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RESEARCH ARTICLE

Comet 81P/Wild 2 Under a Microscope
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Maegan K. Spencer,96 Frank J. Stadermann,42 Andrew Steele,29 Thomas Stephan,69
Rhonda Stroud,89 Jean Susini,14 S. R. Sutton,50,66 Y. Suzuki,91 Mitra Taheri,87 Susan Taylor,92
Nick Teslich,14 Kazu Tomeoka,77 Naotaka Tomioka,77 Alice Toppani,3,14
Josep M. Trigo-Rodríguez,93,94 David Troadec,68 Akira Tsuchiyama,95 Anthony J. Tuzzolino,34
Tolek Tyliszczak,35,45 K. Uesugi,96 Michael Velbel,97 Joe Vellenga,26 E. Vicenzi,22 L. Vincze,98
Jack Warren,9 Iris Weber,69 Mike Weisberg,99 Andrew J. Westphal,24 Sue Wirick,41
Diane Wooden,87 Brigitte Wopenka,72,100 Penelope Wozniakiewicz,10 Ian Wright,18
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The Stardust spacecraft collected thousands of particles from comet 81P/Wild 2 and returned them
to Earth for laboratory study. The preliminary examination of these samples shows that the
nonvolatile portion of the comet is an unequilibrated assortment of materials that have both
presolar and solar system origin. The comet contains an abundance of silicate grains that are much
larger than predictions of interstellar grain models, and many of these are high-temperature
minerals that appear to have formed in the inner regions of the solar nebula. Their presence in a
comet proves that the formation of the solar system included mixing on the grandest scales.

Stardust was the first mission to return
solid samples from a specific astronom-
ical body other than the Moon. The mis-

sion, part of the NASA Discovery program,
retrieved samples from a comet that is believed
to have formed at the outer fringe of the solar
nebula, just beyond the most distant planet.
The samples, isolated from the planetary re-
gion of the solar system for billions of years,
provide new insight into the formation of the

solar system. The samples provide unprece-
dented opportunities both to corroborate astro-
nomical (remote sensing) and sample analysis
information (ground truth) on a known primi-
tive solar system body and to compare pre-
served building blocks from the edge of the
planetary system with sample-derived and as-
tronomical data for asteroids, small bodies that
formed more than an order of magnitude closer
to the Sun. The asteroids, parents of most

meteorites, formed by accretion of solids in
warmer, denser, more collisionally evolved in-
ner regions of the solar nebula where violent
nebular events were capable of flash-melting
millimeter-sized rocks, whereas comets formed
in the coldest, least dense region. The samples
collected by Stardust are the first primitive ma-
terials from a known body, and as such they
provide contextual insight for all primitive me-
teoritic samples. About 200 investigators around
the world participated in the preliminary analysis
of the returned samples, and the papers in this
issue summarize their findings.

Observations. During its 2 January 2004
flyby, 234 km from the surface of comet Wild 2,
Stardust collected more than 10,000 particles in
the 1-to 300-mm size range that were returned to
Earth on 15 January 2006 (1). Flyby images
showed at least 20 collimated jets of solid par-
ticles streaming into space from widely distrib-
uted small sources (2). The collected particles
are expected to be a representative sampling of
the nonvolatile component of the interior of the
comet. Wild 2 is a Jupiter family comet (JFC)
currently on an orbit that approaches the orbits
of both Jupiter and Mars. Like other JFCs, this
~4.5-km-diameter body is believed to have
formed in the Kuiper belt, exterior to the orbit
of Neptune, and only recently entered the inner
regions of the solar system where solar heat
causes “cometary activity,” processes mainly
driven by the sublimation of water ice that lead
to the loss of gas, rocks and dust at rates of tons
per second. As a JFC, the most likely history of
Wild 2 is that it formed beyond Neptune, where
it spent nearly all of its life orbiting in the Kuiper
belt. A close encounter with Jupiter on 10 Sep-
tember 1974 placed it in its current orbit, but its
journey from the Kuiper belt to the inner solar
system probably took millions of years and
multiple encounters with outer planets. As a
JFC, its orbit will change, and it has an expected
dynamical lifetime of ~104 years before it either
hits a larger object or is ejected from the solar
system (3). The active lifetime will be shorter
because of mass loss or disintegration.

