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Abstract–The NASA Stardust spacecraft exposed an aerogel collector to the interstellar dust
passing through the solar system. We performed X-ray fluorescence element mapping and
abundance measurements, for elements 19 ≤ Z ≤ 30, on six “interstellar candidates,” potential
interstellar impacts identified by Stardust@Home and extracted for analyses in picokeystones.
One, I1044,3,33, showed no element hot-spots within the designated search area. However, we
identified a nearby surface feature, consistent with the impact of a weak, high-speed particle
having an approximately chondritic (CI) element abundance pattern, except for factor-of-ten
enrichments in K and Zn and an S depletion. This hot-spot, containing approximately 10 fg of
Fe, corresponds to an approximately 350 nm chondritic particle, small enough to be missed by
Stardust@Home, indicating that other techniques may be necessary to identify all interstellar
candidates. Only one interstellar candidate, I1004,1,2, showed a track. The terminal particle
has large enrichments in S, Ti, Cr, Mn, Ni, Cu, and Zn relative to Fe-normalized CI values. It
has high Al/Fe, but does not match the Ni/Fe range measured for samples of Al-deck material
from the Stardust sample return capsule, which was within the field-of-view of the interstellar
collector. A third interstellar candidate, I1075,1,25, showed an Al-rich surface feature that has
a composition generally consistent with the Al-deck material, suggesting that it is a secondary
particle. The other three interstellar candidates, I1001,1,16, I1001,2,17, and I1044,2,32,
showed no impact features or tracks, but allowed assessment of submicron contamination in
this aerogel, including Fe hot-spots having CI-like Ni/Fe ratios, complicating the search for
CI-like interstellar/interplanetary dust.

INTRODUCTION

Stardust, the fourth NASA Discovery mission,
collected and delivered to Earth dust particles from
comet 81P/Wild 2 (Brownlee et al. 2006). As a second
mission objective, the Stardust spacecraft collected con-
temporary interstellar grains passing through the solar
system. The Stardust Interstellar Dust Collector (SIDC),
approximately 1039 cm2 of aerogel cells similar to those
employed for the collection of the comet Wild 2 dust, was
exposed to the interstellar dust stream for 195 days while
the spacecraft was flying approximately opposite the
direction of the Sun’s motion through the local
interstellar medium (ISM), thus minimizing the capture
speed for the interstellar dust (Westphal et al. 2014b).

Astronomical observations provide constraints on
the size, the elemental composition, and the mineralogy
of interstellar dust particles. Depletions of refractory
elements in the interstellar gas indicate that Si, Mg, Mn,
Cr, Fe, and Ni are major elements in the condensed dust
phase (Savage and Sembach 1996). However, these same
observations indicate that some of the moderately volatile
elements (e.g., S) remain mostly in the gas phase (Savage
and Sembach 1996). Thus, on average, interstellar dust is
likely to consist of the major rock-forming elements in
ratios similar to those in CI meteorites, but it should be
depleted in some moderately volatile elements (e.g., S).

As many solids exhibit bending, wagging, or
stretching modes in the infrared region of the spectrum,
infrared spectroscopy has been used to constrain the
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mineralogy of the interstellar dust. Infrared
measurements show that interstellar dust has a strong,
broad emission feature near 10 lm, consistent with
amorphous silicate, and several weaker features near
3.4 lm, consistent with aliphatic C-H2 and C-H3

stretching absorptions (Whittet et al. 1997). As
crystalline silicates have sharp features near 10 lm,
Kemper et al. (2004) placed an upper limit on the
crystalline to amorphous silicate ratio in interstellar
grains of approximately 0.2%. However, these elemental
and mineralogical observations relate to the bulk
properties of the interstellar dust, so none of these
observations constrain the properties of any individual
interstellar dust particle.

Ancient interstellar dust that was trapped in
meteorites and interplanetary dust particles exhibits a
wide range of elemental compositions and mineralogies,
including amorphous and crystalline silicates (Messenger
et al. 2005), SiC, graphite, silicon nitride, corundum,
spinel, and hibonite (Clayton and Nittler 2004).
However, these grains were identified because they
preserve unusual isotopic compositions representative of
their specific formation environments. They may not be
representative of the majority of interstellar grains,
which are likely to have been processed in the ISM,
undergoing destruction and recondensation (Jones et al.
1996; Zhukovska et al. 2008). These processes can
mix material from different sources, minimizing or
eliminating the distinct isotopic signatures of their
individual sources. However, estimates of the O isotopic
composition of the local ISM (Wilson 1999) are distinct
from the solar system value, so interstellar grains that
recondensed in the local ISM likely record that distinct
O isotopic signature.

Measurements by dust detectors on the Ulysses and
Galileo spacecraft indicate that the diameter of the dust
particles entering the inner solar system from the local
ISM is peaked near 0.5 lm (Kr€uger et al. 2007). So,
any interstellar grains collected by Stardust would be
much smaller, less than 1/1000th the mass, than the
smallest Wild 2 grains analyzed by X-ray fluorescence
(XRF) during the Wild 2 preliminary examination
(Flynn et al. 2006), making their identification and
characterization significantly more challenging.

