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COMET DUST FROM AIRBORNE LEONID STORM OBSERVATIONS

Peter Jenniskens
SETI Institute, 2035 Landings Drive, Mountain View, CA 94043.
E-mail: pjenniskens@mail.arc.nasa.gov ; Leonid MAC website: http://leonid.arc.nasa.gov

For the past five years, rare Leonid meteor storms offered unique access to cometary dust by
spectacular manifestations of recently ejected dust grains, which could be observed by exceptional
meteor observing techniques. The final storms, those of November 19, 2002, measured the dust
distribution in a comet dust trail far from the position of the comet itself. The measured spatial and
particle size distribution of dust still reflect the conditions of ejection and the influence of radiation
pressures on the grains, and provide unique insight into the dust-to-ice ratio in cometary matter.
The meteor observations also provide data on meteoroid composition and morphology for grains of
mm-cm size that are larger than studied by Stardust. The meteoroids derive from comet
55P/Tempel-Tuttle and were ejected in 1866 and 1767, respectively, only 4 and 7 orbits ago.  Both
meteor storms were well observed from two research aircraft operated by NASA and USAF. This
final mission in the Leonid Multi-Instrument Aircraft Campaign provided an international team of
38 researchers prime viewing without interference of moonlight and with a radiant position high in
the sky. En route from Madrid, Spain, to Omaha, Nebraska, the storms were observed to peak at
04:06 UT and 10:47 UT, respectively. A range of spectroscopic and imaging techniques was used
to measure the physical properties and composition of the meteors. Apart from accurate flux
profiles, highlights include the first near-IR spectra of meteors, high frame-rate (1000/s) images,
mid-IR spectra of persistent trains, as well as spectacular video images with a background of
aurora.
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ORGANICS SYNTHESIZED USING IRON-GRAIN SILICATES.  N. M. Johnson1, G. D. Cody2, and J. A. Nuth 
III1, 1Astrochemistry Branch (Code 691) NASA-Goddard Space Flight Center, Greenbelt, MD 20771, 2Geophysical 
Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road, N.W., Washington, DC 20015.  

 
 
Introduction:  We use Fischer-Tropsch type (FTT) 

synthesis to produce hydrocarbons by hydrogenating 
carbon monoxide via catalytic reactions. The products 
of these reactions have been studied using ‘natural’ 
catalysts [1] and calculations of the efficiency of FTT 
synthesis in the Solar Nebula suggest that these types 
of reactions could make significant contributions to the 
composition of material near three AU [2]. We coat 
Fe-silicate grains with organic material using FTT 
synthesis to simulate the chemistry in the early Solar 
Nebula [3]. In our experimental setup, we roughly 
model a nebular environment where grains are 
successively transported from hot to cold regions of the 
nebula. In other words, the starting gases and FTT 
products are continuously circulated through the grains 
at high temperature with intervals of cooling (see Fig 
1). Organics generated in this manner could represent 
the carbonaceous material incorporated in comets and 
meteorites. We analyze the resulting organics and 
present the results. 

Experiments:  Carbon monoxide, N2, and H2 gas 
are circulated through Fe- silicate grains that are 
maintained at a constant temperature. The reaction 
progress is monitored by measuring the gases as they 
pass through an FTIR spectrometer.  Each cycle begins 
with 75 torr N2, 75 torr CO, and 550 torr H2 before the 
grains are brought to temperature (i.e., 400, 500, 
600°C). After the gas has circulated for a 
predetermined amount of time, the heating element is 
turned off and the gas is pumped away. We repeat this 
process from twenty to forty times. Samples are 
analyzed using FTIR, GCMS (including pyrolysis) and 
potentially by NMR spectroscopy. 

We thermally annealed the 500°C post-catalyzed 
grains under vacuum at 600°C and 700°C. Thermal 
annealing of the coated grains (particularly at 700°C) 
deposited an oily brown residue on the walls in the 
cooler regions of the reaction vessel. Three separate 
aliquots of the catalyzed grains at 500°C were hydrated 
at room temperature (~23°C), ~65°C, and 90°C (at 
atmospheric pressure) respectively. Extractions of all 
samples will be analyzed by GCMS and data presented. 

Initial results:  We examined the abovementioned 
brown oily residue for organic compounds using 
pyrolysis GCMS. The resulting chromatogram shown 
in Fig. 2 indicates an organic content as rich and varied 
as the Tagish Lake meteorite organics [4].  This 
residue contains primarily saturated and unsaturated 
hydrocarbons. The following were also identified: 

alkyl-benzenes, alkyl-phenols, alkyl-phenyl ethers, 
alkyl-styrenes, alkyl-naphthalenes, alkyl-quinolines, 
and traces of poly-cyclic aromatic hydrocarbons. If 
these results are any indicator, continued analysis of 
synthesized organics may give clues about the origins 
of meteoritic organics. 

Acknowledgements:  We thank K. Gardner, J. Li, 
and J. Dworkin for their contributions. 

References:  [1] Hayatsu R. and Anders E. (1981) 
Top. Curr. Chem.. 99, 1-37. [2] Kress M. E. and 
Tielens A. G. G. M. (2001) Meteorit. Planet. Sci., 36, 
75-91. [3].Nuth J. A. et al. (2002) Meteorit. Planet. 
Sci., 37, 1579-1590. [4] Pizzarello S. et al. (2001) 
Science, 293, 2236-2239. 

Hydrocarbons only
(extracted from above chromatogram)

Complete Chromatogram
of oily residue

Hydrocarbons only
(extracted from above chromatogram)

Complete Chromatogram
of oily residue

Fig. 1.   Diagram of FTT catalyst experimental setup. 

Fig. 2.  GCMS chromatogram of residue resulting from 
annealing. 
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INFRARED SPECTROSCOPY OF ANHYDROUS INTERPLANETARY DUST PARTICLES. L. P. Keller1 
and G. J. Flynn2. 1Code SR, NASA/JSC, Houston, TX 77058 (Lindsay.P.Keller@jsc.nasa.gov), 2Dept. Physics, 
SUNY, Plattsburgh, NY 12901.  

