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Abstract–We report transmission electron microscopy (TEM) investigations of micro-craters that

originated from hypervelocity impacts of comet 81P/Wild 2 dust particles on the aluminium foil of the

Stardust collector. The craters were selected by scanning electron microscopy (SEM) and then

prepared by focused ion beam (FIB) milling techniques in order to provide electron transparent cross-

sections for TEM studies. The crater residues contain both amorphous and crystalline materials in

varying proportions and compositions. The amorphous component is interpreted as resulting from

shock melting during the impact and the crystalline phases as relict minerals. The latter show

evidence for shock metamorphism. Based on the residue morphology and the compositional

variation, the impacting particles are inferred to have been dominated by mixtures of submicron

olivine, pyroxene and Fe sulfide grains, in agreement with prior results of relatively coarse-grained

mineral assemblages in the aerogel collector. 

I�TRODUCTIO�

The Stardust mission successfully returned dust grains

from comet 81P/Wild 2 to Earth for detailed analysis of their

mineralogic and compositional characteristics, including

isotope systematics and organic compound identification.

Although captured by Jupiter into its present orbit only 30

years ago (Sekanina and Yeomans 1985), 81P/Wild 2 is

nevertheless an ancient object believed to have formed at the

outer edge of the solar nebula, residing for most of geologic

history in cold storage beyond Neptune (Brownlee et al.

2006). The particles collected by Stardust should thus

represent samples of the least altered solar system materials

that preserve and reflect the processes that operated at the

outer edges of the solar nebula. The detailed laboratory

analysis of these solids should shed light on these processes

and, combined with astrophysical models, lead to an

improved understanding of the early solar system. 

 The dust grains emanating from Wild 2 encountered the

Stardust spacecraft at 6.1 km/s. The primary dust collecting

device consisted of low density, highly  porous, SiO2-based

aerogel, which was shown in impact experiments (e.g.,

Barrett et al. 1992; Burchell et al. 2001, 2006) and in low

Earth orbit collections (e.g., Hörz et al. 2000) to trap unmelted

residues of silicate projectiles at velocities as high as 7 km/s.

Individual tiles of aerogel on Stardust, 20 × 40 mm large and

30 mm deep, resided in a modular grid-like collector tray.

Each rib of this modular collector grid was wrapped with a

metallic foil, made from soft Al 1100 series alloy (Al 1145),

nominally of 104 µm (0.004″) thickness. While the primary

purpose of these foils was to aid in the eventual extraction,

after return to Earth, of each of the 132 individual aerogel tiles
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(Tsou et al. 2004), portions of each foil were exposed during
the cometary flyby. The total surface area exposed was
1039 cm2 of aerogel and 152 cm2 of Al foil.

Commensurate with the densities of the collector
materials, 0.005–0.05 g/cm3 for the density graded aerogel
and 2.7 g/cm3 for the aluminium, the cometary dust collisions
resulted in deep penetration tracks and impact craters,
respectively. Both features were expected to yield analyzable
projectile materials, albeit in dramatically different forms,
consistent with the shock and thermal environment experienced
during their capture. The tracks were expected to yield largely
unmelted residues, whereas the craters would be lined with
projectile melts. While these expectations were substantially
correct, it turns out that melting was more severe than
expected in the aerogel tracks and conversely, a significant
portion of craters in Al foils still contain crystalline materials.
The two collector media employed on Stardust are thus highly
complementary (e.g., Zolensky et al. 2006; Flynn et al. 2006;
Hörz et al. 2006). Indeed, the highly localized lumps of pure
impactor melt found in the bottom and walls of most craters
(Kearsley et al. 2008) seem more suitable to directly
determine the bulk composition of individual Wild 2 particles
than of the material deposited along the tracks. The latter must
recombine molten and crystalline particle remnants that are
widely distributed along an entire track, in addition to a strong
mixing with molten aerogel. 

 Qualitative elemental analysis of impactor remnants in
hypervelocity craters via SEM-EDS methods is long
established. It has been employed to examine a variety of
space exposed surfaces, beginning with the Solar Maximum
mission (e.g., Warren et al. 1989) and extending to the Long
Duration Exposure Facility (e.g., Amari et al. 1991; Hörz et al.
1993) and other missions on low Earth orbits (e.g., Graham
et al. 2001). Advances in instrumentation and software allow
for quantitative elemental analyses of residues when the
correct sample geometry can be attained (e.g., Kearsley et al.
2007b, 2008). A major breakthrough in the analysis of crater
residue was accomplished recently by the manufacture of
cross sections through entire micron-sized craters using
focused ion beam (FIB) milling methods (Leroux et al. 2006;
Graham et al. 2006). Either complete or partial crater sections
may be sufficiently milled to be electron transparent and
thus suitable for TEM studies, including quantitative
compositional analyses of very small sample volumes via
EDS techniques and phase identifications via electron
diffraction. The present paper now expands these previous
investigations on experimental craters, to actual Stardust
impacts. 

The purpose of this report is to describe the TEM
observations of residues in eight individual Stardust craters
that were sectioned and prepared by FIB during the Stardust
Preliminary Examination. It is important to note that the suite
of craters analyzed here ranges from 1.0 to 3.0 µm in lip-to-lip
diameter. Based on the crater-calibration experiments by

Kearsley et al. (2007b), the corresponding impactors would
be either 0.25 to 0.75 µm or 0.6 to 1.5 µm in diameter,
depending on their assumed density, 2.4 g/cm3 or 0.45 g/cm3,
respectively. The initial impactor sizes of our sample suite are
thus much smaller—typically by one order of magnitude—
than those recovered and analysed to date from most aerogel
tracks as summarized by Zolensky et al. (2006) or Flynn et al.
(2006). The analytical results of the present paper refer to the
smallest cometary  particles  analyzed  via  quantitative
TEM to date and represent independent, but highly
complementary, data to those obtained for the much larger
impactors and their fragments analyzed by all other efforts
of the Stardust Preliminary Examination (Kearsley et al.
2008). 

