Geochimica et Cosmochimica Acta, Vol. 69, No. 16, pp. 4149-4165, 2005
Copyright © 2005 Elsevier Ltd

Printed in the USA. All rights reserved

0016-7037/05 $30.00 + .00

ELSEVIE doi:10.1016/j.gca.2005.03.050

Oxygen, magnesium and chromium isotopic ratios of presolar spinel grains

ERNST ZINNER,"* LARRY R. NITTLER,?> PETER HOPPE,®> ROBERTO GALLINO,*> OSCAR STRANIERO® and CONEL M. O’D. ALEXANDER?

"Laboratory for Space Sciences and the Physics Department, Washington University, One Brookings Drive, St. Louis, MO 63130, USA
2Departrnent of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Road, NW Washington DC, 20015, USA
3Max-Planck-Institut fiir Chemie, Kosmochemie, P.O. Box 3060, D-55020 Mainz, Germany
4Dipartimento di Fisica Generale, Universita di Torino, Via P. Giuria 1, I-10125 Torino, Italy
SCentre for Stellar and Planetary Astrophysics, School of Mathematical Sciences, Monash University, Victoria 3800 Australia
°INAF, Osservatorio Astronomico di Teramo, Italy

(Received May 13, 2004; accepted in revised form March 28, 2005)

Abstract—Oxygen isotopic measurements of 20 spinel (MgAl,O,) grains from the CM2 meteorite Murray
(average diameter 0.45 wm), seven spinel grains from ordinary chondrites (OC, 0.3 to 2 wm) and three spinel
grains from the CI chondrite Orgueil (0.4 to 0.7 wm) have revealed large anomalies and thus established their
presolar origin. Their O isotopic ratios fall into all four previously defined groups and indicate that most of
the grains come from red giant branch (RGB) or asymptotic giant branch (AGB) stars. With the NanoSIMS,
we measured the magnesium isotopic compositions of all 30 grains. We also measured the Cr isotopic ratios
of the three Orgueil grains and one OC grain. Two of the Orgueil grains are very rich in Cr, with a composition
representing a 1:1 solid solution of spinel and magnesiochromite (MgCr,O,). At least 13 of the 30 analyzed
grains have substantial Mg isotopic anomalies. They have excesses in 2°Mg, primarily from the decay of “°Al,
as well as excesses and deficits in >Mg. We present the results of new model calculations of the evolution
of Mg and Al isotopic ratios in the envelopes of AGB stars for a range of masses (1.5, 2, 3, and 5 M),
metallicities (1/6, 1/3, 1/2 and 1Z) and different prescriptions for mass loss by stellar winds. Comparisons
of the grain data with these models show that inferred 2°Al/>” Al ratios of several grains are much larger than
predicted and require an extra production process for 2°Al, most likely the result of deep mixing in the star’s
envelope, also called cool bottom processing (CBP). One grain is probably from an intermediate-mass
(~5 M) AGB star in which the envelope extended down to the H-burning shell (“hot bottom burning”). On
average, 2SAl/*’Al ratios in oxide grains are larger than those in SiC grains from AGB stars (mainstream, Y
and Z grains), whose 2°Al/>” Al ratios agree with AGB models. This indicates that the parent stars of oxide
grains with high (>5 X 107?) 2Al/*’ Al ratios are fundamentally different from those of SiC grains. The CBP
experienced by the former might have prevented these stars from becoming the carbon stars that would have
produced presolar SiC grains. Copyright © 2005 Elsevier Ltd

1. INTRODUCTION This situation changed with the advent of the NanoSIMS,
which makes the isotopic analysis of sub-um grains possible
(Slodzian et al., 2003). It was found that the abundance of
presolar grains among spinel grains from primitive meteorites
increases with decreasing grain size and as of today more than
250 presolar spinel grains have been identified, albeit most of
them in tightly packed grain deposits (Nguyen et al., 2003;
Zinner et al., 2003). The availability of presolar spinel grains
presents the opportunity to measure their Mg isotopic ratios
with relatively high precision, since Mg is a major constituent
of the grains. Magnesium isotopic ratios of a large number of
SiC, graphite and corundum grains have previously been mea-
sured (Nittler et al., 1997; Huss et al., 1997; Choi et al., 1998,
1999; Zinner, 2003). However, because of the low Mg concen-
trations in these grains their analysis mostly detected radio-
genic *°Mg from the decay of extinct 2°Al (7,,, = 7.1 X 10° yr)

Silicon carbide is the most studied presolar grain type
(Nittler, 2003; Zinner, 2003). One reason for this is that essen-
tially all SiC grains in primitive meteorites are of presolar
origin and that, because of its chemically refractory nature,
almost pure separates of SiC can be isolated from meteorites.
Another reason is that SiC contains relatively high concentra-
tions of trace elements that can be analyzed for their isotopic
compositions in addition to the major elements C and Si. The
situation is not as simple for oxygen-rich presolar grains be-
cause solar system material is dominated by O-rich phases and
O-rich presolar grains have to be identified amongst much more
abundant solar-system grains by isotopic analysis (usually of
O) of single grains. The early studies of presolar oxide grains
have concentrated on corundum grains because the proportion
of presolar corundum grains among all corundum grains seems

to be higher than that of other oxides, at least for grains >1 um,
and residues rich in corundum grains can be produced by
chemical separation of primitive meteorites (Nittler et al., 1997,
Choi et al., 1998, 1999). In contrast, presolar spinel was be-
lieved to be quite rare (Nittler et al., 1997; Choi et al., 1998;
Krestina et al., 2002).
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and thus served for the determination of initial *°Al/> Al ratios.
Information on the **Mg/**Mg ratios has been more limited,
due to large error bars and the possibility of terrestrial contam-
ination.

Here we present Mg measurements on 20 Al-Mg spinel
grains from the CM2 carbonaceous chondrite Murray, on one
Al-Mg and two Cr-rich spinels from the CI carbonaceous
chondrite Orgueil, and on seven Al-Mg spinels from unequili-
brated ordinary chondrites (OCs). We also report Cr isotopic
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measurements of the three Orgueil grains and one OC grain. All
grains have been determined to be of presolar origin on the
basis of their O isotopic compositions. Preliminary results of
this study have been reported by Nittler et al. (2003); Nittler
and Alexander (2003b) and Zinner et al. (2004).

2. EXPERIMENTAL

The analyzed spinel grains from Murray were all from the spinel-rich
separate CG (average grain size 0.45 wm) (Tang and Anders, 1988).
Seven of them had their O isotopic ratios reported previously by Zinner
et al. (2003) who analyzed 753 grains and found 9 presolar spinels.
Oxygen isotopic analysis of another 500 CG grains with the Washing-
ton University NanoSIMS ion microprobe yielded an additional 13
presolar spinel grains. The analysis technique used has been described
by Zinner et al. (2003). The seven spinel grains from ordinary chon-
drites are from a mixed acid-resistant residue of the OCs Semarkona
(LL3.0), Bishunpur (LL3.1) and Krymka (LL3.1), prepared using
methods similar to those for the Murray residue. These grains ranged in
size from 0.3 to 2 wm and were identified as presolar by automated O
isotopic analysis of all three O isotopes in the Carnegie ims-6f ion
microprobe (Nittler and Alexander, 1999, 2003a). One Al-Mg spinel
and two Cr-rich oxide grains were found in a residue from the Orgueil
carbonaceous chondrite (CI) by the same method. The residue was
prepared by first dissolving a small sample of the meteorite in a mixture
of CsF and HF. An aliquot of the resulting organic-rich residue was
ashed in an oxygen plasma to destroy the organic matter and a 1-5 um
size separate of the remaining material was deposited on ion probe
mounts for the automated analyses. The presolar grains analyzed in this
study ranged from 0.4 to 0.7 wm in diameter.

Magnesium isotopic ratios of the OC and Orgueil grains and of 7
Murray grains were determined with the NanoSIMS ion microprobe at
the Max-Planck-Institute for Chemistry in Mainz, those of the remain-
ing 13 Murray grains with the NanoSIMS at Washington University in
St. Louis. A primary O~ beam of ~10 pA and 0.2-0.3 um diameter
was rastered over 2 X 2 um? areas (for the OC and Orgueil grains) or
0.4 X 0.4 um? areas (for the Murray grains) centered on the selected
grains. Positive secondary ions of the three Mg isotopes and of ?’Al
were measured in multi-detection mode with four different electron
multipliers (EMs). Other spinel grains on the same sample mounts,
whose O isotopic ratios were normal and which were thus assumed to
be of solar-system origin, were also measured as Mg isotopic “‘stan-
dards.” The Mg isotopic ratios and the Al/Mg ratios of the presolar
grains were determined by comparison with these grains. The repro-
ducibility of 2*Mg/**Mg and **Mg/**Mg ratios on different “standard”
grains was within several permil. These variations are included in the
errors given for §2°Mg/**Mg and §**Mg/**Mg in Table 1. The relative
Al*/Mg™ sensitivity factor was calculated under the assumption that
the spinel grains of solar-system origin have atomic Al/Mg = 2. This
resulted in relative Al"/Mg™ sensitivity factors of between 1.43 and
2.04 (error of ~15% each), depending on the measurement session.

