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INTERSTELLAR DUST

Evidence for interstellar origin of
seven dust particles collected by the
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Seven particles captured by the Stardust Interstellar Dust Collector and returned to Earth
for laboratory analysis have features consistent with an origin in the contemporary
interstellar dust stream. More than 50 spacecraft debris particles were also identified. The
interstellar dust candidates are readily distinguished from debris impacts on the basis of
elemental composition and/or impact trajectory. The seven candidate interstellar particles
are diverse in elemental composition, crystal structure, and size. The presence of
crystalline grains and multiple iron-bearing phases, including sulfide, in some particles
indicates that individual interstellar particles diverge from any one representative model
of interstellar dust inferred from astronomical observations and theory.

O
ur understanding of the properties of con-
temporary interstellar dust (ISD) has been
derived primarily from astronomical ob-
servations of the interstellarmedium (ISM),
including optical properties of the ISD and

remote spectroscopy of the gas composition
(1–3), and from in situmeasurements by the dust
analyzers on the Cassini, Ulysses, and Galileo
spacecraft (4–6). The canonical picture of ISD is
that it is dominated by ~0.2-mm-diameter (7) amor-
phous silicate grains, with or without carbona-
ceous mantles. However, the inferred properties
of the particles, including size distribution, den-
sity, and composition, are heavilymodel dependent.
Direct, laboratory-based measurement of re-

turned particles that may originate in the local
ISM (LISM) offers an independent test of the
assumptions on which the interpretation of
spectroscopy and in situ dust measurements rest.
Important questions to be addressed include: Is
there one dominant dust phase, and if so, what is
its composition? Is the dominant structure crys-
talline or amorphous? Is iron present in metal,
oxide, carbide, and/or sulfide phases? Are the
particles dense or fluffy? Is there evidence for
particle mantles of either organic or silicate-like
composition? We present here results from the

Stardust Interstellar Preliminary Examination
(ISPE) (8), in which we have identified seven dust
particle impacts of probable interstellar origin, to
address these and related questions. The identifi-
cation of these seven impacts is the result of a
massively distributed, volunteer-based, search of
opticalmicrographs of the aerogel collectors,man-
ual and automated searches of scanning electron
micrographs of aluminum foils, extensive coordi-
nated sample analyses, laboratory hypervelocity
impact experiments, and numerical modeling of
ISD propagation in the heliosphere. These are
described in detail in a series of papers (9–20)
published contemporaneously with this article;
see also supplementary materials online (21).
The 0.1-m2 Stardust Interstellar Dust Collector

(SIDC) consisted of an Al frame holding ultralow-
density silica aerogel tiles (8) that constitute 85%
of the exposed area and Al foils that constitute
the remaining 15%. The collector was exposed to
the expected interstellar dust stream, approxi-
mately from the direction of Ophiuchus (22), for
195 days in two periods in 2000 and 2002. The
low density of the silica aerogel enables capture
of hypervelocity particles with mild deceleration
as comparedwith other capturemedia, to limit the
capture alteration effects, and simultaneously

records particle trajectory in the formof a carrot-
shaped track. The optical transparency of the
aerogel allows for detection of tracks ≥2 mm in
diameter (9). The Al foil is a collectionmedium
that is complementary to the silica aerogel. Im-
pact residues on the foils are localized to craters
on the surface, which contain residue that is not
mixed with silica aerogel. Scanning electron mi-
croscopy (SEM) of the foils can identify impact
craters as small as 0.3 mm in diameter, corre-
sponding to ~0.2-mm-diameter particles (23, 24).
The criteria for identifying candidate inter-

stellar particles (table S1) in the two collection
media are slightly different. The first-order cri-
teria (levels 0 to 2) are that the shape of the
identified feature must be consistent with hyper-
velocity impact, and the captured particle or par-
ticle residue must have a composition that is
consistent with formation in space, and incon-
sistent with spacecraft materials, or aerogel im-
purities. The trajectory of the particle is taken
into consideration for the samples collected in
aerogel, but not for the foils, because crater shapes
depend strongly on the particle shape and com-
position, in addition to trajectory (25). The most
definitive indication of an interstellar origin
(level 3) for a particular particle would be an
oxygen isotope composition inconsistent with
solar system values. However, the converse is not
true—an oxygen isotope composition within the
range of solar system values does not uniquely
constrain the origin to the solar system. All seven

RESEARCH

1Space Sciences Laboratory, University of California at
Berkeley, Berkeley, CA, USA. 2Materials Science and
Technology Division, Naval Research Laboratory, Washington,
DC, USA. 3Advanced Light Source, Lawrence Berkeley
Laboratory, Berkeley, CA, USA. 4Geoscience Institute, Goethe
University Frankfurt, Frankfurt, Germany. 5State University of
New York at Plattsburgh, Plattsburgh, NY, USA. 6Jacobs
Technology/ESCG, NASA Johnson Space Center (JSC),
Houston, TX, USA. 7Institut für Geowissenschaften,
University of Heidelberg, Germany. 8Institut des Sciences de
la Terre, Observatoire des Sciences de l’Univers de Grenoble,
Grenoble, France. 9Institut für Raumfahrtsysteme (IRS),
University of Stuttgart, Stuttgart, Germany. 10IGEP, TU
Braunschweig, Braunschweig, Germany. 11Max Planck Institut
für Kernphysik, Heidelberg, Germany. 12International Space
Sciences Institute, Bern, Switzerland. 13Carnegie Institution
of Washington, Washington, DC, USA. 14Astromaterials
Research and Exploration Science, NASA JSC, Houston, TX,
USA. 15Field Museum of Natural History, Chicago, IL, USA.
16Deutsches Elektronen-Synchrotron, Hamburg, Germany.
17Space Research Centre, University of Leicester, Leicester,
UK. 18Department of Astronomy, University of Washington,
Seattle, WA, USA. 19University of Kent, Canterbury, Kent, UK.
20University of Ghent, Ghent, Belgium. 21University of New
Mexico. 22European Synchrotron Radiation Facility (ESRF),
Grenoble, France. 23University of Chicago, Chicago, IL, USA.
24Washington University, St. Louis, MO, USA. 25Max-Planck-
Institut für Kernphysik, Heidelberg, Germany. 26Max-Planck-
Institut für Chemie, Mainz, Germany. 27615 William Street,
Apt 405, Midland, Ontario, Canada. 28Natural History
Museum, London, UK. 29Advanced Photon Source, Argonne
National Laboratory, Lemont, IL, USA. 30Ecole Normale
Superieure de Lyon, Lyon, France. 31University Lille 1, France.
32University of Hawai’i at Manoa, Honolulu, HI, USA. 33NASA
Ames Research Center, Moffett Field, CA, USA. 34IRS,
University Stuttgart, Stuttgart, Germany. 35Jet Propulsion
Laboratory, Pasadena, CA, USA. 36Wexbury, Farthing Green
Lane, Stoke Poges, South Buckinghamshire, UK.
37Worldwide. List of individual dusters is at http://
stardustathome.ssl.berkeley.edu/sciencedusters.
*Corresponding author. E-mail: westphal@ssl.berkeley.edu
†Deceased.

