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Type II Supernova Matter in a Silicon Carbide 
Grain from the Murchison Meteorite 

Peter Hoppe, Roger Strebel, Peter Eberhardt, Sachiko Amari,* 
Roy S. Lewis 

The circumstellar silicon carbide (SiC) grain X57 from the Murchison meteorite contains 
large amounts of radiogenic calcium-44 (20 times its solar system abundance) and has 
an anomalous silicon isotopic composition, different from other circumstellar SiC grains. 
Its inferred initial 44Ti/Si and 44Ti/48Ti ratios are 1.6x10"4 and 0.37. In addition, it contains 
radiogenic magnesium-26; the inferred initial 26AI/27AI ratio is 0.11. The isotopic and 
elemental data of X57 can be explained by selective mixing of matter from different zones 
of a typical type II supernova of 25 solar masses during its explosion. The high 44Ti/Si ratio 
requires contributions from the innermost nickel zone of the supernova to the SiC con
densation site, as similarly suggested by astronomical observations. 

JVLeteorites contain refractory dust grains 
that are believed to be of circumstellar or
igin (1). These grains provide information 
about stellar nucleosynthesis, stellar evolu
tion and mixing of material in the interior 
of stars, physical and chemical conditions in 
stellar atmospheres during grain formation, 
and the inventory of stars that contributed 
dust to the protosolar nebula. After forma
tion in the atmospheres of stars and passage 
through the interstellar medium, these dust 
grains went into the ancestral molecular 
cloud from which our solar system formed. 
Refractory dust grains survived the forma
tion of the solar system inside small plane
tary bodies and comets, and they are carried 
to Earth by meteorites. 

Identified circumstellar grains include 
SiC, diamond, graphite, corundum (A1203), 
spinel (MgAl204), silicon nitride (Si3N4), 
and carbides of Ti, Zr, and Mo (1). One class 
of SiC grains, the X grains, constitute ap-
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Switzerland. 
S. Amari and R. S. Lewis, Enrico Fermi Institute, Univer
sity of Chicago, Chicago, IL 60637, USA. 

'Present address: McDonnell Center for the Space Sci
ences and Physics Department, Washington University, 
St. Louis, MO 63130, USA. 

proximately 1% of all SiC grains separated 
from meteorites (2, 3). The X grains are 
characterized by strong isotopic enrichments 
relative to their solar system abundances of 
28Si (up to threefold), 15N (up to 20-fold), 
and in many grains, 12C (up to 80-fold). 
They also show large excesses of 26Mg and, 
in some cases, also of 44Ca and 49Ti. These 
excesses are believed to be a result of the in 
situ decay after grain formation of the radio
nuclides 26A1 (half-life T1/7 = 716,000 
years), 44Ti (T1/2 = 47 years), and 49V (T1/2 

= 330 days). Corresponding initial 26A1/ 
27Al and 44Ti/48Ti ratios range up to 0.61 
and 0.16, respectively. 

On the basis of theii 
and the presence of 44Ti at the time of grain 
formation, type II supernovae have been 
suggested as the most likely stellar sources 
of the X grains (2). These supernova stars 
are believed to consist of a Ni core sur
rounded by concentric layers that experi
enced different stages of nuclear burning 
(4-6) (Fig. 1). The isotopic signatures of 
the X grains suggest deep and inhomoge-
neous mixing of matter in the supernova 
ejecta. When the X grain data are quanti
tatively compared with model predictions 
for the ejecta of typical type II supernovae 
(5, 6), some discrepancies do exist. In par

ticular, the large 15N excesses, high initial 
26A1/27A1 ratios, and enrichments of 29Si 
relative to 30Si cannot be satisfactorily ex
plained. These differences point to defi
ciencies in the understanding of current 
type II supernova models or to an alternate 
origin [for example, type I supernovae (2)] 
of the X grains. 

To provide constraints for supernova 
models from X grain data, we analyzed more 
than 6000 individual SiC grains separated 
from the Murchison meteorite by ion imag
ing with the University of Bern ion micro-
probe. Grains from fractions KJD and KJE 
having sizes around 1 fJim (7) were dispersed 
on gold foils. Digitized isotopic images of 
12C~, 2 8 Si - , and 30Si~ ions emitted from 
the SiC grains under bombardment with 
Cs+ ions were acquired with a CCD 
(charge-coupled device) camera, and X 
grains were found by searching for grains 
with low 30Si/28Si ratios (Fig. 2). The 43 X 
grains we identified were subsequently an
alyzed with high mass resolution for the 
isotopic compositions of C, N, Mg-Al, Si, 
and Ca-Ti. Because the grains are small, 
only a limited number of these elements 
could be analyzed on each grain. 

