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Abstract: 

A pyroxene terminal particle of Stardust has been studied transmission electron microscopy, including electron diffraction and energy dispersive X-ray microanalysis. A Ca-rich subgrain was found to contain lamellar intergrowth of pigeonite and diopside on (001). This microstructure is typical for an igneous process and formed by exsolution, i.e., a solid state transformation occurring during cooling. The periodicity of the lamellae is 25 nm and yields a cooling rate between 1 and 10 °C/h within the temperature interval 1350 and 1200 °C. This cooling rate is close to those of chondrules, a major component of most chondritic meteorites. Our observation show thus that some Stardust material experienced brief igneous processes similar to material found in the inner early solar system, and support the view of large radial mixing in the protosolar disk from to inner to outer regions before accretion. 
The Stardust spacecraft successively returned to Earth dust from comet 81P/Wild 2 in January 2006. The preliminary examination of the samples showed that the samples contain abundant crystalline silicates (Zolensky et al., 2006). These silicates are mainly pyroxene and olivine (Zolensky et al., 2006), and are found preferentially as terminal particles of tracks into aerogel. Pyroxene and olivine are known to form at high temperature showing that Wild 2 comet is constituted at some significant fraction by minerals formed in the inner region of the solar nebulae which were redistributed by a radial transport in the protoplanetary disk (Brownlee et al., 2006; Zolensky et al., 2006). In this context it appears important to identify the process responsible of crystal formation. Several possibilities can be evoked. They include crystallisation by thermal annealing of amorphous interstellar precursors since the interstellar silicates are known to be amorphous, direct condensation in hot regions of the solar nebulae or crystallization from a melt during an igneous event such as, for instance, chondrule formation or volcanic activity at planetoid surface. 
Among the high temperature minerals, pyroxenes are of a special interest because they are useful indicator for thermal and deformational events. The two pyroxene thermometry is a good help for constraining the equilibration temperature of igneous and metamorphic rocks. Basically this method is based on the distribution of Ca, Fe and Mg between orthopyroxene and clinopyroxene over the range of temperature 700-1500 °C (e.g., Ross and Huebner, 1979; Lindlsey 1983; Lindsley and Davidson, 1983; Davidson and Lindsley, 1985). Pyroxenes easily incorporate minor elements such as Na, Al, Ti, Cr and Mn and their partitioning in the crystallographic sites can be used as indicator about the conditions of the phase formation, as well as rare element Earth (REE) which are frequent to display zoning because of their slow diffusion rate (e.g. Papike 1996; Papike et al 2005). During slow cooling, in contrast to olivine, pyroxene grains frequently display complex exsolution textures which help deciphering the igneous history (e.g., At last pyroxenes are also known to record a wide variety of crystal defects, like for instance occurring during shock deformation (e.g., Leroux et al., 1994; Leroux et al., 2004). 
Numbers of terminal Stardust particles are pyroxene-rich (Zolensky et al 2006). Because of their small size (typically less than a few micrometers) and their intimate mixing with compressed and/or melted aerogel, analytical transmission electron microscopy (ATEM) is an adapted tool to infer the structural state, the microchemistry and the microstructure of the Stardust samples. In this paper we report the occurrence of a Ca-rich pyroxene for which the microstructure is typical of crystallisation from a melt followed by subsolidus solid state exsolutions. The cooling rate is deduced, estimated within the range 1-10° C/h. 
The studied sample comes from a bulbous track (figure 1) which terminates into two carrots at the terminal edge. The sample, about 5 µm in diameter, was extracted and prepared for TEM by ultramicrotomy at NASA/JSC and studied by ATEM at the University of Lille, France (supporting online material). The sample does not seem to have suffered thermal alteration. Only very minor melted material is found at the periphery, in contact with compressed aerogel. The sample is dominated by orthopyroxene and minor Ca-rich clinopyroxene. Compositions are given in the quadrilateral pyroxene diagram in figure 2. The main characteristic is the very low FeO content. Orthopyroxene contains a low density of crystal defects. A few dislocations are present as well as planar defects along the plane (100). The Ca-rich clinopyroxene grain is exsolved on (001) (figure 3a). The exsolution microstructure consists of coherent (001) lamellae with wavelength from 20 to 30 nm which are typical for alternation of Ca-rich and Ca-poor lamellae, i.e., diopside and pigeonite. The small thickness of the lamellae precluded the measurement of their composition. Only the average composition was obtained. Selected area electron diffraction patterns (figure 3b) confirm two distinct contributions, diopside with space group C2/c and pigeonite with space group P21/c. These two phases are distinguishable owing their different monoclinic lattice angle , and by a slight difference in lattice parameter in the 100* and 001* directions. The diffraction pattern is dominated by a body centered C2/C structure for which only the reflections with h + k even are allowed, corresponding to the diopside, while the P21/c h+k odd reflections are significantly lower in intensity. 
The phase assemblage is compatible with crystallization from a FeO-poor pyroxene-like parent melt. According to the Mg2Si2O6-CaMgSi2O6 binary phase diagram (Figure 4), the primary crystallisation yields to the formation of orthenstatite and diopside. The bulk composition of the diopside grain correspond to a wollastonite (Wo) content of about 32 %, indicating a temperature of crystallization/equilibration of about 1400° C. During the subsequent cooling, the Ca solubility significantly increases in diopside while it only very slightly decreases in the orthoenstatite. Phase equilibration is volume diffusion controlled and cannot be achieved at lower temperatures over large distances. The primary diopside grains enter thus in a two phase field, namely pigeonite + diopside. During subsequent cooling pigeonite is exsolved in form of in form of coherent lamellae in the (001) plane, in a diopside matrix which enriches in Ca. The formation mechanism has been explained by spinodal-like process followed by coarsening (e.g., McCallister and Yung, 1977). In contrast, the enstatite component, because of the constant Ca solubility within the range of temperature 1200-1400° C does present exsolution microstructure. 
Exsolution formation and coarsening in pyroxene is controlled by diffusion, which a time and temperature dependant process. By studying their coarsening, exsolution lamellae can be used to estimate the cooling rate of terrestrial and extraterrestrial rocks (e.g., Champness and Lorimer, 1971; Takeda et al 1975; Lally et al., 1975; Grove 1982; Schwartz and McCallum, 2005; Weinbruch and Muller 1995, Weinbruch et al. 2001; Watanabe et al., 1985; McCallister and Nord, 1981; Leroux et al 2004 – too many references here). According to Weinbruch et al 2001, the development of 001 lamellae requires cooling rates below 50 °C/h. It corresponds to the incubation period for which the spinodal process is completed. Lamellae coarsening have been calibrated with isothermal annealing or continuous cooling experiments (e.g., Grove 1982), including the iron-free clinopyroxene system (McCallister 1978; Weinbruch et al. 2003, 2006) close to the composition of the phase assemblage of the present Stardust sample. This calibration is based on the average periodicity of spacing of the (001) exsolution lamellae which tends to increase with time and temperature. Coarsening in isothermal growth experiments is described by an empirical equation n(t) - 0n = k (t - t0), where k and n are empirical constants, 0 the average initial wavelength at t0, (t) is the wavelength at time t. The exponent factor is found close to 3, indicating a volume diffusion controlled process (Weinbruch et al., 2003). For continuous cooling, the cooling rate can be estimated with time-temperature transformation (TTT) diagrams constructed with isothermal growths. This diagram is shown on figure 5. The average wavelength observed in the Stardust sample is 25 nm. When plotted in the TTT diagram, this value yields a cooling rate close to 1-10° C/h, within the temperature range 1350-1200° C. At lower temperature the diffusion is being to slow to account for coarsening. The main coarsening process occurred at T > 1200° C/h. The deduced cooling rate is quite comparable to the 25-33 nm obtained in an almost Fe-free clinopyroxene in granular olivine pyroxene chondrules from the Allende CV3 chondrite. 
This result shows that chondrule-like material is not found only in the asteroid belt, but is present also at large distance form the inner region. Our observations agree with the fact radial mixing over large distances. Blabla Stardust … needs some significant input here. 
Figure

