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Abstract–Cometary matter in aerogel samples from the Stardust mission was investigated with TOF-
SIMS for its elemental and organic composition. While single grains >1 μm are highly variable in
their chemical composition, nanometer-scale material found in the wall of one track has within a
factor of 1.22 bulk CI chondritic element ratios relative to Fe for Na, Mg, Al, Ti, Cr, Mn, and Co.
Compared to CI, a depletion in Ca by a factor of four and an enrichment in Ni by a factor of two was
observed. These results seem to confirm recent reports of a CI-like bulk composition of Wild 2. The
analysis of organic compounds in aerogel samples is complicated by the presence of contaminants in
the capture medium. However, polycyclic aromatic hydrocarbons that could possibly be attributed to
the comet were observed.

INTRODUCTION

The Stardust sample return mission collected cometary
matter during the passage through the coma of comet 81P/
Wild 2 in January 2004 (Brownlee et al. 2003, 2006; Tsou et
al. 2003). Before the cometary encounter, during the cruise
phase, Stardust also collected a sample of contemporary
interstellar dust. The primary capture medium for both
cometary and interstellar dust was low-density silica aerogel,
with a total surface area of 1039 cm2 exposed to the comet.

In order to determine its elemental, isotopic,
mineralogical, and organic properties, the cometary matter
captured by the aerogel collectors has to be either separated
from the aerogel or analyzed in situ. Although removal of
samples from the aerogel is preferred, since it facilitates
detailed studies of the cometary material under more
controlled conditions and enables a wider range of
instrumental techniques to be employed, it is practically
impossible in cases where an impacting cometary dust grain
has disintegrated along the track. In these cases, in-situ
analysis of the finely disseminated material is needed to
determine the composition of the impactor.

In previous studies (Stephan et al. 2006a, 2006b), it was
demonstrated that residual material in experimentally
produced particle tracks in aerogel can be analyzed by time-
of-flight secondary ion mass spectrometry (TOF-SIMS). In
the present study, three aerogel samples from the cometary
Stardust collection were analyzed with TOF-SIMS.

Some of the results reported here were already briefly
mentioned in two publications by the Stardust
Preliminary Examination Team (Flynn et al. 2006;
Sandford et al. 2006).

SAMPLES AND EXPERIMENTAL TECHNIQUES

Sample Preparation

Dissected aerogel keystones were prepared following
previously described routines (Westphal et al. 2004) from two
tracks, Track 57 from Stardust aerogel cell C2009 and Track
21 from cell C2115.

A keystone fragment from Track 57 (C2009,13,57,0),
hereafter T57, was investigated in this study. The keystone
shown in Fig. 1 was dissected by placing an aerogel flight
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spare tile on its side. Then, using an automated “keystoning”
system with a vertical glass needle, vertical cuts were made as
shown in Fig. 1. The resulting aerogel piece was very fragile
due to incipient radial cracks, visible in Fig. 1, resulting from
the impact itself. In the process of handling, the aerogel piece
broke into four fragments, along the dotted line in Fig. 1, and,
in the other direction, looking straight down the particle
trajectory, the track split in half. For this study, one of the
fragments that included the mouth of the track was selected.

In the case of Track 21, two samples were prepared from
one keystone as outlined in Fig. 2. First, the bulb of the track
was dissected lengthwise. Then six slices, each ~100 μm
thick, were cut at a 45° angle. From these diagonal slices, two
were selected for TOF-SIMS analysis, slice #2
(C2115,30,21,0), hereafter T21-2, and slice #6
(C2115,34,21,0), hereafter T21-6.

All three aerogel samples were flattened after dissection,
since TOF-SIMS ideally requires flat surfaces. Flattening was
achieved by pressing each aerogel slice between a 5 × 5 mm2

silicon chip and a glass slide, using a microscope as a press as
described by Stephan et al. (2006a). After flattening, the
samples were flat to within a few micrometers and adhered
reliably to the silicon chip, with the track material exposed
uppermost. Figure 3 shows an optical microscope image of
sample T57 after flattening.

Samples T57 and T21-6 were sent to the Institute for
Planetology at Münster University and T21-2 was sent to the
National Museum of Natural History at the Smithsonian
Institution in Washington, D.C., for TOF-SIMS analysis and
variable pressure scanning electron microscopy (VP SEM)

imaging. Both laboratories are equipped with TOF-SIMS IV
instruments from ION-TOF GmbH.

TOF-SIMS Technique

TOF-SIMS has several advantages over most other
analytical techniques for in-situ analysis of Stardust samples
in aerogel, as described by Stephan et al. (2006a). In
particular, TOF-SIMS works well on insulating materials like
aerogel and eliminates the need for applying a conductive
coating to the sample. 

In the present study, all analyzed surfaces had to be
cleaned by Ar+ ion sputtering prior to the actual analysis.
Although sputtering is known to destroy organic molecules
by fragmentation, cleaning was mandatory since all aerogel
surfaces showed an omnipresent contamination layer
preventing any SIMS analysis of the cometary material. For
analysis, an intermittent Ga+ primary ion beam with a pulse
length of 1.5 ns was used. With repetition rates of 10,000
(Münster) and 22,222 (Washington) shots per second, the
analyzed sample regions were raster-scanned with 1282 or
2562 pixels and 8–128 shots per pixel in each scan. Each
measurement consists of 50–12,000 scans. Combinations of
these parameters were selected to allow total measurement
times of 6–25 h. Each stack of images was corrected for
sample shift before being added together. Further details on
the TOF-SIMS technique are given by Stephan (2001).

