
Contents – A through D 
 
In-Situ Analysis of Complex Organic Matter in Cometary Dust by Ion Microprobe 

J. Aléon................................................................................................................................................... 6030 
 

Pristine Presolar Silicon Carbide 
T. J. Bernatowicz, S. Messenger, O. Pravdivtseva, P. Swan, and R. M. Walker .................................... 6035 
 

The Stardust Mission 
D. E. Brownlee and P. Tsou ................................................................................................................... 6067 
 

Laboratory Astrophysics of Silicates 
J. R. Brucato........................................................................................................................................... 6060 
 

Aerogel Capture at the University of Kent 
M. J. Burchell, J. A. Creighton, J. Gwatkins, J. R. Mann, and A. Kearlsey ........................................... 6025 
 

Can Meteors be Diagnostic of Cometary Chondrules and CAIs? 
H. Campins and T. D. Swindle ............................................................................................................... 6009 
 

“DUST BUSTER” — A Single Photon Ionization TOF MS for Cometary Dusts 
C. -Y. Chen, W. F. Calaway, T. Lee, J. F. Moore, M. J. Pellin, and I. V. Veryovkin.............................. 6021 
 

Infrared Spectra of Melilite Solid Solution 
H. Chihara, A. Tsuchiyama, and C. Koike ............................................................................................. 6022 
 

New Results in PIA Analysis, with Application to Comets Halley and Wild 2 
B. C. Clark.............................................................................................................................................. 6005 
 

Approaches to Establishing the Chemical Structure of Extraterrestrial Organic Solids 
G. D. Cody, C. M. O’D. Alexander, and S. Wirick ................................................................................. 6057 
 

Comet Observations with SIRTF 
D. P. Cruikshank .................................................................................................................................... 6006 
 

STARDUST and Stardust:  Isotopic Compositions of Trace Elements in  
Single Circumstellar Grains 

A. M. Davis, M. J. Pellin, M. R. Savina, and C. E. Tripa ....................................................................... 6027 
 

Complex Organics from Laboratory Simulated Interstellar Ices 
J. P. Dworkin.......................................................................................................................................... 6010 
 

Workshop on Cometary Dust in Astrophysics (2003) alpha_a-d.pdf



IN-SITU ANALYSIS OF COMPLEX ORGANIC MATTER IN COMETARY DUST BY ION
MICROPROBE.  J. Aléon, CRPG-CNRS, 15 rue Notre-Dame des Pauvres, BP20, 54501 Vandoeuvre-lès-Nancy,
France (    aleon@crpg.cnrs-nancy.fr   ).

Introduction: Based on (1) the comparison with
interplanetary dust particles (IDPs) [1], (2) the obser-
vation of abundant carbonaceous dust grains in the
coma of comet Halley [2] and (3) the actual models of
interstellar dust composition [3,4], it is believed that
carbonaceous matter will be a major component of the
Stardust returned samples. Given the importance of
carbonaceous compounds in interstellar and nebular
chemistry, in the formation of planetary atmospheres
and in the potential delivery of prebiotic molecules to
planetary surfaces, it is thus necessary to be able to
provide a complete and accurate study of the carbona-
ceous components of cometary dust. Since carbona-
ceous units in this dust have a small µm to sub-µm
size, only in-situ techniques with high lateral resolu-
tion will be useful to study these grains, such as syn-
chrotron-based spectroscopies, high resolution trans-
mission electron microscope and ion microprobe. Here
I summarize the work done with a IMS 1270 ion mi-
croprobe to understand the composition of complex
organic matter in IDPs of probable cometary origin
and the possible processes responsible for its forma-
tion.

Samples and techniques: 5 stratospheric dust par-
ticles (K1, E22, R5, A6 and R6), were studied by ion
microprobe scanning imaging [5,6]. Hydrogen and
nitrogen isotopes were mapped together with carbon,
oxygen, aluminum and silicon using a primary Cs+

beam of ~1.5 µm. The map of carbon was used to
compare the distribution of carbonaceous grains in
order to ensure that grains of interest were not eroded
after the H isotope analysis.

Results and discussion: Hydrogen in these parti-
cles was attributed to a mixture of organic and hy-
drated phases based on the distribution of C/H and D/H
ratios [5]. Each of the 5 particles have different com-
ponents.

H isotopes and Al-oxides grains indicate that R6 is
a terrestrial contaminant. H in R5 was attributed to a
mixture of chondritic hydroxyls with minor organic H
similar to carbonaceous chondrites insoluble organic
matter (CC-IOM). A6 showed the presence of chon-
dritic hydroxyls mixed with several D-rich organic
compounds. H in K1 was distributed between 2 major
phases and 1 minor : chondritic hydroxyls, an organic
component similar to the CC-IOM, and a minor or-
ganic component with a large D-excess. Only organic
H with extreme D-excess was observed in E22 sug-
gesting that the silicates of this particle are anhydrous.

Organic mixing endmembers with D-excesses were
labelled OM1, OM2 and OM3, with OM1 the CC-
IOM-like component in K1 and OM2 and OM3 the
extremely D-rich components in K1 and E22, respec-
tively (Table 1).

The N concentration and isotopic composition was
subsequently determined in these 3 phases [6]. All
these phases are extremely N-rich and 15N-rich with
the d15N correlated with the D/H ratios (Table 1).
Comparison with carbonaceous chondrites and comets
suggests that these phases are similar to cometary CN-
bearing complex organic molecules [6,7].

Therefore ion microprobe analysis of organic com-
ponents in IDPs allows identification of (i) terrestrial
contaminants, (ii) asteroidal grains of CC-type, and
(iii) cometary grains. In the case of cometary organics
it also provides a critical information on their chemis-
try : they are complex macromolecular material, with
variable aliphaticity and aromaticity as shown by the
C/H ratios, they have high N concentration and they
share 15N and D excesses.

Using the isotopic fractionation between 15N-D-rich
organic matter and the average interstellar gas 4.5 Ga
ago, exothermicities of the N isotopic fractionation
reactions can be calculated, assuming that the gas is
identical to the protosolar nebula [8]. Obtained exo-
thermicities are similar to the predictions of ion-
molecule chemistry [9]. However ion-molecule chem-
istry also predicts dilution of the isotopic effects in the
gas-phase. This suggests that 15N-D-rich organic matter
was formed by condensation of 15N-D-rich gas-phase
precursors, subsequently incorporated into complex
macromolecular structures [8].

C/H D/H (10-6) N (wt%) d15N (‰)

OM1 1.5 ± 0.2 253 ± 18 11 ± 5 208 ± 46
OM2 1.0 ± 0.1 1480 ± 104 12 ± 6 372 ± 54
OM3 2.9 ± 0.3 1880 ± 112 16 ± 8 383 ± 23

Table 1. Chemical and isotopic composition of
cometary organics in IDPs (from Table 8 in [6]).