 
Introduction. Infrared (IR) spectroscopy is the pri-

mary means of mineralogical analysis of materials outside 
our solar system.  The identity and properties of circumstel-
lar grains are inferred from spectral comparisons between 
astronomical observations and laboratory data from natural 
and synthetic materials.  These comparisons have been facili-
tated by the Infrared Space Observatory (ISO), which ob-
tained IR spectra from numerous astrophysical objects over a 
wide spectral range (out to 50 cm-1) where crystalline sili-
cates and other phases have distinct features.  The anhydrous 
interplanetary dust particles (IDPs) are particularly important 
comparison materials because some IDPs contain carbona-
ceous material with non-solar D/H and 15N/14N ratios [1,2] 
and amorphous and crystalline silicates with non-solar O-
isotopic ratios [3], demonstrating that these IDPs contain 
preserved interstellar material.  Here, we report on micro-
Fourier transform (FT) IR spectrometry of IDPs, focusing on 
the inorganic components of primitive IDPs (FTIR spectra 
from the organic/carbonacecous materials in IDPs are de-
scribed elsewhere [4]).   

FTIR spectra from IDPs were first collected from par-
ticles pressed into KBr [5], followed later by measurements 
of IDP thin sections [6].  These efforts were focused largely 
on the region around 10 µm where silicates have strong ab-
sorptions.  Synchrotron-based FTIR instruments have greatly 
expanded the types of measurements that are possible, in-
cluding measurements of sub-regions within individual IDP 
thin sections, as well as extending the measurements into the 
far-IR.   The far-IR measurements are particularly important 
because the long wavelength bands in olivines and pyrox-
enes are not only diagnostic for the crystalline structure that 
is present, but can also be used for compositional analysis 
(e.g. Mg/Fe ratio). 

 
The 10 and 18 µm Silicate Features. IR spectra of the 

major phases in primitive anhydrous IDPs (crystalline Mg-
rich silicates, GEMS [7], Fe-sulfides [8]) match spectral 
features observed in astronomical observations of comets 
and young stellar objects.  IDP spectra, in the 10 µm Si-O 
stretching region are dominated by a complex mixture of 
crystalline (forsterite and enstatite) and amorphous  (GEMS) 
silicates.  FTIR spectra from regions of IDPs dominated by 
GEMS show a broad, asymmetric feature whose absorption 
maximum varies between 9.3 and 10.2 µm.  In bulk IDPs, 
there are crystalline features at 9.3 µm (enstatite) and 11.2 
µm (forsterite) superimposed on the GEMS feature.  Figure 1 
shows the 10 µm silicate emission from comets Hale-Bopp 
and Halley taken from Hanner and Bradley (2003) [12].  For 
comparison, we plot the average spectrum of 12 anhydrous 
IDPs in Figure 2.  Considering the difference in sample size 
and measurement conditions the average anhydrous IDP 
spectrum compares favorably with the comet spectra, al-
though the enstatite:forsterite ratio appears higher in the IDP 
spectrum than in the comet spectra. 

The Si-O bending feature occurs at ~18.5 µm in a vari-
ety of astrophysical environments where the silicate dust is 
predominantly amorphous.  This feature occurs at longer 
wavelengths (~18.7-19.4 µm) in all of the IDPs measured to 
date, including GEMS-rich particles. 

 
The 23 µm Fe-sulfide feature. An emission feature at 

~23.5 µm is observed in ISO spectra from two Herbig stars 
[8] (HD163296 and AB Aur) and in the carbon-rich ejecta of 
evolved stars [9].  Laboratory IR spectra of Fe sulfide miner-
als and FeS-rich IDPs show an IR feature that matches well 
the band shape and position of the ISO feature [8].  Further-
more, the FeS band depth relative to the silicate feature is 
broadly consistent with abundance constraints. 
 

Far-IR measurements. FTIR spectra for two anhy-
drous IDPs have been published thus far [10,11].  In both 
cases, olivine and pyroxene, along with amorphous silicates 
are observed.  The positions of characteristic bands in the 
IDP spectra indicate that the olivine and pyroxene are both 
Mg-rich.  The spectra of both IDPs show remarkable simil-
iarities to ISO spectra from comet Hale-Bopp and young 
stellar objects [10,11].   

We have identified a number of minor phases (at the % 
level) in IDPs such as anorthite (CaAl2Si2O8), fassaite 
[Ca(Mg,Al)(Al,Si)2O6] and gehlenite (Ca2Al2SiO7) using 
transmission electron microscopy (TEM).  These minor 
phases occur with presolar silicates identified in the same 
particles with combined ion microprobe/TEM measurements.  
Far-IR measurements on mineral standards show that these 
phases have characteristic features that should be detectable 
at low concentration in ISO spectra. 

 
Acknowledgements.  This work was supported in part 
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NAG5-4843 (GJF).  We thank G. D. Smith and G. L. Carr at 
the National Synchrotron Light Source at Brookhaven Na-
tional Laboratory for making the far-IR measurements on 
microsamples possible.  
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IR SPECTROSCOPY OF IDPs: L. P. Keller and G. J. Flynn 

 

 
 

Figure 1.  The 10 µm silicate emission from comets Hale-Bopp and Halley.  Figure taken directly from Hanner and Bradley 
(2003) [12]. 

                             
 
 

Figure 2.  The 10 µm silicate feature obtained by averaging laboratory FTIR data for 12 anhydrous IDPs. 
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ON THE CRYSTALLINITY OF SILICATES IN THE INTERSTELLAR MEDIUM. F. Kemper, UCLA, Department of
Physics and Astronomy, 405 Hilgard Ave., Los Angeles, CA 90095-1562, USA, (kemper@astro.ucla.edu), W.J. Vriend, A.G.G.M.
Tielens, Kapteijn Institute, University of Groningen, P.O. Box 800, 9700 AV Groningen, The Netherlands.

We present a detailed study on the degree of crystallinity
of the silicates in the interstellar medium (ISM), using infrared
spectroscopy obtained with the short wavelength spectrometer
(SWS) on board of the infrared space observatory (ISO). We
focus on the line-of-sight toward the galactic centre (in particu-
lar to radio source Sgr A

�
) which is thought to be representative

of the diffuse ISM. Determining the degree of crystallinity of
the interstellar silicates is a subject of great astrophyiscal inter-
est. On the one hand, many post- and pre-main-sequence stars
exhibit crystalline silicates in their circumstellar dust shells
(Waters et al. 1996; Waelkens et al. 1996), while on the other
hand, crystalline silicates have not yet been detected in the dif-
fuse ISM. Only one reliable detection of diopside is reported
in a star forming region (Onaka & Okada 2003). It is striking
that, although during the beginning and the end of the life cycle
of dust silicates can be highly crystalline, silicates seem to be
completely amorphous during the longest phase in their life
time.

