
Contents – E through I 
 
Ice and Carbon Chemistry in Comets 

P. Ehrenfreund and O. Botta.................................................................................................................. 6061 
 

High Temperature Components in Carbonaceous Chondrites and Comets:   
Some Interesting Comparisons 

T. J. Fagan and G. J. MacPherson......................................................................................................... 6017 
 

In Situ Measurements and Laboratory Analyses of Interplanetary Dust Particles 
G. Ferrini, V. Della Corte, E. Palomba, P. Palumbo, A. Rotundi,  
and L. Colangeli ..................................................................................................................................... 6052 
 

Analysis of the Organic Matter in Interplanetary Dust Particles:  Clues to the Organic Matter in 
Comets, Asteroids, and Interstellar Grains 

G. J. Flynn and L. P. Keller ................................................................................................................... 6007 
 

A Synchrotron-based Facility for the In-Situ Chemical and Mineralogical Analysis of ~10 µm 
Particles in Aerogel 

G. J. Flynn, S. R. Sutton, and A. Lanzirotti ............................................................................................ 6008 
 

Infrared Spectroscopy of the Dust in Comets and Relationships to Interstellar Dust 
M. S. Hanner .......................................................................................................................................... 6065 
 

Can Processes Used to Extract Presolar Grains from Meteorites be Used to Process Grains 
Trapped in Aerogel? 

G. R. Huss .............................................................................................................................................. 6037 
 

The Nature of Interstellar Dust 
G. R. Huss .............................................................................................................................................. 6036 
 

Migration of Dust Particles from Comet 2P Encke 
S. I. Ipatov and J. C. Mather .................................................................................................................. 6039 
 

SHRIMP Instrumental Developments for Sample Return Missions 
T. R. Ireland and S. W. Clement ............................................................................................................. 6018 
 

Workshop on Cometary Dust in Astrophysics (2003) alpha_e-i.pdf



ICES AND CARBON CHEMISTRY  IN COMETS.   
P. Ehrenfreund1 and O. Botta2 
1Leiden Observatory, P O Box 9513, 2300 RA Leiden, The Netherlands  
2Soft Matter/Astrobiology Laboratory, Leiden Institute of Chemistry, P O Box 9502,  
2300 RA Leiden,  
The  Netherlands  

 
 

Introduction:  Our knowledge on the compo-
sition of small bodies is mainly determined 
from remote observations, however, fragments 
such as meteorites and interplanetary dust par-
ticles (IDPs) are frequently transported to 
Earth and provide the only extraterrestrial ma-
terial which can be measured directly in labo-
ratories. The cometary composition has been 
revisited through extensive observations of the 
very bright comets of the last decade, Hale-
Bopp and Hyakutake. Though much has been 
learned about the coma chemistry our knowl-
edge on the comet nucleus is still rather 
scarce.  
Cometary nuclei, being porous and stratified 
in various layers of different densities and 
temperatures are furthermore characterized by 
different coexisting ice phases, clathrates, and 
trapped gases. This leads to a rather compli-
cate outgassing pattern. The bulk of cosmic 
carbon in the interstellar medium, and meteor-
ites seems to be incorporated into complex 
aromatic networks. This strongly indicates 
that such networks must also be represented in 
comets.  

We present recent observation, results from 
interstellar laboratory ice simulations and the 
analysis of the carbon fraction of meteoritic 
samples. A combined analysis using astro-
nomical observations, laboratory simulations 
and analysis of extraterrestrial material allows 
us to reveal the composition of comets, to es-
tablish an inventory of material that could 
have been transported to the early planets via 
extraterrestrial delivery and to provide insights 
into the origin of our solar system.  
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HIGH TEMPERATURE COMPONENTS IN CARBONACEOUS CHONDRITES AND COMETS:  SOME
INTERESTING COMPARISONS.  T. J. Fagan1,2*,  G. J. MacPherson2,  1Dept. of Earth and Planetary Sciences,
Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro, Tokyo 152-8551 Japan, 2Dept. of Mineral Sciences,
Smithsonian Institution, Washington, DC 20013-7012 USA (*fagan@geo.titech.ac.jp)

Introduction:  The diverse components in the
many different kinds of chondritic meteorites record a
long and complex history of events in the early solar
system, from high temperature condensation and
melting through aqueous alteration on undifferentiated
asteroids.  All but the most resilient presolar grains
were heavily processed to the point of destruction in
most chondrites.  In contrast, comets are likely to pre-
serve a more pristine record of the solid materials that
comprised the nebular cloud that preceded our solar
system [1]. For this reason a close comparison of the
major components of the most primitive (carbona-
ceous) chondrites, CCs, with those of comets can be
very instructive in terms of understanding the original
materials and the processes that affected them.

Components of chondrites: Carbonaceous chon-
drites are composed of highly variable proportions of
chondrules, Ca-Al-rich inclusions (CAIs), amoeboid
olivine aggregates (AOAs), accretionary rims, dark
inclusions, matrix, presolar grains, and secondary min-
erals [2].  In addition, hydrous alteration products indi-
cate that ices were present in some chondrite parent
bodies [e.g., 3].  Dark inclusions are typically not
abundant, but may prove to be significant because, in
spite of their great variety, they are usually finer-
grained and show more evidence of hydrous alteration
than their host chondrites [4], as might be expected for
cometary materials.  CAIs and AOAs also exhibit great
variety, but are characterized by a relatively small
number of refractory minerals and most of them have
distinct 16O-rich isotopic compositions [5, 6].  The
fine-grained accretionary rims that mantle CAIs and
other objects have (where unaltered) mineralogy and
oxygen isotopic compositions indicative of high tem-
perature condensation from an 16O-rich nebular gas [6].

