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4.1 Introduction

The Stardust spacecraft was the first mission to return solid samples from a body beyond
the Moon. As the fourth NASA Discovery mission, it retrieved samples from the comet
81P/Wild 2, that is believed to have formed at the outer fringe of the solar nebula. The
return of these samples provides unprecedented opportunities to compare astronomical
(remote sensing) and sample analysis (ground truth) information for a known primitive
solar system body. The samples make it possible to compare materials from the outer
Solar System with sample-derived and astronomical data for asteroids, the parents of
most meteorites, which formed much closer to the Sun. The samples returned by
Stardust are the first primitive collected materials from a known body, and as such they
provide contextual insight for all primitive meteoritic samples.

4.2 Mission overview
4.2.1 The target — comet 81P/Wild 2

Wild 2 is a Jupiter-family comet that has only been in its present orbit since 1974.
Before 1974, it resided in an orbit with perihelion at 4.9 AU (near Jupiter’s orbit)

Sample Return Missions © 2021 Elsevier Inc.
DOI: 10.1016/C2018-0-03374-5 All rights reserved.

79



80

Space missions

and aphelion at 25 AU. This orbit had probably been stable for at least a few centuries
(Sekanina 2003; Krolikowska and Suztowicz 2006). In 1974, a close encounter with
Jupiter diverted Wild 2 into its current orbit, with perihelion at 1.58 AU and aphelion
near 5.2 AU. Thus, 81P/Wild 2 is probably a “fresh” comet whose surface may have
only recently been subjected to moderate solar heating. Wild 2 samples are expected to
be remnants from the Kuiper Belt region of the solar nebula.

While 81P history suggested it is an ideal object for the collection of primitive solar
system materials, its selection as the target for Stardust depended largely on the comet’s
favorable orbit. A systematic search for comet flyby sample return opportunities showed
that 81P/Wild 2 provided a trajectory to a “fresh” dusty comet with an encounter speed
as low as 5.4 km/s (Tsou et al. 1994;Yen and Hirst 1997). Wild 2 met all four impera-
tives for the required Stardust trajectory: a dusty comet, a low comet encounter speed,
reachable using a Delta II vehicle, and a small deltaV requirement during flight.

4.2.2 Launch, orbital trajectory, and return

Stardust’s trajectory allowed it to execute several scientific tasks during flight. Stardust
was launched from Cape Canaveral on 7 February 1999. During its 7-year mission,
Stardust made three heliocentric revolutions, all with perihelia at 1.0 AU. After the first
revolution, the spacecraft performed an Earth Gravity Assist that raised its orbital aph-
elion to 2.7 AU and changed the orbital inclination to match Wild 2’ orbit. The flyby
encounter with 81P/Wild 2 and sample collection occurred at an encounter speed of
6.12 km/sec on 2 January 2004. The spacecraft returned to Earth on 15 January 2006.
During the inbound portions of the orbits, the spacecraft’s trajectory roughly paralleled
that of contemporary interstellar dust particles entering the Solar System, resulting in
a reduced relative speed with these particles. This allowed for 246 days of collection
of contemporary interstellar dust on the back side of the sample tray assembly during
two of the orbits. The trajectory also allowed for a flyby of the asteroid Annefrank on
2 November 2002 (Duxbury et al. 2004). After return of the sample capsule, the main
spacecraft was diverted to a close encounter with comet 9P/Tempel 1 where it imaged
the crater made by the Deep Impact mission (Veverka et al. 2013).

4.2.3 Spacecraft description

A description of the hardware components of Stardust can be found in Brownlee et al.
(2003) (Fig.4.1).The spacecraft carried several instruments including a camera (Newburn
et al. 2003), a dust flux monitor (Tuzzolino et al. 2003), and a dust analyzer (Kissel et al.
2003). The primary ‘instrument’ was a deployable dust collector that used low density
aerogel as a collecting medium (Tsou et al. 2003). The aerogel collection area is divided
up into 130 2 X 4 cm rectangular and 2 trapezoidal cells (Fig. 4.2). The variable aerogel
density for the Wild 2 collection side was 5 mg/ml to 50 mg/ml and was 2 mg/ml to
20 mg/ml for the interstellar capture cells on the collector’s back side. In addition, pure,
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Solar Array Dust Shields
Sample Colkictor

Main Dust Shield

Sample Return Capsule

Main Ablative Shield — CIDA Target

Fig. 4.1 Schematic of the Stardust spacecraft showing the positions of the onboard instruments. The
gray portions of the diagram represent the leading edge Whipple shields that protected the spacecraft
from cometary dust impacts.

100 micron thick aluminum foils wrapped the walls of the aerogel frames to facilitate cell
removal, and the foils exposed portions were good targets for acquisition of dust impact
craters. The Wild 2 and interstellar trays were mounted back to back and had a total
exposed aerogel surface area of 1039 cm? and 1037 cm?, respectively. The total exposed
aluminum foil is about 15 percent of the exposed aerogel surface area.

Fig. 4.2 The cometary collector tray contained multiple individual aerogel tiles. A second interstellar
aerogel collector tray was placed back-to-back with the cometary tray.
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4.3 Results

4.3.1 Flyby observations

An overview of the Stardust flyby of 81P/Wild 2 on 2 January 2004 can be found in
Tsou et al. (2004). Stardust flew 236.4 = 1 km from the comet’s center when the comet
was 1.86 AU from the Sun and the encounter occurred as planned. All the onboard
instruments obtained data during the flyby and the deployed aerogel collector collected
particles from the comet’s coma.

4.3.1.1 Cameraimages

The Stardust camera obtained 72 images of the nucleus of 81P/Wild 2 during the flyby
(Tsou et al. 2004). Close encounter imaging was done with a camera that covered the
spectral range 380 nm - 1000 nm without filters using two exposure times - 10 ms for
nucleus imaging alternated with 100 ms for nucleus tracking (Fig. 4.3).

Stereoscopic images of the nucleus show a diverse and complex variety of landforms not
seen from earlier comet flybys of 1P/Halley and 19P/Borrelly. These include craters, exca-
vation zones, flat-floored depressions, surface crusts, landslides, lineaments, terraces, spires/
pinnacles (some 100 m in height), steep cliffs, overhangs, and small bright patches (potential
vents or exposed ice). Wild 2 does not have smooth plains as seen on other comet surfaces.
Most surface features are likely associated with ice sublimation processes. A triaxial ellipsoidal
fit of the images yielded principal nucleus radii of 1.65 X 2.00 X 2.75 km (£ 0.05 km).The
longer exposures were used to identify the orientations and the approximate source loca-
tions of at least 20 collimated and partially overlapping jets of dust emitted from the nucleus.

Fig. 4.3 A composite figure. made by superimposing long and short exposure images of the nucleus of
81P/Wild 2.The short exposure shows the surface features of the nucleus and the long exposure shows
the gas/dust jets of gas emitted by the nucleus.
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Fig.4.4 Eighteen seconds of data from the Dust Flux Monitor taken when the spacecraft was ~4300 km
from the nucleus of 81P/Wild 2, showing the variable impact rate seen as the spacecraft passed through
the comet’s coma (adapted from Clark et al. 2004).

4.3.1.2 Dust flux monitor data

During the flyby the dust detectors recorded particle impacts of masses ranging from
10 to > 107" g. The impact distribution along Stardust’s flight path was extremely non-
uniform. Dust impacts occurred in short “bursts” that could contain nearly a thousand
particles separated by intervals in which no dust arrived at all (Tuzzolino et al. 2004)
(Fig. 4.4). The most likely explanation for this behavior is the ejection of larger particle
aggregates from the nucleus that fragmented as they moved out into the coma (Clark
et al. 2004). At least seven impacting particles were big enough (the largest ~4 mm in
diameter) to penetrate the spacecraft’s front bumper shield and be detected by the flux
monitor’s acoustic sensors (Green et al. 2004). These data indicated that the expected
samples were successfully collected by the aerogel collector during the flyby.

4.3.2 Results obtained from returned samples

The Stardust Sample Return Capsule (SRC) returned to Earth at the Utah Test and
Training Range on January 2, 2006 and was quickly recovered (Fig. 4.5). The SRC was
transported to a temporary cleanroom where it was opened and the sample canister
was removed and placed in a container purged by curatorial grade N,. The canister was
flown to NASA’s Johnson Space Center and opened in a cleanroom made specifically
to receive and curate the samples. Samples removed from the aerogel collector were
subjected to a 6 month preliminary examination by prearranged teams that studied the
chemical, physical, spectral, and isotopic nature of the samples before the samples were
made available for general distribution to the science community.
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Fig.4.5 The Stardust Sample Return Capsule as found during its recovery from the Utah Test and Train-
ing Range.

An extensive effort was made to assess contamination of the returned samples and
concluded that contamination during the design, construction, and flight of the space-
craft, and during and after recovery of the SRC did not contribute significant material
to the collectors (Sandford et al. 2010). The largest concern is associated with contami-
nant particles and structural carbon within the original aerogel, although these materials
can generally be distinguished from the returned cometary samples.

4.3.2.1 Physical nature of the dust

One of the first science results from the returned samples was that Wild 2 contains
a diverse range of particles. The aerogel capture track geometries clearly showed the
presence of both strong solid materials that produced long thin tracks and friable par-
ticles that produced wide (bulbous) tracks (Brownlee et al. 2006; Burchell et al. 2008)
(Fig. 4.6). Many of the grains are polymineralic. Except for surface abrasion, most grains
>2 pm are well preserved, while many of the smaller ones were altered or destroyed
during high speed capture into aerogel (Brownlee et al. 2006). Some submicron grains
did survive capture, but it is clear that others melted and dissolved into melted aerogel
lining track walls. The preferential destruction of the finest grained fraction affects the
completeness of our full understanding of the comet’s mineralogical composition.

4.3.2.2 Elemental composition

During the preliminary analyses of Wild 2 samples, results from the aerogel and foils were
combined to seek a “comprehensive” elemental analysis of the Wild 2 particles (Flynn
et al. 2006). Twenty-three tracks were analyzed by synchrotron X-ray Fluorescence
(SXRF) to determine abundances for elements heavier than P. One track was also split
lengthwise and analyzed by time-of-flight—secondary ion mass spectrometry (TOF-
SIMS) analysis for some lighter elements, particularly Mg and Al (the silica aerogel
prevented measurement of Si and O). Residues in 7 Al foil craters were also analyzed
by scanning electron microscopy using energy-dispersive X-ray analyses (SEM-EDX)
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Fig. 4.6 Cometary particles impacting Stardust aerogel collector tiles created several types of tracks.
Single, strong particles created long, thin carrot tracks like the one on the left of the image. Weaker
aggregate particles came apart during impact and produced more bulbous tracks like the two in the
center of the image. Particles in this image entered from above and the surface of the aerogel is at the
top of the image.

and TOF-SIMS. These ‘bulk’ compositions are compared to the elemental composition
of CI chondrites, which were generally thought to represent the closest analogues to
cometary material (Gounelle et al. 2006).

Since the mineralogy of the tracks varied so widely, it was difficult to arrive at a
‘bulk’ composition for the overall collected sample. Many terminal particles were domi-
nated by a single mineral, generally olivine, pyroxene, or Fe-Ni-Zn sulfide (Zolensky
et al. 2006) and the fraction of the total Fe detected in the studied terminal particles
varied from O percent to almost 60 percent. The spatial distributions of other elements
in each track were similarly varied. Thus, terminal particle analysis provides uncertain
information on the bulk elemental composition of Wild 2.

The mean composition of the Wild 2 coma dust was calculated by Flynn et al.
(2006) by summing the measured abundance of each element over all 23 analyzed
tracks. It was found that approximately 90 percent of the material in an entering com-
etary grain ended up being distributed along the tracks, with only ~10 percent being
present in the terminal grains. The Fe-normalized mean element abundances of Wild 2
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Fig. 4.7 Cl- and Fe-normalized mean composition determined by summing the 23 whole-track analy-
ses (squares) and by summing the same data set except for the particle having the highest Fe content
(circles). The vertical bars show the degree of diversity of the mean composition (after Flynn et al.
2006). The horizontal line represents Cl abundances.

tracks gathered in this fashion for Ca, Ti, Cr, Mn, Ni, Ge, and Se (Fig. 4.7) are consis-
tent with CI values at the 26 confidence level. Ge and Se were detected in only a few
particles, so their values are very uncertain. Sulfur is depleted relative to CI values, and
Cu, Zn, and Ga are enriched.

Westphal et al. (2009) reported additional compositional measurements of the Wild 2
tracks, based on SXRF measurements of the relative concentrations of the chemical state
of iron. They reported significantly higher S/Fe atom ratios of > 0.31, which is higher
than in most chondritic meteorites.

