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Abstract of the Dissertation 
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Atomic-scale mineral properties directly control detectable macroscopic properties. These 
include reactivity and stability as well as characteristic vibrational and electronic spectroscopic 
features. The connection between structure and spectroscopic properties in minerals is of 
fundamental importance to the interpretation of remote sensing data, especially in planetary 
science where ground-truth is very difficult. On planets without plate tectonics such as Mars, 
meteoritic impacts are a fundamental geologic process known to affect the structure of planetary 
surfaces, as well as their mineralogy. This work uses a wide range of laboratory spectroscopic 
techniques to detect and investigate structural change in impact-altered phyllosilicates. The 
analysis of multiple spectroscopic techniques provides a detailed understanding of the structural 
change induced in phyllosilicates by impacts. These results are then applied to the remote 
sensing of a geologically complex region on the martian surface. 
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   Chapter 1 

1 Introduction 

“The beauty of a…thing is not the atoms that go into it, but the way those atoms are put 
together” – Carl Sagan 

1.1 The role of atomic interactions in crystal structure and mineral properties 

 Atomic interactions in minerals determine many mineral properties. At the scale of the 
unit cell, the ionic properties of radius and charge control mineral crystal structures (Pauling, 
1927, 1928, 1929). Even smaller, at the atomic scale, electronic orbitals within each atom 
combine to form the “infinite” energy bands that explain bonding in solids (Hoffmann, 1988). 
Zooming out slightly, these infinite bands can be broken up based on functional groups into 
molecular orbitals specific to the patterns of bonding in various parts of complex solids (Pauling 
and Hendricks, 1925; Pauling, 1930; Bleam and Hoffmann, 1988; Ruiz et al., 1994). Taken 
together, these interactions produce the measurable properties of minerals. They explain why 
some minerals are hard and others soft, some soluble and others not, some reactive and others 
inert. Atomic- and molecular-scale interactions in minerals also produce characteristic nuclear, 
electronic, and vibrational effects that can be used to identify specific minerals. 

 The detection of mineral-specific atomic interactions using multiple electromagnetic 
frequencies is the foundation of solid-state laboratory spectroscopy (Farmer, 1968; Clark, 1999). 
Laboratory spectroscopic techniques, in turn, have gradually become the basis, over the past two 
decades, of many new field and orbital remote sensing techniques that non-destructively detect 
surface mineralogy on planetary bodies. On each new planet, with each new technique, the goal 
is to understand the geologic processes that produced the detected surface mineral assemblages. 
This dissertation is an exploration of the effects of one very large-scale process, impacts, on 
atomic-scale structures in phyllosilicate minerals and the ways in which these effects can be 
detected in the laboratory. The detection of structural change in minerals, although it is 
microscopic, has planetary-scale implications. Because the interactions of atoms in minerals are 
used to spectroscopically identify them on distant planets, even small changes to these 
interactions can cause big problems for the accurate interpretation of spectroscopic data. To 
explore this idea thoroughly, I begin this dissertation with a brief overview of mineral 
spectroscopy. 

1.1.1 Mineral spectroscopy 
 The effects of solid-state interactions with electromagnetic radiation are fundamental 
mineral properties that depend on the frequency of the light involved and the structure and 
composition of the mineral. Absorptions in the infrared wavelength region arise from vibrations 
of the mineral’s constituent atoms. The frequency of the absorbed light depends on the masses of 
the atoms involved, the forces of the bonds that restrain them, and the mineral’s overall crystal 
structure (Farmer, 1968). In different wavelength regions, electromagnetic radiation induces 
different effects that are indicative of other mineral properties. Light in the ultraviolet and short-
wave visible wavelength ranges induces crystal-field electronic transitions that depend on the 
presence and oxidation states of transition metals in minerals (Burns, 1993). In the case of 
phyllosilicates, Fe is particularly important. At the very high-energy end of the electromagnetic 
spectrum, X-rays, with a wavelength on the same order of magnitude as the distance between 
atoms in a crystal, are diffracted by those atoms in patterns representing the long-range order of 
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the overall structure (Bragg, 1913). The spectra detected from the interactions of crystals with 
electromagnetic radiation over a range of wavelengths are characteristic of the minerals that 
produce them and can be used for non-destructive mineral identification. In addition to providing 
mineral identification fingerprints, spectroscopy also gives, in favorable conditions, a clear 
picture of the functional groups of the mineral and can illuminate structural similarities between 
compositionally different materials. 

 Mineral spectroscopy can also be used to monitor and characterize structural change in 
minerals in response to physical and chemical processes, both in the field and in the laboratory. 
In vibrational (infrared) spectroscopy, band depth directly correlates with the abundance of the 
absorber. As a result, spectral changes imply either loss of that absorber, or functional group, 
from the structure, or structural change such that the absorption is no longer associated with the 
original absorption frequency (Clark, 1999). Vibrational spectroscopy, especially in combination 
with other techniques, can therefore be used to explore structural change in minerals in detail. 

1.1.2 Planetary remote sensing 
 In addition to providing detailed information on mineral composition and structure, the 
spectroscopic fingerprints of minerals can be compared to laboratory spectra and applied to the 
remote sensing of both terrestrial and non-terrestrial planetary surfaces (e.g., Christensen et al., 
1998, 2001; Bandfield et al., 2000; Murchie et al., 2007). This allows spectrally dominant 
minerals on planetary surfaces to be identified, and regional mineralogy to be related to 
depositional or alteration environments, from which information about climate can be inferred 
(e.g., Poulet et al., 2005; Fairén et al., 2009). However, the dependence of remote sensing on 
databases of laboratory spectra means that only minerals that have been analyzed in the 
laboratory can be accurately identified. As a result, the addition of structurally altered minerals to 
spectral analyses may improve interpretations of remote sensing data (Johnson et al., 2002, 2007; 
Wright et al., 2006). Some previous work has even suggested that previously identified 
compositions (e.g., basaltic andesite) have been inaccurately identified and are actually different 
minerals that have been weathered so that their spectra are no longer characteristic (e.g., 
weathered basalt) (Wyatt and McSween, 2002). Thus, despite its general robustness, the 
application of spectroscopy to remote sensing requires detailed analysis and comparisons to 
carefully characterized and accurately measured laboratory spectra to make robust 
identifications. Nonetheless, several mineral classes with important implications about past 
climate and surface environments have been identified by the remote sensing of the martian 
surface. Phyllosilicates, particularly hydrated smectites, make up one such mineral class.  

 

1.2 Phyllosilicate minerals on Earth and Mars 

 On Earth, phyllosilicates form in aqueous alteration environments and indicate long-term 
exposure to water. Smectite group minerals, such as nontronite, saponite, and beidellite, 
dominate in moderately weathered temperate regions, while rocks in tropical regions are 
weathered to kaolinite or simple hydroxides. Because local clay mineralogy reflects both 
regional hydrology and the geochemistry of underlying bedrock, clays can be used as fairly 
sensitive indicators of both local geology and climate (Allen, 1997). As a result, clay mineral 
deposits on Mars are often used to infer information about local paleoclimate. For example, early 
phyllosilicate detections were thought to indicate that Mars was once significantly warmer and 
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wetter on the surface than it currently is (Poulet et al., 2005; Mustard et al., 2008; Bishop et al., 
2013c). Specifically, clay mineralogy has also been investigated for evidence of biological 
activity and the possible preservation of biosignatures (Bishop et al., 2013). More recently, 
phyllosilicate deposits have been used as indicators of circum-neutral pH in weathering 
environments and potential indicators of formerly habitable environments (Meslin et al., 2013; 
Grotzinger et al., 2014). However, the warm-wet early Mars hypothesis has been challenged by 
alternative hypotheses positing that martian phyllosilicates formed as a result of impact-induced 
hydrothermal processes on an otherwise cold and dry planet (Marzo et al., 2010; Furukawa et al., 
2011), or that Mars was wetter, but not warmer in its early history (Fairén et al., 2009). An 
additional reason for the importance of accurate phyllosilicate identifications on Mars is that 
terrestrial processes of phyllosilicate diagenesis (Eberl, 1993) have begun to be associated with 
martian phyllosilicates and used to infer more specific temperature and pressure regimes for their 
formation (Bishop et al., 2008b; Ehlmann et al., 2009, 2013; Milliken, 2014; Vaniman et al., 
2014). These connections are established based on the relatively straightforward transitions 
between mineral types that phyllosilicates undergo during physical or chemical alteration on 
Earth (Hower et al., 1976; Eberl, 1993; Allen, 1997). However, spectroscopic evidence for these 
identifications is directly related to the crystal structures of both the initial minerals and those 
produced. Many phyllosilicates are structurally similar and clays can transition from one mineral 
to another relatively easily by substitution of the loosely-bonded cations in their interlayers and 
other relatively low-energy processes (Allen, 1997). Because mineral spectroscopy is so 
intimately related to the structure and chemistry of minerals, the relative instability of clay 
minerals has important implications for their identification. Before this can be examined in 
detail, however, a brief overview of clay mineral structure is required. 

1.2.1 Phyllosilicate mineral structure 
 Phyllosilicates have complex and variable structures, but the basic structure is based on 
six-member rings of SiO4

4- tetrahedra that are joined at their apices and extend outward in 
infinite sheets. This sheet is superposed on an octahedral sheet made up of Al3+ ions (and/or Fe2+, 
Fe3+, or Mg2+) surrounded by six anions (primarily OH-) in an octahedral arrangement. Each 
octahedron shares three edges with neighboring octahedra to also form an infinite sheet (Pauling, 
1930). In perfect phyllosilicate structures, every layer is electrically neutral. The structure is built 
up by a repeated superposition of tetrahedral and octahedral sheets and stacked layers are weakly 
held together by dispersion forces. However, Al3+ can partially substitute into the tetrahedral 
sites generally dominated by Si and, as a result, negatively charged phyllosilicate layers are 
produced. This negative charge must be counterbalanced by the addition of positively charged 
cations, which intercalate into the spaces between the weakly held layers. In some clay minerals, 
neutral, polar H2O molecules can then also be held between the negatively charged clay layers 
and the positively charged interlayer cations (Rich, 1968; Eberl et al., 1978; Laperche et al., 
1990; Bishop et al., 1994; Chatterjee et al., 1999; Arab et al., 2003; Boek and Sprik, 2003; 
Kirkpatrick et al., 2005). In addition to substitution between the tetrahedral and octahedral sheets 
of clays, there is also variability in the octahedral structure of clays depending on whether the 
dominant octahedral cation is divalent or trivalent (Bailey, 1966; Rich, 1968; Petit et al., 1999). 
Divalent cations occupy all available octahedral sites, while trivalent cations (including Al3+) 
occupy only two of the three symmetrically independent octahedral sites, initially described as 
“hydrargillite” by Pauling (1930). Clay minerals with partially (2/3) occupied octahedral sheets 
are called dioctahedral clays, while those with fully occupied octahedral sheets are called 
trioctahedral clays. Generally, dioctahedral clay structures fill both octahedral M2 sites, leaving 
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the M1 sites vacant (Figure 1.1a). Trioctahedral clay structures always fill all three octahedral 
cation sheet sites (Figure 1.1b). Dioctahedral clays have been suggested to be more reactive than 
trioctahedral clays (Sand and Ames, 1957; Ames and Sand, 1958; Yan et al., 2009), which is not 
surprising given the greater number of vacancies their structures contain. There is additional 
variability in clay mineral structures due to irregularities, polytypism usually related to stacking 
defects and rearrangements, and other common structural defects (Bailey, 1966). The complexity 
and interrelated stability of many clay mineral structures makes definitive identifications 
difficult. Nonetheless, remote sensing on Mars has identified specific clay mineral species. In 
general, predictions about the presence of specific clay mineral groups and some species are 
based on detailed laboratory spectroscopic analyses. However, regional geologic context should 
also be considered. 

1.2.2 Specific phyllosilicate identifications on Mars by remote sensing 
 Phyllosilicates and other hydrated mineral phases have been identified in many regions of 
the martian surface, though most identifications cluster together within the heavily bombarded 
southern highlands (Carter et al., 2013). Fe/Mg phyllosilicates are the most abundant hydrated 
mineral detections on Mars, found in 89% of all hydrous mineral detections (Carter et al., 2013). 
Regions where these minerals have been detected include Noctis Labyrinthus, just west of Valles 
Marineris (Weitz et al., 2011; Thollot et al., 2012), Nili Fossae, northwest of the Isidis Basin 
(Poulet et al., 2005, 2007; Mangold et al., 2007; Mustard et al., 2008; Ehlmann et al., 2009; 
Murchie et al., 2009; Michalski et al., 2010; Viviano et al., 2013), and Mawrth Vallis, a central 
region between the two (Poulet et al., 2005; Loizeau et al., 2007; Michalski and Dobrea, 2007; 
Bishop et al., 2008b; Mckeown et al., 2009; McKeown et al., 2013). More specifically, 
nontronite in Mawrth Vallis was one of the first clay minerals ever identified on the martian 
surface by the Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité (OMEGA) 
spectrometer onboard the Mars Express spacecraft (Poulet et al., 2005). This specific 
identification was later confirmed by the Compact Reconnaissance Imaging Spectrometer for 
Mars (CRISM) that flew on the Mars Reconnaissance Orbiter (MRO) (Bishop et al., 2008b). 
Another smectite, saponite, has been proposed, but never proved as a match for CRISM spectra 
(Mustard et al., 2008, 2009; Ehlmann et al., 2009). Other specific phyllosilicate identifications 
proposed as matches for CRISM spectra in diverse regions include chlorite (Mangold et al., 
2007; Mustard et al., 2008; Ehlmann et al., 2009; Fairén et al., 2010; Marzo et al., 2010; Thollot 
et al., 2012; Bishop et al., 2013c; Viviano et al., 2013), serpentine (Ehlmann et al., 2010; Fairén 
et al., 2010), illite (Mustard et al., 2008; Ehlmann et al., 2009; Mckeown et al., 2009; Milliken et 
al., 2010; Bishop et al., 2013b; Viviano et al., 2013; Milliken, 2014; Viviano-Beck et al., 2014), 
kaolinite (Mustard et al., 2008; Murchie et al., 2009; Marzo et al., 2010; Michalski et al., 2010; 
Weitz et al., 2011; Bishop and Rampe, 2014; Viviano-Beck et al., 2014), and montmorillonite 
(or its compositional equivalent) in the Colombia Hills and at Endeavor Crater (Clark et al., 
2007; Wray et al., 2009; Arvidson et al., 2014). The global distribution and wide variety of clay 
minerals on Mars has led to many formation hypotheses with as many implications for the 
geologic history and climate of early Mars. Ehlmann et al. (2013) provide an excellent review of 
these hyphotheses and the remote and in-situ measurements that could distinguish between 
various phyllosilicate formation mechanisms in future missions. Careful analysis of clay mineral 
assemblages has been used to investigate potential hydrothermal alteration and burial diagenesis 
in Nili Fossae (Viviano et al., 2013). However, there is one outstanding issue in the detection of 
clay minerals on Mars that has yet to be satisfactorily addressed. All of the phyllosilicate 
identifications referenced above were made using visible-near infrared (VNIR) reflectance data. 
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This same variety and global distribution has yet to be reproduced in thermal infrared (TIR) 
remote sensing data from the martian surface. 

 Currently, no unambiguous mineral-specific detections of phyllosilicates have been made 
on the martian surface using TIR data alone, although some have been made by convolving TIR 
and VNIR data (e.g., Viviano and Moersch, 2012).  There are many potential explanations for 
the apparent disconnect between robust VNIR phyllosilicate identifications on Mars and the lack 
of corresponding TIR evidence. Several researchers have proposed that phyllosilicates exist on 
Mars, but cannot be detected because their abundances are below the detection limits of the 
Thermal Emission Spectrometer (TES) onboard Mars Global Surveyor (Bandfield, 2002a; 
Michalski et al., 2006, 2010; Michalski and Fergason, 2008; Mcdowell and Hamilton, 2009; 
Viviano and Moersch, 2012). However, this directly contradicts estimates of phyllosilicate 
abundance produced through the application of non-linear spectral unmixing techniques, which 
place the abundances of phyllosilicate minerals in some regions as high as 55% (Poulet et al., 
2008). TES should be able to detect phyllosilicates in such high abundance regions, but has not 
yet been able to do so. Interestingly, phyllosilicates identified in-situ at Gale Crater were also not 
detected from orbit in the location where they were identified in-situ and form the bulk of the 
amorphous and small grain size fractions of the analyzed sample (Vaniman et al., 2014). Such 
grain size effects might explain why TES fails to identify phyllosilicates in the TIR, even in high 
abundance regions. Other explanations include surface roughness, multiple temperatures at sub-
pixel scales, or simple difficulty resolving the differences in spectral and spatial resolutions 
between TES and OMEGA and, especially, CRISM (Michalski and Fergason, 2008). Another 
potential explanation may be that phyllosilicates are difficult to definitively separate from other 
high-silica phases at global scales by linear deconvolution. This possibility was suggested even 
prior to the identification of clays by OMEGA and CRISM (Bandfield, 2002a; Wyatt and 
McSween, 2002). However, one other possibility, supported by this dissertation, is that impact 
alteration and related processes have affected the structure and spectroscopic signatures of 
martian clay minerals such that remote sensing techniques sensitive to structural disorder in 
different parts of the structure produce different results. Thermal alteration has been 
demonstrated to be a compelling potential reason for the disconnect between TIR and VNIR 
phyllosilicate identifications in Nili Fossae (Che and Glotch, 2014). This finding is in contrast 
with modeling of post-impact temperatures achieved in martian craters that implies that 
phyllosilicates in these craters will not generally be exposed to temperatures high enough to alter 
their spectroscopic signatures (Fairén et al., 2010). This thermal stability then becomes one line 
of evidence cited for the relative age of clay deposits on Mars. However, the fact that clay 
deposits may be old actually increases the probability that they experienced impact-induced 
alteration, despite their possible thermal stability. This impact shock may also contribute to the 
differences between VNIR and TIR phyllosilicate identifications on Mars as discussed in greater 
detail in the first and second chapters of this dissertation. 

 The idea that impacts may affect the remote sensing of clay minerals on Mars makes 
logical sense because clays are thought to be old (Fairén et al., 2010; Arvidson et al., 2014; 
Vaniman et al., 2014), and are often associated with old, heavily bombarded terrains, as 
described above. In addition to detections in the older, more heavily bombarded regions of Mars, 
clays have also been identified in association with impact craters in the comparatively younger, 
northern lowlands (Carter et al., 2013). For this and other reasons, impact craters have been 
suggested as places where the ancient crust of Mars is exposed and therefore, martian geologic 
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history (and past habitability) can be investigated (Schwenzer et al., 2009, 2010). However, 
impacts do more than simply expose the ancient crust of Mars. They also induce fundamental 
structural changes in minerals, which can affect their spectroscopic signatures. Here I present a 
brief review of previous work on the effects of impacts on mineral structure and spectroscopy to 
introduce impact-induced mineral alteration and previously explored connections to 
spectroscopy and planetary remote sensing. 

 

1.3 The effects of impact processes on clay mineral spectroscopy 

1.3.1 Thermal alteration 
 Impacts produce waves of both pressure and heat that pass through the materials present 
at the time of impact inducing structural and related spectroscopic change (French, 1968, 1998; 
Bischoff and Stöffler, 1992). These effects differ from other metamorphic mineralogical and 
structural changes (Figure 1.2) and so should be able to be independently detected by laboratory 
and remote sensing spectroscopic techniques. Experimentally, thermal alteration is easier to 
study and, as a result, there is relatively more data about its effects on phyllosilicate 
spectroscopy. Generally, thermal alteration of hydrated phyllosilicates follows a stepwise 
progression in which the mineral dehydrates, dehydroxylates, collapses, and finally forms new 
secondary crystalline and amorphous phases (Massiot et al., 1995; Carroll et al., 2005). This has 
been confirmed by later studies using laboratory spectroscopy to both associate specific thermal 
alteration steps with spectroscopic change, and to observe the effects of thermal alteration on 
phyllosilicates (Moskowitz and Hargraves, 1984; Gavin and Chevrier, 2010; Che et al., 2011; 
Daly et al., 2011; Che and Glotch, 2012). In addition, due to the importance of the ceramics 
industry, phyllosilicate thermal alteration has been well studied in the laboratory, although many 
of the techniques used to investigate thermal effects in phyllosilicates in previous studies have 
not been comparable to those used in planetary remote sensing (Moskowitz and Hargraves, 1984; 
Drits et al., 1995; Massiot et al., 1995; Fitzgerald et al., 1996; Carroll et al., 2005; Ruff and 
Hamilton, 2009). In contrast to thermal alteration, the effects of shock on phyllosilicates are less 
well characterized. 

1.3.2 Shock 
 Shock-recovery experiments are more difficult to carry out than thermal alteration 
experiments. For this dissertation, the technique of shock reverberation, which is described in 
greater detail in Chapter 2, was used in a serious of experimental impacts designed by Joseph 
Michalski and Tom Sharp. Shock reverberation was selected because it partially separates the 
effects of thermal and shock alteration by controlling the enthalpy gradient across well-packed, 
finely powdered samples. This is important because many of the mineralogical and structural 
changes observed in early experiments investigating impact shock effects on phyllosilicates were 
assumed to be related to impact-induced thermal alteration rather than shock itself as a separate 
and distinct process (Boslough et al., 1980; Weldon et al., 1982). However, later work showed 
that shock and thermal alteration produce altered materials with distinct properties (Boslough et 
al., 1986). Most experimental efforts to understand shock as a process distinct from thermal 
alteration have been recent. Gavin et al. (2013) performed the most detailed work to-date, but 
they associated spectral and structural changes in their experiments primarily with impactor 
velocity, rather than pressure. This makes it difficult to directly compare their results with other 
experiments. Other work on the technical aspects of shock-recovery experiments has thus far 
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focused on the effects of vented versus unvented sample holders on the laboratory spectra taken 
after experimental impacts on hydrated samples (Stewart et al., 2010; Kraus et al., 2013). As a 
result, a detailed investigation of structural change in phyllosilicates exposed to experimental 
impacts associating structural change directly with spectral features has not yet been performed 
in the context of planetary science and remote sensing. The results discussed in this dissertation 
begin to fill this gap. The shock reverberation experiments conducted for this dissertation 
allowed peak impact pressures to be calculated directly from the measured velocities of the 
impactors used based on empirical results for impactors of various known compositions (Chapter 
2). All experiments were carried out at the Flat Plate Accelerator (FPA) facility at the National 
Aeronautics and Space Administration’s (NASA) Johnson Space Center (JSC). The facility 
(Figure 1.3a) contains both the FPA and other experimental impact simulators, such as a 5 mm 
light-gas gun. Motion-sensitive cameras stationed in the flight path monitor each impact to 
ensure that it approximates 1-dimensional shock (Figure 1.3b). Based on these experiments, the 
structural and spectroscopic effects of impacts of known peak impact pressures on well-
characterized phyllosilicate samples are the primary focus of this dissertation. This is related to 
spectral change, which is then used to investigate the potential presence of impact-altered 
phyllosilicates in heavily bombarded regions of the martian surface. 

 

1.4 Other mineral properties 

 In addition to spectroscopy and susceptibility to structural deformation, atomic 
interactions also control other mineral properties. In Appendix A of this dissertation, I describe 
the results of experiments investigating the reactivity and antibacterial efficacy of freshly 
fractured pyrite and other minerals. These mineral properties and their potential relationship to 
structural deformation and crystal structure are introduced here. 

1.4.1 Reactivity 
 There is conflicting evidence on the role of long-range structure in mineral-microbe 
interactions. Anatase was once thought to be more toxic than rutile (Maness et al., 1999), but at 
nanoscale particle sizes, both polymorphs have been shown to be equally effective at bacterial 
elimination (Simon-Deckers et al., 2009). Inhalation toxicology experimental results on silicate 
polymorphs are equally unclear (Meldrum and Howden, 2002). Some studies using amorphous 
silica show that it is less reactive and toxic than crystalline quartz when inhaled (Rosenbruch et 
al., 1990), while others show that crystalline quartz is the most toxic form of inhaled silica 
(Bruch et al., 2000). Asbestiform silica may be more toxic than other silicates (Brunner et al., 
2006), but the association of iron with asbestos (Aust et al., 2000) casts doubt on this observation 
as primarily structural. 

 Surface defects increase mineral reactivity. In the case of pyrite, surface defects were first 
theorized (Borda et al., 2003) and then observed driving the formation of reactive oxygen species 
(ROS), such as hydroxyl radical and hydrogen peroxide, in solution; first by mass-spectrometry 
(Borda et al., 2003) and again by attenuated total reflectance (ATR) and Fourier transform 
infrared (FTIR) spectroscopy (Borda et al., 2004). Surface reactivity has also been proposed as a 
driver of the cytotoxicity of various forms of crystalline silica (Albrecht et al., 2005), and surface 
defects contribute to the toxicity of inhaled carbon nanotubes (Fenoglio et al., 2008). In the 
context of mineral-microbe interactions, dissolution features produced by Shewenella 
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putrefaciens on hematite surfaces display crystallographic control and alignment with structural 
defects (Rosso et al., 2003), implying that certain chemolithoautotrophic bacteria may be able to 
identify and target these high-energy sites. Freshly fractured quartz is also known to be more 
reactive than un-fractured quartz and to produce more ROS in solution due to its higher 
concentration of reactive surface species and high-energy surface sites (Schoonen et al., 2006).  

1.4.2 Antibacterial activity 
 Antibacterial properties have been observed for natural clay minerals in the context of 
treating antibiotic-resistant flesh-eating bacterial infections (Williams et al., 2004; Haydel et al., 
2008; Cunningham et al., 2010).  Compositional comparisons between antibacterial clays and 
non-antibacterial clays have revealed an association between the presence, in clay samples, of 
reduced iron or reduced iron-bearing phases (i.e. pyrite) and bacterial elimination (Williams et 
al., 2008, 2011; Cunningham et al., 2010). Additional work has shown that mineral-derived 
dissolved iron eliminates E. coli bacterial cells primarily by infiltrating them, inducing oxidative 
stress, and producing TEM-observable intracellular iron oxides (Otto et al., 2010; Williams et 
al., 2011). Natural antibacterial clay mineral samples have complex and varied compositions 
(Williams et al., 2008). Therefore, experiments with pure minerals are required to connect 
antibacterial mechanisms with specific mineral-microbe interactions. Recent work on the effect 
of pyrite (FeS2) on E. coli in water directly confirmed the role of reduced iron in E. coli bacterial 
elimination, but also demonstrated that the effects of iron on bacteria are coupled to and 
enhanced by mineral-driven ROS production (Friedlander et al., 2014a). 

 The production of ROS by minerals occurs at both redox-active transition metal sites 
(Schoonen et al., 2010) and also at surface defect sites (Borda et al., 2003). ROS production by 
minerals in solution has been directly linked to the quantitative destruction of RNA (Cohn et al., 
2004, 2006) and, as a result, is thought to drive bacterial elimination by the disruption of cell 
function and damage to key proteins (Schoonen et al., 2006). TEM-based morphological studies 
show no effects on bacterial cell structure after mineral exposure (e.g., Otto et al., 2010; 
Williams et al., 2008), implying that the antibacterial process occurs inside the cell in the model 
organisms studied to date. This is consistent with exposure to either ROS or reactive metal 
cations. In addition, metallic oxide nanoparticles are known to be highly antibacterial and 
cytotoxic (Jiang et al., 2009; Karlsson et al., 2008; Simon-Deckers et al., 2009), with reduced 
iron-bearing particles observed to be particularly reactive (Auffan et al., 2008). The importance 
of iron-driven oxidative stress has been inferred by the increased susceptibility of mutant E. coli, 
devoid of their oxidative stress response enzyme, to Fe(II) oxide nanoparticles. Thus, mineral 
antibacterial activity, much like mineral spectroscopy, is controlled by a combination of 
composition and structure. 

 

1.5 The structure of this dissertation 

 Impact-induced structural change in phyllosilicates as detected by laboratory 
spectroscopy and related to the remote sensing of the martian surface forms the main subject of 
this dissertation. However, the topic can more broadly be considered as the detection of changes 
to atomic-scale interactions in minerals and the relationship between these interactions and 
mineral properties. This broader topic connects all of the work that I did during the process of 
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preparing this dissertation, and associates the work that I report in Appendix A with the rest of 
the dissertation. 

 Chapter one describes the structural effects of experimental impacts on one well-
characterized, iron-rich smectite, nontronite. These effects are detected through laboratory 
spectroscopic techniques similar to those employed in planetary remote sensing, as well as other 
techniques, such as Transmission Electron Microscopy (TEM), that are useful for observing 
structural changes directly and relating these to the laboratory spectroscopy results. This work is 
also described in a manuscript currently in review at Journal of Geophysical Research: Planets. 
Chapter two compares and contrasts the effects of laboratory impacts on two compositionally 
different 2:1 smectites. The effects of thermal and shock alteration are also contrasted. This work 
is also described in a manuscript currently in review at Clays and Clay Minerals. Chapter three 
describes the remote sensing of impact-altered phyllosilicates in heavily bombarded regions of 
Mars using the data accumulated in chapters one and two. Implications for current understanding 
of Mars’ geologic history and past climate based on clay mineral deposits are also discussed. A 
manuscript based on this work is currently being prepared for submission to either Geophysical 
Research Letters or Journal of Geophysical Research: Planets. Finally, Appendix A describes 
the effects of pyrite on the waterborne pathogenic bacterium E. coli and relates the observed 
effects to the structure and composition of pyrite. This work is also described in a manuscript 
currently in press, which will be published in the January 2015 issue of Journal of Water and 
Health. Throughout this dissertation, I highlight the relationship between atomic interactions, 
crystal structure, spectroscopy, and mineral properties. Although this work is applied in detail to 
the remote sensing of the martian surface, careful use of mineralogy and crystal structure to 
understand mineral properties has broad applicability to many questions in geochemistry. 



 

 10

 
Figure 1.1. Comparison of dioctahedral (A) and trioctahedral (B) phyllosilicate structures based on close-packing of the anions of the mica 
structure (OH-, O2-, and F-), which are explicitly shown in (A) as large circles on which the octahedral cation sites are superposed. Light circles 
indicate oxygen anions; dark circles indicate hydroxyl or fluorine. The crystallographically non-equivalent cation sites (M2 for the two cis- and 
M1 for the one trans-site) are labeled in red on both structures. All octahedral sites are filled in the trioctahedral structure (B), while the trans-site 
(M1) is the cation site most frequently left vacant in dioctahedral structures (A). Figure modified from Pauling (1930). 
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Figure 1.2. The progression of shock metamorphism in silicates demonstrating the differences between 
shock metamorphism and other types of pressure- and temperature-dependant metamorphism, from 
French (1998). 
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Figure 1.3. The FPA facility at JSC (A) and an example of a photograph taken during the flight of the impactor toward a sample in the FPA (B). 
Images like those shown in (B) are used to ensure that experimental impacts produced at the FPA approximate 1-dimensional shock. 
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Chapter 2 

2 Structural and spectroscopic changes to natural nontronite induced by experimental 
impacts between 10 and 40 GPa 

 

Much of the material presented in this chapter is currently under review in an edited format at 
Journal of Geophysical Research: Planets with co-authors Timothy D. Glotch, David L. Bish, 
M. Darby Dyar, Thomas G. Sharp, Elizabeth C. Sklute, and Joseph R. Michalski. 

 

Abstract

 Many phyllosilicate deposits remotely detected on Mars occur within heavily bombarded 
terrains. Shock metamorphism from meteor impacts alters mineral structures, which produce 
mineral spectra. Thus, it is probable that impacts have affected the spectra of remotely sensed 
martian phyllosilicates. In this chapter, I present spectral analysis results for a natural nontronite 
sample (Clay Mineral Society Source Clay, NAu-1) before and after laboratory-generated 
impacts over five peak-pressures between 10 – 40 GPa. I conducted a suite of spectroscopic 
analyses to characterize the impact-induced structural and spectral changes to the sample. 