CAIs, AOAs, and nebular mixing:  The refrac-
tory mineralogies of CAIs, AOAs, and accretionary
rims require petrogenesis in a high-temperature
(>~1250K) setting.  Their 16O-rich compositions are
consistent with formation in a single, probably spa-
tially restricted, 16O-rich oxygen reservoir followed by
dispersal to chondrite-forming regions [7, 8]. The re-
cent finding [9] that chondritic CAIs contained the
short-lived nuclide 10Be (of non-presolar origin) at the
time of their formation suggests that they probably
originated close to the sun (see however [10]). These
results are consistent with the “X-wind” model [11], in
which CAIs formed very close to the protosun and then

were ballistically ejected to great radial distances in the
nebula by high-angle (to the plane of the nebula) winds
emanating from magnetically active areas near the sun.
One prediction of this model is that CAIs, AOAs, and
accretionary rim grains should have been dispersed
throughout the neb ular disk, and thus they should be
present in cometary material.  Therefore the variety,
abundance, and isotopic properties of such materials in
comets vs. chondrites may serve as a test for the scale
of radial mixing in the nebula in general, and for an X-
wind origin for CAIs [11].  It is interesting in this re-
gard that  CAIs, some with 16O-rich compositions,
have been identified in interplanetary dust particles
(IDPs).  This has been used to argue for a link between
IDPs and carbonaceous chondrites or related extrater-
restrial materials [12-14].

References: [1] Shearer et al. (1998) in Reviews in
Mineral. 36, J. J. Papike (ed.) Mineral. Soc. Amer., p.
1.1-1.28. [2] Brearley A.J. and Jones R.H. (1998) in
Reviews in Mineral. 36, J. J. Papike (ed.) Mineral. Soc.
Amer., p. 3.1-3.398. [3] Tonui E.K. et al. (2003) MaPS
38 269-292. [4] Kojima T. and Tomeoka K. (1996)
GCA 60, 2651-2666. [5] MacPherson et al. (1988) in
Meteorites and the Early Solar System, J. F. Kerridge
and M.S. Matthews (eds) Univ. Arizona, p. 746-807.
[6] Krot A.N. et al. (2002) Science 295, 1051-1054. [7]
McKeegan et al. (1998) Science 280, 414-418.  [8]
Fagan T.J. et al. (2002) MaPS 36 223-230.  [9]
McKeegan K. D. et al. (2000) S c i e n c e 289,
1334–1337. [10] Desch S.J. et al. (2003) LPSC XXXIV,
#1394. [11] Shu F. H. et al. (1996) Science 271, 1545-
1552. [12] Tomeoka K. and Buseck P.R. (1985) Na-
ture 314, 338-340. [13] McKeegan K.D. (1987) Sci-
ence 237, 1468-1471. [14] Greshake A. et al. (1996)
MaPS 31, 739-748.
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Introduction:  Analyses performed so far on in-

terplanetary dust particles have been based on in situ 
measurements or laboratory analyses after retrieval, 
separately. An important improvement for future mis-
sions is represented by the possibility of measuring in 
situ dynamic properties of single grains to be, subse-
quently, retrieved from the collecting devices (e.g., 
aerogel collectors) for laboratory analyses. In the pre-
sent paper we report about a preliminary study per-
formed on a system based on the use of aerogel collec-
tors and optical detection device. Moreover, particles 
retrieved from aerogel collectors, exposed on the Mir 
station, and interplanetary dust particles, obtained from 
NASA, have been analysed in our laboratory. 

In situ measurements: The instrument under 
study is an in situ dust monitoring and collecting sys-
tem. It consists of two modules placed in cascade. 
Module 1 is an active system constituted by an optical 
sensor; Module 2 is a passive system constituted by an 
aerogel collector. The sensitive area is 100 cm2. The 
configuration has been chosen in order to have a new 
typology of measurement by which it is possible to 
univocally associate a measurement of dynamical 
properties to a collected particle, whose morphologi-
cal, chemical and physical characteristics will be ex-
plored in laboratory once the payload has been re-
turned to Earth. In particular, the instrument allows the 
determination of velocity and trajectory of dust parti-
cles.  

Laboratory analyses: The know-how developed 
by our team in the field of han-
dling/preparation/analysis of macro and micro terres-
trial samples, e.g. cometary dust analogues, allowed us 
to set out the analysis of interplanetary dust particles. 
In addition, we developed a laboratory procedure for 
the analysis of particles captured in aerogel.  

Laboratory analyses include mineralogy characteri-
sation by means of micro-IR spectroscopy, micro-
analysis by means of Energy Dispersive X-Ray tech-
nique and morphology characterisation by means of 
high spatial resolution Scanning Electron Microscopy.  

