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Abstract–The NASA Stardust mission brought to Earth micron-size particles from the coma of comet
81P/Wild 2 using aerogel, a porous silica material, as the capture medium. A major challenge in
understanding the organic inventory of the returned comet dust is identifying, unambiguously, which
organic molecules are indigenous to the cometary particles, which are produced from carbon
contamination in the Stardust aerogel, and which are cometary organics that have been modified by
heating during the particle capture process. Here it is shown that 1) alteration of cometary organic
molecules along impact tracks in aerogel is highly dependent on the original particle morphology, and
2) organic molecules on test-shot terminal particles are mostly preserved. These conclusions are based
on two-step laser mass spectrometry (L2MS) examinations of test shots with organic-laden particles
(both tracks in aerogel and the terminal particles themselves).

INTRODUCTION

Low-density aerogel, a transparent porous silica
material, is uniquely suited for the capture of micron-size
particles traveling at high velocities (Tsou et al. 1990;
Barrett et al. 1992). Recent success of the NASA Stardust
mission emphasizes the appeal of aerogel as a capture
medium as well as the need for a more thorough
understanding of the physical and chemical processes that
occur during capture (Brownlee et al. 2006). Specifically,
inherent residual organic impurities in Stardust aerogel
cause concern, especially as they may be thermally altered
in regions close to a captured particle and thus could be
erroneously attributed to it (Spencer and Zare 2007). The
possibility also exists that particle capture in aerogel can
alter organics contained within the impactor, obscuring the
original composition. Identifying how organic molecules
can be modified by heating during the capture process
presents a major challenge in interpreting cometary organic
compounds returned by the Stardust mission.

Hypervelocity capture of a particle in aerogel causes
thermal pulse generation, owing to non-adiabatic propagation
of the impact shock. This extreme stress has the potential to
alter organic compounds indigenous to the impacting particle.
Hypervelocity impact in the velocity regime relevant to
Stardust cometary particle capture (6.1 km/s in vacuum)

deposits energy into aerogel faster than it can be dissipated at
the impact site, resulting in steep temperature gradients
(Burchell et al. 1999). For example, capture of a 10 µm
particle at a typical interplanetary dust particle (IDP) density
of 1.1 g/cc (Joswiak et al. 2000) traveling at 6.1 km/s releases
approximately 10.7 µJ of kinetic energy along the length of its
track in aerogel. For comparison, a single phenanthrene
molecule would release 34.4 eV (5.5 × 10−18 J) of kinetic
energy in such an impact, which is far above the C = C bond
energy of approximately 6 eV. The rapidity of the energy
release produces extreme thermal gradients along the track
wall resulting in particle ablation as well as vaporization and
melting of aerogel in the impact vicinity. The extent of
particle ablation varies depending on many factors, including
particle size, composition, and the density of aerogel used,
typically reducing particles to 20–95% of their original size
(Burchell et al. 1998; Hörz et al. 1998). Materials that have
been investigated include a variety of mineral grains and
glasses, meteoritic samples, coal, pure organic materials, and
even cocoa powder. The impact process has also been
modeled theoretically (see Anderson and Ahrens [1994] for a
general model for capture of hypervelocity particles in low-
porosity foams and Dominguez et al. [2004] for a recent
model of capture specific to aerogel). Such models describe
the general deceleration process but fail to describe fully the
apparent stochastic survival and destruction of impactor
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components in the case of complex aggregate impactors like
those derived from comet 81P/Wild 2.

In test shots, submicrometer-size particle residue can be
found embedded in molten aerogel along the track walls,
particularly in the entry region; similar regions of mixed
particle and molten aerogel were seen in the samples returned
from comet 81P/Wild 2 (Zolensky et al. 2006). Some portion
of the particle material embedded in molten aerogel would
have been “cooked”, owing to the poor heat conductivity of
aerogel (<10 mW/m·K in vacuum; Kistler [1931]). Thermal
processing of organic compounds in this embedded particle
residue along impact tracks may be significant because of this
heating in the vicinity of the particle impact track.