Analyses of impact residue in 7 Al foil craters provided additional element-to-Si ratios,
although only Mg, Si, and Fe were detected in all analyzed craters. The Si-normalized
mean composition detected in four craters has an abundance difference from CI of less
than 50 percent for Mg, Ca, and Fe. An observed S depletion is consistent with track
results. Residues in five craters were also analyzed by TOF-SIMS. The Si-normalized mean
abundances are consistent with CI for Mg, Ca, and Ni, but small depletions were seen for
Cr and Fe, consistent with the SEM-EDX results. Li, Na, and K appeared to be enriched.

Flynn et al. (2006) analyzed ~300 ng of Wild 2 dust and the material appears
depleted in S and Fe relative to Si and enriched in the moderately volatile minor ele-
ments Cu, Zn, and Ga relative to CI. These trends were previously reported in the fine-
grained, anhydrous chondritic IDPs (Schramm et al. 1989; Flynn et al. 1996). However,
the abundances of Cu, Zn, and Ga are not well determined in the latter, suggesting that
Wild 2 particles and anhydrous IDPs may better reflect the composition of the solar
nebula.
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4.3.2.3 Mineralogy
Betore the return of Stardust samples there were a number of different opinions con-
cerning what Wild 2 coma dust would be like. Possibilities included (a) materials very
similar or identical to anhydrous chondritic interplanetary dust particles (IDPs) (Bradley
2014), (b) amorphous nebular condensate silicates (Rietmeijer et al. 2009), (c) products
of annealing of nebular condensates (Kimura et al. 2011), or (d) materials largely made
up of presolar grains with direct interstellar heritage (Engelhardt et al. 2017). Wild 2
could have also been an interstellar visitor like 11/‘Oumuamua (Jewitt et al. 2017). The
actual Wild 2 samples did not match any of these possibilities.

The mineral chemistry of the collected samples is a remarkably complex mix of
unequilibrated phases. The most abundant phases are the ferromagnesian silicates olivine
and pyroxene (Fig. 4.8), and are similar to materials found in most anhydrous chondritic

' Olivine
and
pyroxene

compressed
5 p, 11] aerogel
[—

COMPO 10.0kV  X7,000 1um WD 8.0mm

Fig. 4.8 Wild 2 coma grains. (A) Transmitted light view of track 35 (1.5 mm long) with images of ex-
tracted grains shown alongside; grains vary from 8-23 pm in diameter and are not shown to scale.
(B) Back-scattered electron image of a terminal grain from track 57. The troilite (FeS) and olivine (ol)
crystals apparently shielded the fine-grained material (Fgm) from destruction during capture (after
Brownlee et al. 2006). (C) X-ray computed tomographic image of a terminal grain from track 35 identi-
fied by Nakamura et al. (2008) as a chondrule, containing olivine and pyroxene. (D) Back-scattered
electron image of a CAl terminal grain from track 25 (Inti) (after Zolensky et al. 2006).
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IDPs and unequilibrated or unaltered chondrites. The samples also contained chondrule
fragments (Nakamura et al. 2008). The expectation that amorphous silicates and fine-
grained annealed products of these minerals would predominate in Wild 2 grains was
clearly incorrect, at least for micron and larger grains.

The major element compositional range of olivine, a reflection of the formation
conditions and thermal history of astromaterials, is the largest of any known astromate-
rial, and the distribution is very flat, with no expected peak for forsterite (Frank et al.
2014). Comparisons of Wild 2 samples with other available astromaterials initially
proved to be difficult since Wild 2 samples require study, by necessity, at the micron
size scale - a scale for which there was a lack of comparable information for most
other astromaterials. Subsequent detailed measurement of olivine compositions in
chondrite matrix revealed how unique the range is for Wild 2 samples (Frank et al.
2014; Joswiak et al. 2014a; Brownlee and Joswiak 2017; Defouilloy et al. 2017).The flat
olivine compositional distribution for Wild 2 samples indicates no thorough heating of
the samples occurred after they were accreted into the comet. It also suggests that the
formation regions of the olivine in Wild 2 samples differed from that of any of the car-
bonaceous chondrites. In addition, Wild 2 grains include a population of Ca-enriched,
Mn-depleted olivine crystals not found in any other known astromaterial (Frank et al.
2014). Wild 2 also contains low-iron, manganese-enriched forsterites (called LIME
olivines) that are commonly found in IDPs and carbonaceous chondrites and proposed
to be early nebular condensates (Klock et al. 1989; Ebel et al. 2012).

In contrast to the major elements, Frank et al. (2014) reported depletion of Cr from
the FeO-rich olivines in Wild 2, comparable to that attributed to mild thermal meta-
morphism petrologic grade (3.05-3.2) chondrites. Since Cr is highly mobile under
thermal metamorphism as low as 200 °C, it is a sensitive indicator of heating events
and it shows greater depletion in smaller grains (Grossman and Brearley 2005). Thus,
olivine minor element compositions suggest that some, but not all, Wild 2 materials
experienced thermal metamorphism prior to incorporation into their ice-rich par-
ent body. Unfortunately, it is unclear whether the mineralogical criteria for thermal
metamorphism derived from coarser chondrule silicates in ordinary and carbonaceous
chondrites can be applied to the fine-grained Wild 2 samples. It is also not known what
the initial Cr contents of olivine were across various early solar system environments.

The measured Mn content in >200 of Wild 2 olivine grains having a broad range of
Fe content show distinctly different trends than seen in olivines from specific chondrite
groups (Frank et al. 2014; Brownlee and Joswiak 2017), suggesting that comet olivine
formed in a broader range of environments than these specific chondrite groups.

Comprehensive results for Wild 2 pyroxenes have not yet been published, but a
number of Wild 2 particles, named “Kool” grains (Kosmochloric high-Ca pyroxene and
FeO-rich olivine), contain assemblages of FeO-rich olivines, Na- and Cr-rich clinopy-
roxenes (usually augites), poorly-crystallized albite or albitic glass, and spinel (Joswiak
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et al. 2009; 2012). Kool grains have been reported in some chondritic IDPs. The
textures, grain sizes, and mineral assemblages of these grains are consistent with high
temperature formation processes, rather than direct condensation or thermal annealing
of amorphous condensates. The O isotopic composition of one Wild 2 Kool grain has
been reported, and is comparable to some type II (FeO-rich) chondrule olivines from
OC, R, and CR chondrites (Krot et al. 2006; Connolly and Huss 2010; Kita et al. 2010;
Isa et al. 2011). However, actual Kool grains have not yet been observed in chondrites.

The discovery of high temperature materials like chondrule and CAI (Ca-Al-rich inclu-
sions) fragments (Fig. 4.8C,1D) among Wild 2 grains was unexpected and contrary to the
idea that comets formed in isolation from the inner Solar System (Zolensky et al. 2006;
McKeegan et al. 2006; Joswiak et al. 2012, 2014a,b). CAls containing olivines, pyroxenes,
sulfides, and refractory oxides have been reported from at least 5 different particle tracks,
suggesting that these high-temperature components constitute ~2 percent of the collected
sample (Joswiak et al. 2017). Mineral assemblages, chemistries, and bulk particle composi-
tions indicate these grains are most similar to fine grained CAls in carbonaceous chondrites.

Some Wild 2 grains have igneous mineralogies, textures, and bulk oxygen isotope
compositions consistent with an origin as fragments of chondrules like those found in
carbonaceous chondrites (Nakamura et al. 2008; Matzel et al. 2010; Joswiak et al. 2012;
Ogliore et al. 2012; Gainsforth et al. 2015). The abundance of chondrule fragments in
Wild 2 is > 5-10 percent and could be much higher. The exact relationships of Wild 2
chondrules to those in chondrites is not known, although the similarities are striking. It
remains to be determined if Wild 2 chondrules and CAls sample the same populations
of components found in chondrites (Westphal et al. 2017). Regardless, they must have
formed via high temperature processes (Gainsforth et al. 2015). These igneous materials
probably require large scale mixing in the early Solar System, although there are pro-
posals for high-temperature processes in the outer Solar System (Sanborn et al. 2017;
Kruijer et al. 2017). The common presence of these materials in interplanetary dust
particles of likely cometary origin suggests that they are common in comets.

Wild 2 samples include abundant sulfides. These are predominantly troilite (FeS),
pyrrhotite Fe S, with lesser pentlandite (ideally (FeNi),S), but the occurrence of
unusual sulfides (including ZnS) implies complex sulfide formation processes (Zolensky
et al. 2006; Westphal et al. 2009; Schrader et al. 2016). The rare presence of cubanite
(CuFe,S)) has been interpreted as evidence for possible rare aqueous processing (Berger
et al. 2011), although a primary origin for this phase is also possible. Wild 2 Fe-Ni
sulfides plot within the Fe-Ni-S ternary plot as two modes: either pyrrhotite/troilite,
or pentlandite, with few compositions between (Zolensky et al. 2006). This limits the
extent of possible aqueous processing since the aqueous alteration seen in hydrous
IDPs produces assemblages bridging the gap between the pure end member phases.
Understanding the sulfide mineralogy in the returned samples is complicated by the
presence of FeS formed by melting of pre-existing grains during capture in the aerogel.
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Chondritic meteorites often contain materials resulting from the activity of aque-
ous fluids (Zolensky and McSween 1988; Brearley 2006). Searches in Wild 2 samples
for minerals unambiguously requiring formation via aqueous fluids have largely been
unsuccessful. A possible exception is the cubanite grain mentioned above. Another is a
magnesium carbonate reported by Mikouchi et al. (2007). Several Ca carbonates have
also been reported, but these were ascribed to contamination from aerogel impurities.
Magnetite and chromite have been reported from Wild 2 grains (Changela et al. 2012;
Bridges et al. 2015). In chondrites and IDPs such phases have been proposed to result
from aqueous alteration and oxidation of metal and Fe-Ni sulfides (Kerridge et al. 1979;
Zolensky and McSween 1988), but they can also be produced in the absence of aque-
ous fluids (Lauretta and Schmidt 2009). The lack of phyllosilicates in analyzed Wild 2
materials could be ascribed to post-alteration thermal neomorphism impact shock or
to capture heating, but heated phyllosilicates have characteristic textures (Nakamura
2005; Tonui et al. 2014) not observed in the Wild 2 materials. Thus, there is currently
no unambiguous evidence for liquid water having been present on the comet.

GEMS (Glass with Embedded Metal and Sulfides) are common sub-micron sized
assemblages in anhydrous chondritic IDPs, but found in only one meteorite (Ningqgiang)
(Rietmeijer 1994; Bradley 1994; Zolensky et al. 2003). They have been variously pro-
posed to be radiation-damaged early nebular solids or preserved presolar materials, and
they have been vigorously searched for in Wild 2 materials. A few Wild 2 components
have been proposed to be GEMS (e.g., Gainsforth et al. 2016), but since very similar
silica-sulfide rich aggregates are a major byproduct of the capture process of chondritic
materials in silica aerogel (Barrett et al. 1992), an unambiguous identification of a true
GEMS assemblage has proven to be elusive (Ishii 2019). GEMS are easily degraded by
modest heating and it is possible that Wild 2 contained abundant submicron GEMS that
were melted to form the silica-rich melt on track walls. It is also possible that Wild 2
does not contain GEMS.

4.3.2.4 Organics
Comets may have had a significant role in delivering volatiles and organics to the early
Earth and these materials may have played a role in the origin of life (Or6 1961; Chyba
and Sagan 1992). Considerable emphasis was placed on searching for organics in the
returned samples (Sandford 2008, 2009). This task was made difficult by the small sizes
of the samples, the complexity of the organic materials present, the fact that organics
fared relatively poorly during hypervelocity collection, and the presence of structural
carbon in the aerogel collection material. Nonetheless, it was possible to identify com-
etary organics in the samples by the presence of non-terrestrial D/H and “IN/"N iso-
tope ratios or by clear associations with surrounding mineral grains.

Organics found in Wild 2 samples show a heterogeneous and unequilibrated distri-
bution in both abundance and composition. Some of the organics are similar, but not
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identical, to those in IDPs and carbonaceous meteorites, but there is evidence for addi-
tional organic materials not found in meteorites (Sandford et al. 2006). These additional
organics are more labile, richer in oxygen and nitrogen, and aromatic-poor compared
with meteoritic organics.

