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cl~emically (25)  and overexpressed ADAMs 
lacking a catalytic domain can function as 
dominant negatiles (5 ) .  it is unlikely that the 
tacesz" gene product. if expressed at the 
plotein lerel (26).  is functioning as a domi- 
nant negatile with lespect to other ADAIM 
members because taceAZn - mice hare no 
phenotype, and shedding of ralious mem- 
brane ploteins including TNF and L-selectin 
is normal in taceAZn' cells (12) 

These data suggest a critical role f o ~  
TACE in the processing of multiple pro- 
teins Although TACE could be an obligate 
component of a proteinase cascade. specific 
c l ea~age  of processing-site peptides by 
TACE. and .not by the st~ucturally related 
metallop~oteinase MMP-3 (27, 28) ,  indi- 
cates that TACE may di~ectly plocess mul- 
tiple shed proteins The strong interaction 
between TACE and a TNF peptide (cleav- 
age was 9 times and 2250 times more effi- 
cient than with the TGFa and L-selectin 
peptides respecti~ely) could explain why 
TACE c l e a ~ e s  extracted TNF precursol 
plotein whereas other apparent native sub- 
strates are not cleared (3,  28)  111 these 
cases. membrane ancho~ing may be re- 
quired to productirely align the enzyme 
and its substrate (22 27 29, 30) 

TACE may be a central component of the 
mechanism by whic11 cells shed membrane 
ploteiils Lethality in mice lacking TACE 
highlights the importance of TACE-directed 
ectodomain shedding duling de~elopment 
Although other ~neta~lo~ioteinases may also 
participate in the sheddmg of these apparent 
TACE substrates. therapeutic inhibitors of 
TNF lelease that talget TACE may have ac- 
tir ity against other shed proteins 
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Presolar Corundum and Spinel 
in Ordinary Chondrites: Origins 
from ACB Stars and a Supernova 

Byeon-Gak Choi," Gary R. Huss, G. J. Wasserburg, 
Roberto Gallino 

On the basis of anomalous isotopic compositions of oxygen and magnesium, 
14 oxide grains from two primitive meteorites (Bishunpur and Semarkona) have 
been identified as circumstellar condensates. One corundum grain has a high 
180/160 ratio and isotopic compositions of magnesium, calcium, and titanium 
that are compatible with a formation in ejecta of a type II supernova that was 
about 15 times the mass of the sun. The other grains have oxygen, magnesium, 
and titanium compositions that are consistent with a formation around as- 
ymptoticgiant branch (AGB) stars with a range of mass and initial composition. 
The large range of aluminum/magnesium in circumstellar corundum and spinel 
is considered to  reflect various stages of back-reaction between condensed 
corundum and gaseous magnesium in cooling stellar ejecta. 

Presolai ga ins  that weie extiacted from losing AGB stars and in supemora ejecta 
plimitiIe meteolites existed before the for- The most abundant ci~cumstellar condensates 
mation of the sola1 system Most grains are recorered are calbon-rich phases [diamond 
cilcumstellal condensates that formed in stel- giaphite silicon carbide and titanium carbide 
la1 ejecta They pro\ ide a unique oppoi-tunity (1, 2)]  Presolar oxides, which should har e 
to study nucleosyntl~esis in stars and to study been abundant in the sola1 nebula, har e been 
condensation processes 111 the wind of mass- difficult to identify because of the or el- 
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whelming abundance of solar-system oxides 
in meteorites. However, more than 100 preso- 
lar corundum (A1,0,) and spinel (MgAl,O,) 
grains have been identified on the basis of 
their anomalous 0 and Mg isotopic composi- 
tions (3-8). Most of these grains were interpret- 
ed to have originated from AGB stars because 
of their large enrichments in 1 7 0  in relation to 
solar 0 (9) and high inferred (26AlP7Al)o val- 
ues (subscript o denotes initial values). 