786 15 AUGUST 2014 • VOL 345 ISSUE 6198 sciencemag.org SCIENCE



of the captured particles reported here are level 2
candidates, for which the oxygen isotope data
are either not yet available, or are consistent with
solar values. This means that although an in-
terstellar origin cannot be definitively proven for
the particles, other origins, including as inter-
planetary dust, have been determined to be sta-
tistically less likely than an interstellar origin.
Three interstellar candidates were identified in a
search of ~250 cm2 of the exposed aerogel, and
four interstellar candidates were identified in a
search of ~5 cm2 of the exposed Al foil.

Identification and analysis of candidates
in aerogel

We identified 71 tracks in an examination of
slightly over half of the aerogel tiles in the
SIDC. All but two were identified through the
Stardust@home project (9, 10), in which volun-
teers searched online for tracks in digital micro-
graphs of the aerogel collector. We extracted a
subset of these tracks in volumes of aerogel, called
“picokeystones” (10, 26), and mounted them be-
tween 70-nm-thick Si3N4 membranes to protect
from loss and contamination. Picokeystones
were subsequently analyzed at one or more of
six synchrotronswith techniques including scan-
ning transmission x-raymicroscopy (STXM) (12),
Fourier transform infrared spectroscopy (FTIR)
(11), x-ray fluorescence spectroscopy (XRF) (13–15),
and x-ray diffraction (XRD) (16). Forty-six of the
tracks are consistent in their trajectories with an
origin as secondary ejecta from impacts on the
aft solar panels, and this origin was confirmed
for four tracks (12–15) by the presence of cerium,
a cosmically rare element present in the glass
covering the spacecraft solar panels. The remain-
ing 25 so-calledmidnight tracks have 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 (20). The
ambiguity in origin of these 25 tracks is due to
the articulation of the collector on its arm during
the exposure (27). Because of the extremely lim-
ited amount of sample, we analyzed only the first
13 midnight tracks identified. Six showed alumi-

numx-ray absorptionnear-edge structure (XANES)
spectra consistent with Al metal. These tracks
are consistent with Al ejected from the sample
return capsule by micrometeoroid impacts. Three
tracks showed heavy-element abundances that
pointed away from an extraterrestrial origin, and
one could not be analyzed because of unusually
high aerogel density. We focus here on three
midnight tracks that are consistent with an
extraterrestrial origin.
I1043,1,30,0,0 (“Orion”) (Fig. 1) is a multicom-

ponent, low-density particle compositionally con-
sistent (see Table 1 for all particle characteristics)
with a mixture of forsteritic olivine, magnesium-
spinel, and iron-bearing phases with minor ele-
ments calcium, chromium,manganese, and nickel.
Further composition details and discussion of
errors are available (21). XRD and STXM analy-
ses show a good fit to polycrystalline olivine, with
mosaiced domains showing broadening in x-ray
diffraction extending over 20°, nanocrystalline
spinel, two undetermined crystalline phases of
unknown composition, and an amorphous mag-
nesium, aluminum oxide phase. One of the un-
identified crystalline phases is consistent with
iron metal nanoparticles. We derived an average
density of ~0.7 g cm−3. Elemental abundances
normalized to magnesium and the composition
of CI meteorites, whose abundances of non-
volatile elements are nearly identical to those of
the Sun, and hence the bulk solar system, show
10-fold enrichments in aluminum and theminor
element copper; depletions for silicon and calcium;
and near normal iron, chromium, manganese,
and nickel. Magnesium was used for normaliza-
tion rather than the more usual silicon because
its abundance could be measured precisely by
STXM, whereas the silicon abundance is less cer-
tain owing to the silica aerogel background. Com-
parison of the Orion track morphology with
hypervelocity analog shots (17) indicates a cap-
ture speed <10 km s−1.
I1047,1,34,0,0: (“Hylabrook”) (Fig. 2) is a

magnesium-, iron-, and silicon-rich ~4-pg particle
with a mosaiced, partially amorphized, forsteritic
olivine core. This core is surrounded by a low-

density halo, compositionally modeled as disor-
dered magnesium-silicate, amorphous oxidized
aluminum, amorphousmetal oxides, and an iron-
bearing phase, which may include reduced iron
nanoparticles. The overall density of the particle
(as captured)was ~0.3 g cm−3. Themajor elements
magnesium, silicon, and iron are present in CI-like
relative proportions; magnesium-normalized ele-
mental abundances show depletions in calcium
and nickel, and enrichments in chromium, man-
ganese, and copper, relative to CI. XRD data pro-
vide a good match to mosaiced olivine with an
internal strain field up to 0.3%. The magnesium
XANESspectrumshows thatmagnesium is present
both in Hylabrook’s crystalline core and in a
partially amorphized olivine shell. The morphol-
ogy of the track indicates that Hylabrook was
also captured at <10 km s−1 (17).
Comparison of the morphology of track

I1003,1,40,0,0 (“Sorok”) with laboratory experi-
ments (17) indicates that the capture speed was
>15 km s−1 and that the original projectile had a
mass of ~3 pg (Fig. 3). Silicon and carbon were
detected in the track walls, but it is not clear
whether the carbon is projectile residue, or car-
bon indigenous to the compressed aerogel, be-
cause carbon contamination is known to bepresent
in the Stardust aerogel collectors (28). Organic
materials are below detection limits in an FTIR
analysis (11). Magnesium and aluminum were
below detection limits in STXM analysis. If this
particle had iron contents similar to those of
Orion orHylabrook and the entire particle residue
were retained in the track, iron should have been
detectable with STXM in the trackwalls. The non-
detection of iron implies that either the original
projectile was relatively iron-poor compared to
Orion and Hylabrook, or that relatively little of
the original projectile was retained in the track.