 Nontronite becomes increasingly disordered with increasing peak impact pressure. All of 
the infrared spectroscopic techniques used showed evidence of structural changes at shock 
pressures above ~25 GPa. However, the tetrahedral and octahedral sheets of nontronite deform 
differently. Reflectance spectroscopy in the visible near-infrared (VNIR) region is primarily 
sensitive to changes in the octahedral sheet of nontronite and detects the OH-group bending and 
stretching overtone and combination bands, while mid-infrared (MIR) spectroscopic techniques 
are sensitive to the fundamental stretching and bending vibrations of silicon and oxygen in the 
nontronite tetrahedral sheet. As a result, impact-driven structural deformation may contribute to 
difficulties in phyllosilicate detection between remote sensing techniques that are sensitive to 
different parts of the nontronite structure. The observed spectroscopic changes after laboratory 
impacts indicate that the nontronite sample’s octahedral and tetrahedral sheets were structurally 
deformed, but not completely dehydroxylated. This finding is an important distinction from 
previous studies of thermally altered phyllosilicates in which dehydroxylation follows 
dehydration in a step-wise progression preceding structural deformation. 
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2.1 Introduction 

Phyllosilicates on the martian surface have been identified in early-to-mid Noachian 
terrains primarily by visible-near infrared (VNIR) reflectance spectroscopy (Bibring et al., 2005, 
2006; Poulet et al., 2005; Mustard et al., 2008; Ehlmann et al., 2009; Wray et al., 2009). The 
occurrence of phyllosilicates in old, heavily bombarded terrains (Mangold et al., 2007; Michalski 
and Dobrea, 2007; Poulet et al., 2008, 2009; Ehlmann et al., 2009; Fairén et al., 2010) suggests 
that clay minerals on the martian surface may have experienced shock metamorphism. Shock 
metamorphism affects the crystal structures of minerals, and thus their spectra (Johnson et al., 
2002, 2007; Johnson and Hörz, 2003; Butler and Frost, 2006; Wright et al., 2006), which may 
explain the ambiguous phyllosilicate identifications on Mars from mid-infrared (MIR) remote 
sensing data (Friedlander et al., 2012; Sharp et al., 2012). 

Recent laboratory work confirms that experimental impacts disrupt MIR phyllosilicate 
spectra, whereas characteristic smectite VNIR spectral features are retained (Gavin et al., 2013). 
Previous experiments also demonstrated that thermal alteration causes spectral changes for both 
phyllosilicates and zeolites, primarily through the processes of dehydration and dehydroxylation 
(Che et al., 2011; Che and Glotch, 2012). Loizeau et al. (2007) hypothesized that dehydration or 
dehydroxylation may be responsible for the apparent lack of phyllosilicates in one bright outcrop 
in the western part of Mawrth Vallis. Thus, elevated temperatures or shock-metamorphism may 
affect the interpretation of remote sensing data from the martian surface. Indeed, it has been 
demonstrated by laboratory spectroscopy and modeling that pre-existing phyllosilicates can 
survive post-impact exhumation temperatures (Fairén et al., 2010), but not unaltered, and NIR 
spectral features from Toro crater ejecta have been found to be consistent with thermally treated 
nontronite (Gavin and Chevrier, 2010). In addition, a unique spectral feature centered at 450 cm-1 
in Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) data and associated with 
the detections by the Mars Express/Observatoire pour la Minéralogie, l’Eau, les Glaces et 
l’Activité (OMEGA) VNIR imaging spectrometer of nontronite-rich deposits around Nili Fossae 
(Michalski et al., 2010) has been shown to be consistent with nontronite after thermal alteration 
to 400 °C (Che and Glotch, 2014). Detailed examination of the effects of shock metamorphism 
on clay mineral spectroscopy may thus provide valuable insights for the analysis and 
interpretation of martian remote sensing data. 

Due to the abundance of nontronite and nontronite-like smectite identifications on the 
martian surface (Bibring et al., 2005, 2006; Poulet et al., 2005, 2008; Loizeau et al., 2007; 
Mustard et al., 2008; Mckeown et al., 2009; Carter et al., 2013), this chapter focuses on the 
spectroscopic effects of experimental impacts on a natural nontronite sample (NAu-1, Clay 
Minerals Society Source Clay). This work builds on that of Gavin et al. (2013), providing 
spectroscopic analyses for one clay mineral over a range of impact pressures, using many 
laboratory and spectral analysis techniques. It also complements the broad spectroscopic 
analyses performed on thermally altered phyllosilicate and zeolite samples in Che et al. (2011) 
and Che and Glotch (2012). 

The use of multiple spectroscopic techniques allowed me to directly investigate the 
effects of shock pressure on the structure of clay minerals by comparing results from techniques 
that are sensitive to structural change in different parts of the nontronite structure (Table 1). In 
particular, spectroscopic techniques in the mid-infrared (MIR) wavelength region, such as 
emissivity and attenuated total reflectance (ATR) spectroscopy, are sensitive to the Si-O bending 
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and stretching vibrations of the nontronite tetrahedral sheet (Huang et al., 1999; Bougeard et al., 
2000; Bishop et al., 2002a; Palin and Dove, 2004; Michalski et al., 2006), while techniques like 
VNIR reflectance spectroscopy are sensitive to the overtones and combination bands of metal-
OH bonds in the octahedral sheet (Bishop et al., 1999, 2002a; b, 2008a; Frost and Kloprogge, 
2000; Petit et al., 2002, 2004; Neumann et al., 2011). The extended visible region (0.3 – 1.0 μm) 
measures Fe3+ crystal-field, electronic transitions that reflect the Fe bonding environment in the 
octahedral sheet (Burns, 1993) and can be compared to Mössbauer spectroscopic results (Dyar et 
al., 2008). Thus, by comparing the effects of impacts on the spectral signatures detected by all of 
these techniques, I can begin to investigate the complex structural changes produced in 
nontronite by impact alteration. These related structural and spectroscopic effects have important 
implications for the analysis of remote sensing results from the martian surface and may help 
explain the differences between ambiguous MIR phyllosilicate detections and definitive VNIR 
detections. 

 

2.2 Background 

2.2.1 Phyllosilicate Identifications on Mars 
2.2.1.1 Orbital identifications 

In contrast to the detailed and unambiguous identifications of phyllosilicates on the 
martian surface from VNIR reflectance spectra (Bibring et al., 2005, 2006; Poulet et al., 2005; 
Bishop et al., 2008a; Ehlmann et al., 2008, 2009; Mustard et al., 2008; Wray et al., 2009), 
identifications from MIR (5-50 μm) emission spectroscopy have been ambiguous (Bandfield, 
2002a; Michalski et al., 2006, 2010; Michalski and Fergason, 2008; Mcdowell and Hamilton, 
2009), suggesting low abundances of these minerals. These results contradict the apparently high 
phyllosilicate abundances estimated by non-linear spectral unmixing (Poulet, 2004; Liu et al., 
2014) in regions where strong VNIR absorption features characteristic of phyllosilicates lead to 
robust identifications (Poulet et al., 2008). For example, Michalski and Fergason (2008) 
examined TES data for Mawrth Vallis and could not find phyllosilicate detections from TES 
spectral index mapping comparable to those from OMEGA and CRISM (Compact 
Reconnaissance Imaging Spectrometer for Mars) data. However, Al-rich phyllosilicate species 
(and allophane) have been specifically identified by VNIR reflectance (CRISM) spectroscopy 
and suggested by TES spectral modeling (Rampe et al., 2012; Bishop and Rampe, 2012; Bishop 
and Rampe, 2014a, 2014b). This implies that TES phyllosilicate detections at Mawrth Vallis and 
elsewhere (e.g., Rampe et al., 2012) may somehow be dominated by Al-rich phyllosilicate 
spectra, even though Mg/Fe-rich smectites are thought to be one of the most abundant 
phyllosilicate species on Mars based on VNIR reflectance spectroscopy (Carter et al., 2013). 
These low nontronite detections thus remain a mystery, despite recent identifications by TES 
modeling of specific Al- phyllosilicate species. The results presented here demonstrate that 
impacts can alter the spectral signatures of natural phyllosilicates, providing a mechanism to 
explain the apparently low abundance of Fe/Mg smectites in TES deconvolution models. 

Several hypotheses have been proposed to explain the apparent lack of characteristic 
phyllosilicate fundamental vibrational bands in MIR spectroscopic data from the martian surface. 
Michalski and Fergason (2008) suggested three possible explanations: surface roughness, 
multiple surface temperatures at sub-pixel scales, and low absolute mineral abundances 
combined with spatial sampling differences. Ruff and Hamilton (2009) also suggested that 
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phyllosilicates might be present only at or near the TES detection limits of 10 – 20% fractional 
abundance determined for three smectite clays by Ruff and Christensen (2007). Using spectral 
linear modeling of the affect of smectite addition in controlled fractional abundances to TES 
spectra of Arabia Terra, Ruff and Christensen (2007) showed that montmorillonite, nontronite, 
and Fe-smectite each had to be present at different fractional abundances to alter the generic 
Arabia Terra TES spectrum in detectable ways. Montmorillonite had to be present in a fractional 
abundance of at least 15%, nontronite had to be present at an abundance of 20% and Fe-smectite 
had to present at an abundance of 10% to reach detectable threshold values. Other researchers 
have found that separating phyllosilicates from other high-silica phases in linear spectral mixture 
analysis models of TES data at global scales is difficult (Bandfield, 2002a; Wyatt and McSween, 
2002; Michalski et al., 2005, 2006). For instance, Bandfield (2002) examined TES data at 1 pixel 
per degree spatial resolution to determine global mineral distributions, finding a great deal of 
spectral similarity between phyllosilicates and high-Si glass phases. He also found, however, that 
certain phyllosilicate species display characteristic vibrational bands in a region of the MIR that 
is frequently excluded from atmospherically corrected TES spectra. Ruff (2003), however, 
suggested that recognizing these subtle differences may make MIR phyllosilicate identifications 
possible at regional to local, rather than global, scales. 

Attempts to identify phyllosilicates at regional and local scales using MIR data of the 
martian surface have been partially successful. Ruff and Christensen (2007) used two spectral 
indices to differentiate between smectites and TES Surface Type 2 (ST2), a TES average 
spectrum from 4 – 7 regional locations on Mars, which was originally interpreted as a basaltic-
andesite (Bandfield et al., 2000a). They scrutinized the MIR data from regions where 
phyllosilicate identifications by VNIR reflectance spectroscopy were thought to be unambiguous 
and found systematic correlations to a spectral index based on long-wavelength phyllosilicate 
emission features. They did not, however, unambiguously identify phyllosilicates directly using 
MIR data. More recently, Michalski et al. (2010) used VNIR data from OMEGA in combination 
with TES MIR data to develop a TES spectral index that correlated VNIR reflectance-based 
phyllosilicate identifications in the Nili Fossae region with spectral signatures from MIR 
emissivity. However, the TES Nili Fossae phyllosilicate spectra were ambiguous with respect to 
specific phyllosilicate phases and indicated that phyllosilicates at Nili Fossae were either 
extremely disordered or were embedded in a matrix of basaltic glass. In later work, Viviano and 
Moersch (2012) used an approach similar to Michalski et al. (2010) to map phyllosilicates with 
the Mars Odyssey Thermal Emission Imaging System (THEMIS). However, they convolved 
THEMIS with OMEGA and CRISM data and also failed to provide unambiguous phyllosilicate 
detections from the emissivity spectra alone. Thus, MIR emissivity data from the martian surface 
have so far offered limited new information to complement robust VNIR identifications, while 
specific mineral phase identifications directly from MIR spectroscopic data generally remain 
ambiguous for nontronite-bearing regions. Because impacts have played a role in the geologic 
history of the martian surface and therefore, martian phyllosilicate mineralogy, and shock 
metamorphism affects both VNIR and MIR mineral spectra (Johnson et al., 2002, 2007), the 
effects of shock on phyllosilicate spectra may partially explain this disconnect. 

Some recent work using both VNIR and MIR remote sensing techniques has begun to 
support the hypothesis that martian phyllosilicates may have been structurally disordered by 
impacts and that this might be affecting their identifications by different remote sensing 
techniques. First, CRISM phyllosilicate spectra taken at Toro crater and the VNIR reflectance 
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spectra of nontronite heated to 400 °C were shown to be similar by Gavin and Chevrier (2010). 
They noted especially that these results implied that Toro crater phyllosilicates predated the 
impact event, and thus were at least Noachian in age. This supports the hypothesis that 
phyllosilicates in Nili Fossae are old and might have been structurally disordered by impacts, 
rather than generated by them (e.g., Michalski et al., 2010). More recently, Che and Glotch 
(2014) directly matched TES phyllosilicate spectra in the Nili Fossae region with the laboratory 
emissivity spectra of thermally altered nontronite heated to ~400 °C using a factor analysis and 
target transformation (FATT) algorithm (Thomas and Bandfield, 2013). These results directly 
support the hypothesis that impact-induced structural disorder may contribute to the ambiguity of 
phyllosilicate detections by MIR spectroscopic techniques.  

2.2.1.2 Surface identifications 
There is only ambiguous Mössbauer evidence for phyllosilicates on the martian surface. 

In their broad summaries of the results from the Mössbauer spectrometers aboard the Mars 
Exploration Rovers (MERs) Spirit and Opportunity, Morris et al. (2006a, 2006b) did not identify 
any specific Mössbauer doublets as representing phyllosilicates. However, one of the Fe3+ 
doublets (Fe3D3) in rocks from the Burns Formation was unassigned, with an isomer shift (δ) of 
0.37±0.02 mm/s and quadrupole splitting (Δ) of 0.62±0.03 mm/s. Moreover, rocks at both 
landing sites contain a doublet assigned by Morris et al. (2006a, 2006b) to represent nano-phase 
ferric oxide (npOx) with δ = 0.38±0.02 mm/s and Δ = 0.89±0.02 mm/s. Intriguingly, these 
features closely overlap values reported for various clay minerals, for which there is vast 
Mössbauer literature (e.g., Dyar, 2002; Dyar et al., 2006, 2008). Consistent with this possibility, 
Clark et al. (2007) presented compelling chemical evidence for the presence of montmorillonite 
in “Independence class” samples from the Columbia Hills and speculated that “smectite is 
actually present, but its mineralogical structure has been masked from detection by the MER 
instrument suite.” Thus, it is possible that the mineral assignments made in these Mössbauer 
papers may be non-unique and so further comparisons of MER results with clay mineral spectra 
are warranted. 

XRD results from the ChemMin instrument aboard the Mars Science Laboratory (MSL) 
rover Curiosity initially failed to directly identify phyllosilicates, but did find an X-ray 
amorphous, Fe-rich phase that hosts a significant amount of soil volatiles in both the Rocknest 
aeolian bedform (Bish et al., 2013) and its sand shadow (Blake et al., 2013). More recently, 
abundant phyllosilicates have been identified by Curiosity in the Sheepbed mudstone at Gale 
Crater (Morris et al., 2014; Rampe et al., 2014; Vaniman et al., 2014). However, specific 
identifications of individual phyllosilicate species from these XRD patterns have not been 
possible (Rampe et al., 2014; Vaniman et al., 2014). In addition, some of the phyllosilicates 
identified by Curiosity are associated with an X-ray amorphous phase (Morris et al., 2014) 
whose formation process(es) is (are) not yet well understood. Thus, results from ChemMin 
confirm the presence of phyllosilicates on the martian surface, while also leaving open questions 
about their formation and alteration by later processes including, potentially, impacts.   

2.2.2 Previous Laboratory Studies 
2.2.2.1 Experimental shock and shock metamorphism 

During impacts, intense pressure waves pass through geologic material, initiating 
processes that cause structural modifications and alteration in the affected rocks and minerals, 
propagating existing defects and increasing structural disorder (Gault and Heitowit, 1963; 
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Stöffler, 1972, 1974, 1984; Hanss et al., 1978; Lange and Ahrens, 1982; Bischoff and Stöffler, 
1992; Wright et al., 2011). Pressure and associated heating can also induce transitions to entirely 
new mineral phases (Coes, 1953; Stishov and Popova, 1961), which have been identified in 
naturally and artificially shocked geologic materials (Chao et al., 1960, 1961, 1962; De Carli and 
Milton, 1965; Stöffler, 1971). Laboratory shock experiments have contributed to the 
understanding of shock metamorphism and related processes since impacts were first recognized 
as important geologic processes (French, 1968; Stöffler, 1974). 

In natural samples, determining whether secondary mineral phases resulted from shock or 
alteration can be difficult (Bruckenthal and Pieters, 1984). Shock experiments reduce this 
ambiguity. Laboratory shock experiments also provide important sources of spectroscopic data 
for remote sensing analysis. In one early set of shock experiments, Adams et al. (1979) observed 
distinct changes in the reflectance spectra of shocked versus unshocked plagioclase, pyroxene, 
and glass, and they noted the pressures at which these changes occurred. Later researchers, using 
shock experiments to examine the spectra of different minerals after exposure to the same shock 
pressures, found that shock effects depend dramatically on the mineral involved. In an 
investigation of the effects of shock on the MIR emissivity and hemispherical reflectance spectra 
of feldspar and pyroxene, for example, Johnson et al. (2002) found that experimental impacts up 
to 63 GPa produced fewer spectral changes for pyroxene than for feldspar. Later work by 
Johnson et al. (2007) showed that spectra modeled by multiple end-member spectral mixing 
algorithms using libraries composed of common mineral and glass spectra replicated the 
emissivity spectra of shocked basalts reasonably well up to pressures of 20-25 GPa. At higher 
pressures, their reported model errors increased significantly. However, including spectra from 
shocked feldspars in the spectral libraries improved fits. Thus, understanding the effects of shock 
on mineral spectroscopy can help improve remote sensing data interpretation. This may be 
particularly important for understanding and interpreting martian phyllosilicate identifications. 

2.2.2.2 Shock metamorphism of phyllosilicates and phyllosilicate spectroscopy 
 Relative to the large body of work on the structural and spectroscopic effects of shock on 
rocks and rock-forming minerals, little work has been published about the effects of impacts on 
the structure and spectra of phyllosilicate minerals. Early work focused on the effects of shock 
on the dehydration of phyllosilicates, particularly serpentine (Boslough et al., 1980; Lange and 
Ahrens, 1982; Tyburczy and Ahrens, 1987). Using IR absorption spectroscopy, Boslough et al. 
(1980) confirmed the release of bound hydroxyl and H2O from the structures of serpentine, 
nontronite, and kernite after experimental impacts. They also connected decreased absorbance 
for both the OH-group stretching and H2O hydrogen bond resonances in the post-shock spectra 
of all three minerals to this H2O loss. Using shock-recovery experiments, Lange and Ahrens 
(1982) determined the amount of shock-induced structural hydroxyl loss from serpentine as a 
function of shock pressure between 25 and 45 GPa, and they used IR absorption spectroscopy to 
confirm these structural changes. Tyburczy and Ahrens (1987) later found that shocked 
serpentine dehydrates 20 to 30 times faster at martian surface conditions than unshocked 
serpentine does, showing that impacts and related processes may have played an important role 
in the geologic evolution of planetary surfaces and atmospheres. 

 Shock effects have also been invoked to explain the color of the martian surface. In 
particular, Weldon et al. (1982) observed that a sample of Riverside nontronite reddened and 
darkened after experimental impacts between 18 and 30 GPa. Using optical microscopy, X-ray 
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diffractometry, 57Fe Mössbauer spectroscopy, and IR spectroscopy, they determined that partial 
dehydroxylation changed the Fe-coordination state and shifted characteristic Fe3+/O2- charge 
transfer features into the visible wavelength region, producing a redder, darker nontronite 
sample. Weldon et al. (1982) attributed their results primarily to impact-induced heating. 
However, later work by Boslough et al. (1986) showed that the effects of shock differed from 
those of heat. Boslough et al. (1986) contrasted the effects produced on a sample of Riverside 
nontronite by experimental impacts between 7 – 32 GPa with the effects produced by heating the 
sample in air (annealing) between 400 – 1000 °C. They found that both shocked and heated 
samples of Riverside nontronite showed similar increases in magnetization, but that post-shock 
samples were structurally distinct from annealed samples, as determined by X-ray diffraction. 
Both processes altered the nontronite sample’s color toward redder and darker. Thus, Boslough 
et al. (1986) suggested that repeated impacts might have altered the properties of nontronite to be 
consistent with those of the fine dust on the surface of Mars. 

Despite the early recognition of their potential importance, detailed laboratory 
spectroscopic studies of the effects of shock and related processes on phyllosilicates have only 
recently begun. Initial experiments focused on the effects of thermal alteration on phyllosilicate 
and zeolite structures and spectroscopy. Che et al. (2011) conducted extensive laboratory work 
exploring changes in the MIR spectra of phyllosilicate and zeolite minerals after heating. Che 
and Glotch (2012) examined the VNIR spectra of the same thermally altered mineral suite. These 
and other studies (Moskowitz and Hargraves, 1984; Gavin and Chevrier, 2010; Daly et al., 2011) 
showed that heating fundamentally alters phyllosilicate spectra, mostly through dehydration and 
dehydroxylation. However, as early impact-shock experiments showed, the effects of elevated 
temperatures differ from the effects of pressure (e.g., Weldon et al., 1982; Boslough et al., 1986). 
Thus, additional work to examine shock pressure effects on phyllosilicate spectra is warranted, 
especially to improve the current understanding of the ways in which impact processes may 
variably affect the VNIR and MIR spectra of phyllosilicates. 

Recent work by Gavin et al. (2013) began to address this by providing direct 
comparisons between pre- and post-shock phyllosilicate spectra for individual shock 
experiments. However, these results cannot be associated with specific pressures, because Gavin 
et al. (2013) reported primarily impactor velocity, and modeled impact pressures for only two 
samples (nontronite and montmorillonite). In contrast, the data presented in this work show the 
progression of structural change in one natural nontronite sample as a result of experimental 
impacts at peak pressures from 10 – 40 GPa. These experiments are unvented, which previous 
work suggests may affect sample devolatilization (Kraus et al., 2013) although the exact effects 
of vented versus unvented shock-recovery experimental setups are, as yet, unclear (Boslough et 
al., 1980; Kraus et al., 2013). Nonetheless, this work provides additional information about the 
relationship between pressure and spectroscopically important structural changes in nontronite. 
In addition to conducting experiments at a range of pressures, I also used an extensive suite of 
analysis techniques (Table 1) to explore the post-impact structural and spectral changes in 
nontronite. I selected each of these techniques (Table 1) to be able to examine nontronite’s post-
impact structural change at various scales (i.e., nuclear, atomic, crystal, bulk), and relative to 
characteristic parts of the nontronite structure (e.g., OH vs. Si-O vibrational regions). In 
particular, I collected and analyzed all laboratory vibrational spectroscopic data. My co-authors 
collected and/or analyzed data from all other analysis techniques as indicated. Based on the 
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presented results, I offer a hypothesis that may explain the differences between VNIR and MIR 
phyllosilicate identifications from the remote sensing of Mars. 

 

2.3 Methodology 

The shock-recovery impact experiments that form the basis of this entire dissertation 
were performed at the FPA at NASA’s Johnson Space Center (JSC), which provides unique data 
on the effects of shock pressure. Joseph Michalski and Thomas Sharp designed the experimental 
plan, which was carried out by Mark Cintala of the FPA laboratory. By attaining peak pressure 
through the process of shock-reverberation, the FPA achieves lower peak temperatures than 
would occur in natural impacts of comparable pressure (Gibbons and Ahrens, 1971). Because 
each is sensitive to different parts of the phyllosilicate structure, a variety of spectroscopic and 
analytical techniques (Table 1) was used to analyze the starting material and impact products: X-
ray diffractometry (XRD), Mössbauer spectroscopy, VNIR reflectance spectroscopy, MIR 
attenuated total reflectance (ATR) spectroscopy, MIR emission spectroscopy, and transmission 
electron microscopy (TEM). Using these analyses, I describe the post-impact structural changes 
in phyllosilicates that produce detectable spectral changes. At the FPA, shock pressures are 
derived from projectile velocity and the shock impedances of the flyer plate and sample 
assembly, using the Rankine-Hugoniot equations (Rankine, 1870; Hugoniot, 1889; Gault and 
Heitowit, 1963). This provides shock pressure estimates for all of the samples and allows me to 
associate specific spectral and structural changes with known peak shock pressures. 

2.3.1 Sample acquisition and preparation 
Natural nontronite sample NAu-1 was purchased from the Clay Minerals Society (CMS) 

Source Clays Repository. Keeling et al. (2000) originally reported the chemical composition of 
this sample in detail. To remove impurities occurring mostly in the >2 μm size fraction (Moore 
and Reynolds, 1989), Matt Ferrari, Timothy Glotch’s lab technician, ground the sample and 
separated the < 2μm size fraction by first sieving the sample (to separate the <45μm size-
fraction), followed by settling using centrifugation (Moore and Reynolds, 1989). In this 
technique, particles <20 μm are assumed to approximately obey Stoke’s Law and, as a result, 
centrifugation for various lengths of time controls the size of the particles that settle out of 
suspension. Smaller particles are retained in the supernatant. Moore and Reynolds (1989) 
describe the complete process in greater detail. After it has been separated by size, the sample 
can then be washed with acetic acid to remove carbonate impurities. NAu-1 nontronite contains 
an Al-rich contaminant, which has previously been identified as kaolinite and may also provide a 
source of octahedral aluminum (Keeling et al., 2000). The processed nontronite sample used in 
these experiments contains ~16 wt% kaolinite, as determined by David Bish using the reference 
intensity ratio method (Chung, 1974) from pre-impact XRD analysis (Figure 2.1). 

2.3.2 Impact Experiments  
Impact experiments were conducted using a shock-reverberation setup at NASA’s FPA 

facility at JSC. Sample powders were pressed into pellets and loaded into stainless steel sample 
containers that were individually milled to match the dimensions of the pellet. Pressed pellets 
reduce the initial porosity of the sample, reducing the entropy added to the system by pore 
collapse. On average, 0.15 g of sample were used in each shock experiment. Stainless steel and 
fansteel flyer plates were used to produce impacts approximating one-dimensional shock (See et 
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al., 2012). Projectiles were launched horizontally at the mounted sample containers and their 
velocities were measured directly by lasers in the flight path. Measured impactor velocities 
ranged from 0.872 km/s (10.2 GPa) to 1.349 km/s (39.1 GPa), just prior to impact. These 
velocities were converted to pressure by one-dimensional shock-stress calculations after Gault 
and Heitowit (1963), giving shock stress accuracies of ± 1%. The tilt of the projectile must be 
less than 3° to approximate one-dimensional shock. Duel cameras stationed along the flight path 
monitored the projectile tilt. Samples from impacts with tilts great than 3° were not used in this 
study. Thomas Sharp, Joseph Michalski, and Mark Cintala conducted shock experiments at six 
peak shock pressures between 10 and 40 GPa, as follows: 10.2, 19.7, 25.2, 30.6, 34.6, and 39.1 
GPa. After successful experiments, sample containers were cut open, enabling recovery of nearly 
the entire (0.15 g) shocked sample. I then analyzed the recovered sample using laboratory 
spectroscopic techniques in the VNIR and MIR wavelength regions. I also used Raman 
spectroscopy for additional comparative analysis. 

2.3.3 Post-impact spectroscopic analysis technique selection 
Each of the selected techniques was chosen for comparison to existing or proposed Mars 

remote sensing instruments, and for detailed investigation of the many parts of the complex 
nontronite structure (Table 1). VNIR reflectance spectroscopy probes the Fe-electronic 
transitions between 0.5 and 1.0 μm (0.65 and 0.92 μm for Fe3+ in nontronite) (Burns, 1993; 
Clark, 1999), metal-OH stretching overtones in combination with both bound H2O and adsorbed 
H2O (1.4 μm) (Bishop et al., 1994, 2002a; Bishop and Pieters, 1995; Petit et al., 1999, 2004), H-
O-H structural H2O bend in combination with adsorbed H2O vibrations (1.9 μm) (Bishop et al., 
1994), and characteristic metal-OH combination and overtone vibrations (2.1 – 2.3 μm) (Petit et 
al., 1999; Bishop et al., 2002a). Most of the identifications of phyllosilicates on the martian 
surface from VNIR reflectance remote sensing data are based on characteristic metal-OH 
combination and overtone bands in the 2.17 – 2.36 μm wavelength region. The 1.4 and 1.9 μm 
features are sometimes used in association with these bands to strengthen phyllosilicate 
identifications (Bibring et al., 2005; Poulet et al., 2005; Mustard et al., 2007). Laboratory VNIR 
reflectance data are comparable to OMEGA and CRISM data, making this a good technique for 
direct comparisons with martian remote sensing VNIR reflectance data. 

ATR spectroscopy provides useful information on phyllosilicate structures in the MIR 
frequency region, 4000 – 500 cm-1 (2.5 – 20 μm), and can detect changes to the nontronite 
tetrahedral sheet Si-O bends and stretches (1250 – 850 cm-1), bands related to structural H2O and 
adsorbed H2O (1630 cm-1 and 3500-3100 cm-1), as well as octahedral sheet metal-O bends, Fe-
FeOH bends, and Fe- and Al-smectite OH stretches (650 cm-1, 820 cm-1, and >3500 cm-1, 
respectively) (Frost and Kloprogge, 2000; Bishop et al., 2002a; b; Neumann et al., 2011). 
Because it spans both the fundamental and overtone regions and jointly provides information on 
both the octahedral and tetrahedral sheets, ATR spectroscopy is particularly useful for examining 
structural change in impact-altered nontronite, especially differences in the effects of impacts on 
various parts of the nontronite structure. 

Laboratory MIR emissivity spectra are comparable to TES and THEMIS data from the 
martian surface and are sensitive to changes in the characteristic Si-O bending (400 – 550 cm-1) 
and stretching (~1000 cm-1) modes of phyllosilicate minerals, as well as diagnostic metal-O-Si 
bends reflective of changes in both the octahedral and tetrahedral sheets in combination (~500 
cm-1) (Michalski et al., 2006; Bishop et al., 2008a). 
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Raman spectroscopy is sensitive to even small changes in the bonding environments of 
crystal structures (Frost, 1995; Huang et al., 2007; Gavin et al., 2009). A Raman spectrometer 
will be on the European ExoMars Rover (European Space Agency, 2013) and another Raman 
spectrometer was recently selected as a fine-scale mineralogical mapping and organic compound 
detection experiment onboard NASA’s Mars 2020 mission (Mustard et al., 2013). XRD data 
provide information on the long-range structure and crystallographic order of samples, whereas 
TEM can be used to visually detect impact-induced structures and structural changes at atomic-
scales. 

Finally, Mössbauer spectroscopy provides information on the Fe-oxidation and electronic 
states in the nontronite samples after experimental impacts. Mössbauer results can be compared 
to the crystal-field transitions detected in the visible wavelength region by VNIR reflectance 
spectroscopy to investigate changes to the Fe3+ cation octahedral sites in nontronite (Burns, 
1993; Clark, 1999; Keeling et al., 2000). I acquired all VNIR reflectance, ATR, MIR emissivity, 
and Raman spectra at the Vibrational Spectroscopy Laboratory at Stony Brook University. David 
Bish acquired all of the reported XRD data at Indiana University, Thomas Sharp acquired all 
reported TEM data and images at Arizona State University, and M. Darby Dyar acquired all of 
the reported Mössbauer spectra at Mount Holyoke College. 

2.3.4 VNIR reflectance spectroscopy 
 I collected VNIR bidirectional reflectance spectra of each sample between 0.35 and 2.5 
µm (28571 cm-1 – 4000 cm-1) on an ASD Instruments (now PANalytical) Field Spec 3 Max 
Spectroradiometer fitted with an 8-degree field of view foreoptic. This instrument uses three 
detectors to cover the relevant VNIR wavelength range. A VNIR 512-element silicon diode array 
for the 0.35-1.00 μm wavelength region, one shortwave infrared (SWIR) camera with a 
thermoelectrically (TE) cooled InGaAs photodiode for the 1.00 – 1.83 μm wavelength region, 
and a second SWIR camera with another TE-cooled InGaAS photodiode for the 1.83 – 2.50 μm 
wavelength region. As a result, the spectral resolution of the instrument also varies by 
wavelength region. At 0.70 μm, the full-width-half-maximum (FWHM) spectral resolution is 3 
nm, and it is 10 nm at both 1.40 and 2.10 μm. For the spectral region 0.35-1.00 μm, the 
instrument has a sampling interval of 1.4 nm, and for the region 1.00-2.50 μm, it has a sampling 
interval of 2 nm (ASD Inc., 2010). Both the spectral resolution and sampling intervals of the 
ASD Field Spec 3 reflectance spectrometer over the 0.35-2.50 μm wavelength region are 
comparable to, and slightly better, than the spectral resolutions of either the CRISM (6.55 
nm/channel) or OMEGA (7 nm – VNIR, 20 nm – NIR) Mars remote sensing instruments. I used 
a white fluorescent light source to illuminate the samples (ASD Inc., 2010). The reflectance 
spectra were referenced to an isotropic Spectralon™ calibration target. I set the incidence and 
emergence angles to 30±2° and 0°, respectively for all measurements. Samples were held in a 
matte-black painted sample cup that has no reflectance features in the relevant wavelength 
region. I acquired all of the VNIR reflectance measurements in a sealed glove bag in the 
presence of Drierite™ (CaSO4 and CoCl2) desiccant grains with continuous (as-needed) N2-gas 
inflow to maintain a relative humidity below 15% for the duration of the spectral measurements. 