Comparisons with IDPs and meteorite organics are problematic since the hyperve-
locity impacts associated with aerogel collection resulted in the destruction and altera-
tion of some of the collected organics. IR mapping of tracks shows that the aerogel
surrounding some (but not all) tracks contains excess absorption by aliphatic -CH, and
-CH,- groups, suggesting that some of the organic material in the arriving particles was
vaporized during impact and redistributed into the surrounding aerogel (Sandford et al.
20006; Bajt et al. 2009). It is therefore difficult to determine the actual abundance ratio
of organics to mineral phases in the original particles.

Infrared spectra of individual particles and organic regions within them show
absorption bands of -CH,, -CH,-, C=0, and CC groups (Keller et al. 2006;
Sandford et al. 2006; Rotundi et al. 2008; Bajt et al. 2009). The observed aliphatic
CH stretching features of Stardust particles resemble those seen in IDPs in terms of
peak shapes, positions, and the -CH,-/-CH, band depth ratio, but differ somewhat
from those seen in primitive carbonaceous chondrite meteorites like Orgueil and
Murchison.

The presence of aromatic organics is seen in both IR and Raman spectra of col-
lected particles (Keller et al. 2006; Sandford et al. 2006; Rotundi et al. 2008). Raman
spectra of Wild 2 samples are dominated by the aromatic D and G bands near 1360 and
1590 Acm™ and are superimposed on a fluorescence background of variable intensity.
The D and G band parameters of the samples indicate the presence of amorphous car-
bonaceous materials that scatter across the entire meteoritic field, but are best matched
to the range seen in IDPs.

The technique of X-ray Absorption Near Edge Spectroscopy (XANES) has been
very useful for the analysis of Stardust samples (Sandford et al. 2006; Cody et al. 2008;
Matrajt et al. 2008; Wirick et al. 2009). C-XANES spectra of Stardust samples look simi-
lar to those of meteoritic organics and most closely resemble those of IDPs. C-, N-, and
O-XANES spectra reveal considerable chemical complexity across the range of organic
samples analyzed. The cometary organics contain low concentrations of aromatic and/
or olefinic carbon relative to aliphatic and heteroatom-containing functional groups,
e.g., amide, carboxyl, and alcohol/ethers. The atomic ratios for N/C and O/C derived
from XANES data reveal a wide range in heteroatom content and these ratios are higher
than those seen in primitive meteoritic organic matter (Fig. 4.9). The wide range in
chemistry, both in elemental abundances and specific organic functional groups, suggests
that the comet Wild 2 organics likely have multiple origins.

Organic species have also been detected using two-step laser desorption / laser
ionization mass spectrometry (L*MS) (Sandford et al. 2006; Clemett et al. 2010). L*MS
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Fig. 4.9 (A) XANES data from different Wild 2 grains show a range of spectra. Specific organic func-
tional groups are highlighted in the figure. on the left (dashed lines a to f): (a) C=C at ~ 285.2 eV;
(b) C=C-0 at ~ 286.5¢eV; (c) C=0 at ~ 287.5 eV; (d) N-C=0 at 288.2 eV; (e) O-C= 0 at 288.6 eV;
and (f) C-O at 289.5 eV (B) Wild 2 particles (numbered triangles) show unusually high N/C and O/C
ratios relative to chondritic organic matter (squares). Average values for comet Halley particles and
stratospheric IPDs are marked by the black star and the solid circle, respectively (figure adapted from
Sandford et al. 2006).

mass spectra obtained from individual particles and aerogel along impact tracks show
the presence of multiple polycyclic aromatic hydrocarbons (PAHs) and their alkyl-
ated derivatives. Two distinct populations of PAHs can be distinguished. In the first
population, benzene and naphthalene (1- to 2-ring PAHs) and their alkylated variants
are seen in the absence of moderate mass (3- to 6-ring) PAHs. These distributions are
uncharacteristic of meteorites and IDPs, but closely resemble the pyrolysis products of
meteoritic macromolecular organics and have been observed in high-power laser L°MS
measurements of aerogel tiles (Spencer et al. 2009). This suggests that many lower mass
PAHs may not be cometary but instead originate from impact processing of C original
to the aerogel. The second population of PAHs has a more complex compositional
distribution in which the dominant observed species are naphthalene (C, H,; 2 rings),

10

phenanthrene (C H, ;3 rings), and pyrene (C, H, ;4 rings), along with their alkylated
homologs extending up to at least C4-alkyl. This second distribution resembles that
found in matrix material in the Murchison carbonaceous chondrite and some IDPs
(Clemett et al. 1993, 2010).

Amines and amino acids have also been detected. These were not found in indi-
vidual cometary grains, but were instead detected within the general volume of aerogel
tiles using liquid chromatography with UV fluorescence detection and time of flight
mass spectrometry (LC-FD/ToF-MS). Glavin et al. (2008) detected a suite of amines
and amino acids, including glycine, in acid-hydrolyzed, hot-water extracts of Stardust
aerogels and Al foils above background levels. Most of the primary amines detected
were also present in the flight aerogel witness tile that was not exposed to the comet,
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indicating that they were terrestrial in origin. However, excesses of methylamine (MA)
and e-amino-n-caproic acid (EACA) in comet-exposed aerogel suggested that these
volatile amines were captured from comet 81P/Wild 2 and present in an acid-hydro-
lyzable bound form in the aerogel (Glavin et al. 2008). Subsequently, Elsila et al. (2009)
showed that the EACA had a 8"C value of =25 & 2%, indicating a terrestrial origin
(EACA is likely due to contamination from the Nylon-6 used to bag samples during
curation). In contrast, glycine was observed to have a 8"C value of +29 * 6%o, which
strongly suggests an extraterrestrial origin. This represents the first detection of a com-
etary amino acid.

4.3.2.5 Isotopes

Isotopically anomalous grains are found in Wild 2 grains at approximately the same level as
in chondritic IDPs and the most pre-solar-rich chondrites (Stadermann et al. 2008). Thus,
the composition of Wild 2 is not dominated by isotopically anomalous presolar grains.

The isotopically anomalous presolar grain abundance in Wild 2 samples has been
best measured by detailed SIMS analysis of craters in Al foil that surrounded each aero-
gel cell. These indicate pre-capture abundances of 600-830 ppm for O-rich presolar
grains and at least 45 ppm for SiC grains larger than 300 nm (Floss et al. 2013). This
abundance is at the upper level for that reported for chondritic IDPs and higher than
found in most chondrites. If the comet contains isotopically normal interstellar grains
there is no existing method to determine their abundance.

High precision oxygen isotope analyses reveal the range of compositions of the
returned silicates. Many silicates fit a pattern of oxygen composition vs. Fe content that
1s similar to CR chondrite olivine (Defouilloy et al. 2017). The oxygen isotope compo-
sitions reveal components with affinities to carbonaceous and ordinary chondrites, the
presence of relict grains in chondrules, and '*O-rich materials that include CAls and
Mg-rich condensates.

Organic materials in meteorites and IDPs often show non-terrestrial values for D/H
and PN/MN (Messenger 2000; Keller et al. 2004; Busemann et al. 2006) and the same is
true for the organic materials returned from Wild 2, showing a large excesses in D and
BN (McKeegan et al. 2006; Matrajt et al. 2008). These isotopic anomalies demonstrate
conclusively that the associated organics are not terrestrial contaminants and provide
insights into the types of environments and processes involved in their formation.

The distribution of anomalous enrichments of D and "N in Stardust samples are
highly heterogeneous and the range of excesses span a similar range as that seen in IDPs.
The two anomalies do not directly correlate in either location or magnitude; materials
are seen that contain none, one, or both of the D and "N excesses. The decoupling of
D and "N anomalies and the variable magnitudes of the effects suggest that they were
formed by multiple interstellar/protostellar processes and environments that predate the
formation 81P/Wild 2 (Sandford et al. 2001; McKeegan et al. 2006). Their presence also
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100pm

Fig.4.10 Wild 2 particle impact crater in Al foil. The impactor was a loose aggregate composed of Mg
silicate, Ca bearing silicate, chondritic, and sulfide components that produced the complex multi-pit
crater lined with comet residue (Kearsley et al. 2008).

indicates that these organics have experienced little alteration since their incorporation
into the cometary nucleus.

4.3.2.6 Craters

While the aerogel collectors were Stardust’s primary means of capturing cometary sam-
ples, the forward facing aluminum foils that held aerogel capture cells in place were also
exposed to the incoming flux of cometary particles. Particles impacting the foil created
hypervelocity impact craters that could be individually studied (Horz et al. 2000). The
morphologies of these craters indicated that they were made by particles varying from
individual dense mineral grains to loosely bound, polymineralic aggregates.

Residual impactor material was found in some craters and was studied by energy
dispersive X-ray microanalysis (Kearsley et al. 2008). These showed that some particles
included coarse (>10 pm) mafic silicate grains dominated by a single mineral species
of density around 3—4 g cm™® (such as olivine). Other grains were porous, low-density
aggregates from a few nanometers to 100 pm, with an overall density that may be lower
than 1 g cm™, containing mixtures of silicates, sulfides, and possibly glass. In one large
aggregate crater (Fig. 4.10), the combined diverse residue composition is similar to CI
chondrites. On the whole, the inferred mineral assemblages are very similar to the most
common species reported from aerogel tracks.

4.3.2.7 Interstellar particles

Contemporary interstellar dust grains passing through our Solar System were first
observed by detectors aboard the Ulysses spacecraft (Griin et al. 1994) and subsequently
verified by data from detectors on board the Galileo, Cassini, and Helios spacecraft
(Kriiger et al. 2019). The original goal of the Stardust mission was to collect some of
this “fresh” interstellar dust, although this dropped to a secondary goal as the mission
developed. The Ulysses and the other spacecraft data indicated that the maximum size
of the interstellar grains would be ~ 1 pm and that they would be relatively rare. The
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effort to collect interstellar dust suffered from the fact that Stardust’s dust collection peri-
ods occurred close to solar maximum, when the flux of interstellar grains to the inner
Solar System is lowest. As a result, only a dozen grains spread across the entire Stardust
Interstellar Particle Experiment (ISPE) aerogel collector were expected to be collected.

It was not clear when the spacecraft was launched how such minuscule and dispersed
grains would be recognized and analyzed. Fortunately, Prof. Andrew Westphal (UC
Berkeley), developed a plan for the public to locate the grains through one of the larg-
est distributed planetary science efforts in history. The returned ISPE aerogel cells were
scanned using an automated system, which recorded millions of microscope focusing
‘movies’ across each aerogel cell. These movies were placed online and more than 20,000
volunteers (self-named “dusters”) searched them for traces of captured ISPE grains. Over
half of the ISPE aerogel tray has been scanned in this effort (Westphal et al. 2014a,b).

Using this procedure, features of special interest were identified and a subset con-
sidered to have the greatest possibility of being interstellar grains were removed from
the aerogel cells. These were mounted between 70 nm thick sheets of Si,N, for protec-
tion. The resulting mounts were transparent to synchrotron X-rays, permitting analyses
to be performed on the grains while still encased in aerogel. Analytical techniques
used included Scanning Transmission X-ray Microscopy (STXM), Fourier Transform
Infrared Spectroscopy (FTIR), X-Ray Fluorescence spectroscopy (XRF), and X-Ray
Diffraction (XRD) (Westphal et al. 2014a). These analyses were carefully chosen to be
non-destructive to the interstellar candidate grains. The chemistry of the majority of
these samples were found to be consistent with secondary impact ejecta from Stardust’s
solar panels or sample return capsule, injected into the aerogel when interplanetary dust
particles or comet coma grains impacted on these parts of the spacecraft.

Westphal et al. (2014a) reported on the mineralogy and bulk composition of the
first three recognized probable interstellar grains (Fig. 4.11). Sample 11043,1,30,0,0
(named “Orion”) is a mixture of shocked forsteritic olivine (Fo >90), spinel, iron metal
nanoparticles and one additional unidentified iron-bearing phase. Elemental abun-
dances, normalized to magnesium and the composition of CI meteorites, show ten-fold
enrichments in Al and Cu, depletions for Si, Ca and near normal Fe, Cr, Mn, and Ni.
Sample 11047,1,34,0,0 (“Hylabrook”) contains shocked, partially amorphized, olivine
(Fo >80) with a rim of poorly crystalline Mg-silicate, amorphous alumina, amorphous
metal oxides (Cr and Mn), and an Fe-bearing oxide phase which may include reduced
iron nanoparticles. The major elements Mg, Si and Fe are present in Cl-like relative
proportions; Mg-normalized minor heavy elemental abundances show depletions in Ca
and Ni, and enrichments in Cr, Mn, and Cu, relative to CI.The nature of the third can-
didate, Sample 11003, 1,40,0,0 (“Sorok”), is less certain. The capture track morphology
was consistent with an interstellar grain, but no Fe, Mg, or Al were detected by SXRE
Either the grain was relatively Fe-poor compared to Orion and Hylabrook, or relatively
little of the original projectile survived capture.
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Fig. 4.11 Element maps of two of the first recognized probable ISPE grains derived from SXRF mea-
surements. (A) Map of Sample 11043,1,30,0,0 (Orion). Blue is olivine, purple is spinel, and green is an
unidentified Ca-bearing phase. (B) Map of 11047,1,34,0,0 (Hylabrook). Pink is olivine, and green is an
amorphous phase. (figure is after Westphal et al. 2014a).