All quantitative elemental results in this study are given
as atomic element ratios relative to Fe. Iron was chosen as the
reference element, since the aerogel capture material is
essentially SiO2, and therefore Si is not a suitable reference
element. Magnesium as reference element would be another
possible choice, because it is also a major element in the
cometary dust. However, Fe was selected since it can also be
used as reference element for Fe,Ni sulfides that are also
frequently found in Wild 2 samples. Relative sensitivity
factors obtained from glass standards that are usually used for
quantitative TOF-SIMS analysis of silicates (Stephan 2001)
were applied. The uncertainty for such an approach is
expected to be of the order of a factor of <1.5. Even for non-
silicate particles, the derived metal-to-iron ratios should be of
comparable accuracy.

Variable Pressure SEM

Low energy secondary electron (SE) imaging and VP
SEM was performed on slice T21-2 using an FEI Nova
NanoSEM 600, which employs a field emission electron
source. Because silica aerogel is a strong electrical insulator,
one would typically be faced with either applying a thin
coating of a conductive film (e.g., carbon), or using a low
energy electron beam. In this study, however, yet another
method was used in addition to low-energy SE imaging: A
small partial pressure of water vapor (∼0.5 hPa) was

Fig. 1. An optical image of the Track 57 aerogel keystone from cell
C2009. The keystone was dissected along the solid lines and broke
afterwards along the dotted line. For this study, a fragment (T57)
from the upper right in the image (arrow) was selected.
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introduced during imaging to create positively charged H2O
ions that acted to neutralize the excess negative charge from
the electron beam. Such charge neutralization allowed the use
of sufficiently high beam energies to employ energy
dispersive X-ray analysis on the aerogel.

Blank Correction

From its chemical properties, Stardust aerogel is nearly
pure silica. However, it is contaminated with traces of
elements other than Si and O. Since the cometary matter
analyzed in this study could not be separated completely from

the aerogel, correction for an aerogel blank had to be
performed. Therefore, the composition of the aerogel close to
the investigated tracks was also determined. Apart from C,
which is known to be present in the aerogel up to a few wt%
(Sandford et al. 2006) and is difficult to quantify by
TOF-SIMS, atomic element ratios relative to Si = 106 for all
trace elements detected by TOF-SIMS are given in Table 1.
Here, for quantification, the same relative sensitivity factors
from glass standards were used as described above.

Both elements that are suitable as reference elements for
TOF-SIMS quantification, Fe and Mg, are not significant
contaminants in the aerogel if compared with cometary
matter, where these elements are expected to be major
components. This is especially true for Fe that is also a major
element in Fe sulfides and has therefore been selected as the
reference element throughout this study.

However, for a mathematically correct blank correction,
one has to consider that for each element E, an aerogel blank
has to be subtracted:

Er = E − Eb, (1)

where element designations without indices describe
secondary ion signals measured by TOF-SIMS, those with
index r denoting the cometary residue, and those with index b
standing for the aerogel blank.

For the sought-after element-to-iron ion ratios in the
cometary residues follows

 . (2)

This can easily be transformed to

Fig. 2. An optical image of the Track 21 aerogel keystone from cell C2115. The track, still sitting in the aerogel cell before keystone extraction,
is shown from another angle in the upper right. After preparation of the keystone, the bulb of the track was dissected lengthwise (solid line).
Then, six slices were cut at 45° angle (dotted lines). Slices #2 and #6 (upper left) were analyzed with TOF-SIMS. The position of the track is
indicated by circles.

Fig. 3. Reflected light microscope image of sample T57 after
flattening. The bulbous part of the dissected aerogel track is outlined
by dotted lines.
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 . (3)

Here, the only ratio that could not be measured directly is
Fe/Fer that, however, is expected to be close to unity, because
the majority of detected Fe ions should come from the
cometary residue.

The actual Fe/Fer ratio can be traced back to known
quantities and the Si/Fe ion ratio of the cometary matter (Si/Fe)r:

 . (4)

The (Si/Fe)r ratio has to account for the expected but
indistinguishable cometary Si in the residue. In the present
study, a CI chondritic Si/Fe ratio in the cometary matter
has been assumed. This neither implies that Wild 2 dust is
expected to be mineralogically similar to CI chondrites,
nor does this introduce a preconception regarding other
element ratios. CI chondritic abundances are used as an
approximation for solar system abundances (Anders and
Grevesse 1989).

In some cases, where samples were found to be rather
Fe-poor but Mg-rich or where Fe seems to be present in a
sulfide that is not expected to contain any Si, a CI-like Si/Mg
ratio was assumed to estimate the cometary Si. Certainly, the
use of CI chondritic Si/Fe or Si/Mg ratios is only a first-order
approximation. However, for all investigated sample areas
and all particles, it is estimated that >96.7% of the Si comes
from aerogel. Therefore, an uncertainty in the indigenous Si
content has only a minor effect on the determined element
ratios, smaller than the statistical errors. Even if the Si content
of the sample were by a factor of two higher than estimated,
the blank subtraction would only be affected by <3.5%. It
makes little practical difference exactly what cometary Si is
assumed, because Si is so dominated by the aerogel signal
that these differences make only tiny modifications to the
blank correction.