Chromium isotopes were measured in four grains with the Mainz
NanoSIMS in a combined peak-jumping/multi-detection mode. The
magnet was cycled through three field settings. In the first, 2’Al™ was
measured on one EM, in the second, *’Ti™, *°Cr™, >2Cr™, >*Cr* and
S°Fe* were simultaneously detected on five EMs, and in the third
48Ti*, 53Cr* and >’Fe™ were measured on three EMs. The Ti and Fe
isotopes were measured to correct for isobaric interferences of “°Ti on
39Cr and **Fe on >*Cr. For these corrections we assumed normal Ti and
Fe isotopic ratios. We obtained uncertainties for the corrections by
taking the maximum isotopic anomalies in *°Ti observed in mainstream
SiC grains (Hoppe et al., 1994; Alexander and Nittler, 1999) and the
uncertainties in >*Fe/*°Fe ratios in SiC grains (Marhas et al., 2004) into
account. These uncertainties were included in the uncertainties of the
final Cr isotopic ratios. Other Cr-rich oxide grains on the sample
mounts were used as isotopic standards; these indicate a one-sigma
measurement reproducibility of 8%, 4%, 9%o, and 16%o for >°Cr/>*Cr,
33Cr/%2Cr, >*Cr/°*Cr, and >’Fe/*Fe, respectively.

3. RESULTS

The O and Mg isotopic ratios of the measured grains are
given in Table 1 and are plotted in Figures 1 and 2. Grains from
Murray, the OCs, and Orgueil are given the prefixes M, OC and
OR, respectively. According to their O isotopic ratios, the
spinel grains fall into all of the four groups, indicated in Figure
1, that were previously defined for corundum grains (Nittler et
al., 1997). While 17 grains cluster around normal Mg isotopic
ratios (both §*Mg/**Mg and §*°Mg/**Mg are <20 %o), the
remaining 13 grains have substantial Mg anomalies (Fig. 2).
The most extreme composition with Mg and 2°Mg excesses
of 430%c and 1170%o, respectively, is exhibited by the grain
OC2, which also has the most extreme O isotopic ratios (Fig.
1). The grains M16, M20, OR4 and OC15 also have excesses
in both heavy Mg isotopes. In contrast, the three grains M12,
M17 and M18 have **Mg depletions and **Mg excesses. Four
Murray grains and one OC grain have °Mg excesses, but their
2’Mg/**Mg ratios are normal within 20 errors.

The chromium isotopic ratios of the four measured grains are
given in Table 2. The >"Fe/*°Fe ratios for these grains are solar
within large (>10%) errors. Two grains, OR1 and OR4 have
moderate, yet significant 3*Cr depletions of ~10%, relative to
solar. All other measured Cr ratios are solar within analytical
uncertainties.

There are some variations in the Al/Mg ratios of the spinel
grains, indicating that they are not strictly stoichiometric in
their elemental compositions (Table 1). Higher-than-stoichio-
metric Al/Mg ratios have previously been observed in CAls
and have been interpreted to indicate extremely high tempera-
tures (Simon et al.,, 1994). It is quite possible that during
decreasing temperatures in the outflowing stellar envelope co-
rundum, which is predicted to condense at higher temperature
(Wood and Hashimoto, 1993), was replaced by spinel of non-
stoichiometric composition. The low Al/Mg ratios observed in
some grains are more puzzling. Based on Ti*/Al™ and Cr*/
Al™ secondary ion ratios for the OC and Orgueil spinel grains,
we estimate Ti contents in the range of 120—680 ppm wt and
Cr contents in the range of 0.2 to 2.7% wt. However, these
concentrations are too low to explain Al/Mg ratios of ~1.5 seen
in three grains (Table 1).

4. DISCUSSION

Before the present study, only two presolar spinel grains, T3
from Tieschitz (Nittler et al., 1994) and S-S21 from Semarkona
(Choi et al., 1998), had their Mg isotopic compositions mea-
sured. Our new data provide the opportunity to compare the O
and Mg isotopic compositions of a larger sample of spinel
grains. With the exception of the group 4 grains M13 and M17,
the grains studied here belong to groups 1, 2 and 3 according to
their O isotopic ratios and most likely have an origin in red
giant branch (RGB) or asymptotic giant branch (AGB) stars
(Nittler et al., 1997). Group 1 grains are believed to come from
stars with close-to-solar metallicity, group 2 grains from stars
that experienced CBP (Wasserburg et al., 1995), group 3 grains
from stars of low metallicity. The origin of group 4 grains is
more uncertain; proposed stellar sources include (1) AGB stars
of higher-than solar metallicity (Nittler et al., 1997); (2) AGB
stars in which '®0 produced by He burning of '“N during early
thermal pulses was mixed into the envelope during third
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Table 1. Oxygen and magnesium isotopic ratios, inferred 2°Al/>’Al ratios and inferred initial parent star masses of presolar spinel grains.

Grain 70/'°0 + 1o 80/'°0 + 1o Mgi**Mg = 1o 8°Mgi**Mg * 1o Mass
Solar 3.830 x 1074 2.0052 X 1073 0.12663* 0.13932% AlMg® * 1o 2°AIPAIP + 10 Mg
0OCs

oCl1 893 + 91 X 107* 7.96 + 1.92 X 107* -20*5.0 8.0 = 8.0 2.52 = 045 <4 x 107

0oC2 125 = .07 X 1073 6.94 = 1.34 X 107> 433.0 = 10.0 1170.0 = 15.0 218 039 40=* 8% 10?2

0C3 1.06 = .05 X 107> 1.85 * .06 X 1073 4.0 * 9.0 29.0 * 11.0 239 £ 043 12=*.6X 1073 166
ocC7 3.57 = .07 X 107*  1.66 * .06 X 1073 -7.0 = 4.0 —-8.0 + 7.0 2.18 = 0.39 1.10
0C10 349 = .07 X 107* 159 * .05 X 1073 —5.0 * 4.0 -6.0 + 7.0 2.08 = 0.37 1.12
0oCl11 478 = .12 X 107* 1.77 = .06 X 1073 20 * 5.0 —-6.0 = 7.0 1.54 = 0.28 1.29
0oC15 402 + .14 X 107 1.70 = .08 X 1073 21.0 = 7.0 23.0 £ 9.0 191 = 0.34 <1 X 1073 1.20
Orgueil

OR1 120 = .12 X 107® 197 = .78 X 107* 46.0 = 37.0 —26.0 * 33.0 1.58 = 0.24

OR2 1.09 = .07 X 107®  1.61 = .13 X 1073 —17.0 £ 9.0 —13.0 = 8.0 144 = 0.24 1.67
OR4 1.06 = .11 X 1073 6.76 = 1.30 X 107* 40.0 = 9.0 60.0 = 8.0 200 024 21=*.5x10*
Murray
M1 508 = .14 X 107*  1.76 = .03 X 1073 55+ 6.5 78.7 = 6.8 300 £ 047 27 *.5%X1073 134
M2 7.64 = .19 X 107* 193 + .03 X 1073 —10.6 = 5.5 114 * 45 290 = 046 81 *22xX107* 150
M3 413 .12 X 107 1.82 = .03 X 1073 —-22*58 93 = 5.1 2.40 * 0.37 <48 X 107* 117
M4 428 = 11 X 107* 172 = .03 X 1073 -3.7 + 6.0 56.5 = 4.3 190 £ 029 336X 1077 124
M5 452 + .11 X 107*  1.85 = .03 X 1073 09 *+ 6.1 24+ 48 220 * 0.34 <5.6 X 107*  1.23
M6 476 £ .10 X 10°* 175 £ .02 X 1073 1.7 = 3.7 12.8 * 4.1 1.80 £ 029 7.1 29 X 107* 130
M7 649 = 14 X 107*  1.84 = .02 X 1073 109 = 45 12.1 = 3.7 2.50 = 0.39 <40 X 107*  1.43
M8 5.14 = .16 X 107*  1.80 * .03 X 1073 -0.6 + 6.1 —52 *56 1.90 = 0.30 1.34
M9 831 £ 23 X 107* 3.02 + 12X 1074 132 = 8.8 93 + 175 2.10 = 0.32 <8.0 x 107*
M10 3.10 = .06 X 107*  1.71 * .02 X 1073 -129 * 5.6 3.8 =438 210 = 033 86 +3.0Xx107* 081
Ml 410 = .08 X 107* 177 = .02 X 1073 24 + 176 1.0 + 55 1.90 = 0.30 1.19
M12 122+ .04 X 1073 178 = .11 X 107* -512 72 3513 = 7.0 220+ 034 19+ 3x10?2
M13 509 = .10 X 107* 2.82 * .03 X 1073 -10.6 * 6.6 447 + 5.6 1.80 = 028 32+ .6 X 1073
M14 728 = 32 X 107* 194 + 07 X 1073 -09 + 133 73 = 14.0 2.80 + 0.30 <1 X103 147
M15 429 = 15 X 107 1.77 = .05 X 1073 —2.6 =39 493 + 7.6 216 032 25*.6xX107° 122
M16 7.82 = 22 X 107*  1.02 * .02 X 1073 1464 + 43 491.7 * 8.0 228033 19+ 3xX102 155
M17 560 = .17 X 107* 2,62 = .05 X 1073 —64.1 * 4.6 137.1 = 8.1 212 030 1.0+ 02X 1072
M18 8.14 = 26 X 107* 1.17 = .03 X 1073 -719 + 5.1 228.4 * 8.6 259 034 12+ 2X102 156
M19 7.09 = 29 X 107*  1.83 * .05 X 1073 69 +173 94 +95 221 = 0.28 <9 X 107* 147
M20 7.15 = 26 X 107* 130 * .04 X 1073 634 =52 176.5 = 10.6 258 030 59+ 8xX103 151

* 2Mg/**Mg and **Mg/**Mg ratios.
& Atomic ratio.

