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Abstract–Under the auspices of the Stardust Interstellar Preliminary Examination,
picokeystones extracted from the Stardust Interstellar Dust Collector were examined with
synchrotron Fourier transform infrared (FTIR) microscopy to establish whether they
contained extraterrestrial organic material. The picokeystones were found to be
contaminated with varying concentrations and speciation of organics in the native aerogel,
which hindered the search for organics in the interstellar dust candidates. Furthermore,
examination of the picokeystones prior to and post X-ray microprobe analyses yielded
evidence of beam damage in the form of organic deposition or modification, particularly
with hard X-ray synchrotron X-ray fluorescence. From these results, it is clear that
considerable care must be taken to interpret any organics that might be in interstellar dust
particles. For the interstellar candidates examined thus far, however, there is no clear
evidence of extraterrestrial organics associated with the track and/or terminal particles.
However, we detected organic matter associated with the terminal particle in Track 37,
likely a secondary impact from the Al-deck of the sample return capsule, demonstrating the
ability of synchrotron FTIR to detect organic matter in small particles within picokeystones
from the Stardust interstellar dust collector.

INTRODUCTION

Interstellar dust grains are found throughout the
interstellar medium and play a central role in molecule
formation and the dynamics of star creation. Although
dust accounts for only a small fraction of the baryonic
mass in the Universe, it is estimated that at least 30% of
the light emitted by stars is absorbed by interstellar dust
and then reradiated in the infrared (Bernstein et al.
2002; Draine 2003). Consequently, much of what is
known about interstellar dust has been determined from
astronomical infrared spectroscopy. These measurements
show that interstellar dust has a strong, broad emission
feature near 10 lm, consistent with amorphous silicates
(Draine 2003; Henning 2010), and several weaker
features near 3.4 lm, consistent with aliphatic –CH2 and
–CH3 stretching absorptions (Sandford et al. 1991;
Whittet et al. 1997). Astronomical measurements,
however, have not been able to determine the specific
carriers of these emission features.

NASA’s Stardust mission aimed to further our
knowledge of interstellar dust by capturing
contemporary interstellar dust grains streaming through

our solar system and returning them to Earth for
further analyses. The Stardust Interstellar Dust
Collector was exposed to the interstellar dust stream for
a total of 195 days prior to its return in 2006 (Tsou
et al. 2003). The collector was largely composed of
aerogel tiles (1039 cm2), which were designed to capture
hypervelocity particles with minimal damage as
compared with capture in other media. The Stardust
Interstellar Preliminary Examination (ISPE) was tasked
with the mission of answering first-order questions
regarding the interstellar collection. This included the
identification, extraction, and initial analyses of tracks
and residual particles that were considered candidates
for interstellar dust (Westphal et al. 2014b). Because of
the anticipated scarcity of captured particles, all
analyses were required to be nondestructive and have
the sensitivity and spatial resolution to detect the
extremely small particles (typically <1 lm). These
requirements limited the types of analytical methods
that could be performed, and as a consequence, the
ISPE analyses rely heavily on synchrotron microprobe
techniques, including X-ray fluorescence (XRF), X-ray
diffraction (XRD), scanning transmission X-ray
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microscopy (STXM), and Fourier transform infrared
(FTIR) spectromicroscopy. This paper is one of several
companion papers in this issue describing the methods
and analyses of the ISPE (Brenker et al. 2014;
Butterworth et al. 2014; Flynn et al. 2014; Frank et al.
2013; Gainsforth et al. 2014; Postberg et al. 2014;
Simionovici et al. 2014; Sterken et al. 2014; Stroud
et al. 2014; Westphal et al. 2014).

Because of large uncertainties regarding the
survivability of organics during hypervelocity capture in
aerogel, the focus of the Stardust mission was on the
refractory mineral components of cometary and
interstellar dust. Nevertheless, it is now clear that some
organic material in the cometary collection survived
capture in aerogel (Keller et al. 2006; Sandford et al.
2006; Cody et al. 2008; Rotundi et al. 2008; Bajt et al.
2009; Elsila et al. 2009; Clemett et al. 2010; De
Gregorio et al. 2010). Motivated by this, and by the
scientific importance of the refractory organic
component of interstellar material (Pendleton and
Allamandola 2002), we participated in an effort to
screen interstellar candidate particles for the presence of
organic materials with FTIR spectromicroscopy.