Most presolar oxide grains have been 
identified with an ion microprobe and an 
automatic ion-imaging technique; these 
grains were recognized by substantial shifts 
in the '80/'60 ratio (5-8). However, this 
imaging consumes large portions of smaller 
grains, reducing the amount of material avail- 
able for isotopic study, and would not detect 
grains with a near-normal L80/'60 ratio (9). 
We have developed an automated search pro- 
cedure using a scanning electron microscope 
(SEM) and an energy dispersive x-ray detec- 
tor to identify and locate grains that were 
dispersed on a substrate and to determine the 
major element abundances for each grain 
(10). The location, approximate size, and 
chemical composition of each grain were au- 
tomatically determined, and the coordinates 
were easily transferred to the ion probe for 
isotopic analysis. 

About 1.4 X lo4 refractory oxide and Sic 
grains in acid residues from the Bishunpur 
and Semarkona meteorites (11) were identi- 
fied by our automated procedure. The relative 
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abundances of grains from this population in 
volume percent determined from the pixel 
sizes are as follows: spinel, -76%; Sic, 
-15%; hibonite, -3%; TiO,, -3%; corun- 
dum, -3% (Bishunpur and Semarkona had 
similar proportions). From these grains, 185 
corundum, 49 spinel, 25 hibonite, and 11 
TiO, grains were chosen for isotopic mea- 
surements by an ion microprobe. Isotopic 
compositions of 0 and Mg were used to 
identify presolar grains. Before isotopic mea- 
surements, the morphologies of grains were 
examined with an SEM. Presolar oxide grains 
have distinctive irregular surfaces and appear 
as structures that are more open or as assem- 
blages of smaller grains (Fig. 1, A, B, and 
possibly C). These morphologies are similar 
to those of presolar Sic (12, 13). Some grains 
with normal 0 isotopic compositions and 
with no large excesses of 26Mg have similar 
irregular surface features. These morpholo- 
gies may reflect the grain growth from a 
vapor, which can occur in stellar outflows or 
in hot gaseous regimes in the solar nebula. In 
contrast, most isotopically normal oxide grains 
typically have smooth surfaces, and a few have 
crystal faces (Fig. ID). These grains probably 
crystallized from a melt. The ability to distin- 
guish grains that were formed by condensation 
from a gas from those that were formed by 
crystallization of a melt can help identify preso- 
lar oxides before destructive analysis. 

Isotopic measurements identified 14 new 
presolar oxide grains (14). We report 0 and 
Mg compositions for these grains (Table l), 
compositions of Ti for five of these grains 
and two previously identified grains (3, 4), 
and compositions of Ca for one grain (Table 
2). These data provide insight on the source 
stars of oxide grains. 

A corundum grain from a type I1 su- 
pernova (SNII). Corundum grain S-C122 is 

enriched in "0 by a factor of 3 in relation to 
solar 0 but has only a small enrichment in 
"0 (Figs. 2 and 3). Two stellar sources could 
possibly produce and preserve substantial 
amounts of "0: a Wolf-Rayet (WR) star and 
a SNII. WR stars are high-mass stars that 
have lost their H envelope through massive 
stellar winds, exposing the products of stellar 
nucleosynthesis at their surfaces. Oxygen-18 
is produced during partial He burning, and an 
"0-rich stellar wind can result when the 
products of He burning are exposed at the 
surface. However, He burning also produces 
a large amount of I2C, and the 180-rich wind 
would have a high C/O ratio (15). The for- 
mation of oxide grains is not favored under 

Fig. 1. SEM images of corundum grains (A and 
B) with anomalous 0 isotopic compositions 
and (C and D) with normal 0. (A) An AGB 
corundum, S-C201. (B) A corundum, S-C122, 
inferred to  be from a SN source. (C) S-C245 has 
normal 0 isotopic composition but gives a high 
(26AV27AI), ratio of (3.0 + 2.3) X lop4. (D) 
Corundum, which was probably crystallized 
from a melt, with normal 0 and Mg isotopes. 
Scale bar, 1 p m  for (A) and (B) and 2 p m  for (C) 
and (D). 

