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The nature and origin of cometary grains are poorly known. For this reason the first in situ sampling of
cometary materials, the Stardust mission, raised considerable expectations. The Stardust spacecraft captured
cometary dusts at a relative velocity of 6.1 km/s in a low density silica aerogel medium. Calculations and
laboratory experiments on the shock behaviour of aerogel and hypothetical dust-analogue material indicate
that an intense but short heating stage (on the order of the microsecond) occurred during the collection;
however, results from the preliminary team emphasized that a large fraction of the collected material was
deeply affected by the thermal event, indirectly suggesting that the heating was more protracted. Here we
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Keywords: constrain its parameters based on diffusion of MgO and SiO, between a molten cometary dust and the
cometary dusts embedding molten aerogel. After the shock, this assemblage stayed at ~2100 K for duration of up to 0.1 ms.
Stardust This timescale is characteristic for friable and fine-grained aggregates whereas consolidated grains were

melts quenched faster. Therefore, a sampling bias occurred during the collection. It may explain the recent finding
diffusion ) that preserved cometary grains look more similar to inner solar nebula material than to chondritic porous
thermal history interplanetary dust particles (CP-IDP). Indeed, CP-IDPs and other primitive materials are friable materials and
consequently, they must have been selectively damaged. The strong thermal modification precludes detailed
studies of mineralogy, but molten cometary dusts are only partially mixed with aerogel, giving an

opportunity to analyze bulk and local compositions of the impacting aggregate fragments.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cometary dust particles are generally described as relicts of pristine
materials that accreted to form primitive meteorites and planets.
Compared to other small primitive objects of the solar system these
grains are poorly known, yet they may be the only mineralogical objects
unaltered since the formation of the Solar nebula. They also may
represent a crucial hidden ‘reservoir’ able to explain some major
processes which occurred during the early evolution of the Earth, such as
the delivery of water (Zolensky, 2005). In this respect, the first in situ
sampling of cometary materials, the Stardust mission, raised consider-
able expectations from astrophysicists, geologists, mineralogists and
cosmochemists. Indeed, these dusts are the unique and undisputable
comet samples available so far to investigate the nature of cometary
materials. The Stardust mission was a plain success but still had to face
inherent problems related to the collection of samples itself. They were
captured from the 81P/Wild 2 comet tail at a relative velocity of 6.1 km/s
in a low density silica aerogel medium. After this hypervelocity impact,
flash-heating of dust grains could not be avoided. Our vision of cometary
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materials is blurred by this thermal event and must be corrected by
knowing the thermal history of the sample collection. Based on diffusion
of MgO and SiO, between a molten cometary dust and the embedding
molten aerogel (pure SiO,), we derive the main parameters of this
thermal event (i.e. peak temperature, duration of the pulse, cooling rate,
and thermal gradients). A comparison with values determined from
shock experiments reveals that a sampling bias may have happened
during the collection. Compared to coarse grains, poorly cohesive
aggregates have suffered considerable damage. On the other hand, our
study also confirms that even completely molten relicts bear important
information on the nature of the pristine cometary grains and therefore
deserve particular attention from the community.

2. Analytical method

The studied sample comes from track 41, collector 2044. The
sample was removed from aerogel, embedded in epoxy and sliced into
50-70 nm-thick sections with an ultramicrotome at the Johnson Space
Center (NASA). Sections were then transferred to amorphous C-supported
Cu TEM grids. More details about sample preparation are given elsewhere
(Zolensky et al., 2006) and a general description of the sample may be
found in Leroux et al. (in press).
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Fig. 1. TEM Bright field (left) and chemical distribution for Si, Mg and Fe (right) of the sample. The composition profile (white line here and open symbols on Fig. 2) is measured at the
aerogel/“ghost mineral” interface (black lines). The latter are revealed by their high MgO concentration. The microstructure consists of a silica-rich glassy matrix containing
nanometer-sized beads of Fe-Ni-S phases and vesicles. The Fe-Ni-S phases are made of Ni-bearing metal and iron-sulphide phases (see Zolensky et al., 2006 and Leroux et al., in
press for details). Microanalyses show that the average composition of the sample is silica-rich, suggesting that there is a large fraction of molten aerogel. Most of the analyses
performed led to compositions with 90 mol % of SiO, or more. On the other hand, most of the MgO-rich areas have typically 35 mol% of MgO and the composition is approximately

constant within a given MgO-rich area.

