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ABSTRACT

We report O-, Al-Mg-, K-, Ca-, and Ti-isotopic data for a total of 96 presolar oxide grains found in residues
of several unequilibrated ordinary chondrite meteorites. Identified grain types include Al,O3;, MgAl,Oy, hibonite
(CaAl;,0,9), and Ti oxide. This work greatly increases the presolar hibonite database, and is the first report of
presolar Ti oxide. O-isotopic compositions of the grains span previously observed ranges and indicate an origin in
red giant and asymptotic giant branch (AGB) stars of low mass (<2.5 M) for most grains. Cool bottom processing
in the parent AGB stars is required to explain isotopic compositions of many grains. Potassium-41 enrichments in
hibonite grains are attributable to in situ decay of now-extinct #'Ca. Inferred initial *'Ca/*°Ca ratios are in good
agreement with model predictions for low-mass AGB star envelopes, provided that ionization suppresses ! Ca decay.
Stable Mg and Ca isotopic ratios of most of the hibonite grains reflect primarily the initial compositions of the parent
stars and are generally consistent with expectations for Galactic chemical evolution, but require some local interstellar
chemical inhomogeneity. Very high '70/'°0 or 2Mg/?**Mg ratios suggest an origin for some grains in binary star
systems where mass transfer from an evolved companion has altered the parent star compositions. A supernova origin
for the hitherto enigmatic '0-rich Group 4 grains is strongly supported by multielement isotopic data for two grains.
The Group 4 data are consistent with an origin in a single supernova in which variable amounts of material from the
deep '%O-rich interior mixed with a unique end-member mixture of the outer layers. The Ti oxide grains primarily
formed in low-mass AGB stars. They are smaller and rarer than presolar Al,O3, reflecting the lower abundance of Ti
than Al in AGB envelopes.

Subject headings: dust, extinction — Galaxy: evolution — nuclear reactions, nucleosynthesis, abundances —

stars: AGB and post-AGB — supernovae: general

1. INTRODUCTION

Presolar grains of stardust are identified in meteorites, inter-
planetary dust particles, and cometary dust on the basis of highly
unusual isotopic compositions (Clayton & Nittler 2004; McKeegan
et al. 2006; Messenger et al. 2003; Zinner 2003, 2007). These
compositions point to nuclear processes in stars and indicate that
the grains condensed in the outflows and ejecta of evolved stars
and supernovae. The isotopic and elemental compositions of the
grains, as well as their microstructures, provide a great deal of
information on astrophysical processes, including Galactic chem-
ical evolution, stellar evolution and nucleosynthesis, circum-
stellar dust formation processes, interstellar dust processing, and
solar system processes. Presolar stardust studies can be consid-
ered a new sort of observational astronomy, carried out in micro-
analytical laboratories.

Since the discoveries of presolar diamond, SiC, and graphite
in the late 1980s (Amari et al. 1990; Bernatowicz et al. 1987;
Lewis et al. 1987), much of the focus of presolar grain research
has been on these carbonaceous phases, largely because tech-
niques to isolate them are well developed and there is not a large
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background in primitive meteorites of these minerals that formed
in the solar system. O-rich stardust, in contrast, has been more
difficult to isolate and identify, mainly due to the fact that most
of the mass of primitive meteorites is in the form of silicate and
oxide minerals that formed in the early solar system. However,
O-rich presolar grains are of keen scientific interest since most
present-day interstellar dust is believed to be in the form of
silicates, and both oxides and silicates are believed to form in
O-rich evolved stars and supernovae. Following the first discov-
ery of a presolar Al,O; grain in the Orgueil meteorite (Hutcheon
et al. 1994), automated techniques played a key role in the
identification of significant numbers of presolar oxides (Choi
et al. 1998, 1999; Nittler et al. 1994, 1997). The vast majority
of grains found in these studies were alumina (Al,03), with
only a very small number of spinel (MgAl,04) and hibonite
(CaAl;,0,9) grains. Note that presolar alumina grains often
have been referred to as “corundum” as this is the stable mineral
form of Al,O3 known on Earth. However, microstructural stud-
ies indicate that presolar Al,O3 exists in a variety of forms
(Stroud et al. 2004, 2007), not just as corundum. More recently,
the development of the high-sensitivity Cameca NanoSIMS and
ims-1270 ion microprobes has led to the discovery of many more
presolar spinel grains (Zinner et al. 2003) and, more signifi-
cantly, the discovery and characterization of presolar silicate
minerals (Floss et al. 2006; Messenger et al. 2003; Mostefaoui
& Hoppe 2004; Nagashima et al. 2004; Nguyen et al. 2007;
Nguyen & Zinner 2004; Vollmer et al. 2007). The latter discov-
eries are significant both because of the dominance of silicates
in dusty astrophysical environments, and because they have shown
that presolar grains can be identified in situ in extraterrestrial
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materials without the harsh chemical and physical techniques
used to concentrate phases such as SiC, graphite, and Al,O;.

Comparison of the isotopic data for these grains with obser-
vations and models of dust-producing stars has led to the con-
clusion that most grains formed in low-mass red giant stars and
asymptotic giant branch stars, with a small fraction having formed
in supernova ejecta (Choi et al. 1998; Nittler et al. 1997, 1998).
Their compositions have lent strong support to the idea that an
extra mixing process, not predicted by standard stellar evolution
models, occurs in some low-mass AGB stars ( Wasserburg et al.
1995a), their microstructures have provided information on dust
formation in AGB stars (Stroud et al. 2004), and their compo-
sitions have also been used to constrain the age of the Galaxy in
a new way (Nittler & Cowsik 1997). Despite the useful astro-
physical information presolar oxides have provided, there remain
important unsolved problems (e.g., the origin of grains with 180
enrichments) and the number of grains for which multiple ele-
ments have been analyzed for their isotopic compositions is still
limited.

We report here isotopic data for presolar oxide stardust grains
from acid-resistant residues of several unequilibrated ordinary
chondrites (UOCs). We focused on UOC:s for this study because
previous work has indicated relatively lower abundances of
solar-system-derived refractory oxides in these meteorites rela-
tive to primitive carbonaceous chondrites. The grains were iden-
tified by an automated particle isotopic measurement system
previously reported by Nittler & Alexander (2003). This work
greatly expands the previously limited isotopic database of pre-
solar hibonite grains, and reports the first discovery of presolar
titanium oxide. Preliminary reports of these data have been
given at a number of conferences (Nittler & Alexander 1999;
Nittler et al. 2005, 2001). Moreover, some isotopic and structural
data for a subset of Al,O; and MgAl,O,4 grains reported here
have been published previously (Stroud et al. 2004; Zinner et al.
2005). Following descriptions of experimental techniques and
results, we discuss in detail many astrophysical implications of
the data.

2. EXPERIMENTAL

We report presolar oxide grains identified in four separate
UOC acid residues prepared at different times. The first residue
(““OC”’) was prepared by combining small HF/HCI residues of
Semarkona (LL3.0), Tieschitz (H/L3.6), Bishunpur (LL3.1),
and Krymka (LL3.1) prepared in an earlier study (Alexander
1993) and treating the combined residue in hot perchloric acid
to destroy chromite (Nittler & Alexander 1999). For the second
residue (Nittler et al. 2001), the aqueous fluoride salt technique
of Cody et al. (2002) was used to dissolve a 1 g sample of
Tieschitz. The sample was first treated with NH4F, followed by
perchloric acid. The aqueous fluoride salt (in this case, CsF)
technique was also used to prepare the third residue, of an 8 g
sample of Krymka (Nittler et al. 2005) and the fourth (“UOC”),
a mixed residue of the primitive Antarctic chondrites QUE
97008, WSG 95300, and MET 00452. For all samples, cen-
trifugation was used to produce size separates of nominal size
1-5 pm which were deposited in a suspension of isopropanol/
water onto sputter-cleaned Au foils. Scanning electron micros-
copy (SEM) analysis indicated that all mounts consisted pri-
marily of Al,O3, MgAl,Oy,, and SiC, with smaller amounts of
other oxides, especially hibonite and TiO,.

A fully automated isotopic analysis (“‘mapping’’) system was
used to analyze grains on the mounts for their O-isotopic com-
position. The system has been described in detail elsewhere
(Nittler & Alexander 2003), so we will only provide a brief

summary here. The system, implemented on a Cameca ims-6f
ion microprobe, uses a scanning ion image of an area of a
mount to locate individual grains. The primary ion beam is then
deflected to each grain in turn and an isotopic measurement is
performed. To minimize sample consumption, each grain mea-
surement is monitored and stopped if (1) a preset statistical pre-
cision is reached; (2) the grain is isotopically anomalous to a
preset level of uncertainty; or (3) the secondary ion signal decays
too rapidly, indicating the grain is being sputtered away. After
all grains in an area have been analyzed, the sample stage is
moved and the procedure is repeated on a new area. Because the
searches described here took place over several years and many
improvements were made to the system in that time, analytical
conditions for the different samples were not strictly identical.
However, for all of the samples a 30-50 pA Cs* beam was used,
and oxide grains were identified in '°0O~ secondary ion images
and measured for '°0~, 70—, 180, and ?’Al1'°0~ ions. Mass-
resolving powers of ~4500-6000 were used to eliminate isobaric
interferences, especially '°0OH~ from !’0O~. The typical image
raster size was 100 x 100 zm?, although some measurements
were done with 75 x 75 um? and 120 x 120 xm? fields.

As shown by Nittler & Alexander (2003, see their Fig. 5), the
estimated intrinsic reproducibility of 170/160 and '#0/160 ratios
measured with the mapping system is 1%—1.5%, sufficient to
identify isotopically anomalous presolar grains. Of course, the
uncertainty of many measurements, especially of the smallest
grains, is dominated by counting statistics and the precision can
be worse than the value quoted above. To take into account the
dependence of precision on count rate (and thus grain size) in
order to accurately identify grains with statistically significant
isotopic anomalies, we calculated the uncertainty as a function of
count rate for each set of data acquired in a single session of
isotopic mapping. The procedure is illustrated in Figure 1. For
a given data set, results were binned according to total ion counts
of the rare isotopes and the standard deviation of isotopic ra-
tios (170/'°0 or 180/'°0) was determined for each bin. Obvious
outliers were excluded from this calculation. A simple functional
fit of the resulting standard deviations of the different bins then
provided a measure of uncertainty as a function of the number
of counted ions. In general, the total uncertainty described by
this function is close to the error expected from counting statis-
tics combined with an additional uncertainty of 1%—1.5% due to
nonstatistical effects such as sample topography and matrix ef-
fects. Any grain that lies more than 1 ¢ (according to the grain’s
internal error) outside the calculated +3 o limits (Fig. 1, solid
curves) is then identified as a presolar grain (Fig. 1, open symbols).
Note that although we have plotted the '°0 count rate on Figure 1
in order to have a common scale for all plots, the calculations
themselves were done in terms of the total counts of 7O or
180, as appropriate for calculating counting-statistical errors on
170/1%0 or '80/'0, respectively.

Once identified as presolar, most grains were relocated and
examined by scanning electron microscopy to determine their
mineralogy and size. Over the course of the work, three SEMs
were used: A JEOL 840A at the Smithsonian Institution, a LEO
1540 at the Naval Research Laboratory, and a JEOL 6500F at
the Carnegie Institution, all equipped with energy dispersive
X-ray spectrometers for chemical analysis.

SEM analysis indicated that some of the “grains” with sig-
nificant O-isotopic anomalies consisted in fact of two or more
individual grains sitting adjacent to each other which were not
resolved at the spatial resolution of the ims-6f. In these cases,
the presolar grain was so anomalous that even dilution from the
neighboring grain(s) did not erase the isotopic effects. Some of



1452 NITTLER ET AL.

6000

. o
so00E. Krymka mount KR1
4000E- E
3000 -

2000

3170/°0 (%o)
o

1000

1000

500

5170/°0 (%o)

-500

2000

1000

5'30/1°0 (%o)

1500

=)

160 (counts/second)

Fic. 1.—Oxygen isotopic ratios plotted against '°0 count rate for 1717 m—
sized oxide grains from the Krymka meteorite (sample mount KR1). Isotopic
ratios are expressed as d-values, the %o deviations from a standard value: 6R =
(Rn/R, — 1)x 10, where R,, is a measured isotopic ratio and R, is a standard
isotopic ratio. Standard ratios for O isotopes are given in Table 2. The middle
panel is an expanded view of the top panel with reduced vertical scale. Solid
curves are +3 o range of data as a function of count rate, derived from the data.
Measurements that lie outside these ranges are inferred to be presolar grains
(open symbols). Error bars in this and subsequent figures are 1 o.

these samples were remeasured by isotopic imaging in Cameca
NanoSIMS ion microprobes at the Max Planck Institute for
Chemistry in Mainz, Washington University, and the Carnegie
Institution. For these measurements, a ~100 nm Cs* beam was
rastered over the grains with simultaneous detection of 10—,
170~, 180~, and 27A1'°0~ secondary ions. For some grains,
2¥Mg'°0~ was also measured. Spinel grains on the sample
mounts were used as isotopic standards and assumed to have the
typical chondritic spinel composition of §'70/1°0 = §'80/1°0 =
—40 parts per thousand (%o; Clayton 1993); see Figure 1 for
the definition of §-values. Isotopic ratios for individual grains
were determined from the ion images by use of custom soft-
ware; in each case it was obvious which of the analyzed grains
was presolar.

Following O-isotopic analysis, many of the identified pre-
solar oxide grains were subsequently analyzed for their isotopic
compositions of other elements. Several of the OC and Tieschitz
grains were analyzed with the Carnegie ims-6f for Mg-Al iso-
topic compositions. For these measurements, a 0.1-0.2 nA O~
beam was used to produce secondary ions of Mg, >Mg",
26Mg*, and 2’Al" and the mass resolution was sufficient to re-
solve important isobaric interferences. A Burma spinel standard
was used to correct for instrumental mass fractionation and to
determine the relative sensitivity factor, I', reflecting the different
secondary ion yields of Mg and Al. Large excesses in 2°Mg
observed in many grains are attributed to in situ decay of extinct
26A1 (T, = 735,000 yr). The initial 2°A1/27Al ratios were de-
termined from the measured count rates by use of the equation
AT AL = (Mg, — Mg, 1St )/ (2 Alipeas ), where “std”
is the terrestrial 20Mg/24Mg ratio (0.13932; Catanzaro et al. 1966).

Vol. 682

The value of I" was variable from measurement session to ses-
sion, but was generally between 1 and 2.

Additional isotopic measurements were made with Nano-
SIMS ion probes, with a ~200—400 nm O~ primary ion beam.
The isotopic compositions of K and Ca were determined for
Krymka presolar hibonite grains with the Washington Univer-
sity NanoSIMS; the combined peak-jumping/multicollection
mode of data acquisition was used (Stadermann et al. 2005).
The magnetic field was repeatedly cycled over two settings. In
the first step, secondary ions of 27Al", 3K*, 4IK*, 3Ca* and
mass 48 (including both “8Ca* and **Ti*) were measured on the
five NanoSIMS 50 electron multipliers. We did not attempt to
measure “°Ca due to its low abundance (terrestrial “°Ca/4°Ca =
3.2x107%) and potential interference from 4°Ti. In the sec-
ond step, 4°Ca*, 42Ca*, and *Ca" were analyzed on the middle
three detectors. Terrestrial amazonite (KAISi;Og) and perovskite
(CaTiO3) were used as standards for K and Ca isotopes, respec-
tively. Large excesses in *'K observed in several grains are at-
tributed to in situ decay of extinct #'Ca (T}, = 105,000 yr). An
equation analogous to that given above for 2°Al was used to
determine the initial *'Ca/4°Ca ratios. We took the terrestrial
4K 3%K ratio to be 0.07217 (Garner et al. 1975) and the relative
sensitivity factor for Ca and K to be 3.0 (Hinton 1990).

Mg isotopes for presolar spinel grains from the “OC” sample,
measured with the Mainz NanoSIMS, have been reported pre-
viously (Zinner et al. 2005). We report additional NanoSIMS
Mg and Al data for several presolar Al,O5 and hibonite grains
from Krymka and spinel and hibonite grains from the mixed
“UOC?” residue. For the Krymka grains, measured in St. Louis,
secondary ions of °Ca**, 24Mg", 25Mg*, Mg, and 2’ Al" were
detected in multicollection mode. For the UOC grains, the
Carnegie NanoSIMS was used in imaging mode and only the Mg
and Al isotopes were measured. For these measurement series,
grains of Burma spinel as well as Mg-rich non-presolar grains
from the sample mounts were used as isotopic standards and to
determine the Mg/Al relative sensitivity factor. Initial 2°A1/27Al
ratios were determined for grains with large Mg excesses as de-
scribed above.

We report Ti isotopic data for three presolar Ti oxide grains,
obtained with three different instruments. Grain OC13 was mea-
sured with the Carnegie ims-6f ion probe. A ~2 ym O~ beam
was focused on the grain and positive secondary ions of 2’Al,
464, 47Ti, *8Ti, 4°Ti, °Ti, and *2Cr were counted. A mass-
resolving power of ~5000 was used to resolve **TiH from *°Ti.
Micron-sized grains of synthetic TiC were used to correct for
instrumental mass fractionation. Grain KT-2 was measured with
the Washington University NanoSIMS 50 in the combined peak-
jumping/multicollection mode. Synthetic TiO, was used as a
standard. Three magnetic field steps were used. In the first step,
40Ti*, ¥Ti*, and 3°Ti* were measured on the three highest-mass
detectors, in the second *’Ti*, 4°Ti", and 3'V' were measured
on the same detectors, and in the final step we measured >’Al",
40Ca™, 4Ti", SOTi", and 52Cr" on the five detectors. Titanium
measurements were not possible in hibonite grains because of
the unresolved interference of *¥Ca with *8Ti. Grain UOC-T1
was measured with the Carnegie NanoSIMS 50L. This instru-
ment has a larger magnet than the NanoSIMS 50 and two addi-
tional detectors. These features allow the simultaneous collection
of all Ti isotopes and two additional species without having to
switch between different magnetic field settings. Here, positive
secondary ions of 27Al, 46:47:48.49.50Tj and 3Cr were simulta-
neously acquired. Grains of synthetic TiC were used as an iso-
topic standard and gave reproducibility of about 5%o for the Ti
isotopic ratios. For all three grains, possible *’Cr interference
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TABLE 1
ANALYZED SAMPLE MOUNTS

No. GRAINS ANALYZED

PrEsoLAR GRAINS

Mount METEORITE (No. Good?®) AlO3 Spinel Ti Oxide Hibonite Unknown Total
ocs? 2170 (666) 4 6 1 .. 11
oCs® 834 (430) 2 1 1 4
Tieschitz 2287 (1259) 20 20
Krymka 1769 (1717) 6 6 12
Krymka 7073 (5492) 27 2 15 3 49
UOCs* 4116 (1914) 1 3 1 2 7

# Number of grains remaining after removal of grains that had completely sputtered away or had enormous error bars.
® Mixture of primitive ordinary chondrites: Semarkona, Tieschitz, Bishunpur, and Krymka.
¢ Mixture of primitive Antarctic ordinary chondrites: QUE 97008, WSG 95300, and MET 00452.

on *°Ti was corrected for by assuming a terrestrial >°Cr/>>Cr
ratio, but this correction was very small (<0.5%). Vanadium
and calcium interferences were completely negligible for KT-2
and this was likely the case for the other two grains as well.

