three-
dimensional hydrodynamic simulations have self-consistently
produced deep mixing from Rayleigh–Taylor instabilities above
the H-burning shell (Eggleton et al. 2006). In their parameterized
model, Nollett et al. (2003) adjusted the maximum temperature
the circulated material reaches (affecting the 26Al/27Al ratio)
and the circulation rate (primarily affecting the 18O/16O ratio)
and were able to explain the O and Al isotopic compositions of
most Group 2 grains. In fact, most of the additional O data of
the Group 2 grains from this study are generally consistent with
previous results, indicating that the grains’ parent stars must
have experienced some degree of CBP.

4.2.2. Extreme Mg Isotopic Compositions of Some Group 2 Grains

The Mg isotopic compositions—in particular 25Mg excesses
greater than ∼150 ‰—of at least two of the Group 2 grains
(13-30-9 and 14-12-7) are too extreme to be explained by models
of low-mass AGB stars with C/O < 1. Larger enhancements in
25Mg are predicted when the star becomes C-rich; however, it
is probably not possible to form spinel in such an environment.
At least three other Group 2 spinel grains have been discovered
with similar Mg isotopic anomalies, M16 (Zinner & Gyngard
2009), OC2, and UOC-S2, as well as three presolar hibonite
grains (Nittler et al. 2008). The very large 25Mg and 26Mg
isotopic enrichments in these grains are well fitted by models
of Mg production, particularly when we include contributions
from radiogenic 26Mg from the decay of 26Al, in intermediate-
mass (2.25–6 M�) AGB stars (Karakas & Lattanzio 2003);
however, as we have already pointed out, this source has been
effectively ruled out by the O isotope data. Recently, Nittler et al.
(2008) suggested that mass transfer in a binary star system,
from an intermediate-mass AGB star enriched in 25Mg and
26Mg to a low-mass companion, could, in principle, explain the
compositions of these grains. However, detailed calculations
need to be performed in order to see if such a mass-transfer
scenario can simultaneously reproduce the 17O/16O, 18O/16O,
25Mg/24Mg, and 26Mg/24Mg ratios in these grains. At present,
their origin remains uncertain.

4.3. Unique O-rich Grains from Supernovae

As mentioned before, most Group 4 grains have been the-
orized to be SN condensates. Choi et al. (1998) were first to
suggest that the isotopic composition of a Group 4 grain could
be reproduced by mixing appropriate amounts of material from
various layers of massive stars exploding as SNe. While a de-
tailed analysis of nucleosynthesis in SNe is outside the scope of
this paper, we follow the typical prescription of dividing the SN
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Figure 7. Oxygen three-isotope plot showing the composition of grain 7-5-7
found in this study, as well as that of Al2O3 grain T84 (Nittler et al. 1998)
and olivine grain B10A (Messenger et al. 2005). Also shown is a mixing line
calculated by varying the relative amounts of material from the He/C and O-rich
inner zones of the 15 M� SN model of Rauscher et al. (2002).

ejecta in zones (or layers) based on the most abundant elements
in that zone—see Meyer et al. (1995) for a primer. For the dis-
cussion here, it is most relevant that the O-rich inner zones of
SNe are dominated by 16O, whereas the He-burning shell (He/C
zone) is heavily enriched in 18O (with C/O > 1). Mixing of the
outer H envelope material, which has undergone only moderate
nuclear processing, with a small amount of the He/C layer in
the correct proportions can produce the observed 18O/16O ratios
of the Group 4 grains. In addition, at least one extreme Al2O3
grain, T84 (Nittler et al. 1998), with a massive enrichment in
16O, and a unique silicate grain, B10A (Messenger et al. 2005),
exhibiting a large depletion in 17O and huge enrichment in 18O,
are also undoubtedly of an SN origin.

Although we have discovered a second extremely 16O en-
hanced grain that likely derives its O isotopic composition from
the O-rich inner zones of an SN, it still remains puzzling why so
few grains of similar composition have been identified. Approx-
imately, 10% of oxide grains have 18O enrichments and their iso-
topic compositions are generally consistent with the suggestion
of Choi et al. (1998) that these grains are SN condensates form-
ing from a mixture of 18O material from the He/C zone with ma-
terial from the outer H envelope. Perhaps some as yet unknown
destruction mechanism or chemical constraint inhibits the suc-
cessful condensation of oxide grains with significant amounts of
material from the O-rich inner zones. Quite possibly, dust con-
densing from inner zone material may be predominately small
(<50 nm) in size and easily destroyed by sputtering in reverse
shocks (Nozawa et al. 2007) or, alternatively, less efficiently
detected by currently available experimental techniques.