% The inferred 2°Al/?°Al ratios were calculated by extrapolating the measured data points back to a slope-1.95 (for 8*°Mg > 0) and a slope-one line
(for Mg < 0) in a 8-value 3-isotope plot (see Figs. 4a,b). For details see text. An exception is grains OC2 where the data point was extrapolated
back to the evolution line predicted for AGB nucleosynthesis in a SM, star (Fig. 4b).

dredge-up (TDU) (Boothroyd and Sackmann, 1988); and (3)
supernovae (Choi et al., 1998).

The O and Mg isotopic compositions of the spinel grains, in
principle, provide important information about the chemical
evolution of the Galaxy because they are influenced by the
initial compositions of the parent stars. They provide also
information about stellar nucleosynthesis occurring at different
evolutionary stages of the stars. The likely parent stars of the
grains, inferred from their O isotopic ratios, AGB stars, are
low-to-medium mass (1.5-6 M) stars in the last stage of their
evolution. After exhaustion of H in their center during the main
sequence phase and exhaustion of He during the red giant phase
they consist of a C-O core (that will become a White Dwarf
after the star will have lost its envelope) and a convective
envelope. Nuclear burning takes place alternately in two thin
shells, the He- and H-burning shell. After each short He-
burning event (the thermal pulse), the convective envelope dips
down into regions where nuclear burning had taken place and
in the so-called third dredge-up (TDU) mixes freshly synthe-

sized material to the star’s surface. For more details we refer
the reader to the review by Busso et al. (1999).

In the following sections we will discuss the O and Mg
isotopic ratios of the spinel grains within the framework of an
AGB-star origin of these grains. We first describe in some
detail the nuclear reactions that are responsible for the O and
Mg isotopic ratios expected to be found in the envelope of such
stars (section 4.1). The O isotopic ratios found in O-rich grains
believed to have a RGB or AGB star origin have been dis-
cussed in detail before (Nittler et al., 1997; Choi et al., 1998,
1999). They can be used to infer the mass and metallicity of the
grains’ parent stars. Next we present detailed theoretical mod-
els on the evolution of the Mg isotopic abundances and the
26A1/%7 Al ratios in the envelope of AGB stars (section 4.2). A
comparison with the grain data (section 4.3) shows that the
standard models cannot reproduce the Mg isotopic composi-
tions of all grains and additional processes have to be consid-
ered. Two of these, hot bottom burning and cool bottom pro-
cessing, are discussed in more detail in section 4.4. As already
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Fig. 1. Oxygen isotopic ratios of presolar spinel grains in which Mg
isotopic ratios were determined. Included is grain T3 from Tieschitz
reported by Nittler et al. (1994) and S-S21 from Semarkona reported by
Choi et al. (1998). Also shown are the four groups identified for
presolar corundum grains by Nittler et al. (1997).

mentioned, galactic chemical evolution affects the isotopic
compositions of the grains through the initial compositions of
their parent stars and we consider this question for the Mg
isotopic ratios of the spinel grains (section 4.5). One puzzling
observation is that inferred 2°Al/>’ Al ratios in oxide grains are,
on average, substantially larger than those in SiC grains and we
discuss possible reasons for this difference (section 4.6). Fi-
nally, we include a short discussion of the Cr isotopic ratios
measured in four grains (Section 4.7).

4.1. Nuclear Reactions Affecting the O and Mg Isotopes

There is no obvious correlation between the isotopic ratios of
the O and Mg in the spinel grains. Let us first consider the
grains from group 2. Grains M12 and OR1 have almost iden-
tical O isotopic ratios, but very different Mg isotopic ratios,
with M12 having a »®Mg depletion and large *°Mg excess
while OR1 has normal Mg isotopic ratios within experimental
uncertainty. Also, M9 and OC1 have close-to-normal Mg iso-
topic ratios, whereas OR4 has moderate and OC2 extreme
excesses in the two heavy Mg isotopes. Likewise, M16 and
M18, both Group-1 grains, have similar O isotopic ratios, but
have Mg excesses and deficits, respectively. Conversely, the
grains M12, M17, and M18, which have pronounced **Mg
depletions and Mg excesses, belong to groups 2, 4, and 1
according to their O isotopic ratios.

However, a correlation between the O and Mg isotopic ratios
in individual grains is not necessarily to be expected because
different nucleosynthetic processes taking place at different
stages of stellar evolution affect the isotopic abundances of
these two elements.

4.1.1. Oxygen isotopes

If we assume an RGB or AGB origin for the grains, their O
isotopic compositions are first determined by the original com-
positions of their parent stars. According to galactic chemical

evolution (GCE) models, the ratios of the secondary’ isotopes
70 and '®0 relative to the primary' isotope '°O are expected
to increase during the evolution of the Galaxy and thus as
function of stellar metallicity (Timmes et al., 1995). These
original ratios are modified by H burning in deep hot layers
during the main-sequence phase of low-to-intermediate mass
stars. Material from these layers is subsequently mixed into the
envelope during the first (and second) dredge-up (Boothroyd et
al., 1994; Boothroyd and Sackmann, 1999). While the TDU in
thermally-pulsing (TP) AGB stars does not have any significant
effect on the O isotopic composition of the envelope, hot
bottom burning (HBB) and cool bottom processing (CBP) can.
HBB, predicted for AGB stars of larger than ~4—-5M, pref-
erentially those of low metallicity (Boothroyd et al., 1995;
Lattanzio et al., 1996, 1997), occurs when the convective
envelope reaches into the top layers of the H-burning shell.
This leads to almost complete destruction of '®0 and large
excesses in 7O (Boothroyd et al., 1995; Forestini and Char-
bonnel, 1997). However, the predicted '’0/'°0 ratios are typ-
ically higher than those observed in the '®0-depleted (group 2)
presolar oxide grains and HBB also cannot explain the range of
'80/'50 ratios observed in these grains (Boothroyd et al.,
1995). CBP is the name given to an extra mixing process
postulated to occur in low-mass RGB and TP-AGB stars to
explain the low '2C/'*C ratios in RGB stars and the '*0
depletions of group 2 presolar oxide grains (Charbonnel, 1995;
Wasserburg et al., 1995; Nollett et al., 2003). In this process,
material is circulated from the convective envelope through hot
regions of the underlying radiative zone close to the H-burning
shell. The O isotopic ratios of presolar oxide grains have
previously been discussed in considerable detail (Nittler et al.,
1997; Choi et al., 1998, 1999; Nollett et al., 2003) and we do
not want to repeat these discussions.

4.1.2. Magnesium and aluminum isotopes

GCE models indicate that the secondary isotopes >Mg and
2°Mg increase relative to the primary isotope **Mg as function
of metallicity (Timmes et al., 1995; Goswami and Prantzos,
2000; Alibés et al., 2001; Fenner et al., 2003) and Huss et al.
(1995) first interpreted the *>Mg excess and the Ti isotopic
ratios in a corundum grain from Orgueil in terms of GCE. Thus,
as is the case for the O isotopes, the Mg isotopic ratios found
in the envelope of RGB and AGB stars are determined by the
initial ratios at the birth of the stars and are changed by
nucleosynthetic processes during subsequent evolutionary
stages.

During the main sequence phase, temperatures in the zones
mixed to the surface by the first dredge-up are not high enough
to cause any nuclear reactions involving the Mg isotopes; this
is in contrast to the O isotopes. During the second dredge-up,
which occurs in stars with >3.5-4 M, 2°Al can be brought to
the surface because the convective envelope reaches much

! Primary isotopes are synthesized in stars by nuclear reactions using
only H and He as seeds. They thus can be made in stars consisting only
of these two elements. In contrast, the synthesis of secondary isotopes
requires the prior presence of “metals” (elements heavier than He). As
a consequence, primary isotopes are started to be made in the first
generation of stars whereas secondary isotopes are made in later
generation stars.
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Fig. 2. Magnesium isotopic ratios of presolar spinel grains of this study and of Tieschitz grain T3 (Nittler et al., 1994)
and Semarkona grain S-S21 (Choi et al., 1998). The Mg isotopic ratios are plotted as 6-values, deviations from the solar
system (terrestrial) ratios (*Mg/**Mg = 0.12663 and **Mg/**Mg = 0.13932) in permil (%o). Errors in this figure and in

Figures 4, 6and 7 are lo.

deeper zones (Karakas, 2003). Although this °Al has mostly
decayed when the star reaches the TP AGB phase, the decay of
26A1 and the depletion in *Mg during 2°Al production alter the
Mg isotopic compositions of the stellar envelope. Predicted
effects are substantial in more massive stars (**Mg depletion
and *°Mg excess of 40%o in a 5M,, star of solar metallicity),
whereas the changes in Mg isotopic ratios are only a few permil
in =3.5M,, stars (Karakas, 2003).