3. RESULTS
3.1. Identified Presolar Grains

The numbers of grains analyzed along with the numbers and
types of presolar grains identified in each sample are summa-
rized in Table 1. Note that clumping of grains often occurs on
mounts and in many cases the automated system actually ana-
lyzed multiple grains instead of single grains. In such cases, an
anomalous isotopic signature from a presolar grain can be diluted
by the signal from adjacent grains, such that the grain is not
identified as presolar. Thus, the fraction of grains identified as
presolar on each mount by automated mapping is a lower limit.
Because all of the identified grains were significantly sputtered
by the ims-6f Cs* beam during the isotopic mapping, it is dif-
ficult to assess the original grain sizes. However, all grains prob-
ably had original sizes in the range of 0.5-5 pm, with most being
<1.5 pm in diameter. The distribution of presolar grain types
is not the same for the different samples. For example, hibonite
makes up about one third of the identified presolar grains in
the Krymka sample and was identified in the UOC residue, but
no presolar hibonite grains were found in Tieschitz. Spinel con-
stitutes only a small fraction of the identified Krymka and
Tieschitz presolar oxides, but comprises about half of the OC
and UOC grains. A few grains were completely sputtered away
during the O-isotopic measurements and their mineralogy thus
could not be determined; these are listed as ‘“Unknown’ in
Tables 1 and 2.

3.2. Isotopic Data

Isotopic data for the presolar oxide grains are given in Tables 2,
3, and 4. Oxygen isotopic ratios are based on ims-6f measure-
ments, except in a few cases (noted) where NanoSIMS mea-
surements were used to resolve neighboring grains. The O and
Mg isotopic data for the “OC” spinel grains can be found in
Zinner et al. (2005). We also report O and Mg data for a spinel
grain, M 16, from the Murray meteorite originally reported by
Zinner et al. (2005). Re-examination of this grain revealed that
the original measurement included material from closely ad-
jacent grains on the sample mount, diluting to some extent the
anomalous isotope signatures. Remeasurement of this grain
with the Washington University NanoSIMS, following sputter-
ing of the interfering grains, yielded the more anomalous values
given in Table 2.

3.2.1. Oxygen

The O-isotopic compositions of the new presolar oxides grains
are compared to previous data for presolar oxide and silicate
grains in Figure 2. Nittler et al. (1994, 1997) previously divided the
presolar oxide O data into four groups to aid in discussions.
These groups are indicated in Figure 2, but it should be noted that
they are somewhat arbitrarily defined and that the groups cer-
tainly merge into one another. It is thus difficult in many cases to
unambiguously associate a given grain with a specific group, but
as discussed in later sections, the groupings do reflect differences
in the properties of the parent stars. As seen in previous work, the
presolar oxide distribution is dominated by Group 1 grains, with
170 enrichments, relative to solar, and solar to subsolar '#0/1°0
ratios. The smaller populations of Group 2 and Group 3 grains
are characterized by strong 80 depletions and '°0 enrichments,
respectively, while the Group 4 grains are enriched in both 7O
(typically) and '30.

3.2.2. Magnesium-Aluminum

Magnesium isotopic data for the “OC” spinel grains have
previously been reported by Zinner et al. (2005) and discussed
by Lugaro et al. (2007). Here, we report additional Mg and Al
data for 28 Al,O3, 18 hibonite, and 3 spinel grains (Table 2).
The Mg isotopic ratios are plotted versus the 27Al/?*Mg ratios
in Figure 3. A wide range of >Mg/?>*Mg ratios was observed
(Fig. 3, top). The hibonite grains exhibit §2°Mg/>*Mg values
ranging from —320%o to +318%o and a relatively narrow range
of 27A1/?*Mg ratios from 37 to 284, indicating that they contain
significantly more Mg than do the Al,Oj grains (?’Al/2*Mg from
~100 to ~20,000, with a median value of 300. Note that an
Al/Mg ratio of 300 would be considered low for terrestrial or
meteoritic Al,O3, but is consistent with previous observations
of presolar grains, perhaps reflecting reaction of Al,03 with
gaseous Mg in a stellar outflow; e.g., Choi et al. 1998). The
Al,O; grains span arange of 6>>Mg/24Mg values similar to that
of the hibonite grains, but errors are larger due to lower Mg
contents. The three UOC spinel grains also show a wide range
of $>Mg/**Mg values from —235%o to +256%.. Large excesses
in Mg were observed in a majority of the measured hibonite
and Al,O5 grains (Fig. 3, bottom). These excesses can be at-
tributed to in situ decay of 2°Al, with inferred initial 2°Al1/%7Al
ratios ranging from 1.4 x 1076 to 0.08 (see Fig. 3, bottom, solid
curves). However, two of the measured hibonites and nine of
the Al,O5 grains showed no excess 2°Mg, indicating that they
condensed without containing appreciable amounts of 2°Al.
This result is comparable to previous studies that found that
~30% of presolar Al,O3 grains do not have measurable 2°Al



vl L8O 0L XSG00 F LKT 501 X ¥€0 F 149 I toav
0T X ¢T> Ss¢ & F ST vhF ep 01 X900 F9TT  ,-01 XSI'0F STH v foav
91 901 01 X 9> 08¢ I F 9F W F s¢ Ol XLTOFILT  ,-01 X v¥0 F SS°6 I touv
€l L6°0 0l X €0 F 81 00€1 0tS F 01891 LY F 6v— 0T X0T'0 F $9T  ,01 X STO F OT'S I to9v
Tl 080 Ol X I10 F8ET  ,-0I X970 F SOt I OV
'l SS°0 y—0T X TT F 89 Y61 0€T F 06 WwFS =0T X $L'O F L9601 X 0T0 F +9°¢C € toav
Sl LLO 01 X T8> I¥1 0€ F ¥C 1€ F LT Ol X IT0 F9TT  ,-01 X L80 F 6¥'L I touv
y—01 X 1> 8 wF v W F T 4—0T X T6'T F8S'S 01 X IS0 F 656 4 to9v
=01 X 91°0 F 00'T 16T 086 F 0680C wF e 401 X 650 F €0 ¢~01 X 90°0 F OI'I 4 OV
L1 790 0l X 90 F L€ (1144 Oby F OLLTT 9EF L 0T X ¥S°0 F 696 ¢-0T X #0°0 F 0€'T I to9v
61 9Tl »—01 X 60 F 'S 009 0S1 F 09¢€C YL F 11— 0L X900 F 96T  ¢-0I X400 F 651 I oYV
81 ¥8°0 »—01 X 80 F 8¢ 81¢ 01T F 0¥9 T F 1€ O X IT0 FOET  ¢—01 X LO0 F SS'T I toav
0C 8T'1 01 X TT> 18 81 F vT— 61 F 97— -0l X SF0F 96T 01 X 60°0 F 06'1 I OV
0TI X+ 0FTI 0911 v€ F 86 6T F 01— ¢-0I X600 FCI'T 4,01 X600 F ST+ 14 to9v
Tl €L°0 01 X TT> 00 o F v— It F 81— -0l XSG00 F 6T1  ,-01 X 8I'0F €€ € OV
A $9°0 401 X 90 F 0T 092 001 F 08¢ 0L F 201 01 X900 F 80T  ,-0I X0€0 F IES I toav
L1 LOT -0l XTI'0F 89T 01 X800 F LET I 0V
81 66°0 0l XS0 F €€ 00L1 LI XE0F I'Y 09 F LE 0L X €00 F €T -0 XTO0F ST I toav
61 Y0l 0l X60F €9 09¢€1 L9 F 619 65 F STl -0l XSO0 F 65T  ¢—0I X400 F 961 I v
ST 181 01 X 8> 0001 08 F 9¢ €8 F €C 0L XSG00 F 69T -0l XTI'0F t6€ I toav
Z)yosal],
01 X €0 F 6°S 34 09€ F 0990C LE F 81¢ »-01 X990 FS6F  ,-01 X €90 F 106 4 quoqry TH-O0N
-0l X80 F €1 091 0S1 F 006¥1 Y1 F Cl— 01 X900 F €1'T 01 X €10 F 8t v quoqry TH-D0N
L1 9I'l 0L X600 F 98T  ¢0I XS00FII'T I touv
0Ll X10F 81 LT LT F The 1T F s€T— -0l X 8€0 F 0L9 401 X LO'T F L9'8 14 udg e €S-00N
01 X €0 F 8¥ ST LT F 0201 0T F 95¢C -0l X OF'T F 6¥'S 00 X €61 F S8 4 pudg zs-oon
Al 9.0 201 X L00 F 81'I 8T Y1 F 19T I F v— ¢-0T X800 F 6TT ;0T X 9€0 F S€'S I pudg 1S-00Nn
=0l X 9T FTL 96 081 F 0¥t 09 F 08— =0T X I#'0 F ¢I'8 401 X 61'0 F TES 4 touv
¢l LOT ¢-01 X900 F 8T 01 XTTOF €TS I v
A L8O -0l XT0F98 LST OF1 F 0LL6 €1 F 9— -0l XSO0 F 9T 4,01 X TI'0F Ob'S I toqy - 600
401 X 6TE€F 69 01 X TI'T F0I'6 4 umouyup) 800
Tl 86°0 01 X900 F 69T 01 X010 F 89t I foqy 900
¢l 48! Ol XZI'0F #6'T 401 X €20 F 6T'S I toqy SO0
91 ¥6°0 -0l XTTOFIST -0 X L¥'T F 9¥'6 I touv
SO0 PoXIA
= 0= 750020070 628€000°0
Ie[oS
©m) (Tejog “[ox) O 1 F IV,/IVo SNy /TV O 1 F 8W,z/SNg9 O T F 8 Wy¢/SN9 O 1 F Qg/Og; O 1 F 0g1/Oy; dnoxp aseyd urern

SSBIN 4041/Og; TEBIU]

SNIV¥D) HLINOEIH ANV “TANS ‘€QFY ¥VI0STIJ 04 VLV(] DIdOLOS] [V-SIN ANV NEDAXQ
¢ d14dVL

1454



Sl 611 01 X 600 F 60°€ 081 01T F 0¥0F 8¢ F ¥1¢ 01 X 600 F 961 40T X 6£°0 F 6£'8 1 ayruoqry
Tl €60 =01 X 200 F €t'1 0€1 00T F 00671 81 F 6— ¢-0T X 80°0 F 09'T p—01 X $1°0 F IS¥ 1 a)uoqry
81 €60 01 X €6> o1 8T F I¢ 8T F 6V 01 X $0°0 F #b'1 01 X €0°0 F SL'T 1 a)uoqry
Tl $6°0 =01 X €00 F 91'C 8 061 F 0TI€1 YL F LI— ¢-01 X 600 F €9°T »—01 X 80°0 F +9¥ 1 QyruoqrH
vl ¥6°0 " ¢-01 X 200 F 8S°1 401 X 80°0 F LL'S 1 auoqry
[ 88°0 01 X 100 F 6¥'1 »—01 X 80°0 F €0°S 1 a)uoqry
Sl $6°0 401 X T0 F 8'1 o€l TTF 991 LT F LL— 01 X 100 F €5°T »—0T X L00 F 0L’ 1 ayruoqIy
Sl €L0 ¢-01 X T0°0 F 811 p—01 X 110 F L¥'L I SpuoqIy
0l XTOFT6 601 0Tl F 060L SI F 0ze— 01 X $0°0 F 8L'F +—01 X 60°0 F $6'9 v AuoqIH
»—0T X 8€°0 F §T'T »—0T X 110 F 6579 4 a)uoqry
L1 €1 -0l X TI'0 F 80C -0 X €1°0 F ST'1 I umowyup €N
0C 19'1 01 X TTO F L¥'T ¢-01 X 01'0 F 081 1 umowyup) i
Tl 80°1 01 X S0°0 F 1671 »—01 X 81°0 F 99% I umowyuny 1
»—01 X 08°0 F 089 «-01 X 90°0 F ¢T'8 1 ©ouv
2-01 X 80°0 F 801 00L2C 001 X €1°0 F 9L'I SYT F Iv— 01 X 8%'T F 266 01 X $0°0 F LTI 4 fouv
0L XT0Fte 08S1 0T X TI'0 F T6°€ €6 F 9L— 401 X 9T°0 F LE'T 01 X900 F 9T'1 4 foav
0l XT0FT9 061 0€1 F 0L+8 YT F §S 401 X 8L°0 F 9L°€ 401 X 61°0 F 199 4 oy
[ 0L0 =01 X L0°0 F 8€'1 0€1s 01 X970 F 60§ ov1 F 887— 01 X 600 F LTI »—01 X 9v°0 F 08 1 ©ouv
0L XT0F€9 SThl 01 X010 F St'9 0$ F STl y—01 X LY'0 F IS°L »—01 X #°0 F $8°¢ 4 oy
81 06°0 ¢-01 X 800 F LEE L66 08S F 060%¢C € F0 ¢-01 X 800 F 8¢'I 01 X T00 F OL'I I foav
vl 0L°0 901 X $'¥> 00191 01C F 0S1 12T F €¥¢C ¢-01 X 600 F ST'I 401 X 620 F $S°9 I fouv
0T X S00 F 10T 00591 50T X 90°0 F 0T'T 65T F 98 »—0T X 110 F SO'T 01 X €00 F 901 4 foav
»—01 X 8%°0 F L9'9 4-01 X S0 F #5°9 4 o9V
0l X T'T> 69L SEF9 SEF St ¢-01 X900 F 61°C 01 X 810 F $8°S I foav
p—01 X LTO F 8Lt y—01 X LS'0 F 66'8 4 foav
(4 €1 0L X 110 F 10T 01 X910 F 8T'€ I foav
A 660 01 X €10 F 991 4-01 X 6€°0 F 88'S I foav
40T X TE0 F L8'T 01 X010 F 9T'1 4 foav
A ¥8°0 ¢-01 X 010 F 0¥'1 y-01 X S¥'0 F IL'S I o9V
81 201 ¢-01 X LO0 F 8S'I 01 X $0°0 F €91 I foav
[ SLO -0l X €1°0 F ST'1 »—01 X 650 F $0°S I ©ouv
6'1 LLO -0l X LT'0F LTI 01 X $1°0 F 81'C I foav
A 89°0 01 X LO0 F CI'l 4-01 X 050 F IL'S I foav
»—01 X 650 F 61°C 01 X L00 F 0€'1 4 foav
61 STl -0 X910 F 261 -0l X 110 F 9L'1 I ©ouv
»—01 X 69°0 F 81°S 40T X $$°0 F 299 4 foav
¢-01 X ¥6°0 F 0€C ¢-01 X €00 F 0TI 4 ©ouv
1T 1Tl 01 X $0°0 F $8'1 01 X $0°0 F 8€C I foav
L1 ¥0'1 01 X TI'0 F €91 ¢01 X 80°0 F S€'1 I foav
=01 X 91’0 F 91'C 01 X900 F LTI 4 foav
Sl 98°0 ¢-01 X 80°0 F 8¢'I 401 X 0b°0 F 788 I ©ouv
1'C LT 01 X T00 F S6'1 01 X €00 F 85T I foav
T STl ¢-01 X 600 F 1671 01 X LO0 F ¥€°¢ 1 ©ouv
[ 68°0 01 X 100 F IS'T 401 X S0°0 F IT°S I foav
8l 001 ¢-01 X 200 F SS°1 ¢-01 X €00 F 991 I ©ouv
=01 X TT0 F St'C 401 X 61°0 F 0€°L 4 fouv
WAy
©m) (Te10g "[o1) O 1 F1IV,/IVg SN,/ TV O T F 8 Wy¢/SNo9 O T F SN,/ 2 T F Qg/Og; 2 1 F Q9,/0y; dnop aserq urein
oSSEN q091/Og; TEDIU]

ponuljuo)—7g 41dVL



(5007) T 10 Jouulz Aq payiodar ureid Jo JUSUIDINSeIWY .