We successfully applied our techniques to grains 
captured in silica aerogel collectors, provided by our 
laboratory, during the Leonid meteor shower, in Nov. 
98 onboard the Mir station. Moreover, ten Interplane-
tary Dust Particles (IDP’s) were allocated by NASA-
JSC to our group in Naples, for research purposes. The 
grains were delivered on special holders designed by 
our team and have been analysed.  
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Introduction: Reflection spectroscopy suggests the C-
, P-, and D-types of asteroids contain abundant carbon, 
but these Vis-nearIR spectra are featureless, providing 
no information on the type(s) of carbonaceous matter. 
Infrared spectroscopy demonstrates that organic car-
bon is a significant component in comets and as grains 
or grain coatings in the interstellar medium. Most of 
the interplanetary dust particles (IDPs) recovered from 
the Earth’s stratosphere are believed to be fragments 
from asteroids or comets [1], thus characterization of 
the carbon in IDPs provides the opportunity to deter-
mine the type(s) and abundance of organic matter in 
asteroids and comets. Some IDPs exhibit isotopic ex-
cesses of D and 15N, indicating the presence of inter-
stellar material [2]. The characterization of the carbon 
in these IDPs, and particularly any carbon spatially 
associated with the isotopic anomalies, provides the 
opportunity to characterize interstellar organic matter. 
Measurement Techniques:  We have characterized 
the carbon in both anhydrous and hydrated IDPs and 
compared it to the carbon in carbonaceous meteorites 
using two synchrotron-based instruments that offer 
both high sensitivity and high spatial resolution: 

1) a Scanning Transmission X-ray Microscope 
(STXM) to: a) determine the C-abundance by 
mapping the spatial distribution of carbon in ul-
tramicrotome thin sections of IDPs, and b) iden-
tify functional groups in the C-rich spots using 
C-, N-, and O- X-ray Absorption Near-Edge 
Structure (XANES) spectroscopy, and, 

2) a micro-Fourier Transform InfraRed (µ-FTIR) 
spectrometer to identify C functional groups. 

Results: We have performed C-XANES spectroscopy 
on 13 IDPs [3], 8 anhydrous and 5 hydrated, O-
XANES spectroscopy on 3 IDPs, and N-XANES spec-
troscopy on 2 IDPs [4]. We performed FTIR spectros-
copy on 19 IDPs, 14 anhydrous and 5 hydrated, 6 of 
which were also analyzed by C-XANES [3].  
Carbon Mapping Results. The absorption of C in-
creases strongly at the C K-edge (~290 eV), so we map 
the C, with a spatial resolution of ~100 nm, by com-
paring the absorption at the same pixel just below and 
just above 290 eV. In the IDPs, carbon occurs in 
highly varying abundances, ranging from a few vol-% 
up to >90 vol-% [5] and three different morphologies: 

1) thin (~100 nm) coatings on individual grains,  
2) discrete sub-µm to µm carbonaceous units, and, 
3) thick (~1/2 µm) coatings on grain aggregates, 

apparently “glue” holding subunits together. 

XANES Results. We identified C=C bonds (typically 
found in the C-ring) by C-XANES [5], and carbonyl 
(C=O) by C- and O-XANES [6] in both hydrated and 
anhydrous IDPs. The concentrations vary from one 
IDP to another, but the mean concentrations of both 
species are ~1 to 2 wt-% [3]. The presence of organic 
matter in anhydrous IDPs demonstrates that aqueous 
alteration was not required to produce the bulk of the 
pre-biotic organic matter in the Solar System [7].  
Infrared Results. We identified aliphatic C-H2 and C-
H3 [5], and carbonyl [8] in both hydrated and anhy-
drous IDPs by FTIR. The C-H stretching region spec-
tra of both anhydrous and hydrated  IDPs differ from 
the spectrum of Murchison acid residue and literature 
spectra of the interstellar organic matter [3]. The C-H2 
to C-H3 ratio of IDPs is higher than either Murchison 
residue or interstellar organic matter. Since the sim-
plest aliphatic hydrocarbons are chains of C-H2 termi-
nated at both ends by C-H3, the aliphatic hydrocarbons 
in both anhydrous and hydrated IDPs have a signifi-
cantly longer mean chain length than either the ali-
phatic organics in Murchison or the interstellar grains. 
D-Rich IDPs: We examined ultramicrotome slices of  
three D-rich IDPs in which Messenger previously lo-
cated D hot-spots. In each case the D hot spot is spa-
tially correlated with high-C, determined by STXM C-
mapping, demonstrating that, at least in  the IDPs we 
examined, the D is concentrated in organic matter, 
rather than water [9]. C-XANES of these D hot spots 
demonstrates the presence  of C=C and carbonyl, and 
FTIR demonstrates the presence of aliphatic hydrocar-
bon. However, the infrared spectra of the organic mat-
ter in D-rich IDPs has a much higher C-H2/C-H3 ratio 
than is found in the interstellar medium [9]. 

References: [1] Flynn, G. J. (1989) Icarus, 77, 
287-310. [2] Messenger, S. (1999) Nature, 404, 968. 
[3] Flynn, G. J. et al.  (2003)  Lunar & Plant. Sci. 
XXXIV, Abs. #1652. [4] Feser, M. et al. (2003), Lunar 
& Planet.  Sci. XXXIV,  Abs. #1875. [5] Flynn, G. J. et 
al. (2000) in A New Era in Bioastronomy (eds. G. Le-
marchand and K. Meech), ASP Conf. Series, Vol. 213, 
191-194. [6] G. J. Flynn et al. (2001) Lunar and 
Planet. Sci XXXII, Abs. #1603. [7] G. J. Flynn et al. 
(2001) Proceedings of the General Meeting of the 
NASA Astrobiology Institute (April 2001), pages 9-11. 
[8] Flynn, G. J. et al. (2002) Lunar & Planet. Sci. 
XXXIII,  Abs.  # 1320. [9] Flynn, G. J. et al. (2002) 
Astrobiology, V. 2 No. 4, 524-525. 
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Introduction:  Aerogel is an effective capture me-

