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1 Historical background and introduction

The 1973 discovery that calcium-aluminum-rich inclusions (CAls) are '°O-rich
compared to the Earth (Clayton et al., 1973) led to the expectation that meteorites
may contain presolar, stellar refractory oxide grains with isotopic compositions re-
flecting nuclear processes that occurred in their parent stars. Moreover, astronomi-
cal observations suggested that O-rich interstellar dust dominates the cosmos. It was
thus somewhat surprising that the first bona fide presolar grains to be unambigu-
ously identified were carbon-bearing: diamond, SiC, and graphitic C (Lewis et al.,
1987; Bernatowicz et al., 1987; Tang and Anders, 1988; Amari et al., 1990) and
it is now known that the CAI isotope signature reflects the bulk Solar System, not
an admixture of presolar grains. Nevertheless, with the discovery of C-rich preso-
lar grains in the acid residues of primitive meteorites, attention was soon paid to
the sub-micrometer to micrometer-sized oxide grains (generally refractory phases
like spinel, MgAl,Oy4, and alumina, Al,O3) in the same residues to see if any may
show nucleosynthetic isotope signatures. The first direct evidence came from mea-
surements of very fine-grained spinel separates obtained from the Murray CM chon-
drite using the ims-3f secondary ion mass spectrometer (SIMS; Zinner and Tang,
1988). O isotope measurements containing large numbers of individual grains re-
vealed small excesses in 7O relative to the normal range of solar system mate-
rials, suggesting that some fraction of the grains may be much more anomalous.
Confirmation of this result would have to wait some 15years for the development
of the NanoSIMS ion microprobe to allow individual O isotope measurements on
<200-nm-sized grains (Zinner et al., 2003). In the meantime, in 1992, Gary Huss and
coworkers at Caltech reported ims-3f measurements of micron-sized Al,O53 grains
from the Orgueil meteorite, including a grain with a large Mg excess indicating
the presence of extinct 2°Al at ~100 times the level believed to have been present
in the early Solar System (Huss et al., 1992). These authors suggested a presolar
origin for this grain, and this was dramatically confirmed 2 years later when O iso-
tope measurements revealed the grain to have an '’O/!°O ratio, a factor of 2.5 times
higher than that of the Earth (Hutcheon et al., 1994), directly pointing to stellar
nucleosynthesis. Contemporaneously with the Caltech efforts, the Washington Uni-
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versity group developed an automatic ion imaging system on the ims-3f to rapidly
screen '0/'°0 ratios of dispersed grains and identify anomalous ones (Fig. 1; Nit-
tler et al., 1993), soon leading to the discovery of tens of presolar corundum and
spinel grains in acid residues of the Murchison (CM2) and Tieschitz (H/L3) mete-
orites (Nittler et al., 1994). Preliminary interpretations of the grain data in terms of
possible stellar sources and processes soon appeared (Huss et al., 1994; Nittler et
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- Reproduced from Nittler, L.R., Walker, R.M., Zinner, E., Hoppe, P., Lewis, R.S., 1993. Identification of an interstellar
oxide grain from the Murchison meteorite by ion imaging. Lunar Planet. Sci. XXIV, 1087-1088.
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al., 1994; Wasserburg et al., 1995), and within a few years, hibonite (CaAl;,09)
was added to the stable of known presolar oxide grains (Choi et al., 1999).

New ion probe technology in the early part of this century (e.g., NanoSIMS,
ims-1270 with SCAPS detector) led to the discovery of the much more abun-
dant presolar silicates in situ in interplanetary dust particles (IDPs) and meteorites
(Chapter 6; Messenger et al., 2003; Nagashima et al., 2004; Nguyen and Zinner,
2004), but large numbers of presolar oxides, including many new phases and even
composite presolar oxide-silicate grains, have continued to be identified and stud-
ied, both in acid residues and in situ in extraterrestrial samples to the present day. In
this chapter, we review the types of known presolar oxides, their isotopic, elemen-
tal, and mineralogical compositions, and their possible stellar origins. Because there
is strong overlap in their compositions and sources with presolar silicates, there is
some overlap in material between this chapter and Chapter 6.

2 What is a presolar oxide grain?

Strictly speaking, a presolar grain is a dust particle that existed in the interstellar
molecular cloud from which our Sun and planets began to form some 4.6 billion
years ago and continues to exist in its original form, trapped inside a primitive ex-
traterrestrial body like a comet or undifferentiated asteroid. In practice, presolar (or,
equivalently, stardust, or circumstellar) usually is reserved for a grain that is demon-
strably so, that is, it has an isotopic composition in one or more element that is
so far removed from the range observed in materials of known solar system ori-
gin that it must have formed before. Current astrophysical knowledge indicates that
a large fraction of interstellar dust consists not of pure stardust, but of grains that
have been completely reprocessed in the diffuse interstellar medium and/or mol-
ecular clouds. Such grains present in the Sun’s parental cloud would likely have
isotopic compositions very similar to the bulk Solar System composition and thus
not be recognized as presolar grains even if found in a meteorite or cometary sam-
ple today. Thus, it must be recognized at the outset that the isotopically anomalous
grains recognized as presolar stardust are not likely to be a representative sample
of Galactic dust in general or of the starting dust of our planetary system. How-
ever, as pristine solid samples of stellar matter available for study in the laboratory,
they provide unique astrophysical information and insights not obtainable by other

FIG. 1

(a) Scanning electron micrograph of Al,O3 grain 83-5, the first presolar oxide grain identified
on the basis of anomalous O isotopes. The grain has been sputtered in an ion microprobe and is
sitting on a mesa of the Au substrate. (b) Discovery data for 83-5. Plotted is a histogram of
5'30 values automatically determined for oxide grains in an acid residue of the Murchison me-
teorite, with outlier 83-5 indicated. Subsequent measurements also showed this grain to be
highly enriched in 7O and radiogenic *Mg.
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means and their study is complementary to astronomical observations and astrophys-
ical theory.

In this chapter, we define a presolar oxide grain as a dust grain containing oxy-
gen, but not silicon, as a major element, whose composition in at least one isotopic
ratio is clearly outside the range of Solar System materials. The latter definition is
complicated by the fact that the known O-isotopic range of the Solar System has
expanded since the original identification of presolar grains. The vast majority of
presolar oxide grains are identified as such by having anomalous '0/'°O and/or
180/160 ratios; the O isotope data for such O-anomalous grains (oxides and silicates)
are plotted in Fig. 2 and span many orders of magnitude in both ratios. The second
panel zooms in on the data near the composition of the Solar System. At the time
presolar oxides were first being discovered, the bulk O isotopic composition of the
Sun was believed to be close to that of the Earth with only the CAls showing a 5%
enrichment in '%0. More recently, data from NASA’s Genesis mission was used to
infer that the Sun itself is '°O-rich (McKeegan et al., 2011), relative to the Earth.
Moreover, Sakamoto et al. (2007) discovered an unusual material, since named “cos-
mic symplectite” or COS, in the ungrouped carbonaceous chondrite Acfer 094 with
a 20% depletion in '°0, relative to the Earth. This material—a fine-grained mixture
of iron sulfide and iron oxide—most likely formed by interaction of a '°0O-poor H,0
reservoir in the protoplanetary disk with preexisting metal and sulfide grains. The
same isotopic composition has been subsequently found in silicate material within
an IDP of likely cometary origin. Therefore, the range of Solar System O isotopes is
now known to extend to '7O- and '80-rich compositions, as indicated by the shaded
region in Fig. 2b (Online Supplementary Data 1 and 2 in the online version at https:
//doi.org/10.1016/B978-0-12-821830-3.00010-3). Some 1%—2% of reported “preso-
lar” oxides and silicates have isotopic compositions in this range and their identi-
fication as demonstrably presolar stardust grains must now be taken as ambiguous.
It may well be that the process(es) responsible for producing this isotope signature
in the Solar System would not transmit it into a refractory oxide like Al,O5 and all
alumina grains with O isotopes in this range are indeed stardust, but this subject de-
serves much further scrutiny. In any case, it is safe to conclude that essentially all
grains with O isotopic ratios that differ from the Earth by >20% are indeed presolar
stardust grains.

In addition to presolar grains with substantial O isotope anomalies, a few oxide
grains with isotopically normal O but highly unusual Mg isotopes have also been
identified (Choi et al., 1998). The origins of these are ambiguous and they will not
be discussed further here. More recently, very small (<100nm) oxide grains with
highly unusual Cr and Ti isotopic compositions have been identified in residues of
the Orgueil meteorite (Dauphas et al., 2010; Qin et al., 2011; Nittler et al., 2018).
These appear to have fundamentally different origins than the vast majority of the
O-anomalous grains shown in Fig. 2, though it has not yet been possible to accu-
rately determine their O isotope ratios. These grains will be discussed separately.

We note that just as our knowledge of the O isotopic composition of the Solar
System has evolved since the early 1990s, so has the technology used to isotopi-
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- Data are taken from a large number of sources (Online Supplementary Data 1 and 2), including Nittler, L., Alexander, C.M.O’D., Gao, X., Walker, R.M., Zinner, E., 1994. Interstellar
oxide grains from the Tieschitz ordinary chondrite. Nature 370, 443—446, Nittler, L.R., Alexander, C.M.O’D., Gao, X., Walker, R.M., Zinner, E., 1997. Stellar sapphires: the properties and
origins of presolar AI203 in meteorites. Astrophys. J. 483, 475-495, Nittler, L.R., Alexander, C.M.O’D., Gallino, R., Hoppe, P., Nguyen, A., Stadermann, F., Zinner, E.K., 2008.
Aluminum-, calcium- and titanium-rich oxide stardust in ordinary chondrite meteorites. Astrophys. J. 682, 1450-1478; Nittler, L.R., Wang, J., Alexander, C.M.O’D., 2012. Confirmation of
extreme 54Cr enrichments in Orgueil nano-oxides and correlated O-isotope measurements. Lunar Planet. Sci. 43, abstract #2442; Nguyen, A., Zinner, E., Lewis, R.S., 2003. Identification
of small presolar spinel and corundum grains by isotopic raster imaging. Pub. Astron. Soc. Aust. 20, 382-388; Nguyen, A.N., Nittler, L.R., Stadermann, F.J., Stroud, R.M., Alexander,
C.M.O’D., 2010. Coordinated analyses of presolar grains in the Allan Hills 77307 and queen Elizabeth range 99177 meteorites. Astrophys. J. 719, 166-189; Qin, L., Nittler, L.R.,
Alexander, C.M.O’D., Wang, J., Stadermann, F.J., Carlson, R.W., 2011. Extreme 54Cr-rich nano-oxides in the CI chondrite Orgueil—implication for a late supernova injection into the
solar system. Geochim. Cosmochim. Acta 75, 629—-644, Haenecour et al., 2018, Barosch, J., Nittler, L.R., Wang, J., Dobrica, E., Brearley, A.J., Hezel, D.C., Alexander, C.M.O’D., 2022a.
Presolar O- and C-anomalous grains in unequilibrated ordinary chondrite matrices. Geochim. Cosmochim. Acta 335, 169-182; Barosch, J., Nittler, L.R., Wang, J., Alexander, C.M.O’D.,
De Gregorio, B.T., Engrand, C., Kebukawa, Y., Nagashima, K., Stroud, R.M., Yabuta, H., Abe, Y., Aléon, J., Amari, S.,
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cally analyze presolar grains and every method has introduced its own biases. All
carly studies of presolar oxides were based around Cameca ims-3f ion probes. Such
instruments were well suited to measurements of single grains larger than about
1 um, so early studies also targeted meteoritic acid residues sorted into grains of
this size. While the automated ims-3f-based ion imaging searches for presolar ox-
ide grains described in Section 1 were successful (Nittler et al., 1994, 1997), they
were based on locating grains with anomalous '%0/'°O ratios and thus were biased
against grains with normal '®0 but anomalous 70/'°O ratios, many of which are
now known to exist (e.g., they plot along the vertical dashed line in Fig. 2). The
development of fully automated single-grain measurements on the ims-6f ion probe
(Nittler and Alexander, 2003; Nittler et al., 2008) provided a new method for effi-
ciently identifying presolar oxides without this bias, but was still mainly limited to
grains larger than ~1 pm in diameter. The development of the NanoSIMS ion probe
with its high sensitivity and typical spatial resolution of <100nm allowed submi-
cron presolar grains of all phases, including silicates and oxides, to be identified and
measured. NanoSIMS-based raster ion imaging of crowded samples (e.g., IDP or
meteoritic thin sections or dispersed and size-sorted meteoritic matrix materials de-
posited in thick layers on SIMS substrates) was soon found to be an efficient way
to identify rare presolar oxide and silicate grains (Messenger et al., 2003; Nguyen
et al., 2003). However, compared to single-grain measurements of grains dispersed
and well separated on substrates, NanoSIMS imaging data is much more strongly
affected by the possible inclusion of contaminating signals. Even when focused on
a small spot, the NanoSIMS primary ion beam has Gaussian-like tails that result in
“dilution” of the desired measured signals with atoms sputtered from surrounding
materials. This dilution has two undesirable results: (1) Even when detected, iso-
topic anomalies can only be considered lower limits on a grain’s true composition,
which complicates quantitative comparison with predictions of astrophysical mod-
els, for instance. Modeling is sometimes used to estimate the degree of dilution and
in some cases to correct measured isotope ratios (Nguyen et al., 2007; Qin et al.,
2011; Hoppe et al., 2018). However, Barosch et al. (2022a) recently argued that
such efforts are highly inaccurate due to degeneracy between the degree of anom-
aly and grain size. (2) Detection limits for presolar grains decline precipitously with
decreasing grain size such that grains near or below the primary ion beam size are
likely to not be identified, depending to a large extent on how anomalous they are

FIG.2

O isotopic ratios in ~1650 presolar oxide and ~1700 presolar silicate grains, plotted with (a)
logarithmic axes and (b) linear axes with reduced ranges (location of panel b is indicated by
box on panel a). The dotted lines indicate the terrestrial O isotope ratios: '70/'°0=3.829x 1074,
180/10=0.002. Shaded regions on (b) indicate the range of O isotope ratios observed in mate-
rials of known Solar System origin, defined by end-members of the Sun (McKeegan et al.,
2011) and cosmic symplectite (COS; Sakamoto et al., 2007). A few percent of reported presolar
grains have compositions that overlap the Solar System and thus may not in fact have a presolar

origin.



8

CHAPTER 5 Presolar oxide grains

(it is easier to detect a grain whose '7O/'°0 ratio is 20x that of the Earth than one
with a ratio 1.5 times higher). Thus, even if we define presolar grains as those with
demonstrably anomalous isotope compositions, datasets will usually have intrinsic
biases toward larger and more anomalous grains and estimates of presolar grain
abundances in different planetary materials are, by definition, lower limits. One fur-
ther complication is inconsistency in the literature in how anomalous a grain must
be to be considered presolar. In the early days, a significance level of 2 or 3 sigma
for a measured isotopic anomaly was commonly taken as “good enough” to consider
a grain truly anomalous, whereas recent studies have been much more conservative
(Hoppe et al., 2015; Barosch et al., 2022a). The changes in analysis technology with
time and the various biases introduced as a consequence make it challenging at times
to fully consider the published datasets as a whole, for example, to compare presolar
oxides, many of which were identified by single-grain analysis, to presolar silicates,
all of which were found by raster ion imaging and thus subject to isotope dilution.

3 Types and sizes of presolar oxide grains

As mentioned in Section 1, the first presolar oxide phase to be identified in me-
teoritic samples was alumina (Al,O3), followed by spinel (MgAl,O,4) and hibonite
(CaAl|»0,9). Since then, as summarized in Table 1 and illustrated in Fig. 3a, at
least four additional presolar oxide phases have been identified, as well as complex
grains consisting of oxide and silicate phases intergrown or associated with each
other. We note that in most cases phase identification has been made on the ba-
sis of major-elemental chemical data obtained by (in increasing order of accuracy)
secondary ion mass spectrometry (SIMS), energy-dispersive X-ray analysis (EDS)
in the scanning electron microscope (SEM), or Auger electron spectroscopy (AES),

TABLE 1 Presolar oxide phases.

