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 The objective of this thesis is to describe the study of cometary materials returned by 

NASA’s Stardust mission.  The majority of the research presented in this thesis focuses on 

improving our characterization and understanding of the fine (< 1 µm) component of comet Wild 

2.  Investigations of the Stardust foils are conducted with correlated Scanning Electron Microscopy 

(SEM), Focused Ion Beam (FIB) sample preparation, and Transmission Electron Microscopy 

(TEM).  Investigations of the Stardust aerogels are conducted with plasma ashing sample 

preparation followed by detailed characterization of the material with TEM.  Additional studies of 

the Stardust interstellar foils, as well as the use of a Convolutional Neural Network (CNN) to 

search images of the Stardust foils for impact features, are also presented. 

 As a part of this thesis I have developed a new technique for analyzing the Stardust aerogels 

through the use of plasma ashing sample preparation.  This technique is an improvement upon 

previous attempts to separate cometary materials from the aerogel through the use of HF vapor 

etching.  Plasma ashing allows for cometary materials trapped within the Stardust aerogels to be 

deposited directly onto TEM grids allowing for detailed characterization of the cometary material 

with minimal interference from the aerogel itself. 



xv 

 

 The correlated SEM/FIB/TEM studies of the Stardust foils demonstrated here nearly 

double the number of Stardust craters that have been elementally and structurally characterized in 

scientific literature.  The crater impactor residues were largely composed of combinations of 

silicates and iron-nickel sulfides that, following impact, rapidly quenched into amorphous melt 

layers.  Two craters were found to contain signatures of the refractory minerals spinel and taenite, 

indicating a component of the Wild 2 fines originated in the inner Solar System.  However, the 

lack of crystalline material throughout the crater residues suggests that the fine component may 

largely be composed of amorphous silicates that likely formed in the outer Solar System.  

Additionally, the submicron Stardust craters appeared enriched in volatile elements relative to CI 

chondrites, further suggesting that the fine component of Wild 2 originated from a reservoir that 

was separate from the more refractory coarse (> 1 µm) component. 

 The Stardust aerogel samples returned carbon-rich and potential oldhamite grains.  Carbon-

rich materials have not been previously observed in the Stardust foils, likely due to the violent 

collection methods, and the result suggests the ashing technique may be used to better characterize 

components of the Wild 2 fines that have been difficult to investigate.  The presence of oldhamite 

in the Stardust aerogels would be scientifically significant as it is formed in highly reducing 

conditions and has only been identified in enstatite chondrites and enstatite achondrites.  As a 

result, our results may call into question the Warren gap hypothesis, which would prohibit the 

presence of such highly reduced materials in the outer Solar System at the time that comet Wild 2 

accreted. 
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Chapter 1: Introduction 

1.1 Chapter 1: Introduction 
 The objective of this thesis is to describe the characterization of cometary and interstellar 

material collected by NASA’s Stardust spacecraft through the use of Scanning Electron 

Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDXS), Focused Ion Beam (FIB) 

sample preparation, Transmission Electron Microscopy (TEM), and Selected Area Electron 

Diffraction (SAD), with a focus on correlating these laboratory studies with early Solar System 

evolution and processes.  This chapter provides a brief introduction to the following chapters in 

this thesis. 

1.2 Chapter 2: Background 
 Chapter 2 focuses on the history of cometary and Stardust mission studies.  This chapter 

discusses the motivations for NASA’s Stardust mission, the nature of the Stardust sample collector, 

and the results of studies of the cometary material thus far.  Chapter 2 further discusses our 

motivation for continuing the study of the materials returned by Stardust, particularly the fine 

(submicron) component of Wild 2.  The chapter concludes by discussing the goals of the research 

presented in the following chapters of this thesis. 

1.3 Chapter 3: Methods 
 Chapter 3 discusses the sample preparation and analysis techniques that I applied during 

the study of analog, cometary, and interstellar materials.  Sample preparation techniques include 

FIB extractions and plasma ashing.  Characterization and analysis of the studied material was 

largely conducted with SEM, TEM, EDXS, and SAD techniques.  This chapter also details the 

plasma asher sample preparation techniques that were developed as a part of this thesis. 
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1.4 Chapter 4: Analog Foils 
 Chapter 4 is an adaptation of a peer-reviewed journal article and three conference abstracts 

regarding the behavior of analog materials fired through a light gas gun at flight-spare Stardust 

foils in order to replicate the impact processing experienced on the foils present on the Stardust 

sample collector: “Survival of Refractory Presolar Grain Analogs During Stardust-like Impact into 

Al Foils: Implications for Wild 2 Presolar Grain Abundances and Study of the Cometary Fine-

Fraction” by Croat T. K., Floss C., Haas B. A., Burchell M. J., and Kearsley A. T. (2015) 

Meteoritics and Planetary Science, 50:1378-1391; “Characterizing Comet 81P/Wild 2 with Acfer 

094 Analog Foils” by Haas B. A., Croat T. K., Floss C., Kearsley A. T., and Burchell M. J. (2015) 

in the 78th Annual Meeting of the Meteoritical Society, Abstract #5141; “Characterizing Comet 

81P/Wild 2 with Acfer 094 Analog Foils” by Haas B. A., Croat T. K., Floss C., Kearsley A. T., 

and Burchell M. J. (2016) in the 47th Lunar and Planetary Science Conference, Abstract #1597; 

and “Characterizing Comet 81P/Wild 2 with Tagish Lake Analog Foils” by Haas B. A., Floss C., 

Kearsley A. T., and Burchell M. J. (2017) in the 80th Annual Meeting of the Meteoritical Society, 

Abstract #6246.  This chapter studies the effect of foil impact processing on analog samples 

composed of TiC, TiN, SiC, SiN, and material from the Acfer 094 and Tagish Lake meteorites 

through the use of SEM and FIB-TEM techniques.  These results provide insight into the low 

survival rate of presolar grains in the Stardust foils, the effect of impactor size on impactor survival 

rates, the lack of carbonates observed in Stardust samples, and the difficulty of replicating Stardust 

impact processing in a laboratory setting.  The analog samples investigated in this chapter were 

created by our collaborators Anton Kearsley and Mark Burchell at the University of Kent. 
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1.5 Chapter 5: Stardust Cometary Foils 
 Chapter 5 is an adaptation of a journal article submitted for publication and three 

conference abstracts regarding the composition of Stardust foil impact craters investigated with 

correlated SEM and FIB/TEM analysis techniques: “FIB-TEM analysis of cometary material in 6 

sub-micron craters on Stardust foil C2113N-A” has been accepted for publication in the Christine 

Floss memorial issue of Meteoritics and Planetary Science; “Characterization of the Fine 

Component of Comet Wild 2: Analysis of 11 Stardust Craters from Foil C2010W” by Haas B. A., 

Croat T. K., and Floss C. (2016) in the 79th Annual Meeting of the Meteoritical Society, Abstract 

#6386; “The Composition of Surviving Fine-Grained Cometary Material in Stardust Al Foil 

Craters” by Croat T. K., Haas B. A., and Floss C (2016) in the 47th Lunar and Planetary Science 

Conference, Abstract #2204; and “FIB/STEM Investigation of Four Impact Craters from the 

Stardust Comet Sample Return Mission Foils” by Haas B. A., Stroud R. M., and Floss C. (2017) 

in the 2017 Microscopy & Microanalysis Meeting.  This chapter details FIB-TEM analysis done 

on 21 Stardust craters extracted from foils C2010W, C2113N-A, C2113N-B, and C2118N-B.  We 

characterize the cometary material present in these foils in order to better constrain the 

composition, particularly of the fine (submicron) component of comet 81P/Wild 2.  Work done on 

the C2113N-B and C2118N-B foils was done in collaboration with Rhonda Stroud at the Naval 

Research Laboratory. 

1.6 Chapter 6: Stardust Interstellar Foils 
 Chapter 6 is an adaptation of the conference abstract “FIB/STEM Study of 2 Stardust ISPE 

Craters from Foil 1031N1,1” by Haas B. A., Stroud R. M., and Floss C. (2017) in the 80th Annual 

Meeting of the Meteoritical Society, Abstract #6316.  This chapter details the FIB-TEM analysis 

done on two craters identified in foil present on the interstellar portion of the Stardust sample 



4 

 

collector.  This work was done in collaboration with Rhonda Stroud at the Naval Research 

Laboratory. 

1.7 Chapter 7: Analog and Stardust Aerogels 
 Chapter 7 is largely an adaptation of two conference abstracts regarding the sample 

preparation and following TEM analysis of analog and Stardust sample collector aerogel samples:  

“Application of Plasma Ashing to the Study of Stardust Mission Aerogel Samples” by Haas B. A., 

Ogliore R. C., and Floss C. (2017) in 48th Lunar and Planetary Science Conference, Abstract 

#2058; and “Study of Fine-Grained Material Recovered from a Stardust Aerogel Track Using 

Plasma Asher Preparation” by Haas B. A., Ogliore R. C., Westphal A. J., Croat T. K., and Floss 

C. (2018) in 49th Lunar and Planetary Science Conference, Abstract #2245.  Aerogel sample 

collectors on the Stardust spacecraft were effective at decelerating and capturing incoming 

material, but the insulating nature of the aerogels complicates in situ analysis of this material with 

traditional electron microscopy techniques.  This project aims to free and study cometary materials 

by destroying the surrounding aerogel with plasma ashing techniques.  This work was done in 

collaboration with Andrew Westphal of the University of California, Berkeley. 

1.8 Chapter 8: Convolutional Neural Networks for Finding 

Foil Features 
 Chapter 8 describes the use of machine learning in the form of a convolutional neural 

network (CNN) as a means of identifying features present on the Stardust foils.  This chapter 

details the use of Python packages Tensorflow and Keras to design and use a simple CNN that is 

capable of identifying features on pre-acquired high-resolution SEM scans of Stardust foils.  This 

project aims to minimize the need for human searches of images of these features, potentially 

saving dozens of man-hours of labor needed to adequately search thousands of foil images. 
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1.9 Chapter 9: Conclusions 
 Chapter 9 provides concluding remarks regarding the results and scope of the work 

presented in this thesis. 
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Chapter 2: Background 

2.1 Preface 
 The study of astrophysical objects, outside of cosmic ray studies, typically relies upon the 

collection and analysis of electromagnetic radiation.  Meteoritic material can be studied in greater 

detail due to its abundance on Earth and the higher precision of laboratory techniques compared 

to remote-sensing techniques.  As of January 2019, over 60,000 unique meteorites have been 

named and cataloged (www.lpi.usra.edu/meteor/).  Meteorites can be difficult to link to parent 

bodies, but thus far all established parent body sources originated from the inner Solar System.  

Despite the abundance of meteorites available for study, no unambiguously cometary samples have 

been recovered on Earth. 

 The lack of proven cometary material available for study leaves a gap in our understanding 

of the Solar System’s evolution.  Knowledge regarding the solid components that accreted to form 

planetesimals in the Kuiper Belt (beyond the orbit of Neptune) is extremely limited.  Recent 

observations and models indicate that Kuiper Belt objects, though a small fraction of the total Solar 

System mass, compose >99% of the small bodies in the Solar System (Farinella & Davis 1996; 

Bottke et al., 2005; Schlichting et al., 2012).  Some material believed to constitute the outer Solar 

System has been collected in the form of interplanetary dust particles (IDPs), but the histories of 

the bodies that they originated from are unknown.  Collection of material from a known outer Solar 

System body would allow for the comparison of inner and outer solar nebula materials on a 

submicron level.  By observing the differences between these two types of materials, we could 

constrain existing models or forge new ideas regarding the origin and mixing of materials in the 

early Solar System. 
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2.2 NASA’s Stardust Mission 
 Given the lack of cometary material available for study on Earth, obtaining proven 

cometary material tied to a specific Solar System body required a sample return mission.  NASA’s 

Stardust mission launched on 7 February 1999 with the primary goal of encountering comet 

81P/Wild 2, collecting particulate material from its coma, and returning to Earth with these 

samples (Brownlee et al., 2003).  The spacecraft also had a secondary goal of collecting interstellar 

dust (ISD) while traveling to the comet. 

2.2.1 Stardust’s Encounter with Comet 81P/Wild 2 

 Comet 81P/Wild 2 is a Jupiter family comet that, prior to 1974, orbited between a 

perihelion at 4.9 AU and an aphelion at 25 AU (Sekanina & Yeomans, 1985).  Jupiter family 

comets are believed to have formed and resided within the Kuiper belt, and thus Wild 2 is likely a 

sample of outer solar nebula materials as well as presolar materials (Sekanina 2003).  In 1974 the 

comet’s proximity to Jupiter altered its orbit to having a perihelion at 1.58 AU and an aphelion at 

5.2 AU (Tsou et al., 2004).  As a result, at the time of the Stardust mission Wild 2 had completed 

only five perihelion passages (Tsou et al., 2004), minimizing solar damage to the comet while also 

positioning the comet within reach of a sample return mission. 

 During Wild 2’s passages through the inner Solar System the comet experiences heating 

and ice sublimation.  As a result, the comet produces dozens of jets of gas and dust that originate 

from subsurface regions (Brownlee et al., 2004).  These jets contribute to forming the comet’s 

coma, providing the source of the particulate matter that the Stardust spacecraft collected. 

 The Stardust spacecraft’s encounter with Wild 2 occurred on 2 January 2004 at a distance 

of 1.86 AU from the Sun.  Stardust’s closest approach was 236.4 ± 1 km from Wild 2’s nucleus 

(Tsou et al., 2004).  Wild 2 was orbiting at a heliocentric speed of 26.4 km/s as it overtook the 
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Stardust spacecraft, resulting in a relative speed of 6.12 km/s compared to the spacecraft (Tsou et 

al., 2004).  

2.2.2 Stardust’s Collection of Interstellar Particles (ISPs) 

 The secondary objective of the Stardust spacecraft was to collect and return ~100 

interstellar particles >0.1 µm in size.  Contemporary interstellar dust originates from the local 

interstellar diffuse cloud that crosses paths with the Solar System’s orbit through the Milky Way 

(Frisch 1994).  While travelling to Wild 2 the opportunity was seized to collect interstellar 

particles.  The backside of the Wild 2 sample collector served as the Stardust interstellar dust 

collector and was exposed to the interstellar dust stream for 195 days in 2000 and 2002 (Westphal 

et al., 2014a).  While the interstellar dust collector had a much longer exposure time than the 

cometary collector, the fluence of ISPs throughout the mission was far lower than the fluence of 

cometary particles during the spacecraft’s encounter with Wild 2.  ISP fluence calculations based 

upon data from the Ulysses and Galileo spacecrafts suggested that the interstellar dust collector 

would only contain 120 interstellar particles, with only a third of them measuring larger than two 

microns in diameter (Landgraf et al., 1999).  The result was that the cometary collectors were 

much more heavily impacted than their interstellar counterparts (Stroud et al., 2014).   

 Current understanding of ISPs is limited.  Interstellar dust is massively influential on many 

interstellar processes such as the formation of stars, but much of our knowledge of interstellar dust 

is based on astronomical observations that lack the ability to analyze this material on the submicron 

scale.  Presolar grains, isotopically anomalous particles that survived the formation of the Solar 

System, have been identified in primitive meteorites, but studies of presolar grains have often 

focused on exotic minerals such as silicon carbide, graphite, and nanodiamonds due to their 

refractory nature (Zinner 2014).  Additionally, much of the interstellar dust is unlikely to contain 
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the extreme isotopic anomalies that define presolar grains (Zhukovska et al., 2008).  Presolar 

grains also represent primordial interstellar dust (ISD) and may not be representative of the ISD 

currently present in our Solar System.  Stardust’s capture of ISPs allows for in situ chemical 

analysis of the interstellar medium, making the few observed impacts in the Stardust interstellar 

dust collector critical to improving our knowledge of the interstellar medium. 

2.2.3 The Stardust Sample Collector 

 An image of the Stardust sample collector is shown in Figure 2.1 (Tsou et al., 2003).  The 

exposed area of each side of the sample collector consists of 1039 cm2 of ultra low-density silica 

aerogel and 153 cm2 of 101.6 µm thick 1100 aluminum foil (Tsou et al., 2003).  The aerogel is 

composed of 132 capture cells for each side that are 3 cm thick on the cometary side and 1 cm 

thick on the interstellar side.  The foils on each side are divided into 150 short foils measuring 1.3 

cm by 0.23 cm and 146 long foils measuring 3.3 cm by 0.23 cm (Tsou et al., 2003).  The aerogel 

was selected as a capture material because of its extremely low density, which was expected to 

decelerate the hypervelocity impactors while minimizing the damage inherent to the collection 

process.  Impacts on aerogel more closely resemble penetration events than cratering ones because 

the impacting material loses speed as a continual process due to the aerogel’s low density (Burchell 

et al., 2008a). Additionally, experiments on analog aerogel impactors found an aerogel coating 

built around the impacting particles as they decelerated, potentially protecting the particle (Tsou 

1995).  The aluminum foils were added to the collector to aid in the extraction of the aerogel tiles 

but were also found to contain numerous impacts. 

 The two collection media have each proven to have distinct advantages in capturing 

impacting material.  The low-density aerogel tiles successfully decelerated and captured many 

coarse (>1 μm) impactors (Zolensky et al., 2008b).  These particles formed bulbous impact 
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features in the aerogel with the terminal particles lying at the end of the impactor track (Figure 

2.2).  These terminal particles can be extracted using an automated keystone system that carefully 

cuts around and extracts entire impactor tracks from the aerogel tiles (Westphal et al., 2004).  The 

terminal particles have been studied to better characterize the coarse component of comet Wild 2.  

The fine (<1 μm) component of the comet proved more difficult to study in the aerogel tracks.  

Fine grains largely did not survive as terminal particles and were instead spread across the 

aerogel’s large (mm scale) bulbous impact features (Trigo-Rodrígues et al., 2008).  As a result, 

the fine component of Wild 2 has been studied far less than the coarse component (Westphal et 

al., 2017).   

 
FIGURE 2.1:  Figure 18 from Tsou et al., (2003).  Image of the Stardust cometary and interstellar 

sample collector.  The light blue aerogel tiles are surrounded and secured by the aluminum foils 

which are wrapped around the tray wall frames. 
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FIGURE 2.2:  Images of the Stardust collection media after hypervelocity impacts by cometary 

material. a) and b) are from Figure 1 in Westphal et al. (2004a). A bulbous impact feature has 

formed in the aerogel tile as a result of decelerating the material, at least some of which is now 

present as a terminal particle at the end of the track. c) An impact crater present on Stardust foil 

C2010W. 

  

 Despite not being designed for sample collection, the Stardust foils have several advantages 

allowing them to complement the studies of the aerogels.  Impactors in the foils were fully 

contained in micron-scale impact craters (Figure 2.2).  As a result, fine grained impactors were 

more densely concentrated in the foil craters than in the bulbous impact features in the aerogel.  

The Stardust foils trade the Si contamination of the aerogel for the Al contamination of the foil, 

and the foils are also conductive and can easily be studied with electron microscopy techniques.  

Hypervelocity collection with the foils is noticeably more destructive than with the lower density 

aerogels.  During impacts with higher density materials the front of the projectile slows but is 

crushed by the rear of the projectile as the impacted material cannot move away quickly enough, 

resulting in a shock wave (Burchell et al., 2008).  Despite the more destructive deceleration effects 

of the foils relative to the aerogels, studies of micron-scale and submicron impactors have 

frequently reported finding surviving crystalline impactor material in the crater residues (Leroux 

et al., 2008; Leroux et al., 2010; Stroud et al., 2010).  The foils are thus a promising avenue of 

study for analyzing the fine component of comet Wild 2.  Intact crystalline material in submicron 

craters allows for study of the mineralogy of individual fine impactors, and the concentration of 
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fine grains into small impact craters allows for an easier analysis of the fine component’s bulk 

composition. 

2.3 Previous Investigations of the Stardust Aerogels 
 The Stardust aerogels successfully decelerated and captured many coarse impactors as 

terminal particles at the end of tracks within the aerogel tiles (Zolensky et al., 2008b).  Solid, non-

fragmenting grains produced long, thin tracks with coarse cometary particles surrounded by a 

protective cap of compressed aerogel (Westphal et al., 2017).  While all aerogel tracks contained 

components that were modified to various degrees by the molten silica that lined the track walls 

(Ishii et al., 2008), some of the coarse solid grains contained well-preserved interiors.  Thermal 

capture effects appeared to only influence the outer micrometer of larger grains while thermal 

inertia protected the interiors, resulting in coarse grains being better preserved than fine ones 

(Brownlee et al., 2012). 

 Several properties of the comet’s coarse material were immediately surprising to 

researchers.  The cometary material appeared more ‘meteoritic’ than many had anticipated.  

Microchondrules and micro-CAIs (calcium-aluminum-rich inclusions), which most likely formed 

in the hot inner Solar System, were identified within the cometary material, defying the common 

belief that comets formed in isolation in the outer Solar System (Simon et al., 2008; Chi et al., 

2009).  The coarse component showed depletions in volatile elements (Brownlee et al., 2012).  

Additionally, though the cometary material was isotopically heterogeneous, almost no presolar 

material was present (McKeegan et al., 2006).  Presolar grains are a minor component of 

meteorites, but many expected to observe a far higher presolar grain abundance than has been 

reported in studies of the collected Wild 2 material.  The coarse Wild 2 material collected by the 

aerogels was largely produced in high-temperature environments and later transported past the 
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orbit of Neptune, where these components accreted ice and organic components to form the comet 

(Brownlee et al., 2012).   

 The studied coarse components, which composed the majority of the collected mass, 

suggested a complex history for Wild 2’s formation.  Wild 2’s coarse material was mostly 

composed of materials formed at high temperatures, but the comet had preserved its originally 

accreted solids (Brownlee et al., 2012).  Many of the Wild 2 particles were found to be chondrule 

or chondrule-like fragments (Nakamura et al., 2008; Joswiak et al., 2012; Ogliore et al., 2012a).  

The meteoritic materials present within the coarse particles were extremely diverse, and could not 

be matched to any existing chondrite classes (Brownlee et al., 2012).  Wild 2 thus appeared to 

differ from asteroids when comparing its location to the source of its accreted materials.  While 

asteroids are dominated by locally produced materials, Wild 2 appears to be dominated by 

materials that formed far from where the comet accreted. 

 The early solar nebula contained multiple rock forming regions that created coarse 

materials seen in chondrites such as chondrules and CAIs.  The majority of the studied coarse 

materials in the Stardust aerogels appear to be products of these regions that also contributed to 

the materials observed in chondrites.  The coarse cometary material suggests that the materials that 

made comets derived from all dust-bearing regions of the Solar System, and that the coarse Wild 

2 material is characterized by the diversity of its materials (Brownlee et al., 2012).  However, the 

lack of mm-scale components collected during the Stardust mission makes it difficult to draw a 

direct comparison to many meteoritic components (e.g., chondrules and CAIs), which are 

frequently larger in size than the collected Wild 2 particles. 

 The fine (submicron) component of Wild 2 has proven more difficult to study in the 

aerogels.  Many of the fine grains collected in the aerogel tiles were components of larger 
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aggregate impactors that were disaggregated and spread across millimeter-scale bulbous impact 

features (Burchell et al., 2008).  The difficulty in studying the fine grains captured by the aerogel 

has resulted in less overall study of this component of Wild 2.  However, characterizing the fine 

component of comet Wild 2 is critical to fully understanding the processes that contributed to its 

formation.  Coarse particles typically form in fundamentally different ways than fine particles, 

with processing such as heating, aqueous alteration, and increased formation times necessary to 

form larger particles.  Fine grains often form from processes such as direct condensation from a 

gaseous mixture, and thus sample different regions and processes than coarse grains.  Current 

studies aiming to characterize comet Wild 2 are heavily biased towards the study of coarse 

materials, resulting in an incomplete picture of the processes and regions that contributed to the 

comet’s formation. 

 Investigations of the fine grains have returned a variety of results on a particle-by-particle 

basis.  Sub-micron particles from aerogel track 80 had solar abundances of Fe, Mg, and S when 

averaged together, but individually had a wide range of compositions, suggesting that the fine 

grains are consistent with thermally unprocessed primordial dust close to solar composition 

(Stodolna et al., 2012).  Grains smaller than 2 microns in size have a wide range of O isotopic 

compositions, indicating that Wild 2 fine grains are either a diverse sampling of inner Solar System 

reservoirs or ancient outer-nebula dust (Ogliore et al., 2015).  These results have differentiated the 

fine component from the coarse component’s high-temperature origins.  

 The source of the Wild 2 fines could be determined through comparison of the Wild 2 fine 

volatile components with solar compositions.  Materials formed in the inner Solar System would 

be depleted in volatiles relative to CI chondrites whereas materials inherited from the Solar 

System’s parent molecular cloud would not (Ogliore et al., 2015).  However, the dispersion of the 
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fine grains across bulbous impact features in the aerogel tiles, as well as the intermixing with the 

aerogel, makes bulk elemental analysis of the fines difficult in that medium. 

2.4 Previous Investigations of the Stardust Foils 
 The difficulties in analyzing the impact craters on the Stardust foils has resulted in fewer 

studies of the foil impactors than the aerogel impactors.  The relatively recent application of 

focused ion beam (FIB) sample preparation to the field of microanalysis has allowed researchers 

to extract and thin cross sections of these craters and thus probe the impactor residues present in 

the foils. 

 Craters studied on the cometary foils have largely been a micron in scale and were 

composed primarily of combinations of iron sulfides and silicates (Leroux et al., 2008; Leroux et 

al., 2010; Stroud et al., 2010).  Despite the violent impact conditions, crystalline material has been 

relatively common within crater residues.  Poorly crystalline graphite and a chromite grain have 

been observed in submicron craters (Stroud et al., 2010).  Olivine, forsterite, enstatite, and 

pyroxene grains have also been observed in micron-scale impact craters (Leroux et al., 2008; 

Leroux et al., 2010).  Overall 10 out of 22 studied Stardust craters (Leroux et al., 2008; Leroux et 

al., 2010; Stroud et al., 2010) have contained surviving crystalline impactors, suggesting that the 

Stardust foils are a good source of information regarding the mineralogy of the Wild 2 fine 

component.  Sulfur loss also appeared minimal within the studied craters, further indicating that 

the impact processing may have been less severe than initially predicted (Leroux et al., 2008; 

Stroud et al., 2010).  The impactors’ concentration into crater residues (rather than diffuse, bulbous 

impact tracks) allows for bulk elemental analyses of the comet’s fine component that are more 

difficult to perform on the aerogel samples.  For these reasons, continued study of the Stardust 

foils appears to be a promising means of improving characterization of the cometary fines on a 
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particle-by-particle basis as well as in terms of describing the bulk elemental composition of the 

fines. 

2.5 Goals of the Presented Studies 
 Though the Stardust spacecraft returned with samples in 2006, many questions remain 

about the material collected by the spacecraft and how this material can help in characterizing 

Wild 2, and by extension, provide insight into the formation and composition of outer Solar System 

bodies.  The fine component of the comet has proven particularly difficult to characterize given 

the collection media and collection velocities required for the Stardust mission.  This thesis 

primarily aims to perform these tasks: 

• Improve our understanding of the impact processing in the Stardust foils 

 -How are aggregate impactors processed compared to single-grain impactors? 

 -Are organic materials capable of surviving the impact processing? 

• Improve our understanding of the fine component of Wild 2 

 -How is the fine component of Wild 2 fundamentally different from the coarse 

 component? 

 -What is the source of the Wild 2 fines?  

 

 While the majority of the work presented in this thesis focuses on the study of cometary 

samples returned by the Stardust spacecraft, or the study of analogs to better understand the foils’ 

impact processing, I also worked on several projects that are indirectly related to these tasks during 

my doctoral studies.  Chapter 7 and Chapter 8 of this thesis thus present separate, secondary goals 

for this thesis: 

• Extract and characterize two craters from the Stardust interstellar foils 
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• Create an automated image searching algorithm to improve crater detection on the Stardust 

foils 
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Chapter 3: Methods 

3.1 Preface 
 Many of the materials collected with the Stardust mission sample collector were extremely 

small, with individual impactors ranging in size from microns (µm) to a few hundred nanometers 

(nm).  Additionally, these materials were collected at a relative speed of 6.1 km/s, resulting in 

interaction and mixing with the collector materials.  As a result, electron microscopy techniques 

are useful for characterizing this material, and a variety of techniques are necessary to prepare the 

samples for these types of analysis.  This chapter discusses sample preparation techniques and data 

analysis methods for Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM). 

3.2 Scanning Electron Microscopy (SEM)  
 Initial imaging and elemental characterization of analog, cometary, and interstellar foil 

samples were performed with Washington University’s JEOL JSM-840A scanning electron 

microscope (SEM) and Tescan Mira3 field emission scanning electron microscope (FE-SEM).  

SEM instruments take advantage of the small interaction volume of electrons in order to obtain 

high-resolution images and elemental characterizations of samples.  Conductive materials are 

particularly well-suited to SEM analysis as they can be examined with a wide range of electron 

beam voltages and currents. 

 The incident electron beam interacts with a sample in a variety of ways (Figure 3.1).  The 

incoming electrons ionize atoms present in the sample.  Secondary electrons can be produced when 

an incident electron interacts inelastically with an electron in the sample.  The incident electron 

imparts some of its energy to ionize an atom in the sample.  The freed electron likely experiences 

numerous elastic and inelastic collisions within the sample, but can escape the sample’s surface if 
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it still has sufficient energy.  For most metallic samples secondary electrons only escape the sample 

when generated within the top 5 nm of the sample’s surface, depending on the sample’s 

composition (Seiler 1983).  As a result, secondary electrons can be collected and measured to 

generate an image of the sample’s surface at the high magnifications necessary to observe features 

only tens of nanometers in size.  Secondary electrons are particularly well suited for imaging the 

Stardust foil impact craters as their small interaction volumes allow for detailed imaging of the 

crater topography. 

 Backscatter electrons and Auger electrons can also be used to obtain surface images.  

Backscatter electrons originate from the electron beam and are reflected out of the sample by 

elastic scattering interactions with atoms in the sample.  Backscatter electrons have the advantage 

of being sensitive to the atomic number of the sample’s nuclei.  Higher-Z elements have higher 

electron densities that result in higher backscatter electron counts, and thus can provide contrast 

between different atomic compositions present in the sample.  However, backscatter electrons can 

originate from deeper in the sample owing to their higher energies and have their effective 

resolution limited by their increased interaction volume relative to secondary electrons.  As a 

result, the majority of the imaging performed during the work presented in this thesis was done 

using secondary electrons.  Auger electrons form when the electron beam creates an inner-shell 

vacancy in an atom in the sample and an outer-shell electron fills this vacancy, emitting a 

characteristic photon. If the photon has sufficient energy it can free another electron from the same 

atom if the photon interacts with it.  This freed electron is an Auger electron.   Auger electrons 

typically have lower energies than secondary and backscatter electrons and are only capable of 

escaping from the top several angstroms of the sample, making them extremely surface sensitive.  

However, the Stardust foils examined in this thesis typically build up a thin (several angstrom) 
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layer of organic contamination upon exposure to the atmosphere that must be removed prior to 

elemental characterization of the sample with Auger techniques (Stroud et al., 2014).  

Additionally, the topography of the craters make sputtering techniques used to remove this 

contamination difficult to apply.  As a result, the work presented in this thesis does not utilize 

Auger spectroscopy. 

 
FIGURE 3.1: Electron beam interaction with a sample.  The colored regions represent the relative 

volumes from which each listed interaction output can escape.  Exact volume interactions vary 

heavily by sample material and primary beam energy. 

3.3 Focused Ion Beam (FIB) Sample Preparation 
 The FIB-SEM, though initially utilized in the semiconductor industry, has become an 

increasingly popular instrument for preparing samples for further TEM analysis.  The FIB-SEM 



22 

 

is primarily used to extract and thin samples with a focused ion beam that is capable of performing 

fine cuts with an accuracy of several nanometers.  FIB-SEM sample preparation is necessary for 

the study of analog and Stardust foils with the TEM. 

 FIB-SEM instruments operate by combining the imaging capabilities of a traditional SEM 

instrument with the imaging and milling capabilities of a focused ion beam.  The orientations of 

the FIB-SEM components in the sample chamber are shown in Figure 3.2.  A central electron 

column focuses an electron beam onto the sample, producing backscatter and secondary electrons 

than can be collected to produce an image of the sample.  A focused ion beam, angled 52° relative 

to the electron column, is produced when a gallium reservoir is placed in contact with a tungsten 

needle in a strong electric field.  Heated gallium flows to the tip of the tungsten needle and forms 

a Taylor cone as a result of the gallium’s surface tension resisting the force of the electric field.  

The tip’s small size (on the scale of several nanometers) results in a large electric field forming at 

the tip, resulting in ionization and field emission of the gallium present at the tip.  These gallium 

ions are typically accelerated to energies between 1 and 25 KeV and then focused onto the sample 

with electrostatic lenses, resulting in a spot size on the order of several nanometers.   

 The gallium ion beam hits the surface and mills a small amount of the material it interacts 

with, resulting in the creation of secondary ions, free neutral atoms, and secondary electrons.  

These secondary ions and secondary electrons can be collected to produce an image that is used in 

conjunction with the images produced by the collection of backscatter or secondary electrons 

created by the electron column.   The gallium ion beam’s small spot size, coupled with the ability 

to reposition the sample and change the beam’s rastering pattern, allows for the beam to selectively 

mill away unwanted parts of the sample.  This allows isolation of cross sections of the impact 

craters present in analog and Stardust foil samples (Figure 3.3). 
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FIGURE 3.2:  The structure of the FIB’s electron column, ion column, gas injection system 

(GIS), and micromanipulator relative to the sample. 

 

 
FIGURE 3.3:  The FIB sample preparation and extraction process.  a) The crater (~650 nm in 

diameter) is identified and b) covered in a protective Pt coat. c) Stairstep milling is performed on 

either side of the crater so that d) further milling underneath and to the side of the crater can be 

performed. e) While the crater is still attached on one side, the omniprobe needle is attached with 

Pt deposition to the sample before the final cut is performed, freeing the cross section from the 

aluminum substrate. f) The sample is extracted, repositioned, and attached to a TEM grid using Pt 

deposition. g) The sample is thinned to electron transparency (< 250 nm), h) resulting in a cross 

section of the original crater. 
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 In addition to milling, the ion beam, and to a lesser extent the electron beam, can deposit 

material via ion beam induced deposition.  A gas injection system (GIS) introduces a gas to the 

sample chamber close to the sample surface.  The gas adsorbs to the surface of the sample.  