As planetary differentiation segregated much of the
Earth’s Ni into the core, the Ni/Fe ratio can frequently
be used to distinguish unprocessed extraterrestrial
material, such as primitive CI meteorites with Ni/Fe
approximately 1/18, from terrestrial surface material,
which has a much lower average Ni/Fe. Fe, a major
element in the condensed phase (dust) in the ISM, and
Ni are both easily detected and quantified using X-ray
microprobes (XRMs), so Fe-mapping may be an
efficient way to search for the most common interstellar

or interplanetary dust particles captured in the SIDC,
and the Ni/Fe ratio might provide a way to distinguish
extraterrestrial material from terrestrial dust.

We report here measurements of heavy element
abundances in six interstellar dust candidate features
from the SIDC made with an XRM beamline, 2-ID-D, at
the Advanced Photon Source (APS) at Argonne National
Laboratory. This facility-managed beamline is devoted to
high-resolution (submicrometer) X-ray imaging studies.
The X-ray source is the 3.3 cm period Undulator A,
which covers the energy range from 4 to 13 keV in the
first harmonic with high X-ray brilliance. Zone plate
optics (chromatic) are used to focus the X-ray beam from
a Kohzu Si(111) monochromator to a spot size of
approximately 250 nm (full-width half-maximum) with a
flux of approximately 4 9 109 photons s�1 at 10 keV. To
produce element maps, the sample is raster scanned
through the X-ray beam and XRF spectra are acquired at
each pixel in the scan. As the X-ray beam passes through
the entire thickness of the samples employed in this study,
this technique cannot distinguish between contamination
on the surfaces of the aerogel picokeystones and particles
in the interior of the aerogel.

The XRF detector is a Vortex silicon drift diode
(energy-dispersive) operated in a helium-purged sample
environment, used to enhance sensitivity for light
elements. Detection limits vary from element to element.
The detection limits for a 1-second count time on an
individual pixel for elements from atomic number Z = 19
(K) to Z = 30 (Zn) are shown in Fig. 1. A general
description of the instrument and the determination of

Fig. 1. Detection limits, in attograms, of the 2-ID-D X-ray
microprobe for 1 s data acquisition time with a 200 nm
focused beam spot.
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the element detection limits are given, for a very similar
instrument on beamline 2-ID-E of the APS, in Twining
et al. (2003). However, the aerogel itself contains
detectable levels of Si, S, Cl, Ti, Mn, Fe, Ni, Cu, and Zn,
which vary from spot to spot, thus raising our detection
limits for these elements in captured material.

SAMPLES AND MEASUREMENTS

The space-exposed surface of each Stardust
interstellar aerogel cell was optically scanned at the
NASA Johnson Space Center (JSC) Curatorial Facility,
and potential interstellar impact features visible on the
space-exposed surface of aerogel cells in the SIDC were
identified by participants in the Stardust@Home project
(http://stardustathome.ssl.berkeley.edu), described in
Westphal et al. (2014a). The number of interstellar
candidate features identified by the Stardust@Home
project is significantly greater than the number of
interstellar grain impacts expected based the Galileo and
Ulysses measurements and on modeling of the interstellar
flux (Westphal et al. 2014b). This excess largely results
from the collection of secondary particles produced by
impacts of interplanetary or interstellar dust on the
Stardust solar panels or parts of the Stardust sample
return capsule, both of which were within the field of
view of the SIDC, the direct capture of interplanetary
dust particles, or the misidentification of features
produced during preparation of the aerogel. A major
objective of the Stardust Interstellar Preliminary
Examination (ISPE) was to perform nondestructive
characterization of the interstellar candidates in order to
identify secondary particles, based on the elemental
compositions of spacecraft hardware within the field of
view of the collector, and to compare the compositions of
features not identified as spacecraft secondary particles
with the known or expected properties of interstellar
dust. As destructive analyses, such as isotopic
measurements, were not permitted during the ISPE, it is
anticipated that particles not compellingly identified as
spacecraft secondary material will be made available
through the NASA JSC Curatorial Facility for more
comprehensive characterization by other techniques.

Aerogel picokeystones (Fig. 2) containing these
interstellar candidate features were extracted from the
aerogel cells by the NASA JSC Curatorial Facility in
picokeystones, wedge-shaped volumes of aerogel
machined from the aerogel cell using glass needles
controlled by automatic micromanipulators (Frank
et al. 2013). Each picokeystone was sandwiched between
two silicon nitride windows, protecting the sample from
damage, loss, or contamination, and permitting all of
the synchrotron-based analytical techniques performed
during the ISPE (Frank et al. 2013).

We were allocated six interstellar candidate
picokeystones (I1004,1,2; I1001,1,16; I1001,2,17;
I1044,2,32; I1044,3,33; and I1075,1,25), and we were
provided with optical microscope side-view images
annotated with the interstellar “candidate region”
(Fig. 2), where the Stardust@Home project identified a
possible particle track from examination of the top-view
optical images. We performed XRF element mapping
and element abundance analysis on each of the six
samples at beam line 2-ID-D at the APS.