A search for interstellar particle impact craters was also made on the Al metal foils
surrounding the aerogel cells (Westphal et al. 2014a,b). Twenty-five crater-like fea-
tures were identified during an automated scanning electron microscope-based search.
Elemental analysis by Auger electron spectroscopy and/or energy dispersive X-ray
spectroscopy (EDS) indicated that 21 of these features were secondaries from impacts
on the spacecraft solar panels or defects in the foil. The remaining four impact craters
(I1044N,3;I1061N,3;I1061N, 5; and I1061N,4) have residues consistent with an extra-
terrestrial origin, consisting of Fe-, Mg-silicates, and/or Fe with associated S. Oxygen
isotopic measurements of two of the crater residues were found to be consistent with
solar system values, the remaining two craters could not be analyzed for O.

None of the compositional, isotopic, or mineralogic information from these samples
(aerogel tracks or craters in Al foil) requires an interstellar origin. The strongest evidence
for an interstellar origin comes from the directionality of the features. None of tracks
for the interstellar candidates in the aerogel were in the angular range where IDPs
should have their maximum flux. The ISPE track directions are slightly different from
those expected from Ulysses and Galileo dust data, but a slightly shifting interstellar
dust radiant hypothesized by Westphal et al. (2014a) would permit an interstellar dust
origin for these tracks. Westphal et al. (2014a) used a statistical argument based on the
expected flux of interplanetary dust vs. interstellar dust grains impacting the Al foils
(from Landgraf et al. 1999) to similarly argue that all four of the potential Al craters
mentioned above were most likely from interstellar impacts.
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To summarize, several grains captured in ISPE aerogel and several residues found in
craters in adjacent Al have been proposed to be of interstellar origin. However, no defin-
itive evidence has yet been collected from any Stardust samples of an interstellar origin.

4.4 Conclusions

The Stardust mission was the first mission to bring back to Earth samples from outside

the Earth-Moon system. The samples collected from the coma of Comet 81P/Wild 2

contained an enormous diversity of solar system materials in terms of elemental com-

position, mineralogy, organics, and isotopic structures. This diversity revolutionized our
understanding of the processes and environments operant in the early protosolar nebula.

Key points resulting from the study of the returned materials include:

* Comets clearly do not consist solely of presolar materials. Indeed, isotopically anom-
alous presolar grains are rare in Wild 2 samples for >pm solid grains. Many of the
materials in the returned samples show evidence for high temperature formation in
the protosolar nebula and are similar to the materials found in primitive meteorites.

* The returned comet dust is primitive. The returned materials do not appear to have
been significantly altered after their incorporation into the comet. This has preserved
a heterogeneity that demonstrates that these materials come from a wide variety of
formation environments and have different detailed histories. The comet silicates seem
to represent a more diverse sampling of nebular environments than seen in specific
meteorite groups, unlike chondrite groups whose defining properties partially relate
to regional differences in their source regions. Comets are likely to contain a broader
mix of materials from nebular environments dispersed in both time and space.

» Large scale mixing must have occurred in the early protosolar disk. While comets
may live predominantly in the outer Solar System, the composition of Wild 2 sam-
ples suggests they contain significant amounts of material that formed or was altered
much closer to the Sun. Indeed, nearly all of the collected particles >2 pm in size are
high temperature materials that include CAIs, chondrule fragments, and condensates.

e The elemental composition, mineralogy, isotopic patterns, etc. of Wild 2 particles are
similar, but not identical to, primitive meteorites and anhydrous IDPs. They cannot be
related to any specific meteorite group, but contain components found in various groups.

*  Organics are present but severely under-represented in the returned samples due to
their collection at hypervelocity. Material like meteoritic IOM is present, but there is
evidence that comets may contain an additional, less aromatic organic component.
It seems unlikely that identification of chondrule and CAI fragments, measure-

ment of the abundance of isotopically anomalous pre-solar grains, and a quantitative

and detailed understanding of the complex mix materials formed in numerous nebular
materials could ever have been known without the laboratory study of returned comet
samples

97



98

Space missions

Acknowledgements

This work was supported by the National Aeronautics and Space Administration
through the NASA Emerging Worlds Program under Cooperative Agreement Notice
NNH17ZDA001N issued through the Science Mission Directorate.

References

Bajt, S., Sandford, S.A., Flynn, GJ., Matrajt, G., Snead, CJ., Westphal, A J., Bradley, J.P,, 2009. Infrared
spectroscopy of Wild 2 particle hypervelocity tracks in Stardust aerogel: evidence for the presence of
volatile organics in comet dust. Meteoritics and Planetary Science 44, 471-484.

Barrett, R.A., Zolensky, M.E., Horz, E, Lindstrom, DJ., Gibson, E.K., 1992. Suitability of silica acrogel as
a capture medium for interplanetary dust. In: Ryder, G., Sharpton, V. (Eds.), Proceedings of the 19th
Lunar and Planetary Science Conference, 203—212.

Berger, E.L., Zega, T.]., Keller, L.P, Lauretta, D.S., 2011. Evidence for aqueous activity on comet §1P/Wild 2
from sulfide mineral assemblages in Stardust samples and CI chondrites. Geochim. Cosmochim. Acta
75,3501-3513.

Bradley, J.P,, 1994. Chemically anomalous, pre-accretionally irradiated grains in interplanetary dust from
comets. Science 265, 925-929.

Bradley, J.P, 2014. Early grains in the solar nebula—interplanetary dust particles. In: Meteorites and
Cosmochemical Processes, H.D., Holland, K.K., Turekian (Eds.), Treatise on Geochemistry, 2nd ed., vol.
1, Oxford:Elsevier—Pergamon, pp. 287-308 .

Brearley, A.J., 2006. The action of water. In: Lauretta, D.S., McSween, H.Y. (Eds.), Meteorites and the Early
Solar System II, 584-624.

Bridges, J.C., Hicks, L.J., MacArthur, J.L., Price, M.C., Burchell, M.J., Franchi, I.A., Gurman, S.J., 2015.
Magnetite in Stardust terminal grains: evidence for hydrous alteration in the Wild 2 parent body.
European Planetary Science Congress 2015, held 27 September - 2 October 2015 in Nantes. France,
id. EPSC2015-866.

Brownlee, D., Tsou, P, Aléon, J., Alexander, C.M.O..D., Araki, T., Bajt, S., Baratta, G.A., Bastien, R., Bland,
P, Bleuet, P, Borg, J., Bradley, J.P., Brearley, A., Brenker, E, Brennan, S., Bridges, ].C., Browning, N.D.,
Brucato, J.R., Bullock, E., Burchell, M., Busemann, H., Butterworth, A., Chaussidon, M., Cheuvront,
A., Chi, M., Cintala, M J., Clark, B.C., Clemett, S.J., Cody, G., Colangeli, L., Cooper, G., Cordier, P,
Daghlian, C., Dai, Z., d’Hendecourt, L., Djouadi, Z., Dominguez, G., Duxbury, T., Dworkin, J.P., Ebel,
D.S., Economou, T.E., Fakra, S., Fairey, S.A.J., Fallon, S., Ferrini, G., Ferroir, T., Fleckenstein, H., Floss,
C., Flynn, G, Franchi, I.A., Fries, M., Gainsforth, Z., Gallien, J.-P., Genge, M., Gilles, M.K., Gillet, P,
Gilmour, J., Glavin, D.P,, Gounelle, M., Grady, M.M., Graham, G.A., Grant, P.G., Green, S.E, Grossemy,
E, Grossman, L., Grossman, J.N., Guan, Y., Hagiya, K., Harvey, R., Heck, P, Herzog, G.E, Hoppe, P,
Hoérz, E, Huth, J., Hutcheon, I.D., Ignatyev, K., Ishii, H., Ito, M., Jacob, D., Jacobsen, C., Jacobsen, S.,
Jones, S., Joswiak, D., Jurewicz, A., Kearsley, A., Keller, L.P., Khodja, H., Kilcoyne, A.L.D., Kissel, J., Krot,
A., Langenhorst, E, Lanzirotti, A., Le, L., Leshin, L.A., Leitner, J., Lemelle, L., Leroux, H., Liu, M,-C.,
Luening, K., Lyon, I., MacPherson, G., Marcus, M.A., Marhas, K., Marty, B., Matrajt, G., McKeegan,
K., Meibom, A., Mennella, V., Messenger, K., Messenger, S., Mikouchi, T., Mostefaoui, S., Nakamura,
T., Nakano, T., Newville, M., Nittler, L.R ., Ohnishi, I., Ohsumi, K., Okudaira, K., Papanastassiou, D.A.,
Palma, R., Palumbo, M.E., Pepin, R.O., Perkins, D., Perronnet, M., Pianetta, P, Rao, W., Rietmeijer,
EJ.M., Robert, E, Rost, D., Rotundi, A., Ryan, R, Sandford, S.A., Schwandt, C.S., See, T.H., Schlutter,
D., Sheffield-Parker, J., Simionovici, A., Simon, S., Sitnitsky, I., Snead, C., Spencer, M.K., Stadermann,
EJ., Steele, A., Stephan, T., Stroud, R.., Susini, J., Sutton, S.R., Suzuki,Y., Taheri, M., Taylor, S., Teslich, N.,
Tomeoka, K., Tomioka, N., Toppani, A., Trigo-Rodriguez, .M., Troadec, D., Tsuchiyama, A., Tuzzolino,
AJ., Tyliszczak, T., Uesugi, K., Velbel, M., Vellenga, J., Vicenzi, E., Vincze, L., Warren, J., Weber, 1.,
Weisberg, M., Westphal, A.J., Wirick, S., Wooden, D., Wopenka, B., Wozniakiewicz, P, Wright, I., Yabuta,
H.,Yano, H.,Young, E.D., Zare, R.N., Zega, T., Ziegler, K., Zimmerman, L., Zinner, E., Zolensky, M.,
2006. Comet 81P/Wild 2 under a microscope. Science 314, 1711-1716.



The Stardust sample return mission

Brownlee, D.E., Joswiak, D.J., 2017. Diversity of the initial rocky planetary building materials at the edge
of the solar system. Meteoritics and Planetary Science 52, 471-478.

Brownlee, D.E., Tsou, P, Anderson, J.D., Hanner, M.S., Newburn, R.L., Sekanina, Z., Clark, B.C., Horz,
E, Zolensky, M.E., Kissel, J., McDonnell, J.A.M., Sandford, S.A., Tuzzolino, A.J., 2003. STARDUST:
comet and interstellar dust sample return mission. J. Geophys. Res. 108, #E10, (8111), pp. 1-1 to 1-15.

Burchell, M J., Fairey, S.AJ., Wozniakiewicz, P, Brownlee, D.E., Horz, E, Kearsley, A.T., et al., 2008.
Characteristics of cometary dust tracks in Stardust aerogel and laboratory calibrations. Meteoritics and
Planetary Science 43, 23—40.

Busemann, H., Young, A.E, Alexander, C.M.O’D., Hoppe, P, Mukhopadhyay, S., Nittler, R.IN., 2006.
Interstellar chemistry recorded in organic matter from primitive meteorites. Science 312, 727-730.
DOI:10.1126/science.1123878.

Changela, H.G., Bridges, J.C., Gurman, S.J., 2012. Extended X-ray absorption fine structure (EXAFS) in
Stardust tracks: constraining the origin of ferric iron-bearing minerals. Geochim. Cosmochim. Acta 98,
282-294. DOI:10.1016/j.gca.2012.04.036.

Chyba, C., Sagan, C., 1992. Endogenous production, exogenous delivery and impact-shock synthesis of
organic molecules: an inventory for the origins of life. Nature 355, 125-132.

Clark, B.C., Green, S.E, Economou, T.E., Sandford, S.A., Zolensky, M.E., McBride, N., Brownlee, D.E.,
2004. Release and fragmentation of aggregates to produce heterogeneous lumpy coma streams.
J. Geophys. Res. 109, #E12, (E12503), 13 pages.