Two anomalous spinel grains from this study likely condensed
in SN ejecta: grain 7-5-7 has an O isotopic composition very
similar to that of T84 (Figure 7) and grain 12-13-3 is a fairly
extreme Group 4 grain, with 17O and 18O excesses larger than
those typically observed in most Group 4 grains. Grain 7-5-7
has a very low 25Mg/24Mg ratio (δ25Mg = −276‰ ± 10‰)
and an approximately solar 26Mg/24Mg ratio (δ26Mg = 13‰ ±
12‰). Calculations performed by a simple mixture of different
amounts of material from the He/C zone with an average of the
O-rich inner zones for a 15 M� SN model (Rauscher et al. 2002)
can very well reproduce the O isotopic compositions of grains
7-5-7 and T84 (Figure 7); however, the same mixture fails to

Figure 8. Theoretical predictions of 25Mg/24Mg, 26Mg/24Mg, and 26Al/27Al
ratios (normalized to solar values) and 44Ti abundance from the 15 M� SN
model of Rauscher et al. (2002).

explain the Mg and and Ca–Ti isotopic compositions of grain
7-5-7 (T84 was only analyzed for O isotopes). Both the O/Ne
and O/C zones are typically characterized by large 25Mg/24Mg
and 26Mg/24Mg ratios, in contrast to the composition of grain
7-5-7. In the O/C zone, 25Mg and 26Mg enrichments are far
too extreme (with enhancements of up to ∼40,000‰ relative
to solar) to have the grain acquire any contribution from this
zone (see Figure 8). Rather, it likely must have incorporated
material from a mixture of the O/Si and O/Ne zones. In general,
the Mg isotopic effects completely dominate contributions
from 26Al in the O-rich zones (though substantial amounts are
found there), and only the He/N zone has a high 26Al/27Al
ratio. While astronomical observations have shown evidence of
heterogeneity in SN ejecta (Hughes et al. 2000), quantitative
multi-zone mixing calculations (Yoshida & Hashimoto 2004)
often fail to reproduce the isotopic compositions of multiple
elemental systems in the same SN grain. Therefore, it is not
surprising, that granular mixing of more SN layers is required
to fit the multiple element isotope data of grain 7-5-7. Mixing of
variable amounts of SN ejecta from the O/Si zone, O/Ne zone,
He/C zone, He/N zone, and the H envelope of the 15 M� model
by Rauscher et al. (2002) is able to reproduce the isotopic ratios
of grain 7-5-7 to about 5%–15%, but overproduce the 44Ti/48Ti
ratio by at least a factor of 2.7 (Figure 9). New model simulations
of a 15 M� SN by Woosley & Heger (2007) yield much better
agreement between the predictions and grain data, and, although
the fit is slightly worse for the O isotopic composition, the
measured and calculated 44Ti/48Ti ratios agree within the one
sigma analytical error and the inherent uncertainties of the model
simulations themselves. This mixture only fits the Mg isotopic
composition by including the contribution of radiogenic 26Mg
from the decay of 26Al, yielding an inferred 26Al/27Al ratio
of 2.8 × 10−2, consistent with values observed previously for
presolar grains from SNe (e.g., Group 4 grains and SiC X
grains).

In contrast to the Mg isotopic composition of grain 7-5-7,
grain 12-13-3 has enrichments in both 25Mg and 26Mg, with
δ25Mg = 71‰ ± 13‰ and δ26Mg = 735‰ ± 16‰ (Figure 3).
The O isotopic compositions and 26Mg enrichment can be best
explained by the mixing of He/C zone, He/N zone, and H



118 GYNGARD ET AL. Vol. 717

Figure 9. Plot of calculated isotopic ratios for mixtures of various SN zones
for 15 M� models from Rauscher et al. (2002) and Woosley & Heger (2007)
relative to those of grain 7-5-7.

envelope material; however, the 25Mg excess requires material
from either the O/C zone or O/Ne zone (or both), which are
rich in 16O. Mixtures calculated by including contributions from
all these necessary zones can roughly reproduce grain 12-13-3’s
17O/16O and 18O/16O ratios, as well as the δ25Mg and δ26Mg
values (if radiogenic 26Mg from the decay of 26Al in the He/N
zone is included, with 26Al/27Al ratios on the order of 10−2

to 10−3 depending upon the exact mixture). It should be noted
that the mixing calculations performed here do not attempt to
find any unique or preferential mixing scheme to match the
grain data (for example, by minimizing the χ2 distribution), but
demonstrate that, at least in principle, such mixing can reproduce
the grains’ isotopic compositions.