Identification and analysis of candidates
on the aluminum foil

We identified 25 crater-like features after an
automated SEM-based search of 13 individual Al
foils (19). Elemental analysis, by either Auger
electron spectroscopy or energy dispersive x-ray
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Fig. 1. Track I1043,1,30,0,0 (“Orion”). (A) Tri-color iron, calcium, (chromium+manganese) elemental map derived from XRF data. Colors are scaled to
span the entire range of each element. (B) XRD pattern taken at 13.9 keV. Tick marks at d-spacings of 6, 3, and 2 Å are indicated. (C) Phase map. Colors
indicate olivine (green), spinel (red), and an unidentified phase (blue).
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spectroscopy (EDS), indicates that most of these
features are impacts from fragments of the space-
craft solar panels. These craters contain residues
rich in elements that are associated with the
solar panel cover glass (boron, cerium, zinc, and
titanium) and antireflection coating (fluorine),
and that are of low cosmic abundance. Five of the
features are associated with native defects in the
foil and are not impact craters. Four of the im-
pact craters contain residues with compositions
inconsistent with spacecraft origin or native foil
defects. The diameter of these candidate inter-
stellar craters ranges from 0.28 to 0.46 mm. The
crater diameter (Dc) is a function of particle di-
ameter (Dp), capture speed, and density (23, 24),
withDc ~ 1.6Dp for silica spheres impacting Al1100
alloy at 6.1 km s−1. Thus, the diameters of the
particles that produced the craters range from
~0.2 to 0.3 mm. We extracted cross-sections of
these craters with focused ion beam milling and
then analyzed the cross-sections with scanning
transmission electron microscopy (STEM) (19).
Dark-field STEM images and EDSmaps (Fig. 4)

of the cross-sections show the diversity of parti-
cle structure and composition. The residue in
I1044N,3 is a silicate with a heterogeneous dis-
tribution of Mg, Si, and Fe, and no detectable
sulfur. The residues in I1061N,3, I1061N,4, and
I1061N,5 show both silicate and sulfide compo-
nents. The shape of the crater provides an in-
dication of the original distribution of the silicate
and sulfide components, i.e, whether the impact-
ing particle was a compact object with a single
center of mass (1044N,3 and 1061N,3), or an ag-
gregate with a few distinct centers of mass

(I1061N,4 and I1061N,5). Quantitative individual
element maps, including Ni, are shown in fig. S5.
Oxygen isotopic ratios were measured by sec-

ondary ion mass spectrometry on two of the
crater cross-sections (21) and found to be consistent
with solar system values within errors (Table 1).
Oxygen isotope measurements of the two other
craters were not possible owing to damage of the
sections during transport between laboratories.

Low probability of an interplanetary origin

The combination of the elemental compositions
of the seven ISD candidates with their impact
feature characteristics (i.e., track shape and di-
rection, or cratermorphology) demonstrates that
they are extraterrestrial in origin. However, fur-
ther information is needed to distinguish be-
tween a possible interplanetary origin and an
interstellar origin. The determination of origin
cannot be based on elemental composition alone,
because of the similarity of the solar nebula and
the LISM in gas composition, and the overlap in
range of temperature and pressure conditions at
which dust condenses. The products of gas-solid
condensation in each environmentwill share some
common phases, including amorphous and crys-
talline silicates, oxides, and potentially also sul-
fides. For example, a ubiquitous component of
primitive, probably cometary, interplanetary dust
particles (IDPs) consists of GEMS (glass with
embedded metal and sulfides) particles, which
are similar to the canonical ISD particle in size,
composition, and lack of crystallinity in the si-
licate phase and thus have been argued to be
preserved interstellar particles (29). However,

the origin of GEMS remains highly controversial
(30). Only a small fraction of GEMS particles
have oxygen isotopic anomalies proving an ori-
gin outside the solar system, but particles formed
in the ISM at the time of solar birth could have
had solar isotopic signatures.
Three of the four crater ISD candidates show

elemental compositions within the range reported
for GEMS, and two of these have solar-system–
like oxygen isotopic ratios. The lack of strong
oxygen isotopic anomalies rules out an origin in
stellar outflows as inferred for meteoritic pre-
solar grains. However, as with GEMS, normal oxy-
gen isotopic composition does not preclude an
origin in the ISM, because the range of isotopic
compositions measured in the present-day ISM
overlaps solar system values (fig. S5). The fourth,
I1044N,3, has a lower silicon and higher oxygen
content than GEMS and is thus more consistent
with average values for the ISM dust composition
(2). Orion and Hylabrook are distinct from GEMS
in size, composition, and/or degree of crystallinity,
but both are composed of phases previously ob-
served in interplanetary and circumstellar particles:
Orion contains olivine and spinel-like amorphous
oxide; the magnesium-rich amorphous content of
Hylabrook appears to be a rim on an interior
olivine, rather than a distinct amorphous silicate.
Because of the ambiguity in distinguishing in-

terstellar and interplanetary origins on the basis
of chemical and isotopic compositions, stronger
constraints on the particle origin(s) come from the
geometry of the Stardust interstellar collection.
Modeling indicates that very few IDP impacts
on the SIDC are expected to coincide with the

Table 1. Summary of interstellar candidates.

ID Mass or diameter Composition Structure
Capture speed

(km s−1)

I1043,1,30,0,0 (“Orion”) 3.1 T 0.4 pg Forsteritic olivine core (Mg2SiO4, 19 mol %), +
nanocrystalline spinel + amorphous

(MgAl2O4, 27 mol %) + Fe-bearing phase
(47 mol %) with 7 mol % minor elements

Cr, Mn, Ni, and Ca.

Low density
(0.7 g cm−3)

<<10

I1047,1,34,0,0 (“Hylabrook”) 4.0 T 0.7 pg Forsteritic (Fo>80) olivine core
(Mg2SiO4 30 mol %) surrounded by a
low-density halo including amorphous
Mg-silicate (1 mol %) + Al-, Cr-, Mn-

(15 mol %), + Fe-bearing
(54 mol %) phases.

Low density
(<0.4 g cm−3)

<<10

I1003,1,40,0,0 (“Sorok”) ~3 pg Possible Si + C > 15
I1044N,3 0.28-mm crater Mg, Fe-rich silicate (Mg+Fe)/Si = 3.3 Single particle with

chemical zoning
>10

I1061N,3 0.37-mm crater Silicate (Mg:Fe:Si = 0.58:0.22:1 atomic %) +
FeS d17O = −13 T 30‰, d18O = 11 T 13‰,

18O/17O = 5.36 T 0.18 (1s errors)

Single particle or
nanoscale aggregate

~ 5 to 10

I1061N,4 0.39-mm crater Silicate (Mg:Fe:Si = 0.33:0.15:1 atomic%) +
Fe, Ni metal and sulfide

Two-particle aggregate
with zoning of metal

and sulfide

~ 5 to 10

I1061N,5 0.46-mm crater Silicate (Mg:Fe:Si 0.57:0.15:1 atomic %) +
Fe metal and Fe, Ni sulfide d17O = −85 T 61‰,
d18O = −20 T 27‰, 18O/17O = 5.61 T 0.36

(1s errors)