SAMPLES AND METHOD 

The present FIB-TEM crater studies were pursued in
parallel at three different institutions: University of Lille
(UL), the Naval Research Laboratory (NRL) and Lawrence
Livermore National Laboratory (LLNL). After SEM/EDS
investigation we selected eight craters from foils C2114N,
C2068W, C2043N, C2054W, and C2100N, as described in
Table 1, either on morphological or compositional criteria.
From these typical examples of Stardust micron-sized craters
(Fig. 1), we prepared electron transparent sections using FIB
lift-out methods. FIB sample preparation is a relatively new
TEM sample preparation technique, initially developed by
the microelectronic industry and now used extensively for
preparing TEM specimens of various geological and
astrophysical materials (Heaney et al. 2001; Lee et al. 2003;
Stroud et al. 2004; Zega et al. 2007). One of the main
advantages of this technique is the high spatial resolution with
which specific regions of interest may be isolated and
prepared for detailed TEM analyses. We successfully
demonstrated the method on experimental impact craters
studied prior to the Stardust sample return (Graham et al.
2006; Leroux et al. 2006). Figure 2 illustrates the main steps
of the FIB sample preparation process. We all used dual beam
FIB tools. The initial imaging of the craters was performed by
the electron beam rather the ion beam in order to prevent
amorphization of the near surface. The studied residues of the
craters are then free of ion beam damage. Two different
protective layers have been used on the regions of interest
prior to the initially high beam current milling stages of the
TEM preparation procedure. Some craters (#1–4, 8) were
covered by Pt before the milling process, while C-coating was
used for craters #5–7. As it is likely the cometary impact
residues may contain sulfide phases there is significant
benefit in depositing a C layer rather than a Pt layer. As
during later EDS spectral analysis, the Pt layer will produce
potential spectral interference between Pt M-lines and the S
K-lines. Therefore, C allows a more accurate measurement of
the S content within the preserved residue. Two extraction
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techniques were used for the thinned samples. They include

ex situ lift-out with the foil being placed onto a holey carbon

film for craters #1–4, and in situ lift-out with welding of the

foil onto a Cu support (crater #5–8). TEM foils are prepared

in an orientation perpendicular to the sample surface and the

craters are viewed in cross section under the TEM. 

The UL sample preparations (craters 1–4) were

performed using a FEI Strata DB 235 FIB-FESEM, which has

scanning electron beam and ion beam modes. The sample FIB

preparation has been done using a two stages Pt deposition for

the protective layer, first assisted by electron beam in order to

avoid ion beam damage and then assisted by ion beam

deposition. The transfer of the electron transparent section to

a TEM Cu-grid support (“lift out”) was performed outside the

microscope using a micromanipulator. The TEM study was

performed with a Philips CM30 with a LaB6 filament

operated at 300 kV and a FEI Tecnai TEM (LaB6) operated at

200 kV. The Philips CM30 is equipped with a Thermo-Noran

Energy Dispersive Spectroscopy (EDS) Si-detector with an

ultra-thin window and Vantage software. The Tecnai is

equipped with an EDAX EDS detector and data are

processed with the FEI-TIA software. Sample thickness

and element-specific y ields (k-factor) corrections were

applied to obtain quantitative elemental compositions.

Laboratory  k-factors were experimentally  determined

using the parameterless method of Van Cappellen (1990)

with silicate standards. For silicates, specimen thickness

determination for the absorption correction procedure was

based on the principle of electroneutrality (Van Cappellen

and Doukhan 1994). For the metal and sulfide components,

the thickness was fixed to 100 nm, which is an accurate

estimate for the FIB sections.

Sample preparation for the NRL studies (craters 5 and 6)

were performed using a FEI Nova 600 Dual-Beam FIB-

FESEM with Ascend Extreme Access lift-out tool. The

craters were protected from ion beam damage by a protective

carbon mask that was deposited in the FIB using the electron

beam. The lift-out cross-sections were supported on Cu

microtweezers, as described in Zega et al. (2007). The TEM

study was performed with a 200 kV JEOL 2200FS field-

emission TEM, which is equipped with a high-angle

annular dark-f ield (HAADF) detector and a Thermo

Noran System Six EDS system. At NRL, the compositions of

the residue components in craters 5 and 6 were determined

from both STEM-based spectrum imaging and TEM-based

spot analysis measurements. For each crater, a 256 ×

256 pixel spectrum image was acquired with a nominal

probe size of 1 nm, at an image resolution corresponding to

~4 nm/pixel. The acquisition time was 90 min during which

automated drift-compensation was applied at one minute

intervals. Multivariate statistical analysis of the spectrum

images, using both the Noran Compass package and Axsia

(Kotula and Keenan 2006; Kotula et al. 2003) was used to

determine the number of residue components, the

compositions of the components, and their spatial

distribution. The components determined with this

statistical method comprise a basis set, so that each point in

the spectral image is a linear combination of the component

Table 1. Characteristics of the craters selected for the TEM 

studies, for which SEM images are shown in Fig. 1. Crater 

diameter is measured from crest to crest of the crater lip.

Al foil, crater number

Diameter

(μm)

Crater #1 C2068W, crater 6 1.40

Crater #2 C2114N, crater 1 1.26

Crater #3 C2068W, crater 12 1.65

Crater #4 C2068W, crater 11 1.53

Crater #5 C2043N, crater 1 1.82

Crater #6 C2043N, crater 2 1.45

Crater #7 C2054W, crater 13 1.05

Crater #8 C2054W, crater 11 2.95

Fig. 1. Secondary electron SEM images of the craters selected for the
TEM studies. Scale bar = 1 µm. a) Crater #1, C2068W. b) Crater #2,
C2114W. c) Crater #3, C2068W. d) Crater # 4, C2068W. e) Crater #5,
C2043N. f) Crater # 6, C2043N. g) Crater #7, C2054W. h) Crater #8,
C2054W.
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spectra. The advantages of this technique are that it provides

a statistically  robust analysis of correlations in the spatial

distribution of the identified elements, i.e., all phases

present, including interface reactions, are readily

identified, and because full spectra are retained,

quantitative analysis of the maps can be performed. The

component spectra were quantified using Cliff-Lorimer

routines with thickness absorption corrections and library

k-factors. The counting statistics permit very precise

analysis (<0.1 at%), however the actual uncertainty  in the

accuracy of compositions is limited by the uncertainty in

sample thickness and overlap of the phases in the thickness of

the sample, and is estimated at ±3 atom%.

The focused ion beam work at Lawrence Livermore

National Laboratory (crater 7–8) was performed using an

FEI Nova 600 Nanolab DualBeamTM focused ion beam

(FIB)/ field emission gun scanning electron microscope

(SEM) fitted with an EDAX Genesis X-ray energy

dispersive spectrometer (EDS). The sections were extracted

using an Ascend micro-manipulator system. To protect the

impact residue during the ion milling procedure a Pt “plug”