Scanning the surface with the electron or ion beam then decomposes the gas into volatile and non-

volatile components, with the volatile component leaving the chamber through the vacuum pump.  

The non-volatile component remains as a deposition on the sample.  This deposition can be used 

to protect the sample surface from further damage from the ion beam or to bond two surfaces 

together.  Both of these applications are utilized to extract Stardust foil thin sections (Figure 3.3).  

While a variety of gases can be utilized to deposit different elements onto the sample, my work 

largely utilized trimethyl(methylcyclopentadienyl) platinum (C5H4CH3Pt(CH3)3) in order to use Pt 

as a deposition material.  Work conducted in collaboration with Rhonda Stroud at the Naval 

Research Laboratory on the interstellar Stardust foils also utilized naphthalene (C10H6) in order to 

use C as a deposition material. 

 In addition to the GIS, a piezoelectric tungsten Omniprobe micromanipulator can be 

inserted into the sample chamber to assist with sample extraction.  The micromanipulator’s needle-

like shape and small tip radius of 500 nm allows for small sample cross sections to be attached to 

it and manipulated within the sample chamber (Figure 3.2; Figure 3.3).  

3.4 Plasma Ashing 
 Stardust aerogels are extremely insulating and their collected cometary materials cannot be 

studied in situ with traditional electron microscopy techniques.  Plasma ashing is a technique for 

destroying the Stardust aerogel in order to free the collected cometary material so that it can be 

studied with SEM or TEM instruments. 
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 Our plasma ashing was performed using an SPI Plasma Prep II Etcher/Asher.  The 

instrument contains a cylindrical quartz chamber sealable to 133.3 Pa.  The asher draws a carrier 

gas (e.g., CF4 or O2) over the sample and RF power, provided by a crystal-controlled oscillator at 

13.56 MHz, ionizes the gas under vacuum.  When using CF4 as a carrier gas the asher creates a 

plasma of CF3
+

 and F- ions, while using O2 gas creates a plasma of O+ and O- ions.  F- ions combine 

with Si present in the aerogel, forming the gas SiF4, which is then removed from the chamber by 

the vacuum pump.  O ions interact with organic material, potentially removing terrestrial 

contamination from the sample.  However, all of our studies of Stardust aerogels involved the use 

of TEM grids covered by a carbon mesh, so only CF4 was used as a carrier gas in our study of 

Stardust materials.  After destroying the aerogel surrounding the captured cometary materials, the 

materials are deposited onto an SEM stub or TEM grid for further analysis. 

 F- ions interact with a variety of elements, as well as with Si present in cometary materials.  

F plasma exposure time needs to be sufficiently long to result in the majority of the aerogel being 

destroyed, but also needs to be minimized to prevent excessive damage to the collected cometary 

materials.  Stardust aerogels are extremely porous, with over 98% of the aerogel volume composed 

of ambient gases (Burchell et al., 2006).   As a result, the aerogel’s effective surface area is 

significantly larger than any collected cometary material, allowing for it to be destroyed before 

excessive damage is caused to collected cometary material.  Copper, aluminum, quartz, and some 

carbon compounds have shown resistance to F plasma ashing and are effective materials for 

housing the aerogel samples during the ashing process. 

3.5 Sample Preparation for Plasma Ashing 
 The Stardust aerogel’s extremely low density, coupled with the small impact track sizes, 

make preparing the samples for ashing challenging.  The aerogels need to be fully surrounded by 
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their container in order to prevent them from escaping, but must simultaneously be accessible by 

the plasma created in the plasma asher.   

 The setup for the aerogel prior to ashing is shown in Figure 3.4.  The aerogel sample is 

placed directly on top of a TEM grid so that collected material is deposited directly onto the TEM 

grid as ashing occurs.  A Si base with a thin (100 nm) Si3N4 window is placed on top of the TEM 

grid and the aerogel, trapping the aerogel between the TEM grid and the Si3N4 window.  The setup 

is sandwiched between a Cu cap and base due to copper’s resistance to F plasma.  A hole in the 

Cu cap allows for F plasma to reach the Si3N4 window and the aerogel sample. 

 Typical Si3N4 ashing rates by F plasma at the standard operating pressure of 34.4 kPa are 

~34 nm/min (Williams et al., 2003), allowing the F plasma to penetrate the 100 nm Si3N4 window 

after roughly 3 minutes of exposure to the F plasma.  The Si3N4 window thus prevents the loss of 

the aerogel during transportation and pressure changes in the chamber while still allowing for the 

F plasma to eventually reach and ash the aerogel sample.  Ashing rates for SiO2, the composition 

of the Stardust aerogel, are similar to those for Si3N4 (Williams et al., 2003).  However, the 

aerogel’s extreme porosity greatly increases its effective surface area (Burchell et al., 2006) 

allowing for it to be destroyed on a timescale of minutes despite typical aerogel keystone 

dimensions on the scale of hundreds of microns. 

 Stardust aerogel tracks are extracted from the aerogel tiles using an automated keystone 

system (Westphal et al., 2004a).  Further manipulation of the aerogels is difficult due to their low 

density and small sizes.  The placement of the Stardust aerogels onto the TEM grids was performed 

by Andrew Westphal at the Berkeley Space Sciences Laboratory.  Aerogel manipulation and 

positioning onto the TEM grid after extraction was performed using an eyelash tool coupled with 

an alpha ionizer to neutralize static charge and prevent unpredictable movements in the aerogels.  
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FIGURE 3.4:  Aerogel sample preparation prior to the application of plasma ashing.  A TEM grid 

rests on top of a Cu base.  The aerogel sample is placed on top of the TEM grid and then trapped 

in place above the TEM grid by a Si base (5 mm x 5 mm x 200 µm) with a thin (1.5 mm x 1.5 mm 

x 100 nm) Si3N4 window.  The structure is held together with a Cu cap that is secured to the Cu 

base with a set screw.  The full structure is shown on the right with the structure secured within a 

protective plastic canister. 

3.6 Transmission Electron Microscopy (TEM) 
 The TEM is used for microstructural and elemental analyses of materials following sample 

preparation with the FIB or the plasma asher.  The TEM generates a beam of high energy electrons 

(typically 160 to 200 KeV) and aims this beam at a thin (typically < 250 nm) sample.  The 

relativistic electrons pass through the sample and impinge upon a scintillating screen.  Image 

contrast results from electrons scattering or being absorbed as they pass through the sample.  

Elements with larger atomic numbers typically have a higher electron density and scatter more 

incoming electrons resulting in these regions appearing darker in traditional bright-field imaging.  

Modern TEM instruments can image at high enough magnifications to identify individual atoms, 

though most TEMs have resolutions on the scale of nanometers.  
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 In addition to bright-field and dark-field imaging, the TEM can be used to record a 

specimen’s diffraction pattern by projecting the back focal plane of the objective lens onto the 

scintillating screen.  The image at the back focal plane is the Fourier transform of the electron 

wave scattered by the specimen.  The result is a bright central spot of unscattered electrons (the 

central DC spot of the 2-D Fourier transform that represents the overall brightness of the image) 

is visible in addition to spots from scattered electrons.  Crystalline materials result in preferential 

scattering of the electron beam along angles that satisfy the Bragg reflection conditions, which 

depend upon the crystal’s orientation relative to the incident electron beam.  The preferential 

scattering creates a pattern of bright spots with the bright central spot that is known as a selected 

area diffraction (SAD) pattern.  Comparing the SAD pattern to known crystal orientations and 

scattering patterns allows for the determination of the sample’s crystal structure and the crystal 

structure’s orientation.  Amorphous samples have no preferred scattering direction and instead 

show diffusely illuminated SAD patterns.  In this way SAD can be used to structurally characterize 

a sample. 

 Some TEM instruments can be operated in, or only operate as, scanning transmission 

electron microscopes (STEM).  STEM instruments differ from traditional TEM by scanning a 

focused beam of electrons across the sample in a raster pattern rather than providing a constant 

electron illumination across the sample.  STEM allows for spatially coordinating signals in the 

TEM such as characteristic X-rays and thus can be useful for elementally characterizing a sample 

as a whole rather than through the combination of many individual spot analyses.  Elemental 

mapping as well as some of the sample imaging presented in this thesis was performed on STEM 

instruments. 



29 

 

 TEM investigations performed at Washington University were performed using two 

instruments, a JEOL 2000FX TEM equipped with a NORAN ultra-thin window energy dispersive 

X-ray spectrometer (EDXS) and a JEOL high-resolution JEM-2100F TEM equipped with a Bruker 

QUANTAX EDXS.  TEM investigations performed in collaboration with Rhonda Stroud at NRL 

utilized two instruments, a JEOL 2200 FS STEM equipped with an Oxford Aztec SDD-EDXS and 

a Nion UltraSTEM 200 aberration-corrected STEM. 

3.7 Energy Dispersive X-Ray Spectroscopy (EDXS) 
 An incident electron beam creates orbital vacancies in lower level electron shells that are 

then filled by upper-shell electrons, emitting characteristic X-rays in the process (Figure 3.1).  

Measurement of the energies and counts of these X-rays allows for elemental characterization of 

the sample, a process called energy dispersive X-ray spectroscopy (EDS or EDXS).  EDXS can be 

performed on both SEM and TEM instruments with an X-ray collector.  However, the interaction 

volume from which X-rays can escape a thick sample in the SEM is typically on the scale of 

microns.  Thus, for the foil craters studied in this thesis, which range between ~200 nm and 10 µm 

in diameter, SEM-EDXS results in a measurement of the bulk composition of the crater residues.  

Additionally, when the sample is much smaller than the interaction volume, SEM-EDXS has a 

large background resulting from a measurement of the substrate beneath the sample, such as the 

Al foil surrounding the crater residues in the Stardust foil samples.  TEM-EDXS, due to the thinner 

samples and fine electron beam spot size, can elementally characterize samples on a finer scale 

than SEM-EDXS and typically has smaller background effects.  Quantification of SEM-EDXS 

spectra need to correct for the atomic number effects, absorption, and fluorescence (ZAF) of the 

sample, whereas sufficiently thin samples in the TEM can be approximated with simpler Cliff-

Lorimer techniques.  Since TEM-EDXS requires a thin sample, much of the impacting material is 
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not present for measurement in the TEM as it is lost during the FIB preparation process.  SEM-

EDXS and TEM-EDXS are presented as complementary techniques for the elemental 

characterization of samples studied in this thesis. 

3.8 EDXS Quantification 
 Cliff-Lorimer analysis is a technique for simplifying the quantification of elements present 

in samples measured with TEM-EDXS (Cliff & Lorimer, 1975).  Cliff-Lorimer analysis assumes 

that the sample is infinitely thin, removing the need to account for X-ray absorption (A) and 

fluorescence (F) when quantifying samples with X-ray spectra.  For samples that are too thick for 

this approximation to return accurate results, corrections for these factors (ZAF corrections) need 

to be made. 

3.8.1 Cliff-Lorimer Analysis 

 Cliff-Lorimer analysis assumes that the sample is sufficiently thin to ignore absorption or 

fluorescence of X-rays within the sample.  As a result, it is widely used for quantifying thin 

samples studied in the TEM.  The weight concentrations of two elements, denoted as CA and CB, 

are related to the measured intensities of the elements, IA and IB, with a Cliff-Lorimer factor kAB: 

 
𝐶𝐴

𝐶𝐵
= 𝑘𝐴𝐵

𝐼𝐴

𝐼𝐵
 (3.1) 

 Equation 3.1 is the Cliff-Lorimer equation.  kAB in equation 3.1 is a sensitivity factor.  The 

value of kAB varies based upon the elements being measured as well as the TEM-EDXS system 

used and the TEM operation factors such as the TEM voltage. 

 In order to solve for CA and CB in equation 3.1 we use kAB values previously obtained 

through the analysis of standards with known weight concentrations.  We can acquire values for 

IA and IB through measurements of the sample and add another equation to the system (assuming 
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the sample is only composed of elements A and B) in order to have a solvable system of two 

equations with two unknowns: 

 𝐶𝐴 + 𝐶𝐵 = 100% (3.2) 

 Expanding the Cliff-Lorimer technique to samples containing more than two elements can 

be done by including additional equations.  Moving to a sample composed of three elements (A, 

B, and C), we can add the following equations to Equation 3.1 in order to obtain three equations 

to solve for three unknowns: 

 
𝐶𝐶

𝐶𝐵
= 𝑘𝐶𝐵

𝐼𝐶

𝐼𝐵
 (3.3) 

 𝐶𝐴 + 𝐶𝐵 + 𝐶𝐶 = 100% (3.4) 

 Thus, by establishing k factors through the analysis of standards, one can then calculate the 

atomic composition of samples, assuming the standards and samples were measured in the same 

instrument under similar conditions. 

 Cliff-Lorimer analysis works so long as the sample is sufficiently thin.  The point at which 

a sample becomes too thick for reliable Cliff-Lorimer results is when absorption and fluorescence 

effects become significant compared to the desired accuracy.  Typically Cliff-Lorimer analysis is 

considered unreliable once the bremsstrahlung absorption effects in the sample become noticeable 

(Williams & Carter, 1996).  This effect is noted by measuring the background of a spectrum in 

windows above and below the elements of interest.  Bremsstrahlung spectra typically peak around 

1.5 KeV in TEM-EDXS spectra, and thus windows taken above this point (for example, from 2.4-

2.5 KeV or 2.6-2.7 KeV) that do not overlap peaks from measured elements can serve as good 

comparisons to determine the extent of the bremsstrahlung in a spectrum’s background (Williams 
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& Carter, 1996).  If the effect of Bremsstrahlung on the spectrum’s background becomes too strong 

or apparent the use of software accounting for ZAF corrections is recommended.   

3.8.2 ZAF Corrections 

 Samples too thick for Cliff-Lorimer analysis can be quantified with ZAF-corrected k-factor 

techniques or with standards-based ZAF corrections.   

 ZAF-corrected k-factor techniques utilize equations similar to equations 3.1-3.4 but 

assume that the k-factors in these equations account for absorption (A) and fluorescence (F) 

effects.  Quantification on thick samples can be performed with ZAF-corrected k-factor techniques 

if the k-factors can be approximated with previous standard measurements (Newbury & Ritchie, 

2015).  We use ZAF-corrected k-factor techniques for quantifying SEM-EDXS spectra through 

comparison to more accurate TEM-EDXS spectra on the same samples, where TEM-EDXS 

spectra are assumed to be more accurate as they are thin enough for Cliff-Lorimer approximations.  

However, ZAF-corrected k-factor techniques are less accurate than quantification performed with 

standards-based ZAF corrections. 

 Standards-based ZAF corrections use measurements of standards to accurately account for 

a sample’s atomic number (Z), the absorption of X-rays within a sample (A), and the fluorescence 

of X-rays within a sample (F).  Absorption occurs when less energetic X-rays (generally from 

lower-Z elements) are absorbed after emission but before exiting the sample (generally by higher-

Z elements).  Fluorescence occurs when a more energetic X-ray fluoresces a lower energy X-ray 

from a lower-Z element within the sample.  Correcting for these factors (ZAF corrections) is 

possible, but is exceedingly complex and iterative.  As a result, nearly all ZAF corrections are 

performed with sophisticated software, which in this thesis takes the form of NIST DTSA-II 

software (Ritchie 2011; Ritchie 2012). 
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Chapter 4: Analog Foils 

4.1 Preface 
 Adapted from the following papers and conference abstracts: 

 Croat T. K., Floss C., Haas B. A., Burchell M. J., & Kearsley A. T. (2015), “Survival of 

 Refractory Presolar Grain Analogs During Stardust-like Impact into Al Foils: Implications 

 for Wild 2 Presolar Grain Analogs During Stardust-like Impact into Al Foils”, 

 Meteoritics & Planetary Science, 50, 1378-1391, URL https://doi.org/10.1111/maps. 

 12474. 

 Haas B. A., Croat T. K., Floss C., Kearsley A. T., & Burchell M. J. (2015), 

 “Characterizing Comet 81P/Wild 2 with Acfer 094 Analog Foils”, in “78th Annual 

 Meeting of the Meteoritical Society”, Abstract #5141, URL https://www.hou.usra. 

 edu/meetings/metsoc2015/pdf/5141.pdf. 

 Haas B. A., Croat T. K., Floss C., Kearsley A. T., & Burchell M. J. (2016), 

 “Characterizing Comet 81P/Wild 2 with Acfer 094 Analog Foils”, in “47th Lunar and 

 Planetary Science Conference”, Abstract #1597, Lunar and Planetary Institute, Houston, 

 URL https://www.hou.usra.edu/meetings/lpsc2016/pdf/1597.pdf. 

 Haas B. A., Floss C., Kearsley A. T., & Burchell M. J. (2017), “Characterizing Comet 

 81P/Wild 2 with Tagish Lake Analog Foils”, in “80th Annual Meeting of the Meteoritical 

 Society”, Abstract #6246, URL https://www.hou.usra.edu/meetings/metsoc2017/pdf/6246 

 .pdf. 

4.2 Introduction 
 While not initially designed as sample collection media, the cometary side of the Stardust 

foils were found to contain hundreds of cometary impact craters while the interstellar side 

contained a handful of interstellar impact craters.  However, high speed (6.1 km/s for cometary 

impactors and up to 20 km/s for interstellar impactors) impact processing in the foils was not well 

understood.  Prior to the return of the Stardust sample collector it was unclear which impacting 

materials would survive the sudden deceleration and relatively high shock pressures that were 
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inherent to the foil collection process.  Additionally, initial analyses of the impactor material 

contained in these craters indicated that the collected material was biased against the survival of 

certain materials.  Presolar grain abundances, which are generally a good indicator of the degree 

to which a given sample has preserved the original starting material from the solar nebula, were 

much lower than expected in the cometary foils (McKeegan et al., 2006; Stadermann et al., 2008).  

Given the high collection speed, it is possible that the presolar grains, as well as other impactor 

components such as volatiles, organic materials, and crystalline materials were preferentially 

destroyed, altered, or diluted during the capture process. 

 The Stardust spacecraft’s cometary collection speed of 6.1 km/s falls within the range of 

speeds attainable by material fired in modern light-gas gun (LGG) experiments.  LGGs can fire 

well-characterized grains into flight-spare Stardust foils at speeds similar to those experienced by 

the Stardust spacecraft, thus simulating the Stardust encounter (Burchell et al., 1999).  A diagram 

of the LGG is shown in Figure 4.1.  Operation of the University of Kent’s LGG, which was used 

to create all analog foils studied in this thesis, is described in Burchell et al., (1999).  A pendulum 

is released and strikes the firing pin.  The firing pin is pushed into the base of a cartridge with 

enough force to ignite the primer and set off the cartridge.  This action accelerates a piston towards 

a sabot located in the launch tube.  Hydrogen gas present in the pump tube is compressed.  An 

aluminum bursting disc in the breech connects the pump and launch tubes.  A nylon sabot is located 

at the breech end of the launch tube and aids in the acceleration and positioning of the material 

that is being fired towards the flight-spare Stardust foils.  The sabot is intercepted by a stop plate 

at the end of the blast tank while the fired material continues through two laser-light curtains that 

are used to confirm the speed of the fired material.  The fired material continues onward through 

the target chamber and impacts the flight-spare Stardust foils at its end.  Using the LGG the 
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cometary impact processing can be replicated in the laboratory with a variety of materials.  

Studying the resulting foil craters allows for researchers to better understand the foil impact 

processing. 

 
FIGURE 4.1:  Figure 8 from Burchell et al. (1999) showing the schematic diagram of the LGG 

used to produce the analog foils studied in this thesis.  The pendulum (PE), cartridge (C), piston 

(P), sabot (S), stop plate (SP), and lasers (L1 and L2) are labeled.  

 

 A number of analog foil experiments were conducted following the return of the Stardust 

sample collector.  Silica and soda-lime glass projectiles were utilized to describe the relationship 

between impactor diameter and the resulting crater diameter (Kearsley et al., 2006; Price et al., 

2010).  Crystalline impactors were examined to determine that crystalline materials observed in 

the crater residues were likely components of Wild 2 rather than post-impact recrystallizations 

(Wozniakiewicz et al., 2012a).  Further studies investigated the behavior of specific minerals (e.g. 

olivine, diopside, pyrrhotite) during impact processing, observing phenomena such as volatile loss 

and amorphization of crystalline impactors (Kearsley et al., 2008; Wozniakiewicz et al., 2009; 

Wozniakiewicz et al., 2012b).  However, most of the craters investigated in these studies were far 

larger (> 5 µm in diameter) than any craters that would have been created by impactors 

representing the fine component of Wild 2.  Additionally, these studies did not investigate 

aggregate impactors composed of a variety of materials.  Nearly all Stardust cometary foil craters, 

even those created by submicron impactors, are the result of aggregate impactors, and thus these 

studies were not fully representative of the impact conditions experienced by Wild 2 material 
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(Croat et al., 2016).  As a result, we worked with Anton Kearsley and Mark Burchell at the 

University of Kent in order to create three new analog foils with their LGG in order to investigate 

how smaller impactors and aggregate impactors may be altered during the sample collection 

process:  Refractory (TiC/TiN/SiC/SiN) grain analog foils, Acfer 094 analog foils, and Tagish 

Lake meteorite analog foils.  In studying these foils we hoped to learn more about how smaller 

and aggregate impactors behave during the collection process and thus help to explain some of the 

biases seen in the studies of the Stardust foils (e.g., the lack of presolar grains and organic 

materials). 

 The refractory grain analog foils served to investigate the effect of impact processing on 

individual, highly refractory grains.  SiC is a common, highly refractory mineral observed in 

presolar grain studies.  Presolar grain abundances in the Stardust foils were far lower than expected 

(McKeegan et al., 2006; Stadermann et al., 2008).  The study of these analog foils served to 

demonstrate how refractory grains are affected by the spacecraft’s collection conditions.  These 

analog foils thus helped us to determine whether refractory presolar grains could survive the 

collection conditions. 

  

4.3 Refractory (SiC/SiN/TiC/TiN) Analog Foils 
 The study of the refractory analog foils was largely motivated by the lack of presolar grains 

observed in studies of the Stardust foils.  The study of these foils allowed us to investigate the 

condition and survival of small (mostly submicron) refractory mineral grains within Al foil craters.  

Work on these foils encompassed craters created by SiC, SiN, TiC, and TiN impactors.  However, 

I only conducted work on some TiC and TiN impactors.  Work on SiC and SiN impactors, as well 

as some Ti-containing impactors, was performed by my colleague Kevin Croat.  As a result, this 
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portion of the thesis will focus on the results of the Ti-containing impactors that I studied.  SiC’s 

are a better presolar grain analog, as SiC’s are a common form for presolar grains.  However, for 

the purpose of investigating refractory impactors, the TiC and TiN impactors are effective analogs, 

given that each of these materials are similarly refractory (SiC melts at 2730 °C while TiN and 

TiC melt at 3160 °C and 2930 °C, respectively).  The full results of this study can be found in the 

Croat et al. (2015) paper referenced in Chapter 4.1 of this thesis. 

4.3.1 Refractory Analog Samples and Experimental Methods 

 The grains utilized for this analog foil experiment were crystalline refractory phases mostly 

submicron in size, including natural diamond, synthetic TiN, synthetic TiC, synthetic SiC, 

synthetic alumina (Al2O3), synthetic Si3N4, and natural olivine (Fo90).  I focused my study on TiN 

and TiC impacting grains, with melting temperatures of 3160 °C and 2930 °C, respectively.  TEM 

images of the grains collected prior to creation of the analog foils showed the median grain sizes 

were 500-700 nm, though individual grain diameters could range from 100 nm to several µm.  

Kevin Croat performed TEM investigations of unfired grains and observed that the crystal 

structures matched expected phases (TiN: a = 4.35Å [FCC]; TiC: a = 4.25Å [FCC]). 

 The mixture of refractory materials was cemented together with polyvinyl acetate in order 

to create sufficiently large (~100 µm) aggregate projectiles for firing with a LGG.  These 

projectiles were then shot at normal incidence into flight spare Stardust mission Al 1100 foil using 

the two stage LGG at the University of Kent (Burchell et al., 1999).  The impact speed of the shot 

was measured at 6.05 km/s, which is comparable to the capture speed (6.12 km/s) of Wild 2 

cometary particles (Tsou et al., 2004).  Previous analog experiments have demonstrated that 

weaker aggregate particles may fragment in the LGG during the firing process, resulting in impacts 
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by a wide range of particle sizes, including many of the separated subgrain components (Kearsley 

et al., 2009). 

 Kevin Croat performed SEM-EDXS analyses on 1350 craters from two randomly selected 

1.8 by 1.3 mm areas of the cratered Al foil.  758 of the craters were dominated by Ti or Si signals, 

allowing for further FIB-TEM study to focus on craters created by SiC, SiN, TiC, and TiN 

impactors.  The median diameter of the Si- and Ti-containing craters were 1.5 µm and 2.0 µm, 

respectively, which indicates many of the craters were created by single-grain impactors that were 

roughly the size of our measured grain diameters (Price et al., 2010).  Additionally, ~85% of the 

Si- and Ti- containing craters showed only Ti or Si signals in the SEM-EDXS spectra, but not 

both, further indicating that the fired material fragmented into single-grain impactors during the 

LGG’s firing process. 

 Eight Ti-rich craters were extracted and thinned to electron transparency with Washington 

University’s FEI Quanta 3-D FIB instrument.  Each FIB cross section was extracted from the 

crater’s center for consistency.  Extracted Ti-containing craters sampled the overall crater size 

population, with crater diameters ranging from 1.0 µm to 7.1 µm.  Larger craters were extracted 

to observe changes in properties as a function of crater-projectile size.  Measured grain diameters 

may not be truly representative of the impactors as the two-dimensional nature of FIB sections 

means the full length of the grains may not have been sampled during the study.  Nonetheless, 

grain aspect ratios were measured as a means of demonstrating grain deformation.  Grain aspect 

ratios were calculated by using the grain dimension perpendicular to the foil surface as the 

numerator and the grain dimension parallel to the surface as the denominator.  As a result, aspect 

ratios less than 1.0 indicate flattening (Table 4.1).  TEM investigations of the Ti-containing grains 

were performed with Washington University’s JEOL 2000FX.  Lattice parameter determinations 
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for the impacting phases were calibrated by assuming a 4.05Å spacing for diffraction spots from 

the Al lattice in the foil substrate.  Distinguishing between TiC and TiN was difficult due to the 

weakness of C and N signals in SEM and TEM-EDXS spectra.  When differentiating between the 

TiC and TiN lattice spacings (4.35Å and 4.25Å, respectively) was not possible the crater phases 

are listed as TiC/TiN (see Table 4.1).  Crater names, diameters, surviving grains, surviving grain 

sizes, surviving grain aspect ratios, and phases are listed in Table 4.1. 

 

TABLE 4.1:  Crater names, diameters, surviving grain numbers and sizes, grain aspect ratios and 

phases.  Crater diameter is measured from the centers of raised crater rims.  Crater Ti6’s surviving 

grain count and size were made uncertain by damage during the FIB process and is thus labeled 

with an asterisk.  Grain aspect ratios were calculated by dividing the grain dimension perpendicular 

to the foil surface by the grain dimension parallel to the foil surface (values less than 1.0 indicate 

flattening).  When EDXS and SAD analysis could not differentiate between TiC and TiN the phase 

is labeled as TiC/TiN. 

Crater 

Name 

Crater 

diameter (µm) 

No. of surviving 

grains 

Surviving grain 

size range (nm) 

Avg. Grain 

Aspect Ratio 

Phase 

Ti4 1.0 1 325 1.8 TiN 

Ti3 1.6 2 270-330 0.7 TiN 

Ti5 2.5 3 80-400 0.8 TiC/TiN 

Ti6 5.2 2* 330-450* 0.6 TiC 

Ti9 5.4 3 580-720 0.5 TiC/TiN 

Ti7 5.6 6 240-580 0.7 TiN 

Ti1 5.7 5 115-425 0.8 TiC/TiN 

Ti8 7.1 2 520-880 0.5 TiC 

 

4.3.2 Refractory Analog Foil Results 

 Significant amounts of surviving crystalline material were located in the crater bottoms 

(Table 4.1).  The refractory crystals generally appeared well-preserved despite the high-speed 

impact conditions.  Though the true grain dimensions cannot be obtained because of the two-

dimensional nature of FIB sections, aspect ratios less than 1.0 indicate that grain flattening and/or 

fragmenting likely occurred.  Larger impactors (corresponding to larger craters) tended to be 

broken into smaller fragments and be more flattened.  Individual grain aspect ratios in craters less 
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than 5 microns in size averaged 0.93 while for craters greater than 5 microns in size they averaged 

0.66.   

 The majority of surviving crystalline material was located in the crater bottoms, with 

minimal material located in the crater walls.  No surviving material was observed in the rims of 

the craters despite the fact that most presolar grains detected in the Stardust foils were located in 

the raised rims of large craters (Floss et al., 2013).  Smaller craters had smaller raised rims, with 

the smallest crater (Ti4) completely lacking a raised rim (Figure 4.2). 

 Smaller craters (<5 µm) typically showed less alteration than larger craters.  Craters Ti4 

and Ti5 (diameters 1.0 µm and 2.5 µm, respectively), extracted as a single FIB section, are shown 

in Figure 4.2.  Both craters were formed by submicron TiN impactors.  Crater Ti4 had a single 450 

nm by 230 nm crystalline grain with a diffraction pattern matching that of TiN (a = 4.28Å [FCC]).  

No Ti was detected in the crater outside of the grain.  The Ti4 grain has an ellipticity of ~1.8 and 

retained this shape even after an impact with its long axis perpendicular to the foil.  The Ti4 

projectile impacted with its major axis perpendicular to the Al foil, resulting in a carrot-like crater 

shape and a depth/diameter ratio of 1.0.  The grain did not partially melt and recrystallize on the 

crater floor nor did it undergo plastic deformation, indicating that it was not significantly modified 

by the impact.  This is consistent with previous reports of recovery of unmelted wollastonite in 

similar analog experiments (Wozniakiewicz et al., 2012a).  The slightly larger Ti5 crater also 

contained surviving TiN crystallites (Figure 4.2).  Three separate crystalline fragments were found 

(two ~400 nm diameter grains at the bottom and a ~80 nm grain along the side wall).  Diffraction 

patterns (a = 4.16Å [FCC]) and EDXS spectra were consistent with TiN.  The crater 

depth/diameter ratio was 0.9, though the crater was wider than the Ti4 impact; the crater cross 

section diameter of Ti4 was reduced to 42% of the full diameter at half height while the crater 
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cross section diameter of Ti5 was reduced to 85% of the full diameter at half height.  No impurities 

or anomalies were visible in the Al substrate beneath either crater.  As a result, a crater’s depth 

appears to depend on the impact angle of elliptical projectiles, which is consistent with earlier 

investigations of wollastonite impactors (Wozniakiewicz et al., 2012a). 

 
FIGURE 4.2:  a) FIB-SEM image of the adjacent Ti4 and Ti5 craters. b) TEM image of the FIB 

section containing both craters.  The deposited protective Pt layer appears dark above the lighter 

Al substrate.  Surviving grain locations are indicated by white arrows.  c) Surviving TiN projectile 

in crater Ti4 with dimensions indicated by white arrows. d) Surviving elliptical TiN projectile with 

two larger fragments on the crater floor and a small fragment in the crater wall of crater Ti5.  Grain 

positions are indicated by white arrows while grain dimensions are indicated by black arrows. 

 

 Larger (>5 µm) craters all contained multiple surviving crystal fragments.  Crater Ti1 (5.7 

µm in diameter) is shown in Figure 4.3.  The original projectile is broken into five crystalline 

fragments which appear partially flattened on impact with average aspect ratios of 0.8.  EDXS and 
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SAD results (a = 4.17Å [FCC]) were consistent with TiN.  Crater Ti7 (5.6 µm in diameter) 

contained six surviving crystalline fragments on the crater floor with EDXS and SAD results (a = 

4.35Å) consistent with TiC (Figure 4.4).  Crater Ti9 (5.4 µm in diameter) had two larger surviving 

crystalline clumps, both of which were chemically and structurally consistent with TiN (Figure 

4.4).  In all the Ti-rich large craters with surviving crystalline grains the surviving crystalline grain 

fragments are flattened in the direction of impact, with these craters having an average aspect ratio 

of 0.66 (Table 4.1). 

  

 
FIGURE 4.3:  a) FIB-SEM image of crater Ti1 with the measured lip-to-lip diameter. b) TEM 

image of crater Ti1 FIB cross section showing a dark Pt-filled crater with multiple TiN crystalline 

fragments (highlighted and indicated by arrows) at the crater’s bottom. c) Close-up TEM image of 

the two largest crystalline fragments with inset FCC diffraction pattern from the left fragment 

(consistent with TiN). 
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FIGURE 4.4: a) TEM image of crater Ti7 with the TiC grains highlighted in blue. b) TEM image 

of crater Ti9 with surviving grains highlighted in blue. 

 

4.3.3 Refractory Analog Foil Discussion 

 Our analog test shot results show that submicron refractory grains can survive Stardust-

like impacts into Al foil.  Many of the grains are preserved well enough to allow chemical and 

structural investigations that adequately reflect their properties prior to impact.  Combining the 

results presented with Kevin Croat’s investigations of craters created by Si-containing impactors, 

we conclude that SiCs that are comparable in size to presolar SiCs should survive intact in small 

craters.  This is most evident in the preservation of the elliptical TiN grain after an impact with its 

long axis perpendicular to the foil surface (Figure 4.2).  These results are consistent with previous 

reports of surviving crystalline fragments of larger (>20 µm) mineral projectiles in impacts on 

aluminum at similar (6 km/s) speed (Burchell et al., 2008b; Wozniakiewicz et al., 2012a).  Study 

of residues created by 10-12 µm olivine grains after similar high-velocity impacts also reported 

the presence of surviving crystalline material through the use of Raman spectroscopy (Foster et 

al., 2013).  However, this study did note that the olivine Raman peaks were shifted due to 

significant strain in the samples post-impact (Foster et al., 2013).  All of our refractory TiN and 
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TiC impactors remained crystalline.  Our larger (>5 µm) impactors showed fragmentation and 

flattening and thus can help explain the Raman shifts seen in this previous study. 

 Almost all of the surviving crystalline material in our craters was found on the crater 

bottom, with no surviving material observed on the crater rims.  These results differ from the 

presolar grain abundances from the Stardust Wild 2 craters which showed very low abundances of 

presolar grains, and in the four cases where such grains were found, all were in the raised crater 

rims (Stadermann et al., 2008; Floss et al., 2013).  However, these studies were predominantly 

made on extremely large craters (30-300 µm in diameter) and thus our observations of submicron 

craters may not be directly comparable.  Additionally, the materials we investigated are 

significantly more refractory than many presolar silicates, further complicating comparisons with 

previous studies. 