The ATEM study was performed using a Tecnai G2-20 twin (LaBg
filament) operating at 200 kV. Specimens were mounted on a be-
ryllium low-background double-tilt holder. The microstructure was
obtained by bright/dark field imaging, both in conventional direct
TEM mode (parallel illumination) and in scanning (STEM) mode
(convergent illumination). Chemical compositions were measured
using Energy Dispersive X-ray Spectroscopy (EDS) with an EDAX Si-
detector with ultrathin window. We used probe sizes ranging from 5
to 10 nm either as a fixed probe or as scanning probe for analysis of
extended areas. For quantitative analyses, calculations of element
concentrations and atomic ratios were carried out using calibrated k-
factors and thin film matrix correction procedures. Data reduction was
obtained using the TIA software. The absorption correction procedure
was based on the principle of electroneutrality (Van Cappellen and
Doukhan, 1994). The k-factors for O and Mg were determined using
quartz and forsterite standard samples by the parameter-less method
of Van Cappellen (1990). Element distributions were obtained by EDS
X-ray spectral imaging. In this method, each pixel of the chemical
maps contains a full EDX spectrum. Maps were recorded with an X-ray
stored intensity ranging from 1000-2000 counts/s and a dwell time of
200 to 800 ms for areas extended from 200 to 400 pixels square. For
the long duration experiments, we applied drift compensation and
ensured a high vacuum to minimize the contamination of TEM slices.
The distribution of elements was deduced from the spectra collection
by selecting manually the characteristic K, peak energy window
(including background and potential tail of a nearby peak). Any indi-
vidual element can be chosen after the experiment. The X-ray inten-
sities corresponding to the elements of interest were calculated for
each pixel of the map and then converted to a proportional grey level.
Individual spectra had a low X-ray count because the acquisition
dwell time was short; however we stacked a number of adjacent
spectra in order to quantify selected area with a good count statistics.
This quantification, contrary to the spatial distribution visualization,
includes a background subtraction and correction (absorption and
k-factors). The lateral resolution of an analytical spot was typically
of the order of 10 nm. This setup was particularly useful to measure
concentration profiles at the grain-aerogel interface.

3. Results
An overview of the mineralogy of cometary dust particles collected

during the Stardust mission was recently published (Zolensky et al.,
2006; Brownlee et al., 2006). A significant fraction of silicate dust was

