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Abstract–We discuss the relationship between large cosmic dust that represents the main source of
extraterrestrial matter presently accreted by the Earth and samples from comet 81P/Wild 2 returned by
the Stardust mission in January 2006. Prior examinations of the Stardust samples have shown that
Wild 2 cometary dust particles contain a large diversity of components, formed at various heliocentric
distances. These analyses suggest large-scale radial mixing mechanism(s) in the early solar nebula
and the existence of a continuum between primitive asteroidal and cometary matter. The recent
collection of CONCORDIA Antarctic micrometeorites recovered from ultra-clean snow close to
Dome C provides the most unbiased collection of large cosmic dust available for analyses in the
laboratory. Many similarities can be found between Antarctic micrometeorites and Wild 2 samples, in
terms of chemical, mineralogical, and isotopic compositions, and in the structure and composition of
their carbonaceous matter. Cosmic dust in the form of CONCORDIA Antarctic micrometeorites and
primitive IDPs are preferred samples to study the asteroid-comet continuum.

INTRODUCTION

Microscopic-size particles travel toward the Sun in
interplanetary space by Poynting-Robertson light drag
(Dohnanyi 1976). Thousands of tons of them are captured by
the Earth’s gravity each year, sampling material from
asteroids and comets (Love and Brownlee 1993). A small
portion of them survive the impact with the Earth’s
atmosphere without being volatilized or completely melted.
These particles are collected either on the Earth’s surface as
micrometeorites (MMs) (see Maurette 2006a) or in the lower
stratosphere as interplanetary dust particles (IDPs) by NASA
aircrafts (Brownlee et al. 1977; Brownlee 1985). The main
difference between these two populations resides in their
sizes, with micrometeorites being larger (~20 µm to 500 µm)
than IDPs (<50 µm, Bradley 1988). 

Micrometeorites are generally collected in clean, isolated
environment, far away from both natural and anthropogenic
contaminants (see Taylor and Lever 2001). Cosmic dust
particles have been extracted from deep sea sediments
(Blanchard et al. 1980; Brownlee et al. 1984), terrestrial sand

(Harvey and Maurette 1991; Rochette et al. 2008),
sedimentary rocks (Taylor and Brownlee 1991), Greenland
lake sediments (Maurette et al. 1986, 1987), and Antarctic ice
and snow (Maurette et al. 1991; Taylor et al. 1998; Nakamura
et al. 1999; Terada et al. 2001; Duprat et al. 2007). Since
January 2000, the CSNSM group launched a program to
recover micrometeorites from ultra-clean snow in central
Antarctica near the CONCORDIA Station at Dome C (73°S
123°E, see Duprat et al. 2007). In January 2006, the Stardust
spacecraft returned to Earth after a seven-year mission
bringing back thousands of solid particles (<30 µm) from
comet 81P/Wild 2 (Brownlee et al. 2006). 81P/Wild 2 is a
Jupiter family comet (JFC) formed in regions of the Kuiper
belt, that was perturbed in 1974 by Jupiter and transferred to
its current orbit. The cometary grains collided with the
Stardust collector surface at 6.1 km s−1, producing
hypervelocity craters in the aluminum foils and deep
penetration tracks in the highly porous, low-density collecting
aerogel (e.g., Hörz et al. 2006). The examination of Wild 2
samples makes it now possible to explore the connection
between micrometeorites, cometary, and asteroidal objects. 
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SAMPLES

Antarctic Micrometeorites (AMMs)

Unmelted micrometeorites (MMs) were first recovered
in 1984 and 1987 by collecting sediments from the bottom of
blue lakes in Greenland (Maurette et al. 1986, 1987). To
collect less weathered micrometeorites, the CSNSM team
first moved to Cap-Prudhomme, Antarctica in December
1987 where large (25–500 µm) micrometeorites were
recovered by filtering melt ice water from blue ice fields, at
~2 km from the margin of the Antarctic ice sheet (Maurette
et al. 1987, 1991). Since 2000, a new collection program
started in central Antarctica near the French-Italian station
CONCORDIA at Dome C to recover pristine dust particles
from snow (e.g., Duprat et al. 2007). Since 1995,
micrometeorites are also collected in Antarctica by Japanese
and American teams using different ways and locations (e.g.,
Taylor et al. 1998, 2000; Yada and Kojima 2000; Nakamura
et al. 2001). 

In this study, we will discuss the results obtained from
AMMs collected from blue ice fields at Cap-Prudhomme
(Maurette et al. 1991) and from pristine CONCORDIA
micrometeorites recovered from snow (e.g., Duprat et al.
2007). 

Details for AMMs from Cap-Prudhomme can be found
elsewhere (e.g., Kurat et al. 1994; Engrand and Maurette
1998). CONCORDIA micrometeorites were extracted from
clean snow trenches at Dome C at ~4 m depth (snow layers
from 1950–1960) to avoid anthropogenic contamination. The
snow was melted in a dedicated stainless steel smelter and the
water was filtered without any mechanical pumping (Duprat
et al. 2007). All samples found on the filter were hand-picked
and analyzed to identify and classify the extraterrestrial
particles. In a single day of collection at Dome C (23/01/2006,
snow volume of 3 m3), we identified 411 extraterrestrial
particles out of 515 grains (i.e., 80% of extraterrestrial dust) by
scanning electron microscopy equipped with energy dispersive
X-ray detector (SEM-EDX), based on their textures and
chondritic EDX spectra. Assuming an average density of 2.5
for unmelted AMMs and of 3 for cosmic spherules, and using a
spheroid approximation, the total mass of extraterrestrial
material recovered during that day is ~330 µg. 

Two new families of grains (FgF and UCAMM) have
been identified in the CONCORDIA collection. Fine-grained
fluffy (FgF) samples are unmelted micrometeorites
dominated by a fine-grained porous groundmass presenting
textures similar to chondritic porous IDPs (Figs. 1a and 1b).
Ultracarbonaceous Antarctic micrometeorites (UCAMMs)
are fluffy, fragile particles, exceptionally rich in carbon
(Fig. 1c). This type of particles is similar to those described
by Nakamura et al. (2005). CONCORDIA UCAMMs are
dominated by carbonaceous material, with a proportion of
carbonaceous matter ranging from ~50% to ~85% in volume. 

Using the classification defined by Genge et al. (2008)
depending on the extent of thermal reprocessing during
atmospheric entry, 28% of the extraterrestrial grains from that
day of CONCORDIA collection are fine-grained (Fg); 8% are
crystalline micrometeorites (Xtal), 35% scoriaceous particles
(Sc) and 29% cosmic spherules (CS). Among the Fg particles,
8% are fine-grained fluffy—FgF (including 4% of
UCAMMs) and 20% are fine-grained compact—FgC. 