The particles ejected by the comet and col-
lected by Stardust should be the same materials
that accreted along with ices to form the comet
~4.57 billion years ago when the Sun and plan-
ets formed. The original accreted materials
included both fine nebular particles and
compounds from the disruption of large bodies
(4). Cometary activity has caused Wild 2 to lose
its original surface, and for this and other reasons
it is believed that all of the particles ejected by
the comet date back to the formational period
of the solar system history and not to recent
solar system processes. Exposed to space for
hours before collection, solar heating at 1.86 AU
probably volatilized ice components during tran-
sit from Wild 2 to the spacecraft, although it is
possible that some ice could have been retained
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in the largest particles. The fact that particles
ranging down to submicron size were ejected by
such a gentle process as ice sublimation indicates
that the collected material from Wild 2 had not
been lithified and altered in Wild 2 by internal
processes such as heating, compaction, or aque-
ous alteration. These processes did act on original
asteroidal materials, altering them into relatively
dense and strong rocks that could survive entry
into the atmosphere, impact the ground and be
found as meteorites.

Collection of particles. Most of the samples
were collected in silica aerogel, a porous glass
composed of nanometer-sized silica particles
with bulk density that was made to vary from
<0.01 g/cm3 at the impact surface to 0.05 g/cm3

at 3-cm depth. In addition to aerogel, about 15%
of the total collection surface was aluminum, the
frame used to hold aerogel. Impact on this metal
produced bowl-shaped craters lined withmelted,
and in some cases unmelted, projectile residue.
The craters provide important information that
is complementary to the primary aerogel collec-
tion medium. The impacts into aerogel produced
deep, tapered cavities (tracks) with shapes
varying with the nature of the impacting particle
(Fig. 1). All but a few of the impact tracks contain
deeply penetrating particles. Nonfragmenting
particles produced carrot-shaped tracks with
length/diameter ratios of >25, whereas frag-
menting particles produced tracks with bulbous
upper regions and sometimes multiple roots. In

many cases, as described by Hörz et al. (5), it
appears that the particles consisted of aggregates
that separated into fragments on impact. The
smaller fragments stopped in the upper (bulbous)
region of the tracks, whereas the larger fragments
traveled deeper into the aerogel. The upper parts
of the hollow tracks are lined with relatively large
amounts of melted aerogel with dissolved pro-
jectile, the mid-regions contain less melt and
more preserved projectile material along with
compressed aerogel, and the lower regions
contain largely unmelted comet fragments at the
track ends. In the majority of cases, the deepest
penetrating particles are solid mineral grains or
rocks composed of multiple components. To
date, no terminal particles have been found that
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are entirely composed of submicron chondritic
composition (Mg,Al,Si,S,Ca,Fe,Ni ratios = solar)
materials similar to the material that dominates
interplanetary dust and the matrix of primitive
carbon-rich meteorites, although such material
has been seen attached to terminal particles
(Fig. 2).

All the particles were modified to some
degree by capture, and recognizing and devel-
oping a better understanding of the effects is
important for understanding the properties of the
cometary samples. High-speed capture left some
components in excellent condition, whereas
others were severely altered. In general, compo-
nents larger than micron-size were often well

preserved, whereas smaller or finer-grained
components were strongly modified. The most
extreme modifications observed were the cases
of vesicular silica in the upper regions of track
walls that contain only a percentage of projectile
material, usually Mg, Al, Ca, Mn, and Fe in
roughly solar relative proportions, dissolved into
previously molten aerogel. This glass usually
contains large numbers of submicron beads of
FeNi sulfide or metal, immiscible phases that
could not dissolve in silica. Thesematerials were
clearly heated above the ~2000 K melting point
of silica, and this is the possible fate of many of
the submicron components that stopped in the
upper regions of tracks.