We first mapped the entire candidate region and
some surrounding area at low spatial resolution, with
step sizes as large as 1 lm, taking advantage of the wings
of the X-ray distribution around the approximately
250 nm x-ray beam hot-spot to fluoresce major elements
in captured particles over the full 1 lm pixel (Fig. 3).
Once element hot-spots were identified, higher resolution
XRF images, in steps as small as 100 nm, were collected.

For each picokeystone, we collected a data set
consisting of a full, 2048-channel XRF spectrum at each
pixel in the mapped area. Element maps were obtained
by defining an energy range corresponding to the
position of the K-line fluorescence of each element of
interest and plotting the XRF signal intensity at each
pixel in the map. Each element map was scaled so the
brightest pixel in the image corresponded to the
maximum counts for that element.

Several regions of interest (ROI) were defined on
each high-resolution map to include: (1) each object of
interest and (2) an area of background pixels as far
from the object of interest as possible (Fig. 3).
Integrated XRF spectra were obtained for each ROI by
summation of the full XRF spectra in each of the
included pixels. The concentration of each element in an

Fig. 2. Aerogel interstellar picokeystone I1044,2,32,0,0 after
extraction from the Stardust interstellar collector. The image is
1170 lm wide.
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ROI was obtained by peak fitting and conversion into
lg cm�2 using measurements on the NIST SRM 1832
and 1833 thin film standards.

To reach the detector, the fluorescence X-rays passed
through one of the silicon nitride windows protecting the
delicate picokeystones from contamination and damage.
Each window was either 50 nm or 70 nm thick. The data
reduction procedures corrected for the absorption of
fluorescence X-rays by this window, assuming Si3N4 with
a density of 3.44 g cm�3 and a 100 nm thickness at a
take-off angle of 15°, the tilt of the sample relative to the
incident X-ray beam in the Sector 2-ID-D XRM. The
maximum window absorption correction was 15% for
sulfur. No attempt was made to make self-absorption
corrections for the aerogel picokeystones, which will only

significantly affect elements having a lower Z than Ca,
because the depth distribution of the elements within the
picokeystone is not known. However, by overestimating
the thickness of the silicon nitride windows, we correct
for the absorption of approximately 5 lm of overlying
aerogel having a density of 26 mg cm�3.

As the Stardust aerogel cells contain significant
contamination (Flynn et al. 2006) for many elements,
background quantification and subtraction are required.
Two different approaches for background subtraction
were used: (1) Pixel normalization where the integrated
XRF spectrum for the background ROI was scaled to
the same number of pixels as that of the object ROI,
followed by spectral subtraction, fitting of the net
spectrum, and conversion into lg cm�2; (2) Si K-alpha
normalization where the XRF spectrum of the
background ROI was scaled to match that of the object
ROI in the Si K-alpha region of the spectrum, followed
by spectral subtraction, fitting of the net spectrum, and
conversion into lg cm�2. The former approach assumes
that the aerogel contamination contribution is the same
at each pixel, an approach that does not take into
account contributions from compressed or melted
aerogel, both of which were identified associated with
the comet particles captured by Stardust (Brownlee
et al. 2006). The latter approach assumes all the silicon
in the object area derives from aerogel, whether
compressed or not, which should overestimate the
contamination provided it is uniform throughout the
aerogel. The contribution to the measured Si K
fluorescence intensity from Si atoms in the silicon
nitride window was small compared with that from Si
atoms in the aerogel picokeystone (approximately 10
versus 300 lg cm�2).

Element/Fe ratios were then calculated for each
object of interest. These ratios were compared with
those for the CI chondrite meteorites (Lodders 2003).

RESULTS

Here, we describe the six individual picokeystones
that we analyzed at the APS, including their XRF maps
and spectra and the derived element abundance
patterns. Only one of these six picokeystones, I1004,1,2,
showed a track with a terminal particle in the side-view
optical image provided by the JSC Curatorial Facility.
As a major objective of the ISPE is to identify
secondary fragments, where appropriate, we compare
the compositions of the objects of interest with the two
largest spacecraft components within the field of view of
the interstellar collector: the solar panels, which can be
identified by detectable Ce and Zn; and the aluminum
deck of the Stardust sample return capsule, which was
sampled and analyzed by XRF.

Fig. 3. Top: Visible light image (420 lm width) of interstellar
candidate I1044,3,33. Right: Coarse elemental maps (100 lm
width) for Si and Fe centered on the candidate region. Only a
Fe hot-spot (arrow) not associated with the candidate object
was observed. Bottom: X-ray fluorescence element maps of the
Fe hot-spot area showing a single hot-spot for most of the
elements analyzed. Values in parentheses are the minimum
and maximum counts used in applying the color scale bar.
The “ROIs” image shows the locations of the three integration
regions, entire particle (red + blue), restricted particle (blue),
and background (green).
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I1044,3,33

The visible light image of I1044,3,33 showed no
obvious track or terminal particle in the side-view
optical image taken at the JSC Curatorial Facility after
picokeystone extraction (Fig. 3). Based on the position
from which the picokeystone was extracted, the JSC
Curatorial Facility identified a “candidate region” for
our XRM search. Low-resolution XRF element
mapping of a 100 lm strip along the space-exposed
edge of the picokeystone showed no element hot-spots
within the “candidate region” (Fig. 3), located about
70 lm from the tip of the picokeystone. However, we
did identify an Fe concentration in a spot along the
space-exposed edge of the picokeystone, well outside of
the interstellar candidate region. This hot-spot is located
about 30 lm from the tip of the picokeystone (Fig. 3).

