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ABSTRACT 

 

 A transmission electron microscope study of seven comet Wild 2 samples 

shows that three samples consist mainly of olivine and pyroxene and four samples 

consist of Mg-Fe-bearing Si-O glass with minor amounts of Fe-Ni sulfide and metal.  

The olivine in the silicate-rich samples differs in fayalite content between the samples 

and shows a wide range of fayalite content within individual samples, indicating that the 

degree of thermal metamorphism on the comet, if any, was extremely low.  One 

olivine grain has a high density of dislocations with Burgers vector b = [001], 

suggesting that the Wild 2 particles experienced hypervelocity impacts before capture.  

The structural type and composition of pyroxene differ between the samples and within 

individual samples.  Both low-Ca and high-Ca pyroxenes are present.  Enstatite 

occurs as ortho- and clinoenstatite, suggesting that the Wild 2 particles contain materials 

that went through distinct high-temperature and cooling histories.  

 One silicate-rich sample exhibits a zone texture consisting of a core of low-Ca 

pyroxene surrounded by an inner rim of Mg-Fe-bearing Si-O-rich glass and an outer rim 

of melted aerogel.  The texture suggests that the inner rim was formed by the mixing 

of melted cometary low-Ca pyroxene and melted aerogel during capture heating. 

 The four Mg-Fe-bearing Si-O glass-rich samples show close similarities in 

mineralogy and texture to the inner rim of the zoned silicate-rich sample.  The four 

samples are probably secondary products formed by interaction between melted 

cometary silicates and melted aerogel during the capture process. 
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INTRODUCTION 

 

Comet Wild 2 particles collected by the Stardust mission were successfully 

retuned to Earth on 15 January 2006.  Shortly after, the returned samples were 

distributed to investigators around the world for the preliminary analysis (Brownlee et 

al. 2006).  We received nine Wild 2 samples from NASA Johnson Space Center (JSC) 

during the period of February 2006 to June 2006 (Table 1).  This paper summarizes 

our mineralogical investigation of those nine samples using a transmission electron 

microscope (TEM).  Some of our earlier results have been published as part of a 

comprehensive summary of the preliminary analysis (Zolensky et al. 2006).  Our 

results reveal that the nine samples can be divided into three groups based on their 

constituent minerals: (1) crystalline silicate-rich (three samples), (2) Si-O glass-rich 

(four samples), and (3) nondefinable (two samples) (Table 1).  All three samples in 

group (1) were identified at track termini in the aerogel capture cells, whereas the 

remainder was found along tracks.  This paper focuses on the results of the samples in 

groups (1) and (2).  The two samples in group (3) contain unusual materials, some of 

which may be contaminants; they are described in the Appendix. 

The goal of our study was to provide the mineralogical and chemical details of 

the Wild 2 samples, to determine the extent to which, and how, the particles were 

modified by interaction with aerogel during the capture process, and to clarify the true 

nature of the cometary particles.  We also intended to compare the mineralogy and 

chemistry of the cometary particles with those of primitive meteorites and interplanetary 

dust particles (IDPs), and to unravel the formation history of the cometary particles and 

the physical and chemical processes that could have taken place in the comet.   
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MATERIALS AND METHODS 

 

 The Wild 2 samples studied are ultramicrotomed sections (70-100 nm thick) 

mounted on amorphous C-supported Cu TEM grids.  They were prepared at NASA 

JSC.  Details of the sample preparation are described in Zolensky et al. (2006).    

 The microstructure and composition of minerals in the thin sections were 

investigated using a JEM-2010 TEM, operated at 200 kV and equipped with an energy 

dispersive X-ray spectrometer (EDS, Noran Voyager).  Structural identification was 

based on selected-area electron diffraction (SAED).  For the initial observations, a 

relatively broad electron beam (1-4 µm in diameter) was used to obtain compositional 

information from large areas.  Chemical analysis of individual minerals was performed 

using a finely focused beam (20-200 nm in diameter).  Quantitative chemical data were 

derived for specific minerals using thin film X-ray microanalysis techniques.  For 

quantitative microanalysis, terrestrial olivine, pyroxene, and K-feldspar were used as 

reference standards for the major elements in silicate minerals, and pyrite was used for 

Fe and S in sulfides.  The Ni content was determined using SUS316 stainless steel as a 

standard.   

 Ultramicrotomed sections of the Wild 2 samples on the TEM grids consist of 

one to six major aggregates, and minor amounts of smaller aggregates and fine grains.  

Our TEM study focused on the major aggregates.  The number and size of the major 

aggregates in each sample are listed in Table 1. 