Here, we present results from FTIR measurements
that address terrestrial organic contamination in the
aerogel capture media. One of the largest concerns with
regard to organic contamination of the returned
interstellar dust particles is the presence of carbon in
the original aerogel collector tiles. This carbon is a
direct result of the manufacturing process and is
primarily in the form of aliphatic –CH3 and –CH2–
groups that are covalently bonded to the aerogel
network (Tsou et al. 2003). Although the Stardust cells
were heated to 300 °C for several hours to remove
volatiles and minimize this organic contamination, it
could not be removed completely. As a result,
considerable effort was devoted to address the state,
abundance, and distribution of the carbon in the
original Stardust tiles. Sandford et al. (2010) present a
detailed assessment of this intrinsic carbon as well as
other potential sources of organic contaminants during
flight and recovery that could have affected the samples
captured in the cometary collector. These contaminants
are also relevant to the interstellar collector and could
complicate the analysis and interpretation of any
organics associated with interstellar dust, particularly
because signals from these particles are expected to be
near or below the FTIR detection threshold.

Synchrotron FTIR spectromicroscopy is well-suited
for these contamination measurements because of its
high sensitivity to organics and its diffraction-limited
spot size (approximately 3 lm at C–H stretching
frequencies). Equally as important is the fact that
infrared radiation is nonionizing and the peak and

average powers on the sample are low, which make
synchrotron FTIR spectromicroscopy truly noninvasive
and nondestructive. The only risk of sample damage,
therefore, is sample handling. Consequently, most of the
interstellar candidates underwent FTIR screening prior
to any other analyses. In contrast, the ionizing radiation
of X-ray microprobes has the potential to damage
samples, particularly under high fluence. The knowledge
gained from the trace elemental analytical capabilities of
these microprobes was determined to be worth the risk.
Efforts were made to minimize risks to the samples by
administratively controlling dose limits; however, as
shown below, synchrotron FTIR measurements before
and after X-ray exposure indicate that the dose limit
controls did not prevent the deposition of detectable
organics.

EXPERIMENTAL

Sample Preparation

Interstellar candidates were extracted from the
interstellar collector in so-called picokeystones (Westphal
et al. 2004; Frank et al. 2013). These wedge-shaped
volumes of aerogel were machined from the aerogel
collector tiles using glass needles controlled by automated
micromanipulators. The candidates were located in thin
(50–70 lm) sections of the picokeystones, allowing all
synchrotron-based analytical techniques to be applied
without removing the particle(s) from the surrounding
aerogel. The picokeystones are extracted on barbed
polysilicon forks, then carefully sandwiched between two
50–70 nm-thick Si3N4 windows (Frank et al. 2013). This
mounting technique simultaneously protects the samples
from contamination, reduces risk of loss by physically
trapping the samples, and allows for all synchrotron-
based analyses, except tomography, which has a reduced
resolution due to limitations in the angular scan range.

FTIR Measurements

Infrared transmission spectra were acquired with a
synchrotron-based FTIR microscope on Beamline 1.4.3
at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory (LBNL) or at Beamline
U2B at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (BNL). At both
beamlines, the synchrotron source produces a
diffraction-limited spot size, which is approximately
3 lm in the region of the C–H stretching frequencies
(approximately 3000 cm�1). Spectra were typically
averaged from 16 to 4000 times, depending on the
sample, and collected in the 650–4000 cm�1 range with
4 cm�1 resolution using a KBr beamsplitter and a
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mercury cadmium telluride (MCT-A) detector. Silicon
nitride has an absorption feature at approximately
830 cm�1, but is otherwise transparent to infrared
radiation. The windows were thin enough, however, to
allow >30% transmission of infrared light at the
absorption maximum. Thus, entire spectra in the
midinfrared region could be acquired with only a
minimal reduction in signal to noise around the
830 cm�1 absorption feature.

Spectra were normalized to a background obtained
on a blank area (no aerogel) through the Si3N4

windows and baseline-corrected with a polynomial fit.
The ratio of –CH2– to –CH3 was calculated by
measuring the area of the corresponding peaks at the
FWHM endpoints. Because we highlight only the
relative changes of these features and not the absolute
number of functional groups, no attempt was made to
correct for the different oscillator strengths of –CH2–
and –CH3 (Sandford et al. 1991; Bajt et al. 2009).