Table 1 . 0  and Mg isotopic ratios and Al-Mg systematics in presolar oxide grains. The values of the terrestrial samples are from (36) for 0 and from (37) for Mg; 
In grain samples, the first and second letters represent the source meteorite (B, measurements of the sun (solar wind or photosphere) are from (38). 839 and Org 
Bishunpur; 5, Semarkona) and the mineral (C, corundum; S, spinel), respectively. B data are from (4). Dashes indicate not applicable. 

Sample 1 7 ~ / 1 6 ~  + 2~ 180/160 + 2u 25Mg/24Mg + 2u 26Mgla4Mg + 2u 27AV24Mg + 2u (26A1/27AI), 

Terrestrial 0.0003820 0.0020052 0.12663 0.13932 - - 
Sun <0.0021 0.0014 to 0.0031 0.122 to 0.206 0.123 to 0.215 - - 
B-C8 0.00041 + 0.00002 0.00247 + 0.00010 0.1281 + 0.0032 0.1371 + 0.0033 65 + 7 ~ 1 . 8  x lo-5 
B-C68 0.00280 + 0.00008 0.00205 + 0.00013 0.1299 + 0.0017 0.1429 + 0.0018 59 + 6 6.1(+3.2) X 
B-C72 0.00037 + 0.00002 0.00196 + 0.00010 0.1275 + 0.0024 0.1456 + 0.0026 39 + 4 1.6(+0.7) X 
B-C129 0.00232 + 0.00010 0.00215 t 0.00015 0.1243 + 0.0072 0.1943 + 0.0096 979 + 30 6.1(21.3) X 
LC145 0.00037 + 0.00003 0.00210 + 0.00020 0.1252 + 0.0232 0.3175 + 0.0441 1157 + 163 1.5(+0.4) X 
B-C155 0.001 10 + 0.00002 0.00186 t 0.00005 0.1405 t 0.0146 0.1465 + 0.0147 4566 + 522 <4.8 X lo-= 
S-C13 0.00049 + 0.00009 0.00199 + 0.00031 0.1269 + 0.0082 0.1381 + 0.0086 291 + 31 <2.5 x lo-5 
S-C122 0.00044 + 0.00006 0.00634 t 0.00039 0.1271 ? 0.0056 0.1515 + 0.0063 20 + 2 6.3(+3.3) X 
S-C201 0.00096 t 0.00009 0.00057 + 0.00013 0.1238 ? 0.0103 0.1844 + 0.0134 2 7 2 3  1.7(+0.5) X 
S-C203 0.00283 ? 0.00019 0.00212 + 0.00030 0.1 182 t 0.0095 0.1613 t 0.01 16 24 t 3 9.3(+5.0) X 
S-C235 0.00177 ? 0.00006 0.00144 + 0.00010 0.1205 + 0.0051 0.1423 2 0.0056 95 2 10 ~ 9 . 1  x lo-5 
S-C245 0.00036 ? 0.00002 0.00196 + 0.00009 0.1219 2 0.0085 0.1524 ? 0.0098 43 ? 5 3.0(+2.3) X 
S-C261 0.00299 + 0.00010 0.00084 + 0.00010 0.1277 + 0.0045 0.1521 ? 0.0050 21 ? 2 6.2(22.5) X 
S-S21 0.00115 ? 0.00012 0.00171 + 0.00026 0.1316 + 0.0026 0.1422 + 0.0017 4.1 + 0.3 7.l(t4.3) X 
B39 0.00260 + 0.00006 0.00117 + 0.00004 0.1267 + 0.0023 0.3728 t 0.0104 1 3 6 t  14 1.7(t0.2) X 
Org B 0.00097 t 0.00001 0.00199 + 0.00004 0.1573 t 0.0160 1.8333 + 0.0226 2027 t 72 8.9(+0.1) X 
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such conditions (16). In contrast, SNII ejecta 
are oxygen-rich (1 7) and thus are a more 
likely source of S-C122. 