found molten and mixed with molten aerogel (Zolensky et al., 2006;
Leroux et al., in press; Rietmeijer et al., in press). This effect is
particularly noticeable in particles from the internal walls of tracks. To
quantify one of the highest grades of thermal alteration recorded by
Stardust samples, we focused on a highly thermally modified sample
labeled C2044,2,41,3,6. The typical microstructure of this sample
consists of a vesicular, silica-rich, glassy matrix containing nanoscale
beads of Fe-Ni-S phases (Fig. 1). At the sub-micron scale compositions
are highly variable and include micron-size pockets of MgO-rich
glasses embedded in a SiO,-rich matrix (Leroux et al., in press). These
pockets outline ghost mineral assemblages (Fig. 1). The coexistence of
these molten cometary minerals with the embedding molten aerogel
provides a unique tool to establish the thermal history of grains during
their capture. Only extended amorphous MgO-rich patches in contact
with molten aerogel, up to 0.5 um wide, free of vesicles and Fe-Ni-S
inclusions were selected to study the inter-diffusion of MgO and SiO-.
Their MgO/(MgO+FeOQ) ratios are within the range 95-98% and
consequently these different glasses probably originated from almost
Fe-free minerals such as enstatite (MgSiO3) or forsterite (Mg,SiO,4).
Because the bulk SiO, concentration of the glass pocket is much closer
to enstatite rather than forsterite stoichiometry (see below), it appears
more reasonable to consider that the initial silicate was an enstatite
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Fig. 2. Composition profiles across the interface between the SiO,-rich matrix and a
MgO-rich region. The profile in open symbols is used to derive quantitative results
because it is the best resolved. The location of the white profile is shown on Fig. 1.
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grain. If instead it had been a more MgO-rich forsterite grain, it would
imply a larger contamination of the molten mineral by the aerogel
and, as explained below, it would imply an even longer thermal pulse
during the collect. Far from the interface, both MgO-rich and SiO,-rich
glasses have homogeneous compositions within the error bars
(typically +1 mol%), with an MgO content in the range 30-40 mol%
and 2-5 mol% respectively (Fig. 2). This homogeneity is significant
because it spreads over several hundreds of nanometers, contrasting
with the relative sharpness of the apparent interface (about 50 nm).
Finally, the interface shows a typical horn-like shape, particularly
obvious in the MgO-rich liquid. We use this feature below to constrain
the cooling rate of the grain.

4. Discussion

4.1. Liquid-liquid immiscibility in the MgO-SiO, phase diagram and the
determination of the thermal history of molten Stardust grains

The concentration profile recorded the thermal history of the
sample during collection. After the melting of a Mg-rich mineral and
its surrounding aerogel, inter-diffusion of MgO and SiO, occurred.
Melt compositions changed from 50 mol% and 100 mol% to 62.5 mol%
and 95 mol% respectively (Fig. 3). The horn-like shape of the diffusion
profile appeared subsequently. Typically, this feature is characteristic
of an exsolution/unmixing process upon cooling. In the case of the
binary system MgO-SiO,, unmixing is related to the large liquid-
liquid miscibility gap that exists in its SiO,-rich portion (Hudon and
Baker, 2002; Mysen and Richet, 2005; Leroux et al., in press). This
particular shape appeared upon the continuous cooling of the sample
during which compositions of the SiO,-rich and the MgO-rich
immiscible liquids changed along the two branches of the miscibility
gap at the interface (Fig. 3). We used the persistence of melt pockets,
the extent of the contamination of the silica matrix by MgO, and the
shape of the inter-diffusion profile to shed light on the thermal history
of cometary dust particles collected by the spacecraft. In this
framework, compositions of the two glasses far from the interface
record the temperature at which the two liquids reached their equi-
librium compositions (i.e. “touched the branches of the miscibility gap
on the phase diagram”), and the MgO enrichment of the MgO-rich
liquid close to the interface is characteristic of the cooling rate.

4.2. Determination of the peak temperature

Based on the phase diagram (Fig. 3), two independent determina-
tions of the temperature at which the unmixing started is obtained for
MgO- and SiO,-rich liquids respectively: ~2050 K and ~2100 K. Based
on the original phase diagram, an accuracy of +10 K may represent an
upper value for the uncertainty. These internally-consistent values
confirm that compositions of these liquids attained their equilibrium
composition simultaneously at ~2075 K. The peak temperature deter-
mined here is the characteristic temperature from which the dust was
quenched from a thermal equilibrium. Even if temperature had been
slightly higher for a very short duration, it did not leave any chemical
or structural imprint (Fig. 3).