Nanoparticle aggregate ~ 5 to 10
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“midnight” direction where interstellar impacts
occur (10, 19), and we observed no tracks in the
angular range where IDPs should have their max-
imum flux, indicating that the IDP background is
small. Based on the observed angular distribu-
tion of captured particles, andmodel trajectories,
the statistical likelihood of an interplanetary ori-
gin for all three interstellar dust candidates in
aerogel is <0.03% (10, 20). The ecliptic longitude
of the interstellar dust radiant that best fits the
observed trajectories of the three candidates in
aerogel is somewhat larger than anticipated
(9, 18, 20) based on observations from Ulysses
andGalileo, but thismay indicate a real long-term
radiant shift, which is consistent with a long-term
increase in radiant longitude in neutral helium,
currently a topic of discussion (22, 31).
Although the trajectories of the four foil inter-

stellar candidates are unknown, statistical argu-
ments based on trajectories still apply. We used
the interplanetary micrometeoroid environment
model (IMEM) (21, 32) to estimate the fluence of
IDPs >10−14 g collected to be 0.17 cm−2. The ob-
served impact density of nonterrestrial materials

on the foils is 0.8 cm−2, and thus the fraction of
impacts of interplanetary origin is estimated to
be 0.17/0.8 = 0.2. This value is in good agreement
with the preflight estimates of Landgraf et al.
(33), who predicted a total collected particle count
of 120 (80 <2 mm and 40 >2 mm diameter) inter-
stellar particles and 20 IDPs. With the conserva-
tive assumption that all of the interplanetary dust
is <2 mm, this equates to 100 small particles (80
interstellar and 20 interplanetary), of which 20%
should be interplanetary. Based on the good agree-
ment of these two model calculations, we take
20% to be the probability of an interplanetary
origin for any one impact, and <0.16% to be the
probability that all four craters are interplan-
etary in origin. The latter estimate assumes an
uncorrelated origin for the impacting particles.
A correlated origin as secondary ejecta from
micrometeroid impacts on the sample capsule or
solar cell array can be discounted: In the ejecta
of such impacts, spacecraft material is expected
to dominate over impactor material by about
two orders of magnitude (9, 20) and to have
lower impact velocity and shallower impact depth

than should be observed for interstellar candi-
date craters (34). This is inconsistent with the
observed low ratio of target/projectile material
in the impacts, even accounting for the low sta-
tistics (35), and the observed interstellar can-
didate crater morphologies. A correlated origin
as fragments of asteroidal or other collisional
products can also be discounted. Such an origin
would require a mechanism for maintaining cor-
related particle trajectories over large distances,
against the differential solar light pressure and
Lorentz forces that act on this size of particles.
We conclude that an interstellar origin is most
likely for the four candidate impact craters.

Implications for dust observations
and modeling

Assuming that the captured particles are indeed
all of interstellar origin, we can use their charac-
teristics to address questions about the proper-
ties of contemporary interstellar dust. The particles
in the aerogel and those in the foil represent two
different size regimes. The particles captured in
aerogel are >1 mm in diameter (~3 pg), which is
consistent with the masswise dominant com-
ponent of the dust sampled by in situ instruments
on Ulysses and Galileo, but several hundred times
moremassive than themaximumdust size deter-
mined from observations of the ISM. The spec-
troscopic observations indicate a typical particle
size of ~200 nm (~100 attograms for a density of
~2 g cm−3). The particles captured in the Al foil
are closer in size to that inferred for typical ISM
particles by astronomicalmeans. However, the in
situ spacecraft data and models of heliospheric
filtering (18) indicate that abundance of these
particles is strongly reduced at 2 astronomical
units compared to interstellar space than are the
picogram-sized grains (36). Compared to the pre-
dictions prior to the Stardust sample return, we
observed an order of magnitude fewer large par-
ticles (picogram-sized) and a factor of ~4 more
small particles (attogram-sized) than expected
from the in situ data.
The elemental compositions of the captured

particles are generally consistent with expec-
tations for ISD. Magnesium-rich silicates are
common to all of the particles except Sorok, for
which the actual particle composition could
not be determined. In five of the particles (Orion,
Hylabrook, and craters 1061N,3, 1061N,4, and
1061N,5), one or more distinct iron-rich phases
were also observed. Some of the iron in Orion and
Hylabrook may be in reduced form, and three of
the particles captured in foil show FeS, and
possibly metallic Fe. The chemical form of iron
in ISD is uncertain. Estimates of the iron content
of interstellar silicates varywidely [e.g., (37)], and
the variation in Fe:Mg gas depletions in different
regions of the ISM indicate that one or more
iron-rich dust phases distinct from themagnesium-
rich silicate are expected. The particular phase or
phases are not known, because they do not pro-
vide distinct features in the ISM infrared (IR)
spectra. Nanophase metallic Fe or FeS would be
possible candidates, as both have broad, feature-
less IR spectra, and these phases are ubiquitous

SCIENCE sciencemag.org 15 AUGUST 2014 • VOL 345 ISSUE 6198 789

Fig. 2. Track I1047,1,34,0,0 (“Hylabrook”). (A) Bi-color olivine + amorphous phase map derived
from STXM Mg XANES data. (B) XRD pattern taken at 13.9 keV. Tick marks at d-spacings of 6, 3, 2,
and 1.55 Å are indicated.

Fig. 3. Track I1003,1,40,0,0 (“Sorok”). (A) Optical micrograph of Sorok in its picokeystone. (B)
STXM absorption map at 280 eV with overlaid map of carbon (red).

RESEARCH | RESEARCH ARTICLE



components of primitive solar nebular materials
and thus may also form as circumstellar and/or
interstellar particles. The presence of a sulfide
dust component in the ISM is a matter of debate.
Mostmeasurements of the ISM gas indicate little
or no depletion of sulfur, compared to the solar
abundance, which supports a lack of condensed
sulfur-rich dust. However, uncertainty in deter-
mining the ISM gas-phase sulfur abundance and
the difficulty of detecting nanophase sulfides with
IR spectroscopy do not rule out the possibility
that FeS nanoparticles are a component of ISM
dust (38).
The crystallinity of the silicates in Orion and

Hylabrook is unexpected. Spectroscopicmeasure-
ments of interstellar silicates indicate that <2.2%
are crystalline (39, 40). Irradiation of the particles
by gas accelerated by shockwaves in the diffuse
intercloud medium are believed to effectively
amorphize silicates in typical (~100 nm) ISD par-
ticles (41), but crystalline materials are probably
preserved in the interiors of larger (>1 mm) par-
ticles. Crystalline silicates are observed in the out-
flows of oxygen-rich AGB stars (42) and observed
as preserved presolar circumstellar particles in
IDPs (43) and meteorites (44). Because the frac-
tion of themass contained in particles as large as
Orion and Hylabrook (>3 pg) is <<1% of the
condensed component of the ISM, the observa-
tion of crystalline material in them does not
violate astronomical upper limits on silicate
crystallinity (39, 40). The mineralogical complex-
ity of Orion may be consistent with assembly
from small crystalline and amorphous compo-
nents in a cold molecular cloud environment,
whereas Hylabrook may be consistent with a
single processed circumstellar condensate. This
hypothesis may be testable by a future measure-
ment of the isotopic composition of oxygen. The
residues of the particles captured in the Al foil
appear to be amorphous, but whether this is an
original feature or an effect of hypervelocity cap-
ture alteration is unclear. Three of the four
craters contain sulfides, whereas Orion contains
only minor amounts of sulfur andHylabrook has
no appreciable sulfur content. Thismaybe a further
indication that larger particles sample a funda-
mentally different reservoir than small particles.