Phase? Number®
Al,O4 711
Spinel (MgAl,04) 415
Hibonite (CaAl;,09) 32
Cr-Spinel (Mg,Fe)Cr,0y4 7

Fe oxides

34Cr-rich 30

ue 480

@ Estimated from SEM-EDS or SIMS elemental abundances. See Tables 4—6 for grains with more precise
phase identifications.

b Number reported in literature.

¢ Unknown or unspecified.
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FIG. 3

(a) O 3-isotope plot showing different oxide phases. Bottom: Scanning electron microscope im-
ages of (b) 3-pm hibonite KH15 (Nittler et al., 2008; Zega et al., 2011), (c) ~0.5 pm spinel
grain OC2 (Lugaro et al., 2007), and (d) a 60-nm 3*Cr-rich oxide grain (Nittler et al., 2018).

each of which has its limitations as to detection limits, accuracy, etc. For example,
hibonite has a similar chemical composition to Al,O3, except for a small amount
(~6 wWt%) of calcium, so the SEM-EDS spectrum of a small hibonite grain may not
show the Ca peak, depending on instrument conditions, resulting in misidentifica-
tion as Al,O3. Roughly one-fourth of the presolar oxides reported to date are sim-
ply described as Al-rich, usually based on NanoSIMS data, and indicating that they
could be Al,O3, spinel, hibonite, or another phase. Some are reported only as ox-
ides, based on a lack of Si signals in the NanoSIMS measurements that identified
the grains as presolar. The most accurate phase identifications are made through
transmission electron microscopy (TEM), which can provide both nm-scale mi-

9
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crostructural information and chemical composition. Although TEM has only been
applied to a relatively small number of presolar oxide grains, such measurements
have provided important information about several major presolar oxide types, as
detailed in Section 6.

Grain sizes have not been explicitly provided for all presolar oxide grains in
the literature, but reported diameters range from smaller than 100nm for the most
4Cr-rich nano-spinels to several micrometers for many Al-rich grains (e.g., Fig. 3,
bottom). As mentioned in Section 2, larger grains are especially prevalent in stud-
ies from the 1990s and early 2000s that used ims-3f and ims-6f ion microprobes.
However, presolar oxides larger than 1 um have continued to be reported in in situ
NanoSIMS searches of meteorites (Leitner et al., 2018; Nittler et al., 2021). In the
case of the 3*Cr-rich grains, there is a clear inverse dependence between the degree
of isotopic anomaly and size (Nittler et al., 2018). In contrast, for O-anomalous ox-
ides, there is no clear evidence for any relationship between grain size and isotopic
composition (Fig. 4). The broadest range of both '70/!°0 and '30/'°0 ratios is seen
for grains of a few hundred nm in diameter, but this is also the most typical grain

10 @
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FIG. 4

The O-isotopic ratios of presolar oxide grains plotted against their diameters. The horizontal
dashed lines indicate the terrestrial isotopic ratios.
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size in the database. Note that the clear vertical concentrations of grains at ~150-nm
diameter are due to spinel and Al,O5 grains identified in the “CF” acid residue of
the Murray CM chondrite (Nguyen et al., 2003; Zinner et al., 2003; Gyngard et al.,
2010b); individual grain sizes were not reported for these grains, so they were as-
signed the mean size of the residue. In actual fact, these probably range from ~100
to 200nm in diameter. Although one might expect that the isotopic dilution that af-
fects grains measured by raster ion imaging (Section 2) would lead to less anom-
alous compositions for such grains on average, the situation is more complicated.
Such dilution is in fact just as likely to lead more to non-detection of the smallest
grains, except those with more extreme anomalies; therefore, the oxide grain with
the highest '70/!°0 ratio (~0.1) is also one of the smallest identified O-anomalous
grains, <200 nm in diameter.

4 Isotopic characteristics
4.1 O-isotope groups

Although the first few identified presolar oxide grains (Nittler et al., 1993; Huss
et al., 1994) had roughly similar isotopic compositions, by the time a couple of
dozen had been identified, it was clear that they fall in different parts of the oxy-
gen 3-isotope diagram (e.g., Fig. 2), likely reflecting different stellar sources and/
or processes. Nittler et al. (1994, 1997) divided the data into four isotopic groups,
a system that is still in wide use today, for both presolar oxides and silicates, al-
though definitions have been refined over time and some grains with compositions
outside the main groups gave been identified. The Group definitions we use here
differ somewhat from those in the literature and are summarized in Table 2 and Fig.

TABLE 2 Presolar oxide groups.

Group Definition Percentage®
3.38x1074<170/1%0<5x 1073 1 x 1073 <130/160 <~0.002 74

P 170/160> x 10—4 9
180/160<1x 1073

3 1x1074<170/1%0<3.38 x 1074 170/ 0>0.19 5

3 80rich | 1x107*<170/1*0<3.38x104170/180<0.19 1.7

4 180/160>0.002 9
5'70<5.5x5%0

Ix 170/1%0>5%1073 0.01

160-rich 70/1%0<1x 107 0.001
180/1%0<1x1073

See text for details.
@ Based on 1650 total reported grains.
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5. It is important to note that this classification system, while useful for aiding in
discussions, is to a large extent arbitrary. The O isotopic compositions of grains
within most groups span wide ranges and the Groups are not generally cleanly sep-
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arated from each other. Moreover, although it is tempting to assume that each Group
represents a single type of stellar source (evolved low-mass stars vs Type II su-
pernovae, for instance), multiclemental isotopic data for many grains as well as as-
trophysical considerations indicate it is not so simple: most Groups may well con-
tain grains from more than one type of stellar source and the same type of source
can provide grains with compositions in different Groups. In general, the groupings
in O-isotopic space reflect a combination of starting compositions of stars, specific
stellar nuclear and mixing processes that affect O isotopes, and the different sources
where such processes occur. As explained below in Section 5, the main nucleosyn-
thetic processes that affect O isotopes—H- and He-burning—occur in essentially
all stars (see also Chapters 7-9). A major challenge of presolar grain research is to
work backward from measured compositions, while using the tools of astrophysics,
to work out which types of stars produced which specific stardust grains and, hope-
fully, then use the grain data to learn new things about the parent stars. Classify-
ing the grains into Groups is a useful first step in this process. Here we explain the
Group definitions as used in this chapter.

Fig. 5 includes data for about 1650 individual presolar oxide grains and with
large numbers of overlapping data points, it can be hard to discern the density of
points on scatter plots. To better visualize the distribution of presolar oxides in O
isotope space, Fig. 5a thus shows a probability distribution derived from the grain
data, generated by summing two-dimensional Gaussian distributions according to
the measurement errors for each grain. In Fig. 5b, the individual grain data are plot-
ted over the probability distribution and in Fig. Sc, the data are shown with linear
axes over a smaller plotting range.

The overwhelming majority of presolar O-anomalous grains plot in the upper
left quadrant of Fig. 5 (enriched in 7O and depleted in '30, relative to the terres-
trial composition). These grains have long been divided into two Groups, 1 and 2
(Nittler et al., 1994), and the existence of at least two distinct trends, which over-
lap and merge close to Solar, is clearly seen in the probability distribution (Fig. 5a).
Nittler et al. (1997) originally used a threshold value of '80/'°0=8x107* to sep-
arate Group 1 and 2 grains. Based on the probability density plot, it is clear that
the Group 1 and 2 trends merge as both approach the terrestrial composition, so
any single ratio cutoff is arbitrary. Nevertheless, here we define Group 2 grains as
those having '30/1°0<1x 1073, with the recognition that grains with '70/!60<1 x
1073 and '30/'°0>1x 1073 lie in the overlap region between the two Groups. Note
also that most grains in this quadrant of the plot have 170/'°0 ratios lower than a few

FIG. 5

(a) The O-isotopic distribution of presolar oxide grains displayed as a false-color probability
density plot (darker equals higher density). (b) Oxide grain data overlain on probability density
map, color-coded to indicated group definitions. (c) Presolar oxide O-isotopic data displayed
with linear axes and a more limited range than (a and b), indicated by solid lines on (B). The
dotted lines indicate the terrestrial isotopic ratios.
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times 1073, Nittler et al. (2008) argued that grains with '7O/'°0 ratios higher than
this may have origins distinct from the other grains, and these have been called var-
iously “!7O-rich,” “extreme Group 1,” or Group “Ix” grains. We adopt the latter
nomenclature and use a threshold value of 170/'%0=5x 1073 to distinguish Group 1x
grains from Group 1 and 2 grains; this value is based on expectations for low-mass
asymptotic giant branch (AGB) stars, the likely sources of many Group 1 grains, as
discussed further in Section 5. With these definitions, Group 1 grains make up 75%
and Group 2 8.5% of the reported presolar oxide data. Note that isotope dilution for
grains measured by in situ ion imaging has undoubtedly led to an overestimate of
180/1%0 ratios in some Group 1 and 2 grains and the true fraction of Group 2 grains
is probably higher (and Group 1 slightly lower) as a result; this is a more significant
problem for presolar silicates (Chapter 6).

Despite the overlap with Group 1 close to normal composition, the defining char-
acteristic of Group 2 grains is their substantial '*0 depletions, with '30/!O ratios
essentially ranging all the way to zero, coupled with 7O enrichments. Most, but
not all, of the defined Group 2 grains define two linear trends (blue lines) on the
O-isotope plot, corresponding roughly to mixing lines between end-members with
(70/"%0=8x107*, 180/'°0=0) and ('70/'°0=1.2x1073, 180/'°0=0) and a more
solar-like composition. A small number of Group 2 grains range to much higher
170/16Q ratios, however.

Group 3 grains were originally defined as having !70/'°O ratios equal to or lower
than the terrestrial value and most of the originally identified Group 3 grains had
180 depletions as well, with 170/'®0 higher than the Solar System value of 0.19.
There is strong evidence that most of these are related to Group 1 grains and rep-
resent a population of grains formed in low-mass, low-metallicity AGB stars (Sec-
tions 5.2 and 5.4). However, as the database of known O-anomalous presolar grains
has grown, it has become increasingly clear that '"O-poor grains in fact plot in two
distinct clusters, with one group of grains having higher (closer to normal) '30/'°0
ratios (yellow symbols in Fig. 5). Nittler et al. (2020) suggested that these might be
related to the '®0-rich Group 4 grains (see below) and proposed including them in
the Group 4 definition. However, at least for presolar oxides, these grains are clearly
distinct from most Group 4 grains (most of which have terrestrial or higher '70/'°0
ratios). Unfortunately, there is little isotope data available for elements other than O
for these grains and their origins are thus still quite ambiguous. Here we consider
any '"O-poor grain with '70/'30 higher than or within error of the terrestrial value
to be Group 3 grains (5% of total) and refer to '’O-poor grains with lower !70/!%0
(higher '80/'%0) ratios as “!30-rich Group 3” grains (1.7%).

Group 4 grains were originally defined as having enrichments in both '’O and
180, relative to the Solar System (Nittler et al., 1997), but it soon became clear that
there also exist '30-enriched presolar grains with terrestrial (Choi et al., 1998) or
even depleted (Messenger et al., 2005) '70/'°0 ratios, both types of which are now
included in Group 4 (Table 2). Note that while Group 1 grains were originally de-
fined as having terrestrial or lower '80/!°O ratios, a small fraction of grains de-
fined as Group 1 in fact have higher than terrestrial '%0/'°0. This is most visible for
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grains with '70/'°0>6x10~* (Fig. 5c), but there is some ambiguity in distinguish-
ing Groups 1 and 4 for grains closer to Solar in composition. Here we arbitrarily set
the dividing line for '#0-enriched grains such that Group 1 grains have 5'’0/5'%0>
5.5 (Fig. 5¢), where 6 denotes the usual geochemical §-value (SR=(R/Ryq — 1) 1000,
with Ryq being a reference ratio, in this case Earth’s ocean water. Note that the re-
gion on the O 3-isotope plot where there is the most ambiguity in distinguishing
Group 1 and 4 grains also corresponds to the region now known to include materials
of Solar System origin (Section 2; Figs. 2b and 5c¢) and many of these grains may not
in fact be bona fide presolar stardust grains, including some 20% of Group 4 grains.

Finally, two presolar oxide grains, one alumina and one spinel, with al-
most-pure-'°0O compositions have been identified (Nittler et al., 1998; Gyngard et
al., 2010b). These plot far outside the other Groups and clearly form their own, still
limited, population.

4.2 Mg-Al isotopes

Mg-Al isotopic data have been reported for >200 presolar oxide grains and the data
are shown in Fig. 6. The most striking feature of the 2Mg/>**Mg vs 2°Mg/>**Mg plot
(Fig. 6a) is the much larger range of 2°Mg/**Mg ratios, especially for Al-rich phases,
compared to 2’Mg/?>*Mg ratios. Whereas most grains have 2>Mg/?**Mg ratios within
a factor of 2 of the solar value of 0.1266, 2°Mg/**Mg ratios range up to several 100,
or greater than 2000 times the solar value of 0.13932. Such a pronounced effect in
a single isotopic ratio is commonly a signature of radioactive decay and, indeed, in
this case this is the telltale sign that many of the grains incorporated live 26Al (t,,=
720,000 yr) into their structures, which subsequently decayed to 2°Mg. One can in-
fer the initial °Al/?’Al ratio of a grain from its Al/Mg elemental ratio and excess
amount of 2°Mg from radioactive decay (e.g., Nittler et al., 1997). This is illustrated
in Fig. 6b, which shows 2®Mg/**Mg ratios plotted against 2’Al/>*Mg ratios for the
presolar oxide grains. Solid curves indicate inferred initial 2°A1/2’ Al ratios for given
Mg-Al isotopic compositions; the grains range from containing essentially no ex-
tinct 26Al to having formed with up to 10% of their Al atoms being °Al. Note that
the CAIs discussed at the beginning of this chapter also show Mg excesses attrib-
utable to 2°Al decay and this isotope was very likely an important heating source for
the initial stages of planet formation in the Solar System. However, the maximum
26A1/%7 Al ratio inferred for CAls is only about 5x 107>, The much higher ratios seen
in many presolar oxide grains constitute further proof that they are indeed presolar
stardust that contain a record of nucleosynthesis in their parent stars.

The inferred initial 20A1/%’Al ratios for the presolar alumina and hibonite grains
are plotted against their '%0'°0 ratios in Fig. 6d. As is clear from Fig. 6a—c, many
presolar spinel grains also have Mg excesses. However, for a large fraction of
these, the observed anomalies in Mg are of comparable magnitude to those in
26Mg (e.g., Fig. 6¢). In such cases, it is impossible to unambiguously distinguish
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Magnesium and aluminum data for presolar oxide grains. (a) 2>Mg/>**Mg plotted vs 2°Mg/**Mg
ratios. (b) ’Mg/**Mg plotted vs 2’Al/>*Mg ratios. Curves indicate isochrons for different
amounts of extinct 2°Al. (c) Zoom in on rectangular area of panel (A). (d) Inferred initial
26A1/%7 Al ratios plotted vs '%0/'°0 ratios.

excess 2°Mg from 2°Al decay and excess Mg from nuclear processes directly af-
fecting Mg isotopes. We therefore do not include spinel data in Fig. 6d. How-
ever, Zinner et al. (2005) used nucleosynthetic models of AGB stars (the presumed
sources of many of the presolar grains) to correct for nucleosynthetic Mg anom-
alies and thereby estimate the initial amounts of 2°Al in presolar spinels. They found
a similar range of 2°Al/?’Al ratios to those seen for presolar alumina and hibonite.
From Fig. 6d, we can see: (1) About one-third of Group 1 presolar oxide grains do
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not show excess 2°Mg, but those that do have inferred 2°Al/2” Al ratios mainly rang-
ing from a few times 10~* to ~0.02. (2) Almost all Group 2 grains (all those with
180160 <4 x 107*) have evidence for extinct 2°Al, with 26A1/%’ Al ratios ranging from
~2x1073 up to 0.1. (3) Group 3 grains generally show little evidence for extinct
26Al; those with excess 2°Mg have relatively low 2°Al/27Al ratios, <1073, (4) Almost
all Group 4 grains have 2°Mg excesses, with inferred 26A1/>’ Al ratios similar to those
of Group 1 grains.