 The changes in the condition of our surviving crystallites as a function of impactor-crater 

size may help to explain the inconsistencies between our small crater results and the SIMS studies 

of mostly larger (30-300 µm) Stardust craters (e.g., Stadermann et al., 2008).  Crystalline grains 

in craters >5 µm in size were considerably lower than those of smaller craters.  Many of the 

impactors were identical phases, suggesting that larger projectiles experience more partial melting 

and/or plastic deformation.  The peak temperatures and pressures to which larger projectiles are 

subjected thus appear to be larger as well.  This transition in the observed behavior of projectiles 

as a function of size coincides with a transition in the projectile size to crater size relationship near 

this crater diameter (Price et al., 2010) wherein craters less than 2 µm in diameter often lack a 

raised rim.  We similarly observed the lack of a raised rim in crater Ti4 (1.0 µm diameter). 

 Roughly 95% of the measurement areas for the Wild 2 presolar grain abundance 

determinations were from craters >30 µm in size (Floss et al., 2013) and any surviving material 
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was likely subjected to higher peak temperatures, leading to more intense modification.  The 

isotopic anomalies associated with any presolar grains in these craters would likely become diluted 

during the collision through isotopic exchange with any surrounding partially molten material 

(Floss et al., 2013).  This presolar grain destruction via diffusion of anomalies would be further 

magnified for presolar silicates, which are considerably less refractory than SiC.  The presence of 

some surviving presolar grains in raised crater rims, none of which were likely as refractory as 

SiC, suggests that these regions experienced less extreme temperatures and pressures or more rapid 

cooling, allowing for the retention of their isotopic anomalies. 

 Our Ti-containing refractory analogs suggest that the survival of a typical ~500 nm presolar 

SiC grain (Amari et al., 1994) may depend on whether it impacts alone as a single grain in a 

submicron Al foil crater, or whether it impacts as part of a larger aggregate of material in a large 

crater.  Presolar grains that impact as larger aggregates can experience multiple phases of 

compressive shock that lead to higher peak temperatures relative to single-grain impactors 

(Wozniakiewicz et al., 2012b).  Presolar grain abundance estimates based on large craters may 

therefore be inaccurate (Floss et al., 2013) due to isotopic dilution on impact.  However, the intact 

condition of TiC and TiN in our small craters suggests that more accurate presolar grain 

determinations may come from NanoSIMS measurements of small craters, which is the approach 

taken by Leitner et al. (2010, 2012).  They estimate the abundance of O-rich presolar grains in 

small Stardust craters as ~1100 ppm, although with high uncertainties due to finding only one O-

rich presolar grain among ~1000 crater measurements.  This estimate, when accounting for the 

large confidence interval as a result of finding only a single presolar grain, overlaps with the 

corrected estimate of 600-800 ppm from the large crater SIMS measurements (Floss et al., 2013).  
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However, the precision of the small crater approach is limited by the laborious nature of locating 

and measuring thousands of small craters using the NanoSIMS. 

 In addition to providing insights into presolar grain abundances, the intact survival of 

grains in our small craters suggests that FIB-TEM investigations of such grains can provide a 

complementary means to study the Stardust fine fraction.  FIB-TEM studies of 22 Al foil craters 

in the 1-3 µm size range have been reported (Leroux et al., 2008; Leroux et al., 2010; Stroud et 

al., 2010), and these are predominantly consistent with impacts of submicron olivine, pyroxene, 

and Fe-rich sulfides or aggregates of these.  10 of the 22 studied craters contained surviving 

crystalline material, further indicating that small Stardust foil craters are likely to contain surviving 

grains representative of the fine component of comet Wild 2.  Many of the less-refractory grains 

in these studies were rendered amorphous by the impact or suffer from shock metamorphism.  

However, relatively large intact crystals like those seen in our refractory analogs are seen in some 

cases (e.g., enstatite in crater 2 of Leroux et al., [2008] and chromite in crater b4 of Stroud et al., 

[2010]), and these reinforce the fact that surviving crystalline grains are also present in the Stardust 

cometary foils.  The thin layers of amorphous melt in some layers of these studies make it clear 

that less-refractory phases will undergo major modification on capture and that intact, crystalline 

grains are not the typical result of capture in Al foils.  Further analysis of analog foils, particularly 

those composed of fine-grained aggregate impactors, are required to fully investigate the extent of 

such modifications. 

4.3.4 Refractory Analog Foil Summary and Conclusions 

 My FIB-TEM study of the Ti-containing refractory Stardust analog craters demonstrated 

that TiC, TiN, and other comparably refractory phases (e.g., SiC) can survive high-speed impact 

into Al foils.  The refractory grains often survived as intact crystals, though flattening in the grains 
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indicated that minor melting and plastic deformation still occurred.  Moreover, an elliptical TiN 

grain (crater Ti4) was able to survive an impact with its long axis perpendicular to the foil with no 

evidence of flattening.  Taken together, these FIB-TEM results suggest that grains found at the 

bottom of small Al foil craters present opportunities to make chemical, structural, and potentially 

isotopic measurements on material that is representative of the original Wild 2 samples. 

 While TiN and TiC survive in crystalline form in somewhat larger craters (5-10 µm 

diameter), these surviving projectiles are more commonly found in multiple fragments strewn 

across the crater floor and sometimes in the crater walls.  Furthermore, the grain fragments are 

normally flattened in the direction of impact, indicating greater modification on impact via partial 

melting or plastic deformation.  We confirm the transition seen in the crater-to-projectile diameter 

relationship as the impactor size decreases below ~3 µm (Price et al., 2010).  The smallest (<2 

µm) craters formed by impact of single refractory grains and lack the prominent raised rims seen 

around the larger ones, which may bias the detection of craters in this size range using visual or 

automated crater searches (e.g., Ogliore et al., 2012). 

 The evidence for greater modification on impact as projectile size increases may explain 

the low presolar grain abundances for Wild 2 that were derived primarily from SIMS 

measurements of 30-300 µm diameter craters (Floss et al., 2013).  The higher peak temperatures 

reached in larger impacts result in melting and subsequent isotopic dilution of smaller presolar 

grains (Floss et al., 2013).  The only surviving presolar grains found in >50 µm craters were in the 

grain rims, despite the fact that most material is in the crater bottom, suggesting that only at the 

crater’s perimeter are grains insufficiently heated or are quenched rapidly enough to preserve their 

isotopic anomalies.  The survival of grains in the smaller craters (<2 µm) suggests that more 
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accurate presolar grain estimates could come from SIMS measurements of such craters (a method 

pursued by Leitner et al. [2010, 2012]). 

 The relatively pristine condition of the fine grains in small, single-grain impact craters 

shows that Al foil Stardust samples are a complementary way to study the Wild 2 fine fraction 

without mixing and melting with surrounding aerogel.  Rapid nondestructive surveys of small 

craters with SEM-EDXS can in most cases determine the dominant elements present in the 

surviving material at the crater bottom.  Thus, one can target FIB-TEM studies on subsets of craters 

that contain grains of the desired composition and size (utilizing impactor diameter to crater 

diameter relationships such as those in Price et al. [2010]). 

4.4 Acfer 094 Analog Foils 
 Our study of refractory analog foils demonstrated that crystalline impactors, particularly 

those belonging to single, submicron grains, are capable of surviving hypervelocity impacts into 

the Stardust foil collectors.  The refractory analog results indicated that FIB-TEM analyses of 

craters ~1 micron in size could yield a better characterization of the Wild 2 fine component.  

However, while the refractory grains showed signs of minor melting and deformation, the results 

did not fully align with previous studies of Stardust craters.  Surviving crystalline material has 

been observed in 1-3 µm Stardust cometary craters, but the vast majority of these craters contained 

thin, amorphous layers indicative of rapid melting and quenching following the material’s impact 

(Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010).  One major difference between the 

Stardust craters and previous analog foil studies was the structure of the impactors.  While many 

analog studies had focused on the survival of individual mineral grains such as wollastonite or 

olivine (e.g., Wozniakiewicz et al., 2012b and Foster et al., 2013), the behavior of aggregate 

impactors composed of a variety of grains was still poorly understood.  Studies of over 500 small 
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craters with EDXS techniques revealed that ~40% of the studied craters were mixtures of silicate 

and sulfide components, indicating that a large portion of the foil craters were created by aggregate 

impactors (Price et al., 2010; Stroud et al., 2010).  Investigating aggregate impactors in analog foil 

experiments allows us to better replicate the impact processing that Wild 2 material experienced.  

As a result, we can better understand the biases that may exist in the captured Wild 2 material (e.g., 

the lack of presolar grains) and better characterize comet Wild 2, particularly its fine component, 

with the materials returned by the Stardust spacecraft. 

4.4.1 Acfer 094 Analog Samples and Experimental Methods 

 The material that we used for this study came from meteorite Acfer 094.  Acfer 094 is an 

ungrouped primitive carbonaceous chondrite that is among the least altered meteorites ever 

recovered (Newton et al., 1995).  Acfer 094’s fine-grained matrix is largely composed of 

anhydrous and amorphous material and appears to have experienced minimal aqueous and thermal 

alteration (Greshake 1997).  The lack of alteration suggests that material from Acfer 094 would be 

one of the best meteoritic analogs for comet Wild 2, which spent the majority of its life beyond 

the orbit of Neptune.  Preparation of the material was similar to the preparation used for the 

creation of the refractory analog foils.  Matrix material from Acfer 094 was ground into a fine 

powder with a mortar and pestle and was cemented together with a polyvinyl acetate in order to 

create sufficiently large (~100 µm) aggregate projectiles for firing with a LGG.  These projectiles 

were then shot at normal incidence into flight spare Stardust mission Al 1100 foil using the two 

stage LGG at the University of Kent (Burchell et al., 1999).  The impact speed of the shot was 

measured at 6.05 km/s, which is comparable to the capture speed (6.12 km/s) of Wild 2 cometary 

particles (Tsou et al., 2004).  Previous analog experiments have demonstrated that weaker 

aggregate particles may fragment in the LGG during the firing process, resulting in impacts by a 
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wide range of particle sizes, including many of the separated subgrain components (Kearsley et 

al., 2009).  The composition of Acfer 094’s matrix material, as reported in Wasson & Rubin 

(2010), is shown in Table 4.2.  The matrix is dominated by Si-, Mg-, and Fe-bearing phases but 

also has significant S, Ca, and Al. 

TABLE 4.2:  Mean matrix composition in Acfer 094 as reported in Table 3 of Wasson & Rubin 

(2010).  The matrix is dominated by Si-, Mg-, and Fe-bearing phases.  The low totals are primarily 

due to the presence of cracks and surface roughness in the analyzed Acfer 094 thin section, though 

the presence of carbonates is also a contributing factor. 

Element Mean Wt. % Std. Dev. Wt. % 

SiO2 31.30 0.51 

Al2O3 1.81 0.12 

Cr2O3 0.409 0.026 

MnO 0.214 0.019 

CaO 2.526 0.093 

MgO 16.23 0.67 

FeO 29.62 0.54 

Na2O 0.270 0.013 

K2O 0.222 0.02 

S 2.96 0.22 

Total 84.12 0.64 

 

 Researcher Kevin Croat and I performed SEM-EDXS analyses on 201 craters on the 

cratered Al foil.  Crater diameters ranged from ~500 nm to ~15 µm.  SEM-EDXS spectra were 

collected with a 10 kV primary beam with 200 seconds of livetime on Washington University’s 

JEOL JSM-840A SEM.  The beam voltage was chosen to minimize the beam interaction volume 

while also giving sufficient overvoltage for Fe-K peak quantification.  Initial SEM-EDXS results 

were qualitative in nature and were used for the selection of craters for further analysis with FIB-

TEM analysis.  Mg, Si, Fe, Ca, and S were all clearly visible in the collected spectra.  

Quantification of the SEM-EDXS results was performed following FIB-TEM analysis.    

Sensitivity factors using ZAF-corrected k-factor techniques were determined through comparison 

with TEM-EDXS results acquired on the same craters.  Quantification was only performed on the 
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most abundant elements (Si, Fe, Mg, S, and Ca).  Al, though composing a significant fraction of 

the Acfer 094 matrix, was excluded due to interference from the Al present in the foil.  

Uncertainties in the measurements, estimated through differences in TEM-EDXS and SEM-EDXS 

spectra, were roughly ± 5%. 

 
FIGURE 4.5:  Ternary plot of SEM-EDXS results of 201 Acfer 094 analog foil craters, with the 

total Mg, Si, and Fe at. % normalized to 100%.  Mg, Si, and Fe are shown as they were the three 

most abundant elements in nearly all craters and S abundances were typically correlated with Fe 

abundances.  Ca abundances were typically only a few at. % in craters in which it was present.  22 

craters, indicated by larger blue circles, were selected for further investigation with FIB-TEM 

techniques.  The Acfer 094 bulk matrix composition (taken from Wasson & Rubin [2010]) is 

shown as an orange star.  Uncertainties on the measurements are within ± 5%. 
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 SEM-EDXS results are summarized in a ternary plot shown in Figure 4.5.  The examined 

craters showed a wide range of Fe, Si, and Mg elemental abundances.  Al contents of the craters 

could not be determined due to the Al foil background.  Craters were selected for further FIB-TEM 

analysis so as to contain a range of these abundances to ensure a variety of impacting materials 

were sampled. 

 22 craters were selected for further analysis with FIB-TEM techniques.  Craters of varying 

size were extracted to allow for comparison between different size impactors.  Four extracted 

craters had diameters ranging from ~500 nm to ~900 nm, twelve had diameters ranging from ~1.0 

µm to ~2.3 µm, and six had diameters ranging from ~5.0 µm to 10.0 µm (Figure 4.6).  The SEM-

EDXS results for these craters are summarized in Figure 4.5.  FIB extraction and thinning was 

performed on Washington University’s FEI Quanta 3D FIB.  Craters were thinned to 100-150 nm.  

TEM analysis was performed on Washington University’s JEOL 2000 TEM. 

 
FIGURE 4.6:  FIB-SEM images of the six large Acfer 094 analog craters with diameters between 

5 µm and 10 µm taken immediately prior to FIB extraction. 
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4.4.2 Acfer 094 Analog Foil Results 

 No surviving crystalline material was observed in the 22 Acfer 094 craters examined with 

FIB-TEM techniques despite the abundance of crystalline material observed in our previous study 

of refractory TiC and TiN impactors.  All craters had amorphous melt layers that were typically 

thickest along the crater bottoms but spread upwards along the crater walls.  Impactor material was 

not detected in the crater lips.  The craters typically contained rounded, bowl-shaped crater bottoms 

consistent with a single, compact impactor.  The impact residues were dominated by 

compositionally homogeneous melt layers that were largely composed of either Si/Mg/Fe, Fe/S/Ni, 

or combinations of the two (Figure 4.7).  Al was also present in the majority of the examined melt 

layers, demonstrating that the impactors mixed with the foil substrate prior to quenching.  Heavy 

Al incorporation into the residue melts has been reported in previous analog studies (e.g., 

Wozniakiewicz et al., 2012b), though these studies have typically focused on craters larger than 

our small- (450-900 nm) and medium- (1-3 µm) sized craters. 

 
FIGURE 4.7:  Bright-field TEM images of three of the medium- (1-3 µm) sized Acfer 094 analog 

craters.  The melt layers composed of impactor material are highlighted.  a) Shows a crater 

containing a brighter Si-rich melt layer, b) shows a crater containing a darker Fe-rich melt layer, 

and c) shows a crater containing both types of melt layers. 

 

 Signs of excessive alteration were present throughout the crater residues.  The homogeneity 

of the crater residues indicated that the impactor residue had been thoroughly melted and mixed 

together prior to quenching.  Two of the medium-sized analog craters and four of the large-sized 
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analog craters had melt layers containing Fe-vesicles (Figure 4.8) within Si-rich melt layers.  The 

observed Fe-vesicles are similar in size, shape, and composition to those observed in studies of 

space weathering in lunar regolith (Keller & McKay 1997).  Studies of iron vesicles in lunar olivine 

suggest that material involved in high velocity impacts does not need to reach the vapor phase for 

Fe-metal to segregate out and become insoluble in surrounding silicate material (Noble et al., 

2015).  Fe present in our Si- and Mg-rich melt layers likely separated itself out from the 

surrounding melt following similar processes, indicating the impactor material was either 

vaporized or fully liquefied allowing for Fe-transport before recrystallization of the surrounding 

Si- and Mg-rich material.  The complete lack of sulfur within these vesicles indicates that the 

vesicles were likely not remnants of iron-sulfide impactors that had intermixed with more Si-rich 

residues.  The presence of Fe-vesicles in our craters were consistent with previous studies of Si- 

and Fe-containing analog foil impactors, where Fe-vesicles were commonly seen (Wozniakiewicz 

et al., 2012b).  However, the craters containing Fe-vesicles in Wozniakiewicz et al., (2012b) were 

far larger (≥50 µm) than the craters we investigated in our own study. 

 
FIGURE 4.8:  a) Bright-field TEM images of Fe-rich vesiculation occurring in one of the medium-

sized (1-3 µm)  Acfer 094 analog foil craters. b) Bright-field TEM image of vesiculation occurring 

in a large (≥50 µm) analog foil crater taken from Figure 15 of Wozniakiewicz et al., (2012b). 
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 Volatile loss was also noted within the Fe-rich melt layers.  8 of the 22 craters contained 

melt layers or portions of melt layers that were composed entirely of iron sulfide impactors.  Fe/S 

ratios within these melt layers were compared to Fe/S ratios in samples of extra, unfired Acfer 094 

material that was not used during the creation of the Acfer 094 analog foils (Figure 4.9).  Fe/S 

ratios in the unfired Acfer 094 material were calculated with SEM-EDXS spectra using similar 

techniques for the quantification of the crater residues described in Chapter 4.4.1.  The average 

Fe/S ratio of iron sulfides identified in the Acfer 094 analog craters was nearly 4 times as large as 

the average Fe/S ratio in unfired Acfer 094 matrix material (12.1 and 3.1, respectively).  

Additionally, the Fe/S ratios in our unfired Acfer 094 material included Fe contributions from non-

sulfide components (e.g., silicates), indicating that S-loss within the sulfides was likely greater 

than a factor of 4.  The extreme S loss seen in our analog craters differed from previous studies of 

Stardust foils, where Fe/S ratios were more closely aligned with the unfired Acfer 094 material 

(Figure 4.9) (Leroux et al., 2008). 

4.4.3 Acfer 094 Analog Foil Discussion 

 The ubiquitous melt layers observed in all of the Acfer 094 analog craters attest to the high 

temperatures and pressures experienced by the impactor materials.  The homogeneity of the melt 

layers, coupled with the Al incorporation into these melt layers, indicates that the impacting 

material was thoroughly melted alongside the impacted Al and these materials fully intermixed 

prior to the resolidification of the material. 

 The extent of the alteration in the Acfer 094 analog craters is demonstrated through the 

formation of Fe-vesicles and the loss of S from the iron sulfide impactors.  Fe-vesicles require the 

impactor melt to remain liquid sufficiently long for the Fe to dissociate and migrate from the more 

Si- and Mg-rich surrounding melt, indicating that the initial temperatures reached were either large 
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or quenching was sufficiently slow.  Volatile loss, in this case S present in iron sulfides, also 

indicates that temperatures and pressures reached during the impact must have been large. 

 
FIGURE 4.9:  Comparison of Fe/S ratios in iron sulfides seen in our Acfer 094 analog craters and 

Fe/S ratios seen in unfired Acfer 094 material.  The average Fe/S ratio of our fired iron sulfides 

(12.1) was nearly 4 times as large as the average Fe/S ratio of unfired Acfer 094 matrix material.  

Also listed is the Stardust craters average for iron sulfide impactors taken from prior FIB-TEM 

analyses of Stardust craters in Leroux et al., (2008). 

 

 The alteration seen in these analog foils is difficult to compare with previous analog 

experiments.  Our previous investigations of refractory impactors found surviving crystalline 

material in nearly all craters, but the impactors in the Acfer 094 analog material had much lower 

melting points.  Olivines and pyroxenes are the most abundant crystalline phases in the Acfer 094 

matrix (Greshake 1996), but these materials have melting points below 2000 °C, whereas our Ti-

rich impactors had melting points closer to 3000 °C.  Furthermore, the impactors in the refractory 
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analogs were frequently single-grain impactors, whereas the Acfer 094 impactors were aggregate 

grains. Large portions of the Acfer 094 matrix (20-80 % by vol.) are amorphous (Greshake 1996) 

and would not have returned crystalline material regardless of the impacting conditions.  

Investigations of Fe- and Si- containing impactors have returned Fe-vesicles similar to our own 

studies, but these investigations focused on craters orders of magnitude larger than our own 

(Wozniakiewicz et al., 2012b).  As a result, they likely had much higher peak temperatures and 

pressures and such signs of excessive alteration were expected.  The importance of impactor scale 

is emphasized by the sizes of the craters containing Fe-vesicles.  No vesicles were observed in the 

small (500-900 nm) craters, 2 were observed in the medium (1-3 µm) craters, and 4 were observed 

in the large (5-10 µm) craters, indicating that larger impactors experience prolonged liquification.  

Larger craters may also have shown additional S loss, but the presence of only 8 iron sulfide melt 

layers in the craters was insufficient to reach that conclusion.  Larger craters were expected to 

show more signs of alteration given the refractory analogs showed additional flattening in larger 

craters, but even the largest refractory impactors contained surviving crystalline material.  Our 

Acfer 094 analog foil results do not appear inconsistent with previous analog studies, though the 

impactors’ differing compositions and sizes make direct comparisons with previous investigations 

difficult. 

 The excessive alteration present in the Acfer 094 analogs differed from the results seen in 

previous investigations of authentic Stardust foils.  While no surviving crystalline material was 

present in our 22 Acfer 094 analog foil craters, previous investigations of Stardust foils returned 

crystalline material in 10 out of 22 investigated craters (Leroux et al., 2008; Leroux et al., 2010; 

Stroud et al., 2010).  While the matrix materials are dominated by amorphous phases (ranging 

between 20-80% by volume) and some of the impactors may have been fully amorphous prior to 
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impact, it remains unlikely that none of the impactor material was crystalline (Greshake 1996). 

Additionally, prior Stardust investigations did not report that iron vesicles were observed.  The S-

loss in our analog craters also separates our results from the authentic Stardust studies.  Stardust 

craters containing iron sulfides have returned Fe/S ratios similar to those observed in the unfired 

Acfer 094 material, as shown in Figure 4.9.  However, iron sulfides in our Acfer 094 analog craters 

had Fe/S ratios inflated by nearly a factor of 4 relative to these previous Stardust results due to the 

loss of S during the impact processing.  The lack of crystalline material, the presence of Fe-

vesicles, and the large S-loss from iron sulfides all indicate that our analog craters were 

experiencing more alteration than the Stardust foils. 

 
FIGURE 4.10:  Comparison of impactor melt layers seen in our Acfer 094 analog studies and the 

impactor melt layers seen in studies of authentic Stardust foils.  a) TEM bright-field image showing 

our amorphous melt layer of Si/Ca/Fe/Al sandwiched between the Al substrate and the protective 

Pt cap. b) TEM bright-field image taken from Figure 6 of Leroux et al., (2008) that highlights 

surviving crystallites.  Whereas our melt layers were thoroughly amorphous and homogenized, 

previous Stardust foils have returned surviving crystalline material within surrounding melt layers. 

 

 The cause for the differences between our Acfer 094 foils and the Stardust foils is still 

unresolved.  The analog experiments attempted to reproduce the Stardust conditions as accurately 

as possible using flight-spare Stardust foils and velocities within 2% of those reported by the 
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Stardust spacecraft.  One difference between the Stardust mission foils and our own is the 

temperature of the material and the foil.  While the analog experiments were conducted in a 

laboratory at room temperature, the material from comet Wild 2 and the Stardust foils were 

considerably colder.  We do not know the temperature of the cometary material prior to impact, 

and no temperature measurements were made on the Stardust collector itself during the mission.  

However, a temperature sensor was present on a hinge attached to the Stardust return capsule.  

Temperature readings from this hinge (available at https://pds-smallbodies.astro.umd.edu 

/holdings/sdu-c-src-2-temps-v1.0/DOWNLOAD/) indicate that it was approximately -9 °C during 

the spacecraft’s encounter with Wild 2.  The impact of this temperature difference can be estimated 

through a naïve calculation of an impactor’s kinetic energy and the additional energy needed to 

raise the colder aluminum to room temperature.  Estimating the laboratory’s temperature as 23 °C 

at the time of the firing, we find the Stardust foils were 32 °C colder than those in the laboratory.  

The kinetic energy (mass times velocity squared) of a pure silicon sphere with a diameter of 0.5 

µm and a density of 2.65 g/cm3 moving at 6.1 km/s is 2.8 * 10-9 Joules.  The energy required to 

raise a 2 µm by 2 µm by 2 µm cube of aluminum by the 32 °C difference in temperature is thus 

the specific heat of Al times the mass of the Al cube times the change in temperature.  Using an 

Al density of 2.7 g/cm3 and a specific heat of Al of .9 J/(g*K), the energy needed to change the 

block of Al is 6.22 * 10-10 Joules.  However, given the order of magnitude difference between this 

result and the particle’s kinetic energy, it appears unlikely that the difference in foil temperature is 

the source of the large differences in alteration seen in the Acfer 094 analogs and the authentic 

Stardust foils. 

 Another potential cause of the excessive alteration in our analog foils is the difference in 

compressive strengths between our analog materials and Wild 2 materials.  Comet surfaces have 
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low compressive strengths.  Studies of comet comet 67P/Churyumov-Gerasimenko estimated its 

surface compressive strength at 100 Pa (roughly 5 orders of magnitude lower than concrete), with 

an upper limit of 800 Pa (Heinisch et al., 2018).  However, our analog materials were cemented 

together with a polyvinyl acetate in order to prepare the sample for firing with the LGG.  The low 

compressive strength of the Wild 2 material may have resulted in a different partitioning of the 

impactors’ energy, resulting in less alteration to the Wild 2 materials.  

 The most likely explanation for the difference between the Acfer 094 analogs and the 

Stardust foils is the additional acceleration event needed to conduct the analog experiment.  From 

the center of mass frame of the Stardust spacecraft, the collector was stationary before it was 

impacted by (and thus decelerated) the cometary material at 6.1 km/s.  However, during the LGG 

experiments, the analog material must first be accelerated from an unmoving state to 6.1 km/s 

before it is decelerated less than a millisecond later through impact with the flight spare Stardust 

foils.  It appears likely that the firing of the material imparts energy into the particles other than 

through the particles’ gain in kinetic energy, and thus the material is heated prior to impact with 

the foil.  As a result, the analog foils do not seem to perfectly replicate the Stardust collection 

conditions and show additional levels of alteration that are unexpected despite the violent 

collection conditions. 

4.4.4 Acfer 094 Analog Foil Summary and Conclusions 

 The alteration seen in the Acfer 094 analog foils attests to the high temperatures and 

pressures experienced by the impactor materials.  The lack of crystalline material, the 

incorporation of Al from the foil substrate into the impactor melt layers, the presence of Fe-vesicles 

in larger craters, and the loss of sulfur all indicate that the impactor material is heavily altered 

during the deceleration process in the foils. 
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 The presence of Fe-vesicles in the medium and large craters confirms the earlier results of 

the refractory analogs that indicated that larger impactors were more heavily altered by the 

collection process.  None of the 4 small craters, 2 of the 12 medium craters, and 4 of the 6 large 

craters contained Fe-vesicles, indicating that larger craters experienced prolonged liquification 

allowing for Fe-migration within the melt layers.  Similarly, the larger refractory craters were 

flattened further than the small refractory craters, indicating that higher peak temperatures and 

pressures are reached during larger impacts. 

 The extreme alteration observed in our craters helps to explain the lack of presolar grains 

seen in previous studies of the Stardust foils.  Our results showed aggregate impactors melting 

together to form homogenous melt layers, which would dilute any isotopic anomalies present in 

the impacting material.  Additionally, no impactor material was seen in the crater rims, indicating 

that it is rare for impactor material to avoid the crater floors and walls where heavy alteration 

occurs. 

 The alteration seen in our Acfer 094 analog craters is far more extreme than the alteration 

seen in previously investigated Stardust craters.  Though the lack of crystalline material may be 

the result of amorphous impactors, our observed S-loss and Fe-vesicles have not been reported in 

previous investigations of Stardust impactors.  The analog foils appear to have experienced more 

alteration than the Stardust foils and may not perfectly replicate the spacecraft’s collection 

conditions.  As a result, drawing conclusions about which specific materials may or may not be 

capable of surviving the Stardust foil impact conditions is difficult, particularly when no surviving 

crystalline material is observed in our Acfer 094 analog residues. 
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4.5 Tagish Lake Meteorite Analog Foils 
 The second aggregate impactor selected for analog foil studies was matrix material from 

the Tagish Lake meteorite.  Following the refractory analog studies we selected aggregate 

impactors to better replicate the Wild 2 impactors.  Material from the Tagish Lake meteorite was 

chosen to complement the analog Acfer 094 experiments that aimed to investigate potential biases 

in the cometary material returned by the Stardust foils.  Tagish Lake is an ungrouped type 2 

carbonaceous chondrite known for containing an abundance of organic materials (Brown et al., 

2000).  Organic materials were expected to be a sizable component of comet Wild 2, and a N 

isotopic anomaly has been observed in a crater from the Stardust foils, indicating that some organic 

material may survive impact processing (Stadermann et al., 2008).  However, no organic carbon 

has been observed in FIB-TEM studies of the Stardust foils (Leroux et al., 2008; Leroux et al., 

2010; Stroud et al., 2010).  Through study of analog craters created with the relatively organic-

rich Tagish Lake meteorite material we aimed to investigate the potential bias against these 

carbonaceous materials in the Stardust foils. 

4.5.1 Tagish Lake Analog Samples and Experimental Methods 

 The material used for this study came from the matrix of the Tagish Lake meteorite.  Tagish 

Lake is a carbonaceous chondrite containing ~2.6 wt. % organic carbon (Grady et al., 2002).  

Approximately 3.7 wt. % carbon in Tagish Lake derives from Fe- and Mg-rich carbonates, and 

minor amounts of nanodiamonds and silicon carbides have been identified during isotope analyses 

(Brown et al., 2000).  The majority of Tagish Lake’s matrix material consists of phyllosilicates, 

most likely intergrown serpentine and saponite, but olivine, magnetite, and iron-nickel sulfides are 

also abundant (Brow et al., 2000).  The Tagish Lake meteorite shows significantly more aqueous 
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alteration than Acfer 094, but the meteorite’s high organic carbon and carbonate abundances make 

it a good analog for investigating the survival of these carbonaceous materials in the Stardust foils. 

 Preparation of the material was similar to the preparation used for the creation of the 

refractory and Acfer 094 analog foils.  Matrix material from the Tagish Lake meteorite was ground 

into a fine powder with a mortar and pestle and was cemented together with a polyvinyl acetate in 

order to create sufficiently large (~100 µm) aggregate projectiles for firing with a LGG.  These 

projectiles were then shot at normal incidence into flight spare Stardust mission Al 1100 foil using 

the two stage LGG at the University of Kent (Burchell et al., 1999).  The impact speed of the shot 

was comparable to the capture speed (6.12 km/s) of Wild 2 cometary particles (Tsou et al., 2004).  

Previous analog experiments have demonstrated that weaker aggregate particles may fragment in 

the LGG during the firing process, resulting in impacts by a wide range of particle sizes, including 

many of the separated subgrain components (Kearsley et al., 2009). 

 I performed SEM-EDXS analyses on 52 craters on the cratered Al foil.  Crater diameters 

ranged from 0.8-4.0 µm.  I focused exclusively on smaller and medium-sized craters in order to 

minimize potential impact alterations given the excessive alteration seen in the larger analog 

craters in our previous experiments.  SEM-EDXS spectra were collected with a 10 kV primary 

beam with 300 seconds of livetime on Washington University’s JEOL JSM-840A SEM.  The beam 

voltage was chosen to minimize the beam interaction volume while also giving sufficient 

overvoltage for Fe-K peak quantification.  Initial SEM-EDXS results were considered qualitative 

in nature given the difficulty in obtaining measurable signals from the studied craters and the 

assumption that later TEM-EDXS analyses would return far more accurate results.  Of the 52 

examined craters, only 17 craters returned observable Si or Mg signals.  The remaining craters 

only returned C or Al signals.  All craters contained weak C signals in their EDXS-spectra, but 
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these signals were possibly the result of a thin organic contamination layer known to form on the 

foils, particularly after the foils are exposed to an electron beam (Kearsley et al., 2010). 

 Eight craters with observable Si or Mg signals were selected for further study with FIB-

TEM analysis.  Crater diameters ranged from 1.1 µm to 4.0 µm.  FIB extraction and thinning was 

performed on Washington University’s FEI Quanta 3D FIB.  Craters were thinned to 100-150 nm.  

TEM analysis was performed on Washington University’s JEOL 2000 TEM. 

 
FIGURE 4.11:  Secondary electron images of eight Tagish Lake analog craters selected for further 

study with FIB-TEM techniques. 

4.5.2 Tagish Lake Analog Foil Results 

 TEM investigation of the craters revealed deep, bowl-shaped craters, indicative of impacts 

by a single, dense body.  All eight craters contained thin (10-50 nm) melt layers that coated the 

crater floors and walls.  Melt material was not observed in the crater rims. 

 Two craters contained large gaps in their melt layers that have not been previously seen in 

our analog impactors nor in previous investigations of Stardust materials (Figure 4.12).  Tagish 

Lake analog crater #1 had two bulbous melt layers on the left side separated by an empty gap.  The 

discontinuity in the melt layers, coupled with the melt layers becoming thicker just prior to the 
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discontinuity, were both unusual features of the melt layer.  Tagish Lake analog crater #3 had a 

melt layer that bends up and over a void separating it from the Al substrate.  Following the impact, 

volatile material must have become gaseous and formed a pocket of air that survived sufficiently 

long for the foil to quench the rest of the molten impactor materials.  The gaps in the melt layers 

appear to indicate the loss of impacting volatile material during impact processing. 

 
FIGURE 4.12:  TEM bright-field images of the crater melt layers (outlined in red) with unusual 

morphologies in the Tagish Lake analog foils.  a) Tagish Lake crater #1 has two bulbous melt 

layers on the left side separated by an empty gap.  b) Tagish Lake crater #3 has a melt layer that 

bends up and over a void separating it from the Al substrate.  The gaps in the melt layers potentially 

indicate the loss of impacting volatile material during impact processing. 