Stardust Samples

Stardust samples were collected in SiO2-based aerogel
and aluminum foils (Brownlee et al. 2006; Hörz et al. 2006).
The aluminum foils were initially installed with the intention
to facilitate the eventual extraction of aerogel tiles (Tsou et al.
2004). The estimated number of particles bigger than 1 µm
captured in aerogel is approximately 1200 (Burchell et al.
2008). The impact features of aerogel were classified into
three types based on their morphology (Burchell et al. 2008).
The type A tracks are carrot-like, type B tracks have more
bulbous cavities and type C consist only of a bulbous rather
stubby cavity (Hörz et al. 2006). Burchell et al. (2008)
suggest that the cometary dust consisted of some cohesive,
relatively strong particles as well as particles with a more
friable or low cohesion matrix containing smaller solid
grains. Craters residues include grains of sub-micrometer size
of silicates, Fe-Ni sulfides and possibly both alkali-rich and
mafic glass (Kearsley et al. 2008). The craters in the Stardust
aluminum foils present the advantage that the residues were
not mixed with silica aerogel allowing determining the
silicate compositions (Kearsley et al. 2008; Leroux et al.
2008c). 

POSSIBLE COLLECTION BIASES

Antarctic Micrometeorites

Collection biases for Cap-Prudhomme Antarctic
micrometeorites collected at the margin of the Antarctic ice
sheet include freezing/thawing processes at the surface of the
blue ice field and pumping effects during collection (loss of
friable grains, e.g., Duprat et al. 2003), potential terrestrial
contamination (e.g., by marine aerosols), aqueous alteration
(leaching of soluble phases like carbonates and Fe-Ni sulfides
that results in bulk depletions of Ca, S and Ni, e.g., Kurat et al.
1994; Engrand and Maurette 1998). Further hand-picking of
the dust particles in the laboratory is also required, as only
~20% of the grains are extraterrestrial, and this result in a
biased selection of the samples.

These biases are drastically reduced for CONCORDIA
micrometeorites: i) the collection procedure preserves the
most friable grains; ii) they are protected from terrestrial
contamination as the collection site is isolated from the
marine coast and from the bedrock; iii) they are well
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preserved from terrestrial weathering, as they exhibit easily
weathered minerals (carbonates and Fe-Ni sulfides) that were
rare in previous micrometeorite collections from the blue ice
fields (Duprat et al. 2007); iv) no presorting is required before
examination of the particles since ~80% of the samples are
extraterrestrial. The CONCORDIA collection is the most
unbiased and uncontaminated micrometeorite collection. In
the 2006 collection, the samples were carefully monitored in
the field and brought back under dry nitrogen to be further
handled in the laboratory clean room.

Micrometeorites suffer different degrees of heating
during atmospheric entry as a function of velocity, entry angle
and mass (e.g., Toppani et al. [2001] and references therein).
The atmospheric deceleration in the Earth’s atmosphere can
change the texture, mineralogy and chemistry of AMMs. The
most important modifications of AMMs during the
atmospheric entry heating are the loss of volatile species,
formation of a magnetite shell, recrystallization of olivines

with higher iron contents and the occurrence of a Fe-rich
glassy mesostasis (Toppani et al. 2001). However, some
micrometeorites (~35%) are recovered with no evidence of
having been heated above a few hundred degrees for more
than a few seconds, as they still contain phyllosilicates
(Noguchi et al. 2002), and/or volatile elements like sulfur and
phases like Fe-Ni sulfides and carbonates (Duprat et al. 2007;
Engrand et al. 2007).

Stardust Samples

All Stardust samples of comet Wild 2 were modified at
different degrees by heating effects because of their capture at
high velocity (6.1 km s−1) in silica aerogel and aluminum foils
(see Brownlee et al. 2006). The particles reached high peak
temperatures, up to several thousand Kelvin. For strongly
altered particles, mineralogical studies based on the diffusion of
MgO and SiO2 have shown that the duration of heating

Fig. 1. a and b) External surfaces (secondary electron images) of two fluffy fine-grained (FgF) Antarctic micrometeorites from the 2006
CONCORDIA collection (DC06-09-194 and DC06-09-203). c) Backscattered electron image of an individual fragment of an
ultracarbonaceous Antarctic micrometeorite (UCAMM–DC06-09-45) showing a large abundance of carbonaceous matter on the left side
(dark phase—Cm) associated with chondritic matrix on the right side (granular light-grey phase—Mx) containing Fe-Ni sulfides (S). 
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(~1800 °C for 0.1 ms, Roskosz et al. 2008) is longer than
thought from laboratory experiments on large analogues
(~2500 °C/µm near the surface and >300 °C at the center of
>4 µm, for heating duration of about 0.1–1.8 µs, Noguchi et al.
2007). In these conditions, small fine-grained (submicron)
friable materials could be severely damaged (Roskosz et al.
2008). Particles from Wild 2 comet were classified into two
groups based on silicate crystallinity: crystalline type and
amorphous-rich type (Nakamura et al. 2008b). This last group
presents some textural similarities with the partially melted
micrometeorites (scoriaceous AMMs) (see Fig. 2). 

METHODS

Antarctic Micrometeorites

The first textural classification of Antarctic
micrometeorites (AMMs) is determined according to their
external aspect and their apparent content in low-Z material
(i.e., carbonaceous matter), by analytical scanning electron
microscopy (SEM associated with energy dispersive X-ray
spectroscopy—EDX). The bulk chemical composition of
CONCORDIA AMM matrix was determined from 80 AMMs
with a Cameca SX100 electron microprobe (EMPA) at Univ.
Paris VI Jussieu (CAMPARIS) using a defocused beam
(~5 µm) at 15 kV and 10 nA. The compositions of large
(>2 µm) olivines (54 grains), pyroxenes (56 grains), and Fe-
Ni sulfides (43 grains) were measured in CONCORDIA
AMMs with a focused beam (~1–2 µm) on polished sections
with the electron microprobe at 15 kV and 10 nA (4 to 10 nA
for the sulfides). One fragment of a fine-grained fluffy
micrometeorite (DC06-08-26) was mounted in epoxy
(EMBed-812) and ultramicrotomed for analytical
transmission electron microscopy (TEM) using Tecnai G2-20
TEMs equipped with EDX (200 kV, at LSPES Lille and
CSNSM Orsay). We also performed high-resolution TEM
characterization of MM carbonaceous phases using a Jeol
2011 (200 kV, at Univ. Paris VI Jussieu) on two powdered

samples (UCAMMs—DC06-09-45 and DC06-09-119)
transferred onto C-lacey TEM support grids (Cu). 