Although decay of 2°Al has led to much larger apparent effects in Mg than in
Mg for many presolar oxide grains, anomalous 2Mg/>**Mg ratios are not unusual
(Fig. 6). Grains with >2¢ anomalies in 2’°Mg/?*Mg make up 50%—60% of the preso-
lar hibonite and spinel grains that have been measured for Mg isotopes and 15% of
measured Al,O5 grains. The much smaller fraction for Al,O5 reflects the lower Mg
contents for this phase (e.g., Fig. 6b), compared to the others, and the consequently
larger error bars on isotope measurements. Note that both enrichments and deple-
tions in 2’Mg are seen mostly in the range of £30% of Solar and there is little, if
any, correlation with the grain group defined on the basis of O isotopes. For exam-
ple, grains with §2Mg~—300 to —200%o and 6*°Mg=0 to +400%. belong to all four
groups and also include a '°O-rich spinel (Fig. 6¢). The highest observed 6>°Mg val-
ues of ~1000 are comparable to those recently seen in presolar silicates (Leitner and
Hoppe, 2019; Hoppe et al., 2021), though the latter reach values as high as 2000%o
(Verdier-Paoletti et al., 2019).

4.3 K, Ca, Ti, and Fe isotopes

Hibonite contains Ca as a major element, and some presolar hibonites have been
measured for their calcium (and potassium) isotopic systematics. Like 2°Al, #!Ca is
a short-lived isotope (#,,=100,000yr) whose presence in the early Solar System has
been inferred in CAls by excesses in the decay product 'K (Srinivasan et al., 1994;
Liu et al., 2012). The first evidence for extinct #'Ca in presolar grains was reported
by Amari et al. (1996), who found *'K excesses in a number of presolar graphite
grains of probable supernova origin, with inferred *'Ca/*’Ca ratios of order 1073
to 1072, 67 orders of magnitude higher than the early Solar System ratio. Of 18
presolar hibonite grains measured for K-Ca, 11 showed #'K excesses, with inferred
41Ca/*Ca ratios ranging from ~107> to 4x10~* (Choi et al., 1999; Nittler et al.,
2008), substantially lower than those seen in the supernova graphite grains, but still
vastly higher than the early Solar System. Moreover, 10 of the 18 measured grains
showed anomalies in at least one of the other stable Ca isotope ratios (*’Ca/*’Ca,
43Ca/*Ca, and/or **Ca/*°Ca; neither “°Ca/*°Ca nor **Ca/*°Ca were measured in these
studies). The anomalous grains showed a diverse set of isotopic patterns, with mod-
erate (typically 5%—10%) enrichments or depletions of the various isotopes (Nittler
et al., 2008). The largest Ca isotopic anomalies reported for a presolar oxide grain
are for a Group 3 hibonite, 3-55-7, with §**Ca=270%o and 6**Ca=460%0 (Nittler et
al., 2011).
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Titanium has five stable isotopes and the Ti isotopic systematics are well docu-
mented for both presolar SiC (Chapter 2; Alexander and Nittler, 1999; Gyngard et
al., 2018; Nguyen et al., 2018) and graphite grains (Chapter 3; Jadhav et al., 2008).
Ti is thus a potentially valuable element for linking presolar oxides and C-rich preso-
lar grains. However, Ti-isotopic data for presolar oxides are still quite limited. This
primarily reflects very low Ti contents in presolar Al,O5 grains. Hibonite typically
contains higher amounts of Ti, but the presence of **Ca (which cannot be easily
separated from “*Ti in SIMS measurements) has thus far precluded its measure-
ment. Ti-isotope patterns for 11 presolar oxides (9 Al;O3 and 2 TiO, grains) with
anomalies in at least one isotope ratio are shown in Fig. 7. We have excluded two
Al,O3 grains for which very large (~2x solar) excesses in *°Ti were reported (Choi
et al., 1998) as the errors were large and no similar anomalies have been seen in
subsequent studies. Typically, but not exclusively, the presolar oxides show either
V-shaped or inverted-V-shaped patterns with excesses or depletions, respectively, in
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Ti-isotopic ratios, expressed as d-values, for presolar oxide grains.
- Data are from Choi, B.-G., Huss, G.R., Wasserburg, G.J., 1998a. Oxygen, magnesium, calcium, and titanium isotopes

in asymptotic giant branch and supernova oxides. Meteorit. Planet Sci. Suppl. 33, A32; Hoppe, P., Nittler, L.R.,
Mostefaoui, S., Alexander, C.M.O’D., Marhas, K.K., 2003. A nanoSIMS study of titanium-isotopic compositions of
presolar corundum grains. Lunar Planet. Sci. XXXIV, abstract 1570 (CD-ROM), Nittler, L.R., Alexander, C.M.O’D.,
Gallino, R., Hoppe, P., Nguyen, A., Stadermann, F., Zinner, E.K., 2008. Aluminum-, calcium- and titanium-rich oxide
stardust in ordinary chondrite meteorites. Astrophys. J. 682, 1450—-1478, and Hoppe (unpublished).
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the rare Ti isotopes. Similar patterns are also seen for presolar SiC grains from
low-mass AGB stars (Chapter 2; Hoppe et al., 1994; Alexander and Nittler, 1999).
The three presolar TiO, grains for which Ti isotope data are available (Nittler et al.,
2008) show only small anomalies.

Floss et al. (2008) and Ong and Floss (2015) reported iron isotopic data
(**Fe/*°Fe and >"Fe/*°Fe ratios) for some presolar O-rich grains, including five
Fe-oxides. Of these, two (a Group 1 grain and a Group 4 grain) showed >2¢ anom-
alies in one or both Fe isotopic ratio. Both of these grains showed 10%-20% deple-
tions of *Fe and *’Fe.

4.4 Cr-rich grains

The first hint that presolar grains enriched in >*Cr might exist in meteorites was
the discovery by Rotaru et al. (1992) of bulk Cr isotopic anomalies in the Orgueil
CI chondrite. Their data and those of follow-up studies suggested the presence of
a presolar carrier phase highly enriched in 3*Cr such that variations in the abun-
dance of this carrier could lead to observable differences in bulk Cr isotopic com-
position (at the 10~* scale) of different chondrite groups (Podosek et al., 1997; Trin-
quier et al., 2007). Initial searches with ims-3f ion microprobes of ~pm-sized Cr-rich
grains gave ambiguous results (Nichols Jr. et al., 2000), but the development of the
NanoSIMS eventually led to the discovery of tiny, highly 3*Cr-rich grains in acid-re-
sistant residues of Orgueil. Even in these studies, however, the spatial resolution
of the measurements (~400nm) was coarser than the grain size (<100nm) of the
anomalous grains, so measured compositions gave lower limits on the magnitude of
the 3*Cr anomaly (up to 3.6x solar), making it difficult to infer the origin(s) of the
grains. More recently, a new higher-resolution O— ion source for the NanoSIMS en-
abled the discovery and accurate measurement of additional **Cr-rich grains (Fig.
8; Nittler et al., 2018). These authors found several grains with *Cr/>>Cr more than
five times higher than solar and also exhibiting excesses at mass 50. Whether the
mass-50 anomaly is carried by °Cr and/or 3°Ti could not be ascertained from the
measurement, so the inferred *°Cr/>2Cr and °Ti/*3Ti ratios were both reported for
these grains (Fig. 8b and c).

5 Stellar origins of presolar oxide grains
5.1 An overview of relevant stellar processes and sites

In order to evaluate different stellar sources as potential progenitors of the observed
presolar oxide grains, we briefly introduce here some concepts regarding stellar evo-
lution and nucleosynthesis directly relevant to the interpretation of presolar oxide
grains. These topics are covered in more detail in Part 2 of this book.

Stellar evolution basically describes the drawn-out battle that stars wage against
collapse under their own weight. As gravity compresses stellar matter, it heats up,
eventually reaching temperatures high enough that nuclei can overcome their mu-
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tual coulomb repulsion and undergo nuclear fusion. As long as fusion reactions are
exothermic, the energy released can hydrodynamically support the star against fur-
ther collapse. Once a nuclear fuel is exhausted, the stellar core can again start to
collapse until heating ignites a new fuel or, if conditions are right, can be stabilized
against further collapse by a quantum mechanical effect known as degeneracy pres-
sure. Of key importance here are (1) at the temperatures and pressures experienced
by stellar matter, large numbers of nuclear reactions can occur, not just those respon-
sible for gravity-fighting energy generation, and these can lead to very large changes
in isotopic ratios and (2) material that is processed by nuclear reactions may even-
tually be transported to exterior regions of the star via mixing, mass loss, and/or ex-
plosions, where cooling may lead to dust condensation, i.e., formation of presolar
grains bearing isotopic compositions diagnostic of the nuclear processing.

Hydrogen is the most abundant element in the universe, and H-burning is the
dominant nuclear process that powers stars through much of their lifetimes. In
H-burning, various reactions lead to the net conversion of four protons into an o-par-
ticle (*He nucleus). In low-mass stars like the Sun H-burning is dominated by the
“proton-proton chain” series of reactions in which protons are built up into interme-
diate species (e.g., *He) before finally producing an a-particle. However, in more
massive stars (>1.5M(y), if there is any C, N, and O present, a series of catalytic
reactions involving the isotopes of these elements, the “CNO-cycles,” dominates
H-burning. The net result of the CNO-cycles is still to convert four protons into an
a, but the reactions also rearrange the CNO isotopes, resulting in enrichment of 13C,
14N, and 70 and destruction of 30 and '>N. Therefore, a side effect of H-burning
is to lead to higher '70/'%0 and lower '30/'°O ratios, i.e., the diagnostic signature
of a majority of presolar oxide grains (Groups 1, 1x, and 2; Figs. 2-5). The specific
isotopic ratios expected for a given star depend on a large number of factors, includ-
ing the temperature and duration of burning, mixing processes, etc. At sufficiently
high temperatures, additional reaction cycles can also operate during H-burning. Of
the highest relevance here is the Mg-Al cycle in which proton captures can produce
26A1 and cause production and/or destruction of the stable Mg isotopes, depending
on temperature.

Helium burning occurs following the exhaustion of H fuel in the cores of most
stars and primarily serves to convert *He into '>C and °O. However, as with H-burn-
ing, there are many nuclear consequences of He-burning for other elements and
isotopes as well. Alpha-particle captures on '“N, the main product of CNO-cy-
cle H-burning (aside from “He), are the main nucleosynthetic source of '30 via:
N(a,y)'®F(e*1)'®0.2 The minor Mg isotopes, Mg and Mg, are produced by re-
actions of 2*Ne isotopes and a-particles, i.e., 2Ne(a,n)*Mg and **Ne(a,y)**Mg,
where the 2?Ne is produced by a captures on '#0. Moreover, the neutrons released

@ Here we use a common shorthand to denote nuclear reactions, e.g., "“N(a.y)'®F is another way of
writing ""N+a— 18F+y.
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by the first reaction may also be captured by surrounding nuclei to produce new nu-
clei; of relevance here, neutron captures during He-burning can produce *!Ca, *Ca,
and “*Ca, from 4°Ca, and can also enhance the minor isotopes of Ti.

Now that we have introduced H- and He-burning and their effects on the el-
ements measured in presolar oxide grains, we turn to specific types of stellar
sources where these processes occur and which therefore may be considered po-
tential sources of the presolar oxides. Stars below about 8 times the mass of the
Sun, termed low- and intermediate-mass stars, or LIMS, undergo both core H- and
He-burning before ending their lives as cooling white dwarfs, stable against col-
lapse due to electron degeneracy (Chapter 7). Following core H-burning (when the
star is on the “main sequence”), a LIMS expands and becomes brighter due to
shell H-burning—a red giant. At this stage, a deep mixing episode occurs, the “first
dredge-up” (FDUP), in which some of the ashes of H-burning are mixed into the
large convective envelope of the red giant, changing its chemical composition (for
example, increasing the '70/'°0 and '*N/!N ratios).

The predicted surface O isotope ratios following the FDUP (FDUP) from four
different studies are shown in Fig. 9 for red giants of solar composition and masses
of 1-5M. All models indicate that the post-FDUP '70/!®0 ratio increases rapidly
with stellar mass up to ~2.3M,) and then decreases again. The precise ratio pre-
dicted for a given stellar mass depends on both the stellar model and the input nu-
clear physics used (e.g., reaction rates for important reactions in the CNO-cycles).
The Straniero et al. (2017) model was calculated with the most recent '’O(p,a)'*N
reaction rate and agrees well with the much older Boothroyd and Sackmann (1999)
model used in many previous studies of presolar oxide grains (Nittler, 2009). How-
ever, due to the diversity in predictions reflected in Fig. 9a, we take the maximum
predicted value of 170/'°0 ~ 5% 1073 from Lebzelter et al. (2015) as the value above
which an origin in a low-mass AGB star is unlikely (e.g., the separation threshold
between Group 1 and 1x grains, as discussed above). It has been long known (e.g.,
Harris and Lambert, 1984b; Dearborn, 1992) that the effect of FDUP on '80/'°0 is
much smaller than that on '70/'°0. Mixing of partially H-burnt material lowers the
envelope '30/'°0 ratio by tens of %, with more recent studies favoring a maximum
depletion of ~30% (Fig. 9b).

Following core He-burning, the star becomes still brighter and enters the ther-
mally pulsing asymptotic giant branch (TP-AGB) phase. TP-AGB stars consist of
an electron-degenerate core made of C and O (or O, Mg, and Ne for the most mas-
sive AGB stars, which experience partial core C-burning) surrounded by thin shells

FIG. 8

Cr- and Ti-isotopic data for small presolar oxide grains from the Orgueil meteorite with Cr
anomalies (Dauphas et al., 2010; Qin et al., 2011; Nittler et al., 2018). SNII zones are calcu-
lated compositions of a 15M ) supernova from Rauscher et al. (2002); electron capture super-
nova predictions are from Jones et al. (2019). The dotted lines indicate the terrestrial isotopic
ratios.
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Predictions of the effects of the first dredge-up on surface O-isotopic ratios of red giant stars of
different mass.
- Data are taken from: BS99: Boothroyd, A.1., Sackmann, I.-J., 1999. The CNO-isotopes. deep circulation in red giants
and first and second dredge-up. Astrophys. J. 510, 232-250; S17: Straniero, O., Bruno, C.G., Aliotta, M., Best, A.,
Boeltzig, A., Bemmerer, D., Broggini, C., Caciolli, A., Cavanna, F., Ciani, G.F., Corvisiero, P., Cristallo, S., Davinson,
T., Depalo, R., Di Leva, A., Elekes, Z., Ferraro, F., Formicola, A., Fiilop, Z., Gervino, G., Guglielmetti, A., Gustavino,
C., Gyiirky, G., Imbriani, G., Junker, M., Menegazzo, R., Mossa, V., Pantaleo, F.R., Piatti, D., Piersanti, L., Prati, P.,
Samorjai, E., Strieder, F., Sziics, T., Takdcs, M.P., and Trezzi, D., 2017. The impact of the revised 170(p, @) 14N

reaction rate on 170 stellar abundances and yields. Astron. Astrophys. 598, A128; KL16: Karakas, A.I, Lugaro, M.,
2016. Stellar yields from metal-rich asymptotic giant branch models. Astrophys. J. 825, 26; L15: Lebzelter, T.,
Straniero, O., Hinkle, K.H., Nowotny, W., Aringer, B., 2015. Oxygen isotopic ratios in intermediate-mass red giants.
Astron. Astrophys. 578, A33.

of He and H and a large convective envelope. The He- and H-shells alternately ig-
nite and power the star in a series of thermal pulses. In between the pulses, material
gets mixed from the region between the shells into the envelope, further changing
the composition, a process known as the “third dredge-up” (a second dredge-up oc-
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curs early in the AGB phase for more massive AGB stars). The most dramatic ef-
fect of the third dredge-up is to gradually increase the envelope abundance of '*C,
produced by shell He-burning, eventually increasing the envelope C/O ratio above
unity, which has dramatic consequences for the chemistry of dust grains condens-
ing in AGB star outflows. When C<O, O-rich phases like oxides and silicates are
predicted and observed to condense, whereas once C exceeds O, a C-rich chemistry
occurs producing organic molecules and refractory phases like graphite and SiC. Be-
sides '2C, however, a multitude of other isotopes affected by shell H- and He-burn-
ing are also mixed into the envelope, including radioactive nuclei like 2°Al and #!Ca,
Mg, Ca, and Ti isotopes affected by He-burning, and heavy elements produced by
the so-called s-process, or slow neutron capture. Dust condensation in the outer en-
velopes of AGB stars drives strong stellar winds, leading to additional dust conden-
sation and mass loss, ultimately leading to complete loss of the envelope, leaving be-
hind the inert core as a cooling white dwarf. The transition from AGB star to white
dwarf corresponds to the beautiful planetary nebula stage; the nebula glow itself is
caused by ionized gas in the expanding AGB outflow. As discussed below, a large
fraction of the presolar oxide grains likely originated in O-rich AGB stars and were
once fleetingly part of such spectacular displays.