‘J9-swr AQ PaYNUSPI SUIRIS JO JUSWAINSBIWAI SINJSOUBN UO paseq soner o1dojost-Q
(6661) uueun|oes 2 pAoryiooq jo spepow dn-o3paip jo uonejodiojur Aq pasdjuy a
‘sonel SuIZijewiou 10j ¢ 314 99§

STF 6IL 1T F 261 4—01 X 0V'0 F €6'1 01 X 6¥°0 F 0T'I 4 pudg PITIN
Kexmn
'l SLO 0l X $1°0 F LE'T 401 X 0¥'0 F S0°€ € [ouidg
'l 08°0 01 X010 F €1 401 X T80 F I€€ € [ouidg
Sl SL0 =01 X 200 F 8L'I 43 Or1 F 006€1 11 F 861~ 01 X 80°0 F €T’ +—01 X 91°0 F +8°9 I auoqiy LITHY
A L1 01 X 800 F 961 401 X TTO F ST'L I oquoqry 0TH
Sl 08°0 0l XTO0F 0¥ 8¢€T 01¢€ F 0095 8L F €11— 01 X 170 F 0€'1 401 X LL'O F 19°L I spuoqry 61HM
01 X L00 F9L'L 99 06Z F 06Y0€ SIF L6l »-01 X TTO F 20°L 401 X 61°0 F 1€6 z aquoqry SITHY
1'c 660 »—01 X S0 F t'¥ 68 ST F veT TTF T8 01 X 600 F TS'1 ¢-01 X 900 F T6'C I spuoqiy LTHM
vl 16°0 01 X200 F Tl'I €T 09Z F 09681 v F STI— 01 X 01°0 F T$'1 4—01 X L9°0 F 079 I SpuoqIy
000 0l XTOFTS 6 SS F 788¢ v1 F 89— v—01 X LT°0 F 99+ 01 X $0°0 F LI’ 4 SNuoqrH
L'l 60°1 Ol XT0OFSL 00T 061 F 01601 0T F TIT— 01 X S0°0 F TL'1 01 X $0°0 F 1T'1 I SpuoqIy
01 X900 F LT¥ Sel 0LS F OFEl 0T F LET y—01 X 0T°0 F L8'S 01 X $0°0 F SI' 4 apuoqIy
6’1 £€8°0 »-0L X 0 F '8 0S1 LY F 088 0€ F 69 01 X900 F LT'1 ¢-01 X L00 F 00T I SpuoqIy
01 ¥8°0 ¢-01 X €p> 18 91 F 87— Y1 F €l 01 X 01'0 F €91 401 X 0€°0 F ¥T'€ € SpuoqIy
exwAry
©n) (xe108 “[oI) 01 F 1V, /¥y S,/ IV O T F 8Wyz/ 8Nz O 1 F 8W,z/SNc9 O [ F Qg/Og; 2 1 F Q91/0y; dnoin aseqq ure1n
oSSEN q001/Og; TEIIU]

panunjuo) —rzg 41dVL

1456



(6661) uueunyoeg 29 pAoryood jo sjapow dn-o3paip jo uonejodiour £q paiojuy |,
‘sosoyjuared ur USAIS a1e SoNJEA-9 10} SONEI UONEZI[BWLION— 210N

Al 00'1 ¥1 F 0l ¥l F 0€— SIF T 91 F ¥ 0T X (€10 F L9T) 401 X (bL'0 F 6T°9) | A 11-D0N
Tl 601 €1 F 8 01 F €I 0l F 6— UFL— 01 X (TT0F 061 ,-01 X (8T0 F ¥8°%) | (AR
M\O—XA——OLHB.VNV v\O—XA—WOHmOVv poo e 1L
I'1 011 SFII EFS €F6— SFvI— 01 X (LO0 F L6'T) 401 X (60°0 F +S°t) | €100
©mw) (Teog [or) ©1¥F) © 1) © 1) © 1) ©1F) © 1) dnoip uren
SSEIN ;0g1/Ogy [BUIUL  (081+CL0°0) LLgy/LLoe®  (0€9¥YL00) Wy /1Ly (0STE660°0) Lgy/IL;59  (8YS801°0) Llgy/1Loy9 Q91/Og; 091/0y;

SNIVED) HAIX() WAINVLI], ¥VI0SHdd 40 SNOILISOdNO) DIdOLOST WNINVLI], ANV NIDAX()
¢ d1dVL

1457



1458 NITTLER ET AL. Vol. 682

TABLE 4
CaLcium Isotopic ComPoSITIONS OF PRESOLAR HIBONITE GRAINS

Grain 6%Ca/*Ca + 1 ¢ (0.00662121) 6%¥Ca/*Ca + 1 ¢ (0.00137552) 6%Ca/*Ca + 1 ¢ (0.021208) 4ca/%Ca+ 10
—38+38 —42 + 20 58 +8 (427 £ 0.07) x 1074
1+£7 —21 4+ 18 11 +38 <9.7 x 1077
346 74 16 25+7 <9.3 x 1077

36 + 13 29 £+ 29 89 + 10 <42 x 107°
747 14 + 19 31+8 <2.0 x 107
249 + 12 118 & 27 31+£9 (1.8 £0.3)x 1073
3247 54 4+ 18 70 + 8 <4.0 x 107
42 + 15 74 + 34 45 4+ 11 (1.6 £ 0.3) x 1073
—40 + 6 2+ 16 141 + 8 3.6+0.1)x 1073
2+9 27 £ 21 8§+ 8 (2.09 + 0.05) x 107+
87+7 —1+18 15+8 (1.02 £ 0.02) x 10*
45 4 27 —11 + 46 —26 + 31 (2.07 £0.12) x 107*
70 + 25 —2 + 40 —25 + 31 5.7+ 0.5) x 1073
—18 + 20 —8 £ 31 —5 430 (1.40 + 0.14) x 1073
8 + 24 —42 + 40 —6 + 31 <6.0 x 107
3420 —23 +28 —20 + 30 (1.28 + 0.03) x 107*

Note.—Normalization ratios for d-values are given in parenthesis.

(Choi et al. 1998; Nittler et al. 1994, 1997). The three UOC projecting the Mg isotopic composition onto a theoretical re-

spinel grains also show 2°Mg excesses, but because two of these lationship between 2Mg/?*Mg and 26Mg/**Mg for AGB nu-
grains also show 2>Mg anomalies of comparable magnitude cleosynthesis and ascribing any remaining 26Mg excess to
(Table 2) one cannot uniquely ascribe the 26Mg excesses to 26Al1. This procedure is discussed in detail by Zinner et al.

26A1 decay. For these grains, 20A1/2” Al ratios were inferred by (2005).
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FiG. 2.—O-isotopic ratios of presolar oxides found in this study and of previous presolar oxide and silicate grains. Dotted lines indicate the terrestrial (assumed to be
solar) O- isotopic ratios. Indicated on (a) are the grain groups defined by Nittler et al. (1994, 1997). Previous data are from Choi et al. (1998, 1999), Floss et al. (2006),
Messenger et al. (2005, 2003), Mostefaoui & Hoppe (2004), Nguyen et al. (2007), Nguyen & Zinner (2004), Nittler et al. (1994, 1997, 1998), and Zinner et al. (2003).



No. 2, 2008 OXIDE STARDUST IN ORDINARY CHONDRITE METEORITES 1459
27Al/24Mg A Hibonit (th"w k)' -
| S .1.,0 1(,)0 — 10.00 : 10(.)00 10.0¢ A Hibonite (Choi et al., 1999) K E
- . :
400 0C2 g
r 4UOC-H2 |
[ UQCs2
- KHI3A
g 200 m A oA
= L M16 T22 +
S [ %
2 Ly s g g .
b - oguocst 4 R
Z
o
© 201 quocss 4 A ] ——————
I A ] 10 10° 10* 10°
I KH2 ] 400,39k
400 -

@ Spinel (prev.)
100.0 O Spinel (this work)
© Al O, (prev.)

O Al,O;5 (this work)
A Hibonite (prev.)

%‘) A Hibonite (this work)
100k 4
~ - ]
8 : ]
= : )
& I
1.0 FUOC 3
0.1 TN e Q'."
1 10 100 1000 10000

27Al/24Mg

Fic. 3.—Mg isotopic ratios, expressed as d-values (see caption to Fig. 1),
plotted against 27Al/2*Mg ratios for presolar oxide grains. Normalizing ratios are
0.12663 and 0.13932 for Mg /**Mg and *’Mg/?*Mg, respectively (Catanzaro
et al. 1966). Solid lines in the bottom panel indicate constant inferred initial
26A1/%7 Al ratios. The presolar oxide grains show a wide range of Mg isotopic
compositions and inferred 26A1/2”Al ratios. Previous data are from Huss et al.
(1995), Nittler et al. (1997), Choi et al. (1999), and Zinner et al. (2005). The
plotted values for Murray spinel grain M 16 are based on a new analysis ( Table 2)
and are more anomalous than those reported by Zinner et al. (2005).

3.2.3. Potassium-Calcium

Potassium and Ca isotopes were measured in 16 presolar
hibonite grains from Krymka (Table 3). Ten of the measured
grains showed large excesses of *'K (Fig. 4) attributable to in
situ decay of 4!Ca. The inferred initial 4!Ca/4°Ca ratios range
from 1.7 x 1073 to 4.3 x 107%; this range contains the value of
1.5 x 10~* reported for one presolar hibonite grain by Choi et al.
(1999). Ca/K ratios were higher in the Krymka hibonites than in
the grains reported by Choi et al. (1999), perhaps reflecting lower
K contamination levels from sample substrates when using the
much smaller ion beam of the NanoSIMS compared to the pre-
vious ims-3f measurements. Figure 4 suggests a detection limit
for #1Ca/*Ca of about 10~° for micron-sized presolar hibonite
grains.

Eight of the measured hibonite grains have significant (>2 o)
isotopic anomalies in one or more ratios of stable Ca isotopes.

FiG. 4.—The *'K/*°K ratios are plotted against “’Ca/*K ratios for presolar
hibonite grains. Excesses in 'K are attributed to in situ decay of *!Ca. Solid
lines indicate constant inferred initial *!Ca/*’Ca ratios. The solar #'K /*°K ratio of
0.07217 (Garner et al. 1975) is indicated.

Determination of *¥Ca/*°Ca ratios was not possible due to the
presence of Ti in the grains. These grains show a wide variety
of Ca-isotopic patterns, as shown in Figure 5. Grains KH11,
KH12, and KH14 all show enrichments in **Ca and **Ca, with
smaller excesses or deficits of #*Ca. This pattern is qualitatively
similar to predictions for the envelope of AGB stars, where neu-
tron capture enhances the abundances of these three Ca isotopes
(see, e.g., Fig. 5, bottom right, discussed below). Three grains,
KH2, KH8, and KH13 show **Ca excesses that are larger than
effects in the other stable Ca isotopes. Grain KH10 has larger
excesses in *Ca and **Ca than observed in the other grains, but
a solar **Ca/*°Ca ratio. KH17 shows a #?Ca excess similar to
that previously seen in a presolar hibonite grain by Choi et al.
(1999).

3.2.4. Titanium

Figure 6 shows Ti isotopic patterns for three of the four iden-
tified presolar titanium oxide grains; the fourth (K'T-1) was com-
pletely sputtered away before it could be measured. All three
grains show Ti isotopic ratios close to the solar values, with a few
marginal (~2 o) anomalies.

4. GRAINS FROM RED GIANT BRANCH
AND ASYMPTOTIC GIANT BRANCH STARS

Most presolar oxide grains (and silicates), those belonging to
Groups 1-3 (Fig. 2), have been argued to originate in low-mass
red giants and asymptotic giant branch (AGB) stars (Huss et al.
1994; Nittler et al. 1994, 1997; Wasserburg et al. 1995a). The
surface compositions of these stars depend both on their initial
compositions and the nucleosynthetic and mixing processes that
occur as they evolve. We thus review the processes that affect
these compositions as a prelude to discussing the grain data in
detail.

4.1. Evolution of Low- and Intermediate-mass Stars

The initial isotopic and elemental composition of every star
is determined by the chemical evolution of the Galaxy (GCE).
GCE describes the process by which the elemental and isotopic
composition of a galaxy varies in time and place according to the
nuclear history of the material present (Nittler & Dauphas 2006;
Pagel 1997). As succeeding generations of stars are born and die,
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Fic. 5.— Patterns of stable Ca-isotopic ratios (expressed as 6-values; see caption for Fig. 1) for eight presolar hibonite grains with at least one isotopic ratio being more
than 2 o away from solar. The bottom right panel shows the isotopic pattern expected for the envelope of a 2 M., AGB star of solar metallicity after third dredge-up; filled
symbols indicate the composition at the last thermal pulse while the stellar envelope is still O-rich and open symbols indicate the final composition of the envelope.

they return freshly synthesized nuclei to the interstellar medium.
In this way, the abundances of the heavy elements have in-
creased throughout the history of the Galaxy, and stars formed at
different times (and places) have, on average, different chemical
and isotopic compositions. For example, the fraction of elements
heavier than He (metallicity) has increased on average over time.
In terms of isotopes, one can make a rough distinction between
primary ones—those whose nucleosynthesis is independent of
metallicity—and secondary ones—those that require pre-existing
heavy elements in the star for their production. The ratio of a
secondary isotope to a primary isotope is expected to increase
roughly linearly with metallicity (Clayton 1988; Timmes &
Clayton 1996). In general, for the elements discussed here, the
major isotopes (e.g., 1°0, 2*Mg, #°Ca) are considered to be pri-
mary and the minor isotopes (e.g., 170, 2Mg, etc.) secondary,
such that stars of lower metallicity are expected to have lower
initial '70/'%0, >Mg/**Mg, etc., ratios than stars of higher
metallicity. Moreover, as discussed further below, “«.” isotopes

(those whose nuclei consist of integer multiples of « particles)
such as '°0 and *Mg, are observed to be overabundant relative
to iron at low metallicities, due to their primary production in
short-lived massive stars ending as Type II supernovae, whereas
some 1/3 of solar iron is made by longer-lived binary stars end-
ing as Type la supernovae. Note that there is also likely to be local
chemical heterogeneity in the interstellar medium due to the sto-
chastic nature of star formation and mixing processes in the Gal-
axy (Lugaro et al. 1999; Nittler 2005). Thus, there is certainly
scatter around average trends of isotopic ratios with metallicity.
We will refer to this process as inhomogeneous GCE.

When a low- or intermediate-mass star (<8 M) runs out
of H fuel in its core, it expands and cools, becoming a red
giant. Shortly after ascending the red giant branch (RGB) on a
Hertzsprung-Russell (H-R) diagram, the star undergoes an epi-
sode of deep convection, the first dredge-up. The first dredge-up
mixes the ashes of partial H burning from deep layers of the star
into the envelope, changing its composition. Because H burning
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Fic. 6.— Ti isotopic compositions (expressed as -values; see caption to Fig. 1)
of three presolar titanium oxide grains. Normalizing ratios are given in Table 3.
All measured isotopic ratios are close to solar, although OC13 has small deple-
tions in *Ti and #7Ti, and UOC-T1 has a “°Ti depletion.

by the CNO cycles enriches 7O, but destroys '20, the surface
170/1%0 ratio increases and the 180/'°0 ratio decreases, relative
to the initial composition of the star (Boothroyd & Sackmann
1999; Boothroyd et al. 1994; Dearborn 1992). Detailed calcu-
lations indicate that the final !70/!°0 ratio depends sensitively on
the initial mass of the star. For stars of mass 1-2.5 M, the pre-
dicted '70/'°0 ratio increases with increasing mass up to a max-
imum value of ~0.004. The predicted ratio decreases again for
more massive stars down to a value of ~0.0014 for stars of
~9 M_,. The postfirst-dredge-up '30/'°0 ratio, in contrast, does
not depend very strongly on the mass of the star, and is predicted
to be ~80% of the initial '80/!°0 ratio. The latter is largely de-
termined by Galactic chemical evolution and thus reflects the
initial metallicity. These predictions are in reasonable agree-
ment with O-isotopic ratios measured spectroscopically in RGB
stars, although the measurement uncertainties are large (Harris
& Lambert 1984b; Harris et al. 1988).

Some stellar observations indicate that an additional mixing
process beyond the first dredge-up occurs in low-mass (<2.3 M)
stars on the RGB (Charbonnel 1994; Denissenkov & Weiss 1996;
Nollett et al. 2003; Wasserburg et al. 1995a). For example, this
process leads to lower '2C/'*C ratios than predicted by standard
first dredge-up models. The process is usually referred to as “extra
mixing” or “cool bottom processing.” Its physical cause is un-
known, although it is almost certainly related to multidimensional
effects (Denissenkov & Tout 2000; Eggleton et al. 2006). Cool
bottom processing in stars on the RGB is not expected to signif-
icantly affect the surface O-isotopic ratios except in very low
metallicity stars (Boothroyd & Sackmann 1999; Wasserburg et al.
1995a).

Following core He burning (during which the star lies on the
horizontal branch on the H-R diagram), the star expands again
and ascends the AGB. An AGB star consists of an electron-
degenerate white dwarf core, surrounded by thin shells burn-
ing He and H and a large convective H-rich envelope (Busso
etal. 1999; Herwig 2005). Dust condenses in the strong winds
through which the envelope loses mass. In stars more massive
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than 3—4 M, a second dredge-up episode occurring early in the
AGB phase can significantly further affect the surface O-isotopic
ratios. The He- and H-burning shells of the AGB star are active
in an episodic process where the He shell burns intensely for a
short time (thermal pulse), driving vigorous convection in the
region between the H and He shells. In the He-rich intershell
region, neutron capture reactions occur producing large amounts
of the so-called s-process heavy elements (e.g., Ba), as well as
modifying the isotopic composition of lighter elements (e.g., Mg).
Following a thermal pulse, the base of the envelope can reach
deep into the intershell region, mixing the products of nucleo-
synthesis to the surface (third dredge-up). The third dredge-up
largely brings up '>C produced by partial He burning and the prod-
ucts of neutron capture nucleosynthesis, especially s-process
isotopes. AGB stars are believed to be the major source of
s-process elements in the universe (Busso et al. 1999). Repeated
thermal pulses and third dredge-up episodes gradually increase
the C/O ratio and change the isotopic compositions of many
elements in the envelope, although the third dredge-up itself has
little effect on the surface O-isotopic composition. While the
stellar wind is O-rich, oxides and silicates are expected to con-
dense, whereas once the C/O ratio exceeds unity, the dust is
dominated by carbonaceous phases such as amorphous carbon,
graphite, and SiC (Lodders & Fegley 1995).

There is significant evidence, both from stellar observations
and presolar grains, that cool bottom processing also occurs in
low-mass AGB stars (Boothroyd & Sackmann 1999; Nollett
etal. 2003; Wasserburg et al. 1995a). For example, the large '80
depletions observed in some AGB stars and in Group 2 presolar
oxide grains indicate more '%0 destruction in the envelope than
can be explained by standard models only involving core and
shell H burning followed by first and third dredge-up, respec-
tively. As discussed further below, the O (and 2°Al) data are best
explained by cool bottom processing models in which envelope
material is slowly cycled through hot regions near the H shell.
Similarly, the C isotopic compositions of presolar SiC grains
require cool bottom processing during the AGB phase of the
parent stars (Alexander & Nittler 1999; Zinner et al. 2006).

In intermediate-mass (4—7 M) AGB stars, the base of the
convective envelope reaches temperatures high enough for
H-burning reactions to occur directly there, a process known
as hot bottom burning (HBB; Boothroyd et al. 1993, 1995;
Cameron & Fowler 1971; Lugaro et al. 2007). Because the en-
velope is fully convective, it is completely cycled through the
hot region so that the products of H-burning nucleosynthesis
are enriched at the surface. In terms of O isotopes, HBB rapidly
destroys 80 and, to a lesser degree, '°0, and produces !’0. HBB
also produces 2°Al by the Mg-Al chain. As discussed further
below, the O-isotopic compositions of most, but not all, Group 2
grains are inconsistent with a HBB origin (Boothroyd et al.
1995; Lugaro et al. 2007).

The above discussion outlined the expectations for surface
O-isotopic compositions from the various processes occurring
in low-mass red giants and AGB stars. We now consider the ex-
pected effects of these processes on the surface isotopic com-
positions of the other elements involved in this study, namely
Mg, Al, K, and Ca. As discussed earlier, variations in the initial
isotopic compositions of these elements in stars are expected
due to the chemical evolution of the Galaxy. The first dredge-up
does not reach zones that experienced temperatures high enough
to allow nuclear reactions involving these elements, so it is only
during the AGB phase that modifications due to nucleosynthesis
are expected. Here we will consider both general processes and
some new specific quantitative predictions for the envelopes of
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AGB stars. The models we discuss are described in some detail
by Gallino et al. (1998), Straniero et al. (2003), and Zinner et al.
(2005, 2006, 2007). The calculations use a postprocessing code
to calculate the nucleosynthesis occurring in the He and H shells,
and to mix shell material into a mass-losing envelope. Stellar pa-
rameters (e.g., envelope and dredge-up masses, temperatures,
densities, etc.) are based on results from stellar evolution models
using the FRANEC code (Straniero et al. 1997). Note that the
stellar evolutionary calculations use the solar (and appropriately
scaled solar for low metallicity) C and O abundances from Anders
& Grevesse (1989), whereas the postprocessing nucleosynthesis
code uses the more recent and significantly lower solar abun-
dances of these elements from Allende Prieto et al. (2001, 2002).
The main effect of using these abundances is that AGB star en-
velopes become C-rich after fewer thermal pulses than with the
old abundances.