 

RESULTS 

 

Silicate-rich Samples 
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FC13-0-17-1-3 

 The aggregates on the TEM grid consist of lath-shaped, anhedral to euhedral 

grains (0.3-1.5 µm in size) of low-Ca pyroxene and minor amounts of anhedral grains 

(0.5-1.0 µm) of olivine (Figs. 1, 2a, and 2b).  High-Ca pyroxene also occurs as 

anhedral grains (0.2-0.5 µm) in a lower abundance (Fig. 2c).  The interspaces between 

the grains are filled with Si-O-rich glass.  Broad-beam EDS analysis of the aggregates 

shows that their bulk composition is characterized by major amounts of Si, O, and Mg 

and minor amounts of Fe and Ca (Fig. 3a), reflecting the predominant occurrence of 

low-Ca pyroxene and interstitial Si-O-rich glass.  The SAED patterns from the low-Ca 

pyroxene grains indicate that they are orthorhombic pyroxene (orthopyroxene) (Fig. 2a).  

Minor amounts of anhedral grains (0.1-0.3 µm in diameter) of Ni-bearing Fe sulfide are 

scattered about the aggregates (Fig. 2d).   

The low-Ca pyroxene has a variable Fe/(Fe+Mg) ratio, ranging mostly from 

Fs3 to Fs13, with Wo1-5 (Fig. 4), which is in the range of enstatite.  It contains minor, 

variable amounts of Al, Cr, and Mn.  The high-Ca pyroxene has a composition range 

from Fs15 to Fs19 and from Wo34 to Wo38 (Fig. 4), corresponding to augite.  The olivine 

is also variable in its Fe/(Fe+Mg) ratio, ranging from Fa30 to Fa50 (Fig. 5a).  The Fa 

content is higher relative to the olivine in most other reported Wild 2 samples (Fig. 5d).  

Olivine contains minor, variable amounts of Mn.  The Fe sulfide grains are 

homogeneous in composition and close to stoichiometric FeS with <3 atomic % Ni (Fig. 

6a).  

 

C2115-24-22-1-8 

 These aggregates consist of lath-shaped to anhedral grains (0.2 to 2.0 µm in 
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size) of olivine and less abundant high-Ca pyroxene and Si-O-Al-rich glass (Figs. 7a 

and 7b).  The high-Ca pyroxene grains are commonly polycrystalline (Fig. 8a).  The 

Si-O-Al-rich glass occurs as irregularly shaped discrete grains (0.3 to 1.0 µm in size, 

Figs. 7 and 8b).  This occurrence differs from that of the interstitial Si-O-rich glass in 

Sample FC13-0-17-1-3.  Neither metal nor sulfide is present.  Broad-beam EDS 

analysis of the aggregates shows that their bulk composition is similar to the chondritic 

composition, except that both S and Ni are absent (Fig. 3b).   

 The olivine exhibits a very wide compositional range, from Fa9 to Fa36 (Fig. 

5b).  It contains minor, variable amounts of Mn.  Olivine grains within individual 

aggregates show slightly but distinct compositions (Figs. 7a and 7b), exhibiting a wide 

range of compositional heterogeneity on the submicron scale.  In comparison, the 

high-Ca pyroxene is homogeneous in composition, and close to diopside, with Fs9-12 

(Fig. 4).  It contains minor, variable amounts of Cr, Na, and Al.  The Si-O-Al-rich 

glass contains minor, variable amounts of Na, Mg, and K (Fig. 8c).   

 One of the olivine grains exhibits a characteristic texture resulting from a high 

density of dislocations (Fig. 9).  The dislocations have Burgers vector b = [001] and 

long segments in the [001] screw orientation.  The density of the dislocations is in the 

order of 1010 cm-2.  Such a high density of dislocations of this type is known to be 

diagnostic of deformation at high strain rates and low temperatures (e.g., Ashworth and 

Barber 1975; Ashworth 1985), and is most likely a result of shock deformation.  The 

microtexture exactly matches those found in shocked ordinary and carbonaceous 

chondrites (Ashworth 1985; Nakamura et al. 1992; Langenhorst et al. 1995; Joreau et al. 

1997) and an experimentally shocked ordinary chondrite (Sears et al. 1984). 

 

C2027-2-69-1-4 
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 These aggregates have partially smooth, somewhat rounded external shapes 

and exhibit a zone texture consisting of a core surrounded by inner and outer rims (Fig. 

10).   

The core consists of an aggregate of lath-shaped to anhedral grains (0.5-2.0 µm 

in size) of Fe-bearing low-Ca pyroxene with Fs20-32 and Wo3-9 (Fig. 4).  The 

composition ranges from enstatite to pigeonite.  The SAED patterns from the pyroxene 

grains indicate that they are monoclinic pyroxene (clinopyroxene) with a disordered 

stacking of ortho- and clinopyroxene (Fig. 11a).  Some of the pyroxene grains are 

polycrystalline.  The pyroxenes contain minor, variable amounts of Al and Cr.  