References: [1] Bradley J.P. and Brownlee D.E.
(1986) Science 231, 1542-1544 [2] Jessberger E.K. et
al. (1988) Nature 332, 691-695. [3] Greenberg J.M.
and Li A. (1996) in: The cosmic dust connection
(Greenberg J.M. ed.), 43-70. [4] Kimura H. et al.
(2003) ApJ 583, 314-321. [5] Aléon J. et al. (2001)
GCA 65, 4399-4412. [6] Aléon J. et al. (2003) GCA, in
press. [7] Arpigny C. et al. (2003) Science, submitted.
[8] Aléon J. and Robert F. (2003) Icarus, in prep.
[9] Terzieva R. and Herbst E. (2000) MNRAS 317,
563-568.
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PRISTINE PRESOLAR SILICON CARBIDE  T. J. Bernatowicz1, S. Messenger2, O. Pravdivtseva1, P. Swan1 
and R. M. Walker1.  1Laboratory for Space Sciences and Department of Physics, Washington University, St. Louis, 
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The study of presolar grains found in primitive 

meteorites has yielded new, often otherwise inaccessi-
ble information about stellar nucleosynthesis, stellar 
evolution, and the formation of solids in stellar ejecta.  
The principal focus of most presolar grain studies has 
been the determination of isotopic structures of both 
major and minor elements.  The interpretations of 
these detailed structures in terms of stellar nuclear 
physics and dynamics have contributed significantly to 
our understanding of element synthesis [1-3].  Progress 
has also been made in understanding the composition 
and structure of presolar grains in terms of grain con-
densation and the physico-chemical conditions in stel-
lar environments [4 -11].  However, the potential use 
of presolar grains as monitors of the environments to 
which they have been exposed has been virtually un-
explored, except for some notable work on their pro-
gressive destruction with increasing severity of meta-
morphism on meteorite parent bodies [12-13], and on 
their destruction by oxidation reactions in the solar 
nebula [14].  It is important to consider that because 
the grains formed in various kinds of circumstellar 
winds and supernova ejecta, they necessarily had to 
migrate from these environments via the interstellar 
medium (ISM) into the protosolar nebula, and finally 
become incorporated into cometary and asteroidal par-
ent bodies, samples of which come to us in the form of 
interplanetary dust particles (IDPs) and meteorites.  
Any of these environments could have left its mark on 
the surviving presolar grains, particularly on their sur-
faces, which therefore might serve as monitors of vari-
ous processes. 

Hitherto it has not been possible to study the sur-
faces of presolar grains as they occur in their parent 
meteorites—in the parlance used here, in their “pris-
tine” state—because of the typical means by which 
they are isolated for study.  The very effective dissolu-
tion methods developed to prepare presolar grain con-
centrates for isotopic studies [15] can alter grain sur-
face morphologies, as well as entirely destroy petro-
graphic context.  An exception is the case of internal 
crystals sequestered within larger presolar grains, such 
as the various carbides and other minerals found 
within presolar graphite [7,11,16].  In this case, the 
graphite serves as a protective envelope that preserves 
the original characteristics of the internal crystals as 
well as their petrographic context. 

In this talk we discuss a simple physical disaggre-
gation technique coupled with an X-ray mapping pro-
cedure used to locate 81 micrometer-sized presolar SiC 

grains from the Murchison carbonaceous chondrite, 
that preserves them in their pristine state.  We then 
describe pristine SiC surface characteristics and over-
all morphologies determined by high resolution field 
emission scanning electron microscopy (FESEM), and 
compare these features to those of presolar SiC grains 
that have been prepared using chemical dissolution 
techniques.  

Nine-tenths of the pristine SiCs are bounded by 
one or more planar surfaces consistent with crystal 
faces based on manifest symmetry elements.  In addi-
tion, multiple polygonal depressions (generally < 100 
nm deep) are observed in more than half of these crys-
tal faces (Fig.1), and these possess symmetries consis-
tent with the structure of the 3C polytype of SiC.  By 
comparison of these features with the surface features 
present on heavily etched presolar SiC grains from 
Murchison separate KJG [15], we show that the po-
lygonal depressions on pristine grains are likely pri-
mary growth features.  The etched SiCs have high den-
sities of surface pits (Fig.2), in addition to polygonal 
depressions.  If these pits are etched linear defects in 
the SiC, then defect densities are quite high (as much 
as 108 – 109/cm2), at least 103 – 104 times higher than 
in typical synthetic SiCs.  The polygonal depressions 
on crystal faces of pristine grains, as well as the high 
defect densities, indicate rapid formation of presolar 
SiC.   

No other primary minerals are observed to be in-
tergrown with or overgrown on the pristine SiCs, so 
the presence of overgrowths of other minerals cannot 
be invoked to account for the survival of presolar SiC 
in the solar nebula.  We take the absence of other pri-
mary condensates to indicate that further growth or 
back-reaction with the gas became kinetically inhibited 
as the gas phase densities in the expanding AGB stel-
lar atmospheres (in which most of the grains con-
densed) became too low.  However, we did observe an 
oxygen peak in the X-ray spectra of most pristine 
grains.  Comparison of the O signal strength with those 
of synthetic coatings of silica implies that silica coat-
ings of as much as several tens of nm thickness may be 
present on the grains, perhaps due to oxidation of the 
SiC in the solar nebula.   

We see little or no evidence on the pristine grains 
of the surface sputtering or cratering that are predicted 
theoretically to occur in the ISM due to supernova 
shocks.  A possible implication is that the grains may 
have been protected during their residence in the ISM 
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Pristine Presolar SiC:  T. J. Bernatowicz et al. 

 

by surface coatings, including simple ices.  Residues 
of such coatings may indeed be present on some pris-
tine SiCs, because many (60%) are coated with an ap-
parently amorphous, possibly organic phase.  How-
ever, at present we do not have sufficient data on the 
coatings to draw secure inferences as to their nature or 
origin. 

A few irregular pristine SiCs, either fragments pro-
duced by regolith gardening on the Murchison parent 
body or by grain-grain collisions in the ISM, were also 
observed. 

References: [1] Bernatowicz T. and Zinner E. 
(1997), eds., AIP Conference Proceedings 402. 
[2] Bernatowicz T. J. and Walker R. M. (1997) Phys-
ics Today, 50 No. 12, 26. [3] Zinner E. (1998) Annu. 
Rev. Earth Planet. Sci. 26, 147. [4] Lodders K. and 
Fegley B. Jr. (1995) Meteoritics 30, 661. [5] Lodders 
K. and Fegley B. Jr. (1997) Astrophys. J. 484, L71. [6] 
Sharp C. M. and Wasserburg G. J. (1995) GCA  59, 
1633. [7] Bernatowicz T. et al. (1996) Astrophys. J.  
472, 760. [8] Daulton T. et al. (2002) Science 296, 
1852. [9] Daulton T. et al. (2003) GCA, in press. [10] 
Chigai T. et al. (2002) Meteoritics & Planet. Sci. 37, 
1937. [11] Croat T. K. et al. (2003) GCA in press. [12] 
Huss G. (1997) in AIP Conference Proceedings 402, 
721. [13] Huss G. and Lewis R. (1995) GCA 59, 115. 
[14] Mendybaev R.et al. (2002) GCA  66, 661. [15] 
Amari S. et al. (1994) GCA 58, 459. [16] Bernatowicz 
T.et al. (1991) Astrophys. J. 373, L73. 