Two additional processes that may affect the surface composition of AGB stars,
and hence the compositions of presolar grains they produce, are “hot bottom burn-
ing (HBB)” and “cool bottom processing (CBP).” In HBB (Boothroyd et al., 1995),
predicted to occur in AGB stars more massive than ~4-5M(y), the base of the enve-
lope reaches temperatures high enough for H-burning reactions to occur, and con-
vection then mixes the products throughout the envelope. CBP (Wasserburg et al.,
1995; Nollett et al., 2003; Palmerini et al., 2011) has been hypothesized to occur in
less massive (~1.75M)) AGB stars and it mainly refers to a non-convective, con-
veyor-belt style mixing process, not predicted by standard stellar evolution calcula-
tions, in which material from the AGB envelope is mixed to hotter regions where
it experiences some H-burning. The physical mechanism(s) responsible for CBP are
as yet unknown, but magnetic-field induced buoyancy appears promising (Palmerini
et al., 2021). In terms of isotopic signatures potentially observable in presolar oxide
grains, both HBB and CBP will produce 'O and °Al and destroy 30, as discussed
in more detail later.

Stars more massive than about 10M¢) have very different evolutionary paths
than LIMS (Chapter 8). Following core H- and He-burning, they become red super-
giants. As in their lower-mass counterparts, convective mixing leads to enrichment
of their envelopes in the products of partial H-burning (e.g., '“N, '70O). However,
unlike LIMS, their cores are too massive to be supported by electron degeneracy
pressure, so they experience a number of advanced burning stages (C-, Ne-, O-, and
Si-burning) as succeeding fuels are consumed, resulting in an onion-like structure
with increasingly processed material as one goes deeper into the star. Once Si-burn-
ing has resulted in a core dominated by Fe-group nuclei, no further energy genera-
tion by fusion reactions is possible. As a result, the star loses its battle against grav-
ity and the core collapses until it is stabilized by neutron degeneracy, causing the
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implosion to rebound and generate a massive shock wave, a “Type II supernova” ex-
plosion that accelerates most of the stellar material to escape velocity. As the shock
wave passes through the star, additional nuclear reactions can occur throughout the
ejecta. Thus, the isotopic and elemental composition at any point in the ejecta de-
pends on its entire history of nuclear burning, both before and during the explosion,
as well as any mixing that may occur between different zones (Meyer et al., 1995).

In terms of elements most relevant to presolar oxides, the most abundant iso-
tope synthesized by Type II supernovae (hereafter SNII) is '°O, and thus much of
the SNII ejecta is dominated by material with very low 7O/'°0 and '0/'O ratios
(e.g., Rauscher et al., 2002). However, the outermost zones have O isotopic com-
positions reflecting H- and He-burning: the large H-rich envelope is !"O-rich and
somewhat '80-poor, the He- and N-rich zone that experienced complete H-burning
is very '®0-poor, and the He- and C-rich zone that experienced partial He-burning
is 1*O-rich and '"O-poor. These compositions, from a 20M ¢ SNII model (Woosley
and Heger, 2007), are shown in Fig. 10a, with the percentage of the total ejected O
from each zone indicated. The gray region indicates compositions that are possible
from arbitrary mixing of the different SN zones. This mixing compositional space
is huge and, in fact, overlaps a sizable proportion of the presolar oxide grains, ex-
cept for the Group 1x grains. This points to the need for isotopic data for additional
elements beyond O if one wants to accurately assess SNII as potential sources of
specific presolar grains, as discussed in more detail later.

Mg similarly shows a wide range of isotopic compositions throughout the ejecta,
as illustrated in Fig. 10b. The H envelope is predicted to be slightly 2’Mg-depleted
and 2°Mg-enriched, due again to mixing of H-burning ashes. The C- and O-rich zone
that experienced complete He-burning has very high 2Mg/>**Mg and **Mg/**Mg ra-
tios, whereas these ratios decrease in inner zones, due to the production of 2*Mg by
C-burning. Aluminum-26 is produced by H-burning in outer zones and by O- and
Ne-burning in inner '°0-rich zones, with the highest 2°Al/2’Al ratios of order 0.1
predicted for the He- and N-rich zone that experienced complete H-burning.

In recent years, M. Pignatari and coworkers have proposed modifications to stan-
dard models of SNII, in part to help better explain puzzling aspects of isotopic data
for presolar SiC grains of probable supernova origin (Pignatari et al., 2013, 2015).
In particular, they considered the effects of increasing the energy of the explosion
compared to standard models and also considered the effects of mixing of a small
amount of hydrogen into the convective He shell from above the shell. As the SN
shock wave passes through the He shell, this H can be heated and undergo ex-
plosive H-burning, akin to that which occurs in classical nova explosions (see be-
low). Although these models are parameterized and not yet tied to full hydrody-
namical simulations, they have shown great promise for explaining both the cos-
mic origin of >N and a range of presolar SiC data (Pignatari et al., 2015; Liu et al.,
2017). Moreover, such “H-ingestion supernovae” have been recently suggested as
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The O- and Mg-isotopic compositions of presolar oxide grains are compared to predictions for
nucleosynthesis in novae and supernovae. The yellow ellipses indicate ranges of compositions
within different layers, specified by their most abundant elements and taken from a 20M¢,
SNII model (Woosley and Heger, 2007). Compositions of classical nova ejecta are predicted
for explosions on white dwarfs of varying mass and composition (models calculated by J. Jose,
reported by Gyngard et al., 2010a). The dotted lines indicate the terrestrial isotopic ratios.
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sources of some presolar silicate grains (Leitner and Hoppe, 2019; Hoppe et al.,
2021).

Classical novae are an additional potential site for production of presolar oxide
grains. Novae are explosions which occur in close binary stellar systems, where one
of the binary pair has evolved all the way through the AGB phase to become a white
dwarf, which accretes material from its less evolved (main sequence or red giant)
companion. The accreting H-rich material is heated to very high temperatures, even-
tually leading to a thermonuclear runaway that ejects nuclear processed material into
the interstellar medium. The nuclear processing is dominated by proton reactions
at very high temperatures (2-3 x 108K) and is thus often referred to as “explosive
H-burning.” Of importance here, calculated nova ejecta is characterized by large
excesses of 70, a wide range of '30/'°O ratios depending on various characteris-
tics of the nova (e.g., composition of white dwarf, degree of mixing between white
dwarf and accreted material), extreme >>Mg and *°Mg excesses with 2Mg/>*Mg~ 10
x26Mg/**Mg, and very high 2°Al/2’Al ratios (>0.1). The predicted O isotopic ratios,
based on one-dimensional hydrodynamical simulations of novae of different mass
and white dwarf composition (Gyngard et al., 2010a), are shown in Fig. 10a. Al-
though these all plot far from the presolar grain data, the tan area shows the possible
composition space if the pure nova ejecta is mixed with material of terrestrial com-
position. As discussed later, the overlap of this mixing space with the highly '’O-rich
Group 1x oxide grains supports a possible nova origin for these grains.

The other major type of supernova explosions, called Type Ia, is extremely im-
portant for cosmology and as nucleosynthetic sources of iron-peak elements in the
Universe. Typical SNIa are thought most likely to be nuclear explosions of white
dwarfs, e.g., in binary systems like described above for novae, but with higher ac-
cretion rates such that the entire star explodes, rapidly converting the original C,
O-rich material into Fe-peak elements. An alternative possibility is that SNIa form
from mergers of two white dwarfs. SNIa are not observed to produce dust and
thus have not often been considered as potential sources of presolar grains (Clay-
ton et al., 1997). One exception is the suggestion that rare, “high-density” SNIa
may be good sites for the nucleosynthesis of neutron-rich isotopes, like **Ca, 3°Ti,
and *Cr (Meyer et al., 1996; Woosley, 1997), and thus potential progenitors of
the 3*Cr-rich presolar nano-oxides identified in the Orgueil meteorite (Dauphas et
al., 2010; Qin et al., 2011). More recent attention has been paid to “electron-cap-
ture supernovae” (ECSN)—a possible end-state of evolution of stars in the range
of ~7-10M¢,. Such stars have electron-degenerate cores of O, Ne, and Mg; if these
grow massive enough, they may undergo electron capture reactions on *°Ne, thereby
losing degeneracy pressure and leading to a thermonuclear runaway. The resulting
conditions are similar to those simulated for high-density SNIa and ECSN are thus
an attractive potential source for neutron-rich isotopes (Wanajo et al., 2013) and
34Cr-rich grains (Nittler et al., 2018; Jones et al., 2019).



28

CHAPTER 5 Presolar oxide grains

5.2 Galactic chemical evolution

As galaxies evolve, new generations of stars are born, evolve, and expel newly syn-
thesized nuclei into the interstellar medium (ISM). As a result, the chemical compo-
sition of stars varies with time and place, a process referred to as galactic chemical
evolution (hereafter, GCE). A key parameter used in GCE studies is “metallicity,”
the mass fraction of elements heavier than He in a given mixture, usually expressed
as Z. In the Sun, Z=0.014 (Asplund et al., 2021). Of highest relevance to preso-
lar grain studies is the distinction of “primary” isotopes, whose nucleosynthesis is
metallicity-independent, and “secondary’ ones, which can only be made in stars that
already have some heavy elements. Thus, '°0O, which is made by He-burning, is a
primary isotope, but '’O, made by CNO-cycle H-burning, requires a star that already
contains C, N, and O and thus is secondary. GCE theory predicts that the ratio of
a secondary isotope to a primary one (e.g., !’0/!%0) increases roughly linearly with
metallicity in a galaxy (e.g., Clayton, 1988), a notion supported by measurements of
O isotopes in molecular clouds (Penzias, 1981). GCE is thought to play a key role in
explaining the Si and Ti isotopic systematics of many presolar SiC grains (Timmes
and Clayton, 1996; Alexander and Nittler, 1999; Nittler and Dauphas, 2006) and the
O, Mg, and Ca isotopes in presolar oxides and silicates (especially Group 1 and 3
grains) as discussed below.

5.3 Origins of group 1 and 2 presolar oxide grains

The O isotopic ratios of most presolar oxide grains are shown again in Fig. 11, along
with the ratios measured spectroscopically in the envelopes of evolved stars (Harris
and Lambert, 1984a; Harris et al., 1985; Smith and Lambert, 1990; Lebzelter et al.,
2015), including O- and C-rich AGB stars, Ba stars (thought to be red giant stars that
have experienced mass transfer from a now-dead AGB companion), and two red su-
pergiants (Antares and Betelgeuse). It is immediately apparent that there is a strong
overlap between the stellar data and the Group 1 grains. This observation, along with
evidence from astronomical observations that AGB stars are the largest contributors
of dust to the interstellar medium (Gehrz, 1989) and that O isotopes and inferred ini-
tial 20A1/2”Al ratios were in the range of model calculations, led to the conclusion
that Group 1 grains most likely originated in outflows from RGB and AGB stars
(Boothroyd et al., 1994; Nittler et al., 1994). Following further studies on the nature
and sources of interstellar dust (Kemper et al., 2004), Nittler et al. (2008) noted that
up to 15% of Group 1 grains may have originated from massive stars during a red
supergiant phase. More recently, Mg-isotopic anomalies in some Group 1 presolar
silicate grains have led to the suggestion that a substantial fraction may in fact have
formed in Type II supernova explosions (Leitner and Hoppe, 2019). We thus con-
sider in more detail here the Group 1 (and 2) presolar grain oxide data in light of the
current understanding of these potential stellar sources.
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FIG. 11

Oxygen isotopes of many presolar oxide grains compared to those measured spectroscopically
in AGB stars, Ba stars, and red supergiants (A= Antares, B=Betelgeuse). The dotted lines indi-
cate the terrestrial isotopic ratios.

- Stellar data are from Harris, M.J., Lambert, D.L., 1984a. Oxygen isotopes in the atmospheres of Betelgeuse and
Antares. Astrophys. J. 281, 739-745; Harris, M.J., Lambert, D.L., Smith, V.V., 1985. Oxygen isotopic abundances in
evolved stars. 1. Six barium stars. Astrophys. J. 292, 620-627; Smith, V.V., Lambert, D.L., 1990. The chemical
composition of red giants. III. Further CNO isotopic and s-process abundances in thermally pulsing asymptotic giant
branch stars. Astrophys. J. Suppl. 72, 387-416, Lebzelter, T., Straniero, O., Hinkle, K.H., Nowotny, W., Aringer, B.,
2015. Oxygen isotopic ratios in intermediate-mass red giants. Astron. Astrophys. 578, A33.

In Fig. 12, we compare O and Al-Mg isotopic data for presolar oxide grains with
various model predictions. First dredge-up curves (FDUP, see Fig. 9) for two metal-
licities and a range of stellar masses, taken from Boothroyd and Sackmann (1999),
are shown in Fig. 12a. The initial compositions of the model stars were assumed
to vary with metallicity according to GCE theory (black arrow). It is clear that
the FDUP can explain the 'O enrichments and '80 depletions seen in Group 1
grains (and AGB stars in Fig. 11), provided that the grains formed in stars with
a range of masses (to explain the spread in '70/'°0) and initial compositions (to
explain that in '80/'°0). The simplest explanation for the spread in initial compo-
sitions is that the parent stars sampled a range of metallicities, and as discussed
in the previous section, the '70/'°0O and '30/'O ratios of new stars are expected
to increase proportionally with metallicity due to GCE (black arrow in Fig. 12a).
The shape of the FDUP curve (Fig. 9a) would, in principle, allow for grains with
170/1%0>2x 107 to have originated in stars of mass 2-7Mc). However, as dis-
cussed in Section 5.1 and further below, AGB stars more massive than about 4M®
are expected to undergo hot bottom burning (HBB) and thus have much more ex-
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treme '80 depletions. Therefore, Group 1 grains with '7O/!°O in this range more
likely formed in lower mass stars. Nittler (2009) showed that the O-isotopic distri-
bution of Group 1 (and 3) grains was reasonably well explained by expectations of
GCE theory if the grain parent stars had a maximum mass of ~2.2M¢). Above this
mass (and below the HBB limit), AGB stars are more likely to become C-rich due
to dredge-up of '?C from the He shell and thus condense carbonaceous grains rather
than oxides.

If one accepts that a given grain most likely formed in an RGB or AGB star that
has experienced the FDUP, one can compare its O isotope ratios to a grid of pre-
dicted ratios for varying masses and metallicities (e.g., that of Boothroyd and Sack-
mann, 1999) to infer the mass and metallicity of its parent star, as has been done in
several studies (Alexander and Nittler, 1999; Nittler, 2009). The validity of such an



5 Stellar origins of presolar oxide grains 31

exercise depends on the validity of the assumption that the '30/'O ratio of the par-
ent star is determined mainly by its initial composition only slightly modified by the
FDUP. However, the strong '®0 depletions observed in Group 2 grains strongly sug-
gest that additional processing may well affect a star’s '80/!°0 ratio. As discussed
in Section 5.1, two additional mixing processes in AGB stars may cause a decrease
in 180/'°0: cool-bottom processing (CBP) in low-mass AGB stars and HBB in in-
termediate-mass stars.