Olivine occurs in very minor amounts, as small subrounded to anhedral grains (0.2-0.4 

µm in size) that form aggregates with low-Ca pyroxene grains with a similar size and 

shape (Fig. 11b).  The olivine has a composition range of Fa19 to Fa24. 

The inner rim consists of an array of plates (0.2-0.3 µm in width and 0.5-2.0 

µm in length) that are oriented in approximately the same direction (Figs. 10, 12a, and 

12b).  The plates are composed of Si-O glass containing minor, variable amounts of 

Mg and Fe, and lesser, variable amounts of Ca and Al (Fig. 3c).  The plates have a 

smooth appearance, but in places, contain high densities of Fe-Ni-S inclusions (5-150 

nm in diameter) and vesicles (10-300 nm in diameter) (Figs. 12a and 12b).  The 

Fe-Ni-S inclusions are commonly spherical in shape, suggesting that they are melted 

droplets (Fig. 12b).  There are two main types of Fe-Ni-S inclusions: one has a 

composition close to FeS, and the other has an intermediate composition between FeS 

and Fe (Fig. 6a), which is probably a mixture of Fe-Ni sulfide and metal.   

 The outer rim consists of aggregates of extremely small globules of Si-O glass 

(10-100 nm in diameter) (Fig. 12a) that contains no other elements.  These globules 

are probably melted aerogel. 
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Si-O Glass-rich Samples 

 

Samples C2004-1-44-4-4, C2054-0-35-16-6, C2054-0-35-44-3, and 

C2054-0-35-53-3 (Table 1) show a close similarity in their mineralogy and texture.  

Thus, we focus on the data from Sample C2004-1-44-4-4, which is the largest of the 

four samples.  Sample C2004-1-44-4-4 was extracted from track 44, which is the 

largest impact feature in the cometary tray.  It is large because the cometary particle 

struck the edge of the tray frame and then bounced into the adjacent aerogel (from the 

Stardust Catalog).  Samples C2054-0-35-16-6, C2054-0-35-44-3 and C2054-0-35-53-3 

were extracted from the wall of the same track, track 35. 

 The aggregates of Sample C2004-1-44-4-4 on the TEM grid consist of arrays 

of approximately parallel-oriented plates that have dimensions of 0.1-0.4 µm in width 

and 0.5-3.0 µm in length (Fig. 13).  This texture is largely an artifact caused by the 

ultramicrotome slicing, and thus, before slicing, individual aggregates probably 

constituted a single more massive, coherent grain (or grains).  Broad-beam EDS 

analysis of the aggregates shows that their bulk composition is dominated by Si and O, 

with minor amounts of Mg, Fe, and S (Fig. 3d).  The plates have a smooth appearance, 

and consist of Si-O glass containing minor variable amounts of Mg and Fe.  Lesser, 

variable amounts of Ca and Al are also detected.  In places, the plates contain 

numerous spherical Fe-Ni-rich inclusions (5-300 nm in diameter) and vesicles (20-300 

nm) (Figs. 13 and 14a).  A relatively large Fe-Ni-rich inclusion (~230 nm in diameter) 

exhibits an SAED pattern corresponding to kamacite (Fig. 14b).  The SAED patterns 

from areas with high concentrations of smaller inclusions exhibit a diffraction ring at d 

= 0.20 nm corresponding to the strongest (110) reflection of kamacite (Fig. 14a).  Thus, 
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we identify most of the Fe-Ni-rich inclusions to be kamacite.  The kamacite contains 

<8 atomic % of Ni.  The inclusions occasionally contain minor amounts of S, which 

probably come from Fe sulfide mixed with kamacite.   

 Noteworthy differences between the four Si-O glass-rich samples are observed 

in the compositions of the Fe-Ni-S inclusions.  EDS analyses of the Fe-Ni-S inclusions 

in the four samples are plotted in terms of their Fe, Ni, and S contents in Figure 6b.  

Analyses of most of the inclusions in Sample C2004-1-44-4-4 are concentrated near the 

Fe apex, being consistent with our identification that they are kamacite. The 

inclusions in Samples C2054-0-35-44-3 and C2054-0-35-53-3 contain more abundant 

Fe sulfide than those in Sample C2004-1-44-4-4.  Compared to the inclusions in these 

three samples, the inclusions in Sample C2054-0-35-16-6 contain distinctly more 

variable amounts of Ni-rich metal, which is probably taenite.   