Finally, all data were discarded wherever the blank was
found to be higher than 50% of the entire signal or where the
lateral distribution of the contamination was clearly
heterogeneous, and therefore the measured signal could not
be unambiguously attributed to cometary material.

It should be noted that the mathematical details of the
blank correction are identical to the procedures described by
Leitner et al. (2008) for the blank correction of impact
residues on Stardust Al foil. To illustrate the effect of blank
correction in the present study, detailed secondary ion data for
all measurements are tabulated in the Appendix.

Organics

One goal of the investigation of Stardust aerogel samples
was the analysis of cometary organics. Analyzing these
samples directly in the aerogel minimizes the risk of

contamination. On the other hand, the possibility that aerogel
may act like a sponge for volatile organic compounds and that
contamination may have occurred at various stages prior to the
sample preparation cannot be excluded. To test for possible
contamination, a tile of aerogel was mounted on the collector
tray deployment arm (Sandford et al. 2006). This Flight
Aerogel Witness Tile was placed so that it was protected from
impacts during the Wild 2 flyby by the spacecraft’s dust
shields. Thus, this tile witnessed all the same environments
(terrestrial and space) as the cometary collector tiles, but was
not exposed to the comet. It therefore represents an ideal
control sample for the study of cometary organics in aerogel,
and a piece from it (WCARMI1CPN,12) was also investigated
by TOF-SIMS. This analysis was performed without prior Ar+

sputtering to ensure that no contamination was removed from
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Table 1. Atomic element ratios relative to Si = 106 for aerogel 
blanksa from areas close to the investigated cometary matter.

Element T57 T21-2 T21-6

Li 0.09 ± 0.09 0.93 ± 0.08 1.3 ± 0.5
B 19 ± 6 1410 ± 10 940 ± 60
Na 166 ± 3 212 ± 1 217 ± 5
Mg 2.6 ± 0.7 25.1 ± 0.6 33 ± 4
Al 8 ± 2 2.9 ± 0.2 5 ± 3
K 55 ± 1 123 ± 1 84 ± 2
Ca 0.2 ± 0.3 0.9 ± 0.1 6 ± 1
Sc 0 ± 1 3 ± 2
Ti 0.9 ± 0.9 2.7 ± 0.3 5 ± 2
V 2 ± 1
Cr 1.3 ± 0.2 1 ± 2
Mn 3 ± 4 0.6 ± 0.1 2 ± 7
Fe 26 ± 4 31 ± 2 80 ± 20
Co 0.1 ± 0.2
Ni 0 ± 5 5 ± 1
Cu 21 ± 7

aUncertainties are given as 1σ statistical errors that do not reflect uncertainties
from the relative sensitivity factors.

Table 2. Atomic element ratios relative to Fe and corrected 
for aerogel blank for 3 particles found in T57.a

Element Particle #1 Particle #2 Particle #3

Li 0.017 ± 0.002 0.010 ± 0.003
B 1.44 ± 0.09
Na 187.0 ± 0.2 0.0267 ± 0.0003 5.68 ± 0.05
Mg 54.9 ± 0.2 0.0042 ± 0.0002 8.7 ± 0.1
Al 64.4 ± 0.3 1.09 ± 0.04
K 85.6 ± 0.1 0.00255 ± 0.00008 0.262 ± 0.009
Ca 26.1 ± 0.1 0.00015 ± 0.00003 0.75 ± 0.02
Ti 0.65 ± 0.08 0.06 ± 0.01
Cr 0.029 ± 0.004 0.23 ± 0.02
Mn 0.05 ± 0.01
Fe 1.00 ± 0.05 1.000 ± 0.008 1.00 ± 0.08
Ni 0.04 ± 0.03 0.004 ± 0.001 0.06 ± 0.03
Ba 0.055 ± 0.004

aUncertainties are given as 1σ statistical errors that include statistical errors
from the blank correction but do not reflect uncertainties from the relative
sensitivity factors.
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the control sample and no large molecules were fragmented.
Therefore, the amount of organic compounds observed on the
control sample represents only an upper limit for the
contamination expected to be found after sputtering on aerogel
exposed to the comet. Any surplus in the latter samples can be
attributed to the comet.

RESULTS AND DISCUSSION

T57

The results of a TOF-SIMS imaging survey of sample
T57 are shown in Fig. 4. No fine-grained material is visible
along the track in the secondary ion images, and only three
minor particles are observed in some of these images. It is not
surprising that these particles are found “outside” the obvious
track, since a lot of cracks extend into the aerogel volume
from Track 57 as can be seen in Fig. 1, and the aerogel
naturally fractures along pre-existing cracks.

The three particles were further analyzed by TOF-SIMS
at higher magnifications. The imaging results are shown in
Fig. 5, and quantitative results are summarized in Table 2.