dium for hypervelocity particles. Aerogel particle col-
lectors were employed on the MIR Space Station to 
collect orbital debris and interplanetary dust particles 
(IDPs), and are being employed on the NASA Stardust 
mission to collect dust during a fly-through of the 
Comet Wild-2 coma. Discovery class sample return 
missions hold the promise of high scientific return for 
low cost, so future missions using Stardust-like collec-
tion techniques are likely to be proposed. Aerogel col-
lection has been proposed for the “Sample Collection 
for Investigation of Mars” mission to collect Mars’ 
atmospheric dust  in aerogel and return it to Earth. 
    In-Situ Analysis:  Most analysis techniques require 
extraction of the particle from the aerogel. However, 
hard x-rays (>a few keV) penetrate centimeters into 
low-density aerogel, allowing chemical and minera-
logical analysis of particles deep inside aerogel blocks. 
Particle extraction runs the risk of contamination or 
particle loss, so in-situ preliminary characterization, 
which may identify rare particle types, is desirable.   

The X26A microprobe [1] uses x-rays from a bend-
ing magnet on the x-ray ring of the National Synchro-
tron Light Source at Brookhaven National Laboratory, 
which produces a white-light distribution of x-rays, 
with a peak in intensity at ~10 keV. These x-rays pass 
through a Si (111) channel-cut monochromator, tun-
able from 3 to 20 keV, and are focused, using a pair of 
Kirkpatrick-Baez mirrors, to a spot as small as 10 µm.  

X-Ray Fluorescence Chemical Analysis. X-rays in-
duce electron transitions from the core electronic shell 
to higher energy electron orbitals or the continuum. 
The resulting core vacancy is quickly filled by an elec-
tron in a higher orbital. We detect the resulting fluo-
rescence x-ray with a Canberra SL30165 Si(Li) detec-
tor placed at a 90o angle to the incident x-ray beam, the 
position that  provides maximum signal-to-noise.  
    We demonstrated, using fragments of the carbona-
ceous meteorite Allende shot into 20 mg/cm3 silica 
aerogel, that we can detect elements as light as: a) Al 
to a depth of ~0.1 mm, b) Ca to a depth of a few mm, 
and, c) Fe to a depth of several cm [2]. If there are no 
interferences from elements in the aerogel, the detec-
tion limit for most elements from Cr to Sr is ~5 ppm in 
an ~10 µm particle. We analyzed  an ~4 µm particle 
captured  in  silica  aerogel  exposed  on MIR and ana-
lyzed the aerogel off the particle. Chromium, Mn, Fe, 
and Ni are present in this particle in a roughly “chon-

dritic” pattern [3], confirming it is extraterrestrial. 
However trace amounts of Cu and Zn in the aerogel 
precluded determination of the abundances of these 
moderately volatile elements, which can distinguish 
among types of chondritic material. Thus it is critical 
that flight aerogel be remarkably clean of any ele-
ments to be analyzed in the captured particles! 

X-Ray Diffraction Mineral Analysis. Aerogel, an 
amorphous silicate, produces only broad x-ray scattering. 
We employ a Bruker SMART CCD system to acquire 
the x-ray diffraction patterns of ~10 µm particles in 
aerogel. An extraterrestrial particle, 2DO3No.1, cap-
tured on MIR produced diffraction at three of the d-
spacings of fayalite [4]. Silica aerogel is  transparent 
over much of the mid-infrared, and the types of olivine 
and pyroxene can be distinguished by infrared absorp-
tions. Keller and Flynn [5] confirmed the dominant 
silicate in 2DO3No.1 is fayalite by in-situ synchrotron-
based infrared analysis. 

XANES Bonding State Analysis. Hoffman et al. [6] 
distinguish the “reduced” CV3 chondrites (e.g., Viga-
rano) from the “oxidized” CV3 chondrites (e.g., Al-
lende) by Fe-bonding state. We determine the Fe-
bonding state using in-situ X-ray Absorption Near-
Edge Structure (XANES) analysis, and have per-
formed this analysis on extraterrestrial particles ~10 
µm in aerogel. Determination of the oxidation states of 
other elements, e.g., chromium, should be possible [7]. 

Characterization of Debris Along Tracks: Weak 
particles can break up during aerogel capture and vola-
tile elements or compounds may partially vaporize 
during capture. We are upgrading the X26A facility to 
perform chemical analysis of particles and vapor and 
computed microtomography to map the distribution of 
fragments (>2 µm) along the entry track. Small frag-
ments or vapor deposited along the entry track are 
likely to be destroyed during extraction of the main 
particle, making in-situ characterization critical.  