To complicate further this issue, it is clear that the extent
of abrasion and heating in these impactor components will be
sensitive to details in the composition and structure of each
individual impactor. For example, whereas the fine-grained
materials in 81P/Wild 2 particles appear to be particularly
susceptible to abrasion and heating in the top portions of
tracks, such materials can survive to the bottom of a track
virtually unchanged if they are protected by larger
surrounding grains or the accumulation of a molten silica
“cap.” An example of this can be found in the “Febo”
terminal particle (track 57, 8 µm diameter), which contains a
large iron-sulfide grain that apparently protected a clump of
adhering fine-grained, organic-containing material by leading
the way through the aerogel (Matrajt et al. 2008). Thus, the
degree of thermal processing likely has a stochastic
component within individual tracks, at least for complex
aggregate impactors.

Significant differences in organic molecular identity and
abundance have been observed along tracks produced by
captured comet 81P/Wild 2 particles, even along impact
tracks that lie in close proximity to each other on the same
aerogel tile (Sandford et al. 2006). It is still unclear whether
these differences belong to the impacting particle or if they
are a result of variable organic alterations during impact.
Most likely, a combination of these two effects is occurring
during hypervelocity particle collection in Stardust aerogel.
The uniform impact speed (6.12 km/s) and entry angle of
these particles suggest that any differences are introduced by
the impactor. Initial data from the Stardust preliminary
examination period has revealed that captured 81P/Wild 2
particles are very heterogeneous in morphology and mineral
composition. This is evidenced by the significant variety of
minerals and fine-grained chondritic composition material
detected in the particles as well as the many different track
shapes produced by particles impacting at the same velocity
and angle (Brownlee et al. 2006; Flynn et al. 2006; McKeegan
et al. 2006; Sandford et al. 2006; Zolensky et al. 2006). A
variety of different impactors have been used previously as
test materials for hypervelocity impact shots into Stardust-
type aerogel; however, it is very difficult to mimic the fine-
grained aggregate structures of anhydrous interplanetary dust

particles (IDP)s and cometary particles at these speeds (Hörz
et al. 1998). At this time, the extent to which such differences
in particle morphology might affect the degree of organic
compound alteration in indigenous cometary organic matter
on hypervelocity impact with aerogel remains unknown.

Different impactors have been employed in this study to
probe the effect of particle morphology on organic compound
alteration in the impacting particle. Two-step laser mass
spectrometry (L2MS) was used to determine the distribution
of polycyclic aromatic hydrocarbons (PAHs) along test-shot
impact tracks in aerogel and on selected terminal particles.
This study focused specifically on the analysis of aromatic
hydrocarbons owing to the sensitivity and specificity of
L2MS for this class of compounds. These compounds are
astrophysically relevant and are expected to represent at least
a component of the collected cometary organic matter.
Results from these experiments can potentially be extended to
act as a good indicator for overall organic alteration on
hypervelocity particle impact into Stardust aerogel.

EXPERIMENTAL

Two-step laser-desorption laser-ionization mass
spectrometry (L2MS) is a highly sensitive analytical
technique capable of resolving the spatial distribution (at 10
or 40 µm spatial resolution at the sample surface, depending
on the desorption laser utilized) of organic molecules on
complex surfaces and particulates (Clemett et al. 1993, 1994;
Thomas et al. 1995; McKay et al. 1996). Two different L2MS
instruments were used in this study, enabling both
redundancy and increased sample analysis ability. These were
the µ-L2MS instrument in the Stanford University laboratory
of Richard Zare and the ultra-L2MS instrument in the NASA
Johnson Space Center laboratory of Simon Clemett. In
collaboration with the Stardust Organics Preliminary
Examination Team (PET), a number of µ- and ultra-L2MS
analyses have been performed on contamination control
samples (e.g., Stardust aerogel flight spares and aerogel
witness coupon), giving us a thorough understanding of
aromatic organic contaminants innate to Stardust aerogel
(Spencer and Zare 2006). L2MS, being exceptionally suited
for the analysis of particles in an aerogel substrate, has the
ability to create spatially resolved intensity profiles of
aromatic compounds along particle impact tracks in aerogel.