In this paper, we will consider detailed predictions for a lim-
ited grid of AGB stars, with masses 1.5, 2, 3, and 5 M, and two
metallicities, solar and half solar. Neutron-capture reactions in
AGB stars are driven by two neutron sources: *C(a,1)'°0 and
22Ne(a,n)>’Mg; the former is thought to be responsible for the
production of most s-process heavy elements and is dependent
on a free parameter in the models quantifying the amount of
13C available to produce neutrons (“!'3C pocket”). However,
the elements of interest in this paper are primarily affected by
the 2?Ne source; thus we only consider models with the standard
13C pocket that reproduces the solar s-process element distribu-
tion (Gallino et al. 1998). The initial isotopic compositions of
the stellar models with half solar metallicity were assumed to
scale with metallicity to reflect Galactic chemical evolution.
Specifically, the abundances of the minor isotopes (e.g., >’Mg,
42Ca, etc.) were assumed to scale with Fe, while the major,
“a-isotopes” (**Mg, 4°Ca) were assumed to be enhanced at
lower metallicity, according to observations of disk stars (Reddy
et al. 2003). These assumptions do not precisely match the iso-
topic ratio—metallicity dependences predicted by full GCE mod-
els (e.g., Timmes et al. 1995). For example, the assumption that
isotopes such as 2’Mg, which are produced as secondary isotopes
in massive stars, scale uniformly with Fe, a primary product of
both massive stars and Type la supernovae, is not necessarily
well justified. Nonetheless, the delayed input of Fe from Type I
supernovae (due to the long evolutionary timescales of the pro-
genitor stars) may well mimic the delayed input of isotopes like
25Mg (due to the secondary nature of their synthesis). Moreover,
our assumed metallicity scaling for isotopic ratios matches the
Si isotopic evolution inferred from the compositions of presolar
SiC grains quite well (Zinner et al. 2006).

Karakas & Lattanzio (2003) and Zinner et al. (2005) have re-
viewed the nucleosynthesis of Mg and Al in AGB stars. Briefly,
the two heavy Mg isotopes are produced in the He-burning shell
primarily by o captures on 22Ne, made from the abundant
14N produced by CNO-cycle H burning via *N(«,7)'%0 and
80(ar,7)**Ne, and to a lesser extent by neutron captures. Thus,
the third dredge-up increases the 2>Mg/**Mg and **Mg/**Mg
ratios at the stellar surface where grains can form. The magnitude
of the enhancement depends strongly on the stellar mass, so that
the predicted isotopic shifts are relatively small (<5%) for 1.5 M,
stars, but can be much larger (>100%) for intermediate-mass
AGB stars. Aluminum-26 is produced in the H shell by proton
captures on 2>Mg, but strongly depleted in the He intershell by
(n,a0) and (n,p) reactions. It is mixed to the surface by the second
(in massive enough stars) and third dredge-ups. Nucleosynthesis
models predict surface 26A1/2” Al ratios of up to a few times 1073
in AGB stars of <3 M, (Forestini etal. 1991; Karakas & Lattanzio
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2003; Mowlavi & Meynet 2000; Zinner et al. 2005). However,
cool bottom processing in AGB stars can produce much higher
amounts of 26Al in the envelope, depending on the temperature
experienced by the envelope material that is processed (Nollett
et al. 2003; Zinner et al. 2005). Similarly, HBB in intermediate-
mass AGB stars is predicted to produce higher 2°Al1/2”Al ratios,
especially in stars with metallicity lower than solar (Karakas &
Lattanzio 2003; Lugaro et al. 2007). Note that for a solar Mg/Al
ratio of 12.6, the 2’Mg depletion that accompanies production of
26A1 has only a very minor effect on the surface Mg isotopic
composition.

Potassium isotopes are affected by neutron captures in the
He intershell and the third dredge-up is thus expected to modify
the envelope K isotopic composition, namely to increase the
40K %K and 'K /*K ratios. As for Mg, larger effects are ex-
pected for more massive AGB stars. Potassium-40 decays to “°Ar
with a half-life of 1.3 Gyr. Unfortunately, no noble-gas isotope
data are available for presolar oxide grains. Our AGB models pre-
dict an increase of about 10% for 'K /*°K from third dredge-up
in a 5 M, AGB star, with smaller enhancements expected for
lower-mass stars. Figure 4 shows that presolar hibonite grains
have much larger enhancements of 'K than this, up to a factor
of 140, supporting the interpretation of these anomalies as being
due to in situ #'Ca decay. Moreover, our measurement precision
is not sufficient to resolve effects at the few percent level, as
predicted for K in AGB stars. We thus do not consider K isotopes
further.

Calcium, like Mg and K, is also affected by neutron capture
in AGB stars. Significant attention has been paid to the produc-
tion of #!Ca since this short-lived isotope has been inferred to
have been present in the early solar system (Srinivasan et al.
1994; Wasserburg et al. 2006). It is produced by neutron cap-
tures on “°Ca and destroyed by further neutron captures to pro-
duce #*Ca. The #!Ca/*’Ca ratio in the envelope depends on the
ratio in the He shell, the amount of material dredged up to the
surface, as well as radioactive decay. Because the neutron cap-
ture cross section of #!Ca is much higher than that of 4°Ca,
the #!Ca/4°Ca production ratio is given by the inverse ratio of
cross sections: *!Ca/*Ca ~ o49/041 ~ 1072 (Busso et al. 1999;
Wasserburg et al. 1995b). Based on this production ratio, Wasserburg
et al. (1995b) estimated 4!Ca/*°Ca ratios of (0.3-1.5) x 10~* in
the envelopes of low-mass AGB stars. We will consider our more
recent calculations in detail in subsequent sections.

The stable Ca isotopes are affected by s-process nucleosyn-
thesis to varying degrees according to the relevant neutron cap-
ture cross sections. Figure 5 (bottom right) shows the Ca isotopic
pattern (for atomic masses 42, 43, and 44) predicted for a solar-
metallicity 2 M., AGB star. Open symbols indicate the final values
predicted after the final thermal pulse; filled symbols indicate the
values at the last pulse when the C abundance is still lower than
that of O. Modest and similar enhancements of “*Ca/*°Ca and
43Ca/*Ca are expected, with somewhat smaller increases of
4Ca/*Ca. As for other light elements, increasing isotopic shifts
are predicted for the envelopes of AGB stars of increasing mass.
For example, the maximum §*Ca/4°Ca value predicted for a
1.5 M, solar metallicity AGB star is 35%o, whereas it is 180%o
for a 5 M., star (see below). Much larger enhancements are
predicted for 46Ca than for the other stable Ca isotopes (e.g.,
5%Ca/*Ca ~ 13,000%o fora 5 M, star), but as mentioned earlier,
this isotope was not measurable in the presolar hibonite grains,
nor was 48Ca.

Titanium isotopes in the envelope are also affected by neutron
capture and third dredge-up in AGB stars (Gallino et al. 1994;
Lugaro et al. 1999; Zinner et al. 2007). They are affected by both
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Fic. 7.—O-isotopic ratios of presolar oxide and silicate grains compared to
models of the first and second dredge-ups (Boothroyd & Sackmann 1999) and
HBB (Boothroyd et al. 1995; Lugaro et al. 2007) in low- and intermediate-mass
red giants and AGB stars as well as observations (Harris & Lambert 1984a) and
predictions (Rauscher et al. 2002) for the surface composition of red supergiants.
The solid arrow labeled “GCE” indicates the expected evolution of Galactic
O-isotopic ratios with increasing metallicity ( Timmes et al. 1995). The dotted
ellipse indicates grains with 170/'°0 ratios higher than predicted for red giants
and AGB stars. See caption to Fig. 2 for sources of grain data. The long-dashed
line connects the '%0-rich grain KH2 to the average composition of '®O-rich in-
terior zones of 15 M, supernova (Rauscher et al. 2002). This line passes through
many Group 4 grains and Group 3 grains with low 170/'%0 ratios (dash-dotted
ellipse), perhaps reflecting an origin in a single supernova.

the 13C and the ?>Ne neutron sources, but only small shifts in the
surface abundances are predicted for low-mass AGB stars. For
example, variations in 46Ti/*3Ti, 4"Ti/**Ti, and *°Ti/**Ti ratios
measured in presolar SiC grains from AGB stars are believed to
reflect mostly the initial compositions of the parent stars (due
to GCE) with only a minor component from nucleosynthesis in
the parent stars themselves (Alexander & Nittler 1999; Huss &
Smith 2007; Zinner et al. 2007). Because °Ti is neutron magic,
it has a low neutron capture cross section and larger nucleosyn-
thetic effects are expected for °Ti/**Ti ratios following the third
dredge-up. Thus, more of the variability in observed *'Ti/**Ti
ratios reflects nucleosynthetic effects, but a strong Galactic com-
ponent is still present. In any case, most relevant to the discus-
sion here is the prediction that only minor nucleosynthetic effects
on the Ti isotopes are expected for low-mass AGB stars, espe-
cially O-rich ones that have not dredged up significant amounts
of material from the He shell.

4.2. Comparison of Grain Data and Model Predictions
4.2.1. Oxygen Isotopes

Figures 7 and 8 compare the expectations discussed above
for O isotopes in RGB and AGB stars with the compositions of
presolar oxide and silicate grains. The first-dredge-up curve on
Figure 7 indicates predictions for stars of 1-7 M, and initial
solar metallicity (Boothroyd & Sackmann 1999). Stars of dif-
ferent metallicity are expected to have different initial O-isotopic
ratios (falling on the GCE line) and, following the first dredge-up,
their compositions lie on curves parallel to the shown curve. As
has been discussed extensively in previous publications (e.g.,
Nittler et al. 1997), the distribution of Group 1 and 3 grains is
in good agreement with both these models and spectroscopic
measurements of O isotopes in RGB and AGB stars (Harris et al.
1988; Smith & Lambert 1990). The wide range of 170/!°0 ratios
indicates a range of masses and that of '80/160 ratios indicates a
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Fic. 8.—O-isotopic ratios of many presolar oxide and silicate grains com-
pared to models of the first dredge-up (open stars; Boothroyd & Sackmann 1999)
and cool bottom processing (Nollett et al. 2003) in low-mass stars. Extensive cool
bottom processing at temperatures greater than about 42 x 10 results in compo-
sitions lying on mixing lines between the starting composition and a composition
with 80/160 = 0, '70/'°0 = 0.0011 (thick dashed lines). Dotted lines indicate
compositions for cool bottom processing with lower temperatures (7 = (33—42) x
10° K) and two indicated mass circulation rates. The Group 2 grains and many
Group 1 grains are consistent with cool bottom processing in stars of 1.2—1.9 M.
See caption to Fig. 2 for sources of grain data.

range of initial compositions of the stellar parents. In particular,
the Group 3 grains must have formed in low-mass stars with lower
than solar !7-'80/'°0 ratios. Because of their longer evolutionary
times, parent stars of lower mass are expected to have formed
earlier in Galactic history and thus have, on average, lower met-
allicity than more massive stars, in agreement with the observed
distribution of the subsolar O-isotopic ratios of these grains.

Boothroyd and coworkers (Boothroyd & Sackmann 1999;
Boothroyd et al. 1994) calculated the O-isotopic compositions
of red giants for a grid of masses and metallicities. Nittler et al.
(1997) showed that a simple combination of these dredge-up
calculations with stellar lifetimes and a predicted Galactic age-
metallicity relationship (Timmes et al. 1995) reproduced very
well the average trend of '70/'°0 and '30/'°0 ratios of both
Group 1 and Group 3 grains. This result strongly supports the
interpretation of the grains as having originated in low-mass
RGB or AGB stars with a range of masses and metallicities. The
good agreement between the dredge-up models and the grain
data allows the initial mass and metallicity of the parent star of
a given grain to be inferred by interpolating the O-isotopic pre-
dictions of Boothroyd & Sackmann (1999). However, it must be
noted that such inferences are potentially subject to large system-
atic uncertainties.

Stellar masses are inferred primarily from '70/!°0 ratios.
During first dredge-up in low-mass stars, the envelope dips into a
region with steeply increasing '70/'°0 ratio. The depth reached
by the envelope increases with increasing stellar mass. Thus, the
post—first-dredge-up envelope '70/'°0 ratio is a steep function
of stellar mass (Boothroyd & Sackmann 1999). Slightly differ-
ent depths of dredge-up will lead to large differences in the
amount of 70 brought to the surface and thus the final '’0/!%0
ratio depends on details of the mixing, which will vary accord-
ing to the details of a given model. Inferred parent star masses
for Group 1 and 3 grains found in this study are given in Tables 2
and 3. Despite the potential uncertainties, it should be noted that
there is a lower limit on the mass of parent stars of ~1.1 M,
based on the fact that stars of lower mass would not have evolved
to the red giant stage in time to provide grains to the early solar
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system 4.6 Gyr ago (e.g., Nittler & Cowsik 1997). Moreover, it
seems likely that most of the grains formed in stars of less than
~2.5 M. The dredge-up models predict a fairly narrow range of
170/'%0 ratios for stars between 2.2 and 3 M, (Fig. 7). Thus, if
the grains came from a continuous distribution of masses up to
3—4 M., (above which HBB would likely drastically change their
compositions; see below) one would expect an accumulation of
grains with '70/1°0 ~ (4-5) x 1073, which is not observed.

Metallicities are inferred primarily from '80/'°0 ratios, which
reflect mostly the initial stellar compositions, determined by Ga-
lactic chemical evolution processes. Unfortunately, the precise
relationship of O-isotopic ratios with metallicity in the Galaxy is
not well known (Prantzos et al. 1996). Boothroyd & Sackmann
(1999) assumed that the initial O-isotopic ratios vary linearly
with metallicity, so that a star of half solar metallicity starts with
180/160 and 70/'0 ratios that are half of the solar values. Thus,
metallicities inferred by interpolating the Boothroyd & Sackmann
(1999) models depend on this specific assumption of the isotope-
metallicity relationship. Should the true dependence of '#0/160
on metallicity be different, inferred metallicity values would be
different as well. For this reason we report in Tables 2 and 3, and
discuss further below, the inferred initial '%0/!°0 ratios of the
parent stars, normalized to solar, rather than metallicity values.
This does not, however, change the general correlation of '30/1°0
and metallicity, and the inferred initial '30/!°O ratios for different
grains can still be used to investigate GCE effects. An important
additional caveat, discussed further below, is that cool bottom
processing could have affected to some extent the '80/!°0 ratios
of some Group 1 and 3 grains and the inferred initial ratios are
thus lower limits.

In contrast to the Group 1 and 3 grains, it has long been rec-
ognized that the Group 2 grains have '#0/'°0 ratios that are too
low to be plausibly explained by first dredge-up in red giant stars
with metallicities in the range expected for disk stars in the solar
neighborhood 4.6 Gyr ago. HBB in intermediate-mass AGB
stars was initially suggested as an explanation for these grains
(Nittler et al. 1994). However, detailed calculations of HBB
(Boothroyd et al. 1995) indicated that it could not be the ex-
planation for most Group 2 grains, both because HBB so effi-
ciently destroys '®0 that the intermediate '30/!%0 ratios (10~ to
1073) observed in many grains cannot be explained, and because
it predicts '70/!%0 ratios higher than observed. The solid HBB
curves on Figure 7 indicate predictions for HBB in AGB stars of
4 and 6.5 M, (Boothroyd et al. 1995; Lugaro et al. 2007); these
models rapidly reach '80/'°0 ratios of 107 to 10~7. Recently,
Zinner et al. (2005) and Lugaro et al. (2007) argued for HBB as
an explanation for the unusual O and Mg isotopic composition of
the presolar spinel grain OC2. Lugaro et al. (2007) showed that
the 170/'°0 ratio and Mg isotopic composition of OC2 could be
explained by HBB in an intermediate-mass AGB star if certain
reaction rates involving the O isotopes are adjusted within their
experimental uncertainties (Fig. 7, long-dash—short-dashed curve).
HBB predicts lower '80/!°0 ratios than that observed in OC2,
but surface contamination on sample mounts makes it likely that
the measured '*0/'°0 ratios for the most '*0-depleted Group 2
grains (80/'°0 < 10~*) are in fact upper limits. Even with the
revised reaction rates that permit a solution for OC2’s compo-
sition, HBB cannot explain most of the other extreme Group 2
grains, since these have '70/'°0 ratios even lower than that of
0C2.

The intermediate '80/'°0 ratios of many Group 2 presolar
oxide and silicate grains are better explained by a slow mixing
of material in the parent stars’ envelopes through regions hot
enough to partially process it by H-burning nuclear reactions.
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As discussed in the previous section, this “cool bottom pro-
cessing” is also required to explain the low observed '>C/!3C
ratios in low-mass red giants. Wasserburg et al. (1995a) first
showed that cool bottom processing can plausibly explain the
O-isotopic compositions and relatively high inferred 2°Al/27Al
ratios of the Group 2 grains. The cool bottom processing must
have occurred while the parent stars were on the AGB, because
temperatures during the RGB phase are not high enough to
significantly affect the O isotopes (Wasserburg et al. 1995a).
More recently, Nollett et al. (2003) performed a detailed study
of cool bottom processing in AGB stars and compared the results
to the isotopic compositions of presolar oxide and SiC grains.
Their model has two main parameters: the rate at which material
gets circulated through the hot radiative region below the stellar
envelope and the maximum temperature experienced by the cir-
culating material. They found that the final 180/'®0 ratio depends
mostly on the mass circulation rate, while the 2°A1/2” Al ratio de-
pends on the maximum temperature.