 
 

Figure 1:  Field emission SEM image of a pristine 
presolar SiC crystal from Murchison.  The angular 
embayments in the interior are primary growth fea-
tures probably due to quenching of rapid condensa-
tion. 

 
 
 

Figure 2: Field emission SEM image of a chemical 
dissolution presolar SiC crystal from Murchison 
KJG [15].  Note the stratified appearance as well as 
the presence of numerous surface etch pits. 
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THE STARDUST MISSION.  D.E. Brownlee1 and Peter Tsou2, 1Department of Astronomy, University of Wash-
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The primary goal of the Stardust Mission is to 

collect >1000 particles >15 micron in diameter from 
comet Wild2 and return them to Earth in January 2006.  
The main samples will be captured by 6.1 km s-1 im-
pact into low density silica aerogel and additional par-
ticles will crater into ~150 cm2 of 100µm thick pure 
aluminum foil that covers the aerogel holding grid.  It 
is expected that the impacts into the aerogel will pro-
duce tracks that range from deep narrow cones for 
non-fragmenting particles to shallower more complex 
tracks for particles that fragment.  The impacts into 
aluminum foil will produce craters but a significant 
amount of projectile residue is expected to line the 
crater walls.   

The collected samples will be curated at the 
Johnson Space Center and general sample allocation, 
(samples that can be requested by all interested par-
ties), will begin ~6 months after return.  The first 6 
months of analyses will be restricted to preliminary 
examination done on a small set of simply prepared 
samples by teams of investigators.  The intent is to 
include as many analysis groups and individuals as is 
practical in the short duration preliminary examination 
(PE) effort.   The PE effort will focus on basic initial 
science and it will provide information that will be 
needed for planning sample investigations for the open 
and general sample allocation that will follow PE. The 
PE will be composed of subgroups focused on bulk 
composition, mineralogy-petrology, organics, rare 
gases, isotopes and craters.  

The Wild2 samples will provide the first op-
portunity to examine samples from a known comet (or 
any primitive body).  Wild2 is presently in an elliptical 
orbit that passes from the orbit of Jupiter to the orbit of 
Mars but prior to its close encounter with Jupiter on 
September 10, 1974, it was on an orbit that ranged 
from Jupiter to beyond the orbit of Uranus.  Wild2 is a 
Jupiter family comet and like other comets in this class 
it is believed to have formed in the Kuiper Belt just 
beyond Neptune.  It is presumed to be an aggregate of 
solid materials the existed at the outer fringe of the 
solar nebula accretion disk.   

Even thought they formed beyond Neptune, 
Kuiper Belt objects (KBOs) may well be a complex 
mix of pre-solar grains, materials transported outwards 
from the inner solar system and materials modified by 
KBO parent-body alteration processes.  The KBOs 
formed in a moderately severe collisional environment 
and some fraction of the initial materials may have 
been processed by shock and thermal effects related to 
impacts.   In addition, the KBO population contains 
many large bodies >1000 km in diameter and any Kui-

per belt comet could contain components that previ-
ously resided inside bodies that were large enough to 
have moderate internal heating and even aqueous al-
teration.  The Wild2 samples will provide a direct win-
dow into the potentially complex mix of materials that 
accreted to form Kuiper belt comets.  

Wild2 samples will provide a fabulous oppor-
tunity to compare KBO materials with asteroidal mate-
rials that accreted an order of magnitude closer to the 
Sun.  They will provide significant new insight into a 
wide range of problems related to inner and outer solar  
system process and materials.  Having bona-fide Kui-
per Belt materials “in hand” will also provide new 
insight into the interpretation of astronomical data on 
comets and circumstellar materials around other stars.  

Two examples where simple analyses of the 
returned sample will provide great synergy between 
astronomical and meteoritic data are diamonds and 
“crystalline silicates”.  If meteoritic diamonds are 
presolar their abundance in Wild2 should be at least as 
high as in asteroidal meteorites.  If they are not pre-
solar but formed in the solar nebula disk, their abun-
dance in Wild2 would to be lower.  

A second astronomical mystery that the 
Wild2 samples may solve is the odd range of olivine 
(~forsterite) content in silicates observed by astro-
nomical techniques. Evidence for the presence of oli-
vine in long period comets derived from the Oort 
cloud is provided by a 11.2 µm fine structure bump on 
the overall 10 µm infrared “silicate feature” attributed 
to stretch mode vibrations of the Si-O bond in micron 
and smaller silicate grains. This “olivine” fine struc-
ture is also seen in some circumstellar grains but is not 
seen for silicate grains in the diffuse interstellar me-
dium nor is it seen for short period comets (derived 
from the Kuiper Belt).  This remarkable situation has 
been used to suggest that interstellar and KBO silicates 
are almost entirely amorphous and that the 11.2 olivine 
(Fo) feature seen elsewhere is the result of thermal 
annealing of amorphous materials.  It has been sug-
gested that Oort cloud cometary materials aggregated 
interior to the Kuiper belt where temperatures where 
high enough to form olivine from amorphous precur-
sors.  Analysis of the Wild2 samples will clearly reveal 
the mix of amorphous and crystalline silicates and also 
provide direct information on their origin and if there 
is any evidence that crystalline silicate fromed by an-
nealing, direct condensation or some other process.   

Detailed study of the expected thousands of 
returned comet samples will provide a remarkable op-
portunity to provide links between the sample and as-
tronomical community and a new level of synergy.    
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LABORATORY ASTROPHYSICS OF SILICATES. J. R. Brucato, INAF–Osservatorio Astronomico di Capodimonte, Napoli,
Italy, (brucato@na.astro.it).

It is commonly accepted that small objects in the outer part
of the Solar System, as comets and Trans Neptunian Objects
(TNOs) are a reservoir of partially uncontaminated primordial
material from which the Solar System formed about 4.5 bil-
lions years ago. Actually, the composition, the physical and
structural properties of these objects depend on the formation
mechanisms and evolution processes experienced since their
accretion. The study of the formation and evolution of comets
requires the knowledge of the dynamical evolution of the proto-
solar nebula where they formed. Infrared (IR) signatures ob-
served both by ground observations and by the Infrared Space
Observatory (ISO) have successfully been used for the identi-
fication of the types of minerals present in Oort cloud comets
and have attracted recently a wide interest of astrophysicists
due to the increasing amount and quality of observational data.
These observations have posed clear constraints on the chem-
ical composition of silicates, showing that crystalline olivine
and pyroxene are abundant. The presence of crystalline grains
in Oort comet spectra and the absence or un–observability of
crystal signatures in the ISO spectra of dense and diffuse in-
terstellar medium (ISM) raises the question: does the material
present in small objects from the external Solar System reflect
the physical and chemical properties of the proto–solar neb-

ula? In fact, many competitive processes experienced by the
dust affect the physical and chemical evolution of the grains
before and after their coagulation in larger objects. In partic-
ular, amorphous and crystalline silicates are separated by an
energetic gap which has to be overcome by the atoms to move
from one structural configurations to the other. Information
on possible transformations suffered by the dust may provide
evidence for the links between chemical–physical properties
of small objects of the Solar System and those of dust in the
ISM and around evolved stars.