Particle #1, 12 μm × 7 μm in size, contains abundant F,
Na, Mg, Al, Cl, K, and Ca (Fig. 5 #1; Table 2). A proper
quantification, however, is not possible for F and Cl because
of a lack of appropriate standards for these elements. Li, B, Ti,
Cr, Fe, Ni, and Rb are found at much lower concentrations.
An extremely high ratio for Si/Fe (∼5300) can be attributed to
aerogel intimately intermingled with the particle. In fact, the
observed particle is dominated by aerogel. Since the absolute
Si abundance of the cometary portion of this particle cannot

be determined, a mineralogical discrimination is not possible.
Another puzzling characteristic of this particle, however, is
the presence of H- and C-bearing compounds on its surface,
as can be seen in the H–, C–, CH–, OH–, and CN– images
(Fig. 5 #1), that were not completely removed by Ar+

sputtering and appear in a ring structure.
Particle #2, 3 μm × 2 μm in size, is less dominated by

aerogel than Particle #1 as shown in Fig. 5 (#2). A Si/Fe ratio
of ∼3 was observed for this particle. High levels of Fe and S
and trace abundances of Na, Mg, K, Ca, and Ni were detected
(Fig. 5 #2 and Table 2). Besides aerogel, this particle is
predominately an iron sulfide with a low Ni content.

Particle #3, 3 μm × 1.5 μm in size, is rich in Na and Mg.
Minor or trace elements are Li, Al, K, Ca, Ti, Cr, Mn, Fe, and
Ni (Fig. 5 #3). The Si/Fe ratio is ∼240, much higher than for
Particle #2, but clearly below the extraordinarily high ratio of
Particle #1. Nonetheless, the composition of this particle is
strongly overprinted by aerogel.

None of the three particles is chondritic in composition.
However, particles #1 and #3 both have chondritic Fe/Ni
ratios within the limits of uncertainty, and low-Ni iron
sulfides such as particle #2 were found in several Wild 2
samples (Zolensky et al. 2006). It therefore seems likely that
all three particles represent actual cometary material.

T21-2 and T21-6

Figure 6 shows optical microscope images of both
samples from C2115 investigated in this study. Each sample
contains a portion of Track 21 at one of its edges. Figure 7
shows secondary ion overview images for T21-2 and T21-6,

Fig. 4. Secondary ion images of a region (500 × 500 μm2) on flattened silica aerogel fragment T57. The area was raster-scanned with 256 ×
256 pixels and 128 shots per pixel in each of 50 scans (a total of 6400 shots/pixel). All individual ion images here and in subsequent figures
use the same linear color scale shown, where black corresponds to zero counts and red is used for the maximum intensity or an intensity range
given below every image (e.g., 50–96 counts for 23Na+). The other number underneath each image is the integrated intensity of the entire field
of view (e.g., 2.91 × 105 counts for 23Na+). The outline of the track is scarcely visible in the ion images. However, three minor particles (#1,
#2, and #3) were identified in several ion images and selected for detailed analysis (Fig. 5).
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respectively. In both cases, the sections of the particle track
can be seen in the Mg, Al, and Fe secondary ion images as
cometary material implanted into the wall of the track bulb.

A low energy SE image of T21-2 is given in Fig. 8,
showing two selected smaller regions that were subsequently
analyzed by TOF-SIMS. The secondary ion images from
these two analyses are shown in Fig. 9.

Element ratios for all four measurements (two overview
and two detailed) of cometary material in the track sections
were determined. This was achieved by summing areas of
high contrast in secondary ion images. These regions of
interest comprise the dominant chemical signature (e.g., Mg,
Al, and Fe) of the cometary impactor. This spatial summation
approach reduces the influence of aerogel contamination. A
blank correction was then applied as described above. The

Fig. 5. Detailed secondary ion images of three particles (#1, #2, and #3) from sample T57. The locations of the particles in the original track
are shown in Fig. 4. Fields of view are 12 × 12 μm2 (98 × 98 pixels, 12,800 shots/pixel) for particle #1 and 5 × 5 μm2 (65 × 65 pixels, 6400
shots/pixel) for particles #2 and #3.

Fig. 6. Reflected light optical microscope images of samples T21-2
(left) and T21-6 (right). The marked areas were investigated using
TOF-SIMS (Fig. 7).
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resulting element ratios relative to Fe and normalized to CI
chondritic abundances are shown in Fig. 10, while the
unnormalized element ratios are given in Table 3. Geometric
mean values are given as best estimates for the track
composition.

It is important to note that metals, usually considered
major elements, are found in these samples as trace elements.
For example, Fe and Mg together have concentrations of less
than 1% by weight, with silica comprising the balance (∼99%).
The quantitative results reveal that the analyzed cometary
material has CI chondritic composition within a factor of
1.22, except for a significant depletion in Ca (factor of four),
and to a lesser extent, an enrichment in Ni (factor of two).

To evaluate this resemblance with CI, the measured
element ratios were compared with element ratios of
different chondrite classes (Lodders and Fegley 1998).
Correlation coefficients were calculated between
TOF-SIMS data and all chondrite classes (Table 4). Among
carbonaceous chondrites, the highest correlation
coefficients of 0.996 and 0.995 were found for CI and CM
chondrites, respectively. However, also for H, R, and EH
chondrites correlation coefficients of 0.995–0.998 were
calculated. None of the chondrite classes yield a correlation

Fig. 7. TOF-SIMS secondary ion images from (a) a region 200 × 200 μm2 in size from sample T21-2 (253 × 253 pixels, 17,280 shots/pixel)
and (b) a region 140 × 140 μm2 in size from sample T21-6 (239 × 239 pixels, 6400 shots/pixel).