was deposited in the interior of the crater using 5 kV electron

beam assisted chemical deposition. The entire crater was

then capped with a Pt “strap” using 30 kV ion beam

assisted chemical deposition. The ion beam (FIB) was used

to trench either side of the Pt “strap” to produce a cross-

sectional profile of the sample. The section containing the

cross-sectional profile was then thinned to approximately

1 µm thickness after which the ion beam was used on the

side wall and under cuts to enable the section to be

extracted from the bulk foil. The section was extracted

from the bulk foil and attached to a TEM grid. The section

Fig. 2. Basic steps of the FIB sample preparation method. The illustrations come from different crater preparations. Illustrations (d–e) are from
the ex situ lift-out and (f–g) from the welding technique. a) 5 kV secondary electron image of crater #8 after the deposition of the Pt layer with
ion beam assisted chemical deposition to protect the residue lining the wall and base of the crater during the FIB milling process. b) 5 kV
secondary electron image of the crater #8 after the initial FIB milling has produced trenches on either side of the region of interest. At this stage
the FIB milling uses a convergent, intense beam of 30 keV Ga+ ions (current typically 20 nA). The cross-sectional profile of the crater is
clearly visible in the image. c) 30 kV ion-induced secondary electron image of the cross sectional slice after it has been thinned to
approximately 1 μm. The sections prepared using the FIB technique varied slightly between the three institutions due to different extraction
methodologies. At LLNL and NRL the sections were extracted from the bulk foils in situ (in chamber micro-manipulators) whereas the
University of Lille utilized an exo-lift-out approach using micro-manipulators attached to an optical microscope. For in situ extraction of
the section using the technique described in Graham et al. (2006), side-wall cuts and an under-cut are made into the section to enable lift-out.
d) For the exo-lift-out extraction the crater (#3) cross section has been thinned to electron transparency while still in the foil substrate. The final
stage of sample thinning is performed by a progressively decrease of the ion-beam current (up to 50 pA). FIB has then been used to cut the
thin-section free ready for lift-out (Leroux et al. 2006). e) TEM bright field image of the exo-lift-out FIB section after it has been deposited
on a carbon film supported by a Cu TEM grid. f) 5 kV secondary electron image of the in situ lift-out crater section shown in images (a–c)
after it has been attached to a TEM grid and thinned to electron transparency (LLNL methodology). g) 200 kV STEM dark field image of a
crater section extracted using the in situ method described in Zega et al. (2007). The crater (#5) in this image has been filled with C instead
of Pt which allows a more accurate measurement of the S content within the preserved residue, as it avoids possible peak overlap between Pt
and S.



TEM of cometary residues from micron-sized craters in the Stardust Al foils 147

was then subjected to further low beam current milling to
thin to electron transparency (80–100 nm thick). The TEM
study was done using a 200 kV field emission FEI
Tecnai G2 F20 with an EDAX EDS and FEI-TIA
processing software. For microanalysis data reduction the
Cliff-Lorimer method with stored k-factors was
employed. The accuracy of the method was assessed by
analyses of thin-film glass standard (NIST-SRM2063) and
crystalline silicates (e.g., forsterite) in the craters. In crater
#7, reported major element abundances are accurate to
within ±3 at%. In crater #8, where Pt rather than C was
used as a capping layer (Fig. 10), line-of-sight X-ray
absorption precluded quantification especially for light
elements like oxygen. Reported element abundances for
crater #8 are semi-quantitative at best.

RESULTS 

All of the cross-sectional TEM samples show deformation
of aluminium underneath the crater floor (Fig. 3a). Numerous
dislocations have been generated, and extend from the crater
walls mainly in the form of dislocation cells. Aluminium
in contact with the residue is frequently recrystallized,
suggesting a combination of plastic deformation and heating
due to the impact. This recrystallized layer, when present,
does not exceed 0.3 μm. These features (generation of
dislocations and recrystallization) are typical for hypervelocity
impacts in metallic targets (e.g., Ferreyra et al. 1997; Murr

et al. 1998; Leroux et al. 2006). We have also seen some
Fe-rich inclusions in the aluminium targets (Fig. 3a). Their
presence in Stardust Al foils has been already reported by
Kearsley et al. (2006) and Leroux et al. (2006). EDS
measurements performed on a few of them showed that they
are precipitates close to the Al3Fe stoichiometry, with minor
Ni (0.4 at%). These inclusions do not cause problems for
the present residue studies by TEM, but they could be a
source of error for SEM-based EDS analysis. Future SEM and
TEM studies should account for the possibility of a cometary
grain impacting directly on such an inclusion, leading to
contamination of the residue with terrestrial Fe.

Crater #1

The amount of residue in this crater (Fig. 3a) is low and
located mainly on the crater floor, while almost completely
absent on the walls. The thickness of the residue layer is
irregular and <50 nm. EDS elemental distribution maps show
that it contains only Fe, S, and minor Ni, with a good
correlation between the three elements (Fig. 3b).
Quantitative EDS measurements yield Fe:S atomic ratios
ranging from 46:53 to 58:41 (Table 2 for representative
compositions). The average ratio is 51:48 based on 17
analyses that covered the entire residue. The average Ni
concentration is 0.9 at%. These compositions suggest that
the impactor was a single grain of pyrrhotite, and that minor
loss of S occurred during the impact. 

Fig. 3. a) Bright-field TEM image of crater #1. Note the deformation features in aluminium, below the crater, visible by the Bragg contrast.
Note also the presence of an Al3Fe inclusion. b) EDS intensity maps for Fe and S. Note the excellent correlation between the two elements.
The only other detectable element was Ni, present in low concentration.
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Crater #2

This crater has a very irregular morphology. As shown in

Fig. 4a the residue is unusual as it is not a continuous melt-

liner draping the crater bottom, but a single grain implanted in

the Al with no evidence of internal flow, indicating that the

particle escaped melting. The particle has a fairly rectangular

shape, 500 × 250 nm in size, and its edges are rounded.

Bright-field images display diffraction contrast showing that

the particle was crystalline (Fig. 4b) but it appeared unstable

under the electron beam. Unfortunately, the electron beam

rendered it almost fully amorphous before the acquisition of

any electron diffraction pattern. Only  very  small domains

remained crystalline and stable under the electron beam and

their diffraction patterns are compatible with both clino-

enstatite and ortho-enstatite (Fig. 4c). The EDS mapping

and quantitative spectra show that the composition is

homogeneous across the whole grain, and very  close to

stoichiometric enstatite (MgSiO3; see Table 3). The concentration

of minor elements is compatible with a pyroxene. 

Crater #3

The residue is abundant, mainly lining the crater

floor, but it is very  thin in the lateral walls; the residue

thickness reaching a maximum of 200 nm in one region.

Figure 5a shows a general view of the crater, taken in the

STEM mode. The accompanying TEM bright-field image

Table 2. Representative compositions (at%) for the metal–

sulfide components in the residues measured by EDS in the 

studied craters. Error estimates are given in brackets (1σ 

standard deviation). 
Fe S Ni

Crater #1, shown in Fig. 3

49.3 (0.6) 50.0 (0.4) 0.7 (0.1)

49.2 (0.7) 50.4 (0.5) 0.4 (0.1)

50.6 (0.6) 48.6 (0.5) 0.7 (0.1)

54.9 (0.9) 44.4 (0.6) 0.7 (0.1)

Crater #3, shown in Fig. 5

87.5 (1.6) 10.4 (0.5) 2.1 (0.4)

79.5 (1.0) 16.9 (0.3) 3.6 (0.3)

72.8 (1.1) 26.0 (0.5) 1.1 (0.2)

59.2 (0.8) 40.0 (0.5) 0.8 (0.2)

Crater #4, shown in Fig. 6

86.4 (1.9) 7.4 (0.5) 6.2 (0.6)