The silicate dust in the diffuse interstellar medium causes
an absorption feature around 10 � m. The broad shape of this
feature, which is due to the Si-O stretching mode within the
silica tetrahedras, suggests that the silicate by which it is car-
ried, is mainly amorphous. Crystallinity of the silicates would
be revealed by narrow resonances in this wavelength regime,
corresponding to placing the Si-O bonds in a regular grid of
silica tetrahedras. Typically, these resonances are 0.5–1 � m
wide. The crystalline silicates most commonly found in astro-
physical environments are forsterite and enstatite. Forsterite
has a strong resonance at � 11.3 � m and enstatite at � 9.2 and

� 10.4 � m. We searched for those resonances in the absorp-
tion spectrum of the line-of-sight toward Sgr A

�
, and did not

significantly detect them. We are able to put the strongest con-
straints to date on the upper limit to the degree of crystallinity
in interstellar silicates.

This indicates that processing occurs when dust enters the
ISM upon ejection by evolved stars. We calculate that stel-
lar ejecta contain a significant fraction of crystalline silicates,
and from this result we can determine the average life time
of a crystalline silicate in the diffuse ISM. Cosmic ray hits
and supernova shocks provide the mechanisms to efficiently
amorphisize the silicates. Most importantly, the obtained up-
per limit to the crystallinity provides us with important clues
to the processing that occurred in the dense ISM and presolar
nebula from which the solar system formed.

Interplanetary dust particles (IDPs) of non-solar isotopic

composition are believed to be pristine tracers of interstellar
and circumstellar dust (Bradley 1994). Their unusual isotopic
composition suggest they have been formed in environments
other than the solar nebula, and in fact their formation his-
tory can in many cases be traced back to the dust formation
zones around either Asymptotic Giant Branch (AGB) stars or
supernovae. It is assumed these grains have survived the grain
processing and destruction processes in the diffuse ISM.

Recently, Messenger et al. (2003) studied the isotopic com-
position of silicates in 1031 IDPs. Six of these showed a non-
solar isotopic composition, and are believed to be of presolar
origin. All six were identified to originate from either Red
Supergiants or AGB stars. Of two of these six circumstellar
grains the mineralogical composition was determined. One of
them was found to be a GEMS grain, which consists of amor-
phous silicates, while the other one was forsterite, a crystalline
silicate. This forsterite grain could of course be the lucky one
and survived the amorphisation processes in the diffuse ISM.
However, we conclude that it is far more likely that this grain
has been amorphisized in the diffuse ISM, but again crystal-
lized in the star formation region in which the sun was born, or
in the presolar nebula. This forsterite IDP of non-solar isotopic
composition, and the detection of crystalline silicates in star
forming regions (Onaka & Okada 2003), suggest that signif-
icant grain processing can occur in the dense ISM. The pre-
served anomalous isotopic ratios of this forsterite IDP indicate
that this grain was not evaporated during the re-crystallization
process. Hence this re-crystallization occurred in a relatively
cool environment and radial mixing in the solar nebula can be
ruled out for this particular grain.
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THE SYNTHESIS OF INORGANIC AND ORGANIC COMPOUNDS IN AGB AND POST-AGB STARS.  
Sun Kwok1, 
 1Department of Physics and Astronomy, University of Calgary, Calgary, Alberta, Canada T2N 1N4 
(kwok@iras.ucalgary.ca). 

 
 
Introduction:  The chemical element carbon is 

produced by triple-α reactions and dredged up from the 
helium-burning shell above the core to the surface dur-
ing the asymptotic giant branch (AGB) phase of stellar 
evolution.  Some time later, the star undergoes large-
scale mass loss in the form of a stellar wind.  When the 
entire hydrogen envelope of the star is depleted by this 
mass loss process, the stellar core is exposed and the 
surface temperature of the star gradually increases.  
When the surface temperature exceeds 30,000 K, the 
ultraviolet photons emitted by the star begin to 
photoionize the circumstellar material, creating a 
planetary nebula [1][2]. 
 

The material ejected by the stellar wind during the 
AGB consists primarily of molecular gas and solid-
state dust particles.  It is now recognized that the short 
(~103 yr) evolutionary phase between the AGB and 
planetary nebulae, called the proto-planetary nebulae 
or post-AGB phase [3], has active chemistry where 
new compounds are produced in the circumstellar envi-
ronment.  The ejection of these compounds into the 
general interstellar medium may play a significant role 
in the chemical enrichment of the primordial solar sys-
tem. 
 

From AGB stars to the Solar System: Infrared 
spectroscopic observations of the circumstellar enve-
lopes of AGB and post-AGB stars have identified a 
variety of inorganic grains, including amorphous sili-
cates, crystalline silicates, silicon carbide, carbonates, 
corundum, spinels, and possibly rutiles.  Isotopic stud-
ies of meteorites have also identified similar species of 
presolar origin [4][5]. These grains therefore represent 
an important link between stars and the solar system. 
 
The existence of aromatic and aliphatic features and 
their associated plateau continuum suggests that or-
ganic compounds in solid-state form are also made 
during the post-AGB phase of stellar evolution [6][7].  
These features show similarity with the infrared spectra 
of kerogen [8], which are also found in meteorites. 
 
The origin of the strong emission feature at 20 microns 
remains a mystery. Since its initial discovery by the 
IRAS satellite in 1989 [9], 12 carbon-rich post-AGB 
stars have been found to show this feature.  The broad 
and smooth nature of this feature suggests that it is due 

to a solid [10]. Although the 20-micron feature has 
been suggested to be due to hydrogenated fullerences 
or titanium carbide nanoclusters, no firm identification 
has been made. 
 
In this paper, we will summarize the spectroscopic 
evidence for inorganic and organic grains in the cir-
cumstellar environment and discuss possible pathways 
of their synthesis and transport to the solar system. 
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VOLATILE TRACE-ELEMENT ABUNDANCES IN PRIMITIVE METEORITES: APPLICATIONS TO 
ANALYSIS OF COMETARY PARTICLES.  D. S. Lauretta and J. Goreva, University of Arizona, Lunar and 
Planetary Laboratory, Tucson, AZ 85721, USA (lauretta@lpl.arizona.edu, jgoreva@lpl.arizona.edu). 