Clemett, S., Maechling, C., Zare, R., Swan, P, Walker, R., 1993. Identification of complex aromatic mol-
ecules in individual interplanetary dust particles. Science 262, 721.

Clemett, S.J., Sandford, S.A., Nakamura-Messenger, K., Horz, E, McKay, D.S., 2010. Complex aromatic
hydrocarbons in STARDUST samples collected from the comet 81P/Wild-2. Meteoritics and Planetary
Science 45, 701-722.

Cody, G.D., Ade, H., Alexander, O’'D.C.M., Araki, T., Butterworth, A., Fleckenstein, H., Flynn, G., Gilles,
M.K., Jacobsen, C., Kilcoyne, A.L.D., Messenger, K., Sandford, S.A., Tyliszczak, T., Westphal, A.J., Wirick,
S., Yabuta, H., 2008. Quantitative organic and light-element analysis of comet 81P/Wild 2 particles
using C-, N-, and O- p-XANES. Meteoritics and Planetary Science 43, 353-365.

Connolly, H.C., Huss, G.R., 2010. Compositional evolution of the protoplanetary disk: oxygen isotopes of
type-II chondrules from CR2 chondrites. Geochim. Cosmochim. Acta 74, 2473-2483.

Defouilloy, C., Nakashima, D., Joswiak, D., Brownlee, D., Tenner, T., Kita, N., 2017. Origin of crystalline
silicates from Comet 81P/Wild 2: combined study on their oxygen isotopes and mineral chemistry.
Earth Planet. Sci. Lett. 465, 145—154.

Duxbury, T.C., Newburn, R.L., Acton, C.H., Carranza, E., McElrath, T.P,, Ryan, R.E., Synnott, S.P., You,
T.H., 2004. Asteroid 5535 Annefrank size, shape, and orientation: Stardust first results. J. Geophys. Res.
109, E02002. DOI:10.1029/2003JE002108.

Ebel, D.S.,Weisberg, M.K., Beckett, J.R ., 2012. Chemical stability of low-iron, manganese-enriched olivine
in astrophysical environments. Meteoritics and Planetary Science 47, 585-593.

Elsila, J.E., Glavin, D.P., Dworkin, J.P, 2009. Cometary glycine detected in samples returned by Stardust.
Meteoritics and Planetary Science 44, 1323—-1330.

Engelhardt, T., Jedicke, R, Veres, P, Fitzsimmons, A., Denneau, L., Beshore, E., Meinke, B., 2017. An obser-
vational upper limit on the interstellar number density of asteroids and comets. Astron. J. 153,133, 11p.

Floss, C., Stadermann, EJ., Kearsley, A.T., Burchell, M.J., Ong, W.J., 2013. The abundance of solar system
grains in comet 81P/Wild 2. Astrophys. J. 763, 140-151.

Flynn, G.J., Bajt, S., Sutton, S.R., Zolensky, M., Thomas, K.L., Keller, L.P., 1996. The abundance pattern of
elements having low nebular condensation temperatures in the IDPs: evidence for a new type of chon-
dritic material. In: Gustafson, B., Hanner, M. (Eds.), Physics, Chemistry and Dynamics of Interplanetary
Dust. Astronomical Society of the Pacific, pp. 291-294.

Flynn, G.J., Bleuet, P, Borg, J., Bradley, J., Brenker, E, Brennan, S., Bridges, J., Brownlee, D.E., Bullock,
E., Clark, B.C., Dai, Z.R., Daghlian, C., Djouadi, Z., Fakra, Sirine, Ferroir, T., Floss, C., Franchi, I.A.,
Gainsforth, Z., Gallien, J.-P, Gillet, Ph., Grant, P.G., Graham, G.A., Green, SimonF, Grossemy, E, Heck,
P, Herzog, G.E, Hoppe, P, Horz, E, Huth, J., Ignatyev, K.I., Ishii, H.A., Joswiak, D., Kearsley, A.T.,
Khodja, H., Lanzirotti, A., Leitner, J., Lemelle, L., H, Leroux, Luening, K., MacPherson, G., Marhas,
K.K., Marcus, M.A., Matrajt, G., Nakamura, T., Nakano, T., Newville, M., Papanastassiou, D.A., Pianetta,
P, Rao, W, Rietmeijer, E].M., Rost, D., Schwandt, C.S., See, T.H., Sheffield-Parker, J., Simionovic, A.,

929


http://doi.org/10.1126/science.1123878
http://doi.org/10.1016/j.gca.2012.04.036
http://doi.org/10.1029/2003JE002108

100

Space missions

Sitnitsky, I., Snead, C.J., Stadermann, EJ., Stephan, T., Stroud, R.M., Susini, J., Suzuki, Y., Sutton, S.R.,
Taylor, S., Teslich, N., Troadec, D., Tsou, P, Tsuchiyama, A., Uesugi, K., Westphal, A., Wozniakiewicz, P,
Vicenzi, E., Vincze, L., Zolensky, M.E., 2006. Elemental compositions of comet 81P/Wild 2 samples
collected by Stardust. Science 314, 1730-1733.

Frank, D.R., Zolensky, M.E., Le, L., 2014. Olivine in terminal particles of Stardust aerogel tracks and analo-
gous grains in chondrite matrix. Geochim. Cosmochim. Acta 142, 240-259.

Gainsforth, Z., Butterworth, A.L., Jilly-Rehak, C.E., Westphal, A.J., Brownlee, D.E., Joswiak, D., Ogliore,
R.C., Zolensky, M.E., Bechtel, H.A., Ebel, D.S., Huss, G.R., Sandford, S.A., White, A.J., 2016.
Possible GEMS and ultrafine grained polyphase units in comet Wild 2. Lunar and Planetary Science
Conference, LPI Contribution No. 1903, p.2366.

Gainsforth, Z., Butterworth, A.L., Stodolna, J., Westphal, AJ., Huss, G.R., Nagashima, K., Ogliore, R.,
Brownlee, D.E., Joswiak, D., Tyliszczak, T., Simionovici, A.S., 2015. Constraints on the formation envi-
ronment of two chondrule-like igneous particles from comet 81P/Wild 2. Meteoritics and Planetary
Science 50, 976—1004.

Glavin, D.P, Dworkin, J.P, Sandford, S.A., 2008. Detection of cometary amines in samples returned by
Stardust. Meteoritics and Planetary Science 43, 399—413.

Gounelle, M., Spurny, P, Bland, P.A., 2006. The atmospheric trajectory and orbit of the Orgueil meteorite.
Meteoritics and Planetary Science 41, 135-150.

Green, S.E, McDonnell, J.A.M., McBride, N., Colwell, M.T.S.H., Tuzzolino, A.J., Economou, T.E., Tsou, P.,
Clark, B.C., Brownlee, D.E., 2004. The dust mass distribution of comet 81P/Wild 2. J. Geophys. Res.
109, E12504. DOI:10.1029/2004JE002318.

Grossman, ].N., Brearley, A.J., 2005. The onset of metamorphism in ordinary and carbonaceous chondrites.
Meteoritics and Planetary Science 40, 87-122.

Griin, E., Gustafson, B., Mann, I., Baguhl, M., Balogh, A., Morfill, G.E., Staubach, P.,, Taylor, A., Zook, H.A.,
1994. Interstellar dust in the heliosphere. Astronomy & Astrophysics 286, 915-924.

Hoérz, E, Bastien, R., Borg, J., Bradley, J.P, Bridges, J.C., Brownlee, D.E., Burchell, M.J., Chi, M., Cintala,
M., Dai, Z.R., Djouadi, Z., Dominguez, G., Economou, T.E., Fairey, S.A.]., Floss, C., Franchi, L. A,
Graham, G.A., Green, S.E, Heck, P, Hoppe, P, Huth, J., Ishii, H., Kearsley, A.T., Kissel, J., Leitner, J.,
Leroux, H., Marhas, K., Messenger, K., Schwandt, C.S., See, T.H., Snead, C., Stadermann, EJ., Stephan,
T., Stroud, R., Teslich, N., Trigo-Rodriguez, J.M., Tuzzolino, A.J., Troadec, D., Tsou, P, Warren, J.,
Westphal, A., Wozniakiewicz, P., Wright, 1., Zinner, E., 2006. Impact features on Stardust: implications
for comet 81P/Wild 2 Dust. Science 314, 1716—-1719.

Isa, J., Rubin, A.E., Marin-Carbonne, J., McKeegan, K.D., Wasson, J.T., 2011. Oxygen-isotopic composi-
tions of r-chondrite chondrules. 42nd Lunar and Planetary Science Conference, LPI Contribution No.
1608, p.2623.

Ishii, H.A., 2019. Comparison of GEMS in interplanetary dust particles and GEMS-like objects in a
Stardust impact track in aerogel. Meteoritics and Planetary Science 54, 202-219.

Jewitt, D., Luu, J., Rajagopal, J., Kotulla, R.., Ridgway, S., Liu, W., Augusteijn, T., 2017. Interstellar interloper
11/2017 U1: observations from the NOT and WIYN telescopes. Astrophysical Journal Letters 850, L36.

Joswiak, D.J., Brownlee, D.E., 2014a. Refractory-rich materials in comets: CAls, Al-rich chondrules and
AOAs from comet Wild 2 and a giant cluster interplanetary dust particle (IDP) of probable cometary
origin and comparison to refractory-rich objects in chondrites. 45th Annual Lunar and Planetary
Science Conference, abstract no. 2282.

Joswiak, DJ., Brownlee, D.E., Matrajt, G., Westphal, A.J., Snead, C.J., 2009. Kosmochloric Ca-rich pyroxenes
and FeO-rich olivines (Kool grains) and associated phases in Stardust tracks and chondritic porous
interplanetary dust particles: possible precursors to FeO-rich type II chondrules in ordinary chondrites.
Meteoritics and Planetary Science 44, 1561-1588. DOI:10.1111/;.1945-5100.2009.tb01192.x.

Joswiak, D.J., Brownlee, D.E., Matrajt, G., Westphal, A.J., Snead, CJ., Gainsforth, Z., 2012. Comprehensive
examination of large mineral and rock fragments in Stardust tracks: mineralogy, analogous extrater-
restrial materials, and source regions. Meteoritics and Planetary Science 47, 471-524. DOI:10.1111/
3-1945-5100.2012.01337 .x.

Joswiak, D.J., Brownlee, D.E., Nguyen, A.N., Messenger, S., 2017. Refractory materials in comet samples.
Meteoritics and Planetary Science 52, 1612—-1648.


http://doi.org/10.1029/2004JE002318
http://doi.org/10.1111/j.1945-5100.2009.tb01192.x
http://doi.org/10.1111/j.1945-5100.2012.01337.x
http://doi.org/10.1111/j.1945-5100.2012.01337.x

The Stardust sample return mission

Joswiak, D.J., Nakashima, D., Brownlee, D.E., Matrajt, G., Ushikubo, T., Kita, N.T., Messenger, S., Ito, M.,
2014b. Terminal particle from Stardust track 130: probable Al-rich chondrule fragment from comet
Wild 2. Geochim. Cosmochim. Acta 144, 277-298.

Kearsley, A.T., Borg, J., Graham, G.A., Burchell, M J., Cole, M.J., Leroux, H., Bridges, ].C., E Wozniakiewicz,
PJ., Bland, PA., Bradley, J.P, Dai, Z.R., Teslich, N.T., Hoppe, P., Heck, PR., Huth, J., Stadermann, EJ.,
Floss, C., Marhas, K., Stephan, T., Leitner, J., 2008. Dust from comet Wild 2: interpreting particle size,
shape, structure, and composition from impact features on the Stardust aluminum foils. Meteoritics and
Planetary Science 43, 41-73.

Keller, L.P,, Bajt, S., Baratta, G.A., Borg, J., Bradley, J.P,, Brownlee, D.E., Busemann, H., Brucato, J.R.,
Burchell, M., Colangeli, L., d’Hendecourt, L., Djouadi, Z., Ferrini, G., Flynn, G., Franchi, I.A., Fries, M.,
Grady, M.M., Graham, G.A., Grossemy, E, Kearsley, A., Matrajt, G., Nakamura-Messenger, K., Mennella,
V., Nittler, L., Palumbo, M.E., Stadermann, EJ., Tsou, P, Rotundi, A., Sandford, S.A., Snead, C., Steele,
A.,Wooden, D., Zolensky, M., 2006. Infrared spectroscopy of comet 81P/Wild 2 samples returned by
Stardust. Science 314, 1728-1731.

Keller, L.P., Messenger, S., Glynn, G.J., Clemett, S., Wirick, S., Jacobsen, C., 2004. The nature of
molecular cloud material in interplanetary dust. Geochim. Cosmochim. Acta 68, 2577-2589.
DOI:10.1016/j.gca.2003.10.044.