 The carbon content of AMMs was measured with the 3f
ion microprobe at CRPG Nancy simultaneously to D/H
measurements (see Engrand et al. [1999a] and Maurette et al.
[2000]). Orgueil and Murchison crushed fragments were used
as carbon abundance standards for these measurements. The
carbonaceous matter of micrometeorites was also studied by
Raman micro-spectroscopy (Dobric„ et al. 2009b), an
analytical technique sensitive to the degree of structural order
of the carbonaceous matter (Quirico et al. 2005a, 2005b;
Bonal et al. 2006; Dobric„ et al. 2009b). Raman spectra were
obtained with a Labram micro-spectrometer, at 514 nm
excitation. The laser power at the sample’s surface was set as
low as 300 µW to avoid thermal alteration. No effect of
sample damaging by laser irradiation as a function of
acquisition time was observed. The microscope optics
provided a spot diameter estimated at 2–3 µm. The
experiments were performed in an inert atmosphere (argon) to
reduce and stabilize the variations of the Raman parameters
(Quirico et al. 2005a; Dobric„ et al. 2009b).

The hydrogen isotopic composition was measured by ion
microprobe (SIMS) in 26 AMMs and 15 cosmic spherules
from the Cap-Prudhomme collection (Engrand et al. 1999a).
Oxygen isotopes were analyzed by SIMS in anhydrous
minerals from 18 AMMs (12 olivines, 11 pyroxenes, one
melilite, one spinel and mixed refractory phases) (Lorin et al.
1989; Greshake et al. 1996; Engrand et al. 1999b).
Complementary data is also available on cosmic spherules
from deep sea sediments (Clayton et al. 1986; Herzog et al.
1999; Engrand et al. 2005) and Antarctic cosmic spherules
(Engrand et al. 2005; Taylor et al. 2005; Yada et al. 2005). 

Stardust Samples

Comet 81P/Wild 2 (hereafter Wild 2) samples brought
back by the Stardust mission were analyzed by a variety of
analytical techniques. In this paper where we focus on the

Fig. 2. a) Backscattered electron images of a polished section of a scoriaceous Antarctic micrometeorite (AMM—DC06-09-122). b) An
amorphous-rich type particle from Wild 2 samples (Nakamura et al. 2008b). The internal texture of the partially melted AMMs resembles that
of the cometary Wild 2 sample captured in aerogel. 
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comparison of AMMs with Wild 2 samples, we will use
previously published Wild 2 data (Flynn et al. 2006;
McKeegan et al. 2006; Sandford et al. 2006; Zolensky et al.
2006; Cody et al. 2008; Gallien et al. 2008; Glavin et al. 2008;
Ishii et al. 2008b, Lanzirotti et al. 2008; Leitner et al. 2008;
Leroux et al. 2008b, 2008c; Matrajt et al. 2008; Nakamura
et al. 2008a; Nakamura et al. 2008b; Simon et al. 2008;
Stephan et al. 2008a, 2008b; Tomeoka et al. 2008; Zolensky
et  al. 2008).

RESULTS

Chemical Composition 

Figure 3 compares the average major and minor element
contents of CONCORDIA AMMs with that of comet Wild 2

for samples collected both in aerogel and in crater residues. In
an attempt to reduce analytical and sampling limitations, we
have compiled and averaged all available compositional data
for Wild 2 samples. Figure 3 (top) compares the Fe- and CI-
normalized compositions of AMMs and Wild 2 samples in
aerogel (CI data from Lodders 2003; Wild 2 data from Flynn
et al. 2006; Ishii et al. 2008b; Lanzirotti et al. 2008; Leroux
et al. 2008b; Stephan et al. 2008b). All compositions in Fig. 3
bottom for AMMs and Wild 2 crater residues are normalized
to Si and to CI (data for Wild 2 was taken from Flynn et al.
2006; Kearsley et al. 2008; Leitner et al. 2008; Leroux et al.
2008c).

The AMM fine-grained materials exhibit a major and
minor element composition pattern comparable within a
factor of 2 to the bulk CI composition (Fig. 3). It shows a
good agreement with the abundance pattern of Wild 2
samples measured in aerogel except for a K enrichment
observed in one Wild 2 sample by Ishii et al. (2008b, see
Fig. 3 top). Sulfur and calcium are only slightly depleted in
Wild 2 aerogel tracks compared to CI and to AMMs (Fig. 3
top). The Si content of Wild 2 particles is not reported in
Fig. 3 (top) because of its large observed enrichment over the
CI abundance, showing that Wild 2 samples and silica aerogel
are often intimately mixed (e.g., Leroux et al. 2008b;
Nakamura et al. 2008b). 

Data for Wild 2 particles in crater residues show a
chondritic abundance within a factor of 2, with the exception
of Na and K enrichments, and S and Fe slight depletions.

Mineralogical Properties

Refractory Minerals/Inclusions and Chondrules
Twenty-nine Antarctic micrometeorites containing

refractory mineral phases (spinel, anorthite, melilite, hibonite,
Ca-Al-rich pyroxene, and perovskite) have been identified so
far (e.g., Hoppe et al. 1995; Engrand et al. 1999b and
unpublished data). These minerals are typical components of
calcium-aluminum-rich inclusions (CAIs) found in
meteorites. The relative abundance of AMMs-bearing
refractory mineral in their matrix (13 AMMs) or of refractory
minerals assemblages resembling miniature CAIs (16 AMMs,
see Fig. 4a) is less than 1%. 

Remarkably, comet Wild 2 samples contain rare
refractory minerals like anorthite, Ca-Al-Ti-rich
clinopyroxene, gehlenite, spinel, corundum, V-bearing
osbornite, and a phase that is probably perovskite (Zolensky
et al. 2006; Simon et al. 2008).

Unmelted AMMs contain rare fragments that once
belonged to chondrules, including one fragment (~80%) of a
radial pyroxene chondrule (~120 µm in diameter) that was
first classified by error in the Antarctic cosmic spherule
population due to its overall rounded shape. Only a few
assemblages showing a porphyritic texture have been found
in AMMs up to now (Walter et al. 1995a; Kurat et al. 1996).

Fig. 3. Fe- and CI-, and Si and CI-normalized abundances of the
average composition of CONCORDIA micrometeorites (black
diamonds) compared to the abundances of Wild 2 samples taken
from the aerogel (open triangles in top diagram, data from Flynn et al.
2006; Ishii et al. 2008b; Lanzirotti et al. 2008; Leroux et al. 2008b;
Stephan et al. 2008b) and from crater residues (open circles in lower
diagram, data from Flynn et al. 2006; Kearsley et al. 2008; Leitner
et al. 2008; Leroux et al. 2008c).
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To explain the observed low concentration of chondrules in
AMMs, it has been proposed that coarse-grained AMMs may
be related to fragments of chondrules (Walter et al. 1995a;
Genge et al. 2005) (see Fig. 4b). Genge (2008) also proposes
that the parent bodies of AMMs linked to ordinary chondrites
(from a few % to ~15% of the AMMs, according to Walter
et al. 1995b; or Genge 2008, respectively) would belong to
the Koronis asteroid family. 