 
 

Introduction: We are developing new techniques for 
the analysis of volatile trace elements in very small 
samples using inductively coupled plasma mass spec-
trometry (ICP-MS) in preparation for samples returned 
by the Stardust mission. The instruments that will 
serve as the bases of our experiments are the 
ELEMENT2 high-resolution ICP-MS and the Isoprobe 
multi-collector ICP-MS. The Isoprobe MC-ICP-MS is 
already installed and available for use. We are in the 
process of expanding this facility to add the 
ELEMENT2, making it the ideal place to perform both 
trace-element and isotopic analyses nearly simultane-
ously. We are developing techniques for introducing 
samples to the plasma. We are working on three areas 
of sample introduction: 1) Thermal heating of small 
particles under controlled atmospheres; 2) Laser abla-
tion of small particles embedded in aerogel and other 
matrices; and 3) Direct injection of small particles into 
the plasma. In addition, we plan to investigate direct 
analysis of aerogel material with the goal of determin-
ing concentrations of volatile elements that may have 
recondensed on this material after sample collection. 
Trace-element Analysis:  We are interested in the 
abundances of volatile elements in Stardust grains and 
along particle tracks in the aerogel used to collect these 
grains. The primary goals of this research are (1) to 
constrain the initial abundances of volatile elements in 
Stardust grains and use this information to interpret 
their origin and thermal history and (2) to determine 
the amount of heating experienced by Stardust grains 
during collection. The abundances and isotopic com-
positions of such elements in Stardust grains may re-
flect low-temperature gas-solid interactions in the 
outer, early solar system. 

The suite of elements of interest includes: Au, As, 
Ag, Ga, Sb, Ge, Sn, Pb, Bi, Tl, Hg, Zn, Se, Te, In, and Cd. 
This set of elements includes the most volatile, non-
ice-forming elements. All of these trace elements are ei-
ther chalcophile or siderophile under the conditions expected 
in the solar nebula. Thus, they were likely incorporated into 
solid material through gas-solid reactions with metal or sul-
fide grains. A subset of the volatile trace elements of interest 
(Au, As, Ag, Ga, Sb, Ge, and Sn) are predicted to condense 
in the solar nebula by dissolving into the bulk metal phase 
prior to sulfide formation [1,2]. Another subset are predicted 
to condense either into the metal (Pb, Bi, Tl, and Hg) or into 
the sulfide (Zn, Se, Te, In, and Cd) during metal sulfuriza-
tion in the early solar system [1,3,4]. Elements that previ-
ously condensed in the metal may be transferred to the grow-

ing sulfide layer. Because of their high volatility and 
their mobility in aqueous systems, these elements may 
be excellent indicators of both thermal and hydrologi-
cal processes experienced by primitive chondritic me-
teorites and cometary particles.  
Results:  A thermal analysis (TA-) ICP-MS technique 
has been applied it to the study of volatile trace-
element abundances in primitive meteorites [5,6]. To 
date meteorites from the CI, CM, CV, CO, LL, L, and 
H chondrite groups have been analyzed. Of all these 
meteorites, the CI chondrites are probably the most 
similar to cometary material [7]. This study has pro-
duced some intriguing results. Of the entire suite of 
elements analyzed, S, As, Se, Sb, Te, Cd, and Hg are 
released at detectable levels when the meteorites are 
heated to relatively low temperatures (< 400 oC). There 
is a correlation between release of As, Se, Sb, and Te 
and low-temperature S release from a wide variety of 
primitive meteorites. The relative abundances of As, 
Se, Sb, and Te in this low-temperature phase is highly 
variable. There is a strong correlation between As and 
Se low-temperature release in Vigarano, Kainsaz, 
Chainpur, and Parnallee. However, in some meteorites 
(Grosnaja, Murchison, Orgueil) only Se is released and 
in others (Ornans and Supuhee), only As is released. 
These results are intriguing because they clearly do not 
reflect a simple volatility trend. Some other process is 
controlling the abundances of these elements in low-
temperature phases in carbonaceous and ordinary 
chondrites. We will continue to develop these tech-
niques using CI and CM chondrites as analogs for 
cometary particles. 
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STARDUST GOES TO MARS:  THE SCIM MARS SAMPLE RETURN MISSION.  L. A. Leshin,  Dept. of
Geological Sciences and Center for Meteorite Studies, ASU, Tempe, AZ 85287-1404.

The technology developed for low-cost sample
return by STARDUST and GENESIS, and the great
advancement of laboratory capabilities to perform high
precision analyses of very small samples, have resulted
in an exciting concept for the first Mars sample return
mission.  This mission, called Sample Collection for
Investigation of Mars (SCIM), is currently in Phase A
competition for flight as the first Mars Scout mission.

When SCIM delivers the first martian samples to
Earth it will dramatically expand scientific horizons by
enabling distinctly new and diverse measurements and
engaging a new community of scientists in the explo-
ration of Mars. By returning more than a thousand 10
µm diameter dust particles and a liter of atmospheric
gas, SCIM will provide fundamental advances in our
understanding of Mars’ habitability, geology, and cli-
mate. Existing high-precision, cutting-edge terrestrial
laboratory instruments will produce high accuracy
analyses of SCIM samples, addressing high-priority
Mars science, including:
•  The abundance of water in the martian near sur-

face environment and the nature of its interaction
with rocks; essential for assessing habitability

•  The origin and composition of the major rock-
types on Mars; key to unraveling martian geologic
evolution

•  The history of water and other gases in the mar-
tian atmosphere; critical for tracing martian cli-
mate through time.
Sample return is considered such an important

component of the Mars Exploration Program (MEP)
that it makes up one third of its implementation strat-
egy of “seek-in situ-sample.” SCIM offers a unique
early opportunity for embarking on the first Mars sam-
ple return as the 2007 Scout mission.  SCIM is respon-
sive to 30 years of National Academy and other sci-
ence community recommendations for sample return.
SCIM will enable resolution of conflicting hypotheses
generated by prior Mars missions. In addition, SCIM
will enhance science return from future missions, pave
the way for future sample returns, and allow NASA
and the worldwide scientific community to enter the
era of Mars returned sample analysis by 2011.

SCIM will be launched in August 2007. A “nodal
reencounter” Earth-Mars- Mars-Earth trajectory pro-
vides ideal seasonal and latitude conditions for dust
collection at the second Mars encounter. SCIM will
arrive at Mars in April 2009 at Ls = 245°, 14° S lati-
tude, 70° longitude, at 5 am local time. During an
aeropass with periapsis at 37.2 ± 2.5 km, SCIM’s Dust

Collection Experiment (DuCE) will expose >125 cm2

of aerogel to collect millions of particles, including
>1800 particles with diameters over 10 µm. The At-
mosphere Collection Experiment (ACE) will collect at
least 1 liter of atmosphere. The mission includes a
Light-flash In-situ Dust Counter (LIDC) and a Camera
Experiment (CamEx) to document dust and atmos-
pheric conditions, respectively. The locations of these
experiments within the flight system are designed to
optimize their function and protect them (and the sam-
ples) from harsh aero-heating conditions.