Figure 1: Track #69 from which the terminal particle (arrowed) has been extracted at NASA-JSC. Mettre localisation du grain, voir faire montage de la NASA (si diponible)
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Fig. 1. Phase relations for the join Di-En at
one atmosphere, calculated fram the solution
model of Lindsley et al. [198l1]. At high tem—
peratures, some of the relations shown may be
metastable with respect to liquid or to
protopyroxene or both.




Figure 2: Pyroxene quadrilateral showing the composition of enstatite and diopside on the Stardust sample. The enstatite has a composition range from XXXX. For the diopside grain, the composition corresponds to the bulk composition of the grain. J’ai refait des mesures sur les profils, au Coeur des grains je trouve 32 % de Wo. Il faudrait aussi préparer un tableau d’analyse. 
Be careful the red point is wrong. It is at 68% (and not at 72 as actually shown)
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Figure 3: a) TEM bright field image showing the Ca-rich grain within enstatite. Note the presence of exsolution lamellae in 001. b) SAED pattern, zone axis XXX. The spots along the 110* are splited indicating the presence of an alternation of Ca-rich and Ca-poor clinopyroxene. This split corresponds to a  of about 3° in the 100* direction.  
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Figure 4: Schematic phase Mg2Si2O6-CaMgSi2O6 binary phase diagram. Dashed light line indicates the detailed high temperature sub-liquidus sequence of crystallisation, which lead to the formation of enstatite and diopside. The miscibility gap is indicated by a strong dashed line. Subsolidus exsolution in diopside, highlighted by an arrow, takes place within the miscibility gap, in the two phase field diopside + pigeonite. Adapted from Carlson (1988). 
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Figure 5: Time-temperature transformation (TTT) diagrams showing the evolution of the lamellae wavelength in function of time and temperature. Lamellae wavelengths are from Weinbruch et al 2003. They were deduced from isothermal annealing at T = 1300, 1200 and 1100° C of iron-free clinopyroxene. The average wavelength for the Stardust sample corresponds to the star. We reported continuous cooling rate at 1, 10 and 100° C/h. According to the phase diagram, the exsolution process must have started at 1350° C, and was almost completed at T = 1200° C (considered here as the closure temperature). The wavelength of 25 nm would correspond to a cooling rate within the rage 1-10° C/h. Construct also a corresponding figure as done by Weinbruch et al 1995 (see below). 
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Fic. 4. Mudelling of the growth of pigeonite/diopside exsolution lamellae on (001) during cooling. Plotted are curves
for cooling rates of 1000, 100, 10 and 1°C/h and the lamellac wavelength (in A) along these curves. An initial temperature
of 1350°C was assumed.




To be adapted. Here it is the figure from Weinbruch and Muller 1995
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