Among the crystalline particles examined so far in comet
Wild 2, Nakamura et al. (2008b) have identified four particles
that are texturally, mineralogically, and compositionally
similar to carbonaceous chondrite chondrules. 

Silicates
Mg-rich crystalline silicates (olivine and low-Ca

pyroxenes) are the most commonly encountered minerals in
AMMs. The pyroxene/olivine numerical abundance ratio in
Antarctic micrometeorites is about 1 (184 pyroxenes for 201
olivines analyzed in Cap-Prudhomme micrometeorites, 56
pyroxenes, and 54 olivines in the CONCORDIA collection).
This value is larger than in CM chondrites (pyroxene/olivine
~0.2), which have been proposed as the closest meteoritic
analogue of micrometeorites (Kurat et al. 1994; Engrand and
Maurette 1998). The best match for this pyroxene/olivine
criterion in carbonaceous chondrites is represented by the CR
chondrite group (Kurat et al. 1994; Engrand and Maurette
1998; Gounelle et al. 2003). 

The compositions of olivines and low-Ca pyroxenes
from the CONCORDIA collection have been measured in
coarse-grained AMMs and in isolated minerals embedded in
fine-grained, scoriaceous MMs and in cosmic spherule relict
minerals. We present here the compositions of olivines and
pyroxenes from CONCORDIA micrometeorites as they are
more pristine than Cap Prudhomme AMMs, but no
significant differences are observed for anhydrous minerals in

AMMs between these two collections (Engrand et al. 2006).
Olivines in CONCORDIA AMMs (N = 54) show a wide
compositional range, from Fo100 to Fo48, with a pronounced
frequency peak at Fo99 (Fig. 5). Low-Ca pyroxene
compositions (N = 56) vary from En98.5Fs1.4 to En64.9Fs34.6,
with Wo0–5 and present a pronounced peak at En98 (Fig. 5).
Micrometeorite Ca-rich pyroxenes have compositions that
range from En98.7 to En41.9 and from Wo5 to Wo44 (pigeonite
and augite) (Fig. 6). 

Three AMMs exhibit low-iron, manganese-enriched
(LIME) pyroxenes and olivines with elevated MnO (1.7 wt%)
and Cr2O3 (2.1 wt%) (see Fig. 7). One olivine and one
pyroxene grains contain 4.5 wt% and 3.5 wt% MnO,
respectively, but they are also rich in FeO (7.9 wt% and
8.5 wt% FeO). 

The best preserved comet Wild 2 samples are
dominated by olivine and pyroxene grains (Nakamura et al.
2008b), with a pyroxene/olivine numerical ratio of about one.
Nakamura et al. (2008b) estimate the proportion of low-Ca
pyroxenes to olivines in one track to ~1.1 and compositional
data from (Zolensky et al. 2006; Leroux et al. 2008a, 2008b,
2008c; Tomeoka et al. 2008; Zolensky et al. 2008) yield a
total of 84 low-Ca pyroxenes for 85 olivine grains. The sizes
of these minerals range from submicrometer to over 10 µm
(e.g., Zolensky et al. 2008). 

Wild 2 olivines have a wide compositional range (Fo100–4),
with a pronounced frequency peak at Fo99 (Zolensky et al.
2006; Leroux et al. 2008a, 2008b; Tomeoka et al. 2008;
Zolensky et al. 2008). Some Wild 2 LIME olivines also
contain very elevated MnO, Al2O3 and Cr2O3, up to 6.45 wt%,
0.71 wt% and 1.46 wt%, respectively (Zolensky et al. 2006).
Low-Ca  pyroxenes present a large compositional range
En100–52, presenting a peak centered at En95 (Zolensky et al.
2006; Leroux et al. 2008b; Tomeoka et al. 2008; Zolensky
et al. 2008). Ca-rich pyroxenes are also present in comet

Fig. 4. Backscattered electron images of a) a CAI present in MM 94-4-36 containing spinel (sp) and perovskite (pv) surrounded by Fe-rich
dehydrated phyllosilicates (phy). Brights specks are remnants of gold coating used for ion microprobe measurements (some ion probe pits are
still visible despite re-polishing of the section). b) A coarse-grained MM (DC06-09-125) containing olivines (ol), pyroxenes (px) and Fe-
Nisulfide (S), with a porphyritic texture, possibly representing a chondrule fragment.
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Wild 2 (Leroux et al. 2008a, 2008b; Tomeoka et al. 2008;
Jacob et al. 2009) (see Fig. 6). Several analyses plot in the
“forbidden zone” of the Mg-Fe-Ca ternary diagram (in
which pyroxenes are not stable at low pressure, Lindsley
1983), probably because of their overlap with other
mineral phases. Leroux et al. (2008a) point out the
presence in Wild 2 samples of a diopside grain with an
exsolution microstructure of pigeonite, suggesting a
crystallization from a melt and a cooling rate within the
range 10–100 °C/h. 

Fe-Ni Sulfides 
Fe-Ni sulfides are present in all types of extraterrestrial

samples, and thus represent a pertinent tool for comparison
purpose. Troilite (FeS), pyrrhotite (Fe1–xS) and pentlandite
({Fe,Ni}9S8) have been identified both in micrometeorites
and in comet Wild 2. 

Large Fe-Ni sulfides (from >1 µm to ~15 µm) present in
AMMs of different textural types (from unmelted fine-
grained to partially melted scoriaceous particles) have been
analyzed by electron microprobe (see Engrand et al. 2007).

Fig. 5. Histograms showing the compositions Mg/(Fe + Mg) of olivines (a, c) and pyroxenes (b, d) in CONCORDIA micrometeorites (a, b)
and Wild 2 samples (c, d). (Data for Wild 2 samples are taken from Zolensky et al. 2006; Leroux et al. 2008b, 2008c; Tomeoka et al. 2008).

Fig. 6. Ternary Mg-Ca-Fe diagram (at%) of orthopyroxenes and Ca-rich clinopyroxenes in AMMs (open diamonds) and Wild 2 samples (data
for Wild 2 samples from Leroux et al. 2008a; Tomeoka et al. 2008; Jacob et al. 2009 filled grey squares, circles and triangles, respectively). 
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Smaller sulfides with submicron sizes (<1 µm) were also
observed by transmission electron microscopy and their
compositions measured by EDX analysis. These
compositions measured by TEM-EDX analysis are similar to
that of micron-sized crystals measured by electron
microprobe (Fig. 8) (Engrand et al. 2007; Dobric„ et al.
2009a). Most Fe-Ni sulfides have homogeneous
compositions close to that of troilite with less than 3 at% Ni.
Only rare pentlandite grains are detected, mainly in
scoriaceous AMMs.