Despite laboratory simulation studies and
aerogel capture of meteoroids in space, the cap-
ture effects on bona fide comet dust at 6 km/s
were unknowable before the encounter because
of the unknown nature of cometary materials
and the technical limitations of accelerating
loosely bound aggregates like those implied by
studies of interplanetary dust particles (IDPs)
and meteors. Simulations at 6 km/s were done
with a variety of solid particles that could be
accelerated, and there was a moderate amount of
experience with capture of actual meteoroids by
orbiting spacecraft (5, 6). All of these projects
showed that solid particles >10 mm could be
captured in reasonably good condition con-
sistent with the Stardust mission findings. These
projects showed that even temperature-sensitive
materials such as hydrated silicates andmaterials
that melt at ~600°C could be captured in good
shape with only minor alteration except at par-
ticle surfaces where they were sometimes coated
with a thin layer of melted aerogel. The juxta-
position of melted and unmelted material in-
dicates extremely high temperature gradients at
particle surfaces. Particles impacted Stardust at
6.1 km/s and were stopped on time scales
ranging from a microsecond to less than a nano-
second depending on the particle size and the
collection media. At nanosecond interaction
times, the thermal wave produced by contact
with molten aerogel at temperatures >2000 K
does not penetrate deeply into captured particles
(Fig. 3). Although the smallest components were
often strongly heated, those over a micron in size
appear to have been protected by their own
thermal inertia.

The range of effects inside aerogel tracks can
be crudely understood in terms of velocity-
dependent heating. If an ideal nonfragmenting
particle simply sweeps up aerogel in its path,
accelerating it to the particle velocity and then
releasing it, the particle’s speed will decrease by
1/e every time it sweeps up its own mass of
aerogel. In this simplified model, the speed (v)
of a 10-mm density 3-g/cc particle in 0.01 g/cc
(r) aerogel decreases to 2.2 km/s after 3 mm,
0.8 km/s at 6 mm, and stops at about 1 cm when
the dynamic pressure (~rv2) is matched by the
aerogel’s compression strength. The power gen-
erated varies as v3, and at 3-mm and 6-mm depth
it would be 5% and 0.2%, respectively, of the
power generated at the point of entry. Entering
projectiles generate a spray of molten aerogel that
forms and lines track walls, but this process
rapidly declines with depth. Aerogel along the
track walls varies from molten at the entry to
compressed in the mid-range and then is little
affected as the track actually narrows to the pro-
jectile diameter near the track’s end. Actual tracks
of particles made by 10 mm silicates are about
1 mm long, which implies somewhat faster
deceleration than in this crude model. Decel-
eration of actual particles can be greater if the

Fig. 1. Optical images of deceler-
ation tracks of eight comet par-
ticles in aerogel that entered at the
top and terminated at the base.
Left to right, the track names and
their lengths are T59 (0.35 mm),
T58 Noni (0.29 mm), T61 (1.6
mm), T72 Gea (0.12 mm), T71
Surya (0.22 mm), T38 Tara (3.2
mm), T27 Sitara (>2 mm), and T25
Inti (2 mm). The thinner tracks
suffered very little fragmentation
that leads to substantial production
of side tracks. The break in the T38
track is due to sample preparation,
and the upper bulb of T25 widened
a bit when it was intentionally
flattened. All of the other tracks
have their original shapes. The
squares below T25 (Inti) are mag-
nified images of five of the major
5- to 12-mmparticles. The tip of the
track containing the 20-mm ter-
minal particle was removed before
the track image was taken. The
terminal particle as well as many of
the other fragments are isotopically and mineralogically linked CAIs, exotic refractory components in
primitive meteorites that may have formed very close to the young Sun.