Figure 8 shows cool bottom processing calculations of Nollett
et al. (2003, from their Fig. 7), overlaid on the O-isotopic data
for most of the presolar oxide and silicate grains. The thick
dashed lines indicate two-component mixing lines between three
assumed starting compositions and the equilibrium composi-
tion reached if cool bottom processing continues for a long time
at temperatures of ~1077(50 x 10°) K ('70/'°0 = 0.0011,
180/160 = 0). This equilibrium composition represents the re-
gion near the H-burning shell through which the envelope ma-
terial is cycled during cool bottom processing. The assumed
starting compositions correspond to solar and the postfirst-
dredge-up composition of 1.5 and 1.9 M, stars. Extensive cool
bottom processing with temperature log 7 > 7.62(42 x 10°) K
of material with a given starting composition will result in final
compositions along such mixing lines. The final position along
the line depends on the mass circulation rate. The dotted curves
indicate incomplete processing with log 7 = 7.53-7.62 [T =
(34-42) x 10° K] and two different mass circulation rates. This
plot makes it clear that the Group 2 grains’ compositions can be
explained by cool bottom processing if one assumes a range of
parent-star masses, mass circulation rates, and degrees of pro-
cessing. The majority of Group 2 grains have O-isotopic com-
positions reasonably well reproduced by the calculated cool
bottom processing mixing lines corresponding to solar initial
composition and a 1.5 M, dredge-up composition. Interest-
ingly, a fraction of grains seem to define a lower, separate trend
(gray ellipse), but their compositions are also explained by the
partial-processing initially solar-composition cool bottom
processing model. Note that it is highly unlikely that the parent
stars of any of the presolar grains had solar O-isotopic ratios at
the start of the AGB, because the first dredge-up should modify
the composition of stars with even the minimum mass, 1.1 Mg,
allowed by the age of the Galaxy. However, it is clear from
Figure 8 that the solar-initial-composition cool bottom pro-
cessing model of Nollett et al. (2003) intersects the solar-
metallicity first dredge-up curve (solid line with stars) for stars
of mass 1.3 M (mixing line) and 1.2 M, (incomplete pro-
cessing curves). Thus, comparison of these model curves with
the grain data suggests that the Group 2 grains formed in AGB
stars with masses in the approximate range from 1.2 to 1.8 M,
with many coming from stars with masses of less than ~1.6 M),
and mass circulation rates higher than 107 solar masses per
year. Moreover, and perhaps more importantly, Figure 8 shows
that the '%0/'°0 compositions of many grains classified as be-
longing to Group 1 may also have been affected by cool bottom
processing. For example, the parent stars of all of the grains
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currently classified as Group 1 with '30/!°0 < 0.0015 could
have begun the AGB with compositions along the indicated
solar-metallicity first dredge-up curve and had some 30 sub-
sequently destroyed by cool bottom processing. This obviously
affects the use of '80/'°0 ratios in the grains to infer initial
metallicities of the parent stars and indicates that initial '80/'°0
ratios (and hence metallicities) inferred by interpolating first
dredge-up models should be considered lower limits. We note
that Nittler (2005) already argued, based on comparisons with
presolar SiC data, that some of the spread in '80/'°0 ratios in
Group 1 grains must reflect cool bottom processing.

A possible test of whether cool bottom processing has affected
the composition of a given grain is whether or not it contains ex-
tinct 2°Al. About 1/3 of Group 1 grains analyzed for Mg isotopes
show no evidence for having 2°Al, indicating that they formed
either in RGB or early AGB stars that had not yet experienced
significant third dredge-up episodes. Because cool bottom pro-
cessing that affects O isotopes is assumed to occur along with
thermal pulses and third dredge-up in AGB stars (Nollett et al.
2003), the parent stars of these ®Al-free grains most likely did
not experience cool bottom processing. We note that such grains
span the full range of '%0/160 ratios observed in Group 1 grains,
and thus some of the lower '30/!0 ratios in presolar grains are
likely due to metallicity effects and not cool bottom processing.
Additional isotopic data for other elements might in principle
help better distinguish whether a given grain originated in a low-
metallicity star or one that experienced cool bottom processing,
but as discussed further below, the case is not that clear for the
elements analyzed here.

We have assumed thus far that all of the Group 1, 2, and 3
grains originated in low- and intermediate-mass stars. However,
massive stars (e.g., >10 M) in the red supergiant phase are ob-
served and predicted to have 7O enrichments and 80 deple-
tions, similar to those seen in Group 1 oxide grains. Moreover, a
recent estimate of dust production in the Galaxy suggests that as
much as 2/3 of the O-rich interstellar dust is originally produced
by red supergiants (Kemper et al. 2004), although this is much
higher than other estimates (e.g., Tielens et al. 2005). Shown in
Figure 7 are the observed O-isotopic ratios of two red super-
giants (open triangles; Harris & Lambert 1984a) and those
predicted for the envelopes of massive stars of mass 15-25 Mg,
(filled triangles; Rauscher et al. 2002). Red supergiants are also
expected to have 2°Al1/?7Al ratios in the range of 10~ to 1072,
About 15% of the presolar oxides have similar O-isotopic com-
positions and inferred 2°A1/2’Al ratios and thus plausibly could
have formed in red supergiants. Note also that Wolf-Rayet winds
from very massive (>40 M) stars during the WN phase cannot
be ruled out as sources of some of the presolar oxide grains,
especially the more extremely '%0-depleted Group 2 grains
(Arnould et al. 1997). However, there is very little evidence for
dust formation in WN winds (van der Hucht et al. 2001; Barniske
et al. 2006). The above considerations confirm that presolar
oxide grains are dominantly from stars of relatively low mass
with only a fraction plausibly having originated in supergiants
or Wolf-Rayet stars.

Indicated by a dotted ellipse in Figure 7 are a few Group 1
presolar oxide and silicate grains with relatively high '70/160
ratios, ranging from ~0.006 to ~0.014, and '#0/160 ratios rang-
ing from about 25% to 1 times the solar ratio of 0.002. These
170/1%0 ratios are higher than the maximum values predicted
for first dredge-up in stars of near solar metallicity (Boothroyd
& Sackmann 1999). Stars of much lower metallicity (e.g., Z <
0.001 or 20 times lower than solar) are predicted to reach
170/10 as high as those observed in these 17O-rich grains, but
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these stars are expected to have much lower '80/'°0 ratios than
are observed in the grains. Moreover, such low metallicity would
be very unusual for stars in the disk of the Milky Way near the
time that the Sun formed. The approximately solar '80/160 ratios
of some of these grains suggests an origin in stars of somewhat
higher than solar metallicity (Z ~ 1.25 solar), if they formed in
RGB and/or AGB stars. Boothroyd et al. (1994) calculated first
dredge-up compositions for stars with metallicity of 1.25 times
solar and did not find appreciably higher '70/'°0 ratios than was
predicted for solar-metallicity ones, but the detailed calculations
of Boothroyd & Sackmann (1999) did not include supersolar
metallicities. Additional calculations of first dredge-up in high-
metallicity stars are desirable.

It is possible, of course, that these grains did not form in RGB
or AGB stars. For example, Nittler & Hoppe (2005) recently
proposed that the most 17O-rich grain (T54; Nittler et al. 1997)
might have formed in a nova explosion, since its composition
matches that predicted by some recent nova models (José et al.
2004). Such a source is less likely for the grains with '70/1°0 <
0.01, however, but binary systems (believed to produce novae)
might play a role in explaining these grains. For example, mass-
loss to a binary companion by a main-sequence star might sig-
nificantly diminish its envelope so that by the time of the first
dredge-up, the 170 mixed to the surface is less diluted, resulting
in a higher '70/!%0 ratio. Alternatively, mass transfer from an
evolved stellar companion (e.g., an AGB star or ejecta from a
classical nova) could conceivably enrich a main-sequence star’s
envelope with significant amounts of '70. In fact, Marks et al.
(1997) modeled this process for close-binary systems undergo-
ing nova outbursts and predicted very high surface 170/!°0 ratios
(>0.01 in some cases) for secondary stars following re-accretion
of nova ejecta. Clearly additional modeling to fully explore these
scenarios is desirable.

4.2.2. %A1 and *'Ca

Figure 9 compares the inferred 2°Al/27Al and *'Ca/*°Ca ra-
tios and 6> Mg/>**Mg values for the presolar hibonite grains with
predictions for AGB star nucleosynthesis. Each plotted symbol
for an AGB model indicates the predicted envelope composition
after a thermal pulse. Smaller symbols indicate pulses for which
the resulting composition has O > C, larger symbols indicate
C-rich compositions. The left-hand panels indicate models for
which the 41Ca was not allowed to decay during the star’s evo-
lution through the AGB phase, and the right-hand panels include
41Ca decay according to terrestrial lifetime. Since *'Ca decays
by electron capture, its lifetime is likely to be greatly increased
while it resides in hot and dense regions of the convective enve-
lope where it becomes fully ionized. Thus, these cases represent
limiting ones for the maximum and minimum #'Ca/*’Ca ratios
expected after a given pulse in a given AGB model. Although
the two extinct isotopes are made in different places in our AGB
models (the 2°Al by proton capture in the H-burning shell, the
#1Ca by neutron capture in the He-rich intershell) in these models
they are both mixed to the surface by third dredge-up episodes,
so that their surface abundances are predicted to be correlated
with each other. Note also that while the predicted 2°Al/2” Al ratio
is mostly independent of metallicity, 4!Ca/*’Ca ratios are typi-
cally somewhat higher for stars of lower metallicity than for
solar-metallicity ones.

The AGB calculations shown in Figure 9 predict 4'Ca/*’Ca
ratios in the range of 107® to 10~* for low-mass O-rich AGB
stars, comparable with the previous estimate of (0.3-1.5) x 10~*
by Wasserburg et al. (1995b). If 'Ca decay in the envelope is
suppressed, the envelope ratios can reach ~4 x 10~* after many
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thermal pulses, long after the envelope has become C-rich. If
#1Ca is allowed to decay according to its terrestrial lifetime, pre-
dicted #'Ca/*’Ca ratios do not exceed ~10~*, even after many
thermal pulses. We will discuss the composition of the '*0-rich
grain KH2, which has the highest inferred *' Ca/*°Ca ratio, further
below in the context of a supernova origin. The other hibonite
grains have inferred #'Ca/4°Ca ratios (including upper limits for
grains without 'K excesses) in the predicted range, although the
five grains with #'Ca/4’Ca > 10~ seem to require that *'Ca de-
cay is suppressed in the AGB envelopes. These results indicate
that the nucleosynthesis of #'Ca in AGB stars is reasonably well
understood. The grains with upper limits on *'Ca/4’Ca ratios
must have formed prior to or very early in the AGB phase,
otherwise they would have higher ratios.

In contrast to the good agreement for *'Ca/4°Ca ratios, most
of the measured hibonite grains have 26Al1/2”Al ratios that are
higher than the maximum value of ~3 x 10~ predicted for
standard models of shell H burning and dredge-up in AGB
stars. This is also true of the Al,O5 grains we have analyzed here
(Fig. 3 and Table 2). Some of the discrepancy might be attributed
to uncertainties in reaction rates. Notably, the very large exper-
imental uncertainty in the 2°Al( p,7)?’Si rate allows an uncer-
tainty of more than 2 orders of magnitude in computed 2°Al1/%7Al
ratios for AGB envelopes (Izzard et al. 2007). However, most
of this uncertainty is in the downward direction, that is, it is not
clear that the reaction rate uncertainties would allow for more
than a factor of a few increase in the predicted 2°Al/2” Al ratios,
which is still insufficient to explain 2°A1/27Al ratios of >0.01

measured in some of the grains. More likely, as has been pre-
viously discussed by several authors, the higher 2°Al/2’ Al ratios
of many presolar oxide grains are the result of efficient cool
bottom processing in the parent stars (Nittler 1997; Nollett et al.
2003; Zinner et al. 2005). The parameterized model of Nollett
et al. (2003) indicates that production of envelope 2°Al/?’Al ra-
tios as high as those observed can be explained as long as the
envelope material is circulated to regions with 7 2 50 x 10° K,
although again these results depend on the uncertain reaction
rates.

The 2Mg/>*Mg ratios of the presolar grains will be discussed
in more detail in the following section. However, the bottom
panels of Figure 9 reveal an interesting trend. The hibonite
grains with #'Ca/*’Ca ratios higher than 10~ all have Mg de-
pletions, ranging from 5% to 25%, relative to solar. Again, the
highly >>Mg-depleted grain KH2 most likely formed in a super-
nova and will be discussed separately. The five other grains with
the highest #'Ca/*’Ca ratios also have high 26A1/27Al ratios re-
quiring cool bottom processing. At first glance, this suggests that
the 2’Mg depletions simply reflect destruction of >’Mg during
cool bottom processing production of 2°Al. However, this would
require extremely low Mg/Al ratios (0.1 compared to the solar
ratio of 12.6) for which there would be no obvious explanation.
Moreover, 2Mg synthesized by o and neutron capture in the He
intershell is also brought to the surface along with *'Ca during
the third dredge-up (Zinner et al. 2005), effectively canceling
the destruction by proton capture during cool bottom process-
ing. More likely, the Mg depletions indicate that these grains
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formed in stars with lower than solar metallicity and their rela-
tively higher 4!Ca/*°Ca ratios are consistent with this as well.
The low-metallicity AGB models shown in Figure 9 were as-
sumed to start with Mg isotopic compositions that are depleted in
Z5Mg by ~200%o relative to solar. Figure 9¢ shows that the Mg
isotopes and #!Ca/*°Ca ratios of the 4!Ca-rich grains can be rea-
sonably well reproduced by the low-mass AGB models, pro-
vided that *!Ca decay is suppressed in the AGB envelope. Note
that according to the models, the AGB envelope should be C-rich
by the time these grain compositions are reached, in contrast to
the requirement that O > C for oxides like hibonite to condense
(Lodders & Fegley 1995). Cool bottom processing most likely
provides the solution to this discrepancy as well, since cool
bottom processing can destroy the 12C brought up by the third
dredge-up following thermal pulses, keeping the envelope
O-rich (Nollett et al. 2003). Whether this explanation can be
made to work in quantitative detail, however, remains to be seen.
For example, the cool bottom processing model of Nollett et al.
(2003) suggests that a mass circulation rate larger than ~6 x
10~7 M, yr~!is needed to ensure that C/O remains lower than
unity. At these rates, their model predicts '*0/!°0 ratios lower
than ~0.001, but of the 2’ Mg-depleted, *' Ca-rich hibonite grains,
only KH15 has an '80/!0 ratio this low.

In contrast to the grains just discussed, hibonite grains with
41Ca/*Ca ratios in the range of 107> to 10~* all have »Mg
enrichments, relative to solar. Several of these grains lie along
the 5 M, AGB model predictions in Figure 9¢. However, it is
unlikely that these grains formed in such massive AGB stars
since their '70/!%0 ratios are significantly lower than those
predicted for the envelopes of such stars after first dredge-up.
The §*°Mg/**Mg value and inferred *'Ca/*’Ca ratio of grain
KH13 can almost be reached by the 3 M; AGB models in
Figure 9d, where #!Ca is allowed to decay in the envelope. Of
course, this composition is only reached after many thermal
pulses when the envelope is predicted to have a high C/O ratio,
and therefore hibonite is not expected to condense. However,
as discussed above, the high 26A1/27Al ratio of grain KHI13
points to cool bottom processing and this process could also
maintain a low C/O ratio. In any case, if this is indeed the origin
of grain KH13 (although its O-isotopic composition argues for a
parent star of lower mass), this indicates a range of AGB enve-
lope conditions affecting the ionization state of *!Ca and hence
its lifetime against electron capture. The 2>Mg-rich compositions
of grains KH10 and KH18 are harder to explain. As discussed by
Zinner et al. (2005) and in the next section, it is difficult to dis-
entangle the effects of nucleosynthesis and GCE in interpreting
2SMg/**Mg ratios in presolar oxide grains. High-metallicity stars
are predicted to have excesses in 2’Mg due to GCE (Fenner et al.
2003) and we will argue below for an origin in a high-metallicity
star for grain KH10. However, an explanation for the 2’Mg ex-
cess and corresponding relatively low *'Ca/*°Ca ratio of grain
KH18 is lacking.

4.2.3. Mg and Stable Ca Isotopes: Nucleosynthesis

The Mg and stable Ca isotopic compositions at the surfaces
of AGB stars are determined both by Galactic chemical evolution,
which sets the initial composition of a star, and by nucleosynthesis
in the He intershell followed by third dredge-up episodes. Zinner
etal. (2005) extensively discussed the synthesis of Mg isotopes in
AGB stars in the context of presolar spinel data. In terms of Mg,
the AGB models predict only modest increases in 2°Mg/>*Mg in
low-mass O-rich AGB stars. For example, the third dredge-up in
stars of <3 M, and solar metallicity is expected to increase the
surface 2Mg/24Mg ratio by a maximum value of ~50%o while
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See caption to Fig. 2 for sources of grain data.

the star is O-rich. Larger excesses are expected during later ther-
mal pulses when C > O, up to 125%o for a 2 M, star and up to
180%o for a 3 M, star of solar metallicity (Figs. 9¢, and 9d). For
a given mass, somewhat larger 2’Mg enhancements are predicted
for stars of lower metallicities, but these are also assumed to form
with lower initial 2>Mg/**Mg ratios. Much larger enhancements
are expected for intermediate-mass stars, but these are unlikely
sources of most grains discussed here, since HBB in such stars
will rapidly destroy all of the 'O (Lugaro et al. 2007).

The range of 2Mg/**Mg ratios observed in most of the pre-
solar grains reported here is generally compatible with expecta-
tions for low-mass AGB stars, if we assume a relatively limited
range of initial compositions. However, 2’Mg excesses larger
than ~150%o observed in a few grains are harder to reconcile
with the AGB models. We consider four grains in particular
(Fig. 10): three hibonite grains (KH13, KH18, and UOC-H2)
and one spinel grain (UOC-S2). These show §>°Mg/**Mg val-
ues from ~200%0—300%o, similar Group 2 O isotope signatures
with 180/160 = (5-7) x10™* and 70/'%0 ~ 1x 1073, and
very high 2°A1/%7Al ratios of 0.04-0.08. This O composition
lies very close to that expected for cool bottom processing in a
1.5 M., AGB star with a mass circulation rate of 1076 M yr~!
(Fig. 8 and Nollett et al. 2003) and the high 2°Al points to
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extensive cool bottom processing as well. The Mg excesses
in these grains are much larger than can be explained by the
nucleosynthesis models for such low-mass AGB stars, however,
and would require stars with masses of at least 3 M (Fig. 9).
Lugaro et al. (2007) suggested a modification of the rates for
the reactions '°0( p,7)!7F and '"O( p,a)'*N, leading to lower
170 abundances during HBB in AGB stars, in order to explain
the composition of presolar spinel grain OC2. If the true values
for these rates are indeed close to what they suggested, this
most likely also results in a reduction in the predicted !70/'°0
ratios after first dredge-up, perhaps by as much as a factor of 2
(M. Lugaro 2007, private communication). However, 3—4 M
stars are predicted to have '70/!'%0 ratios following the first
dredge-up that are more than 3 times as high as the value ob-
served for these unusual grains (Boothroyd & Sackmann 1999).
Thus, it is highly unlikely that these grains formed in AGB stars
as massive as 3 M, and we must seek an alternate explanation
for their Mg excesses.