To understand what the main components of comets are,
and what processes affected their nature, dedicated labora-
tory experiments have been performed. The knowledge of
cometary silicate properties is strictly related to the study in
the laboratory of the possible formation and transformation
mechanisms they experience. The application of production
and processing methods, capable to reproduce space condi-
tions, together with the use of analytical techniques to inves-
tigate the nature of the material samples, form a subject of a
complex laboratory experimental approach directed to the un-
derstanding of cosmic matter. The present review is dedicated
to the experimental methods applied in various laboratories to
simulate and characterise cosmic silicate analogues.
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CT2 7NR, United Kingdom. Email: M.J.Burchell@kent.ac.uk, 2Department of Mineralogy, The Natural History 
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Introduction:  In order to extract the maximum 

benefit from space missions using aerogel capture 
cells, it is necessary to fully understand the capture 
mechanism and to develop appropriate analysis meth-
ods. The capture event in space typically takes place at 
speeds of many km s-1. This is in what is normally, but 
misleadingly, called the HyperVelocity Impact (HVI) 
regime. HVI typically involves shock pressures that 
vaporize the projectile. Here of course the whole point 
of the use of aerogel as the target is to avoid this and 
capture the projectile relatively intact. However, the 
tag HVI is often attached to any impact at great than a 
few km s-1 and is thus still used with aerogel capture in 
space. One recurring feature of HVI studies in general 
is that models and analytic solutions of the impact 
event are often insufficient by themselves, and labora-
tory experimentation is thus crucial in better under-
standing HVI events. This is particularly true for aero-
gel capture. 

Since the original report [1] of successful capture 
in aerogel at speeds in excess of a few km s-1, there 
have been many subsequent reports including work 
from Kent e.g. [2]. Recently at the University of Kent 
we switched from examining the mechanical properties 
of capture (e.g. variation of track length with impact 
speed [3]) to development of analysis techniques and 
investigation of physical alteration of samples during 
capture. These are held to be of more significance as 
aerogel capture becomes more common and the vol-
ume of material collected for analysis increases. 

Analysis in-situ: At Kent we initially focussed on 
in-situ analysis. This offers the captured projectile with 
minimum contamination (which may arise from 
extraction). The analysis method must be simple 
enough to use in a standard, reasonably well equipped 
laboratory. Previously it was shown elsewhere [4] that 
X-ray emission stimulated at synchrotron beam lines 
gave an elemental composition for particles in aerogel, 
but this is not equipment available in the standard 
laboratory. Accordingly we selected Raman as the 
appropriate method and demonstrated that it works 
with minerals captured in aerogel in HVI conditions 
[3]. The minerals originally used for our Raman studies 
were olivine and enstatite. Since then other minerals 
such as pyroxene [5] have also been shown to give 
recognizable Raman spectra after capture in aerogel. In 
addition, the organic component of materials can be 
identified by the broad carbon peaks that can be found 

at 1350 and 1590 cm-1 in Raman spectra. As well as 
the original minerals (olivine, enstatite and pyroxene) 
Raman spectra for a wider variety of minerals (e.g. 
albite, calcite, rhodonite, lizardite) have been obtained 
and will be shown at the meeting. Current work is 
looking at capture of organic materials in aerogel. This 
will also be discussed. 

One possible worry about use of Raman is the heat-
ing of the sample. Raman works by laser illumination 
of the sample and collection of the inelastically scat-
tered light. The illumination can involve heating of the 
particles. Since the particles are small, and embedded 
in a material famous for its poor heat conduction prop-
erties, significant heating may occur. In our work this 
has found to raise temperatures to 150 to 200 ºC. This 
will be discussed with examples showing that with 
appropriate caution many types of particles can be 
successfully studied using Raman techniques. 

Extraction: We have also undertaken work on ex-
tracting particles from aerogel at Kent. Particles of 
greater than 100 microns diameter have been extracted 
and made available for closer study (under SEM for 
example). Current work is focussing on extraction of 
particles of less than 100 microns in size. The method 
involves use of scalpels and drills to cut the aerogel 
and then extraction using fine needles and tweezers. 

Conclusions: Work on capture of particles in aero-
gel is continuing at the University of Kent using the 
Kent two stage light gas gun. The emphasis has moved 
from capture of the particles to their subsequent analy-
sis and characterization. The use of Raman analysis 
techniques is particularly recommended. This can be 
combined with subsequent extraction for further study 
via other methods. 

References: [1] Tsou P. et al. (1988) LPS XIX, 
1205–1206. [2] Burchell M. J. et al. (1999) Planetary 
& Space Science 47, 189– 204. [3] Burchell M. J. et al. 
(2001) Meteoritics & Planet. Sci., 36, 209–221. 
[4] Flynn G. J. (1996) LPS XXVII, 369–370. 
[5] Graham G. A. et al. (2001) LPS XXXII, Abstract 
#1637. 
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CAN METEORS BE DIAGNOSTIC OF COMETARY CHONDRULES AND CAIs?  H. Campins1 and T. D. 
Swindle2, 1Physics Department, University of Central Florida, Orlando, FL 32765, campins@physics.ucf.edu, 
2Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, tswindle@U.Arizona.edu. 

 
 
Studies of the Leonid meteor showers over the past 

few years have yielded a wealth of results relevant to 
the structure and composition of cometary solids. One 
of our goals is to test the existence of chondrules and 
Ca-Al-rich inclusions (CAIs) in comets based on me-
teor observations. Chondrule-sized objects would be 
too faint to study in most meteor showers, but the high 
velocity (~72 km/sec) of the Leonids (comet Tempel-
Tuttle) make these small objects produce meteors in 
the range of Vmag +3 or +4.  There is little consensus 
about the formation mechanisms for chondrules and 
CAIs.  However, one prominent model (the "X-wind" 
model [1]) explicitly predicts that chondrules and CAIs 
will be present in comets.  Hence, observational con-
straints on the presence or absence of chondrules and 

CAIs in comet Tempel-Tuttle are likely to contribute 
to a better understanding of their formation process. 
Evidence could potentially be found in the overall 
mass distribution of the shower, in chemical analyses 
of some meteors, or in light curves. There is no evi-
dence for a chondrule abundance in the Leonid mete-
ors similar to that found in chondritic meteorites.  
There is intriguing evidence for chondrule- or CAI-
sized objects in a small fraction of the light curves, but 
further work is required to generate a definitive test. 
The STARDUST mission may provide more conclu-
sive results relevant to the presence of chondules and 
CAIs in comets.  