Table 3. Atomic element ratios relative to Fe and corrected for aerogel blanka for all sample areas from Track 21. 
Geometric mean valuesb are given as best estimates for the track composition.

Element T21-6 T21-2 Detail #1 Detail #2 Geometric mean

Na 0.080 ± 0.004 0.0456 ± 0.0007 0.06 ± 0.02
Mg 0.63 ± 0.01 1.04 ± 0.02 1.651 ± 0.007 1.387 ± 0.005 1.1 ± 0.4
Al 0.065 ± 0.004 0.120 ± 0.007 0.120 ± 0.002 0.082 ± 0.003 0.09 ± 0.02
Ca 0.014 ± 0.002 0.013 ± 0.002 0.0194 ± 0.0009 0.0315 ± 0.0007 0.018 ± 0.007
Ti 0.004 ± 0.002 0.0025 ± 0.0004 0.0012 ± 0.0003 0.0024 ± 0.0012
Cr 0.013 ± 0.003 0.014 ± 0.003 0.0141 ± 0.0008 0.0175 ± 0.0007 0.015 ± 0.002
Mn 0.009 ± 0.005 0.010 ± 0.004 0.019 ± 0.001 0.0128 ± 0.0009 0.012 ± 0.004
Fe 1.00 ± 0.03 1.00 ± 0.04 1.00 ± 0.02 1.00 ± 0.01 ≡1
Co 0.005 ± 0.003 0.003 ± 0.002 0.0029 ± 0.0006 0.0022 ± 0.0004 0.0030 ± 0.0010
Ni 0.14 ± 0.02 0.19 ± 0.02 0.067 ± 0.007 0.095 ± 0.007 0.11 ± 0.05
aUncertainties are given as 1σ statistical errors that include statistical errors from the blank correction but do not reflect uncertainties from the relative

sensitivity factors.
bGeometric mean values were calculated from the four different measurements.

Table 4. Correlation coefficients (CC) between element 
ratios from Track 21 (geometric mean values) and those 
from chondrite types (Lodders and Fegley 1998)

Chondrite type CC Chondrite type CC

CI 0.996 H 0.998
CM 0.995 L 0.979
CV 0.987 LL 0.965
CO 0.992 R 0.997
CK 0.984 Acapulcoites 0.983
CR 0.993 K 0.988
CH 0.962 EH 0.983

EL 0.995
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coefficient below 0.96. These results show that from the
available data set in this study, an unequivocal assignment
to a specific chondrite class could not be made. For better
classification, data for light elements, especially C, would
be crucial. However, the data clearly prove the chondritic
nature of Wild 2 matter and is consistent with CI or solar
system abundances.

The Fe distribution along Track 21 was mapped in a
previous study using synchrotron-based X-ray microprobe
(SXRM) analysis (Flynn et al. 2006). Less than 10% of the
total Fe mass was found in the terminal particle, indicating that
most of the material of the initial particle was deposited in the
bulb. Assuming that the material is distributed homogeneously
throughout the bulb wall, it can be estimated that <40 pg of
cometary material resides in each of the two aerogel slices
investigated by TOF-SIMS.

The good agreement with the CI chondritic composition
found in the present study exemplifies that although only a
tiny fraction of the particle originally impacting the aerogel
tile was analyzed in these measurements, this track wall
material seemingly provides a reasonable approximation of
the original grain’s composition or at least of a major, rather
chondritic portion of the original particle.

Discerning the precise dimensions of the diffuse
cometary material in flattened aerogel slices is non-trivial.
Following TOF-SIMS data collection, higher magnification
imaging using VP SEM was performed on slice T21-2 in an
effort to correlate microstructural features with the contrast in
the secondary ion images (Fig. 9). However, no micrometer-
to sub-micrometer-sized features could be unambiguously

recognized in the electron imagery (Fig. 11). Additionally,
X-ray spectrum imaging of this sample revealed no contrast
in Mg, Al, Ca, and Fe element maps. Therefore, the maximum
size of cometary grains in the analyzed aerogel must be well
below 100 nm.

A possible scenario would be that the impacting cometary
particle consisted of extremely fine-grained minerals together
with some coarser grains that probably consist of many
smaller grains themselves. These minerals might altogether
have been embedded in an icy matrix. During aerogel impact,
the ice vaporized explosively, distributing ultrafine material in
the walls of the emerging bulbous part of the track. Some
coarser grains, less affected by the explosive vaporization,
continued their path through the aerogel and were found as
terminal particles or larger fragments.

The multitude of secondary ion features showing a
collective CI chondritic composition differs markedly from
the three isolated particles from T57 that have non-chondritic
compositions. Large particles that are dominated by a single
or by just a few minerals are not expected to show chondritic
composition since no single mineral exists that has a
chondritic element pattern. Fine-grained material, analogous
to matrix material in chondritic meteorites, may consist of a
multitude of minerals that in fact show CI-like abundances.

It is noteworthy and perhaps surprising that results
from such a tiny fraction of one single particle track in
aerogel yields major element abundances close to the
overall abundance of comet Wild 2 as deduced from a
multitude of samples from various sample types (Flynn
et al. 2006).