One obvious possibility is that the third dredge-up enriches
the surface of low-mass AGB stars with more 2>Mg than is pre-
dicted by the models. However, the existence of many other
presolar grains with O-isotopic compositions indicating an ori-
gin in low-mass AGB stars without large 2Mg excesses suggests
that the explanation lies elsewhere. Another possibility is that the
grains formed in high-metallicity stars for which GCE has led
to high initial 2’Mg/24Mg ratios. In this case, the initial '%0/!°O
ratios of the parent stars would have been decreased by cool bot-
tom processing. However, as discussed in the next section, we
would also expect initial excesses in “*Ca and **Ca in high-
metallicity stars and these are not observed in these grains
(Table 4). We thus consider it unlikely that the high 2Mg/**Mg
ratios observed in these grains are due to GCE.

An alternative explanation is that the unusual Mg isotopic com-
positions of these grains reflect mass transfer from intermediate-
mass AGB companions in binary star systems. Examples of such
systems are barium stars, CH stars, and Tc-poor S stars, all of
which have chemical peculiarities explained by the transfer of
material from an evolved binary companion (Busso et al. 1992,
1995; Jorissen et al. 1998). Intermediate-mass AGB stars, espe-
cially those of low metallicity, produce large amounts of Mg
and 26Mg (Karakas & Lattanzio 2003). Transfer of envelope
material from such stars to lower-mass companions could thus
explain high 2>Mg and Mg abundances in low-mass stars prior
to their reaching the AGB phase. Although Busso et al. (1995)
argued on the basis of Rb/Sr ratios that most barium stars are
contaminated by material from low-mass AGB stars, transfer
from intermediate-mass AGB stars has been suggested by Yong
et al. (2003) to explain high 2Mg/**Mg and 26Mg/**Mg ratios
observed in several cool stars, including BD +5°3640, a low-
metallicity (([Fe/H] = —1.34) CH star with s-process enrichments
due to mass transfer from a companion. To test this suggestion,
we consider yields predicted fora 5 M, Z = 0.4 Z., AGB star
(Karakas et al. 2006; Lugaro et al. 2007). We assume that the
AGB star transferred material to a low-mass binary companion
with initially the same composition and compute the composi-
tions of mixtures of the initial composition with varying amounts
of material ejected during the AGB phase. We find that a mixture
containing 22% by mass of the AGB ejecta and 78% of the initial
composition has a 2Mg/**Mg ratio 30% higher than solar, as
needed to explain the grains. With this fraction of AGB material,
the 26Mg/>*Mg and '’0/'%0 ratios are also enhanced, by 70% and
45%, respectively. The '70/°0 and 2Mg/**Mg ratios measured
in the 2’ Mg-rich grains are much more enriched than this, so these
ratios do not argue against the mass-transfer hypothesis. Note also
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oxides are most likely to form; larger model symbols indicate C-rich conditions.
Previous hibonite data are from Choi et al. (1999).

that the AGB ejecta would diminish the '®0/'%0 ratio of the
mixture by ~20%. We would not be able to distinguish this effect
from those of Galactic chemical evolution or cool bottom pro-
cessing. Using yields from a different AGB star model with the
same mass and metallicity, but computed with a different set of
reaction rates and a different assumed initial elemental and iso-
topic composition (Izzard et al. 2007), we find a similar result,
only in this case just 10% of the AGB material is required to be
transferred to explain a 30% 2>Mg enrichment. These simple cal-
culations indicate that the proposed binary star scenario to ex-
plain the 2Mg-rich grains is plausible, but clearly much more
work needs to be done to investigate this thoroughly. Note that
AGB stars of lower mass and/or higher metallicity will not work
as well, because such stars produce less 2’Mg. Conversely, more
massive AGB stars would need to contribute a smaller amount of
material as these have larger enrichments of the neutron-rich Mg
isotopes.

Figure 11 shows three-isotope plots for the stable Ca iso-
topes measured in presolar hibonite grains, compared with the
AGB star predictions. The predictions for $*Ca/40Ca values as
a function of §*?Ca/*’Ca values are similar for AGB stars of
mass 1.5-3 M, so for clarity we only indicate the ranges of the
predictions in Figure 11a, distinguishing models with O > C
from those with C > O. The 5 M; AGB stars (not shown in
Fig. 11a) are predicted to reach more extreme compositions
with a slightly steeper slope on this plot, but as discussed earlier
are highly unlikely sources for most of the grains. Long-dashed
gray arrows indicate the Galactic chemical evolution trends
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calculated by Timmes et al. (1995), normalized to reproduce
solar isotopic ratios at solar metallicity. Both the AGB and the
GCE models predict that the §*’Ca/*’Ca and §*3Ca/*°Ca values
should be correlated with each other along a slope of ~1. The
hibonite grains roughly follow this trend, but errors for many are
relatively large. The fact that the total spread in the grain data is
larger than is expected for nucleosynthesis in a single O-rich
AGB star suggests that much of the range indeed reflects var-
iations in initial compositions due to GCE. This is analogous to
the case for Si and Ti isotopes in presolar SiC grains (Alexander
& Nittler 1999; Zinner et al. 2007) and for '80/!°0 ratios in
Group 1 and 3 oxide and silicate grains (see above). Grain KH10
has a highly unusual Ca composition compared with the other
grains, with very large excesses of both *?Ca and “*Ca. Its
O-isotopic composition indicates an origin in a star with higher
than solar metallicity (1.2 Z., based on the '80/!%0-metallicity
relationship assumed by Boothroyd & Sackmann 1999) and its
large 2°Mg excess is consistent with this as well. In addition,
the 26A1/27Al and *'Ca/*°Ca ratios inferred for this grain are
close to the predictions for low-mass AGB stars without any
cool bottom processing (Fig. 9). All of these data taken together
suggest that the excesses of 42Ca and **Ca observed in KH10
reflect the initial composition of its parent star and are higher
than solar due to GCE. If so, this grain’s composition suggests
that the true GCE §**Ca/*’Ca versus §**Ca/*°Ca trend is slightly
flatter than predicted by Timmes et al. ( 1995), or that the trend
flattens out for higher than solar metallicity.

The case of **Ca/*’Ca ratios is more complicated. As shown
in Figure 115, AGB nucleosynthesis is predicted to produce
smaller “4Ca excesses than those of #?Ca or **Ca, resulting
in trends with slopes of about 1/3 on a §**Ca/*’Ca versus
§*2Ca/*Ca plot. The GCE model of Timmes et al. (1995) pre-
dicts an even shallower slope of ~0.12. Note that this is very
different from the GCE trend we assumed for determining the
initial composition of the half-solar metallicity AGB models.
This discrepancy arises because we assumed that “*Ca scales
with Fe rather than with the a-elements such as 28Si or 4°Ca.
However, **Ca is made in supernovae as radioactive **Ti dur-
ing an a-rich freezeout from nuclear statistical equilibrium. It
thus behaves somewhat like an a-element and the Galactic
#Ca/*Ca should be relatively constant with metallicity. In
contrast with the case for #*Ca, for the most part the **Ca versus
42Ca grain data do not lie close to the predicted trends for GCE
or AGB nucleosynthesis. For example, several of the hibonite
grains show moderate depletions of **Ca, relative to solar, and
lie below the Timmes et al. (1995) GCE trend. AGB dredge-up
shifts compositions upward along a steeper slope than this GCE
line. Therefore, if the latter correctly describes the evolution of
Ca isotopes in the Galaxy, this makes it impossible to explain the
#Ca-depleted grains as arising from GCE plus third dredge-up
in AGB stars. This suggests a steeper GCE trend, perhaps closer
to the one we assumed. However, the observation of ~solar
#Ca/*Ca in grain KH10, for which other isotopic ratios indi-
cate an origin in a high-metallicity star, supports a relatively flat
#Ca/*Ca GCE trend. Alternatively, we will argue in the next
section that relatively high §**Ca/40Ca and §**Ca/*°Ca values
observed in many of the grains suggests that the Sun is slightly
depleted in these isotopes, relative to typical stars of its metal-
licity. If this is the case, but the Sun is not also depleted in **Ca,
the GCE trend would be parallel to the line plotted in Figure 115,
but displaced to lower §**Ca/*°Ca values, and could thus pass
through many of the hibonite data points. Explaining the hibonite
grains with #*Ca excesses is not any easier. For example, although
grains KH8 and KH11 plot roughly on extensions of our as-
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sumed **Ca-*Ca and **Ca-*>Ca GCE trends, their O composi-
tions do not suggest an origin in higher than solar metallicity
stars. The highly **Ca-enriched grain KH13 lies far from ex-
pectations for GCE and AGB nucleosynthesis in Figure 115. We
consider the most likely explanation for the scatter in §**Ca/*’Ca
values for the hibonite grains to be locally inhomogeneous GCE,
as spelled out further below.

4.2.4. Mg and Stable Ca Isotopes: Galactic Chemical Evolution

As discussed earlier, the '80/!%0 ratios of presolar grains be-
longing to Groups 1 and 3 are believed to largely reflect GCE
effects, and the preceding discussions argue that some of the
variation in Mg and Ca isotopic compositions seen in presolar
hibonite grains reflects GCE as well. To better deconvolve the
effects of GCE from those of nuclear processes in the grains’
parent stars, and to investigate how homogeneously isotopic
ratios evolve in the Galaxy, in Figure 12, we show Mg and Ca
isotopic ratios of Group 1 and 3 presolar oxide grains, plotted
against the solar-normalized inferred initial '80/160 ratios. The
initial '*0/'°0 ratio of the parent star of a given grain was deter-
mined by projecting the grain’s O-isotopic composition back to
the GCE line of the O isotopes along a trajectory backtracking
the evolution of the O isotopes in the star’s envelope during the
first dredge-up. The trajectory was obtained by interpolating the
models of Boothroyd & Sackmann (1999). Since the O-isotopic
ratios are assumed to evolve linearly with the metallicity, the
initial '%0/'°0 ratio of a grain gives the metallicity of its parent
star. Recall that some of these initial '%0/!%0 ratios are probably
lower limits, due to the possibility that cool bottom processing
has depleted their parent stars’ 120, relative to their original first
dredge-up values. Also shown in Figure 12 are the predicted
GCE trends of Timmes et al. (1995; dashed gray curves) and
Fenner et al. (2003; dash-dotted gray curve), although for these
the plotted value along the x-axis is solar-normalized metallicity,
not '80/%0 ratio. Except as discussed below, the GCE models
are also normalized to pass through the solar composition at solar
metallicity. The main difference between the Timmes et al. and
Fenner et al. calculations is that the latter includes the contri-
bution of AGB stars to the Galactic Mg isotopic evolution.

Figure 12a shows 6>°Mg/?>*Mg data for the Group 1 and 3
presolar spinel and hibonite grains reported here and by Zinner
et al. (2005) and Choi et al. (1999), as well as the 25Mg-rich
Al,O3 grain Orgueil-B (Huss et al. 1995). If the Mg isotopic
compositions of the grains’ parent stars were solely determined
by homogeneous GCE and not subsequently modified by nucleo-
synthesis in the parent stars, one would expect the data to lie
along a monotonic curve on this plot. This is clearly not the
case. A majority of the spinel grains have 2’Mg/>**Mg ratios
close to the solar value, independent of their inferred initial
180/1°0 ratios and hence the relative metallicities of their parent
stars. This observation extends to a new spinel grain, UOC-S1,
which has a terrestrial 2>Mg/**Mg ratio, but O isotopes suggest-
ing an origin in a star with ~80% of solar metallicity. Spinel
grain M 18 lies near the GCE prediction of Fenner et al. (2003).
This observation and the fact that most of the spinel grains with
inferred '*0/'°0 ratios higher than solar are not highly enriched
in 2’Mg led Zinner et al. (2005) to argue that AGB stars are in-
deed an important contributor to the Galactic inventory of Mg
isotopes. Also, the 2’Mg enrichment observed in grain M20 was
argued not to reflect dredge-up in the parent star, but rather to
reflect an unusual initial composition. The observation of several
low-metallicity stars with high 2Mg/**Mg ratios (Yong et al.
2003) supports the possibility that the parent stars of some pre-
solar grains were enriched in 2>Mg, relative to the mean Galactic
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Fi6. 12.—Mg and Ca isotopic ratios of Group 1 and 3 presolar oxides plotted against inferred initial '*0/!°O ratios, normalized to solar. The '30/!0 ratios are
determined by subtracting a first dredge-up component (Boothroyd & Sackmann 1999) from measured O-isotopic compositions. Dotted lines indicate solar isotopic ratios.
Gray curves indicate predictions for the Galactic chemical evolution of isotopic ratios as a function of metallicity, normalized to solar. () Spinel data are taken from Zinner
et al. (2005) and references therein and the present work. Long-dashed curve is GCE model of Timmes et al. (1995); dot-dashed curve is that of Fenner et al. (2003), which
includes the contribution of AGB stars as well as supernovae. (b—d) Long-dashed curves are GCE predictions of Timmes et al. (1995); dotted curves are GCE curves
shifted on the assumption that the Sun has slightly anomalous **Ca/4°Ca and **Ca/*’Ca ratios for its metallicity (see text). Data are from this work, Huss et al. (1995), Choi

et al. (1999), and Zinner et al. (2005).

chemical evolution, perhaps through the binary mass transfer pro-
cess discussed earlier.

Addition of the hibonite data to Figure 12a complicates the
story. In contrast to the spinel grains, most of the Group 1 and 3
hibonite grains have nonsolar 2Mg/?>*Mg ratios and several of
the grains lie close to the Timmes et al. (1995) GCE prediction.
Moreover, grain KH10 has, within errors, the same composition
as Al,O5 grain Orgueil-B, consistent with an extension of the
Timmes et al. (1995) GCE model to higher metallicity. Since
dredge-up in parent stars and/or mass transfer from AGB com-
panion stars will only lead to higher 2>Mg/**Mg ratios, the
hibonite data suggest that the GCE model not including AGB
contributions (e.g., Timmes et al. 1995) is a better description
of Mg isotope evolution in the Galaxy. This conclusion is also
supported by recent observations of Mg isotopes in halo stars
(Meléndez & Cohen 2007). However, even if this is the case,
the wide range of 2’Mg values uncorrelated with inferred ini-
tial '80/10 ratios clearly requires additional processes to be at
work. Population synthesis models that track the isotopic com-
positions of stars (especially O and Mg) and take into account
the possibility of mass transfer in binary systems could be very
helpful to making further progress in understanding Mg isotopes
both in presolar grains and stars.

One hibonite grain, KH14, falls far from the other data in
Figure 12a, showing a large 2>Mg depletion despite having an
O-isotopic composition that suggests an origin in a relatively
high-metallicity star. The *Ca and **Ca enrichments observed
in this grain (Figs. 12b, 12¢) are also consistent with a high-
metallicity origin, so the large 2>Mg depletion is difficult to under-
stand. Since there is no obvious way to significantly decrease
25Mg/**Mg ratios at the surfaces of low-mass AGB stars, it most
likely reflects an anomalous starting composition of the parent
star, perhaps due to local heterogeneities in the interstellar me-
dium arising from incomplete mixing of supernova ejecta (e.g.,
Lugaro et al. 1999; Nittler 2005). In any case, the unusual com-
position of this grain is a further indication that we are far from
a satisfactory understanding of 2>Mg/>*Mg ratios in presolar
grains.

An additional important puzzle posed by Figure 12a is why
so many of the spinel grains have terrestrial 2>Mg/>*Mg ratios,
in contrast to the hibonite grains. One possibility is that the grains
have undergone isotopic exchange either in space or on the
meteorite parent bodies. Presolar spinel is highly abundant in
CM2 chondrites that have seen essentially no thermal meta-
morphism (Zinner et al. 2003). In ordinary chondrites, the abun-
dance of presolar spinel, at least for micron-sized grains, appears
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to drop precipitously with increasing metamorphism. For exam-
ple, spinel makes up a significant fraction of presolar oxides
found in our OC and UOC samples (Table 1), which include
several type 3.0 meteorites, but only a tiny fraction of presolar
oxides in Tieschitz (3.8) and Krymka (3.1). This observation
indicates that even a modest degree of thermal metamorphism
completely erases the O-isotopic signatures of presolar spinel
grains so that they can no longer be recognized as presolar.
Experiments indicate that Mg volume diffusion is very slow in
spinel (Sheng et al. 1992). However, Greenwood et al. (2000)
found spinel in a metamorphosed calcium-aluminum-rich inclu-
sion in the CK chondrite Karoonda that clearly had exchanged
Fe and Mg but retained its original '°O-rich composition. This
suggests that a very small amount of heating might allow for
sufficient Mg isotope exchange to equilibrate the 2Mg/?*Mg
ratio of a submicron spinel grain without erasing the larger anom-
alous signatures of its O isotopes. The high abundance ratio of
presolar hibonite to presolar spinel in Krymka also suggests that
hibonite is more resistant to thermal alteration and hence Mg
isotopic exchange than is spinel. A difficulty with this scenario is
that a significant number of presolar spinel grains with normal
Mg /**Mg ratios were found in Murray, which is not thought to
have seen temperatures higher than 20°-50° C. This suggests
that if the spinel grains’ 2?Mg/?>*Mg ratios have been modified
by isotope exchange, it happened in space prior to accretion into
parent bodies, either in the interstellar medium or in the solar
nebula. This is supported by observations of calcium-aluminum-
rich inclusions in meteorites that show Mg isotopic fractionation
in their interiors that becomes more normal toward the sur-
face, indicating equilibration with a gaseous reservoir (Caillet
Komorowski et al. 2007; Fahey et al. 1987; Simon et al. 2005).

In contrast to the 6>Mg/**Mg values of presolar oxides, the
6*2Ca/*Ca and §*Ca/*Ca values of the hibonite grains are
better correlated with inferred initial '*0/'°0 ratios (Figs. 12b
and 12c¢), indicating a significant influence of GCE on the grains’
Ca isotopic compositions. In both plots the grain correlations are
roughly parallel to, but displaced from, the solar-normalized
model GCE curves. In particular, all of the grains with inferred
initial '#0/'°0 ratios lower than solar have §*?Ca/*°Ca values
close to or higher than solar, rather than lower than solar as
would be expected. The same is true of many of the §**Ca/*°Ca
values. This is puzzling, especially since many of these grains
have Mg depletions as expected for low-metallicity stars. One
possible explanation for this could be that the Sun is somewhat
depleted in **Ca and “*Ca relative to the average stars of solar
metallicity, just as we suggested above that the solar **Ca/*’Ca
ratio is anomalously high. This assumption would result in the
GCE curves in Figures 125 and 12¢ being shifted upward,
achieving a better match with the data. Example curves shifted
by 100%o in §*>Ca/*’Ca and 50%o in §**Ca/*’Ca are labeled
“Anom-Sun GCE” in Figures 125 and 12¢. A plausible ex-
planation for this anomaly in solar composition could be local
chemical heterogeneities in the interstellar medium due to in-
homogeneous GCE. The scatter in the data around the GCE
curves also points to inhomogeneous GCE. We note that an
analogous suggestion has been made for the Si isotopic com-
position of the Sun, based on Si and Ti isotopic data in presolar
SiC grains (Alexander & Nittler 1999; Clayton & Timmes 1997).