Fig. 2. The 8-mm terminal particle
of T57 (Febo), a bifurcated track
>1.4 mm long. The left image is
a high-angle annular darkfield
(HAADF) image of a 70-nm-thick
microtome section of the particle.
The images combined with x-ray
spectral analysis show that the
particle has three major compo-
nents. The sulfide pyrrhotite on the
left, a 3-mm enstatite grain in the
upper middle, and fine-grained
porous aggregate material with
approximately chondritic elemental
composition (Mg, Al, Si, S, Ca, Cr, Mn, Fe, Ni ~ solar ratios) dominates the right half of the image. The
particle’s smooth exterior contour is probably due to abrasion during passage through aerogel, although
the particle contains only trace amounts, at most, of adhering aerogel. The survival of fine-grained
chondritic composition material as a major part of a terminal particle is unusual, and its survival may have
been aided by shielding; it may have been in the lee of the large sulfide. The small inset image shows a
reflected-light view of the “potted butt,” the sample that remains after removing microtome sections.
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column cross-section of aerogel that is accelerated
is larger than the projectile cross-section or less if
intercepted aerogel is not accelerated to the pro-
jectile velocity. Additional complications include
build-up and shedding of caps (7) of compressed
or melted aerogel and general fragmentation.

Context. The work on the Stardust mission
samples has only recently begun, but the first
laboratory studies of comet samples have al-
ready provided considerable insight into (i) the
formation of comets, (ii) the origin of crystal-
line silicates around stars that form planets, and
(iii) large-scale mixing in the solar nebula and,
by inference, mixing in circumstellar accretion
disks that form planets around other stars. There
have been various suggestions for the origin of
comets, but the most widely held view is that
they are mixtures of ice and interstellar grains,
specifically submicron-sized core-mantle grains
(8, 9). Complicating factors to this model in-
clude infrared spectral evidence that comets,
particularly long-period comets, contain crystal-
line silicates (10, 11), whereas silicates observed
in the interstellar medium are almost entirely
noncrystalline (12, 13), a state commonly attri-
buted to radiation processes. The standard
explanation for this is that crystalline silicates in
comets were produced by annealing, the de-
vitrification of glass or amorphous silicates at
elevated temperature. For common silicates and
appropriate time scales, this process requires
temperatures of 800 K or more and is inconsist-
ent with the environment that produced comets
containing ices that condensed below 40 K.
Bockelée-Morvan et al. (14) suggested that the
annealing of amorphous silicates occurred in hot
inner regions of the solar nebula and were carried
outward by turbulent mixing, potentially a very
effective transport process (15). Modeling sug-
gests that turbulent mixing can cause large-scale
radial mixing on 104-year time scales. Although
mixing is a prediction of several solar system
formation models, the radial variations of the
properties of minor planets as well as larger-scale
variation of solar system bodies suggest that the
solar nebula was not well mixed.

A major portion of the Stardust mission par-
ticles larger than a micron is composed of the
silicate minerals olivine and pyroxene (Figs. 2
to 4). The presence of these two phases has also
been indicated by infrared data from other
comets, in particular in Hale-Bopp (11) and
Tempel 1, the comet impacted by the Deep Im-
pact mission (16). Like all minerals, and by
definition of the word mineral, these are crystal-
line solids. There are also amorphous silicates in
some of the samples, but it is not yet clear
whether these existed before collection or were
produced during the capture. Isotopic work on
these samples is just beginning, but it is evident
that the majority of the large crystalline silicates
collected by Stardust have solar isotopic com-
positions and not the anomalous ones expected

and seen in interstellar grains. At this early stage,
it appears that a major fraction of the micron and
larger silicates in Wild 2 were produced in our
solar system. It is also remarkable that so many
of the impacting comet particles contained at
least a few relatively large solid grains, an order
of magnitude larger than the size of typical in-
terstellar grains (17). In addition to silicates and
abundant sulfides, the collected comet samples
contain organic materials (18) even in the sub-
micron size range (Fig. 5).