74.7 (2.2) 21.8 (0.9) 3.5 (0.7)

59.5 (2.4) 39.4 (1.4) 1.1 (0.5)

45.6 (2.0) 53.3 (1.6) 1.1 (0.4)

Crater #5, shown in Fig.7

74.2 (0.6) 15.7 (0.6) 10.1 (0.4)

Crater #6, shown in Fig. 8

79.4 (0.4) 18.9 (0.4) 1.7 (0.1)

Fig. 4. Bright-field TEM images of crater #2. a) General view
showing the irregular shape of the crater, with a large MgSiO3

particle implanted at its base. The contact of the particle with the
aluminium is indicated by white line. b) Magnified view showing
that the particle displays Bragg contrast, and thus was crystalline, but
unstable under the electron beam. c) Implanted particle after the EDS
mapping. A crystalline remnant is oriented in diffraction Bragg
condition. The corresponding selected area electron diffraction is
shown in the insert, compatible with both clino (zone axis [2,1,2])
and orthopyroxene (zone axis [−1,1,1]).
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(Fig. 5b) shows that numerous crystallites, typically 50 nm
size, are present in the residue. The residue is mainly
crystalline and all diffraction patterns are compatible with
olivine. Most of the grains are irregularly shaped, with a
relative disorientation of a few degrees for adjacent grains.
They are thus probably subgrains, separated by planar
defects. EDS analysis has confirmed that the crystals are
olivine, with forsterite content ranging from Fo91 to Fo95.
Representative compositions are given in Table 3. Close to
the top side of the residue, two small amorphous pockets
have a composition close to pyroxene (Mg + Fe/Si ~ 1).
We have not found any crystalline material in these two
regions. Sulfur and iron are found mostly on one side of
the crater, located at the residue/aluminium interface, and
mixed with a SiO2-rich silicate component. Fe does not
always correlate with S, and in general Ni and S are
anticorrelated suggesting the coexistence of Fe,Ni metal and

Fe sulfides (see Discussion section). Due to the very fine scale
of intermixing, it was not possible to extract exact phase
compositions due to overlap in the thickness of the TEM
section. The Fe:S atomic ratio ranges from 90:10 to 60:40 (see
Table 2 for representative compositions). The average
composition (on 17 analyses) is Fe:S:Ni = 72.6:25.5:1.9 at%. At
one edge of the residue, there is evidence for melt flow
(Fig. 5c), consisting of a mixture of metal (with a low
concentration of S) and a SiO2-rich component with  an
atomic  ratio  of  Si  to  the  other  cations at ~4/1.

Crater #4

Again the residue on the crater floor is abundant and is
of irregular thickness, from 30 to 150 nm. Figure 6a shows
a general view of the crater. Several crystallites are present
in the residue. Most of them are very small with the largest

Table 3. Representative compositions (at%) for silicates present in the crater residues measured by EDS. Error estimates 
are given in brackets (1σ standard deviation); nd = not detected.

O Si Mg Fe Ca Cr Mn Remarks

Crater #2, shown in Fig. 4
60.0 (0.7) 20.0 (0.5) 19.0 (0.6) 0.28 (0.03) 0.19 (0.04) 0.33 (0.04) 0.09 (0.03) Enstatite 

Crater #3, shown on Fig. 5
57.8 (0.7) 14.5 (0.4) 26.1 (0.5) 1.4 (0.1) 0.10 (0.03) nd 0.18 (004) Olivine Fo95

56.9 (1.0) 13.7 (0.5) 26.9 (0.6) 2.2 (0.2) 0.21 (0.05) nd 0.15 (0.04) Olivine Fo92

57.6 (0.9) 15.0 (0.4) 25.7 (0.5) 1.8 (0.2) 0.03 (0.01) 0.02 (0.01) 0.02 (0.01) Olivine Fo93

61.4 (1.4) 22.8 (0.7) 15.5 (0.7) 0.26 (0.07) nd nd nd Amorphous
60.1 (1.7) 20.2 (0.8) 17.6 (0.8) 1.7 (0.3) 0.25 (0.08) 0.02 (0.01) 0.11 (0.06) Amorphous
59.6 (1.0) 19.3 (0.5) 17.9 (0.5) 2.6 (0.2) 0.23 (0.05) 0.13 (0.03) 0.10 (0.04) Amorphous

Crater #4, shown in Fig. 6
60.5 (1.3) 20.0 (0.5) 8.9 (0.4) 4.1 (0.3) 4.1 (0.3) 2.2 (0.2) 0.20 (0.08) Pyroxene 
57.9 (0.7) 16.0 (0.4) 22.0 (0.5) 3.4 (0.2) 0.4 (0.1) nd 0.13 (0.05) Olivine Fo86

59.9 (1.1) 19.8 (0.5) 17.2 (0.6) 1.4 (0.2) 1.5 (0.2) 0.15 (0.04) nd Amorphous
60.6 (0.6) 21.2 (0.3) 15.4 (0.3) 1.5 (0.1) 0.9 (0.1) 0.12 (0.03) 0.19 (0.06) Amorphous
59.9 (0.8) 19.9 (0.4) 12.6 (0.3) 5.1 (0.2) 1.8 (0.1) 0.34 (0.06) 0.23 (0.07) Amorphous

Crater #5, shown in Fig. 7
57.1 (0.3) 14.3 (0.1) 28.4 (0.1) nd 0.05 (0.01) 0.02 (0.01) 0.08 (0.01) Forsterite
57.4 (1.1) 14.6 (0.2) 28.0 (0.4) nd nd nd nd Forsterite

Crater #6, shown in Fig. 8 (1σ)
57.0 (0.4) 13.6 (0.1) 28.6 (0.1) 0.06 (0.01) nd nd 0.05 (0.01) Forsterite

Crater #7, shown in Fig. 9
59.3 (0.4) 18.6 (0.2) 14.8 (0.2) 5.8 (0.4) 1.2 (0.1) 0.13 (0.03) 0.30 (0.04) Amorphous 
58.8 (0.2) 17.5 (0.2) 14.9 (0.1) 7.4 (0.2) 0.96 (0.04) 0.33 (0.03) 0.08 (0.02) Amorphous
58.8 (0.4) 17.5 (0.2) 17.6 (0.2) 4.6 (0.4) 1.3 (0.1) nd 0.22 (0.04) Amorphous 
58.1 (0.3) 16.2 (0.2) 18.2 (0.2) 5.8 (0.2) 1.4 (0.1) 0.18 (0.03) 0.10 (0.03) Amorphous
58.2 (0.3) 16.3 (0.3) 21.7 (0.4) 2.3 (0.3) 1.1 (0.1) 0.21 (0.05) 0.24 (0.05) Amorphous

Crater #8, shown in Fig. 10
57.7 (0.4) 15.0 (0.2) 22.6 (0.3) 4.6 (0.2) 0.12 (0.02) 0.08 (0.02) 0.18 (0.03) Olivine Fo83