 Prior to taking these measurements, I gently ground all of the samples using a mortar and 
pestle and placed them in a desiccation cabinet with RH=30% in the presence of a synthetic 
silica bead desiccant for over 100 hours. In this controlled relative humidity environment, 



 

 23

without heating the samples, I expected to reduce the effect of adsorbed H2O on the nontronite 
spectra without inducing layer collapse (Morris et al., 2009; 2010; 2011). 

 In addition, I also performed a continuum removal (embedded in the ENVI 5.1/IDL 8.3 
image processing software package) on all of the laboratory spectra. This process assumes that 
the continuum of the reflectance spectrum is an ideal convex hull overlying the spectrum itself 
and divides this ideal continuum out of the spectrum 
(http://www.exelisvis.com/docs/ContinuumRemoval.html). Continuum removal ensures that 
individual spectral features are being compared from a common baseline, and is a common 
spectral processing technique for comparing spectral feature transitions between the spectra of 
multiple samples (Clark, 1999). I also normalized the spectra to one another using the norm_spec 
command in Davinci (http://davinci.asu.edu/index.php?title=norm_spec), which further ensured 
that all spectral features were compared from a common baseline. The same processes were also 
applied to all of the relevant spectral regions analyzed in the detailed band depth comparisons. 
To analyze the ATR spectral features, I first converted absorbance to reflectance (R=1/10Abs) and 
then performed the relevant spectra analyses and comparison. 

2.3.5 MIR ATR spectroscopy 
 I collected ATR spectra between 4000 and 500 cm-1 on a Nicolet 6700 FTIR 
spectrometer purged of CO2 and water vapor and equipped with a Smart Orbit single-bounce 
ATR accessory with a type-IIA diamond ATR element. The sample is pressed against the ATR 
element to bring it into intimate optical contact with the diamond. IR radiation passes through the 
diamond and into the sample where it is totally reflected in the frequency regions over which the 
sample is non-absorbing and is transmitted in frequency regions where the sample absorbs. ATR 
spectra thus have high spectral contrast and strongly resemble transmission spectra, which they 
approximate for quantitative purposes (Fahrenfort, 1961). 

2.3.6 MIR emission spectroscopy 
 Emissivity spectra in the MIR range (2000 – 200 cm-1) were collected on a Nicolet 6700 
FTIR purged of CO2 and water vapor, by switching off the attached Globar IR source and 
measuring the emitted radiation from the heated samples directly. Prior to heating, I pressed the 
samples into pellets to increase their emissivity contrast and reduce multiple scattering. Heated 
samples were maintained at ~80°C to provide adequate emissivity signal. Previous work has 
shown that clay minerals do not fully dehydrate until exposed to temperatures of 100 °C or 
higher and that spectral change does not occur until well above 100 °C; as high as 500 °C for 
some phyllosilicate samples (Harris et al., 1992; Fitzgerald et al., 1996; Roch et al., 1998; 
Rocha, 1999; Carroll et al., 2005; Gavin and Chevrier, 2010; Che et al., 2011; Che and Glotch, 
2012). Therefore, dehydration via heating for emissivity measurements was not a concern. I 
calibrated my spectra using warm (~70 °C) and hot (~100°C) blackbody standards. I used a CsI 
beamsplitter and DLaTGS detector with a CsI window to acquire all of the emissivity spectra. 
Spectra were calibrated in the manner of Ruff et al. (1997). 

2.3.7 Raman Spectroscopy 
 I used a WiTEC alpha300R confocal Raman imaging system using both 532 and 785 nm 
lasers with nominal powers of 50 mW (532 nm laser) and 150 mW (785 nm laser) to collect all 
of the Raman spectra. Matt Ferrari and I both used the 532 nm laser for the pre-impact Raman 
spectrum of nontronite, but both also found that after exposure to experimental impacts, even at 
relatively low pressures, the sample generated considerable fluorescence under the 532 nm laser. 
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I attempted to reduce this fluorescence and improve the detected signal/noise by using a 785 nm 
laser, despite the lower overall signal that this laser produces. Due to the low overall signal/noise 
of the impact-altered samples, I selected a 1200 g/mm grating with a 100X microscope objective, 
both the highest available on the Raman imaging system. For the laser wavelengths used, this 
combination gives approximate 700 nm (532 nm laser) and 1008 nm (785 nm laser) spot sizes. 

2.3.8 Transmission Electron Microscopy 
TEM analyses were carried out by Thomas Sharp at Arizona State University. Samples 

were prepared for TEM analysis by crushing in clean acetone and dispersing the suspension onto 
a lacey-carbon film support grid. Grids were then dried under a 100 W incandescent light bulb 
for several minutes before loading into the TEM sample holder. The clay particles were 
examined using a Philips CM200FEG S/TEM instrument in the LeRoy-Eyring Center for Solid 
State Science at Arizona State University. Selected-area electron diffraction (SAED) patterns 
were collected for each particle to determine crystallinity and disorder. Bright-field images were 
used to investigate particle size and morphology. High-resolution images of (001) lattice fringes 
were recorded to investigate thickness and order in the clay crystallites.  

2.3.9 X-ray Diffraction 
 David Bish collected all of the presented XRD patterns at Indiana University. X-ray 
powder diffraction analyses were conducted using a Bruker D8 Advance instrument with CuK 
radiation, incident-and diffracted-beam Soller slits, and a SolX energy-dispersive point detector, 
using a tube power of 45 kV and 35 mA, over a 2-70° range of 2θ with a 0.02° step size. Starting 
materials were analyzed both as powders mounted in cavities (i.e., random powder mounts) and 
as oriented deposits on zero-background quartz plates. All shocked products were analyzed only 
as deposits on zero-background quartz plates, due to the very small amount of sample available. 
This small amount of available sample led to increased noise in some patterns, especially after 
impacts at pressures 19.7 GPa and above. All samples were measured in ambient laboratory 
conditions of approximately 44% relative humidity. 

2.3.10 Mössbauer Spectroscopy 
M. Darby Dyar acquired all of the presented Mössbauer spectra, and Elizabeth Sklute 

performed some of the reported analyses of those spectra. Between 7 and 17 mg of each sample 
(depending on availability) were mixed with sugar under acetone before mounting in a sample 
holder confined by Kapton® polyimide film tape. Mössbauer spectra were acquired using a 
source of ~60 mCi 57Co in Rh on a WEB Research Co. model WT302 spectrometer (Mount 
Holyoke College) at 295K. Results were calibrated against a 25 mm a-Fe foil. Run times were 2-
7 days per spectrum, with baseline counts of up to 30,000 after the Compton correction. Spectra 
were fit with doublets and sextets using the MEX_FielDD program acquired from the University 
of Ghent courtesy of E. DeGrave. Values for δ and Δ of the doublets were allowed to vary, and 
widths (full width at half maximum – Γ, mm/s) of all peaks were coupled to vary in pairs. Errors 
on isomer shift and quadrupole splitting of well-resolved peaks are usually ±0.02 mm/s in natural 
samples (e.g., Skogby et al., 1992), while peak area errors are ±1-5% depending on the degree of 
peak overlap. For absolute site occupancy measurements based on peak areas (%), saturation 
corrections and recoil-free fraction effects may be considered, but samples in this study were 
prepared as thin absorbers and proper values of the recoil-free fraction (f) for these mixed phases 
were not known, so the areas were not corrected. In this study, the chief interest is in the changes 
in δ and Δ that occur with shock. 
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2.4 Results and Interpretation 

2.4.1 VNIR reflectance spectroscopy 
Experimental impacts altered the structure of nontronite, producing detectable changes in 

its VNIR reflectance spectrum (Figure 2.2). To accurately compare observed changes in 
nontronite’s spectral features with shock, the reflectance spectra of impact-altered nontronite 
samples were continuum removed and normalized (Figure 2.2b). This processing ensured that all 
features were compared from a common basis (Clark, 1999). Smectites on Mars are primarily 
identified using VNIR spectroscopy by the presence of characteristic features in the ~2.17 – 2.36 
μm region, sometimes in association with the 1.4 μm and 1.9 μm hydrated mineral absorptions 
(e.g., Poulet et al., 2005; Bibring et al., 2006; Mustard et al., 2008). Because they are so 
important for phyllosilicate detection and identification, the shifts observed in the 2.2 – 2.4 μm 
region of the NAu-1 nontronite VNIR reflectance spectrum after impacts at 39.1 GPa have 
important implications for the interpretation of remote sensing data from Mars. Because these 
bands derive from characteristic metal-OH overtones and combination, they are also indicative 
of changes to the Fe3+ bonding environment in the nontronite octahedral sheet. For example, the 
characteristic (Fe3+Fe3+-OH) smectite absorption centered at ~2.29 μm shifted to shorter 
wavelengths, consistent with the formation of an aluminum-bearing amorphous phase and the 
breakdown of the nontronite octahedral sheet structure at high peak pressures (Figure 2.3). At 
intermediate pressures, however, the VNIR reflectance results for impact-altered nontronite are 
more difficult to interpret. Differing effects of shock on the octahedral and tetrahedral sheets of 
nontronite, as well as interaction with the kaolinite contaminant, both contribute to the observed 
VNIR absorptions in this region. 

The sharp Fe-OH vibrational feature centered at 2.29 μm changes from an initial full-
width-half-minimum (similar to full-width-half-maximum measurements, but applicable to 
reflectance spectra where features are defined by minima instead of peaks) of 0.23 μm to 0.40 
μm after shock pressures of 25.2 GPa or higher. A new, single feature centered at 2.2 μm 
emerges at 34.6 GPa (FWHM=0.14 μm) and broadens further (FWHM at 39.1 GPa = 0.15 μm) 
at higher pressures (Figure 2.3), consistent with the formation of a secondary amorphous phase. 
A weaker Al-OH vibrational feature (associated with the NAu-1 kaolinite contaminant) centered 
at 2.2 μm is retained up to 19.7 GPa and disappears completely between 19.7 and 25.2 GPa, to be 
replaced by the single 2.2 μm feature at peak pressures of 34.6 GPa and above (Figure 2.3). 
These results are consistent with structural deformation in the octahedral sheet that begins 
quickly (at low pressure), but does not completely deform the structure until relatively high peak 
pressures are achieved. However, the retention of hydroxyl groups by impact-altered nontronite 
means that the structurally deformed sample still produces a (spectrally different) VNIR 
reflectance spectrum with metal-OH overtones in the characteristic phyllosilicate region (2.17 – 
2.36 μm). The fact that impact-altered nontronite produces a spectroscopically distinct spectrum 
and is structural deformed rather than completely dehydroxylated, has important implications for 
martian remote sensing. 

Band center and intensity shifts in the extended visible wavelength region of the impact-
altered nontronite VNIR reflectance spectrum provided further evidence for structural change in 
the nontronite octahedral sheet after impacts. Nontronite has two characteristic Fe3+ crystal-field 
absorptions at 0.65 and 0.87 μm that are attributed to octahedrally coordinated Fe3+ cations 
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(Burns, 1993). At shock pressures of 19.7 GPa and above, a broad, asymmetric feature centered 
at ~1.0 μm replaces nontronite’s two Fe3+ crystal-field absorptions (Figure 2.2). This may be 
explained by partial dehydroxylation or destruction of the Fe3+ coordination geometry within the 
nontronite octahedral sheet (Che et al., 2011; Che and Glotch, 2012; Friedlander et al., 2012), or 
by the production of nanophase iron oxides (Morris et al., 1985) as a result of impact alteration 
and shock (Gavin and Chevrier, 2010; Gavin et al., 2013). The observed changes in the metal-
OH vibrational features between 2.2 and 2.4 μm, however, support a structural change 
interpretation favoring distorted Fe coordination geometry without complete OH-group loss 
(metal-OH vibrational bands are still detected). In addition, the Mössbauer data show no 
evidence for the presence of npOx. It is also possible that the impact-altered nontronite sample 
has been deprotonated, without significant structural change, but if this were the case, then the 
intensity of the nontronite crystal field transition (CFT) features should increase because O2- is a 
higher-field ligand than OH (Burns, 1993) and this is not observed. In addition, no features 
related to OH-group vibrations would be observed in a completely deprotonated sample. 

In addition to mineral-specific identifications, the positions of metal-OH vibrational 
bands in clay mineral spectra have also been used to identify characteristic cations (Bishop et al., 
2002). Changes in the shapes and locations of these bands have been attributed to varying Fe/Mg 
abundances (Poulet et al., 2005). It is possible, however, that variability in band shape and 
location might also be due to impact-shock. The changes to the nontronite 2.29 μm Fe-OH 
vibrational feature that I describe above are similar to the shifts in band-depth and center 
attributed by Poulet et al. (2005) to changes in the Fe/Mg abundance ratios of the phyllosilicate 
deposits that they identified on Mars. Therefore, I propose impact-shock as a possible alternative 
explanation for variations in the depths and locations of the 2.2-2.4 μm region bands in martian 
phyllosilicate spectra. In addition, the presence of Al in the natural nontronite sample used in 
these experiments has a strong effect on the band center of the broad metal-OH band that 
emerges after impacts at 39.1 GPa (Figure 2.3). Because the same nontronite sample was used 
throughout these experiments, I know that the impact-altered, high-pressure samples are still iron 
rich (and this is confirmed by Mössbauer spectroscopy), but an amorphous, Al-rich phase 
dominates the VNIR reflectance spectra. This has implications for the identification of Al-rich 
phyllosilicates in heavily bombarded regions of Mars (Rampe et al., 2012; Bishop and Rampe, 
2014a) because it is possible that structurally deformed, iron-rich phases may be present, but not 
detected in these regions. 

2.4.2 MIR ATR spectroscopy 
 MIR ATR spectroscopy probes both the hydroxyl and silicate parts of the phyllosilicate 
structure. High-frequency features between 3000 – 3700 cm-1 are associated with O-H stretches 
from structural H2O or metal-OH stretching (Clark et al., 1990). Lower-frequency features arise 
from Si-O stretching (1000 cm-1), metal-metal-OH deformations (908 – 742 cm-1), Si-O-metal 
bends (~500 cm-1), and long-range silicate lattice deformations (~600 – 400 cm-1) (Clark et al., 
1990; Bishop et al., 2008b). 

 The nontronite ATR spectrum changed dramatically above 19.7 GPa shock pressure 
(Figure 2.4). The broad (structural H2O) O-H stretching band at 3400 cm-1 substantially 
weakened at pressures above 19.7 GPa, which is consistent with the trend observed for both the 
1.4 and 1.9 μm hydration absorption features in the VNIR reflectance spectrum of nontronite. In 
contrast, the 1630 cm-1 H2O H-O-H bending absorption feature was retained up to 39.1 GPa, 
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although this was probably due to the presence of adsorbed H2O on the surfaces of the analyzed 
phyllosilicate grains. The intensities of the sharp Si-O-Fe bending features (484 cm-1) decreased 
by nearly 80% after exposure to experimental impacts with the relatively low peak pressure of 
19.7 GPa (Figures 2.4 and 2.6), reflecting the combined effects of structural deformation in both 
the octahedral and tetrahedral sheets of the nontronite structure. The Al-Fe-OH (908 cm-1), Fe-
Fe-OH (808 cm-1), and Mg-Fe-OH (742 cm-1) deformation features (second shaded region in 
Figure 2.4, labeled “dioctahedral OH bending fundamental region”) were reduced to a single 
broad shoulder after impacts at 25.2 GPa or higher. Because all of these spectral changes 
occurred over a range of peak pressures, I hypothesize that impact shock structurally deformed 
different parts of the nontronite structure at different rates. However, both the tetrahedral and 
octahedral sheets are severely deformed by impacts at pressures of 30.6GPa and higher. Thus, I 
also hypothesize that structural degradation after impacts does not proceed in a completely 
progressive, step-wise manner (like thermal alteration). Rather, that characteristic components of 
the structure may be maintained until a high pressure ‘tipping point’ (>19.7 GPa) is reached, 
beyond which nontronite becomes spectrally amorphous, but not completely devolatilized. 

The ATR spectra of post-shock nontronite also demonstrate spectral differences between 
clay minerals. Due to the presence of the common Al-rich (kaolinite) contaminant, it is possible 
to compare the effect of shock pressure on iron in the nontronite structure with that on aluminum 
in kaolinite. Although the strength of the Fe-OH stretching band at 3550 cm-1 progressively 
declines from a 10.0 GPa shock onward, an Al-FeOH stretching band at 3620 cm-1 emerges with 
increasing contrast from the shoulder of the broad nontronite 3400 cm-1 hydration band. Unlike 
their Fe-OH counterparts, the band depths of Al-OH features do not decrease until after impacts 
at pressures of 19.7 GPa and above, and they re-emerge as the amorphous Al-rich secondary 
phase begins to form at peak pressures of ~35 GPa. The Al-Fe-OH deformation feature at 908 
cm-1 also persists to 19.7 GPa and above (as a weak shoulder on the 1000 cm-1 Si-O stretch). 
Retention of Al-OH features suggests that Al-phyllosilicates may be more structurally resilient 
after impacts than Fe-rich clays. This result is consistent with previous research on the thermal 
alteration of clays (e.g., Gavin and Chevrier., 2010), which has shown that the Al-OH bond is 
stronger than the Fe-OH bond (Haynes and Lide, 2010). Similar effects have also been observed 
after weathering clay minerals in acidic conditions (Altheide et al., 2010; Craig et al., 2014). 

2.4.3 MIR emission spectroscopy 
 MIR emission spectroscopy is primarily sensitive to structural deformation in the 
tetrahedral sheet of nontronite. Because it is dominated by silicate bends and stretches, MIR 
emission spectroscopy provides the most information about changes to the Si bonding 
environment within the interconnected rings of SiO4 silicate tetrahedra that make up the 
nontronite tetrahedral sheet. Initial deformation begins more slowly in the tetrahedral sheet. The 
MIR emissivity spectrum of nontronite after an impact at 10.2 GPa peak pressure still contains 
many diagnostic features (Figure 2.5). However, total structural degradation occurs much more 
rapidly in the tetrahedral than in the octahedral sheet of impact-altered nontronite. After a 19.7 
GPa shock, the emission spectrum of nontronite changed substantially, and diagnostic spectral 
features could no longer be detected. The Si-O stretching band around 1000 cm-1 became 
progressively broader with increasing shock pressure, but could always be detected. This implies 
that Si-O bonds are retained even as the ordered structure of the silicate tetrahedral begins to 
break down. This is largely consistent with, if more rapid than, the changes to the nontronite 
octahedral-sheet observed using ATR and VNIR reflectance spectroscopy, and described in the 
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preceding sections. There is some evidence from solid-state chemistry that MIR spectroscopic 
techniques are particularly sensitive to structural disorder (Tarte et al., 1990). More importantly, 
however, MIR spectroscopic techniques are uniquely sensitive to changes in the bonding 
environment of a clay mineral’s tetrahedral sheet. As a result, the more rapid deformation of the 
tetrahedral sheet relative to the octahedral sheet (Figure 2.6) produces spectra at intermediate 
peak pressures that resemble amorphous silicates in the MIR (Figures 2.4 and 2.5), while 
retaining characteristic Fe-OH nontronite bands in the VNIR (Figures 2.2, 2.3 and 2.4). 

2.4.4 Band depth change comparisons between multiple spectroscopic techniques 
 Impacts induced structural deformations in different parts of the nontronite structure at 
different rates, producing measurable differences in the changes to band depths and band center 
for characteristic spectroscopic features, as measured by multiple spectroscopic techniques 
(Figure 2.6). In particular, deformation of the octahedral sheet begins more quickly (at a lower 
pressure), but progresses more slowly than deformation of the tetrahedral sheet (Figure 2.6b, c, 
and d). The effect of adsorbed H2O on these results is clear (Figure 2.6a), but the changes 
observed in the 1.4 and 1.9 μm absorption features trend with octahedral sheet and metal-OH 
interaction deformations (Figure 2.6b, and d). Therefore, it is likely that both hydration state 
changes and changes to the OH-group bonding environment as a result of impacts may have 
contributed to the shifts observed for these bands. This result has important implications for 
detecting the smectite-to-illite transition and diagenesis by remote sensing using the 1.4 and 1.9 
μm hydration bands as proxies for relative hydration state (e.g., Milliken, 2014). Such results 
should be interpreted with caution due both to the complexities of the bands themselves and to 
the possibility of combined processes, which may produce similar spectroscopic results. 

Changes in band depth may also result from increasing grain size (Clark, 1999). This is 
especially important to note for the nontronite samples described in these experiments because I 
observed that the finely ground original sample powder was occasionally physically pressed into 
large flakes by the experimental impacts, especially at high peak pressures. However, 
comparisons between VNIR reflectance spectra taken separately of these post-impact flakes and 
spectra of the bulk sample indicated that there were no significant spectral differences between 
the two. This indicates that the observed differences between the pre- and post-impact VNIR 
reflectance spectra of the analyzed nontronite sample arise from impact-induced structural 
changes and not pressure-related physical changes to the sample. These results further indicate 
that post-impact nontronite may still be identified as either a semi-amorphous phyllosilicate, 
hydrated amorphous silicate, or a smectite of indeterminate species by VNIR reflectance 
spectroscopy using the presence of the broad ~2.2 μm band (in combination with 1.4 and 1.9 μm 
hydration features), even after experimental impacts up to 39.1 GPa. Most importantly, however, 
at intermediate impact pressures, differing effects of shock on the tetrahedral and octahedral 
sheets of the nontronite structure produced seemingly contradictory spectral results. In particular, 
MIR spectra resembled non-specific hydrated amorphous silicates after the tetrahedral sheet 
deformed, but characteristic nontronite vibrational bands from the more resilient octahedral sheet 
were still detected by VNIR reflectance spectroscopy. 

2.4.5 Raman spectroscopy 
 With iron-rich minerals (such as nontronite), the sensitivity of Raman spectroscopy to 
small changes in the bonding environments of samples often results in high fluorescence and low 
signal/noise. I attempted to mitigate these effects by using a 785 nm laser, but still found that 
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useful Raman spectra were extremely difficult to collect from samples exposed to impacts above 
10 GPa. These results confirm the observations of Gavin et al. (2013), who found that many of 
their samples produced nearly “featureless” Raman spectra. They attributed these results to, 
“…irregular fracturing, imperfections, amorphous phases, and/or water in the samples.” Gavin et 
al. (2013) did not conclude that the changes observed in their Raman spectra were produced by 
impact-shock, but they suggest that this may be the case. Based on the characteristic pre-impact 
Raman spectrum and post-impact ‘featureless’ spectra (Figure 2.7), I find that Raman 
spectroscopy is extremely sensitive to shock-induced structural change, that post-impact clay 
minerals do not produce interpretable Raman spectra, and that this is likely a direct result of their 
exposure to experimental impacts. 

2.4.6 Transmission-electron Microscopy 
TEM images of both shocked and unshocked nontronite samples were acquired (Figure 

2.8). The dispersed particles of unshocked nontronite are poly-crystalline aggregates with 
complex morphologies and significant structural disorder. These particles are aggregates of (001) 
flake-like crystallites (Figure 2.8a, d, g) with curled edges that expose packets of clay layers 
suitable for HRTEM imaging of the (001) lattice fringes (Figure 2.8c, f, i). Selected area electron 
diffraction (SAED) patterns of the aggregate particles consist of nearly continuous rings 
corresponding to reflections in the [001] zone axis (Figure 2.8b, e, h), which indicates that the 
particles are aggregates of oriented (001) flakes. The continuous rings in the [001] patterns 
indicate turbostratic disorder (rotation about the [001] stacking direction) within and among the 
clay crystallites that make up the aggregate. HRTEM imaging of some nontronite crystallites 
show packets of (001) lattice fringes indicating clay crystals up to about 60 nm thick (Figure 
2.8c). The complex and disordered structure of these unshocked particles makes documentation 
of shock–induced deformation difficult.  

 The onset of shock deformation is visible in samples shocked to 19.7 and 24.6 GPa, but 
the shock-induced changes are subtle. Morphologically, the particles of nontronite shocked to 
19.7 and 24.6 GPa are nearly the same as the unshocked material, but the crystallites are 
generally smaller and more disordered (Figure 2.8d-i). SAED patterns, like those of the 
unshocked nontronite, show turbostratic disorder in their (001) zone-axis patterns. The SAED 
patterns have the same inner rings as the unshocked material (4.4 Å and 2.5 Å), but the 
diffraction intensity is weaker, and the higher order rings are absent (Figure 2.8e, h). This loss of 
diffraction intensity indicates loss of structural order. HRTEM images showing (001) lattice 
fringes indicate that the crystallites are smaller and more deformed than those observed in the 
unshocked material. Samples shocked to 30.6 and 35.6 GPa have similar morphologies, but the 
crystallite sizes and the diffracted intensities of higher-order rings are further reduced. Some 
patterns have only one diffuse ring, indicating nearly complete amorphization. HRTEM imaging 
shows curved crystallites up to 20-30 nm thick, but they are fewer than in lower pressure 
samples. 

 Nontronite shocked to 39.1 GPa is morphologically similar to samples from 35.6 GPa, 
but SAED indicates that the samples are predominantly amorphous (Figure 2.8g-i). SAED 
patterns generally show no distinct diffraction rings, indicating that the material is almost 
completely amorphous. Figure 2.8h shows an example where the ~ 4.4 Å ring is barely visible, 
indicating some local crystallinity. Many HRTEM images are consistent with a complete loss of 
long-range order, but some crystallites with visible (001) lattice fringes are present (Figure 2.8i). 
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As observed in other samples, the shock effects are heterogeneous and the local regions of nano-
crystallinity may not be representative of the bulk 39.1-GPa sample. These results are consistent 
with the progressive onset of structural deformation occurring in different parts of the nontronite 
structure at different rates. 

2.4.7 X-ray Diffraction 
 XRD data for the pre-impact nontronite sample (Figure 2.1) show features typical of 
nontronite, with an 001 peak at ~15.2Å (~6° 2θ) and a variety of hkl bands reflecting turbostratic 
stacking (e.g., the 02l, 11l band beginning at ~19.5 2, and the 06l, 33l band at ~60.8 2). The 
15.2 Å basal spacing (001) is consistent with two layers of H2O molecules in the interlayer 
region (data measured at 44% relative humidity). The data also reveal the presence of kaolinite, 
whose 001 and 002 reflections are indicated. XRD data for the post-impact samples are 
compared with those for the pre-impact material in Figure 2.9. These data reveal no significant 
modifications to the structure after impacts up to 10.0 and 19.7 GPa, as reflected by the 
persistence of the basal and hkl features. Data for the samples shocked at 25.2 GPa and above 
show a gradual intensity decrease and broadening of the 001 reflection, loss of detail for hkl 
features, and gradual increase in a broad scattering feature from ~15-40 2. Such a broad 
feature is generally indicative of the presence of an amorphous phase (Ohashi et al., 2002; Music 
et al., 2011; Rouff et al., 2012), and this scattering feature probably reflects the increasing, 
progressive amorphization of the nontronite and kaolinite with increasing peak shock pressure. 
The minor feature near 44.6 2 is from the sample substrate. All samples were analyzed at 
approximately the same relative humidity (44±4%). The intensity of the 001 reflection gradually 
decreased as a function of pressure, and Figure 2.9 also illustrates that the width of the 001 
reflection increased significantly from 19.7 to 34.6 GPa. The value of d(001) also decreased 
slightly as a function of pressure, from ~15.3Å in the untreated material to ~14.4Å at 25.2 GPa 
and 13.9Å at 34.6 GPa, showing that all materials other than the 39.1 GPa sample retained the 
ability to incorporate interlayer H2O molecules. Due to the small amounts of available sample, 
the y-axes for some patterns (Figure 2.9) were expanded by a factor of four to increase the 
contrast in these figures and demonstrate that characteristic peaks are still present. 

2.4.8 Mössbauer Spectroscopy 
Earlier Mössbauer studies of other ferruginous smectites, including nontronite (Bishop et 

al., 1999) fit nontronite spectra with four Fe3+ doublets, namely two octahedral (~90% of the 
total Fe) and two tetrahedral (~10%). The presence of tetrahedral Fe3+ was also supported by the 
existence of a band near 22000 cm-1 (0.45 μm) in their optical spectra. However, subsequent 
chemical analyses (Bishop et al., 2002b; c, 2008a; Dyar et al., 2008) showed sufficient Si and Al 
ions to fill all tetrahedral sites, and Bishop et al. (1999) noted some heterogeneity in their 
nontronite sample. In light of this equivocal evidence for the site occupancy of Fe in nontronite, 
several different methods were initially used to fit the Mössbauer spectra in this study, using the 
same methods employed in Dyar et al. (2008). As in the 2008 study, attempts to model both 
octahedral and tetrahedral Fe3+ doublets resulted in large values of c2 and random changes in 
doublet areas, δ and Δ. Two-doublet models with only octahedral Fe3+ doublets produced the 
lowest values of χ2 and the most systematic changes in δ with temperature.  

Results of the current study therefore reproduce the results of Dyar et al. (2008) in the 
unshocked material (Table 2). A majority (88%) of the Fe3+ in this sample is in the doublet with 
parameters of δ = 0.37 mm/s and Δ = 0.34 mm/s. A smaller doublet initially has 12% of the total 
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area, with parameters of δ = 0.37 and Δ = 0.69 mm/s. Because Δ generally increases with site 
distortion (Dyar et al., 2006), this latter doublet is interpreted to be a more distorted local 
environment in the nontronite six-coordinated sites. As the intensity of the shock increases to 
19.7 GPa, Fe3+ partitions away from the low-Δ doublet and into the higher-Δ doublet (Figure 
2.10). At 25.2 GPa and above, there is no occupancy of an undistorted site with low Δ; instead, a 
third type of site that is even more distorted occurs with δ = 0.35-0.36 mm/s and Δ = 1.14-1.19 
mm/s. These results show that Fe3+ in nontronite remains fully oxidized at all shock pressures, 
but the Fe3+ parameters suggest that the octahedral site is increasingly distorted. 

 

2.5 Discussion 

2.5.1 Observations from the Use of a Natural Nontronite Sample: Contaminant Effects 
 The nontronite standard NAu-1 is known to contain kaolinite (Keeling et al., 2000). 
Contaminant effects are a major drawback of using natural mineral samples in laboratory 
spectroscopy. Through careful band assignments, however, it is possible to identify the 
spectroscopic features associated with kaolinite and use them to compare the effects of shock on 
kaolinite with those observed for nontronite. In general, I found that kaolinite bands were 
detected more strongly after higher-pressure impacts than nontronite bands were. I interpret this 
to mean that the kaolinite structure may be better able to withstand the disordering effects of 
impacts, and that kaolinite is less susceptible to spectral change after experimental impacts, 
which is consistent with the relative strengths of Fe-OH (weaker) versus Al-OH (stronger) bonds 
(Lide, 2010). This is in contrast to the results reported in Gavin et al. (2013), who found that 
their nontronite sample partially retained its structure, whereas the structure of their post-impact 
kaolinite sample was shown by XRD to be completely destroyed. The difference between these 
and Gavin et al.’s (2013) results may be explained by the fact that the nontronite sample in 
(Gavin et al., 2013) was exposed to an impactor velocity of 3.27 km/s, which they modeled as 
corresponding to a peak pressure of 17.5 GPa, whereas the kaolinite sample was exposed to a 
higher impactor velocity of 4.3 km/s, although velocity and stress (i.e. pressure) cannot be 
directly compared (Kraus et al., 2013). I also hypothesize that the presence of Al in the analyzed 
nontronite sample may be partially responsible for the broad singlet feature centered at ~2.2 μm 
that emerges in the VNIR reflectance spectra of NAu-1 exposed to impacts at 34.6 GPa or higher 
(Figure 2.5). The fact that Al-based bands dominate the spectrum of an Fe-rich material after 
impact at high pressures has important implications for the interpretation of planetary remote-
sensing data. In the case of the sample used for these experiments, the altered high-pressure 
spectrum of nontronite, which is dominated by an amorphous Al-bearing, hydrated silicate, 
would imply that it is Fe-poor, when it is in fact impact-altered, Fe-rich nontronite in the 
presence of a potentially Al-rich, amorphous secondary phase. 

