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Abstract

The Stardust spacecraft successfully returned dust from comet 81P/Wild 2 to Earth in January 2006. 
Preliminary examination of the samples showed abundant crystalline silicates comparable to those 
found in chondritic meteorites presumably formed in the asteroid belt. Here, we report results of a 
transmission electron microscopy (TEM) study of a pyroxene-bearing terminal particle, which contains 
lamellar intergrowths of pigeonite and diopside on the (001) plane. This microstructure is typical for 
an igneous process and formation by exsolution during cooling. Width and wavelength of the lamellae 
indicate a cooling rate within the range 10–100 °C/h, in close agreement with those of chondrules or 
lava from an asteroidal igneous rock. This observation shows that some Stardust material experienced 
periods of igneous processing similar to material found in the inner early solar system. This implies 
that igneous materials were common materials in a large region of the protoplanetary disk and were 
not restricted to the asteroid belt. Their presence in comet Wild 2 also supports the favored view of 
large radial mixing from the inner to the outer regions before the comet’s accretion. 
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Introduction

Samples returned from the Stardust mission show an unex-
pectedly high abundance of crystalline materials (Brownlee et al. 
2006; Zolensky et al. 2006). Dust from comet Wild 2 therefore 
differs from anhydrous chondritic interplanetary dust particles 

(Ishii et al. 2008) that contain abundant amorphous materials, 
and from interstellar silicates, believed to be dominated by amor-
phous phases (Kemper et al. 2004). In this context, it is important 
to identify the process responsible for crystallization of the 
Stardust materials. Suggested crystallization mechanisms include 
thermal annealing of amorphous interstellar precursors, direct 
condensation in hot regions of the solar nebula, or crystallization 
from a melt during an igneous event such as those that result in 
chondrule formation or volcanic activity at a planetoid surface. 
Signatures of crystal formation are recorded in morphology, 
composition, and microstructure of crystals. Thus, their detailed 
study can provide better constraints for active processes that oc-
curred in the early solar nebula and refine the understanding of 
the petrogenetic continuum between asteroids and comets. 

Along with the high-temperature minerals, pyroxenes are of 
special interest because they are useful indicators for thermal and 
deformational events. In this paper, we use analytical transmis-
sion electron microscopy (ATEM) to study the microstructure of 
a Ca-rich pyroxene in one Wild 2 particle to provide information 
about its thermal history and the possible origin of the parent 
Stardust particle. 

Sample and analytical procedure
The studied Wild 2 sample is a terminal particle (grain 2) from track 69, labeled 

C2027,2,69,2,2 (Fig. 1). The sample, about 5 µm in diameter, was removed from 
aerogel, embedded in epoxy and sliced into ~70 nm thick sections with an ultra-
microtome at the Johnson Space Center (NASA) (Zolensky et al. 2008). Sections 
were then transferred to amorphous C-supported Cu TEM grids. The ATEM study 
was performed using a Philips CM30 (LaB6 filament) operating at 300 kV and a 
Tecnai G2-20 twin (LaB6 filament) operating at 200 kV. Specimens were mounted 
on a Be low-background double-tilt holder. Microstructural analysis was carried 
out using conventional bright and dark field imaging. Chemical compositions were 
measured using energy dispersive X-ray spectroscopy (EDS) with a Thermo Noran 
Si-detector (CM30) and an EDAX Si(Li)-detector (Tecnai), both having ultrathin 
windows. For quantitative analyses, calculations of element concentrations and 
atomic ratios were carried out using calibrated k-factors and thin film matrix cor-
rection procedures. 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 standards by the parameter-less 
method of Van Cappellen (1990).

Results

The sample in this study does not demonstrate significant 
thermal alteration caused by the capture process, in contrast to 
several other Wild 2 particles (Zolensky et al. 2006; Leroux et 
al. 2008). Only a minor amount of melted material is found at 
the periphery in contact with compressed aerogel. The sample 
is dominated by orthopyroxene (enstatite) and minor Ca-rich 
clinopyroxene, both Fe-poor. Orthopyroxene contains a low 
density of crystal defects. A few dislocations and planar defects 
along the (100) plane are observed. The main feature of the 
diopside grain is an exsolution microstructure, consisting of 
continuous coherent (001) lamellae, ~7 nm in thickness, with 
wavelengths from 20 to 30 nm (Fig. 2a). The small thickness * E-mail: hugues.leroux@univ-lille1.fr