The range of compositions of olivine and
pyroxene grains in the Stardust mission samples,
particularly with regard to the minor elements,
indicates a reasonable similarity to components
found in interplanetary dust and some primitive
unequilibrated meteorites (19). Extensive work
has been done on these meteoritic materials, and
there has been vigorous debate about which
grains are primary condensates from hot regions
of the solar nebula and which ones are fragments
of highly processed materials such as chon-
drules, objects composed of crystals, and glass
formed by rapid crystallization of a melt. In stark
contrast to astronomical interpretations, studies
of meteoritic materials have not suggested that
these phases formed by annealing of presolar
amorphous silicates. The detailed quantitative
evaluation of a large set of silicates collected by
Stardust has yet to be done, but the isotopic com-
position, minor element composition, and even
the range of Fe/Si does not appear to be com-
patible with an origin by annealing of radiation-
damaged interstellar silicates. Specifically, many
of the olivines are nearly Fe free and yet have
moderately high abundances of Al, Ca, Cr, and
sometimes Mn. There is no model or set of ex-

periments that suggest that such compositions
would form from plausible amorphous interstellar
materials. The composition of the grains collected
by Stardust provides both a rich source of new

Fig. 4. Three images of the 8-mm terminal particle
at end of the >2-mm-long track 27 (Sitara), also
shown in Fig. 1. The top is an optical image show-
ing parent central grain (that is also birefrigent)
with two attached opaque phases. Other focus
depths show additional opaques inside the grain.
The middle image is an SEM backscattered electron
(BSE) image of the flat surface (“potted butt”) of
the particle mounted in acrylic after several dozen
70-nm slices had been removed with a diamond
microtome. The image brightness is proportional
to mean atomic weight and this, along with x-ray
spectral measurements, shows that the particle is a
solid rock composed of at least four phases. The
two bright regions are sulfides; one is pyrrhotite
Fe1-xS, and the other is pentlandite, a Ni-rich
sulfide. The central gray region marked by
aligned “chatter pits” from the diamond knife is
enstatite. The smooth gray regions are an unde-
termined crystalline Mg silicate that contains Na,
Al, and Ca at abundances of several percent. The
bottom image shows the enstatite grain observed
in a microtome section at near atomic-scale
resolution. Scale bar, 5 nm).

Fig. 3. Conventional brightfield transmission elec-
tron microscope image of a microtome section of
an Fo99 (Mg/Mg + Fe atomic ratio = 0.99) olivine
grain showing a 100-nm-thick alteration rim
produced during high-speed capture. The rim (b)
contains nanophase FeNi metal and sulfide grains
resulting from the interaction of the grain with a
thin flow of material containing Fe, Ni, and S,
presumably a mix of melted silica aerogel and
comet materials. Below the thin rim (c), the grain
appears to be perfectly preserved; above the rim (a)
is unmodified aerogel in which the particle was
captured.
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information for determining the origin of silicates
in comets formed at the edge of the solar nebula
and a superb means of assimilating and fostering
new understanding of the sometimes incompatible
inferences from the extraterrestrial sample and
astronomical communities.

Radial mixing in the solar nebula. Perhaps
the most straightforward result of the Stardust
analysis program is information for large-scale
mixing in the solar nebula. The comet samples
collected by Stardust do contain presolar materials,
the initial building materials of the solar system, but
they clearly are not just a collection of submicron
interstellar grains. The collection contains abundant
high-temperature minerals such as forsterite
(Mg2SiO4) and enstatite (MgSiO3). It also contains
at least one particle that is mineralogically and
isotopically linked to meteoritic calcium- and
aluminum-rich inclusions (CAIs). CAIs are the
oldest samples of the solar system, they are
systematically enriched in 16O, and they contain
abundant minerals that condense at temperatures
higher than the 1400K condensation temperature of
forsterite. Meteoritic CAIs are thought to have
formed in the hottest portion of the solar nebula. A
popular model for the 16O enrichment involves

