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Detection of Abundant Ethane and Methane, Along
with Carbon Monoxide and Water, in Comet C/1996
B2 Hyakutake: Evidence for Interstellar Origin

Michael J. Mumma,* Michael A. DiSanti, Neil Dello Russo,
Marina Fomenkova, Karen Magee-Sauer, Charles D. Kaminski,
David X. Xie

The saturated hydrocarbons ethane (C,H,) and methane (CH,) along with carbon mon-
oxide (CO) and water (H,0) were detected in comet C/1996 B2 Hyakutake with the use
of high-resolution infrared spectroscopy at the NASA Infrared Telescope Facility on
Mauna Kea, Hawaii. The inferred production rates of molecular gases from the icy,
cometary nucleus (in molecules per second) are 6.4 x 1026 for C,H, 1.2 X 10?7 for CH,,,
9.8 x 1027 for CO, and 1.7 X 102° for H,O. An abundance of C,Hs comparable to that
of CH, implies that ices in C/1996 B2 Hyakutake did not originate in a thermochemically
equilibrated region of the solar nebula. The abundances are consistent with a kinetically
controlled production process, but production of C,Hy by gas-phase ion molecule re-
actions in the natal cloud core is energetically forbidden. The high C,Hs/CH, ratio is
consistent with production of C,H; in icy grain mantles in the natal cloud, either by
photolysis of CH,-rich ice or by hydrogen-addition reactions to acetylene condensed from

the gas phase.

Cometary nuclei are the least modified
solar system bodies remaining from the time
of planetary formation. Their current com-
positions are thought to be representative of
the materials from which they formed (1).
The cometary nucleus is a solid body con-
sisting of ices commingled with dust grains,
and its detailed physical structure is a con-
sequence of the accumulation process. The
ices are most sensitive to thermal modifica-
tion; indeed, they sublimate when warmed
to even modest temperatures [~190 K for
H,0O, but much lower (<100 K) for C,H,,
CH,, and COJ. The escaping vapors and
entrained dust form the cometary coma,
where the vapors eventually are destroyed
mainly by photodissociation and photoion-
ization by sunlight. Before complete de-
struction, these vapors can be identified in
the coma by spectroscopic methods, and
their abundances can be related to the
production rates from the native ices (par-
ent volatiles) in the nucleus. The native
ices are thought to have originated either
in the interstellar dense cloud core that
preceded the solar system or at distances
beyond Jupiter in the nebula surrounding
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the protosun. The ices trace chemical and
physical conditions in the natal regions,
and their identities and abundances are
therefore key to understanding planetary
and cometary formation. Because co-
metary impacts deliver volatiles to Earth
and other planets even today—a recent
example is the impact of comet Shoemak-
er-Levy 9 on Jupiter—cometary composi-
tion is also relevant to topics as diverse as
the origin of Earth’s oceans, the origin of
organics, the origin of life, and the punc-
tuated extinction of species. For these rea-
sons, a central problem is the nature and
composition of the cometary nucleus.

In recent years, it has become possible
to detect some cometary parent volatiles
remotely by infrared (IR) and submillime-
ter-wavelength spectroscopy. Examples in-
clude the detection of H,O (2), hydrogen
cyanide (3), and formaldehyde (H,CO)
(4) in periodic comet 1P/Halley (Halley)
and methyl alcohol (CH;OH) (5, 6), hy-
drogen sulfide (6), and CO in comet Aus-
tin 1990 V (7). Since then, a new gener-
ation of highly sensitive cryogenic IR in-
struments, based on large format mono-
lithic arrays of detectors, has become
available. We observed comet C/1996 B2
Hyakutake (Hyakutake) with one of these
advanced IR spectrometers.