2.5.2 Comparison of Shock and Thermal Alteration 
 The effects of thermal alteration on clay mineral structure and spectroscopy have been 
extensively addressed by previous laboratory spectroscopy work (Boslough et al., 1986; Gavin 
and Chevrier, 2010; Che et al., 2011; Daly et al., 2011; Che and Glotch, 2012). These results 
showed that thermal alteration proceeds via the dehydration and dehydroxylation of clay mineral 
structures, eventually leading to layer collapse and the formation of amorphous phases, followed 
by the recrystallization of secondary phases, such as cristobalite, hematite, and anorthite (Gavin 
and Chevrier, 2010; Che et al., 2011). In contrast, my results suggest that shock produces 
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different structural and spectroscopic changes in nontronite than those produced by thermal 
alteration. This conclusion supports the early findings of Boslough et al. (1986), who first 
observed that color change in shocked nontronite samples differed from that induced by 
annealing (thermal alteration). It also suggests that the color changes observed in shocked 
nontronite by Weldon et al. (1982) were likely a result of both shock-induced stress and thermal 
alteration rather than shock-induced thermal alteration alone. It is important to understand the 
effects of shock and temperature as separate processes because (with the exception of very large 
impacts), the non-linear relationship between pressure and temperature in impacts makes it 
unlikely that shocked material would experience temperatures significantly higher than 500 °C 
for extended time-periods (French, 1998). One important exception to this is localized heating in 
sample pore-spaces. As Gavin et al. (2013) showed, it is possible to reach extremely high, but 
very spatially localized temperatures in samples exposed to impact shock. For this reason, they 
concluded that their results showed the combined effects of temperature and pressure. However, 
in these experiments, peak pressure was achieved by shock-reverberation, which produces less 
entropy (Kraus et al., 2013) and results in lower peak heating (Gibbons and Ahrens, 1971). 
Although I could not directly measure the peak temperatures achieved during these impact 
experiments, previous work has shown that shock-reverberation sample holders only reach 
temperatures in the range of 130 – 200 °C (Raikes and Ahrens, 1979; Boslough et al., 1980), 
which are not hot enough to devolatilize bound OH from nontronite (Frost et al., 2002). Thus, I 
suggest that the observed structural (and spectral) changes to the natural samples used in these 
experiments were generated primarily by shock, and not high temperatures. Further work is 
warranted to explore the different effects of these two processes on phyllosilicate structure and 
spectroscopy. However, the distinct spectral changes that I report, and the differences between 
them and those reported for thermally altered nontronite, demonstrate that shocked and thermally 
altered phyllosilicates are spectroscopically distinct up to pressures of ~40 GPa and both should 
be accounted for in future analyses of planetary remote sensing data. 

2.5.3 Implications for the Remote and In-Situ Sensing of Mars 
 The presented results indicate that structural deformation as a result of impact shock 
occurs in different parts of the nontronite structure at different rates. The onset of deformation in 
the octahedral sheet is quick, at the relatively low peak pressure of 10.2 GPa, but slow. 
Characteristic Fe-OH bands are detectable at pressures up to 25.2 GPa. In contrast, deformation 
of the tetrahedral sheet begins slowly, but progresses quickly. By peak pressures of 19.7 GPa, the 
intensity of the Si-O-Fe bending feature (500 cm-1) decreased by >70%, while the Si-O-Si 
bending feature (430 cm-1) was undetectable (Figure 2.6). At these same pressures, characteristic 
Fe-OH features from the octahedral sheet of nontronite can still be detected in the VNIR 
wavelength range (Figure 2.6b and d). As a result, impacts of intermediate peak pressures can 
produce spectrally amorphous MIR detections, which may correspond with characteristic 
nontronite detections using VNIR reflectance spectroscopic techniques. In addition, impact 
alteration eventually produces an amorphous secondary phase, an Al-bearing (possibly also Fe-
bearing, though this is unclear) amorphous hydroxylated silicate. This secondary phase 
dominates the spectrum of impact-altered nontronite after experimental impacts at high 
pressures. 

There are two important implications for the remote sensing of the martian surface that 
can be derived from these observations. First, shocked phyllosilicate spectra should be included 
in the spectral libraries used to identify minerals from planetary remote sensing data. Shocked 
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nontronite is spectrally distinct from un-shocked nontronite and should be included as a distinct 
end-member. It is therefore important to acquire a complete library of laboratory-shocked 
phyllosilicate spectra. Second, impact-alteration and related processes may explain the 
challenges experienced by researchers attempting to identify phyllosilicates from TES and 
THEMIS MIR spectral data. Impact-induced structural disorder, which deforms the octahedral 
and tetrahedral sheets of nontronite differently, produces different spectral effects in the MIR and 
the VNIR wavelength detection regions. Because MIR remote sensing techniques are primarily 
sensitive to the Si-O fundamental bending and stretching vibrations of the tetrahedral sheet, 
while VNIR reflectance techniques are sensitive to characteristic metal-OH combination and 
overtone bands, structural deformation in the tetrahedral sheet, but not the octahedral sheet may 
lead to spectrally amorphous MIR detections, but unambiguous VNIR detections. 

These results also have important implications for the specific identification of clay 
minerals by characteristic cation-OH absorptions (e.g., Poulet et al., 2005; Bishop et al., 2008a). 
They also show that impact-induced structural disorder causes the spectrum of Fe-rich NAu-1 
nontronite to become dominated by a secondary Al-bearing amorphous silicate phase. The 
effects of shock on the sample’s kaolinite contaminant produce this phase, demonstrating the 
complexity of interpreting spectral results from shocked mineral mixtures (and natural samples). 
This effect may be especially important for heavily bombarded planetary surfaces, which are 
likely to be made up of mixed mineral components. I thus propose that shock effects may be an 
alternative interpretation for observed local shifts in metal-OH bands between 2.2-2.4 μm, and I 
suggest that reconsideration of some mineral specific identifications may be warranted in future 
remote sensing investigations. The presented results also demonstrate the importance of using 
multiple techniques (wherever possible) to specifically identify mineral species on remote 
planetary surfaces. The sensitivity of different remote and in-situ sensing techniques to different 
parts of mineral structures makes comparisons between them particularly important when 
accounting for the effects of shock and other geologic processes on Mars. IR spectroscopy may 
not be sufficient to reveal the whole story of martian mineralogy, but should be compared with 
other techniques, especially as the planetary science community moves closer to missions with 
sample return capabilities. 

The presented Mössbauer results, in combination with the VNIR reflectance spectral 
results in the extended visible wavelength region, demonstrate that shock changes the 
coordination polyhedra around the Fe3+ cations in nontronite, with site distortion increasing with 
shock pressure. Parameters of shocked samples must now be recognized to span a broad range of 
velocities, making unique mineral identifications very difficult. For example, jarosite (δ = 0.37 
mm/s and Δ = 1.20 mm/s (Morris et al., 2006a)) has identical parameters to nontronite shocked 
above 25.2 GPa (δ = 0.35 mm/s and Δ = 1.19-1.23 mm/s). Parameters cited for nanophase Fe 
oxide at Meridiani and in the Independence Class rocks of Clark et al. (2007) (δ = 0.33-0.40 
mm/s and Δ = 0.72-1.16 mm/s) span the range of doublet parameters measured in this study from 
all shock pressures (δ = 0.33-0.37 mm/s and Δ = 0.50-0.75 mm/s). The problem here is that the 
range of possible Δ values in Fe3+-bearing minerals is relatively small and shock appears to cause 
even a single mineral to span a large portion of that possible range. If further experiments allow 
me to generalize this observation and I find that other clay (and silicate) minerals behave 
similarly, then it greatly complicates (and confuses) the assignment of specific Mössbauer 
features from the MERs. As with the effects on the VNIR and TIR spectra, an expanded range of 
parameters associated with shocked samples must now be considered when interpreting martian 
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remote and in-situ sensing data. In addition, the association of MSL-identified phyllosilicates 
with X-ray amorphous materials (Bish et al., 2013; Blake et al., 2013; Morris et al., 2014; 
Rampe et al., 2014; Vaniman et al., 2014) raises the possibility of mineral mixtures of altered 
and unaltered phyllosilicates (and other minerals) on the martian surface. Although the formation 
mechanisms of these amorphous materials are not yet understood, impact processes should not 
be ruled out. 

 

2.6 Conclusions 

 This chapter provides a detailed spectroscopic analysis of the effects of experimental 
impacts and shock on the structure and spectra of a natural nontronite sample. Both VNIR and 
MIR spectra show increasing structural disorder with increasing pressure, eventually resembling 
hydrated amorphous silica (MIR) or an allophane-like phase (VNIR). At intermediate peak 
pressures, however, VNIR reflectance spectra may still be identified generally as Fe-rich 
smectite or nontronite. In contrast, MIR spectra much more closely resemble hydrated 
amorphous silicate phases. This is due to differences between the structural effects of shock on 
different parts of the nontronite mineral structure. In particular, MIR spectroscopy is sensitive to 
the more rapid total deformation of the tetrahedral sheet, while VNIR reflectance spectroscopy 
detects the retention of key features in the more structurally resilient octahedral sheet. TEM 
imaging, X-ray diffraction, Raman, and Mössbauer spectroscopy all confirm this increasing 
structural disorder and are consistent with observations implying that shock-induced structural 
change begins in the octahedral sheet, but proceeds more quickly in the tetrahedral sheet. 

 These findings provide important additional considerations for future planetary remote 
sensing and in-situ analyses, although they significantly increase ambiguity and may limit future 
researchers’ ability to make mineral-specific identifications. However, this work advances the 
ability to distinctly identify shocked versus unshocked nontronite, which may be important to 
furthering the current understanding of the geologic history of Mars. There are many potential 
future research directions that arise from these results. I recommend two, in particular. First, 
more laboratory spectroscopic investigations and analyses are needed to differentiate the spectral 
and structural effects of shock from the effects of temperature, and to further explore variable 
effects of shock on different parts of the phyllosilicate structure. Second, detailed remote sensing 
investigations of heavily cratered regions of the martian surface, particularly locations with 
strong VNIR phyllosilicate signatures and absent MIR identifications, to look for the 
spectroscopic signatures of shocked clays may be an important extension of this research. I have 
already begun investigations of heavily cratered regions using impact-altered phyllosilicate 
laboratory VNIR spectra, compared to well-described (e.g., Loizeau et al., 2007) CRISM stamps, 
using FATT and found that some phyllosilicate signatures at Mawrth Vallis are consistent with 
impact-induced spectral change (Friedlander and Glotch, 2014; Chapter 4 of this dissertation). 
However, this work is currently undergoing more detailed analyses of the regional geologic 
context and will be presented in a future paper.  

 The results of this study build on previous work exploring both thermally and impact-
altered phyllosilicates and demonstrate the importance of investigating shock effects in detail, 
both from the perspective of acquiring data over a range of pressures, and with a wide variety of 
analytical techniques. I hypothesize that impacts may have altered the structures of martian 
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phyllosilicates, affecting their spectra in a way that explains the absence of MIR phyllosilicate 
identifications, even in regions with robust VNIR phyllosilicate spectral signatures. 
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Chapter 2 – Tables and Figures 

Analysis Technique Wavelength Region Scale Sensitive to … Similar to remote sensing 
instrument? Y/N 

(Instrument Name) 
Raman Spectroscopy 100-1100 cm-1

(100 – 9 μm), 785 nm 
laser (pre-impact), 532 
nm (after) 

Atomic Changes in polarizability, 
cationic environments 

N, but proposed 

VNIR reflectance 
spectroscopy 

0.50 – 2.50 μm  
(20000 – 4000 cm-1) 

Combined atomic and 
bulk 

Changes in color, hydration 
state, cation oxidation state 
or environment, NIR OH 
and H2O overtones 

Y, OMEGA, CRISM 

MIR emissivity 
spectroscopy 

1300 – 200 cm-1 
(8 – 50.0 μm) 

Combined atomic and 
bulk 

Si-O bending and stretching 
fundamental vibrations 

Y, TES, THEMIS 

MIR ATR spectroscopy 4000 – 500 cm-1 (2.50 – 
20.0 μm) 

Combined atomic and 
bulk 

OH and H2O fundamental 
stretching and bending 
vibrations, metal-OH 
fundamental stretches and 
deformations, Si-O stretch 
fundamental 

N, approximates transmission, 
good comparison for MIR 
emissivity results 

Mössbauer spectroscopy N/A (beam energy or 
counting rate in 
mm/sec) 

Nuclear to atomic Changes in Fe oxidation 
state, structural environment 

Y, MER Mössbauer 
spectrometer 

TEM N/A (imaging) Crystal Imaging impact-induced 
deformational features 

N 

XRD N/A (counts) Crystal and bulk 
identification 

Amorphisation, changes in 
the crystal lattice, mineral 
identification 

Y, Curiosity ChemMin 
instrument 

Table 2.1. Analysis techniques used to investigate the effects of experimental impacts on nontronite structure and spectroscopy and their 
comparable remote and in-situ sensing instruments for Mars. Commonly used vibrational units are shown; alternative units are listed 
parenthetically. 
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 Nontronite Sample: 

Fe3+ 

Doublet 
Mössbauer 
Parameter 

Pre-Impact 
(NAu-1) 

10.2 
GPa 

19.7 
GPa 

25.2 
GPa 

30.6 
GPa 

34.6 
GPa 

39.1 
GPa 

Doublet 
1 

δ (mm/s) 0.37 0.37 0.36 -- -- -- -- 

Δ (mm/s) 0.34 0.34 0.34 -- -- -- -- 

Γ (mm/s) 0.46 0.44 0.44 -- -- -- -- 

Area (%) 88 85 57 -- -- -- -- 

Doublet 
2 

δ 0.37 0.36 0.35 0.33 0.36 0.34 0.35 

Δ 0.69 0.75 0.75 0.67 0.50 0.63 0.71 

Γ 0.23* 0.35 0.43 0.48 0.40 0.38 0.34 

Area 12 15 43 68 55 28 42 

Doublet 
3 

δ -- -- -- 0.36 0.35 0.35 0.35 

Δ -- -- -- 1.14 1.21 1.16 1.23 

Γ -- -- -- 0.36 0.38 0.49 0.46 

Area -- -- -- 32 45 72 58 

Table 2.2. Parameters for the 295K Mössbauer spectra of all samples analyzed in these experiments. Not 
every sample fits iron with every doublet; parameters for doublets that were not needed to fit a given 
sample’s spectrum have been left blank. 
*Fixed parameter. 
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Figure 2.1. XRD pattern of pre-impact, prepared NAu-1 nontronite. The Al-rich contaminant (kaolinite) 
is identified by characteristic diffraction peaks, the analyzed NAu-1 nontronite sample contains ~16 wt%, 
as determined using the reference intensity ratio method (Chung, 1974) from the XRD pattern of the 
prepared, pre-impact NAu-1 nontronite sample. 
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Figure 2.2. VNIR reflectance spectra of NAu-1 nontronite at controlled RH<15% after experimental impacts reaching peak pressures between 
10.2 and 39.1 GPa. Raw relative reflectance data (A) are compared to normalized relative reflectance data (B). Continuum-removal (ENVI, IDL) 
and data normalization (Davinci) improved the spectral contrast of the metal-OH region between 2.2-2.3 μm, which shows increasing disorder in 
the nontronite octahedral layer with increasing impact pressure. Normalized data also highlight the retention of the HOH bending overtone of 
structural H2O at 1.9 μm after impacts up to 39.1 GPa. Units in wavenumber (cm-1) have also been provided for secondary reference below the 
primary X-axis units of μm. 
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Figure 2.3. Continuum-removed (ENVI, IDL), normalized (Davinci) comparison of characteristic metal-
OH vibrational bands in the M-OH vibrational overtone region of the nontronite VNIR reflectance 
spectrum. Spectra were taken in controlled relative humidity with RH<15%. Band identifications are from 
(Bishop et al., 2008b; Bishop et al., 2002b). After impacts at or below 30.6 GPa, identifiable metal-OH 
bands remain; while after impacts 34.6 GPa and above, one broad absorption feature emerges centered at 
~2.20 μm. This broad feature is consistent with VNIR reflectance spectrum of allophane, implying that 
impact-altered ferruginous smectites may appear as hydrated aluminum-rich amorphous silicates to VNIR 
reflectance remote sensing techniques. Units of frequency (cm-1-) are shown for comparison. 
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Figure 2.4. MIR ATR spectra of NAu-1 nontronite after experimental impacts reaching peak pressures 
between 10.2 and 39.1 GPa. Shifts in the Si-O stretching and M-MOH bands are consistent with extensive 
octahedral layer deformation. Band assignments based on Frost and Kloprogge (2000), Bishop et al., 
(2002a, 2002b), and Neumann et al. (2011). The Al-FeOH stretch band (~3700 cm-1) may be related to 
the NAu-1 kaolinite contaminant (Keeling et al., 2000), but can also arise from tetrahedral Al-substitution 
in nontronite. 
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Figure 2.5. MIR emissivity spectra of NAu-1 nontronite after experimental impacts reaching peak 
pressures between 10.2 and 39.1 GPa. Loss of the characteristics lattice deformation bands of nontronite 
(600-400 cm-1) and the weak OH bending fundamental bands (950-725 cm-1) supports a hypothesis of 
increasing octahedral layer disorder with increasing impact pressure. After impacts of 19.7 GPa and 
higher, the emissivity spectrum of nontronite is indistinguishable from amorphous, hydrated silica. Band 
assignments were based on (Frost and Kloprogge, 2000; Neumann et al., 2011). Wavelength values (μm) 
corresponding to standard frequency units (cm-1) have been included for comparison. 
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Figure 2.6. Changes in the depths after Pelkey et al. (2007) of various characteristic nontronite bands with increasing pressure, reflecting 
alteration to various parts of the nontronite structure. Bands related to structural H2O, adsorbed H2O, and hydroxyl overtone and combination 
vibrations are shown in (A), bands related to OH-group vibrations characteristic of nearby cations are shown in (B), tetrahedral Si-site vibrations 
are shown in (C), and bands reflective of the Fe-octahedral environment are shown in (D), although these are also reflected in the changes to the 
OH-group bands. Because different parts of the structure experience different degrees of alteration with increasing pressure, these band depth 
changes demonstrate how it is possible to observe seemingly contradictory spectral results from techniques that probe different parts (and length 
scales) of the nontronite structure. ATR spectra were converted to reflectance before band depths were analyzed by relating reflectance to 
absorbance (R=1/10Abs). All spectra were continuum removed using ENVI/IDL and were normalized in Davinci (excepting the M-O out-of-plane 
band, which was too noisy to normalize) prior to comparison and analysis.
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Figure 2.7. Raman spectra of NAu-1 nontronite after experimental impacts between 10.2 and 39.1 GPa, 
background removal and processing performed in WITec Project Plus software. No signal could be 
detected for the sample exposed to an experimental impact of peak-pressure 19.7 GPa, so it is not 
included. The pre-impact spectrum was taken using the 532 nm laser setup, while all post-impact spectra 
were taken using the 785 nm laser setup to try and reduce fluorescence. Nonetheless, fluorescence 
increases with increasing pressure, while signal decreases correspondingly. 
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Figure 2.8. Bright field images of aggregate particles of unshocked (a) as well as shocked nontronite after impacts up to 24.6 GPa (d) and 39.1 
GPa (g) with associated selected area electron diffraction (SAED) patterns (b, e, h) and HRTEM images of specific crystallites (c, f, i). Both the 
unshocked and 24.6 GPa samples consist primarily of flat (001) crystallites with curled edges, which appear as fibrous structures around the edges 
of the flakes in the bright field images (a, d). The unshocked SAED pattern (b) shows rings from reflections in the [001] zone axis with no 
reflections or rings corresponding to 00l  reflections. The continuous rings indicate turbostratic disorder in and between the nontronite crystallites. 
The ring d-spacings, 4.43, 2.53, and 1.7 Å are illustrated for the unshocked sample (b) for comparison to other SAED patterns (e, h). The HRTEM 
image of unshocked nontronite (c) shows a 60 nm thick packet of clay (001) layers. The SAED pattern of nontronite shocked up 24.6 GPa shows 
the same [001] turbostratic ring structure as that produced by unshocked nontronite, but the higher-order ring intensity is somewhat reduced. The 
HRTEM image (f) shows (001) lattice fringes in smaller and more disrupted crystallites. The SAED pattern of nontronite shocked up to 39.1 GPa 
on the other hand, has only a trace of the 4.4 Å ring indicating that this aggregate is nearly amorphous. However the HRTEM image of a different 
particle from this sample (i) shows clear (001) lattice fringes, indicating that some order survives in the clay structure.  
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Figure 2.9. X-ray diffraction patterns of NAu-1 nontronite exposed to experimental impacts with peak 
pressures between 10.2 GPa and 39.1 GPa. Structural disorder, indicated by decreasing peak intensities 
and peak broadening as well as the emergence of a broad ‘amorphous’ feature (20° < 2θ < 40°), generally 
increases with increasing peak impact pressure, but was not observed with XRD below pressures of 25.2 
GPa. Small amounts of analyzable sample led to increased noise in some diffraction patterns, especially at 
impact pressures above 19.7 GPa. 
*Intensity expanded by 4. 
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Figure 2.10. Mössbauer spectra of NAu-1 nontronite exposed to experimental impacts between 10.2 and 
39.1 GPa. The results indicate that although all iron begins (and remains) in the oxidized, ferric state 
(Fe3+), the iron coordination geometry in the octahedral sheet becomes increasingly disordered as peak 
impact pressure increases. 
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Chapter 3 

3 Comparing structural and related spectral change between iron- and magnesium-rich 2:1 
smectites after experimental impacts between 10 - 40 GPa 

 

Much of the material presented in this chapter is currently under review in an edited format at 
Clays and Clay Minerals with co-authors Timothy D. Glotch, Brian L. Phillips, John S. Vaughn 
and Joseph R. Michalski. 

 

Abstract 

 Extensive phyllosilicate deposits have been identified on Mars by orbital remote sensing 
instruments utilizing visible near-infrared (VNIR) reflectance spectroscopy. The detection of 
clays on Mars may provide clues to past aqueous environments there. Understanding past 
aqueous activity may be key for understanding martian astrobiological potential. Several lines of 
evidence suggest that martian clays are ancient (>3.5 Ga) and have been exposed to repeated 
meteor impacts. In fact, clay minerals are often detected in deposits exhumed by impacts. 
Impacts alter mineral structures, directly affecting the spectra that are used for mineral 
identifications on planetary surfaces by remote sensing. This work investigates some of the 
effects of impact-related shock metamorphism on clay structures and spectroscopy. 

 The results that I present in this chapter show that the response of 2:1 layered smectites to 
shock (experimental impacts at 10 GPa ≤ peak pressure ≤ 40 GPa) may depend on composition. 
Dioctahedral, Fe(III)-rich smectite (nontronite NAu-1) is structurally deformed after impacts at 
peak pressures of ~40 GPa and its VNIR spectrum ceases resembling that of crystalline, 
identifiable nontronite. Trioctahedral, Mg-rich smectite (saponite SapCa-2) is structurally 
resilient and its spectrum remains largely unchanged, even after impacts at peak pressures of ~40 
GPa.  Results obtained for kaolinite, a 1:1 dioctahedral phyllosilicate, showed that kaolinite is 
also susceptible to structural and spectral alteration by impacts. This suggests that the 
dioctahedral sheet may be less resilient than the trioctahedral sheet and, as a result, that 
dioctahedral clays might be more difficult to accurately detect in heavily bombarded terrains. 
Spectral changes due to shock and thermal alteration (samples heated stepwise to >900 °C) were 
also compared. Based on the different spectral changes that each process induces, shock and 
thermal alteration might proceed via different pathways. The spectral effects of shock and their 
differences from those of thermal alteration have important implications for the remote sensing 
of phyllosilicates, especially on planetary bodies where standard methods of comparison between 
ground-truth and remote sensing data cannot be performed. 
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3.1 Introduction 

 Extensive clay mineral deposits have been identified on Mars by orbital visible near-
infrared (VNIR) reflectance spectroscopic remote sensing techniques (Poulet et al., 2005, 2009; 
Clark et al., 2007; Loizeau et al., 2007; Mustard et al., 2008; Mckeown et al., 2009; Wray et al., 
2009; Fairén et al., 2010; Michalski et al., 2010; Che and Glotch, 2014). The identification of 
clays on Mars is exciting because clays may provide evidence for past aqueous environments on 
the martian surface and/or subsurface, which have potential associations to past or current 
habitability (Michalski and Dobrea, 2007; Poulet et al., 2009; Grotzinger et al., 2014). Many 
martian clays are thought to be smectitic because most of the infrared detections of clays on 
Mars exhibit an absorption near 1.9 μm corresponding to adsorbed and/or interlayer H2O. Within 
martian phyllosilicate deposits, one of the most commonly identified phases is an iron-rich 
smectite similar to nontronite (Carter et al., 2011, 2013). Nontronite has been specifically 
identified in Nili Fossae (Bibring et al., 2005; Poulet et al., 2005; Che and Glotch, 2014) and 
Mawrth Vallis (Loizeau et al., 2007). Both of these regions have been heavily bombarded by 
impacts, and the phyllosilicate identifications in these regions frequently correspond with the 
evidence of these impacts. For example, Bibring et al. (2006) specifically noted that both in 
Syrtis Major and Nili Fossae, phyllosilicate-rich rocks are detected within ancient craters, as well 
as recently excavated ancient terrains. Alone, the association of phyllosilicate deposits with 
impact craters is not enough to conclusively determine that these deposits are relatively ancient. 
Indeed, there has been much discussion over whether phyllosilicate deposits associated with 
impact craters (1) pre- (Fairén et al., 2010) or post-date (Fairén et al., 2010; Marzo et al., 2010) 
the craters themselves, (2) form as a result of impact-driven (Furukawa et al., 2011) or post-
impact alteration (Mangold et al., 2007; Poulet et al., 2008; Fairén et al., 2010), or (3) form as a 
result of impact-driven hydrothermalism (Tornabene et al., 2013). This debate began with the 
first identifications of clays on Mars and is ongoing within the planetary science community 
(Mangold et al., 2007; Poulet et al., 2008; Mustard et al., 2009; Ehlmann et al., 2013; Tornabene 
et al., 2013). Nonetheless, at the scale of the planetary surface, clays are more common in 
heavily bombarded terrains on Mars (Carter et al., 2013), and such terrains are though to be 
ancient (Tanaka, 1986, 2005) as determined through crater counting methods (Hartmann, 1966). 

 Another line of evidence for the relative age of martian phyllosilicate deposits comes 
from studies of martian surface geomorphology. Such studies have found that phyllosilicate-
bearing units underlie (and therefore pre-date) other hydrated mineral deposits, most of which 
are thought to have formed in a previous epoch during which the surface of Mars is hypothesized 
to have been significantly wetter than it is today (Ehlmann et al., 2009; Murchie et al., 2009; 
Mustard et al., 2009; Wray et al., 2009; Wiseman et al., 2010). It is as yet unclear by how much 
this epoch may have been warmer than current martian conditions (Fairén et al., 2009; Fairén, 
2010). 

 A third line of evidence for the age of martian clays comes from the technique of crater 
counting (Fielder, 1963). Comparing martian cratered surfaces to the Moon, where quantitative 
dates are available (Compston et al., 1970; Tatsumoto, 1970; Tera and Wasserburg, 1972), 
provides an estimate for the age of heavily cratered terrains on Mars at ~3.5 Ga or older 
(Hartmann, 1966; Soderblom et al., 1974; Hartmann and Neukum, 2001). Thus, although there is 
little direct information about the age of clays on Mars, the association of clay minerals with 
heavily bombarded surfaces marks them as relatively old, and possibly ancient (≥ 3.5 Ga). 
Further, impacts are a much more important geologic process on Mars than on Earth (Hartmann, 
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1966; Soderblom et al., 1974). Even if clays are not as ancient as the oldest terrains on Mars, it is 
still likely that clay mineral deposits experienced alteration as a result of exposure to impacts 
throughout martian geologic history. Because impact-driven alteration affects the structures and 
spectroscopic signatures of minerals, impact processes can directly affect the accuracy of clay 
mineral identifications on the martian surface by remote sensing techniques. 

When the intense pressure and heat waves generated by impacts pass through geologic 
material, they initiate processes that cause structural modifications and alteration. Existing 
defects may be propagated, and structural disorder increased (Gault and Heitowit, 1963; Stöffler, 
1972, 1974, 1984; Hanss et al., 1978; Lange and Ahrens, 1982; Bischoff and Stöffler, 1992). 
Such structural disorder directly affects mineral spectral signatures (Tarte et al., 1990). To 
measure these effects, laboratory impact experiments can be used to generate controlled, 
experimental impacts and associate structural and spectral changes in shocked minerals with 
known pressures or pressure ranges (De Carli and Jamieson, 1959; Gibbons and Ahrens, 1971; 
Stöffler, 1972, 1974, 1984; Hanss et al., 1978; Adams et al., 1979; Johnson et al., 2002, 2007; 
Johnson and Hörz, 2003). Such experiments also provide important sources of spectroscopic data 
for remote sensing analysis. 

Laboratory impact experiments have provided key data on shock effects and processes 
since impacts were first recognized as a fundamental geologic process (Stöffler, 1972, 1974; 
Bischoff and Stöffler, 1992). Previous shock experiments have revealed distinct changes in the 
reflectance spectra of shocked versus unshocked plagioclase, pyroxene, and glass (Adams et al., 
1979; Johnson and Hörz, 2003), compared the spectral effects of impacts on pyroxene to those 
on feldspar (Johnson et al., 2002), and examined the effects of impacts on natural basalt samples, 
both alone (Johnson et al., 2007) and in comparison to collected samples from impact structures 
on Earth (Kieffer et al., 1976). Relative to this body of work, very little has been published about 
the effects of impacts on the structure and spectra of phyllosilicate minerals. This may be due 
partially to the early belief that layered silicates were largely stable after impacts. Mineralogical 
comparisons of natural samples from terrestrial impact structures demonstrated that layered 
silicates showed remarkable stability relative to other minerals, even at shock pressures 
exceeding 300 kbar (30 GPa). This was explicitly confirmed by investigations of the formation 
of kinked mica during experimental shock-recovery experiments by Hörz and Ahrens (1969), 
who showed specifically that, despite large-scale physical deformation, their mica samples 
remained unchanged at the sub-unit cell scale. Later work on shocked phyllosilicates focused 
primarily on the role of shock energy and structural deformation on the kinetics and rate of post-
shock phyllosilicate dehydration (Boslough et al., 1980; Lange and Ahrens, 1982; Tyburczy and 
Ahrens, 1987), but not on the potential effects of shock on the structure of the clays themselves. 

In planetary science specifically, shock effects have been invoked to explain the color of 
the martian surface. In particular, Weldon et al. (1982) observed that a sample of Riverside 
nontronite reddened and darkened after experimental impacts between 180 and 300 kbar (18-30 
GPa). Using optical microscopy, X-ray diffractometry, 57Fe Mössbauer spectroscopy, and IR 
spectroscopy, they determined that partial dehydroxylation changed the Fe-coordination state 
and shifted characteristic Fe3+/O2- charge transfer features into the visible wavelength region, 
producing a redder, darker nontronite sample. Weldon et al. (1982) attributed their results 
primarily to impact-induced heating. However, later work showed that the effects of shock 
differed from those of heat. In particular, Boslough et al. (1986) showed that post-shock samples 
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of Riverside nontronite were structurally distinct from samples heated in air for one hour to 
temperatures 400 – 1000 °C in 100 °C increments, as determined by X-ray diffraction. More 
recently, work in the planetary science community on both the thermal (Moskowitz and 
Hargraves, 1984; Gavin and Chevrier, 2010; Che et al., 2011; Daly et al., 2011; Che and Glotch, 
2012) and impact (Gavin et al., 2009, 2013; Friedlander et al., 2012, 2014b) alteration of 
phyllosilicates has revealed intriguing effects on the structure and spectroscopy of impact-altered 
phyllosilicates that differ between the two processes. In particular, thermal alteration is thought 
to proceed in a stepwise manner beginning with dehydration (Gavin and Chevrier, 2010; Che et 
al., 2011; Che and Glotch, 2012), while impact alteration is not. Although the spectral results are 
consistent with structural deformation in both the octahedral and tetrahedral sheets of impact-
altered clays, some vibrational bands associated with OH-groups and structural H2O are retained. 
(Friedlander et al., 2012, 2014b; Sharp et al., 2012; Gavin et al., 2013). The responses of 
phyllosilicates to impact shock have also been shown to depend on the mineral species (Gavin et 
al., 2009, 2013; Friedlander et al., 2014c). Because impacts have such strong potential effects on 
mineral structure and spectroscopy, a detailed examination of the responses of different 
phyllosilicate species to impacts is warranted. 