4.4. Stoichiometry of Presolar Spinel Grains

Almost all SIMS studies of previously discovered preso-
lar spinel grains analyzed for Mg and Al have reported non-
stoichiometric Al/Mg ratios, both greater than and less than 2
(Choi et al. 1998; Nittler et al. 1994, 2008; Zinner et al. 2005).
Likewise, the Al/Mg ratios of the grains analyzed in this study
(Table 1) also show higher-than-stoichiometric values, when
normalized to nearby isotopically normal spinel grains on the
sample mount. Elevated Al/Mg ratios in presolar spinel could
provide important information about the stellar environment in
which they condensed, as high Al/Mg ratios observed in spinels
from CAIs have been attributed to high temperature processing
(Simon et al. 1994). Equilibrium thermodynamic calculations
show that Al2O3 condenses out of a solar-like gas at tempera-
tures between ∼1400 and 1600 K, for reasonable photospheric
pressures, and, typically, pure stoichiometric spinel condenses
at ∼200 K below Al2O3 (Lodders & Fegley 1995; Yoneda &
Grossman 1995). If, in fact, the grains formed in a gradually
cooling envelope close to the interface temperatures of Al2O3
and spinel, it may be possible for “extra” Al to be incorpo-
rated into spinel, producing the high observed Al/Mg values.
Similarly, as suggested by Choi et al. (1998), various stages
of partial back-reactions of gas phase Mg atoms with earlier
condensed Al2O3 remaining in the stellar outflow may result
in spinel grains with a spread of non-stoichiometric Al/Mg
ratios. However, some caveats about assuming that the mea-
sured SIMS results for Al/Mg values in small grains are correct
should be pointed out here. Quantification of elemental ratios in

SIMS analysis, in general, is often problematic, as the elemental
composition of the analyzed samples can affect the relative ion
yields with respect to one another (“matrix effect”) and elemen-
tal sensitivity factors must be obtained from measurements on
standards of known concentrations. For the spinel grains mea-
sured here and in Zinner et al. (2005), however, nearby spinel
grains on the sample mount were used for normalization, and as
such, there should be no systematic difference. That being said,
some previous NanoSIMS studies (e.g., Amari et al. 2002 and
unpublished data from our laboratory) have hinted at elemental
ratio variations as a function of grain size, in particular for Si/C
ratios in small (∼0.45 μm—about the same size as the spinel
grains in this study) presolar SiC grains. Although we did make
our standard measurements on grains of the same mineralogy as
the presolar ones, in order to maximize the signal and not have
the grains sputter away too quickly, we measured small clumps
of grains, or aggregates, and the results of these analyses were
used for the calculation of Al/Mg ratios in the presolar grains.
If there were a grain size effect, it would certainly affect the sit-
uation here as the presolar grains are exceedingly small and the
clumps were at least an order of magnitude larger. In addition, as
the grain size is roughly the same size as the O− primary beam
rastered over each grain, we cannot absolutely rule out the pos-
sibility of some contamination on the sample mount; this may
also account for the reason we see slightly elevated Al/Mg ratios
even compared to the results of Zinner et al. (2005), although
variations in instrumental conditions from session to session
can also often affect absolute elemental ratios as well. Though
the grains were mounted on gold foil of nominal 99.9999%
purity, we have observed in other sample mounts that the gold
substrate often contains microscopic specks of Al2O3 (usually
< 100 nm in diameter artifacts from the manufacturer) either on
the substrate surface or within it and any contribution from this
contamination would certainly increase the measured Al/Mg
ratio. It should also be noted that the clumps of grains used for
normalization could have contained grains of non-spinel com-
position inherited from the residue itself, thereby compromising
the determination of the Al/Mg sensitivity factor. To possibly
resolve this issue, in principle, one could compare the Al/Mg ra-
tios in presolar and solar spinel grains of the same size, although
this has yet to be done. It has been pointed out recently (Lin et al.
2010) that the differing ionization efficiencies of Mg and Al (in
particular after the implantation of Cs) can affect the Al/Mg
ratio if the measurement acquisition time is not long enough to
allow the ion signals of the two elements to completely equi-
librate. This would be a particular problem when comparing
very small grains (for which measurement times are short in
order to preserve the grain for future analyses) to calibration
spinel grains that have ample material to allow the measure-
ment profiles to sufficiently saturate. In addition, the aggregate
grains were not implanted with as much Cs as those that were
presolar, as they were not identified and measured by the auto-
matic system. Although overall count rates are generally lower
for the individual grains, there do not appear to be significant
enough differences in the time required to reach implantation
equilibrium of the Mg isotopes and 27Al between the preso-
lar grains and the nearby spinel grains used for normalization
that could account for the elevated Al/Mg ratios in the presolar
spinel grains. The 24Mg, 25Mg, 26Mg, and 27Al ion signals do
not show appreciable differences in their profiles as a function
of time during the measurements (either on the presolar grains
or the aggregates), unlike the situation for small SiC grains—see
Figure 3 of Lin et al. (2010).
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Figure 10. Two differentiated Auger electron spectra typical of the spinel grains
of this study, showing the qualitative agreement between presolar and solar
spinel grains. The C and Cs spectral lines are from surface contamination and
implanted Cs from the NanoSIMS primary beam, respectively. (a) Presolar
spinel grain 6-13-5. (b) A nearby solar-composition grain.