The observed abundance pattern (CI chondritic composition
with a significant depletion in Ca) resembles the element
composition observed for chondritic interplanetary dust particles
(IDPs) collected in the stratosphere (Schramm et al. 1989; Arndt
et al. 1996). The lack of Ca in IDPs is often attributed to the
tendency of Ca to be present in larger minerals that are
underrepresented in the chondritic IDP collection. Calcium was
found in coarse-grained IDPs and some stratospheric particles
that were probably miss-classified as being terrestrial due to their
non-chondritic elemental composition. The same phenomenon
may be responsible for the apparent Ca depletion in the fine-
grained track material investigated in this study. Calcium-, Al-
rich minerals found in some Wild 2 samples (Zolensky et al.
2006; Stephan et al. 2008) may account for the missing Ca.

Organics

As described above, the identification of cometary
organics is challenged by the presence of organic
contamination. However, polycyclic aromatic hydrocarbons
(PAHs) were found in aerogel sample T21-6. The relative
abundances of various PAH secondary ions depending on
their number of C atoms are shown in Fig. 12. A clear
association with the track material was not found. In contrast,
deeper in the aerogel, in the region that was used to analyze

Fig. 8. Low energy (800 eV) SE image of sample T21-2. The entire
area shown was analyzed by TOF-SIMS (Fig. 7a), while the white
squares represent regions of subsequent analyses (Fig. 9).
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the element concentrations of the aerogel blank, PAH
concentrations are even higher than in the actual track region.
This might be explained by migration of PAHs deeper into the
aerogel after their implantation. Injection of organics into the
aerogel surrounding the tracks, which presumably occurred
during impact, has also been seen in Stardust samples using
infrared spectroscopy (Sandford et al. 2006; Bajt et al.,
Forthcoming). The apparent lower concentration in the actual
track region compared to the surrounding aerogel might be
explained by differences in secondary ion formation
efficiencies for PAHs from disturbed (compacted and maybe
partially molten) versus undisturbed aerogel.

Compared to the Flight Aerogel Witness Tile, which was
not exposed to the comet, PAH concentrations are up to a
factor of six higher in aerogel sample T21-6, although the
unavoidable sputter cleaning should have diminished the
PAHs in T21-6 (see above). It therefore seems likely that a
major fraction of these PAHs in fact represent cometary
organics.

Fig. 9. Detailed secondary ion images of two regions (#1 and #2) from Fig. 8. Fields of view are 35 × 35 μm2 (123 × 124 and 124 × 121 pixels,
respectively, 96,000 shots/pixel) for both regions.

Fig. 10. Element ratios relative to Fe and normalized to CI chondritic
abundances for both track regions shown in Fig. 7, as well as from two
selected detail regions shown in Figs. 8 and 9. Most data points are
within a factor of two (grey area) of chondritic ratios. Geometric mean
values are within a factor of 1.22 chondritic except for Ca and Ni).
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CONCLUSIONS

One of the major goals of the examination of Stardust
samples is to reveal the bulk chemical composition of Wild 2.
While the analysis of single grains often yields highly
variable results, averaging large numbers of analyses yielded
compositions that seem to be close to solar system
abundances, represented by CI values (Flynn et al. 2006;
Leitner et al. 2008; Stephan et al. 2008).

In the present study, both samples from Track 21 seem
to represent such a large number of individual grains.
Since individual particles were not recognized on the scale
of observation of field emission VP SEM, the cometary
matter in these samples seems to be nanometer-scale in
dimension. Although only an exceedingly minute amount
of the impacting particle was analyzed, this material

provided enough substance that a strong correlation with
chondritic composition was obtained.

From the close match of most observed element ratios with
the solar system average, except for a depletion in Ca and an
enrichment in Ni, it can be inferred that the fine-grained material
in comet Wild 2 roughly represents average solar system
material. Compared by mass, this ultrafine-grained cometary
matter seems to be more representative of the composition of
Wild 2 as a whole than is the coarser material, i.e., terminal
particles and larger fragments. Concerning the missing Ca, this
element is possibly concentrated in much larger mineral grains,
probably CAI-like matter. The Ni enrichment, on the other hand,
might be balanced by a depletion of Ni in some of the larger
Wild 2 minerals, possibly Ni-poor iron sulfides.

The properties of Track 21, if characteristic for most
Stardust tracks as indicated in Hörz et al. (2006), suggest that
typical cometary particles consist of an intimate mixture of
highly volatile matter containing organics, ultrafine minerals,
and some coarser grains. During Stardust collection, while
penetrating the aerogel, the ice vaporized explosively,
distributing the ultrafine material in the walls of the emerging
track bulbs. Some coarser, probably more robust grains
survived this energetic disruption and were found as terminal
particles or larger fragments.
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Fig. 11. SEM images of sample T21-2. a) This low energy SE overview image has a field of view of 50 × 50 μm2 and indicates the region #1
of the preceding TOF-SIMS analysis (Fig. 9) and a box marking higher magnification SEM images in (b) and (c). b) Detailed low energy SE
image, 14 × 16 μm2. c) VP SEM backscattered electron image with the same field of view. Note: lighter grayscale areas represent compressed
aerogel.