Kerridge, J.E, Mackay, A.L., Boynton, W.V., 1979. Magnetite in CI carbonaceous meteorites - origin by
aqueous activity on a planetesimal surface. Science 205, 395-397. DOI:10.1126/science.205.4404.395.

Kimura,Y., Nuth, J.A., Tsukamoto, K., Kaito, C., 2011. Laboratory annealing experiments of refractory sili-
cate grain analogs using differential scanning calorimetry. Meteoritics and Planetary Science 46, 92—102.

Kissel, J., Glasmachers, Griin, A., Henkel, E., Hofner, Haerendel, H., von Hoerner, G., Hornung, H.,
Jessberger, K., Krueger, E.K., Mohlmann, ER., Greenberg, D., Langevin, J.M., Silen, Y., Brownlee, J.,
Clark, D., Hanner, B.C., Horz, M.S., Sandford, E, Sekanina, S., Tsou, Z., Utterback, P., Zolensky, N.G.,
Heiss, M., Ch., 2003. Cometary and interstellar dust analyzer for comet Wild 2. J. Geophys. Res. 108,
#E10, (8114), 4-1 to 4-8.

Kita, N., et al., 2010. High precision SIMS oxygen three isotope study of chondrules in LL3 chondrites: role
of ambient gas during chondrule formation. Geochim. Cosmochim. Acta 74, 6610-6635.

Klock, W., Thomas, K.L., McKay, D.S., Palme, H., 1989. Unusual olivine and pyroxene composition in
interplanetary dust and unequilibrated ordinary chondrites. Nature 339, 126—128.

Krolikowska, M., Suztowicz, S., 2006. Non-gravitational motion of the Jupiter-family comet 81P/Wild 2.
Astronomy & Astrophysics 448, 401-409.

Krot, A., et al., 2006. Aluminum-magnesium and oxygen isotope study of relict Ca-Al-rich inclusions in
chondrules. Astrophys. J. 639, 1227-1237.

Kriiger, H., Strub, P, Altobelli, N., Sterken, V., Srama, R, Griin, E., 2019. Interstellar dust in the solar system:
model versus in-situ spacecraft data. Astronomy & Astrophysics 626, A37.

Kruijer, T., Burkhardt, C., Budde, G., Kleine, T., 2017. Age of Jupiter inferred from the distinct genetics and
formation times of meteorites. Proc. Natl Acad. Sci. 114, 6712—-6716.

Landgraf, M., Miiller, M., Griin, E., 1999. Prediction of the in-situ dust measurements of the Stardust mis-
sion to comet 81P/Wild 2. Planet. Space Sci. 47, 1029—-1050.

Lauretta, D.S., Schmidt, B.E., 2009. Oxidation and minor elements from an iron-nickel-chromium-cobalt-
phosphorus alloy in 17.3% CO,-H, gas mixtures at 700-1000 °C. Oxid. Met. 71, 219-235.

Matrajt, G., Ito, M., Wirick, S., Messéngér, S., Brownlee, D.E., Joswiak, D., Flynn, G., Sandford, S., Snead, C.,
Westphal, A., 2008. Carbon Investigation of two Stardust particles: a TEM, NanoSIMS, and XANES
study. Meteoritics and Planetary Science 43, 315-334.

Matzel, J.E.P, Ishii, H.A., Joswiak, D., Hutcheon, I.D., Bradley, J.P.,, Brownlee, D., et al., 2010. Constraints
on the formation age of cometary material from the NASA Stardust mission. Science 328, 483—486.

McKeegan, K.D., Aléon, J., Bradley, J., Brownlee, D., Busemann, H., Butterworth, A., et al., 2006. Isotopic
compositions of cometary matter returned by Stardust. Science 314, 1724-1727.

Messenger, S., 2000. Identification of molecular-cloud material in interplanetary dust particles. Nature 404,
968-971.

Mikouchi, T., Tachikawa, O., Hagiya, K., Ohsumi, K., Zolensky, M., 2007. Mineralogy and crystallography of
comet 81P/Wild 2 particles returned by the Stardust mission. Lunar And Planetary Science XXXVIII.
The Lunar and Planetary Institute. Abstract #1946.

101


http://doi.org/10.1016/j.gca.2003.10.044
http://doi.org/10.1126/science.205.4404.395

102

Space missions

Nakamura, T., 2005. Post-hydration thermal metamorphism of carbonaceous chondrites. J. Mineral. Petrol.
Sci. 100, 260-272.

Nakamura, T., Noguchi, T., Tsuchiyama, A., Ushikubo, T., Kita, N., Valley, J., Zolensky, M.E., Kakazu, Y.,
Sakamoto, K., Mashio, E., Uesugi, K., Nakano, T., 2008. Chondrule-like objects in short-period comet
81P/Wild 2. Science 321, 1664—1667.

Newburn Jr., R.L., Bhaskaran, S., Duxbury, T.C., Fraschetti, G., Radey, T., Schwochert, M., 2003. Stardust
imaging camera. J. Geophys. Res. 108 (E10), 8116. DOI:10.1029/2003JE002081.

Ogliore, R.C., Huss, G.R., Nagashima, K., Butterworth, A.L., Gainsforth, Z., Stodolna, J., et al., 2012.
Incorporation of a late-forming chondrule into comet Wild 2. Astrophysical Journal Letters, 745, L19.

0r16,]., 1961. Comets and the formation of biochemical compounds on the primitive earth. Nature 190, 389.

Rietmeijer, EJ., Pun, A., Nuth, J.A., 2009. Dust formation and evolution in a Ca-Fe-SiO-H2-O2 vapour
phase condensation experiment and astronomical implications. Mon. Not. R. Astron. Soc. 396, 402—408.

Rietmeijer, EJ.M., 1994. Searching for a principal component mixing model for chondritic interplanetary
dust particles: the use of size analyses. 25th Lunar and Planetary Science Conference, 1129-1130.

Rotundi, A., Baratta, G.A., Borg, J., Brucato, J.R.., Busemann, H., Colangeli, L., d’'Hendecourt, L., Djouadsi,
Z., Ferrini, G., Franchi, L.A., Fries, M., Grossemy, E, Keller, L.P,, Mennella, V., Nakamura, K., Nittler,
L.R., Palumbo, M.E., Sandford, S.A., Steele, A., Wopenka, B., 2008. Combined micro-raman, micro-
infrared, and field emission scanning electron microscope analyses of comet 81P/Wild 2 particles col-
lected by Stardust. Meteoritics and Planetary Science 43, 367-397.

Sanborn, M., Yin, Q.-.Z., Goodrich, C., Zolensky, M., Fioretti, A., 2017. A case for nebula scale mixing
between non-carbonaceous and carbonaceous chondrite reservoirs: testing the grand tack model with
chromium isotopic composition of Almahata Sitta stone 91a. 80th Annual Meeting of the Meteoritical
Society. Abstract #6277.

Sandford, S.A., 2008. Organics in the samples returned from comet 81P/Wild 2 by the Stardust space-
craft. In: Kwok, S., Sandford, S. (Eds.), Organic Matter in Space, Proceedings of IAU Symposium #251,
Cambridge Univ. Press, Cambridge, pp. 299-307.

Sandford, S.A., 2009. Organics in the samples returned by the Stardust spacecraft from comet 81P/Wild 2. In
bioastronomy 2007 - molecules, microbes, and extraterrestrial life, astronomical society of the pacific
conference series, Vol. 420. In: Meech, K.J., Keane, J.V.,, Mumma, M.]., Siefert, J.L., Werthimer, D.J.
(Eds.), Proceedings of meeting held 16-20 July 2007, San Juan, Puerto Rico. ASP: San Francisco, CA.
pp. 113-119.

Sandford, S.A., Aléon, J., Alexander, CM.O..D., Araki, T., Bajt, S., Baratta, G.A., Borg, J., Bradley, J.P.,
Brownlee, D.E., Brucato, J.R., Burchell, M.J., Busemann, H., Butterworth, A., Clemett, S.J., Cody, G.,
Colangeli, L., Cooper, G., d’'Hendecourt, L., Djouadi, Z., Dworkin, J.P,, Ferrini, G., Fleckenstein, H.,
Flynn, GJ., Franchi, I.A., Fries, M., Gilles, M.K., Glavin, D.P, Gounelle, M., Grossemy, E, Jacobsen,
C., Keller, L.P, Kilcoyne, A.L.D., Leitner, J., Matrajt, G., Meibom, A., Mennella, V., Mostefaoui, S.,
Nittler, L.R.., Palumbo, M.E., Papanastassiou, D.A., Robert, E, Rotundi, A., Snead, C.J., Spencer, M.K.,
Stadermann, EJ., Steele, A., Stephan, T., Tsou, P, Tyliszczak, T., Westphal, A.J., Wirick, S., Wopenka, B.,
Yabuta, H., Zare, R.N., Zolensky, M.E., 2006. Organics captured from comet 81P/Wild 2 by the
Stardust spacecraft. Science 314, 1720-1724.

Sandford, S.A., Bajt, S., Clemett, S.J., Cody, G.D., Cooper, G., DeGregorio, B.T., De Vera, V., Dworkin, J.P.,
Elsila, J.E., Flynn, G.J., Glavin, D.P,, Lanzirotti, A., Limero, T., Martin, M.P, Snead, CJ., Spencer, M.K.,
Stephan, T., Westphal, A., Wirick, S., Zare, R.N., Zolensky, M.E., 2010. Assessment and control of
organic and other contaminants associated with the Stardust sample return from Comet 81P/Wild 2.
Meteoritics and Planetary Science 45, 406—433.

Sandford, S.A., Bernstein, M.P,, Dworkin, ].P., 2001. Assessment of the interstellar processes leading to deu-
terium enrichment in meteoritic organics. Meteoritics and Planetary Science 36, 1117-1133.

Schrader, D.L., Davidson, J., McCoy, T.J., 2016. Widespread evidence for high-temperature formation of
pentlandite in chondrites. Geochim. Cosmochim. Acta 189, 359-376.

Schramm, L., Brownlee, D., Wheelock, M., 1989. Major element composition of stratospheric micromete-
orites. Meteoritics and Planetary Science 24, 99-112.

Sekanina, Z., 2003. A model for comet 81P/Wild 2. Journal of Geophysical Research (Planets) 108, 8112.

Spencer, M.K., Clemett, S.J., Sandford, S.A., McKay, D.S., Zare, R.N., 2009. Organic compound altera-
tion during hypervelocity collection of carbonaceous materials in aerogel. Meteoritics and Planetary
Science 44, 15-24.


http://doi.org/10.1126/science.205.4404.395

The Stardust sample return mission

Stadermann, EJ., Hoppe, P, Floss, C., Heck, PR, Horz, E, Huth, J., et al., 2008. Stardust in Stardust—the
C, N, and O isotopic compositions of Wild 2 cometary matter in Al foil impacts. Meteoritics and
Planetary Science 43, 299-313.

Tonui, E., Zolensky, M., Hiroi, T., Nakamura, T., Lipschutz, M., Wang, M.-.S., Okudaira, K., 2014.
Petrographic, chemical and spectroscopic evidence for thermal metamorphism in carbonaceous chon-
drites I: CI and CM chondrites. Geochim. Cosmochim. Acta 126, 284-306.

Tsou, P, Brownlee, D.E., Anderson, J.D., Bhaskaran, S., Cheuvront, A.R., Clark, B.C., Duxbury, T,
Economou, T., Green, S.E, Hanner, M.S., Horz, E, Kissel, J., McDonnell, J.A.M., Newburn, R.L.,
Ryan, R.E., Sandford, S.A., Sekanina, Z., Silen, J., Tuzzolino, A J., Vellinga, ].M., Zolensky, M.E., 2004.
STARDUST encounters comet 81P/Wild 2. J. Geophys. Res. 109, #E12, (E12S01), 8 pages.

Tsou, P, Brownlee, D.E., Sandford, S.A., Horz, E, Zolensky, M.E., 2003. Wild 2 and interstellar sample col-
lection and earth return. J. Geophys. Res. 108, #E10, (8113), pp. 3—1 to 3-21.

Tsou, P, Yen, C.-.W,, Albee, A.L., 1994. Low-encounter speed comet coma sample return missions, paper
presented at the GESC flight mechanics/estimation theory symposium, Goddard Space Flight Cent.
Greenbelt, Md., 17 May 1994.

Tuzzolino, A.J., Economou, T.E., Clark, B.C., Tsou, P, Brownlee, D.E., Green, S.E, McDonnell, J.A.M.,
McBride, N., Colwell, M.T.S.H., 2004. Dust measurements in the coma of comet Wild 2 by the dust
flux monitor instrument. Science 304, 1776—1780.