A detailed description of the L2MS technique has been
presented elsewhere (Kovalenko et al. 1992; Clemett and
Zare 1997), and is summarized here. Constituent neutral
molecules of the sample are first desorbed with a pulsed
infrared laser beam focused to a spot, adjustable to 10 or
40 µm in diameter for the µ-L2MS setup, using Er:YAG
(2.94 µm) and CO2 (10.6 µm) lasers, respectively. Beam spot
size for the ultra-L2MS system is about 10 µm, which is
achieved using a line-tuned CO2 laser with a spatial filter. A
selected class of molecules in the desorbed plume is
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subsequently preferentially ionized by a single-frequency
pulsed ultraviolet (UV) laser (Nd:YAG; 4th harmonic;
266 nm) beam that passes through the plume. The resultant
ions are then extracted, injected into a reflectron time-of-
flight mass spectrometer, and analyzed according to mass. A
complete mass spectrum is obtained for each shot. Soft,
species-selective ionization, that is, ionization of molecules
containing a characteristic functional group with minimal
accompanying fragmentation, is achieved through (1 + 1)
resonance enhanced multiphoton ionization (REMPI)
(Winograd et al. 1982; Shibanov 1985). The L2MS system is
designed to ionize molecules containing π-conjugated bonds,
such as the phenyl moiety, and provides a selective ionization
window for PAHs.

Key attributes of L2MS instruments are (i) high spatial
resolution and mapping capabilities allowing complete mass
spectral analysis of regions as small as 10 µm in diameter; (ii)
desorption with little decomposition and ionization, resulting
in spectra consisting of primarily parent ions; (iii) selective
ionization of molecules containing π-conjugated bonds,
which simplifies the spectra of complex mixtures; (iv) high
sensitivity, allowing detection of PAHs at the subattomole
level; and (v) in situ analysis, requiring little sample handling
and minimizing the possibility of contamination and chemical
alteration. This technique enables the sampling of material in
surface layers of a sample, with a sampling depth profile that
varies based on the optical transparency of a material at the
desorption laser wavelength used. Sampling depth is likely in
the several micrometer range for experiments reported here.

Relevant previous work has included examinations of
organic synthesis from carbon impurities in Stardust aerogel
(Spencer and Zare 2007; Spencer et al. 2008), which serve as
“blank” studies for the experiments reported here. In this
previous work we found that a low-mass envelope of aromatic
compounds can be released/synthesized from Stardust aerogel
during various hypervelocity particle impact simulations.
These impurities could be easily misidentified as cometary,
when in fact they are artifacts of the collection process.
Aromatic compounds detected on the impact tracks of
samples analyzed in the present study were compared with
these known artifacts to validate their source (i.e., either as an
artifact or as coming from the captured particle).

In the present examination we performed several
experiments designed to assess the potential modification of
organic compounds from their original form in the impacting
particle. Several types of impactors were utilized in this study,
including Allende meteorite, Illinois coal, and compressed
cocoa powder. Preparation and hypervelocity test shots of
these materials were performed by Andrew Westphal and
Fred Hörz at the NASA Ames Research Center and NASA
Johnson Space Center (JSC) two-stage light-gas gun
facilities, respectively (Hörz et al. 1998). Allende meteorite
and Illinois coal particle sizes were approximately 50 µm in
diameter. Impact speed for all shots was 6 km/s, which is

comparable to the speed at which 81P/Wild 2 particles were
collected in aerogel by the Stardust spacecraft. Stardust flight
spare aerogel, which is representative of the actual aerogel
material that was installed on the Stardust spacecraft, was
used in these studies to mimic actual collection of Stardust
81P/Wild 2 particles as closely as possible. Allende meteorite
and Illinois coal impact tracks were removed from the aerogel
cells by Andrew Westphal and Christopher Snead at the
UC-Berkeley Space Sciences Laboratory (SSL) laboratory
using their borosilicate glass needle micro-extraction
technique, otherwise known as the “keystone” technique
(Westphal et al. 2004). Removed tracks were then split in half
lengthwise to expose their inner surfaces for analysis. Cocoa
powder tracks were obtained from Michael Zolensky (NASA
JSC) and dissected by Clemett using a stainless steel type 11
surgical scalpel. Terminal Allende meteorite particles were
removed from several tracks by Clemett using a surgical
scalpel, as above, and were then pressed into Au foil for
subsequent ultra-L2MS analysis.