We initially targeted CH;OH, CH,,
and CO for our investigation, for reasons
related to theories of the origin of com-
etary ices and to previous detections ().
These theories can be divided into two
groups, according to the place of origin of
the ices. In the interstellar origin models,
ices form on grain surfaces in the natal
cloud core and are carried into cometesi-
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mals without significant chemical modifi-
cation. In the solar nebula models, the ices
first vaporize in the nebula and later re-

~ condense onto grains that are then carried

into cometesimals. The gases may be
chemically modified while in the nebula
(8), and if so, comets made in this way
would have a composition different from
those made from interstellar ice. Observa-
tions showed that the abundance of
CH,;OH relative to H,O in most comets is
~4 to 5%, consistent with that measured
in icy grain mantles in dense interstellar
cloud cores (I, 5). This agreement sup-
ports the view that many comets contain
interstellar ices from the natal cloud core
(1). However, the CH;OH abundances in
two comets were lower, Levy 1990 XX at
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Fig. 1. Flux calibrated spectra of Hyakutake (solid
lines), as observed through the terrestrial atmo-
sphere. (A) The 'Q, and "Q, branches of the C,Hg
v, band. (B) The RO line of the CH, v, band. (C)
The P2 and P8 lines of the CO 1-0 vibrational
band. Synthetic spectra of atmospheric transmit-
tance for conditions appropriate to Mauna Kea
are also shown (dashed lines). The telluric lines are
seen in absorption against the cometary continu-
um, and their cometary counterparts are Doppler
shifted to higher frequencies by the comet’s mo-
tion relative to the observer.



~0.5% and Halley at ~1.5%, suggesting
that ices in those comets may have expe-
rienced a different origin and evolution.

We detected IR emission from C,Hj,
CH,, CO, and H,O in Hyakutake, using
the CSHELL cryogenic grating spectrome-
ter (9) at the NASA Infrared Telescope
Facility on Mauna Kea (10, 11). Emission
lines of these molecules were measured to
distances of #1000 km from the center of
the nucleus, with ~30-km resolution. The
emission lines were strongly peaked at the
nucleus, as expected for parent volatiles
released from the nucleus. CO also showed
evidence for a distributed source. The most
surprising of these detections was that of
C,H;, which has not been detected in the
interstellar medium or comets but was
found in Hyakutake with an abundance
comparable to that of CH,.

Ethane cannot be detected at ultravio-
let (UV) wavelengths because its higher
electronic states are predissociated; hence,
they do not fluoresce (12). It cannot be
detected at radio wavelengths because it is
homopolar and has no allowed rotational
transitions. Ethane has strong IR vibra-
tional transitions [v, near 3.35 pm, vs
near 3.43 pum, vg near 6.79 wm, v, near
7.25 wm, and vy near 12.2 pm (13, 14)],
and these could permit its detection under
favorable circumstances.

The "Q, (2983.4 cm™") and "Q, (2986.8
cm™!) branches of the C,H, v, band were
serendipitously detected on universal time
(UT) 24.5 March (Fig. 1A), during a search
for emission in the v, and v, bands of
CH,;OH. Inspection of an atmospheric
spectral atlas (15) revealed weak features at
the rest frequencies of the Doppler-shifted
cometary emissions, and a search of a mo-
lecular line listing (16) suggested that C,H
was a likely candidate for the cometary
emitter. A laboratory spectrum of C,H at
130 K was taken in response to this discov-
ery (Fig. 2), and we then searched for two
other branches on the basis of measured
laboratory line positions and intensities
(17). We detected the "Q, (2996.8 cm™")
and "Qs (3000.3 cm™!) branches in Hya-
kutake on UT 2.0 April. All four Q branch-

es were found in emission from the comet at
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Fig. 2. Laboratory spectrum of C,Hg at 130 K.
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the correct Doppler-shifted frequencies,
confirming the identification of C,H.

The dominant excitation mechanism for
IR vibrational emission from cometary parent
volatiles is solar IR fluorescence (18, 19). If
only a few individual lines are measured, it is
necessary to know or to invoke the rotational
distribution and the fluorescence efficiency in
order to infer the total population of the
molecular species from the observed lines.
Ethane is a symmetric top molecule and v, is
a perpendicular band, consisting of a series of
"Qy branches (with AK = +1), a series of PQ
branches (with AK = —1), and P and R
branches for each (KAK = = 1) (13). The
upper level for "Q, has K = 1; hence, it can be
pumped from C,H, molecules in the K = 0
and K = 2 ladders of the ground vibrational
level, whereas the upper level for the 'Q,
transition has K = 2 and can be pumped
from molecules in ladders with K = 1 and
K = 3. The total pump rate into an upper
level K, thus responds to the sum of the
populations in the ground vibrational levels
with K, = K, = 1.