The situation is quite different during the AGB phase
when the Mg isotopes experience proton-capture reactions in
the H-burning shell and have their abundances affected by
a-capture on 2*Ne, as well as by neutron-capture reactions,
in the He-burning shell. Proton-capture reactions affect the
Mg isotopes during activation of the Mg-Al chain (Arnould
et al., 1999). The first reaction to occur at a temperature of
(30-35)X10° K is the production of the radioisotope Z°Al
via 2Mg(p,y)*°Al. Only 80% of this reaction produces the
long-lived ground state, whereas the remaining 20% pro-
duces the isomeric state that shortly (7,,, = 6.35 s) decays to
26Mg. Since the time between thermal cycles in AGB stars is
generally shorter than the half life of 2°Al, this isotope is

mixed into the envelope by the TDU where it is incorporated
live into presolar grains. We thus have to consider the
presence of live °Al when interpreting the Mg isotopic
ratios of presolar grains. Evidence for its presence in preso-
lar SiC (Zinner et al., 1991), graphite (Hoppe et al., 1995;
Travaglio et al., 1999) and Al,05 (Huss et al., 1992; Hutch-
eon et al.,, 1994; Nittler et al., 1994) has previously been
obtained. Several groups (Forestini et al., 1991; Forestini
and Charbonnel, 1997; Mowlavi and Meynet, 2000; Karakas
and Lattanzio, 2003) have modeled the production of 2°Al
and the processes affecting the Mg isotopes in AGB stars
and have come to the conclusion that in low-mass AGB stars
the production of 2°Al (and Mg via the isomeric state) and
the accompanying destruction of Mg dominate among the
proton-reaction effects. The reason is that proton capture on
2*Mg and *°Mg requires temperatures higher than 60 X 10°
K and not much material is dredged up from the regions
where such temperatures are reached. As a consequence,
27Al production is low and only in intermediate-mass AGB
stars experiencing HBB is the 2”Al noticeably increased in
the envelope (Forestini et al., 1991; Forestini and Charbon-

Table 2. Chromium isotopic ratios of presolar spinel grains.

Grain 8°°Cr/°2Cr (%o) * 1o 8§3Cr/°’Cr (%o) * 1o 8*Cr/P?Cr (%o) * 1o
Solar 0.05186 0.11347 0.02821

oC2 26 = 71 —56 * 45 102 = 117
OR1 24 + 36 —11 £ 24 —115 = 51
OR2 1 =20 3+11 —4 *+ 24
OR4 23 + 53 1 £36 —112 = 86
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nel, 1997; Mowlavi and Meynet, 2000; Karakas and Lattan-
zio, 2003).

In AGB stars, the two heavy Mg isotopes are also produced
in the He-burning shell by ?*Ne(a,n)>*Mg and **Ne(a,y)**Mg,
where *’Ne is made by "“N(a,7y)"'®F(8)'®0(«a,y)**Ne from the
abundant '*N in the ashes of H burning in the CNO cycle. The
22Ne(a,n)*>Mg reaction is actually the neutron source during
the thermal pulse. The Mg isotopes are also modified by neu-
tron capture reactions. In addition, 2°Al nuclei, produced during
previous H-shell burning, are severely affected by the resonant
reactions 2°Al(n,p)**Mg and Z°Al(n,a)>*Na (Koehler et al.,
1997). AGB models that take into account nucleosynthesis in
both the H- and He-burning shells predict *°Al/*’Al ratios
ranging up to ~2 X 1072 in the envelope of low-mass (M
=3M;) AGB stars (Forestini et al., 1991; Forestini and Char-
bonnel, 1997; Mowlavi and Meynet, 2000; Karakas and Lat-
tanzio, 2003). Much higher ratios are predicted for more mas-
sive stars and stars of lower-than-solar metallicity that
experience HBB: up to 0.015 for 6M, models of solar metal-
licity, and up to 0.6 for a 6M model with Z = 0.004 (Mowlavi
and Meynet, 2000; Karakas and Lattanzio, 2003). HBB has also
a strong effect on the Mg isotopes, resulting in the destruction
of **Mg and large excesses in 2’Mg and *°Mg (Karakas and
Lattanzio, 2003).

Nollett et al. (2003) have investigated the effect of CBP on
the O isotopic ratios and on the production of 2°Al in low-mass
AGB stars. In their parameterized model, they find that the
production of 2°Al and the resulting >°A1/>’ Al ratio in the star’s
envelope are mostly determined by the maximum temperature
experienced by material circulated to regions close to the
H-burning shell and ratios much higher than those reached by
the standard AGB models from TDU can be achieved by CBP.
On the other hand, the destruction of '®0 and the resulting
'80/'50 ratio in the envelope depends mostly on the circulation
rate of material through the envelope’s hot lower zones. A low
'80/'%0 ratio does not necessarily imply a high 2°A1/2” Al ratio;
the two isotopic systems are in first order decoupled.

4.2. Magnesium and Al Isotopic Ratios and AGB Models

To compare the Mg isotopic ratios of the presolar spinel
grains of the present study with theoretical predictions, we have
made new calculations of the abundance of the Mg isotopes and
of 2°Al/*” Al ratios in the envelope of AGB stars. We consid-
ered the evolution of the Mg and Al isotopic ratios in the
envelope of AGB stars for stellar models with different mass,
metallicity, and mass loss during the AGB phase. Here we
describe only the most important features of these models. For
a general discussion of AGB nucleosynthesis the reader is
directed to the review by Busso et al. (1999).

Our calculations made use of a postprocessing code that
computes « and neutron captures in the He-burning shell and
He intershell (Gallino et al., 1998) and proton captures leading
to 2°Al production in the H-burning shell. Neutrons are gener-
ated by the "*C(a,n)'°0O and **Ne(a,n)*’Mg reactions where
the first occurs under radiative conditions during the interpulse
period, the second during the recurrent convective thermal
pulses taking place in the He- and C-rich intershell. The ele-
mental and isotopic composition of the envelope evolves dur-
ing the TP-AGB phase because material from the He intershell

and H shell is periodically brought up by TDU. The models do
not consider any CBP. Stellar structure parameters such as the
envelope mass, the dredged-up mass, the temperature and den-
sity at the base of the convective pulse, as well as their trends
in time and in mass during the convective TP, are needed as
inputs for the postprocessing code. They were obtained for a
large number of models from the analytic formulae for AGB
stars of masses =3M,, provided by Straniero et al. (2003).
These formulae were generated by interpolating the results of a
set of stellar models that were previously evolved using the
Frascati RAphson Newton Evolutionary Code (FRANEC,
Straniero et al., 1997). The 5M; model was directly obtained
from the FRANEC code. Our models cover a range of masses
(1.5, 2, 3 and 5 M), metallicities (1/6, 1/3, 1/2 and 1Z;) and
Reimers’ mass-loss parameters 1 (ranging from 0.1 to 10 for
different stellar masses). Mass loss during the AGB phase was
assumed to follow the prescription of Reimers (1975):

dM/dt(Mg/yr) = 1.34 X 10 nL**/(MTZ%y) )

where M is the total mass of the star in solar units, L its
luminosity in units of solar luminosity, T is the effective
temperature (in K) and 7 is a free parameter. The value of 7 is
assumed to increase with stellar mass because during the AGB
phase the strength of stellar winds is observed to increase with
the mass of the star (Arndt et al., 1997; Straniero et al., 2005).

For the models with solar metallicity, we assumed solar
elemental and isotopic compositions (Anders and Grevesse,
1989) except for the CNO elements for which we adopted the
recently suggested abundances (Allende Prieto et al., 2001,
2002). For metallicities lower than solar, the initial composi-
tions of the stars were set by scaling the solar abundance
distribution to the Fe abundance of the star for all nuclei except
a nuclei, such as '°0, *°Ne, >*Mg, 2Si, whose initial abun-
dances were enhanced, relative to Fe, following the trends
observed in F and G stars belonging to the Galactic thin disk
(McWilliam, 1997; Reddy et al., 2003). With this assumption
the initial **Mg/**Mg and *°Mg/**Mg ratios decrease with
decreasing metallicity of the star, reaching values 17%, 28 and
40% lower than the solar ratios at Fe/H = 1/2, 1/3 and 1/6
solar, respectively. The isotopic ratios of most elements af-
fected by the s-process predicted for the envelope of AGB stars
crucially depend on the amount of neutrons produced by the
'3C source (Lugaro et al., 2003). In contrast, the Mg isotopes
are only minimally affected by neutrons from the '*C source.
Rather, the Mg isotopic ratios in AGB stars are almost com-
pletely determined by capture of neutrons from the *?Ne source
and by a-capture reactions on **Ne. As far as n-capture reac-
tions are concerned, the Mg isotopes behave very similarly to
the Si isotopes (Lugaro et al., 1999). As a consequence, models
with different amounts of '>C (“'3C pockets”) yield almost
identical results for the Mg isotopic ratios and we plotted only
the results obtained from the “standard” '*C pocket (Lugaro et
al., 2003).