4.3. Modelling diffusion profiles

The time required for the two melts to initially attain an equi-
librium composition at the characteristic temperature was calculated
by using an isothermal diffusion model. The cooling rate from this
equilibrium stage was then determined by modelling the diffusion
profile with a similar method to that used to determine cooling rates
of iron meteorites exsolving kamacite from taenite (Hopfe and
Goldstein, 2001). A finite difference model for diffusion in two im-
miscible phases undergoing cooling was employed. Concentration and
temperature dependent MgO and SiO, diffusion coefficients were
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Fig. 3. Binary phase diagram MgO-SiO, (Based on Mysen and Richet, 2005); the
schematic Composition-Temperature path followed by the cometary dust particle and
its embedding aerogel are illustrated by doted arrows. After the impact, the heat
released induced a rapid increase of temperature above the liquidus temperature of
pure SiO, (dashed ascending arrows). Then, the two immiscible liquids equilibrated at a
characteristic temperature by inter-diffusion of SiO, and MgO (dashed horizontal
arrows). Compositions of the two liquids far from the interface are indicated by the
grey vertical lines. Temperatures at which these two liquids co-exist is in the range of
2050-2100 K according to the MgO-rich and the SiO,-rich liquid compositions
respectively (grey horizontal lines). Finally, upon cooling, compositions of the melts
changed along the two branches of the miscibility gap (descending dashed arrows).

used. The partitioning behaviour at the interface was determined from
the MgO-SiO, phase diagram (Fig. 3). Finally, the effect of a tilted
interface relative to the ATEM electron beam on the shape of the
profile was taken into account.

4.3.1. Composition and temperature dependence of diffusion coefficients
in the Mg0-SiO, binary system

Diffusion coefficients for MgO and SiO, (Dmgo, Dsio2) are key
factors controlling the shape of the diffusion profiles. A reasonably
good knowledge of this property is required to model profiles and to
extract quantitative information on the cooling rate of Stardust sam-
ples. Compared to the usual situation (i.e. subsolidus chemical re-
equilibration of minerals showing comparable dynamics), our study is
complicated by the fact that properties of SiO,-rich melts (typically in
the range of 95-100 mol% SiO;) depend dramatically on the melt
composition. For instance, the addition of 0.05 mol% of Na,O to pure
silica induces a drop of viscosity by more than 5 orders of magnitude
at 1470 K (Leko et al., 1977). Here, the two coexisting liquids have
very different SiO, contents, one of them being higher than 95 mol%
Si0,. As a consequence, composition-dependent diffusion coefficients
have to be considered in order to satisfactorily model experimental
profiles.

The composition-dependence of Ds in silicate liquids with SiO,-
content lower than 70 mol% has been documented for different
silicate systems from binary CaO-SiO, to SiO,-NaAlSiO,4 (Keller et al.,
1979; Bockris et al., 1955; Toplis et al., 1997; Lacks et al., 2007). It
is always found to be relatively weak (Fig. 4). As a consequence,
available experimental data on haplobasaltic melts (LaTourette
et al., 1996) likely describe diffusion coefficients in the MgO-rich
liquid studied herein. Moreover, for this liquid, the temperature de-
pendence is well documented over the temperature range of in-
terest. An Arrhenian behaviour of the form DMgo=O.l98-10'4*exp
(=173 kJ/mol/RT) (LaTourette et al., 1996) was used where T is tem-
perature in K and R is the gas constant. This relationship describes



198 M. Roskosz et al. / Earth and Planetary Science Letters 273 (2008) 195-202

Si0, (mol%)
70

40 50 60
1E-08 . .
1 E-091
1 E-104
1E-114
1 E-121
1 E-131
1 E-14/
1 E-15
1 E-16
1 E-171
1 E-18
1 E-19
1 E-201
1E-21/
1 E-22
1 E-23-

80 90 100

m DSiO2 1470°C
= DSi0O2 1870°C
o DSiO2 2970°C
e D Ca0 1870°C
¢ D MgO 1870°C

Diffusivity (m?/s)