Comet Wild 2 samples contain abundant Fe-Ni sulfides.
A number of them have been thermally decomposed during
their entry in the aerogel (Zolensky et al. 2006; Ishii et al.
2008a; Leroux et al. 2008b, 2009), but some of them are
thought to have retained their initial composition and
structure (Zolensky et al. 2008). Wild 2 Fe-Ni sulfides plot
close to the troilite-pyrrhotite composition in the Fe-S-Ni
ternary diagram and have generally less than 2 at% Ni
(Zolensky et al. 2006). So far, only rare pentlandite minerals
are noticed among Wild 2 cometary particles (Zolensky et al.
2006; Leroux et al. 2008b; Zolensky et al. 2008).

Hydrated Silicates
Phyllosilicates such as saponite or serpentine were

detected in unmelted micrometeorites (Maurette et al. 1990;
Kurat et al. 1994; Genge et al. 1997; Nakamura et al. 2001;

Noguchi et al. 2002). Their total abundance in the AMMs
investigated so far, do not exceed 1% (Noguchi et al. 2002).
The occurrence of phyllosilicates in close association with
anhydrous phases in micrometeorites is also typical of CM
and CR meteorites. Up to now, no phyllosilicate-bearing
AMMs have been found in the CONCORDIA collection, yet
only a few particles have been recently investigated by TEM.

At this stage, no phyllosilicates were found in the
cometary Wild 2 samples. These fragile phases could have
been destroyed during the impact in the aerogel, or be simply
absent from Wild 2 material. 

Carbonates
Carbonates are very rare in Cap Prudhomme AMMs, due

to terrestrial weathering in the ice. Several calcite (CaCO3)
and one dolomite (CaMg(CO3)2) grains have been identified
in CONCORDIA AMMs so far (e.g., Duprat et al. 2007 and
unpublished data). These carbonates are mostly found in fine-
grained fluffy and ultracarbonaceous AMMs. No systematic
mineralogical study of carbonates in AMMs is currently
available. However, the average calcium content of the fine-
grained matrix of CONCORDIA micrometeorites (Ca =
0.54 at%) is no longer depleted compared to CI (Ca = 0.5 at%,
see Lodders, 2003 and Fig. 3) and CM (Ca = 0.62 at%), like
what was observed in Cap-Prudhomme AMMs. 

Carbonates (calcite, dolomite and possibly breunnerite)
are also found in comet Wild 2 samples, with sizes varying
from 0.1 µm to 0.7 µm (Mikouchi et al. 2007; Wirick et al.
2007; Flynn et al. 2008; Tomeoka et al. 2008). It is difficult to
estimate the abundance of carbonates in Wild 2 samples so far
and to fully exclude the possibility of carbonate
contamination in the Stardust aerogel (Wirick et al. 2007). 

Isotopic Compositions

Hydrogen Isotopic Composition
The hydrogen isotopic compositions of the hydrous

component of 26 Cap-Prudhomme micrometeorites reveal a
distribution centered on the terrestrial SMOW value (see
Fig. 5 in Engrand et al. 1999a). This distribution of D/H ratios
found for hydrated minerals in Cap-Prudhomme AMMs is
roughly compatible with that of carbonaceous chondrites
(e.g., Engrand et al. 1999a; Robert 2003). Similar values were
measured for fossil micrometeorites found in HED meteorites
(Gounelle et al. 2005a). Recently, extreme deuterium
enrichments have been found in the carbonaceous matter of
ultracarbonaceous micrometeorites (Duprat et al. 2009). 

The D/H ratios of Stardust samples are not easy to assess,
as the aerogel is highly hygroscopic, but values measured so
far do not reveal large deuterium excesses (McKeegan et al.
2006).

Oxygen Isotopic Composition
The oxygen isotopic compositions of anhydrous minerals

measured in a variety of AMMs show similarities with that of

Fig. 7. Minor element contents MnO and Cr2O3 as a function of FeO
(wt%) in pyroxenes and olivines from Antarctic micrometeorites
(open diamonds) compared to Wild 2 measurements (filled grey
squares) (data for Wild 2 samples from Zolensky et al. 2006;
Nakamura et al. 2008b). 
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isolated minerals and chondrules from carbonaceous
chondrite minerals (Engrand et al. 1999b). Isotopic data for
stony cosmic spherules (i.e., melted micrometeorites initially
entering the atmosphere with higher velocities than unmelted
ones) are also compatible with carbonaceous chondrite
precursors (Clayton et al. 1986; Herzog et al. 1999; Engrand
et al. 2005; Taylor et al. 2005; Yada et al. 2005).

Oxygen isotope data of Stardust samples are available for
several minerals (enstatites and forsterites), a refractory
inclusion (Inti) and chondrule-like objects found in the
aerogel tracks (McKeegan et al. 2006; Messenger et al.

2008a; Nakamura et al. 2008a; Simon et al. 2008; Nakamura-
Messenger et al. 2009). Figure 9 shows that oxygen isotopes
are comparable in AMMs and in Stardust anhydrous minerals.
These data are compatible with that of analogous material
(olivines, pyroxenes and refractory minerals) in carbonaceous
chondrites (e.g., Clayton 1993). 

Carbonaceous Matter 

The carbon content of Antarctic micrometeorites
(except ultracarbonaceous micrometeorites—UCAMMs)

Fig. 8. Fe-Ni-S ternary diagram (at%) of Fe-Ni sulfides in Antarctic micrometeorites (MMs) (left diagram) and in Wild 2 samples (right
diagram, data from Zolensky et al. 2006; Leroux et al. 2008b). In the left diagram, the transmission electron microscopy (TEM) data (open
diamonds) of AMMs are compared to electron microprobe measurements of Fe-Ni sulfides in polished sections (filled grey diamonds, data
from Engrand et al. 2007). 

Fig. 9. Comparison of the oxygen isotopic compositions of anhydrous minerals in Antarctic micrometeorites (data from Engrand et al. 1999b)
and in Wild 2 samples (data from McKeegan et al. 2006; Messenger et al. 2008a; Nakamura et al. 2008a; Simon et al. 2008; Nakamura-
Messenger et al. 2009). Two sigma error bars are displayed for AMMs data sets. The terrestrial fractionation line (TF) and the line defined by
carbonaceous chondrites anhydrous minerals (CCAM—data from Clayton 1993) are shown for reference.
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measured with an ion microprobe yielded an average carbon
content of ~2.5 wt% for Cap-Prudhomme AMMs (e.g.,
Maurette et al. 2000). Independent measurements of the C
contents using a nuclear microprobe gave abundances from
0.2 to 2.8 wt% (Matrajt et al. 2003). The carbon content of
UCAMMs discovered in the CONCORDIA collection was
estimated from the volume of carbonaceous matter
identified in SEM micrographs. UCAMMs contain from
50 vol% to 85 vol% of carbonaceous material. To calculate
the corresponding C content, we took the insoluble organic
matter (IOM) formula of Murchison (C100H48N1.8O12S2,
Gilmour 2005) as a proxy for the composition of the
UCAMM carbonaceous matter. Assuming an average
density of 2.5 for the MM silicates and of 1.2 for its
carbonaceous matter, we obtain C contents ranging from
~35 wt% to ~55 wt%, comparable or larger than that of
anhydrous IDPs (Thomas et al. 1993). The average carbon
content of carbonaceous chondrites is <2.3 wt%, and C is
less than 0.4 wt% in ordinary chondrites and C <0.3 wt% for
enstatite chondrites (Alexander et al. 2007). Tagish Lake
(CI) presents an elevated carbon abundances (5.81 wt%),
larger than any other chondrite (Grady et al. 2002), but still
much less than UCAMMs or C-rich anhydrous IDPs. 