Shown as blue curves in Fig. 12 are predicted isotopic ratios for a model of mag-
netic mixing-induced CBP in a 1.2M® AGB star (Palmerini et al., 2017, 2021); each
curve corresponds to a different value of a model parameter related to plasma density
(and, indirectly, depth of mixing). It is clear from Fig. 12a that such models can eas-
ily explain most of the spread of O isotopes in Group 2 grains as well as many Group
1 grains with relatively low 70/'°O ratios. The solid red and green curves show
predictions for HBB in 4.5 and 6M; stars, respectively, from Lugaro et al. (2017).
Although these curves intersect a very small number of relatively '"O-rich Group 2
grains, HBB rapidly leads to extremely low '30/!°0 ratios (essentially zero), below
most of the grain data. However, Lugaro et al. (2017) pointed out that if these com-
positions were mixed with solar-like material, the mixtures would overlap well with
the Group 2 grain O-isotope data (red and green dotted lines). Note that predictions
of stellar nucleosynthesis depend critically on the reaction rates for the various nu-
clear reactions involved and many of these are still relatively poorly constrained by
laboratory measurements at the relevant stellar energies. In particular, the '70/'°0
ratio produced by the H-burning CNO cycle depends on the still uncertain cross sec-
tions for !’O+p reactions, and the HBB and CBP predictions shown in Fig. 12 were
calculated with different sets of reaction rates. In any case, it appears that the stellar
origins of Group 1 and 2 grains cannot be resolved on the basis of O isotopes alone,
so let’s turn to other isotope systems for additional constraints on the grain origins.

In Fig. 12b and ¢, we compare the inferred 2°A1/>’Al ratios for the grains as a
function of O isotopes to the model predictions. The gray shaded regions show the

FIG. 12

The isotopic compositions of presolar oxide grains are compared to predictions for nucleosyn-
thesis in AGB stars and supernovae. FDUP=predicted first dredge-up composition for stars of
1-7M¢ and two metallicities (Boothroyd and Sackmann, 1999). Numbers on the Solar-Z
FDUP curve indicate stellar mass in solar masses. HBB=predicted compositions for AGB stars
of 4.5M (red) and 6M; (green); the solid curves are the envelope composition; colored dot-
ted lines indicate mixing with solar-like material (Lugaro et al., 2017). MM-CBP curves are the
predicted envelope composition for a 1.2M) AGB star undergoing cool-bottom processing via
a magnetic-mixing model (Palmerini et al., 2021). The HBB and CBP predictions were calcu-
lated with different sets of reaction rates. The black curves indicate mixing between the H-rich
envelope and He/N zone of a 20M,) Type II supernova (Woosley and Heger, 2007). The gray
shaded regions in (B) and (C) show the predicted range of isotope ratios for standard low-mass
AGB star models, i.e., without CBP. The dash-dot lines indicate terrestrial isotopic ratios.
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predicted range of isotope ratios for standard low-mass AGB star models, i.¢e., with-
out CBP. The most recent calculations for low-mass AGB star 2°Al production pre-
dict maximum envelope 2°Al/>’Al ratios of a few times 10~ (Karakas and Lugaro,
2016). Many Group 1 grains, especially those with 170/'°0>1073, are in good agree-
ment with the standard low-mass AGB models for 2°A1/2’ Al. Moreover, unlike the
case for presolar silicates (Leitner and Hoppe, 2019; Hoppe et al., 2021), very few
Group 1 or 2 oxides show large Mg excesses that may point to a massive AGB
or Type II supernova origin. These observations support the long-standing idea that
low- and/or intermediate-mass O-rich AGB stars are the parents of these grains. A
few Group 1 presolar spinel grains do, however, show unusual >>Mg depletions and
26Mg excesses (Fig. 6¢; Gyngard et al., 2010b), a signature also seen in some Group
1, 2, and 4 oxides and silicates. Hoppe et al. (2021) have proposed either a red su-
pergiant wind or Type II supernova ejecta origin for such 2Mg-poor Group 1 grains.
These grains make up a few percent of the Group 1 oxides measured for Mg iso-
topes, and thus these sources may have contributed a similar proportion to the Group
1 presolar oxide population.

Fig. 12b and Cc clearly shows that many Group 2 grains and Group 1 grains with
170/'*0 <1073 have inferred 26A1/>’Al ratios higher than the predictions for standard
low-mass AGB star nucleosynthesis (gray area). This provides further strong evi-
dence that Group 1 grains with '70/!°O and 2°A1/>’Al in this range are more likely
related to Group 2 grains and arise from the same stellar sources. The data are con-
sistent with predictions for magnetic-mixing CBP (blue curves). As is the case for O
isotopes, the HBB predictions (solid green and red curves) largely miss the Group
2 data but overlap with the grains if the pure HBB composition is mixed with so-
lar composition (green and red dotted curves). That CBP does not require such ad-
ditional mixing may be an argument in favor of low-mass AGB stars experiencing
CBP as the sources of Group 2 grains, but the relatively large Mg excesses in a
few Group 2 oxides (e.g., Lugaro et al., 2007; Nittler et al., 2008) are more consis-
tent with more massive HBB-AGB stars (e.g., Fig. 12d). As implied by Fig. 10, an
additional possibility for Group 2 grains would be mixing of envelope material with
the partially H-burnt He/N shell in Type II supernovae. However, such mixing com-
pletely misses the Al-Mg grain data (e.g., Fig. 12b) and supernovae are thus unlikely
as sources of the Group 2 (and 2°Al-rich Group 1) grains.

From the above discussions, we can conclude that AGB stars are most likely
the dominant sources of Group 1 and 2 grains. The range of inferred *'Ca/*°Ca ra-
tios for presolar hibonite grains is also in reasonably good agreement with low-mass
AGB models (Nittler et al., 2008). However, this is not the case for »Mg/>*Mg
or stable Ca or Ti isotope ratios, where the observed anomalies do not in general
match predictions of AGB nucleosynthesis. As mentioned above, some of the more
extreme Mg excesses and depletions may point to origins of a small fraction of
Group 1 grains in more massive AGB stars or supernovae. On the other hand, just
as GCE is thought to play an important role in setting the initial '#0/'°0 ratios of
Group 1 parent stars, so it should also affect Mg, Ca, and Ti isotopes since 2*Mg,
40Ca, and **Ti are primary isotopes and the rarer isotopes of these elements are
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mostly secondary (Section 5.2). In Fig. 13, we plot some Mg, Ca, and Ti isotope
ratios against the solar-normalized inferred initial '30/'°O ratios (or equivalently,
metallicity Z) of Group 1 grains. The latter were estimated from the grains’ O iso-
topes and the first dredge-up models of Boothroyd and Sackmann (1999). However,
compared to previous work (Nittler et al., 2008), they were additionally increased
by ~10% to take into account recent models (e.g., Fig. 9b; Karakas and Lugaro,
2016) that predict slightly more depletion of '*0 during the FDUP than calculated
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FIG. 13

The isotopic compositions of presolar oxide and silicate grains are compared to predictions of
galactic chemical evolution (GCE, gray curves taken from Kobayashi et al., 2011). X-axis is the
solar-normalized initial '%0/'0 ratio for each grain, extrapolated from the models of
Boothroyd and Sackmann (1999), assumed to vary linearly with metallicity Z.
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by Boothroyd and Sackmann (1999). These values are clearly model-dependent but
still useful for qualitatively investigating the hypothesis that GCE is a strong driver
of isotope ratios in presolar oxide grains. The gray curves are predicted GCE trends
from the model of Kobayashi et al. (2011), renormalized to match solar composition
at solar metallicity, a procedure discussed originally for Si-isotope GCE by Timmes
and Clayton (1996). Note that such GCE calculations are subject to many uncertain-
ties associated with both the assumptions underlying the Galactic evolution model
(e.g., the initial mass function for new stars) and input physics, from stellar life-
times to nucleosynthetic yields for each relevant isotope for different types of stars.
For example, Vangioni and Olive (2019) recently presented models for the GCE of
Mg isotopes showing a very wide range of predictions depending on various stellar
yields and assumed initial mass functions.

If the Mg, Ca, and Ti isotopes of the grain parent stars were determined by homo-
geneous GCE, one would expect tight correlations among the grain data in Fig. 13
which could then be used to test GCE models (e.g., the gray trends). However, this is
clearly not the case for most of the plotted data. First, considering >Mg/?**Mg (Fig.
13a), most hibonites and one 2>Mg-rich presolar Al,O3 grain plot relatively close to
the predicted GCE trend. However, although some spinel and silicate grains do as
well, these types also show much more scatter, with three populations of grains that
plot far from the GCE trend: (1) a large fraction of grains having §>>Mg within er-
rors of zero, independent of the initial '80/'O ratio, (2) a population of grains with
much higher Mg excesses than predicted, and (3) a population of grains (dashed
ellipse) depleted in 2Mg, but with high inferred metallicity. Given that the Solar Mg
isotopic composition does not obviously hold any particular cosmic significance, the
presence of grains with highly anomalous O isotopes but normal Mg (population 1)
is somewhat surprising. Nittler et al. (2008) proposed that presolar spinel grains with
normal Mg may have experienced isotopic exchange in space or on the meteorite
parent bodies and this has been suggested for some presolar silicates as well (Hoppe
et al., 2018). If this is indeed the explanation for the normal grains, the lack of hi-
bonite grains with such signature likely indicates that hibonite is more resistant to
Mg isotope exchange than spinel or silicates; this is presumably testable via labora-
tory experiments. As mentioned above, grains in population (2) have been argued to
originate not from low-mass AGB stars, but rather Type II supernovae and/or mas-
sive AGB stars (Leitner and Hoppe, 2019; Hoppe et al., 2021). However, Nittler
et al. (2008) suggested an alternative route to 2Mg-rich grains with Group 1 or 2
isotope signatures, namely mass transfer from an evolved intermediate-mass binary
AGB companion to a lower mass star that eventually evolves to the AGB phase and
condenses the grains. All of these scenarios merit further investigation. Population
(3) grains correspond to the same *Mg-depleted, Mg-enriched grains discussed
carlier and postulated to form in red supergiants or supernovae (Hoppe et al., 2021).

Even if we assume that the grains that do show rough correlation in Fig. 13a in-
deed preserve a record of GCE, there is still substantial scatter around any trend,
making comparison with GCE predictions difficult. Heterogeneity in GCE is ex-
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pected due to the stochastic nature of star formation and non-negligible mixing
timescales in the interstellar medium (e.g., Lugaro et al., 1999; Nittler, 2005) and
this scatter may well reflect such inhomogeneities around an average trend. Spectro-
scopic measurements of Mg isotopes in main-sequence stars also show more scatter
than GCE theory would predict (e.g., Gay and Lambert, 2000; Yong et al., 2003;
Meléndez and Cohen, 2007), although uncertainties are much larger than can be
achieved by laboratory measurements of presolar grains.

The more limited datasets for Ca and Ti isotopes in presolar oxide grains (Fig.
13b—d) limit the ability to compare with GCE theory. Nonetheless, there are hints
of trends for 4*Ca/*°Ca, ¥3Ca/*°Ca (see Nittler et al., 2008), and *°Ti/*®Ti, albeit with
significant scatter, again possibly attributable to heterogencous GCE. Of all the mea-
sured Ca and Ti isotopes in Group 1 presolar oxide grains, “*Ca/*°Ca shows the
least correlation with inferred metallicity (Fig. 13¢). As discussed by Nittler et al.
(2008), this is likely a consequence of the fact that a significant portion of #*Ca is
synthesized in rare supernova events which may be expected to contribute inhomo-
geneously to the interstellar medium. In any case, it is clear that far more multiele-
ment isotope data for Group 1 presolar grains are needed if the grains are to be a
truly useful tool for testing GCE models. Recent progress on this front has come
from correlated Mg- and Si- isotopic measurements of presolar silicates (Hoppe et
al., 2018, 2021).

To summarize this section, based on multielement isotopic data for Group 1 and
2 presolar oxide grains, we can conclude that most of these grains formed in AGB
stars, low-mass (<2M)) ones for Group 1 grains with '70/'°0>1073, and either
low-mass ones experiencing cool-bottom processing or intermediate mass ones ex-
periencing hot bottom burning for the Group 2 grains and some Group 1 grains with
lower 7O enrichments. Resolving the mass range of the Group 2 parent stars will
depend on further progress in laboratory measurements of key nuclear reaction rates
and in AGB star modeling. A small fraction of Group 1 grains likely formed in red
supergiant winds or supernova ejecta and a small number of 2Mg-rich Group 1 and
2 grains may have formed in supernovae, massive AGB stars, or stars that experi-
enced mass transfer from a massive AGB companion. GCE is likely imprinted in
several isotopic systems measured in the grains, but far more work is needed to use
the grain data to test GCE models.

5.4 Origins of '30-poor group 3 presolar oxide grains and the
age of the galaxy

As discussed in Section 4.1, Group 3 grains lie in the '°O-rich quadrant of the O
3-isotope plot and can be further subdivided based on their '80/'70 ratios. Grains
with '30/'70 greater than the Solar ratio are referred to here as “!'®0-rich Group 3
grains” and will be discussed in the following section. As seen in Fig. 12a, the “reg-
ular” Group 3 grains lie above the model GCE trend for O isotopes. It was thus
recognized early on (Nittler et al., 1994) that, like Group 1 grains, their composi-
tions could also be explained by the first dredge-up in AGB stars, provided that they
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formed in stars (1) that had initial '70/'%0 and '*0/'°O ratios lower than Solar and
(2) were of low enough mass that the FDUP did not increase their envelope 'O
contents too much (e.g., Fig. 9a). Lower initial '”-'80/'°O ratios would be expected
for stars of lower-than-Solar metallicity, reflecting GCE, and therefore low-metal-
licity, low-mass AGB stars have long been accepted as the most likely sources of
Group 3 grains. In fact, since the main sequence lifetimes of stars decrease steeply
with increasing mass and presolar grains formed at the end of the parent stars’ lives,
lower-mass presolar grain progenitors would on average be expected to have formed
earlier in Galactic history than higher-mass ones and thus more likely be of lower
metallicity. Nittler et al. (1997) and Nittler (2009) showed that the overall shape
of the Groups 1 and 3 O-isotope distribution can be naturally explained by simple
GCE considerations and FDUP predictions, lending further support to the idea that
the grains originated in low-mass, low-metallicity AGB stars. Based on comparison
with the FDUP predictions, Group 3 grains can be inferred to have originated in stars
roughly of mass 1.15-1.35M(;) and metallicities down to one-half Solar.

Based on the long lifetimes of such low-mass stars, Nittler and Cowsik (1997)
argued that the Group 3 presolar oxide grains can be used as an independent method
of estimating the age of the Milky Way Galaxy. The basic concept is simple: preso-
lar grains formed before the formation of the Sun 4.6 Gyr ago and their parent stars
formed some period of time before that, so the age of the Galaxy has to be longer
than the longest age inferred for a grain parent star plus the age of the Solar System.
Moreover, the Galaxy formed with much lower metallicity than inferred for the par-
ent stars, so the grains also require that the Galaxy had evolved for some time before
even the oldest parent formed. This is of course a highly model-dependent exercise,
but the age obtained of 14.4=+1.3 Gyr (and probable systematic errors of several bil-
lion years) is in remarkable agreement with completely independent estimates based
on cosmological and/or astronomical measurements.