RESULTS

Allende Meteorite Particles

Using L2MS, it is straightforward to correlate PAHs with
a track in aerogel if they were introduced during impact. The
difficulty lies in determining whether these compounds were
synthesized during the impact process from material
indigenous to the aerogel collector medium, deposited by a
fragmenting, organics-laden impactor, or modified from their
original form in the impactor. In a previous study we
examined the effect of a non-organic (i.e., “blank”) particle
impact into aerogel (Spencer et al. 2008). For the present
study, a series of organics-laden particles were used as
hypervelocity impactors into aerogel to reveal the effects, if
any, of particle structure and composition (i.e., morphology)
on post-impact organic signatures. These included particles of
the Allende meteorite (CV3), Illinois coal, and compressed
cocoa powder. Impact track, terminal particle (when
possible), and standard substrate PAH distributions were
compared to determine the potential for organic alteration
during hypervelocity particle capture in aerogel.

The Allende meteorite (CV3) is known to contain a
number of complex organic compounds including an extended
envelope of low-mass PAHs (Zenobi et al. 1989; Elsila et al.
2005). Several Allende matrix particles were shot into Stardust
flight spare aerogel and their hypervelocity impact tracks were
subsequently dissected lengthwise for spatially resolved
surface analyses along their length. Shots were at
approximately 6 km/s to provide a realistic comparison to the
shock effects experienced by Stardust particles. 

Examination with µ-L2MS along the bulbous entry
portion of Allende particle tracks revealed aromatic organic
compounds that are somewhat modified in comparison with



18 M. K. Spencer et al.

the unshot bulk Allende (CV3) aromatic signature (Fig. 1).
Prominent PAHs in the µ-L2MS mass spectrum of unshot bulk
Allende include mass 128 (naphthalene) and its alkylated
derivatives (i.e., C10H7-(CH2)n-H; n = 1,2,3,4): 156 (n = 1), 170
(n = 2), 184 (n = 3), and 198 amu (n = 4). Mass 178
(phenanthrene) is the most dominant PAH and its alkylated
components can be observed as well at: 192 (n = 1), 206 (n = 2),
and 220 amu (n = 3). Mass 202 (pyrene) is also present in lower
concentrations (Fig. 1A). These compounds are higher in mass

than those detected during blank impact test shots into Stardust-
type aerogel (Spencer and Zare 2007; Spencer et al. 2008),
indicating that they were introduced by the captured particle
itself and are not artifacts of the collection process. While these
PAHs can be observed along the impact track in aerogel, they
differ greatly in relative abundance compared with unshot bulk
Allende. In comparison with mass 178 (phenanthrene), mass
128 (naphthalene) and 202 (pyrene) are much greater in
intensity than in unshot Allende. Alkylated derivatives of mass
128 (naphthalene) are also strikingly low in relative abundance
(Fig. 1b). The absence of some PAHs in the aerogel track,
which are present in unshot Allende (CV3), could be caused by
several factors, including that the PAHs were (i) destroyed by
pyrolysis during impact shock heating, (ii) thermally
modified during capture into a compound not detectable by
this technique (i.e., a non-aromatic compound), or (iii)
volatilized and redeposited into the surrounding aerogel
matrix at local concentrations lower than the detection limits
of µ-L2MS.

Because the extent to which one or more of these
processes might occur would differ for different PAHs this
could result in fractionation of the original distribution of
PAH components.

Compounds observed in Allende particle track mass
spectra, i.e., from material distributed along the inner surfaces
of tracks, are distinguishable from innate aerogel components
that appear in µ-L2MS as shown in Figs. 1b and 1c. Aerogel
background spectra were taken more than 5 track widths
away from the impact track to avoid sampling of submicron-
size Allende grains and volatiles surrounding the track that
may have been redistributed during impact. Very little signal
was found from organic compounds more than 500 µm down
the impact track in both µ- and ultra-L2MS analyses (Fig. 1d).
Several processes can cause this behavior, including: (i)
maximum particle ablation at the initial impact site, as well as
(ii) the rapid accretion of a “protective” compressed silica
overshell, which is known to form on the leading edge of
particles impacting at high velocity into aerogel, preventing
further particle ablation (Tsou 1995; Brownlee et al. 2006).