Fig. 4. Diffusion coefficients of CaO, MgO and SiO, as a function of SiO,-content and
temperature. Dsijo, was determined from viscosity data in the system Na,0-SiO; (Leko
et al., 1977; Toplis et al., 1997) and molecular dynamics calculation (Lacks et al., 2007).
The Eyring equation, proved to relate efficiently Ds;o, to the bulk viscosity in SiO,-rich
liquids (LaTourette et al., 1996) was employed. The effect of substituting Na,O for MgO is
negligible compared to the effect of adding any network-modifying cation to pure
molten silica. D¢, in SiO,-poor liquids are from Keller et al. (1979) and data for SiO,-
rich liquids are from Toplis et al. (1997). At a given SiO,-content and at 1870 K, it is
experimentally shown that D¢;o-Digo. Data for MgO are from LaTourette et al. (1996),
Lines are only guides for the eyes.

the diffusion of MgO in the MgO-rich liquid. Moreover, compositional
variations close to the interface, in this liquid, should not result in
significant variations of Dyg0.

The SiO,-rich liquid is more complicated to describe because
experimental data are not directly available for MgO as a minor
element but the few data available for CaO were used to approximate
Dwgo in SiO,-rich liquids (Fig. 4). This approximation is reasonable
since LaTourette et al. (1996) showed that Ds for CaO and MgO were
comparable within error bars at comparable cation concentrations and
temperatures. There is also limited data on diffusivity of SiO, at high
temperature. An approximation for the temperature and composition
effects on SiO, diffusion was made from viscosity measurements and
molecular dynamics simulations of SiO- diffusion at 1873 K and 3000 K
respectively (Toplis et al., 1997; Lacks et al., 2007). Each set of data
describes the compositional effect on Ds;o,, and their difference, in
essence, provides an estimate of the activation energy. The following
relationship was determined to describe Ds;o, at the higher SiO,
concentrations: Dsjop=1-10"°*exp(0.1236* Concsjoz)* exp(-70 KkJ/
mol/RT), where Concs;o; is the concentration at a given point in the
profile, T is the temperature (K), and R is the universal gas constant
(Fig. 4).

Fortunately, the inherently large uncertainties in this determina-
tion do not affect the general outcome of the measurements, as the
most “information-rich” part of the profile is the MgO-rich side. In
both cases, the determination of diffusion coefficients is somewhat
uncertain. For MgO the coefficients used are probably valid within a
factor of two, which does little to change the suggestion that the two
melts experienced a heating event persisting for a time-scale on the
order of 0.1 ms (see below). Finally, due to the large composition-
dependence of Dsjo, in SiO,-rich liquids, large uncertainties are
expected and consequently, we focussed our efforts on fitting the
MgO-rich portion of the profiles.

4.3.2. Diffusion profile model

The model utilizes an explicit finite difference approximation for
one-dimensional diffusion across two distinct phases, undergoing
linear cooling (or no cooling, as in the isothermal case). The concen-
tration profiles are set up as one-dimensional arrays, consisting of
N spatial elements of a constant size, dX (1 nm). This method cal-

culates the flux in and out of each dX element (i) by the gradient in
concentration between the two (i.e. Fick's first law, Crank, 1975). This
can be expressed by:

dt

det
Gier1 = Cie + Di(Ci—l.t_Ci‘t) a2 1)

a2z + Di(ci+l.[_ci.t)
where D is the diffusion coefficient in element i, dt is the time-step, C;,
is the concentration in element i, at the new time, G- is the con-
centration at the previous time-step. Therefore, the new concentration
(time=t+1)is equal to the old concentration (time=t) plus the flux in,
minus the flux out.

Special consideration is given to the interface between the two
phases, as well as to the end points. The flux across the boundary can
be determined through knowledge of the partition coefficient, as well
as the gradients one element over on each side of the boundary. This
yields the following expression, where PT represents the partition
coefficient of SiO, (ratio of SiO, in the MgO-rich melt to the SiO, rich
melt), m represents element immediately to the SiO, side of the
interface, m+1 is the element immediately on the MgO-rich side of
the interface, and D, and D,,. represent the diffusivities in phases
on either side of the boundary.