 

DISCUSSION 

 

Mineralogical Characteristics of the Silicate-rich Samples 

 

 The results of our study reveal that the three samples, FC13-0-17-1-3，

C2115-24-22-1-8, and C2027-2-69-1-4, consist mainly of crystalline silicates (Table 2).  

To evaluate the significance of their mineralogical characteristics, an important question 

to be addressed is to what extent those particles have been altered during the capture 

process.  Zolensky et al. (2006) proposed that loss of S from Fe-Ni sulfides is a result 

of capture heating, and can be used to estimate the degree of modification during 

capture of the host Wild 2 particles.  Using this criterion, Sample FC13-0-17-1-3 

probably escaped any significant heating, because all the sulfide grains show a 
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composition close to stoichiometric FeS (Fig. 6a). In addition, the sulfide grains are 

anhedral and relatively larger than the Fe-Ni-S inclusions in the other samples, 

suggesting that they have not been melted.  Sample C2115-24-22-1-8 contains neither 

sulfide nor metal, and thus, the criterion cannot be applied.  In contrast to Sample 

FC13-0-17-1-3, Sample C2027-2-69-1-4 contains Fe-Ni sulfide that has apparently been 

melted and mixed with metal, indicating that this sample went through significant 

heating. 

 

Olivine 

 The olivine in the three silicate-rich samples differs in its Fa content, and 

shows a wide range of Fa content within individual samples (Figs. 5a-5c).  The range 

of composition is comparable to that in anhydrous chondritic IDPs, and some 

unequilibrated chondrites (Zolensky et al. 2006; Brearley and Jones 1998).  In 

chondrites, the Fa content in olivine is related to the degree of thermal metamorphism 

that took place on the meteorite parent body.  The composition of olivine in chondrites 

becomes progressively more equilibrated, because of the diffusive exchange of Mg and 

Fe, as a function of increasing degree of thermal metamorphism.  Thus, the 

compositional characteristics of olivine in the Wild 2 samples studied here suggest that 

it has not been affected by any significant degree of parent-body thermal 

metamorphism.  

It is particularly remarkable that individual olivine grains with a diameter of 

0.2-2.0 µm within each aggregate of Sample C2115-24-22-1-8 exhibit a distinct 

composition ranging from Fa9 to Fa36 (Figs. 7a and 7b).  These olivine grains probably 

constituted a coarser single grain (or grains) before microtome slicing, and thus, the 

different Fa contents between the olivine grains suggest that the olivine grain (or grains) 
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before slicing was heterogeneous in composition on the submicron scale.  Such 

heterogeneity is most likely explained by chemical zoning.  In chondrites, such 

fine-scale chemical zoning of olivine is observed in the least equilibrated type 3 

chondrites (e.g., Jones and Scott 1989; Jones 1990).  Therefore, our observations 

strongly suggest that the degree of thermal metamorphism on comet Wild 2, if any, was 

extremely low.  

The observation of an olivine grain with a high density of dislocations (Fig. 9) 

provides evidence that the Wild 2 particle has experienced hypervelocity impacts before 

capture.  Based on shock experiments, such high-density dislocations are known to be 

formed by deformation induced by shock at peak pressures greater than 27 GPa (Sears 

et al. 1984; Ashworth 1985).  In the case of impacts on the aerogel, the shock pressure 

is significantly lower than on normal rock targets because of its extremely low-density, 

highly viscous nature.  From the calculations of Kitazawa et al. (1999), the shock 

pressure generated by an impact of an olivine projectile on the aerogel with a density of 

0.128 g/cm3 at a speed of 6.1 km/s (Stardust’s encounter speed) is approximately 1 GPa.  

Because the density of the Stardust aerogel (<0.05 g/cm3) is less than this value, the 

pressures generated by impacts on the Stardust aerogel are estimated to be less than 1 

GPa.  This means that it is reasonable to ascribe the high-density dislocations in the 

Wild 2 olivine to impacts before capture.  The Stardust’s encounter with comet Wild 2 

in 2004 revealed that the nucleus of the comet has unusual circular features that appear 

to be impact craters (Brownlee et al. 2004).  Our finding of the olivine grain with 

high-density dislocations may provide evidence that Wild 2 has indeed experienced 

such impact events. 

 

Pyroxene 
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Pyroxene occurs in all three samples as the major phase.  Its structural type 

and composition show striking differences, both between samples and within individual 

samples.  The pyroxene occurring in the three samples is listed in Table 2, and its 

compositions are plotted in terms of the Ca, Mg, and Fe contents in Figure 4.  

Although Samples FC13-0-17-1-3 and C2027-2-69-1-4 contain enstatite, the enstatite in 

the former sample is orthoenstatite, and the enstatite in the latter sample is clinoenstatite.  