Ultra-L2MS was used to investigate multiple Allende
terminal particles that were removed from hypervelocity
impacts in aerogel. Shots were also performed at
approximately 6 km/s to provide a realistic comparison to
Stardust particle capture. PAH distributions broadly similar to
unshot bulk Allende were retained in these particles. While
the overall abundance was reduced, PAH mass distribution
and ratios were mostly preserved (Fig. 2). Hypervelocity
impact produces a strong impact shock of several GPa; yet,
the PAHs in the Allende matrix were able to survive this
initial shock and the resulting thermal pulse. These results are
in stark contrast to the distorted PAH envelope found
diffusely distributed along Allende particle impact track
walls.

It should be noted that mass spectra taken with ultra-

Fig. 1. µ-L2MS mass spectra. a) Mass spectrum consisting of 50
averaged mass spectra taken on unshot bulk Allende (CV3)
meteorite. b) Mass spectrum taken with a single laser shot on the bulb
portion of keystone dissected Allende particle impact track in
aerogel. This spectrum is representative of the “hot spots” as
indicated in (d). c) Mass spectrum taken with a single laser shot
approximately 5 track widths away from the impact track. (b) and (c)
are scaled up by a factor of 2 for ease of comparison. Peaks centered
at 100 amu correspond to D8-toluene, an internal calibration
standard. d) Intensity map of phenanthrene from a split Allende
particle impact track in aerogel. The impact track was oversampled to
enable confidence in detected signals when characterizing ablated
particle material. Phenanthrene abundance is representative of
Allende meteorite PAHs, as shown in (b).
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L2MS differ slightly from those taken using µ-L2MS, owing
to their different detection sensitivities for different PAHs.
This is based on differing instrumental parameters and
desorption laser wavelengths. This results in a PAH envelope
centered at 178 amu for µL2MS and an envelope centered at
220 amu for ultra-L2MS when considering unshot bulk
Allende meteorite (see Fig. 1a and Fig. 2c). Thus, the mass
spectra from these two techniques should only be compared
with others taken with the same instrument.

Several models indicate that an impacting particle
experiences significantly lower temperatures than the
surrounding shocked aerogel (Stratton and Szydlik 1997;
Dominguez et al. 2004), suggesting that organics contained
within the impactor would incur less thermal alteration than
those along the track. From modeling studies it is thought that
material deposited along the impact track will encounter
temperatures of several thousand degrees Kelvin; however,
the terminal particle may be heated only to several hundred
Kelvin (Stratton and Szydlik 1997). Coupled Thermodynamic
and Hydrodynamic code (CTH), developed by Sandia
National Laboratories, has been used to model this highly

heterogeneous distribution of temperature along
hypervelocity particle impacts in low-density aerogel
(Stratton and Szydlik 1997). Using Carnelian (quartz)
particles of 0.92 mm impacting at 3.58 km/s into 64.8 mg/cm3

silica aerogel, this model shows that aerogel in front of and
surrounding the impactor reaches greater than 2000 K and up
to 6000 K immediately in front of the decelerating particle
during impact. The particle, however, remains below 600 K.

This model, developed by Stratton and Szydlik, uses a
lower impact velocity and higher density aerogel in
comparison with cometary particle capture on the Stardust
spacecraft (Stratton and Szydlik 1997). Other models suggest
that low density aerogels generate higher temperatures than
their higher density counterparts during hypervelocity particle
capture (Dominguez et al. 2004). This is evidence that our test
shots, which used a slightly lower density aerogel in
comparison with the Stratton and Szydlik model, would have
potentially experienced greater heating than that found in this
model. However, the lower impact velocity that was used in
their model would have had a separate effect on the amount of
heating present, most likely yielding a lower amount of

Fig. 2. a) Optical mosaic of a track made by the hypervelocity impact of a micron-size Allende particle into a low-density silica aerogel. A
single sub-fragment (Red Arrow) was extracted and pressed into a small section of Au Foil (b), along with several pristine Allende reference
particles. c) ultra-L2MS spectra of the extracted sub-fragment and reference particle spectra.
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heating in comparison with our test shots. It is impossible at
this time to determine the extent of these effects as they have
opposite influences on the resulting temperatures produced
along the aerogel impact track. We expect that, while these
conditions do not specifically match the Stardust mission
parameters, results presented in this work support the general
idea that terminal particles remain cooler than materials
deposited near the entry-portion of the impact track. This is
consistent with both µ-L2MS and ultra-L2MS results
presented here.