RESULTS AND DISCUSSION

A total of 27 keystones were analyzed (see Table 1):
22 keystones were considered to be interstellar
candidates at some level and 5 keystones were blanks
(i.e., sections of aerogel that did not contain obvious
particle tracks, but still have a space-exposed surface).

Organic Contamination in Aerogel

To assess the chemical nature and distribution of
indigenous carbon in the Stardust interstellar collector,
numerous infrared transmission measurements were
made from both Stardust flight and archival samples of
unflown tiles from the same production batches. The
infrared spectra of these keystones are dominated by the
Si-O stretching absorption feature around 1100 cm�1

that is characteristic of amorphous silicates. This feature
precludes any reliable measurement of silicates in
interstellar dust collected in silica aerogel by FTIR
spectroscopy. The carbon originally in the aerogel can
be detected in the 3000–2800 cm�1 range, which is
characteristic of the C–H stretching frequencies of
aliphatic –CH3 and –CH2– groups. Additional
absorption features are seen near 3700 cm�1 (“structural
O-H”), 3600–3200 cm�1 (adsorbed H2O), 1700 cm�1

(C=O stretching), and 1640 cm�1 (water or other
heteroatom group) (Sandford et al. 2006, 2010; Rotundi
et al. 2008; Bajt et al. 2009).

As shown in Fig. 1, the spectra from different
keystones vary considerably. Indeed, based on the
spectral features observed in the aerogel, there appear
to be at least five different classes of contamination
present. The first class (bottom four rows of Fig. 1),

represented by Tracks I1017,2,1 and I1059,1,14,
I1029,5,15, and I1003,1,40 is consistent with “clean”
aerogel, in which the only source of organic
contaminant appears to be Si-CH3 groups at
approximately 2973 cm�1. As mentioned previously,
these Si-CH3 groups are known to be the primary form
of carbon in the original aerogel collector tiles, and are
a direct result of the aerogel manufacturing process.
The other classes represent increasing levels of
contamination from other sources, including features at
1720 and 1750 cm�1, which can be attributed to
carbonyl groups (C=O), and at approximately
1640 cm�1, which is likely adsorbed water, but could be
attributed to other heteroatom groups. The biggest
complication from an organic analysis perspective,
however, is the increased strength of the feature at
approximately 2940 cm�1, which corresponds to
aliphatic –CH2– groups. Unlike aerogel from the

Fig. 1. Fourier transform infrared absorbance spectra of
keystones extracted from the Stardust interstellar tray. All
spectra were measured far from a track or terminal particle
and should represent native aerogel. The spectra are grouped
to highlight the different contaminant backgrounds observed
in the aerogel.
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cometary collector (Bajt et al. 2009; Sandford et al.
2010) where the –CH3 peak is typically larger, infrared
spectra of aerogel from the interstellar collector often
have –CH2– peaks that are two to three times larger
than the –CH3 peaks, indicating larger chain lengths
and more complex organic contamination.

The distribution of contaminants was measured by
sampling the entire keystone using a step size of
approximately 50 lm. These maps reveal few
spectroscopic changes across the keystone that cannot
be attributed to changes in thickness, indicating that
any contamination was relatively uniform across the

keystone. Thus, high resolution maps of the tracks and/
or terminal particles embedded in the picokeystone
could potentially reveal any organics associated with the
particle. The increased –CH2– concentration in many of
the keystones significantly complicates the search for
organics, however, by reducing the sensitivity of the
infrared measurement. The point-to-point variations in
the IR spectra of the organic contamination make the
precise determination of any interstellar dust organics
difficult, particularly because the signal from an
interstellar dust particle is expected to be exceedingly
small.

Table 1. Interstellar keystones measured with Fourier transform infrared (FTIR) during Stardust Interstellar
Preliminary Examination.