Orthoenstatite is known to form through very slow cooling from temperatures above 

600 °C, whereas clinoenstatite forms by rapid cooling from primary protoenstatite that 

is stable at temperatures above 1000 °C (Smyth 1974; Jiang et al. 2002).  Therefore, 

the difference in the structural type of enstatite suggests that the Wild 2 enstatites 

experienced distinct high-temperature and cooling histories.  However, in regard to the 

clinoenstatite, we cannot preclude the possibility that it formed through rapid cooling 

during aerogel capture. 

The low-Ca pyroxenes in Samples FC13-0-17-1-3 and C2027-2-69-1-4 differ 

in their Fs content (or Fe/(Fe+Mg) ratio) and show considerable variation within 

individual samples (Fig. 4).  These variations in Fs content are consistent with the 

variations in Fa content in the olivine (Figs. 5a and 5c) as discussed above, and further 

support the interpretation that these samples were thermally unequilibrated.  

 

Si-O-Al-rich glass 

 The olivine-rich Sample C2115-24-22-1-8 contains Si-O-Al-rich glass (Figs. 7 

and 8b) with minor variable amounts of Na, Mg, and K (Fig. 8c).  The composition is 

clearly different from melted aerogel, and suggests that it is related to indigenous 

cometary glass.  In chondrites, Al-rich Si-O glass with variable amounts of Ca, Na, Mg, 

and K occurs in chondrule mesostasis (e.g., Jones and Scott 1989), which resulted from 
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a rapid cooling from the chondrule droplet, after crystallization of Mg-Fe-rich silicates 

such as olivine and pyroxene.  From these observations, we infer that the Si-O-Al-rich 

glass could be related to chondrule mesostasis, although we cannot exclude the 

possibility that it was partially mixed with melted aerogel.  In chondrule mesostasis, 

glass commonly includes micron-to-submicron scale quenched crystallites of high-Ca 

pyroxene (e.g., Brearley and Jones 1998; Tomeoka and Itoh 2004).  Thus, the 

coexistence of the Si-O-Al-rich glass with diopside in Sample C2115-24-22-1-8 

supports our inference.   

 

The Core-to-Rim Texture of the Silicate-rich Sample 

 

 The aggregates in Sample C2027-2-69-1-4 were found to have a core-to-rim 

zone texture (Fig. 10), which provides insight into how the cometary particles were 

altered by interaction with the surrounding aerogel during capture heating.   

 The low-Ca pyroxene in the core is probably indigenous cometary pyroxene.  

The outermost rim consists of Si-O glass that is most likely the result of aerogel melting.  

On the other hand, the inner rim consists largely of Si-O glass with minor, variable 

amounts of Mg and Fe (Fig. 3c), having a composition intermediate between the core 

and the outermost rim.  These textural and compositional characteristics suggest that 

the Mg-Fe-bearing Si-O glass in the inner rim was formed by a mixing of the melted 

low-Ca pyroxene and aerogel during capture heating.  This implies that the inner rim 

was heated to a temperature higher than the melting point of the pyroxene (~1300 °C, 

from Huebner and Turnock [1980]).  The Fe-Ni sulfide/metal contained in the incident 

cometary particle would have been preferentially melted, as a result of their relatively 

low eutectic point (950 °C, from Kullerud [1963]), and was dispersed widely as droplets 
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throughout the inner rim.  Simultaneously, vesicles would have been formed from gas 

contained in the micro-pores in the aerogel, and also from partial volatilization of the 

sulfur in the sulfide.  The heterogeneities in the Mg, Fe, Ca, and Al contents in the 

inner rim probably reflect differences in the volume proportions of melted pyroxene and 

aerogel.  Therefore, the core-to-rim zone texture in Sample C2027-2-69-1-4 can be 

regarded as reflecting the temperature gradient from inside to outside of the particle 

produced during capture heating.  

 

The Origin of Si-O Glass-rich Samples 

 

The Mg-Fe-bearing Si-O-rich glass in the four Si-O glass-rich Samples, 

C2004-1-44-4-4, C2054-0-35-16-6, C2054-0-35-44-3, and C2054-0-35-53-3, 

corresponds to the “glassy silicate bodies” that were found along most tracks in the 

Stardust aerogel capture cells (Zolensky, personal communication) (e.g., compare Fig. 

13 with Fig. 1a in Zolensky et al. [2006]).  These “glassy silicate bodies” have 

received special attention because of their similarity to the Glass with Embedded Metal 

and Sulfides (GEMS) that are common in anhydrous IDPs (Bradley 1994; Zolensky et 

al. 2006).  GEMS are regarded as being among the most primitive solar system 

materials that may have been amorphized as a result of ionizing irradiation in the 

interstellar environment before accretion to their parent bodies (Bradley 1994). 