PT(Cm.t +Dpy (Cm—1.t_cmt) %) _Cm+1.t_Dm+1 (Cm+2.t_Cm+H) %
FLUX = . @
1+PT

No flux boundaries have been imposed both ends of the profile to
account for the effects of impingement, (other phases growing from
either side of the calculated profile). The size of dX (spatial element) is
chosen as 1 nm. The value of dt (time-step) is calculated through the
relation dt=R*dx?/Dy where R is a constant that must remain less
than ~0.4 in order to maintain program stability.

The simulation begins by setting up an initial concentration step
profile based on knowledge of the initial equilibrium concentrations
at the starting temperature. The starting temperature was assumed to
be 2075 K extracted from the flat portions of each profile as described
in the next section. At each time-step, the temperature changes as a
result of cooling and the time elapsed (except in the isothermal case),
new diffusion coefficients are calculated for MgO and SiO, in both
phases, new partition coefficients are calculated based on the phase
diagram, and finally, new concentrations are calculated for each of the
cells, depending on the gradients between them and the new
parameters. This procedure is repeated until the temperature reaches
below 1693 K, at which point the simulation ends. In all cooling rate
models, N was chosen to be 300, and the interface was placed at
N=144. This corresponds to a melt pocket of ~312 nm, although in

E-beam
(< 5-10 nm)

MgO-rich area

Sample (100nm thick) I

v

Fig. 5. Configuration of TEM-EDS analyses when the interface is not oriented parallel to
the electron beam. Within a narrow central region, the electron beam convolutes
different parts of the interface, resulting in an apparent continuous compositional
gradient at the interface.
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all models diffusion was not fast enough to reach the end of the profile
and be affected by impingement.

4.3.3. Modelling the effect of the interface geometry

Composition profiles recorded by TEM-EDS showed that interfaces
between the Mg-rich and Mg-poor regions are sharp but are not
discontinuities as expected from the modeling approach. Analytical
conditions likely explain the apparent profile at these interfaces
(Fig. 5). Since each side of the interfaces is made of amorphous
materials, it was not possible to move the interface parallel to the
electron beam, as usually done for crystalline materials. This is not a
major problem because reconstruction of the measured profile from
diffusion models is easily amenable.

4.4. Quantitative parameters and thermal gradients recorded by the
cometary dust

In the model, unmixing begins at 2075 K (the average of the two
temperatures predicted by the end compositions) and we find that
simulated profiles stop changing noticeably below ~1760 K. At this
temperature, even the MgO-rich liquid is already significantly super-
cooled and viscous, and the viscosity of silica liquid is higher than
10° Pa s (Urbain et al., 1982), which prevents significant diffusion to
occur below this temperature. From the initial liquid state, the
assemblage was heated above 1760 K for ~0.1 ms (Fig. 6a, b, c, d). The
majority of this time was spent at ~2075 K, as the MgO-rich side

199

requires about 0.07 ms to 0.09 ms to achieve a concentration close to
the measured value, assumed to be the equilibrium value. The
subsequent cooling along the branches of the miscibility gap occurred
relatively fast. From the model, the best fit cooling rate was of about
100 mK/s and the grain reached the “quench” temperature of ~1750 K
in about 3 ps. The effect of a tilted interface on the shape of the profile
is shown in Fig. 6d for angles varying from 0 to 40°. An interface tilted
at about 20° likely explains the composition profile measured
experimentally. Interestingly, critical features of the profile (the
MgO horn and compositions far from the interface) are not
significantly affected. A tilted interface also explains the absence of
any SiO, horn in the silica-rich region of the measured profile.