The isotopic data of most X grains agree 
with those obtained previously, and the 
same general problems are encountered 
when the grain data are compared with 
predictions from current type II supernova 
models. An exception is X57, which has a 
distinct Si isotopic signature and a compar
atively low 26A1/27A1 ratio. Besides the gen
erally observed 28Si enrichment, it has an 
excess of 30Si over 29Si, falling well below 
the array formed by the majority of the X 
grains in a three-isotope representation 
(Fig. 3). Magnesium in X57 is mono isotopic 
26Mg, and the inferred initial 26A1/27A1 ra
tio is 0.11 (Table 1). In addition, X57 has a 

Fig. 1. Schematic section through a 25M0 type I 
supernova. Zones are designated according to 
their most abundant elements. The spatial extent 
of the zones is not accurately indicated. The shad
ed area represents the supernova remnant. 
[Adapted from (5)] 
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44Ca enrichment of 20 times the solar sys- 
tem abundance. Attributing this excess to 
the decay of 44Ti, we obtain initial 44Ti/Si 
and 44Ti/48Ti ratios of 1.6 x lop4 and 0.37 
(Table I), representing the largest 44Ti con- 
centration discovered in circumstellar 
grains to date. 

Anomalies in 44Ca abundance from the 
decay of 44Ti have been predicted to occur 
in meteoritic samples (a), and it was point- 
ed out that 44Ti can be produced in a 
supernova (9). For a detailed comparison of 
the isotopic compositions measured in X57 
with predictions from supernova models, we 
used the yields for a large number of nu- 
clides in the eight distinct zones (Fig. 1) 
presented by Meyer et al. (5) based on the 
calculations of Weaver and Woosley (4) for 
a 25 solar mass (Ma) type I1 supernova. The 
44Ti is most abundant in the innermost Ni 
zone, which experienced a freezeout from 
nuclear statistical equilibrium [compare 
with (31. Smaller amounts of 44Ti can be 
expected in the overlying Si-S and 0-Si 
zones (Fig. l ) ,  which experienced, respec- 
tively, complete and partial 0 burning. The 
44Ti/48Ti ratios are 0.50 for the Ni zone, 
0.06 for the Si-S zone, and 1.80 for the 0-Si 
zone. Hence, the presence of extinct 44Ti 
with 44Ti/48Ti = 0.37 + 0.11 in X57 im- 
plies that the Ni or 0-Si zone, or both, 
contributed matter to the condensation site 
of X57. Furthermore, because the conden- 
sation of S i c  requires C/O r 1 (lo), a 
significant contribution from the He-C 
zone, which is rich in C and poor in 0 
because of partial He burning, is necessary. 
The 44Ca can be also produced in the 0- 
rich zones; however, the condition C/O r 1 
precludes a direct production of the excess 
44Ca in the supernova, justifying the as- 
sumption that the 44Ca excess of X57 orig- 
inates from the in situ decay of 44Ti. 

Mixing all matter from the He-C zone to 
the 0-Si zone gives C/O = 0.16. Conse- 
quently, to preserve the condition C/O r 1, 
the mixing must be selective. In particular, 
contributions from the 0-rich zones (0-C, 
0-Ne) must be limited. Hydrodynamic 
models of supernova explosions predict fin- 
gers and mushroomlike structures rising 
from the interior to the outer portions of 
the ejecta as a result of Rayleigh-Taylor 
instabilities (I I ). These structures allow 
mixing of matter from nonneighboring re- 
gions with little contamination of matter 
from the intermediate zones. Taking up this 
possibility, the simplest X57 formation sce- 
nario would be a mixture of matter from the 
He-C and 0-Si zones. Such mixing can 
reproduce the 44Ti/48Ti ratio and Si isotopic 
composition of X57. However, the 44Ti/Si 
ratio of such mixtures is 5 1.4 X an 
order of magnitude lower than the ratio 
measured in X57. From trace-element data 
of S i c  grains (I2), it is justified to assume 

that the original Ti/Si ratio is roughly pre- 
sewed (within a factor of 2) during conden- 
sation of Sic; thus, even when uncertain- 
ties in the nucleosynthetic yield of 44Ti are 
considered, the observed high 44Ti/Si ratio 
requires the addition of matter from the 
innermost Ni zone. Mixing only Ni and 
He-C zone material in any proportion can- 
not reproduce the measured Si isotopic 
composition. Mixing matter from the He- 
C, 0-Si, Si-S, and Ni zones can reproduce 
the 44Ti/48Ti and 44Ti/Si ratios and the Si 
isotopic composition of X57 but gives too 
low a value of 26Al/27Al (50.007). The 
highest 26Al/27Al ratio (0.20) is found in 
the He-N zone, which lies above the He-C 
zone and experienced H burning. Because 
the absolute abundance of 26A1 in the He-N 
zone is low, large amounts of matter from 
this zone have to be added in order to 
reproduce the 26Al/27Al ratio of X57. We 
have tested more than 40,000 different mix- 
tures from the seven inner zones and find 
that a mixture of material from the He-N, 
He-C, 0-Si, Si-S, and Ni zones in a ratio of 

1 : 0.05:0.025:0.005:0.005 (mass fractions 
of the total zone that must be mixed) gives 
the best match with the isotopic data of 
X57 (Table 1). 