High-resolution element mapping, with a step size
of 150 nm and a dwell time of 1 s per pixel, of this
feature identified a single hot-spot for most of the
elements analyzed (Fig. 3). There are four high count
pixels, encompassing a 300 nm diameter hot-spot, and a
surrounding halo about 1 lm across. Integrated spectra
were obtained separately for this full 1 lm region and
the smaller core area. The aerogel background
spectrum, shown in green in Fig. 4, demonstrates that
the aerogel itself contains detectable amounts of Si, S,
Cl, Ca, Ti, Mn, Fe, Ni, Cu, and Zn. However, the XRF
spectra of the core and the halo of this feature are both
quite distinct from the spectrum of the background area
(Fig. 4), with large excesses of S, Ca, Cr, Mn, Fe, Ni,
Cu, and Zn in the core and the halo areas compared
with the spectrum of the background area scaled to the
same number of pixels as the core area, demonstrating
that we have good sensitivity for these elements with a
1 s per pixel dwell time. The element abundance
patterns of the core and the entire approximately 1 lm
area are quite similar to each other, and each shows a
nearly flat (CI-like) pattern, with the exception of
elevated K and Zn (each about a factor of 10
higher than CI) and a large depletion in S. The nearly
flat, CI-like, pattern for most elements is consistent with
the observed mean composition of interplanetary dust
particles, and the expected mean composition of
interstellar dust. Elevated K and Zn (Sutton and Flynn
1988) have been reported in some interplanetary dust
particles, resulting from the presence of rare, Zn- or
K-rich minerals. Similar effects might also occur in rare
interstellar grains, although on average the ISM is
depleted in moderately volatile elements (Savage and
Sembach 1996). This elemental composition fails to
resolve the origin of this particle.

Because the solar panels and the aluminum deck of
the sample return capsule are within the field of view

of the SIDC, we examined the XRF spectra for the Ce
L-lines, which should be easily detectable, and for Al.
The spectra show no detectable Ce, which would appear
at the positions of the dashed vertical lines in Fig. 4,
ruling out the solar panels as a source of this material,
and no detectable Al, suggesting that the aluminum
deck is not the source of this material.

Summing over the four highest intensity pixels in
the Fe map, a square region approximately 300 nm on
a side, gives a total Fe mass of 10 fg. A sphere of
chondritic composition (18.5% Fe) with this Fe mass
would be about 350 nm in diameter, consistent with the
observed interstellar dust size distribution. The feature
is not at the end of a track, but could result from the
high-speed impact of a porous particle.

There is no obvious directionality in the element
distributions observed in the X-ray images (Fig. 3)
because the feature is only approximately 2 9 2 pixels
in size. However, subsequent higher resolution images

Fig. 4. X-ray fluorescence spectra of the whole hot-spot
(“particle,” blue), the core of the Fe hot-spot (“restricted
particle,” black), and the background region (green). Cerium
was not detected as evidenced by the lack of peaks at the
major Ce L fluorescence energies (vertical dashed lines). The
CI- and Fe-normalized element abundance patterns for both
regions are shown below the spectra. Downward arrows
indicate detection limits for elements that were not detected.
The counts in the restricted particle and background spectra
were scaled to the same number of pixels as the particle
spectrum.

Interstellar candidate XRF with the APS microprobe 1631



made using a scanning transmission X-ray microscope
(STXM) at the Advanced Photon Source revealed a
morphology consistent with the impact of a high-speed
projectile, and suggested a possible impact direction
(Butterworth et al. 2014). Based on the orientation of
the picokeystone in the aerogel cell, this impact
direction is not consistent with either a “midnight” or a
“6 o’clock” impact, the two most likely orientations for
an interstellar impact (Sterken et al. 2014; Westphal
et al. 2014b). While not completely ruling out an
interstellar origin, this orientation suggests that if the
feature in I1044,3,33 is an impact, then it probably
results from the impact of an interplanetary dust
particle.

Although the optical scanning employed in the
Stardust@Home project has successfully identified
several potential interstellar impacts (Westphal et al.
2014a), this possible impact feature was not identified
by the Stardust@Home optical scanning. The feature is
located approximately 40 lm from the area identified as
the candidate region (Fig. 3). The failure to detect this
surface feature by the Stardust@Home project may
result from the small size of the possible impactor.
Postberg et al. (2014) showed that analog shots of
particles <0.4 lm in diameter with capture speeds below
6 km s�1 have low detection efficiency by optical
microscopy.