It is significant that the four Si-O glass-rich samples exhibit striking similarities 

in their texture and mineralogy to the inner rim of Sample C2027-2-69-1-4 (compare 

Figs. 12a and 12b with Fig. 13).  These similarities suggest that the four Si-O 

glass-rich samples were formed by mixing of melted cometary silicates and aerogel 

during capture heating.  The heterogeneities in the Mg, Fe, Ca, and Al contents in the 
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Si-O glass may be related to the distribution of olivine and pyroxene fragments 

incorporated before melting.  The Fe-Ni sulfide/metal droplets were probably 

produced by melting of the Fe-Ni sulfide and metal carried with the cometary silicates.  

Therefore, we conclude that the four Si-O glass-rich samples are secondary products 

formed by interaction between the melted cometary particles and melted aerogel during 

the capture process. 

 

Fe-Ni-S Inclusions: Relationship to Capture Heating 

 

 The Fe-Ni sulfide and metal are contained as small inclusions in two of the 

three silicate-rich samples (Table 2) and all four Si-O glass-rich samples.  They show 

considerable variation in relative abundance and composition between the samples (Figs. 

6a and 6b).  This variation gives us an insight into the effects of capture heating.   

 As mentioned earlier, the Fe-Ni sulfide grains in the silicate-rich Sample 

FC13-0-17-1-3 probably escaped significant modification.  In comparison, the inner 

rim of the silicate-rich Sample C2027-2-69-1-4 contains not only Fe-Ni sulfide but also 

sulfide that has apparently been melted and mixed with metal (Fig. 6a), indicating a 

partial loss of S.  The Fe-Ni sulfide/metal inclusions in the Si-O glass-rich Samples 

C2054-0-35-44-3 and C2054-0-35-53-3 have characteristics similar to those in the inner 

rim of Sample C2027-2-69-1-4, suggesting that the two samples and the inner rim 

experienced a similar degree of heating.  In contrast, the Fe-Ni-S inclusions in the Si-O 

glass-rich Sample C2054-0-35-16-6 contain variable amounts of more Ni-rich metal 

(taenite), and their analyses are plotted widely in the FeS-Fe-FeNi triangle area shown 

in Fig. 6b.  We infer that the analyses reflect a partial loss of S from the more Ni-rich 

sulfide, probably pentlandite, and that the degree of heating is comparable to that of the 
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other two samples from the same track, track 35.  Compared with the inclusions in 

these five samples, the inclusions in Sample C2004-1-44-4-4 contain much higher 

proportions of kamacite (Fig. 6b), suggesting that this sample has been more strongly 

heated than the other samples. 
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FIGURE CAPTIONS 

 

Fig. 1 Low-magnification TEM image of an aggregate of Sample FC13-0-17-1-3, 

consisting of grains of low-Ca pyroxene (Px), olivine (Ol), and high-Ca pyroxene.  

The interspaces between the silicate grains are filled with Si-O glass. 

 

Fig. 2 TEM images of mineral grains in Sample FC13-0-17-1-3.  (a) A low-Ca 

pyroxene (Px, orthoenstatite) grain having a somewhat euhedral shape, viewed along 

[010].  In the inset is its SAED pattern.  (b) Olivine (Ol) grains.  In the inset is an 

SAED pattern from the largest olivine grain in the image.  (c) A high-Ca pyroxene 

(Px) grain and a low-Ca pyroxene grain.  In the inset is an SAED pattern from the 

high-Ca pyroxene grain.  (d) Ni-bearing Fe-sulfide grains with low-Ca pyroxene grains.  

Note that the sulfide grains are anhedral and large in size compared with the Fe-Ni-S 

inclusions in the other samples (see Fig. 12b, 13, 14a, and 14b). 

 

Fig. 3 Broad-beam EDS spectra from Sample FC13-0-17-1-3 (Silicate-rich type) (a), 

Sample C2115-24-22-1-8 (Silicate-rich type) (b), the inner rim of Sample 

C2027-2-69-1-4 (Silicate-rich type) (c), and Sample C2004-1-44-4-4 (Si-O glass-rich 

type) (d).  Cu peaks are from the TEM grids.   

 

Fig. 4 A plot of analyses of pyroxenes in the three silicate-rich Wild 2 samples 

(atomic %).  

 

Fig. 5 Composition ranges of olivines in the three silicate-rich Wild 2 samples, 

FC13-0-17-1-3 (a), C2115-24-22-1-8 (b), C2027-2-69-1-4 (c), and other Wild 2 samples 



 20

(d) (data from Zolensky et al. 2006).  