[1] F. H. Shu et al. (2001) ApJ. 548, 1029. 

 

Workshop on Cometary Dust in Astrophysics (2003) 6009.pdf



“DUST BUSTER” –A SINGLE PHOTON IONIZATION TOF MS  FOR COMETARY DUSTS.  C. –Y. Chen2, 
W. F. Calaway1, Typhoon Lee2, J. F. Moore1, M. J. Pellin1, and I. V. Veryovkin1, 1Materials Science Division, Ar-
gonne National Laboratory, 9700 S. Cass Ave. Argonne, IL 60439. 2Institue of Earth Sciences, Academia Sinica, 
128, Academia Road, Sec.2, Nankang, Taipei, Taiwan 115, 

 
 

It is hard to predict the properties and composition of 
dust that will be returned by STARDUST from WILD-
2.  The most interesting but challenging case would be 
grains, pg to fg in weight, each carrying its own iso-
topic signature characteristic of its source zones in a 
variety of stars. How do we extract the maximum 
amount of science from such grains?  Clearly, the best 
that can be accomplished is to measure every atom in 
each grain. 
 
All current analytical techniques fall short of this goal 
but each has a special niche.  For instance, the 
CAMECA Nano-SIMS 50 instrument has very high 
resolving power plus isotope mapping capabilities.  
But it can cover only a limited mass range and can 
detect only six masses during one measurement. In 
addition, the ionization efficiency for Secondary Ion 
Mass Spectrometry (SIMS) is below 1% for most 
elements.  Even so, it may be that SIMS is well suited 
for measuring the major elements in stardust grains 
while consuming only a very small fraction of the 
sample prior to completing the analyses of the grain 
with another technique.  On the other hand, resonance 
ionization in combination with Secondary Neutral 
Mass Spectrometry (SNMS) has great selectivity and 
high sensitivity but can only measure a few elements 
at one time. Laser-ablation ICP-MS can detect all 
elements at once, but like SIMS also has low instru-
ment efficiency (less than 0.1 %). 
 
Time-of-flight mass spectrometry (TOF MS) is ap-
pealing since all masses can be detected simultane-
ously and single-photon ionization (SPI) is an effi-
cient means of ionizing a large range of elements at 
once. In SPI, as long as the photon energy is higher 
than the ionization potential of the elements to be 
ionized, ionization efficiencies near 100% can be 
achieved with a reasonable laser flux.  Since a typical 
ionization cross-section is 1 Mb, the required laser 
flux must be near 1018 photons/cm2.  In a 0.1 pg sam-
ple having a chondritic composition, there is suffi-
cient material so that about two dozen isotope ratios 
between Li and Cu could be measured without atomic 
interference at a 3 sigma detection limits of 10%, 
assuming an instrument efficiency of 30%.  At present, 
the practical limit for SPI is the vacuum ultra-violet 
(VUV) laser source. The best current option is the 
157 nm F2 laser, which produces photons having an 

energy of 7.9 eV. This photon energy is insufficient 
for SPI of many of the major elements of interest to 
astrophysics, such as C, N, O, Si, S. Another difficulty 
is molecular interference, especially hydride and hy-
drocarbon, many of which can be discriminated 
against with moderate mass resolving power (around 
2500) or are small enough to be neglected when de-
tecting large (10%) isotope effect. 
 
Academia Sinica and Argonne National Laboratory 
(ANL) have entered into a collaboration to develop a 
SPI TOF MS instrument for analysis of stardust grains. 
A new instrument will be built at Academia Sinica 
based on the new TOF mass spectrometer design de-
veloped, built and operating at ANL. The instrument is 
intended for SPI TOF MS analysis of elements from 
Ca to Cu plus Li after first using SIMS to measure H, 
C, N, O, Si, and S.  There are still technical challenges 
facing the technique. We will need to improve sub-
micrometer sample handling, avoid the effects of 
space charge, and increase the dynamic range of the 
detector.  The most difficult obstacle to ove rcome 
may be the fact that the flux density of present high 
repetition rate, VUV lasers is below the level needed 
to ensure full ionization (saturation) in the source 
region, which must be several mm in size to achieve 
the high useful yield needed for analysis of small star-
dust grains.  A potential breakthrough effort is to ex-
ploit the novel free electron laser being pioneered at 
ANL.  In principle, this FEL can reach ionization satu-
ration and is tunable up to photon energies of 25 eV, 
which is higher than the ionization potential of any 
element. If such high energies can be produced at ap-
propriate energies for SPI, this new FEL will open 
exciting possibilities such as measuring the isotope 
ratios of the organic material from comets like the 
CHONS detected around Halley.  
 
This work is supported by the U. S. Department of 
Energy, BES-Materials Sciences, under Contract W-
31-109-ENG-38, by NASA under Work Orders W-19, 
895 and W-10, 091, and by a topical grant from Aca-
demia Sinica, Taipei, Taiwan. 
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Introduction:  We report the infrared optical prop-

erties of crystalline melilite solid solution for the first 
time.  Melilite is known as one of a "ring silicate"  
which have higher equilibrium condensation tempera-
ture of 1625 K at a solar nebula pressure of 10-3 atm 
[1].  The general chemical formula for terrestrial sam-
ple is represented as (Ca,Na)2[(Mg,Fe2+,Al,Si) 3O7] [2].  
This mineral species commonly occurred in CAIs of 
primitive chondrite, and in this case, melilite system 
forms a solid solution between the Al-end member, 
gehlenite  (Ge: Ca2Al2SiO7) and the Mg-end member, 
åkermanite  (Åk: Ca2MgSi2O7). From an astronomical 
point of view, melilite is expected to condense in an 
equilibrium condensation sequence at a slightly higher 
pressure (~10-3 atm) [3].  The optical properties of 
high temperature condensates give us some important 
information such as thermal structure or history of 
circumstellar dust shell, mechanism of nucleation of 
dust grain and the nature of heterogeneous grain. 

In this study, we synthesized the melilite solid 
solution and measured absorption spectra in the 
infrared region (6~100 m). In addition, the reflectance 
spectra for each optical axis were obtained by use of 
single crystals of the two end members synthesized by 
the Czochralski (CZ) method [4].  

 
Synthesis of solid solution:  Starting materials are 

reagent grade of CaCO3, Al2O3, MgO and SiO2 pow-
ders.  Since, the general chemical formula of the solid 
solution is described as Ca2Al2(1-x)MgxSi1+xO7,  
(1 x 0), the mole ratio of CaCO3 : Al2O3 : MgO : SiO2  
follows 2 : 1-x : x : 1+x  for ÅkX , where X is the mole 
percentage of the Åk component (X=100x). 