Silica aerogel dust collectors are exposed near the
aft end of the aeroshell where aeroheating effects are
minimized. Analyses demonstrate that the largest, most
scientifically valuable particles traverse the bowshock
and reach the collectors having experiences only minor
heating (> 200°C for <0.03 ms). Because the particles
are small compared to the size of the bowshock, they
will not break up while traversing this region. Exten-
sive testing demonstrates that particles retain the vast
majority of their chemical and mineralogical charac-
teristics after hypervelocity capture in aerogel

The DuCE consists of two sets of aerogel collector
modules (CMs), 10 CMs per set, that are launched in
position for sample collection. Ablative aeroshell
coatings near the CMs ensure that no carbon-carbon
ablation products from the aeroshell degrade sample
collection. Following the aeropass, each CM set is
reeled into the SRC for Earth return.

The ACE consists two, 1 liter collection tanks
configured with tubing and valves to conduct atmos-
pheric gases from an inlet at the stagnation point of the
aeroshell, which provides high gas pressure with no
potential contamination from the aeroshell material.
The experiment includes a cryogenic collection system
to increase the amount of collected gas.

The SCIM flight system is packaged within a car-
bon-carbon (C-C) aeroshell that protects from aero-
heating and minimizes atmospheric drag losses, and
therefore return ∆V. The aeroshell shape is flight heri-
tage from the Radio Attenuation Measurement-C
(RAM-C) program, is inherently aerodynamically sta-
ble, and requires no active control during the aeropass.
The first-principles approach used for the SCIM flight
system design focused on the physics of the actual
sample collection and yielded a near optimal spacecraft
physical configuration—while still allowing the maxi-
mum use of heritage subsystems from Stardust, Gene-
sis, and Odyssey.
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PREBIOTIC AND EXTRATERRESTRIAL CHEMISTRY OF HYDROGEN CYANIDE POLYMERS
Clifford N. Matthews1 and Robert D. Minard2, 1Department of Chemistry, University of Illinois, Chicago, Chicago,
IL. 60680, USA, 2Department of Chemistry, Penn State University, University Park, PA. 16802, USA,
rminard@psu.edu    .

Introduction: Hydrogen cyanide polymers- het-
erogeneous solids ranging in color from yellow to or-
ange to brown to black - could be major components of
the dark matter observed on many bodies of the outer
solar system and beyond, including asteroids and com-
ets, moons and planets.  They are readily hydrolyzed to
yield a-amino acids, possibly derived from polyami-
nomalononitrile, a polyamidine structure built only
from hydrogen cyanide. There is some evidence for
peptidic substructures.  Also, hydrolysis/pyrolysis
gives rise to nitrogen heterocycles, including purines
and pyrimidines found in nucleic acids today.

Implications for prebiotic chemistry are profound.
Through bolide bombardment or by photochemical
reactions in a reducing atmosphere, the primitive earth
may have been covered by HCN polymers and other
organic compounds.  Most significant would have been
the parallel synthesis of polypeptides and polynucleo-
tides arising from the dehydrating action of polyamidi-
nes on nucleotides.  On our dynamic planet, this poly-
peptide-polynucleotide symbiosis mediated by poly-
amidines may have set the pattern for the evolution of
protein-nucleic acid systems controlled by enzymes
and ribozymes, the mode characteristic of life on Earth
today [1].

Results: Some recent experimental results con-
sistent with this model of HCN polymer chemistry
playing an essential role in the origin of life include the
detection of:

1. large amounts of HCN in a massive protostar
GL2591 [2], suggesting that HCN is produced at star-
birth.  HCN polymers would be expected to be present
in dense interstellar clouds where infrared cyanide sig-
natures have been observed [3] and in planetary nebu-
lae where HCN molecules exist [4];

2. diketopiperazine from the thermochemolysis of
HCN polymers [5] pointing to the presence of glycine
dimers or oligomer structures in water-treated HCN
polymers;

3. increased amounts of glutamic acid and serine
when HCN polymer reacts with acrylonitrile and for-
maldehyde respectively, providing strong evidence for
a polyaminomalononitrile structural motif in the poly-
mer [6];

4. substantial amounts of HCN polymer in the
solid tholin product from a Titan atmospheric chemis-
try simulation experiment as determined by TMAH
thermochemolysis GC-MS [7];

5. long-lived organic free radicals (C- or N-based)
in both HCN polymers and Titan tholin material, iden-
tified through ESR studies [8];

5. high molecular weight polymeric heterocycles
of H,C,N,O far beyond the orbit of Mars [9] discov-
ered by the Cometary and Interstellar Dust Analyzer of
Mission Stardust on its way to rendezvous with Comet
Wild in 2004.

As with Comet Halley [10], we predict that sam-
ples returned by Stardust in 2006 will contain HCN
polymers and related products arising from the dark
crust of the comet.  These could be subjected to
TMAH thermochemolysis GC/MS techniques we have
used effectively for the analysis of HCN polymers
[11].

References: [1] Matthews, C.N. (1992) Origins of
Life, 21 421-434 [2] Boonman, A.M.S. et al. (2001)
Astrophysical J. 553  L63-L67 [3] Pendleton, V.J. &
Cruickshank, D.P. (1994) Sky and Telescope, March,
36-42 [4] Kwok, S. (2002) Astronomy June [5]
Minard, R.D., Shields, E., Parsons, K., Johnson, A.,
Jones, A.D. & Matthews, C.N. (2003) Abstracts of
Papers, 10th ISSOL Meeting & 13th International
Conference on the Origin of Life, Oaxaca, Mexico
Origins of Life & Evol. Biosphere (submitted) [6]
Minard, R.D. & McGowan, B. (2002) Astrobiology,
2(4): 592 [7] Minard, R.D., Hatcher, P.G., Kahle, K.,
Stauffer, E., and Amme V. (2000). Origins of Life and
Evol. of the Biosphere, 30, 170-171 [8] Budil, D.E.,
Roebber, J.L., Liebman, S.A., and Matthews, C.N.
(2003) Astrobiology, 3, in press. [9] Krueger, V.F.R. &
Kissel, J. (2000) Sterne & Weltraum, 5, 326-329 [10]
Matthews, C.N. & Ludicky, R. (1992) Adv. Space Res.,
12(4), 21-32 [11] Minard, R.D., Hatcher, P.G.,
Gourley, R.C., Matthews, C.N. (1998), Origins of Life
& Evol. of the Biosphere, 28, 461-473.
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THE MEGASIMS: A NEW INSTRUMENT FOR THE ISOTOPIC ANALYSIS OF CAPTURED SOLAR 
WIND.  K. D. McKeegan1, D. S. Burnett2, C. D. Coath1,3, G. Jarzebinski1, and P. H. Mao1.  1Dept. of Earth and 
Space Sciences, UCLA, Los Angeles, CA.  90095-1567 USA. (mckeegan@ess.ucla.edu),  2Division of Geological 
and Planetary Sciences, Caltech, Pasadena, CA. USA  3Department of Earth Sciences, University of Bristol.,  Bris-
tol,  BS8 1RJ,  U.K. 
 