A SNII occurs when a massive star under- 
goes a core collapse and explodes. During the 
SNII explosion, zones of different composi- 
tions from the pre-SN star are ejected, and 
explosive nucleosynthesis takes place in the 
inner zones (17). The bulk ejecta of a low- 
mass [<22 times the mass of the sun (JM,)] 
SNII have relatively "0-rich compositions, 
whereas the ejecta of a higher mass SNII 
produce more 1 6 0  and have '801160 < (180/ 
160),o,,, (9, 18). However, condensation of 
S-C122 from bulk SNII ejecta is not plausible 
because the bulk ejecta would contain large 
anomalies in other isotopes, which were not 
observed. Therefore, we considered the par- 
tial mixing of various SNII zones to explain 
the observed isotopic compositions. This 
mixing approach has also been used for 
graphite grains (19). 

A SNII consists of several zones. which 
are named for the elements that are predom- 
inantly found in these areas (20). The outer- 
most zone is the H envelope of the pre-SN 
star, which underwent partial H burning at its 
base during the main sequence stage of stellar 
evolution. Inside the H envelope is the H e m  
zone, in which H burning went to completion 
and most CNO isotopes have been converted 
to 14N. Aluminum-26 is vely abundant in this 
zone. The H envelope and the HelhT zone 
have ' 80 / ' 60  < (180/160)so,,,. The H enve- 
lope has C/O < 1, but the HeAT zone has C/O 
= 1. Inside the H e m  zone is the HelC zone, 
which is highly enriched in ''0 and has 
C/O > 1. The He/C zone also contains prod- 
ucts of slow process (s-process) nucleosyn- 
thesis. Inside the He/C zone are the O/C and 
01We zones, which are 160-rich. These zones 
also contain a mixture of the products of 
s-process and explosive nucleosynthesis. 
Zones interior to the O/C and 01hTe zones are 
characterized by highly anomalous isotopic 
compositions of many elements that are pro- 
duced by explosive nucleosynthesis. 

To test what mixtures can produce the 
characteristics of S-C122, we carried out cal- 
culations to reproduce the 1 8 0 / 1 6 0  ratio in 
S-C122 by mixing various proportions of dif- 

ferent SNII zones. The calculated composi- 
tions were then compared with other isotopic 
compositions in S-C122. We assumed that 
any given mixture should have C/O < 1 to 
condense oxides (1 6 ) .  We used yields for 15 
and 25 1% SNII of solar metallicity (Z, = 

0.02) from (1 7), but we did not use the I7O 
abundance in this calculation because the 170 

yields are greatly overestimated and no re- 
vised 1 7 0  abundances are available (21). 
Two-zone mixtures of the HelC zone with the 
HehT, Ome, or OIC zones or the H envelope 
can match the measured '80/ '60 ratio in 
S-C122. However, contributions from the 
OATe and O/C zones must be minor because 
these zones have very high 42,44Ca/40Ca and 
46.47,49.50Ti/48Ti ratios [for example, up to 
100 X (50Ti/48Ti)S,,,, for 50Ti/48Ti in a 25 
M, SN] in contrast to the measured Ti and Ca 
ratios that are essentially normal. The HelW 
zone cannot be a major component because 
this zone has a very low 25Mg124Mg ratio and 
a high 26Al/27Al ratio (22), whereas S-C122 
has a normal 25Mg/24Mg ratio and only an 
-10% excess of 26Mg (which could have 
originally been either 26Mg or 26A1). Contri- 
butions from the innermost zones were also 
minor because there was no measurable ex- 
cess in 44Ca, the signature of v e ~ y  short-lived 
44Ti (44Ti/48Ti 5 0.02), which is a product of 

explosive nucleosynthesis. Thus, the isotopic 
signatures of S-C122 indicate that this grain 
formed primarily from a mixture of materials 
from the HelC zone and the H envelope. Such 
a mixture does not work for a 25 1% SNII 
because the 26Mg124Mg and 26Al/27Al ratios 
are too high in both the He/C zone and the H 
envelope (22); therefore, a 25 M, SNII 
source seems to be excluded. 