photochemical self-shielding processes that may
have occurred mainly in the innermost regions of
the solar nebula, well inside the orbit of Mercury
(20). These apparent inner solar system materials in
the comet must have been transported beyond the
orbit of Neptune by a process that was capable of
moving particles at least as large as 20 mm. The
existence of such a process provides a fundamental
constraint on models of the solar nebula. Particles
could have been transported from the center to the
outer edge of the nebula in two different ways: (i)
ballistic transport above the nebular midplane or (ii)
turbulent transport in the midplane. Although it was
widely believed that comets were isolated from
inner solar systemmaterials, there have been several
suggestions that such transport was possible.
Bockelée-Morvan et al. (14) and others predicted
such transport based on turbulentmixing in the solar
nebula disk, and Shu et al. (21) predicted that even
quite large particles could be launched by an out-
flow called the X-wind from a region that was very
close to the young Sun and ballistically transported
above the midplane of the nebular disk. Shu and
colleagues specifically predicted that the X-wind
model would transport CAIs from near the Sun to
the edge of the solar system where Wild 2 formed.

Comparison with Deep Impact results. The
Deep Impact mission also provided important
information about the composition of dust from
another Jupiter family comet. A portion of theDeep
Impact spacecraft impacted comet 9P/Tempel
1 liberating ~106 kg of debris that was observed
in the infrared. Many of the spectra have superb
signal-to-noise ratios and show numerous features
caused by emission from submicron grains. The
Deep Impact data was used to estimate the
mineralogical make-up of the comet by synthesiz-
ing the observed spectra as a mixture of spectra of
various laboratory compounds (16). The model
composition expressed as relative weighted surface
area is ferrosilite (FeSiO3) 33, forsterite (Mg2SiO4)
31, amorphous olivine [(Mg,Fe)2SiO4] 17, ninin-
gerite [(Mg,Fe)S] 15, smectite nontronite (a hy-
drated silicate) 14, diopside (CaMgSi206) 12,
orthoenstatite (MgSiO3] 10, fayalite (Fe2SiO4)
9, siderite (FeCO3) 5, amorphous pyroxene
[(Mg,Fe)SiO3] 4, and magnesite (MgCO3) 3. Of
these minerals, only forsterite was found in Wild 2
at abundances above a few percent. The inferred
presence of MgFe sulfides, the oxymoron phases
amorphous olivine and pyroxene, as well as car-
bonates and hydrated silicates are clearly at odds
with the sample return data. To date, no compelling
evidence has been seen in the samples for either the
presence of these phases or their thermal decom-
position products. For example Mg-, Ca-, or Fe-
bearing carbonates, even if they decomposed
during capture, would be converted to oxides by
strong heating and would be readily observed if
they had existed in Stardust samples. Iron sulfides
are abundant components in Wild 2, but FeMg
sulfides have not been seen, they are not present in
IDPs, and they are exceedingly rare in primitive

meteorites. The Deep Impact modeling included
components of amorphous olivine and pyroxene,
yet noncrystalline silicateswith these stoichiometric
compositions are not seen except perhaps as trace
occurrences in Wild 2, IDPs, or meteorites. The
most notable difference between the results of the
two missions is the presence of carbonates and
hydrated silicates, phases whose existence in
meteorites is usually attributed to formation by
hydrothermal alteration inside a wet parent body.
Extraterrestrial hydrated silicates have been
collected in meteoroids impacting aerogel on
Earth-orbiting spacecraft and in laboratory
simulation experiments (22, 23), but they have not
been seen in Stardust samples. If abundant hydrated
silicates >200 nm existed inWild 2, there should be
clear evidence of them in the analyzed samples.