Figures 3a—d show the evolution of the Mg isotopic ratios in
the envelope of stars of 1.5, 2, 3, and SM,, for solar and half
solar metallicity during TDU after individual thermal pulses.
Because the envelope becomes increasingly C-rich as more and
more '*C produced by He burning is dredged up, the star turns
into a carbon star during the TP-AGB phase. Envelope ratios
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Fig. 3. Predictions for Mg isotopic shifts from models of nucleosynthesis in TP-AGB stars. The models are for different
masses (Figs. a—d), metallicities (shown are the cases of solar and half solar metallicity), and Reimers’ parameter 1) for mass
loss from the envelope (Figs. a,b). Plotted as squares are the envelope compositions after successive thermal pulses and third
dredge-up episodes. The open symbols indicate O-rich (O>C), the filled symbols C-rich (C>0) conditions in the envelope.
Oxygen-rich stars produce mostly oxide and silicate grains, C-rich stars mostly carbonaceous grains such as SiC and
graphite. Plotted as circles are Mg isotopic ratios resulting from the incorporation and subsequent decay of *°Al in spinel
grains with Al/Mg = 2. For the 1.5Mg, (a) and 2Mg, (b) cases the evolutionary tracks are shown for n = 0.3 for both solar
and half solar metallicity. The endpoints for other choices of n are shown only for solar metallicity.

before (C<O) and after (C>O) this event are plotted as open
and filled symbols. This demarcation is based on the notion that
stars with O>C produce oxide grains and those with C>0O
carbonaceous grains such as graphite and SiC (Larimer and
Bartholomay, 1979). However, equilibrium thermochemical
calculations suggest that spinel can condense from both O-rich
and C-rich atmospheres (Lodders and Fegley, 1995). For the
interpretation of the Mg isotopic ratios of spinel grains it is of
crucial importance whether or not the grains condensed in the

atmosphere of carbon stars. Corundum and spinel can appear in
the condensation sequence of a gas with C>O but only if AIN
is not removed by condensation into SiC (Lodders, pers.
comm.). If AIN is not removed then it condenses as a separate
phase. It is stable only over a small temperature range and at
decreasing temperature can be converted into corundum and
later into spinel. While detailed calculations that model the
kinetic process of condensation in expanding and cooling AGB
atmospheres with realistic temperature and pressure profiles are
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still outstanding, we believe that carbon stars produced at best
only a small fraction of the presolar corundum and spinel grains
found in meteorites. First, trace element measurements of
presolar SiC grains have shown substantial Al concentrations,
indicating that most of the Al indeed condensed into SiC
(Amari et al., 1995). Second, the study of pristine presolar SiC
grains (Bernatowicz et al., 2003) has shown that condensation
of other minerals onto SiC or back-reaction with the gas phase
became kinetically inhibited as the gas densities in expanding
AGB envelopes became too low. This strongly suggests that
conversion into corundum and spinel was also kinetically in-
hibited. Third, we are not aware of any spectroscopic evidence
for Al-rich oxides in the infrared spectra of C stars as there is
for O-rich AGB stars (Speck et al., 2000; Sloan et al., 2003).
Finally, the systematic difference in the 2°Al/*’Al ratios in
oxide grains discussed in section 4.6 is additional evidence for
an origin of corundum and spinel grains in O-rich stars.

The effect of changing the mass loss rate parameter (i.e., the
Reimers’ parameter m) is that the excesses in Mg and **Mg
become smaller with increasing m (see Figs. 3a and b). The
reason is that for a given mass and metallicity a smaller value
of m not only increases the number of thermal pulses with
dredge-up but also the amount of material that is dredged up
per pulse. This property is due to the feedback of the envelope
mass on the strength of the TDU: the smaller 7 is, the larger is
the mass of the envelope at a given TP and consequently the
higher the dredged-up mass per pulse. This effect dominates the
fact that with a lower mass loss rate the envelope mass remains
larger and the dredged-up material is diluted more than for a
larger mass loss rate. The slope of the evolution of the Mg
isotopes in a Mg 3-isotope diagram does not depend on Rei-
mers’ parameter nor does it appear to depend significantly on
stellar mass and metallicity for the =3M_ models. For these
masses, in the diagrams without any 2°Al contribution in Fig-
ures 3a-c the evolutionary tracks of the Mg isotopes have
slopes between 1.9 and 2.0. This holds also for different 1
values, for which only the endpoints of the evolutionary tracks
are shown in the figures. For the SM model the slope is 1.15
(Fig. 3d). In the figures, we also plot the Mg isotopic ratios
expected in spinel grains after decay of 2SAl that was incorpo-
rated during condensation of these grains. Excesses in °Mg
due to *°Al decay become larger with increasing mass-loss rate.
Because the Al/Mg ratio in spinel is ~25 times that in the
stellar envelope (the Al/Mg ratio in spinel is 2 but the solar
ratio is only 0.079; Anders and Grevesse, 1989), the *Mg
excesses expected from 2SAl decay are larger by this factor than
the excesses resulting from decay in the stellar atmosphere.
Predicted excesses for spinel are ~80%o for the 1.5 M, model
when C/O has reached unity and become smaller for higher
masses (Fig. 3).

4.3. Grain Data and AGB Models

A comparison of the theoretical models discussed in the
previous sections and the selected data on presolar spinel grains
is shown in Figures 4a and b. There are several explanations for
grain data points close to the normal isotopic ratios: 1) These
grains could be from RGB stars, in which case their Mg
isotopic compositions were not modified by any stellar nucleo-
synthesis and represent those of their parent stars whose isoto-

pic compositions were close to solar. 2) The grains are from
stars that didn’t experience any TDU during the AGB phase. 3)
The parent stars experienced some TDU and the observed
compositions agree with predicted compositions within the
error bars. The Mg isotopic compositions of grains with some
relative 26Mg excesses, such as OR4, M1, M4, M13 and M15
(Table 1 and Fig. 2), can be successfully explained by the AGB
models; those of M13 would require a parent star of slightly
subsolar metallicity. However, the 2*Mg excesses in the grains
M12, M16, M17, M18, M20, and especially OC2 are much
larger than predictions by the AGB models. They are most
likely from the decay of 2°Al incorporated into the grains, but
imply much higher 2°Al/*’Al ratios than are predicted by
models of proton capture in the H-burning shell of AGB stars.

In Table 1, we give 2°Al/*”Al ratios inferred from the Mg
isotopic ratios by assuming that any shift to the right of the
model predictions for the envelope Mg ratios (without 2°Al
contributions) is due to in situ 2°Al decay. To obtain the
radiogenic excess for a given grain, we project the Mg isotopic
ratio of this grain back to a model composition. This is done
along a trajectory with slope —1/20 because 80% of *’Mg
capturing a proton is turned into °Al and because the Al/Mg
ratio in spinel is 25 times as high as in the envelope (the latter
is assumed to be solar). However, this prescription is not
unambiguous, as can be seen in Figure 4a. For example, ac-
cording to its Mg isotopic composition the spinel grain M16
could come from a 3Mg, star with solar metallicity Z or from
a star with the same mass but 1/2Z. (however, see discussion
below about constraints coming from O isotopic ratios). Sim-
ilarly, grain M18 could have originated from stars with a range
of metallicities. Correspondingly, for both grains the inferred
radiogenic Mg excesses and thus 2°Al/*’Al ratios are not
uniquely defined. For Table 1, we use the minimum values
indicated by asterisks in Figure 4a. For grains with **Mg
excesses, radiogenic *°Mg excesses and inferred °Al/*7Al
ratios were obtained by projecting the Mg ratios to composi-
tions of models with solar metallicity. We used a line with
slope 1.95 passing through the origin based on the stellar
models summarized in Figures 3a—c. For grains with Mg
deficits, we projected the Mg ratios to the line with slope one
through the normal ratios. This line represents the Galactic
evolution track of the Mg isotopes and using it assumes that no
significant modification of the Mg isotopes due to He burning
had taken place yet.

A comparison of the AGB models with the Mg grain data
also does not provide a unique identification of the masses of
the parent stars. Because the maximum *°Mg excess predicted
for an O-rich (O>C) envelope in any of the =3M_ models with
solar metallicity is only 40%o (Figs. 3a—c), the grains M20 and
M16 can only come from =3M,, and solar metallicity stars if
they condensed from an atmosphere with C>O. This assumes
no Mg excess in the parent stars of these grains. Although
condensation of spinel from a C-rich gas is thermodynamically
possible (Lodders and Fegley, 1995), as discussed above, the
question is how likely this is going to be, especially for a gas
where the C/O ratio can be as high as 2.