In this study, we synthesized solid solution of  
Åk100, Åk80, Åk60, Åk50, Åk40, Åk20 and Åk00 (Ge100).  
Mixtures of starting materials were heated at sub-
solidus for each composition for about 90 hours. The 
products are polycrystalline aggregations of which the 
grain grown by sintering.  
 

Results:  The melilite solid solutions have 15 ab-
sorption peaks between 7 and 100 micron wavelength 
range in a broad way. Absorption peaks located at ap-
proximately, 9.8, 10.3, 10.7, 11.4, 11.7, 12.4, 13.1, 

14.1, 15.5, 17.0, 20.9, 24.1, 29.5, 36.5 and around 
60 m. These absorption features such as peak posi-
tion, bandwidth and intensity ratio changed systemati-
cally depend on the chemical composition. Particu-
larly, the 60 micron features changed drastically; dou-
ble-structured peaks of Ge united to a single structure 
at intermediate composition, and again, split to triple 
structure at the Mg-end member (Åk).  

While, reflectance spectra for the two end members 
were obtained in the wavelength range 1.5~200  m. 
We can retrive dielectric functions and optical con-
stants (n, k) by applying the Lorentz fit [5] to the re-
flectance spectra,. 

 
Astrophysical implication and summary:  The 

comparison between the laboratory data and an astro-
nomical spectrum of a planetary nebula (NGC6302) 
[6] observed by ISO (Infrared Space Observatory) was 
carried out in this study.  As a result, we found that the 
mixture of Åk40~50 and Diopside [7] with 1:1 ratio 
can reproduce the 60 micron unidentified emission 
feature of NGC6302. Therefore, we can conclude that 
crystalline melilite can be considered as another new 
component of circumstellar dust grain.   

And our data sets will supply the spectroscopic ba-
sis for the interpretation of astronomical data accumu-
lated by ISO, future satellite missions and ground-
based observations.  

 
References: [1] Lattimer, J. W. et al. (1978) ApJ 

219, 230  [2] Deer, W. A., Howie, R. A. and Zussman, 
J. (1992) The rock-forming minerals: 2nd edition, 
(Longman), p108  [3]  Tielense A.G.G.M. et al. (1997) 
Ap&SS, 255, 415  [4] Nagasawa, H. et al.  (2001) PCM 
28, 706  [5] Bohren, C. F. & Huffman, D. R. (1983) 
Absorption and Scattering of Light by Small particles, 
(Wiley & Sons), ch.9  [6] Molster, F. J. et al. (2001) 
A&A 372, 165 [7] Chihara, H. et al. (2001) PASJ, 53, 
243. 
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Introduction:  It has long been known, since the 

Halley flyby missions, that the particles in that 
cometary coma exhibit not only a great range in physi-
cal size, but also span a range of compositions.  We 
report here on new, unpublished results from the con-
tinued analysis of data from the Particle Impact Ana-
lyzer (PIA) on the Giotto mission which flew through 
the coma of Halley, less than 600 km from the nucleus, 
in 1986.   

Basis Data:  The time-of-flight mass spectrometer 
(TOF-MS) generated by this instrument during the fast 
flyby produced approximately 3,600 spectra which 
could be classified by the sorting tree we have devel-
oped.    

Of these, over 96% were transmitted at high data 
compression, using on-board peak identfication and 
readout, which resulted in fewer minor peaks and also 
prevented peak centroiding techniques from being 
used in more detailed analysis on the ground to con-
firm mass number assignments.  Nonetheless, we have 
shown these data to be representative of the relatively 
few information-rich spectra that were transmitted. 

Approach:  A classification scheme adopted here 
[1] utilizes a key element decision tree, with simple 
branching.  The first major branch in the trunk is for C, 
with an immediate criterion for Si on both the C and 
no-C branches.  These may be loosely interpreted as 
mineral and organic branches (although C alone could 
be graphite or diamond), and the four subsequent 
branches lead to silicates, non-silicate minerals (e.g., 
sulfides, oxides), organics, and mixed particles.  Sub-
sequent branches result in 23 distinct classifications.  
Certain classifications can degenerate into other 
classes if one peak is missing, as can be the case for 
minor elements.  Most of the classes are robust to cri-
teria which provide independent methods of assessing 
their uniqueness.  These data are valuable for relative 
quantitation of particulate types.   

Results: The combination of [Fe, S] occurs only 
rarely as individual particles, yet it can be shown that S 
often correlates with Fe at a frequency which exceeds 
statistical prediction, indicating that FeS grains may be 
common in the “mixed” particles (the only criterion for 
which is to contain the four elements C, Mg, Si, and 
O).  Likewise, [Fe,S] accompanies many organic parti-
cles, such as in the strict-CHON group, but not those 
“organics” for which only C and N are present in the 
spectra (no H, no O).   

Similarly, Mg commonly is associated with O-
containing “organics”, which actually could be consis-

tent with brucite, periclase or magnesite.  Comparison 
of the systemetics of the CHON-classes of particles 
with those of Clark et al. [2] from PIA and Fomenkova 
et al. [3] from PUMA data (VEGA missions) confirms 
general groupings within CHON’s but with important 
quantitative differences. 

Numerous “lone” particles are detected, i.e., with 
just a single element detected.  Nonsensical ones, such 
as H, Ca or O are not interpretable in the context of 
known or hypothesized constituents of the solar or 
interstellar neighborhoods.  Of greater interest is a 
preponderance of C lones, which could be inorganic 
carbon grains which are well known from solar system 
meteorites and/or their interstellar inclusions. 

Several particle types that could have been 
rationalized but were not detected include NH, FeO, 
FeC, SiC, and MgS.  There are some Fe lones, but at 
low frequency compared to C.   

Applications:  Particles from Wild 2 will be ana-
lyzed also by TOF-MS, using the CIDA instrument 
during the Stardust mission flyby.  However, the im-
pact velocity will be significantly lower (because of 
the prograde flyby encounter geometry rather than the 
energetic retrograde encounter with Halley), with an 
expectation for a preponderance of molecular fragment 
ions rather than element ions in the spectra.  Neverthe-
less, the “ground truth” that the analyses of returned 
samples will provide for CIDA could be helpful in 
refining the PIA and PUMA results.   

Most importantly, the refined analyses of these 
Halley results will be the only method available for 
ascertaining the similarities and differences in the 
compositional makeup of the particulate populations of 
comets Halley and Wild 2.  In view of the loss of the 
CONTOUR comparative cometology mission, these 
data assume special significance.  