Micrometeorites Raman spectra exhibit the first-order
carbon bands G and D, which point to the presence of
polyaromatic carbonaceous matter. The high degree of
disorder of this material revealed by the width and position
of these bands definitely evidences the lack of significant
thermal process (Dobric„ et al. 2008, 2009b, unpublished data).

High-resolution TEM investigations of the carbonaceous
matter in UCAMMs are coherent with the Raman
measurements (e.g., Dobric„ et al. 2009b). They show that the
carbonaceous matter is highly disorganized but not stricto
sensu amorphous since it is made of nanometer sized
misoriented graphene layers (Rouzaud et al. 2005). Graphitic
nanodomains with total sizes of ~1000 nm2 have been
observed as inclusions in amorphous-like carbonaceous
material (~15 µm2), but their abundance (<0.01%) is
insignificant with regard to the disorganized carbonaceous
material (Dobric„ et al. 2009a). 

Since the 1960s, rounded micron-size C-rich particles
have been mentioned in meteorites and seem to be
widespread constituents of carbonaceous chondrites (e.g.,
Briggs and Kitto 1962). Hollow organic globules have also
been previously described in micrometeorites (Maurette
et al. 1995, 1996) (see also Fig. 10) but no isotopic
measurements have been performed on these globules so far.
No organic globules have been observed in UCAMMs so far.

The abundance of carbon in Wild 2 samples, after
correction for the presence of aerogel, is comparable or larger
(from 1 wt% to 37 wt% C) to values obtained for
carbonaceous meteorites (Gallien et al. 2008). 

The cometary carbonaceous phases captured in aerogel
by the Stardust spacecraft are rare and often intimately

associated with silicates. From 14 particles analyzed, only
two of them contain small (~100–200 nm) amounts of highly
disorganized, organic material (Matrajt et al. 2008). Raman
spectroscopy performed on Wild 2 samples shows the
presence of an organic component with characteristics
comparable to that of IDPs and very primitive meteorites
(Sandford et al. 2006; Rotundi et al. 2008).

Cometary Wild 2 samples contain areas rich in carbon,
shaped like doughnuts that resemble the organic globules
initially described in Tagish Lake meteorite and found since
then in many carbonaceous chondrites (Nakamura-Messenger
et al. 2006; Matrajt et al. 2008; Messenger et al. 2008b).

Complex Organics

Extraterrestrial non-biogenic amino acids are molecules
that are extremely rare on Earth but reach levels of hundreds
of ppm in meteorites (e.g., Cronin and Moore 1971; Cronin
and Pizzarello 1983; Pizzarello et al. 1991; Pizzarello and
Cronin 2000; Pizzarello et al. 2001; Martins et al. 2007). The
tentative detection of the amino acid α-aminoisobutyric acid
(AIB) in Antarctic micrometeorites from Cap-Prudhomme
(Brinton et al. 1998) was confirmed by a complementary
study on South Pole Water Well AMMs (Matrajt et al. 2004).
These studies show that AIB is present in about 15% of the
AMMs, in concentrations much higher than in CM meteorites
(Brinton et al. 1998; Matrajt et al. 2004). 

Preliminary results of the cometary samples captured by
the Stardust Mission indicate the presence of at least two
volatile amine compounds (methylamine—MA and
ethylamine—EA) and possibly one amino acid (Sandford
et al. 2006; Glavin et al. 2008). 

Fig. 10. Bright-field transmission electron microscopy (TEM) image
of an organic globule from a fine-grained Cap Prudhomme Antarctic
micrometeorite (CP99-02-09). 
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Micrometeorites and particles from comet Wild 2 both
contain polycyclic aromatic hydrocarbons (PAHs) (Clemett
et al. 1998; Sandford et al. 2006). Comet Wild 2 organic
particles contain low concentrations of aromatic and/or
olefinic carbon relative to aliphatic and heteroatom-
containing functional groups, e.g., amide, carboxyl and
alcohol/ethers. The carbonaceous matter of Wild 2 samples
shows a wide range in chemistry, both in elemental
abundances and specific organic functional groups, with
atomic ratios N/C and O/C being higher than that of primitive
organic meteoritic matter (Cody et al. 2008). 

DISCUSSION

Connection between Micrometeorites and Wild 2
Cometary Samples

We observe strong relationships between AMMs and
Wild 2 cometary samples, in terms of chemical, mineralogical
and isotopic compositions (Table 1).

Micrometeorites and Wild 2 samples have broadly the
same bulk compositions matching the solar system
abundances for rock forming elements. The K enrichment
observed in one Wild 2 sample might be a sampling or
contamination effect. The Fe depletion observed in Wild 2
crater residues may be the only significant indigenous
deviation of Wild 2 composition from the CI value, as was
already observed in comet 1P/Halley by the impact-ionization
mass spectrometers on the Giotto and VEGA spacecraft
(Jessberger 1999).

Refractory minerals are found in both Antarctic
micrometeorites and Wild 2 samples. They are fragments of
CAIs which are the oldest and most primitive objects formed

in the solar system and are generally ubiquitous in chondritic
meteorites (MacPherson 2005). These refractory minerals are
predicted by thermodynamic calculations to condense from a
gas of solar composition (Lord 1965; Grossman 1972). Their
presence among Wild 2 samples requires radial transport of
material from short distances from the protosun to the outer
regions of the protoplanetary disk (Zolensky et al. 2006;
Simon et al. 2008). 

Chondrule-like materials are found in AMMs and Wild 2
samples (Genge et al. 2005; Nakamura et al. 2008a). Recent
results confirmed that chondrules from meteorites formed
~2 Ma after CAIs (Amelin et al. 2002; Connelly et al. 2008).
The finding of chondrule-like objects in comet Wild 2
strongly suggests that the transport mechanism(s) mentioned
heretofore occurred in the early solar nebula for at least a few
million years.