Optical and mechanical properties
inferred from dust dynamics and statistics

Our measured fluence of >1-mm-diameter par-
ticles is ~1/10 of the prelaunch estimate (33).
Because we used control images to measure
detection efficiency in the Stardust collector,
we can be confident that the difference is not
due to detection inefficiency of high-speed im-
pacts. However, the dynamics of nanometer- and
micrometer-size particles in the heliosphere are
strongly affected by radiation pressure exerted
by sunlight. To investigate whether repulsion of
interstellar dust by sunlight might play a role in
reducing the flux in the inner solar system, we
compared our observations of the track diameter
distribution for our interstellar candidates with
predictions of a model of interstellar dust prop-
agation based on the Ulysses and Galileo (U/G)

observations. We used a standard model of the
optical properties of interstellar dust as a func-
tion of particle size (4) and the high-speed lab-
oratory calibrations of interstellar dust analogs
carried out as part of the present effort (17). We
observed a markedly lower flux of high-speed
interstellar dust than predicted by this model
(Fig. 5), but a model developed as part of the
ISPE (18) in which the optical cross section of
the dust is larger and which takes into account
Lorentz forces, is consistentwith the observations.

Further, the standardmodel predicted that nearly
all impacts would be at high speed (>>10 km s−1),
because the model of optical properties assumed
relatively compact, high-density dust particles.
However, two of the three candidate impacts >1 mm
were captured with speeds <<10 km s−1. These ob-
servations can be most easily understood if inter-
stellar dust in this size range consists of low-density
material with a wide distribution of b, the ratio of
radiation pressure force to gravitational force.
Canonical ISD structures (2) consistent with such

Fig. 4. Candidate interstellar dust impacts in Al foil. Dark-field STEM images (top row) and composite
EDS element maps showing the Mg-Si-Fe and O-S distributions of the four candidate impacts. Pt and C
refer to FIB-deposited protective masks. Scale bars: 100 nm.

Fig. 5. Observed and pre-
dicted interstellar dust
fluence. Comparison of
the integral track areal
density as a function of
diameter observed in the
Stardust aerogel collectors
with the predictions of a
model based on Ulysses
and Galileo in situ
observations (solid curve).
The lower segment is the
measured value, and
stepped curves are 1s and
2s upper limits. For the
prediction, we used an
empirical model of track
diameter versus particle
diameter and capture
speed derived from
laboratory calibrations (13), and a standard model of b versus particle size (4). The dashed curve is a
similar prediction based on work done under the ISPE (18), which includes a model of the optical
properties of ISD with larger values of b, and includes Lorentz forces. The dot-dashed curve shows
the same calculation, but with b taken to be three times the standard model of Landgraf et al. (4).
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low-density particles include spheres with silicate
cores andorganicmantles, carbonaceous spheres,
or aggregates of these. Of the seven candidate
ISD particles, one is plausibly dominated by car-
bon and one is primarily a single silicate with a
mantle-core structure, whereas the others are
complex aggregates of various micrometer- to
nanometer-size phases such as oxides, metal,
and sulfides, in addition to silicate (Table 1).
The need for internal consistency leaves us

with a twofold conclusion: If large interstellar
dust particles consist of compact silicates with
optical properties similar to those assumed by
Landgraf et al. (4), then our results are in conflict
with the U/G observations, and consistent with
astronomical observations (45). By contrast, if
large interstellar dust particles have low den-
sities, which appears to be more likely based on
trajectories, capture speeds, and compositions of
our candidates, then our data can be consistent
with the U/G observations, and possibly also with
the astronomical observations, depending on the
(currently unknown) wavelength dependence of
the extinction cross sections of these particles.
The latter conclusion is encouraging news for
any future sample-return missions with the goal
of capturing large numbers of relatively intact
interstellar dust particles.
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Pseudo–three-dimensional maps of the
diffuse interstellar band at 862 nm
Janez Kos,1* Tomaž Zwitter,1 RosemaryWyse,2 Olivier Bienaymé,3 James Binney,4
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The diffuse interstellar bands (DIBs) are absorption lines observed in visual and near-
infrared spectra of stars. Understanding their origin in the interstellar medium is one of the
oldest problems in astronomical spectroscopy, as DIBs have been known since 1922. In a
completely new approach to understanding DIBs, we combined information from nearly
500,000 stellar spectra obtained by the massive spectroscopic survey RAVE (Radial
Velocity Experiment) to produce the first pseudo–three-dimensional map of the strength
of the DIB at 8620 angstroms covering the nearest 3 kiloparsecs from the Sun, and
show that it follows our independently constructed spatial distribution of extinction by
interstellar dust along the Galactic plane. Despite having a similar distribution in the
Galactic plane, the DIB 8620 carrier has a significantly larger vertical scale height than the
dust. Even if one DIB may not represent the general DIB population, our observations
outline the future direction of DIB research.

D
iffuse instellar bands (DIBs) are wide and
sometimes structured absorption lines in
the optical and near-infrared (NIR) wave-
lengths that originate in the interstellar
medium (ISM) and were discovered in

1922 (1, 2); more than 400 are known today (3),
but their physical carriers are still unidentified
(4–8). Their abundances are correlated with in-
terstellar extinction and with abundances of
some simple molecules (9), so DIBs are probably

SCIENCE sciencemag.org 15 AUGUST 2014 • VOL 345 ISSUE 6198 791

RESEARCH



www.sciencemag.org/345/6198/786/suppl/DC1 
 

 

 
 

Supplementary Materials for 
 

Evidence for interstellar origin of seven dust particles collected by the 
Stardust spacecraft 

 
Andrew J. Westphal,* Rhonda M. Stroud, Hans A. Bechtel, Frank E. Brenker, Anna L. 
Butterworth, George J. Flynn, David R. Frank, Zack Gainsforth, Jon K. Hillier, Frank 
Postberg, Alexandre S. Simionovici, Veerle J. Sterken, Larry R. Nittler, Carlton Allen, 
David Anderson, Asna Ansari, Saša Bajt, Ron K. Bastien, Nabil Bassim, John Bridges, 