References: [1] B.C. Clark and L. W. Mason 
(1991), Giotto/PIA Data Set.  [2] Clark et al. (1987) .  
Astron. Astrophys. 187: 779-784. [3] Fomenkova et al. 
(1994) GCA., 58, 4503-4512. 
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The majority of extraterrestrial organic matter in 

carbonaceous chondrites resides in a chemically com-
plex, insoluble and perhaps macromolecular phase. We 
have been applying a series of independent solid state 
NMR experiments that are designed to provide a self 
consistent chemical characterization of this complex 
material (see for example Cody et al. 2002).   
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Figure 1: 13C solid state NMR spectra of four or-

ganic residues isolated from carbonaceous chondrites 
 
To date we have thoroughly analyzed 8 organic 

residues from different meteorites, including a CR2 
(EET92042), CI1(Orgueil), CM2 (Murchison), Tagish 
Lake, CM2 (AlH83100), CM2 (Cold Bokkefeld), CM2 
(Mighei), CM3 (Y86720).  In fig 1. 1H to 13C cross 
polarization NMR spectra of four of these are shown.  
Note that there exists an enormous range in chemistry 
exhibited in organic solid [evident by the breadth of 
the spectral features both in the aliphatic region (sp3) 
and the aromatic region (sp2)].  There is also consider-
able differences in the carbon chemistry  across the 
meteorite groups. 

As it currently stands the precise origins of such 
differences in chemistry across the groups and richness 
in chemistry within the meteorite groups is not well 
constrained.  Scenarios involving either processing 
prior to parent body accretion or chemical processing 
within the parent body could be invoked to explain 
these differences. 

As we begin to better understand the chemistry of  
organic solids in carbonaceous chondrites, the question 
as to the relationship between these organics and those 
entrained in inter-planetary dust particles and within 
comets naturally arises.  It is unlikely that we will ever 
have sufficient mass of organic matter from these 
sources to apply solid state NMR to solve their chemi-
cal structures. 

 Figure 2: A comparison of  13C solid state NMR spec-
tral information (left) with that derived from Carbon 
X-ray Absorption Near Spectroscopy (C-XANES).  
Note that whereas solid state NMR has distinct advan-
tages of C-XANES in that (in principle) signal inten-
sity is directly proportional to the abundance of a 
given organic functional group a relatively substantial 
amount of sample is required.  Micro C-XANES can 
be performed on femtogram quantities and is therefore 
suitable for the analysis of organics in IDP’s and 
cometary samples. 

  
The use of soft X-ray micro-spectroscopy using 

core to bound state transitions in the pre-edge region 
of carbon’s K edge may provide a means of both com-
paring the chemical structures of organic solids from 
meteorites and IDP’s (Flynn et al. 2000) as well as 
with samples obtained from the Star Dust mission.  
The principle difficulty in extracting information from 
C-XANES spectra lies in the relatively unknown na-
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EXTRATERRESTRIAL ORGANIC CHEMISTRY: G. D. Cody,  C. M. O’D. Alexander, S. Wirick 

 

ture of  the types of organic functional groups present 
as well as the relative oscillator strengths of their char-
acteristic absorption. Note the considerable overlap 
exhibited in C-XANES spectrum of Murchison, rela-
tive to that of its 13C solid state NMR spectrum. Part of 
this overlap is due to range of oxygen containing func-
tional groups and part may be due to complexity of the 
aromatic moieties. 

 
Figure 3: The results of Extended Hückel calcula-

tions using the Z+1 approximation for the core level 
photoexcited state of anthracene.  Note of the seven π* 
states available, the 3π* and 5π* do not exhibit absorp-
tion bands.  The spectrum is dominated by the 1s to 1, 
2, and 4 π* bound states. 

   
The bound states for aromatic molecules include 

various π* states.  Benzene for example has three un-
occupied  π* states.  In the ground state the two lowest 
energy states are degenerate, however, in the photo-
excited state these three states are non-degenarate.  
The C-XANES spectrum of benzene exhibits two 1s – 
π* transitions, one very intense transition at ~ 285 eV 
and an other weaker (~ 25 % as intense) absorption 
band at ~ 289 eV, the use of extended Hückel calcula-
tions employing the Z+1 approximation reveal that for 
benzene there is no transition intensity corresponding 
to a 1s-2π* state, rather only the 1s- 1π* and 3π* con-
tribute to the C-XANES spectrum. 

An example of such a calculation for anthracene 
(with seven π* states) is shown in fig. 3.  It is clear that 
these calculations can greatly help deconvolve the C-
XANES of organic matter in carbonaceous organic 
solids.  Over the past several years we and others have 
been developing a large data base of  C-XANES spec-
tra of various pure organic compounds.  See Fig. 4 for 
an example of C-XANES spectra of various PAH’s. 
Note that in each case multiple 1s-π* transtions are 
observed and that the instrinsic line widths of these 
transitions are relatively narrow when compared with 

the 285 eV feature of Murchison’s C-XANES spec-
trum shown in Fig. 2. 

 
Figure 4: C-XANES spectra of pure PAH’s in-

cluding anthracene, phenanthrene, dimethyl-
naphthalene, pyrene, crysene, and perylene. 

 
Our goal is to use our detailed chemical informa-

tion on organic solids from meteorites, derived from 
solid state NMR, as a basis for quantitative evalution 
of C-XANES spectra from the same suite of meteor-
ites.  We will combine these data with insight and 
guidance provided from computational approaches, 
such as extended Hückel calculations.  The result will 
be a data base that will hopefully allow for a quantita-
tive assessment of the chemistry of IDP’s as well as 
future sample return missions, such as Star dust. 

 
Acknowledgements: G. D. Cody gratefully ac-

knowledges the support from NASA’s Origins of the 
Solar System Program and the NASA Astrobiology 
Institute Program. 
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Comet observations are included in the programs of the Guaranteed Time Observers (GTO) on the Space Infrared 
Telescope Facility (SIRTF), scheduled to be in space and operational for five years beginning in late 2003.  SIRTF is a 
cryogenic telescope with three basic instruments for imaging, photometry and spectroscopy from 3.6  m to 160  m.  
All of these capabilities will be used in studies of comets.  The intent is to study the infrared radiation (emission) from 
comets (and dust tails, where relevant) in all stages of evolution, starting with Kuiper Belt objects and Centaurs (ther-
mal emission at 24, 70, and 160  m to derive dimensions and albedos).  Active comets will be observed spectroscopi-
cally and in deep thermal images.  Several known or suspected extinct comets will be observed spectroscopically (5-37 
 m) for information on their surface compositions.  There are opportunities for Guest Observers (GO) to propose addi-
tional comet work. 
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tute and 2Department of the Geophysical Sciences, University of Chicago, Chicago, IL 60637 (a-
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Introduction: Presolar SiC and graphite grains re-
covered from primitive meteorites have large isotope
anomalies in major, minor and trace elements [1]. The
isotopic compositions of heavy trace elements (Kr and
heavier) in single grains provide a particularly rich re-
cord of nucleosynthesis in red giant stars and superno-
vae. Most presolar grains are carbon-rich and form
around stars with C/O>1. However, most stars (including
the Sun) have C/O<1 and their rocks are made of oxides,
silicates and sometimes, water. A long-standing question
in the presolar grain studies is whether this is simply a
selection effect, because SiC and graphite are able to
survive the harsh chemical treatment of meteorites
needed to extract them, or that oxides and silicates are so
highly processed in the solar nebula that their presolar
record is obscured. We review the heavy element iso-
topic compositions of known presolar grains and specu-
late on the isotopic compositions of the oxides and sili-
cates that must be more abundant among the interstellar
grain population.