Our observation, combined with the results of
Postberg et al. (2014), suggest that a parallel effort to
identify very small impact features in the SIDC by an
alternative technique is desirable. One possibility to
detect these small features is to employ Fe-mapping
(Flynn et al. 2009). An 0.3–0.5 lm diameter interstellar
or interplanetary particle with a CI-like Fe content would
easily be detectable by Fe mapping using an XRM with
a relatively large beam spot, e.g., approximately 3–10 lm
in diameter. The particle can then be located in
three dimensions using a simplified computed
microtomography technique, raster-scanning an aerogel
block at three different rotation angles, and recording the
positions of Fe hot-spots. If there are only a few Fe hot-
spots in the aerogel block, the locations of these hot-spots
can be determined by triangulation (Flynn et al. 2009).

I1001,1,16

The visible light image of I1001,1,16 shows a
feature, possibly a “crater” resulting from a high-
velocity impact, as well as a fracture in the aerogel
(Fig. 5). As with I1044,3,33, this interstellar candidate is
a surface feature with no obvious track. An XRF map
showed that the surface feature consists of a 4 9 10 lm
Si-rich region containing three much smaller element
hot-spots, two containing a significant amount of Fe

and the third containing Zn (Fig. 5). The three element
hot-spots as well as the entire Si-rich region were
selected for higher resolution data collection.

The two Fe hot-spots, Objects 1 and 2, have similar
element abundance patterns (Fig. 6), with the Mn/Fe
and Ni/Fe ratios plotting near CI, but showing large
enrichments over CI in all the other elements measured
except for S, Ti, and, in the case of Object 1, Ca. The
Zn hot-spot, Object 3, despite its very low Fe content,
shows the same flat pattern of Mn/Fe and Ni/Fe, but
large enrichments in all other detected elements. The
large Si-rich area was integrated over about half its
volume not including the two Fe hot-spots. Its pattern
is similar to that of the Zn hot-spot. The Si-normalized
element abundance pattern is distinctly different from
the aerogel contamination pattern, suggesting that the
Si-rich region is not simply compressed aerogel. As
Object 1 is simply embedded in a high-density Si region,

Fig. 5. Right: Visible light image (600 lm width) of
interstellar candidate I1001,1,16, showing a large crack as well
as the interstellar candidate feature (from Stardust Interstellar
Preliminary Examination wiki). Bottom: X-ray fluorescence
element maps of interstellar candidate I1001,1,16 showing a
surface feature that consists of a 4 9 10 lm Si-rich region
containing three small element hot-spots, two rich in Fe and
the third rich in Zn. Values in parentheses are the minimum
and maximum lg cm�2 used in applying the color scale bar.
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it is unclear if Object 1 is a captured particle or a
contaminant cast into the aerogel during manufacture.

We also performed XRM element mapping on
part of the large fracture in this picokeystone and
found an approximately 1 lm feature similar to the
Si and Fe hot-spot (Fig. 7) identified as the interstellar
candidate. The XRF spectrum for the object in the
“fracture” region, i.e., away from the interstellar
candidate region, was dominated by Ca, Cr, Fe, Ni,
Cu, and Zn with Fe/Ni close to CI, exhibiting a very
similar Fe- and CI-normalized element abundance
pattern to that of the Si-rich object in the interstellar
candidate area. This similarity of the feature in the
crack to the features in the interstellar candidate
region suggests that both may have a similar origin,
and demonstrates the value of analyzing material well
outside the interstellar candidate area to better
understand the distribution of elements in the aerogel
itself.

Neither Ce nor Al was detected in either of these Si
hot-spots, suggesting that they are not secondary
fragments from either the solar panels or the aluminum
deck.

I1075,1,25

Although a surface feature was identified by the
Stardust@Home project, once the interstellar candidate
I1075,1,25 picokeystone was extracted, there was no
visible track identified by the JSC Curatorial Facility,
although several opaque features, possible particles,
were visible in this picokeystone. We obtained element
maps of part of this picokeystone at low resolution, in
1 lm steps, searching for element hot-spots that might
identify a captured particle (Fig. 8a). We identified two
Fe hot-spots (spots A and B), located within 20 lm of
one another, and two additional Fe hot-spots (spots C
and D). These four hot-spots are distributed along an
almost straight line that points back to a linear feature
at the surface (Fig. 8a). This straight line distribution
of material is characteristic of an entry track; however,
no track is visible in the optical microscope and no
track was imaged in the STXM (Butterworth et al.
2014).

The Fe hot-spots A, B, and C were separately
analyzed at high resolution (100 nm step size). The
XRM spectra of these particles are easily

Fig. 6. Chondritic and Fe-normalized element abundance patterns in the four areas from I1001,1,16 identified in Fig. 5.
Downward arrows indicate detection limits for elements that were not detected.
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distinguishable from the aerogel background spectrum,
with the Ni/Fe ratio significantly lower than CI
(Fig. 8b). As there is no track associated with these
particles, they are, most likely, contaminants that were
cast into the aerogel during its manufacturing process,
although we are unable to exclude contaminants
emplaced on the surface of the picokeystone during
extraction. Spot D, also analyzed at high resolution
(100 nm step size), is generally similar in its element to
Fe ratios to Spots A, B, and C (Fig. 8b). However,
Spot D has a Ni/Fe ratio near the CI value. If, as the
absence of a track seems to indicate, Spot D is a
contaminant cast into the aerogel during manufacture,
this chondritic Ni/Fe ratio indicates that the Ni/Fe
ratio cannot be used robustly to distinguish
extraterrestrial particles from contaminants in the
SIDC.