Track no.
Track
description Order of techniques FTIR notes

I1007,4,0 Blank XRFa, FTIR No signatures of XRF beam damage

I1013,1,0 Blank FTIR, XRFa, FTIR Dramatic changes in aerogel after XRF measurements
I1017,1,0 Blank XRFa, FTIR No signatures of XRF beam damage
I1017,4,0 Blank FTIR, FTIR Contaminated with cyanoacrylate after mounting in silicon

nitride window

I1017,5,0 Blank FTIR Heat sealing caused more CH2 contamination than Ziploc bag
I1017,2,1 Low-azimuth XRFa, FTIR, STXMb, FTIR Organic signatures associated with track, but are likely

contaminants from XRF measurements

I1007,1,4 Low-azimuth FTIR, STXM, FTIR, FTIR No distinct organic signatures associated with track
I1006, 1,5 Low-azimuth FTIR, XRFc, FTIR, STXM Dramatic changes around track after XRF measurements
I1029,1,6 9 o’clock STXM, FTIR No distinct organic signatures associated with track

I1027,1,9 Crater XRFc, FTIR, XRFc, FTIR No distinct organic signatures associated with track
I1029,4,10 9 o’clock STXM, FTIR No distinct organic signatures associated with track
I1032,1,11 Crater STXM, FTIR No distinct organic signatures associated with track

I1093,1,12 Crater FTIR, XRFc No distinct organic signatures associated with track
I1081,1,13 Inclusion FTIR, XRFc No distinct organic signatures associated with track
I1059,1,14 Crater FTIR, XRFc Dramatic changes around track after XRF measurements
I1029,5,15 Crater FTIR, XRFc, FTIR, FTIR Dramatic changes around track after XRF measurements

I1001,1,16 Crater XRFd, FTIRe No distinct organic signatures associated with track
I1001,2,17 Crater XRFd, FTIRe No distinct organic signatures associated with track
I1006,2,18 Crater STXM, FTIR No distinct organic signatures associated with track

I1013,2,19 Crater STXM, FTIR, FTIR, STXM, FTIR No distinct organic signatures associated with track
I1017,6,20 Crater FTIR, XRFa, FTIR, STXM, FTIR Dramatic changes around track after XRF measurements
I1004,3,21 Crater FTIR, XRFa, FTIR, STXM, FTIR Contaminated with cyanoacrylate. Increased CH3 content on

picokeystone. No significant change after X-ray analyses
I1031,1,23 Crater STXM, FTIR No distinct organic signatures associated with track
I1006,3,24 Crater STXM, FTIR No distinct organic signatures associated with track

I1043,1,30 Midnight,
interstellar
candidate

XRF-XRDa, STXM,
XRF-XRDc, STXM, FTIR

Organic signatures associated with track, but are likely
contaminants from XRF measurements

I1092,1,37 Midnight,

SRC lid

XRFa, FTIRe, STXM Organic signatures associated with terminal particle

I1003,1,40 Bulbous,
interstellar

candidate

FTIR, STXM No distinct organic signatures associated with track

aESRF ID13.
bAll STXM measurements at ALS 11.0.2.
cESRF ID22.
dAPS 2-ID-D.
eNSLS U2A, all other FTIR measurements at ALS BL 1.4.3.
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The source of the variation in contaminant levels
from different keystones remains unknown, despite
efforts to standardize extraction methods and reduce
possible sources of contamination. There is no apparent
correlation with extraction date, aerogel batch, or
location on the Stardust collector. Indeed, as Fig. 2
indicates, contaminant levels vary considerably, even
from keystones extracted from the same tile.
Measurements of the physical properties of the aerogel
cells indicate that the cells had quite different degrees of
organic contamination immediately after synthesis and
assembly (prior to flight). For example, some cells are
hydrophobic, and some are hydrophilic, and some
largely hydrophobic cells have hydrophilic rims, while
some largely hydrophilic cells have hydrophobic cells.
One possible source of this variation is the differential
application of a silicone compound (Synlube 1000) that
was used as a release agent to coat the aerogel mold
surfaces to aid removal of the aerogel blocks. Although
NMR measurements of aerogel samples do not show
evidence of the Synlube 1000 when compared with a
reference sample (Sandford et al. 2010), it is possible
that the concentration of Synlube 1000 in the aerogel is
below the detection limit of the NMR measurements.