The Auger spectra taken of both the presolar grains dis-
covered in the automated search and of nearby normal grains
(Figure 10) indicate qualitatively similar compositions. Unfor-
tunately, however, difficulty in quantification does not allow us
to definitively confirm or refute the Al/Mg ratios as determined
by SIMS studies. EDX analysis in the transmission electron
microscope (TEM) of a focused ion beam lift-out section from
several presolar spinel grains have yielded both stoichiometric
and non-stoichiometric Al/Mg ratios (Zega et al. 2009, 2010),
consistent with the SIMS measurements within uncertainties,
though the statistics are limited. Although we cannot absolutely
state here that presolar spinel grains are stoichiometric, elevated
Al/Mg ratios reported from SIMS studies may be in question,
and more investigations are needed to determine the true ele-
mental Al/Mg ratio in larger numbers of presolar spinel grains.
Accurate of Al/Mg ratios in presolar spinel could provide infor-
mation on whether the majority of these grains condensed under
the same astrophysical conditions or at a range of temperatures
and pressures.

5. CONCLUSIONS

In collaboration with Cameca, we developed and imple-
mented a high-mass- and spatial-resolution, automated parti-
cle measurement system for the NanoSIMS. As a first test,
we successfully applied this technique to a search for preso-
lar spinel grains from the Murray meteorite and discovered 41
O-anomalous grains. The automated system has proven to be
robust for efficiently finding and measuring presolar grains and
the tight integration of the system into the software interface of
the instrument allows for measurement flexibility and software
stability. Future improvements on customization, such as the
ability to terminate a measurement when a specified statistical
precision is achieved or to only perform an individual grain
measurement when a specific isotopic anomaly is present in the
ion images, are planned in order to broaden the applicability of
the technique and increase its efficiency.

For 29 of the grains (26 spinel and 3 Al2O3), the Mg–Al
isotopic systematics were also determined. Most of the data
are consistent with previous results on presolar spinel grains,
showing slight to moderate enrichments in 25Mg and often large
26Mg enhancements, likely due to the decay of 26Al. At least

six grains also have large, strikingly similar 25Mg depletions
and 26Mg excesses, but different O isotopic compositions,
indicative of a combination of GCE of the Mg isotopes and
nucleosynthesis in the grains’ parent stars. We have identified
one spinel grain with large excesses in 17O, 25Mg, and 26Mg that
is the best O-rich candidate for being a nova grain discovered
to date, and argue that O-rich nova grains are more abundant
in primitive meteorites than carbonaceous nova grains. Also, an
extreme Group 4 grain and a grain with a large enrichment
in 16O (as well as clear evidence for radiogenic 44Ca from
the decay of 44Ti), both likely SN condensates, have been
found. At least two Group 2 grains have large Mg isotopic
anomalies (particularly δ25Mg > 150‰) that are difficult to
explain by nucleosynthesis in low-mass AGB stars and may
have obtained their Mg isotopic compositions by mass transfer
in binary star systems. Future correlated isotopic, elemental, and
structural studies of presolar spinel are needed to further identify
and characterize the astrophysical origins of these grains and,
undoubtedly, automated measurement techniques will be critical
to discovering these and other types of rare O-rich grains.

We thank Tim Smolar for his tireless efforts in keeping the
NanoSIMS functioning, Francois Hillion for facilitating the
collaboration with Cameca, and Tom Bernatowicz for helpful
discussions. We are grateful to Tang Ming for producing the
Murray residue, Roy Lewis for providing the samples, Jordi
Jose for assistance with the nova models, and David Fanning
for software assistance. This work has been supported by
NASA grants NNG05GJ66G (FJS), NNX08AG71G (EZ), and
NNX07AJ71G (LRN).

REFERENCES

Amari, S., Anders, E., Virag, A., & Zinner, E. 1990, Nature, 345, 238
Amari, S., Gao, X., Nittler, L. R., Zinner, E., José, J., Hernanz, M., & Lewis,
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