57.4 (0.5) 15.9 (0.3) 22.5 (0.3) 4.7 (0.2) nd nd 0.22 (0.05) Olivine Fo83

57.1 (0.5) 14.3 (0.2) 23.9 (0.3) 4.6 (0.2) nd nd 0.11 (0.04) Olivine Fo83

58.1 (0.4) 16.2 (0.3) 20.1 (0.3) 5.1 (0.3) 0.14 (0.02) nd 0.25 (0.05) Olivine + amorphous
58.9 (0.6) 17.2 (0.5) 17.3 (0.4) 6.6 (0.5) 0.63 (0.10) nd nd Amorphous
56.8 (0.6) 13.5 (0.5) 21.1 (0.4) 7.9 (0.4) nd 0.33 (0.06) 0.33 (0.07) Amorphous
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approximately  100 nm in size. Two crystallites have been

studied by selected area electron diffraction (SAED); both

are consistent with clinopyroxene (C2/c space group). EDS

elemental distribution revealed a complex chemistry  for

the entire residue (Fig. 6b). Regions rich in Ca are well

correlated with large pyroxene grains as shown on Fig. 6a.

Quantitative analysis revealed that the pyroxene grains are

Ca and Cr-rich (Table 2). Due to their small size and the

unavoidable overlap with the matrix within the volume of

the 100 nm thick TEM section, we were unable to extract

their exact composition. Interestingly, the Mg-rich areas,

which have a composition close to olivine, seem mainly

amorphous. Only  one small olivine crystallite has been

found and analyzed. The amorphous material, which

contains the majority  of the residue, is highly variable in

composition from point to point (Fig. 6b; Table 3). There is

no systematic correlation between Mg, Si, and Ca,

suggesting the presence of a complex assemblage containing

amorphous material and crystallites of variable compositions.

The Si/cation ratio, measured in areas where S is absent, is

close to 1, meaning that the melt probably originated from

a pyroxene-dominated assemblage. Fe- and S-rich regions

form thin discontinuous layers both at contacts of the

residue with aluminium and the residue with free surface

(Fig. 6b). Fe and S are not always correlated, suggesting

that Fe is present as metal (see Table 2 for representative

compositions). Compositions extend from Fe:S:Ni = 46:

53:1 (pyrrhotite) to 87:7:6. In summary, the residue is

dominated by pyroxene components, with minor olivine,

metal, and sulfide. 

Crater #5

STEM-based EDS spectral imaging with multivariate

statistical analysis (MSA) and HAADF imaging (Fig. 7)

demonstrate that this residue consists of two compositionally

distinct components. The dominant component is ~200 nm

thick and has the composition of forsterite with trace Ca, Cr,

and Mn (Fig. 7a; Table 3). The second component is ~10 nm

thick with a Fe,Ni-sulfide composition that is very depleted

in S, e.g., Fe + Ni/S = 6. Trace S and Fe appear in the

silicate spectra, and small Mg and Si peaks appear in the

sulf ide spectra, because there are some regions in which

the two phases overlap in the thickness of the TEM section.

This does not hinder the quantification of  the spectra,

because of the immiscible nature of these two

components. All features of the spectrum images result

from a combination of the two residue components, the Al

foil, FIB-deposited carbon mask, the Cu sample support, plus

noise. No other spatially  or compositionally  distinct

components, such metal, oxides, or other silicate phases

are observed in the spectral image data or HAADF images.

However, very fine-scale components, i.e., ~2 nm, could go

undetected because the EDS measurements and HAADF

Fig. 5. a) Dark-field STEM image showing a general view of crater
#3. Plastic deformation of aluminium is evidenced by the presence of
dislocations, most of them being reorganized into subgrain
boundaries. Note the presence of an Al3Fe precipitate. b) Bright-
field TEM image of the residue. Two large olivine (Ol) crystallites
(Fo92–93), with a slight misorientation of a few degrees, are oriented
along the [001] zone axis. The corresponding SAED is shown in the
insert. Other crystalline grains are also present but are not visible
here because they do not diffract at this specific foil orientation.
At each side of these the crystallites amorphous pockets are present
(brighter areas, arrowed) for which composition is close to
pyroxene. The contact of the residue with aluminium is marked by a
dark line to better visualize the residue outline. c) Bright-field TEM
image showing flow structure of a mixture of Fe-S (elongated darker
regions) and SiO2-rich material observed at the right edge of the
residue deposit.
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contrast derive from the full thickness of the section

(~150 nm).

The sulfide component wets both the crater wall and the

forsteritic component, indicative of complete melting. The

forsteritic component appears to wet the right side of the

crater wall, consistent with significant melting, but

appears as a distinct grain on the lower left side (Fig. 7c, white

box). Bright field imaging (Figs. 8a and 8b) confirms that the

metal-sulf ide coats the crater surface and silicate residue

as a result of melting. Under equilibrium conditions, material

with this composition would crystallize into separate metal

and sulfide components, however there is no direct evidence

for phase separation in this particular residue. One possible

explanation is that the phase separation is present at too fine a

scale to be observed by HAADF imaging or in the multivariate

statistical analysis. 

The cry stallinity  of  the largest grain with forsterite

composition is conf irmed by  selected area electron

diffraction (Fig. 8b, inset). The SAED spots show some

streaking into arcs, consistent with a spread in the grain

orientation. Dark-field imaging (Figs. 8c and 8d) reveals

distinct domains, slightly  tilted f rom each other. This

Fig. 6. a) Bright-field TEM image of crater #4. Note the presence of numerous crystallites in the amorphous matrix (arrowed). One of them
is in strong diffraction orientation. b) EDS Elemental distribution maps for Al, Pt, O, Si, Mg, Ca, Fe, and S. Note that the elemental distribution
is highly heterogeneous.
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small spread in orientation is consistent with shock-

induced alteration of cry stalline material, rather than

crystallization from a melt. 

These results indicate that this crater was produced by the

impact of one or more ~200 nm scale forsterite grains

associated with metal and sulfides. The largest silicate grain

appears to be minimally altered by shock, mostly  retaining

its original composition and crystallinity.

Crater #6

This residue is concentrated in the floor of the crater, but

extends up one sidewall, with a thickness variation from 10 to

250 nm (Fig. 9). The individual residue grains are difficult to

distinguish by bright-field TEM imaging (not shown), but

HAADF imaging (Fig. 9b) and MSA of EDS analysis (Figs. 9c

and 9d) show that the residue consists of a 10 to 25 nm-scale

mixture of forsterite and Fe,Ni sulfide grains. The sulfide is

depleted in sulfur, with (Fe + Ni)/S = 5.9, implying the

presence of separate metal and sulfide phases, however there

is no direct evidence for such phase separation and,

alternatively, some S may have been lost upon impact. The

thickness of the TEM section and the fine-grained nature of

the residue prevented diff raction analy sis to assess the

crystallinity  of either component. The impacting particle in

this case likely consisted of 10 nm scale metal sulfides and

100 nm scale olivines, but little, if any, primary grain

structure is retained.