 
Introduction:  With a few exceptions, the elemen-

tal abundances and isotopic compositions of average 
solar system material are inferred from laboratory 
analyses of carbonaceous chondrite meteorites because 
such measurements can usually be made with higher 
precision and accuracy than spectroscopic observa-
tions of the solar photospere [1].  However, this ap-
proach is problematic for volatile elements which are 
known to be fractionated, both elementally and iso-
topically, in various classes of primitive meteorites.  
The GENESIS Discovery mission [2] will return cap-
tured solar wind for laboratory analyses to determine 
its elemental and isotopic compositions. Solar compo-
sitions would then be based on the analysis of solar 
materials.  Since the Sun contains the bulk composi-
tion of the solar nebula, such data will provide an im-
portant constraint on the origins and evolution of 
cometary dust and other planetary materials. 

Oxygen is the most abundant element in the rocky 
planets, yet our understanding of the solar oxygen iso-
topic composition is poorly constrained and highly 
model-dependent [3,4].  Oxygen is known to exhibit 
isotopic anomalies of uncertain origin that are manifest 
in materials from the inner solar system on all spatial 
scales, from microns to planets [5].  Knowledge of the 
bulk solar system oxygen isotope composition would 
be highly useful in constraining models for evolution 
of dust and gas in the solar nebula to form planetary 
materials.  For these reasons, the highest priority sci-
ence goal of Genesis is the determination of the oxy-
gen isotopic compositions with circa permil accuracy 
in both  17O and  18O.    

Analytical Challenge:  There is currently no in-
strument that can perform isotopic analyses of the 
small amount of implanted solar wind oxygen (total 
fluence ~ 3 1014 cm-2) with the accuracy required for 
cosmochemistry.  Aside from sensitivity requirements, 
analytical difficulties include contamination by ubiqui-
tous oxygen on collector surfaces and from instrumen-
tal background, the large (factor 500) dynamic range, 
and the presence of molecular ion (hydride) mass in-
terferences.  The solution that we have developed at 
UCLA is combine an ion microscope with improved 
vacuum and low-energy sputtering capabilities with a 
tandem accelerator (for molecule destruction) and a 
high energy multicollector mass spectrometer.   

Instrument Description:  The “front-end” of the 
instrument is based on a modified CAMECA ims 6F 

ion microscope, which maintains good depth resolu-
tion (~nm or better) and ion imaging (~1  m resolu-
tion).  These capabilities allow separation of surface 
oxygen contamination from the signal which is im-
planted to a mean depth of ~60 nm.  Surface cleaning 
of a ~150 150  m2 analytical area is accomplished by 
very low energy (500 eV) sputtering by Ar+.  A high 
useful yield is then realized by using Cs+ primary ions 
and analyzing negative secondary ions; a normal inci-
dence electron gun is available for charge compensa-
tion.   

The implanted nature of the sample leads to a re-
quirement of true simultaneous detection for the iso-
tope beams.  This is accomplished by an isotope sepa-
rator-recombinator for injection of the extracted 10 
keV SIMS beam into the acceleration tube of the tan-
dem.  The novel design of the isotope recombinator 
maintains a first order mass dispersive focal plane at 
its midpoint and a transmission of the ion image, 
which is useful for achieving good depth resolution.  A 
range of (isotopic) masses is selected by a slit at the 
mass dispersive plane, and the beam then is recom-
bined by a second magnetic sector.  Phase space over-
lap for the different mass beams is achieved by some 
compensating lenses and the recombined beam is 
stripped of interfering molecular ions by passage 
through Ar gas at the high-voltage terminal of an NEC 
Pelletron accelerator.  A double-focusing, forward 
geometry mass spectrometer analyzes the high energy 
beam, now consisting only of those atomic ions that 
were passed through the recombinator by simultaneous 
ion counting at low to moderate mass resolution using 
moveable collectors.   

The ion optics and performance characteristics of 
the MegaSIMS will be described in detail.  The in-
strument, which is currently under construction, is 
supported as an Advanced Analytical Instrumentation Fa-
cility that can address not only the science objectives of 
GENESIS, but it will advance the state-of-the-art for 
certain isotopic and elemental analyses that will be 
appropriate for other sample return missions, including 
STARDUST. 

References: [1] Anders and Grevasse. (1989) GCA 
53, 197-214 [2] Burnett et al. (2003) Sp. Sci. Rev., in 
press. [3] Young and Lyons (2003) LPSC XXXIV, 
#1923. [4]  Clayton R.N. (2002) Nature 415, 860-861. 
[5] McKeegan and Leshin (2001) In Stable Isotope 
Geochemistry, Rev. Mineral. 43, 279-318.   
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SILICATE STARDUST FROM COMETS.  S. Messenger and L. P. Keller, NASA Johnson Space Center Code 
SR Houston TX 77058. 

 
 
Interplanetary dust particles (IDPs) collected in the 

Earth’s stratosphere are 5–50 µm fragments of 
asteroids and comets [1-3]. Anhydrous IDPs have 
escaped significant parent body hydrothermal 
alteration [2] and are further distinct from meteorites 
in their greater abundances of volatile elements and C, 
fine grained (100–500 nm) textures, and 
unequilibrated mineralogies. Many anhydrous IDPs 
contain high abundances interstellar organic 
compounds [4] and grains of silicate stardust [5]. 
These observations are consistent with properties of 
comets inferred from remote astronomical 
observations.  

Comets have been thought to be pristine aggregates 
of interstellar materials. However, spectroscopic 
observations of crystalline silicates in comets has 
challenged this notion, given their apparent absence in 
the interstellar medium.  