Donald E. Brownlee, Mark Burchell, Manfred Burghammer, Hitesh Changela, Peter 
Cloetens, Andrew M. Davis, Ryan Doll, Christine Floss, Eberhard Grün, Philipp R. Heck, 
Peter Hoppe, Bruce Hudson, Joachim Huth, Anton Kearsley, Ashley J. King, Barry Lai, 
Jan Leitner, Laurence Lemelle, Ariel Leonard, Hugues Leroux, Robert Lettieri, William 

Marchant, Ryan Ogliore, Wei Jia Ong, Mark C. Price, Scott A. Sandford, Juan-Angel 
Sans Tresseras, Sylvia Schmitz, Tom Schoonjans, Kate Schreiber, Geert Silversmit, 
Vicente A. Solé, Ralf Srama, Frank Stadermann, Thomas Stephan, Julien Stodolna, 

Stephen Sutton, Mario Trieloff, Peter Tsou, Tolek Tyliszczak, Bart Vekemans, Laszlo 
Vincze, Joshua Von Korff, Naomi Wordsworth, Daniel Zevin, Michael E. Zolensky, 

30714 Stardust@home dusters 
 

*Corresponding author. E-mail: westphal@ssl.berkeley.edu 
 

Published 15 August 2014, Science 345, 786 (2014) 
DOI: 10.1126/science.1252496 

 
This PDF file includes: 
 

Materials and Methods 
Supplementary Text 
Figs. S1 to S9 
Tables S1 to S3 
References  



 
 

Materials and Methods 
The methods and measurements are described in detail in the series of supporting papers 
published contemporaneously with this article (9-20). 
 
Table S1. Criteria for Classification of Captured Candidate Interstellar Particles.  
 Aerogel Al Foil 
Level 0 Impact-like feature in 

aerogel 
Impact-like feature in the 
foil 

Level 1 Track or impact feature 
definitively confirmed by 
high-resolution optical 
microscopy 

Impact crater confirmed by 
scanning electron 
microscopy 

Level 2 Trajectory consistent with 
interstellar origin and 
composition inconsistent 
with spacecraft materials 

Residue composition 
inconsistent with spacecraft 
materials 

Level 3 O isotope composition 
inconsistent with solar 
values 

O isotope composition 
inconsistent with solar 
values 

 
 

Supplementary Text 
 
1. Backgrounds 
 
The two sources of background in the search for interstellar dust particles are 
interplanetary dust particles and particles in the secondary ejecta from micrometeoroid 
impacts on the spacecraft that are dominated by extraterrestrial projectile material.  We 
have presented assessments of both background sources in (10), but expand on them here. 
 
To assess the probability that the three interstellar candidates in aerogel have an 
interplanetary rather than interstellar origin, we used our observation of zero 
interplanetary dust particles in the range of azimuth angles that mostly excludes 
secondary ejecta from impacts on the SRC deck or on the solar panels.   We test the 
hypothesis that three interplanetary dust particles, following the distribution shown in 
Fig. 2 of Frank et al. (10), would fall into the azimuth range consistent with an origin in 
the interstellar dust stream. Using a Monte Carlo simulation, we find that this probability 
is less than ~3×10-4.  Distributions for inclination and eccentricity for the Monte Carlo 
simulation of IDP trajectories were taken from the model of Nesvorny  (46).  Semi-minor 
axes were not given in that paper, but we found that the results were insensitive to the 
distribution of semi-minor axis.  In Fig. 2 of Frank et al. (10 ) we assumed a uniform 
distribution of semi-major axis from 3 AU to 9 AU.   We assumed an equal probability of 

1 
 



 
 

capture for each of the 195 days of the exposure, and an equal probability of capture for 
inbound or outbound sections of the orbit.  We also note that the 99% of the 
interplanetary micrometeoroids observed in the Monte Carlo simulation were captured at 
speeds > 7.5 km sec-1, which appears to be inconsistent with the low capture speeds of 
Orion and Hylabrook.   
 
Asteroidal dust is a possible source of background in the identification of interstellar dust.   
Nesvorny et al. (46) found that the fraction of interplanetary dust that has an asteroidal 
origin is <15% within 10º of the ecliptic, and that most interplanetary dust has a cometary 
origin, which we modeled by Monte Carlo (Fig. 2 of Frank et al.).  Thus, our upper limit 
on interplanetary cometary dust gives an even stricter upper limit on asteroidal dust, by at 
least a factor of six.   
 
To investigate this possibility further, we performed Monte Carlo simulations of capture 
trajectories of asteroidal dust in the collector.  The two largest populations of asteroidal 
dust are the Karin and Veritas populations (47). We used the approximate distributions of 
eccentricity, semi-major axis and inclination for these two populations given by 
Nesvorny et al. (47).   In both cases,  all 10,000 simulations of particle trajectories 
appeared at azimuths far from those of the three candidates in aerogel, and in the opposite 
hemisphere of the sky (Figs. S1 and S2).   Simulations of dust impacts from rare, so-
called main-belt comets (Jewitt et al.) (48), Hsieh et al. (49)) give similar results. We also 
carried out a Monte Carlo simulation of the impact directions of hypothetical particles 
ejected from 1087 Main Belt asteroids, taken from the SKADS catalog (50).   The 
trajectories are shown in Fig. S3.  2.0% of the simulations fall in the azimuth range 
consistent with the three candidates in aerogel, so the probability that all three candidates 
in aerogel are drawn from this distribution is 8x10-6. Azimuth angle measurements were 
conducted on the particle tracks before extraction of the tracks from the aerogel tiles, and 
before extraction of the tiles from the tray.   We monitored changes in zenith angle during 
tile or picokeystone extraction using fixed artificial reference tracks in the same 
picokeystones.  In all cases errors in trajectory measurements were negligible compared 
with spacecraft wobble. 
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Fig. S1. Monte Carlo simulations of the trajectories of asteroidal particles from the Karin 
population.    The coordinate system is identical to Fig. 2 of Frank et al. (10): The green 
contours are at 30º, 60º and 90º; the sunward direction is up.   
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Fig. S2. Monte Carlo simulations of the trajectories of asteroidal particles from the 
Veritas population.    The coordinate system is identical to Fig. 2 of Frank et al. (10): The 
green contours are at 30º, 60º and 90º; the sunward direction is up.   
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Fig. S3. Monte Carlo simulations of the trajectories of hypothetical asteroidal particles 
released from 1087 Main Belt asteroids, taken from the SKADS catalog (50).   The 
coordinate system is identical to Fig. 2 of Frank et al. (10): The green contours are at 30º, 
60º and 90º; the sunward direction is up.   
 