 

 The residue layers in the craters did not contain any surviving crystalline material.  The 

impactor melt had formed a thoroughly amorphous layer that was later quenched by the 

surrounding Al foil.  TEM-EDXS analysis revealed that the melt layers were largely composed of 

O/Si/Mg/Fe, with S and Ni present within Fe-rich residues.  Crater melt layers were fairly 

homogeneous, with Si/Mg ratios within any individual melt layer varying by no more than ± 5 at. 

% across different TEM-EDXS spot analyses performed on the residues aside from crater #1 
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(Figure 4.12).  Crater #1 was unusual in that the Si/Mg ratios of the bulbous, separated portion of 

the melt layer were distinct from the Si/Mg ratios in the rest of the residue layer.  Al was also 

present throughout the melt layers, suggesting melting and mixing with the Al substrate was 

widespread.  Fe was present in the melt layers, but not as differentiated vesicles, unlike our 

previous Acfer 094 analog foil experiments.  The homogenization of the melt layers, coupled with 

the Al incorporation indicates that they likely experienced full melting, but quenched sufficiently 

quickly to prevent vesiculation from occurring. 

 The crater residues showed a wide range of Mg/Si/Fe ratios (Figure 4.13).  The variety of 

compositions suggests that I sampled a variety of aggregate impactors.  O, Mg, Fe, Si, and Al were 

the most abundant elements in the melt layers.  S and Ni were both trace (< 1 at. %) in the residues, 

suggesting most of the Fe is not the result of iron-nickel sulfides.  Si/(Mg + Fe) ratios were .15 or 

less for 5 of the crater residues.  These values are far too low for olivine or phyllosilicates, 

suggesting that these residues may have resulted from other Mg and Fe carriers (e.g., carbonates) 

that are present in the Tagish Lake meteorite.  Two particularly Fe-rich residues may have 

contained magnetite, which is abundant in Tagish Lake (Brown et al., 2000).  Trace (< 1 at. %) Ca 

was observed in all of the crater residues, with two craters containing significant (> 5 at. %) Ca 

that could be the result of a calcite grain.  One crater contained ~2 at. % Mn.  Mn is known to be 

present in carbonates within the Tagish Lake meteorite at abundances up to 1 wt. %, potentially 

explaining its presence in this crater, though it also could have been a component of the serpentine 

matrix (Brown et al., 2000).  Trace Cr was also present in three of the crater residues, suggesting 

that small chromite grains may have been present in the impacting aggregate grains. 
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FIGURE 4.13:  Ternary plot summarizing the TEM-EDXS results of the 8 Tagish Lake analog 

crater residues with the total Mg, Si, and Fe at. % normalized to 100%.  9 points are present on the 

plot due to crater #1 having two regions with distinct compositions.  The other 7 craters were 

compositionally homogenous throughout, with Si and Mg atomic abundances varying by no more 

than ± 5% throughout the residues.  The bulk Tagish Lake composition comes from Brown et al. 

(2000). 

 

 The unusual crater morphologies, the Si/(Fe+Mg) ratios, and the presence of Mn suggested 

that carbonates were components of the aggregate impactor.  However, despite these factors and 

the abundance of organic carbon and carbonates in the Tagish Lake meteorite, C was only present 

within crater #1 (Figure 4.14).  The C abundance was not reflected in the crater’s SEM-EDXS 

spectrum, which was dominated by the Al peak from the foil substrate.  Crater #1 also had unusual 
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melt layer morphology, but the lack of C in crater #3, which also showed signs of volatile loss in 

its morphology, prevents us from establishing a clear connection between C abundance and crater 

morphology. 

 
FIGURE 4.14:  TEM-EDXS spectra from spot analyses performed on Tagish Lake analog craters 

#1 and #3.  Crater #1 was the only one to show a C signature, though both crater #1 and #3 had 

unusual melt layer morphologies. 

 

4.5.3 Tagish Lake Analog Foil Discussion 

 A large component of the Tagish Lake matrix is composed of phyllosilicates such as 

serpentine and saponite (Brown et al., 2000), suggesting that Si or Mg should have been present 

in a majority of the craters.  However, roughly two-thirds of the craters studied with SEM-EDXS 

had no Si or Mg signals, compared to less than half of the Acfer 094 analog craters containing no 

Si, Mg, or Fe signals.  The lack of significant Si or Mg within two-thirds of the craters studied 

with SEM-EDXS may be a result of the small craters containing too little Si or Mg-rich residue to 

be seen over the signal from the adjacent Al peak.  Additionally, phyllosilicates are likely to be 

more easily destroyed than other silicates such as olivine and may have been lost on impact.  The 
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volatility of C-rich impactors may also have resulted in craters that do not contain observable 

residue when examined by SEM-EDXS.  Minor C peaks were observable in the SEM-EDXS 

spectra of all craters.  However, crater #1, which did contain observable C in TEM-EDXS analyses, 

did not have a noticeably larger C peak in its SEM-EDXS spectra than the other craters that did 

not contain C within their melt layers.  As a result the C peak seen in all SEM-EDXS spectra is 

predominantly from the C contamination present on top of the foils rather than any residue within 

the craters.  Some of the empty craters may have contained C residues, but identifying them would 

not have been possible, potentially resulting in additional craters without strong SEM-EDXS 

signals. 

 Si/(Fe+Mg) ratios in the craters were typically lower than expected given the abundance 

of phyllosilicates within Tagish Lake’s matrix.  Previous evaporation experiments (Hashimoto 

1983) have demonstrated that SiO2 is more volatile than MgO.  Additionally, laser heating 

experiments (Gerasimov et al., 2000) have shown preferential loss of Si over Mg from glasses.  

However, previous investigations of analog craters formed by phyllosilicate impactors have shown 

that, while volatile loss does occur, cation to Si ratios are largely unaffected (Wozniakiewicz et 

al., 2015).  As a result, the low Si/(Fe+Mg) ratios are unlikely to be the result of preferential Si 

loss from less refractory phyllosilicate impactors.  The low Si/(Fe+Mg) ratios are more likely to 

be the result of the aggregate impactors containing less Si than expected.  Magnetite is common in 

Tagish Lake and could have contributed Fe without additional Si (Brown et al., 2000).  Mg-, Fe-, 

and Ca-rich carbonates are abundant in the Tagish Lake meteorite and also could have contributed 

Fe and Mg without Si, further suggesting that carbonates were a possible component of the 

impacting material. 
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 Previous investigations of phyllosilicate impactors (Wozniakiewicz et al., 2015) found 

extensive vesiculation and volatile loss within their residue layers.  My results showed far less 

alteration, with no vesicle formation occurring in the craters.  Though this may indicate that our 

impactors contained a variety of materials that are more refractory than phyllosilicates, the 

difference in results is most likely due to crater sizes.  While my study focused on craters roughly 

1-4 µm in diameter, Wozniakiewicz et al., (2015) focused on craters over 30 µm in diameter.  As 

a result, the differences between their results and my own is likely due to small craters generally 

showing less signs of alteration, as is evident in the previous investigations of refractory and Acfer 

094 analog materials. 

 Despite the abundance of C within the Tagish Lake meteorite, C was only observed in part 

of the residue of a single crater in this study.  The lack of C in our residues may have been the 

result of a small sample size (8) or our inability to screen for C-rich craters with SEM-EDXS 

spectra.  However, the unusual crater morphologies present in two of our craters point to large 

proportions of our impactors being composed of volatiles.  Additionally, the Si/(Fe+Mg) ratios 

throughout and the small presence of Mn in one crater suggest that carbonates were a component 

of the impacting material.  Definitively proving that these results are due to carbonate impactors 

being destroyed during impact processing is challenging.  Previous investigations of calcite 

impactors, while showing widespread melting, volatile loss, and vesiculation, showed that original 

calcite mineralogy could survive the impact process, suggesting that similar impactors in our own 

experiments should have been identified with TEM-EDXS studies (Wozniakiewicz et al., 2015).  

However, the study investigated pure calcite impactors rather than aggregates, and thus their 

craters were far more likely to contain remaining C-rich residues (Wozniakiewicz et al., 2015).  
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The investigated Tagish Lake analog craters appear to have suffered from volatile and C loss, but 

definitively proving so requires further study. 

4.5.4 Tagish Lake Analog Foil Summary and Conclusions 

 The alteration seen in the Tagish Lake analog foils was similar to that seen in our previous 

investigation of Acfer 094 analog foils.  Crater residues were dominated by amorphous, glassy 

melt layers largely composed of Si-, Mg-, and Fe-rich materials.  The Tagish Lake craters showed 

less extensive alteration due to their lack of vesiculation, but these results are likely due to our 

exclusion of large (> 5 µm) impact craters in this study. 

 The Tagish Lake meteorite analog foils showed many signs indicating the potential loss of 

carbonaceous or volatile impactors during impact processing.  The increase in craters lacking 

SEM-EDXS signals, the unusual crater morphologies present in two craters, the overall low 

Si/(Fe+Mg) ratios, and the Mn present in one crater could all be indicative of carbonaceous 

impactors that lost their carbon due to the high temperatures and pressures involved with capturing 

these materials on aluminum foils.  Only a single crater contained any surviving carbon in its 

residue layer.  These results indicate that the lack of carbonaceous material in the Stardust foils is 

likely due to its destruction as a result of the violent collection process.  However, definitively 

proving that our analog craters were the result of carbonaceous impactors is difficult, particularly 

when the Acfer 094 analog craters have indicated that our analog craters are likely to have been 

altered even more heavily than the authentic Stardust craters.  A larger analog crater sample size, 

coupled with a thorough analysis of the materials prior to firing, would greatly improve our 

understanding of carbonaceous material loss in the foils. 

 Carbonates have been identified in previous investigations of the Stardust aerogels (Wirick 

et al., 2007; Flynn et al., 2008).  However, concerns over the aerogel’s purity prior to Stardust’s 
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launch, as well as possible postmission contamination of the aerogel, have made it difficult to 

definitively identify these materials as cometary.  Confirmation of surviving carbonates on the 

Stardust foils would greatly strengthen our evidence for carbonates in the Wild 2 fine material.    

However, our analog studies suggest that surviving carbonate material on the Stardust foils is likely 

rare as a result of the collection conditions. 

4.6 Conclusions of the Stardust Foil Analog Studies 
 Our study of analog foil impactors focused on three types of impactors:  Refractory grains, 

aggregate grains composed of material from the Acfer 094 meteorite matrix, and aggregate grains 

composed of material from the Tagish Lake Meteorite matrix. 

 The refractory analog foils demonstrated that refractory materials are capable of surviving 

intact in the craters, particularly when created by smaller, single-grain impactors.  The smallest 

craters created by these impactors showed the least alteration, suggesting that future investigations 

of Stardust foils should focus on smaller (micron-scale) impact craters in order to maximize the 

chances of finding crystalline material as well as obtain less biased samples of comet Wild 2. 

 The Acfer 094 analog foils showed excessive alteration in their residue layers.  No 

crystalline material was observed, Al was incorporated throughout the amorphous melt layers, Fe-

vesiculation occurred in six craters, and S-loss was seen throughout iron sulfide impactors.  Larger 

craters (>5 µm) appeared to show additional alteration, in the form of Fe-vesicles, confirming the 

findings of the refractory analogs that larger craters will be more heavily altered than smaller ones.  

The excessive alteration also suggests that aggregate impactors are more likely to be altered than 

single-grain, crystalline impactors.  The excessive alteration seen in these aggregate impactors 

provides insight into why presolar grains are rare in studies of the Stardust foils.  Impactors 

experience widespread melting, indicating that dilution of the presolar grains’ isotopic anomalies 
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likely occurs.  Our results also suggested that the analogs are imperfect replicas of the Stardust 

craters.  The excessive S-loss and formation of Fe-vesicles present in our analogs have not been 

observed in previous investigations of the Stardust foils, suggesting that our method of creating 

analog foils results in more damage to the impactors than the Stardust mission’s sample collection 

methods.  As a result, drawing conclusions about which specific materials may or may not be 

capable of surviving the Stardust foil impact conditions is difficult, particularly when no surviving 

crystalline material is observed in our Acfer 094 analog residues. 

 The Tagish Lake foils returned results similar in many ways to the Acfer 094 foils.  

Impactors were reduced to thoroughly amorphous melt layers with many signs of potential volatile 

loss.  The increase in craters lacking SEM-EDXS signals, the unusual crater morphologies present 

in two craters, the overall low Si/(Fe+Mg) ratios, and the Mn present in one crater could all be 

indicative of carbonaceous impactors that were largely destroyed during impact processing.  One 

crater did contain carbon, indicating that carbonaceous materials can survive the Stardust impact 

conditions to some degree.  Carbonaceous material is most likely to be observed in small (≤1 µm) 

craters, but our results indicate that carbon is likely to be extremely rare in the Stardust impact 

residues. 

 Given the excessive alteration in the analog craters relative to authentic Stardust studies, it 

is difficult to draw direct conclusions about the Stardust foils with our analog impactors.  However, 

our studies of the analog foils did suggest that smaller Stardust craters are generally less altered.  

Smaller (<5 µm) Stardust craters are more time consuming to study owing to the need to locate 

them and the relatively small amount of material in them compared to large craters or terminal 

particles in the Stardust aerogel.  However, our analog studies suggest that micron-scale craters 
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are the most promising way to study the fine component of comet Wild 2, and further foil studies 

are necessary to complement the relatively few craters that have been studied thus far. 
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Chapter 5: Stardust Cometary Foils 

5.1 Preface 
 This chapter is adapted from three conference abstracts and a journal article accepted for 

publication: 

 Haas B. A., Croat T. K., & Floss C. (2016), “Characterization of the Fine Component of 

 Comet Wild 2:  Analysis of 11 Stardust Craters from Foil C2010W”, in “79th Annual 

 Meeting of the Meteoritical Society”, Abstract #6386, URL https://www.hou.usra.edu/ 

 meetings/metsoc2016/pdf/6386.pdf. 

 

 Croat T. K., Haas B., & Floss C. (2016), “The Composition of Surviving Fine-Grained 

 Cometary Material in Stardust Al Foil Craters”, in “47th Lunar and Planetary Science 

 Conference”, Abstract #2204, Lunar and Planetary Institute, Houston, URL 

 https://www.hou.usra.edu/meetings/lpsc2016/pdf/2204.pdf. 

 

 Haas B. A., Stroud R. M., & Floss C. (2017), “FIB/STEM Investigation of Four Impact 

 Craters from the Stardust Comet Sample Return Mission Foils”, Proceedings of 

 Microscopy & Microanalysis 23, 2190-2191, URL https://doi.org/10.1017/ 

 S1431927617011618. 

 

 Haas B. A., Floss C., & Ogliore R. C. “FIB-TEM analysis of cometary material in 6 sub-

 micron craters on Stardust foil C2113N-A”, accepted for publication in the Christine Floss 

 memorial issue of Meteoritics & Planetary Science. 

 

5.2 Introduction 
 NASA’s Stardust spacecraft encountered comet 81P/Wild 2 on 2 January 2004, 

successfully capturing rocky particulate coma samples at 6.12 km/s and returning them to Earth 

on 15 January 2006 (Brownlee et al., 2006).  The collected material constitutes our only 

unambiguously cometary material available for study and thus continues to be critical to our 

characterization of outer solar system material (Zolensky et al., 2008b). 

 The Stardust sample collector utilized two separate media to capture impacting cometary 

material: 1) ultra-low density silica aerogel tiles and 2) aluminum foils covering the scaffolding 

surrounding the aerogel tiles.  The aerogel tiles successfully decelerated and captured many coarse 
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(> 1 µm) impactors, allowing for detailed characterization of the comet’s coarse component 

(Zolensky et al., 2008b).  Many of the fine (< 1 µm) grains collected in the aerogel tiles were 

components of larger aggregate impactors that were disaggregated and spread across millimeter-

scale bulbous impact features (Burchell et al., 2008a).  Investigations of these fine grains have 

returned a variety of results on a particle-by-particle basis.  Sub-micron particles from aerogel 

track 80 had solar abundances of Fe, Mg, and S when averaged together, but individually had a 

wide range of compositions, suggesting that the fine grains are consistent with thermally 

unprocessed primordial dust close to solar composition (Stodolna et al., 2012).  Grains smaller 

than 2 microns in size have a wide range of O isotopic compositions, indicating that Wild 2 fine 

grains are either a diverse sampling of inner Solar System reservoirs or ancient outer-nebula dust 

(Ogliore et al, 2015).  These results have differed from studies of coarse Wild 2 materials that 

frequently have high-temperature origins and volatile element depletions, and appear to have 

formed far from where comet Wild 2 accreted (Brownlee et al., 2012).  Further investigations of 

the Stardust fine materials are needed to clarify the source of these materials. 

 The aluminum foils on the sample collector allow us to directly study the fine impactors.  

The foils were heavily cratered by sub-micron impactors (Kearsley et al., 2008; Price et al., 2010) 

and are conductive, allowing for the identification and study of these impact craters with electron 

microscopy.  Cometary material in the foils is concentrated in residues located in the crater 

bottoms, lacking the dispersion issues present in the aerogel tracks.  Surviving crystalline material 

has been found in a number of Stardust foil craters (Leroux et al., 2008) that analog studies indicate 

are surviving cometary grains rather than recrystallizations (Wozniakiewicz et al., 2012a).  Our 

analog foil studies of refractory and Acfer 094 material have also shown that smaller impactors 

typically experience less alteration during the capture process and as a result are less likely to 
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experienced conditions that could result in the loss of volatiles present in the impactors.  The 

micron-scale craters on the Stardust aluminum foils are thus a promising source of information 

regarding comet Wild 2’s fine grain component and can help constrain the volatile component and 

the source of the Wild 2 fines. 

 The source of the Wild 2 fines could be determined through comparison of the Wild 2 fine 

volatile components with solar compositions.  Materials formed in the inner Solar System would 

be depleted in volatiles relative to CI chondrites whereas materials inherited from the Solar 

system’s parent molecular cloud would not (Ogliore et al., 2015).   

 Studying micron-scale impactors in the Stardust foils provides the unique ability to directly 

analyze Wild 2’s fine component.  However, few attempts have been made to characterize craters 

of this size on the Stardust cometary foils.  Preliminary SEM-EDXS studies of craters ranging 

from 200 nm to 5 µm in diameter were qualitative, identifying that 56% of these craters were 

combinations of silicates and sulfides with another 36% of these craters containing only one of 

these phases (Hörz et al., 2006).  Three studies have analyzed 22 micron-scale Stardust impact 

craters (Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010), but these craters are only a 

small sample of the craters present on the foils.  Through the study of additional micron-scale 

impact craters on the Stardust foils we aim to better characterize the fine component of comet Wild 

2 and better understand the origins of this complex outer Solar System body. 

5.3 Stardust Foil C2010W 
 Stardust foil C2010W was located on the left side of the Stardust sample collector (Figure 

5.1).  The foil was heavily cratered.  Whereas many of the Stardust foils had only a few craters 

larger in size than 1 micron, Stardust foil C2010W had over 300 identified micron-scale craters 
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after it was initially mapped with SEM imaging.  As a result, it appeared to be an ideal foil for 

further characterization of comet Wild 2’s fine component. 

 
FIGURE 5.1:  Stardust cometary tray diagram (with labeled aerogel tiles) indicating the position 

of the cometary foils studied during this thesis.  The diagram is available at 

https://curator.jsc.nasa.gov/stardust/sample_catalog/cometary/level2foils.cfm.  Aluminum foils 

are labeled ‘W’ or ‘N’ for their positioning ‘West’ and ‘North’ of the correspondingly labeled 

aerogel tiles.  Hence, foil C2010W, whose study is detailed in this subchapter of the thesis, is 

located to the left of aerogel tile C2010.  Study of the foils C2113N and C2118N are detailed in 

later subchapters of this thesis. 
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5.3.1 Stardust Foil C2010W Experimental Methods 

 Initial SEM scanning identified 346 craters with diameters larger than 0.5 µm on the 1.7 

by 10.6 mm scanned area of the foil.  SEM-EDXS spectra were collected from 150 of these craters 

with diameters between 0.5 µm and 7.2 µm with a 10 kV primary beam and 200s livetime on 

Washington University’s JEOL JSM-840A SEM.  The beam voltage was chosen to minimize the 

beam interaction volume while also giving sufficient overvoltage for Fe-K peak quantification.  

Mg, Fe, Si, S, and Ca were all clearly detectable among the crater spectra.  SEM-EDXS 

quantification was performed through the use of ZAF-corrected k-factors, with the k-factors 

determined through comparison with TEM-EDXS results from craters after they were extracted 

via the FIB, as well as by setting the bulk average C2010W composition from 150 craters to match 

the CI values (as suggested by Flynn et al., [2006]). 

 11 craters with diameters between 0.71 and 3.28 µm were selected for further analysis 

based upon the initial qualitative SEM-EDXS results.  The selected craters contained a wide range 

of elemental abundances in order to allow for the detailed study of a range of impacting cometary 

material, with focus placed on craters displaying silicate or silicate-sulfide compositions.  

Additionally, we focused on craters with relatively high Fe/S ratios, as the S loss in our analog 

craters indicated that craters lacking S alongside strong Fe signals were more likely to contain 

heavily altered, and thus amorphous, materials.  Cross sections of these craters were extracted and 

thinned to 100-150 nm, preserving material for potential isotope analyses, with Washington 

University’s FEI Quanta 3D FIB-SEM.  TEM analysis was conducted on Washington University’s 

JEOL 2000 TEM.  TEM-EDXS spectra were quantified using Cliff-Lorimer techniques with pre-

acquired k values derived from standards. 
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5.3.2 Stardust Foil C2010W Results 

 The SEM-EDXS results were largely consistent with previous investigations of Stardust 

craters (Hörz et al., 2006; Leroux et al., 2008) in which craters were characterized as containing 

residues from silicates, sulfides, or mixtures of the two.  The fractions of craters with detectable 

Mg, Si, Fe, S, and Ca from the surviving cometary material were 77%, 82%, 85%, 83%, and 38%, 

respectively.  The average compositions of the surviving material in 130 craters (20 were excluded 

due to low counts in the spectra) are shown in Figure 5.2, compared to the composition of CI 

chondrites (Lodders 2003).  Mg and Ca are grouped in the ternary plots of Figure 5.2 due to the 

frequency with which Ca takes the place of Mg in common minerals (e.g., olivine).  The craters 

are labeled as either containing silicate, sulfide, silicate plus sulfide, or Ca-rich (> 10 at. % Ca) 

impactors.  The S abundances in the craters, relative to the Fe abundances, were roughly consistent 

with CI chondrite values (Lodders 2003) and did not demonstrate excessive S loss as was seen in 

our previous investigation of the Acfer 094 analog craters.  The Fe-S-Mg grain compositional 

distribution was largely consistent with values obtained during the study of aerogel-captured fine 

grains (Stodolna et al., 2012).  Comparisons to the Si contents in the aerogel fine grains are difficult 

to make due to the large Si background from the aerogel.  However, the combination of silicates, 

sulfides, and aggregates containing both silicates and sulfides were largely consistent with 

previous investigations of micron-scale Stardust foil impact craters (Hörz et al., 2006). 
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FIGURE 5.2:  Ternary composition diagrams of a) Fe-Si-(Mg+Ca) and b) Fe-S-(Mg+Ca) showing 

the average composition of the surviving material in 130 C2010W Stardust craters along with the 

average composition of CI chondrites (taken from Lodders et al., [2003]).  Crater compositions 

are normalized to be composed entirely of the elements indicated in the ternary plot.  The type of 

impactor (silicate, sulfide, silicate and sulfide aggregate, or Ca-rich [> 10 at. % Ca]) are shown for 

each crater. 
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 11 craters were extracted and studied with FIB-TEM techniques.  One impactor melt layer 

was dominated by an Fe-melt that was largely the result of an Fe-contaminant native to the foil 

(Figure 5.3).  Fe-rich contaminants roughly a micron in size are known to be present in the Al foils 

(Stroud et al., 2014).  The location of the large Fe-rich grain below the Al-substrate to the side of 

the crater, coupled with the complete lack of other elements (e.g., sulfur) in the TEM-EDXS 

spectrum of the grain, indicated that it was a native Fe-rich contaminant.  The melt layer at the 

bottom of this crater was dominated by Fe-rich residues, indicating that the majority of the melt 

was likely the result of the contaminant melting during the impact processing.  As a result, this 

crater was excluded from further analyses. 

 

 
FIGURE 5.3:  TEM bright-field image showing the presence of an Fe-contaminant native to the 

Stardust foil.  The presumed cometary material impacted the foil directly on top of the Fe-

contaminant, making analysis of any cometary material difficult.  
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 The other 10 extracted craters (Figure 5.4) showed no obvious signs of terrestrial 

contamination.  Eight of the craters contained rounded, bowl-shaped craters, indicative of an 

impact by a dense, compact object.  Two of the craters had far wider melt layers, demonstrative of 

impacts by more dispersed aggregate grains (Figure 5.5).  None of the examined craters contained 

any surviving crystalline material.  The crater residues were dominated by amorphous melt layers 

coating the bottom and sides of the craters. 

 

 
FIGURE 5.4:  TEM bright-field images of the other 10 examined Stardust craters from foil 

C2010W.  The scale bar for all 10 images is the same. 

 

 
FIGURE 5.5:  TEM bright-field images of the two craters from Stardust foil C2010W with wider, 

shallower melt layers are shown in a) and b).  A deeper, bowl-shaped melt layer is shown for 

comparison in c). 
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 Five of the crater melt layers were homogeneous in composition, with melt layer 

compositions varying by no more than ± 5 at. % for any element present in the melt layers.  The 

other five craters had heterogeneous melt layers with compositions varying wildly depending upon 

the location in the melt where TEM-EDXS analyses were conducted (Figure 5.6).  The TEM-

EDXS results largely agreed with the initial SEM-EDXS results indicating that the craters were 

largely composed of Si- and Mg-rich impactors and iron sulfides, as well as aggregates of these 

two types of impactors, with aggregate impactors comprising the majority of the investigated 

craters. 

 
FIGURE 5.6:  Elemental abundances varying by region in heterogeneous crater #4 from Stardust 

foil C2010W.  

 

 The homogeneous crater compositions are shown in Figure 5.7.  Overall crater 

compositions were calculated by averaging TEM-EDXS spot analyses performed throughout the 

crater residues.  The bulk Si/Mg ratios in the homogeneous craters were close to 1, resulting in the 

crater compositions approaching enstatite (MgSiO3) in the low-Fe limit.  The Stardust craters 

contained slightly less Mg relative to Si than is present in CI chondrites (Lodders 2003).   
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FIGURE 5.7:  Si-Fe-(Mg+Ca) ternary plot of the homogeneous crater compositions from Stardust 

foil C2010W.  The total Si, Fe, Mg, and Ca at. % is normalized to 100% for each crater residue.  

Crater compositions were calculated through averaging TEM-EDXS values acquired from 

multiple spot analyses in the craters.  Elemental abundances did not vary by more than ± 5 at. % 

within any one crater’s residue layer.  CI chondrite composition is shown for comparison (Lodders 

2003). 

 

 The residues of the heterogeneous craters greatly varied in composition throughout their 

melt layers (Figure 5.8).  The heterogeneous craters were dominated by Si- and Mg-rich materials 

coupled with iron sulfides like the homogeneous craters.  The compositional variance throughout 

their melt layers indicates that the impactors were aggregates of many different impacting 

subgrains that experienced incomplete melting and rapid solidification. 
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FIGURE 5.8:  Si-Fe-(Mg+Ca) ternary plot of different crater compositions (from individual TEM-

EDXS spot analyses) from the five heterogeneous crater residues from Stardust foil C2010W.  

Different spectra from the same crater share the same color and shape.  The total Si, Fe, Mg, and 

Ca at. % is normalized to 100% for each crater residue.  CI chondrite composition is shown for 

comparison (Lodders 2003). 

 

 Regions composed entirely of iron sulfides did not exist in our crater residues due to the 

widespread melting in the crater residues.  However, there were many subregions dominated (> 

50 at. %) by iron sulfide components.  Iron sulfide-rich areas in the crater residues generally 

showed relatively low Fe/S ratios, with an average Fe/S ratio in the craters of 2.0 (Figure 5.9).  

This was expected given that we partially selected craters for further FIB-TEM analysis based 

upon the presence of low Fe/S ratios in our initial SEM-EDXS analyses.  Definitively identifying 

the Fe and S contributions from iron sulfides is difficult.  Most of the Si- and Mg-rich regions of 
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the melt also contained Fe, indicating that Fe was likely contributed from materials besides iron 

sulfides.  Given the widespread melting and mixing within the crater residues, Fe/S ratios are likely 

inflated by this Fe that was contributed by non-sulfide phases.  Additionally, S loss, though 

minimal in previous Stardust investigations (Leroux et al., 2008) cannot be ruled out due to the 

violent collection conditions.  Regardless, some of the craters with low Fe/S ratios were consistent 

with potential pyrrhotite or troilite impactors.  Iron sulfides with similar Fe/S ratios are relatively 

common in Wild 2 aerogel tracks (Zolensky et al., 2008b). 

 
FIGURE 5.9:  Fe/S ratios from TEM-EDXS spot analyses conducted on crater residues in foil 

C2010W.  The average Fe/S ratio across the crater residues was 2.0. 
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 A more detailed view of the sulfide-rich compositions is shown in Figure 5.10.  The regions 

containing abundant S frequently contained Ni, with Ni values in the sulfides ranging up to 4.6 at. 

% in the 8 craters containing iron sulfide residues.  Pentlandite, if present, is rare, with an upper 

limit of 8.3% of the iron sulfides in our craters resulting from pentlandite impactors.   

 
FIGURE 5.10:  S-Fe-Ni ternary plot of iron sulfides present in the C2010W craters.  The total S, 

Fe, and Ni at. % is normalized to 100% for each crater residue.   

 

 Besides Si, Mg, Fe, S, and Ni, several elements were present throughout the crater residues.  

Ca was present in 7 out of 10 craters, though only in small amounts (up to 4.2 at. %).  2 craters 

contained small amounts of Cr (~1 at. %), and 1 crater contained trace (< 0.5 at. %) Mn. 
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5.3.3 Stardust Foil C2010W Discussion 

 The examined craters were largely combinations of Si- and Mg-rich material and iron 

nickel sulfides, despite focusing on micron-scale craters.  The prevalence of aggregate impactors 

demonstrates that the majority of the individual grains composing the Stardust fine component are 

much smaller than 0.5 µm.  Most crystalline grains observed in prior studies (Leroux et al., 2008) 

are closer to ~50 nm in diameter.  As a result, though our refractory analog foils suggested single-

grain impactors were the most likely to survive the impact processing, it appears that finding 

craters composed of single-grain impactors on the Stardust foils is unlikely when probing craters 

created by fine (<1 µm) impactors. 

 Our crater morphologies and elemental compositions were largely consistent with previous 

studies of the Stardust foils.  Previous SEM-EDXS analyses of the foils noted that the majority of 

micron-scale craters were aggregates of Mg- and Si-rich materials and iron sulfides (Hörz et al., 

2006), similar to our SEM-EDXS and TEM-EDXS results. 

 Definitively identifying the Mg- and Si-rich component of our impactors is difficult.  Our 

cross section thicknesses (100-150 nm) are larger than many of the crystalline subgrains seen in 

previous Stardust investigations (Leroux et al., 2008; Stroud et al., 2010), preventing us from 

isolating an individual impactor.  Additionally, the amorphous melt layers indicate that impacting 

material mixed with other subgrains composing the aggregate.  Si, Mg, and Fe abundances were 

consistent with a combination of olivine and pyroxene impactors combined with iron nickel 

sulfides.  Glasses with embedded metal and sulfides (GEMS) are a potential Wild 2 component 

that are consistent with our observations.  GEMS are combinations of amorphous silicates and iron 

sulfides with a wide range of potential compositions.  GEMS constitute a large percentage of IDPs, 

which are widely believed to be cometary in origin (Keller & Messenger, 2011).  Fe/Si ratios in 

GEMS have been observed to range from 0.09 to 1.63, and Mg/Si ratios in GEMS have been 
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observed to range from 0.05 to 1.44 (Keller & Messenger, 2011).  All of our homogeneous craters 

fall within these ranges, and the majority of the spot analyses conducted on our heterogeneous 

craters have also fallen within these ranges.  Previous investigations have indicated that GEMS 

are a likely component of comets.  Astronomical observations have shown comets contain 

abundant amorphous silicates (Hanner 2003).  Studies of fine grained Wild 2 components in the 

Stardust aerogels have found amorphous silicates and iron sulfide vesicles constituting GEMS-

like material to be abundant (Stodolna et al., 2012).  As a result, GEMS remain a likely source for 

the materials present in our crater residues. 

 Fe/S ratios in our craters were relatively low when compared to previous Stardust and 

analog crater investigations (Figure 5.11).  Previous analyses of iron sulfides in Stardust craters 

were also low, with average Fe/S ratios of 3.4 (Leroux et al., 2008).  Given that our Fe/S ratios 

were even lower, our craters appear to have undergone less volatile loss than the previously 

investigated craters, and thus likely experienced lower peak temperatures and pressures than 

previous investigations. 

 Trace elements in the residues provide insight into minor phases within the Wild 2 material.  

The presence of Cr in two craters suggests that small chromite particles are part of the Wild 2 

component.  Earlier investigations by Stroud et al. (2010) observed a surviving crystalline 

chromite grain in a submicron Stardust crater, strengthening this claim.  Mn was observed in crater 

residues by Leroux et al. (2008) as a trace (< 0.5 at. %) inclusion in olivine and pyroxene residues, 

suggesting that the silicate impactors in our crater that contained Mn may also have been the result 

of olivine or pyroxene impactors.  Ca, present in seven of our craters, is frequently associated with 

refractory materials such as calcium-aluminum-rich inclusions (CAIs).  However, the lack of Ti in 

the craters suggests that CAIs are not the source of the observed Ca.  Pyroxene grains are a more 
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probable source for the observed Ca.  Pyroxene grains have been observed and lined with Ca 

abundance in Stardust foil residues (Leroux et al., 2008), and low Ca-pyroxenes are common in 

Stardust aerogel tracks (Jacob et al., 2009).  Ca/Si ratios were low enough throughout our residues 

for Ca to have been fully contributed by low-Ca pyroxenes.  However, given the thorough melting 

of the crater residues it is possible that a number of phases contributed the observed Ca. 