Crater #7

The residue is thin (typically 30 nm), continuous and is

present also on the crater’s lateral walls (Fig. 10a). A very

large number of crystallites are present, but are too small to be

identified. Elemental distribution (Fig. 10b) and quantitative

EDS measurements show that the residue consists of a

mixture of silicates and sulf ides. Mg, Si, and O seem

mainly  present on the crater floor while Fe and S occur

Fig. 7. a) Four principle component spectra obtained from the multivariate statistical analysis (MSA) of EDS spectrum imaging of crater #5.
The MSA shows that there are two spatially distinct residue components: a silicate with a forsteritic composition and an Fe-Ni sulfide, in
addition to the Al collector foil and the FIB-deposited carbon mask. The Cu peaks result from the sample support. All features in the spectrum
images are a combination for these four components, plus noise. No additional spatially or compositionally distinct residue components, such
as metal, oxide or other silicate phases, were found. b) High-angle annular dark-field image. The sulfide residue appears bright, and the silicate
dark due to the Z dependence of the contrast. c) Composite principle component map: silicate (blue), sulfide (red), Al foil (yellow), and FIB-
deposited carbon (green): The white outlined box indicates the portion of the residue on which diffraction studies were performed, as
illustrated in Fig. 8.
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Fig. 8. a) Bright-field TEM of crater #5. b) Bright-field TEM image and SAED (insert) a forsterite grain from the left side of the crater.
c) and d) Dark-field TEM images of the forsterite grain illuminating the slight orientation variation between the grain center (g = 0,−6,−2) and
bottom right (g = 0,−2,−1), respectively.

Fig. 9. a) EDS spectra from the two cometary residue components in crater #6, identified by MSA. The Mg-rich silicate (blue) and Fe-
Ni sulfide (red) components were the only spatially and compositionally distinct components in the spectrum images other than the Al foil and
carbon mask. b) High-angle annular dark-field image. The sulfide (bright) is interspersed with the silicate (dark) a residue at a scale of ~10 nm.
c) Composite principle component map showing the two residue components: silicate (blue) and sulfide (red), in addition to the Al foil
(yellow) and FIB-deposited carbon mask (green).



154 H. Leroux et al.

mostly  on the lateral wall. Assuming the 1:1 stoichiometry

for the Fe-S component, we deduced an estimate of  the

silicate stoichiometry. The ratio Si/cations is found to vary

between 1 and 2, suggesting a mixture of olivine and

pyroxene. The presence of Ca also suggests the presence of

pyroxene in the incident particle. Recalculated estimation of

the composition is given in Table 2. The residue also contains

a significant amount of Ni (average of 1 at%). 

On one side of the crater, a Zn-rich region is present. The

distribution of Zn correlates well with that of S, suggesting

that the incident particle contained a Zn-Fe sulfide (see

Zolensky et al. 2006). It is also possible that the zinc is a

contaminant from the aluminium foil. Although the reported

concentration of Zn within Stardust foil is very low (~75 ppm;

Kearsley  et al. 2007b), it is not known whether it is

dispersed as a trace throughout, or as rare, discrete, Zn-rich

inclusions.

Crater #8

The residue layer within this crater is highly variable in

thickness (up to 200 nm) with the most abundant material lining

one side of the crater wall (Fig. 11a). The dark field imaging

reveals that the amorphous layer contains numerous nanometer

sized crystallites (Figs. 11b and 11c) with HRTEM confirming

these to be olivine (Fig. 11d). EDS elemental distribution maps

shows that the residue is very homogeneous in composition.

Quantitative EDS show that crystals and the amorphous matter

have the same composition, very close to the olivine

stoichiometry, with Fo content = 83. These TEM observations

would strongly imply that the original cometary impactor was

a single mineral phase.

DISCUSSIO� 

Dominant Mineralogy of the Residues 

The main characteristic of the residues in the 8 small

(<3 um) craters analyzed to date is their large diversity, as is

also noted in the SEM-EDS studies of a large population of

small craters, reported by Kearsley  et al. (2008). Their

projectiles, all <1 μm in diameter, seem dominated

volumetrically  by a limited number of phases. These small

scale residues differ strongly from those in large (>50 µm)

Stardust craters which commonly consist of polymineralic

melt with a chondritic-like composition (Flynn et al. 2006;

Kearsley et al. 2008). The composition of the small crater

residues does not correspond to chondritic melts. These

differences are probably due to the fact that small craters were

sampling closer to the smallest individual mineral grains of

Wild 2 material, whereas the larger craters averaged more

thoroughly over the modal abundance of Wild 2 minerals and

their sizes. Nevertheless, crater morphology and residue

composition suggest that the majority  of impactors <1 µm

are still made up of  polymineralic materials. Table 3

summarizes the mineralogy we deduce from the observations.

We have also included in the table a rough estimate of the

modal phase proportions. Three of the craters originated from

monomineralic projectiles, which are Fe sulfide, MgSiO3

pyroxene and olivine (Fo83) for crater #1, 2, and 8,

respectively. Crater #4 is substantially dominated by pyroxenes,

and craters #3, 5, and 6 are dominated by olivine, with Fo

contents of 93, 100, and 99.5, respectively. Crater #7

seems the most complex because the silicate stoichiometry

suggests a mixture of olivine and pyroxene, in association

with Fe and Zn-Fe sulfides. 

Fig. 10. a) Bright-field TEM image of crater #7. b) X-ray EDS maps showing elemental distribution for O, Si, Mg, Fe, S, and Zn over the
residue. 
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What Were the Original Densities of the Dust Impactors?

Kearsley  et al. (2006, 2007b) conducted impact

experiments into Stardust foils at 6 km/s to determine the

relationship of crater diameter and depth to impactor diameter

and density. The crater depth/diameter (Dp/Dc) ratio was found

to be strongly dependant on the impactor density for a suite of

non-porous projectiles that included stainless steels (Dp/Dc =

0.85), pyrrhotite (0.65), olivine (0.65), pyroxene (0.61), soda-

lime glass (0.53), and polymer polymethylmethacrylate (0.42).

Recent experiments also show that particle shape and aspect

upon impact can be important in controlling Dp/Dc (Kearsley

et al. 2008), and lead to wider ranges of Dp/Dc for natural,

irregular particle shapes than are seen for spherical impactors.