The surface feature, possibly a bulb or entry hole,
was analyzed using the well-defined linear feature in
the Al map (Fig. 8a) to define the ROI for the feature.
The XRF spectrum of this feature is compared with the
spectrum of the aerogel in a feature-free region in
Fig. 9. The possible bulb has approximately CI Ni/Fe
and S/Fe ratios, but the K/Fe, Ti/Fe, V/Fe, Cr/Fe,
Mn/Fe, Cu/Fe, and Zn/Fe ratios are all significantly
elevated in this feature (Fig. 8b).

Although we analyzed all the interstellar candidates
under the same conditions, resulting in an
approximately uniform sensitivity for Al, this is the
only one of the six interstellar candidates analyzed at
the APS that showed a detectable level of Al in its
XRF spectrum (Fig. 9), indicating a very high Al
content as the sensitivity for light elements in this
XRM is low.

Because parts of the aluminum deck of the Stardust
sample return canister were within the field of view of
the interstellar aerogel collector during the interstellar
collection, we analyzed two samples, H6107-1 and
H6107-6, of this aluminum deck material with the XRM
on beamline X26A of the National Synchrotron Light
Source (Brookhaven National Laboratory, Upton, NY).
This XRM has an approximately 7 lm analysis spot.
We mapped areas on each of these two samples and
found hot-spots of Fe, Ni, and Zn. The element/Fe
ratios were determined for an average over each map as
well as for each individual hot-spot (Fig. 10). Neither
the average over the sampled portion of the aluminum
deck material nor any individual hot-spot was an exact
match for the material in the Al-rich region of
I1075,1,25. However, the abundance pattern of the
Al-rich region of I1075,1,25 was similar to the patterns
in H6107-6, suggesting that a secondary fragment of the

Fig. 7. Element maps (left) and chondritic normalized element/Fe ratios (right) for the Si-rich spot identified along the fracture
in I1001,1, 16. Values in parentheses are the minimum and maximum lg cm�2 used in applying the color scale bar. Downward
arrows indicate detection limits for elements that were not detected.

Fig. 8. a) Element maps, each 160 lm wide, of interstellar candidate I1075,1,25, showing four Fe hot-spots (Spots A, B, C, and
D) distributed along a line starting at a surface feature that is most pronounced in the Al, Cr, and Cu maps and visible in the Fe
maps as well. Values in parentheses are the minimum and maximum lg cm�2 used in applying the color scale bar. b) The
chondritic (CI) and Fe-normalized element abundance patterns of Spots A, B, C, D, the surface “bulb,” defined using the hot
area in the Al map, and the sum of all material in these five areas on interstellar candidate I1075,1,25. Downward arrows
indicate detection limits for elements that were not detected. The abundance pattern of the Al-rich surface feature has an Ni/Fe
ratio close to the CI value, but all the other detected elements, except S, are present in ratios to Fe that are well above the CI
pattern.
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aluminum deck material is a likely source of the surface
feature in I1075,1,25.

I1004,1,2

The visible light image of I1004,1,2 shows a well-
formed, off-normal, carrot track ending at a well-
defined terminal particle (Fig. 11). The presence of a
terminal particle at the end of a well-developed track

demonstrates that this was a high-speed capture event.
Low-resolution XRF maps detected element
concentrations (Fig. 11) at the surface of the aerogel
(Area 1), in a hot-spot to the left of the track (Area 2),
and in the terminal particle (Area 3).

The terminal particle was examined at higher spatial
resolution, using a 250 nm step size (Fig. 12). The total
Fe mass in the I1004,1,2 terminal particle is 110 fg,
which would correspond to an approximately 0.7 lm
diameter spherical particle having a CI-like composition
and an assumed density of approximately 3 gm cm�3.
The Si, S, K, and Cr maps, shown in Fig. 12, indicate
that the terminal particle is approximately 3 lm in
diameter, which would have a mass more than a factor
of 25 greater than the mass inferred for a CI-like Fe
concentration, suggesting that the terminal particle is
significantly depleted in Fe relative to the CI
composition.

The elemental composition of the terminal particle
was determined by extracting from the fluorescence map
the summed spectra from each of two ROI: a region
surrounding the terminal particle and a region of
aerogel as far from the terminal particle as possible.
The resulting XRF spectra and the abundance patterns
are also shown in Fig. 12. The large excess in counts for
the terminal particle over the aerogel background, when
both are scaled to the same number of pixels, for all
elements except Si, demonstrates the detection of these
elements associated with the terminal particle.

The CI-normalized abundance pattern of the
terminal particle (Fig. 12) shows depletions in Fe and
Ca relative to the other detected elements (S, K, Ti,
Cr, Mn, Ni, Cu, Zn). The Ni/Fe ratio is >1000.
Although Si, S, K, and Cr are distributed over the

Fig. 9. X-ray fluorescence spectrum of the Al-rich area of
I1075,1,25 (blue) compared with the aerogel background
spectrum (green) showing that Al, S, V, Cr, Fe, and Cu are
easily distinguishable from the aerogel background. The
counts in the background spectrum have been scaled to the
same number of pixels as the surface bulb spectrum.