In this chapter, co-authors Brian Phillips and John Vaughn contributed nuclear magnetic 
resonance (NMR) spectroscopy of shocked and thermally altered phyllosilicates. The addition of 
NMR spectroscopy, which is a reproducible and extremely sensitive probe of atomic-scale 
structural disorder in Si-bearing phases, is important for improving my understanding of 
structural change in silicate phases post-shock. Previously, NMR has been applied primarily to 
tectosilicates (quartz, feldspar) after experimental impacts (Cygan et al., 1992; Fiske et al., 1998) 
or as a test of ancient impact hypotheses (e.g., along the K/T boundary) through comparisons of 
experimental and naturally shocked tectosilicate samples (Boslough et al., 1995). In this chapter, 
NMR provides unique information about changes to the bonding environments in both the 
octahedral and tetrahedral sheets of the shocked phyllosilicate species. It is useful especially for 
comparing between thermal and shock alteration. 

The results that I present in this chapter compare and contrast the effects of shock 
metamorphism on a dioctahedral (nontronite) and a trioctahedral (saponite) smectite. As an 
added point of comparison, these results are also shown with those for kaolinite, which provides 
another example of the effect of shock on a dioctahedral clay mineral. I selected these clay 
minerals to reflect specific detections of clays on the martian surface by remote sensing. 
Nontronite has been proposed as a best-match for reflectance spectra detected by the Compact 
Reconnaissance Imaging Spectrometer for Mars (CRISM) from Cape York at Endeavor Crater 
(Arvidson et al., 2014), and Fe-rich smectite is generally common on the martian surface (Carter 
et al., 2013). Saponite has been detected in fewer, but still important, regions on Mars such as 
northern Sinus Meridiani (Wiseman et al., 2010) and, most recently, as a possible component of 
a martian sedimentary rock from Gale Crater (Archer et al., 2014). Kaolinite has also been 
identified in several regions of Mars (Murchie et al., 2009; Wray et al., 2009), but primarily 
provides another reference point, in addition to nontronite, for understanding dioctahedral 
phyllosilicate alteration after shock. 

The selected samples were Clay Minerals Society (CMS) standard clay samples. Such 
samples are useful for laboratory spectroscopic comparisons because they are well-characterized, 
representative samples. Comparison to libraries of the laboratory spectra of well-characterized 
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samples is the most robust method for accurately interpreting remote sensing spectroscopic data, 
especially from other planets where traditional methods of directly assessing ground-truth, such 
as sample collection or fieldwork, are impossible (e.g., Bibring et al., 2005; Poulet et al., 2005; 
Bishop et al., 2008b; Mustard et al., 2008; Arvidson et al., 2014). 

Well-characterized, pure materials, however, may not be representative of the martian 
surface. Despite some results that are consistent with saponite, other X-ray diffraction (XRD) 
patterns from Gale Crater, Mars, for example, have shown that phyllosilicates in martian 
mudstones are most-likely poorly crystalline (Rampe et al., 2014; Vaniman et al., 2014). The 
best available samples to compare to the martian surface are martian (SNC) meteorites, within 
which there have been many detections of phyllosilicates (Treiman et al., 1993; Brearley, 2000; 
Thomas-Keprta et al., 2000). The clays identified in martian meteorites, however, often occur as 
vein-filling or complex matrix components of conglomerate material (Gooding et al., 1990, 
1991; Treiman et al., 1993; Thomas-Keprta et al., 2000), making these samples difficult to 
individually characterize. 

Investigating complex processes, such as impacts, using well-characterized materials is 
much more straightforward than attempting to understand them in complex natural or 
experimental samples. Studies like that described here provide a better general understanding of 
the effects of impacts on clay mineral structure and spectroscopy than experiments with more 
complex samples. For example, this study describes results for multiple phyllosilicate samples, 
and the impact alteration processes that can be inferred by comparing between them. In addition, 
NMR and attenuated total reflectance (ATR) spectroscopy were used in combination to directly 
reveal changes to the clays’ cation bonding environments, and to contrast the effects of shock 
with thermal alteration.  

 

3.2 Materials and methods 

 All of the phyllosilicate samples used in these experiments were purchased from the 
CMS Source Clays Repository. Nau-1 was selected as the iron-rich smectite (nontronite) sample. 
This source clay has previously been described in detail by Keeling et al. (2000). Published 
compositional data on NAu-1 are also available on the Source Clays Repository website 
(http://www.clays.org/SOURCE%20CLAYS/SCdata.html). SapCa-2 was selected as the 
magnesium-rich smectite (saponite) sample, and KGa-1b was selected as the Al-rich, 1:1 
phyllosilicate (kaolinite) sample. Compositional data for SapCa-2 and KGa-1b can also be found 
on the Source Clays Repository website. Samples were selected from the CMS Source Clays 
Repository because they are well-characterized, generally representative samples of their 
respective clay mineral species.  

3.2.1 Sample Preparation 
 As described in the previous chapter, Matt Ferrari removed impurities occurring mostly 
in the >2 μm sample size fraction (Moore and Reynolds, 1989) from all of my phyllosilicate 
samples by grinding, sieving, and separating them to the <2 μm size fraction after Moore and 
Reynolds (1989), Che et al. (2011), and Che and Glotch (2012). In a final purification step, he 
washed the separated clay samples with acetic acid to remove carbonate impurities. As 
previously discussed, NAu-1 contains detectable amounts of admixed kaolinite and this is one of 
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the defining characteristics of this nontronite sample. Keeling, et al. (2000) estimated the NAu-1 
kaolinite abundance at 4 wt%, but Dave Bish estimated that the samples used in these studies 
contain ~16 wt% kaolinite (Friedlander et al. in review; previous chapter). As result, the 
kaolinite-related spectral features are fairly strong in this material, as described below. 

3.2.2 Impact Experiments  
The results in this chapter are once again based on impact experiments performed at the 

Flat Plate Accelerator (FPA) at NASA’s (National Aeronautics and Space Administration) 
Johnson Space Center (JSC), which provides unique data on the effects of shock pressure. By 
attaining peak pressure through the process of shock-reverberation, the FPA achieves lower peak 
temperatures (enthalpy) than would occur in natural impacts of comparable pressure (Gibbons 
and Ahrens, 1971), effectively separating the effects of shock from those of thermal alteration in 
tested samples. In addition, shock pressures produced by the FPA can be derived using the 
(known) projectile velocity and the shock impedances of the flyer plate and sample assembly via 
the Rankine-Hugoniot equations (Rankine, 1870; Hugoniot, 1889; Gault and Heitowit, 1963). 
This provides shock pressure estimates for all samples, which can be used to associate specific 
spectral and structural changes with known peak shock pressure values. Peak shock pressures 
achieved by shock-reverberation, however, differ in both strain-rate and pathway to the Hugoniot 
from naturally shocked samples, as detailed by Stöffler (1972, 1974), Stöffler and Langenhorst 
(1994) and Grieve et al. (1996). Despite these differences, shock-recovery experiments remain 
one of the few methods available to directly investigate shock effects on well-characterized, 
individual mineral phases. Recent work by Kraus et al. (2013) demonstrated, for example, that 
deeper understanding of shock-reverberation techniques is required to fully interpret the results 
of these experiments, while also confirming that the results from variable experimental setups of 
this kind are likely to be equivalent, especially at low pressures. 

Pore space in experimental shock-recovery methods is of great concern due to the high 
level of variability in both peak temperature and pressure that can be introduced in the pore 
spaces of an otherwise coherent sample (Kieffer, 1971). For the described experiments, sample 
powders were pressed into pellets (to minimize pore space) and loaded into stainless steel sample 
containers that were individually milled to match the dimensions of the pellet. Pressed pellets 
reduce the initial porosity of the sample, reducing the entropy added to the system by pore 
collapse. On average, 0.15 g of sample were used in each shock experiment. Stainless steel and 
fansteel flyer plates were used to produce impacts approximating one-dimensional shock (See et 
al., 2012). Projectiles were launched horizontally at the mounted sample containers and their 
velocities were measured directly by lasers in the flight path. Measured impactor velocities 
ranged from 0.872 km/s (10.2 GPa) to 1.349 km/s (39.1 GPa), just prior to impact for nontronite. 
Related experimental impactor velocities for saponite ranged from 0.870 km/s (10.2 GPa) to 
1.369 km/s (39.8 GPa), and from 0.871 km/s (10.2 GPa) to 1.361km/s (39.6 GPa) for kaolinite. 
These velocities were converted to pressure by one-dimensional shock-stress calculations after 
Gault and Heltowit (1963), giving shock stress accuracies of ± 1%. The tilt of the projectile must 
be less than 3° to approximate one-dimensional shock. Dual cameras stationed along the flight 
path monitored the projectile tilt. Samples from impacts with tilts great than 3° were not used in 
this study. Shock experiments were conducted at six peak shock pressures between 10 and 40 
GPa for all samples, but specific peak pressures varied by sample and run and are indicated 
where relevant in all figures and tables. After successful experiments, sample containers were cut 
open, enabling recovery of nearly the entire ~0.15 g shocked sample. 
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3.2.3 Thermal Alteration 
Thermally altered samples were calcined, or heated under normal atmospheric conditions, 

in 100 °C increments to temperatures between 100 and 900 °C for 24-hours, then 
spectroscopically analyzed at the Vibrational Spectroscopy Laboratory at Stony Brook 
University as described in Che, et al. (2011) and Che and Glotch (2012). Data from these 
experiments are available on the Stony Brook University Vibrational Spectroscopy laboratory 
website (http://aram.ess.sunysb.edu/tglotch/spectra.html). Spectroscopic results from the 
calcination of clay and zeolite minerals were previously reported by Che et al. (2011) and Che 
and Glotch (2012), but have been reanalyzed and applied in a different context in the results 
presented here. 

3.2.4 Choice of Analytical Techniques 
Impact shocked samples were analyzed using four laboratory spectroscopic techniques. 

These techniques included VNIR (0.35 – 2.5 μm) reflectance spectroscopy, mid-infrared (MIR; 
200-2000 cm-1; 5-50 µm) emissivity spectroscopy, MIR ATR spectroscopy, and NMR 
spectroscopy. These spectroscopic techniques were used to compare pre- and post-impact 
samples. Results from experimental impacts were compared to previous work on the effect of 
thermal alteration on the spectroscopy of clay minerals (Bishop et al., 1994; Gavin and Chevrier, 
2010; Che et al., 2011; Daly et al., 2011; Che and Glotch, 2012). Using these techniques, 
impact-induced structural changes that produced spectral changes were observed directly and 
described for two 2:1 layered smectites: the iron-bearing smectite nontronite and the magnesium-
bearing smectite saponite. The 1:1, dioctahedral phyllosilicate species kaolinite, which contains 
no interlayer H2O, provided a comparison to the structural changes observed in the dioctahedral 
nontronite and was also used in the NMR analyses. XRD results for the effects of shock on both 
the nontronite sample and saponite sample were presented in prior work (Friedlander et al., 
2014b, in review).  

3.2.5 VNIR Reflectance, MIR Emissivity, and MIR ATR Spectroscopic Methods 
 VNIR reflectance, MIR emissivity, and MIR ATR spectra were acquired at the 
Vibrational Spectroscopy Laboratory at Stony Brook University. VNIR bidirectional reflectance 
spectra of each sample were collected between 0.35 and 2.5 µm (28571 cm-1 – 4000 cm-1) on an 
ASD Instruments (now PANalytical) Field Spec 3 Max Spectroradiometer fitted with an 8-
degree field of view foreoptic. This instrument uses three detectors to cover the relevant VNIR 
wavelength range. A VNIR 512-element silicon diode array was used for the 0.35-1.00 μm 
wavelength region, one shortwave infrared (SWIR) camera with a thermoelectrically (TE) cooled 
InGaAs photodiode for the 1.00 – 1.83 μm wavelength region, and a second SWIR camera with 
another TE-cooled InGaAS photodiode for the 1.83 – 2.50 μm wavelength region. As a result, 
the spectral resolution of the instrument varies by wavelength region. At 0.70 μm, the full-width-
half-maximum (FWHM) spectral resolution is 3 nm, and it is 10 nm at both 1.40 and 2.10 μm. 
For the spectral region 0.35-1.00 μm, the instrument has a sampling interval of 1.4 nm, and for 
the region 1.00-2.50 μm, it has a sampling interval of 2 nm (ASD Inc., 2010). A white 
fluorescent light source was used in all VNIR reflectance measurements. The instrument 
produces spectra that are comparable to many orbital reflectance measurements used in remote 
sensing for data analysis and mineral identification. The collected reflectance spectra were 
converted to relative reflectance by reference to an isotropic Spectralon™ calibration target. Set 
incidence and emergence angles of 30±2° and 0°, respectively, were used in all measurements. 
Samples were held in a matte-black painted sample cup that has no reflectance features in the 
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relevant wavelength region. All reflectance measurements for a single sample were conducted 
under ambient laboratory conditions, on a single day with stable RH. The collected reflectance 
measurements are consistent with fully hydrated samples, but are also stable under dehydrated 
conditions. Continuum-removal was performed on all collected spectra using ENVI version 5.1 
image analysis software for Macintosh and normalized using Davinci version 2.10 
(http://davinci.asu.edu) remote sensing data analysis software. These are standard techniques for 
comparison between reflectance spectra that enable direct comparisons between characteristic 
spectral features (Clark, 1999) and ensure that comparisons between and among different 
samples are accurate. 

 MIR ATR spectra between 4000 and 500 cm-1 were collected on a Nicolet 6700 FTIR 
spectrometer purged of CO2 and water vapor and equipped with a Smart Orbit single-bounce 
ATR accessory with a type-IIA diamond ATR element. For this spectroscopic technique, 
samples are pressed against the ATR element and brought into intimate optical contact with the 
diamond. IR radiation passes through the diamond and into the sample where it is totally 
internally reflected in the frequency regions over which the sample is non-absorbing and is 
partially absorbed in frequency regions where the sample absorbs. As a result, MIR ATR spectra 
have high spectral contrast and strongly resemble transmission spectra acquired using standard 
KBr pellet preparation techniques, which they approximate for quantitative purposes (Fahrenfort, 
1961). 

 Emissivity spectra in the MIR range (2000 – 200 cm-1) were collected on a Nicolet 6700 
FTIR purged of CO2 and water vapor, by switching off the attached Globar IR source and 
measuring the emitted radiation from the heated samples directly. Prior to heating, the samples 
were pressed into pellets to increase their emissivity contrast and reduce multiple scattering. 
Heated samples were maintained at ~80°C to provide adequate emissivity signal. Previous work 
has shown that clay minerals do not begin to dehydrate until exposed to temperatures of 100 °C 
or higher and that spectral change does not occur until well above 100 °C and as high as 500 °C 
for some phyllosilicate samples (Harris et al., 1992; Fitzgerald et al., 1996; Roch et al., 1998; 
Rocha, 1999; Carroll et al., 2005; Gavin and Chevrier, 2010; Che et al., 2011; Che and Glotch, 
2012). Dehydration via heating for the purposes of measuring emissivity was therefore not a 
concern. The collected emissivity spectra were calibrated using both warm (~70 °C) and hot 
(~100°C) blackbody standards. A CsI beamsplitter and DLaTGS detector with a CsI window 
were used to acquire all emissivity spectra, which were then calibrated after Ruff et al., (1997). 

3.2.6 NMR Spectroscopic Methods 
 NMR spectroscopic data were collected at Stony Brook University. Data for both 29Si and 
27Al were collected for all possible clay samples (excluding iron-rich samples, such as 
nontronite) and 23Na for the impact shocked saponite. Single-pulse magic angle spinning 
(SP/MAS) spectra were collected for 29Si with a 400 MHz (9.4 T) Varian Inova spectrometer 
operating at 79.5 MHz, using Varian/Chemagnetics T3 sample probe assemblies configured for 
either 7.5 mm or 3.2 mm (o.d.) rotors. Spectra for the heat-treated kaolinite samples were 
acquired with 8 µs (90) pulses, 2 s relaxation delays at a spinning rate of 5 kHz. Additional data 
taken at longer relaxation delay showed no evidence for differential relaxation. For all other 
samples, the 29Si experiments used 4 µs pulses (90), relaxation delays of between 2 and 10 s, 
and 10-12 kHz spinning rates. The 27Al and 23Na SP/MAS NMR spectra were collected using a 
500 MHz (11.7 T) Varian Infinity Plus spectrometer operating at 130.3 (27Al) or 132.3 (23Na) 
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MHz with the sample spinning at 20 kHz in 3.2 mm rotors. The acquisition parameters consisted 
of 0.5 μs pulses (50 kHz RF field) and 2 s relaxation delays, which correspond to uniform 
excitation and full relaxation of the central transition. For the shocked kaolinite samples, 
additional 27Al spectra were acquired with a 700 MHz Bruker spectrometer located in the Stony 
Brook University Center for Structural Biology. The acquisition parameters included a 0.5 µs 
single-pulse excitation, 2 s relaxation delay, and 25 kHz spinning rate. Estimated relative 
abundances of 4-, 5-, and 6-coordinated Al in the impact shocked kaolinite were obtained by 
fitting both the 500 and 700 MHz spectra with the same set of uncorrelated distributions of NMR 
parameters (d’Espinose de Lacaillerie et al., 2008). 

 

3.3 Results 

3.3.1 Comparison of Spectral Changes Between Post-Impact Nontronite and Saponite 
 VNIR reflectance measurements of nontronite samples before and after experimental 
impacts between 10 – 40 GPa (Figure 3.1a) reveal that nontronite is structurally deformed by 
impacts, producing altered spectra that are distinct from the pre-impact nontronite reflectance 
spectrum. The acquired spectra also differ as a function of impact pressure. In contrast, VNIR 
reflectance measurements of saponite after experimental impacts between 10 – 40 GPa (Figure 
3.1b) show no change to diagnostic spectral features, and only minor changes overall. As 
discussed in greater detail in Friedlander, et al. (in review) and above, however, nontronite NAu-
1 contains a detectable amount of kaolinite contaminant, as well as Al substitution on the 
octahedral sheet. As a result, characteristic vibrational features associated with the presence of 
Al-OH groups in the analyzed sample, specifically AlAlOH absorptions at 2.16 (4630 cm-1), 2.21 
(4525 cm-1), and 2.23 μm (4484 cm-1), were also observed (Figures 3.1a and 3.2a). 

 VNIR reflectance spectra cropped to focus on the 2.10 – 2.50 μm (4762 – 4000 cm-1) 
wavelength region for both nontronite and saponite (Figure 3.2) show the distinct loss of spectral 
contrast for characteristic nontronite Fe-OH overtone features (2.24 and 2.28 μm; 4464 and 4386 
cm-1) and the Fe-smectite combination band (2.40 μm; 4167 cm-1; Figure 3.2a). Al-OH overtone 
and combination bands related to the NAu-1 kaolinite contaminant weaken, but are retained 
(Figure 3.2a). In addition, the presence of Al either as a contaminant in the nontronite octahedral 
sheet, or as an amorphous alluminosilicate phase contributes to the strong, broad band centered 
at 2.20 μm (4545 cm-1) that emerges in the spectrum of NAu-1 nontronite after experimental 
impacts up to peak pressures of 39.1 GPa (indicated by the red arrow in Figure 3.2a). In contrast 
to the changes observed for nontronite, nearly all of the diagnostic Mg-OH combination and 
overtone bands in the 2.2 – 2.4 μm region of the post-impact saponite VNIR reflectance spectra 
were retained (Figure 3.2b).  

 A similar trend was observed for MIR emissivity data compared between post-impact 
nontronite and saponite (Figure 3.3). At the highest peak pressure of 39.1 GPa, the nontronite 
emissivity spectra showed a loss of all diagnostic emissivity features (Figure 3.3a), while the 
saponite spectra retained all diagnostic emissivity features up to peak shock pressures of 39.8 
GPa (Figure 3.3b). In contrast to the VNIR reflectance spectroscopic results, even features 
related to the NAu-1 kaolinite contaminant (<400 cm-1, 540 cm-1, 910 cm-1) are undetected after 
experimental impacts up to 39.1 GPa. 
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3.3.2 Comparison of nontronite to another dioctahedral phyllosilicate (kaolinite) 
 Comparisons between the NIR emissivity and VNIR reflectance spectra of nontronite and 
kaolinite (Figure 3.4) demonstrated that kaolinite (a dioctahedral phyllosilicate) and nontronite 
showed similar responses to shock. In particular, kaolinite (KGa-1b), which is a 1:1, unhydrated 
Al-bearing, dioctahedral phyllosilicate produces emissivity (Figure 4C) and VNIR reflectance 
(Figure 3.4d) spectra that are consistent with structural deformation similar to that observed for 
nontronite (Figures 3.4a-b). These results illustrate that other dioctahedral phyllosilicates, in 
addition to nontronite, are susceptible to shock-induced structural deformation. Impact-induced 
structural deformation observed in multiple dioctahedral phyllosilicates, but not the trioctahedral 
smectite saponite, suggests that dioctahedral minerals may be more susceptible to this 
deformation than trioctahedral minerals, likely due to the high concentration of vacancies in 
dioctahedral clay minerals. The structural deformation of kaolinite suggested that impact-
induced structural deformation is not related to the presence of a hydrated interlayer. 
Independent kaolinite results are also useful for explaining some of the changes observed in the 
spectra of NAu-1 nontronite as a result of the kaolinite impurity. 

3.3.3 NMR Spectroscopy Revealed Differing Amounts of Deformation Among Clay 
Minerals 

 Kaolinite 27Al NMR spectra after impacts up to 40 GPa, compared to saponite 27Al NMR 
spectra after impacts in the same pressure range (Figure 3.5) showed that each of these clay 
species experiences different degrees of structural deformation as a result of exposure to 
experimental impact shock. In particular, unshocked kaolinite had an NMR spectrum consistent 
with nearly all of the Al in the sample occupying the octahedral sheet. The predominant NMR 
peak had a chemical shift corresponding to that of 6-coordinated Al, except for a small peak 
consistent with tetrahedral Al near 71 ppm (0.5%). This may arise either from an impurity phase 
or a small amount of Al substitution in the tetrahedral sheet. After impacts up to 39.6 GPa, nearly 
one-half of the Al (475%) transitioned to 4- and 5-coordinated sites (Figure 3.5a).  In contrast, 
nearly all of the Al signal from the unaltered saponite sample arises from 4-coordinated Al in the 
tetrahedral sheet.  A small peak for 6-coordinated Al is observed near +5 ppm from Al 
substitution in the octahedral sheet, representing about 2 percent of the Al in the sample. After 
experimental impacts up to 39.8 GPa, the width of the tetrahedral Al peak increased slightly and 
an additional fraction (up to 92%) of the total Al transitioned to 6-coordinated Al (Figure 3.5b).  
For the 29.4 GPa sample, a larger increase in the tetrahedral Al peak width and the appearance of 
a more prominent shoulder near 55 ppm suggested either that larger structural distortions 
occurred, or that secondary phases were produced in this experiment. Generally, the 27Al NMR 
spectrum of post-impact saponite showed much less evidence for structural deformation 
compared to that observed for kaolinite. 

 Results for 29Si NMR experiments also show evidence for more deformation of the 
kaolinite structure compared with saponite (Figure 3.6). For kaolinite, the signal for Si in the 
tetrahedral sheet becomes broader and its intensity decreased with increasing impact pressure as 
significant fractions of the Si transitioned to framework-like sites, yielding a broad peak centered 
near -100 ppm that accounted for 325% of the Si at 25.1 GPa and 555% at 39.6 GPa (Figure 
3.6a). Both the 27Al and 29Si data indicate that about one-half of the sample retained kaolinite-
like local structure after being subjected to shock pressures of 39.6 GPa and that the changes 
approached in a partial manner those observed in previous studies for thermal transformations to 
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metakaolinite (Rocha and Klinowski, 1990a; b; Massiot et al., 1995; Rocha, 1999). In contrast 
all of the Si in saponite retains tetrahedral sheet-like polymerization up to 39.8 GPa (Figure 
3.6b). The unaltered sample yields peaks at -95.5 and -90.4 ppm for Si in the tetrahedral sheet 
having, respectively, zero or one Al in adjacent tetrahedral sites. The main effect of increasing 
shock pressure was an increase in the widths of the main peaks. These peaks remain partially 
resolved up to 39.8 GPa, although broadened tails extending toward high and low frequency 
suggest the presence of some sites that were more strongly deformed.       

 23Na NMR spectra for pre- and post-impact saponite (Figure 3.7) confirmed the structural 
integrity of saponite after experimental impacts. The primary saponite 23Na NMR peak is 
consistent with Na1+ in a complex with water molecules in the saponite interlayer and this feature 
remained largely unchanged after impacts up to 39.8 GPa. The main differences among the 
spectra can be attributed to differences in hydration state (Laperche et al., 1990), which we did 
not attempt to control during these experiments. (The narrow feature near +7 ppm in the 
spectrum of the 29.4 GPa sample arises from a contaminant of unknown origin, likely NaCl.)  

 The NMR spectra of heat-treated kaolinite (Figure 3.8a,c) showed nearly complete 
transformation at 500C of the layered Q3 silicate polymerization to Q4 framework-like 
structure, and of the octahedral Al to principally 4- and 5-coordination. The short-range 
structural changes brought about by impact at the highest shock pressures appeared qualitatively 
similar to those caused by thermal alteration (Rocha and Klinowski, 1990b; Massiot et al., 1995; 
Rocha, 1999), but to a less pervasive extent, retaining some regions of apparent kaolinite-like 
local structure, more similar to results for flash calcined kaolinite (Slade and Davies, 1991; Slade 
et al., 1991; Meinhold et al., 1992, 1993). For heat-treated saponite, the NMR spectra (Figure 
3.8b,d) showed that thermal alteration initially causes distortion of the tetrahedral sheet, 
indicated by a small peak shift and broadening of the signals from primary saponite tetrahedral 
cations (up to 500C). At higher temperatures (T=800 °C), eventual emergence of a pyroxene-
like phase, characterized by primarily Q2 silicate polymerization, and of an amorphous or 
poorly-crystalline silica-rich phase (broad 29Si peak centered near -101 ppm; Figure 3.8b) 
distinct from saponite was observed.  In contrast, shock processes resulted in mainly modest 
peak-broadening of the saponite Si and Al Q3 peaks, and did not appear to produce significant 
amounts of secondary phases, even after experimental impacts at peak pressures of up to 39.8 
GPa. 

3.3.4 The Spectral Effects of Thermal Alteration Differ from Those of Shock 
 The MIR ATR spectra of thermally altered nontronite (Figure 3.9), showed that H2O 
adsorbed to grain surfaces is driven off first (HOH bend at 1630 cm-1; Che et al., 2011), then, at 
slightly higher temperatures (100 °C<T<300 °C), interlayer H2O molecules are driven off from 
the nontronite structure (weakening of the broad cation-H2O vibration between 3100 – 3500 cm-

1). This is followed by dehydroxylation (T=400 °C; loss of all OH-group features >3500 cm-1 
both Al and Fe(III)-related, as well as much of the spectral contrast of the M-O out of plane 
vibration), layer collapse (500 °C≤T≤800 °C; shown by the Si-O stretch shift from 900 – 1100 
cm-1), and the emergence of completely dehydrated secondary and amorphous phases (T≥800 
°C). 

 The MIR ATR spectra of shocked nontronite samples (Figure 3.10), in contrast, showed 
retention of the broad cation-H2O vibrational band (3100 – 3500 cm-1) after experimental 
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impacts reaching peak pressures of 39.1 GPa, indicating that shocked samples, unlike thermally 
altered samples, either rehydrate consistently or retain interlayer H2O molecules. The persistence 
of the narrow HOH bend feature (1630 cm-1) was most likely due to adsorbed H2O on grain 
surfaces as a result of the ambient relative humidity conditions during data collection. Post-
impact nontronite showed evidence of structural deformation by the loss of features related to the 
vibrational bands of iron and hydroxyl groups in the octahedral sheet (900 – 750 cm-1), and the 
elimination of strong lattice deformation features (~500 cm-1). The Al-FeOH vibrational feature 
(~3700 cm-1), most likely related to Al-substitution in the nontronite tetrahedral layer, emerged 
from the shoulder of the broad 3700 – 3000 cm-1 interlayer hydration feature as its strength 
increased relative to the Fe-OH characteristic nontronite features (3550, 3600 cm-1). Fe-OH 
features weakened after experimental impacts at peak pressures of 10.2 and 19.7 GPa, revealing 
the relatively stronger Al-FeOH vibration, but this feature too was no longer detected after 
experimental impacts at peak pressures of 25.2 GPa and above. I note, however, that these 
spectral changes may also be related to sample heterogeneity (different amounts of tetrahedral 
Al-substitution between processed samples) and/or changes in the interlayer hydration state of 
the sample. The intensity of the Al-FeOH vibration is much weaker than the broad hydration 
feature that overlaps it and I conducted my ATR measurements under ambient conditions. The 
Si-O stretching vibration shifted to higher frequencies (from ~900 cm-1 to 1000 cm-1), even after 
low-pressure (10.2 GPa) experimental impacts that did not result in significant dehydration or 
dehydroxylation. As a comparison, the MIR ATR spectra of saponite pre- and post-impact 
(Figure 3.11) did not show evidence of significant structural deformation. All diagnostic MIR 
ATR features were detected, even after laboratory impacts up to peak pressures of 39.8 GPa. 

 

3.4 Discussion and conclusion 

 Thermal and shock alteration effects are associated and, to a large extent, inseparable 
(French, 1968, 1998; Stöffler, 1972, 1974). By isolating these two processes as much as 
empirically possible, however, the effects of shock and thermal alteration on clay mineral 
structure and spectroscopy can be distinguished. Comparisons among different clay mineral 
species revealed that iron-rich dioctahedral smectite species are more susceptible to shock-
induced structural deformation than magnesium-rich trioctahedral smectites. Another 
dioctahedral phyllosilicate, kaolinite, displayed structural disorder after exposure to shock 
similar to that observed for nontronite (Fe-rich smectite), so this response to shock may not be 
specific to iron-bearing smectites. The factors that control structural resilience in phyllosilicates 
after shock remain unclear. It is possible that the observed differences may be driven by the 
availability of vacancies in the octahedral sheets of dioctahedral phyllosilicates not present in the 
octahedral sheets of trioctahedral phyllosilicates. This has been previously suggested as an 
explanation for observed differences in the hydrothermal reactivity of trioctahedral (less 
reactive) and dioctahedral (more reactive) smectites (Eberl et al., 1978). Indeed, previous 
researchers have suggested generally that smectite stability increases when all octahedral sites 
are fully occupied (Sand and Ames, 1957; Ames and Sand, 1958). Careful comparisons of the 
shock responses of additional phyllosilicate species may help to prove or disprove this 
hypothesis. 

 The most diagnostic changes to the VNIR reflectance spectra of impact-altered NAu-1 
nontronite occur in the 2.2 – 2.4 μm (4545 – 4167 cm-1) region, which contains the metal-OH 
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vibrational combination and overtone bands that are diagnostic of the cations present in the 
octahedral sheet (Bishop et al., 2002b, 2008a; Petit et al., 2004), Fe(III) (nontronite) or Mg(II) 
(saponite) in this case. Spectral features in this region have been used for the identification of 
specific clay mineral species (Petit et al., 1999, 2004; Bishop et al., 2002a; b; Decarreau et al., 
2008; Neumann et al., 2011). The pronounced differences between the spectral responses of 
nontronite and saponite to impacts in this wavelength region are, therefore, particularly 
important. The pronounced shifts in nontronite’s bands in this region (Figure 3.2a) are indicative 
of structural deformation in the octahedral sheet. In contrast, saponite (Figure 3.2b) retains most 
of its diagnostic Mg-OH features. The characteristic Mg-OH doublet centered at 2.31 μm (4329 
cm-1) and the Mg-OH bending band centered at 2.39 μm (4184 cm-1) did not change either 
intensity or band center, even after experimental impacts at pressures up to 39.8 GPa. Some 
variability was observed for bands in the 2.23 – 2.27 μm region (4484 – 4405 cm-1) between 
samples exposed to experimental impacts at various pressures. The shoulder feature at 2.25 μm 
(4444 cm-1) and the weak band at 2.23 μm (4484 cm-1) correspond to Al/Mg-OH and Al/Fe-OH 
combination bands, respectively (Bishop et al., 2002a; b, 2008a) and showed the greatest 
variability between samples. SapCa-2 contains <1% Fe(III), making it a good contrast for 
Fe(III)-rich NAu-1. In addition, similar to NAu-1, SapCa-2 also contains Al substituted in the 
octahedral sheet. Thus variability in the bands between 2.23 – 2.27 μm in the saponite VNIR 
reflectance spectrum, may be due as much to compositional variability as to any impact-induced 
structural deformation. 