Mg-rich crystalline silicates (olivine and low-Ca
pyroxenes) are the most commonly encountered minerals in
AMMs. Unexpectedly, cometary samples from Wild 2 also
present a high abundance of crystalline minerals with olivine
and pyroxene as the most dominant phases (Brownlee et al.
2006; Zolensky et al. 2006). Pyroxenes are about as abundant
as olivines in AMMs and in Wild 2 samples, as was also
found in the Deep Impact ejecta of comet 9P/Tempel 1 (Lisse
et al. 2006). The pyroxene/olivine numerical ratio of about
unity could thus to be a useful indication for a cometary
origin. Other authors have also proposed the possibility for
chondrites from the CR group (with a high pyroxene/olivine
ratio) to originate from cometary-like bodies (Weisberg and
Connolly 2008). Although the size ranges of olivines and
pyroxenes in micrometeorites (measured in this study) are
larger than those measured in Wild 2, they present similar
variation ranges in Mg/(Mg + Fe). One exception is the

Table 1. Summary of the similarities and differences between micrometeorites and Wild 2 particles.
AMMs Stardust samples

Parent body Asteroids and comets Comet 81P/Wild 2
Bulk composition ~CI abundance ~CI abundance
Refractory minerals In 29 AMMs

Abundance < 1%
1 CAI
Abundance?

Chondrules Yes
Low abundance

Yes
Abundance?

Olivine (Fo mol%) Fo48–100 (N = 54) Fo51–100 (N =84)
Low-Ca pyroxene (mol%) En65–99; Wo<5 (N = 56) En58–100 (N = 85)
Ca-rich pyroxene (mol%) Wo<44 Wo<51

Silicates LIME Rare Rare
Phyllosilicate Yes No
Pyroxene/olivine ratio ~1 ~1

Carbonates Sizes (µm) 0.5–7 0.1–0.7
Fe-Ni sulfides All 3 types of sulfides, 

dominated by troilite
All 3 types of sulfides, 
dominated by troilite

Carbonaceous matter Amorphous-like
organic globules

Amorphous-like
organic globules

Complex organics Amino acids
PAHs

Yes
Yes

Yes?
Yes

Isotopic compositions D/H ratios 1 to 2 × 10−4 1.2 to 5 × 10−4

Oxygen CC-like CC-like
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presence in comet Wild 2 of a pyroxene with lamellar
intergrowths of pigeonite and diopside indicating that some of
the cometary materials have been subject to igneous
processes (Leroux et al. 2008a). Minerals such as LIME
olivines and pyroxenes could form by condensation from a
gas of solar composition (Klöck et al. 1989). We have shown
here that AMMs contain rare LIME olivines and pyroxenes.
Such minerals are also present in small quantities in Wild 2
particles (Zolensky et al. 2006, 2008).

Amorphous silicates are not present in high proportion
in AMMs. This configuration contrasts with chondritic
porous IDPs in which amorphous silicates are abundant in
form of glass with embedded metal and sulfides (GEMS)
(e.g., Bradley 1994; Keller and Messenger 2005).
Amorphous silicate material is also present in very primitive
meteorites (Brearley 1993; Greshake 1997). In Stardust
samples, the abundance of indigenous amorphous silicates
is not well constrained because of the thermally induced
modifications during the capture (Leroux et al. 2008b,
2009). A significant part of the fine-grained component has
been melted and mixed with the aerogel, leading to a
microstructure close to that of GEMS in IDPs, thus
preventing a clear identification of indigenous amorphous
silicate component in Wild 2. 

The presence of abundant Fe-Ni sulfides in
micrometeorites indicates that a significant fraction of the
samples (about 1/3) are not strongly heated during their
deceleration at the atmospheric entry. The Fe-Ni sulfides of
comet Wild 2 that have not been transformed during capture
exhibit compositions similar to that of AMM Fe-Ni sulfides.
In AMMs, the Fe-Ni sulfides are dominated by troilite, with
some Fe-Ni sulfides plotting on a mixing trend between the
troilite-pyrrhotite and pentlandite stability fields (see Fig. 8).
In Wild 2 samples, the Fe-Ni sulfide compositions plot from
the troilite-pyrrhotite fields directly toward the Fe apex
(Zolensky et al. 2006), or toward the pentlandite composition.
The Wild 2 data toward the Fe apex strongly suggest a capture
effect of material which suffered thermal decomposition
during the impact heating (Leroux et al. 2008b). As Ni-rich
sulfides are only observed in partially melted (scoriaceous)
micrometeorites (Engrand et al. 2007), the trend toward
pentlandite suggests a formation of secondary pentlandite
during the flash heating event in the atmospheric entry for
AMMs or in the aerogel for Wild 2 samples. The primary Fe-
Ni sulfides from AMMs and Wild 2 samples are dominated
by troilite, which is thought to be the first sulfur containing
mineral to form in the solar nebula from the sulfurization of
Fe-Ni metal grains by H2S, S2, or other S-bearing gas species
(Lauretta and Fegley 1994).

Formed in cold regions of the solar system, comets are
believed to preserve pristine materials that are not expected to
have suffered aqueous alteration. No phyllosilicates have been
found in CONCORDIA micrometeorites so far, but only a few
samples were examined by TEM. Phyllosilicates are absent
from comet Wild 2 samples (Zolensky et al. 2008), although

they might have been observed in comet 9P/Tempel 1 Deep
Impact ejecta (Lisse et al. 2006). Carbonates are generally
associated with aqueous alteration in meteorites. They are
present in the CONCORDIA micrometeorites (Duprat et al.
2007) and in Wild 2 particles (Mikouchi et al. 2007; Wirick
et al. 2007; Flynn et al. 2008; Tomeoka et al. 2008). They
have also been observed in 1986 in the coma of comet 1P/
Halley (Bregman et al. 1987), were ~5% of the carbonaceous
compounds could belong to carbonates (Fomenkova et al.
1992; Fomenkova 1999). In comet, carbonates could form in
the absence of liquid water by non-equilibrium condensation
in circumstellar environments in the presence of water vapor
(Toppani et al. 2005; Wooden 2008).

The good agreement between the oxygen isotopic
compositions of Antarctic micrometeorites and Wild 2
samples reinforces the similarities observed in their chemical
and mineralogical compositions. The situation is more
complicated for the hydrogen isotopic composition of AMMs
and Wild 2 samples, as the data sets are incomplete for both
populations: in AMMs, only the hydrous component has been
systematically studied so far (Engrand et al. 1999a); in Wild 2
samples, moderate D enrichments are only associated with
carbonaceous matter and the D/H ratios are probably
perturbed by the aerogel (McKeegan et al. 2006).