The homogenous distribution of contaminants
within a keystone and the lack of correlation with
sample batch or location on the Stardust collector
suggest that the contamination might be introduced
during or after extraction. The spectra from I1017,4,0
and I1017,5,0 add additional evidence to this

hypothesis. The blank keystones I1017,4,0 and I1017,5,0
were extracted sequentially, fork-mounted, and placed
in standard glass bell jars for shipping on the same day.
The jar for keystone I1017,5,0 was placed in a heat-
sealed plastic bag to prevent external contamination
during shipping, whereas the jar for keystone I1017,4,0
was wrapped in foil and placed in a Ziploc bag. As
shown in Fig. 2, the contamination level of the –CH2–
feature at approximately 2940 cm�1 for I1017,5,0 is
almost double that of I1017,4,0, which might suggest
that the rapid heating of the plastic bag in I1017,5,0
released volatile organics that were readily absorbed by
the aerogel. The keystone I1017,4,0 is by no means free
of contamination, however, and the increased –CH2–
content in I1017,5,0 may have been a coincidence.
Regardless, the heat-sealing technique has been
discontinued and other efforts have been made to
reduce the amount of plastics used for shipping and
storage.

Figure 3 shows that sealing the Si3N4 windows with
cyanoacrylate, another common procedure (Frank et al.
2013), has the potential to introduce contamination in
the keystone. Spectra were measured on keystone
I1017,4,0 after placement in a Si3N4 window
“sandwich.” The peaks at approximately 1751 cm�1

(C=O stretch) and approximately 2248 cm�1 (C≡N)
agree quite well with reference spectra of cyanoacrylate
(HR Hummel Polymer and Additives library, Thermo-
Fisher Scientific). The fact that this keystone did not
show these features when it was fork-mounted (see
Fig. 2) provides unambiguous evidence that this
contamination was from mounting procedures. These
features are not, however, prevalent in most of the
measured keystones. Indeed, only one other keystone,
I1004,3,21, has observable peaks that are characteristic
of cyanoacrylate. The window mounting process has

Fig. 2. Fourier transform infrared absorbance spectra of
keystones extracted from cell I1017 of the Stardust interstellar
tray. The variety of background contamination indicates that
the organic residue from aerogel synthesis is not the only
source of contamination.

Fig. 3. Fourier transform infrared absorbance spectra (black)
of I1017,4,0,0 after placement in a Si3N4 window sandwich
and reference spectra (gray) of cyanoacrylate (HR Hummel
Polymer and Additives library, Thermo-Fisher Scientific).
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been improved to reduce the amount of cyanoacrylate
used in the sealing process (Frank et al. 2013).

Figure 4 presents additional evidence that the
aerogel keystones are being contaminated during
storage. FTIR measurements of I1007,1,4 show
dramatically different spectra before and after 9 months
of storage in a nitrogen-filled purge. In particular, there
is a large increase in the C=O peak at 1712 cm�1, subtle
changes in the–OH band, and a change in the –CH2–/
–CH3 ratio. These changes appear to be homogeneously
distributed throughout the keystone, as observed for
other keystones. It is unclear if the change in the FTIR
spectra was a result of a one-time incident, perhaps
during sample transfer, or if the changes were gradual
over the course of the storage period. Nevertheless,
samples are now stored in an organics-free nitrogen
purge.

Beam Damage from X-Ray Microprobes

While synchrotron infrared measurements have the
potential to provide a measure of the organic content
within samples, they cannot compete with X-ray
microprobes in terms of elemental and mineralogical
analysis, which is critical for identifying samples of
terrestrial origin. Consequently, picokeystones from the
interstellar collector tray were sent to several
synchrotrons for XRF, XRD, and STXM analyses.
Although these techniques are considered minimally
invasive, X-rays are a form of ionizing radiation and
have the potential to cause beam damage under
conditions of high fluence and small focal spots. To
monitor the effects of these X-ray microprobes, infrared
spectra were taken before and after X-ray analyses.