 

 
FIGURE 5.11:  Fe/S ratios in our Stardust craters versus Fe/S ratios in Leroux et al. (2008), our 

Acfer 094 unfired material, and our post-impact Acfer 094 material.  The low Fe/S values in our 

Stardust craters suggest that volatile loss was low and alteration as a result of impact processing 

should be minimal in comparison to these previous studies. 
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 The lack of crystalline material in the crater residues was unexpected.  Previous 

investigations of similarly-sized Stardust craters identified crystalline material in 10 out of 22 

studied Stardust craters (Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010).  However, 

we observed no crystalline material in our 10 uncontaminated craters.  Our craters did not show 

any signs of excess alteration.  No vesiculation occurred, and our Fe/S ratios were lower than 

previously investigated Stardust craters that contained crystalline material (Leroux et al., 2008).  

Given the violent impact conditions, the amorphization of crystalline impactors cannot be ruled 

out.  However, as the craters show no signs of excess alteration, it appears more probable that the 

craters were amorphous (e.g., GEMS) prior to impact.   

 Clustering has been observed in the Stardust foils and aerogels, though explanations for 

this phenomenon that satisfy all the conditions of the Stardust mission have yet to be reached 

(Westphal et al., 2008).  Foil C2010W was heavily cratered, with hundreds of craters larger than 

a micron in size whereas most foils only have a few such features.  As a result, the impactors 

present on the foil may be the result of a cluster of material that shared a common origin and thus 

had similar properties such as a lack of crystalline material.  This cluster of material would have 

only started slowly separating shortly before impact with the Stardust spacecraft, allowing the full 

cluster to impact Stardust foil C2010W.  In this scenario it becomes far more likely to observe a 

large number of Stardust craters that do not contain surviving crystalline material.  The wide range 

of elemental compositions seen in our heterogeneous craters indicate that the impacting cluster 

would need to be an aggregate of silicates and iron-nickel sulfides with a similarly large range of 

compositions.  Our results are generally consistent with GEMS impactors, suggesting that GEMS 

or GEMS-like materials composed the impacting cluster that resulted in our amorphous crater 
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residues.  However, a better understanding of Stardust impact processing is required to prove that 

any impactor material was amorphous prior to collection given the high collection speeds. 

5.3.4 Stardust Foil C2010W Conclusions 

 I examined 11 micron-scale craters from Stardust Foil C2010W with SEM and FIB-TEM 

techniques.  One crater was contaminated by a Fe-rich grain native to the Stardust foils.  The crater 

compositions were largely consistent with previous SEM-EDXS (Hörz et al., 2006) and TEM-

EDXS studies (Leroux et al., 2008) that have observed the craters contain a combination of Si- 

and Mg-rich materials and iron-nickel sulfides.  5 of our craters contained extremely 

heterogeneous melt layers, indicating that individual subgrains of the impacting aggregate grains 

have a wide range of compositions.  Our studies also observed crater morphologies and impactor 

melt layer distributions that were similar to previous FIB-TEM studies of Stardust craters (Leroux 

et al., 2008; Leroux et al., 2010; Stroud et al., 2010). 

 The Si- and Mg-rich components of our residues are consistent with combinations of 

crystalline materials such as olivine and pyroxene subgrains, amorphous silicates such as in 

GEMS, or combinations of the two.  However, the lack of surviving crystalline material in our 

craters made it difficult to distinguish between these possibilities.  Our Fe/S ratios were relatively 

low (~2.0 on average), and our craters also showed a lack of vesiculation, indicating that our craters 

show a similar level of alteration to previous Stardust studies (Leroux et al., 2008) and less 

alteration than our previous analog studies.  The Cr we observed in two craters also suggest that 

chromite grains constitute a component of the Wild 2 fines given that chromite has been observed 

in a previously investigated submicron Stardust crater (Stroud et al., 2010). 

 The lack of crystalline material in our studied Stardust craters differed from the abundance 

of crystalline material observed in previous investigations of Stardust craters; 10 of 22 previously 
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investigated craters contained surviving crystallites whereas none of our 10 uncontaminated craters 

contained any crystalline material (Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010).  

Our craters lacked signs of significant alteration such as S loss or vesiculation.  The lack of 

significant alteration within the crater residues, coupled with the high crater density on foil 

C2010W, suggests that the foil was impacted by a dense cluster of compositionally heterogeneous 

amorphous silicates and sulfides such as GEMS.  Thus, these results imply that a larger portion of 

the Wild 2 fine component is amorphous than was suggested by previous FIB-TEM analyses of 

the Stardust foils (Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010).  However, despite 

previous observations of clustering on the Stardust sample collector (Westphal et al., 2008), it is 

difficult to prove that amorphous material in our crater residues was amorphous prior to impact 

given the high temperatures and pressures reached during the collection process. 

5.4 Stardust Foils C2113N-B and C2118N-B 
 Our study of Stardust foil C2010W did not identify any surviving crystalline material, 

despite focusing on craters roughly a micron in size.  We theorized that, due to the unusually large 

number of craters present on the foil, as well as our focus on examining craters from a relatively 

small region of a single foil, that the foil may have been impacted by a large cluster of particles 

that were amorphous prior to impact.  Impact clustering has been observed on the Stardust sample 

collector, but no explanation for this phenomenon has yet been reached that agrees with our 

understanding of the Stardust mission conditions (Westphal et al., 2008).  In order to avoid 

potentially analyzing craters formed from similar clusters of impacting material, I decided to focus 

on two new Stardust foils, C2113N-B and C2118N-B.  The “-B” notation for these foils indicates 

that they are only one subsection (in this case, the second subsection, with the first subsection 

labeled “-A”) of the full foils C2113N and C2118N.   
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5.4.1 Stardust Foils C2113N-B and C2118N-B Experimental Methods 

 Foils C2113N-B and C2118N-B were both fully imaged with secondary electrons by 

Washington University’s Tescan Mira3 FE-SEM.  Only two craters with diameters larger than one 

micron were identified on each foil, for a total of four identified craters across the foils (C2113N-

B #1, C2113N-B #2, C2118N-B #1, and C2118N-B #2).  The crater diameters ranged from 1.5 

µm to 4.8 µm (Figure 5.12).  SEM-EDXS spectra were collected from each crater using a 10 kV 

primary beam and 300s livetime.  The beam voltage was chosen to minimize the beam interaction 

volume while also giving sufficient overvoltage for Fe-K peak quantification.  Mg, Fe, Si, and S 

were all clearly detectable among the crater spectra.  Weak Ni signals were also observed in three 

craters, and one crater (C2118N-B #2) also contained weak Ca signals. 

 
FIGURE 5.12:  Secondary electron images of Stardust craters a) C2113N-B #1 b) C2113N-B #2 

c) C2118N-B #1 and d) C2118N-B #2. 
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 The craters all appeared to contain cometary residue, based upon initial qualitative SEM-

EDXS results, and were selected for further analysis with FIB-TEM techniques.  Cross sections of 

these craters were extracted and thinned to 100-150 nm, preserving material for potential isotope 

analyses, with Washington University’s FEI Quanta 3D FIB-SEM.  Further thinning and analysis 

was performed in collaboration with Rhonda Stroud at NRL.  Final FIB cross section polishing 

was performed with NRL’s FEI Helios FIB operated at 8 kV in order to minimize damage to the 

preserved cometary material.  High-resolution imaging and EDXS mapping were performed with 

NRL’s Nion UltraSTEM 200 aberration-corrected STEM operated at 200 kV.  Bright-field (BF), 

high angle annular dark-field (HAADF) images, medium angle annular dark-field (MAADF) 

images, and STEM-EDXS maps of the craters were collected.  STEM-EDXS quantification was 

performed using Bruker Espirit 2.0 software with precalculated K-factors for Cliff-Lorimer 

analysis. 

5.4.2 Stardust Foils C2113N-B and C2118N-B Results 

 The studied craters had varying morphologies (Figure 5.13).  One of the extracted craters 

(C2113N-B #1) had a double indentation indicative of a complex aggregate impactor of varying 

density.  However, only one of the indentations contained significant impactor residue.  The other 

three craters had rounded crater bottoms suggestive of a compact impactor.  Depth/diameter ratios 

in the craters ranged from 0.50 to 0.68.  Residue thicknesses were variable across the crater 

bottoms, ranging from 10 nm to 250 nm. 

 The crater melt layers were dominated by homogeneous mixtures of Mg- and Si-rich 

materials coupled with iron nickel sulfides.  Crystallinity of the material was not determined due 

to the use of a STEM instrument rather than a traditional TEM instrument.  STEM instruments 
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raster across the image, allowing for the creation of detailed elemental maps of the crater residues.  

However, the lack of a stationary beam prevents the application of SAD analyses.  

 
FIGURE 5.13:  STEM high angle annular dark-field (HAADF) images of cometary residue in 

Stardust craters a) C2113N-B #1 b) C2113N-B #2 c) C2113N-B #1 and d) C2118N-B #2, with 

residue layers highlighted in red.  The Pt cap applied during FIB preparation appears lighter than 

the Al substrate below. 

 

 Crater C2113N-B #1’s residue and elemental maps of this residue are shown in Figure 

5.14.  The crater was dominated by Mg- and Si-rich material.  The crater residues were 

heterogeneous, with more iron-nickel sulfides present further up along the crater’s walls.  O, Si, 

and Mg abundances were generally consistent with impactors of olivinic compositions.  Ni-rich 

regions were present in the Mg- and Si-rich material closer to the crater bottoms (Figure 5.15 and 
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Table 5.1).  Ni/Fe ratios were large for the Ni hotspots, reaching values as high as 0.5, suggesting 

that taenite was present in the impactor residue.   

 
FIGURE 5.14:  a) STEM HAADF image of residue in crater C2113N-B #1 and the corresponding 

b) Al/S/Fe/Ni STEM-EDXS and c) Al/Si/Fe STEM-EDXS maps of the residue.  Distinct Ni-rich 

regions are seen in b), and heterogeneity in crater residues are seen in the separation of Fe- and Si-

rich melts in c).  The STEM-EDXS maps are created by additively combining pixel color values 

for each element.  Pixel locations are determined through peak heights at each location rather than 

background-normalized counts. 

 

 
FIGURE 5.15:  Al/S/Fe/Ni STEM-EDXS map of residue in crater C2113N-B #1 with quantified 

regions labeled.  Quantification results are shown for these three regions in Table 5.1. 

 

TABLE 5.1:  STEM-EDXS Quantification of the regions shown in Figure 5.15. 

Region O at. % Mg at. % Si at. % S at. % Fe at. % Ni at. % 

1 63.5 ± 12.6 21.0 ± 2.0 11.5 ± 0.9 0.77 ± 0.09 0.36 ± 0.02 0.18 ± 0.02 

2 61.7 ± 13.6 17.4 ± 1.9 15.4 ± 1.2 0.49 ± 0.09 0.33 ± 0.02 0.09 ± 0.01 

3 55.4 ± 7.6 21.3 ± 1.7 12.3 ± 0.7 3.6 ± 0.2 2.10 ± 0.07 0.14 ± 0.01 
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 Crater C113N-B #2, similar to the previous crater, was dominated by Mg- and Si-rich 

material with minor Fe and S abundances.  Ni was not detected as a component of these iron 

sulfides.  The Si, Fe, and S-rich regions composing the majority of the crater were largely 

consistent with residue from a Mg-rich olivine and S-rich iron sulfides.  One region of the crater 

was unusually Mg-rich, with low Si and Fe abundances and a Mg/O ratio of 4 (Figure 5.16 and 

Table 5.2).  Though the Mg/O ratio is inconsistent with most mineralogies, this ratio is consistent 

with spinel (MgAl2O4).  Given our inability to accurately measure Al due to contamination from 

the foil substrate we excluded Al from STEM-EDXS quantification analyses.  As a result, this 

region is likely the result of a spinel impactor, though this cannot be confirmed definitively due to 

our inability to accurately probe Al abundances in the crater residues. 

 
FIGURE 5.16:  Mg/Si/Fe STEM-EDXS map of residue in crater C2113N-B #2 with quantified 

regions labeled.  Region 1 was more representative of the crater as a whole, containing abundant 

Mg and Si with traces of iron sulfides.  Region 2 highlights the Mg-rich region we suggest 

originated from a spinel impactor.  Quantification results are shown for these two regions in Table 

5.1. 
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TABLE 5.2:  STEM-EDXS quantification of the regions shown in Figure 5.16. 

Region O at. % Mg at. % Si at. % S at. % Fe at. % 

1 67.8 ± 10.6 13.6 ± 1.3 12.7 ± 0.8 3.6 ± 0.2 2.2 ± 0.1 

2 77.7 ± 11.6 19.0 ± 1.6 2.1 ± 0.2 0.85 ± 0.06 0.13 ± 0.01 

 

 Crater C2118N-B #1, similar to the previous craters, contained a heterogeneous residue 

layer largely composed of Mg, Si, Fe, and S with minor Ni present (Figure 5.17).  Close correlation 

between Fe and S abundances, coupled with close correlation between Mg and Si abundances, 

suggest that the crater impactors were a combination of pyroxene and olivine impactors along with 

S-rich iron sulfides.  Mg, Si, and O abundances were consistent with a combination of olivine and 

pyroxene subgrains.  Fe and S abundances were generally consistent with pyrrhotite and troilite. 

 
FIGURE 5.17:  a) STEM HAADF image of residue in crater C2118N-B #1 and the corresponding 

b) Mg/Si/Fe STEM-EDXS and c) S/Fe/Ni STEM-EDXS maps of the residue.  Si and Mg were 

closely correlated with one another, and S, Fe, and Ni were closely correlated with one another. 

 

 Crater C2118N-B #2, similar to the previous craters, contained a combination of Mg- and 

Si-rich materials alongside iron-nickel sulfides (Figure 5.18).  Crater residues were heterogeneous, 

with variations in relative O, Si, and Mg abundances that were consistent with combinations of 
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olivine and pyroxene subgrains.  Iron sulfides in the craters were consistent with pyrrhotite and 

troilite.  Ca was also present throughout the crater in small amounts (< 1 at. %). 

 
FIGURE 5.18:  a) STEM HAADF image of residue in crater C2118N-B #2 and the corresponding 

b) Mg/Si/Fe STEM-EDXS and c) S/Fe/Ni STEM-EDXS maps of the residue.   

 

5.4.3 Stardust Foils C2113N-B and C2118N-B Discussion 

 Our crater morphologies were largely consistent with previous investigations of analog and 

authentic Stardust impactors.  Our depth/diameter ratios ranged from 0.50 to 0.68, and previous 

analog investigations of silicate mineral impactors found depth/diameter ratios between 0.48 and 

0.70 were within the first standard deviation of the depth/diameter distribution (Kearsley et al., 

2008).  Additionally, our crater compositions were largely combinations of Si- and Mg-rich 

materials coupled with iron nickel sulfides.  Previous SEM-EDXS analyses (Hörz et al., 2006) and 

FIB-TEM analyses (Leroux et al., 2008) have largely identified similar compositions in their 

studies of micron-scale Stardust craters. 
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 O, Si, and Mg were the most abundant elements in the residue layers.  Crater compositions 

were extremely heterogeneous, but the O, Si, and Mg compositions were generally consistent with 

combinations of olivine and pyroxene subgrains.  Fe, S, and Ni were less abundant in our crater 

residues, but the Fe/S ratios were generally consistent with pyrrhotite and troilite with small Ni 

abundances, possibly contributed from materials such as taenite (particularly in crater C2113N-B 

#1).  Taenite, though less frequently observed in Stardust materials than other iron sulfides, has 

been observed in Stardust aerogel samples (Ogliore et al., 2010).  The small Fe/S ratios were 

consistent with previous Stardust studies (Leroux et al., 2008) and further indicate that the S loss 

that characterized our analog studies is not seen to such a degree in authentic Stardust foils.  

Though some S loss may have occurred due to the collection process, the effect appears to have 

been fairly minimal, contrary to our analog results. 

 Definitively identifying the impactors is challenging.  Our cross section thicknesses ranged 

from 100-150 nm while individual subgrains, such as the Ni-rich regions in crater C2113N-B #1, 

were as small as 10 nm.  Additionally, STEM instruments, while useful for their ability to generate 

EDXS maps, do not have SAD analysis functionality.  Pyroxene and olivine, while capable of 

explaining the observed O, Mg, and Si elemental abundances, are not the only potential sources of 

these impactors.  Pyroxene and olivine compositions, coupled with our observed iron sulfides, are 

also consistent with GEMS impactors (Keller & Messenger, 2011).  As a result, our crater 

impactors may have been the result of amorphous silicates and iron sulfides rather than crystalline 

impactors such as olivine and pyroxene.  Further analysis with TEM SAD techniques is necessary 

to characterize the structure of the impactors. 

 Few materials were present in the crater outside of silicates and iron nickel sulfides.  Crater 

C2113N-B #1 had an unusually large Mg abundance that appears to be due to an impacting spinel 
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grain.  While we cannot definitively identify spinel due to our inability to accurately measure Al 

abundances, as well as our lack of SAD patterns, spinel has previously been observed in Stardust 

samples (Joswiak et al., 2017).  However, spinel has not been previously observed in micron-scale 

Stardust foil craters.  The presence of spinel, a metamorphic mineral found as a component of 

some CAIs in chondritic meteorites (Chaumard et al., 2014), indicates that some fraction of the 

fine component of Wild 2 is composed of refractory materials that likely originated in the inner 

Solar System.  Ca was observed, but in low abundances (< 1 at. %) in a single crater.  Calcium-

aluminum-rich inclusions (CAIs) (Chi et al., 2009) and kosmocholoric Ca-rich pyroxene and 

olivine (Kool) grains (Joswiak et al., 2009) have both been identified in Stardust materials.  

However, given the low Ca abundances amid abundant Mg- and Si-rich melt, low-Ca pyroxenes 

are a more likely source of this Ca, and they have been observed in previous investigations of 

Stardust craters (Leroux et al., 2008) and aerogels (Jacob et al., 2009).  Thus, this Ca does not 

appear to be more evidence of refractory materials within the Wild 2 fine component. 

5.4.4 Stardust Foils C2113N-B and C2118N-B Conclusions 

 We extracted four impact craters from Stardust foils C2113N-B and C2118N-B with 

diameters between 1.5 µm and 4.8 µm.  All four crater residues were dominated by heterogeneous 

Si- and Mg-rich materials that are consistent with combinations of olivine and pyroxene.  All four 

crater residues also contained iron sulfides with abundant S that were generally consistent with 

pyrrhotite and troilite. 

 The inability to collect SAD patterns prevented us from determining the crystallinity of the 

impacting material.  The crater bulk compositions were consistent with GEMS material as well as 

olivines and pyroxenes and thus may be the result of amorphous impactors.  The craters’ 

consistency with GEMS, coupled with our earlier results from foil C2010W, suggest that GEMS 
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or other amorphous Si-rich materials may constitute a larger portion of the Wild 2 fine component 

than previously thought.  However, further TEM studies are required to confirm that the residue 

layers are amorphous such as our previous results from Stardust foil C2010W. 

 STEM-EDXS results suggested that residues within crater C2113N-B #1 contained taenite 

as a result of Ni-rich subgrains within the residue layers.  Additionally, STEM-EDXS results 

suggested that a portion of the residue within crater C2113N-B #2 was contributed by a spinel 

grain.  Though spinel has been observed in Stardust residues before, it has not been observed in 

studies of micron-scale Stardust foil craters.  The presence of spinel within these residues indicates 

that metamorphic minerals likely to have formed in the inner solar system are present within the 

Wild 2 fine component. 

5.5 Stardust Foil C2113N-A 
 Following the completion of the studies of craters C2010W, C2113N-B, and C2118N-B 

we had still not identified any Stardust craters containing surviving crystalline material.  This result 

was considered unusual considering that initial studies of the Stardust foils had identified surviving 

crystalline material in 10 out of 22 studied craters (Leroux et al., 2008; Leroux et al., 2010; Stroud 

et al., 2010).  Our previous investigations of the refractory analog foils and Acfer 094 analog foils 

had indicated that smaller craters were likely to experience lower peak temperatures and pressures, 

and thus were less likely to have altered any impacting crystalline material.  As a result, we decided 

to focus on smaller (submicron) impact craters in future studies.   

5.5.1 Stardust Foil C2113N-A Experimental Methods 

 Stardust Foil C2113N-A did not have any craters larger in size than 1 micron after initial 

SEM imaging was completed.  We focused on identifying submicron craters that were likely 

unidentified during initial investigation of the foil due to the high magnifications needed to be able 
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to see such craters.  We captured SEM images across a 5.28 mm2 subsection of the foil with a ~24 

nm pixel size using Washington University’s Tescan Mira3 Fe-SEM.  We identified 20 crater 

candidates with diameters <0.5 µm.  We performed SEM-EDXS analyses on the 20 located craters 

with a JEOL JSM-840A SEM in order to identify potential cometary materials within the residues.  

10 of these craters returned measurable Si, Fe, S, or Ca signals.  6 craters were selected for further 

study with FIB-TEM techniques based on the strength of the observed SEM-EDXS signals (Table 

5.3 and Figure 5.19).  Further quantitative analyses with SEM-EDXS were not performed because 

the X-ray interaction volume was much larger than the crater residue, making quantification 

inaccurate.  

 
FIGURE 5.19:  Secondary electron images of submicron craters 1 to 6. 
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TABLE 5.3:  Characteristics of the craters selected for further FIB-TEM analysis.  Crater diameters 

are measured from the inside edge of each crater lip. Crater depths are measured from the top of 

the crater to the deepest location of the protective Pt cap deposited during the FIB extraction 

process. Observed elements are listed in order of decreasing peak intensity. 

Crater # Crater Diameter 

(nm) 

Crater Depth 

(nm) 

Depth/Diameter 

Ratio 

Elements Observed 

(SEM-EDXS) 

1 320 155 0.48 Fe, S, Si, Ca 

2 220 140 0.63 Si, Fe, S 

3 310 155 0.50 Fe, S, Ca, Si 

4 200 60 0.30 Si 

5 205 105 0.51 Fe, S, Si 

6 350 180 0.51 Fe, S 

 

 Cross sections of the craters were prepared for further TEM analysis by in situ FIB lift-out 

with Washington University’s FEI Quanta 3D FIB.  The crater cross sections were thinned to 100-

150 nm in order to allow for sufficient electron transparency to perform further TEM analyses 

while also maximizing the preservation of cometary material for potential isotope analyses. 

 TEM bright-field and dark-field imaging, along with SAD analyses of the crater residues, 

were performed with Washington University’s JEOL 2000FX TEM operated at 200 KeV.  High-

resolution TEM-EDXS characterization was performed on the same instrument operated at 160 

KeV, rather than 200 KeV, in order to improve the electron interaction cross section and improve 

overall X-ray count rates while also maintaining sample transparency for imaging.  Quantification 

of the TEM-EDXS spectra was performed with NIST DTSA-II software (Ritchie 2011; Ritchie 

2012) using elemental standards to perform Cliff-Lorimer analysis coupled with ZAF corrections 

primarily added to light elements.  Al, Pt, and Cu were excluded from the analysis due to the 

majority of the counts in those elements arising from the Al foil substrate, the protective Pt coat 

applied during the FIB process, and the Cu TEM grid holder.  Further imaging and elemental 

mapping was performed on Washington University’s JEM-2100F Field-Emission STEM with an 

attached Bruker SDD EDS system. 
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5.5.2 Stardust Foil C2113N-A Results 

 Craters 2 through 6 had rounded, bowl-shaped crater bottoms indicative of a compact 

impactor.  Crater 1 contained a double-bowl shape, suggesting the impactor was bilobate with a 

central region of lower mass or lower density.  Crater 4, though containing a bowl-shaped bottom, 

had no discernable residue layer.  All the craters had fairly symmetric shapes that are generally 

consistent with acute angles of incidence relative to the surface normal for the impacting material 

(Kearsley et al., 2007). 

 No crystalline material was observed in the crater residues.  Materials in the residue layers 

were largely heterogeneous, indicative of rapid melting and resolidification (Wozniakiewicz et al., 

2012b).  Crater elemental compositions are detailed in Table 5.4. 

 Crater #1’s residue is separated into two bowl-shaped indentations located on each side of 

the crater that are connected by a thinner melt layer (Figure 5.20).  Residue thickness was 40 nm 

along the tops of the crater walls, 95 nm in the smaller of the indentations, and 180 nm in the larger 

indentation. 

 Si and Mg were a minor part of the residue with the majority of the residue composed of 

less than 2.5 at. % for each element (Table 5.4).  Oxygen was abundant throughout the residue.  

The large O to Si ratios were not stoichiometrically consistent with olivines or pyroxenes which 

have been observed frequently in Stardust collection media (Zolensky et al., 2006).  The right side 

of the crater was dominated by the presence of iron-nickel sulfides.  Fe/S ratios in this region of 

the crater ranged from 1.4-2.0 while Fe/Ni ratios ranged from 12.2-26.9.  The region separating 

the two crater depressions contained high Fe though this was not correlated with an increase of S 

or Ni, suggesting an alternate Fe source than iron nickel sulfides.  Ca was present in small amounts 

throughout the crater residue (1-3 at. %), along with trace K (< 1 at. %).  Zn was the most abundant 

element on the left side of the crater, composing up to 63.0 at. % of regions on the left crater walls.  



108 

 

Zn abundance was not correlated with S abundances, demonstrating that the Zn is unlikely to 

originate from sulfide impactors.  The regions with the highest Zn concentrations also contained 

up to 5.0 at. % Mn. 

 

FIGURE 5.20:  a) Bright-field and b) high-angle annular dark-field STEM images taken of crater 

#1 at 300k magnification. STEM-EDXS mapping of c) Fe, d) S, e) Si, and f) Mg. 

 

 Crater #2’s residue in the crater bottom is skewed to one side with the thickest part of the 

residue lying off center (Figure 5.21).  Residue thickness ranged from 20 nm on the crater walls to 

nearly 100 nm at the crater bottom. 

 Si and Mg were present throughout the crater residue.  Si was nearly three times as 

abundant as Mg with residue in the crater bottom composed of 7.5 and 2.8 at. % of Si and Mg, 

respectively.  O was abundant throughout the crater, resulting in nonstoichiometric O/Si ratio 

values greater than 6.0 throughout the crater residue.  Fe, S, and Zn were also major components 

of the crater residue.  The Fe/S ratio of material in the crater bottom was 1.36. The (Fe+Zn)/S ratio 

of this material was 2.52, suggesting that sulfur loss occurred if iron and zinc sulfides were the 

primary sources of these elements.  Ni abundances were high relative to Fe abundances, with a 

Fe/Ni ratio of 5.54 for material in the crater bottom. 
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TABLE 5.4:  Representative compositions (at. %) for crater residue regions measured by TEM-EDXS.  Uncertainties are listed in 

parentheses, rounded up to the nearest 0.1%.  Al, Pt, and Cu have been excluded from quantification due to possible contamination from 

the foil substrate, FIB preparation, and TEM sample holder, respectively.  nd indicates the element was not detected, and na indicates 

the value is not available.  Crater 4 is not listed as it did not contain residue. 

Crater Sub-

region 

O Si Mg Fe S Ni Ca Zn Other 

Elements  

O/Si Fe/S Fe/Ni 

1              

 1 21.5 (1.0) 2.2 (0.1) nd 36.1 (0.4) 25.8 (0.3) 1.3 (0.1) 1.1 (0.1) 11.5 (0.1) K 9.77 1.40 26.9 

 2 39.4 (0.2) 1.7 (0.1) nd 7.4 (0.1) 4.2 (0.1) 0.6 (0.1) 2.3 (0.1) 37.9 (0.6) K, Mn 23.2 1.75 12.2 

 3 26.7 (0.6) 0.9 (0.1) 1.3 (0.1) 3.2 (0.1) 1.3 (0.1) 0.2 (0.1) 2.9 (0.1) 63.0 (0.3) K, Mn, Cl 29.7 2.48 16.6 

 4 45.4 (0.5) 1.7 (0.1) 0.7 (0.1) 22.3 (0.2) 3.4 (0.1) 0.7 (0.1) 1.9 (0.1) 22.3 (0.1) K 26.7 5.72 33.2 

 5 43.0 (0.5) 6.6 (0.1) 1.0 (0.1) 15.9 (0.1) 4.5 (0.1) 0.9 (0.1) 2.1 (0.1) 25.7 (0.1) K 6.51 3.50 17.6 

2              

 1 46.6 (0.5) 7.5 (0.1) 2.8 (0.1) 15.3 (0.3) 11.2 (0.1) 2.8 (0.1) 0.2 (0.1) 13.0 (0.1) K 6.21 1.36 5.54 

3              

 1 35.3 (1.0) 8.1 (0.1) 3.7 (0.1) 25.4 (0.5) 19.8 (0.3) 1.6 (0.1) 2.6 (0.1) 3.5 (0.2) nd 4.36 1.28 15.9 

 2 22.8 (1.3) 4.9 (0.1) 3.2 (0.1) 31.4 (0.4) 35.1 (0.4) 1.5 (0.1) 0.9 (0.1) nd Ti 4.65 0.89 21.5 

 3 42.6 (0.8) 8.8 (0.1) 4.3 (0.1) 21.1 (0.4) 16.5 (0.3) 0.9 (0.1) 3.4 (0.1) 2.5 (0.2) nd 4.85 1.28 24.3 

5              

 1 60.5 (0.4) 28.5 (0.9) 0.4 (0.2) 7.3 (0.1) 2.4 (0.2) 1.0 (0.2) nd nd nd 2.12 3.05 7.25 

 2 35.9 (1.3) 5.6 (0.1) 4.0 (0.1) 20.1 (0.5) 31.3 (0.9) 1.6 (0.1) 0.1 (0.1) 0.6 (0.4) nd 6.42 0.67 12.9 

 3 53.1 (0.4) 7.5 (0.1) 2.4 (0.1) 13.2 (0.4) 19.7 (0.6) 1.6 (0.2) nd 2.6 (0.4) nd 7.08 0.67 8.52 

6              

 1 41.5 (1.0) 6.0 (0.1) nd 20.6 (0.5) 26.9 (0.7) 1.4 (0.2) 1.3 (0.1) 3.4 (0.3) nd 6.92 0.77 14.4 

 2 58.2 (0.1) 7.9 (0.1) 1.9 (0.1) 11.1 (0.2) 8.8 (0.1) 0.9 (0.1) 0.2 (0.1) 10.7 (0.1) Ti 7.37 1.26 13.1 

 3 73.3 (1.8) 10.3 (0.5) nd 7.4 (0.3) 1.2 (0.3) nd 0.6 (0.1) 4.7 (0.4) Ti, K, Cl 7.11 6.72 na 
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FIGURE 5.21:  a) Bright-field and b) high-angle annular dark-field STEM images taken of crater 

#2 at 600k magnification. STEM-EDXS mapping of c) Fe, d) S, e) Si, and f) Mg. 

 

 Crater #3’s residue was distributed symmetrically (Figure 5.22).  Residue in the crater 

bottom was of a similar size to that seen in crater 2, with thicknesses ranging from 20 nm on the 

crater walls to 100 nm at the center of the crater’s bowl. 

 The crater residue contained Si and Mg throughout with Si abundances ranging from 4.5 

to 8.8 at. % and Mg abundances ranging from 3.2 to 4.5 at. %.  Si/O ratios consistently ranged 

between 4.0 and 5.0, placing Si abundances slightly too low for olivinic stoichiometry.  Iron nickel 

sulfides were the dominant phase in the crater residues with Fe/S ratios and Fe/Ni ratios ranging 

from .89-1.28 and 15.9-24.3, respectively.  Zn was present throughout the crater in smaller 

abundances (2.5-3.5 at. %), suggesting zinc sulfides were a component of the impacting material. 

Ca was also present throughout the crater residue (0.9-3.4 at. %). 

 Crater #4 was extremely shallow, having a depth of only 60 nm and a depth to diameter 

ratio of 0.30 (Figure 5.23).  This depth to diameter ratio is smaller than ratios seen in previously 

investigated Stardust craters and analogs fired at ~6.1 km/s (Kearsley et al., 2007; Leroux et al., 

2008).  No residue was observed in the crater bottom.  The crater may have been an irregularity in 

the aluminum foil itself arising from the removal of precipitates during foil manufacturing (Stroud 
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et al., 2014) rather than the result of a cometary impactor, explaining the small depth to diameter 

ratio.  However, this alone would not explain the weak Si signal seen during the SEM-EDXS 

analysis as no Si was observable during TEM-EDXS analysis.  Another possibility is that we 

missed the center of the crater during the final cross section-thinning of the FIB preparation 

procedure.  In this case we may have created a cross section lacking the deepest part of the crater 

as well as any impactor residue, which also allows for the lack of Si in TEM-EDXS spectra if the 

crater was not cometary in origin.  A third option is that the crater was the result of a secondary 

impactor, potentially from the Stardust solar cell glass, which is rich in Si and has been observed 

many times in the interstellar Stardust foil (Stroud et al., 2014).  Such an impactor could have 

produced the Si signal seen during SEM-EDXS analysis, as well as created an asymmetric, shallow 

crater whose residue was later missed during the FIB extraction due to the combination of the 

crater’s asymmetry and our goal of isolating the crater’s center. 

 Crater #5’s impactor residue was thin and uniform around the crater, with the crater residue 

ranging from 15 nm to 30 nm deep (Figure 5.24). 

 The crater residue was highly heterogeneous.  The right side of the crater contained 

abundant Si composing up to 28.5 at. % of the residue material.  Mg abundance was not correlated 

with Si, and despite high Si concentrations Mg was never observed above 4.0 at. %.  O/Si values 

ranged from approximately 2.0 to 7.5 throughout the crater, potentially allowing for olivine or 

pyroxene as sources of the observed Si though the crater’s thoroughly heterogeneous composition 

and lack of crystalline material makes positive identification of these minerals difficult.  The left 

side and center depression of the crater contained more Fe than Si, with compositions ranging from 

13.2 to 20.1 at. %.  Fe abundance was correlated with S and Ni, and Fe/S ratios ranged from 0.67 
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to 1.0 on the left side of the crater.  Zn was also present in the Fe-rich regions of the crater, with 

measured abundances ranging from 0.6 to 2.6 at. %. 

 
FIGURE 5.22:  a) Bright-field and b) high-angle annular dark-field STEM images taken of crater 

#3 at 400k magnification. STEM-EDXS mapping of c) Fe, d) S, e) Si, and f) Mg. 

 

 
FIGURE 5.23:  TEM bright-field image of crater #4 at 200k magnification. 

 

 
FIGURE 5.24:  a) Bright-field and b) high-angle annular dark-field STEM images taken of crater 

#5 at 500k magnification. STEM-EDXS mapping of c) Fe, d) S, e) Si, and f) Mg. 
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 Crater #6’s residue was heavily concentrated into one bulb located slightly off-center from 

the crater’s deepest point (Figure 5.25).  The residue thickness ranged from 15 nm along the crater 

walls to 90 nm in the off-center bulb. 