There are several possible explanations for the
differences between the conclusions of the two
missions. The comets may be different, the
sampling regions are different, the size-range
sampled is somewhat different, the laboratory
materials that were chosen to match the observa-
tions may not be appropriate analogs for sub-
micron cometary materials that are both ancient
and complex, and numerous factors may compli-
cate the combination of more than a dozen
different components to accurately infer the min-
eralogical composition of a complex natural ma-
terial. Comets are collections of materials that
accreted to form them. It is possible that some
comets contain hydrated silicates from the nebula
or from the break-up of larger (>100 km) bodies
that experienced internal heating, melting of ice,
and aqueous alteration of silicates. The Tempel
1 sampling site was near two large features that
look like impact craters, and it is conceivable that
hydrated silicates could have formed inside Tempel
1 by hydrothermal processes caused by these
events. Unlike Tempel 1, Wild 2 does not show
clear evidence for classic impact craters, implying
that its ancient cratered surface, and possible
impact-modified material, has been lost due to
cometary activity. As previously mentioned, Star-
dust is believed to have sampled particles ejected
from dozens of ice-bearing subsurface regions that
have never been sufficiently heated to cause the
separation of the fine-grained mix of submicron
dust and ice, let alone hydrothermal alteration
processes that can form hydrated silicates.

Remarks. The Stardust mission has provided
us large numbers of particles that were at the edge
of the solar system at the time of its formation.
Efforts have just begun to compare these with
meteoritic samples: meteorites, ~0.1-mm micro-
meteorites (24), and 10-mm interplanetary dust. The
total mass of collected comet material is actually
equivalent to several hundred thousand of the
nanogram IDPs that have been intensively studied
in the laboratory for the past 35 years.We anticipate
that the comet samples and their comparison with
meteoritic sampleswill provide important boundary
conditions for models of the origin of the solar

Fig. 5. Energy-filtered TEM images of the lower
region of the T57 (Febo) slice shown in Fig. 2
(scale bar, 1 mm). The top image is a zero-loss
image made with electrons that did not lose
energy during passage through the sample, and
the lower image displays the carbon distribution.
The carbon image was made with the standard
three-window method that combines images
taken in energy passbands above and below the
285-ev carbon edge. The sulfide on the left is
carbon free, but regions of carbon are seen both
as submicron components in the fine-grained
chondritic component on the right and as partial
rims on the sulfide grain. Isotopic measurements
made at Johnson Space Center have shown
considerable 15N enrichment in the carbon-rich
region shown in the expanded window.
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system, the origin of silicate minerals around stars,
and mixing in circumstellar disks. The mineral
grains and components that we have seen in the
comet are analogous to glacial erratics; they clearly
did not form in the environment theywere found in.
Each particle is a treasure that provides clues on its
place of origin and mode of transport. In many
cases, it appears that they formed in the center of the
solar nebula, and many of the larger particles are
rocks composed of several minerals. Although
better estimates will come from continued studies,
initial investigations indicate that on the order of
10% or possibly more of the comet’s mass was
transported outward from the inner regions of the
solar nebula as particles larger than a micron. The
solar nebulamay not have beenwell mixed, but the
Stardust mission results show that there was
abundant radial transport of solids on the largest
spatial scales. One of the most surprising findings
has been that we have seenmany of these materials
before. The distribution of minor element compo-
sitions of minerals, such as forsterite, indicate a link
to the rare forsterite fragments found in primitive
meteorites. Meteorite studies indicate that these
high-temperature phases, serving as tracers, were
distributed to varying degrees, sometimes as very
minor components, across the inner parts of the
solar nebula (25–27). From the work on Stardust
samples, it now appears that components like
forsterite and CAIs, formed in the hottest regions
of the solar nebula, were transported over the entire
solar nebula.