Figure 5 shows infrared spectra in the C–H
stretching region of I1007,1,4 before and after STXM

analysis at the ALS Beamline 11.0.2. The spectra have
been normalized to the –CH2– peak at 2940 cm�1.
There is a small change in the –CH2– (2940 cm�1)/
–CH3 (2970 cm�1) ratio that is statistically significant
compared with the fluctuations within the aerogel. The
change in this ratio, however, appears to be distributed
throughout the picokeystone and not only around the
terminal particle, as would be expected if this change
arises from STXM analysis. There was approximately
1 month between the initial FTIR analysis on the
pristine sample and the FTIR analysis after the STXM
measurements. As noted above, this keystone showed
dramatic changes in its spectra after 9 months of
storage (post-STXM), so it is likely that the differences
observed before and after STXM measurements are the
result of storage contamination and not STXM-induced.
Examination of three other keystones (I1004,3,21;
I1017,2,1; and I1017,6,20) before and after STXM
analysis showed essentially no changes in the C–H
stretching region of the spectra. These three keystones,
however, were analyzed by XRF prior to STXM, so it
is possible that any damage that could have been done
to the aerogel by X-rays already occurred during the
XRF analysis. Nevertheless, there is no strong evidence
that the STXM measurements cause any damage to the
terminal particles or surrounding aerogel for these
samples.

In contrast, hard XRF and/or XRD measurements
appear to dramatically alter the organic content in the
aerogel. Figure 6 shows infrared spectra in the C–H
stretching region of I1017,6,20 before and after XRF/
XRD analysis at the European Synchrotron Radiation
Facility beamline ID13 (Brenker et al. 2014; Gainsforth
et al. 2014). The –CH2–/–CH3 ratio is altered, and a
new –CH3 feature appears at approximately 2990 cm�1.
Six of the nine keystones measured after XRF/XRD

Fig. 4. Fourier transform infrared absorbance spectra in the
C–H stretching region of keystone I1007,1,4 before and after
9 months of storage. The spectra have been offset for clarity.

Fig. 5. Fourier transform infrared absorbance spectra in the
C–H stretching region of keystone I1007,1,4 before (dotted)
and after (solid) scanning transmission X-ray microscopy
analysis at the Advanced Light Source. The spectra have been
normalized to the CH2 peak at 2940 cm�1 for easier
comparison.
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analysis at ESRF ID13 or ID22 show this characteristic
feature. Moreover, as shown in Fig. 7, these changes
are only seen around the track and/or terminal particle,
indicating that the approximately 2990 cm�1 feature is
beam-induced and not from other sources of external
contamination that could occur during shipping or
storage.

Dosing limits for the X-ray analyses were established
by approximating the integrated fluence of cosmic X-rays
an interstellar particle would be expected to receive
during its average residence time in our solar system. For
the ESRF ID22 beam characteristics, this yields a fluence
of about 3 9 1019 photons cm�2, which was deemed to
be the astronomical limit (AL) (Simionovici et al. 2011,
2014). Although all synchrotron measurements were
intended to be below the AL, beam monitoring errors led
in some cases to irradiation fluences greater than 50 times
the AL. Additional evidence from STXM measurements
indicates that the XRF measurements contributed to
radial smearing and the loss of mass of some terminal
particles (Butterworth et al. 2014; Simionovici et al.
2014).

Interstellar Candidates

Many of the tracks discovered in the interstellar
collector are consistent in their trajectories with an
origin as secondary ejecta from the spacecraft, but 24
tracks have been identified with trajectories that are
consistent with an origin either in the interstellar dust
stream or as ejecta from impacts on the lid of the
sample return capsule. Twleve of these so-called
“midnight” tracks have been examined by ISPE thus far
(Frank et al. 2013), and three are inconsistent in their
origin with secondary ejecta based on subsequent X-ray
microprobe elemental analysis: Track I1043,1,30 (Track

Fig. 6. Fourier transform infrared absorbance spectra in the
C–H stretching region of keystone I1017,6,20 before (dotted)
and after (solid) X-ray fluorescence analysis at European
synchrotron radiation facility ID13. The arrow indicates the
shoulder at 2988 cm�1 that is characteristic of X-ray beam
damage.

Fig. 7. a) Optical image of I1017,6,20 keystone. The space-
exposed surface is at the top of the image and the diagonal
line in the lower left corner is the step between the normal
keystone and the picokeystone. b) Image map corresponding
to the –CH2–/–CH3 area ratio measured on the keystone prior
to any synchrotron X-ray analysis. c) Image map
corresponding to the –CH2–/–CH3 area ratio measured on the
keystone after X-ray fluorescence analysis on European
Synchrotron Radiation Facility ID13. Note change in color
scale.
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30, “Orion/Sirius”), Track I1047,1,34 (Track 34,
“Hylabrook”), and Track I1003,1,40 (Track 40,
“Sorok”) (Butterworth et al. 2014).