Our mixing model is characterized by 
two necessary constraints, independent of 
the mixing details: (i) the need to mix 
material from the Ni zone with the outer 
portions of the ejecta, independently con- 
firmine similar conclusions derived from ., 
photometric, x-ray, and gamma-ray obser- 
vations of supernova light curves [for ex- 
ample, (1 3)], and (ii) the need to limit the 
contribution of matter from 0-rich zones in 
the supernova ejecta. Although we have 
considered only the specific case of a 25% 
type I1 supernova model of metallicity iden- 
tical to that of the sun (metallicity is the 
mass fraction of elements heavier than He), 
these two constraints appear to hold in a 
much more general sense. Calculations of 
nucleosynthetic yields for supernovae in the 
mass range 11% to 40% and metallicities 
from 0 to 1 times the solar value (6) imply 
that T i  will only be ejected in considerable 
amounts by those type I1 supernovae that 
eject large quantities of matter from their Ni 
zones. Furthermore, nuclear burning makes 
all zones between the C-rich (He-N, He-C) 
and Si-rich (0-Si, Si-S) zones rich in 0 ,  
leading to the necessity of limiting the con- 
tributions from these intermediate zones to 
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Fig. 3. Silicon isotopic compositions of Sic X 
ion current density (arbitrary units) grains from Murchison separates KJD and KJE. 

Fig. 2. Images of (A) 28Si- and (B) %i- ions ihe data of X57 can be reproduced by a mixing 
emitted from circumstellar Sic grains (-1 pm) model for a 25M, type I I  supernova explosion. 
separated from the Murchison meteorite. One Compositions in per mil deviation from the ter- 
grain, X57, shows a strong excess in 28Si relative restrial values are given by aiSi = 1000 x [pi/ 
to 30Si as compared to typical Sic grains, which 28Si),,l$('Si/28Si),enestriaI - I ] ,  where i = 29 
are labeled 1 to 3. and 30. 

Table I. Isotopic and elemental ratios of grain X57 compared to those from the 25M, type I I  Supernova 
model. Errors are 1 a. 

Source 
aZ9Si amSi 

26AL/27AI (per mil) (per mil) 
-- 

Grain X57 0.37 2 0.1 1 (1.6 2 0.4) X 0.11 2 0.03 -747 2 16 -475 2 33 
Model 0.31 1.2 x lo-4 0.085 -722 -564 

SCIENCE VOL. 272 31 MAY 1996 



the S i c  condensat~on site. 4. T A. Weaver and S. E. Vlloosley, Pijys. Rep. 227, 65 

The necessity for large contributiotls (1 9931. 
5. B. S. Meyer, T. A. Vlleaver, S. E. Woosey, Meteorltlcs 

from the He-N zone (70% of the mass 30 275 11 995) .-. 
$ - -- ,  

makine LID Xj7)  mav indicate that present 6. S. Wooslev and T. A. Vlleaver. Astroohvs. J. SUDD/. ,, A , , , , 

type I1 supernova t~~ode ls  underestim'ate the 101, 181 (j9951. 

of '"1 ill the ~ - b ~ ~ ~ ~ ~ ~ ~ ~  ( H ~ -  7. S. Amari, R.  S. Lewis, E. Anders, Geochim. Cosmo- 
. - ,  . . chim. Acta 58. 459 (1 994). 
N) zone and also in zones that experienced 8 D, D, clayton, p~~~~~~ 257, 36 (1975), 
advanced burning stages. Although the iso- 9. S. E. \Mooslev. W. D. Arnett D. D. Clavton. - - - 
topic and elemental abundance pattern of 
Xi7 is fully compatible with an origln in a 
typical type I1 supernova, those of the tna- 
jority of the X grains are not. This incom- 
patibility implies either that most X grains 
injected into the protosolar nebula came 
from atypical type I1 supernovae or even 
from other stellar sources (for example, type 
I supertlovae) or that the production of N,  
Al, and Si and the layering in presupernova 
stars is not fully understood by current type 
I1 supernova models. 
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Corundum, Rutile, Periclase, and CaO 
in Ca,Al-Rich Inclusions from 
Carbonaceous Chondrites 

A. Greshake," A. Bischoff, A. Putnis, H. Palme 

Four calcium,aluminum-rich inclusions from four carbonaceous chondrites-Allende, 
Acfer 082, Acfer 086, and Acfer 094-were studied by transmission electron microscopy. 
All inclusions contained at least two of the oxides periclase (MgO), rutile (TiO,), calcium 
oxide (CaO), and corundum (AI,O,). The oxides (50 to 200 nanometers in size) were found 
inside and at grain boundaries of the constituent minerals of the inclusions. Determining 
how these oxides formed may provide insight about condensation processes in the early 
solar nebula and the origin of refractory inclusions in chondrites. Formation of these oxides 
by exsolution is considered unlikely. An origin by kinetically controlled condensation 
appears more probable. 