The best match was found for a mixture of 
an -0.3% HelC zone and a 99.7% H enve- 
lope of 15 M,SNII, which also gives C/O = 

0.4. The exact proportions will depend on 
improved calculations of the 0 isotope yields 
(1 7). Calculated and measured ratios were 
consistent except for low calculated 25Mg/ 
24Mg and 50Ti/48Ti ratios (Fig. 2). Whereas 
the match for 50Ti can be improved by adding 
a small contribution (-0.2%) of O/C or O/Ne 
zone material to the mixture, the resulting 
composition would differ from the measured 
Mg isotopes. 

Oxide grains from AGB stars. The other 
grains reported here have 0 isotopic compo- 
sitions that fall in the range of previously 
identified presolar oxide grains and are con- 
sistent with origins in AGB stars (Fig. 3). 
Most grains reported here have isotopic com- 
positions that are compatible with the results 
of the first and the second dredge-up in red 

Table 2.  Ca and Ti isotopic ratios in presolar corundum grains. The values of the terrestrial samples are from (39) for Ca and from (40) for Ti; measurements 
of the sun (solar wind or photosphere) are from (41). 839 and Org B data are from (31). Dashes indicate not applicable. 

Fig. 2. Isotopic corn- I I I I I I I I I I I , ~ . ~  

positions o f  S-C122 2 3 . 4 -  

are compared w i th  a $ 3,2 i 
mixture o f  0.3% HeIC ,p 
zone material w i t h  
99.7% H envelope ma- 
te r ia l fo ra15M,SNl l  1.6- 

T 

[data f rom (77)r The ,; 

Sample 42Ca/40Ca ? 2 0  44Ca/40Ca + 2 u  46Ti/48Ti + 2 u  47Ti/48Ti i 2 u  49Ti/48Ti i 2 u  50Ti/48Ti ? 2 u  

mixing rat io was cho- 8 
sen t o  match the  180/ 5 1.2 - 
1 6 0  rat io as described 2 - 

i n  text. The measured 
data are reasonably 7 0.8-  

wel l  explained by this ' 
mixture except at the  

'E 0 ' 6 ~  

25Mg/24Mg and ''Ti/ 0 .4-  

48Ti ratios. W e  have 

Terrestrial 
Sun 
5-C122 
S-C201 
S-C203 
5-C235 
S-C261 
B39 
Org B 

a I - 

1 
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giant or AGB stars with initial '80/160 r 
(180/160),ol,, whereas most presolar oxide 
grains that were reported previously appear to 
have originated from stars with initial 180/ 
'"0 5 ('80/'60),01ar and often required cool 
bottom processing (CBP) (Fig. 3). This dif- 
ference is probably due to differences in 
search techniques between studies and not to 
an intrinsic difference in the population of 
presolar oxide grains between meteorites [see 
also (7)]. If our data represent an unbiased 
sampling of presolar oxides, then the large 
fraction of grains with high '80/160 ratios 
implies that most parent stars had metallicity 
greater than or equal to solar metallicities 
(Fig. 3), a situation similar to that for presolar 
Sic grains (13). Two grains (S-C201 and 
S-C261) have low '80/'60 ratios and could 
be interpreted as the result of the first dredge- 
up in stars of metallicity -0.5 Z,. Alterna- 
tively, CBP in higher metallicity stars can 
produce the same compositions (23). 