The measured strength of the C,H; v,
band is 12.31 X 10° ¢m mol™! (or 538
cm™? atm™!), in agreement with ab initio
intensity calculations (14). The fluores-
cence efficiency for the entire band derived
from this strength is 4.3 X 1072*> W mole-
cule™!. A simplified analysis of the fluores-
cence pumping efficiency can be given as
follows. For K, # 0, the pump is equally
divided between transitions with AK = +1
and those with AK = —1; hence, the pump
for K, = 2 is (215 x 1078 W
molecule ™')(n, + n;), where n; and n, are
the populations in K = 1 and K = 3 of the
ground vibrational level. For K, = 0, only
AK = +1 is possible, so the total pump out
of that level is half as large, but it all goes
into only one upper level, so again the
pump for K, = 1 is (2.15 X 1072 W
molecule™')(n, + n,). The downward
branching ratios follow the standard expres-
sion for P, Q, and R branches, except that
two sets are permitted (AK = =+ 1). Hence,
each "Qy branch in emission takes one-
quarter of the total pump fluorescence effi-
ciency from the sum of molecules with K, =
K, *= 1. The fluorescence efficiency g, is

T

then 5.4 X 107%* W molecule ™!, for each
Q branch.

From the "Q, branch, we derived the
C,H, production rate (20) for the sum of
the K = 0 and K = 2 ladders, and the
production rate for the sum of the K = 1
and K = 3 ladders was obtained from the
"Q, branch (Table 1). The summed produc-
tion rate for C,Hg in the ladders K = 0 to
3 is then 6.4 X 1026 molecules s™! on UT
24.5 March. From our measured H,O lines,
we estimated the rotational temperature for
H,O within our aperture to be ~70 K.
Rotational relaxation should be slower for
homopolar species than for strongly polar
species such as H,O; hence, C,Hy may have
a rotational temperature between 70 K and
the temperature at which H,O ice subli-
mates rapidly from the nucleus, ~190 K.
The detection of emission from the "Q, and
Qs branches on UT 2.0 April demonstrat-
ed that significant populations existed in
ladders above K = 3. Our laboratory spec-
trum (Fig. 2) showed that only one-third of
the C,H, molecules resided in the four
ladders K = 0 to 3 at 130 K, so the produc-
tion rate for cometary C,H, could be as
much as ~2 X 10%7 molecules s~! if the
rotational temperature approaches 130 K.
Even if the "Q, and "Q, branches sampled
most of the rotational distribution on UT
24.5 March, C,Hy is still a surprisingly
abundant parent volatile in Hyakutake.

Methane has been detected in vapor
and ice phases in dense interstellar clouds
(21). Like C,H, CH, cannot be detected
by UV or radio astronomical methods. It
does have two strong IR vibrational bands
(vyat 3.3 wmand v, at 7.7 pm), and these
have been the subject of theoretical mod-
eling and observational searches in com-
ets. An IR spectroscopic search at 3.3 wm
from the Kuiper Airborne Observatory
showed an upper limit of ~4% for the
production rate of CH, relative to that of
H,O in Halley (22), but a ground-based
search for the R1 and P2 lines (23) report-
ed an upper limit of 0.2 to 1.2%, the range
depending on the assumed rotational tem-
perature (50 to 200 K). A CH, abundance
of ~2% was derived from ion mass spec-
trometer data taken on the Giotto fly-

Table 1. Spectral lines observed in C/1996 B2 Hyakutake and inferred parent volatile production rates.

. Frequency Line flux Q Continuum
Molecule - Band  Line "o "™ (10-16 W m-2) (1026 molecules s=1) (10~ W m~-2 om~")
H,O  111-100 2,,-3,, 5084 0.06 1700 1.2
CH, vy RO 3028 0.26 12 1.6
C,Hg v, "Qq 2983 0.27 2.8 1.3
Q, 2987 0.35 3.6t 1.3
CO 1-0 P2 2136 2.1 82% 4.9
P3 2132 2.8 115% 4.9

*Sum of the production rate in the K = 0 and K = 2 ladders.

ladders.
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+Sum of the production rate inthe K = 1 and K = 3

1This is the total production rate for CO on the basis of the flux of this line alone.
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through of Halley (24). However, the mass
spectrum could also be explained by in-
cluding fractionation fragments of poly-
meric H,CO instead of CH,, and this
approach simultaneously reproduced the
spatial distribution of the extended source
of CO found in Halley (25). A provisional
detection (~7%) was reported in the dy-
namically new comet Wilson 1987 VII,
but the detection at 3.3 wm was only 3o
above the noise level (26). A sensitive
high-resolution search at 3.3 pm in comet
Levy 1990 XX provided an upper limit of
~0.2% (27) for the production rate of
CH, relative to H,O.