In the assessment of the background due to secondary ejecta in (10), we assumed an 
asymptotically large exposure factor on the spacecraft, so that the entire interplanetary 
dust spectrum was sampled. The probability distribution of the target/projectile (T/P) 
ratio in the ejecta is a strong function of interplanetary dust fluence:  for small fluences, 
ejecta from impacts of small projectiles dominate, so a small T/P ratio is most likely, 
while for sufficiently large exposures, ejecta from relatively rare large projectiles 
dominate, resulting in large T/P ratios as the most probable.  Here we calculate the 
statistical likelihood that the interstellar dust candidates consist of secondary particles, 
using an estimate of the finite fluence of interplanetary dust particles on the spacecraft.  
 
The Interplanetary Micrometeoroid Environment Model (IMEM) code is a tool that 
predicts micrometeoroid fluence with a defined size range, on a surface with a defined 
orientation, over a defined segment of a Keplerian orbit (32). We used IMEM to calculate 
the fluence of micrometeoroids on the deck of the Stardust Sample Return Capsule for 
the two collection periods. The result was 116 impacts greater than 1 pg.  We scaled this 
result to that of the Grün model (51) for a rotating flat plate at 1AU, which gives 263 
such impacts.  Thus the SRC deck would have received about 44% of the nominal 
fluence predicted by the Grün model.   IMEM also predicted an average impact speed of 
~10 km s-1 , instead of 12 km s-1 in our simulation based on Nesvorny et al. (47).  We 
thus assumed 10 km s-1 average impact speed in subsequent calculations because it tends 
to give a lower target/projectile ratio, which is the more conservative assumption. We 
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then used a Monte Carlo simulation to calculate the median and 2σ lower limits on the 
T/P mass ratio in the ejecta, as a function of micrometeoroid fluence, normalized to the 
prediction of the Grün model.  To compute the T/P ratio for each projectile in the Monte 
Carlo simulation, we used the observations of crater diameters in aluminum targets as a 
function of projectile size, reported by Price et al. (23). We assumed that the amount of 
ejected target material was proportional to the crater volume, and we assumed that the 
target material and projectile material were ejected from the impact with equal efficiency. 
We then compared this to the 2-σ upper limit on the target/projectile ratio for tracks in 
aerogel and craters in foils.  Fig. S4 shows the result. The solid line is the median T/P 
ratio as a function of micrometeoroid fluence, in units of the Grün model prediction, the 
dashed line is the 2σ lower limit, and the solid blue and red lines are the 2σ upper limits 
from the track and crater statistics. The green line is the IMEM prediction.  We conclude 
that the actual micrometeoroid fluence is a factor of two greater than the maximum 
fluence on the SRC that gives consistency at the ≤3σ level in the T/P ratio between the 
Monte Carlo simulation and the observations in the aerogel.   Since the solar panels are 
so much larger than the SRC, this factor is even greater for the craters. We conclude that 
the observed T/P ratio is inconsistent with a secondary origin for the interstellar 
candidates in either aerogel or foils. 

 
Fig. S4. Monte Carlo simulations of the target/projectile mass ratio in the ejecta of 
micrometeoroid impacts on the Stardust Sample Return Capsule deck, as a function of 
micrometeoroid fluence, normalized to the prediction of the Grün model for particles > 
10 µm.   The green line indicates the fluence received by Stardust as predicted by IMEM. 
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We also explored the possibility that the ejection of target material was suppressed 
relative to the projectile material for small projectiles.  For projectiles larger than 10µm 
in diameter, cratering seems to be self-similar on all scales, but self-similarity breaks 
down for polycrystalline Al targets and projectiles near to or smaller than the Al 
crystallite grain size. Because we have no experimental information about the relative 
ejection rates of target and projectile material, we took a conservative approach, and 
assumed that below 10µm, no target material is ejected, and all the projectile material is 
ejected.  Fig. S5 shows the result. Although the curve shows the effects of this 
assumption at low fluence, there is no change in the general conclusion. 
 
 
 
 

 
Fig. S5. Monte Carlo simulations of the target/projectile mass ratio in the ejecta of 
micrometeoroid impacts on the Stardust Sample Return Capsule deck, as a function of 
micrometeoroid fluence, normalized to the prediction of the Grün model (51) for particles 
> 10 µm.   The green line indicates the fluence received by Stardust as predicted by 
IMEM.  Here we assume that no target material is ejected for impacts of projectiles < 10 
µm in diameter.  
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2.  STEM analyses of crater residues 
 
 

 
 
 
Fig. S6.  Dark field STEM images (top row) and net-count EDS element maps of the four 
candidate interstellar dust impact residues in Al foil.  Scale bars indicate 100 nm. Pt and 
C refer to FIB-deposited protective masks.  
 
Figure S6 shows the spatial distribution of the elemental components in the impact crater 
residues, extracted from STEM-EDS spectrum images.  1044N,3 shows clear zoning of 
the Mg, Si and Fe contents, but is a single particle. 10661N,3 shows mixed silicate and 
sulfide components, indicating a single particle or fine-grained aggegrate. 1061N,4 shows 
zoning into two components > 100 nm, one silicate and one sulfide, consistent with the 
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double-bowl shape of the crater that indicates two mass centers.  1061N,5 also shows 
distinct silicate and sulfide components, but the Ni and S distribution indicate that the 
sulfide consisted of multiple particles < 10 nm. 
 
 
3. Crater oxygen isotope measurements 
We used secondary ion mass spectrometry to measure O isotopes on Focused-Ion Beam 
(FIB) cross-sections of two candidate interstellar impact craters, one crater found to 
contain residue from solar panel cover glass, and two similarly sized impact craters from 
the Stardust Wild 2 cometary Al-foil collection (19). In order to minimize instrumental 
artifacts associated with measurements of cross-sections suspended on Omniprobe grids, 
the crater FIB sections were first removed from TEM Omniprobe grids, transferred to 
clean Au foils and coated with a thin Au coat as described in (19). Analyses were carried 
out with a Cameca NanoSIMS 50L ion microprobe at the Carnegie Institution of 
Washington. A  <1 pA, ~100 nm diameter Cs+ primary ion beam was rastered (128×128 
pixel, 16–25µm2) over each sample and negative secondary ions of 12,13C, 16,17,18O, 28Si, 
and 27Al16O were simultaneously collected along with secondary electrons in 
multicollection imaging mode, with total dwell times of ~0.25 seconds per  pixel. The 
cometary craters, solar cell glass crater and contamination present in all samples were 
used to correct for instrumental mass fractionation and possible different detection 
efficiencies of the electron multipliers used to detect the secondary ions. Isotopic images 
were quantitatively analyzed with the L’image software (L. Nittler, CIW). Errors are 
completely dominated by counting statistics.  Figure S7 shows NanoSIMS images for the 
two interstellar candidate craters; crater residue is clearly resolvable.  
 