Grain B-C8 is anomalous in its 180/'60 
ratio but falls near the galactic evolution 

trend (GET) (Fig. 3B). If the parent star of 
this grain had an initial 0 composition on the 
GET, then it would have been a star with a 
very low mass (5 1 Ma) and Z - 0.025. Such 
a low-mass star has a lifetime of r 10 X lo9 
years. It is unlikely that such a high-metallic- 
ity star could have formed at such an early 
stage of the galaxy to provide grains to the 
solar nebula. For the galaxy as a whole, 
galactic evolution models predict a monoton- 
ic increase in 17,'80/'60 ratios with time 
(24). However, metallicity and chemical 
compositions of stars of the same age at the 
solar galactocentric distance vary by a factor 
of -2 (25). Similar variations may be expect- 
ed in isotopic compositions. In addition, the 
solar '80/170 ratio of 5.2 is higher than the 
value of 3.5 in the present-day interstellar 
medium (26). Thus, one should expect a band 
of initial compositions along the GET line. If 
the initial composition of the parent star of 
B-C8 was enriched in ''0 and depleted in 
170 relative to (180/'70),0,ar (such as on the 
line with 180/'70 - 10 in Fig. 3B), it could 

Fig. 3. (A) Oxygen isoto- 0.000 0.001 0.002 0.003 
pic compositions for the 0.007 
presolar oxide grains that 
were found in this study 
with preselection by on- 
ly SEM mapping (larger 0.006 o 

symbols with error bars) 
and for the presolar oxide 
grains that were found in - 
previous studies (4, 5, 7, 
8). The grains from previ- 
ous studies were mostly 
found by an ion-imaging 
technique (small sym- 
bols). Grains from this 
study are labeled except 
for those with near-solar 

spinel 
this study 

corundum 

identified without iok 
imaging are also Labeled. 
Most of our grains are in 
the envelope (shaded 
area), where the ion-im- 
aging technique would 
not detect them. Dotted 
Lines. solar values. (6) 

0 compositions (B-C72, - 
B-C145, and S-C245). Two 0 
grains (839 and Org B) a 
that were previously - -  0.000 

~ud-thesis in AGB 
stars. The 0 isotopic ra- 
tios in the envelopes of 1 
to  7 M, stars after the 
first dredge-up, which 
occurs at the end of 
the main seauence stage 

"0°' y;-;!qj;, I:, -0,- i 
CBP 

0.000 

o ;  o s-c201 r+l 
S-C261 

i @*6$0 
i o 00 o 

of stellar eiolution, Ge 
shown by dashed lines. 170/160 
Each dashed line represents an array of envelope compositions for stars of different mass and a single 
metallicity (Z) (42). Initial compositions were assumed to fall on the GET passing through the solar 
composition (24). The second dredge-up, which occurs at the end of core He burning, has only minor 
effects on oxygen; the third dredge-up, which is produced by He shell flashes, has a negligible effect (42). 
In stars of 4.5 to  7 M, HBB occurs at the base of the convective envelope, destroying most of the ''0 
(43). In stars of 1 to  2.3 M. extra mixing below the convective envelope (shaded area) during the red 
giant and AGB phases ( ~ ~ ~ y a l s o  lowers the '80/'60 ratio, making the areas to the left and right of the 
HBB region accessible (23). Dotted lines, solar values. 

: 

have been a higher mass star with a much 
shorter lifetime. Similarly, if B-C72, B-C145, 
and S-C245 are presolar grains, they proba- 
bly also originated from stars with high 180/ 
170 ratios. 

The 25Mg/24Mg ratios in most grains (ex- 
cept for B-C68 and S-S21) are normal within 
errors (Table 1). Normal "Mf14Mg ratios of 
AGB grains with a wide range of metallicities 
imply that the 25Mg/24Mg ratio has not 
changed for most of galactic history, in con- 
trast with theoretical expectations. Eleven 
grains have 26Mg excesses [26Mg/24Mg ratios 
up to 2.3 X (26Mg/24Mg),olar]. These large 
excesses and normal 25Mg/24Mg ratios imply 
an in situ decay of 26A1 (mean lifetime ? = 
1.05 million years). In AGB stars, 26A1 is 
produced by "Mg@, y)26A1 in the H shell 
(27, 28) and is brought into the envelope 
during the AGB phase. Three grains with 
anomalous oxygen (B-C8, B-C155, and S- 
C13) show little evidence of 26A1 and may 
have formed before the parent stars reached 
the more advanced AGB stage. The highest 
(26AV27Al)0 value found in the present study 
is 1.7 X for S-C201, whose 0 isotopic 
composition falls within the region that is 
accessible by CBP. It has been known that 
grains with low '80/160 ratios, which are 
indicative of CBP, also generally have higher 
(26A1/27A1)o ratios (29). Because the effects 
of CBP on the '80/'60 ratio in the envelope 
increase as the AGB progresses (23) and 
because the 26A1/27A1 ratio increases with the 
number of thermal pulses, the negative cor- 
relation between 180/'60 and (26AV27Al)o 
ratios implies that grains with lower '80/160 
and higher (26AV27A1)o ratios formed later 
than other oxide grains in the evolution of 
their parent stars. 