We showed earlier that the §*4Ca/*°Ca values for the presolar
hibonite grains are not easily understood in the context of the
GCE and dredge-up models we have been considering (Fig. 115).
This is shown by Figure 12d as well. The §**Ca/*’Ca values are
essentially uncorrelated with the initial '30/'°O ratios for the
grains. Several of the grains, especially the most '0-rich (KH10)
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and '30-poor (KH21) are consistent with the relatively flat
Timmes et al. (1995) GCE trend, but there are grains with
large excursions from this trend, to both positive and negative
§*Ca/*%Ca values. To better understand these data, let us con-
sider the nucleosynthetic sources of the Ca isotopes in the Gal-
axy. The isotopes *°Ca, *>Ca, and **Ca are all made primarily
by both hydrostatic and explosive oxygen-burning (and silicon-
burning for 4°Ca) in Type II supernovae. In contrast, *Ca is
produced in Type II supernovae mainly as radioactive “*Ti dur-
ing the «-rich freezeout from high-temperature burning near
nuclear statistical equilibrium (e.g., The et al. 2006; Woosley
et al. 1973). However, a rare class of Type la supernovae, those
occurring on sub-Chandrasekhar mass white dwarfs, are also pre-
dicted to produce very large amounts of **Ti (Woosley & Weaver
1994). The et al. (2006) have discussed in detail «-ray obser-
vations of *4Ti in the Galaxy and concluded that supernovae that
produce the most *Ti (and hence **Ca) might be atypical and
rare. If this is indeed the case, then one would expect much more
variability in *4Ca/4°Ca ratios in the Galaxy, compared to the
other stable Ca isotope ratios. The scatter in **Ca/*°Ca ratios
observed in presolar hibonite grains, larger than expected for
third dredge-up in the parent stars and largely uncorrelated
with inferred initial metallicity, certainly seems to point in this
direction.

We have argued that locally inhomogeneous GCE might play
a role in establishing the isotopic compositions of the grains,
both in introducing scatter in some isotopic ratios about expected
mean GCE trends, and in possibly leading to an unusual com-
position for the Sun itself. Timmes & Clayton (1996) first sug-
gested that inhomogeneous GCE might explain the distribution
of Si isotopes in mainstream presolar SiC grains from AGB
stars. Lugaro et al. (1999) followed up on this suggestion with
a Monte Carlo model of inhomogeneous mixing of supernova
ejecta into localized regions of the interstellar medium (ISM).
These authors showed that such a model could easily explain
the range and correlation of Si isotopic ratios in mainstream
SiC grains. However, Nittler (2005) extended this model to Ti
and O isotopes and showed that the high degree of correlation
between Si and Ti isotopic ratios in the SiC grains argues against
the bulk of the isotopic variation being caused by inhomoge-
neous GCE. The Si-Ti isotope correlation indicates that diverse
supernova ejecta are well mixed in the ISM such that residual
chemical heterogeneity is of order a few percent. In addition,
with this high degree of mixing, the expected range of '80/°0
ratios due to inhomogeneous GCE is much smaller than that
observed in the grains in Figure 12, so the grain data are almost
certainly dominated by homogeneous GCE.

A detailed extension of this Monte Carlo model to Mg and Ca
isotopes is beyond the scope of this paper, but we can make some
general comments. First, the Mg and Si isotope yields from Type II
supernovae are roughly similar to each other (Woosley & Weaver
1995). Thus, inhomogeneous mixing of supernova ejecta into
the ISM should lead to a similar range of 25Mg/>**Mg ratios as
for 2°Si/?®Si ratios, which is limited by the Si-Ti correlation in
SiC to be ~5% (Nittler 2005). This is much smaller than the
scatter in 2Mg/24Mg ratios observed in the presolar spinel and
hibonite grains (Fig. 12a). In principle, massive AGB stars could
variably enrich portions of the ISM with 2°Mg leading to a larger
scatter in 2’ Mg/>*Mg ratios than predicted by the Monte Carlo
model (that only includes supernovae). However, the relatively
small amount of material ejected by a given AGB star means that
many stars would have to contribute to a region of the ISM in
order to have an appreciable effect on the isotopic composition,
and statistical fluctuations would be very small. We thus think
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that binary mass transfer is a more likely explanation for the ob-
served range in 2’Mg/?*Mg ratios, but clearly additional mod-
eling is needed. Second, the Type II supernova yields of *Ca
and **Ca are highly correlated with each other (they are after all
made by the same process), but uncorrelated with that of *4Ca
(Woosley & Weaver 1995). Thus, inhomogeneous mixing of
supernova ejecta would be expected to lead to more scatter on a
6%Ca/*°Ca versus 6**Ca/*°Ca plot, compared to a 6**Ca/*’Ca
versus 6*2Ca/*°Ca plot, as is observed (Fig. 11). Third, although
the scatter in “*Ca/*°Ca ratios about the expected GCE trend is
significant, it is not grossly larger than that of the other Ca
isotopic ratios. This does not seem to support the idea that **Ti
(and its decay product **Ca) is dominantly produced by rare sub-
Chandrasekhar mass Type Ia supernova events happening very
infrequently but ejecting up to 100 times more *Ti than a typical
Type 11 supernova. If the latter was the case, one might expect
larger variations in **Ca/4°Ca ratios than observed, as argued with
regards to the presolar SiC grains by The et al. (2006), although
detailed modeling is needed to thoroughly address this issue.

5. GROUP 4 ('80-RICH) GRAINS

Some 10% of presolar oxide and silicate grains have '30 en-
richments and are hence assigned to Group 4 (Nittler et al. 1997).
Most Group 4 grains with '#0/'0 > 0.003 (1.5 times solar) de-
fine a linear trend with the magnitude of '’O enrichment (relative
to solar) being approximately equal to the 'O enrichment (i.e.,
approximately slope 1 line on a §'%0/'°0 vs. 6§'70/'°0 plot).
Four '80-rich grains differ strikingly from this trend. One Al,O5
grain and two silicate grains have very large '*0 enrichments
(*0/1°0 = 0.006-0.0095), but close to solar '70/1°0 ratios
(Bland et al. 2007; Choi et al. 1998; Mostefaoui & Hoppe 2004).
An additional olivine grain, found in an interplanetary dust par-
ticle (Messenger et al. 2005), has an extreme 180 enrichment and
170 depletion ('*0/'°0 = 0.027,70/'°0 = 1.1 x 107#, Fig. 2).
Note that a few grains with small 80 enrichments, but much
larger 170 enrichments, have been classified as Group 1 grains
(e.g., Fig. 7), underscoring the difficulty in classifying some
grains at the borders of group definitions.

The origin or origins of the Group 4 grains has been enig-
matic. Nittler et al. (1997) discussed two possible sources. First
these authors proposed that '%0 produced by the '“N + « reac-
tion during He burning could be mixed to the surface during
very early thermal pulses and third dredge-up events in AGB
stars. Because later thermal pulses would destroy the '%0, this
scenario requires dredge-up to occur during the earliest pulses to
produce any 80 enrichment in the envelope. In fact, subsequent
calculations by Boothroyd & Sackmann (1999) did predict some
180 enrichment during the second dredge-up in ~7 M, stars of
low metallicity. However, to our knowledge, no models have
ever predicted 130 enrichments in low-mass AGB stars due to
dredge-up of partially He-burnt material. Moreover, AGB mod-
els do not predict third dredge-up to occur during the earliest
thermal pulses, as required to produce large surface enhance-
ments of %0 (e.g., Stancliffe & Jeffery 2007). In addition, the
strong correlation between '’0/!%0 and '30/!°0 observed in
Group 4 grains would not be expected in this scenario. For
these reasons, we thus consider early dredge-up in AGB stars
to be an unlikely explanation for the Group 4 grains. Second,
the high '*0/'°0 ratios could be due to GCE effects and indicate
that the grains formed in high-metallicity red giants and/or AGB
stars. The high 2>Mg/**Mg and *°Mg/**Mg ratios measured in
one Group 4 Al,O5 grain (T22 with 6>Mg = 130%o % 36%o,
6*°Mg = 236%o & 38%o; Nittler et al. 1997) was taken as sup-
porting evidence for this suggestion. We also consider this sce-
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nario highly unlikely, however, both because grains from such
stars would be expected to have significantly higher '70/'°0 ra-
tios than observed, due to the first dredge-up, and because very
high metallicities (e.g., >2 Z.) would be required, higher than
would be common at the time of solar system formation.

With the discovery of the unusual Al,O5 grain S-C122, Choi
etal. (1998) raised the possibility of a Type Il supernova origin
for '80-rich grains. Just prior to exploding as supernovae, mas-
sive stars can be viewed as being comprised of concentric zones
of material that have different chemical compositions due to their
different nuclear burning histories (Meyer et al. 1995). Mixing
of these zones during the expansion of the supernova ejecta is
expected on theoretical grounds due to hydrodynamic instabilities
(e.g., Kifonidis et al. 2003) and observed in supernova remnants
(Hughes et al. 2000). Moreover, the isotopic compositions of
presolar grains of SiC, graphite, and SizN4 from supernovae in-
dicate extensive and heterogeneous mixing of supernova zones
(Hoppe et al. 2000; Nittler et al. 1995; Travaglio et al. 1999;
Yoshida & Hashimoto 2004; Yoshida et al. 2005). Choi et al.
(1998) showed that the isotopic composition of grain S-C122
could be explained by a mixture of a small amount of material
from the He-burning zone (rich in '%0) with material from the
H-rich envelope of 15 M, supernova. The '80-rich and !’O-poor
grain reported by Messenger et al. (2005) also most likely formed
in a supernova. Although these grains differ in '’O/160 ratios
from the bulk of Group 4 grains, these results suggest that other
Group 4 grains could have originated in supernovae as well. Iso-
topic data for two Group 4 grains of the present study, hibonite
KH2 and spinel UOC-S3, strongly support this conclusion.

Hibonite grain KH2 plots toward the '7O-rich and '30-rich
end of the main Group 4 O isotope trend (Fig. 2). It has the
highest inferred 4'Ca/4°Ca ratio of any of the measured grains,
4% 107%, a relatively high inferred initial 2°A1/27Al ratio of
~0.01, a 30% depletion in 2>Mg, minor depletions in 4*Ca and
43Ca, and a small excess of ** Ca. Spinel UOC-S3 also lies at
the isotopically heavy end of the Group 4 trend and like KH2
shows a strong (~20%) depletion of 2Mg and 2°Mg excess
(~30%). If we assume that the 2°Mg excess in this grain is due to
extinct 2°Al, the inferred initial 2°A1/27Al ratio is ~1.5 x 1072.
The large 2Mg depletions observed in these two grains argue
strongly against a high-metallicity AGB star origin for these
grains, since excesses in 2> Mg would have been expected in
that case. For example, the high '80/'°0 ratios of these two
grains, if caused by GCE, would indicate parent metallicities of
~2-4 times Z, implying in turn extremely high 2Mg/**Mg
ratios. In fact, solar or subsolar 2> Mg/>**Mg ratios seems to be a
common characteristic of Group 4 grains (Fig. 105). Of 10
180-rich grains analyzed for Mg /**Mg ratios, only one (Al,O5
T22; Nittler et al. 1997) has a 2Mg excess and four have re-
solvable (>2 o) 2’Mg depletions.

To investigate whether supernovae can account for the iso-
topic characteristics of these grains, we follow Meyer et al.
(1995) and divide supernova ejecta into zones labeled by their
most abundant elements (e.g., the O/C zone consists mostly of
oxygen and carbon). We will consider a specific supernova
model below, but for now we will begin with some general
characteristics common to most or all models of Type II su-
pernova nucleosynthesis. In terms of O isotopes and moving
inward, the H-rich envelope and He/N zone have 7O enrich-
ments and '%0 depletions due to H burning, the He/C zone shows
low '70/'%0 and high '#0/'°0 ratios from partial He burning,
and the O/C, O/Ne, and O/Si zones have very high '°0 abun-
dances from complete He burning. The inner Si/S and Ni zones
have little O, but could contribute other elements to mixtures.
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TABLE 5
DETAILS OF SUPERNOVA MIXING MODELS

N Mix Fraction®
Mass RANGE

ZONE M) KH2 UOC-S3 T22
1.683-1.785 0.49 0.00 0.00

1.785-1.920 0.09 0.01 0.00

1.920-2.200 0.38 0.04 0.00

2.200-2.630 0.00 0.00 0.19

2.630-3.050 0.00 0.00 0.06

3.050-3.800 1.07 1.09 0.93

3.800—4.233 4.99 5.82 0.00

H envelope. 4.233-12.612° 92.98 93.03 98.82
C/O ratio ...ccoveevveeennene o 0.26 0.35 0.31

Notes.—Based on 15 M, supernova nucleosynthesis model of Rauscher et al.
(2002). The bottom row indicates C/O ratio of the three mixtures.

? Range of radial mass in supernova over which zone is defined.

® Mixing mass fraction (in %) of each zone that reproduces isotopic compo-
sition of given presolar grain.

¢ About 2.4 M., was lost by stellar winds prior to the supernova explosion.

The highest 2°A1/?7 Al ratios are found in the He/N zone, but there
is 26Al throughout the ejecta including the envelope. Calcium-41
is made by He burning and O burning and is present in the He/C
and O-rich zones. The C/O zone has very high 2*°Mg/?**Mg and
424344Ca/%Ca ratios from He burning, but these ratios are low in
the inner zones. Based on these characteristics, one might qual-
itatively explain the Group 4 oxide data by requiring mixtures of
the H envelope, He/N zone, and He/C zone (to get high '70/'°0,
180/10, and 26Al1/%7Al ratios) with inner zone material (to get
Mg, #’Ca, and *Ca depletions and high *'Ca/*’Ca ratios). Let
us now examine this more quantitatively.

We consider the 15 M, supernova model of Rauscher et al.
(2002), specifically the model s15a28c¢.® The model provides the
abundances of several hundred isotopes throughout the ejecta
(following passage of the supernova shock wave, but prior
to any significant mixing that might occur). We integrated the
abundances for all calculated isotopes over each of the zones
(e.g., He/C) outlined above and then mixed these in varying
amounts to attempt to reproduce grain compositions. The mass
boundaries for the zones we defined are given in Table 5.
Aluminum-26 (and *Ti for grain KH2) was assumed to con-
dense into the grains according to the measured Al/Mg (and Ti/Ca)
ratios. This mixing exercise is essentially the same procedure
used by many others in investigating presolar supernova grains
(Choi et al. 1998; Hoppe et al. 2000; Travaglio et al. 1999;
Yoshida & Hashimoto 2004). We did not attempt to mathemat-
ically find a best-fit match to the composition of any grain, for
example by minimizing 2, because significant uncertainties in
supernova nucleosynthesis calculations preclude ascribing too
much reality to the specific quantitative results. Our goal is pri-
marily to show that the compositions of the grains can be best
explained by a supernova origin, not to link a specific supernova
model to a specific grain.

Grain KH2 has the largest number of measured isotopic com-
positions and hence provides the tightest constraints on the super-
nova zones that can contribute to its composition. We found an
excellent fit to the composition of this grain could be obtained by
mixing the zones in the proportions given in Table 5. This mix-
ture is dominated by material from the envelope (93%) and He/N
zone (5%) and results in a C/O ratio of 0.26. As shown in Figure 13,

¢ Available from the World Wide Web site http://www.nucleosynthesis.org.
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this mixture reproduces the measured isotopic composition of
this grain within 5%-—10%, with the exception of the **Ca/*’Ca
ratio. Note that only 1% of material from the He/C zone is suf-
ficient to explain the '30 enrichment of this grain. Material from
the O/Ne and O/C zones is excluded because inclusion of these
zones leads to 2Mg/**Mg ratios that are much too high. Also,
this mixture predicts a 26Mg/**Mg ratio of 0.1231 (~88% of
solar), but reproduces the grain’s higher 2°Mg/?*Mg ratio by
including Al with 26A1/27 Al = 1.1 x 1072, Similarly, the grain’s
#Ca/*Ca ratio is matched by including significant 44Ti from the
Ni zone. The inferred initial 4Ti/**Ti ratio is 0.13, comparable to
that inferred for several presolar SiC and graphite grains believed
to have formed from supernovae (Besmehn & Hoppe 2003;
Hoppe et al. 2000; Nittler et al. 1996). Without this **Ti, the
predicted 4Ca/*Caratio is 0.016, or about 60% of solar, similar
to the predicted *Ca/*°Ca ratio. We note that supernova models
underproduce 43Ca, relative to its solar abundance ( Timmes et al.
1995), and the discrepancy between the mixing model and grain
KH2 for 4*Ca/*Ca might well reflect this problem. The very
good agreement between the mixing model and the grain com-
position for seven measured isotopic ratios spanning 3 orders
of magnitude in absolute value argues strongly that this grain
formed in a Type II supernova that experienced extensive and
heterogeneous mixing of various zones in the ejecta.

Table 5 and Figure 13 also give results for two other grains,
UOC-S3 and T22 (Nittler et al. 1997), although these have fewer
isotopic ratios to match than KH2. The O and Mg isotopic com-
positions of UOC-S3 are reproduced within 5% by a zone mix-
ture quite similar to the one that matches KH2, except that a
smaller portion of the mix is from the inner O-rich zones (to
explain the smaller Mg depletion) and no material from the
Ni zone is included. However, material could be included from
the Ni zone without significantly affecting the O and Mg iso-
topes, so we cannot exclude the possibility that material from this
zone was mixed into the region from which this grain condensed.
We also attempted to match grain T22 because its 2Mg/>**Mg
ratio is so different from those of the other Group 4 grains
(Fig. 10b). We found that the composition of this grain can
also be matched by an appropriate mixture of zones ( Table 5).
In contrast to the mixtures described above, this mixture does
not include any material from zones interior to the O/C zone as
these would lead to 2>Mg depletions. The small amount of ma-
terial from the O/C zone is sufficient to reproduce the 2Mg/**Mg
and 2°Mg/?*Mg ratios and material from the He/N zone must be
excluded to avoid high 2°Al abundances that would raise the
26Mg/?*Mg ratio too much.