Comets have always been notable because of
their contents of frozen volatiles but they are now
additionally notable because of their content of
exotic refractory minerals. The information on ma-
terials and mixing from the Stardust mission
provide a new window of insight into the origin
of solid grains that form disks around stars and lead
to the formation of planetary bodies. This is a
window that is exploredwith electronmicroscopes,
mass spectrometers, synchrotrons, and a host of
othermodern instruments to provide information at
levels of detail that were not previously imagined.
The best available instruments and methods on the
planet were used in this study, and it is expected
that additional studies coupled with advances
in analytical capabilities will continue to reveal
important secrets about the origin and evolution
of the solar system that are contained in these few
thousand particles recovered from comet Wild 2.
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Impact Features on Stardust:
Implications for Comet 81P/Wild 2 Dust
Friedrich Hörz,1* Ron Bastien,2 Janet Borg,3 John P. Bradley,4 John C. Bridges,5
Donald E. Brownlee,6 Mark J. Burchell,7 Miaofang Chi,4 Mark J. Cintala,1 Zu Rong Dai,4
Zahia Djouadi,3 Gerardo Dominguez,8 Thanasis E. Economou,9 Sam A. J. Fairey,7
Christine Floss,10 Ian A. Franchi,5 Giles A. Graham,4 Simon F. Green,5 Philipp Heck,11
Peter Hoppe,11 Joachim Huth,11 Hope Ishii,4 Anton T. Kearsley,12 Jochen Kissel,13 Jan Leitner,14
Hugues Leroux,15 Kuljeet Marhas,10 Keiko Messenger,2 Craig S. Schwandt,2 Thomas H. See,2
Christopher Snead,16 Frank J. Stadermann I,10 Thomas Stephan,14 Rhonda Stroud,17
Nick Teslich,4 Josep M. Trigo-Rodríguez,18,19 A. J. Tuzzolino,9 David Troadec,20 Peter Tsou,21
Jack Warren,2 Andrew Westphal,16 Penelope Wozniakiewicz,12 Ian Wright,5 Ernst Zinner10

Particles emanating from comet 81P/Wild 2 collided with the Stardust spacecraft at 6.1 kilometers
per second, producing hypervelocity impact features on the collector surfaces that were returned to
Earth. The morphologies of these surprisingly diverse features were created by particles varying
from dense mineral grains to loosely bound, polymineralic aggregates ranging from tens of
nanometers to hundreds of micrometers in size. The cumulative size distribution of Wild 2 dust is
shallower than that of comet Halley, yet steeper than that of comet Grigg-Skjellerup.

Stardust’s sample collector exposed SiO2-
based aerogel and aluminum foil to the
flux of particles emanating from comet

Wild 2 as the spacecraft’s trajectory took it to
within 234 km of the comet’s surface (1).

The cometary dust grains collided with these
surfaces at 6.1 km s–1, producing hypervelocity
craters in the aluminum and deep penetration
tracks in the highly porous, low-density aerogel
(2) (fig. S1). Even the most cursory inspection

of these surfaces reveals an unexpected di-
versity in the morphologies and sizes of both
craters and tracks.

Detailed morphologic analysis of these
impact features and comparison with experi-
mental impacts produced by a suite of well-
characterized projectiles was undertaken during
the preliminary examination of Stardust to eval-
uate the common view that cometary solids are
fluffy, highly porous objects (3). Also, the size
distribution of Wild 2 dust can be deduced from
the size distribution of the impact features and
compared with those for other comets, such as
Halley (4). In addition, attempts were made to
analyze the compositions of molten projectile
residues inside craters, as detailed by Zolensky
et al. and Flynn et al. (5, 6).

Stardust’s fixed encounter speed of 6.1
km s–1 is well within the performance limits
(~7 km s–1) of small-caliber, light-gas guns, al-
lowing direct laboratory simulation of Stardust’s
impact features (7–9). This is in stark contrast to
earlier dust-collection experiments in low Earth
orbit, which included aluminum (10) and SiO2-
based aerogel (11, 12). Figure 1 compares ex-
perimental craters into Al1000 targets with those
observed on Stardust foils and shows that de-
tailed crater morphology reflects the physical
properties of the impactor(s). It also illustrates
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