Three grains (B-C72, B-C145, and 
S-C245) with excesses in 26Mg have 0 iso- 
topic compositions that are indistinguishable 
from solar 0 .  Their (26AV27 Al)o ratios of 
1.5 X lop4 to 3 X lop4 are much higher than 
those of the canonical solar nebula (30). 
There are two possible explanations for these 
grains. One is that the grains are presolar but 
have solar 0 isotopic composition. A solar 0 
composition could be produced by the first 
dredge-up in stars with initial l8O/I7O > 
('80/'70),,l,. Another possibility is that 
these grains could be very early solar nebular 
condensates. If 26A1 were homogeneously 
distributed in the nebula, these grains would 
have formed 1 million to 4 million years 
before Ca-Al-rich inclusions, which have 
(26A1P7A1)o ratios up to 5 X (30). 

Titanium compositions were measured for 
four AGB corundum grains, and these data 
are shown along with data from grains B39 
and Org B (31) in Table 2 and Fig. 4. Two 
grains (S-C201 and S-C235) have large re- 
solvable ''Ti excesses (but with large errors) 
that are much larger than those found in 

-Or . ; . . . . . , .? . . . . . . . , . . . . . . . . . , . .B: 
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presolar S i c  (12), whereas the other grains 
show smaller effects, which are compatible 
with the S ic  data. Titanium isotopes in AGB 
stars are modified by an s-process in the He 
shell so that '"i and ""i abundances are 
increased slightly (50Ti shows a greater in- 
crease, T i  is decreased, and the "Ti pro- 
duction factor is almost unity). The Ti yields, 
particularly for ''Ti, depend critically on the 
contribution of neutrons from the "Ne 
source. The s-process products are mixed into 
the stellar envelope by the third dredge-up. 
and the s-process eilrichments in the envelope 
increase (along with the C/O ratio) with the 
nunlber of thermal pulses. In general, large 
excesses of"'Ti are not expected. A recent 
study showed that substantial "Ti increases 
were found for advanced AGB stages of in- 
termediate- to high-mass stars (line 5B in Fig. 
4) or of low-mass low-metallicity stars (line 
1.5B) when CiO > 1 (32). In stars of >4.5 
1VL:; hot bottom burning (HBB) during the 
third dredge-up reduces the C/O ratio in the 
envelope and prevents the formatioll of car- 
bon stars (33). which favors oxide produc- 
tion. This may explain why S i c  grains from 
AGB sources do not show similarly large 
"Ti effects. It is plausible to attribute the Ti 
coinpositioll of S-C235 to a -5 illo star with 
HBB; however, the '%I1" ratio does not 
appear to support major HBB effects. For 
S-C201, the Ti and 0 compositions and the 
(2GAl.'27Al)o ratio can be explained by a late- 
stage low-metallicity star (Z = 0.01). but 
such a star would have had C/O > 1. 