We can use the O isotopic data to obtain information about
the mass and metallicity of the parent stars of the grains.
Boothroyd and co-workers (Boothroyd et al., 1994; Boothroyd
and Sackmann, 1999) presented a grid of predicted O isotopic
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Fig. 5. Copy of Figure 6 from Nollett et al. (2003) with the super-
imposed isotopic compositions of the spinel grains from this study.
Grains for which cool bottom processing has to be invoked to explain
their inferred 2°Al/*” Al ratios are represented by large circles with grey
shadings, grains for which no CBP is required by hexagons. The unique
grain OC2 (large square) is probably from a star that experienced HBB.
The original Nollett et al. plot shows theoretical predictions for the
80/'%0 and 2°Al/*’Al ratios in the envelope of TP-AGB stars under-
going CBP. The dotted and dashed lines indicate different values for
the circulation rate of material through hot layers close to the H-
burning shell and the maximum temperature reached, respectively. The
open and filled small circles are previous data from corundum grains
(Nittler et al., 1997; Choi et al., 1998).

ratios for red giants of different masses and metallicities, taking
into account expected changes from Galactic chemical evolu-
tion (GCE) and the first and second dredge-ups. By interpolat-
ing measured isotopic compositions in this grid, one can infer
the mass and metallicity of the parent star of each grain (Nittler
et al., 1997; Alexander and Nittler, 1999; Nittler, 2005). The
inferred metallicities are discussed below in Section 4.5. The
predicted '’O/'°O ratio following first dredge-up depends
strongly on the stellar mass, and thus it is this ratio that most
strongly influences the inferred masses. For stars more massive
than ~1.5M,, the predicted '7O/'°O ratio is relatively insen-
sitive to the initial ratio of the star. However, for less massive
stars, the final ratio does depend on the initial composition,
which is assumed from Galactic chemical evolution models
(see Section 4.5). Thus, the inferred masses (especially those
below 1.5M) potentially have large systematic uncertainties
and the reported values should be taken with a grain of salt.
However, we can say with some certainty that all of the parent
stars of the group 1 and 3 spinel grains were less massive than

2M,, or they would have much higher '70/'°O ratios than
observed. A lower limit of 1.1 Mg may also be assumed, based
simply on the fact that lower mass stars would not have had
time to evolve to the red giant stage (Lampens et al., 1997;
Martin et al., 1998) during the ~8 billion years that the Milky
Way disk existed before the formation of the solar system
(Bennett et al., 2003; Krauss and Chaboyer, 2003).

Inferred masses of group 1 and 3 grains are given in Table 1.
For example, the O isotopic ratios (mostly the '’O/'°O ratio) of
grain M16 indicate a parent-star mass of only 1.55M;. As can
be seen in Figure 3a, according to the AGB models a 1.5M,
star does not produce the 2>Mg excess observed in this grain
even for a Reimers’ parameter of 0.1. Most of the Mg excess
in this grain thus most likely reflects the initial composition of
the parent star and has a GCE origin. If we assume that the
parent star had an isotopic composition that lies on a slope-one
line and had positive Mg values, i.e., that the GCE extends
beyond the solar composition, it can be easily seen from Figure
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4a that in this case the inferred 2°Al/%’Al ratio would be lower
(1.7 X 102 instead of the 2.0 X 10~2 given in Table 1).
Grain OC2, which belongs to group 2, has to come from a
star more massive than 3M, in any case. Our 5M; model
achieves high enough *Mg excesses to explain the excess
observed in OC2 even for O>C. A 5M mass star is likely to
experience HBB (Boothroyd et al., 1995; Lattanzio et al.,
2000), especially for subsolar metallicity, although in our 5M
model of solar metallicity based on the FRANEC code we do
not achieve it and in the 5SM; model HBB occurs only at 1/6Z,.
In such a star, at high enough temperatures, Mg excesses are
also generated by proton capture on 2*Mg. The 4M, model
with solar metallicity of Karakas and Lattanzio (2003) indicates
already some destruction of **Mg. In addition, the inferred
26A1/%7 Al ratio of 0.04 in OC2 is consistent with HBB calcu-
lations (Mowlavi and Meynet, 2000). Thus, an intermediate-
mass AGB star that experienced HBB is an attractive candidate
as parent star of grain OC2. The question is whether a consis-
tent set of conditions can be found that also explain the O
isotopic ratios in this grain. However, this is beyond the scope
of this paper and we will pursue this question independently.

4.4. Cool Bottom Processing

The 2°Mg excesses observed in several of the spinel grains of
this study are larger than can be explained by our standard AGB
models. They have to be attributed to extra production of *°Al. For
grain OC2, HBB has been considered above. For the other grains
with large inferred 2°Al/>” Al ratios, the most likely cause for this
extra production is CBP. Nollett et al. (2003) have calculated the
effect of CBP on the O isotopic ratios and on the production of
25Al from a parametric model for TP-AGB stars. In Figure 5 we
have taken Figure 6 of the Nollett et al. (2003) paper and super-
imposed the "®0/'°0 and inferred 2°Al/*” Al ratios of the presolar
spinel grains determined in this study. The plot shows predictions

for these two isotopic ratios for different values of the two param-
eters of the CPB model, the rate of mass circulation dM/dt and the
maximum temperature T,,. The '*0/'°O ratio depends mostly on
the mass circulation rate whereas the 2°Al/*’Al ratio depends
predominantly on T,,. The original plot also contained the isotopic
ratios of presolar corundum grains plotted as open (grains with
Z5A127Al <2 X 1073) and filled (grains with 2°Al/Z7Al >2 X
1073) circles.

With the exception of OC2, the inferred 2°Al1/*” Al ratios of
the spinel grains do not exceed those of the corundum grains,
although grains M16 and M18 have higher '#0/'°O ratios than
corundum grains with comparable 2°A1/?” Al ratios. Grain M17
is exceptional in that it has an '80/'°O ratio greater than solar,
i.e., it belongs to group 4, but it has a **Mg excess that is larger
than our standard AGB models (without CBP) can explain. The
parent star could not have experienced HBB because that
would have resulted in large '®0 depletions. Group 4 grains
with moderate 'O and 'O excesses have been interpreted to
possibly have an origin in AGB stars with higher-than-solar
metallicity (Nittler et al., 1997), but grain M17 has a Mg
deficit, indicating a parent star of low metallicity. Recently,
Nittler et al. (2005) found a hibonite grain with an even larger
80 excess and an 2°Al/?’Al ratio comparable to that of M17
(Fig. 7). This grain also has a Mg deficit. At present, we do
not have a satisfying explanation for the O and Mg isotopic
compositions of these two grains (or, for that matter, for group
4 grains in general).

4.5. Galactic Chemical Evolution (GCE)

In principle, both the O and Mg isotopic ratios of presolar
oxide grains are expected to reflect the initial ratios of the
parent stars in addition to changes that occurred due to nucleo-
synthetic processes during the subsequent evolution of these
stars. As discussed above in Section 4.3, we have inferred the
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metallicities of the parent stars of the group 1 and 3 spinel
grains from their O isotopic ratios and the models of Boothroyd
and Sackmann (1999). Note that the metallicity is mostly
inferred from the grains’ '*0/'°O ratios, since the '"0/'°0
ratios are much more severely affected by dredge-up. However,
the GCE of '®0 is not quantitatively well understood (Prantzos
et al., 1996). Observations of molecular clouds indicate that this
isotope behaves as a secondary isotope, so that grains with
lower '®0/'O ratios originated in stars of lower metallicity
than did grains with higher '®0/'°O ratios, but the precise
relationship between '®0/'°0 and metallicity is unknown.
Boothroyd and Sackmann (1999) assumed that the '80/'°0O
ratio of the Galaxy scales linearly with the Fe/H ratio (Timmes
et al., 1995), and in the absence of a better model, we also make
this assumption in inferring parent star metallicities.

By taking into account the theoretically expected changes in
the O isotopic ratios due to the first and second dredge-up
(Boothroyd et al., 1994; Boothroyd and Sackmann, 1999),
Nittler and coworkers determined the initial O ratios of the
parent stars of oxide grains from groups 1 and 3 (Nittler et al.,
1997; Alexander and Nittler, 1999; Nittler, 2005). From these
ratios and galactic evolution models of the '80/'°O ratio
(Timmes et al., 1995) they inferred the metallicity of these
parent stars (see also Nittler, 1997).

Galactic evolution is expected to also affect the Mg isotopic
ratios (Timmes et al., 1995; Goswami and Prantzos, 2000;
Alibés et al., 2001; Fenner et al., 2003). For our AGB models
(Figs. 3a-c) we assumed different initial Mg isotopic ratios for
stars of different metallicity.

It is therefore tempting to use the O and Mg isotopic data of
presolar spinel grains to obtain information on the GCE of the
Mg isotopes. We can use the O isotopic ratios of group 1 and
3 grains to infer the metallicity of their parent stars (Nittler et
al., 1997) and then assume that variations in the **Mg/**Mg
ratios exhibited by the grains are dominated by GCE effects
and not by nucleosynthesis in the AGB parent stars. The
26Mg/**Mg ratios are not useful because they are apparently
strongly affected by the decay of 2°Al. However, it is far from
clear that even the 2’Mg/**Mg ratio is a good monitor of GCE
as long as we allow spinel grains to condense from a gas with
C>O0. This can be clearly seen in Figure 4a. For example, let
us ask what the initial ?Mg/**Mg ratio of the parent star of
grain M18 was. If the 2>Mg/**Mg ratio in this star was modified
only by 2°Al production from proton capture on *>Mg, then the
initial Mg isotopic ratios are represented by the asterisk in the
figure, i.e., the initial 8> Mg/**Mg value was —65%o. However,
according to our AGB models, grain M18 could have had its
origin in a star with a much lower initial 2>Mg/**Mg ratio that
was increased during the TP-AGB phase along the track shown
in Figure 3c for the M = 3M, 1/2Z; model. Above, we already
discussed this basic ambiguity in connection with the determi-
nation of the Mg excesses due to 2°Al decay. This situation
improves if spinel grains formed only from a gas with O>C. As
can be seen from the theoretical predictions (Figs. 3a—d), except
for the M = 5M,, Z,, model, the shifts in the Mg isotopic ratios
due to AGB nucleosynthesis are rather modest as long as O>C.