Concerning thermal heterogeneity within the sample, it does not
appear to be larger than 130 K. This result is based on the other
concentration profiles measured on the same sample at 0.5 and 2 pm
from the main profile (Figs. 2 and 7). The similarities of these profiles
(shapes and mean compositions) indicate comparable thermal
histories. Moreover, for these profiles, we extracted peak temperatures
from the composition of the two coexisting liquids. In the first case, a
temperature range of 2000-2100 K was determined. In the second
case, the composition of the SiO,-rich glass corresponds to that of a
liquid at the bottom of the SiO,-rich branch of the miscibility gap, and
translates into a temperature of 1970 K (Fig. 3). This low thermal
gradient is completely consistent with the protracted nature of the
flash-heating, because in such conditions, temperature had the time to
homogenise through the sample.
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Fig. 6. a: Changes of the concentration profiles as a function of time (in seconds) at 2050 K. The profile is simulated as the others but with a cooling rate of zero. In this model N=400
and the interface remains at N=144 which corresponds to a total length of the MgO-rich portion of the profile of 256 nm, which is half of the assumed melt pocket size (512 nm). This
is the upper limit of melt pockets examined, and so the equilibration time represents an upper bound on the length of time the two melts co-existed at the peak temperature. The
beginning compositions are assumed to be pure enstatite and SiO,. The time needed for the MgO-rich side to attain full equilibrium is approximately 0.15 ms, although the time it
takes to attain a profile that is comparable to the one measured (within error) is between 0.07 and 0.09 ms. It should also be noted that for a smaller melt pocket (312 nm in diameter)
equilibrium may be achieved after 0.03-0.05 ms. b: Simulated profiles for several cooling rates in K/s, compared to the measured data from profile 1 with a starting temperature of
2075 K. The best fit appears to be between 100 mK/s and 200 mK/s. c: The evolution with time (in seconds) of the simulated profile starting from equilibrium of both liquids at 2075 K
with a cooling rate of 100E6 K/s. Below approximately 1750 K, there is little change in the profile, and it can be considered quenched. The time needed to cool down to this
temperature is approximately 3 ps at this cooling rate. d: Comparison between experimental data and the calculated profile assuming a tilted interface of 0, 20 and 40°.
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Fig. 7. Comparison of the two other profiles shown in Fig. 2 to a cooling rate simulations
starting at 2075 K with a cooling rate of 100 mK/s. Although the measured data in these
two profiles are not as precise as those in profile 1, it can be seen that identical starting
conditions and cooling rates fit the measured profiles reasonably well. Indicative error
bars are set to +2 mol%. Real error may even be larger.

4.5. Nature of the shock, nature of the pristine material and potential
sampling bias during the collect of cometary particles

For a micron-sized cometary dust, even a tenth of a millisecond is a
long enough time over which considerable modifications may occur
such as melting, thermal breakdown of carbonates and phyllosilicates,
modification of organic matter, and chemical reactions in silicate
melts. Undoubtedly, the thermal history of Stardust grains may ac-
count for some preliminary results on organics and on the occurrence
of (Fe, Ni, S) droplets (Zolensky et al., 2006; Sandford et al., 2006;
Leroux et al., in press). At 2100 K during 0.1 ms, a moderate production
of reducing gas (e.g. carbon monoxide) from combustion of organics
could locally lower the oxygen fugacity down to the IW buffer and
induce the exsolution of metal droplets from FeO-bearing parent
minerals. This mechanism is also consistent with the distribution of
PAHs (polycyclic aromatic hydrocarbons) in the aerogel that resemble
pyrolysis products of meteoritic macromolecular organics (Sandford

et al., 2006). On the other hand, even the highly thermalized sample
(€2044,2,41,3,6 retained remarkable features of the original cometary
aggregate. First, it kept a moderately angular shape (Fig. 1), which is
unusual for molten materials. The mechanical properties of aerogel, its
compaction during the shock and the formation of a viscous layer of
molten silica at the interface between the molten dust and the
compacted aerogel, helped to preserve the shape of grains. Moreover,
the chemistry of grains is also partially preserved because the
miscibility gap prevented MgO-bearing minerals from dissolving
entirely in the molten silica. Then, despite the loss of crucial features,
such grains remain a source of important mineralogical and cosmo-
chemical information (Leroux et al., in press).