We measured the isotopic compositions of 
crystalline and amorphous grains in anhydrous IDPs to 
establish the relative proportions of solids of presolar 
and solar system origin in these materials. Stardust 
grains are distinguished from solar system materials by 
their exotic isotopic compositions as measured by 
NanoSIMS ion microprobe. Mineralogical 
characterization of some of these grains was performed 
by transmission electron microscopy (TEM) on 70 nm 
thick IDP microtome sections prior to isotopic 
analysis. 

Roughly 1031 grains were measured for their O 
isotopic composition with sufficient precision to 
distinguish solar system material from stardust. 
Among these, 113 were characterized by TEM prior to 
analysis by NanoSIMS. We identified 6 grains of 
silicate stardust, two of which were previously 
analyzed by TEM where they were identified as an 
amorphous GEMS [6] grain and a forsterite grain. The 
remainder of the 1025 grains had O isotopic 
compositions indistinguishable from solar system 
materials. 

The mineralogy of the isotopically solar grains 
include enstatite, GEMS, olivine, anorthite, Ca-Al-Mg-
rich glass, diopside, and chromite. It has been 
suggested that interstellar grains may be rendered 
amorphous and isotopically homogenized by shock 
sputtering and re-accretion. However, crystalline 
silicates are very unlikely to form in the ISM. The 
most probable source of isotopically solar crystalline 
grains is the solar system itself. 

References: [1] Sandford S. A. (1987) Fund. 
Cosmic Phys. 12, 1-73. [2] Bradley,J. P., Sandford,S. 
A. & Walker,R. M. in Meteorites and the Early Solar 
System (eds Kerridge, J. & Matthews, M. S.) 861-895 
(Univ. Arizona Press, Tucson, 1987). [3] Joswiak et al. 
(2000) Lunar Planet. Sci. 31, Abstract #1500. [4] 
Messenger S. (2000) Nature 404, 968-971. [5] 
Messenger S. et al. (2003) Science 300, 105-108. [6] 
Bradley J.P. (1994) Science 265, 925. 
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THE FORMATION AND SURVIVAL OF ORGANIC MOLECULES IN INTERSTELLAR AND CIRCUMSTELLAR EN-
VIRONMENTS. T. J. Millar, Department of Physics, UMIST, P.O. Box 88, Manchester M60 1QD, UK, (Tom.Millar@umist.ac.uk).

Around 100 of the 120 or so molecules discovered in
interstellar and circumstellar regions are organic in nature.
In this paper I will discuss the formation of carbon-bearing
molecules and the growth of carbonaceous grains, via PAH
formation and aggregation, in AGB stars.

I will also discuss the formation of carbon-bearing species
in interstellar clouds and discuss the survival of these molecules.
In order to become incorporated into the solar-system, it ap-
pears necessary for these species to be incorporated into inter-
stellar grain mantles.

The molecular complexity of such mantles may be studied

directly, through infrared observations, or indirectly, through
millimeter observations of evaporated gas in hot molecular
cores around young stars. I shall summarize the observational
data and its implications for complex molecule formation and
survival.

Finally, I shall present the results of some recent chemical-
hydrodynamical models of protostellar disks. As with the
interstellar medium, it is clear that the gas-grain interaction
is very important in determining the radial distribution of
molecules.
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RELATIONS BETWEEN CRYSTALLINE SILICATES IN DIFFERENT CIRCUMSTELLAR 
ENVIRONMENTS?  F. J. Molster1, 1ESTEC/ESA, Keplerlaan 1, 2201 AZ  Noordwijk, The Netherlands. 
Frank.molster@esa.int. 

 
 
Introduction:  Amorphous silicates are the most 

abundant dust species in the Universe. They are pre-
sent around young stars, evolved stars and even in the 
medium between the stars. Before the launch of the 
Infrared Space Observatory (ISO), crystalline silicates 
were only known in the solar system and around one 
other (young) star β-Pic. ISO dramatically changed 
this view. Not only were the crystalline silicates found 
around other young (mass-accreting) stars, but also 
around evolved (mass-losing) stars. The presence of 
crystalline silicates in these environments (but not in 
the interstellar medium!), has changed our view about 
(crystalline) silicate formation and evolution.  
 

Crystalline silicates around evolved stars:  Al-
though we are not able to study (crystalline) silicates 
around other stars directly here on earth in a labora-
tory, we can still determine many of their properties 
(composition, size and shape) from their infrared spec-
tral properties. The spectral coverage and resolution of 
ISO were very suitable to study their properties (see 
e.g. Figure 1) around evolved stars. 
 

Figure 1: The position of the 69-micron olivine fea-
ture found in evolved stars (open symbols) and in 
the laboratory (solid symbols). The laboratory data 
points are given for different temperatures and 
composition. It is clear that the crystalline olivine in 
mass-losing stars are extremely Fe-poor. 
 

Crystalline silicates around young stars:  Early 
in the ISO mission, the Herbig Ae/Be star HD100546 
was observed. Its spectral energy distribution showed 
clearly the presence of crystalline silicates. However it 
turned out that its spectrum is not representative for 
most young stars. A significant fraction does not show 
evidence for crystalline silicates and most of the others 
only show it in the 10 micron region. This has implica-
tions for our understanding of the formation and evo-
lution of crystalline silicates around young stars.  

 
Crystalline silicates in the solar system:  A big 

advantage of the solar system material is that it can be 
studies here in the laboratory on earth. Exact minera-
logical composition can be determined and often also 
an indication can be given from where it originates. 
But one of the questions remains whether or not the 
material received here on earth is representative for 
what is present in outer space and how it relates to it. 

  
The combination of information from these dif-

ferent environments: The information retrieved from 
the crystalline silicates around other stars, can be used 
to explain the distribution and composition of the crys-
talline silicates in the solar system. In this talk I will 
give examples how and where the study of crystalline 
silicates around other stars have helped us to under-
stand the evolution of crystalline silicates in our own 
solar system. This in return will help us to understand 
the formation and evolution of other planetary sys-
tems. 
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A PARTICIPATING SCIENTIST FOR THE STARDUST MISSION.  T. H. Morgan1 and B. G. Geldazhler1, 
1Solar System Exploration Divsision, NASA Headquarters, 300 E Street SW, Washington DC, 20546 (Thomas.H. 
Morgan@nasa.gov). 

 
 
Introduction:  It is the Policy of NASA’s Office of 

Space Science to emphasize and encourage the addition of 
Participating Scientist Programs (PSP’s) to broaden the sci-
entific impact of missions.   