The primary difficulty with a low-mass, low-metallicity AGB star origin for the
Group 3 grains is that it is based essentially entirely on O isotopes, as very little
data have been reported for other elements for these grains, making it difficult to
test different possible stellar origins. Mg isotopes have been reported for a couple of
dozen Group 3 Al,O3, spinel, and hibonite grains, but almost all have shown normal
isotopic compositions, including little evidence for extinct 2°Al (Nittler et al., 1997;
Choi et al., 1999; Zinner et al., 2005; Gyngard et al., 2010b). In an abstract, Nittler et
al. (2011) reported large Mg and Ca isotopic anomalies in a Group 3 hibonite grain.
The observed pattern—depleted in Mg, enriched in 'K, #?Ca, ¥3Ca, and **Ca—is
more suggestive of a supernova source (Section 5.5) than a low-mass AGB star, but
these authors were unable to obtain a satisfactory mixture of supernova material to
match the grain’s composition. Clearly, much more multielement isotopic data for
Group 3 grains are needed to resolve their stellar origins.
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5.5 Origins of group 4, '30-rich group 3, and '®O-rich presolar
oxide grains

Soon after '80-rich Group 4 presolar oxides were first discovered, three possible
sources were proposed (Nittler et al., 1997; Choi et al., 1998): (1) low-mass AGB
stars for which early third dredge-up episodes could mix '0 produced by partial
He-burning into the envelope, (2) high-metallicity AGB stars, in which case high
130/1%0 ratios reflect GCE (GCE), and (3) Type II supernovae. The first suggestion
was soon discounted since no AGB models predict third dredge-up to occur during
the very early thermal pulses when '*0 may be abundant below the H-burning shell.
A supernova origin is generally held to be most likely for most Group 4 grains, but
high-metallicity AGB stars remain a possibility, at least for some grains. Here we
consider the arguments and evidence for these two possible stellar sources.

As discussed in Section 5.1 and shown in Fig. 12a, the He- and C-rich zone of
a SNII is highly enriched in '*0 and depleted in 7O, due to partial He-burning. In
contrast, most Group 4 oxide grains have Solar or higher '70/'°0 ratios. Choi et
al. (1998) first suggested that this isotope signature could reflect mixing in super-
nova ejecta of material from the He/C zone with material from the envelope and He/
N zones, both of which are '"O-enriched due to H-burning. These authors showed
that mixing of predicted compositions for specific zones of a 15M) SNII model
could well reproduce most of the O, Mg, Ca, and Ti isotopic ratios measured in a
Group 4 Al,Oj3 grain, though most of the Ca and Ti ratios were Solar within large
errors. The discovery of a '"O-poor, '80-rich presolar silicate grain (Fig. 2a; Mes-
senger et al., 2005) gave further credence to a SNII origin for the '80-rich grains.
The strongest evidence for a SNII origin for at least some Group 4 grains came
with the discovery of a Group 4 hibonite grain, KH2, for which many isotopic ra-
tios could be measured (Nittler et al., 2008). These authors found that mixing ma-
terial from six zones of a 15M(, supernova could reproduce 7 out of 8 measured
isotopic ratios to a high degree of accuracy (Fig. 14); the model includes the ef-
fect of 2°Al on the *°Mg/>**Mg ratio. As might be expected from comparison of the
grain’s O isotopic composition to the SN zone compositions (Fig. 10a), the mix-
ture is dominated by material from the massive star’s H-rich envelope and the im-
mediately underlying He-rich zones. Unlike the original mixing calculation of Choi
et al. (1998), however, material from inner zones is required to explain all the ob-
served isotope signatures, though the amount is necessarily very small since these
zones are dominated by '°O produced by core He-burning, making up >95% of the
ejected oxygen, so only a tiny amount can have a large effect on mixed isotopic com-
positions. Nittler et al. (2008) demonstrated that similar mixing calculations could
also explain the compositions of two Group 4 spinel grains, though with only O
and Mg isotopic ratios, the problem is not nearly as well constrained. Nevertheless,
these authors argued that the successful matching of the mixing models to the com-
positions of three grains makes a SNII source most likely for most or all Group 4
grains, and this view has generally taken hold in the community. For example, simi-
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FIG. 14

Supernova mixing can explain the composition of presolar hibonite grain KH2 (Nittler et al.,
2008). Top left: scanning electron microscope image of KH2. Top right: cartoon indicating rel-
ative amounts of different zones of a Type II supernova that can match the grain’s composition.
Bottom: a comparison of predicted isotopic compositions to observed compositions indicates

excellent agreement for seven out of eight isotopic ratios, supporting a supernova origin for
KH2 and the other Group 4 grains.

lar mixing calculations have been performed to explain O, Mg, Si, and/or Fe iso-
tope systematics in Group 4 presolar silicate grains (Nguyen and Messenger, 2014;
Hoppe et al., 2021).

As mentioned above, the proposal that Group 4 grains could instead have origi-
nated in high-metallicity AGB stars reflects the expectation that such stars are born
with '70/'%0 and '80/'°0 ratios higher than Solar, due to GCE. Nittler et al. (1997,
2008) argued that such an origin is unlikely for two reasons. First, while a major-
ity of the Group 4 presolar oxide grains are '’O-enriched, their O isotopic compo-
sitions generally lie near an extension of the predicted GCE trend, but FDUP in the
parent stars would be expected to lead to higher '70/!°O ratios, as seen in Group
1 (and Group 3, if these are indeed from low-metallicity AGB stars, see previous
section) grains. This problem is even more severe for the population of grains with
170/'0 near to or lower than Solar, as this would require that the parent stars formed
far below the GCE trend. Second, the highest '0/'°O ratios observed (up to 10
s times the Solar ratio) would require extremely high metallicities, and such stars
are unlikely to have been abundant at the time of the Sun’s birth (and would have
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required to have formed much earlier in Galactic history, when the average metallic-
ity was lower). However, only some 15%-30% of Group 4 oxides would require an
origin in stars of >2 times solar metallicity, depending on whether grains with com-
positions in the range of cosmic symplectite (Fig. 2b) are considered to be presolar
grains. Moreover, Lugaro et al. (2020) have argued recently for an origin for most
pm-sized presolar SiC grains in high-metallicity AGB stars, 2-3Z), on the basis
of Sr isotope measurements of SiC, observations of stars, and models. Therefore, it
may not be unreasonable to expect some oxide grains from high-metallicity AGB
stars as well. The first problem regarding !’O remains, however.

As an example of the ambiguity in deducing the stellar origins of some Group
4 presolar grains, consider the Group 4 presolar magnesiowiistite ((Mg,Fe)O) grain,
34C-10, reported by Floss et al. (2008). This grain has a moderate (34%) excess
in 180/'°0, normal 70/'°0, and 10%-20% depletions in **Fe and *’Fe, relative to
30Fe. For comparison, the hibonite grain KH2, for which a supernova was suggested
above, has much larger excesses of both 7O and '®0. Floss et al. (2008) discussed
both AGB stars and supernovae as possible sources, but showed that neither fits the
isotopic data particularly well. The combined depletions of >’Fe and **Fe are not ex-
pected for super-Solar metallicity AGB stars; for example, Kobayashi et al. (2011)
predict that *Fe/*°Fe increases with metallicity. Supernova mixtures that match the
O isotopic composition of this grain predict ~solar Fe isotopic ratios. One part of
a SN zone was found to be depleted in both 3*Fe and *’Fe, but since this zone is
also highly '°O-rich, it was not possible to simultaneously match the grain’s Fe and
O isotopes. In the end, Floss et al. (2008) came down slightly in favor of an AGB
origin for grain 34C-10, not because of isotopic considerations but because of astro-
nomical evidence for this oxide phase to be present around such stars.

As discussed in Section 4.1, '30-rich Group 3 grains are those that have '*0/!70
ratios higher than the Solar ratio. Because this ratio is only decreased by the first
dredge-up, it is very unlikely that these grains formed in AGB stars and Nittler et al.
(2008, 2020) suggested they may be related to Group 4 grains and have formed in
Type II supernovae. This is certainly feasible from an O isotopic point of view (Fig.
10a) as mixing of SN zones can match their compositions, but as we have seen with
some other populations, the lack of isotopic data apart from O in these grains makes
it impossible to convincingly test this hypothesis. Mg isotope data were reported for
two '80-rich Group 3 presolar spinel grains, but found to be normal, likely indicat-
ing isotopic exchange, as discussed earlier, and thus not highly diagnostic.

Nittler et al. (1998) reported a highly '°O-rich presolar Al,O5 grain from the Ti-
eschitz ordinary chondrite meteorite. Because '°O is the main product of nucleosyn-
thesis in Type II SNe, these authors argued that a supernova was the most likely
source for this grain. This was confirmed by the discovery of another °O-rich ox-
ide, a spinel grain which also showed a large 2?Mg depletion and a *“*Ca excess
(Gyngard et al., 2010b), almost certainly pointing to in situ decay of **Ti. Because
the latter isotope has a half-life of some 60years and is only produced in SNe,
its inferred presence in a presolar grain has long been taken as strong proof of
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a supernova origin (Nittler et al., 1996). Given that SNII are such prodigious produc-
ers of 1°0 (e.g., Fig. 10a), it is perhaps not surprising to find presolar grains with this
composition. In fact, the rarity of such grains within the presolar oxide database re-
mains a major mystery. As discussed above, there is clear evidence that many Group
4 grains (and maybe some Group 1 grains) originated in supernovae, but the com-
positions of these grains indicate a formation primarily from the outer layers, which
are primarily composed of H and He, and not the inner zones which contain by far
the greatest mass of the condensable elements in the supernova ejecta. For example,
if all of the Mg, Al, and Si in the envelope of a 25M¢) SN (Woosley and Heger,
2007) condensed into oxide and silicate grains, the total mass would be ~0.05M¢,),
whereas the same elements from the O-rich inner ejecta would sum to ~0.9M,) of
dust if there was 100% condensation. Estimates of dust production in SNII from as-
tronomical observations are typically up to a few tenths of a solar mass (Indebetouw
et al., 2014; De Looze et al., 2017), much higher than possible from condensation in
the outer zones alone.

There are at least two possible explanations for the fact that the presolar grain
population does not reflect the expectation that SN dust should be dominated by
160-rich grains from inner zones: (1) If 1%0-rich SN grains are produced with steeply
decreasing size distributions and typical sizes much smaller than ~100nm, they
would be underrepresented in the known presolar grain data, as searches to date for
presolar oxides have been almost entirely conducted at larger spatial scales (e.g.,
Fig. 4). (2) Newly formed '®O-rich grains deep inside SN ejecta may be destroyed
by encounters with reverse shock waves due to the original SN shock reflecting off
the nearby circumstellar medium (e.g., Nozawa et al., 2007). In fact, these two possi-
bilities may go hand in hand. Recent modeling of dust in the Cassiopeia-A SN rem-
nant (Priestley et al., 2022) indicates that grains >200 nm will largely survive reverse
shocks, while smaller ones are preferentially destroyed. Thus, if larger grains are
formed in outer layers of the SN ejecta than in the inner layers, the '°O-rich grains
are likely to be preferentially destroyed. We note that the question of how much dust
SNe produce is of great interest and debate in the cosmology community since large
dust masses are observed in galaxies at high redshifts (Bertoldi et al., 2003; Watson
et al., 2015), which have not had sufficient time to evolve to the point of having nu-
merous AGB stars injecting dust into their interstellar media. Better understanding
of the relative populations of presolar SN grains of different types and sizes may
well help resolve this question in the future.

5.6 Origins of group 1x presolar oxide grains

Group 1x grains are highly enriched in '’O with '7O/'%0 ratios higher than pre-
dicted for AGB star envelopes, 0.005-0.1 and '%0/!°O ratios in the range of other
Group 1 grains (Figs. 5 and 9). The first discovered 1x grain, alumina grain T54,
was proposed to have formed in an intermediate-mass AGB star undergoing HBB
(Nittler et al., 1997), with its relatively high measured '30/'°0 ratio perhaps being
caused by contamination on the sample mount. The subsequent discovery of several
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more such grains for which substantial contamination could be ruled out argues
against this HBB scenario. At the time of that work, nova nucleosynthesis calcula-
tions reproduce the high 7O enrichment of T54, but predicted much higher '%0/'°0
ratios than observed in the grain (e.g., Politano et al., 1995). However, subsequent
nova models predicted a much wider range of '30/'°0, from subsolar to super-so-
lar (José et al., 2004; Gyngard et al., 2010a), leading to the suggestion that Group
1x grains could in fact originate in such sources (Gyngard et al., 2010a). As seen in
Fig. 10a, mixing of ejecta from CO and ONe novae of different masses with isotopi-
cally Solar material can reproduce the range of observed O isotopes in the Group
I1x grains. A few Group 1x grains have Mg and Mg excesses as predicted for
nova nucleosynthesis. However, their Mg isotope ratios do not match expectations
for mixing of nova ejecta with solar material. A couple of Group 1x presolar sili-
cates have been identified with Mg isotopes more in line with the mixing calcula-
tions (Nguyen and Messenger, 2014), lending support to a nova origin. A fundamen-
tal difficulty with this scenario is the lack of an explanation for the required mixing
with solar material. Nittler et al. (2008) suggested that mass transfer between mem-
bers of a stellar binary system, for example, nova ejecta reaccreted onto a compan-
ion (Marks et al., 1997) or AGB ejecta deposited onto a main sequence companion
could explain the isotopic compositions of Group 1x grains. Clearly, additional iso-
topic data and modeling are needed to resolve the origins of these enigmatic grains.

5.7 Origins of 3*Cr-rich presolar oxide grains

The stellar synthesis of **Cr requires higher density of neutrons than achieved in
the He shell of an AGB star, but models of certain shells of Type II supernovae
(e.g., Rauscher et al., 2002), high-density Type 1a supernovae (Woosley, 1997), and
electron-capture supernovae (ECSN; Wanajo et al., 2013) show that all can produce
34Cr. When highly >*Cr-rich nano-oxides were discovered around 2010 (Dauphas
et al., 2010; Qin et al., 2011), it was thus immediately recognized that they must
originate in supernovae, but the data could not distinguish which type. However,
the discovery of extremely 3*Cr-rich grains, e.g., with >*Cr/*Cr>10x Solar (Fig. 8;
Nittler et al., 2018), allows for better constraints on their origins. In particular, the
thermonuclear ECSN model of Jones et al. (2019) was found to be an almost per-
fect match to the most *Cr-rich grain, 2-37 (Fig. 8), especially if the observed ex-
cess at mass 50 is attributed to *°Ti (Fig. 8c), which is also synthesized in very high
abundance in neutron-rich environments. Therefore, ECSN are likely to have been
the sources of grain 2-37 and the other **Cr- and >°Ti-rich nano-oxide grains, and
the grains thus are potentially powerful probes of these still enigmatic astrophysical
phenomena.
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6 Structure and compositions of presolar oxide grains

Whereas the isotopic compositions of presolar grains reflect the nucleosynthesis of
their progenitor stars, the crystal structures and elemental compositions of the grains
record the condensation conditions and subsequent processing histories. Astrophys-
ical condensation environment parameters, such as the ambient gas composition,
pressure and temperature, and rate of cooling, are recorded in the individual grain
elemental composition and structure. Post-condensation processing events, such as
collisional processing or irradiation in the interstellar medium or solar nebula, as
well as thermal and aqueous alteration on the host asteroid parent body, can im-
part interpretable signatures on the grain structure and/or composition. Fortunately,
the refractory nature of oxides, such as corundum and other alumina phases, hi-
bonite, and spinel, means that they are mostly unaffected by parent body alteration
under the conditions experienced by most carbonaceous and unequilibrated ordinary
chondrites. As a result of this resistance to parent body alteration, the structural and
compositional features of presolar oxides can be interpreted to first order as faith-
fully recording primary condensation conditions, in some cases overprinted by pro-
cessing in the interstellar medium. Refractory oxides are also resistant to radiation
damage; individual displaced atoms remain as interstitial point defects in the lattice,
rather than form extended damage tracks, and radiation-induced amorphization re-
quires a very high dose. In contrast, presolar silicate phases are less refractory and
more prone to loss of the primary condensation features due to subsequent thermal,
aqueous, mechanical, and radiation processing. Whereas there is little correlation of
presolar oxide abundances with petrographic grade of host, the observed abundance
of presolar silicates (Floss and Haenecour, 2016) is significantly anti-correlated with
the severity of hydrothermal alteration on the parent body. More information on the
structural analysis of presolar silicates is available in Chapter 6.