The high abundance of the amino-acid AIB found in
some AMMs (Brinton et al. 1998; Matrajt et al. 2004)
suggests that AIB may have been synthesized in an HCN-rich
environment typical of comets, by a process different from
the Strecker-type synthesis of amino acids in CM chondrites
during an aqueous alteration of their parent asteroids.
Although no amino-acids have been positively identified in
Wild 2 samples so far, the presence of amines was shown to
be indigenous of the cometary samples (Sandford et al. 2006;
Glavin et al. 2008). The identification of organics with a wide
range in chemistry, both in elemental abundances and specific
organic functional groups, suggests that comet Wild 2
organics may have multiple origins (Cody et al. 2008). 

Comets have long been proposed as a source of biogenic
molecules for the origin of life on Earth (e.g., Chyba 1987,
1990). Some issues with this scenario include the possibly
destructive high impact velocity of comets onto the early
Earth, and the amount of biogenic material brought by
comets. Micrometeorites represent the main source of
extraterrestrial matter accreted by the Earth nowadays, and
they contain carbonaceous matter and complex organics.
They could have delivered complex organics and biogenic
elements such as carbon, nitrogen and amino-acids and could
have played a role in the emergence of life on the early Earth
(e.g., Maurette 2006b).

An Unbiased Sampling of Primitive Interplanetary
Matter?

Cosmic dust in the size range of micrometeorites
currently represents the dominant input of extraterrestrial
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matter accreted by the Earth, about 1000 times more than
meteorites (Love and Brownlee 1993; Bland et al. 1996;
Taylor et al. 1998). The dynamical evolution of
micrometeorites in interplanetary space is dominated by non-
gravitational forces like Poynting-Robertson drag (Burns
et al. 1979) whereas meteorites are delivered to Earth as a
result of interactions with resonances, and their accretion is
biased through gravitational focusing by the Earth
(Vokrouhlický and Farinella 2000). Cosmic dust particles
may thus be more representative of interplanetary bodies than
meteorites do. Moreover, fragile meteorites like carbonaceous
chondrites, may also be preferentially destroyed during
atmospheric entry and by terrestrial weathering with regard to
other meteorite classes (only 4% of meteorites are
carbonaceous chondrites). Micrometeorites are related to
carbonaceous chondrites (e.g., Kurat et al. 1994; Engrand and
Maurette 1998), and the good match observed between this
observation and the abundance of C-type over S-type
asteroids (e.g., Meibom and Clark 1999) had led to the
proposition that micrometeorites are the best representatives
on Earth of the matter present in interplanetary space (e.g.,
Kurat et al. 1994; Gounelle et al. 2003). There are also
evidences that the flux of micrometeorites did not change in
composition as a function of time (Gounelle et al. 2003,
2005a) or toward smaller sizes (Gounelle et al. 2005b; Aléon
et al. 2008). Very large micrometeorites (>400 µm) recently
collected in Antarctica (e.g., Rochette et al. 2008; van
Ginneken et al. 2008) show evidence for a larger contribution
of ordinary chondrite-like objects than in AMMs from the
25–400 µm size range (Suavet et al. 2009). These large
micrometeorites most probably sample the low mass tail of
the meteoritic flux, representing “mini-meteorites” rather
than “macro-micrometeorites.”

The unexpected observation of a fairly uniform
carbonaceous-chondrite-like population in the micrometeorite
collection that could not be reconciled with the two distinct
sources of dust in interplanetary space, asteroids and comets,
had lead to the proposition of an asteroid-comet continuum
(see Maurette 2006a for a review). Wild 2 samples and
AMMs show many similarities, suggesting a common origin
of their major constituents. Regarding the grain size of the
individual mineral components, they also display strong
resemblance with a wide range of components. The FgF and
FgC micrometeorites contain submicron minerals. The rest of
the unmelted micrometeorites, the coarse-grained (Cg),
contain crystals that cover a wide range of sizes (1~20 µm). A
parallel configuration is encountered for the Wild 2 samples,
as revealed by the shape of the impact morphologies of tracks
in the aerogel and by the petrological studies of the collected
grains (Hörz et al. 2006, Zolensky et al. 2006). The Wild 2
dust comprises dense and coarse-grained particles (up to
several tens of micrometers) that could be compared to the Cg
micrometeorite population. On the other hand, the bulbous-
shaped tracks in aerogel also reveal poorly cohesive fine-

grained aggregates ranging from tens of nanometers to
hundreds of micrometers in size (Hörz et al. 2006; Burchell
et al. 2008). Unfortunately, the fragile fine-grained matrix has
been severely damaged during heating of the impact process
and mixed with aerogel (Leroux et al. 2008b, 2009). At this
stage, this configuration precludes a direct accurate
comparison of grain size with the FgF and FgC
micrometeorites. At the same time, they contain a large
variety of primitive components formed at different
heliocentric distances, suggesting efficient radial mixing
mechanism(s) in the early solar nebula. The analyses of Wild
2 samples show that a continuum exists between primitive
asteroidal matter (i.e., carbonaceous chondrites) and comets
(see also Gounelle et al. 2008). Bottke et al. (2008) recently
suggested a preferential formation of large amounts of dust
from outer belt carbonaceous asteroids (extinct comet
nuclei?) that could explain the high abundance of
carbonaceous-chondrite-like objects in the micrometeorite
collections. Cosmic dust particles, in the form of
micrometeorites and primitive IDPs (Ishii et al. 2008a) are
privileged objects to study this continuum between primitive
asteroids and comets.

CONCLUSIONS

Antarctic micrometeorites and comet Wild 2 samples
bear significant similarities. Wild 2 samples, the only proven
cometary material available for analysis on Earth, are close to
carbonaceous chondrites, anhydrous interplanetary dust
particles, and micrometeorites, in terms of chemical,
mineralogical, and isotopic compositions, thus suggesting a
continuum between primitive asteroidal matter and comets. 

Micrometeorites collected in Antarctica, and especially
those from the CONCORDIA collection, well illustrate this
asteroidal-cometary continuum, and together with primitive
IDPs could be the best representatives of the most primitive
interplanetary matter currently available for analyses in the
laboratory. Cosmic dust in the size range of micrometeorites
represents the dominant extraterrestrial matter currently
accreted by the Earth, and they could have played a role in the
early history of the Earth in terms of delivery of volatiles and
exobiology. 

The presence of chondrules, CAI fragments, and diverse
types of organic compounds in both Wild 2 and
micrometeorites suggest multiple origins and processes for
these compounds, as well as large-scale radial mixing in the
early solar nebula that lasted at least a few million years. 

A word of caution should be taken as the Stardust
mission sampled one comet among a population of several
millions or more. Additional evidences about the origin and
composition of another comet will be provided by the Rosetta
mission that will encounter comet 67P/Churyumov-
Gerasimenko in 2014. In addition, the Marco Polo mission
proposed to ESA for the Cosmic Vision program would
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provide a means to investigate the physical and chemical
properties of a carbonaceous asteroid and further study the
link between asteroids and comets. 
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