We targeted the v; band of CH, near 3.3
pm for our search. The parent volatiles (for
example, H,O, CH,OH, and H,S) are
known to be relaxed to rotational tempera-
tures of ~50 K in the inner coma (2, 5, 6,
28), and CH, should also be relaxed. We
searched for spectral lines that originate on
low-lying rotational-vibrational levels hav-
ing energies <2kT (where k is Boltzmann’s
constant and T is the effective rotational
temperature). Five spectral lines are needed
to determine the populations of CH, in the
five lowest energy levels (22). The RO line
(3028.75 em™!) of the CH, v; band was
detected on UT 23.4 March 1996 and again
on UT 24.5 March (Fig. 1B and Table 1).
The R1 line (3038.50 cm™!) was detected on
UT 24.5 March, and the P2 line (2999.02
cm™!) was detected on UT 2.0 April. On
UT 12.2 April, we detected all five lines.
The detection of multiple lines—all at the
correct Doppler shift and with the expected
intensity ratios—confirmed the identifica-
tion of CH,.

We adopted a rotational temperature of
50 K for CH,, and we used g, = 1.2 X 107
W molecule™! (27) for the RO line. If the
rotational temperature were >50 K, our pro-
duction rate (Table 1) would be higher. The
effective gas kinetic temperature is thought
to be ~200 K near the surface of the nucleus,
dropping to ~20 K at 100 km, as adiabatic
expansion cools the outflowing gas. Because
our effective aperture diameter at Hyakutake
is only ~100 km, we expect the temperature
to be between 200 and 20 K.

Carbon monoxide can be present as a
native ice in the nucleus, but it can also be
produced in the coma by dissociation of oth-
er species such as H,CO and CO, (I). In
Halley, about half of the CO found was
released directly from the nucleus, the re-
mainder being attributed to the distributed
source (29). There is considerable interest in
separately identifying the direct and distrib-
uted sources of CO, and this can be done
with high-angular resolution measurements
using ground-based telescopes at IR wave-
lengths (7, 8, 30).

The P2 and P3 lines of the 1-0 vibra-
tional band of CO were detected in Hya-
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kutake on UT 23.4 and 24.5 March (Fig.
1C). On UT 24.5 March, we surveyed
eight lines in the P and R branches near
4.67 wm, representing solar pumping from
rotational levels ] = 0 to 6 of the ground
vibrational level. Fluorescence efficiencies
have been determined for two observing
geometries, representing field-of-view di-
ameters of 4 arc sec and 1 arc min (30).
We used fluorescence efficiencies from the
4—arc sec model to derive CO production
rates from the observed line fluxes. The 4 -
arc sec model is better suited for analysis of
our data because it weights the near-
nucleus population more heavily and is
thus more appropriate for our observing
conditions. The mean CO production rate
was 9.8 X 10%7 molecules s~!, derived
from P2 and P3 (Table 1).

The principal parent volatile in comets
is H,O, and chemical implications of the
minor constituents are best interpreted in
the context of their abundances relative to
H,O. Ground-based detection of extrater-
restrial H,O is normally impossible because
of severe extinction by terrestrial H,O, so
we used a method that avoids this problem
(31). Using this approach, 13 emission lines
of H,O in the 111-100 vibrational band
were detected in Hyakutake on UT 23.4
March. On UT 24.5 March, three of the
cometary lines (25,-305, 2;,-3;,, and
2,,-3;3) were measured again, and a H,O
production rate of 1.7 X 102° molecules s ™!
was obtained. A provisional rotational tem-
perature of ~70 K was found, but a more
accurate value must await analysis of the
full set of H,O lines. The H,O production
rates retrieved from observations of OH on
UT 24.5 March agree with our production
rate (32). We will use our value for the H,O
production rate when referring to mixing
ratios in the cometary nucleus.