Direct astrophysical observations of oxide dust in circumstellar environments
provide important but limited constraints on the condensation conditions. Oxide dust
grain formation in outflows from Asymptotic Giant Branch (AGB) stars and type 11
supernovae has been observed with infrared (IR) spectroscopy (Sloan et al., 1996;
Posch et al., 1999; Rho et al., 2008). The details of IR spectral features depend
on the crystal structure, grain size and shape, and elemental composition. The cir-
cumstellar spectra are fitted using models and reference spectra obtained from syn-
thetic analog grains. Thus, measurements of the features of presolar stardust can
help validate the circumstellar dust phase detection and inform the choices of refer-
ence spectra and modeling parameters. However, astronomical observations of ox-
ide stardust grains face several challenges, such as the need for warm grains to pro-
vide significant emission at a low enough dust density to limit the disk opacity, and
the overall lower abundance of Al, Ca, and Ti atoms to form dust compared to Si
atoms in stellar envelopes. So far, in addition to amorphous and crystalline silicates,
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astronomical detection of three oxides, Al,O5 (in crystalline and amorphous forms),
MgAl,O4, and MgO, have been reported. The recent launch of the James Webb
Space Telescope may lead to more detailed astronomical observations of the known
phases and also provides increased sensitivity needed to measure less abundant
phases, such as hibonite. However, coordinated secondary ion mass spectrome-
try-transmission electron microscopy (SIMS-TEM) studies will likely always be the
sole means of probing certain stellar condensation processes for the smallest grains
(few nm phases identified as subgrains of the primary presolar grain), rare grains that
constitute <10% of the dust fraction, and the complex, heterogenous grains without
any synthetic analogs for reference spectra.

In order to carry out the coordinated SIMS-TEM studies of presolar oxide grains,
either as grain separates or in situ in the meteorite matrix, the use of a focused
ion beam (FIB) workstation to extract an electron transparent section of individual
grains identified by SIMS for the TEM analysis is essential. Early SIMS studies of
oxide grains were performed on grain separates, extracted from the host meteorite
using a series of acid dissolution steps, followed by centrifugation to extract grains
of well-constrained density, specific to specific phases. The grain separates were
then deposited onto Au foils to make mounts for SIMS, and on which oxygen iso-
tope mapping was carried out to identify the ~1/300 Al,O5 grains with a nonsolar
O isotope composition. The typical grain sizes (Fig. 4) for the Al,O3 and hibonite
(CaAl;,0,9) grains range from sub-pum to few pm, and spinels are ~300nm, which
are too small for particle picking under an optical microscope but well suited to pro-
cessing with the Ga* FIB. The smaller beam spot of the nanoSIMS compared to
carlier SIMS instruments enabled the identification of more presolar oxide grains in
situ. Extraction of the electron transparent section of these grains using FIB lift-out
methods preserves the surrounding matrix material so that the petrographic context
of grains in the host meteorite can also be studied by TEM.

Once the stardust grains are isotopically identified with SIMS, sectioned with
FIB, and structurally and compositionally characterized with TEM, the primary
guide for relating the grain properties to astrophysical condensation conditions
comes from equilibrium condensation models (Chapter 12, Ebel, 2006). These mod-
els predict the order of condensation of the major dust phases from the high-
est temperature to the lowest for a given gas composition and pressure. For a
gas of Solar composition, the sequence is corundum (a-Al,03), followed by hi-
bonite (CaAl;;,0,9), perovskite (CaTiOs3), gehlenite (Cap,Al(ALSi)O5), and spinel
(MgAl,04) (Table 3). Iron metal alloy, containing Ni, Cr, and other minor and trace
metals, is predicted rather than oxide, followed by olivine (Mg,SiOy4). In general,
thermodynamic modeling parameters must be extrapolated to the relevant range of
circumstellar conditions and are calculated for the most stable bulk phase at the rel-
evant temperature. For Al,Os, corundum is used, although there are at least eight
metastable polymorphs, in addition to amorphous Al,Os, that are readily synthe-
sized experimentally (Levin and Brandon, 1998). Minor oxide phases, more refrac-
tory than corundum, such as ZrO, and TiO,, are also possible condensates, but are
not often discussed in the calculations regarding presolar grains, due to the low ex-
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TABLE 3 Equilibrium condensation sequence for a gas of solar system composition

at 0.1 mbar.

T condensation () Formula Phase

1764 710, Zirconia

~1700 TiO, Rutile — anatase
1677 AL O3 Corundum, amorphous, y, ¥
1659 CaAl;;0q9 Hibonite

1529 Ca,Al,Si05 Gehlenite

1441 CaTiO;3 Perovskite

1397 AlMg,04 Spinel

1357 Fe Fe alloy

1354 Mg,SiOy4 Forsterite

1316 MgSiO3 Enstatite

371 Fe;04 Magnetite

Isotopic measurements confirm the existence of presolar dust grains of nominal elemental compositions
listed in bold. Electron diffraction measurements confirm the minerals and metastable phases identifica-
tions of the phases listed in bold. Condensation temperatures taken from Lodders (2003) except for TiO,,
for which an estimate is shown.

pected abundance and size. Condensation kinetics, particularly the availability of
seed molecules to act as nuclei, also plays a crucial role in grain formation, leading
to condensation of metastable phases. Another important consideration is the resi-
dence time of the stardust grains in their progenitor stars before transport into the in-
terstellar medium. The equilibrium condensation models indicate that hibonite forms
by reaction of Ca from the gas with corundum dust grains and that continued cooling
of the gas leads to formation of gehlenite by reaction of Si with hibonite dust. If no
dust escaped the progenitor star at each stage, only the end products of the conden-
sation sequence would be observed in the meteoritic record, but this is not the case;
both corundum and hibonite are among the known presolar oxide phases.

6.1 Al,Oj3 grains

Structural data from TEM (Stroud et al., 2004, 2007; Takigawa et al., 2014a,c,
2018) and/or EBSD studies (Takigawa et al., 2014b) of 15 presolar Al,O5 grains
have been reported (Table 4). Of the six grains for which TEM data has been
reported, four have the corundum (a-Al,O3) thermodynamic equilibrium crystal
structure, one is amorphous, and one is consistent with the metastable hexago-
nal polytype family (Levin and Brandon, 1998). The remaining nine grains, for
which the crystal structure determination depends on electron backscatter diffraction
(EBSD) analysis, include two identified as weakly crystalline or amorphous grains,
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TABLE 4 Summary of structural and compositional data for Al,O5 grains.

Sample Group | Phase | Size Notes from TEM and/or EBSD studies
(pm)
QUE060! 2 o 1.4x TEM and EBSD: faceted, polycrystalline,
1.4 internal voids heterogeneous Mg, possible
shock, possible impact crater
T96? 1 Amor. | 1.2x TEM: stoichiometric Al,O3
0.7
T1032 1 o 1.0x TEM: 0.1 wt% Ti
0.5
Bishunpur 1 o 1.3x EBSD: irregular; TEM: Ti oxide subgrain
60-353 0.8
Bishunpur 1 o 1.5% TEM and EBSD: irregular, rough,
60-443 0.8 polycrystalline a-Al,O3
RCO75 3 No 1.2x EBSD: faceted, rough, low crystallinity
58-09° D 1.1
RCO75 1 o 1.0x EBSD: faceted single crystal
58-333 0.5
RCO075 3 o 1.4x TEM and EBSD: irregular, rough
58-49° 0.6
RCO75 1 o 1.7x TEM and EBSD: irregular, single crystal by
59-07° 1.5 EBSD, 2 or more grains by dark-field TEM,
internal voids
RCO075 1 o 1.3 % EBSD: irregular, low crystallinity; TEM:
59083 1.0 strained single crystal
RCO75 1 aork | 1.7x EBSD: faceted single crystal o; TEM: possible
59-09° 1.3 K
RCO75 1 aork [ 0.9x EBSD: faceted, rough, single crystal o; TEM:
59-223 0.8 single crystal, possibly k
Org-114-12% | 2 Hex. 1.5% TEM: diffraction consistent with transitional
0.5 alumina of hexagonal family (PDF 021-0010)
95 wt% Al 03, 3.6 wt% MgO, 1.3wt% TiO,,
possible impact crater
QUE053° 1 o <0.5 TEM and EBSD: rounded single crystal
QUE067° 4 « 0.2 x TEM: single crystal
0.2

Takigawa et al. (2018), “Stroud et al. (2004), * Takigawa et al. (2014b,c), # Stroud et al. (2007), and *Taki-
gawa et al. (2014a). Grain name indicates meteorite in which it was found: QUE = Queen Alexandra Range
97,008, T=Tieschitz; RCO75 =Roosevelt County 075; Org =Orgueil.

one polycrystalline corundum grain, and six corundum single crystals. The grain
shapes are generally rounded, some irregular and some with hints of faceting and
equiaxed (Fig. 15), i.e., no grains with platy or rod microstructures have been ob-
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FIG. 15

Secondary electron images of presolar alumina, as extracted from the host meteorites by acid
dissolution prior to isotopic measurements. Scale bars are 0.5 pm. (A) RC075 59-09. (B)
Bishunpur 60-44. Grains vary in shape from faceted euhedral grains to rough, irregularly
shaped grains.

- Adapted from Takigawa, A., Stroud, R.M., Nittler, L.R., Vicenzi, E.P., Herzing, A., Alexander, C.M.O’D., Huss, G.R.,

2014a. Crystal structure, morphology, and isotopic compositions of presolar AI203 grains in unequilibrated ordinary

chondprites. Lunar Planet. Sci. 45, abstract 1465; Takigawa, A., Tachibana, S., Huss, G.R., Nagashima, K., Makide, K.,
Krot, A.N., Nagahara, H., 2014b. Morphology and crystal structures of solar and presolar AI1203 in unequilibrated
ordinary chondrites. Geochim. Cosmochim. Acta 124, 309-327; Takigawa, A., Stroud, R.M., Nittler, L.R., Alexander,
C.M.O’D., 2014c. A titanium oxide grain within a presolar corundum. Meteorit. Planet. Sci. 49, abstract #5389.

served. The mean grain size is ~1 pm, with a range ~0.5-2um, and aspect ratios of
longest/shortest dimension <3.

All 15 of the TEM and EBSD analyzed alumina grains were studied ex situ, after
isolation from the host meteorites as acid-resistant density separates from the ma-
trices of chondritic meteorites. The preparation of the grain separates enables faster
isotopic identification of the rare circumstellar alumina grains, which are outnum-
bered by solar system-formed corundum by ~300%, which in turn is a minor ma-
trix mineral. Although corundum is extremely acid-resistant when well crystallized,
amorphous alumina and other metastable polymorphs are more susceptible to etch-
ing (Takigawa et al., 2014b). In particular, Takigawa et al. (2014b) showed that
surfaces subjected to ion irradiation were removed by subsequent exposure to the
acid dissolution protocols used to prepare the alumina grain separates. In addition,
sol-gel prepared amorphous alumina and metastable aluminas, produced by heat-
ing hydrated alumina, also dissolved in these acids. This suggests that the record of
presolar alumina grains’ exposure histories in the solar system and primordial inter-
stellar medium, in the form of radiation-induced surface defects, if present, would
be lost during laboratory processing. In order to investigate this possibility, SIMS
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mapping to identify the presolar alumina in situ, followed by FIB lift-out of the
grains that preserve the grain-matrix interfaces, will be necessary in the future.

Two of the ex situ grain cross sections do show evidence for possible grain-grain
collisions in the interstellar medium, in the form of rounded pits at the grain sur-
faces. One of these grains, QUE060 (Takigawa et al., 2018), is corundum, with
well-formed R-plane facets on four sides, and a ~0.3-um deep cavity on one side.
The crystal lattice planes show a ~0.3° rotational deviation across the grain, around
the cavity. Grain QUE060 also shows heterogencously distributed Mg, in domains
<100nm across that form a superstructure aligned with the host corundum lattice.
The Mg is nearly pure Mg, formed in situ in the grain by decay of 2°Al, with an
average relative abundance of Mg/Al of 0.014, as measured by STEM-EDS. The
clumping of the Mg indicates that the grain experienced a transient heating event,
after the 2°Al — 2°Mg transformation. No specific signs of local amorphization, high
crystal defect densities at the edges of the cavity, or any residue from impacting
grains were retained in the grain cross section, but these may have been removed
during the grain separation production.

Similar to QUE060, Orgueil 114-12 (Fig. 16; Stroud et al., 2007) shows a
rounded cavity in an otherwise flat grain face, which suggests hypervelocity im-
pact damage. Electron diffraction patterns obtained from the grain indicate that it
is inconsistent with indexing to corundum, and it has been tentatively assigned to
two or more crystallites of metastable alumina. The element composition of 11412
is also unusual in that it is enriched in both Mg (3.6 wt% MgO) and Ti (1.3 wt%
TiO,). Group 2 grain 11412 has the highest inferred °Al/?’Al ratio of any mea-
sured presolar oxide grain (Fig. 6d), so most of the measured high Mg content is
certainly radiogenic Mg, but a small >>Mg enrichment indicates that it contains in-

FIG. 16

(A) Secondary electron image of presolar Al,O3 grain 114-12 after isotopic measurement
(Stroud et al., 2007). The grain is sitting on an Au substrate and surrounded by FIB-deposited C
and redeposited Au. Bright-field (B) and dark-field (C) scanning transmission electron mi-
croscopy (STEM) images of a focused ion beam cross section of grain 114—12, revealing a pos-
sible impact crater in the lower left edge of the grain.
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trinsic Mg as well. No subgrains or spatial compositional heterogeneities were ob-
served; however, a y-shaped void was present in the center of the grain.

Subgrains, formed either as precondensed nucleation seeds, or exsolution precip-
itates appear to be relatively rare in presolar alumina. A TEM study of 15 presolar
Al,O5 grains found only a single TiO, subgrain in one of them (Takigawa et al.,
2014c).

6.2 Hibonite grains

Most equilibrium thermodynamic calculations predict hibonite (CaAl;;0O;9) to be
the second major oxide phase to condense from a gas of solar composition, through
gas-grain reaction of Ca with corundum dust. In our solar system, hibonite is an
important component of the earliest condensed solids, i.e., calcium, aluminum-rich
inclusions found in chondritic meteorites. Meteoritic hibonite occurs as microme-
ter size platy grains, with substitutional Ti, Fe, V, and minor Si. The existence of
presolar Al,O5 indicates that some corundum grains can escape the circumstellar en-
velopes prior to the ambient gas cooling to temperatures at which back-reaction ini-
tiates the transformation to hibonite.

TEM analysis (Table 5) of five presolar hibonite grains (KH1, KH2, KH6,
KH15, KH21) isolated from the Krymka (LL3) OC meteorite (Stroud et al., 2008;
Zega et al., 2011) and two grains analyzed in situ in the matrices of the Northwest
Africa 582 CR3 chondrite (Leitner et al., 2012) and of the Acfer 094 ungrouped
C-chondrite (Vollmer et al., 2013) are consistent with circumstellar-formed hibonite
(P63/mmc, a=0.556 nm, ¢c=2.19nm). With the exception of the Acfer 094 grain, all
presolar hibonites were large enough, i.e., ranging from submicron to a few microm-
eters in size, for the use of selected area electron diffraction to confirm the crys-
tal phase. The grain shapes were platy (KH6, KH21, KH15, KH2) to needle-shaped
(KHT1), with some grains consisting of multiple connected plates (KH2 and KH15),
and one irregular-shaped (NWA 6_8). In contrast, the Acfer 094 hibonite was iden-
tified as a collection of subgrains enriched in Ca and Al contained in a larger, amor-
phous presolar silicate, with the hibonite phase determination based on the presence
of 1.1nm lattice fringes in the most distinct 20-nm, Ca, Al-rich crystallite. Only
one compositionally distinct subgrain was detected in the 7 hibonites. Grain NWA
6_8 also had a Ti-rich subgrain with Ca/Ti~1 that was presumed to be perovskite
(CaTi03), although a precise composition and definitive phase identification could
not be made due to the small size (100 nm) of the subgrain.