References: [1] Sutton, S. R., and M. L. Rivers, 
(1999) in Synchrotron Methods in Clay Science, Clay 
Minerals Society, Boulder, 146-163. [2] Flynn, G. J. et 
al. (1996) Lunar Planet. Sci., XXVII, 369-370. 
[3] Flynn, G.J. (2000) Lunar Planet. Sci. XXXI, #1457. 
[4] Flynn, G..J. et al. (2003) Lunar Planet. Sci. XXXIV, 
#1814. [5] Keller, L. P. and G .J. Flynn (2003) Met. 
Soc. 2003, submitted. [6] Hoffman, E., et al. (2001) 
Meteoritics Planet. Sci., 35, A75. [7] Sutton, S. R. et 
al. (1993) Geochim. Cosmochim. Acta, 57, 461-468.    
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INFRARED SPECTROSCOPY OF THE DUST IN COMETS AND RELATIONSHIPS TO 
INTERSTELLAR DUST  
Martha S. Hanner 
Jet Propulsion Laboratory, Mail Stop 183-501, Pasadean CA 91109. mhs@scn.jpl.nasa.gov 

 
Infrared spectroscopy of the dust in comets reveals a complex mix of silicate materials, 

including both crystalline and non-crystalline components of both olivine (forsterite) and 
pyroxene composition. These various components do not necessarily share a common origin. 
Since comets formed in cold regions of the solar nebula, pre-solar grains in the nebula could have 
been accreted into comets with little alteration. Some of the cometary silicates may be of 
circumstellar (formed in circumstellar outflows of evolved stars) or interstellar (formed in dense 
region of the interstellar medium) origin. Spectral similarities to both circumstellar and 
interstellar silicates are seen in comet spectra. 

While some comets, such as Hale-Bopp, display a rich infrared spectrum, others (particularly 
the short-period Kuiper Belt comets) show weak or no spectral features. The lack of features is 
generally explained as a particle size effect: the small silicate grains are embedded in larger, 
optically thick particles. However, compositional differences cannot be ruled out. For example, 
no unambiguous signature of forsterite has yet been seen in the spectrum of a short-period comet. 

Thus, the Stardust sample from short-period comet P/Wild 2 will be extremely valuable. Not 
only grain by grain composition and isotopic ratios but also grain morphology, irradiation history, 
and evidence of organic refractory mantles are important for understanding their origin. The 
relative abundance and distinguishing characteristics of the various crystalline and non-crystalline 
silicate components needs to be established.  
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CAN PROCESSES USED TO EXTRACT PRESOLAR GRAINS FROM METEORITES BE USED TO
PROCESS GRAINS TRAPPED IN AEROGEL?  G. R. Huss, Department of Geological Sciences, Arizona State
University, Box 871404, Temp, AZ 85287-1404, USA. (gary.huss@asu.edu)

Introduction:  Over the years, an extensive set of
procedures based on chemical and physical properties
of minerals have been developed to separate the known
types of presolar materials from chondritic meteorites
[e.g., 1-4].  While these procedures can be likened to
burning down the haystack to find the needle, some
aspects may be useful for handling samples trapped in
aerogel.  The utility of these methods will depend on
the chemical resistance of the particle of interest,
which could be determined in advance by non-
destructive X-ray analysis or a related technique.

Chemical Dissolution: Depending on the nature of
the material trapped in the aerogel, it may be feasible
to dissolve away the aerogel and leave the particle be-
hind.  HF is particularly effective at breaking silicate
bonds, converting SiO2 to SiF4, which is a gas at room
temperature.  In meteorite studies, a relatively large
amount of acid is used in many cycles, with the used
acid removed by decanting or by pipette.  This results
in some losses of small particles due to adherence to
the walls of the containers or inadvertent removal with
used liquids.  However, the procedure could be minia-
turized, particularly if aerogel is not too complicated
chemically.  Note that the chemical oxidation origi-
nally used in test tubes by [1] to remove the “Q” noble
gases in meteorites has been adapted to the vacuum
inlet system of a noble-gas mass spectrometer [5].

Possibility #1: A small piece of aerogel containing
the sample of interest could be placed on a gold or car-
bon substrate.  HF (or other acids) could be added,
drop by drop, and allowed to react and evaporate.
Volatile reaction products would evaporate as well, but
non-volatile products would precipitate onto the sub-
strate.  The procedure could be monitored by optical
microscope (with care taken to protect the observer
and microscope from the acid fumes).  Ideally, the
sample could be measured on the gold foil or graphite
planchette where the processing took place.  However,
in some cases the sample might have to be transferred
for analysis.  Transfer could be accomplished either
wet or dry depending on the size and characteristics of
the sample.

Possibility #2:  The aerogel and sample could be
placed into a tiny Teflon container.  Chemicals could
again be added one or a few drops at a time.  The main
trick to this procedure will be to get the liquids to wet
the sample so reactions can take place.  Surface tension
is a problem for tiny grains, so surfactants may be nec-
essary.  Under ideal conditions, it might be possible to
centrifuge the container and remove the liquid with a

micropipette, leaving the sample in the Teflon tube.
One potential problem is that unless the sample is rela-
tively large (>10 microns?), the processing may have
to be done largely “blind”.  However, if the procedure
is carefully developed ahead of time, this need not be
an insurmountable problem.

Surface Properties: The surface properties of
materials become increasingly important in governing
the behavior of particles as grain size decreases.  For
example, micron-sized grains will stick tenaciously to
a substrate via Van der Waals forces.  Once, to my
horror, I inadvertently dropped one of my carefully
mapped grain mounts (a stainless-steel “bullet” with a
gold foil pressed into the top to hold the sample) and
watched it bounce across the table.  The grains had
been deposited from a liquid and were not pressed into
the foil.  I put the mount back in SEM and found that
none of the grains had moved from its previous loca-
tion!  Surface properties might be utilized to separate
components of a trapped particle or simply to transfer
the particle from place to place.