Track 30 contains two terminal particles, “Orion”
and “Sirius,” that were believed to be weakly bound at
the time of capture. Figure 8 shows FTIR image maps
and spectra taken in and around Track 30. As shown in
Fig. 8a, there is a clear change in the –CH2–/–CH3 area
ratio around the terminal particles. Unfortunately, this
keystone was measured with STXM and XRF prior to
any FTIR analyses. As shown above, hard X-ray XRF
measurements have the propensity to damage the
aerogel and increase the level of CH2 contamination.
This keystone has obvious optical damage, and so it is
highly likely that the organic signatures found around
the terminal particles are X-ray induced beam damage
and not native to the particles.

Track 34 (I1047,1,34) contains one terminal
particle, “Hylabrook.” It has been examined via XRF
and STXM, but it was never allocated for FTIR
analysis. It is likely that the XRF measurements

contaminated the keystone with organics, so any FTIR
analyses at this point would provide ambiguous results.

Track 40 (I1003,1,40) is a high-velocity impact with a
capture speed estimated to be greater than 15 km s�1

(Postberg et al. 2014). Unlike Tracks 30 and 34, there are
no obvious terminal particles associated with the track.
This keystone was examined via FTIR prior to any X-ray
analyses, and as a consequence does not suffer any
ambiguities about possible beam damage. Furthermore,
spectra taken on the picokeystone and main keystone
indicate that there is minimal organic contamination
within the keystone, making it an ideal candidate for
organic analyses. Figure 9 shows FTIR image maps and
spectra taken in and around Track 40. Although there is
a small change in the –CH2–/–CH3 ratio (see Fig. 9a) at
the space-exposed surface of the keystone, there do not
appear to be any organics associated with the track
deeper in the keystone. The change in the –CH2–/–CH3

ratio at the aerogel surface has been observed in other
keystones without tracks, so it is unlikely that this feature
is related to the impact or track.

Fig. 8. a) Fourier transform infrared image map of
I1043,1,30,0,0, corresponding to the –CH2–/–CH3 area ratio,
superimposed on an optical image of the keystone. b) FTIR
spectra of several points in the keystone, as indicated in (a).

Fig. 9. a) Fourier transform infrared image map of
I1003,1,40,0,0, corresponding to the –CH2–/–CH3 area ratio,
superimposed on an optical image of the keystone. b) FTIR
spectra of several points in the keystone, as indicated in (a).
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As discussed above, the sensitivity of the FTIR
measurements is compromised by the presence of
terrestrial organic contamination. This degraded
sensitivity, plus the small size of the samples, and the
high-velocity collection method, certainly make the
search for organics in the interstellar candidates a
challenging process. The keystone I1092,1,37 (Track 37,
“Merlin”), however, offers a glimmer of hope that
organics are detectable if present in sufficient quantities.
The shape and trajectory of Track 37, a 62 mm long
“midnight” track with an optically visible terminal
particle (“Merlin”), indicate that the collection velocity
was similar to that of the interstellar candidates, but
STXM measurements have identified (“Merlin”) as a
secondary impact because its composition resembles the
SRC deck (Butterworth et al. 2014). FTIR spectra
(Fig. 10) of the terminal particle, for which STXM
measurements indicate an approximately 0.5 9 1.0 lm
Al hot spot having about equal amounts of Al and C
(Butterworth et al. 2014), show organic features that are
distinct from the aerogel background contamination.
Track 37 was analyzed via XRF (Brenker et al. 2014)
prior to FTIR analyses, however, so there is a
possibility of contamination from X-rays. Those
measurements, however, involved only a fast survey
scan, which failed to locate the terminal particle,
consequently resulting in minimal X-ray dosing.
Because the distinct organic features were only found at

the location of the terminal particle and not in the
surrounding aerogel, it is unlikely that X-ray damage is
the source of the organic features.