9 
 



 
 

 
Fig. S7. NanoSIMS images of two interstellar candidate crater FIB cross-sections. Left 
panels indicate red-green-blue overlays of signals from 12C, 16O, and 28Si, respectively, 
while right panels show the corresponding secondary electron images. Arrows indicate 
crater residues. 
 
 
Derived oxygen isotope ratios are shown in Figures S8 and S9. The interstellar candidate 
residues have oxygen isotope ratios indistinguishable from those of the cometary and 
solar panel glass residues and contamination on the samples. O-rich presolar 
circumstellar grains in meteorites and comet samples have very large O-isotopic 
anomalies [e.g. refs 30, 43, 44] such that they typically plot outside of the range of Fig 
S8. The measured compositions for the residues hence are clearly incompatible with a 
stellar origin. However, even grains formed in the ISM may have non-solar O isotopic 
ratios. For example, radio telescopic measurements of molecular clouds throughout the 
Galaxy have revealed them to typically have lower 18O/17O ratios (~4.1) than the Solar 
System value of 5.2 (Figs. S8 and S9).  Recent infrared measurements of a few young 
stellar objects have found similar non-solar 18O/17O ratios (52). The origin of the oxygen 
isotopic discrepancy between much of the present-day Milky Way interstellar medium 
and the Solar System is controversial, and both supernova injection into the Sun’s 
parental molecular cloud (53) and the chemical evolution of the Galaxy in the 4.6 Ga 
since solar birth (54) have been proposed.  The interstellar observations would seem to 
indicate that interstellar dust forming today in the ISM should have lower-than-solar 
18O/17O ratios on average, in contrast with our two candidate crater measurements.  
However, the molecular cloud observations show considerable scatter, for example one 
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cloud at the Sun’s galactocentric radius is seen to have a solar-like 18O/17O ratio (arrow, 
Fig. S9). The oxygen isotopic composition of the local ISM from which our candidate 
particles may have originated has not been directly measured, and it is thus possible that 
it has a solar-like composition. The normal oxygen isotopic composition measured in the 
two crater residues therefore does not rule out an interstellar origin. 
 
 
 

 
Fig. S8. Oxygen 3-isotope plot for candidate interstellar crater residues and other 
measured samples. Isotopic ratios are given as delta-values, ‰ deviations from Standard 
Mean Ocean Water (SMOW), represented by dotted lines. All measured values are within 
errors of terrestrial and distinct from the average composition of molecular clouds as 
determined by astronomical observations (55). 
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Fig. S9. 18O/17O ratios of two interstellar candidate crater residues (blue symbols, plotted 
at arbitrary abscissa values) are compared to astronomical measurements of molecular 
clouds (open circles and triangles, (56) and (55)) and young stellar objects (squares, 
(52)). Dashed line indicates possible galactic gradient in 18O/17O ratio suggested by 
Wouterloot et al. data (55). Arrow indicates one molecular cloud with solar-like 18O/17O 
ratio. After Nittler and Gaidos (54). 
 
 
3. Composition of Orion 
The oxidation state of Fe in Orion is unknown, resulting in an uncertainty in 
stoichiometric oxygen, hence there are uncertainties in the bulk atomic fractions and total 
mass of the particle (Table S.2) and in estimation of the fraction of Orion’s molecular 
phases (Table S.3). We assumed stoichiometric forsteritic olivine (Mg2SiO4), spinel 
(MgAl2O4) and S occurred as FeS, but we do not imply that these phases were present as 
crystalline minerals in Orion. Based on XRD evidence that one Fe phase is consistent 
with Fe nanoparticles, we favor the assumption that the major Fe phase is Fe/FeO (some 
mix of Fe0 and Fe2+). The major phase composition is thus: Mg2SiO4 19.2±3.3 mol%, 
MgAl2O4 27.5±2.3 mol% and Fe/FeO 44.7±3.5 mol%. In Table S.3 we show the effect 
on the bulk molecular fractions if the non-sulfide Fe was completely oxidized to Fe2O3. 
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Table S2. Elemental composition of Orion depending on Fe oxidation state. 
Element Measured 

Mass 
femtogram 

Atomic Fraction 
Reduced Fe 

Atomic Fraction 
(FeO) Fe2+ 

Atomic Fraction 
(Fe2O3) Fe3+ 

Mg (olivine) 300 ±60 10.1±2.0 % 8.9±1.8 % 8.5 % 
Mg (spinel) 200 ±40 6.7±1.3 % 6.0±1.2 % 5.7 % 
Al 475 ±35 14.3±1.1 % 12.7±0.9 % 12.1 % 
Fe 840 ±100 12.3±1.5 % 10.9±1.3 % 10.3 % 
S 23 ±10% 0.6±0.12 % 0.5±0.1 % 0.5 % 
Ca 23 ±10% 0.5±0.05 % 0.4±0.04 % 0.4 % 
Cr 12 ±10% 0.2±0.02 % 0.2±0.02 % 0.2 % 
Mn 14 ±10% 0.2 ±0.02 % 0.2±0.02 % 0.2 % 
Ni 55 ±10% 0.08±0.08 % 0.7±0.07 % 0.6 % 
Cu 11 ±10% 0.1±0.01 % 0.1±0.01 % 0.1 % 

Si*  5.0 % 4.5 % 4.2 % 
O*  49.3 % 54.9 % 57.2 % 
Total Particle Mass 3.1 pg 3.3 pg 3.4 pg 
* Si and O are assigned stoichiometrically without implying that phases are crystalline. 
 
Table S3. Bulk molecular phases in Orion, varying the unknown Fe phase. 
Phase Molar fraction 

Fe metal 
Molar fraction 
FeO 

Molar fraction 
Fe2O3 

Forsterite (Mg2SiO4) 19.2±3.3 % 19.2±3.3 % 24.8 % 
Spinel (MgAl2O4) 27.5±2.3 % 27.5±2.3 % 35.3 % 
Major Fe phase 44.7± 3.5% (Fe) 44.7± 3.5% (FeO) 28.8 % (Fe2O3) 
Minor reduced phases 5.7 % (FeS, Ni, 

Cu) 
2.2 % (FeS) 2.9 % (FeS) 

Minor oxides 2.9±0.3 % 
(CaO, Cr2O3, 
MnO) 

6.4±0.6 %  
(CaO, Cr2O3, 
MnO, NiO, CuO) 

8.2 % 
(CaO, Cr2O3, 
MnO, NiO, CuO) 
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