The Krymka hibonites were all single crystals, with small orientation changes
across the grain in the case of the grains consisting of connected plates. The Group
4 supernova grain KH2 (Figs. 14 and 17) did not differ significantly in its mi-
crostructure compared to the other (AGB-derived) grains. This is in contrast to
presolar SiC, where notable differences in microstructures are observed between
supernova and AGB star grains (Chapter 2). No evidence for tracks from charged
particle irradiation has been observed, but regions of higher lattice defect concen-
trations within the grains, including stacking faults, were observed. The higher de-
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TABLE 5 Summary of structural and compositional data for hibonite (CaAl;;,O19)

grains.
Sample | Group | Size Notes from TEM studies
(um)
32 03! 1 0.02 Identified as subgrains in amorphous silicate, based on
lattice fringe spacing and EDS composition
KH1? 2 1.3x Single crystal with stacking disorder on one edge
0.13+ | Cayo4Al1158510.00M80.14Tio 11Fe0.06019
0.08
KH2?3 | 4 0.6 Single crystals with crack or gap
0.23 Cag9sAl11.77510.02Mg0.14Tig.00F€0.01019
KH6? 1 0.15x Single crystal with some stacking disorder CaAl;,0;9
0.3
KH15% | 2 2.5x% Platy with zig-zag microstructure,
024+ | CagosAly177Si0.02Mgo.14Ti0.09F€0.01019
0.12
KH21%2 | 1 3.7x Single crystal with stacking disorder on one end
0.5+ Cay 01Al1173Mg0.21Ti0.07510.01F€0.01019 (grain average);
0.2 lower in Ca and Mg and higher in Al in region of stacking
disorder
6 84 1 1.75x Contains 100 nm subgrain of possible perovskite
0.3

Vollmer et al. (2013), grain from Acfer 094 meteorite; *Zega et al. (2011), *Stroud et al. (2008), grains
from Krymka meteorite; and *Leitner et al. (2012), grain from Northwest Afiica 852 meteorite.

fect density regions appeared to be correlated with higher concentrations of minor
elements, e.g., Ti, and could be primary growth features given that stacking faults
are common in hibonites in general. However, the highly defective areas were typi-
cally at the edge of the individual grains, rather than distributed homogenously, and
could result from physical fracture of grains that consisted of multiple plates (see
Zega et al., 2011, Fig. 4). The survival of multiple connected plates (KH15) through
the ISM and accretion onto the Krymka parent body is somewhat surprising. If this
survival was facilitated by an overgrowth of circumstellar silicate or interstellar or-
ganic matter, such material was lost in the acid dissolution process used to isolate
the grain. The platy growth habit of these hibonites is inconsistent with formation by
back-reaction of equiaxed Al,O5 grains with Ca and O alone. Instead, these grains
may have formed by reaction of smaller corundum grains where Al was not yet fully
depleted from the gas, consistent with the ~20K difference in condensation onset
temperatures.

The NWA 6_8 grain studied in situ has an irregular, non-compact shape, though
it is not obviously platy. The one published diffraction pattern from this grain in-
dicates that at least two distinct hibonite crystallites are present at a small angular
separation in lattice orientation. Leitner et al. (2012) reported difficulty in obtaining

L
49



50

CHAPTER 5 Presolar oxide grains

100 nm

BFTEM

FIG. 17

High-angle annular dark-field STEM (A) and bright-field TEM (B) of presolar Group 4 hi-
bonite grain KH2. The black arrow indicates a crack in the grain that could be due to impact
fracturing (e.g., during a grain-grain collision event in the SN outflow, interstellar medium, or
the solar nebula), or possibly is a primary feature of platy growth morphology. The white arrow
indicates the SIMS-radiation damage layer where the grain is amorphous, below which diffrac-
tion contrast due to variations in strain in the lattice is visible. The strain supports the possibil-
ity of impact processing.

compositional data that did not include contributions of underlaying and neighbor-
ing grains in the FIB section, and thus the EDS elemental analysis shows signifi-
cant contributions from Si, Mg, and Fe, in addition to Ca and Al. The reported rel-
ative uncertainty based on counting statistics in the elemental data is 100%, which
presumably is an overestimate for the major elements Ca and Al. No other pre-
dicted condensate has Ca/Al within the uncertainty, so the phase identification is
most likely correct.

A compositional trend among presolar oxides suggested by the TEM-EDS data
from the Krymka grains is higher Ti contents in the Group 2 grains than in the
Group 1 grains (Zega et al., 2011). This trend was confirmed with SIMS data es-
timates of the Ti/Al ratios of a larger population of grains, including alumina and
hibonites. In general, the Ti content of the alumina grains is lower than that of hi-
bonites, and lower in Group 1 grains of each phase than in Group 2 grains. The ori-
gin of this difference is possibly a difference in the condensation temperature his-
tories of the grain condensation in the different stellar progenitors. Corundum and
hibonite have very similar predicted condensation onset temperatures, with corun-
dum ~20K higher than hibonite for a given pressure and gas composition, i.c., 1665
and 1647K for a gas of solar photospheric composition at 0.1 mbar, whereas Ti con-
densation is delayed until the initiation of perovskite at 1584 K. Thus, a higher Ti
content in hibonite grains is consistent with the condensation of hibonite at the lower
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temperature, closer to the onset of perovskite. As discussed above in Section 5.3,
both Group 1 and 2 grains most likely formed in low- to intermediate-mass AGB
stars, and thus differences in the relative Ti abundances in the circumstellar en-
velopes of the progenitor stars would not be expected. The higher Ti contents sug-
gest that Group 2 oxides themselves may have formed at lower temperatures or pres-
sures than Group 1 grains, but the underlying astrophysical reason for this is unclear.

6.3 Spinel

Spinel refers to MgAl,Oy4, the mineral, as well as the broader class of minerals with
an AB,O, stoichiometry and a cubic lattice structure. The lattice commonly takes
the Fd3m (diamond) space group symmetry, with some variations, e.g., F43m, de-
pending on cation occupancy and temperature. The two cations, A and B, in the pro-
totypical spinel structure have +2 and +3 oxidation states, respectively. The nam-
ing convention for the spinels is according to the B cation, so that the Al spinel
group includes spinel MgAl,O4 hercynite FeAl;O4,and the solid solution pleonaste
(Mg,Fe)Al,Oy; the Fe spinel group includes magnetite FeFe,Oy, trevorite NiFe,Oy,
ulvopspinel TiFe,04, and magnesioferrite MgFe,Oy4; and the Cr spinel group in-
cludes FeCr,04 chromite and magnesiochromite MgCr,Oy. In thermodynamic equi-
librium models, the first to condense is Mg-Al spinel, by reaction of Mg from the gas
with corundum (Al,O3) dust. Metals, including Fe, Ni, and Cr, are expected to con-
dense into Fe alloys at temperatures within ~50K below Mg-Al spinel, rather than
be incorporated either into silicates or oxides; chromite condensation would occur at
~200K below Mg-Al spinel, and magnetite at ~1000K below Mg-spinel, if any Cr
or Fe was available to condense.

The available TEM data (Table 6) for presolar spinels and related phases indi-
cate that most, but not all, grains conform to the predictions of equilibrium con-
densation calculations. Of the 11 total grains for which TEM data are available, 8
are Mg-Al dominated, two are Fe dominated, and one is Fe-Cr. Even the Mg-Al
dominated grains show incorporation of additional cation species, including Fe, Ni,
Cr, and Ti. These minor element substitutions could reflect absorption of the less
refractory species during the cooling of the gas in the primordial stellar outflow,
kinetic constraints on the condensation, or incorporation of solar system material
from the host meteorite. Of the eight Mg-Al spinel grains, four are single crys-
tals: Adelaide 7a-1-01, Murray 2-19-13, UOC-S1, UOC-S2 (Fig. 18; Zega et al.,
2014, 2020), one is an aggregate of spinel grains: DOM-9 (Zega et al., 2020), one is
polycrystalline: A2-2-15 (Nittler et al., 2020), and one is crystalline spinel with an
amorphous silicate rim: W7027E6psgl (Nguyen et al., 2022). An additional poly-
crystalline Mg-Al spinel with magnetite inclusions was reported as part of an ox-
ide-silicate composite grain F2-8 (Singerling et al., 2023). Two of the grains are
thought to be Fe oxides, one amorphous: 3 13b (Nguyen et al., 2016) and one a
single crystal of magnetite: LAP-103 (Zega et al., 2015), which would require sig-
nificant deviation from the expected condensation conditions of Group 1 grains
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TABLE 6 Summary of structural and compositional data for spinel grains.

Sample Group | Size Notes from TEM studies
(pm)

7a-1-01! 1 0.4 x Single crystal (Mg goFeg 3)(Al;.98Crg.02)O4, possible
0.3 Cr-rich alteration rim

DOM-9! 1 0.2x Five grain aggregate (Mg 1Fe 04)(Al} ¢5Cr(.26)O4 in
0.2 polycrystalline Mg-rich pyroxene

LAP-1032 1 0.75 Fe;04 single crystal

ORG-36-213 1 0.4 Three connected crystallites

1.0 (Feo.67Mgo.31Ni0,02)(Cr1 58Al9 21Mg0.06 Tio.13)Os, With
1.3x Al-rich subgrains with coherent lattice

0.8
Murray 2 0.33x Slngle crystal (Mg0‘97Feo‘02)(A11'74Cr0.228i0.03)04
2-19-133 0.52
U0oC-s13 1 0.17x | Single crystal, sub-stoichiometric Mg/Al
0.4 (Mgo.68Fe0.03C20.01)(Al2.19Cr0,01)O4
UoC-S23 1 0.15% | Single crystal with some stacking disorder
0.42 (Mgo .9sFe0.01)(Al1.94Cr0.06)04
A2-2-15% 1 0.33 MgAl,0O4 with minor chromium
W7027E6psgl® | 1 0.35 MgAl,O4 with trace Ti and Fe surrounded by Mg-
rich, non-stoichiometric, amorphous silicate in an
interplanetary dust particle
3 13b° 1 0.2 Amorphous, Fe oxide ~Fe( 400 4
F2-87 1 0.68 x | Composite grain consisting of a polycrystalline

0.32 stoichiometric MgAl,O,4 grain with magnetite
subgrains, Mg-rich olivine and Ca-rich pyroxene

Zega et al. (2020), 7a-1-0l is from the Adelaide meteorite, DOM-9 from Dominion Range 08006, *Zega et
al. (2015), grain from LaPaz Icefield 031117, *Zega et al. (2014), ORG-36-21 is from Orgueil and UOC
grains are from a mixed residue of different ordinary chondrites; “Nittler et al. (2020), grain is from Do-
minion Range 08006; "Nguyen et al. (2022), ‘Nguyen et al. (2016), and "Singerling et al. (2023), grain is
from Semarkona meteorite.

from AGB stars of near solar mass and metallicity. The most unusual presolar spinel
grain (ORG-36-21, Fig. 19) consists of three connected Cr-spinel crystallites with
Al-rich spinel subgrains (Zega et al., 2014). The microstructure of this grain sug-
gests formation in a rapidly cooling gas at the upper temperature range for chromite
and a lower limit for Mg-Al spinel, leading to formation of the Al-rich subgrains by
solid state precipitation as the grain cooled.

7 Summary and outlook

Since the discovery of the first presolar Al,O; grain more than 30years ago
(Hutcheon et al., 1994), more than 3000 presolar oxides of various mineralogies
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FIG. 18

Bright-field STEM (A), HAADF STEM (B), and selected area diffraction (C-E) of presolar
spinel grain UOC-S2. The white arrows in (A) and (B) indicate the amorphous layer from the
ion irradiation during SIMs measurements. The grain is a single crystal, oriented close to the
[110] zones axis, but exhibits a slight change lattice orientation from light to right (C-E), as in-
dicated by the diffraction patterns acquired at the same stage tilt (¢,Z,). The Au is the SIMS
mount, and Pt is the protective mask deposited during the FIB sample preparation.

- Adapted from Zega, T.J., Nittler, L.R., Gyngard, F., Alexander, C.M.O’D., Stroud, R.M., Zinner, EK., 2014. A

transmission electron microscopy study of presolar spinel. Geochim. Cosmochim. Acta 124, 152—-169.

have been identified in meteorites, interplanetary dust particles, and even the re-
cently returned samples from asteroid Ryugu (Barosch et al., 2022b). A detailed
consideration of their isotopic systematics indicates that a large majority of the
grains (!7O-rich and solar-to-depleted '0) originated in the winds of low- to in-
termediate-mass Asymptotic Giant Branch (AGB) stars. A much smaller fraction
(<10%) of the grains are '®0-rich and likely formed in type II supernovae. The ori-
gins of some grains are more ambiguous, though classical novae are likely suspects
for the most '7O-enriched grains. Comparisons of the grain isotope data with as-
trophysical models of GCE and stellar nucleosynthesis generally find broad agree-
ment, but there are important exceptions. For example, Mg, Ca, and Ti isotopes
are all expected to reflect GCE, but show more scatter than expected, perhaps in-
dicating a high degree of inhomogeneity in the chemical evolution of the Galaxy.
The observation that most supernova oxides are '30-rich when supernova-II ejecta
is dominated by '°O remains unexplained, but may be related to grain size bias in
the extant presolar grain database and/or destruction of '°O-rich grains by reverse
shocks in supernova ejecta. The physical origin of the deep mixing in AGB stars in-
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FIG. 19

(A) Bright-field STEM image, (B) HAADF STEM image, (C-E) selected area diffraction pat-
terns acquired from areas outlined by the labeled circles shown in (A) of presolar spinel
ORG-36-21. The grain contains three connected crystallites (A, B black arrowheads with white
outline). Subgrains, which appear bright in the bright-field-STEM image and dark in the
HAADEF image (A, B white arrowheads), occur throughout each of the spinel crystals. The Au
is the SIMS mount, and Pt is the protective mask deposited during the FIB sample preparation.
- Adapted from Zega, T.J., Nittler, L.R., Gyngard, F., Alexander, C.M.O’D., Stroud, R.M., Zinner, EK., 2014. A

transmission electron microscopy study of presolar spinel. Geochim. Cosmochim. Acta 124, 152—169.

dicated by Group 2 grains remains inadequately explained. For most elements be-
sides O, Mg, and Al there remains relatively little isotopic data for presolar oxide
grains, but multielement data is the most valuable for inferring the origins of preso-
lar grains and using them to constrain astrophysical models.

Detailed transmission electron microscopy studies are limited to a few grains of
the major presolar oxide phases: 15 Al,O3, 7 hibonites, and 11 spinels, and mostly
from the Group 1-3 classification of grains indicating an origin in low-to-intermedi-
ate mass AGB stars, with only one Group 4 Al,O3; and one Group 4 hibonite from
type II supernovae. Among these grains, there is significant diversity in microstruc-
ture and minor element compositions consistent with variations in both condensa-
tion conditions and subsequent processing, but none of the grains has a fluffy ag-
gregate structure often used to model interstellar grains. The Al,O3 grains vary in
shape from euhedral, faceted single crystals to rough, elongated, and irregular and
include a few grains with a metastable crystal structure, in addition to the predomi-
nant, stale corundum phase. Hibonite grains are commonly platy, with some single
plates and some containing multiple connected plates. The spinel grains show the
greatest variation in cation chemistry, consistent with the ability of the spinel lattice
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structure to accommodate a wide range of elements. It is not yet known whether
the minor elements in these spinel grains were incorporated during condensation,
or are due to thermal or aqueous processing on the asteroid parent body. Subgrains
in the spinels appear to have formed by solid state precipitation during cooling of
the grains. There is no clear evidence for radiation processing of the grains, but
such signatures might be lost during the acid-dissolution processing used to con-
centrate them for isotopic measurements. More in situ analyses are needed to look
for nebular and interstellar medium processing. The probable evidence for colli-
sional processing prior to the grains’ incorporation on the host asteroids is recorded
as likely impact craters in two Al,O3 grains and as concentrated lattice defects and
fractured grain faces in at least two hibonites. The variations in shape, composition,
and elemental compositions could significantly affect the optical properties of the
grains in the infrared and complicate the spectral identification of dust in stellar out-
flows. In the coming decades, advances in the ability to measure infrared absorption
properties at the nanoscale, using monochromated electron energy loss spectroscopy
(Stroud et al., 2018) and other methods, could provide direct measurements of the
optical properties of real stardust in the laboratory for use as reference spectra in in-
terpreting the circumstellar spectra. Improvements in spatial resolution and collec-
tion efficiency of the SIMS measurements in the next decade might enable isotopic
measurements of more subgrains of large grains observed by TEM, for better con-
straints on dust formation processes in different stellar environments.
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