 

Fig. 6 Plots of analyses of Fe-Ni-S inclusions from the two silicate-rich samples (a) and 

the four Si-O glass-rich samples (b) (atomic %).  The analyses were obtained from 

relatively large inclusions (>100 nm in diameter). 

 

Fig. 7 (a) Low-magnification TEM image of an aggregate of Sample C2115-24-22-1-8.  

(b) Illustration of the aggregate in (a) showing grains of olivine, high-Ca pyroxene, and 

Si-O-Al-rich glass.  Fayalite (Fa) contents of olivine grains are indicated. 

 

Fig. 8 (a) TEM image of a polycrystalline grain of high-Ca pyroxene (diopside) in 

Sample C2115-24-22-1-8.  In the inset is an SAED pattern from the darkest area in the 

grain.  (b) TEM image of grains of olivine (Ol) and Si-O-Al-rich glass (Glass).  In the 

inset is an SAED pattern from an Si-O-Al-rich glass grain showing no diffraction spots.  

(c) EDS spectrum from the Si-O-Al-rich glass.  A Cu peak is from the TEM grid.  A 

S peak is probably from a residue of the embedding medium. 

 

Fig. 9 TEM image of an olivine grain having a high density of dislocations with straight, 

long segments in the [001] screw orientation, and its SAED pattern (inset), from Sample 

C2115-24-22-1-8. 

 

Fig. 10 Low-magnification TEM image of an aggregate of Sample C2027-2-69-1-4, 

consisting of a core surrounded by an inner rim and an outer rim.  An image of the 

boxed area is shown in Fig. 12a. 
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Fig. 11 (a) TEM image of a low-Ca pyroxene (clinoenstatite) grain having alternating 

light and dark bands of varying widths resulting from intimate intergrowths of ortho- 

and clinoenstatite, from the core of the C2027-2-69-1-4 aggregate.  In the inset is its 

SAED pattern exhibiting diffuse reflections along a*, indicating a stacking disorder of 

ortho- and clinoenstatite.  (b) TEM image of an aggregate of olivine (Ol) and low-Ca 

pyroxene (Px) grains.  One of the pyroxene grains, located on the lower-right side of 

the olivine grain, shows contrast arising from (100) stacking faults. 

 

Fig. 12 (a) TEM image of the boxed area in Fig. 10, showing the inner rim and the outer 

rim of the C2027-2-69-1-4 aggregate.  Several vesicles in the inner rim are indicated 

by white arrows.  (b) Image of the boxed area in (a), showing that the Mg-Fe-bearing 

Si-O glass (Glass) contains numerous inclusions of Fe-Ni sulfide and metal (Fe-Ni-S). 

 

Fig. 13 TEM image of a portion of an aggregate of Sample C2004-1-44-4-4 consisting 

of parallel-oriented plates of Mg-Fe-bearing Si-O glass (Glass) with a high density of 

Fe-Ni-rich inclusions (Fe-Ni, dark grains).  Most Fe-Ni-rich inclusions are kamacite 

occasionally mixed with Fe sulfide.  The glass also includes a high density of vesicles, 

several of which are indicated by arrows (top-left).  

 

Fig. 14 (a) TEM image of a portion of an aggregate of Sample C2004-1-44-4-4 

containing a high density of Fe-Ni droplets.  On the background are Mg-Fe-bearing 

Si-O glass (Glass) plates.  In the inset is an SAED pattern from an area with high 

concentration of inclusions showing a diffraction ring at d = 0.20 nm (arrow), which 

corresponds to the strongest (110) reflection of kamacite.  (b) Image of a relatively 

large kamacite grain with its SAED pattern (inset). 
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Fig. 15 (a) TEM image of grains of the Al-Zr-O material in Sample FC4-0-3-1-1 having 

numerous vesicles.  (b) Image of a Ti-O grain in Sample FC4-0-3-1-1 and its SAED 

pattern (inset), which is consistent with rutile.  (c) Image of an aggregate of grains of 

Zn phase and Ca-C-O phase embedded in Si-O glass in Sample C2027-2-69-1-4.  In 

the inset is an SAED pattern from a Ca-C-O grain, which is consistent with calcite. 
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APPENDIX 

 

Nondefinable Particles and an Unusual Aggregate in a Silicate-rich Particle 

 

 Samples FC4-0-3-1-1 and FC12-0-16-1 are very different in their mineralogy 

from the two groups above, and thus are treated as nondefinable samples.  In addition, 

we describe an unusual aggregate found separately from the major aggregates in the 

silicate-rich Sample C2027-2-69-1-4.  Because these two samples and aggregate 

contain materials that are extremely rare in chondrites and IDPs, they may have been 

contaminated. 