However, the ratios we measured on the eight Stardust TEM

cross sections (Table 4) are almost all significantly lower than

might be expected for the original mineralogy deduced from

the residue compositions. The only exception is crater 2, made

by a single particle of MgSiO3 for which the Dp/Dc ratio is

close to the average value measured for pyroxene in the

Kearsley  et al. (2007b) calibration. For crater 1, which was

formed by a pyrrhotite-bearing impactor, the Dp/Dc ratio is

20% lower. For crater 5 (mixture of olivine, sulfide and metal),

the Dp/Dc ratio is equal to 0.56, again about 20% lower than

the expected ratio according to the residue mineralogy. For the

five others (craters 3, 4, 6, 7, 8) the Dp/Dc ratios are very close

to 0.4 (f rom 0.38 to 0.42), which would correspond to a

density of ~0.8–1 g cm−3 for the five impactors, according to

the calibration curve of Kearsley  et al. (2007b). These low

values strongly suggest that most impactors were porous

materials, consistent with loosely bound aggregates of <1 µm

in size for most of the Wild 2 dust, as already inferred from

the morphology of craters and aerogel penetration tracks by

e.g., Brownlee et al. (2006), Hörz et al. (2006), and Zolensky

et al. (2006). Similar conclusions were also reached by the

detailed morphologic and compositional analysis of Stardust

craters >50 µm (Kearsley et al. 2008). 

What Proportion of the Impactor Has Been Retained Within 

the Craters?

The FIB sections may allow an estimate of the residue

volume. For craters having a simple hemispherical geometry

(such as craters 3 and 8) we constructed two spheres, one

tangential to the aluminium/residue interface, and the other

to the upper interface. These two spheres intercept each other

and define two spherical caps, each of a well defined volume.

Their subtraction gives an estimate of the residue volume.

Details of comparable calculations are given in Kearsley et al.

(2007a). For simplicity  in our calculation to estimate the

maximum retained quantity, because the FIB section sampled

only a small part of the crater (typically 10%, in the central

region), we assumed a centrosymmetric distribution of

residue, although we can see from secondary electron images

of larger craters and even from FIB sections that this is not

necessarily the case in many craters. For craters having more

complex morphologies, we have measured the surface area of

each residue on the TEM micrographs. Their surface areas

were compared to those of craters of simple morphologies

and the corresponding residue volume is estimated (Table 4).

No porosity  has been found in these very  small crater

residues, so their density  is probably  close to that of the

dominant mineral. In parallel, the projectile diameter has also

been calculated from the crater diameter (using an impactor

density correction deduced from the crater depth/diameter

ratio of Kearsley et al. 2007b), and then the volume of the

Fig. 11. a) Bright-field TEM image of crater #8. b) and c) Dark-field TEM images of a part of the crater, which were taken by using different
operating reflections. Crystalline grains that are diffracting electrons are illuminated (i.e., white on the image). d) HRTEM image of the bigger
crystallite displaying a bright contrast in (b).
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projectile can be calculated based upon a simple sphere model
(Table 4). These calculations should be considered as rough
estimates, but the projectile sizes deduced from the ratio
crater diameter and by the measurement of the residue
volume are of the same order. It suggests that the majority of
the impactor was retained and was not lost by volatilization or
ejection of melt during the Stardust impacts at 6.1 km/s. 

Loss of Volatiles During Hypervelocity Capture 
Substantial S loss from Stardust penetration tracks in

aerogel has been reported by Flynn et al. (2006) and has
been observed in laboratory crater experiments (e.g.,
Kearsley et al. 2007b). Crater 1 is well suited to address
this topic since it was likely formed by a pyrrhotite impactor
(only S, Fe, and minor Ni were detected). Its average
composition suggests that 10% of S atoms have been lost
during the impact. For the other craters (3, 4, 5) the Fe:S
ratio is much higher, but so is the Ni concentration. The
exceptionally fine scale of the microstructures in the
crater residues prevented a quantitative characterization
of all Fe-Ni-S component(s). EDS measurements indicated
highly variable compositions, allowing no indication on an
eventual loss of S during the impact. Figure 12 summarizes
these measurements for the Fe-Ni-S rich areas in craters 1, 3,
and 4. For craters 3 and 4, this curve shows that S and Ni are
anticorrelated suggesting that the Fe-Ni-S fraction is
composed of Ni-poor sulfide and Fe,Ni metal grains.
Similar trends have been found in the Fe-Ni-S inclusions
in the glassy matrix of thermally modified dust particles
enclosed in molten aerogel (Leroux et al. 2008). This mixing
line could be indicative of the presence of metal in the
impactors, associated with Fe-sulfide. On the other hand, for
craters, it could be due also to strong S loss (~70 and 50%
of the S atoms for crater 3 and 4, respectively), and
further decomposition into metal and sulfide followed the S
loss. 

Table 4. Summary of the dimensional measurements performed on craters. The table includes crater diameters, depths, 
measured residue volume, and its corresponding calculated original size and the expected original mineralogy of the 
projectile. 

Dc 
(mm)a

Dp 
(mm)b Dp/Dc

ρ 
(g cm−3)c

P.D.1 
(μm)d

Vol. res. 
(mm3)e

P.D.2 
(mm)f Mineralogy and vol% of phasesg

Crater #1 1.45 0.76 0.52 2.5 0.31 0.016 0.39 100% pyrrhotite
Crater #2 1.06 0.61 0.57 3.3 0.20 0.023 0.36 Single MgSiO3 particle
Crater #3 1.68 0.67 0.40 0.8 0.68 0.048 0.73 Mainly olivine Fo93 (70%), 15% of a SiO2-rich 

material, 15% Fe sulfide + metal 
Crater #4 1.59 0.72 0.42 1.2 0.49 0.066 0.71 Highly dominated by pyroxene (80%), minor 

olivine (10%) and Fe sulfide + metal (10%)
Crater #5 1.66 0.94 0.57 3.3 0.32 0.083 0.54 Forsterite + Fe sulfides
Crater #6 2.05 0.78 0.38 0.7 0.92 0.044 0.75 Olivine + Fe sulfides
Crater #7 1.44 0.58 0.40 0.8 0.58 0.021 0.56 70% of silicates (mixture olivine + pyroxene), 

30% of Fe-Zn sulfide
Crater #8 3.06 1.28 0.40 0.8 1.24 0.087 0.90 Olivine Fo83

aMeasured diameter of crater on the TEM images, from lip to lip. Some of the craters are significantly smaller than measured under the SEM (e.g., craters #2,
6, and 7). This is probably due to the fact that the corresponding TEM sections were not extracted exactly at the middle.

bMeasured depth of the crater, from the initial surface, vertically to the top side of the residue.
cThe density has been estimated from the calibration curve which give the ratio in function of the impactor density, from Kearsley et al. (2007b; Fig. 3a).
dThe projectile diameter (P.D.1) is deduced from the calibration curve of Kearsley et al. (2007b; Fig. 4) which link the crater diameter/projectile versus the

projectile density.
eThe residue volume has been measured on the TEM images for craters having a semi-spherical shape (craters #3 and 8), see text for details. For others, they

have been recalculated using surface measurements of the residues on the TEM images.
fThe projectile diameter (P.D.2) deduced from the residue volume has been calculated, assuming a density of the dominant mineral, and corrected by the density

deduced from the Dp/Dc ratio.
gPhase proportion has been estimated with surface estimation measurements on the TEM samples.