We consider two additional Group 4 grains. As discussed
earlier, Choi et al. (1998) argued that mixing of the H envelope
with a small amount of material from the He/C zone of a 15 M,
supernova can quantitatively explain the composition of the
Al,O5 grain S-C122. However, these authors did not consider
170 in their mixing calculation, because reliable !70 yields from
supernovae were not available at the time. Using the Rauscher
et al. (2002) model, which includes updated reaction rates in-
volving 70, we find that no mixture of He/C zone and envelope
material can simultaneously explain the '70/'°0 and '30/!0
ratios observed in this grain. A small amount of material from the
inner '0-rich zones is required to match the grain’s O-isotopic
composition. We have not found a specific mixture of zones that
simultaneously reproduces this grain’s O-isotopic composition
and its mostly solar isotopic composition for Ca and Ti. How-
ever, since the errors on the Ca and Ti isotopic ratios are large,
it is likely that a supernova mixing model that satisfactorily
matches the data could be found with additional effort. We thus
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Fic. 13.—Comparison of isotopic ratios measured in three Group 4 oxide grains with those predicted by mixing of different zones of a 15 M, supernova. The absolute
4ca/*Caratio is shown; all other ratios are normalized to solar values. With the exception of 43Ca/**Ca in Grain KH2, all ratios are reproduced within 10% by the mixing
models, lending strong support to the idea that the Group 4 grains originated in supernovae. The 2Mg/?**Mg and “4Ca/*’Ca ratios include the effects of 2°Al and **Ti in-
corporation into the grains. Mixing fractions from the various zones are given in Table 5. Grain T22 was reported by Nittler et al. (1997).

concur with Choi et al. (1998) that a supernova is the most likely
source for this grain.

The pyroxene grain 6495A (Mostefaoui & Hoppe 2004)
has an O-isotopic composition reminiscent of that of S-C122
('80/'%0 = 3.8 x solar, normal '70/'%0) as well as small enrich-
ments in 2°Si and 3*Fe (7% and 12%, respectively). Mostefaoui
& Hoppe (2004) argued that a high-metallicity red giant or AGB
star was most likely the source of this grain. However, it is dif-
ficult to explain the grain’s unusual O-isotopic composition with
such an origin. If the very high '%0/'°0 ratio is due to GCE, this
would imply a parent star with metallicity several times higher
than solar. Aside from the fact that such stars are exceedingly
rare and probably were even more so at the time of solar sys-
tem formation, such a star is expected to have a much higher a
170/16Q ratio than is observed, both because of GCE and the first
dredge-up. Moreover, a much larger enrichment in 2°Si would
also be expected. While it is true that very large variations in Si
and Fe isotopic abundances are expected in different layers of a
Type II supernova, these variations are mainly found in the in-
ner zones. As discussed for the other Group 4 grains above, the
O isotopes of the Group 4 grains point to supernova mixtures
dominated by material from the envelope, He/N, and He/C zones,
with only a minor component from the inner '®O-rich zones.
Because these zones are so much dominated by '°0, a small
admixture from them is enough to match grain 6495A without
significantly affecting the Si or Fe isotopic composition. For
example, we find that a mixture of the 15 M zones (O/C) :
(He/C):(H) of about 1%:3%:96% can match this grain’s O
and Si isotopic composition within 13%. With these mixing
parameters, the >*Fe/>°Fe ratio is close to that of the envelope,
which is assumed to be solar in the supernova calculation. The
fact that this ratio is slightly higher than solar in the grain would
be easily explained if the parent massive star had an initial me-
tallicity slightly higher than solar, as the **Fe/°°Fe ratio is ex-
pected to increase with metallicity (Timmes et al. 1995). We thus
think that the most likely origin of grain 6495A, as well as most
or all of the other '®O-rich grains, was in the expanding ejecta
of a Type II supernova.

Note that the GCE line shown on Figure 7 is based on the
assumption that the '70/'%0 ratio (the ratio of two secondary
isotopes) is constant and equal to the solar ratio of 0.19 through-
out Galactic history. The majority of Group 3 (”-'80-depleted)
presolar grains plot above this GCE line, but a fraction plots
below the line (Fig. 7, dash-dotted ellipse). Because the first
dredge-up increases 70 and decreases 180, these grains’ com-
positions cannot be explained by dredge-up in red giants or
AGB stars unless those stars formed with 170/'30 ratios much
lower than solar and hence below the assumed GCE line. How-
ever, the solar !70/!80 ratio is already lower by a factor of ~1.5
than that of typical molecular clouds in the Milky Way (Wilson
& Rood 1994), and one would not expect even lower ratios for
the initial compositions of parent stars of presolar grains. Inter-
estingly, several of these grains appear to be colinear on an
O three-isotope plot with many of the '’O- and '30-rich Group 4
grains. For example, the long-dashed line in Figure 7 con-
nects hibonite grain KH2 with the average composition of the
160-enriched inner supernova zones of the 15 M, model of
Rauscher et al. (2002); this line also passes through or near
several other Group 4 and low '70/'30 Group 3 grains. Thus the
O-isotopic compositions of these grains are consistent with
mixing of '°0O-rich material from a supernova interior with an
end-member mixture of the He/C, He/N, and H envelope. This
points to supernovae as the sources of the unusual Group 3
grains with 170/!30 ratios below the GCE line. Additional iso-
topic data for grains like these are highly desirable to test this
suggestion.

We have shown above that the Group 4 grains (and perhaps
some Group 3 grains) can clearly be explained as originating
from supernovae. However, this identification raises some in-
teresting puzzles. First it is somewhat surprising that the known
supernova oxides (and silicates) seem to be dominated by '’O-
and '80-rich compositions. Most of the O ejected by supernovae
is 1°0 synthesized in the inner zones, and one might expect a
priori that supernova oxides should be mainly highly ®O-rich.
However only one such grain has been found, T84 (Nittler et al.
1998), compared with several tens of Group 4 grains. Second,
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mixing of the different supernova zones in variable proportions
would be expected to lead to highly variable O-isotopic compo-
sitions, yet most of the Group 4 grains appear to be consistent
with a rather narrow range of mixing parameters. Mixing in super-
nova ejecta is observed to be highly heterogeneous and variable
from remnant to remnant (Hwang et al. 2004; Park et al. 2004).
This is consistent with the wide range of isotopic compositions
observed in single presolar SiC and graphitic grains from super-
novae (Hoppe et al. 2000; Travaglio et al. 1999). Given the ex-
treme diversity in supernova compositions as a function of mass
and heterogeneous mixing in ejecta, it is difficult to envision a
realistic scenario in which different supernovae ended up pro-
ducing grains primarily along a single mixing line as observed
in the O-rich grains. Thus, if the Group 4 grains indeed have a
supernova origin, the data point to a single source for the ma-
jority of them. For example, if the main Group 4 trend is indeed a
mixing line, this might be explained by a single jet of inner zone
material passing through and mixing to varying degrees with a
pre-existing mixture of the outer layers (the !7-!80-rich end-
member). What process might be responsible for this unique
mixture of outer zone material is not known. In any case, this
result is in contrast to the supernova-derived SiC and graphite
grains, for which no evidence of a single, dominant source has
been identified. Grains coming from a unique and rather arbitrary
mixture of zones of a single supernova could be evidence for
seeding of the early solar system by a nearby explosion (e.g.,
Ouellette et al. 2007). This is clearly speculative and it remains to
be seen whether such a picture could simultaneously explain the
oxide grain data and the data for short-lived radionuclides in the
early solar system.

6. PRESOLAR TITANIUM OXIDE

Of 105 presolar oxide grains identified in this study, four
turned out to be titanium oxide ( Table 1). This identification is
based solely on the presence of only Ti and O X-ray peaks in
SEM-EDS spectra. Unfortunately, we do not have any crystal-
lographic data for these grains that would allow us to determine
their specific mineralogy (rutile, anatase, ...) or even precise
enough Ti/O ratios to determine whether the grains are stoi-
chiometric TiO,. The identified presolar Ti oxide grains differ
from the other presolar oxides in the same residues in that they
are on average smaller (<0.8 um compared to ~1-1.5 ym) and
in that they show a remarkably limited range of isotopic com-
positions compared to the other grains (see Figs. 2 and 6). Three
of the grains belong to Group 1, with !70/!°0 between 1.19 and
1.64 times solar, 180/1°0 between 0.8 and 1 times solar, and
Ti isotopic compositions close to solar. The other grain, KT1, is a
moderate Group 4 grain with '0/!0 = 1.2 times solar and nor-
mal '70/'0. Like the other Group 1 presolar grains, the !’O-rich
Ti oxide grains most likely condensed in low-mass red giants
or AGB stars. Their O-isotopic compositions indicate that their
parent stars were of low mass (1.1-1.4 M) and had metallicities
close to solar or slightly higher (Table 3). The origin of KT1
is less clear. Its 180 enrichment puts it into the Group 4 class, but
it is isotopically much less extreme than the Group 4 grains for
which we argued a supernova origin in the previous section. It
could plausibly have originated in a low-mass star with higher
than solar '80/!°0 ratio and somewhat lower than solar '’0/!°O
ratio, perhaps due to local heterogeneities in the ISM. In any
case, without additional isotopic data beyond O it is difficult to
say any more about this grain, and we hope to find additional
ones like it in the future.

Based on equilibrium thermodynamics, Ti oxides are expected
to condense from a solar-composition gas at temperatures in the
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1300-1400 K range, a few hundred degrees below the condensa-
tion temperatures of Al,O5 and hibonite (e.g., Ebel & Grossman
2000). On the basis of classical nucleation theory, Gail &
Sedlmayr (1998) and Jeong et al. (1999) argued that TiO, is the
first stable condensate in O-rich AGB stars, serving as a seed
for the heterogeneous nucleation of Al,O5;. However, no evi-
dence for TiO,-rich cores was found in a study of the micro-
structures of two presolar Al,O5 grains (Stroud et al. 2004).
Moreover, Posch et al. (1999) showed that composite TiO,/
Al,0O5 grains do not provide a good match to the infrared spectra
of dusty O-rich AGB stars. Also, a recent experimental study by
Demyk et al. (2004) indicates that Al oxide clusters are stable
and can serve as seeds for Al,O3 growth, without the need for
TiO, clusters. Thus, there is no compelling evidence that Ti
oxides condense prior to the more refractory phases Al,O3 and
hibonite.

The abundance ratio of Ti oxides to Al-rich grains identified
in this study is about 0.04 (Table 1), comparable to the solar
Ti/Al ratio of 0.029 (Lodders 2003). Thus, the low relative
abundance of Ti oxide grains is easily explained on elemental
abundance grounds alone. The low Ti/Al ratio would also lead
to the expectation that Ti oxide condensates should be smaller
on average than Al oxides, as observed, since there are fewer
Ti atoms to add to growing grains (e.g., Bernatowicz et al.
2005). Finally, although the statistics are severely limited and
we are biased in this study toward grains larger than ~500 nm,
the apparent bias toward Ti oxide grains from low-mass stars
of relatively high metallicity can also be understood on the basis
of kinetics arguments. For example, although concerned with
grain growth in C stars, the calculations of Bernatowicz et al.
(2005) suggest that larger grains form in lower-mass stars. Stars
with low metallicity have fewer Ti atoms available and there
might be a threshold metallicity below which there is insuffi-
cient Ti to grow micron-sized grains. If this is indeed the case,
NanoSIMS studies of smaller Ti oxide grains in our residues
might identify presolar grains with a wider range of O-isotopic
compositions, indicating a wider range of masses and metallic-
ities of parent stars.

7. SUMMARY AND CONCLUSIONS

We have presented isotopic data for some 100 new presolar
oxide grains that we identified in acid-resistant residues of sev-
eral primitive ordinary chondrite meteorites. In addition to the
well-known Al,O5 and spinel (MgAl,O4) phases, we have greatly
increased the database on presolar hibonite (CaAl;,0,9) and have
reported the first discovery of Ti oxide as a presolar grain phase.
We have also made a detailed comparison of the isotopic data for
the presolar grains with theoretical models of stellar evolution
and nucleosynthesis in both AGB stars and supernovae as well as
Galactic chemical evolution. These discussions allow us to come
to the following conclusions.

1. Presolar hibonite grains span a comparable range of
O-isotopic compositions as presolar Al,O5 and spinel grains
studied previously, and include members of the four grain groups
previously defined by Nittler et al. (1994, 1997). The O-isotopic
ratios of Groups 1, 2, and 3 grains are most consistent with an
origin in low-mass (<2.5 M) red giants and AGB stars, although
red supergiants and Wolf-Rayet stars cannot be ruled out as the
sources of a fraction of Group 1 and Group 2 grains, respectively.

2. Cool bottom processing, a mixing process modeled as cir-
culation of envelope material near the H-burning shell of AGB
stars, is required to explain strong 80 depletions in Group 2
grains and high inferred 26A1/27 Al ratios in many Group 1 and 2
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grains. A range of cool bottom processing temperatures and
mass circulation rates are required to reproduce the isotopic data.
Comparison of the data with predictions of the cool bottom pro-
cessing model of Nollett et al. (2003) indicates that the Group 2
grains formed in stars of mass 1.2-1.8 M. Moreover, many
grains classified as belonging to Group 1 likely experienced cool
bottom processing as well.

3. A few grains have !70/!'%0 ratios higher than can be ex-
plained by models of dredge-up in red giant stars. These grains
might have originated in binary star systems where the parent
stars’ surfaces were polluted by !’O-rich material from a com-
panion intermediate-mass AGB star or nova outburst.

4. More than half of the hibonite grains analyzed for Ca-K
isotopic compositions have 'K excesses attributable to in situ
decay of now-extinct *'Ca. The inferred *' Ca/*°Ca ratios are in
good agreement with those predicted for the envelopes of low-
mass AGB stars. However, the highest observed ratios (>10%)
require that the radioactive decay of *'Ca is suppressed in the
envelopes of AGB stars, indicating that Ca is fully ionized in the
envelope, increasing the lifetime against electron capture.

5. The presolar hibonite grains show a wide range of 2Mg/**Mg
ratios, as previously observed in presolar spinel grains ( Zinner
et al. 2005). However, in comparison to presolar spinel, fewer
hibonite grains have solar 2>Mg/**Mg ratios. This result suggests
that many presolar spinel grains have undergone Mg isotopic
exchange, most likely in space, with material of solar compo-
sition. The range of >Mg/>**Mg ratios in presolar hibonite is
larger than can be explained by dredge-up of He-shell material
in low-mass O-rich AGB stars and thus points to a large range
of initial compositions of the parent stars. The hibonite data
are more consistent with Galactic chemical evolution models
that do not include a significant contribution of AGB stars to
the Galactic Mg isotope inventory (Timmes et al. 1995) than
models that do (Fenner et al. 2003). However, several grains
whose O-isotopic ratios indicate low-metallicity parent stars
have large excesses of 2>Mg, which is not expected from GCE
models. These data are plausibly explained by mass transfer
from an intermediate-mass AGB star companion in binary star
systems. This result indicates the need for more consideration
of the role of binary systems in studies of nucleosynthesis and
GCE.

6. Presolar hibonite grains show a wide range of patterns of
stable Ca-isotopic (424344Ca/*’Ca) ratios. Comparison with mod-
els indicates that these ratios largely reflect the initial com-
positions of parent stars, with only a minor contribution from
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nucleosynthesis in the parent stars themselves. The inferred ini-
tial Ca isotopic compositions are generally consistent with ex-
pectations for GCE with some scatter from local heterogeneities
in the ISM. However, the data suggest that the Sun has slightly
(5%-10%) anomalous 4*Ca/*°Ca and **Ca/*°Ca ratios for its
metallicity. Also, the scatter in **Ca/4’Ca is not significantly
larger than that for the other Ca isotopic ratios, as has been pre-
dicted based on models of **Ca nucleosynthesis in the Galaxy
(The et al. 2006).

7. Isotopic data for two new grains, one hibonite (KH2) and
one spinel (UOC-S3), are strong evidence for a supernova origin
of the enigmatic Group 4 ('*0-enriched) grains. Both grains
show strong 2> Mg depletions, relative to solar, inconsistent with
a high-metallicity source for Group 4 grains, and high inferred
26A1/27 Al and #'Ca/*°Ca ratios point to a supernova source. The
isotopic compositions of these, and other Group 4 grains, can be
very well reproduced by mixing of different layers of a 15 M,
supernova model (Rauscher et al. 2002). Moreover, the linear
trend of O-isotopic ratios observed for most Group 4 and several
Group 3 grains suggests that these grains might have mainly
formed in a single supernova.

8. Three of the identified Ti oxide grains have O- and
Ti-isotopic compositions indicating that they formed in low-
mass AGB stars of close-to-solar metallicity. The fourth grain
is slightly '%0-rich and its origin is unknown. The rarity and
smaller size of presolar Ti oxide, compared to presolar Al,O3,
are explained by the low solar Ti/Al ratio and are consistent
with expectations for condensation in AGB outflows.
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ERRATUM: “ALUMINUM-, CALCIUM- AND TITANIUM-RICH OXIDE STARDUST
IN ORDINARY CHONDRITE METEORITES” (ApJ, 682, 1450 [2008])

LArRrY R. NitTLER, CoNEL M. O’D. ALEXANDER, ROBERTO GALLINO, PETER HOPPE,
ANN N. NGUYEN, Frank J. STADERMANN, AND ERNST K. ZINNER

Because of a production error at final pages, corrections to some values in column (4) of Table 4 (**Ca/*’Ca) were not made in the
final version. The full corrected table is given here, with amended values highlighted in bold.

TABLE 4
Carcium Isotoric ComMposITIONS OF PRESOLAR HIBONITE GRAINS

Grain 6*2Ca/*°Ca 4 1 ¢ (0.00662121) 6%Ca/*Ca + 1 ¢ (0.00137552) 6*Ca/*°Ca + 1 ¢ (0.021208) ca/MCat 1o
—38 +8 —42 £ 20 32+8 (4.27 £ 0.07) x 1074
147 —21 + 18 ~16 + 8 <9.7 x 1077
3+6 7+ 16 —2+7 <93 x 1077

36 + 13 29 + 29 63 + 10 <42 x 1076
-7+7 14 £ 19 4+8 <2.0 x 107°
249 + 12 118 + 27 549 (1.8 +£03)x 1073
32+7 54 + 18 44 + 8 <4.0 x 1076
42+ 15 74 + 34 19+ 11 (1.6 £ 0.3) x 1073
—40+ 6 22 + 16 115+ 8 (3.6 +£0.1)x 1073
2+9 27 + 21 -18+8 (2.09 £ 0.05) x 10~*
87 +7 —1+18 —-12+8 (1.02 £ 0.02) x 1074
45 4+ 27 —11 + 46 —26 + 31 (2.07 £0.12) x 1074
70 + 25 —2 £ 40 —25 + 31 5.7+ 0.5) x 1073
—18 420 -8 + 31 —5 430 (1.40 £ 0.14) x 1073
8 + 24 —42 + 40 —6 + 31 <6.0 x 1076
3420 —23 +28 —20 + 30 (1.28 £ 0.03) x 10~*

Note.—Normalization ratios for §-values are given in parenthesis.
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