C a l c i u m , a l ~ ~ r n i n ~ ~ ~ ~ ~ - r i c h  inclusions (CAIs) 
found in carbo~laceous chondrites contain 
refractory minerals such as spinel, melilite, 
fassaite, hibonite, grossite, and perovskite 
(1). mineral ohases that mav be earlv con- ~, 

densates from a cooling solar nebular gas (2).  
The CAIs contain isotooicallv anomalous 
oxygen ( 3 ) ,  show evidenc; for ;he existence 

of short-lived 11uclides such as '"1 (4) ,  and 
represent the oldest nlaterial formed in the 
solar system (5). Therefore, CAIs contain 
valllable infor~nation about the very first 
processes in the solar nebula. 

According to thermodynamic calcula- 
tions (2), corundum was the first solid oxide 
to condense froln the cooling solar nebula. 
Thus, its ~nineralogical and textural charac- 

A. Greshake and A. Blsclioff, lnstitut fur Planetoogie, Uni- 
versitat Milnster, Wilhelm-Klemm-StraOe D-48149 teristics are of partic~llar interest for the 
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'To whom correspondence should be addressed. Because CAIs are L I S L I ~ ~ ~ ~  studied by 

scanning electron microscope, electron 
microprobe, and ion microprobe, corun- 
~ L I I I I  and other simple oxides may not be 
found, as a result of their small grain size. 
Therefore, we performed a transtnission 
electron microscopy (TEM) study of four 
CAIs from different carbonaceous chon- 
drites (9 ) .  

Three type A inclusions (10) from Acfer 
082, Acfer 086, and Allende (8) and one 
spinel-perovskite spherule from Acfer 004 
were investigated (1 1 ,  12). The CAIs were 
characterized by scanning electron micros- 
copy and electron microprobe and then 
thinned for TEM studies by conventional 
ion-beam techniques (1 3). All phase iden- 
tifications were made on the basis of com- 
positional analyses and structural character- 
izations based on selected-area electron dif- 
fraction (SAED) patterns. 

The CAIs in Acfer 082, Acfer 086, and 
Allende cyntain -70% (by volume) blocky 
meliiite [Akermon~te content, 4 to 13 tnol 
% (Ak4-,,)I crystals that enclose euhedral 
spinels (15 to 20 volutne %, 10 to 80 pm) ,  
typically pure MgAl2O4 in composition. 
Fassalte ( 5  to 10 volume %, 200 to 300 ptn) 
and perovskite (-10 ~mlullle %, 50 to 80 
p m )  occur as irregularly shaped, anheclral 
grains enclosed w ~ t h i n  the n~elilite (14) .  
Some Fe,Ni tnetals were found in Acfer 
082 and Allende CAIs, enclosed within 
mel~l i te  and, more rarely, the spinels. In 
the Allende CAI ,  sotlle hibonite laths (20 
to 50 p m )  and several 0 s - ,  W-, and Re- 
rich particles (LIP to 60 p m )  are present 
(8 ) .  The  CAI  in Acfer 004 is a 100-pm 
spinel-perovskite spherule (1 1 ). Apart 
from spinel (-65 volutne 'Yo) and perovs- 
kite (-5 volume Yo), which are found in 
the core of the inclusion, the S A I  consists 
of melilite (-10 volume 96, Ak7-,,) and 
fassaite (-20 volume %), which basically 
occur as constituents of the outer layer. 
All i ~ ~ c l ~ ~ s i i ~ n s  studied are unvveathered, 
and their interiors do not cotltain second- 
ary alteration products. 

In addition to these mineral phases, we 
found in all four CAIs oxides that have 
not been described before and are not 
predicted to be stable under equilibrium 
condensation conditions (Table 1) .  Inc1~1- 
sions of rutile (TiO') were identified in 
CAIs from all four chondrites (Fig. 1A) .  
Energy dispersive spectroscopy (EDS) anal- 
yses and SAED confir111 that the grains are 
single crystals anti almost pure TiOz in com- 
position. As a result of contributions from 
the surrounding matrix, 50-t~m grains con- 
tain up to 1 weight Yo FeO or MgO, or both. 
The rutile grains range from 50 to 100 nm in 
size and typically occur as rounded grains 
located at grain bou~ldaries between spinels 
and hetween spinel and perovskite (Fig. 
IA) .  Rarely, the tiny inclusions are embed- 
ded ~vithin the interiors of the spinels or 
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