 The spectroscopic results indicated that saponite was structurally more resilient to shock 
than nontronite. After impacts at the highest experimental shock pressure, 39.1 GPa, the 
diagnostic spectral features of the VNIR reflectance spectrum of nontronite are replaced by a 
new, broad spectral feature (Figure 3.2a, red arrow) that overlies the wavelength region 
characteristic of Al-OH combination and overtone bands, ~2.2 μm (Bishop et al., 1999, 2002a; b, 
2008a), and may be diagnostic of the presence of a semi-amorphous Al-bearing phase formed as 
a result of the structural deformation of nontronite. Emissivity spectra for nontronite showed a 
similar trend, but are indicative of increasing structural disorder in the tetrahedral, rather than 
octahedral sheet of the dioctahedral smectite structure. The retention of diagnostic emissivity 
features in the spectra of shocked saponite samples indicates that, in contrast to nontronite, 
saponite has retained most of the order in the rigid layers of its structure. 

 These results have important implications for the analysis of remote sensing data, 
especially in regions that have undergone heavy impact bombardment. They have demonstrated, 
for example that remote sensing techniques can detect the effects of shock in clay minerals, and 
it is therefore possible to detect shock metamorphism on Mars from infrared data. Minerals, 
however, respond to shock differently; two analyzed dioctahedral clays exhibited shock effects at 
relatively low pressures, whereas the analyzed trioctahedral clay showed almost no effects up to 
the highest experimental impact peak pressure (~40 GPa). The non-detection of infrared features 
attributable to shock is, therefore, not evidence that the surface has not been exposed to shock 
pressures. In other words, the evidence for shock metamorphism on Mars or other terrestrial 
bodies from IR data must be interpreted with caution. Secondly, shock effects could affect the 
interpreted ratio of diocthedral to trioctahedral clay on Mars based on IR data. Impact-induced 
shock metamorphism might have rendered more of the dioctahedral clays undetectable than the 
trioctahedral, altering the current view of the occurrences of each of these categories of clay. 
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 Kaolinite, also a dioctahedral phyllosilicate, experienced structural alteration to an extent 
similar to that of nontronite in response to experimental impact shock. This allowed for the 
comparison of saponite and kaolinite using NMR spectroscopy to explore clay mineral cation 
bonding environments in detail. In saponite, the structure of the rigid layers is largely unchanged 
after impact shock, and this was directly confirmed by NMR spectroscopy. In kaolinite, the 
octahedral sheet becomes increasingly structurally deformed with increasing impact pressure. 

 NMR spectroscopy provided unique information on the structural deformation induced in 
dioctahedral (but not trioctahedral) phyllosilicates by impact shock. The 27Al NMR spectrum of 
unaltered kaolinite was consistent with all structural Al occupying 6-coordinated sites in the 
octahedral sheet. After experimental impacts up to 39.6 GPa, nearly half (47 ±5%) of the Al has 
transitioned to 4- and 5-coordinated sites (Figure 3.5a). In contrast, the 4-coordinated 27Al NMR 
peak of unaltered saponite, consistent with Al substituting for Si in the tetrahedral sheet, is 
largely unaltered by experimental impacts up to 39.8 GPa. At higher pressures, more intensity is 
observed for the 27Al NMR peak consistent with 6-coordinated Al in the saponite octahedral 
sheet. There are three possible interpretations for this result. (1) The saponite tetrahedral sheet 
was partially structurally deformed, driving some Al into the octahedral sheet. This is unlikely 
because mobilizing cations requires a large amount of energy. (2) The unaltered saponite 
sample(s) exposed to experimental impacts at higher peak pressures had larger proportions of 
aluminum in their octahedral sheets. (3) Impact shock generated secondary phases distinct from 
saponite. This third interpretation is consistent with NMR spectra from impact altered saponite 
that showed results similar to those observed for thermal alteration, but on a smaller scale. 
Localized heating at grain boundaries during the shock-recovery experiments may have 
produced enough thermally altered saponite to explain these results. Nonetheless, the similarity 
observed in the 23Na NMR spectra of the pre-impact and high-pressure post-impact saponite 
(Figure 3.7) indicated that overall shock deformation slightly disrupted the saponite layered 
structure, without inducing total loss of the sample’s long-range structural order. 

 The NMR results presented here further supported the hypothesis that thermal and shock 
alteration may proceed via different pathways and produce different structural changes in 
materials exposed to both processes. The NMR spectra of thermally altered and shocked 
kaolinite (Figure 3.8) revealed that instead of the gradual change in aluminum coordination that 
is observed for shocked kaolinite, the aluminum in thermally altered kaolinite passes all-at-once 
into mostly 4- and 5-coordinated sites characteristic of metakaolinite. The 29Si NMR spectra 
indicated that transformation of kaolinite to amorphous metakaolinite is complete at T≥500 °C. 
In contrast, even in the sample shocked up to the highest peak pressure of 39.6 GPa, slightly 
more than half of the sample retained local kaolinite-like structure. This is consistent with a 
process that causes irregular, rather than stepwise structural change. These results may also 
reflect the localized heating that can occur in shock-reverberation experimental samples, or the 
possibility that shock only imparts enough energy to partially drive mineral transitions to 
amorphous and/or meta-stable phases. Nonetheless, the non-linear relationship between shock 
and heat in impact processes (French, 1968, 1998) means that differences between the spectral 
effects of these two processes are important for remote sensing data analysis, even if the 
differences themselves are driven by kinetics. The results presented here, however, suggested 
that kinetics might not entirely explain the observed differences between the spectra of thermally 
altered and shocked phyllosilicates. 
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 The effects of thermal alteration on clay minerals are well-characterized (Fitzgerald et al., 
1996; Carroll et al., 2005; Gavin and Chevrier, 2010; Che et al., 2011; Daly et al., 2011; Che and 
Glotch, 2012), and these previous works have shown that thermal alteration produces physical 
and spectral properties in nontronite that differ from those produced by shock (Boslough et al., 
1986). The results presented here are consistent with these findings. Because these processes 
often occur together in natural impacts, it is important to understand their distinct effects on 
mineral structure and spectroscopy. Such a comparison also illuminates potential explanations 
for the responses of different smectite species to shock. Nontronite’s thermal alteration, for 
example, follows a stepwise progression beginning with dehydration (T≥100 °C) and ending 
with layer collapse (T≥800 °C). In contrast, shocked nontronite becomes increasingly 
structurally disordered without complete devolatilization (Figures 3.9 and 3.10). As a 
comparison, shocked saponite retains most of its characteristic features (Figure 3.11), while the 
thermal alteration of saponite follows much the same trend as that of nontronite (Che et al., 
2011). This may be due to kinetic differences between shock and thermal alteration. While shock 
passes nearly instantaneously through a sample (on the order of ~0.1 – 1 μsecond; Stöffler, 
1972), Che et al. (2011) and Che and Glotch (2012) acquired the thermal alteration results used 
in this study over a 24-hour experimental period. Therefore, kinetic differences between these 
two processes are expected. If, however, the observed differences were entirely energetic or 
kinetic in nature, I would expect the spectral results of impact alteration to more closely resemble 
those for intermediate thermal alteration and the results presented here do not fully support this. 
Vibrational spectroscopic features related to metal-hydroxyl group interactions within smectite 
layers are retained, but disordered for dioctahedral phyllosilicates after impact shock. This shows 
that shock without thermal alteration does not induce complete dehydroxylation, even in 
smectites that are not structurally resilient, and contrasts directly with the stepwise progression of 
thermal phyllosilicate alteration. 

 The results that I have presented demonstrate the importance of using detailed laboratory 
work to understand the spectroscopic and structural variability of clays. By comparing between 
two different smectite species, these results have shown that even structurally similar clay 
minerals may respond differently to impact alteration. Separating thermal and shock alteration 
shows that these processes induce structural change in phyllosilicates by distinct alteration 
pathways that produce spectrally, energetically, and structurally distinct changes. This work 
confirms the necessity of detailed laboratory spectroscopic analysis for accurate remote sensing 
and spectroscopic data interpretation. 
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Chapter 3 – Figures
 

 
Figure 3.1. Normalized, continuum removed, VNIR reflectance spectra of nontronite (A) compared to saponite (B). Nontronite responds to impact 
shock by structural deformation, which is reflected in the altered reflectance spectra detected at shock pressures greater-than or equal-to 25.2 GPa. 
Saponite is more structurally resilient, and its reflectance spectra are largely unchanged even after impacts up to the maximum experimental peak 
impact pressure that the sample experienced, 39.8 GPa. 
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Figure 3.2. Normalized, continuum removed, VNIR reflectance spectra of nontronite (A) and saponite (B) cropped to focus on the 2.2 – 2.4 μm 
region. This region contains diagnostic features specific to the overtone and combination bands of metal-OH vibrations characteristic of the 
dominant octahedral cation of the clay. Impact shock induces many structural and related spectroscopic changes in nontronite, while the saponite 
spectrum is largely unchanged. The red arrow indicates the broad feature centered at ~2.20 μm that dominates the nontronite spectrum after 
impacts at the highest experimental pressure of 39.1 GPa. This feature overlies the region characteristic of Al-OH vibrations. Specific band 
assignments are based on previous work reported by Bishop et al. (2002a; b, 2008a). 
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Figure 3.3. Characteristic emissivity spectra of nontronite (A) and saponite (B) showing pre-impact and post-impact spectra from the highest 
experimental peak impact pressures achieved for both samples. Emissivity confirms the trends in changes to the structure and spectra reported for 
the reflectance results (Figures 3.1 and 3.2). 
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Figure 3.4. Characteristic emissivity (A, C) and reflectance (B, D) spectra, compared between nontronite (A, B) and kaolinite (C, D), showing that 
both nontronite and kaolinite produce similarly changed spectra after exposure to experimental impacts. 
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Figure 3.5. Comparison between the 27Al NMR spectra of kaolinite (A) and saponite (B) showing much more structural alteration in impact-
altered kaolinite than for the saponite sample, with 475 percent of the kaolinite octahedral Al transformed to 5- and 4-coordinated sites at 
39.6 GPa. 
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Figure 3.6. Comparison of 29Si NMR spectra of impact-altered kaolinite (A) and saponite (B) showing 
greater structural deformation of the kaolinite tetrahedral sheet.    Exposure of kaolinite to shock pressure 
of 39.6 GPa results in transformation of 555% of the Si to framework-like polymerization, but no 
change in the polymerization for saponite.   
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Figure 3.7. The 23Na NMR spectra of saponite after experimental impacts demonstrate that saponite’s 
interlayer order is largely maintained and that Na in the interlayer remains in a similarly coordinated state 
before and after experimental impacts, even up to the highest peak pressure achieved, 39.8 GPa. The extra 
peak at 0 ppm chemical shift in the sample exposed to a peak impact pressure of 29.4 GPa arises from a 
contaminant of unknown origin, likely NaCl.  
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Figure 3.8. Comparison of impact- and thermally altered kaolinite (A,C)  and saponite (B,D) from 29Si 
(A,B) and 27Al (C,D) NMR spectra showing that impacts up to 39.8 GPa do not cause the same changes 
to the structures as thermal alteration.  Heating saponite and kaolinite produces NMR spectra consistent 
with the formation of secondary phases, which exposure to shock up to 39.8 GPa does not produce in 
saponite, and only partially in kaolinite. 
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Figure 3.9. MIR ATR spectra of thermally altered nontronite are characteristic of the step-wise nature of 
thermal alteration of smectites. 
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Figure 3.10. MIR ATR spectra of impact-altered nontronite are characteristic of the irregular structural 
deformation induced by shock in smectites and show increasing disorder in both the octahedral and 
tetrahedral sheets, with partial retention of some layered structure, interlayer water, and structural OH 
groups. 
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Figure 3.11. MIR ATR spectra of saponite after experimental impacts up to 39.8 GPa show that the 
saponite structure is largely unchanged, even after experimental impacts up to the highest achieved peak 
pressure. 
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        Chapter 4 

4 Identification of impact-altered nontronite in geologic context on the martian surface 
using data from the Compact Reconnaissance Imaging Spectrometer for Mars 

(CRISM) 

 

Abstract 

 Craters have been proposed as veritable “windows” into the mineralogy of the martian 
subsurface, but the impacts that produce them also initiate thermal and geochemical processes 
that induce structural and related spectral changes to the minerals present at the time of impact. 
These spectral changes are challenging to interpret in remote sensing data, leading to potential 
misinterpretations of regional spectral variations, especially within craters themselves and in 
heavily bombarded regions of the martian surface. I have conducted both preliminary 
investigations using Factor Analysis and Target Transformation (FATT) of a CRISM scene from 
the Mawrth Vallis region of Mars, and a more detailed spectral analysis of a CRISM scene from 
the Nili Fossae region of Mars. Both of these analyses revealed the presence of impact-altered 
nontronite in nontronite- or Fe-smectite-rich regions. However, the identifications of impact-
altered nontronite, especially nearby the Nili Fossae, frequently overlap with other phyllosilicate 
detections. This ambiguity is especially problematic for the identification of diagenesis on Mars, 
particularly the smectite-to-illite conversion. 

 Illite is the dehydrated end product of burial phyllosilicate diagenesis. Mixed-layer 
illite/smectite clays are therefore thought to be intermediate products and the ratio of 
smectite/illite indicative of the length of time or depth at which diagenesis has been occurring. 
Many of the locations in which hypothesized mixed-layer clay deposits have been identified are 
within the walls, basins, and central peaks of craters. As the identification of impact-altered 
nontronite in similar locations shows, some of these mixed-layer clay deposits may not be 
unambiguously distinguishable from impact-generated structural and spectral alteration. As a 
result, any inferences made about diagenetic environments or the geologic history of Mars based 
on the identifications of mixed layered clay deposits in craters should be made cautiously and 
with careful consideration of both local and regional geologic context. 
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4.1 Introduction 

4.1.1 Clay mineral identifications in and around impact craters on Mars 
 There is evidence for extensive clay mineral deposits on Mars from visible near-infrared 
(VNIR) remote sensing techniques (Bibring et al., 2005, 2006; Poulet et al., 2007, 2005; Loizeau 
et al., 2007; Mangold et al., 2007; Bishop et al., 2008b; Mustard et al., 2008; Ehlmann et al., 
2009, 2013; Michalski et al., 2010). Most of these identifications have been made in the older, 
heavily bombarded southern highlands of Mars (Carter et al., 2013). Several are associated 
directly with impact craters, or with deposits of impact ejecta. For example, Ehlmann et al. 
(2009) specifically described several clay mineral species, or occurrences of characteristic 
spectral features indicative of specific clay mineral species, that are found within craters 
surrounding the Nili Fossae. Wray et al. (2009) identified phyllosilicate-rich outcrops on the rim 
of Endeavor Crater using orbital remote sensing data, and saponite has been identified in the 
center of a crater within the Mawrth Vallis region (Mckeown et al., 2009). As discussed in the 
previous chapter, the association of phyllosilicates and craters is one of the lines of evidence 
used to infer the relative ages of phyllosilicate deposits on Mars. 

 The association of clays with impacts leads naturally to questions about the role of impact 
processes in clay mineral formation and alteration. Some researchers have suggested that clays 
on Mars formed as a result of impact-driven hydrothermalism (e.g., Marzo et al. 2010). Others 
believe, based on stratigraphic evidence, that phyllosilicates pre-date most impacts, but that they 
may also have formed as a result of post-impact weathering, perhaps initiated by the disorder in 
the underlying rock created by the impact itself (e.g., Fairén et al. 2010). It has also been 
suggested that repeated impact events may provide an energetic and chemical source for 
extensive hydrated silicates on Mars independent of climate (e.g., Tornabene et al. 2013). 
Nonetheless, efforts to understand the connection between impacts and phyllosilicate diagenesis 
have recently begun and are ongoing (Viviano et al., 2013; Arvidson et al., 2014; Milliken, 
2014). Understanding the diagenesis of martian phyllosilicates may place constraints on the 
temperature, pressure, and time-scale regimes of phyllosilicate (and other hydrated mineral) 
formation and deposition (Ehlmann et al., 2009, 2013; Viviano et al., 2013; Milliken, 2014). By 
comparison with terrestrial phyllosilicate weathering and diagenesis (Hower et al., 1976; Eberl, 
1984), associations between mineral assemblages and climate can be established. Understanding 
the past martian climate is the key to understanding the astrobiological potential of the martian 
surface. In addition, microbes have been shown to be important for the diagenetic reactions of 
terrestrial phyllosilicates, particularly the smectite-to-illite transition (Kim et al., 2004). Thus, the 
identification of phyllosilicate diagenetic reaction products on Mars may directly indicate 
environments of potential astrobiological activity. 

4.1.2 Clay mineral diagenesis on Earth and Mars 
 Terrestrial clays, as discussed by Eberl (1984), exist in a cycle in which weathering 
reactions produce neoformed clays, which are then themselves weathered and deposited in burial 
or hydrothermal environments. In burial or hydrothermal environments, dioctahedral smectite 
reacts to form the diagenetic products of mixed-layered illite/smectite, which eventually convert 
entirely to illite. Such metamorphic transitions appear to be associated with specific temperature, 
pressure, and time constraints. For example, Hower et al. (1976) investigated the chemical and 
mineralogical transitions that occurred in buried argillaceous sediment in a 5,776 m well 
puncturing an Oligocene-Miocene section of the U.S. Gulf Coast. Over a depth interval from 
2,000 to 3,700 m below the surface, they found that illite/smectite, the most abundant mineral in 
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their sample overall, underwent a mineralogical transition from approximately 20 percent illite at 
a depth of 2,000 m to 80 percent illite at a depth of 3,700 m. Below 3,700 m they did not observe 
any change in the proportions of illite/smectite. More important, they found that the stratigraphic 
interval over which illite layers in illite/smectite or smectite mineral assemblages increased did 
not relate to the formation boundary or sediment age. Thus, they concluded that increasing illite 
proportions in illite/smectite are a result of burial metamorphism and depend on burial depth and 
temperature, rather than variations in the geochemistry or mineralogy of the original sediments. 
Although they repeatedly mentioned the depth-dependence of their observations, they attributed 
the extent of the illite conversion in their samples primarily to temperature. 

 Based on their own observations and previous work, Hower et al. (1976) posited that the 
smectite-to-illite transition proceeded rapidly with increasing temperatures (and correspondingly 
increasing depths) up to 95 °C. In the temperature range between 95 °C and 175 °C the reaction 
slowed without reaching completion (their samples retained 20% smectite). They concluded that 
complete illitization may require temperatures higher than 175 °C and that the temperature range 
of 95 – 175 °C may therefore represent a stability field for mixed layered illite/smectite 
assemblages (although they could not rule out the possibility of lower reaction rates due to 
limited reactants, especially potassium feldspar). Nonetheless, they firmly associated the 
formation of illite from smectite with burial diagenesis and implied that the relative abundances 
of illite/smectite could be used as pressure (i.e. burial depth) and temperature indicators. This has 
been applied in terrestrial environments by later researchers attempting to understand the 
diagenetic history of complex argillaceous sediments (e.g., Eberl, 1984, 1993). Mineral 
assemblages of mixed, neoformed phyllosilicates and diagenetic minerals have been equivalently 
used on Mars to infer the depositional history of detected phyllosilicates (Ehlmann et al., 2009, 
2010) or understand their diagenesis (Milliken, 2014). Generally, these analyses rely on regional 
observations of shifts in the characteristic phyllosilicate bands in the 2.2-2.5 μm wavelength 
range (Ehlmann et al., 2009; Bishop et al., 2013c; Viviano et al., 2013), although recent efforts 
have been made to use other characteristic phyllosilicate bands such as the 1.4 μm adsorbed 
H2O/metal-OH combination band (Milliken, 2014). In particular, Viviano et al. (2013) use band 
depths and shifts in the 2.31 – 2.35 μm range related to the relative (crater) excavation depths of 
the identified deposits to propose a relationship on Mars between burial depth and extent of 
diagenesis similar to that described for burial metamorphosed terrestrial phyllosilicates. 

 There are, however, important geochemical caveats to the observations I described above. 
Indeed, Hower et al. (1976) specifically mention that their observations may be partly driven by 
changes in the provenance and geochemistry of the sediments they investigated and not solely by 
temperature and pressure gradients. In the context of Mars, the geochemical constraints on 
sediment diagenesis were well explored by Tosca and Knoll (2009). They argue that the fact that 
phyllosilicate detections on Mars are dominated by Fe/Mg-bearing smectite identifications 
(Carter et al., 2013) implies that the phyllosilicate deposits on Mars are diagenetically juvenile 
and that this relative juvenility potentially limits the overall availability of water throughout 
martian geologic history and that related diagenetic processes must therefore be comparably rare. 
Smectites on Earth do not persist in ancient sediments. Tosca and Knoll (2009) estimate a ~180 
Ma conversion time to produce sediments with 80% illite from smectite at 35 °C. It is unclear 
whether the persistence of smectites on Mars is due to low surface temperatures (e.g., 
thermodynamic constraints on the conversion of smectite to illite), the low mobility of K+ ions on 
Mars, or a lack of available water. Tosca and Knoll (2009) favor a persistently dry environment 
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as the reaction-limiting factor. What is clear, however, is that the majority of the phyllosilicate 
deposits on Mars were not converted from smectite to illite. Based on this, Tosca and Knoll 
(2009) concluded that burial, hydrothermal alteration, or another process not related to 
straightforward diagenesis at the martian surface must be responsible for the limited evidence of 
mature phyllosilicate sediments on Mars. Impacts and related processes should not be discounted 
as potential drivers of clay mineral diagenesis. Tosca and Knoll (2009) also concluded, however, 
given the limited mobility of K+ and its association with the alteration-resistant K-rich feldspar 
phase on Mars, that chloritization and not illitization is likely to be the preferred phyllosilicate 
diagenetic pathway on Mars. 

 This hypothesis is supported by the identification of other diagenetic phyllosilicate 
minerals, including chlorite, that have been detected by remote sensing on Mars (Mustard et al., 
2008; Ehlmann et al., 2009; Poulet et al., 2009; Wiseman et al., 2010; Bishop et al., 2013a; b; c; 
Tornabene et al., 2013). The widespread identification of diagenetic phyllosilicates may place 
constraints on the availability of water at the martian surface, thus providing important clues 
about the past martian climate (Milliken, 2014). Just as primary phyllosilicate identifications are 
often associated with impact craters, however, diagenetic phyllosilicate identifications are also 
frequently associated with them. Indeed, craters have been specifically targeted for investigation 
as self-contained locations where the martian subsurface can be directly probed (Schwenzer et 
al., 2009, 2010). As the previous chapters of this dissertation have shown, however, impact 
processes induce structural and related spectral change in phyllosilicates. This chapter 
investigates the possible convolution of impact-related spectral change with phyllosilicate 
diagenesis. In this chapter, I also discuss possible implications for inferences about martian 
climate based on clay mineral diagenesis. 

 

4.2 Datasets and Methods 

4.2.1 CRISM data 
 CRISM is a hyperspectral imaging spectrometer aboard the Mars Reconnaissance Orbiter 
(MRO) spacecraft that samples the VNIR and IR wavelength regions from 0.4 – 4.0 μm using 
two detectors with a total of 544 channels (Murchie et al., 2007). The S detector samples 
wavelengths from 0.4 – 1.0 μm, while the L detector samples wavelengths from 1.0 – 4.0 μm. 
CRISM has two operational modes. The first, a 72-channel mapping mode provides global 
coverage of the martian surface at 200m/pixel spatial resolution. The second, a targeted full 544-
channel hyperspectral mode provides 10 x 10-20 km hyperspectral image cubes of a limited 
number of targets of interest on the maritan surface at 15 – 38 m/pixel. In this study, I focused on 
targeted image cubes from the L detector because the wavelength range and high spatial 
resolution covered by this data set provided the best probability of accurately identifying impact-
altered nontronite. In addition, the spectral range of my laboratory spectra covered only 0.3 – 2.5 
μm. To most accurately match my laboratory data, I used a spectral subset of the CRISM image 
cubes of 1.0 – 2.5 μm for all analyses. 

 CRISM is a pushbroom-type spectrometer. This means that it uses a row of detectors 
arranged perpendicular to the flight direction of MRO to collect images of the martian surface. 
As MRO flies forward, CRISM passively records reflected light images of different parts of the 
martian surface as they come into view for its various detectors. This design allows CRISM to 
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produce better quality images because its longer exposure times detect more light than other 
instrument designs. However, CRISM data is affected by a common artifact of pushbroom-type 
spectrometers, the so-called “spectral smile,” in which the central wavelength and the width of 
the instrument’s spectral response vary with the spatial dimension of the detector array. In other 
words, the spectral resolution and detection response of CRISM’s off-axis detector elements 
deteriorate relative to the detectors in the center of the array, where spatial distortions are 
minimal. This artifact produces an overall signal bias affecting all hyperspectral image data, but 
the magnitude of the effect depends on the column position of the data (i.e. the spatial position of 
the relevant detector). By ratioing a spectrum of interest with another spectrum from a nearby, 
spectrally featureless region within the same image column (i.e. from the same detector in the 
same spatial position), the effect can be mitigated and the spectrum of interest more accurately 
compared to laboratory spectral standards for identification (Ceamanos and Douté 2010). 

4.2.1.1 CRISM context images 
 I generated all global- to regional-scale context images using the Java Mission-planning 
and Analysis for Remote Sensing (JMARS) program, which is a geospatial information system 
(GIS) for Mars developed by ASU’s Mars Space Flight Facility. Basic information on JMARS is 
available through the extensive documentation provided by ASU at (jmars.asu.edu). I also used 
JMARS to conduct basic searches for relevant CRISM stamps and produce 3D views of the 
regional geologic context of CRISM stamp FRT000097E2. 

4.2.2 Factor analysis and target transformation (FATT) spectral end-member image 
analysis 

 Factor analysis derives a unique potential end-member set from complex data (e.g., a 
spectral image) based on the derivation of orthogonal eigenvectors, using principle components 
analysis, from a matrix of the original data (Malinowski, 1991). The eigenvectors of a square 
matrix are those vectors passing through the origin, which, after having been multiplied by the 
original matrix, remain proportional to themselves. In the case of spectral image data, these 
vectors can be said to capture the spectral variability in the scene and, thus, can be used to derive 
the spectral end-members of the scene, although the eigenvectors themselves have no physical 
meaning (Malinowski, 1991; Bandfield et al., 2000b). The spectral end-members of the scene are 
derived in the second part of the technique by target transformation, which reconstructs end-
member spectra using linear combinations of the derived (non-physical) eigenvectors produced 
in the first part of the technique (Bandfield et al., 2000b; Thomas and Bandfield, 2013). FATT 
has been successfully applied to several TIR data sets of the martian surface (Bandfield et al., 
2000b; Bandfield, 2002b; Bandfield and Smith, 2003; Glotch and Bandfield, 2006). To apply 
FATT to CRISM data, which is in the VNIR wavelength range where spectral end-members do 
not mix linearly, groups of pixels or whole regions of interest (Thomas and Bandfield, 2013) 
should be analyzed. However, it is important to remember that the end-members are derived 
from linear combinations of the eigenvectors, which have no physical significance, and not linear 
combinations of the spectral end-members of the scene. This changes slightly the interpretation 
of the analysis. Briefly, a good spectral match to laboratory data by a derived spectral end-
member indicates that the matched mineral may be present in the analyzed scene, group of 
pixels, or region of interest. However, mineral identifications based on FATT should be 
confirmed by additional, direct methods of image analysis. 
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4.2.3 Preliminary investigations using FATT 
 In my preliminary analyses, I calculated the band-depth ratio between the 1.4 and 1.9 μm 
absorption bands in smectite reflectance spectra and compared this with well-characterized 
nontronite identifications from the surface of Mars. To calculate both band depths and ratios, I 
used indices, which I developed, based on modified CRISM spectral summary products as 
originally described by Pelkey et al. (2007). The indices that I used represent best fits to the 
spectra of altered and unaltered nontronite with: 

 i(1.9 μm) = 1 – (R1912/(0.765*R1844+0.235*R2132)) and 

 i(1.4 μm) = 1 – (R1433/(0.69*R1366+0.31*R1582)), where all identifying numbers 
correspond to the reflectance value at relevant wavelength values in nanometers (μm*103). 

 The 1.4 and 1.9 μm bands of smectites reflect the complex interactions and changes to 
adsorbed and interlayer H2O (1.9 μm), as well as adsorbed and interlayer H2O in combination 
with octahedral metal-OH vibrational overtones (1.4 μm) (Bishop et al., 1994, 2002a; b). 
Interactions between the overtones and combinations of the fundamental vibrations of all of 
these functional groups make direct interpretation of changes to these bands difficult (Bishop et 
al., 1994, 2002a, 2002b). However, the ratio of these two bands can be used as a proxy indicator 
for dehydroxylation as presented by Che and Glotch (2014) for thermally altered nontronite on 
Mars. Because dehydroxylation and structural deformation in the octahedral sheet both result in 
differentiable weakening of OH-group bands separate from the behavior of adsorbed and 
interlayer H2O, the 1.4/1.9 μm band ratio may also be used as a proxy indicator for structural 
deformation in the smectite octahedral sheet. As described in the previous two chapters of this 
dissertation, this type of structural deformation is indicative of impact-induced structural change 
in nontronite. To investigate whether impact-altered nontronite might be identifiable on the 
martian surface, I compared the band depth ratio results from nontronite samples altered by 
laboratory impacts to well-characterized martian nontronite identifications. All of the nontronite 
spectra from the regions of the martian surface were taken from CRISM stamps, in which either 
nontronite- or Fe/Mg smectite-rich regions have previously been identified: Hargrave’s Crater 
(Mustard et al., 2009), another part of the Nili Fossae region (Poulet et al., 2005), and Mawrth 
Vallis (Loizeau et al., 2007).  

 I used FATT (Malinowski, 1991; Bandfield et al., 2000b; Bandfield, 2002b; Glotch and 
Bandfield, 2006; Hamilton and Ruff, 2012; Thomas and Bandfield, 2013) to compare martian 
nontronite spectra to my laboratory spectra, and analyze CRISM images for the presence of 
impact altered nontronite. I ran my preliminary analysis using the free data and image processing 
software Davinci v.2.06 (davinci.asu.edu) developed and distributed by Arizona State University 
(ASU). The CRISM image FRT00013E49 of a portion of the Mawrth Vallis region (Figure 4.1) 
provided a good starting point for analyzing the complex and heavily bombarded regions of the 
martian surface. I used spectral libraries derived from my own laboratory spectroscopic analyses 
of phyllosilicate samples exposed to experimental impacts (Friedlander et al., 2012, 2014b, 
2014c, in review; Sharp et al., 2012), previous laboratory work investigating spectral change in 
thermally altered phyllosilicates (Che et al., 2011; Che and Glotch, 2012), and standard spectral 
libraries from the Unites States Geological Survey (USGS) (http://speclab.cr.usgs.gov/spectral-
lib.html) and NASA Reflectance Experiment Laboratory (RELAB) spectral library databases 
(http://www.planetary.brown.edu/relabdocs/relab_disclaimer.htm). 
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4.2.4 Detailed investigation of CRISM scene FRT000097E2 
 To investigate the presence of impact-altered nontronite on the martian surface in detail, I 
analyzed CRISM scene FRT000097E2, from the Nili Fossae region of Mars, just west of the 
Isidis Basin (Figure 4.2). I selected this scene because thermally altered nontronite was recently 
detected in another CRISM scene from this region (FRT0000BEC0) by Che and Glotch (2014), 
and because it contains two small (0.5 – 1 km) craters in the southwest corner (Figure 4.3), 
which provide important geologic context for the detection of potentially impact altered clay 
minerals, both within the scene and the region. Other recent analyses of this scene showed that 
local mineralogy might be consistent with complex diagenetic environments. Mineral 
assemblages made up of mixed olivine-carbonate-phyllosilicate detections have been identified, 
but the regional depositional and potentially diagenetic environments are not yet fully understood 
(Mustard and Wiseman, 2014). As a false-color IR band composite image, Figure 4.3 provides 
further context for FRT000097E2. In false-color composite images, bands are assigned primary 
colors (red, green, and blue) and pixels are individually analyzed to determine which of the 
assigned spectral bands has the strongest reflectance value. Each pixel is then colored according 
to the assigned color of the most strongly reflecting band (or combination of bands) within that 
pixel. In Figure 4.3, red pixels correspond to those that are strongly reflecting at 2.53 μm, green 
pixels correspond to those that are strongly reflecting at 1.51 μm, and blue pixels correspond to 
those that are strongly reflecting at 1.08 μm. These are the standard CRISM false-color NIR 
composite band assignments (Seelos, 2009) and are generally used to accurately represent 
surface features in the scene using reflected IR radiation, rather than mineralogy. However, this 
band composite also distinguishes hydrated minerals, which appear cyan to green (Liu and 
Glotch, 2014). Given both its complexity and the presence of hydrated minerals (Figure 4.3), 
FRT000097E2 seemed likely to contain impact altered phyllosilicates (possibly nontronite) in 
addition to complex, possibly diagenetic, aqueous alteration mineral assemblages. 