The abundances of C,H, CH, CO, and
H,O in Hyakutake were in the proportions
C,H:CH,:CO:H,0 = 0.4:0.7:5.8:100. The
nucleus of Hyakutake exhibits a volatile car-
bon chemistry that differs from that of
CH,;OH-rich (C,Hg-poor) comets. This di-
versity may reflect variations in the processing
of icy grain mantles in the solar nebula with
distance from the protosun (temperature UV
flux, and H atom density) and exposure time
being controlling factors. We note that the
C,Hg:CH, ratio in Hyakutake exceeds the
values found for three carbonaceous chondrite
meteorites [C,H:CH, = 107 in Orgueil,
Cold Bokkeveld, and Murray (33)] but is con-
sistent with that found in a fourth [C,H:CH,
~1 in Murchison (34)]. The close agreement
of the C,H¢:CH, ratio in Hyakutake and the
Murchison meteorite suggests that their vola-
tiles may have had a common origin.

The abundances of homologous hydro-
carbons provide a test of cometary origin.
CH, is the first and simplest member of the
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saturated hydrocarbon homologous series
C,H,, .,; the abundance ratios of succes-
sive members can reveal whether their for-
mation was controlled by kinetics (such as
in gas-phase ion-molecule reactions), by
thermodynamic processes, or by processing
of icy grain mantles (for example, by pho-
tolysis or by H atom addition reactions).

Homologic analyses have been applied to
monocarboxylic acids (H,,_,C,_;COOH)
isolated from the matrix of Murchison. The
abundances of successive homologs of these
acids decrease by ~60 to 70% for each ad-
ditional carbon, revealing the influence of a
kinetically controlled process (35). lon-mol-
ecule reactions are important in dense inter-
stellar clouds (36) and lead to nearly equal
abundances for successive homologs. How-
ever, production of C,H; and higher ho-
mologs of CH,, is energetically forbidden at
low temperatures because all of the relevant
reactions are endothermic (37). Hence,
these homologs are not expected if comets
contain ices formed in this way.

Thermodynamic processes were probably
important in high-density, high-temperature
regions of the solar nebula (8, 38, 39). In
thermochemical equilibrium models, the
abundances of the higher homologs decrease
for each CH, group added. The C,H:CH,
ratio was <1072 in equilibrium models with
1000 K and 1-atm total pressure, while it was
0.014 in models with 500 K and 1-atm pres-
sure (39). For lower pressures, the C,H:CH,4
ratio was much smaller, typically <10-5.
Equilibrium models for the jovian subnebula
also predict C,Hg:CH, <1072 (8). The pres-
ence of C,H, with an abundance compara-
ble to CH, in Hyakutake is not consistent
with production by thermochemical equilib-
rium processes in the solar nebula or in a
giant planet subnebula.

Aliphatic  hydrocarbons are easily
formed by radiation processing of just about
any higher order organic mixture (40).
Ethane is readily made in interstellar ice
analogs in the laboratory—for example, by
photolysis either of mixed H,O-CH, ices
(41) or of pure CH, ice (42). Photolysis also
breaks bonds in H,O and other comixed
ices, leading to production of many com-
pounds of C, H, O, N, S, and other ele-
ments in laboratory simulations (43). This
possible origin may be tested once abun-
dances are known for the full suite of or-
ganic compounds detected in Hyakutake.

Ethane can also be a product of H atom
addition reactions on grain surfaces in inter-
stellar dense cloud cores (44). Acetylene
(C,H,) is readily produced by gas-phase ion-
molecule chemistry there and, after condens-
ing onto grain surfaces, can undergo hydroge-
nation until becoming saturated (thereby
forming C,H,). A detection of C,H, has been
reported in Hyakutake, at an abundance of

0.1 to 0.4% relative to H,O (45).



The mixing ratio for CO reported here is
~5.8% relative to H,O, and this is a measure
of the direct (native) source, primarily. In
Halley, about half of the total CO was pro-
duced from a distributed source with a scale
length of about 10* km; dissociation of
H,CO was suggested (46). If a similar dis-
tributed source exists in Hyakutake, it would
be discriminated against in our production
rate because of the small aperture used in our
reductions (but would still contribute some
of the measured flux). CO has also been
detected in Hyakutake through fluorescence
of its A'TT -X'3,* electronic transition in the
UV, and a production rate of ~5% relative
to H,O was reported (47). Like our IR re-
sults, the UV detections are most sensitive to
native CO because of the small instrumental
field-of-view of the International Ultraviolet
Explorer (IUE) and the Hubble Space Tele-
scope (HST). On the other hand, CO rota-
tional transitions (detected at radio wave-
lengths) suggest a production rate ~20 to
30% relative to H,O (48, 49). These obser-
vations feature much larger instrumental
field-of-views and so are sensitive to the sum
of the native and distributed sources for CO.
Therefore, most of the CO found in Hya-
kutake seems to be associated with a distrib-
uted source, whereas the mainly native CO
reported here represents only about 20% of
the total CO produced from Hyakutake. The
relative abundance for CH;OH is reported
to be ~0.3 to 2% relative to H,O, from radio
observations (49), and our IR measurements
independently confirm that it is depleted
relative to most other comets.