Tuzzolino, AJ., Economou, T.E., McKibben, R.B., Simpson, J.A., McDonnell, J.A.M., Burschel, M.J.,
Vaughan, B.A.M., Tsou, P, Hanner, M.S., Clark, B.C., Brownlee, De.E., 2003. Dust flux monitor instru-
ment (DFMI) for the Stardust mission to comet Wild 2, J. Geophys. Res. 108 (E10), 8115. DOI:10.1
029/2003JE002086.

Veverka, J., Klaasen, K., A’Hearn, M., Belton, M., Brownlee, D., Chesley, S., Clark, B., Economou, T,
Farquhar, R., Green, S.E, Groussin, O., Harris, A., Kissel, J., L1, J.- Y., Meech, K., Melosh, J., Richardson,
J., Schultz, P, Silen, J., Sunshine, J., Thomas, P., Bhaskaran, S., Bodewits, D., Carcich, B., Cheuvront, A.,
Farnham, T., Sachett, S., Wellnitz, D., Wolf, A., 2013. Return to comet Tempel 1: overview of Stardust-
NEXT results. Icarus 222, 424—435.

Westphal, AJ., Bechtel, H.A., Brenker, EE., Butterworth, A.L., Flynn, GJ., Frank, D.R., Frank, D.R.,
Gainsforth, Z., Hillier, J.K., Postberg, E, Simionovici, A.S., Sterken, VJ., Stroud, R.M., Allen, C.,
Anderson, D.,Ansari, A., Bajt, S., Bastien, R K., Bassim, N., Borg, J., Bridges, ]., Brownlee, D.E., Burchell,
M., Burghammer, M., Changela, H., Cloetens, P, Davis, A.M., Doll, R, Floss, C., Griin, E., Heck, PR,
Hoppe, P, Hudson, B., Huth, J., Hvide, B., Kearsley, A., King, A J., Lai, B., Leitner, J., Lemelle, L., Leroux,
H., Leonard, A., Lettieri, R., Marchant, W., Nittler, L.R., Ogliore, R., Ong, W], Price, M.C., Sandford,
S.A., Tresseras, J.-A.S., Schmitz, S., Schoonjans, T., Silversmit, G., Solé¢,V.A., Srama, R, Stadermann, E,
Stephan, T., Stodolna, J., Sutton, S., Trieloft, M., Tsou, P, Tsuchiyama, A., Tyliszczak, T., Vekemans, B.,
Vincze, L.,Von Korft, J., Wordsworth, N., Zevin, D., Zolensky, M.E., 2014b. Final reports of the Stardust
interstellar preliminary examination. Meteoritics and Planetary Science 49, 1720-1733.

Westphal,A.]., Bridges, J.C., Brownlee, D.E., Butterworth,A.L., de Gregorio, B.T., Dominguez, G., Flynn, G.].,
Gainsforth, Z., Ishii, H.A., Joswiak, D., Nittler, L.R.., Ogliore, R.C., Palma, R, Pepin, R.O., Stephan, T.,
Zolensky, M.E., 2017.The future of Stardust science. Meteoritics and Planetary Science 52, 1859-1898.

Westphal, A J., Fakra, S.C., Gainsforth, Z., Marcus, M.A., Ogliore, R.C., Butterworth, A.L., 2009. Mixing
fraction of inner solar system material in comet 81P/Wild2. Astrophys. J. 694, 18-28.

Westphal, A.J., Stroud, R.M., Bechtel, H.A., Brenker, EE., Butterworth, A.L., Flynn, G.J., Frank, D.R.,
Gainsforth, Z., Hillier, J.K., Postberg, E, Simionovici, A.S., Sterken, VJ., Nittler, L.R., Allen, C.,
Anderson, D., Ansari, A., Bajt, S., Bastien, R.K., Bassim, N., Bridges, J., Brownlee, D.E., Burchell, M.,
Burghammer, M., Changela, H., Cloetens, P.,, Davis, A.M., Doll, R., Floss, C., Gruin, E., Heck, PR,
Hoppe, P, Hudson, B., Huth, J., Kearsley, A., King, A J., Lai, B., Leitner, J., Lemelle, L., Leonard, A.,
Leroux, H., Lettieri, R., Marchant, W., Ogliore, R., Ong, WJ]., Price, M.C., Sandford, S.A., Tresseras,

J.-A.S., Schmitz, S., Schoonjans, T., Schreiber, K., Silversmit, G., Solé, V.A., Srama, R., Stadermann, E,
Stephan, T., Stodolna, J., Sutton, S., Trieloff, M., Tsou, P, Tyliszczak, T., Vekemans, B., Vincze, L., Von
Korff, J., Wordsworth, N., Zevin, D., Zolensky, ML.E., 2014a. Evidence for interstellar origin of seven
dust particles collected by the Stardust spacecraft. Science 345, 786—791.

Wirick, S., Flynn, G.J., Keller, L.P.,, Nakamura-Messenger, K., Peltzer, C., Jacobsen, C., Sandford, S., Zolensky,
M., 2009. Organic matter from comet 81P/Wild 2, IDPs, and carbonaceous meteorites; similarities and
differences. Meteoritics and Planetary Science 44, 1611-1626.

103


http://doi.org/10.1029/2003JE002086
http://doi.org/10.1029/2003JE002086

104  Space missions

Yen, C.-.W.,, E. Hirst, E., 1997. Stardust mission design, paper presented at the astrodynamics specialist
conference, paper 97-07. Am. Astron. Soc., Sun Valley, Idaho, 4-7 Aug. 1997.

Zolensky, M., Nakamura, K., Weisberg, M.K., Prinz, M., Nakaura, T., Ohsumi, K., Saitow, A., Mukai, M.,
Gounelle, M., 2003. A primitive dark inclusion with radiation-damaged silicates in the Ninggiang
carbonaceous chondrite. Meteoritics and Planetary Science 38, 305-322.

Zolensky, M.E., McSween Jr., H.Y., 1988. Aqueous alteration. In: Kerridge, J.E, Matthews, M. (Eds.),
Meteorites and the Early Solar System. Univ. of Arizona Press, Tucson, pp. 114—143.

Zolensky, M.E., Zega, T.].,Yano, H., Wirick, S., Westphal, A.J., Weisberg, M.K., Weber, I., Warren, J.L.,Velbel,
M.A., Tsuchiyama, A., Tsou, P, Toppani, A., Tomioka, N., Tomeoka, K., Teslich, N., Taheri, M., Susini, J.,
Stroud, R., Stephan, T., Stadermann, EJ., Snead, C.J., Simon, S.B., Simionovici, A., See, T.H., Robert, E,
Rietmeijer, E].M., Rao, W., Perronnet, M.C., Papanastassiou, D.A., Okudaira, K., Ohsumi, K., Ohnishi,
I., Nakamura-Messenger, K., Nakamura, T., Mostetaoui, S., Mikouchi, T., Meibom, A., Matrajt, G.,
Marcus, M.A., Leroux, H., Lemelle, L., Le, L., Lanzirotti, A., Langenhorst, E, Krot, A.N., Keller, L.P,
Kearsley, A.T., Joswiak, D., Jacob, D., Ishii, H., Harvey, R., Hagiya, K., Grossman, L., Grossman, J.N.,
Graham, G.A., Gounelle, M., Gillet, P,, Genge, M.J., Flynn, G., Ferroir, T., Fallon, S., Ebel, D.S., Dai,
Z.R., Cordier, P, Clark, B., Chi, M., Butterworth, A.L., Brownlee, D.E., Bridges, ]J.C., Brennan, S.,
Brearley, A., Bradley, J.P, Bleuet, P, Bland, PA., Bastien, R., 2006. Mineralogy and Petrology of Comet
Wild 2 Nucleus Samples. Science 314, 1735-1740.



SAMPLE RETURN
MISSIONS

The Last Frontier of Solar System Exploration

Edited by Andrea Longobardo

Researcher, National Institute of Astrophysics, Italy

Provides an overview of sample return results obtained so far, including measurements, analysis methods, and technology
advancements, along with considerations for the future

Sample Return Missions: The Last Frontier of Solar System Exploration examines the discoveries and results obtained
from sample return missions of the past, present, and future. It analyzes the results in the context of the current state of
knowledge and their relation to the formation and evolution of planetary bodies, as well as to the available technologies
and techniques, providing detailed descriptions of experimental procedures applied to returned samples.

Beginning with an overview of previous missions, Sample Return Missions then goes on to provide an overview of facilities
throughout the world used to analyze the returned samples. Finally, it addresses techniques for collection, transport,
and analysis of the samples, with an additional focus on lessons learned and future perspectives. Providing an in-depth
examination of a variety of missions, with both scientific and engineering implications, this book is an important resource
for the planetary science community, as well as the experimentalist and engineering communities.

Key Features

® Presents sample return results obtained so far in relation to remote sensing measurements, methods, and techniques
for laboratory analysis, and technology.

® Provides an overview of a variety of sample return missions, from Apollo, to Hayabusa-2, to future missions.

® Examines technological and methodological advances in analyzing returned samples, as well as the resources available
globally.

Related Elsevier Titles

Spohn, Encyclopedia of the Solar System, July 2014, 9780124158450

Makishima, Origins of the Earth, Moon, and Life, February 2017, 9780128120583
Gordon, Habitability of the Universe before Earth, December 2017, 9780128119402

ISBN 978-0-12-818330-4

97780128"183304

ELSEVIER elsevier.com/books-and-journals



	Front cover

	﻿Half title

	﻿Full title

	Copyright

	﻿Contents
	﻿Contributors
	CHAPTER 1 - ﻿Introduction
	Part I - ﻿Space missions
	Chapter 2 - ﻿The Apollo program
	2.1 ﻿Introduction
	2.2 ﻿Early planning and strategies
	2.2.1 ﻿Landing site selection
	2.2.2 ﻿Science gains in importance
	2.2.3 ﻿Other constraints

	2.3 ﻿Experiments not related to geologic sampling
	2.4 ﻿Tools & photography
	2.5 ﻿The Apollo samples
	2.5.1 ﻿Documented versus undocumented
	2.5.2 ﻿“Contingency” samples
	2.5.3 ﻿Regolith or “Soil”
	2.5.4 ﻿Core samples
	2.5.5 ﻿Rocks
	2.5.6 ﻿Glass
	2.5.7 ﻿KREEP

	2.6 ﻿Transport & storage
	2.6.1 ﻿Packaging on the Moon
	2.6.2 ﻿Lunar Receiving Laboratory

	2.7 ﻿Curation
	2.7.1 ﻿Numbering system
	2.7.2 ﻿Allocation process
	2.7.3 ﻿Status of Apollo collection

	2.8 ﻿Major findings
	2.8.1 ﻿Extreme antiquity
	2.8.2 ﻿Water
	2.8.3 ﻿Anorthosite – magma ocean
	2.8.4 ﻿Basalt – later volcanism
	2.8.5 ﻿Glass – interior implications
	2.8.6 ﻿KREEP – lunar magma ocean significance
	2.8.7 ﻿Understanding of lunar and solar system processes
	2.8.8 ﻿Origin of the Moon
	2.8.9 ﻿Working in the lunar environment

	2.9 ﻿Future lunar sampling
	﻿References

	CHAPTER 3 - ﻿The Luna program
	3.1 ﻿The beginning
	3.2 ﻿“The Dark Side of the Moon”
	3.3 ﻿First lunar surface panoramas
	3.4 ﻿The first gamma-survey of the lunar surface
	3.5 ﻿Lunokhod
	3.6 ﻿Lunar samples return
	3.6.1 ﻿Luna-16
	3.6.2 ﻿Luna-20
	3.6.3 ﻿Luna-24

	3.7 ﻿Ground-based receiving complex for lunar soil
	3.8 ﻿Primary processing of the lunar soil and major results
	3.8.1 ﻿Luna-16
	3.8.2 ﻿Luna-20
	3.8.3 ﻿Luna-24

	3.9 ﻿International exchange of lunar soil samples
	3.10 ﻿Conclusions
	﻿Acknowledgments
	﻿References

	Chapter 4 - ﻿The Stardust sample return mission
	4.1 ﻿Introduction
	4.2 ﻿Mission overview
	4.2.1 ﻿The target – comet 81P/Wild 2
	4.2.2 ﻿Launch, orbital trajectory, and return
	4.2.3 ﻿Spacecraft description

	4.3 ﻿Results
	4.3.1 ﻿Flyby observations
	4.3.1.1 ﻿Camera images
	4.3.1.2 ﻿Dust flux monitor data