 

FC4-0-3-1-1 

 These aggregates on the TEM grid consist mainly of fine grains of Si-O glass 

(1-100 nm) containing minor, variable amounts of Mg, Al, Ca, and Cl.  The aggregates 

include a variety of materials: (1) an amorphous Al-Zr-O material (Fig. 15a), (2) an 

amorphous Si-Ca-Mg-Al-O material, and (3) a crystalline Si-O phase, and (4) a 

crystalline Ti-O phase (Fig. 15b), approximately in the order of abundance.  The 

Al-Zr-O material occurs as rounded to rectangular grains (50 to 400 nm in diameter) 

having numerous vesicles (1-50 nm in diameter) (Fig. 15a).  The grains contain minor 

variable amounts of S, Zn, and Si.  During the TEM observations, vesiculation took 

place in the grains, suggesting that this material contains volatile material.  The 

Si-Ca-Mg-Al-O material occurs as a single spherical grain (~250 nm in diameter) and 

smaller anhedral grains; this material is compositionally similar to Ca-Mg-Al pyroxene, 

although it is amorphous.  The Si-O phase occurs as a single angular grain (~200 nm in 

size).  The Ti-O phase occurs as a rounded grain (~130 nm in diameter) (Fig. 15b); 
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from its SAED patterns, it is probably rutile (TiO2).  

 Other minor constituents are: (1) a crystalline K-Al-Si-O phase, (2) a 

crystalline Ca-C-O phase, and (3) a crystalline Fe-O phase.  The Ca-C-O phase occurs 

as grains <30 nm in diameter.  This phase is likely to be Ca-carbonate.  The Fe-O 

phase occurs as a grain ~50 nm in diameter, and is the only Fe-rich material found in 

this sample.  

 

FC12-0-16-1-6 

 The aggregate on the TEM grid consists of an angular grain of Si-O glass (~2 

μm in size) and fine fibrous grains of Si-O glass (150-600 nm in size); no other 

elements were detected from these grains.  No other materials were found in this 

sample.  

 

The aggregate of Zn Phase and Ca-C-O phase in Sample C2027-2-69-1-4 

 An unusual aggregate (1.5×5.5 μm in size) in Sample C2027-2-69-1-4 consists 

of grains of a Zn phase (100-300 nm in size) and a Ca-C-O phase (100-400 nm) 

embedded in Si-O glass (Fig. 15c).  The Zn phase is crystalline and contains no 

significant amounts of any other elements.  This phase may be metal, but it could not 

be identified using electron diffraction.  From the SAED patterns, the Ca-C-O phase is 

probably calcite.  The Si-O glass contains minor amounts of Cl. 



Sample No.
Silicate-rich samples
     FC13-0-17-1-3 11.3   × 7.5

8.2   × 4.3
5.3   × 3.7

     C2115-24-22-1-8 20.0   × 2.9
7.5   × 2.3
2.6   × 0.9
2.1   × 0.9
1.6   × 1.6

     C2027-2-69-1-4 14.4   × 8.1
13.1   × 8.8

Si-O glass-rich samples
     C2054-0-35-16-6* 12.5   × 7.2

4.9   × 0.7
4.0   × 2.7
1.1   × 0.2

     C2054-0-35-44-3* 14.5   × 8.0
12.5   × 8.5

     C2054-0-35-53-3* 9.2   × 3.8
8.9   × 4.2
1.5   × 0.9

     C2004-1-44-4-4 23.0   × 11.0
18.5   × 4.8

Nondefinable samples
     FC4-0-3-1-1 4.3   × 3.8

3.8   × 3.4
3.1   × 2.5
3.3   × 2.3
2.8   × 2.3
2.6   × 1.5

     FC12-0-16-1-6 3.8   × 1.3

Aggregate size (µm)

Table 1. Wild 2 samples studied and size of major
aggregates on TEM grids.

The three silicate-rich samples are from track termini.
The remainder is from track walls.  * From the same
track, track 35.



         Sample Olivine Low-Ca pyroxene High-Ca pyroxene Sulfide/metal

FC13-0-17-1-3   Fa30-50 Fs3-13Wo1-5    (Oen)     Fs15-19Wo34-38　　(Aug) Fe(Ni)S

C2115-24-22-1-8  Fa9-36  Fs9-12Wo46-51　    (Di) -

C2027-2-69-1-4   Fa19-24      Fs20-32Wo3-9   (Cen-Pig) Fe(Ni)S-Fe(Ni)

-

-

Table 2. Silicates and sulfide/metal in the silicate-rich samples.

Fa=Fayalite, Fs=Ferrosilite, Wo=Wollastonite, Oen=Orthoenstatite, Cen=Clinoenstatite, Pig=Pigeonite,
Aug=Augite, Di=Diopside.
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