 Si was present throughout the crater residue, with Si abundances ranging from 6.0-10.3 at. 

%.  Mg was largely absent and generally not detected, though Mg abundances in some regions 

reached 2.0 at. %.  Si and O abundances were correlated, though O/Si ratios were typically close 

to 7.0 and far above stoichiometries consistent with olivine or pyroxene.  O and Si abundances 

were anti-correlated with Fe, S, and Ni abundances.  Fe, S, and Ni composed up to half the residue 

material in the upper right portion of the residue, with Fe/S and Fe/Ni ratios ranging from 0.77-

1.26 and 13.1-14.4 in this region, respectively.  Zn was also common in the crater residue with 

abundances typically close to 4.0 at. % but ranging as high as 10.7 at. %.  Small amounts (< 1.5 

at. %) of Ca and Ti were also observed in the crater residues. 

 
FIGURE 5.25:  a) Bright-field and b) high-angle annular dark-field STEM images taken of crater 

#6 at 300k magnification. STEM-EDXS mapping of c) Fe, d) S, e) Si, and f) Mg. 

5.5.3 Stardust Foil C2113N-A Discussion 

 The morphologies of the craters, aside from crater #4 which contained no observable 

residue, were largely consistent with previous investigations of analog and authentic Stardust 

impactors.  The craters’ rounded, bowl-shaped bottoms differ from the shallow, elongated crater 

shapes indicative of terrestrial contamination in the form of secondary impacts from material 
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native to the Stardust spacecraft (Stroud et al., 2014).  Depth/diameter ratios of residue-containing 

craters ranged from 0.48 to 0.63, with an average value of 0.53.  Investigations of silicate mineral 

impactors on flight-spare Stardust foils fired at 6.1 km/s found depth/diameter ratios largely 

centered between 0.52 and 0.65 with values between 0.48 and 0.70 still lying within the first 

standard deviation (Kearsley et al., 2008).  Our depth/diameter ratios may have been slightly 

smaller than average due to our impactors having lower densities or higher porosities than the 

previously investigated silicate impactors, as both factors can result in smaller depth/diameter 

ratios (Kearsley et al., 2007).  However, depth/diameter ratios can be affected by a number of other 

factors, such as angle of incidence, impactor velocity, and volatile contents, making the 

determination of impactor density or porosity difficult (Price et al., 2010). 

 None of our investigated craters contained any crystalline material.  These results were 

unexpected given that previous reports on FIB-TEM investigated Stardust craters returned 

crystalline material in 10 out of 22 investigated craters (Leroux et al., 2008; Leroux et al., 2010; 

Stroud et al., 2010).  Additionally our previous analog investigations suggested that smaller 

crystalline impactors are less likely to be amorphized during impact processing and our 

investigation focused on craters smaller than the majority of those previously reported to contain 

surviving crystalline material.  Studies focused on coarser grains captured by the Stardust aerogels 

have also indicated that crystalline materials are abundant in Wild 2 (Zolensky et al., 2006).  

However, the lack of crystalline material in our previous studies of Stardust craters indicates that 

crystalline material in the crater residues may be rarer than previously thought. 

 Analog studies have shown that crystalline material is frequently destroyed during the 

impact processing on the foils, particularly when the impactor is an aggregate of crystalline 

subgrains (Wozniakiewicz et al., 2012b).  Given that our craters are universally aggregates of 



115 

 

silicate and iron sulfide components, the possibility exists that all impacting crystalline material 

was destroyed during the collection process.  An alternative explanation for our lack of crystalline 

material is that our impactors were amorphous prior to the impact.  Astronomical observations 

have shown comets contain abundant amorphous silicates (Hanner 2003).  Studies of fine grained 

Wild 2 components collected by the aerogel tiles have found amorphous silicates and iron sulfide 

vesicles constituting GEMS-like material to be abundant (Stodolna et al., 2012), though the 

GEMS-like material may have resulted from melting and intermixing of the Stardust aerogel with 

crystalline materials that contained silicates and sulfides (Ishii et al., 2008).  There is a strong 

possibility that our impactor residues are a quenched combination of amorphous silicates and 

sulfides.  However, it is difficult to prove any impactor material was amorphous prior to collection 

given the impact conditions. 

 Silicon was observed throughout the studied craters.  Excluding crater #1, whose Zn 

composition indicate it suffered from terrestrial contamination, Si composed at least 4.9 at. % of 

all observed crater residues.  Mg was also observed in all craters, though was missing from some 

residue subregions and was lower in abundance than Si, with Mg abundances ranging from 0.4-

4.3 at. %.   Definitively identifying the silicate impactors is difficult.  Our cross section thicknesses 

ranged from 100-150 nm while individual subgrains in the impacting aggregates were likely 

smaller, making the isolation of any individual impactor challenging.  Additionally, our crater 

residues were amorphous, meaning that any grains present in the original impactor have likely 

mixed with other subgrains composing the aggregate.  Pyroxene and olivine are potential 

components of the impactors but cannot fully explain the observed elemental abundances.  O/Si 

ratios in craters #2, #3, #5, and #6 largely fell within the range 4.0-7.5 and are too high for pyroxene 

or olivine to be the sole O sources.  Previous analog foil experiments have not observed preferential 
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loss of Si, Mg, or Fe relative to O in olivine and diopside impactors, making the loss of cations in 

the impactors unlikely (Wozniakiewicz et al., 2012b).  O/Si values in chondrites are largely 

influenced by the oxidation state of Fe, and O/Si values can reach 7.9 for CI chondrites containing 

hydrated silicates, carbonates and sulfates (Mason 1979).  O overabundances can also be explained 

by oxygen-rich species such as iron oxides constituting a fraction of the impactor material.  O/Si 

ratios observed in IDPs frequently range from 4.0-6.0, allowing IDP components such as GEMS 

to be a potential contributor to the O and Si observed in our residues (Schramm et al., 1989).  

However, while GEMS can have Mg/Si ratios as low as 0.05, they are typically more Mg-rich than 

our residues with average Mg/Si ratios close to 0.67 (Keller & Messenger, 2011). 

 Iron sulfides were ubiquitous within our crater residues.  While Fe/S ratios in the craters 

ranged between 0.67-3.05, the majority of Fe/S ratios were greater than 1.0, indicating that S loss, 

which is common in analog foil experiments, may have occurred (Wozniakiewicz et al., 2011).  

However, given the ubiquitous presence of Si in our residues, some Fe may have been contributed 

by silicate impactors (e.g., Fe-rich olivine) that would lead to Fe/S ratios greater than 1.0.  Ni 

abundances in craters #2, #5, and #6 were too high relative to the Fe abundances in the craters for 

pyrrhotite or troilite alone to be responsible for the observed Fe and S.  The Fe/Ni ratios in these 

craters ranged from 5.54-14.4 while pyrrhotite reported in GEMS grains, although capable of 

having similarly low Fe/Ni ratios, largely have Fe/Ni ratios of 15.7 or higher (Keller & Messenger, 

2011; Bradley & Zai, 2004).  Our Ni abundances can be explained by a minor fraction of 

pentlandite among pyrrhotite and troilite impacting materials. 

 Though individually the O-Si-Mg and Fe-S-Ni components of these craters can be 

explained by GEMS impactors, the ratios of these two components cannot.  Fe/Si ratios in GEMS 

have been observed to range from 0.09 up to 1.63 with an average of 0.56 (Keller & Messenger, 
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2011). Craters #1, #2, and #3 have no regions where Fe/Si ever falls below 2.04.  Craters #5 and 

#6, though containing subregions with Fe/Si ratios ranging between 0.26 and 0.72, both have 

average Fe/Si ratios that fall above reported Fe/Si ratios for GEMS.  While GEMS grains could 

potentially represent a component of our impactors, our crater residues are too heavily dominated 

by iron-nickel sulfides to have been sourced entirely from GEMS.  Similarly, while our Si/Fe ratios 

fall within the range of values seen within IDPs, our craters are more Si-depleted compared to the 

majority of reported Si/Fe values seen in IDPs (Schramm et al., 1989). 

 Zn was abundant in our crater residues and appeared in all craters containing a residue 

layer.  S was also present in each crater’s residue, and craters #3, #5, and #6 all contained 

subregions with Fe/S ratios less than 1, allowing for zinc sulfides to be a potential source of both 

the Zn and abundant S in these subregions.  S loss within the foils is also expected due to the high 

collection velocity, allowing for zinc sulfides as a possibility even within regions with (Zn+Fe)/S 

ratios greater than 1 (Wozniakiewicz et al., 2011).  Zinc sulfides have been observed in previous 

FIB-TEM investigations of Stardust foil craters (Leroux et al., 2008).  Zinc sulfides have also been 

observed in the form of Fe-rich sphalerite in both IDPs (Christoffersen & Buseck 1986; Reitmeijer 

et al., 1998) as well as Stardust aerogel tracks (Zolensky et al., 2006).  Current estimates suggest 

over 85% of stratospheric IDPs originated from comets (Nesvorny et al., 2010), suggesting zinc 

sulfides are likely a component of Wild 2’s fine grains.  Cubanite (CuFe2S3) has been observed in 

the Stardust aerogels as well (Berger et al., 2011) demonstrating that Wild 2 contains sulfides with 

a variety of chalcophilic elements. 

 While Zn concentrations are sufficiently low in craters #2, #3, #5, and #6 to be explained 

as the remains of impacting zinc sulfides, crater #1 had extremely large Zn abundances with Zn 

reaching values as high as 63 at. % in subregions of the crater (Figure 5.26).  Additionally, Zn 
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abundances in crater #1 were anti-correlated with S abundances within the crater residue. Zn 

observations in the Stardust interstellar foils have frequently been tied to secondary impacts from 

cover glass present on the Stardust spacecraft solar cells (Stroud et al., 2014).  While traces of K 

were observed throughout the crater, which is also a component of the solar cell cover glass, Zn is 

only believed to compose a small fraction of the cover glass (3-4 wt. %) (Stroud et al., 2014), 

making the cover glass an unlikely source for the crater’s Zn.  The crater’s morphology, indicative 

of an impactor that was moving roughly perpendicular to the sample collector, also does not 

support a secondary impact from the spacecraft itself.  Another possibility is that the Zn is the 

result of terrestrial contamination.  Zn is known to be a low-level contaminant of the Stardust foils 

(~75 ppm), but it is not known whether the Zn is evenly distributed throughout the foil or if it 

appears as discrete Zn-rich inclusions similar to Fe-rich inclusions more commonly seen in the 

foils (Kearsley et al., 2007).  Impact with a discrete Zn-rich inclusion could potentially lead to the 

high Zn abundances that we observe.  

 
FIGURE 5.26:  a) STEM bright-field image of crater #1 and b) STEM-EDXS Zn map of the same 

region. 

 

 Zn, though present in IDPs and collected Wild 2 materials, is not frequently a component 

of these materials.  Non-random impact distributions within the Stardust cometary collector could 
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potentially explain the presence of Zn in each of our craters, which were only spread across a 

region of 5.28 mm2.  Clustering does appear in the Stardust collection media, with the most 

statistically significant results occuring on scales smaller than ~10 cm (Westphal et al., 2008).  

However, no hypothesis fully explains the observed clustering, making it difficult to assess why 

Zn was present throughout our crater residues.  Zn’s presence throughout our craters may also be 

the result of our study’s small sample size, and further studies of the Stardust submicron impactors 

are necessary to accurately characterize the Zn component of the Wild 2 fine grains. 

 Ca was present in 4 out of 5 craters but was present only in small quantities (0.2-3.4 at. %).  

The source of this Ca is difficult to determine.  Calcium–aluminum-rich inclusions (CAIs) have 

been found in the Stardust sample collector (Brownlee et al., 2006; Joswiak et al., 2017).  Traces 

of Ti in craters 3 and 6 are both indicative of potential CAI impactors.  Fassaite (Ca(Mg,Ti,Al) 

(Si,Al)2O6) and nanocrystalline osbornite (Ti(V)N) have both been observed in Stardust-collected 

CAIs (Chi et al., 2009).  However, ubiquitous Al contamination makes positive identification of 

CAIs in the foil samples difficult. 

 Kosmocholoric Ca-rich pyroxene and olivine (Kool) grains have been commonly observed 

in Stardust aerogels as a source of cometary Ca (Joswiak et al., 2009).  However, our low Mg 

abundances, coupled with our lack of Cr and Na, suggest an alternate source for the Ca observed 

in our craters. 

 Pyroxene grains are the most likely source for the observed Ca. Pyroxene grains have 

previously been observed and linked with Ca abundance in Stardust foil residues (Leroux et al., 

2008), and low-Ca pyroxenes are common in the Stardust aerogel tracks (Jacob et al., 2009).  

Though the O/Si ratios are inconsistent with pyroxene as a whole, Si, O and Ca abundances allow 

for a portion of these elements to have been contributed by Ca-containing pyroxene impactors.  Ca 
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concentrations in craters #2, #5, and #6 are low enough to have been fully contributed by low-Ca 

pyroxenes.  Craters #1 and #5 have Ca/Si ratios greater than 0.2 and would require higher-Ca 

pyroxene impactors (e.g., pigeonite) that appear less commonly in the Stardust aerogel tracks 

(Jacob et al., 2009). 

 Our average crater residue compositions for craters #2, #3, #5, and #6 are shown in Figure 

5.27 with our values normalized to Si and CI chondrite abundances (Lodders 2003). We also 

compare our results to meteorite Acfer 094’s matrix as comet Wild 2 is believed to have 

experienced minimal thermal processing after accretion and Acfer 094 is known to have 

experienced minimal thermal processing (Grossman & Brearley, 2005).  Overall our crater 

residues are Si- and Mg-poor relative to CI chondrites causing our craters to appear enriched in 

Fe, Ni, S, and Zn.  Our craters also contained a higher proportion of iron-nickel sulfides and zinc 

sulfides relative to silicates when compared to Acfer 094 matrix material and CP IDPs.  Zn was 

the most abundant element in our residues relative to CI chondrite abundances, with Zn/Si ratios 

normalized to CI abundances ranging from 52.7 to 594.3 in craters #2, #3, #5, and #6. S was the 

second most abundant element in these crater residues relative to CI chondrite abundances, with 

S/Si ratios normalized to CI abundances ranging from 2.9 to 7.5.  Given the potential loss of 

volatiles during the capture process the impactors’ Zn and S abundances may have been higher 

than measured (Wozniakiewicz et al., 2011).  

 Reports on S abundances in Wild 2 material have differed. Flynn’s 2006 study focusing on 

full aerogel tracks (lengths of 250-10,000 μm) and large foil craters (diameters of 57-238 μm) 

observed that S was depleted relative to CI values whereas the chalcophilic elements Cu, Ga, and 

Zn were enriched.  However, the study may have underestimated S in their fluorescence 

measurements due to the attenuation of S Kα X-rays in the sample.  The size of the tracks and 
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craters also resulted in the majority of the studied Wild 2 mass originating from larger impactors. 

Westphal et al. (2009) studied fragments in Stardust aerogel tracks and observed an excess of Fe 

bound as iron sulfides compared to other major meteorite groups and no overall S depletions.  

However, the Westphal et al. (2009) measurements were bulk track measurements, mostly 

dominated by large terminal fragments. 

 Our measurements of high Zn and S abundances in small Wild 2 impactors support the 

hypothesis that Wild 2 fine material is not depleted in the moderately volatile elements relative to 

the bulk Solar System abundances.  While the sample size is small, our crater compositions suggest 

that the fine component of Wild 2 is fundamentally different from its coarse component.  Wild 2’s 

coarse components typically have high-temperature origins and volatile element depletions, and 

appear to have formed far from where the parent body accreted (Brownlee et al., 2012).  The small 

cometary impactors that produced the craters we studied appeared to be enriched in moderately 

volatile elements and likely did not have an igneous origin.  However, our craters constitute only 

a fraction of the collected Wild 2 fines and a more comprehensive analysis of the fine impactors 

is necessary to fully characterize their volatile components. 

5.5.4 Stardust Foil C2113N-A Conclusions 

 We extracted six submicron impact craters from Stardust foil C2113N-A.  One crater was 

contaminated with a terrestrial source of Zn, another lacked any impactor residue, and the 

remaining four contained amorphous, glassy residue layers made up of a combination of silicate 

and sulfide impactors.  Our crater residues, though potentially partially composed of GEMS 

materials, cannot be composed entirely of GEMS grains given our low amounts of Si and Mg 

relative to iron-nickel sulfide and zinc sulfide components (Keller & Messenger, 2011).  Our 
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residues contain materials found in IDPs such as zinc sulfides, but are more sulfur rich than the 

majority of studied IDPs (Schramm et al., 1989). 

 
Figure 5.27:  Element/Si ratios observed in craters #2, #3, #5, and #6 with results normalized to 

CI chondrite values (Lodders 2003). Values were calculated by summing each crater subregions’ 

composition. Lines connect measurements from the same crater. Elements are listed in order of 

decreasing temperature values for 50% element condensation, listed in parentheses in Kelvin 

below each element (Lodders 2003). Also pictured are values from CP IDPs (Schramm et al., 

1989) and Acfer 094 (ungrouped carbonaceous chondrite) matrix material (Grossman & Brearley, 

2005). CI values are represented by the horizontal black line. Zn (not pictured) had values between 

52.7 and 594.3. 

 

 The crater residues, excluding the contaminated crater, are enriched in S and Zn when 

normalized to Si and CI chondrite abundances.  Though this study is a small sample size and may 

not be representative of the bulk comet, the material’s enrichment in moderately volatile elements 

in the small-crater residue studied so far suggests that the Wild 2 fines did not form by igneous 
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processes, distinguishing the comet’s fine component from the large terminal particles in aerogel 

tracks which mostly formed by high-temperature events.  

5.6 Conclusions of the Stardust Foil Studies 
 Our analyses of the Stardust foils were split amongst three studies that encompassed four 

different foils.  The first study focused on 11 craters on foil C2010W between 0.71-3.28 µm in 

diameter, the second study focused on 4 craters split across foils C2113N-B and C2118N-B 

between 1.5-4.8 µm in diameter, and the third study focused on 6 craters on foil C2113N-A 

between 0.20-0.35 µm in diameter.  One crater was contaminated by Fe native to the foils, one of 

the craters was contaminated by terrestrial Zn, and one crater had no discernable residue layer. 

 The first study agreed with the limited previous investigations of Stardust foil craters of 

similar (micron-scale) sizes (Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010) in many 

ways.  Crater morphologies and residue distributions were similar to previously investigated 

Stardust craters.  The craters’ heterogeneous compositions indicated they were largely the result 

of aggregate impactors.  The residues were dominated by Si- and Mg-rich materials consistent 

with either Si-rich minerals (e.g., olivine and pyroxene) or amorphous silicates (e.g., GEMS).  Iron 

nickel sulfides were abundant in the craters and demonstrated limited volatile loss, and a lack of 

vesiculation in crater residues further indicated that our craters experienced similar amounts of 

alteration as previously investigated craters. 

 Our results differed from previous investigations primarily through our lack of surviving 

crystalline material.  We observed no crystalline material in 10 uncontaminated craters whereas 

previous investigations found surviving crystalline material in 10 out of 22 craters of similar sizes 

(Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010).  We hypothesized that this was due 

to the craters resulting from similar impactors, as suggested by the high crater density on the foil 
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as well as impact clustering (Westphal et al., 2008) known to exist on the Stardust foils.  The 

impactors were likely amorphous prior to impact given the lack of alteration in the craters, 

suggesting that amorphous materials such as GEMS constitute a larger portion of the Wild 2 fine 

component than previously thought.  However, proving this is difficult given the impact 

conditions. 

 The second study, performed on foils C2113N-B and C2118N-B in order to eliminate any 

clustering effects, observed crater residues that were similar to the first study in many ways.  The 

crater sizes were similar to first, as were the crater morphologies and residue distributions.  Crater 

residues were dominated by Mg- and Si-rich materials consistent with olivine and pyroxene 

coupled with iron nickel sulfides showing limited S loss.  The elemental abundances were also 

consistent with amorphous materials such as GEMS. 

 Two materials not observed in the first study may be present in the second, as subregions 

of two craters had regions elementally consistent with taenite and spinel.  While both of these 

materials have previously been observed in Stardust aerogel studies, neither had previously been 

observed in micron-scale Stardust foil craters.  These materials are more closely associated with 

refractory materials that formed in warmer environments than the outer Solar System, and indicate 

that some portion of the fine component of comet Wild 2 is composed of more refractory materials 

than olivinic silicates or iron sulfides.  However, further studies capable of obtaining information 

about the crater residue’s crystal structures are necessary to confirm these results. 

 The third study, performed on foil C2113N-A, investigated craters smaller (200-350 nm) 

than the previous studies in order to focus on impactors that likely experienced less alteration than 

their larger counterparts.  One crater had no discernable residue layer, and one crater was 

contaminated by terrestrial Zn.  The other four craters, similar to our previous results, contained 
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amorphous melt layers composed of a combination of Mg- and Si-rich materials and iron nickel 

sulfides.  Additionally, no crystalline material was found.  The lack of crystalline material again 

suggests that amorphous materials are a larger component of the Wild 2 fines than previously 

believed.  However, the Fe/Si ratio in these craters was too large for the impactors to be composed 

of GEMS alone, though the melt layers were consistent with combinations of olivine, pyroxene, 

amorphous silicates (GEMS), iron nickel sulfides, and other O-rich components (e.g., iron oxides). 

 The crater residues were enriched in volatiles (S and Zn) when normalized to Si and CI 

chondrite abundances, suggesting that the Wild 2 fines didn’t form by igneous processes, further 

distinguishing the comet’s fine component from the coarse grains that have been heavily studied 

from the Stardust aerogels. 

 Overall, our studies probed 21 Stardust craters, nearly doubling the number that had been 

reported in previous investigations.  18 of these craters appeared to contain cometary residues.   

Our studies suggest that, unlike the coarse (>1 µm) component, much of the cometary fine (<1 

µm) component is amorphous.  The fraction of amorphous material in the fines is difficult to 

determine.  Our earlier analog craters were far more altered than the Stardust foils and thus cannot 

help with estimating the crystalline component of the Wild 2 fines.  However, previous 

investigations of the Stardust foils (Leroux et al., 2008; Leroux et al., 2010; Stroud et al., 2010), 

which identified surviving crystalline material in 10 out of 22 investigated craters, likely 

overrepresented the fraction of Stardust craters containing crystalline fine grains. 

 The abundance of volatiles in our submicron craters further separate our results from the 

coarse grains of previous Stardust studies.  The enrichment of these craters in moderately volatile 

elements indicates that the material was not formed by igneous processes.  However, we also 
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identified what appear to be taenite and spinel grains within the residues of two of the investigated 

craters, indicating that the fine component contains heated, refractory phases as well. 

 Our studies, though nearly doubling the number of investigated micron-scale Stardust foil 

craters, still represent a small fraction of the collected Wild 2 fine material and an even smaller 

fraction of the Wild 2 fines.  Additionally, the high temperatures and pressures reached by the 

collected materials make it difficult to definitively identify many features of the Wild 2 fines (e.g., 

crystallinity).  Further investigation of the Stardust foils would aid in determining the bulk 

composition of the Wild 2 fines with better statistical precision, and as a result would help with 

determining the provenance of primordial dust in the Solar System. 
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Chapter 6: Stardust Interstellar Foils 

6.1 Preface 
 Adapted from the conference abstract: 

 Haas B. A., Stroud R. M., & Floss C. (2017), “FIB/STEM Study of 2 Stardust ISPE 

 Craters from foil 1031N,1”, in “80th Annual Meeting of the Meteoritical Society”, Abstract 

 #6316, URL https://www.hou.usra.edu/meetings/metsoc2017/pdf/6316.pdf. 

6.2 Introduction 
 The Stardust interstellar foils, though identical in construction to the cometary foils, aimed 

to collect very different particles.  The Stardust Interstellar Dust Collector was exposed to the 

interstellar dust (ISD) stream for 195 days in 2000 and 2002 with the goal of collecting ISPs while 

en route to comet Wild 2 (Westphal et al., 2014a).  However, the low flux of ISD (only ~120 ISPs 

were expected to impact the Stardust Interstellar Dust Collector), the small size of the ISD particles 

(two thirds of the particles were expected to be less than 2 microns in diameter), and the extremely 

high collection speeds (> 20 km/s) made analysis of the interstellar foils difficult (Stroud et al., 

2014). 

 The Stardust Interstellar Preliminary Examination (ISPE) successfully identified 25 craters 

on the aluminum foils with secondary electron imaging in SEMs, four of which were found to have 

likely resulted from ISD impactors based upon their elemental composition and crater 

morphologies (Westphal et al., 2014c).  Two asymmetric sub-micron craters from foil 1031N,1 

(216@45 and 239@11) and one circular sub-micron crater from foil 1061N,1 (022@44) appeared 

to be promising candidates for containing ISD (Floss et al., 2011).  The three craters were analyzed 

with Auger spectroscopy.  All three craters had Mg and Si signals in addition to the Al, C, and O 

signals seen in all studied craters (Figure 6.1) (Stroud et al., 2014).  Carbon present in the spectra 

was likely due to the presence of a thin layer of organic contamination known to build up on the 
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foils, particularly after exposure to the electron beam in oil-pumped SEMs (Kearsley et al., 2008).  

The collected Auger spectra could not verify that the impactors were interstellar in origin with Mg 

and Si signatures alone (Stroud et al., 2014).  Through collaboration with Rhonda Stroud at NRL, 

I performed FIB/STEM analysis of the craters in order to obtain higher resolution elemental 

characterization of the crater residues.  STEM analysis of the crater residues has improved 

sensitivity relative to Auger spectroscopy studies, allowing for the detection of minor elements 

that can clarify the origins of the foil impactors. 

 
FIGURE 6.1:  Numerical derivatives of Auger spectra of craters 022@44 on foil 1061N,1, 239@11 

on foil 1031N,1, and 216@45 on foil 1031N,1, taken from Figure 9 in Stroud et al. (2014).  A 

spectrum collected from the background foil is shown as a reference.  Auger spectra were acquired 

using a 10 kV, 10 nA beam over an energy range of 30-2130 eV.  While Mg and Si were identified 

in all three craters (in addition to Al, C, and O), the lack of additional elemental spectra prevented 

definitive charcterization of the crater impactors as interstellar or terrestrial (e.g., material from 

the spacecraft itself). 
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6.3 Experimental Methods 
 The initial identification of the craters with SE imaging was performed with a JEOL 840a 

SEM equipped with Noran System Seven software (Floss et al., 2011).  Verification of the crater 

candidates, as well as elemental characterization of the residues within the craters (Figure 6.1), 

was performed with the PHI 700 Auger Nanoprobe at Washington University. 

 Cross sections of the craters were prepared and extracted with a FEI Nova 600 FIB-SEM 

at NRL.  The craters were covered in a protective carbon coating and thinned to 100-150 nm to 

preserve sufficient material for potential future isotope analyses.  High-resolution bright-field and 

HAADF images of the crater cross sections and EDXS maps of the crater residues were collected 

using a Nion UltraSTEM 200 aberration-corrected STEM operated at 200 KeV at NRL.  Elemental 

quantification of the STEM-collected EDXS spectra was performed with Cliff-Lorimer routines. 

6.4 Results 
 When searching foil 1061N,1 it immediately became apparent that crater 022@44 had 

already been lifted out and removed from the foil with FIB techniques (Figure 6.2).  The result 

was a surprise as all literature regarding the crater and the foil (Floss et al., 2011; Stroud et al., 

2014) noted that the crater had not been extracted following its identification and elemental 

characterization.  The most likely scenario is that FIB extraction was attempted during the ISPE 

and the FIB process failed following the extraction of the crater cross section from the foil.  The 

study of the crater’s cross section was thus never conducted, and the status of the crater may not 

have been appropriately updated as a result. 



130 

 

 
FIGURE 6.2:  FIB-SEM image of crater 022@44 on foil 1061N,1 at the time I inspected the foil.  

The crater had previously been removed with FIB techniques, though the ISPE noted that the crater 

should still be present on the foil (Stroud et al., 2014). 

 

 Craters 216@45 and 239@11 were both still present on foil 1031N,1.  Crater 216@45 was 

shallow, with a bowl-shaped bottom that suggested that the impactor was a compact object (Figure 

6.3).  The crater’s diameter, measured from the inside of the crater lips, was 650 nm, while the 

crater’s depth, measured from the top of the crater to the deepest location of the protective C cap, 

was 270 nm, resulting in a depth/diameter ratio of 0.42.  Crater 239@11 was similarly shallow and 

bowl-shaped, with a diameter of 675 nm and a depth of 260 nm, resulting in a depth/diameter ratio 

of 0.39 (Figure 6.3).  The depth to diameter ratios were smaller than expected.  Previously 

investigated Stardust craters and analogs fired at ~6.1 km/s both saw depth/diameter ratios 

consistently larger than 0.5 even for low density impactors in the analog foils (Kearsley et al., 

2007; Leroux et al., 2008).  However, depth/diameter ratios can be affected by a variety of factors, 

such as the angle of incidence of the impactor, the density of the impactor, the impact velocity, 

and the impactor’s volatile contents, and thus the depth/diameter ratios alone are not enough to 
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characterize the impactors as the result of secondary impactors originating from the spacecraft 

itself (Kearsley et al., 2008; Price et al., 2012). 

 
FIGURE 6.3:  Secondary electron images of craters a) 216@45 and b) 239@11 prior to extraction 

above STEM medium angle annular dark-field images (MAADF) of craters c) 216@45 and d) 

239@11 collected after FIB preparation.    

 

 Thin impactor melt layers were present in the crater bottoms, with the residue thickness 

varying from 10 to 50 nm, depending on the location within the craters.  Asymmetry in the crater 

shapes was reflected in the melt layer distributions, with melt being more prevalent on one side of 

each crater.  Asymmetry in the crater shapes can result from oblique impacts or a highly 

nonspherical impactor (Stroud et al., 2014). 
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 STEM-EDXS mapping characterized the elemental makeup of the crater residues with 

Cliff-Lorimer analysis (Table 6.1).  Al and C were excluded from the quantification of the 

elemental makeup of the residue due to the elements’ presence in the foil substrate and the 

protective cap deposited during FIB preparation, respectively.  O, Si, and Mg were abundant in 

the crater residues, conforming with the earlier characterization of the crater residues with Auger 

spectroscopy.  The Si/Mg ratios in both craters were large, with values for crater 216@45 and 

239@11 being 5.4 and 4.1, respectively.  Fe and Pt were observed in crater 239@11, along with 

trace (< 0.2 at. %) Ti.  Crater 216@45 also contained significant F (6.3 at. %), and crater 239@11 

contained significant Ce (0.5 at. %).   

TABLE 6.1:  Elemental composition of craters 216@45 and 239@11 in atomic %, excluding C 

and Al, with uncertainty (3 sigma).  Not detected is denoted by ‘n.d.’ and not available is denoted 

by ‘n.a’. Al and C were excluded due to their presence in the foil substrate and the protective cap 

deposited during FIB preparation, respectively.   

Element Crater 216@45  Crater 239@11  

 Atomic % 3 Sigma % Atomic % 3 Sigma % 

Oxygen 58.8 2.6 60.3 1.1 

Silicon 29.4 2.3 30.1 1.0 

Magnesium 5.4 1.1 7.3 0.9 

Iron n.d. n.a. 0.9 0.4 

Platinum n.d. n.a. 0.9 2.6 

Fluorine  6.3 1.2 n.d. n.a. 

Cerium n.d. n.a. 0.5 1.1 

 

6.5 Discussion 
 The presence of Ce and F within the crater residues, along with the asymmetric crater 

shapes and small depth/diameter ratios, indicates that the impactors that produced these craters are 

the result of secondary ejecta produced by micrometeoroid impact to the spacecraft’s solar cells 

rather than the result of ISD.   
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FIGURE 6.4: STEM-EDXS map of Al, Si, Mg, and F in crater 216@45.  The map is created by 

additively combining pixel color values for each element.  Pixel locations are determined through 

peak heights at each location rather than background-normalized counts.  The asymmetric residue 

layer is only present on the left side of the crater.  F is present within the crater residues, indicating 

that the crater is likely the result of terrestrial contamination rather than ISD. 

 

 
FIGURE 6.5:  STEM-EDXS map of Al, Si, and Mg in crater 239@11.  The asymmetric residue 

layer is only present on the left side of the crater.  Ce was identified in the crater residues, though 

the Ce concentration was too weak to view in the EDXS maps of the crater.  The presence of Ce 

in the crater indicates the crater is the result of terrestrial contamination rather than ISD. 

 

 Crater asymmetry alone is not proof that the craters were created by a secondary impactor.  

Studies of analog foils have demonstrated that asymmetric craters can form from an oblique impact 

or a normal incidence impact of a particle with a highly non-spherical shape (e.g., a whisker or 

aggregate grain) (Kearsley et al., 2008).  Similarly, small crater depth/dimeter ratios are not proof 

of a secondary impactor.  The interstellar foils were expected to collect higher velocity impactors 



134 

 

than the cometary foils (~20 km s-1 versus 6.1 km s-1) and higher velocity impactors have been 

shown to produce deeper craters (Stroud et al., 2014).  Studied cometary craters showed larger 

depth/diameter ratios exceeding 0.5 (Leroux et al., 2008) compared to our values of 0.42 and 0.39 

for craters 216@45 and 239@11, respectively.  However, crater depth is a function of impact 

velocity, particle composition, density, and simple or aggregate particle structures, so 

depth/diameter ratios alone cannot prove that the crater was the result of a secondary impactor 

(Stroud et al., 2014). 

 The crater compositions, coupled with the crater shapes, suggest that the craters are the 

result of secondary impacts from micrometeoroid impacts on the Stardust spacecraft.  The Stardust 

solar cell cover glass most widely used for space-exposure is rich in O and Si, with a few weight 

% of Na, K, Ti, Zn, and Ce (Burchell et al., 2012).  Additionally, the glass had a thin magnesium 

fluoride coating several tens of nanometers thick (Burchell et al., 2012).  Residues resulting from 

secondary solar cell array fragments can vary greatly in composition depending on the ratio of 

antireflection (Mg-containing) coating to solar cell cover glass.  However, Ce and F are known 

components of Stardust solar cell glass and are not expected to be detected in the amounts observed 

in our craters assuming they came from ISD (Stroud et al., 2014).  Additionally, Ti, though only 

detected as a trace element in crater 239@11 and a possible component of ISD, is also a known 

component of the Stardust solar cell cover glass.  These results, coupled with the crater shapes, 

indicate the craters are likely the result of a secondary impact with the Stardust solar cells.  ISD or 

other material likely impacted the Stardust solar cells, ejecting a small piece of the solar cell cover 

glass as well as the antireflection coating.  This material then impacted the interstellar foils, 

resulting in the asymmetric, shallow craters that contain Fe, Ce, and Ti in addition the O, Si, and 

Mg. 
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 The discovery that the craters are the result of secondary impactors is not unexpected.  