Fig. 10. Comparison of the Fe- and CI-normalized element abundance patterns of the Al-rich region of interstellar candidate
I1075,1,25 with two samples of aluminum from the Stardust sample return capsule aluminum deck.
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Fig. 11. Left: Visible light image (140 lm width) of interstellar candidate picokeystone I1004,1,2 (from the Stardust Interstellar
Preliminary Examination wiki). Right: X-ray fluorescence map of interstellar candidate I1004,1,2 in approximately the same
orientation and size scale as the visible light image. The fluorescence map shows concentrations of Fe at the surface of the aerogel
(Area 1), a hot-spot to the left of the track (Area 2), and the approximately 3 lm terminal particle (Area 3). In the fluorescence
maps, the brightness scales with the element abundance, with the brightest pixels having the highest fluorescence signal for that element.

Fig. 12. Interstellar candidate I1004,1,2,0,0. Top left: Individual element fluorescence maps of the particle. Values in parentheses
are the minimum and maximum counts used in applying the color scale bar. The “region of interests (ROIs)” image shows the
locations of the two integration regions, particle (red) and background (green). Bottom: The resulting integrated X-ray
fluorescence spectra of the background region of the aerogel (blue) and the region around the particle (black). The background
spectrum was scaled to the Si Ka peak in the particle spectrum. Top right: The CI- and Fe-normalized element abundance
patterns of the particle; no background subtraction in black, Si-normalized background subtraction in blue. Downward arrows
indicate detection limits for elements that were not detected. The counts in the background ROI spectrum have been scaled to
the same number of pixels as the particle ROI spectrum.
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full approximately 3 lm terminal particle, the Ti, Mn,
Fe, Ni, Cu, and Zn are isolated in a small,
approximately 500 nm diameter, core region (see
Fig. 12).

The Fe map of I1004,1,2 also showed a number of
discrete Fe hot-spots near the surface of this
picokeystone. We performed element mapping of this
region as well, and determined the element/Fe ratios for
the four brightest Fe hot-spots (Fig. 13). The element

abundance patterns of these four spots are similar to
the pattern we obtained from the terminal particle,
suggesting that these spots are material removed from
the terminal particle during capture.

Neither the terminal particle nor the discrete Fe
hot-spots showed detectable Ce, indicating that they are
not contaminants from the solar cells.

Although we failed to detect Al in the XRM, the
sensitivity of this hard XRM drops rapidly for low-Z

Fig. 13. Interstellar candidate I1004,1,2,0,0. Left: High-resolution Fe element map showing the discrete Fe hot-spots near the
surface of the picokeystone. Right and bottom: CI- and Fe-normalized element abundance patterns of four of the brightest Fe
hot-spots. Downward arrows indicate detection limits for elements that were not detected.
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elements (see Fig. 1). STXM measurements indicate that
the terminal particle contains approximately 1.8 pg of Al
(Butterworth et al. 2014), giving an Al/Fe ratio of
approximately 16, about one-fourth the value we found
in the Al-rich bulb of I1075,1,25. The high Ni/Fe
(>1000 9 CI) in the terminal particle is quite different
from the Ni/Fe we found in either the Stardust
aluminum deck material (Fig. 10), where even the Ni
hot-spots had Ni/Fe <6 9 CI, or the Al-rich bulb of
I1075,1,25 (Fig. 9). But inhomogeneity in the Stardust
aluminum deck material leaves open the possibility that
I1004,1,2 is a secondary produced by an impact on the
aluminum deck. An impact producing an approximately
3 lm secondary should be accompanied by additional
secondaries, possibly in the micron to submicron size,
which have not been reported in this aerogel cell or the
foils adjacent to this aerogel cell. Alternatively, as
ancient interstellar dust with a diverse variety of
compositions and mineralogies has been identified in
meteorites, an interstellar or interplanetary origin for
this particle cannot be excluded based solely on its
composition.

I1001,2,17

I1001,2,17 was received at the APS with the
picokeystone portion curled over the thicker keystone
section (Fig. 14). No track or particles were visible in
an optical microscope examination of this
picokeystone. We mapped the picokeystone region
using the XRM and identified three low Si regions,
ranging from 1 to 5 lm in size, which were analyzed

at higher resolution (Fig. 15). Object 1 had
approximately CI Cr/Fe and Ni/Fe, but large
enrichments in most of the other elements were
detected. The other two had very low Ni/Fe, less than
1/100th the CI ratio as well as low S, Ca, Ti, Cr, Mn,
and Zn (Fig. 15). As the aerogel itself has an Ni/Fe
ratio greater than the CI value, the low Ni/Fe in Spots
2 and 3 indicates that these low Si spots are not
consistent with simply the background contamination
in the aerogel. Because the picokeystone overlays the
thicker keystone, we were not able to determine if
the low Si regions are in the picokeystone or the
underlying keystone.