Illinois Coal Particles

Illinois coal contains a range of 1- to 6-ring PAHs that are
similar to Allende (CV3) although the relative abundances
vary (Figs. 3a and 1a, respectively). Comparison of these two

particle types enables determination of the extent to which
similar materials can be distinguished from each other by
analyzing organic compounds along their hypervelocity
impact tracks in aerogel. Main peaks in the µ-L2MS mass
spectrum of unshot Illinois coal include mass 128
(naphthalene) and its alkylated derivatives out to the addition
of 5 CH2 units, with mass 128 + 2 CH2 being the most
abundant. Mass 178 (phenanthrene) and its alkylated
derivatives up to the addition of 3 CH2 units are also
observed. Mass 202 (pyrene) is also observed and is
comparable in intensity to mass 178 (phenanthrene) (Fig. 3a).
µ-L2MS analysis of dissected Illinois coal particle tracks
revealed a PAH distribution that is modified in comparison
(Fig. 3B). PAHs found along the walls of the impact tracks are
comparable to those found for the Allende meteorite impact
track study, although noticeable differences can be observed.
Again, alkylated components of mass 128 (naphthalene) are
significantly depleted along the track, despite their
prominence in the original Illinois coal particle. As was the
case for the shot Allende meteorite particles, PAHs localized
on the impact track are distinguishable from aerogel
components seen far from the track, as shown in Figs. 3b and
3c. Also, these compounds are higher in mass than those
detected during blank impact test shots into Stardust-type
aerogel (Spencer and Zare 2007; Spencer et al. 2008),
indicating that they were introduced by the captured Illinois
coal particle itself and are not artifacts of the collection
process. Spatially resolved analysis of the PAH intensity
distribution along Illinois coal impact tracks in aerogel
reveals the deposition of organic material only in the first
500 µm of the track (Fig. 3d). This spatial distribution is very
similar to that found for Allende meteorite particles. No ultra-
L2MS analysis of Illinois coal terminal particles has been
performed at this time owing to the availability of samples.

Compressed Cocoa Powder Impactors

As an approximate analog to aggregate IDP-type
particles, cocoa powder was compressed with soda-lime glass
spheres and used as an impactor into 0.02 g/cm3 aerogel
[Figs. 4a and 4b; (Hörz et al. 1998)]. Unshot cocoa powder
gives a very simple L2MS mass spectrum, as shown in Fig. 4c.
Ultra-L2MS analysis of compressed cocoa powder/soda-lime
glass sphere impact tracks found no aromatic compounds
associated with the terminal soda-lime glass spheres. All
organic matter was volatilized along the bulb-shaped track
and was found more than 3 track widths into the surrounding
aerogel matrix. Prominent peaks in the mass spectrum of
cocoa powder, those most easily tracked with the ultra-
L2MS system, are the two methylxanthines 3,7,-dihydro-
1,3-dimethyl-1H-purine-2,6-dione (theobromine) and
3,7,-dihydro-1,3,7-timethyl-1H-purine-2,6-dione (caffeine) at
masses of 180 and 194 amu, respectively. Mass spectra of
unshot cocoa powder show these as well-defined, prominent

Fig. 3. The µ-L2MS mass spectra taken in the bulb portion of a split
Illinois coal particle impact track in aerogel compared to bulk unshot
Illinois coal. a) Mass spectrum consisting of 50 averaged mass
spectra taken on unshot bulk Illinois coal. b) Single mass spectrum
taken on the Illinois coal particle impact track in aerogel. c) Single
mass spectrum taken on aerogel approximately 5 track widths away
from the impact track. The plot in (a) is scaled up by a factor of 2 for
ease of comparison. Peaks centered at 100 amu correspond to D8-
toluene, an internal calibration standard. d) Spatial map constructed
using the integrated peak area of mass 178 (phenanthrene) from a
single µL2MS mass spectra taken over the keystone surface. Rough
outlines of the particle entry track and aerogel keystone edges are
shown as dashed lines.
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peaks (Fig. 4c). However, the track deposited residues show
no evidence of these main cocoa powder-associated PAHs.
Instead, a diverse mixture of species too varied to differentiate
were detected, including masses ranging from below 100 amu
to beyond 400 amu (i.e., synthesis of organics with mass both
below and above that of the two methylxanthines originally
present; Fig. 4d). This implies significant thermal alteration in
the bulbous upper track region after impact into aerogel,
much more-so than organic compounds associated with
Allende meteorite and Illinois coal particles, as discussed
previously.