Preliminary imaging of the interstellar foils showed that the abundance of observed craters is 

roughly 50 to 100 times the expected value for interstellar particle impacts on the foils (Stroud et 

al., 2011; Landgraf et al., 1999).  These results raise the number of ISPE craters caused by solar 

cell secondary impacts to 13 out of 25, demonstrating the difficulty in studying the Stardust 

Interstellar Dust Collector foils (Stroud et al., 2014). 
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Chapter 7: Analog and Stardust Aerogels 

7.1 Preface 
 Adapted from two conference abstracts: 

 Haas B. A., Ogliore R. C., & Floss C. (2017), “Application of Plasma Ashing to the 

 Study of Stardust Mission Aerogel Samples”, in “48th Lunar and Planetary Science 

 Conference”, Abstract #2058, Lunar and Planetary Institute, Houston, URL 

 https://www.hou.usra.edu/meetings/lpsc2017/pdf/2058.pdf. 

 Haas B. A., Ogliore R. C., Westphal A. J., Croat T. K., & Floss C. (2018), “Study of 

 Fine-Grained Material Recovered from a Stardust Aerogel Track Using Plasma Asher 

 Preparation”, in “49th Lunar and Planetary Science Conference”, Abstract #2245, Lunar 

 and Planetary Institute, Houston, URL https://www.hou.usra.edu/meetings/lpsc2018/ 

 pdf/2245.pdf. 

7.2 Introduction 
 The Stardust spacecraft’s aerogel tiles were successful at decelerating and capturing 

cometary material, but fine grains (< 1 µm) captured by the aerogel have proven difficult to study.  

Coarse (> 1 µm) grains in the aerogels frequently appear as terminal grains at the ends of aerogel 

tracks, and can be extracted using an automated keystone system (Westphal et al., 2004).  The fine 

grains captured by the aerogels were frequently spread across bulbous impact features, and the 

insulating nature of the aerogels complicate in situ analysis of cometary materials with electron 

microscopy techniques (Burchell et al., 2008a).  As a result, the fine component of comet Wild 2 

has not been well-characterized in the Stardust aerogels. 

 Selectively removing the aerogel, while minimizing damage to the collected cometary 

material, would greatly simplify the study of the fine cometary grains spread throughout the 

aerogel tracks.  Etching with HF liquid has frequently been used to remove Si-rich material, thus 

isolating organic material, from chondritic material (Amari et al., 1994).  Previous attempts to 

destroy the aerogels utilized HF vapor etching as a means of bonding F atoms with Si atoms in 
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aerogel to form SiF4, a relatively inert gas at room temperature, in order to destroy the aerogel and 

free the collected cometary material (Westphal et al., 2004b).  HF etching was successful in 

destroying the Stardust aerogels and freeing collected cometary materials.  However, this 

technique resulted in a liquid drop forming around the etched material that was likely the result of 

4 HF molecules combining with a SiO2 molecule to from SiF4 alongside 2 water molecules 

(Westphal et al., 2004b).  The formation of a water droplet with this technique discouraged further 

use, as aqueous alteration, dispersal of cometary materials in the water droplet, and the formation 

of silicic acid (SiF4 decomposes into silicic acid and HF in water) near the cometary materials all 

threatened to alter the freed cometary materials. 

 Plasma ashing aims to replicate the success of the HF vapor etching technique while 

minimizing alteration to the collected cometary materials.  The plasma asher draws a carrier gas 

(CF4) over the sample and RF power, provided by a crystal-controlled oscillator at 13.56 MHz, 

ionizes the gas under vacuum, creating a plasma of CF3
+ and F- ions.  Similar to previous 

techniques, F ions combine with Si atoms forming SiF4.  However, the procedure is performed 

under vacuum and does not suffer from the buildup of a vapor drop that discouraged the use of HF 

vapor etching.  Thus, the plasma ashing technique that we have developed aims to improve upon 

previous methods for freeing collected cometary material from the Stardust aerogels. 

 The plasma ashing described in this chapter was performed using Washington University’s 

SPI Plasma Prep II Etcher/Asher. 

7.3 Studies of Plasma Ashing Effects on Sample Materials 
 Prior to ashing authentic Stardust aerogels, we aimed to test the ashing technique on 

materials similar to the aerogel as well as potential cometary materials captured by the aerogels.  

Additionally, we aimed to create a sample holder that would house the delicate aerogels while still 
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allowing for ashing to occur and minimizing contamination from F plasma interactions with other 

materials present in the sample holder.  The sample holder setup is shown in chapter 3.5 of this 

thesis.  The idea behind the sample holder was to mount the aerogel sample directly onto a TEM 

grid to allow direct deposition of the collected cometary material onto the sample analysis medium. 

We used a Si3N4 window to contain the aerogel during transportation while providing a barrier 

breachable by F- plasma.  This setup simplifies sample transportation and analysis by minimizing 

the number of times the sample needs to be transferred from one sample holder to another. 

7.3.1 Tests of Sample Holder Materials 

 Initial tests of the asher focused on the sample chamber itself.  Many ashers utilize a sample 

chamber made of borosilicate glass because this material is cheap and easy to manufacture.  

Borosilicate glass is an effective sample chamber with some carrier gases (e.g., O2), however we 

quickly noted that borosilicate glass is slowly degraded by ashing when using CF4 as a carrier gas. 

The borosilicate glass became cloudy over time and left a white, ashy substance in the sample 

chamber.  Si within the borosilicate glass reacts with F- ions created by the plasma, creating SiF4 

and slowly degrading the sample chamber.  In order to prevent potential contamination resulting 

from degradation to the sample chamber, we purchased a quartz (SiO2) sample chamber to be used 

in the asher.  Despite also containing Si, quartz’s combination of hardness, high wear resistance, 

dielectric strength, high corrosion resistance, and chemical stability has made quartz a valued 

material in the plasma etching and semiconductor industries (Wang et al., 2018).  The quartz 

sample chamber has shown no visible degradation after use with CF4 and O2 carrier gases and 

minimizes potential contamination to Stardust samples. 

 The sample holders also needed to be F- plasma resistant in order to minimize 

contamination to the collected cometary materials.  Many stubs we used for mounting materials 
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for SEM study are composed of stainless steel with gold-plated tops that the samples rest on.  

However, initial tests discovered that neither of these materials were appropriate for plasma ashing 

studies.  Stainless steel appeared to suffer minor damage to its surface, possibly due to the presence 

of small (a few % by weight) amounts of Si in the material.  Gold also reacted with the F plasma, 

forming gold fluoride, thus damaging and contaminating the surface of the SEM stub.  I also 

observed that formvar, a thermoplastic resin frequently used to strengthen carbon meshes in 

between copper TEM grids, reacted with the F- plasma, resulting in the destruction of the TEM 

grid mesh.  As a result, TEM grids with formvar-strengthened meshes could not be used in the 

plasma asher. 

 Several materials were unaffected by the F- plasma.  I tested copper metal from Auger 

spectrometer sample holders as well as from TEM grids.  Copper did not react with the F plasma.  

As a result, we constructed our sample holders, detailed in Chapter 3.5 of this thesis, out of copper.  

Additionally, I observed that the pure carbon meshes between TEM grids were unaffected by F- 

plasma, allowing them to be used to capture deposited cometary materials for TEM analysis.    

7.3.2 Tests of Analog Materials 

 In order to ensure that cometary materials could survive the ashing process, as well as 

guarantee destruction of the Stardust aerogels, we conducted tests on several analog materials.  

While meteoritic materials such as iron sulfides are known to be unaffected by fluorine ions, 

silicates (e.g., olivine and pyroxene) suffer damage from Si atoms combining with F ions to create 

SiF4
 (Amari et al., 1994).  We first aimed to ensure that silicates such as olivine would be capable 

of surviving the ashing process.  We ashed San Carlos olivine (~Fo90.1) at 17.2 kPa for an hour in 

order to observe full destruction of ~10 µm3 grains (Figure 7.1).  Significantly shorter ashing times, 

on the timescale of several minutes, should allow for the survival of micron-scale silicates. 
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FIGURE 7.1:  Secondary electron images of San Carlos olivine grains a) before and b) after 

exposure to F plasma at 17.2 kPa for one hour.  Grains ~10 µm3 in size were fully ashed within 

this time while larger grains survived. 

 

 In order to ensure that cometary material from the fine component of the comet could 

survive the ashing process, we performed additional tests on a variety of minerals, including calcite 

(CaCO3), plagioclase (NaAlSi3O8 – CaAl2Si2O8), dolomite (CaMg[CO3]2), hematite (Fe2O3), 

magnetite (Fe3O4), and San Carlos olivine (40.8% SiO2, 9.5% FeO, and 49.4% MgO atomically).  

Each of these minerals were powdered with a mortar and pestle and placed on a TEM grid before 

being ashed for 5 minutes at 17.2 kPa.  The materials were viewed and elementally characterized 

in Washington University’s JEOL 2000FX TEM both before and after the ashing process.  

Hematite and magnetite showed no alteration, as expected.  Calcite, plagioclase, dolomite, and San 

Carlos olivine all showed minor alteration on the scale of tens of nanometers, indicating that they 

should survive the ashing process so long as ashing times are sufficiently low.  Additionally, minor 

F contamination (several atom. %) was present within these materials.  Thus, it appeared that 

cometary material freed from the aerogels would likely be able to survive the ashing process. 
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FIGURE 7.2:  TEM bright-field images of mineral grains before and after 5 minutes of exposure 

to F- plasma at 17.2 kPa.  Most grains, even olivine, showed minimal alteration, indicating that 

captured cometary material in the Stardust aerogels should survive the ashing process. 

 

 We also tested the effect of O plasma (O+ and O-) on carbonaceous materials.  O plasma, 

resulting from using O2 as a carrier gas instead of CF4, has no effect on silicate materials, but 

proved extremely efficient at destroying carbonates.  C contamination is known to exist within the 

Stardust aerogels, with C composing 0.1-0.5% of the aerogels by weight (Burchell et al., 2006).  

We conducted tests on 98.0% pure graphite grains (Figure 7.3).  We observed full destruction of 

grains less than ~5.0 µm in diameter after 30 minutes of exposure to O plasma at 17.2 kPa.  Thus, 

O plasma was effective at destroying carbonaceous terrestrial contamination.  However, O plasma 

also destroys the carbon mesh on TEM grids, preventing direct deposition of cometary materials 

onto TEM grids for study if this step were taken.  Additionally, any carbonaceous materials 

collected from the comet would also be destroyed.  Thus, while O plasma could be effective for 

removing carbonaceous contamination in future studies focusing on other materials present in the 

comet (e.g., silicates), it was not used throughout this study. 
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FIGURE 7.3:  SEM images of graphite grains a) before and b) after exposure to O plasma at 17.2 

kPa for 30 minutes. 

 

 We also tested the effect of F plasma on silica aerogel similar in composition to the aerogels 

used on the Stardust sample collector.  Determining the ashing rate of the aerogels was difficult.  

The aerogel is extremely porous, with over 98% of the volume composed of ambient gases 

(Burchell et al., 2006).  As a result, the aerogel has an extremely large effective surface area, 

allowing it to ash far quicker than denser materials such as the previously tested San Carlos olivine.  

As aerogel is ashed it undergoes homologous collapse, greatly decreasing in size while losing 

porosity (Figure 7.4).  This behavior has also been noted in previous HF vapor etching experiments 

(Westphal et al., 2004b).  The aerogel’s initially large surface area decreases extremely quickly 

and ashing rates greatly decrease with time.  Thus, aerogel particles of nearly all sizes are ashed in 

similar time frames, with a small, concentrated portion of aerogel remaining afterwards (Figure 

7.4).  Additional ashing once the aerogel has undergone homologous collapse will slowly destroy 

the remaining aerogel, but will also damage any freed materials that have since escaped from the 

ashed material.  Our tests found ashing times of roughly 7 minutes (at 17.2 kPa) resulted in 

destruction of most of the aerogel before additional ashing had minimal effect on the condensed, 

remaining aerogel.  Thus, in our later studies of Stardust aerogels we aimed for roughly 7 minutes 
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of F plasma exposure in order to destroy the aerogels while minimizing damage to freed silicate 

particles. 

 
FIGURE 7.4:  Figure 1 from Westphal et al., (2004b).  The images show the homologous collapse 

of an aerogel keystone over time when destroyed with HF vapor etching:  a) The keystone before 

etching, b) the beginning of homologous collapse, c) the end of the first phase of homologous 

collapse, and d) the final aerogel residue. 

 

 The final analog test we performed was on an analog aerogel that contained spinel grains 

in order to test the procedure on material similar to the Stardust aerogels.  We ashed the aerogel 

for 10 minutes at 17.2 kPa on top of a TEM grid beneath a protective Si3N4 window.  The Si3N4 

window ashed after ~3 minutes, resulting in the aerogel experiencing 7 minutes of exposure time 

to the F plasma.  We identified intact spinel grains on the TEM grid following completion of the 

ashing process (Figure 7.5), indicating that materials contained within the aerogels are capable of 

being freed and deposited onto the TEM grids. 
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FIGURE 7.5:  TEM bright-field image of a surviving spinel grain deposited onto a TEM grid 

following the plasma ashing of a spinel-containing analog Stardust aerogel. 

7.4 Stardust Aerogel Track 35 Bulb Section 
 Following the success of the analog experiments performed with the plasma asher, we 

began the study of Stardust aerogels.  The first aerogel that we studied was a section of the bulb 

of track 35 (allocation number C2054,44,35,0,0).  Track 35 is one of the largest tracks in the 

Stardust aerogels, with a length of 11.7 mm and a bulbous shape.  The bulbous shape of the track 

suggested that the original impacting particle was made up of fine grained, volatile-rich material, 

making the track a good candidate for study with plasma ashing (Caro et al., 2008).  

7.4.1 Stardust Aerogel Track 35 Sample Preparation and Methods 

 The aerogel was prepared in the sample holder described in Chapter 3.5 of this thesis by 

Andrew Westphal at the University of California, Berkeley before it was transported to 

Washington University for ashing.  The aerogel track was ashed for 10 minutes at 17.2 kPa (Figure 

7.6).  The initial ~3 minutes of the ashing duration was necessary for the penetration of the 

protective Si3N4 window, resulting in ~7 minutes of F plasma exposure to the aerogel sample.  The 

sample underwent homologous collapse as expected from the results of previous HF etching 

studies (Figure 7.4).  Material from the aerogel was deposited directly onto a TEM grid during the 
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ashing process.  TEM investigations were performed on Washington University’s JEOL 2000FX 

TEM. 

 
FIGURE 7.6:  Ashing progression on the bulb section of aerogel track 35 (allocation number 

C2054,44,35,0,0).  The initial ~3 minutes were required to penetrate the protective Si3N4 window 

containing the aerogel sample.  The sample underwent homologous collapse, similar to the results 

seen in previous HF etching experiments (Westphal et al., 2004b). 

7.4.2 Stardust Aerogel Track 35 Results 

 We identified four particles of potential cometary origin on our TEM grid following the 

completion of the ashing procedure.  The four particles ranged in size from 100 nm to 250 nm in 

diameter (Figure 7.7), and all four particles were located in one subgrid that was located directly 

beneath the aerogel during the ashing process. 

 The four grains were predominantly composed of C and O, with C being the most abundant 

element in each grain.  Precise quantification of the grain compositions was difficult due to the 

weak C and O peaks present in the JEOL 2000 TEM and the lack of precalculated K factors for 
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Cliff-Lorimer quantification in the JEOL 2100 TEM.  However, standardless quantification of the 

JEOL 2100 TEM EDXS spectra indicated that C atomic compositions ranged from ~60% to 90% 

in the grains while O atomic compositions ranged from ~5% to 30%.  Elements heavier than O 

and C were quantified accurately with EDXS spectra from the JEOL 2000 TEM with precalculated 

K factors.  Significant Si and Fe were also present in all of the grains. Ca was present in 3 grains, 

Mg was present in 2 grains, and S and Al were also present in one grain (Table 7.1).  Trace Cr (< 

1.0 at. %) was also present in 2 grains.  The lack of S alongside strong Fe signatures suggests that 

the Fe is a component of silicates rather than iron sulfides.  F was present in each EDXS spectra, 

indicating some F contamination resulted from the ashing process.  Cl contamination was also 

present in three of the EDXS spectra. 

 
FIGURE 7.7:  TEM bright-field images of the four particles located on the TEM grid after ashing.  

Particle diameters ranged from 100 nm to 250 nm. 
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TABLE 7.1:  Composition in atomic % of the four collected grains, excluding O and C, normalized 

to 100% as determined through Cliff-Lorimer analysis of TEM-EDXS analyses.  Standard 

deviation values are shown in parentheses.  O and C, though composing ~90 at. % of each grain, 

are excluded as their X-rays were largely absorbed prior to collection in the JEOL 2000 TEM and 

as a result could not be accurately quantified.  nd indicates that the element was not detected. 

Element Grain 1 Grain 2 Grain 3 Grain 4 

Si 33.6 (0.5) 70.0 (7.3) 63.0 (2.9) 65.0 (1.1) 

Mg 3.8 (0.2) nd nd 6.2 (0.4) 

Fe 49.0 (0.6) 30.0 (4.7) 28.5 (1.9) 13.6 (0.5) 

S 2.4 (0.2) nd nd nd 

Ca 1.5 (0.2) nd 8.5 (1.0) 15.1 (0.5) 

Al 9.7 (0.3) nd nd nd 

 

 

 
FIGURE 7.8:  Logarithmic plot of the EDXS spectrum of grain 1 collected in the JEOL 2100 

TEM.  The spectrum is dominated by C and O signals.  Cu present in the spectrum is the result of 

Cu present in the TEM grid. 

 

 All four of the observed particles were aggregates of crystalline and amorphous materials.  

The four grains appeared to be aggregates composed of many smaller crystalline grains.  Dark-

field images of the aggregates suggest the component grains range in size from 1 to 25 nm (Figure 

7.9).  Orientations of the component grains’ crystal lattices appeared to be random.  The subgrains’ 
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small sizes, coupled with their seemingly random orientations, resulted in diffraction patterns that 

did not contain discrete points, but instead took on a ringed appearance more typical of powdered 

samples (Figure 7.9).  The lack of discrete points makes the determination of the crystal structure 

and lattice spacings more difficult, particularly given the resulting SAD pattern may be the result 

of multiple crystal structures from numerous subgrains.  Comparing the SAD pattern to patterns 

from known crystal structures was difficult.  Our grains were extremely C-rich, but the patterns 

did not appear to match any single C-rich material (e.g., graphite or diamond).  Classifying the 

SAD patterns may require a more complex analysis of multiple overlapping SAD patterns from 

different minerals consistent with the EDXS results. 

 

 
FIGURE 7.9: a), b), and c) show TEM dark-field images of grain #1 taken at different sample 

orientations.  Different subgrains appear illuminated at different orientations, indicating that their 

crystal structures have different orientations.  d) shows the resulting SAD pattern. 

7.4.3 Stardust Aerogel Track 35 Discussion 

 The plasma ashing technique appeared to be successful when applied to authentic Stardust 

aerogel keystones.  The aerogel was largely destroyed and particles were deposited onto a TEM 

grid for further analysis, simplifying the study of small grains captured within the bulbous aerogel 

impact features.  The technique appeared to improve upon previous attempts using HF etching as 

we did not risk altering the sample through the formation of condensation on the sample.  However, 

gauging the effectiveness of the technique is difficult.  We cannot determine how many fine grains 

were part of the Stardust aerogel prior to ashing, and thus we cannot determine to what degree 
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material is being freed and successfully deposited onto the TEM grid.  The aerogel is not 

completely ashed as it collapses under homologous collapse, and additional particles may remain 

trapped within the remaining aerogel that cannot be recovered.  However, other techniques result 

in destruction of much of the sample prior to performing necessary analyses (e.g., FIB 

preparation).  Additionally, many of these samples were unlikely to be studied given the difficulty 

of finding and analyzing fine grains within the aerogels.  Overall, plasma ashing appears to be a 

promising technique for investigating the fine component of Wild 2 that was captured by the 

aerogels. 

 The particles we observed were C and O-rich, with ~90 at. % composed of combinations 

of C and O, with C being the most abundant element in each grain.  Track 35’s bulbous shape 

indicated that the original impacting particle was likely composed of fine-grained, volatile-rich 

material (Caro et al., 2008). Previous analyses of Stardust track 35 have identified carbonaceous 

materials (Sandford et al., 2006; Caro et al., 2008).  Infrared spectroscopy studies indicated that 

cometary carbonaceous material is present in the aerogel surrounding bulb, but the presence of C 

contamination in the aerogels made separating and quantifying the cometary portion difficult (Caro 

et al., 2008).  Raman spectroscopy studies discovered much of the cometary carbonaceous material 

in track 35 had features characteristic of disordered carbonaceous material such as graphite-like 

sp2-bonded carbon in the form of condensed carbon rings (Sandford et al., 2006).  However, our 

SAD patterns did not agree with graphitic carbon.  Additionally, our grains did not contain any N 

whereas previous investigations noted significant N within the majority of the carbonaceous 

residues (Sandford et al., 2006).  Thus, while carbonaceous material was expected within our 

aerogel sample, the carbonaceous material we observed in our grains appears to differ from the 

majority of the previously observed material.   
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 Some of the observed C in our grains may be the result of contamination from the aerogels.  

The aerogels are known to have C concentrations ranging from ~0.2 wt. % to ~ 3.5 wt. % (Burchell 

et al., 2006).  Much of this C is in the form of simple Si-CH3 groups (Sandford et al., 2006).  

However, our EDXS measurements are not H-sensitive and cannot identify CH3 groups.  Si was 

present throughout our grains, but the presence of Fe and Mg indicates that, while portions of our 

grains may remnants of the aerogel contaminants or the aerogel itself, some component of our 

grains is likely cometary.  Further TEM studies focused on isolating spot diffraction patterns, 

coupled with SIMS analyses to observe H abundances, could be effective in determining whether 

the C in our grains is refractory or organic carbon.  Refractory carbon is more likely to be the result 

of cometary impactor, allowing these studies to better determine the source of our collected grains.   

 Determining the minerals responsible for the Si, Fe, and Mg present in the grains is 

difficult.  O within the grains may have originated from the aerogel itself, complicating 

stoichiometric calculations.  Si, similar to O, also may have originated from the aerogel.  The lack 

of S within the residues suggests the Fe is not the result of sulfides, and instead came from silicates, 

carbides, oxides, or metallic phases.  The large Fe abundance in grain 1 may indicate the presence 

of iron oxides.  Diffraction patterns help in determining mineralogy, but our observed patterns are 

likely the result of C-bearing phases rather than silicates.  Ca within the residues suggests that 

pyroxene or CAIs may have been a component of the impactors.  Al within the first grain alongside 

Ca could be the results of a CAI impactor.  However, grains 3 and 4 had no Al signature while 

containing significant Ca.  Pyroxene grains have previously been observed and linked with Ca 

abundance in Stardust foil residues (Leroux et al., 2008), and other Ca-bearing phases such as 

CAIs and Kool grains would require the presence of elements not seen in our spectra such as Al, 

Cr, and Na (Joswiak et al., 2009).  
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7.4.4 Stardust Aerogel Track 35 Conclusions 

 The ashing process was successful in freeing material from the Stardust aerogels and 

depositing it onto TEM grids for further analysis.  The aerogel largely collapsed as expected from 

previous HF etching experiments.  However, it was difficult to fully assess the technique’s success.  

The homologous collapse of the aerogel prevents full destruction of the aerogel, and without 

additional knowledge of the aerogel’s contents it is unknown how much material is not freed from 

the aerogel. 

 The four observed grains were largely composed of O and C, but Si, Mg, Fe, Ca, S, and Al 

were also present in the EDXS spectra.  The material was largely composed of nm-scale 

crystallites, but further analysis is required to determine the crystal structure of the observed 

material.  H-sensitive analysis techniques coupled with investigations of the material’s crystal 

structure may allow for better determination of the grains’ mineralogies as well as to what extent 

the observed grains may be remnants of the aerogel or aerogel contaminants. 

7.5 Stardust Aerogel Track 200  
 Following the successful identification of grains after the ashing of aerogel material from 

Stardust track 35 we continued to utilize the ashing technique to isolate potential cometary 

materials.  Aerogel material from track 200 (Figure 7.10) was available for further analysis and 

had the correct dimensions for ashing preparation with our Cu-based sample holder. 

7.5.1 Stardust Aerogel Track 200 Sample Preparation and Methods 

 The aerogel was prepared in the sample holder described in Chapter 3.5 of this thesis by 

Andrew Westphal at the University of California, Berkeley before I transported it by hand to 

Washington University for ashing.  The aerogel track was ashed for 10 minutes at 17.2 kPa.  The 

initial ~3 minutes of the ashing duration was necessary for the penetration of the protective Si3N4 
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window, resulting in ~7 minutes of F plasma exposure to the aerogel sample.  The sample 

underwent homologous collapse as expected.  Material from the aerogel was deposited directly 

onto a TEM grid during the ashing process.  TEM investigations were performed on Washington 

University’s JEOL 2000FX TEM. 

7.5.2 Stardust Aerogel Track 200 Results 

 We identified a cluster of particles of potential cometary origin on our TEM grid following 

the completion of the ashing procedure.  The individual grains within the cluster were largely 

rectangular in shape, with grain lengths ranging from ~100 nm up to several microns (Figure 7.10).  

All particles belonging to this cluster were located in the same TEM grid, which was located 

directly beneath the aerogel sample at the time of ashing. 

 
FIGURE 7.10:  TEM bright-field image of the grain cluster observed after ashing aerogel material 

from Stardust track 200. 
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TABLE 7.2:  Elemental compositions of deposited grains from aerogel track 200.  EDXS spectra 

were collected on the JEOL 2000 TEM.  Quantification was performed by measuring TEM-EDXS 

spectra with DTSA II software.  F was also present throughout the spectra, but is not listed as it is 

contamination from the ashing process.  nd indicates that the element was not measured.  Standard 

deviations are shown in parentheses.  The average composition of the grains was calculated 

without taking uncertainties in compositions into account. 

Grain # O at. % Si at. % S at. % Ca at. % 

1 14.2 (0.3) 3.1 (0.1) 45.1 (0.6) 37.6 (0.6) 

2 25.5 (2.2) 2.7 (0.1) 40.1 (0.5) 31.6 (0.5) 

3 nd 2.8 (0.1) 17.5 (0.1) 79.6 (2.3) 

4 33.6 (2.7) 3.0 (0.1) 35.6 (0.6) 27.8 (0.6) 

5 nd 4.1 (0.1) 54.0 (1.8) 41.9 (1.6) 

6 26.2 (2.0) 2.9 (0.1) 38.4 (0.4) 32.5 (0.5) 

7 44.0 (1.4) 1.6 (0.1) 34.3 (0.4) 20.1 (0.3) 

8 33.0 (1.9) 2.4 (0.1) 38.7 (0.5) 25.9 (0.4) 

9 45.3 (1.2) 0.8 (0.1) 35.9 (0.4) 17.9 (0.2) 

10 23.3 (2.6) 3.2 (0.1) 40.7 (0.6) 32.8 (0.6) 

11 49.4 (1.2) 0.9 (0.1) 32.9 (0.4) 16.8 (0.2) 

12 37.4 (2.6) 2.9 (0.1) 32.7 (0.6) 27.0 (0.6) 

13 35.3 (2.2) 3.0 (0.1) 32.7 (0.5) 29.0 (0.6) 

14 32.9 (2.3) 2.5 (0.1) 37.6 (0.6) 27.1 (0.5) 

15 36.2 (1.8) 2.1 (0.1) 38.0 (0.5) 23.7 (0.4) 

16 39.1 (1.9) 2.2 (0.1) 36.4 (0.5) 22.4 (0.4) 

17 34.9 (2.0) 2.3 (0.1) 38.9 (0.5) 24.0 (0.4) 

Average 30.0 2.5 37.0 30.5 

 

 The cluster of grains all appeared to be predominantly composed of Ca, S, and O, with 

traces of Si and F also present in collected EDXS spectra (Figure 7.11).  The thickness of the 

samples indicated that ZAF corrections were necessary for accurately quantifying the collected 

EDXS spectra.   DTSA II software elementally characterized the grains through use of precollected 

standard spectra in combination with ZAF corrections (Table 7.2).  Si was present in small amounts 

(0.8 to 4.1 at. %) throughout the spectra.  O compositions varied greatly throughout the quantified 

grains (0 to 49.4 at. %).  However, determining the extent to which these elements were cometary 

or remains from the aerogels was difficult.  S and Ca were the most abundant elements throughout 

the residues, with S abundances ranging from 17.5 at. % to 45.1 at. % and Ca abundances ranging 

from 16.8 at. % to 79.6 at. %.  The overall Ca/S ratio was 0.82.  The overall O abundances were 
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too low relative to S and Ca to indicate the presence of calcium sulfate (CaSO4).  If the majority 

of the observed O and Si is the result of contamination from the aerogel the Ca and S abundances 

may reflect the presence of oldhamite (CaS). 

 
FIGURE 7.11:  Logarithmic plot of the combined EDXS spectra of the 17 EDXS spectra listed in 

Table 7.2.  Each individual spectrum was collected for 2 minutes of livetime, giving a cumulative 

34 minutes of livetime for this plot. 

 

 The majority of the material appeared to be crystalline in nature.  Dark-field images of the 

grains revealed many of the grains were composed of seemingly randomly-oriented crystalline 

subgrains on the scale of several nanometers (Figure 7.12).  The polycrystalline nature of the grains 

made it difficult to collect clear diffraction patterns from the material.  Diffraction patterns from 

the material appeared to indicate that the material’s crystal structure was cubic (Figure 7.13).  D 

spacings for the crystal planes were calculated through comparison to diffraction patterns from 

known Al crystal structures.  The majority of the diffraction patterns that I was able to collect were 

the result of many crystalline subgrains, resulting in a ring pattern (Figure 7.14).  The brightest 

rings had d spacings corresponding to the [111], [200], and [220] planes (using the Miller indices 
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convention [hkl]).  Different crystal structures have different allowed Miller indices (Table 7.3).  

The spot diffraction patterns we observed correspond to a cubic crystal structure, and the brightest 

rings we observed had d spacings corresponding to the Miller indices resulting from a face centered 

cubic structure.  Other weaker rings were visible in our ring diffraction patterns (Figure 7.14), but 

these may be the result of other less prevalent phases within our collected grains as these patterns 

are the result of many contributing subgrains.  Our current diffraction pattern analysis indicates 

that the grains are likely the result of a face centered cubic crystal structure with D spacings within 

~7% of oldhamite.  Oldhamite (CaS) has an elemental composition consistent with our EDXS 

results and also has a face centered cubic crystal structure (Skinner & Luce, 1971). 

 
FIGURE 7.12:  TEM dark-field image of grains from ashed aerogel from track 200.  The individual 

bright points are subgrains with crystalline structures aligned with the camera location. 
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FIGURE 7.13:  a) Diffraction pattern from a grain deposited during the ashing of aerogel track 

200.  The crystal planes are labeled.  The pattern appears consistent with a cubic crystal structure. 

b) D spacings for the observed crystal planes corresponding to the shown miller indices.  D 

spacings were calculated through comparison to a known Al crystal structure.  The resulting a 

values were on average ~7% smaller than those observed in oldhamite (a = 5.69 Å). 

 

 
FIGURE 7.14:  a) Diffraction pattern collected from a grain deposited during the ashing of aerogel 

track 200.  The ring-like pattern is the result of observing diffraction patterns from many individual 

crystalline subgrains.  The three brightest rings are indicated by red arrows.  b) D spacings and the 

proposed crystal lattices responsible for the formation of these ring patterns and the a values 

resulting from the proposed h,k,l values.  The proposed h,k,l values suggest that the pattern is the 

result of a face-centered cubic structure (Table 7.3). 

 

TABLE 7.3:  Allowed Miller indices for different cubic crystal structures. 

Crystal Structure Allowed h2 + k2 + l2 Values 

Simple Cubic 1,2,3,4,5,6,8,9,10… 

Face Centered Cubic 3,4,8,11,12,16… 

Body Centered Cubic 2,4,6,8,10,….. 
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7.5.3 Stardust Aerogel Track 200 Discussion 

 The materials deposited on our TEM grid were dominated by Ca and S abundances while 

lacking other elemental signatures outside of F, Si, and O.  Si and F are likely remnants of the 

Stardust aerogel and the F plasma.  Determining the source of the O is more difficult.  Calcium 

sulfate (CaSO4) is a common mineral present in materials such as plaster of Paris.  However, the 

O abundances appear too low for our minerals to be dominated by calcium sulfate.  Additionally, 

calcium sulfate has an orthorhombic crystal structure that does not appear to match the diffraction 

patterns we observed that suggested a cubic crystal structure.  The minerals may also be oldhamite 

(CaS) with the O resulting from the Stardust aerogel rather than the mineral itself.  Our initial 

results indicate that the observed diffraction patterns, though resulting from a face centered cubic 

structure (similar to oldhamite), have d spacings slightly smaller than oldhamite’s.  However, our 

collected diffraction patterns suffered from poor spot resolution as a result of contribution from 

multiple subgrains. 

 Identifying oldhamite in the Wild 2 impactors would be scientifically significant when 

considering the origin of comet Wild 2.  Oldhamite is only found in highly reduced enstatite 

chondrites and enstatite achondrites (aubrites) (Lodders 1996).  Many bulk isotope system (e.g., 

O16, O17, O18) analyses have revealed an isotopic dichotomy among meteorites that suggest the 

two isotopic populations coexisted separately in the protoplanetary disk, most likely as a result of 

a gap in the disk created by proto-Jupiter (Scott et al., 2018).  Oldhamite has only been observed 

in the NC group of meteorites, and this hypothesis (the Warren Gap hypothesis) would prohibit 

material from the NC group of meteorites from being in the outer Solar System at the time that 

Wild 2 formed (>3 Myr after the formation of CV CAIs) (Scott et al., 2018).  As a result, positively 

identifying oldhamite in these samples would disrupt current understandings of early Solar System 

chronology, and further investigation of the possible comet Wild 2 oldhamite is warranted. 
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 Further investigation is required to better constrain the mineralogy of our deposited 

minerals.  The collection of additional diffraction patterns with better spot resolutions or with 

different ring patterns could help to establish the true crystal structure of the material and determine 

the mineralogy of the collected material.  Rare earth elements are concentrated in oldhamite found 

in aubrites and enstatite chondrites (Lodders 1996).  Further analyses performed on Washington 

University’s Cameca 7F Ion Probe would be able to measure the abundances of the rare earth 

elements within our grains.  A measurement of the rare earth element pattern will tell us if these 

grains are indeed oldhamite, and if the formation conditions of Wild 2 oldhamite (e.g., by 

condensation) are consistent with this source. 