Fig. 12. Relative abundances of PAH secondary ions relative to the
28Si+ signal depending on the number n of C atoms are shown for
aerogel sample T21-6 directly at the track position and in the
surrounding aerogel (blank). For comparison, results from the Flight
Aerogel Witness Tile are shown. Relative statistical uncertainties of
these measurements are between 2 and 23% for T21-6 and between
1 and 5% for the witness tile.
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APPENDIX

The following tables show for all analyzed samples
secondary ion ratios prior to blank correction (raw data), the
subtracted secondary ion signals for the aerogel blank, as well
as the blank-corrected and renormalized ion ratios and the
resulting atomic element ratios.

Data shown in italics were discarded for further
evaluation, either because the blank signal was found to be
higher than 50% of the entire signal, or because these
elements show a rather heterogeneous distribution in the
aerogel blank.

Statistical 1σ errors are given as last significant digit in
parentheses.

Table A1. TOF-SIMS data for sample T57 particle #1.
Raw data Blank Corrected data

Element (ions/Fe+) (ions/Fe+
raw) (ions/Fe+) (elem./Fe)

Li 0.08(1) 0.003(3) 0.09(1) 0.017(2)
B 0.43(2) 0.03(1) 0.46(3) 1.44(9)
Na 1503(1) 8.1(1) 1732(2) 187.0(2)
Mg 154.5(5) 0.04(1) 179.0(6) 54.9(2)
Al 170.1(7) 0.13(3) 197.0(8) 64.4(3)
Sia 2257(7) 2239(7) 20(10) 50(30)
K 1156(1) 4.6(1) 1334(2) 85.6(1)
Ca 130.5(6) 0.006(8) 151.2(7) 26.1(1)
Sc 0.010(3) 0.00(2) 0.01(2) 0.003(9)
Ti 1.4(2) 0.01(1) 1.6(2) 0.65(8)
V 0.015(4) 0.03(1) −0.01(2) −0.006(7)
Cr 0.054(8) 0.06(1) 0.029(4)
Mn 0.021(5) 0.02(4) 0.00(5) 0.00(3)
Fe 1.00(3) 0.14(2) 1.00(5) 1.00(5)
Co 0.000(1) 0.000(1) 0.001(2)
Ni 0.016(6) 0.00(1) 0.02(1) 0.04(3)
Cu 0.07(1) 0.04(1) 0.03(2) 0.08(6)
Ba 0.23(2) 0.27(2) 0.055(4)
aA CI chondritic Si/Mg ratio was assumed during blank correction because the sample is rather Fe-poor.

Table A2. TOF-SIMS data for sample T57 particle #2
Raw data Blank Corrected data

Element (ions/Fe+) (ions/Fe+
raw) (ions/Fe+) (elem./Fe)

B 0.00008(6) 0.000019(6) 0.00006(6) 0.0002(2)
Na 0.252(3) 0.00488(8) 0.247(3) 0.0267(3)
Mg 0.0138(8) 0.000027(7) 0.0138(8) 0.0042(2)
Al 0.00012(7) 0.00008(2) 0.00004(7) 0.00001(2)
Sia 1.345(8) 1.343(4) 0.002(9) 0.00(2)
K 0.042(1) 0.00273(7) 0.040(1) 0.00255(8)
Ca 0.0009(2) 0.000003(5) 0.0009(2) 0.00015(3)
Cr 0.00008(6) 0.00008(6) 0.00003(3)
Mn 0.0002(1) 0.00001(3) 0.0002(1) 0.00009(6)
Fe 1.000(8) 0.00008(1) 1.000(8) 1.000(8)
Co 0.00014(8) 0.00014(8) 0.0002(1)
Ni 0.0016(5) 0.000001(6) 0.0016(5) 0.004(1)
aA CI chondritic Si/Mg ratio was assumed during blank correction because the sample is dominated by Fe sulfide.
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Table A3. TOF-SIMS data for sample T57 particle #3
Raw data Blank Corrected data

Element (ions/Fe+) (ions/Fe+
raw) (ions/Fe+) (elem./Fe)

Li 0.05(2) 0.0001(1) 0.05(2) 0.010(3)
Na 52.7(5) 0.364(6) 52.6(5) 5.68(5)
Mg 28.0(4) 0.0020(5) 28.2(4) 8.7(1)
Al 3.3(1) 0.006(1) 3.3(1) 1.09(4)
Sia 103.6(9) 100.2(3) 3.4(9) 8(2)
K 4.3(1) 0.204(5) 4.1(1) 0.262(9)
Ca 4.3(1) 0.0003(4) 4.3(1) 0.75(2)
Sc 0.004(4) 0.0002(9) 0.004(5) 0.002(2)
Ti 0.15(3) 0.0005(5) 0.15(3) 0.06(1)
V 0.009(6) 0.0011(6) 0.008(6) 0.004(3)
Cr 0.51(5) 0.51(5) 0.23(2)
Mn 0.09(2) 0.001(2) 0.09(2) 0.05(1)
Fe 1.00(8) 0.006(1) 1.00(8) 1.00(8)
Co 0.004(4) 0.004(4) 0.007(7)
Ni 0.02(1) 0.0000(5) 0.02(1) 0.06(3)
Cu 0.013(9) 0.0019(7) 0.011(9) 0.03(2)
Ba 0.005(6) 0.005(6) 0.001(1)
aA CI chondritic Si/Mg ratio was assumed during blank correction because the sample is rather Fe-poor.