SiC and Graphite: Based on C, N and Si isotopic
compositions, most SiC grains (~90%), the mainstream
grains, are believed to come from low-mass (1.5–3 M

8
)

asymptotic giant branch (AGB) stars. These stars are the
principal sources of heavy elements produced by the s-
process. The AGB origin of mainstream grains was con-
firmed first with measurements of s-process isotope en-
hancements in Kr, Sr, Xe, Ba, Nd, Sm and Dy [1] in ag-
gregates of many grains. The development of laser abla-
tion laser resonant ionization mass spectrometry [2,3] led
to measurements of Sr, Zr, Mo  and Ba in µm-sized sin-
gle SiC and graphite grains and a much deeper under-
standing of nucleosynthesis in AGB stars [4,5,6,7,8,9].
The latest element to be measured in presolar SiC grains
is Ru, which shows evidence for in situ 99Tc decay after
SiC grain condensation [10]. Approximately 2% of
presolar SiC, the X-grains, form in Type II supernovae
[1]. These grains have quite unusual Zr, Mo and Ba iso-
topic compositions that indicate that a previously unrec-
ognized mechanism for heavy element nucleosynthesis is
at work in supernovae [11]. A neutron burst process due
to the explosion shock wave passing through supernova
shells rich in 22Ne [12] can produce the large excesses in
96Zr, 95Mo, 97Mo and 138Ba seen in SiC X-grains.

STARDUST Samples: Interplanetary dust particles
(IDPs), consisting predominantly of oxides and silicates,
are believed to come from comets, and are may be simi-
lar to dust from comet Wild 2 to be returned by the

STARDUST mission. Although they do contain organic
matter and even nanodiamonds [13], no SiC has been
reported from an IDP. It is also unclear what the abun-
dance of SiC, graphite and other reduced phases is in
genuine interstellar grains, a few of which are expected
to be collected by STARDUST. The AGB stars that pro-
duce most of the SiC grains appear to form with initially
solar isotopic compositions of heavy elements [5,9,10]
and likely with approximately solar C/O ratios. AGB
stars are normal low mass stars that have finished with
the main sequence of stellar evolution. They have a C-O
core and alternately burn H at the base of the envelope
and He in the helium shell. This causes newly synthe-
sized carbon to be dredged up into envelope. During this
stage, AGB stars lose a substantial fraction of their mass
(they produce ~90% of the dust returned to the interstel-
lar medium from stars). They begin by condensing ox-
ides and silicates and end by condensing SiC and graph-
ite. Based on models of s -process nucleosynthesis in
AGB stars [8], oxides and silicates from the earlier
stages of AGB star dust production are expected to be
enriched in s-process isotopes, but not by as large a fac-
tor as are observed in SiC grains. Silicate grains from
AGB stars have been identified in IDPs, based on oxy-
gen isotopic compositions [14]. Thus, cometary grains
collected by STARDUST are likely to contain circum-
stellar stardust. Isotopic compositions of minor and trace
elements in these grains can be measured by sputtering
or laser ablation followed by laser resonant ionization
mass spectrometry and should be very revealing about
sources and interstellar processing of interstellar grains.

References: [1] Zinner E. (1998) Ann. Rev. Earth
Planet. Sci., 26, 147–188. [2] Ma Z. et al. (1995) Rev.
Sci. Instrum., 66, 3168–3176. [3] Savina M. R. et al.
(2003) Geochim. Cosmochim. Acta, in press.
[4] Nicolussi G. K. et al. (1997) Science, 277,
1281–1283. [5] Nicolussi G. K. et al. (1998) Geochim.
Cosmochim. Acta, 62, 1093–1104. [6] Nicolussi G. K. et
al. (1998) Phys. Rev. Lett., 81,  3583–3586. [7] Nicolussi
G. K. et al. (1998) Astrophys. J., 504, 492–499. [8] Sav-
ina M. R. et al. (2003) Geochim. Cosmochim. Acta, in
press. [9] Lugaro M. et al. (2003) Astrophys. J., in press.
[10] Savina M. R. (2003) Goldschmidt Conf. Absts., in
press. [11] Pellin M. J. et al. (2000) Lunar Planet. Sci.
XXXI, #1917. [12] Meyer B. S. et al. (2000) Astrophys.
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Many of the volatiles in interstellar dense
clouds exist in ices surrounding dust grains.  The low
temperatures of these ices (T < 50 K) preclude most
chemical reactions, but photolysis can drive reactions
that produce a suite of new species, many of which are
complex organics.  We study the UV and proton radia-
tion processing of interstellar ice analogs to explore
links between interstellar chemistry, the organics in
comets and meteorites, and the origin of life on Earth.
The high D/H ratios in some interstellar species, and
the knowledge that many of the organics in primitive
meteorites are D-enriched, suggest that such links are
plausible [1].  Once identified, these species may serve
as markers of interstellar heritage of cometary dust and
meteorites.

Of particular interest are our findings that UV
photolysis of interstellar ice analogs produce mole-
cules of importance in current living organisms, in-
cluding quinones, amphiphiles, and amino acids.  Qui-
nones are essential in vital metabolic roles such as
electron transport.  Studies show that quinones should
be made wherever polycyclic aromatic hydrocarbons
are photolyzed in interstellar ices [2].  In the case of
anthracene-containing ices, we have observed the pro-
duction of 9-anthrone and 9,10 anthraquinone, both of
which have been observed in the Murchison meteorite
[3].  Amphiphiles are also made when mixed molecu-
lar ices are photolyzed.  These amphiphiles self-
assemble into fluorescent vesicles when placed in liq-
uid water, as do Murchison extracts [4].  Both have the
ability to trap an ionic dye.  Photolysis of plausible ices
can also produce alanine, serine, and glycine as well as
a number of small alcohols and amines [5].  Flash
heating of the room temperature residue generated by
such experiments generates mass spectral distributions
similar to those of IDPs [6].

The detection of high D/H ratios in some in-
terstellar molecular species, and the knowledge that
many of the organics, such as hydroxy and amino ac-
ids, in primitive meteorites are D-enriched provides
evidence for a connection between intact organic mate-
rial in the interstellar medium and in meteorites.  Thus,
some of the oxidized aromatics, amphiphiles, amino
acids, hydroxy acids, and other compounds found in
meteorites may have had an interstellar ancestry and
not solely a product of parent body aqueous alteration.
Such compounds should also be targeted for searches
of organics in cometary dust.
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