A Participating Scientist Program for the 
STARDUST Mission:  STARDUST is the fourth Discovery 
mission, and it is the first sample return mission selected 
within the Discovery Program.  The STARDUST Spacecraft 
will fly through the coma of comet P/Wildt-2 in early Janu-
ary 2004, and return the samples to the Earth in January 
2006.  The Principal Investigator of the STARDUST mis-
sion, Dr. Donald Brownlee, has generously requested the 
implementation of a PSP for STARDUST in order to provide 
more community participation in the initial characterization 
and analysis of the samples from P/Wildt-2.  In particular 
participating scientists will fill out the membership of the 
Preliminary Examination Team (PET) called for in the origi-
nal 1994 STARDUST proposal accepted by NASA in 1995.  
The work of the PET will be organized around major sub-
discipline areas such as mineralogy and petrology, isotopic 
abundances, and elemental composition. There will be lead-
ers for each of these areas, and also a number of team mem-
bers within each.  Support will be commensurate with the 
level of participation. 

Implementation:  The OSS will solicit the Participating 
Scientists for STARDUST through the annual Research Op-
portunities in Space Science (ROSS) National Research An-
nouncement, and the OSS will select members based on 

competitive peer review. The solicitation may be for as many 
as 3 area leads and 40 additional team members depending 
on a final assessment of the needs of the mission and avail-
able support. The program will be administered through 
NASA Headquarters.   

The goal of the STARDUST PET, and also, the 
STARDUST PSP, will be to provide an initial evaluation of 
the returned dust samples and a report of their likely signifi-
cance to the greater scientific community and to the Ameri-
can people.  Following the completion of STARDUST PET 
activities, the curator of Astromaterials located at NASA’s 
Johnson Space Center will make the samples available to the 
community following established procedures [1].  Support 
for the analysis of these dust samples will be available 
through the Discovery Data Analysis Program. 

Conclusion:  The STARDUST Participating Sci-
entist program will PSP for a mission designed to re-
turn samples, and the program make become the arche-
type for the use of PSPs in future Discovery and New 
Frontiers missions which return samples.  

References:  [1] NASA Policy Directive 7100.10D 
Curation of Extraterrestrial Materials, February, 11, 
2003. 
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FT-IR SPECTROSCOPY OF FINE-GRAINED PLANETARY MATERIALS.  A. Morlok, G. C. Jones, Monica M. Grady, 
Department of Mineralogy, The Natural History Museum, Cromwell Road, London SW7 5BD, UK. e-mail 
A.Morlok@nhm.ac.uk 

 
 
Introduction:  Dust is the basic building block of all 

larger bodies formed in the Solar System: planets, their satel-
lites, comets and asteroids. Some of these dust grains have 
survived 4.56 Gyr of processing, and occur as interplanetary 
dust particles (IDPs), GEMS (Glass with embedded sul-
phides) within IDPs and presolar grains in meteorites. Primi-
tive meteorites can also be regarded as aggregations of rela-
tively unprocessed dust. Dust particles from these sources 
are analyzed in laboratories by planetary scientists; most of 
the presolar grains are carbonaceous (SiC, graphite, dia-
mond), and only few interstellar silicates have been meas-
ured [1]. 

A complementary source of information about dust 
comes from a different scientific community, and is obtained 
by astronomical observations from both ground- and space-
based observatories of dust in a variety of astrophysical envi-
ronments. In this case, IR spectra provide information e.g. 
about mineral composition and structure of the dust particles, 
which have mainly been identified as silicates.  

In order to relate direct and astronomical measurements 
of dust grains, IR spectra of ‘pure’ minerals are required. So 
far, mainly amorphous glasses [e.g. 2] or fine grained 
smokes [3] have been used as standard materials, rather than 
natural minerals. These studies also mostly concentrated on 
pure end members, which are rare in nature. Minerals from 
meteorites are probably a better comparison for the astro-
nomical analyses, since they formed in a similar environment 
to the dust grains. The aim of this project is to provide a 
database of infrared and optical spectra of well characterized 
minerals from representative meteorites, to assist with more 
detailed characterization of astrophysical dust. 

Techniques: IR spectra will be obtained with a Perkin 
Elmer Spectrum One FT-IR microscope over a wavelength 
range of ~ 2.5 to 25  m. The specimens will be characterized 
by electron beam methods and X-ray diffraction. Unpolished 
grains hand-picked from meteorites will be analysed, the 
original morphology taken as a possible approximation for 
unprocessed dust grains in space. Following this, polished 
samples will be analysed for high-quality spectra. We intend 
to apply several FT-IR spectroscopy techniques: specular 
reflectance, diffuse reflectance, transmission and ATR.  

Results: Fig.1 shows a set of diffuse reflectance spectra 
obtained from powdered olivine grains from terrestrial stan-
dards, Fig.2 olivines from terrestrial and meteoritic sources, 
over a range of forsterite compositions. The terrestrial oli-
vines are pure crystalline mineral standards (not glasses). 
The meteoritic olivine is from the Admire pallasite, and has a 
composition of Fo88 [4]. In each case, powdered mineral 
samples were mounted on an abrasive stick and analysed by 
diffuse reflectance IR spectroscopy. 

Similar techniques will be used in the first phase of the 
project for analyses of randomly oriented meteorite grains in 
various size fractions. In our preliminary study, we plan to 
present data on minerals from several type 3 ordinary chon-
drites (Parnallee LL3.6, Khohar L3.6, Brownfield H3.7).  

 

 
Fig.1: Diffuse reflectance FT-IR spectra of terrestrial stan-
dard olivines with a range of composition from Fo00 to Fo100 
(in % reflectance). 

 
Fig.2: Diffuse reflectance FT-IR spectra of olivines 
from the Admire pallasite (Fo88) [4], terrestrial San 
Carlos olivine (Fo90) [5] (in % reflectance) 
References:  [1] Messenger et al. (2003) Science 5616, 105-
108; [2] Jaeger C. et al. (1994) Astronom. & Astrophys. 292, 
641-655; [3] Nuth J. A. III (1996) In: Proc. NATO ASI on 
the Cosmic Dust Connection (ed. J.M. Greenberg), Kluwer, 
Netherlands, 205-221; [4] Buseck P. R. and Goldstein J. I. 
(1969) Bull. Geol. Soc. Amer. 80, 2141.; [5] Lemelle L. et al. 
(2001) The American Mineralogist, Vol. 86, 47-54 
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