Table A4. TOF-SIMS data for sample T21-6
Raw data Blank Corrected data

Element (ions/Fe+) (ions/Fe+
raw) (ions/Fe+) (elem./Fe)

Li 0.002(1) 0.002(1) 0.000(2) 0.0000(3)
B 0.096(9) 0.097(6) 0.00(1) 0.00(4)
Na 1.37(3) 0.65(1) 0.74(4) 0.080(4)
Mg 2.02(4) 0.035(4) 2.04(4) 0.63(1)
Al 0.20(1) 0.005(3) 0.20(1) 0.065(4)
Si 138.1(7) 137.6(6) 0.5(9) 1(2)
K 0.59(2) 0.43(1) 0.16(3) 0.011(2)
Ca 0.089(8) 0.012(2) 0.079(9) 0.014(2)
Sc 0.005(3) 0.003(2) 0.002(3) 0.001(1)
Ti 0.004(2) 0.004(1) 0.000(3) 0.000(1)
Cr 0.028(5) 0.001(1) 0.028(6) 0.013(3)
Mn 0.017(8) 0.001(4) 0.02(1) 0.009(5)
Fe 1.00(3) 0.027(5) 1.00(3) 1.00(3)
Co 0.003(2) 0.003(2) 0.005(3)
Ni 0.054(9) 0.056(9) 0.14(2)

Table A5. TOF-SIMS data for sample T21-2.
Raw data Blank Corrected data

Element (ions/Fe+) (ions/Fe+
raw) (ions/Fe+) (elem./Fe)

Li 0.003(2) 0.0023(2) 0.001(2) 0.0002(4)
B 0.19(2) 0.204(2) −0.02(2) −0.05(5)
Na 1.11(3) 0.896(4) 0.21(3) 0.023(4)
Mg 3.38(7) 0.0374(9) 3.39(7) 1.04(2)
Al 0.37(2) 0.0040(3) 0.37(2) 0.120(7)
Si 193.7(5) 193.23(6) 0.5(5) 1(1)
K 1.93(6) 0.878(5) 1.07(6) 0.069(4)
Ca 0.08(1) 0.0025(3) 0.08(1) 0.013(2)
Ti 0.013(5) 0.0031(3) 0.010(5) 0.004(2)
Cr 0.033(6) 0.0013(2) 0.032(7) 0.014(3)
Mn 0.019(7) 0.0005(1) 0.019(7) 0.010(4)
Fe 1.00(4) 0.014(1) 1.00(4) 1.00(4)
Co 0.002(1) 0.00004(4) 0.002(1) 0.003(2)
Ni 0.077(9) 0.0010(2) 0.08(1) 0.19(2)
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Table A6. TOF-SIMS data for sample T21-2 Detail #1.
Raw data Blank Corrected data

Element (ions/Fe+) (ions/Fe+
raw) (ions/Fe+) (elem./Fe)

Li 0.0024(4) 0.0013(1) 0.0011(5) 0.00020(9)
B 0.119(3) 0.120(1) −0.001(4) 0.00(1)
Na 0.957(9) 0.526(2) 0.435(9) 0.047(1)
Mg 5.36(2) 0.0220(5) 5.38(2) 1.651(7)
Al 0.365(6) 0.0023(2) 0.366(6) 0.120(2)
Si 113.9(1) 113.39(3) 0.5(1) 1.1(2)
K 0.484(6) 0.515(3) −0.032(7) −0.0020(5)
Ca 0.113(5) 0.0015(2) 0.112(5) 0.0194(9)
Ti 0.008(1) 0.0018(2) 0.006(1) 0.0025(4)
Cr 0.032(2) 0.0008(1) 0.031(2) 0.0141(8)
Mn 0.035(2) 0.00028(6) 0.035(2) 0.019(1)
Fe 1.00(1) 0.0084(6) 1.00(2) 1.00(2)
Co 0.0019(4) 0.00003(3) 0.0019(4) 0.0029(6)
Ni 0.027(3) 0.0006(1) 0.027(3) 0.067(7)

Table A7. TOF-SIMS data for sample T21-2 Detail #2.
Raw data Blank Corrected data

Element (ions/Fe+) (ions/Fe+
raw) (ions/Fe+) (elem./Fe)

Li 0.0015(3) 0.00084(7) 0.0007(3) 0.00013(6)
B 0.062(2) 0.0756(8) −0.014(2) −0.044(7)
Na 0.752(6) 0.332(1) 0.422(7) 0.0456(7)
Mg 4.51(2) 0.0139(3) 4.52(2) 1.387(5)
Al 0.25(1) 0.0015(1) 0.25(1) 0.082(3)
Si 72.16(6) 71.69(2) 0.47(7) 1.1(2)
K 0.507(5) 0.326(2) 0.182(6) 0.0117(4)
Ca 0.182(4) 0.0009(1) 0.182(4) 0.0315(7)
Ti 0.0042(6) 0.0011(1) 0.0030(6) 0.0012(3)
Cr 0.039(2) 0.00048(6) 0.039(2) 0.0175(7)
Mn 0.023(2) 0.00018(4) 0.023(2) 0.0128(9)
Fe 1.00(1) 0.0053(4) 1.00(1) 1.00(1)
Co 0.0014(3) 0.00002(2) 0.0014(3) 0.0022(4)
Ni 0.038(3) 0.00036(7) 0.038(3) 0.095(7)