	4.3.2 ﻿Results obtained from returned samples
	4.3.2.1 ﻿Physical nature of the dust
	4.3.2.2 ﻿Elemental composition
	4.3.2.3 ﻿Mineralogy
	4.3.2.4 ﻿Organics
	4.3.2.5 ﻿Isotopes
	4.3.2.6 ﻿Craters
	4.3.2.7 ﻿Interstellar particles


	4.4 ﻿Conclusions
	﻿Acknowledgements
	﻿References

	Chapter 5 - ﻿The Genesis Solar-Wind Mission: ﻿
﻿first deep-space robotic mission to return to earth
	5.1 ﻿Introduction and purpose of the Genesis mission
	5.2 ﻿Mission and spacecraft design
	5.3 ﻿Mission, re-entry, and recovery
	5.4 ﻿Results and scientific discoveries
	5.4.1 ﻿Isotopic compositions
	5.4.1.1 ﻿Oxygen and nitrogen
	5.4.1.2 ﻿Noble gases
	5.4.1.3 ﻿Other isotopes

	5.4.2 ﻿Elemental compositions

	5.5 ﻿Conclusions
	﻿Acknowledgements
	﻿Permissions
	﻿References

	Chapter 6 - ﻿The Hayabusa mission
	6.1 ﻿Introduction
	6.2 ﻿Spacecraft and operations
	6.2.1 ﻿Spacecraft system
	6.2.2 ﻿Mission operations

	6.3 ﻿Scientific results: in-situ observations
	6.3.1 ﻿Global properties of Itokawa
	6.3.2 ﻿Shape and yorp effect
	6.3.3 ﻿Boulders and craters
	6.3.4 ﻿Regolith
	6.3.5 ﻿Rubble-pile structure

	6.4 ﻿Scientific results: sample analysis
	6.4.1 ﻿Sample collection and curation
	6.4.2 ﻿Sample analysis
	6.4.3 ﻿Results

	6.5 ﻿Final remark
	﻿Acknowledgments
	﻿References

	CHAPTER 7 - ﻿The Hayabusa2 mission: what will we expect from samples from C-type ﻿
﻿near-Earth asteroid (162173) Ryugu?
	7.1 ﻿Introduction
	7.2 ﻿What did Hayabusa2 find at Ryugu?
	7.3 ﻿Sample acquisition at Ryugu
	7.4 ﻿Science goals of returned sample analysis
	7.4.1 ﻿Galactic chemical evolution and Sun’s parent molecular cloud chemistry
	7.4.2 ﻿Pre-accretional chemical evolution and planetesimal formation in the protosolar disk
	7.4.3 ﻿Planetesimal processes: properties of the planetesimal and final evolutional stage of volatiles prior to delivery to ...
	7.4.4 ﻿Geological evolution of the parent asteroid in the solar system
	7.4.5 ﻿Surface geological processes of near-Earth asteroid
	7.4.6 ﻿Integration of multiscale data from atomic-scale to asteroidal ﻿
﻿scale, and comparison with meteorites, interplanet ...
	7.4.7 ﻿Expected sample science from Ryugu based on Hayabusa2 findings

	7.5 ﻿Summary
	﻿Avcknowledgement
	﻿References

	Chapter 8 - ﻿OSIRIS-REx at Bennu: Overcoming challenges to collect a sample of the early Solar System
	8.1 ﻿Introduction
	8.1.1 ﻿Mission objectives
	8.1.2 ﻿Payload overview
	8.1.3 ﻿Planning tools
	8.1.4 ﻿Adapting to the as-built Bennu

	8.2 ﻿Mission operations
	8.2.1 ﻿Outbound cruise
	8.2.1.1 ﻿Trojan asteroid survey
	8.2.1.2 ﻿Spacecraft debris
	8.2.1.3 ﻿Earth gravity assist
	8.2.1.4 ﻿Ephemeris late updates

	8.2.2 ﻿Approach: Welcome to the rubble
	8.2.3 ﻿Preliminary Survey: The triple bypass solution
	8.2.4 ﻿Orbit A: Bennu strikes back
	8.2.5 ﻿Detailed Survey–Baseball Diamond: A new ball game
	8.2.6 ﻿Detailed Survey–Equatorial Stations: Mission pay dirt
	8.2.7 ﻿Orbit B: Laser sharp
	8.2.8 ﻿Orbit C: A welcome rest
	8.2.9 ﻿Sample-site selection: target Nightingale
	8.2.9.1 ﻿An arduous search
	8.2.9.2 ﻿Recon A
	8.2.9.3 ﻿Downselection
	8.2.9.4 ﻿Recon B and C


	8.3 ﻿Sample acquisition and a look forward to Earth return
	8.4 ﻿Summary: To Bennu and back
	﻿References

	CHAPTER 9 - ﻿The Chang’e-5 mission
	9.1 ﻿Mission overview
	9.2 ﻿Sampling and science operations
	9.2.1 ﻿Landing site
	9.2.2 ﻿Sampling technologies
	9.2.3 ﻿﻿In-situ﻿ exploration

	9.3 ﻿Landing, recovery and transport procedures
	9.4 ﻿Sample storage and analysis
	9.4.1 ﻿Sample storage and curation
	9.4.2 ﻿International collaboration

	9.5 ﻿Conclusions
	﻿References

	CHAPTER 10 - ﻿Future missions
	10.1 ﻿The JAXA Martian Moons eXploration mission
	10.1.1 ﻿The C-Sampler and related scientific goals
	10.1.2 ﻿The P-Sampler and related scientific goals
	10.1.3 ﻿Remote observations and landing

	10.2 ﻿JAXA/OKEANOS
	10.3 ﻿The NASA Comet Astrobiology Exploration Sample Return
	10.3.1 ﻿Scientific rationale
	10.3.2 ﻿Precursor I: Rosetta
	10.3.3 ﻿Precursor II: Stardust
	10.3.4 ﻿Overview of the CAESAR mission
	10.3.5 ﻿Sample goals and collection

	﻿References

	Part II - ﻿Facilities
	Chapter 11 - ﻿The NASA’s Johnson Space Center Astromaterials facilities
	11.1 ﻿Introduction
	11.2 ﻿Principles of astromaterials curation
	11.3 ﻿Current astromaterials collections and laboratories
	11.3.1 ﻿Lunar Curatorial Facility
	11.3.2 ﻿Genesis Curation Laboratory
	11.3.3 ﻿Stardust Laboratory
	11.3.4 ﻿NASA Hayabusa Laboratory
	11.3.5 ﻿Other curation laboratories

	11.4 ﻿Emerging collections
	11.4.1 ﻿OSIRIS-REx collection
	11.4.2 ﻿Hayabusa2 collection

	11.5 ﻿Conclusions and future perspectives
	﻿Acknowledgements
	﻿References

	Chapter 12 - ﻿The JAXA Planetary Material Sample Curation Facility
	12.1 ﻿Introduction
	12.2 ﻿Scientific requirements of the JAXA’s Curation Center
	12.3 ﻿Role of the Curation Center
	12.4 ﻿Curation Center facility design
	12.5 ﻿Clean room specifications
	12.6 ﻿Clean chamber specifications
	12.7 ﻿Operations at Curation Center
	12.7.1 ﻿Facility maintenance
	12.7.2 ﻿Equipment cleaning and environmental assessment

	12.8 ﻿Current status of Hayabusa samples
	12.9 ﻿New challenges and preparation for Hayabusa2
	12.10 ﻿Conclusion
	﻿References

	CHAPTER 13 - ﻿A roadmap for a European extraterrestrial sample curation ﻿
﻿facility – the EURO﻿—﻿CARES project
	13.1 ﻿Requirements for a European facility
	13.1.1 ﻿Planetary Protection considerations
	13.1.2 ﻿Small sample handling
	13.1.3 ﻿Analogue samples
	13.1.4 ﻿Analytical instrumentation
	13.1.5 ﻿Sample recovery and transport to and on Earth
	13.1.6 ﻿Public perception and engagement

	13.2 ﻿The EURO-CARES project
	13.2.1 ﻿Work Package 2 – Planetary Protection
	13.2.2 ﻿Work Package 3 – Facilities and Infrastructure
	13.2.3 ﻿Work Package 4 - Instruments and Methods
	13.2.4 ﻿Work Package 5 - Analogue Samples
	13.2.5 ﻿Work Package 6 – Sample Transport Receiving Technologies

	13.3 ﻿Summary and key recommendations
	﻿Acknowledgements
	﻿References

	Part III - ﻿Techniques and technologies 
	Chapter 14 - ﻿Collection of samples
	14.1 ﻿Introduction
	14.2 ﻿Asteroid sampling systems
	14.2.1 ﻿Sampling technologies for asteroids soil: state of art
	14.2.2 ﻿Sampling systems used in past and present asteroid sample ﻿
﻿return mission

	14.3 ﻿Cometary material sampling systems
	14.3.1 ﻿Sampling technologies for cometary nuclei: state of art
	14.3.2 ﻿Sampling technologies for cometary comae: state of art
	14.3.3 ﻿Past comet sample return missions and recent mission studies

	14.4 ﻿Sampling dust in space and in the upper Earth stratosphere
	14.5 ﻿The future: planetary sampling systems
	14.5.1 ﻿Technologies for soil sampling in future Mars & Moon space ﻿
﻿mission
	14.5.2 ﻿Technologies for atmosphere sampling in future ﻿
﻿Mars space missions

	14.6 ﻿Conclusions
	﻿References

	Chapter 15 - ﻿Recovery and transport of samples
	15.1 ﻿Introduction
	15.2 ﻿Landing sites
	15.2.1 ﻿Karaganda Area (KZ)
	15.2.2 ﻿Siberia Area (RUS)
	15.2.3 ﻿Utah Test and Training Range (USA)
	15.2.4 ﻿White Sands Area (USA)
	15.2.5 ﻿Wallops Flight Facility (USA)
	15.2.6 ﻿The Woomera Prohibited Area (AUS)
	15.2.7 ﻿Vidsel Test Range (SWE)
	15.2.8 ﻿Siziwang Banner (CHN)

	15.3 ﻿Transport of samples in previous missions
	15.3.1 ﻿Apollo Program (NASA, 1961–1975)
	15.3.2 ﻿Luna Program (USSR, 1959–1976)
	15.3.3 ﻿Genesis mission (NASA, 2001–2004)
	15.3.4 ﻿Stardust mission (NASA, 1999–2011)
	15.3.5 ﻿Hayabusa Program (JAXA, 2003–2010)
	15.3.6 ﻿OSIRIS-REx mission (NASA, 2016–2023)
	15.3.7 ﻿Chang’e 5-T1 and Chang’e 5 missions (CNSA, 2014–2020)

	15.4 ﻿Guidelines and regulatory issues for restricted samples packaging
	15.4.1 ﻿Transport from landing site to curation facility
	15.4.2 ﻿Transport between laboratories

	15.5 ﻿Conclusions and future perspectives
	﻿Acknowledgements
	﻿References

	Chapter 16 - ﻿Techniques and instruments to ﻿
﻿analyze, characterize and study returned samples
	16.1 ﻿Introduction: historical background
	16.2 ﻿General presentation of the analytical techniques
	16.3 ﻿Photon-based analytical techniques
	16.3.1 ﻿Visible and infrared light
	16.3.2 ﻿X-ray light

	16.4 ﻿Electron-based analytical techniques
	16.4.1 ﻿Scanning electron microscopy
	16.4.2 ﻿Transmission electron microscopy

	16.5 ﻿Ion-based analytical techniques
	16.5.1 ﻿High energy methods: nuclear microprobe
	16.5.2 ﻿Low energy methods: SIMS and SNMS/RIMS

	16.6 ﻿Others
	16.7 ﻿Complementary techniques in a multi-analytical sequence
	16.8 ﻿Perspectives
	﻿Acknowledgements
	﻿References

	CHAPTER 17 - ﻿Preservation of samples
	17.1 ﻿Planetary Protection
	17.2 ﻿Sample curation facilities
	17.3 ﻿Technologies for samples preservation in unrestricted and restricted missions
	17.3.1 ﻿Sample preservation at landing sites
	17.3.2 ﻿Cleanroom and BSL technologies
	17.3.3 ﻿Tools and operations
	17.3.4 ﻿Contamination Control
	17.3.5 ﻿Sample degradation risk reduction
	17.3.6 ﻿Cleaning and sterilization

	17.4 ﻿Conclusions
	﻿References

	Part IV - ﻿The future
	Chapter 18 - ﻿Lessons learned and future perspectives
	﻿Index
	Back cover