We make the simplifying assumption that the **Mg/**Mg
ratios in the parent stars of our spinel grains were not modified
from the initial ratios, except for the depletion of *>Mg accom-
panying the production of 2°Al. In Figures 6a and b, we plot

13

these “initial” 2*Mg/**Mg ratios vs. the metallicity inferred
from their O isotopic ratios for group 1 and 3 grains. We
compare these ratios with stellar data (McWilliam and Lam-
bert, 1988; Gay and Lambert, 2000; Yong et al., 2003) and with
the theoretical prediction of GCE models of the Mg isotopes by
Timmes et al. (1995) and Fenner et al. (2003). Fenner et al.
(2003) performed calculations both with (Fenner 1) and with-
out (Fenner 2) including nucleosynthetic contributions from
AGB stars. Also shown are the initial ?Mg/**Mg ratios that
were assumed in our models for AGB stars of different metal-
licities. Of the Yong et al. (2003) data we plot the thin-disk
stars separately. These authors noticed that the Mg isotopic
compositions of thin-disk stars agree better with GCE models
than those of thick-disk and halo stars, which show a much
larger scatter. The Sun and most stars in the solar neighborhood
and all population I stars belong to the thin disk, which has a
scale height of 200-300 pc. Presolar grains most likely come
from stars in the thin disk. Stars in the thick (~1 kpc) disk, and
especially the halo stars, are old stars with metallicities much
lower than that of the Sun. Their abundances in the solar
neighborhood are only 2% and a few permil, respectively, and
they are believed to have contributed only marginally to the
chemical evolution of the Galaxy. For more details see the
contributions by Fuhrmann (1998) and Bensby et al. (2003;
2004).

We note that we normalized the predictions of the GCE
models plotted in Figure 6 so that the 2*Mg/**Mg ratios are
normal (i.e., 8*°Mg/**Mg = 0) for solar metallicity. The un-
normalized models of Fenner et al. (2003) actually predict
5*°Mg/**Mg values of 562%o. with AGB contributions, and
381%o without any AGB contributions, at solar metallicity. The
grain data, which strictly speaking are upper limits because of
the possibility of enhancements from dredge-up, exclude such
high values and provide justification for our normalization.

While the GCE models predict a decrease of §**Mg/**Mg for
lower than solar metallicities, two grains with subsolar metal-
licity according to their O isotopes as well as a number of stars
have »Mg excesses relative to the solar 2*Mg/**Mg ratio. Of
course, these two grains, M16 and M20, could have come from
stars with initially smaller **Mg/**Mg ratios that were in-
creased by AGB nucleosynthesis. The parent-star mass of
1.55M,, obtained for grain M16 from its O isotopic ratios
(Table 1) sets a limit of §**Mg/**Mg = ~100%o for a mass loss
parameter ) = 0.1 and §*°Mg/**Mg = ~50%o for n = 0.3 (see
Fig. 3a). However, these limits apply to an envelope with C>0O
and, as discussed earlier, for stars with masses =3M,, the >>Mg
excesses found in grains M16 and M20 would require forma-
tion from a gas with C>0. While Lodders and Fegley (1995)
predict condensation of spinel from a gas with C/O = 1.05, the
question is whether this is also the case for much higher C/O
ratios. According to our AGB models, for a 3M,, star of solar
metallicity, the >>Mg excess observed in grain M16 implies a
C/O ratio of 1.68. Even if spinel can condense from a gas with
such a high ratio, we argued above that the spinel grains most
likely originated in O-rich stars. The difference in the average
26A1/27 Al ratios of oxide grains discussed below provides ad-
ditional evidence.

As can be seen from Figure 3d, ’Mg/**Mg ratios in the 5M
model are high enough to account for the *>Mg excesses in
M16 and M20 under O>C conditions. However, the '70/'®0O
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ratios in all the group 1 and 3 grains of this study including
grains M16 and M20 indicate low-mass parent stars with
masses <2M,,. It could be that CBP prevents an AGB star from
turning into a carbon star and these grains could be from stars
of lower mass, but that would require a high circulation rate
(Nollett et al., 2003), resulting in lower '#0/'°O ratios than
those observed in these two grains. This scenario, however, is
not without problems, because the rare SiC Z grains apparently
formed in low-metallicity C-rich AGB stars which experienced
strong CBP during the red giant phase (Hoppe et al., 1997;
Nittler and Alexander, 2003a). The alternative, that not CBP
but HBB is responsible for the 2°Al in these grains, is unlikely
because this process would also result in extremely low '0/
160 ratios. A final, and in our view most likely, alternative is
that the initial 2?Mg/**Mg ratios of the parent stars of grains
M16 and M20 were substantially higher than solar. Mainstream
SiC grains have excesses in 2°Si and *°Si that cannot be
explained by AGB nucleosynthesis and have been attributed to
the initial Si isotopic compositions of their parent stars, which
were determined by GCE (Lugaro et al., 1999; Alexander and
Nittler, 1999). Thus it is to be expected that presolar spinel
grains have corresponding >Mg excesses. The fact that many
low-metallicity main-sequence stars, even thin-disk stars (Fig.
6a), have >>Mg enrichments relative to solar is consistent with
this possibility.

Grain M18 plots close to the prediction of the Fenner et al.
GCE model including contributions from AGB stars (Fenner 1,
Fig. 6b). As is the case for the other grains, the parent star of
this grain could in principle have had a smaller initial >>Mg/
2*Mg ratio. Here we also could go through the same discussion
as for grains M16 and M20. Grain M18 also has an inferred
26A1/%” Al ratio that implies CBP and its mass inferred from the
O isotopic ratios is only 1.56M, (Table 1). If we apply the same
argument as above about the low likelihood that this grain
condensed from a carbon star, the *Mg/**Mg ratio in M18
appears to exclude the Timmes et al. (1995) model and Fenner
et al. (2003) model without AGB contributions. As can be seen
from Figure 6, most of the spinel grains with close-to-solar
Mg/**Mg ratios and metallicity greater than solar, as well as
the stellar data, also seem to favor the Fenner et al. model with
AGB contributions.

From these discussions, we arrive at these tentative conclu-
sions: Although spinel can, in principle, condense from a gas
with C/O >1, it is most likely that most of the spinel grains
originated in O-rich low-mass stars. If this is the case, the
variations in the *Mg/**Mg ratios are dominated by GCE
effects and AGB nucleosynthesis contributes mostly to the
production of 2°Al but the effect on the Mg isotopes is minor.
This situation is similar to that of the Si isotopic ratios in
mainstream SiC grains where the initial isotopic compositions
of the parent stars dominate (Hoppe and Ott, 1997; Lugaro et
al.,, 1999). Only grain OC2 seems to have an origin in an
intermediate-mass AGB star.

At present, a better understanding of several problems is
required before we can fully exploit the information contained
in the Mg isotopic compositions of presolar spinel grains. One
is the question at which C/O ratios spinel can condense and
how much of it is produced at different C/O ratios. Ebel (2000)
calculated condensation temperatures of various minerals for
C/O ratios ranging from 0.8 to 1.15. Although he did not

include spinel, his results show that for C/O >1.05 the con-
densation temperature of corundum and other oxides is con-
stant. It is therefore highly desirable to extend condensation
calculations to higher C/O ratios and to include spinel to see
whether or not forsterite condensation prevents the appearance
of spinel. However, as already discussed, the probability that
presolar spinel grains originated from carbon stars is small. We
also wish for detailed studies under which conditions CBP can
prevent the formation of a carbon star and what the resulting
change in O isotopic ratios would be if this is the case. We also
need more detailed investigations of HBB. In our 5M,
FRANEC model we do not obtain HBB whereas other stellar
evolution models achieve it at this mass (Lattanzio et al., 2000).
It is also desirable to have a finer mass grid for AGB nucleo-
synthesis models. In our models there is a large difference in
the isotopic shifts due to AGB nucleosynthesis between the
3M; and 5M,, models.