Smaller contributions of s-process Ti 
would be required if the initial compositions 
of the parent stars were enriched in 50Ti. It 
has been suggested that 46,'7,'"50Ti/ "Ti ra- 
tios increase with increasing metallicity in 
the galaxy (24). Colundum Org B has 
4G.47,49,50Ti/4"i ratios that are higher than 
(4G~47~49~50Ti/4STi)sOIitr ratios; and the "97Ti 
enrichments are larger than 49.50Ti , v, hereas 

the s-process nlodel predicts larger 50Ti en- 
richments. The compositions of Ti and 0 in 
Org B have been interpreted to indicate a 
parent star with a metallicity that is higher 
than solar metallicity (31). S-C261 is deplet- 
ed in all minor Ti isotopes in relation to "'Ti. 
Such a Ti isotope patteln cannot be produced 
by AGB stars with solar initial composition, 
which suggests that the initial 46.47.4"50Tii 
"Ti ratios of the parent star were lower than 
(46,47.19,50~' 11 ,4s  TI),,,,;,^ ' ratios. Oxygen iso- 

topes also indicate that S-C261 may come 
from a low-metallicity star (Z - 0.012) (Fig. 
3B). However. in the other grains, there is no 
simple correlation in the Ti isotopic patterns 
and the metallicities that are estimated from 
0 isotopes. which ilnplies that the evolution 
of Ti isotopes in the galaxy is not  non no tonic. 
Isotopic compositions and metallicity could 
be decoupled by the addition of essentially 
unprocessed H gas from the galactic halo to 
average galactic material (25). 

Presolar spinel and condensation pro- 
cesses in stellar ejecta Splnel gram S-S21 
has '70/'% = 3 X (170/'%)s01,, and lSO/ 
l60 = 0 85 X (''0 '60),,,,3r and 1s cleally a 
circulnstellar condensate-associated with an 
AGB source (Fig. 3). It has an AliMg ratio of 
3.2 ? 0.2. This implies that this grain might 
be a 2 : 1 mixture of MgA1204 and A120, or a 
solid solution. Including S-S21, a total of four 
circulnstellar spinel grains have been found 
(5-7). all of which have 0 isotopic composi- 
tions that are compatible with an AGB 
source. The Al!Mg ratios of these grains vary 
from 2 to 8. Thus, most of them are not 
stoichiometric spinels. Spinels are lmown to 
allow a substantial solid solution of A120, at 
very high temperature (>I500 K) (34). Many 
presolar coruilduln grains have relatively 
high Mg contents. Ten of 14 grains in this 
study have an Al!Mg ratio between 15 and 
75. In contrast, the solubility of MgO in 
A120, is \rely small (34). In a stellar atmo- 

Fig. 4. Ti isotopic ratios 
of corundum grains asso- 
ciated with ACB sources 
[four from this study and 
two from previous stud- 
ies (37)]. Excesses in ''Ti 
are seen in four grains. In 
contrast, S-C261 is de- 
pleted in all minor Ti iso- 
topes in relation to 48Ti. 
Model Ti isotopic compo- 
sitions in the envelope of 
thermally pulsing ACB 
stars from solar initial Ti 
compositions are shown 
as the following lines, 
which are designated in 
the legend: 1.5A (1.5 M,, 
Z = 0.01, C/O = I), 1.5B 
(1.5 Me, Z = 0.01, C/O = 
2.1), 5A (5 M,, Z = 0.02, 
C/O = I ) ,  and 58 (5 M,, 
Z = 0.02, C/O = 1.3). 

2.5 I I I I I 

- presolar grains Model calculations 

S-C201 -- 1.5A 

@ S-C203 1.58 
A S.C235 ......., 5A 

2 .0-  0 S - C ~ ~ I  5 8  

v 639 

W Org B 

sphere with C/O < 1; A120, would be the 
first oxide phase to condense. MgA1204 
would start to form at -250 K below the 
condensation temperature of A120, by a 
back-reaction of precondensed A120, grains 
with Mg atoms in the gas (35). If this reaction 
went to completion, all A120, would be con- 
sumed to form MgA1204. If not, the corun- 
dum grains would be only partially reacted to 
form an aluminous spinel. We conclude that 
the presolar spinels with nonstoichiolnetric 
compositions and presolar corundum grains 
with high Mg contents represent various stag- 
es of back-reaction between the earlier con- 
densed A120, crystals and the Mg atoms in 
the gas phase in an expanding stellar outflow. 
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