4.2.4.1 Image processing and CRISM data calibration and correction 
 I carried out the CRISM scene analyses using ENVI/IDL Classic (version 5.1) and the 
built-in analytical capability of the latest release of the CRISM Analysis Toolkit (CAT: version 
7.2.1) (http://pds-geosciences.wustl.edu/missions/mro/crism.htm). FRT000097E2 is in the most 
up-to-date data format available from the CRISM archive (TRR3) of the NASA Planetary Data 
System (PDS). The FRT000097E2 data product that I used was also radiometrically calibrated 
and converted into I/F from a raw CRISM Experiment Data Record (EDR). I/F is defined as the 
ratio of the spectral radiance of the martian surface as measured by CRISM divided by the solar 
spectral irradiance of the Sun at Mars’s distance divided by π. “I” is intensity or power/area 
(Imeasured/steradian) and “F” is the solar irradiance at Mars/π. Another way to describe I/F is that it 
is the ratio of the radiance observed by CRISM at the martian surface to the radiance produced 
by a perfectly reflecting Lambertian surface illuminated by the same light, but at normal 
incidence. It is easier to extract surface spectra from I/F data than EDR data because I/F data 
have been calibrated for variability in solar irradiance on the martian surface by sol and time 
(http://ode.rsl.wustl.edu/moon/pagehelp/quickstartguide/index.html?crism_product_primer.htm). 
In addition, TRR3 data formats have also been processed with a custom filtering procedure that 
removes instrument artifacts generated by variability in the operating temperature of the CRISM 
IR detector. These artifacts appear as along track column-oriented striping, but have been 
removed from TRR3 data products prior to their addition to the PDS (Murchie et al., 2012). If 
Mars had no atmosphere, I/F divided by the cosine of the incidence angle would give the 
Lambert albedo of a Lambertian surface. However, Mars does have an atmosphere, which must 
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be accounted for in analysis of the reflectance spectra derived from spectral images of the 
martian surface. Using the built-in capabilities of CAT, I applied the systematic processing steps 
required to convert CRISM I/F into apparent surface reflectance. I first corrected the data for 
photometric effects by dividing by cosine(θincidence) and then atmospherically corrected the data 
using the most current volcano-scan option available within the CAT. The volcano-scan CRISM 
atmospheric correction system utilizes a CRISM measurement of martian atmospheric 
transmission. This is derived by taking the ratio of a nadir-looking I/F spectrum acquired at the 
summit of Olympus Mons (the largest volcano on Mars – indeed, the largest of all known 
volcanoes in the Solar System) to a nadir-looking I/F spectrum acquired at the base of Olympus 
Mons. The volcano-scan technique then automatically rescales this transmission spectrum for 
other atmospheric pressures in other locations on Mars. It is quick and fairly accurate, though not 
as robust as other, more computationally intense atmospheric correction techniques. Mcguire et 
al. (2008) provided an excellent description of the volcano-scan method, as well as a comparison 
of its accuracy relative to their own more robust, but much more computationally intense 
DIScrete-Ordinate-method Radiative Transfer (DISORT) modeling method. 

4.2.4.2 Spectral angle mapping for targeted spectral comparison 
 To locate potential regions of interest containing impact altered and other phyllosilicate 
minerals, I used ENVI/IDL’s built-in Spectral Angle Mapper (SAM) spectral analysis tool 
(http://www.exelisvis.com/docs/SpectralAngleMapper.html), which matched spectral data from 
the CRISM image cube to laboratory and library spectra resampled to CRISM spectral 
resolution. The SAM method within ENVI/IDL determines the similarity between scene spectra 
(e.g., unknown material) and library spectra (e.g., potential mineral end-members, known 
material) by computing the spectral angle between them; treating both spectra as vectors in n-
dimensional spectral space, where n is the number of bands. Because SAM can often be non-
intuitive, a simple way to envision the process is to consider the angle between two spectra in a 
2-band image as illustrated by the creation of a 2-dimensional scatter plot (Figure 4.4). Each 
spectrum is defined as a vector passing through the origin that describes the position of each 
respective spectrum under all possible illumination conditions. Because all possible illumination 
conditions are represented, the results of SAM analysis are not sensitive to either illumination or 
albedo effects. ENVI/IDL allows the user to set the spectral angle cutoff (in radians) for defining 
spectral matches with the end-member spectrum of interest: the smaller the angle, the more 
robust the match. Pixels are classified based on whether they contain matching spectra and how 
well those spectra match the known target spectrum. The default setting is 0.100 radians, which 
is considered a strong match. Pixels containing matching spectral data to the selected end-
member spectrum are then classified into regions of interest, which can be mapped or 
independently analyzed. Using SAM, I was able to focus on and extract spectra from these 
regions of interest. I then ratioed the extracted spectra to a nearby, spectrally featureless region 
from the same image column to mitigate spectral smile effects and accentuate relevant spectral 
features. I then directly compared the extracted, ratioed spectra to resampled laboratory and 
library spectra to confirm spectral identifications and check my SAM results. 
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4.3 Results and Interpretation 

4.3.1 Preliminary investigations of impact altered phyllosilicates on the martian surface 
 A comparison of the 1.4/1.9 μm band-depth ratios of the laboratory spectra of nontronite 
altered by experimental impacts with those of the spectra from nontronite identifications on the 
martian surface shows that phyllosilicates are likely to have been affected by impact alteration in 
several regions of Mars (Figure 4.5). Each of the plotted nontronite identifications came from 
regions in which nontronite has previously been robustly detected: Mawrth Vallis (Loizeau et al., 
2007) (FRT00013E49, Figure 4.1), Nili Fossae (Poulet et al., 2005; Ehlmann et al., 2009; 
Mustard et al., 2009) (FRT000097E2, Figure 4.2), and Hargraves Crater, also in the Nili Fossae 
region, (Mustard et al., 2009; Michalski et al., 2010) (FRT000088D0, Figure 4.6). The martian 
band-depth ratios are plotted as horizontal lines, from which hypothetical shock pressures can be 
inferred based on their intersections with the experimentally derived trend line. Nontronite 
identified in Mawrth Vallis appears to have experienced little to no shock, or pressures between 
0.0 – 10.2 GPa. One of the nontronite identifications from Hargrave’s Crater appears to have 
experienced shock pressures between 19.7 – 25.2 GPa, and a second identification may have 
experienced shock pressures of 10.2 GPa. The nontronite identifications from other regions 
nearby the Nili Fossae all have band-depth ratios seeming to correspond to shock pressures 
between 19.7 – 30.6 GPa. The relatively low pressures predicted for impacts detected in Mawrth 
Vallis are interesting in light of the more detailed analysis carried out on CRISM image 
FRT00013E49 from that region, which are discussed below. 

 Using indices derived from the laboratory spectra of impact-altered phyllosilicates 
together with standard CRISM spectral summary product indices, I produced a false-color 
composite image of CRISM scene FRT00013E49 showing the results of spectral analyses 
produced using the spectral summary products defined in (Pelkey et al., 2007) and my own 
laboratory spectroscopy results from analyses of impact-altered nontronite. I mapped the 
LCPINDEX (low-calcium pyroxene index in which LCP appears strongly positive) results in 
red, the OLINDEX (olivine index, based on fayalite) results in green, and the phyllosilicate 
detection (based on the D2300 or 2.3 μm slope) in blue. I used SAM to identify pixels that are 
spectrally similar to impact-altered nontronite over a range of pressures (10.2, 19.7, 25.2, 30.6, 
and 39.1 GPa) and mapped these to a single, bright red region of interest (Figure 4.7a). I then 
extracted, ratioed and compared spectra from the shocked nontronite region of interest (red) to 
spectra from pixels mapped as generic (D2300) phyllosilicate (blue). The generic phyllosilicate 
spectrum shows the common smectite 2.3 μm absorption feature, while the spectrum extracted 
from the impact-altered nontronite region-of-interest displays a broad absorption feature at 
shorter wavelengths, ~2.15 – 2.2 μm (Figure 4.7b). The differences between these two spectral 
end-members support previous, preliminary work based on FATT analysis of this scene in which 
shocked nontronite (red) and other phyllosilicates (blue) were detected together in several parts 
of the scene (Figure 4.8). Detailed analysis by FATT specifically matched CRISM spectra from 
within the highlighted region of interest (Figure 4.8, orange box) to unaltered nontronite, and 
impact-altered nontronite exposed to peak pressures of 19.7, 25.2, and 30.6 GPa (Figure 4.9). 
Because FATT was applied to all of the pixels in the whole of the outlined region, it is 
impossible to know where exactly these matches occurred within the scene. However, FATT is a 
principle components-based analysis. Thus, it is possible to identify which altered nontronite 
spectrum best matched the spectral variability of the pixels from within the region-of-interest 
based on the root mean square (RMS) error of the fit. RMS error indicates how well the spectral 
variability of the scene was captured by the linear combination of derived end-member spectra 
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that resembled a given mineral end-member. Based on this, impact-altered nontronite that 
experienced peak impact pressures of 25.2 GPa (RMS = 0.0128) and 30.6 GPa (RMS = 0.0114) 
best matched the spectral variability of the selected region-of-interest. 

4.3.2 Detailed analysis of impact altered nontronite in CRISM image FRT000097E2 
 The geologic context of the Nili Fossae region is complex (Fassett and Head, 2005; 
Mangold et al., 2007; Mustard et al., 2007, 2008; Ehlmann et al., 2009; Michalski et al., 2010; 
Saper and Mustard, 2013). The region displays extensive evidence for aqueous alteration through 
martian geologic history, and it as also been heavily bombarded, making it ideal for studying the 
impact alteration of phyllosilicates in context. I chose the CRISM stamp FRT000097E2 for my 
analysis because it shows distinct enrichment of phyllosilicates in and around two small craters 
in the southwest corner of the scene (Figure 4.10). By overlaying a map-projected, false-color 
image of this stamp on image PSP006778_1995 from the High Resolution Imaging Science 
Experiment (HiRISE), the details of the geomorphology of the region can be associated with the 
regional mineralogy. The false-color composite was produced by assigning the results of the 
spectral summary products defined by Pelkey et al. (2007) as follows: D2300 (red), 2.3 μm band 
slope (or drop off), identifies hydrated minerals, especially phyllosilicates; OLINDEX (green), 
based on reflectance at 1.7 μm and surrounding features derived from the fayalite spectrum, 
olivine is strongly positive; LCPINDEX (blue), based on the difference in reflectance between 
1.33 and 1.05 μm bands, pyroxene is strongly positive and low-Ca pyroxene is favored. This 
figure revealed that phyllosilicate-rich regions surround both craters, and can also be found 
within them. Figure 4.11 shows a 3D perspective view of the same CRISM scene, with red 
regions being more phyllosilicate rich based on the D2300 spectral summary parameter (Pelkey 
et al., 2007), overlaid on Mars Orbiter Laser Altimeter (MOLA) altimetry data  
(http://jmars.asu.edu/3d-layer). This view shows that the two craters in the southwest corner of 
the scene fall on either side of one of the large concentric grabens (Fossae) that characterize the 
Nili Fossae region, and that, in addition to other parts of the scene, phyllosilicates appear to be 
concentrated on the rims and in the ejecta blankets of these craters. 

Using the SAM spectral analysis tool in ENVI/IDL, I detected several regions of interest 
from within FRT000097E2 that are likely to be rich in the minerals of interest namely: impact-
altered nontronite and other phyllosilicates including, illite, smectite (BK1JB006, otherwise 
unspecified in the spectral library provided with CAT), and nontronite (NDJB26, also from the 
provided CAT resampled CRISM comparison spectral library). The results of this analysis 
(Figure 4.12) show that the clay minerals detected by SAM by-and-large corresponded with 
regions that are expected to be clay-rich based on D2300 band parameter mapping (Figures 4.10 
and 4.11). In addition, impact altered nontronite, nontronite, smectite, and illite all appear to be 
present in pixels in or around the two small craters in the southwest corner of the scene (Figure 
4.12, outlined in red circles). 

Several of the SAM detections shown in Figure 4.12 are more robust than the ENVI-
generated automatic spectral angle cut-off of 0.100 radians. The nontronite detection based on an 
end-member spectrum of nontronite NDJB26 had a SAM cutoff of 0.040 radians, the lowest of 
all of the detected target spectra. Every other detection was based on a cutoff of 0.055 radians, 
with the exception of the chlorite and illite detections (Figure 4.12e and f). For these detections, I 
intentionally used a higher SAM cutoff of 0.100 radians to demonstrate the potential for overlap 
between remote sensing detections of chlorite, illite, smectite, and impact-altered nontronite. 
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This overlap is especially noteworthy given that the relative abundance of illite on Mars is likely 
to be low and controlled by the availability of K+, which is expected to be limited in waters 
arising from a basaltic source (Tosca and Knoll, 2009). In addition, K-rich feldspar is one of the 
mineral species most resistant to erosion on the martian surface. The production of chlorite, 
however, does not require K+, making chlorite the more geochemically likely diagenetic product 
of the conversion of martian smectites, despite the fact that the starting material is likely to be 
dioctahedral. Given their spectral similarities and close association with impact craters, the 
geologic and geochemical contexts of potential interstratified smectite/illite deposits should be 
carefully considered before definitive identification of illite can be claimed. 

The SAM analysis detected impact-altered nontronite in several places in this scene, 
notably in parts of the scene that also have robust smectite or nontronite detections (Figure 4.12b 
and c), but also in and around the ~1 km crater in the southwest part of the scene. Geologically, it 
makes sense that impact-altered nontronite would be found around a crater. What is interesting 
about his detection is that the only impact-altered nontronite sample detected in this scene was 
nontronite that had experienced a laboratory impact at 39.1 GPa peak pressure. This is a high 
pressure for a 1 km impact to achieve, although certainly not impossible (Weiss and Head, 
2014). This identification is geologically compelling because most of the altered nontronite is 
detected in the center of the crater, which is where an impact producing a 1 km crater would be 
expected to also produce its zone of highest pressure (Weiss and Head, 2014). The fact that SAM 
analysis also detected occurrences of altered nontronite in other parts of the scene may be 
partially explained by the spectral similarity between altered nontronite, generic smectite and 
other phyllosilicates. However, the CRISM scene FRT000097E2 sits at the edge of the Isidis 
basin, which likely formed as a result of a giant impact that is thought to have spread impact 
ejecta and altered material (including melt) throughout the Nili Fossae region (Mustard et al., 
2007). Thus, these detections cannot be completely discounted. 

Detections of chlorite and illite with slightly relaxed SAM matching parameters (0.100 
radians) shown in Figure 4.12e and 12f, demonstrate the difficulty of unambiguously 
determining local mineralogy by showing that many phyllosilicate detections can overlap. 
Characteristic spectra from within each region of interest were extracted from the scene (Figure 
4.12, indicated by arrows) and ratioed, then compared to laboratory and library spectra to 
confirm the SAM results (Figure 4.13). These library spectral comparisons further demonstrate 
the difficulty in distinguishing between spectrally similar phyllosilicates. Smectite, altered 
nontronite and illite all possess a characteristic band at ~2.2 μm, which may contribute to their 
overlapping detections. 

 

4.4 Discussion 

4.4.1 Possible overlap between observations of diagenetic clays and impact alteration 
 Previous chapters of this dissertation described the specific spectral and structural 
changes that impacts induce (or not) in the phyllosilicates nontronite, kaolinite, and saponite. The 
purpose of this work is to provide new laboratory data and contribute to the remote sensing 
analysis of the martian surface. The successful detection of impact-altered nontronite in a 
CRISM scene from a heavily bombarded region of Mars confirms both that impact alteration 
produces spectrally distinct changes in phyllosilicates that can be identified by remote sensing, 
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and also that experimentally impact-altered samples would be useful to include in the libraries 
used for remote sensing spectral image analysis. This was implied by previous research on the 
TIR analysis of spectral mixtures using terrestrial impactite samples from Lonar Crater (Wright 
et al., 2011), and was more recently directly shown to be relevant for thermally altered 
phyllosilicates (Che and Glotch, 2014). However, the presence of impact-altered phyllosilicates 
on Mars has not previously been directly shown in an impact-specific geologic context. 

 Several important implications arise from the detection of impact-altered nontronite in 
CRISM scene FRT000097E2, especially with respect to the locations of these detections and 
their proximity to other mineral detections. As previously described, most of the mineral-specific 
detections made in this scene fall within regions where phyllosilicate detections were expected 
based on established CRISM spectral summary parameters (e.g., the D2300, 2.3 μm slope) 
(Pelkey et al., 2007; Viviano-Beck et al., 2014). This means that the altered nontronite that I 
have detected exists either in a mineral assemblage that also contains unaltered phyllosilicates, or 
that this detection arises because of the spectral similarities between several minerals that may 
exist in the region (Figure 4.13c). These spectral similarities are especially important because 
many of the characteristic band shifts observed for the reflectance spectrum of an experimentally 
impact-altered natural nontronite sample (NAu-1) occur in the 2.2 – 2.5 μm region. I have 
described these changes and their importance in detail in the previous two chapters of this 
dissertation. I revisit this issue here to reiterate that these bands are frequently used as 
characteristic mineral identification bands in martian remote sensing studies (e.g., Langevin et 
al., 2005; Poulet et al., 2005, 2009; Mangold et al., 2007]. Under controlled laboratory 
conditions, it is clear that the location of these band centers can identify the dominant octahedral 
cation in phyllosilicate structures (Bishop et al., 2002a; b, 2008a), and so their use in mineral 
specific identifications is logical. However, impact alteration (especially of mineral mixtures 
such as NAu-1 nontronite, which contains a kaolinite contaminant) induces band shifts in this 
region that resemble those invoked to determine cation-specific mineral identifications on Mars. 
This is potentially problematic, especially in heavily bombarded regions. 

 Another implication of the spectral effects of impact-driven phyllosilicate alteration is 
potential confusion over remote sensing data interpretation to understand phyllosilicate 
diagenesis and depositional environments on Mars. This is particularly concerning for smectite-
to-illite and smectite-to-chlorite transitions, which are often identified by local or regional-scale 
spectral transitions also in the 2.2-2.5 μm wavelength range of VNIR reflectance spectra 
(Ehlmann et al., 2009; Milliken et al., 2010), sometimes in combination with the presence of 
bands near 1.4 μm (Ehlmann et al., 2009). Comparing the observed shifts in the absorption bands 
between 2.2 – 2.5 μm for impact-altered nontronite, laboratory spectra of phyllosilicates and 
related diagenetic species (e.g., chlorite and illite), and spectra from within CRISM scene 
FRT000097E2 shows how closely these can overlap (Figure 4.14). Ehlmann et al. (2009) 
especially noted that many of their chlorite detections in the Nili Fossae region are associated 
with craters to the west and south of the Nili Fossae themselves. Chlorite has a strong absorption 
feature at 2.35 μm and a weaker shoulder at 2.26 μm, neither of which is directly comparable to 
the spectral features of impact-altered nontronite. However, when investigating the possibility of 
diagenesis and mixed-layered (smectite/illite or smectite/chlorite interstratified structures) clays 
on Mars, identifications are more often based on regional spectral variability (e.g., Milliken et 
al., 2010). In this context, impact-induced spectral change may be very misleading, especially 
regarding mixed-layered smectite/illite or illitization on Mars, because illite, unlike chlorite, has 
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a strong absorption band at 2.23 μm, close to the broad 2.21 μm band observed for nontronite 
after experimental impacts at 39.1 GPa (Figures 4.13c and 4.14). 

 The potential convolution of these overlapping identifications may be especially 
prevalent in impact craters, which is important to note because investigating impact crater 
mineralogy has been proposed as one possible method for understanding the past geologic 
history of Mars (Schwenzer et al., 2009, 2010). Craters offer “windows (Schwenzer et al., 
2009)” into the martian subsurface, but the impacts that made them also induce geologic and 
thermochemical processes that cause structural and spectral changes in the minerals present. In 
the case of nontronite, and perhaps other minerals as well, the spectral changes induced by 
impact processes overlap with the band shifts that are used to identify smectite-to-illite 
transitions as well as mineral assemblages containing smectite/illite interlayered clays. The 
processes that produce illite from smectite cannot proceed at the martian surface. Therefore, 
structures and processes that exhume ancient sediments must be studied to understand them. 
There are many structures that reveal ancient sediments on Mars. Vallis Marineris exposes rocks 
7 km below the surface. However, impacts are the most widespread of these features. As a result, 
many detections of ancient martian mineral deposits rely on impacts to exhume old material and 
provide geologic context. As a result, it is difficult to completely decouple mineral diagenesis 
hypotheses from impact-alteration processes. I suggest that future spectral and remote sensing 
analyses include impact-altered clay minerals, mapping their detections together with those of 
proposed diagenetic minerals in an effort to understand the potential interactions and overlap 
between their detections. 

4.4.2 Drawing inferences about martian climate from clay mineral identifications 
 The presence of clays on Mars implies past availability of liquid water (Poulet et al., 
2005). Some clay minerals require circum-neutral pH solutions for formation, which has been 
interpreted as an indicator of potential habitability (Grotzinger et al., 2014; Rampe et al., 2014; 
Vaniman et al., 2014). The geochemical constraints of detected martian mineralogy are one of 
the few tools available to understand martian climate, but they leave open many important 
aspects of that climate. For example, the fact that liquid water once acted on the martian regolith 
is clear from the presence of detectable hydrated mineral species at the present-day surface 
(Mustard et al., 2008; Wiseman et al., 2010; Carter et al., 2013), but the form this water took, its 
areal extent, and temporal persistence remain key unanswered questions. Was Mars both wetter 
and warmer (Squyres and Kasting, 1994; Bishop et al., 2013c; Clifford et al., 2014)? Or was it 
wetter, but cold with solutions at the surface existing primarily in the form of brines (Fairén et 
al., 2009)? Perhaps impacts themselves provided the energy and liquid water to generate much of 
the mineralogy currently detected on the martian surface (Marzo et al., 2010; Osinski et al., 
2011; Tornabene et al., 2013; Weiss and Head, 2014). Detections of diagenetic minerals can 
answer some of these questions, which is why any overlap between their detections and the 
detections of altered minerals from other processes may have such a profound effect on the 
ability to infer accurate information about paleoclimate on Mars. 

 There are several potential implications that arise from the possibility that diagenetic clay 
mineral identifications might be convolved with impact-induced spectral change. The first is that 
diagenesis on Mars may be significantly less widespread than has been previously suggested. 
This would imply that extensive water on Mars was either very short-lived, and that water has 
since been extremely limited, or that liquid water has been primarily confined to the subsurface 
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throughout Mars’s geologic history. Because active diagenetic environments are thought to be 
more likely to be habitable, or to have been habitable in the past, more limited diagenesis would 
also limit the number of potentially (or previously) habitable environments on Mars. Another 
possibility is that the presence of impact-altered phyllosilicates may make detailed inferences 
based on careful comparison of the smectite/illite ratio inaccurate. This would directly 
complicate efforts to understand how deeply buried and how long phyllosilicates have been 
weathered on Mars. However, spectral end-members combine nonlinearly in the VNIR 
wavelength region, so accurate abundance determinations from VNIR remote sensing data are 
already difficult and conclusions based on these types of calculations must be carefully 
considered (Poulet, 2004). Finally, it is possible that impacts themselves induced the processes, 
or the structural and spectral changes that have been interpreted as diagenesis. If impacts, rather 
than sedimentation and burial, are the basis for phyllosilicate diagenesis on Mars, then the 
probability that Mars’s paleoclimate contained an epoch with temporally extensive liquid water 
interactions, and widespread potential habitability, significantly decreases. 

 

4.5 Conclusions 

 Using new laboratory spectroscopic results investigating structural and spectral change in 
nontronite after laboratory impacts, I directly investigated the potential presence of impact 
altered phyllosilicates in several locations on Mars. Analysis of two CRISM scenes from heavily 
bombarded regions of the martian surface showed that impact altered nontronite could be 
identified by multiple spectral image analysis techniques. In the analyzed scene from nearby the 
Nili Fossae, the spectral signature of impact-altered nontronite, in addition to pixels identified as 
containing that spectral end-member, frequently overlapped with both generic smectite 
identifications and with illite identifications. The possibility that illite identifications might be 
convolved with impact altered nontronite (or other impact-altered smectites), especially in and 
around impact craters, raises important questions about inferences to the past martian climate 
that have been drawn based on comparison to terrestrial phyllosilicate diagenesis. Such 
inferences must be considered very carefully. Many important questions about martian climate 
and the role of phyllosilicates in martian geology remain unanswered. Careful laboratory 
investigations of key geologic processes and their effect on spectroscopic and remote sensing 
data are the key to accurate remote sensing data analysis. 
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Chapter 4 – Figures 
 

 
Figure 4.1. JMARS-produced images showing the regional context of CRISM scene FRT00013E49 from 
the Mawrth Vallis region of Mars. (A) A grayscale map of the scene’s broad regional context derived 
from Mars Orbital Laser Altimeter (MOLA) data in which lower elevations appear darker. (B) A more 
detailed local context image showing the outline of FRT00013E49 overlain on a mosaic of MRO Context 
Camera (CTX) grayscale images at 6m/pixel resolution. 
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Figure 4.2. JMARS-produced images showing the regional context of CRISM scene FRT000097E2 from 
the Nili Fossae region of Mars. (A) A grayscale map of the scene’s broad regional context derived from 
MOLA data in which lower elevations appear darker. (B) A more detailed local context image showing 
the outline of FRT000097E2 overlain on a mosaic of MRO CTX grayscale images at 6m/pixel resolution.
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Figure 4.3. False-color composite context image of CRISM scene FRT000097E2 with IR reflectance 
bands 2.53 μm (red), 1.51 μm (green), and 1.08 μm (blue) mapped. The two small craters in the southwest 
corner of the image are labeled by size. This IR false-color band combination is commonly used to build 
CRISM composite images that accurately represent the surface features of the scene, rather than 
mineralogy. However, this color composite also distinguishes hydrated minerals, which appear cyan to 
green. 
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Figure 4.4. Schematic image of the SAM analysis process as described by the comparison of a target and 
image spectrum in a 2-band image displayed as a 2-dimensional scatter plot. The vector through the 
origin describes the position of each spectrum under all possible illumination conditions. Because all 
possible illumination conditions are represented, SAM is not sensitive to either illumination or albedo 
effects. Reproduced from (http://www.exelisvis.com/docs/Whole-
Pixel_Hyperspectral_Analysis_Tutorial.html). 



 

 92

 

Figure 4.5.  1.4/1.9 micron band depth ratio comparisons between nontronite identifications in various 
martian locations and band depth changes in the post-impact nontronite VNIR reflectance spectrum. 
Points of intersection between the two may be indicative of impact alteration pressures experienced at the 
location of that identification. 
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Figure 4.6. JMARS-produced images showing the regional context of CRISM scene FRT000088D0 from 
the Nili Fossae region of Mars, northwest of Hargraves Crater and within the Hargraves Crater ejecta 
blanket as described by Mustard et al. (2009) and Michalski et al. (2010). (A) A grayscale map of the 
scene’s broad regional context derived from MOLA data in which lower elevations appear darker. (B) A 
more detailed local context image showing the outline of FRT000088D0 overlain on a mosaic of MRO 
CTX grayscale images at 6m/pixel resolution.



 

 94

 

 

Figure 4.7. False-color composite image of FRT00013E49 with LCPINDEX (red), OLINDEX (green) and phyllosilicates (D2300, blue). Pixels 
matched to impact-altered nontronite as determined by SAM are shown as a yellow region-of-interest overlay (A). Extracted characteristic spectra 
from pixels mapped to generic phyllosilicate (D2300) are shown in blue and extracted characteristic spectra from pixels mapped to impact altered 
nontronite are shown in yellow (B). The white and blue arrows in (A) indicate the locations of the extracted spectra. The white arrow corresponds 
to the yellow region of interest and yellow spectrum in (B). The blue arrow corresponds to blue generic phyllosilicate regions and the blue 
spectrum in (B). Compare the mapped phyllosilicate locations in Figure 4.7 to those shown in Figure 4. 8 (produced using Davinci).
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Figure 4.8. CRISM scene FRT00013E49 colorized to reflect end-member identifications of impact-
altered nontronite (red), FeO minerals (green), and phyllosilicates (blue). Indices used for spectral 
mapping were based on Pelkey et al. (2007) and modified for the identification of impact altered 
nontronite. Spectra were extracted by FATT and analyzed from the region of interest outlined in orange. 
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Figure 4.9. FATT-extracted spectra (colored) compared to laboratory spectra of unaltered and impact-
altered nontronite samples resampled to CRISM spectral resolution. 
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Figure 4.10. False-color CRISM image showing the distribution of phyllosilicates (red), olivine (green) and low-Ca pyroxene (blue) within 
CRISM scene FRT000097E2. The false-color composite image is overlaid on HiRISE image PSP006778_1995 from the same geographic region 
(A). The overlay provides context and highlights the relationship between clay mineral deposits and the two small craters in the southwest corner 
of the CRISM scene (B). 
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Figure 4.11. Rendered D2300 spectral summary parameter CRISM scene FRT000097E2 (red regions are 
phyllosilicate-rich) overlain on a CTX-generated 3D contour at 20X vertical exaggeration. The image was 
produced using JMARS, to highlight regional topography, especially the association of phyllosilicate-rich 
regions with the two small craters in the southwest corner of the scene. 
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Figure 4.12.  Spectral angle mapped (SAM) pixel classifications rendered s regions of interest 
(ENVI/IDL) and overlain on a single-band 1.3 μm (overall IR albedo) image of CRISM scene 
FRT000097E2. End-member spectral comparisons were: impact-altered nontronite after impacts at 39.1 
GPa (a), CRISM library nontronite NDJB26 (b), CRISM library smectite BKR1JB006 (c), CRISM library 
illite LAIL01 (d), CRISM library chlorite LACL14 (e), and illite with a relaxed spectral angle differential 
of 0.100 radians (f). All other classifications used angle differentials of 0.055 radians except for (b), 
which used a differential of 0.040 radians and (e), which also used a differential of 0.100 radians. The 
small craters in the southwest of the image are outlined in red circles. Arrows indicate the regions of the 
scene from which the spectra in Figure 4.13 were extracted. The black arrows correspond to the single 
spectrum that matched impact altered nontronite (39.1 GPa), smectite, and illite.
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Figure 4.13. Ratioed spectra extracted from CRISM scene FRT000097E2 and compared to laboratory and library spectra of various phyllosilicate 
minerals, chlorite (a), nontronite (b), and three different altered and unaltered minerals (c). The spectral similarities between smectite, altered 
nontronite after impacts at 39.1 GPa and illite are highlighted in (c) and compared with a characteristic spectrum from within FRT000097E2 at a 
location where all of their regions of interest overlap.
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Figure 4.14. A comparison of the shifts in characteristic absorption bands between 2.2-2.5 μm for impact 
altered nontronite after impacts at various peak pressures, library spectra of common phyllosilicates and 
minerals formed by phyllosilicate diagenesis, as well as extracted spectra from within CRISM scene 
FRT000097E2. 
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   Chapter 5 

5 Conclusions 

 

5.1 Impacts induce atomic-scale structural change in phyllosilicate minerals 

 In the first chapter of this dissertation, I presented results demonstrating that impacts 
induce structural and spectral changes to the natural nontronite sample NAu-1 (CMS Source 
Clays Repository). By using complementary spectroscopic techniques, specific information 
about structural change within the mineral was inferred. In particular, I hypothesized that the 
octahedral and tetrahedral sheets of the nontronite structure may respond to impact shock 
differently. Deformation of the silicate tetrahedra severe enough that bands related to Si-O 
bending vibrations are no longer detected occurs at a lower peak impact pressure (19.7 GPa) than 
similarly disordered deformation of the octahedral sheet (25.2 GPa). In other words, 
characteristic VNIR absorption features related to the Fe-OH bending and stretching overtones of 
the nontronite octahedral sheet are still detected by reflectance spectroscopy after impacts up to 
25.2 GPa, while Si-O bending vibrations can only be detected by MIR Emissivity and ATR 
spectroscopy after impacts up to 19.7 GPa. Interestingly, the Si-O stretching features of the 
nontronite tetrahedral sheet were detected (at varying intensities) after all impacts. These spectral 
results implied that the Fe(III) nontronite octahedral sheet was deformed, but not completely 
devolatilized, while the tetrahedral sheet simply deformed. At very high peak impact pressures 
amorphous secondary phases emerged. The disordered pathway of nontronite’s response to 
impact shock contrasts with the well-characterized, step-wise pathway of smectite thermal 
alteration. As a result, the spectral signatures of shocked phyllosilicates are likely to be complex, 
potentially contradictory, and may contain mixtures of deformed and ordered material. Partial 
structural deformation without devolatilization is also supported the Mössbauer spectra of post-
impact NAu-1 nontronite in which the Fe(III) transitions from the majority of the cations 
occupying regular octahedral sites, to primarily occupying deformed, but still octahedral, sites. 
All iron remained fully oxidized. 