DISCUSSION

Results from the analysis of Allende and Illinois coal
particle test shots into silica aerogel demonstrate that organic
components embedded in the aerogel impact track wall do not
faithfully represent the organic composition of an impactor.
Alkylated naphthalene and phenanthrene components are
selectively lost in both cases, skewing the original mass
envelopes. Also, lower mass PAHs are reduced in relative
intensity in comparison with those of higher mass. This
supports the hypothesis that selective volatilization of low-
mass PAHs can occur during particle capture. Spatial analysis
with µL2MS shows a preferential deposition of organic
material in the first 500 µm of Allende and Illinois coal
particle impact tracks. Unfortunately, Allende meteorite and
Illinois coal particles do not precisely mimic the structure or

composition of the cometary particles that struck the Stardust
collector. Cometary particles are thought to have a low-density
aggregate structure similar to that found in
stratospherically collected particles. Returned Stardust
samples are largely consistent with this view (Brownlee
et al. 2006). Laboratory simulation of an aggregate impact
is limited by the forces necessary to accelerate micron-size
particles to velocities on the order of 6 km/s. These
aggregated particles do not typically survive accelerations
of this magnitude intact.

From the experimental work presented here we suggest
that great caution needs to be taken in connecting the organic
material present in aerogel impact tracks to pristine cometary
organic compounds. Shock heating associated with
hypervelocity impact will likely alter or cause the
volatilization of organic components in impacting particles.
The extent to which this occurs will vary from particle to
particle, as evidenced by the disparity in organic alteration
observed for different particles in this study, and is
particularly apparent in the top (approximately 500 µm) of the
impact track. Alteration of impacting particles has been
reported on previously for various test shots into aerogel
(Hörz et al. 1998; Brownlee et al. 2006; Sandford et al. 2006).
It is likely that these processes are occurring to varying
degrees and are the result of impact thermal alteration or
volatilization. Extension of PAH masses both below and
above the mass of innate cocoa powder xanthines indicates
that bond-breaking and bond-forming reactions are

Fig. 4. a) Optical images of aerogel block, from above and from the side, after a shot with soda-lime glass beads coated in cocoa powder. The
track with the red dashed rectangle was selected for analysis by ultra-L2MS. b) Optical image of one side of the track bulb after midline
sectioning along the track axis using a #11 surgical steel scalpel. c) ultra-L2MS spectrum of unshot cocoa powder showing the characteristic
peaks of the aromatic methylxanthines theobromine and caffeine. d) ultra-L2MS spectrum of fine grained debris dispersed along the bulbous
track (upper trace) and volatilized material approximately 1 track width perpendicular to the long axis of the track. (Note track sectioned from
top-to-bottom, not side-to-side, to avoid potential for dispersion of organic material by the sectioning procedure.
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simultaneously occurring during the impact process. This is
in contrast to the preservation of prominent PAHs along
Allende meteorite impact tracks. These laboratory
simulations indicate that the retention of aromatic compound
signatures is dependent on particle structure and makeup (i.e.,
morphology and composition) and can vary from track to
track, even when parameters other than morphology are held
constant.

Recently, it has been shown that organic molecules can
be associated with 81P/Wild 2 cometary particles and their
impact tracks in Stardust samples (Sandford et al. 2006).
Track-to-track variation in organic compound abundance
observed in 81P/Wild 2 impact tracks is indicative of the
heterogeneity of captured cometary particles. Morphological
differences in these highly heterogeneous impactors have the
potential to bring about variable degrees of organic
compound alteration along their impact tracks, as shown in
this study.