Fourier transform infrared reflection measurements
taken on a sample of the SRC deck also reveal organic
compounds on the surface. However, the C–H stretch
region is dramatically different than the spectra
measured from “Merlin” in Track 37 (see Fig. 10). This
could indicate that the original organics were modified
during the high-velocity capture event, which certainly
raises questions about the relevance of any organics
associated with Stardust interstellar particles that might
be found in the future. Alternatively, the surface of the
SRC deck could have easily been contaminated with
other terrestrial organics during its transfer, storage,
and nearly 5 yr display at the Smithsonian Air and
Space museum before the sample was extracted. Thus, it
is entirely possible that the recent measurements of
organics on the SRC deck sample have no relevance to
the organics that were present during the interstellar
collection period. Regardless, the detection of organics
in “Merlin” increases the confidence that FTIR has the
sensitivity to detect organics from particles within the
“dirty” aerogel, and thereby make the search
worthwhile.

CONCLUSIONS

An FTIR survey of 27 picokeystones extracted from
the Stardust Interstellar Dust Collector provides
evidence that terrestrial organic contamination of these
rare samples occurred after extraction during sample
storage and hard X-ray XRF measurements. The
absorption of volatile organics appears to be the
primary source of contamination during storage and/or
sample transfer, as indicated by the homogenous
distribution of contaminants throughout the
picokeystones; however, contamination during flight,
re-entry, and/or recovery cannot be ruled out. Although
this contamination reduces the sensitivity of the FTIR
measurement by increasing background organic content,
organics associated with interstellar dust can still be
distinguished from the organic contamination by
comparing spectra obtained on the track and/or
terminal particle with spectra obtained off the track/
particle. Nevertheless, efforts have been made to reduce
the exposure of the picokeystones to plastics and other
sources of volatile organics.

The damage induced by the hard X-ray XRF
measurements is more problematic than sample storage
contamination. Because damage occurs only where the
X-ray beam is scanned, which is primarily around the
track and terminal particles, there is no convenient
method to differentiate organics associated with the

Fig. 10. Infrared transmittance spectra of the terminal particle
of a) track 37, “Merlin,” and of the b) aerogel approximately
40 lm past the terminal particle along the extension of the
normal to the aerogel surface and passing through the
terminal particle. Both spectra were taken under similar
conditions using a 5 lm 9 5 lm aperture. The third spectrum
(c) is a reflectance measurement of a sample of the SRC deck.
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interstellar dust particle from the organics associated
with X-ray beam damage. One solution is to perform
the FTIR analyses of the picokeystones prior to any
X-ray analysis. This procedure has been adopted and is
logical because the nonionizing nature of infrared
radiation means that the only risk of sample damage is
sample handling. One disadvantage of this procedure,
however, is that it precludes other organic analyses
from being performed at a later time because there is no
confidence that the measurements after X-ray exposure
will reveal organics that are actually indigenous to
interstellar dust.

The ISPE has recently identified three Level 2
impacts that have a trajectory consistent with
interstellar origin and a composition inconsistent with
spacecraft materials (Westphal et al. 2014b). Of the
three tracks, two were examined via X-ray techniques
prior to FTIR, making the interpretation of the signals
difficult. The third track, Track 40, was examined via
FTIR prior to other analyses, and we can confidently
state that any organics, if present, are below the
detection limit. This particular track is consistent with a
high-speed capture and does not contain evidence of
any terminal particles. Thus, it is conceivable that any
organics that were originally present in the original
particle were vaporized by the collection event.

Astronomical infrared observations suggest that
aliphatic –CH groups in interstellar dust grains are
widespread and may be an important reservoir of
prebiotic organic carbon. Although it has not been
possible to identify the specific hydrocarbon materials
associated with the strong emission feature near
2940 cm�1 (3.4 lm), comparisons with laboratory
interstellar analogs indicate that this feature primarily
originates from short, saturated aliphatic chains. Longer
alkane chains H3C–(CH2)n with n much larger than four
or five do not appear to be major constituents in
interstellar dust (Sandford et al. 1991; Pendleton and
Allamandola 2002). It is unclear as to whether any of
this material would survive the high-velocity capture,
but if organics were found to be associated with some
of the interstellar candidates, it would help answer
many questions regarding the carrier of these organic
features. Despite the challenges, synchrotron FTIR
microscopy continues to be a good technique for the
detection of organic signatures in interstellar candidates
because of its high sensitivity, low risk, and
nondestructive nature.
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