Separating Particles.  Grain surfaces can be either
hydrophilic or hydrophobic, which operationally
means that some wet easily (hydrophilic materials) and
others do not.  Many carbon-rich compounds are hy-
drophobic and tend to float on aqueous acid solutions
or stick to the container walls.  Separating such materi-
als might be as simple as adding a drop of distilled
water.  Hydrophilic would be swallowed by the drop,
while hydrophobic materials would be kept outside.

Sample Transfer.  One of the easiest ways to trans-
fer tiny particles is to incorporate them into a drop of
liquid and then transfer the liquid with a Teflon pi-
pette.  Liquids with low surface tension (e.g., isopro-
panol) wet the sample more easily, but they also can
leave the sample behind as they evaporate.  In contrast,
water, which has high surface tension, can capture a
particle within the droplet and can drag it along as a
drop is moved or can pull particles into a pile as a drop
evaporates.

Although the chemical and physical manipulations
described above may not be required for many types of
analysis, in certain cases they may be the only way to
prepare a sample for analysis.

References: [1] Lewis R. S. and Anders E. (1975)
Science 190, 1251-1262.  [2] Ott U. et al. (1984) GCA
48, 267-280.  [3] Amari S. et al. (1994) GCA 58, 459-
470.  [4] Huss G. R. and Lewis R. S. (1995) GCA 59,
115-160.  [5] Wieler R. et al. (1991) GCA 55, 1709-
1722.  Supported by NASA NAG5-11543.
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THE NATURE OF INTERSTELLAR DUST.  G. R. Huss, Department of Geological Sciences, Arizona State
University, Box 871404, Temp, AZ 85287-1404, USA. (gary.huss@asu.edu)

Introduction:  The STARDUST mission is de-
signed to collect dust the coma of comet Wild 2 and to
collect interstellar dust on a second set of collectors.
We have a reasonable idea of what to expect from the
comet dust collection because the research community
has been studying interplanetary dust particles for
many years.  It is less clear what we should expect
from the interstellar dust.  This presentation discusses
what we might expect to find on the STARDUST in-
terstellar dust collector.

The list of recognized and suspected types of
presolar materials acquired by the solar system from
the sun’s parent molecular cloud continues to grow.
Most, but not all, are circumstellar condensates.  The
list includes highly refractory and chemically resistant
phases (Al2O3, hibonite, spinel, diamond, SiC), refrac-
tory but chemically reactive phases (graphite, silicon
nitride), and thermally and chemically unstable mate-
rial (D-rich hydrocarbons, GEMS).  However, there
are two powerful lines of evidence that the currently
recognized presolar materials are the “tail wagging the
dog” with respect to the inventory of materials that
made up the sun’s parent molecular cloud.

One line of evidence is astronomical and comes
from comparing the dust production rate from dying
stars and the dust destruction rate in interstellar space.
The dust destruction rate is significantly faster than the
production rate [1]. Yet, the condensable elements are
strongly depleted from the gas phase compared to
cosmic abundances in interstellar space, and the most
refractory elements are the most highly depleted [2].
The implication of these observations is that the con-
densable elements must recondense in interstellar
space, most probably in dense molecular clouds where
grain temperatures are low enough for any condensable
gas atom striking a grain to stick [1].  The resulting
condensed material is likely to be highly amorphous
and chemically unstable, true interstellar dust rather
than circumstellar condensates.  This dust is also likely
to be isotopically relatively “normal”, because it forms
from atoms produced in all types of stars. Thus, astro-
nomical considerations predict that much of the con-
densed material in the sun’s parent molecular cloud
was amorphous, chemically unstable, isotopically al-
most normal dust.  We have not identified such mate-
rial in meteorites or IDPs, but this is not surprising
considering how easily such material might be altered
in the solar system and how crude our methods for
extracting and recognizing presolar materials are.

The other line of evidence comes from meteorites.
First, the known types of presolar grains do not add up

to the solar system bulk composition.  The missing
elements did come into the solar system, and the tem-
peratures in the sun’s parent molecular cloud require
that they came in as dust.  Thus, we have failed to
identify the largest component of presolar material that
came into the solar system.  Second, the known types
of presolar grains occur in different relative abun-
dances in the unmetamorphosed members of different
chondrite classes [3].  The assemblage in each chon-
drite class reflects the thermal and chemical environ-
ment present just prior to accretion.  The degree of
processing indicated by the assemblages of presolar
grains correlates with the degree of thermal processing
necessary to produce the bulk compositions of the
hosts meteorites from bulk solar-system material [3-5].
This implies that the same processing that produced
the chondrite classes also modified the presolar grains
and further suggests that thermal processing of presolar
dust (not evaporation and recondensation) was a domi-
nant process in the early solar system.

Both the astronomical and meteoritic evidence re-
quire that a major fraction of the interstellar dust has
gone unrecognized to date.  However, it is not entirely
clear to what extent with the STARDUST mission
gives us access to that material.  The largest depletions
of condensable elements are seen in cold molecular
clouds.  The sun is currently in an old supernova bub-
ble, so one might expect that much of the least stable
molecular cloud dust has been destroyed or annealed.
Types that might be expected thus include: 1) currently
recognized and new types of circumstellar condensates
(relatively low abundance), 2) radiation-processed
condensates (GEMS?), 3) various types of annealed
interstellar material, including grains with organic
coatings.  There will also likely be some “noise” of
interplanetary dust.  Type 1 is the only type that can be
expected to be highly isotopically anomalous in at least
some elements, although the second type might be
anomalous.  Type 3 grains, at least the silicate/oxide
portion, are likely to be isotopically unremarkable,
though perhaps not exactly solar in composition.  Or-
ganic coatings may retain the isotopic signatures that
would confirm an interstellar origin.