The presence of abundant C,H, and
CH,, a relatively low abundance for
CH,0H, a modest amount of native CO,
and a higher production rate of CO from a
distributed source are all consistent, if H
addition reactions significantly modified a
H,0-CO-CH,-C,H, ice. If H atom addi-
tion reactions did hydrogenate some of the
C,H, originally deposited on icy grain
mantles, the reaction was not complete.
The ratio of C,H4:C,H, is in the range 1
to 10 in Hyakutake, suggesting that the
conversion of C,H, to C,Hy could have
proceeded with an efficiency ranging from
50 to 90%. CO would also have been
hydrogenated, first forming the formyl
radical (HCO), then H,CO, then
CH,OH, with the final products being
CH, and H,0. Note that CH, may also
condense directly from the gas phase in
the interstellar medium, and thus the ori-
gin of the CH, we observe is unclear. If
the distributed source of CO comes mainly
from polymeric H,CO, the implied con-
version efficiency of CO to H,CO would
be ~80%. With only ~0.3 to 2% CH;OH
and ~1% CH,, however, the hydrogena-
tion reaction would seem to have stopped

with H,CO, possibly because the H,CO

was rapidly incorporated into polymers or
because CH;OH formation is inhibited at
low temperatures (10 to 20 K) (50). Al-
though hydrogenation on grain surfaces
seems plausible, it is also possible that the
unusual carbon chemistry observed in
Hyakutake is the result of radiation pro-
cessing of ices in the dense cloud core.
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Type |l 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/*®Tiratios are 1.6 X 10~4 and 0.37. In addition, it contains
radiogenic magnesium-26; the inferred initial 26Al/27Al ratio is 0.11. The isotopic and
elemental data of X57 can be explained by selective mixing of matter from different zones
of atypical type Il 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.

Meteorites 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 (AL,0;),
spinel (MgALO,), silicon nitride (Si;N,),
and carbides of Ti, Zr, and Mo (1). One class
of SiC grains, the X grains, constitute ap-
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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
3Si (up to threefold), N (up to 20-fold),
and in many grains, "“C (up to 80-fold).
They also show large excesses of 2°Mg and,
in some cases, also of *Ca and *’Ti. These
excesses are believed to be a result of the in
situ decay after grain formation of the radio-
nuclides 2°Al (half-life T, 716,000
years), “Ti (T, = 47 years), and 'V (T,
= 330 days). Corresponding initial 2°Al/
27A1 and **Ti/*Ti ratios range up to 0.61
and 0.16, respectively.

On the basis of their enrichments in 2%Si
and the presence of #Ti at the time of grain
formation, type Il 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 1I supernovae
(5, 6), some discrepancies do exist. In par-

SCIENCE e« VOL. 272« 31 MAY 1996

FHUHEERYEI R

ticular, the large >N excesses, high initial
20A1/27Al ratios, and enrichments of 2°Si
relative to 2°Si cannot be satisfactorily ex-
plained. These differences point to defi-
ciencies in the understanding of current
type Il 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 pm (7) were dispersed
on gold foils. Digitized isotopic images of
12C=, 28Si~, and *°Si~ 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 ?°Si/?8Si 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 1I supernova
models. An exception is X57, which has a
distinct Si isotopic signature and a compar-
atively low 2°Al/??Al ratio. Besides the gen-
erally observed %Si enrichment, it has an
excess of *°Si over 2°Si, falling well below
the array formed by the majority of the X
grains in a three-isotope representation
(Fig. 3). Magnesium in X57 is monoisotopic
26Mg, and the inferred initial 2°Al/>?Al ra-
tio is 0.11 (Table 1). In addition, X57 has a

Presupernova structure
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4

Fig. 1. Schematic section through a 25M, type ||
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)]