I1044,2,32

I1044,2,32 was also received with the picokeystone
curled over the thicker keystone (Fig. 16). Again, no
track or particles were visible in optical microscope
examination. The XRF map of the candidate region
showed only a single approximately 5 lm Si hot-spot.
The spectrum of this Si rich region was quite similar
to the aerogel itself, consistent with higher density
aerogel. The high-resolution map showed a small
Fe-Ni hot-spot outside the Si enriched region (Fig. 16).
The integrated spectrum for this small particle showed
only Fe and Ni, with Ni/Fe approximately 60 9 CI,
detectable above the aerogel background. There is no
evidence of a track, possibly due to the curling of the
aerogel, but it seems likely that this Fe hot-spot is
simply a submicron Fe-Ni-bearing contaminant in the
aerogel.

Fig. 14. Left: Visible light microscope image (900 lm width) of interstellar picokeystone I1001,2,17, showing the picokeystone
folded over onto the thicker keystone section. Right: X-ray fluorescence Si map of the edge of the picokeystone, showing three
low-Si (dark) regions.
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Fig. 15. Left: X-ray fluorescence element maps of the three low-Si regions of I1001,2,17 (Objects 1, 2, and 3 from top). Values in
parentheses are the minimum and maximum lg cm�2 used in applying the color scale bar. Right: the CI- and Fe-normalized
element abundance patterns for each region (Objects 1, 2, and 3 from top). Downward arrows indicate region (Objects 1, 2, and
3 from top). Downward arrows indicate detection limits for elements that were not detected.
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CONCLUSIONS

Our results demonstrate the utility of synchrotron
XRF as a preliminary screening tool to determine the
abundances for elements with Z ≥ 19 (K) in submicron
particles embedded in Stardust aerogel. These XRM
measurements can be used to identify spacecraft
secondaries in the Stardust interstellar aerogel based on
similarity in composition to the measured compositions
of the solar panels and aluminum deck, and to identify
interstellar candidates, even those submicron in
diameter, exhibiting compositions consistent with
interstellar or interplanetary dust, which require further
analysis by other techniques.

Among the six interstellar candidates we analyzed,
only the surface feature in I1044,3,33 has an
approximately chondritic element abundance pattern.
Except for the elevated K and Zn and low S, this
element abundance pattern is consistent with the
expected mean composition of an approximately
350 nm interstellar or interplanetary dust particle. This
surface feature is consistent with the impact of a weak
high-speed particle. As this feature was not detected in
the Stardust@Home optical scanning of the aerogel cell,
if it was produced by the impact of an interstellar or
interplanetary dust particle, then the Stardust@Home
optical scanning may be inadequate to identify all
impact features produced by particles in the expected
interstellar size range. This suggests that the optical
search for interstellar candidates should be
supplemented with other search techniques.

Only one of the six interstellar candidates,
I1004,1,2, showed an obvious track with a terminal

particle. In comparison with CI, the terminal particle in
I1004,1,2 is depleted in Fe and Ca relative to the other
detected elements (S, K, Ti, Cr, Mn, Ni, Cu, Zn). This
element abundance pattern does not match the
composition of any of the analyzed spots of the
Stardust spacecraft components that were in the field of
view of the SIDC, but the high Al/Fe ratio suggests the
Al-deck of the Stardust sample return capsule as a
possible source. An interplanetary or interstellar origin
for the terminal particle cannot be excluded by our
measurements.

In both I1044,3,33 and I1004,1,2, we detected no
Ce, the expected signature of secondary fragments
produced by impacts into the Stardust solar panels. The
origin of the terminal particle in I1004,1,2 and the
surface feature in I1044,3,33 cannot be established
based solely on these elemental analyses.

A third interstellar candidate, I1075,1,25, showed
an Al-rich surface feature with a composition generally
consistent with the composition of aluminum deck
material of the Stardust sample return capsule, which
was in a position to contribute secondary ejecta to the
SIDC.

Although Fe is expected to be a major element in
interstellar dust, our measurements demonstrate the
presence of Fe hot-spots, presumably contamination, as
they were in or on the surface of the picokeystones but
not associated with tracks, which complicates any search
for interstellar particles by Fe-mapping techniques.
In addition, although the Ni/Fe ratio is generally a good
discriminator between primitive extraterrestrial materials,
with Ni/Fe approximately 1/18, and natural terrestrial
materials, with much lower Ni/Fe, we identified

Fig. 16. Left: Visible light microscope image (320 lm width) of interstellar candidate I1044,2,32 showing the curled edge of the
picokeystone. Right: X-ray fluorescence element maps showing the high-Si area, and a single, submicron high-Ni spot just
outside of the high-Si area. Values in parentheses are the minimum and maximum counts used in applying the color scale bar.
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submicron contaminants in or on the surfaces of the
Stardust interstellar aerogel picokeystone with Ni/Fe
ranging from approximately 60 9 CI to less than 1/100th
CI, demonstrating that the Stardust aerogel contains
man-made contaminants with Ni/Fe near or above the CI
value, precluding the use of the Ni/Fe ratio as an
identifier of extraterrestrial particles.
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