References: [1] Seab C. G. (1987) in Interstellar
Processes (eds. D. J. Hollengach and H. A. Thronson,
Jr.) Reidel, Dordrecht, Holland pp. 491-512.  [2] Sav-
age B. D. and Mathis J. S. (1979) Ann. Rev. Astron.
Astophys. 17, 73-111.  [3] Huss G. R. and Lewis R. S.
(1995) GCA 59, 115-160. [4] Huss G. R. et al. (2002)
LPSC XXXIII, #1910. [5] Huss G. R. et al. (2003)
GCA, submitted. Supported by NASA NAG5-11543.
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MIGRATION OF DUST PARTICLES FROM COMET 2P ENCKE. S.I. Ipatov, George Mason University, USA; Institute of
Applied Mathematics Moscow; siipatov@hotmail.com, J. C. Mather, NASA/GSFC, USA.

We investigated the migration of dust particles under the
gravitational influence of all planets (except for Pluto), radi-
ation pressure, Poynting–Robertson drag and solar wind drag
for
�

equal to 0.002, 0.004, 0.01, 0.05, 0.1, 0.2, and 0.4.
For silicate particles such values of

�
correspond to diameters

equal to about 200, 100, 40, 9, 4, 2, and 1 microns, respec-
tively. We used the Bulirsh–Stoer method of integration, and
the relative error per integration step was taken to be less than�������

. Initial orbits of the particles were close to the orbit of
Comet 2P Encke. We considered initial particles near perihe-
lion (runs denoted as �
	��� � ), near aphelion ( ��	��� ��� � ),
and also studied their initial positions when the comet moved
for ������� after perihelion passage (such runs are denoted as
�
	��� ��� ��� ), where � � is the period of the comet. Variations
in time  when perihelion was passed was varied with a step���!�

day for series ’S’ and with a step 1 day for series ’L’. For
each

�
we considered "# ����� particles for "S" runs and 150

particles for "L" runs.
In our runs planets were considered as material points,

but, basing on orbital elements obtained with a step 20 yr,
similar to [1] we calculated the mean probability � = �%$&�'"
( � $ is the probability for all " considered particles) of a
collision of a particle with a planet and the mean time ( = (�$��'"
during which perihelion distance ) of a particle was less than
a semi-major axis of the planet. For considered cometary dust
particles, the values of ( were not differed much for Venus,
Earth, and Mars, but they differed by a factor of several for
asteroidal dust particles [2].

Below �+*, �-�/. � and (10 is the largest lifetime of a
particle in series of runs. We studied the motion of particles
until the last particle collided with the Sun or reached 2000
AU from the Sun. The results obtained are presented in Table

Table 1: Values of � * , ( and ( 0 (in Kyr) (Venus=V, Earth=E,
Mars=M)

V E E M� �
	�� �+* �+* ( �+* ( 0��� �����2� 3 �54 �6�����67 � � 8 �9� �/�5�
��� �����2� : 8/;��2����<67�;�� 8 � � ; 4 ���� ��� � � 3 ; 4 �=� � <68/��� 7 <�� 7 ���-;
��� ��� � ��� �/�23 � ;/�=��8��>����� � 7�� ; ����7
��� ��� � ��� � 3 ��;��?� � �>��8�� ; <��!� ����<
��� ��� � 3 ��7��2���/�6�����!� ��� � 8 4��� ��� � : ;/</8=��8�;>��<�� � 8�� � </�
��� ��� ��� �/�23 ��;/< <�8 � � � � � � � ��7
��� ��� ��� � 3 �9��; ��8 ����� 8 ;�� < � 7��� �/� � 3 �9��� ��7 7�� ; ��� 4 ��� 4 ���� �/� � : � � � 8 4 4 � < ��� 7 </8
��� �/� ��� �/�23 ; 4 ��� � � 8 �/� 8 �
��� �/� ��� � 3 7/8 ; 4 8�� � ��� ; ���
���@� � : ��; 7��!� 8��!� ��� 8 �/��7
���@� ��� �/�23 �/� <�� 8 ��� < ��� 8 ;
���@� ��� � 3 ��; 8�� 8 ��� 4 ��� �54 ;
��� � ��� �/�23 � � � � ; �/� ; ��� ;�� �
��� � ��� � 3 ��; ;�� � �/� � ��� �/� �

1.
All particles collided with the Sun at

�BA ��� ���
for ��	 � �

, and at
�CA ��� �

for �
	��
D ��� ��� . Relatively large values of
( 0 for ’S’ runs at

�  ��� ��� and �
	��E � and for ’L’ runs at�  ���!� and ��	 �  � were due to the particles that reached
2000 AU from the Sun.

The values of � * , ( , and ( 0 are greater for greater particles
(i.e., for smaller

�
). The values of � * are greater for Venus by

a factor of 2 than those for Earth, and sometimes this differ-
ence was even greater. Collision probabilities with Earth were
greater by a factor of 10-20 than those with Mars. They were
greater for particles starting at perihelion than those starting at
aphelion.