4.6. 2°Al/*” Al Ratios in Presolar Oxide and SiC

Several presolar spinel grains of this study have inferred
26A1/%7 Al ratios that are larger than those that are predicted in
our AGB models without CBP. This feature is not restricted to
spinel grains but is also observed in other presolar oxide grains.
In Figure 7 we compare the inferred 2°A1/*” Al ratios in oxide
grains with those measured in presolar SiC grains. We also plot
the predictions for '>C/'3C and 2°Al/*’ Al ratios from our AGB
models. The inferred 2°Al/*”’Al ratios in oxide grains reach
much higher values than those in SiC grains believed to come
from AGB stars: mainstream, Y and Z grains. Only three
mainstream grains have higher °Al/>’ Al ratios than the models
predict, all the others plot below the predicted ratios. The A+B
grains reach higher values. The low '>C/**C ratios of these
grains must be the result of H burning in the CN cycle and
temperatures must have been high enough to produce substan-
tial amounts of 2°Al. However, we still do not know exactly in
which stellar environment these processes occurred (Amari et
al., 2001c). The 2°Al/*” Al ratios of the oxide grains reach even
higher values, up to 0.06 and thus overlap with the 2°A1/*”Al
ratios exhibited by SiC grains from novae (Amari et al., 2001a)
and supernovae (the X grains) (Nittler et al., 1995; Hoppe et al.,
2000). Although there is considerable scatter, the 2°Al/*’Al
ratios in the oxide grains tend to decrease with increasing
'80/'°0 ratios. This is not unexpected because proton-capture
reactions produce 2°Al and destroy '®0, however some circu-
lation of envelope material through the hot zones experiencing
H burning as envisioned in the CBP model must have occurred
to lower the '80/'°O ratio of the whole envelope. Shell burning
alone and subsequent dredge-up would not accomplish a large-
scale overall change in the O isotopic ratio.

The fact that oxide grains reach substantially higher 2°Al/
27Al ratios than SiC grains from AGB stars is somewhat
surprising. The '70/'°O ratios of most presolar oxide grains,
including the spinel grains of the present study, indicate that
they are from low-mass (=2Mg) RGB and AGB stars (Nittler
et al., 1997). Likewise, there is abundant evidence that main-
stream SiC come from low-mass AGB stars (Gallino et al.,
1997; Lugaro et al., 2003). Thus, it might be expected that the
same stars that produced oxide grains when they were O-rich
could have produced the mainstream, Y and Z grains once they
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turned into carbon stars. If this were true, however, and even in
the unlikely case that corundum and spinel grains formed from
carbon stars, one would expect that 2°Al/>” Al ratios in the SiC
grains would be at least as high as in the oxide grains and our
AGB models without CBP predict a continuous increase of the
26A1/%7 Al ratios in the envelope with increasing pulse number.
However, this is clearly not the case and the stars that produced
the oxide and SiC grains differ from one another in some
fundamental way and are not the same stars at different stages
in their evolution. One possible difference might be the masses
of the parent stars. For example, if there is a cutoff around 2M,,
for a star to become C-rich, then the steep initial mass function,
the birth rates of stars with different masses (Scalo, 1986),
suggests that the oxide grain population be mainly from
<~1.5Mg stars. According to the FRANEC models such stars
of solar metallicity never become C-rich because the number of
thermal pulses is small and not enough '*C is mixed into the
envelope by TDU. In this case, the oxides could have, on average,
higher 2°Al/*”Al ratios than the SiC grains, since the predicted
25A1/%” Al ratios decrease with increasing mass (Fig. 7). However,
the predicted ratios are much too small to explain the oxide data.

Thus, CBP probably plays an important role. The *°Al/>7Al
ratios observed in SiC grains from AGB stars can be satisfac-
torily explained by AGB models that involve only 2°Al pro-
duction in the H-burning shell and mixing into the envelope by
subsequent TDU episodes. In contrast, the °Al/*” Al ratios in a
substantial number of oxide grains require CBP. We have
already mentioned the possibility that CBP prevents stars that
experience it from becoming carbon stars and the Nollett et al.
(2003) model predicts this to be the case for high circulation
rates (see their Figs. 9 and 10). Such stars could thus produce
oxide grains with high 2°Al/>” Al ratios but, since they do not
become C-rich, never produce SiC grains. Stellar rotation is a
strong contender for causing CBP, at least in stars on the RGB
(Zahn, 1992; Charbonnel, 2004). Since stars have a range of
rotation rates it is not inconceivable that those with higher
rotation rates experience CBP whereas those with low rotation
rates do not and become carbon stars. The O isotopic data
indicate that a majority of the spinel grains of groups 1 and 3,
although not those with the highest 2SAl/>’Al ratios, have
inferred parent star masses of less than 1.5M. According to
our AGB models, stars with such low masses and solar metal-
licity and Reimers’ parameter n=0.3 never become carbon
stars and stars with <1.2Mg are not predicted to become
carbon stars, regardless of the value of Reimers’ parameter.
These stars have a lower temperature in the convective thermal
pulse, so that 2Al, produced in the H burning shell and brought
into the He intershell, is not strongly depleted by neutron
captures. In addition, the mass of the H-burning shell is larger
than in more massive AGB stars. The envelope mass is quite
low too, thus a few TDU episodes are sufficient to make the
envelope 2°Al-rich, with 2°A1/2’ Al up to ~0.005. At this point
we can only speculate, but it is clear that the *Al/>’Al ratios
inferred from isotopic analysis of presolar oxide and SiC grains
tell us something important about the evolution of AGB stars.

4.7. Chromium Isotopes

With the exception of moderate >*Cr depletions in grains
ORI and ORA4, the Cr isotopic ratios of the two Cr-rich spinel

grains and two measured Al-Mg spinel grains are solar within
errors (Table 2). Let us consider theoretical expectations for
how the GCE and nucleosynthetic processes discussed above
should affect Cr isotopes. The Cr isotopes are not affected at all
by H burning, but neutron capture reactions in the He-shell of
AGB stars can cause slight depletions in *°Cr and excesses of
54Cr in the envelope while the **Cr/°>Cr ratio remains essen-
tially unchanged. For example, we find in a solar-metallicity
2M,, star that compositional changes in the stellar envelope
range from §°°Cr/°’Cr = —12 to —20, §°°Cr/°*Cr = 0 and
8*Cr/”>Cr = 32 to 80%o from the time the star becomes a
carbon star to the last TDU episode. For a SMg star these ranges
are 8°°Cr/°?Cr = —4 to —9, 8>>Cr/°2Cr = 0 and 8>*Cr/°?Cr =
148 to 444%o. It was suggested above that the highly **Mg and
26Mg enriched grain OC2 might have originated in an interme-
diate mass star undergoing HBB. Its measured 8>*Cr/>>Cr value
of 102 = 116%o is consistent with the prediction for a SM
AGB star with C<O, but the large error bar limits the useful-
ness of the comparison. Since the other grains are believed to
have originated in low-mass stars, based on their O isotopic
ratios, their Cr isotopic compositions are not expected to be
significantly affected by nucleosynthesis in their parent stars,
i.e., the predicted shifts in 8>*Cr are smaller than the experi-
mental uncertainties.

As we have seen for O and Mg, initial compositions of stars
are expected to have variations in Cr isotopic composition due
to GCE. The Cr isotopes are made in nature by various pro-
cesses in both Type Ia (Woosley and Weaver, 1994; Nomoto et
al., 1997; Woosley, 1997) and Type II supernovae (Woosley
and Weaver, 1995) and the GCE model of Timmes et al. (1995)
predicts that *°->*-3*Cr/°2Cr all increase with increasing metal-
licity in the Galactic disk (F. Timmes, pers. comm.). For
example, a 0.9Z star is predicted to have 8°°Cr, §°Cr, and
8°*Cr values of ~—150%0, —100%o, and — 150%o, respectively.
The ~10% depletions in >*Cr observed in two grains might
thus suggest an origin in stars of slightly lower than solar
metallicity. However, if this is the case, the expected accom-
panying depletions in *°Cr are not observed in the grains. Type
II and Ia supernovae are not able to produce the solar abun-
dance of *Cr. This neutron-rich isotope, together with “®Ca,
5°Ti and some of >®Fe is believed to be produced by deflagra-
tions of near Chandrasekhar-mass white dwarf stars (Meyer et
al., 1996; Woosley, 1997). Because such events likely comprise
only ~2% of all Type Ia explosions, it is expected that >*Cr is
very heterogeneously distributed in the interstellar medium and
anomalies in >*Cr might reflect this fact.

5. CONCLUSIONS

By measuring the O isotopic compositions of submicron grains
in acid residues we have identified 30 presolar spinel grains and
measured their Mg isotopic ratios. Two of the grains are Cr-rich
with approximate chemical formula MgCrAlO,. The O isotopic
ratios of the grains fall into all four previously defined groups and
indicate that most of the grains come from RGB or AGB stars. The
grains have excesses and deficits in >’Mg and several of them have
large 2°Mg excesses, most likely from the decay of °Al. Com-
parison with models of nucleosynthesis in TP-AGB stars show
that inferred *°Al/*’ Al ratios are much larger than predicted for
H-shell production and third dredge-up and imply an extra pro-
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duction process of 2°Al, most likely cool bottom processing. On
average, “°Al/*’Al ratios in oxide grains are larger than those in
SiC grains from AGB stars, indicating that stars producing these
classes of grains differed from one another in some fundamental
way. A possibility is that the parent stars of the oxide grains with
high 2°Al/*’ Al ratios underwent CBP that prevented these stars
from becoming carbon stars so that stars with CBP did not pro-
duce any presolar SiC grains. These differences in 2°Al/*’ Al ratios
are evidence that presolar oxide grains originated in O-rich stars.
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