7.5.4 Stardust Aerogel Track 200 Conclusions 

 Similar to our study of aerogel track 35, the ashing process appears to have been successful 

in freeing material from the Stardust aerogels and depositing it onto TEM grids for further analysis.  

The grains that we observed were largely composed of Ca and S, but Si, O, and F were also present 

in the EDXS spectra.  The material was largely composed of nm-scale crystallites, and initial 

analyses appear to indicate the material has an elemental composition and crystal structure (face 

centered cubic) consistent with oldhamite (CaS).  Further analysis of the material is required to 

better constrain the mineralogy of the material.  Identifying oldhamite in the Stardust aerogels 

would be scientifically significant because it would imply that enstatite material was present during 

Wild 2’s formation and thus provide evidence against the current Warren gap hypothesis. 

7.6 Conclusions 
 Plasma ashing sample preparation appears to be a promising technique for studying the 

fine component of comet Wild 2 that was collected in the Stardust aerogels.  We observed material 

on our TEM grids after ashing material from Stardust aerogel tracks 35 and 200.  The ability to 
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isolate fine material from Stardust aerogels would greatly improve our ability to characterize Wild 

2’s fine component, and further investigation of aerogel materials with this technique appears 

scientifically valuable. 

 The grains deposited from material from aerogel track 35 were largely composed of O and 

C, whereas grains deposited from material from aerogel track 200 were dominated by Ca and S.  

In both cases the material appeared extremely polycrystalline, with individual grains on the scale 

of nanometers.  Further analyses of these grains are required to fully characterize the material’s 

crystal structure and thus its mineralogy.   

 The Ca- and S-rich materials from aerogel track 200 may be oldhamite.  The presence of 

oldhamite in Wild 2 would call into question the Warren gap hypothesis, demonstrating the 

importance of continued analysis of these samples and the Stardust aerogels in general. 

 

  

 

 

 

 

 



161 

 

Chapter 8: Convolutional Neural Networks 

for Finding Foil Features 

8.1 Preface 
 Neural networks are a form of machine learning that have gained popularity in recent 

decades with the overall improvement of computer processing power and memory storage.  

Convolutional neural networks (CNNs) are a specific form of neural networks that aim to compress 

complex, 3-dimensional data structures (e.g., digital images) by performing a series of 

convolutions on the input data.  Due to CNNs’ ability to quickly parse image data they have the 

potential to save countless man-hours of labor by independently identifying features of interest in 

images collected with an SEM (e.g., craters in Stardust foils). 

8.2 CNN Theory 
 CNNs are a specific form of traditional neural networks (NNs).  NNs seek to emulate the 

biological process of neurons firing within the brain to imitate brain function.  CNNs add 

convolution and pooling steps to NNs in order to speed up the process of analyzing complex image 

data.   

8.2.1 Traditional Neural Networks (NNs) 

 NNs were originally created to simulate the behavior of neurons in the brain and are 

composed of a network of artificial neurons called nodes.  The network is composed of an input 

layer, at least one hidden layer, and an output layer (Figure 8.1).   
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FIGURE 8.1:  The layout of a simple NN.  In this figure we have three inputs (X1, X2, and X3) that 

each feed independently into each node in the hidden layer (a1, a2, a3).  These hidden layers then 

contribute to the output layer. 

 

 

FIGURE 8.2:  The sigmoid function frequently used as an activation function in neural network 

nodes.  For values much greater than zero, the function’s value approaches 1, while for values 

much lower than zero, the function’s value approaches 0. 
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 Each node in a given layer is connected to each of the nodes in the previous and following 

layers.  These connections are modeled as weights.  When moving along a connection from one 

node to another in the following layer, the value in the earlier layer is multiplied by a weight factor 

before being applied to the following layer.  An activation function is then present in the node to 

control the amplitude of the node’s output before the process is repeated again when moving 

onwards to the next layer.  A sigmoid function is an example of a commonly used activation 

function (Figure 8.2).  When the value passed to a sigmoid function is much greater than zero, the 

sigmoid function will return a value close to 1, whereas when the value passed to a sigmoid 

function is much lower than zero, the sigmoid function will return a value close to 0.  In this way 

a sigmoid function can return values between 0 and 1, which will then be utilized for the next layer 

in the neural network. 

 Through careful calculation of the weights connecting each node of a NN the NN can be 

crafted to return a desired output with a given input.  Figure 8.3 shows an example of an XNOR 

gate, or a NN that will output the value 1 if and only if the two inputs (X1 and X2) both share the 

same binary value (0 or 1).  By increasing the complexity of a NN through the addition of more 

inputs, nodes, and layers, one can create a NN capable of performing more complex calculations 

given that the appropriate weights are established between each node. 
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FIGURE 8.3:  The layout and appropriate weights (shown in boxes of appropriate color) of an 

XNOR gate.  In this gate each activation function (similar to the sigmoid function from Figure 8.2) 

is established such that a value of the input to a node greater than 0 will return a 1, and a value of 

the input to a node less than 0 will return a 0.  

8.2.2 Convolutional Neural Networks (CNNs) 

 CNNs use the basic structure of a NN (nodes connected through weights) but use 

convolutions to simplify the input.  An example of the convolution function is shown in Figure 

8.4.  Using convolutions allows for the reduction of free parameters in the neural network.  A 100 

by 100 pixel image would typically have 10000 weights for each neuron in the second layer, which 

would lead to an extremely large number of calculations to be performed to analyze even a 

relatively small image.  Using convolutions, the weights between layers are removed and the 

values of our filter become the parameters we are solving for.  Thus, passing an image through a 

3 by 3 filter will result in only having 9 parameters to solve for, regardless of the size of the input 

image, greatly reducing the processing power needed to analyze the image.  This architecture is 

effective due to the property of parameter sharing.  A feature detector (such as a vertical edge 

detector) is likely to be as useful in one part of an image as any other.  Thus, by creating a filter 
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that can detect features we are interested in (such as vertical lines), we can reuse that filter 

repeatedly and reduce the number of calculations that need to be performed. 

 

FIGURE 8.4:  The calculations necessary to perform a convolution function with a 3x3 filter on a 

6x6 input matrix.  The 6x6 input matrix can be thought of as a small 6x6 pixel image, with each 

number representing a pixel intensity.  The filter shown here is a vertical line detector since it will 

return the highest values (both positive and negative) when the filter is positioned over a part of 

the image with large value differences between the right and left sides. 

 

 CNNs will also typically make use of a pooling step.  An example of a pooling step is 

shown in Figure 8.5.  The pooling step condenses the results of filtering steps to futher reduce the 

parameters to reduce computing time. 
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FIGURE 8.5:  An example of maximum pooling, where the largest value in each pool is taken and 

passed on to the next layer of the CNN.  In this example, we took the absolute value of our result 

from Figure 8.3 and applied a 2x2 filter (4 values are analyzed in each pooling step) along with a 

stride of 2 (filters are only placed over every other pixel value). 

 

 

 A complete CNN (Figure 8.6) will typically combine multiple convolution and pooling 

steps along with fully connected layers at the end, which behave the same as layers present in a 

traditional neural network.  The final output can vary.  In a CNN designed to identify handwritten 

numbers, there may be 10 outputs (one for each numeral from 0 to 9), each representing a 

probability (values between 0 and 1) that an individual numeral was written.  In the case of 

identifying a singular feature (such as whether an image contains an impact crater or not) the output 

will typically be the probability of that feature being present in the input image. 

8.2.3 Training NNs 

 After creating a CNN with the appropriate architecture, the appropriate parameters present 

in the convolutional and fully connected layers need to be determined in order for the CNN to 

perform the desired task.  In our case, we wish to input a secondary electron image obtained with 

an SEM and have the CNN determine whether that image contains a crater or not.  In other words, 

if we choose the weights between nodes correctly, when we input an image of a crater into our 

neural network the final output will be 1, and otherwise that final output will be 0.   
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FIGURE 8.6:  An example of a basic CNN.  The input image (represented as three matricies for 

the red, green, and blue inputs in a colored pixel value) goes through the convolution (CONV), 

pooling (POOL), and fully connected (FC) layers before outputting a single probability.  Most 

CNNs will use multiple convolution and pooling layers.  Note that the six matricies present after 

the initial convolution step indicates that six filters were applied to the input image. 

 

 Training a NN is the process of feeding the neural network images with known results and 

altering the values of the weights when the returned output is incorrect.  Training a NN utilizes a 

‘cost function’ that takes an average difference of all the results of the hypothesis (the NN output) 

and the known results.  If the NN incorrectly labels an image, the cost function’s value increases.  

Squared error functions, frequently seen in statistics or logistical regression, are the most common 

form of cost functions. 

 Once a cost function has been obtained, we need a way to minimize it in order to obtain 

the best possible weights between our NN nodes, or in the case of CNNs, the best possible values 

for numbers in our filters.  Backpropagation algorithms are used to minimize the cost function.  

Backpropagation algorithms will contain partial derivatives of the cost function with respect to a 

matrix representing our node weights (or our filter values), and will thus derive the change in the 

cost function with respect to these numbers and will adjust the weights (or our filter values) in the 

appropriate direction.  Implementation of the cost function and backpropagation algorithms are 
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frequently complex, particularly in large CNNs.  Fortunately, modern programming packages 

automate the implementation of these algorithms. 

8.3 CNN Packages 
 The details behind the implementation of modern CNNs are beyond the scope of this thesis.  

Creating NNs has been greatly simplified in recent years with the creation of software packages 

that automatically perform and calculate, amongst other functions, the complicated cost function 

and backpropagation algorithms.  Amongst the most frequently used are the packages Tensorflow, 

which was originally designed by engineers at Google, and Keras, an offshoot of the Tensorflow 

package.  Both packages are used with the Python programming language.  I utilized these 

packages in the creation of the CNN that I used to search for craters on the Stardust foils.  Full 

documentation on these packages can be found at https://www.tensorflow.org/api_docs/python/tf 

and https://keras.io. 

8.4 CNN Implementation 
 The code and the outputs presented in this chapter can be found at https://github.com/Brend 

anAHaas/CNN_IdentifyingStardustCraters.  The code is written for Python 3.4.  The following 

package versions are used, though other versions may work but have not been tested: 

• NumPy 1.14.2 

• Pandas 0.23.4 

• Matplotlib 2.2.2 

• pillow 5.0.0 

• sci-kit-learn 0.19.2 

• tensorflow 1.11.0 

• keras 2.2.4 

 

This section of the chapter summarizes important aspects of the code as well as the outputs relevant 

to demonstrating the effectiveness of the CNN’s crater identification algorithm. 
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8.4.1 CNN Training and Test Sets 

 In order to train our CNN to be able to identify craters, we first need to provide the CNN 

with as many examples of crater images as possible.  While many modern neural networks train 

on millions of data points, preliminary results can be obtained with hundreds.  Relatively few 

images of hypervelocity micron-scale impact craters on aluminum foils exist, and as a result the 

training set for this application will be relatively small.  Additionally, crater images need to be 

complemented by images without craters to allow the CNN to differentiate between the two.  

Examples of images from the two test sets are shown in Figure 8.7.   

 
FIGURE 8.7:  Examples of images with and without craters that were used for training and for 

testing the performance of the CNN.  Many of the images without craters were selected to contain 

dust or foil defects in order to help the CNN differentiate between these features and authentic 

craters. 

 

 For the implementation of this CNN I used images of craters and regions without craters 

obtained from the Acfer 094 analog foils and Tagish Lake analog foils discussed in chapter 4 of 

this thesis.  1098 total images were used, 301 of which contained images of craters.  80% of the 

images (878 total) were used as a training set to teach the CNN to identify images of craters and 

non-craters and 20% of the images (220 total) were used to test the accuracy of the trained CNN.  
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The images ranged in size from 175086 pixels (411 x 426 pixels) to 361 pixels (19 x 19 pixels) as 

they represented craters varying in size from a few hundred nanometers to tens of microns in 

diameter. 

8.4.2 Image Compression 

 NNs require each input to contain the same number of dimensions, meaning that inputting 

images of varying sizes is not possible.  Additionally, reducing the dimensions of the input can 

greatly speed NN processing time.  For images the number of dimensions is equal to their area in 

pixels multiplied by the number of color channels present in these images.  Most images contain 

three color channels for the red, green, and blue color inputs.  As a result these images consist of 

integer values (0 to 255) for each channel for each pixel.  In order to speed processing of images 

through the CNN, I resized each image to be 20 pixels by 20 pixels.  This does cause some of the 

data from the original images to be lost, but the general characteristics of the craters (rounded 

shape, bright crater rims, dark interior) are preserved.  The images used in this study had previously 

been converted from greyscale (single-channel) to RGB (three channel) images.  As a result, I had 

to convert back to single-channel images in order to decrease computation time by a factor of three.  

After these adjustments each image only contains 400 dimensions and can be processed by the 

CNN relatively quickly.  Higher accuracy could be obtained by retaining more pixels from the 

original images, but would come at the cost of higher computation times.  Examples of this 

compression is shown in Figure 8.8. 

8.4.3 CNN Architecture 

 The CNN architecture, constructed through use of the Keras package, is shown in Figure 

8.9.  The CNN begins with our input image that is 20x20 pixels in size and constitutes a single 

channel.  In the first convolution step the image has 40 5x5 filters applied to it resulting in 40 
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channels.  In the second convolution step the image has 50 5x5 filters applied to it, resulting in 50 

channels.  A max pooling step is applied with a 2x2 filter and a stride of 2.  A third convolution 

step has 70 3x3 filters applied to it, resulting in 70 channels.  A second max pooling step with a 

2x2 filter and a stride of 2.  A fourth and final convolution step has 100 3x3 filters applied, resulting 

in 100 channels.  A third and final max pooling step with a 2x2 filter and a stride of 2 is applied to 

the 100 channels.  The channels are fed into a full connection layer with 100 nodes.  This full 

connection layer outputs to a single value between 0 and 1 that identifies how likely the input 

image is a crater, with 0 being extremely unlikely and 1 being certainty that a crater is present. 

 
FIGURE 8.8:  Examples of a crater image being compressed to 20 pixels by 20 pixels, as well as 

an example of the crater image being converted from 3 channels to 1 channel.  The crater’s primary 

features of a bright, circular outer rim and dark interior are both preserved through each 

compression. 

 



172 

 

 The architecture of our CNN adheres to common CNN architectures through the gradual 

increase in channels and the decrease in the size of these layers through the use of max pooling 

steps.  Not listed are dropout steps present after each pooling step, which randomly select channels 

(in our case 40% of the channels) to be excluded from the training of the CNN.  This prevents the 

CNN from relying too heavily on filter values attached to specific channels and thus prevents 

overfitting of the training data.  A more optimal architecture likely exists, but optimizing NN 

architectures is extremely difficult. 

 
FIGURE 8.9:  CNN architecture diagram.  As the image progresses through the CNN the input 

data is expanded into additional channels through convolution steps.  The channels are further 

compressed through max pooling steps.  The channels are finally fed through a fully connected 

layer that leads to the output, a single number between 0 and 1 that identifies how likely the input 

image is a crater, with 0 being extremely unlikely and 1 being certainty that a crater is present. 

 

8.4.4 CNN Effectiveness on Training and Test Datasets 

 The CNN trains by taking in training images (e.g., images in Figure 8.7), feeds the image 

through its architecture, and outputs a prediction that the image is a crater or not.  In instances 

where the CNN is incorrect (which is determined by previous human analysis of the training 

images), the CNN alters the weights present in its filters in its convolution steps to improve its 

ability to correctly label the images.  Images that are used in this way to train the CNN constitute 

the training set.  We can examine the accuracy of the CNN’s predictions by having the CNN input 
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images that are not used to alter its weights and see the rate at which these images are correctly 

labeled.  These images constitute the test set.  In our CNN we began with 1098 images, 301 of 

which contained craters.  These images were randomly split into a training and test set in an 80/20 

ratio.  Each run of the entire training set through the CNN constitutes an epoch.  The effectiveness 

of the CNN on labeling the images after each epoch is shown in Figure 8.10.  After roughly 50 

epochs the CNN’s performance did not vary considerably.  The weights after the CNN performed 

best on the test set were saved and used in further analysis of the foil images. 

 We only used 1098 total images in our combined training and test sets.  This is a very small 

size for the training and test sets compared to many modern applications of NNs and CNNs that 

frequently use hundreds of thousands, millions, or even billions of training examples (Halevy et 

al., 2009).  Increasing the size of the training set for any NN almost always increases the NN’s 

accuracy.  However, obtaining additional secondary electron images of hypervelocity impact 

craters is time consuming and the amount of time necessary to appreciably increase the size of the 

training and test sets for this application may not be worth the possibly minimal increase in 

accuracy, particularly when simpler solutions (such as increasing the size of the input image and 

compensating with increased computational power) are available. 

 Figure 8.10 shows that, despite the addition of dropout steps to our CNN, overfitting of the 

training data occurred.  Overfitting occurs when the NN attempts to minimize its loss function by 

overfocusing on features present on craters in the training set, thus reducing the NN’s accuracy 

when it is applied to craters not in the training set.  Due to overfitting, our CNN’s accuracy peaked 

at epoch 70, when its accuracy on the test set was maximized and prior to the onset of overfitting. 
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FIGURE 8.10: Fraction of images incorrectly labeled by the CNN after each epoch.  The CNN’s 

accuracy does not noticeably improve after roughly 50 epochs.  The weights obtained on the epoch 

after which the CNN performed best on the test set (here, epoch 70) are saved for further use. 

8.4.5 Applying the CNN with a Sliding Window 

 The CNN is trained to identify images of craters where the crater constitutes almost the 

entire image.  Secondary electron images of Stardust foils, if they contain a crater, will only have 

the crater be present in a small part of the image.  As a result, if we wish for our CNN to be 

effective, we have to isolate small portions of each secondary electron image step by step in order 

to verify that the portion contains or does not contain a crater.  Beginning in the top left of the 

image, the program grabs the first 20x20 pixel subsection of the image, feeds it through the CNN, 

and has the CNN determine if the image subsection contains an image of a crater.  The program 

can then shift the subsection of the image over any number of pixels, feed it through the CNN 

again, and repeat until the entire image has been sampled.  This is called a sliding window 

procedure.   

 My implementation of the sliding window utilized a subsection shift of only 1 pixel in 

order to maximize the possibility that craters were found if present on the images.  Larger shifts 
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could be used to decrease computation time, but would come at the cost of a decreased accuracy 

in positively identifying craters on the images. 

 
FIGURE 8.11:  Illustration of the CNN’s identification of a crater.  The input image contains a 

crater near the top middle of the image.  The CNN slides an input window across the image and 

updates after each step in which the probability of there being a crater reaches a new largest value.  

The final output is the image with the highest probability of containing a crater coupled with the 

crater’s location in the image and the CNN’s crater probability calculation.  If the final highest 

crater probability is too low the program determines that no crater was found. 

 

8.4.6 Examples of the CNN Output 

 The program operates by analyzing subsections of the images with the sliding window 

method.  Each section is fed through the CNN and the CNN calculates the probability that the 

subsection contains a crater.  Whenever a subsection’s probability is higher than the current largest 

probability, the program notes the subsection’s location and the probability that the subsection 

contains a crater.  An example of the program’s output is shown in Figure 8.11.  The final output 
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after an image is fully analyzed is the highest obtained probability of a crater being present in any 

subsection present in the original image as well as the location in the image of the identified crater. 

8.4.7 The CNN’s Effectiveness 

 The effectiveness of a CNN can be interpreted in many ways depending upon the goals of 

the implementer.  In the case of crater searching on the Stardust foils I valued the minimization of 

false negatives (the CNN incorrectly deciding that no crater was present) over the minimization of 

false positives (the CNN incorrectly deciding that a crater was present).  Craters on the Stardust 

foils are rare, particularly on the Interstellar foils, and finding these craters is the primary goal of 

implementing the CNN.  The presence of false positives does increase the amount of labor required 

from researchers, since they will need to spend more time inspecting images that do not in actuality 

contain craters, but so long as a significant fraction of the original images are still correctly 

identified as not containing craters the number of man hours required to search the images will be 

greatly decreased.  Additionally, the program notes the location of features that it identifies as 

craters and thus will allow researchers to quickly identify images that are false positives. 

 A further measure of effectiveness of the CNN is the rate at which it is able to process the 

images and return a probability that the image contains a crater.  Faster analyses of the crater 

images is desired, but if it comes at a large cost in accuracy a slower analysis may be preferable.   

 I tested the performance of the CNN by running it on images taken on the Stardust 

Interstellar foils that are available for viewing through the Stardust@Home program 

(http://stardustathome.ssl.berkeley.edu/).  The Stardust@Home program utilized the work of 

volunteers from around the world to search millions of secondary electron images of the Stardust 

Interstellar foils, as well as many optical images of the interstellar aerogel tiles, for craters and 

tracks (Westphal et al., 2014b; Frank et al., 2014).  I tested the effectiveness of the CNN by running 
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the CNN on 62 crater containing images and 193 images without any craters taken from 

Stardust@Home.  The initial test used only 20x20 pixel sliding windows and a step size of 2.  The 

CNN took on average 66 seconds to analyze each image when run on my laptop with an Intel Core 

i5 7300HQ processor with a core speed of 3090 MHz.  Using a threshold of >.90 probability as 

positive crater identification, the CNN correctly located half of the craters, and correctly excluded 

roughly half of the images without craters (Figure 8.12). 

 Initial performance of the CNN was suboptimal.  Half of the craters were not positively 

identified.  A large number of craters were not being identified because they were extremely small.  

Many of the craters from the Stardust Interstellar Foil images were 10 pixels or less in diameter, 

and thus did not fill the sliding window box of 20x20 pixels.  In order to identify these craters I 

added a second sliding window to the sliding window algorithm that imaged subsections that were 

10x10 pixels.  In addition to the small sizes of the craters, several craters were incorrectly missed 

due to the step size of 2 used for the sliding window algorithm.  By skipping pixels, some craters 

were not exactly centered in the subsections obtained by the sliding window algorithm and thus 

were given lower probabilities of being craters.  I also lowered the sliding window step size to 1 

in order to ensure that any crater that may be present would have at least one image subsection that 

would contain an image of the crater precisely centered for CNN analysis.  Making these changes 

also increases the false positive rate, as additional subsections of these foils will be analyzed and 

could appear significantly crater-like to generate a positive output.  However, I deemed that 

positive identification of the existing craters was more important than the potential increase in 

false positive results.  The result of adding an additional window and reducing the step size is 

shown in Figure 8.13. 
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FIGURE 8.12:  Performance of the CNN on images from Stardust@Home images with and 

without craters.  Roughly half of each type of image was correctly placed at having a low (0-.10) 

or a high (.9-1.0) chance of containing a crater. 

 

 
FIGURE 8.13:  Performance of the CNN on images from Stardust@Home images with and 

without craters after reducing sliding window step size and adding a second window.  Detection 

of authentic craters improved dramatically to a nearly 90% detection rate with a threshold of 0.9.  

False positive rates increased as well, though only ~25% of images without craters were falsely 

labeled. 

 

 Crater detection improved considerably following the window and step size modifications.  

55 out of 62 crater containing images were correctly labeled as having a high probability (>0.9) of 



179 

 

containing a crater, nearly doubling the correct detection rates of the first iteration.  As expected, 

an increase in false positives was also observed. 50 out of 193 images without craters were now 

labeled as having a high probability (>0.9) of containing a crater, an increase from 38 out of 193 

in the previous iteration.  However, the increase in false positives appears minor when compared 

to the dramatic increase in authentic crater detection rates.  Results would likely improve if looking 

for larger craters constituting a larger number of pixels as these features would be easier to identify 

and crater-like foil features (that are not true craters) are less likely to occur on larger size scales.  

The Stardust@Home images are a challenging dataset.  Many observed craters from the 

Stardust@Home secondary electron images constitute a region of 7x7 pixels or smaller, making 

their identification difficult even with a more sophisticated CNN.  Higher magnification images 

with fewer nanometers per pixel would improve the CNN’s ability to accurately identify craters. 

 While CNN performance improved with these changes, computation time greatly 

increased.  Analysis of an image took on average 525 seconds, a large increase from the 66 seconds 

per image on the first iteration.  Adding a second window increased the computation time per 

image by roughly a factor of 2, and decreasing the step size from 2 to 1 increased the computation 

time by roughly a factor of 4, overall increasing the computation time per image by roughly a 

factor of 8.  Computation times could be dramatically reduced by running the CNN on more 

powerful hardware.  Keras is capable of running across multiple GPUs (graphics processing units) 

which would greatly decrease the computation times. 

 The current iteration of the CNN is not more effective than other attempts to automate 

crater searches.  A study using a normalized cross correlation algorithm was able to analyze 3 

megapixel images within 6 minutes, achieving a sensitivity of 96% and a false positive rate of 

8.7% (Ogliore et al., 2012b).  Our current iteration of the CNN analyzes a ~.2 megapixel image 
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within 9 minutes, achieving a detection rate of ~90% and a false positive rate of 25%.  However, 

the CNN has potential to become quicker and more accurate.  Adding more craters to the CNN 

training set will increase its accuracy and will increase the amount of time necessary to train the 

CNN, but will not increase the time needed to scan the SEM images.  As a result the CNN can 

become the more accurate tool as our library of example craters increases. 

8.4.8 Potential Improvements to the CNN’s Performance 

 The primary way to improve the performance of the CNN is through the elimination of the 

sliding window algorithm.  The sliding window algorithm is fairly primitive and requires re-

running thousands of subsections of the image through the CNN.  Replacing the sliding window 

algorithm with an initial convolution of the full input image itself would greatly speed up the 

algorithm.  Modern CNN models can search images of similar sizes to ours for a variety of features 

in fractions of a second (Redmon et al., 2016). Making this change would allow the CNN to operate 

extremely quickly, but would require a redesign of the program and a higher level understanding 

of CNN structures. 

 Improving the performance of the current iteration of the CNN will require a redefinition 

of the CNN’s goals:  Further accuracy improvements will come at the cost of additional 

computation time or additional effort on the part of the researcher.   

 The false positive and false negative rates could be improved by increasing the size of the 

CNN’s input image, increasing the size of the CNN (e.g., increasing the number of hidden layers 

or increasing the number of nodes per layer), or by obtaining additional training and test images 

of crater and no crater images.  Increasing the size of the CNN’s input image from 20x20 pixels 

would allow for additional detail from the input images to be saved, allowing for the CNN to train 

on more detailed images and obtain more accurate weight values.  Similarly, increasing the size of 
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the CNN by expanding the number of layers, channels, or nodes in its architecture would allow 

the CNN to perform more complex decision making.  However, both of these changes would 

increase the time necessary to feed an image through the CNN and thus would come at the cost of 

additional computation time.  Obtaining additional training images would also allow the CNN to 

be able to more accurately identify crater features, but obtaining these additional images could be 

time consuming for the researcher.  The minor increase in accuracy afforded by additional training 

images may not be worth the time required to gather them.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



183 

 

Chapter 9: Conclusions 
 NASA’s Stardust mission remains our only source of unambiguously cometary material, 

and as such it retains unique scientific significance.  However, the collection media and conditions 

have made analysis of this material difficult.  As a result, much of the returned cometary material 

remains uncharacterized despite its ability to provide insight into an unexplored region of the Solar 

System. 

 The Stardust samples have the unique ability to provide insight into the composition of a 

known outer Solar System body.  As a result, they can provide insight into the evolution and 

formation processes of the early Solar System.  In performing the research presented in this thesis, 

I aimed to provide answers or insight into the following questions: 

 

• How are aggregate impactors processed compared to single-grain impactors? 

 The study of the Acfer 094 analog foils, coupled with the study of the refractory Ti- and 

Si-based impactors, appears to indicate that aggregate impactors experience more alteration than 

single-grain impactors.  Individual grains in the refractory analogs showed less alteration than 

larger clusters of impactors, and the Acfer 094 aggregate impactors showed signs of excessive 

alteration such as amorphous melt layers, volatile loss, and vesicle formation.  However, the analog 

foils contained more alteration overall than their authentic Stardust equivalents, indicating that the 

analog foils, which in the past have focused on investigating large (> 10 µm) craters, are not perfect 

replicas of the Stardust impactors.  As a result, drawing quantitative, detailed conclusions about 

Stardust impact processing from LGG produced analog foils is difficult. 

 The cause of the excessive alteration in the analog foils has not yet been determined.  The 

low compressive strength of cometary material may have resulted in a different partitioning of the 
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impactors’ energy, minimizing alteration to the Stardust impactors.  The most likely cause of the 

excessive alteration in the analog foils is the addition of an acceleration event (through use of a 

LGG to replicate Stardust impact speeds) to the deceleration event of impacting the foils. 

 

• Are organic materials capable of surviving the impact processing? 

 The study of the Tagish Lake analog foils indicated that carbonaceous material, though 

likely to be destroyed, is capable of composing a component in the crater residues in the Stardust 

collector foils.  The majority of the observed craters did not contain carbon, and some craters had 

features indicating that volatile or carbonaceous materials were lost during impact processing.  

Additionally, organic carbon materials are likely to be heavily altered by the temperatures and 

pressures experienced during collection.  However, carbon was observed in one analog crater, and 

the analog craters experience more alteration than their authentic Stardust counterparts, indicating 

that carbon components can leave some residue in the Stardust craters.  Previous observation of 

an N-rich presolar grain in isotopic measurements of the Stardust craters (Stadermann et al., 2008) 

suggest that some organic materials may be capable of surviving the collection process.  However, 

our results indicate that observing carbon signals in the Stardust foils is unlikely. 

 

• How is the fine component of Wild 2 fundamentally different from the coarse component? 

 The fine component of Wild 2 appears, in part, to be composed of refractory phases.  

Stardust foil C2113N-B appeared to have taenite and spinel within its crater residues, and Stardust 

aerogel track 200 may contain oldhamite.  Thus, the fine component of Wild 2 does contain a 

fraction of material that formed in high temperature environments.  Additionally, most of the Wild 

2 fine material appears to be dominated by silicates roughly consistent with olivine or pyroxene 
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stoichiometrically, as well as iron-nickel sulfides, both of which are not unique to the comet’s fine 

component. 

 The lack of crystalline material in our investigated Stardust craters differentiates our 

studies from previous investigations.  Studies of the aerogel tracks by Westphal et al. (2009) noted 

that the crystalline silicate fraction ranged from 0.46-1.0, and previous FIB-TEM studies by 

Leroux et al. (2008; 2010) and Stroud et al. (2010) identified surviving crystalline material in 10 

out of 22 micron-scale and submicron craters.  Our results suggest that the fine component of Wild 

2 may be more heavily composed of amorphous materials than previously thought, distinguishing 

it from the coarse component.  Carbon-rich materials from aerogel track 35 indicate that carbon 

may also constitute a fraction of the Wild 2 fines that has not been observed in the Wild 2 foils, 

likely due to the destruction of these materials during the collection process.  The submicron craters 

from Stardust Foil C2113N-A suggested that the fine component of Wild 2 may be distinguishable 

from the coarse component by an overabundance of volatile elements.  However, a larger sample 

size of fines from Wild 2, from both the foils and aerogels, are necessary to improve our confidence 

in these assertions. 

  

• What is the source of the Wild 2 fines?  

 Analysis of the submicron craters on Stardust foil C2113N-A indicated that the submicron 

component of Wild 2 may be enriched in volatiles relative to CI chondrites.  Materials formed in 

the inner Solar System would be depleted in volatiles relative to CI chondrites whereas materials 

inherited from the Solar System’s parent molecular cloud (that subsequently avoided thermal and 

aqueous processing) would not, indicating that the fine component may originate from the outer 

Solar System.  This would distinguish the fine component from the coarse component, which has 
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largely been composed of refractory materials that likely formed in the inner Solar System.  

However, the presence of some refractory materials in the fine component, such as the observed 

taenite, spinel, and possible oldhamite, indicate that some fraction of the fine component likely 

formed in the inner Solar System. 

 

• Extract and characterize two craters from the Stardust interstellar foils 

 I was successful in extracting and characterizing two Stardust interstellar craters remaining 

from the Stardust Interstellar Preliminary Investigation.  However, in characterizing these craters 

it was revealed that the craters were the result of secondary impactors from the Stardust Solar cells.  

The result further emphasizes the difficulty in probing these samples. 

 

• Create an automated image searching algorithm to improve crater detection on the Stardust 

foils 

 I was successful in using recent advances in convolutional neural network programming to 

create, train, and utilize a CNN to identify impact craters on the Stardust foils.  The current 

performance of my algorithm is not yet competitive with current foil searching techniques.  

However, CNNs have the potential to outperform current foil searching techniques with additional 

convolutional steps or training data.  CNNs thus appear to be a promising technique to pursue for 

future sample searches. 

 

 The results of this thesis suggest many avenues to pursue in future studies of Stardust 

material.  Fine-grained material, collected in micron-scale and submicron Stardust foil craters, 

require further characterization in order to definitively determine the source of the Wild 2 fines.  

Thus, continued study of the Stardust foils, particularly the submicron craters, appears to be a 



187 

 

promising approach for characterizing Wild 2’s fine component.  The new plasma ashing 

technique for separating fine cometary components from the Stardust aerogels appears to be a 

useful complementary technique for isolating and analyzing fine grains from Wild 2.  Additionally, 

refining CNN design would improve automated feature identification in a variety of sample 

collection media for a variety of features. 

 There remain many open questions regarding the composition and history of cometary 

material, several of which were explored in the work presented in this thesis.  Sample collection 

missions, coupled with constant exploration and improvement of analysis techniques, will continue 

providing insight into the Solar System’s distant materials and distant past. 
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Appendix  

 
FIGURE A.1:  First part of the schematics for the Cu base and cap designed for housing the 

aerogel, TEM grid, and SiN window for ashing experiments.  All dimensions are in inches. 
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FIGURE A.2:  Second part of the schematics for the Cu base and cap designed for housing the 

aerogel, TEM grid, and SiN window for ashing experiments.  All dimensions are in inches. 
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