For the same values of
�

, the collision probabilities of dust
particles with the terrestrial planets were smaller by a factor
of several for considered comet particles than for asteroidal
dust particles [2]. This difference is mainly due to greater
eccentricities and inclinations of cometary particles.

The ratio of total times spent by cometary particles in
inner-Earth ( FGIHKJ �MLON�PRQS��� 7/<�; AU), Aten ( H QT� AU,
FVU ��� 7�</; AU), and Apollo ( H,U � AU, )WGHKJ �RXYN�P�Q�/� ��� 4 AU) orbits was about 1.5 : 1 : 2, but it was different for
different runs.

This work was supported by NASA (NAG5-10776), IN-
TAS (00-240), and RFBR (01-02-17540).
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ph/0212177). [2] Ipatov S. I., Mather J. C., and Taylor P.A.
(2003) Proc. of the intern. conference "New trends in as-
trodynamics and applications" (20-22 January 2003, Uni-
versity of Maryland, in press (http://arXiv.org/format/astro-
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SHRIMP INSTRUMENTAL DEVELOPMENTS FOR SAMPLE RETURN MISSIONS.  T. R. Ireland1 and S.
W. Clement2, 1Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200, Aus-
tralia (     Trevor.Ireland@anu.edu.au    ), 2Ion Optical Consulting, Crapaud, Prince Edward Island C0A 1J0, Canada.

Introduction:  The development of ion micro-
probes for terrestrial applications has led to compro-
mises in performance in some regimes.  In effect, it is
difficult to design an instrument that has ideal capa-
bilities for all applications.  We are in the process of
designing a new instrument for dedicated stable iso-
tope analysis that will have a major initial emphasis on
materials from sample return missions and so specific
capabilities can be designed from the outset.

SHRIMP: The SHRIMP ion optical geometry is
markedly different than that used for Cameca ion mi-
croscopes most commonly utilized in extraterrestrial
applications.  The philosophical background for
SHRIMP was the analysis of geologically complex
materials where isobaric interferences must be re-
solved at moderate resolution (5,000 M/DM) while
maintaining high sensitivity.  This was achieved with a
physically large double-focusing mass analyzer with
low-second order aberrations allowing high resolution
to be obtained without energy filtering at the energy
focus [1].  The first stage of the secondary extraction
system uses a relatively low initial secondary extrac-
tion potential (400-700 V) which reduces energy dis-
persion from the target.  In order to maximize trans-
mission, an astigmatic secondary system is utilized.
The mass analyzer consists of magnetic and electro-
static sectors, as well as quadrupole lenses for aberra-
tion reduction (one quadrupole in the SHRIMP II de-
sign, four in SHRIMP RG).

Tuning: An important aspect of SHRIMP tuning is
the use of a shallow-depth-of-field Schwarzchild visual
optical system to place the sample in focus thereby
aligning the primary and secondary ion optical axes
very reproducibly. This system allows tightly con-
strained analytical conditions to be maintained thereby
facilitating isotopic mass fractionation and elemental
ratio measurements.  Early measurements on SHRIMP
I indicated reproducibility of better than 0.3 ‰ for Mg
isotope measurements from Allende spinels [2].  Pb/U
measurements in geochronology routinely achieve ca.
1.0 % reproducibility.  A system for automatically
tuning the secondary ion beam has recently been dem-
onstrated.

SHRIMP SI:  Sample return missions will provide
new opportunities for analysis but will require new
capabilities.  To this end we are designing a dedicated
stable isotope instrument (SHRIMP SI) which will
primarily operate with a Cs+ ion source and extract
negative secondary ions.  The source chamber will be

reduced in size and differentially pumped to achieve
ultrahigh vacuum (<10-10 mbar).  With a primary pur-
pose of measuring light elements, the design of the
multiple collector can be configured to optimize meas-
urements of widely spaced unit masses and in particu-
lar allow the use of large electron multipliers that have
superior gain, stability, and lifetime characteristics.
Faraday cups will be interchangeable at each collector.

The Schwarzchild visual optics allow the introduc-
tion of normally incident laser illumination to the sam-
ple surface.  Laser-assisted SIMS can therefore be
readily employed.  At the lowest level, laser illumina-
tion can be employed to remove surface contaimina-
tion.  Higher energies can be used to ablate material,
break molecular bonds, or effect resonance ionization
mass spectrometry.

GENESIS: The new SHRIMP-SI capabilities will
be important for the GENESIS mission in particular.
With an expected concentration of oxygen of only 170
ppm, contamination from vacuum contaminants and
surface contaminants must be kept to a minimum.
SIMS is well suited to surface analysis, and in par-
ticular where the element of interest is implanted into
the substrate away from the surface.  Sputter pre-
cleaning and laser ablation should enable extremely
clean surfaces to be maintained during analysis.

STARDUST:  While identification of presolar
material with large isotopic anomalies is a major goal
of STARDUST, the documentation of more modest
effects from solar nebula products or from molecular
clouds will also be important.  Achieving analytical
precision of the order of 0.3 ‰ for most isotopic sys-
tems where the target is a major element requires a
volume of material equivalent to a 1 µm diameter spot,
0.1 µm deep.  The SHRIMP SI will be designed to
allow submicron spots while maintaining the high de-
gree of instrument control necessary for high accuracy
stable isotope measurements.

References:
[1] Clement S. W. et al. (1977) Abstr. SIMS I,
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