Our sample is a typical side-track particle that embodies a large
fraction of the collected material (Flynn et al., 2006). They are typically
constituted by silica-rich glass made of molten cometary material
intermixed with molten aerogel (Leroux et al., in press). This material
is found as isolated patches of “ghost” mineral assemblages distri-
buted within the silica-rich glassy matrix (Figs. 1 and 8). In this
respect, they contrast with relatively coarse-grained and cohesive
impactors that survived to the track termini without strong thermal
effects (Zolensky et al., 2006; Horz et al, 2006). The former
configuration demonstrates that incoming particles disaggregated
during the deceleration stage into aerogel according to experiments
performed before the mission (Westphal et al., 2004) and were thus
likely constituted of loosely bound, friable, poorly cemented and/or
highly porous aggregates (Fig. 8). Typically, when such a particle hits
an aerogel cell, a shock wave is generated and induces compression
and melting of aerogel. Shortly after, a flow of shocked foam com-
prising a viscous boundary layer forms at the surface of the particle
(Sandford et al., 2006). At this point, the incoming particle dis-
aggregates and is impregnated by molten aerogel (impregnation is
likely related to the accretion stage reported in experimental and
modelling approaches in Barrett et al., 1992; Horz et al, 2000;
Dominguez et al., 2004). The fast deceleration leads to strong heating
of the dust fragments because the incident kinetic energy is converted
on a short length scale. The full dispersion of the particle is precluded
by the high viscosity of molten silica which, in addition, favours the
melting of fragments. The deceleration is thus dominated by a viscous
drag of a particle covered by a molten aerogel cap (Barret et al., 1992),
which is probably responsible for the high temperature and the pro-
longed thermal history experienced by the grains. It is a consequence
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Fig. 8. Schematic relationships between dust microstructures, dominant alteration processes and location along a track. (1) friable, fine-grained aggregates, (2) dense, coarse

monocrystalline particle.
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of the insulator behaviour of aerogel, silica, and more generally of
silicate glasses and melts, even compared to any crystalline silicate
(Snyder et al., 1994; Pertermann et al., in press).

5. Conclusions

Present data shed light on unanticipated characteristics of the
flash-heating of cometary dust samples. In particular the characteristic
duration of the thermal event is much longer and thermal gradients are
much lower than what was found experimentally on large analogue
samples (Noguchi et al., 2007) or for grains at the track termini
(Zolensky et al., 2006). Such particles should survive disaggregation
because in this case, heating of the grain rim by friction followed by its
fast abrasion must be the process controlling heat dissipation
(Anderson and Arhens, 1994). This process leads to the preservation
of the inner part of the particle, to the formation of large thermal
gradients through the sample and to its fast cooling. In contrast, most
of the thermally modified grains show clear evidence for a large
dispersion into melted aerogel of fine-grained components and/or
poorly cohesive aggregates, possibly comparable with CP-IDPs, which
suffered considerable damage caused by impregnation of molten
aerogel. The selective disaggregation and thermal modification of this
dust category could explain the apparent low amount of primitive
material in the comet 81P/Wild 2 (Ishii et al., 2008) because it likely
caused a sampling bias. This view is also consistent with the noble gas
signature reported by Marty et al. (2008) on a Stardust sample
extracted from the same bulbous wall of track #41 as ours. In such
highly thermalized samples, they measured very primitive and unique
helium and neon signatures that definitely contrast with signatures
expected for asteroidal materials. Clearly, despite the analytical chal-
lenge that represents such a study, such particles may be one of the
most valuable components of Stardust samples and deserve particular
attention from the community.
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