Fig. 12. S versus Ni concentrations in the Fe-Ni-S fraction of craters
1, 3, and 4. These elements are anticorrelated suggesting the presence
of Fe sulfide and metal containing Ni.
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Is Primary Mineralogy Preserved? 
The understanding of crater formation in metallic

substrates has benefited greatly from studies of spacecraft
surfaces returned from low Earth orbit (LEO), such as the
Long Duration Exposure Facility (LDEF). The hypervelocity
capture of micrometeoroids on the aluminium foil surfaces of
LDEF resulted in thermal and shock alteration of the original
projectiles. As a result, the impact generated craters were lined
with glassy melt residues (e.g., Bernhard et al. 1993a,
1993b). However, some LDEF craters preserve pristine
crystalline grains that have fragile structures such as solar
flare tracks indicating they are primary minerals rather than
a product of secondary recrystallization (Rietmeijer and
Blanford 1988; Brownlee et al. 1993) although recrystallization
was observed in other impact crater residues (Zolensky et al.
1994). Experimental light gas gun studies also provided
information on the state of residue preservation including
crystalline grains (Hörz et al. 1983; Kearsley et al. 2007b).
However for the size-range of Stardust craters discussed in
this paper, it has not yet been possible to perform laboratory
simulations using projectiles that contain a well-known
mixture of sub-micron silicates and nanoscale sulfides for
direct comparison, due to difficulties in both producing and
accelerating such a mixture. 

Impacts onto the Stardust collector occurred at 6.1 km s−1.
Under these conditions the associated peak pressure for
impacts on Al foil is of the order of 60–70 GPa for, e.g., dense
olivine or pyroxene (Marsh 1980), and the temperature may
reach 1000–1500 °C for monomineralic silicate projectiles
(O’Keefe and Ahrens 1977; Hörz and Schaal 1981; Bernhard
et al. 1993b). Temperatures can be significantly higher in
the case of porous projectiles (e.g., Kieffer 1975; Ahrens
and Cole 1974). The P-T ranges are sufficient to cause
shock deformation and at least partial melting, but
insufficient to vaporize most silicate minerals. For small
particles the energy is liberated in a very short time scale
(nanoseconds). Also because of the small size of the
impactor, the high thermal conductivity of aluminium
favors a rapid quench of the impacted products, and thus the
retention of residue in the crater walls. Quenching might be
especially rapid for small micron-sized craters for which the
heat dissipation might be quasi-instantaneous. This is
probably the reason why the amounts of residue calculated
from our TEM thin sections are significant, suggesting that
ejection of melted material or vapor loss did not occur. Our
observations show that most of the residue melts are lining the
crater floor and occasionally the lateral walls. Very frequently
the elemental distribution is highly heterogeneous in residues,
showing that mixing did not occur significantly between the
different melted components of the incident particles, even
where their melts might have been highly miscible. This
heterogeneity confirms the high quench rate expected from
these thin residues in contact with a metallic substrate.
Crystalline grains are frequent within the melt (craters #3, 4,
5, and 8). Both craters 3 and 5 contain relatively large

crystalline olivine grains composed of small domains that are
slightly rotated relative to each other. This microstructure is
typical of shock deformation but not of crystallization
originating from melt, and thus we conclude that these
grains have retained the primary mineralogy but not the
microstructure of the comet. It must be remembered that the
formation of sub-micron, slightly misoriented domains is
typical for strongly shocked olivine (e.g., Langenhorst and
Greshake 1999). Of course, we do not exclude the possibility
that full melting could have occurred in other residues. For
instance, the rounded grains of pyroxene visible in the residue
of crater #4 (Fig. 6a) probably originate from crystallization
from the melt. Residue in crater #2 clearly escaped from
melting because there is no evidence for flow. The geometry
is compatible with an implanted grain into aluminium.

How Do Our Results Compare with Grains in Aerogel? 
Studies of small craters give access to a size population

of cometary particles smaller than those currently extracted
and studied from the aerogel collector. In small craters the
residues probably originated from isolated submicron grains
or very loosely bound dust aggregates ejected from Wild 2.
Our TEM analyses of the residues show a predominance of
silicates and sulfides. The incident cometary particles were
monomineralic in some cases and contained a limited number of
phases in others. The numerous crystalline remnants in the
shock melts suggest that most of the grains were initially
crystalline. The compositions of the amorphous materials
(melted grains) are also mainly compatible with precursor
minerals such as olivine or pyroxene. The observed mineralogy
and compositions show that the small impactors consisted of a
similar suite of minerals as seen in the aerogel tracks produced by
larger impactors (Zolensky et al. 2006). Crystalline minerals were
thus present also in the loosely bound dust aggregates or isolated
Wild 2 submicron particles. 

SUMMARY AND FUTURE WORK 

The primary motivation for the study of micron-sized
craters in the Stardust aluminium foils is the access to isolated
sub-micron particles, which is impeded in the aerogel collectors,
due to capture alteration and difficulty in extraction. The lack
of mixing with silica aerogel is a significant advantage for
determining silicate compositions. The craters are easily
identified by secondary electron imaging surveys of the
aluminium surface (Kearsley et al. 2008), enabling subsequent
FIB extraction and TEM studies. The residues preserved within
these craters provide additional and important source of comet
Wild 2 material for further scientific investigations. 

Our TEM studies show that micron sized Stardust
craters contain substantial quantities of residue, in at least some
of which the original mineralogy can be demonstrated
unambiguously, as they consist of relict crystalline minerals as
well as quenched melts. These residues show significant
compositional diversity, indicating that they originated from
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monomineralic cometary grains or composite grains that
contained a limited number of phases. They differ from
craters formed by larger aggregate grains, which may contain
very diverse polymineralic melts (Kearsley et al. 2008).
Results from the limited number of craters prepared for TEM
during PE has not yet rivalled the diversity of the coarser
grains trapped in aerogel tracks, from which an extraordinary
mineralogical inventory can be listed (Zolensky et al. 2006).
Nevertheless, the relict mineral compositions are consistent
with the dominant grain types found in the aerogel tracks
(Zolensky et al. 2006). The eight craters in this study did not
contain detectable carbonaceous matter, but future investigation
of a suite of craters that appear to contain C at levels
detectable by SEM-EDS is planned. 

Although FIB preparation and TEM studies are time
consuming, they provide the only practical way to investigate
impacting cometary particles comprised of individual
submicron grains. The techniques will also greatly
improve interpretation of the apparently non-stoichiometric
residues in larger craters, where SEM based conventional
EDS cannot resolve fine scale of compositional
heterogeneity. FIB and TEM will be also vital for analysis of
grains collected in the Al foils of the interstellar side of the
Stardust collector. 
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