The hypervelocity impact test shot studies detailed above
indicate that, depending on particle morphology, the detected
aromatic hydrocarbons could be similar to those in the
impactor. One possibility for the source of compounds
discovered along the 81P/Wild 2 particle impact track
reported on previously [C2115,26,22; (Sandford et al. 2006)]
is macromolecular kerogen material, similar to that found in
carbonaceous chondrite meteorites. It has been shown that the
types of compounds observed, small 1- to 3-cycle alkylated
aromatics, can be generated by anhydrous or hydrous
pyrolysis of meteoritic macromolecular material (Bandurski
and Nagy 1976; Sephton et al. 2000). Most of the organic
material in carbonaceous chondrites exists in this highly
cross-linked aromatic material. Detection of these kerogen
pyrolysis-like products in the interior of a cometary impact
track suggests that the original particle may have contained a
macromolecular organic component that pyrolyzed during
impact with aerogel. Most models of particle impact in
aerogel, although still in their early stages, indicate that
temperatures generated during micron-sized particle impact
in aerogel are high enough to cause pyrolysis of kerogen
(Stratton and Szydlik 1997). The heating time scale, however,
may be too brief to allow pyrolysis products to diffuse away
from one another before recondensing. It has also been shown
that these types of low-mass aromatic compounds can be
generated from carbon impurities in Stardust aerogel during
hypervelocity particle impact (Spencer and Zare 2007;
Spencer et al. 2008). Thus, caution must be exercised in
interpreting the origin of organic compounds detected along
impact tracks in Stardust aerogel.

Laboratory impact simulations detailed in this paper have
shown that aromatic organic compounds can be deposited and
thermally processed during hypervelocity capture with
aerogel. From these and previous studies (Spencer and Zare
2007; Spencer et al. 2008) we conclude that we cannot
definitively determine the original makeup of aromatic
compounds found along one hypervelocity 81P/Wild 2

particle impact track (Track C2115,26,22) in aerogel, which
was analyzed previously in this laboratory and reported as
either cometary or contaminants in the literature (Sandford
et al. 2006). Retention of organic signatures on the terminal
particle, as shown for the Allende meteorite impact here and
in previous studies, provides a promising venue for the
determination of organic compounds introduced by an
impacting particle (Burchell et al. 2004; Matrajt et al. 2008).
Using Raman spectroscopy it has been shown that poly(methyl
methacrylate) (PMMA) and poly(ethyl methacrylate)
(PEMA) terminal particle composition is unaltered after
acceleration into aerogel at approximately 5 km/s (Burchell
et al. 2004). This research was focused on the analysis of
terminal particles, which are known to experience
significantly lower temperatures than ablated particle
material that is left along the impact track in aerogel, as
previously discussed. For this reason, their survival should
not be correlated to the survival of shed material along the
impact track. This previous PMMA/PEMA work and the
results presented here highlight the importance of analyzing
both impact tracks and terminal particles to determine the
origin of any organic material along hypervelocity impact
tracks in Stardust aerogel.

SUMMARY

Laboratory impact simulations reported here and in the
literature (Spencer and Zare 2007; Spencer et al. 2008) show
that, during the particle capture event, chemical processes that
might alter, destroy, or volatilize indigenous particle PAHs in
ablated material present a significant challenge for highly
sensitive analyses such as laser mass spectrometry. Organic
compounds indigenous to an impactor are found to change in
relative abundance and identity, when detected in ablated
material, masking the true chemical composition of the
impactor. Compounds on the surviving terminal particle are
found to retain their original form.

Correct interpretation of organic signatures detected
along hypervelocity particle impact tracks in aerogel is a
difficult challenge that must be thoroughly addressed for each
analytical technique applied to the analysis of Stardust
samples. For direct analysis techniques, such as L2MS,
comparison of impact track aromatic organic signatures with
those from the terminal particle is the most informative way
to determine the degree of chemical alteration induced by
impact and to characterize innate aromatic hydrocarbons in a
captured particle. Chemical information relevant to the
original particle may be retrievable via the analysis of the
material that it sheds while tunneling through aerogel.
However, the processing of organic compounds in this
material may be extreme, as shown in this study. Analysis of
this material is important to gain an unbiased view of the
original 81P/Wild 2 particle composition. This work
addresses the significance of chemical processes that might
occur during the capture of a hypervelocity particle in aerogel
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and directly impacts the analysis of all organic compounds in
the collected 81P/Wild 2 cometary particles.
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