5.1.1 Structural and spectral change with implications for planetary remote sensing 
 Mineral spectra are produced by combinations of different atomic-scale transfers of 
energy that depend on the frequency of the radiation used, the composition, and the crystal 
structure of the mineral. In the spectroscopic techniques used in this dissertation, the most 
common processes are electronic transitions in transition metal cations (short wave visible 
region) and atomic vibrations within the crystal lattice (IR). As nontronite’s crystal structure 
deforms, the spectral signatures detected by the various techniques used change as well. This 
means that spectroscopy can be used to monitor structural deformation, but also that the spectral 
signatures used in remote sensing applications of spectroscopy will not be correct. I presented 
three implications for the remote sensing of Mars that arose from these observations. 
 1. Spectroscopic techniques that make use of different frequencies of light probe different 
parts of the nontronite structure. Because each part of the nontronite structure may deform 
irregularly in response to shock, it is likely that impact shock could produce seemingly 
contradictory spectral detections. In particular, MIR detections are more likely to resemble 
amorphous, hydrated silicate phases, while VNIR detections retain detectable characteristic 
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nontronite absorption features. This may explain currently ambiguous MIR phyllosilicate 
detections, even in regions with robust VNIR detections. 
 2. Determinations of composition based on band assignments in the VNIR may be made 
inaccurate by band shifts related to impact-induced structural deformation. As the nontronite 
octahedral sheet deforms, characteristic Fe-OH absorption bands related to the Fe-OH bending 
and stretching overtones lose intensity and are replaced by a broad, ambiguous metal-OH feature 
centered at ~2.2 μm. Such changes overlap those previously used to determine the relative 
Mg/Fe abundances of smectites, and make specific mineral identifications, in regions with 
apparently unambiguous phyllosilicate detections (Bibring et al., 2005; Poulet et al., 2005; 
Loizeau et al., 2007). 
 3. In the complex VNIR wavelength range, where spectral mixing is non-linear (Poulet, 
2004), the accuracy of calculated mineral abundances may be even more difficult to assess in 
heavily bombarded regions due to the possibility of atomic-scale mixing between deformed and 
ordered material. 

5.2 Phyllosilicate minerals do not deform equally in response to impact shock 

 The results presented in the second chapter of this dissertation show that a Mg-rich, 2:1, 
trioctahedral smectite (saponite, SapCa-2) is less susceptible to structural deformation than an 
Fe-rich, 2:1, dioctahedral smectite (nontronite, NAu-1), and an Al-rich, 1:1, dioctahedral 
phyllosilicate (kaolinite, KGa-1b) after impacts at peak pressures up to ~40 GPa. I proposed 
multiple hypotheses to explain this observation. 
 1. The observed difference is simply a result of the kinetics of structural deformation in 
Mg-rich and Fe-rich minerals. Saponite’s dehydroxylation energy is higher than nontronite’s and 
a peak impact pressure of ~40 GPa does not impart enough energy to the saponite sample to 
induce structural deformation. Structural deformation in kaolinite after impacts similar to that 
observed for flash-calcined kaolinite samples supports the hypothesis that some of the observed 
differences are due to the time-scale of laboratory impact experiments. Shock passes nearly 
instantaneously through samples (on the order 1 – 0.1 μseconds), while thermal alteration 
requires exposure times that are orders of magnitude longer (hours – days). 
 2. Trioctahedral clays are generally more stable than dioctahedral clays. This is implied 
in hypothesis 1 and has also been inferred from comparative phyllosilicate weathering 
experiments (Ames and Sand, 1958; Yan et al., 2009). This hypothesis is also supported by the 
presented kaolinite results showing structural deformation in kaolinite, a dioctahedral 
phyllosilicate, which produces spectral changes similar to those observed for nontronite, also a 
dioctahedral phyllosilicate (although nontronite has a 2:1 tetrahedral-octahedral-tetrahedral layer 
structure, while kaolinite has a simpler 1:1 tetrahedral-octahedral layer structure and contains no 
H2O molecules in its interlayer). 
 3. The stability of saponite’s tri-hydrated interlayer Na+ cation reduces susceptibility to 
structural deformation. This is supported by the presented 23Na NMR results, which are 
unchanged after laboratory impacts up to peak pressures of 39.1 GPa. 

 Independent of the explanation for the observed differences between the responses of 
saponite, kaolinite, and nontronite to laboratory impacts, the presented spectral results further 
complicate martian remote sensing data interpretation. I described one particularly significant 
implication of these results, which might affect interpretations of clay mineral depositional 
environments based on detected spectral signatures. Because clay mineral species differ in their 
susceptibilities to structural deformation after impact shock, it is likely that phyllosilicate 
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detections in heavily bombarded regions of the martian surface will contain mixtures of impact-
altered and unaltered spectral signatures. Thus, the absence of spectral evidence for impact-
alteration does not prove that no impact-induced alteration has taken place. Phyllosilicate 
detections need to be carefully considered in light of the regional geologic and morphologic 
contexts. 

5.3 Detections of impact-altered phyllosilicates and diagenetic phyllosilicates can overlap 

 Careful consideration of the contexts of phyllosilicate detections on Mars is especially 
important when attempting to infer environmental, diagenetic, or paleoclimatic constraints based 
on the specific mineralogy of phyllosilicate detections. The burial/hydrothermal and low-grade 
metamorphic smectite-to-illite transition is particularly concerning because the long-short 2.17 – 
2.35 μm band shifts used to detect diagenetic phyllosilicate deposits is similar to the shifts 
induced in impact-altered nontronite spectra, in particular. In addition, the heavily deformed 
nontronite sample after laboratory impacts up to peak pressures of 39.6 GPa produces a spectrum 
that strongly resembles generic “smectite” spectra from the CRISM RELAB spectral library, 
making it difficult to distinguish the two species. 

 Impacts are a widespread process on the martian surface that exhumes and exposes 
ancient sediments. As a result, many phyllosilicate, and other relatively old mineral, detections 
are associated with craters. Given the increasing interest in understanding the depositional and 
(potentially) metamorphic history of martian phyllosilicates, impact processes and their 
structural and spectral effects must be carefully taken into account. 

5.4 Mineral reactivity as an extension of atomic interactions in crystals 

 The overarching theme of this dissertation associates atomic-scale interactions in crystals 
with planetary geology and paleoclimatology. Similarly, mineral properties that are observed at 
the macro-scale also relate to atomic-scale interactions either within or between crystals and the 
environment. In Appendix A, I describe a series of experiments used to measure the reactivity of 
pyrite (FeS2) as observed by the elimination of E. coli bacteria from water. Pyrite eliminates E. 
coli through the combined effects of Fe2+ dissolution and the production of ROS, both of which 
are driven by surface defects on pyrite crystals. Because these reactions are driven by atomic-
scale interactions, they can be chemically controlled. Indeed, in Appendix A I also describe how 
to chemically mitigate the effects of pyrite on E. coli and I compare pyrite’s bactericidal 
properties in water to those of anatase (TiO2). Anatase eliminates bacteria in the presence of 
ultraviolet (UV) light, but in its absence is not antibacterial. Without UV light, the electronic 
transitions induced in photoactive Ti that produce ROS in solution do not occur, the suspended 
TiO2 particles remain inert, and E. coli bacteria survive. 

 One final concluding thought; in my work on this dissertation, I have come to view the 
chemical properties of minerals as a continuum connecting atomic-scale interactions to macro-
scale properties. By examining challenging problems at both scales, my goal was to understand 
both the reported observations and the interactions that produced them. Of course, reality is 
always more complex than anticipated and seemingly straightforward macro-scale observations 
may require complicated atomic-scale interactions for their explanations. I can’t claim to have 
achieved fluency in moving from the micro to the macro, but I think these results are a good 
beginning. 
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Appendix A 

The effect of pyrite on E. coli in water: Proof-of-concept for the elimination of waterborne 
bacteria by reactive minerals 

This section of the dissertation is a pre-print of a manuscript currently in press at Journal of 
Water and Health with co-authors Martin A. A. Schoonen, Neha Puri, and A. Wali Karza. The 
article is expected to be published in the January 2015 issue of Journal of Water and Health.  

Abstract 

In this appendix, I present proof-of-concept results for the elimination of waterborne bacteria by 
reactive minerals. I exposed E.coli MG1655 suspended in water to the reactive mineral pyrite 
(FeS2) at room temperature and ambient light. This slurry eliminates 99.9% of bacteria in fewer 
than 4 hours. I also exposed E. coli to pyrite leachate (supernatant liquid from slurry after 24-
hours), which eliminates 99.99% of bacteria over the same time-scale. Unlike SOlar water 
DISinfection (SODIS) these results do not depend on the presence of ultraviolet (UV) light. I 
confirmed this by testing proposed SODIS additive and known photo-catalyst anatase (TiO2) for 
antibacterial properties and found that, in contrast to pyrite, it does not eliminate E. coli under 
the reported experimental conditions. Previous investigations of naturally antibiotic minerals 
have focused on the medical applications of antibiotic clays, and thus have not been conducted 
under experimental conditions resembling those found in water purification. In my examination 
of the relevant literature, I have not found previously reported evidence for the use of reactive 
minerals in water sanitization. The results from this proof-of-concept experiment may have 
important implications for future directions in household water purification research. 

 

Keywords: Antibacterial minerals, household water treatment, sanitation, sustainable 
development 
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A. 1 Introduction 

 Worldwide, diarrheal diseases are the second-most common cause of death for children 
under five years old (Bhutta et al. 2013). Exposure to the four pathogens (rotavirus, 
Cryptosporidium, enterotoxigenic E. coli and Shigella) most often responsible for moderate-to-
severe diarrhea (MDS) in children (Kotloff et al. 2013), is preventable, and generally stems from 
the consumption of unsanitary or faecally contaminated water (Bhutta et al. 2013). A complete 
response to diarrheal disease requires improvements in the availability of medical treatment, 
water provision, and sanitation (Bhutta et al. 2013). However, research shows that interventions 
addressing water quality (protection or treatment at the source or point-of-use) are significantly 
more effective at reducing childhood morbidity from MDS than those that improve water supply 
(improved source or distribution) (Waddington et al. 2009). One methodology for point-of-use 
water treatment involves treating water in the home, instead of centrally or at the source. Such 
techniques, known as household water treatment and safe storage (HWTS), may provide cost 
effective interim approaches for improving water quality and have become an important part of 
the joint WHO/UNICEF strategy to control diarrhea (WHO & Unicef 2013). Many currently 
available HWTS devices have already been shown to provide effective, low-cost methods for 
improving drinking water quality (Lantagne, Quick & Mintz 2011) in the homes of the more than 
768 million people who lack access to improved water sources (WHO & Unicef 2013), and the 
estimated 1.2 billion additional people who use water from sources with significant sanitary risks 
(Onda, LoBuglio & Bartram 2012). 

 Common, currently available HWTS options include: boiling, filtration (biosand and 
ceramic), chlorination, combinations of filtration or flocculation with chlorination, and SODIS. 
Although these technologies are effective, they are not without their drawbacks. Because SODIS 
involves exposing water to sunlight in clear plastic or glass bottles, its only associated cost is that 
of acquiring an appropriate bottle, therefore it is an essentially no-cost intervention (Lantagne et 
al. 2011). However, the efficacy of SODIS depends on highly variable solar intensity (Berney et 
al. 2006), which makes sustained use difficult to encourage and reduces its overall efficacy 
(Mäusezahl et al. 2009). In contrast to SODIS, initial cost is a major drawback of biosand filters 
(CDC & USAID 2008d), while chlorination (with and without flocculation) and ceramic 
filtration both require continued investment or replacement (CDC & USAID 2008a b, 2010). In 
addition, many ceramic filters contain colloidal silver, which is both expensive and potentially 
dangerous, as an antibacterial agent. HWTS techniques based on chlorination have the added 
environmental costs associated with chlorine manufacture (Stringer & Johnston 2001). 
Chlorination also faces safety concerns about the potential long-term carcinogenic effects of 
chlorine by-products (CDC & USAID 2008c). Boiling has low monetary costs and has been 
traditionally practiced for hundreds of years, but it has high fuel, environmental, and human 
health costs (Gadgil 2008; CDC & USAID 2009). Thus, a novel HWTS technique that addresses 
some of the drawbacks of the currently available HWTS options may be more effective and 
attractive to users, saving additional lives. 

 Efforts to improve existing HWTS options can be found throughout the water treatment 
and sustainable development literatures. In particular, research to speed up or mitigate the solar 
dependence of SODIS has revealed both the mechanisms of SODIS (Acra et al. 1980; Malato et 
al. 2007), and many possibilities for improving the speed or efficacy of these mechanisms 
through chemical additives (e.g., Gelover et al. 2006; Berney et al. 2006; Fisher et al. 2008; 
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Sciacca et al. 2010; Spuhler, Andrés Rengifo-Herrera & Pulgarin 2010; Heaselgrave & 
Kilvington 2010; Harding & Schwab 2012). Unfortunately, many of these experiments assume 
extensive UV-exposure (Gelover et al. 2006; Malato et al. 2007; Spuhler et al. 2010) and thus 
continue to depend on solar radiation.  Several other proposed improvements involve pure 
chemicals (e.g., Fisher et al. 2008; Sciacca et al. 2010; Spuhler et al. 2010) not readily available 
in developing countries. Many proposed SODIS additives are chosen based on the hypothesis 
that UV-produced ROS drive bacterial cell death in SODIS (Malato et al. 2007; Spuhler et al. 
2010). This is very similar to the products observed for reactive minerals in solution in the 
geochemical literature (Schoonen et al. 2000, 2006; Borda et al. 2001, 2003; Borda, Strongin & 
Schoonen 2004; Cohn, Borda & Schoonen 2004; Cohn et al. 2006b; Harrington, Hylton & 
Schoonen 2012a). Thus, I hypothesized that minerals might provide effective, natural water 
sanitization that acts via a mechanism similar to that of SODIS, and may address some of its 
drawbacks. 

 Recent results from experiments on the efficacy and composition of naturally occurring 
antibiotic clays (Williams et al. 2004, 2008, 2011) further support the potential of minerals as 
water sanitizers. Clay minerals, however, are impractical for use in water sanitization as they are 
fine-grained and difficult to remove from water. Further, natural variation in clay mineral 
deposits makes the identification of potentially antibacterial clays difficult, and hinders the 
understanding of the drivers of their antibacterial properties (Haydel, Remenih & Williams 2008; 
Williams et al. 2008). 

 I tested the effectiveness of a natural (Huanzala, Peru) pyrite sample of high purity 
(Harrington et al. 2012a) at culturable E. coli reduction in water as a proof-of-concept 
experiment demonstrating the potential of the elimination of waterborne bacteria by minerals. I 
chose pyrite based on observations of ROS production by pyrite in solution in the geochemical 
literature (Schoonen et al. 2000; Borda et al. 2001, 2003; Cohn et al. 2004, 2006c b; Harrington 
et al. 2012a), the presence of pyrite in one particularly effective antibiotic natural clay (Williams 
et al. 2011), and compelling results that iron-based additives significantly improve the speed and 
efficacy of SODIS (Sciacca et al. 2010; Spuhler et al. 2010). As a comparison, I also tested the 
ability of pure, synthetic anatase (TiO2), a previously proposed SODIS additive (Gelover et al. 
2006) to reduce culturable E. coli bacteria in water in the absence of UV-light. Finally, I 
combined pyrite leachate with the iron-chelator ethylenediamenetetraacetic acid (EDTA) to 
reduce the reactivity of the dissolved iron, as well as the enzyme catalase to remove hydrogen 
peroxide, a precursor to other ROS. The results of these experiments confirmed that cell death is 
driven by a combination of dissolved iron and ROS, a mechanism similar to that hypothesized 
for SODIS. 

 Our experiments involved exposing exponential phase E. coli MG1655 bacteria to one 
pure mineral, thus ensuring that any observed bactericidal effects would be attributable only to 
the tested mineral (or leachate). I conducted my experiments in conditions similar to actual water 
purification: bacteria suspended in water, room temperature, and ambient light. This contrasts 
with previous research on antibiotic clays, in which cells are usually incubated with the mineral 
slurry or leachate and retained (at least partially) in growth media (Williams et al. 2004, 2008, 
2011; Haydel et al. 2008; Cunningham et al. 2010; Otto et al. 2010); and also with previous 
research on SODIS additives (Gelover et al. 2006; Fisher et al. 2008; Sciacca et al. 2010; 
Spuhler et al. 2010; Heaselgrave & Kilvington 2010; Harding & Schwab 2012), which usually 
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involves UV-exposure. I also present time-dependent bacterial survival, which has not been 
extensively studied in mineral slurries.  

A. 2 Materials and Methods 

A. 2. 1 Tested anti-bacterial minerals and materials 

 I tested the anti-bacterial properties of the reactive mineral pyrite (FeS2) in comparison 
with the photo-catalyst anatase (TiO2) by exposing E. coli MG1655 bacteria to slurries of these 
minerals. To understand the chemical drivers of cell death in pyrite slurry and to eliminate 
physical bacteria-mineral interactions as a potential cause of cell death, I also tested bacterial 
survival in pyrite leachate. I then used the iron-chelator EDTA and enzyme catalase to 
chemically modify pyrite slurry and test potential chemical drivers of cell death. Finally, I tested 
the survival of E. coli in acid solution to confirm that acidity was not a factor in bacterial 
elimination by pyrite. 

A. 2. 1. 1 Pyrite (FeS2) 

 Natural pyrite from Huanzala, Peru was purchased from Wards Natural Science and 
prepared for use in my experiments according to methods previously described by Harrington et 
al. (2012a). Two batches of pyrite were prepared, one for use during the slurry exposure 
experiments and a later, additional batch used in my leachate exposure experiments. The specific 
surface areas (SSA) of both samples were determined by analysis with a Quantachrome NOVA 
5-point BET analyzer. The SSA of the pyrite used in the slurry experiments was found to be 
2.434 m2/g, while that for the pyrite used in the leachate exposure experiments was 4.354 m2/g. I 
added appropriate amounts of pyrite from each batch to achieve mineral loadings of 0.10 m2/mL 
in all experiments. Mineral loadings were normalized to SSA based on previous mineral toxicity 
research that showed that toxicity between materials is most easily compared when normalized 
with respect to exposed surface area (e.g., Harrington 2012a, and citations therein). 

A. 2. 1. 2 Anatase (TiO2) 

 Reagent-grade (99%) synthetic anatase powder was purchased from Fisher Scientific and 
used it as received in my anatase slurry exposure experiments. The SSA was again analyzed 
using a Quantachrome NOVA 5-point BET analyzer and found to be 9.471 m2/g. To allow for 
direct comparisons between my pyrite and anatase experiments, I maintained a surface area-
normalized mineral loading of 0.10 m2/mL. 

A. 2. 2 Mineral slurry preparation 

 I added 0.26 g of the <38μm size-fraction (specific surface area = 2.434 m2/g) of my 
prepared pyrite sample to 5 mL bacterial solution, for a total surface-area normalized pyrite 
loading of 0.10 m2/mL. I used the same surface area-normalized loading for my anatase exposure 
experiments; 0.0106 g of anatase at specific surface area = 9.471 m2/g added to 1 mL bacterial 
solution gives a 0.10 m2/mL TiO2 loading. 

A. 2. 2. 1 Pyrite leachate preparation 
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 My pyrite leachate consisted of 0.11 g of the <38μm size-fraction (specific surface area = 
4.354 m2/g) of my second prepared pyrite sample added to 5 mL deionized water at a surface 
area-normalized loading of 0.10 m2/mL. I left this slurry on a shaker for 24 hours, and then 
filtered it through a 0.2μm filter to remove any suspended mineral particles. This leachate can be 
considered representative of the most extreme amounts of potentially bactericidal chemicals 
released by pyrite in my mineral slurry experiments. 

A. 2. 2. 2. Stock ethylenediamenetetraacetic acid (EDTA) solution preparation 

 I used reagent-grade disodium ethylenediameneteraacetate dihydrate (Sigma-Aldrich) to 
make a stock solution of 0.5 M EDTA, which I diluted to a 250 mM concentration. I then treated 
the pyrite leachate with 20 μL of EDTA solution per 1 mL leachate, based on my measurements 
of dissolved Fetotal. 

A. 2. 2. 3 Catalase treatment 

 To remove hydrogen peroxide, a precursor to OH radical, from my pyrite leachate, I 
added 10 mg of culture-suitable solid catalase (Sigma-Aldrich) directly to 1 mL leachate, based 
on my measurements of the total ROS production in pyrite leachate after 24 hours. 

A. 2. 3. 4 Chemical analysis of pyrite leachate 

 I measured the dissolved Fetotal (both ferrous and ferric) of the leachate using Ferrozine 
reagent (Schoonen et al. 2006). I also measured the production of ROS with an OH-detection 
protocol using 3'-(p-Aminophenyl) fluorescein (APF), which converts to a fluorescent species in 
the presence of OH-radical. I measured the fluorescence of APF after 24 hours of exposure to my 
mineral slurries using a HACH4000 bench-top spectrophotometer equipped with a fluorometer 
setting and compared my measured values to empirical calibration curves to determine the OH-
radical concentration in pyrite slurry after 24 hours. This method has previously been shown to 
effectively determine the concentrations of ROS in mineral slurries (Cohn et al. 2009).  

A. 2. 3. 5 Acid solution 

 I diluted stock 12 M HCl (Sigma-Aldrich) to a 1 mM concentration with de-ionized water 
to produce a solution at pH=3.0, which I used to test E. coli MG1655 survival in acid. pH=3.0 
was the lowest pH value I observed in either my pyrite leachates or slurries over 24 hours. 

A. 2. 3 Bacterial culture 

 I performed all of my experiments using E. coli MG1655 bacteria obtained from the 
laboratory of Dr. Wali Karzai in the Department of Biochemistry and Cell Biology and Center 
for Infectious Diseases at Stony Brook University. Fresh cultures were prepared in advance of 
each replicate by subculturing from a liquid culture incubated overnight in Luria-Bertrani (LB) 
broth at 37 °C. Subcultures were incubated in LB at 37°C to approximately log-phase, an optical 
density at 600 nm (OD600) of about 1, or 4-5 hours. The bacteria were collected by 
centrifugation, rinsed twice in de-ionized water by centrifugation and suspended in de-ionized 
water. The bacterial suspension was diluted to produce a 10 mL bacterial solution at an OD600 of 
0.05. This dilute bacterial solution was then separated into two 5 mL samples, one of which 
received treatment (pyrite or anatase) and the other served as control. For leachate exposure, the 
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test bacterial population was collected by centrifugation after the final rinse and re-suspended in 
pyrite leachate, chemically modified (by the addition of either EDTA or catalase) pyrite leachate 
or HCl. The control population again remained in water. 

A. 2. 4 Pyrite and anatase slurry exposure 

 Both the mineral-treated and control bacterial solutions were maintained in suspension on 
a bench-top shaker at room temperature for 24 hours. Aliquots were taken immediately after 
mineral addition, after 1 hour, 4 hours, and 24 hours to measure time-dependent bacterial 
elimination. Each of these experiments was repeated in triplicate with independent replicates. 

A .2. 5 Pyrite leachate exposure experiments 

 Both the test E. coli bacterial population (suspended in pyrite leachate), and the control 
population (suspended in water) were retained in suspension on a bench-top shaker at room 
temperature for 24 hours. Aliquots were taken immediately before treatment, immediately after 
treatment, at 30 minutes (leachate only), 1 hour, 2 hours (leachate only) and 4 hours. I replicated 
these experiments in triplicate. 

A. 2. 6 Acid exposure experiments 

 The test E. coli population (suspended in acid) and the control population (suspended in 
water) were retained in suspension on a bench-top shaker at room temperature for 24 hours. 
Aliquots were taken immediately before treatment, at 2 and 24 hours after exposure. The 
experiment was triply replicated. 

A. 2. 7 Mitigation of pyrite leachate to understand the drivers of bacterial elimination 

 Based on my measurements of Fetotal, I added 20 μL of stock EDTA solution to 1.0 mL 
total leachate. In a separate experiment, I added 10 mg catalase to 1.0 mL total leachate. I then 
exposed exponential phase E. coli MG1655 to either water (control), untreated leachate (positive 
control), EDTA-treated, or catalase-treated leachate. I measured viable bacterial populations 
(CFU/mL) immediately before the final suspension in leachate (pre-treatment), at 0 minutes 
(immediately after treatment with leachate) and at 2 hours. Cell death at these time-points was 
then compared to that observed in slurry and unmodified leachate. Each of these experiments 
was independently replicated in triplicate. 

A. 2. 8 Quantifying E. coli elimination 

 To measure time-dependent bacterial survival, aliquots of each bacterial suspension were 
taken at the specified time-points throughout each experiment. These aliquots were then serially 
diluted 10-2 – 10-4 fold and 10 μL spots were placed on dry LB agar plates, which were incubated 
for 12 hours. For each time-point, I spotted each dilution twice, on two separate dry LB agar 
plates to account for variability in the dilute bacterial suspensions. I used standard colony 
counting techniques to detect viable bacteria (CFU/mL) after the techniques described in 
(Zuberer 1994). Colony counts were first estimated by using the 10 μL spots and accounting for 
serial dilution. These were confirmed in later replicates by plating 1 mL of the lowest dilution in 
which visible colonies occurred. 
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A.3 Results 

A. 3. 1 Bactericidal effects of pyrite slurry 

 I found pyrite to be extremely detrimental to bacterial viability (Figure A-1a), and 
observed a steady decrease in viability over the 24-hour slurry exposure period. Four hours of 
pyrite slurry exposure eliminate 99.9% of the original viable bacteria. This is two hours faster 
than the recommended SODIS exposure time (CDC & USAID 2008e). However, E. coli bacteria 
are not completely eliminated until after four hours. Thus, exposure to pyrite slurry will not 
make drinking water EPA compliant (US EPA 2012) until after exposures longer than 4 hours. 
However, 3-fold viable E. coli reduction after only 4 hours is a large reduction of bacterial load. 
With fewer active bacteria, the risk of exposure to diarrheal disease may be reduced. 

 I observed an inconsistent initial reduction in bacterial viability immediately after the 
addition of pyrite. Viability is not consistently reduced to below 10% until after 1 hour of 
exposure. These results are consistent with previous experiments exposing live epithelial lung 
cells to reactive earth materials (Harrington, Tsirka & Schoonen 2012b; Harrington et al. 2012a), 
although the rate of cell death is significantly slower for bacteria. A similar trend has been 
observed for bacteria exposed to bactericidal clay and clay leachates (Cunningham et al. 2010; 
Williams et al. 2011). The quick and effective sanitization of water by pyrite demonstrates the 
potential of mineral water sanitization. After 24-hours, culturable E. coli is reduced to zero in 
pyrite slurry. No colonies form, even after plating a full 100 μL of slurry. Bacterial elimination 
by pyrite proceeds in the absence of UV light. 

A. 3. 2 In the absence of UV light anatase is not anti-bacterial 

 In contrast to previous experiments on anatase in the presence of a UV-light source, I 
found only a minimal difference between bacterial survival in water (control) and anatase slurry 
(Figure A-1b). These results reinforce the known dependence of photoactive bactericides on UV 
light. Although such additives make SODIS faster and more effective (Gelover et al. 2006; 
Fisher et al. 2008; Sciacca et al. 2010; Spuhler et al. 2010; Heaselgrave & Kilvington 2010; 
Harding & Schwab 2012), their dependence on photo-activation means end-user results will still 
be weather dependent and potentially inconsistent. 

A. 3. 4 Bactericidal effects of pyrite leachate 

 I then conducted a series of experiments to understand the interactions between E. coli 
MG1655 and pyrite. Understanding the factors that lead to the elimination of E. coli by pyrite is 
necessary for determining which minerals may be used to replace pyrite, which cannot be 
applied to water treatment directly, in future water sanitization aids. E. coli bacterial elimination 
occurs more quickly in 24-hour pyrite leachate than in pyrite slurry (Figure A-2). These results 
eliminate physical grain-bacteria interactions as the driver of pyrite’s bactericidal properties. 

A. 3. 5 Chemical analysis of pyrite leachate 

 The 24-hour pyrite leachate contains 100 ± 10 (SD) mg/L total Fe and produces 4.39 ± 
0.2 (SD) μmol/mL OH-radical. Based on these observations, I surmised that the dissolution of 
iron into solution drives both bacterial elimination and a steady production of ROS. This 
hypothesis is supported by previous work on the oxidation of pyrite and its production of OH-
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radical in solution (Borda et al. 2003, 2004). The pyrite-produced ROS may disrupt the cell 
membrane while Fe(aq) infiltrates and overwhelms the cell. A lag between mineral addition and 
dissolution in slurry might explain the quicker bacterial elimination observed in leachate. The 
greater importance of chemical, rather than physical, interactions in bacterial elimination by 
pyrite reinforces the potential for using these findings as a starting point to find and test other 
mineral bactericides. It may be possible to find commonly available rocks and/or minerals that 
will be more appropriate for use in HWTS techniques than pyrite. For example, laterite, a soil 
type rich in iron oxides that is common in the tropics and is an effective arsenite adsorbent (Maiti 
et al. 2007), may also be an effective treatment for bacterially contaminated water, but has not 
yet been specifically tested for antibacterial properties. However, a laterite-based constructed soil 
filter was reported to reduce culturable fecal coliform bacteria by a factor of 3-log over the 
course of a season at an Indian water treatment plant, which is encouraging (Kadam et al. 2009).  

A. 3. 6 Chemical drivers of pyrite leachate’s reduction of culturable E. coli in water 

 To better understand the drivers of pyrite’s bactericidal properties, I systematically 
blocked or tested the chemical interactions of the three major products of pyrite dissolution: 
dissolved iron, ROS, and acidity. I first added the iron-chelator EDTA to pyrite leachate to 
reduce the reactivity of the dissolved iron. I then added the enzyme catalase to remove hydrogen 
peroxide, a precursor to OH radical. Finally, I compared bacterial survival in acid to that 
observed in acidic pyrite leachate. The addition of EDTA (Figure A-3a) and catalase (Figure A-
3b) both significantly reduced pyrite leachate’s bactericidal efficacy. Bacterial survival is higher 
after EDTA addition than catalase addition (Figure A-3). However, iron chelation also reduces 
the capacity for ROS production (Cohn, Laffers & Schoonen 2006a), so there may be combined 
effects between ROS and dissolved iron for which these experiments cannot account. To address 
these combination effects, I attempted to test bacterial survival in leachate to which I 
simultaneously added both EDTA and catalase. However, this produces an unidentified 
precipitate and does not prevent bacterial elimination (SI Figures A-S1 and A-S2). Despite this, 
results showing increased E. coli CFUs in pyrite leachate after either dissolved iron, or ROS 
have been mitigated indicate that ROS and dissolved iron may act in combination to eliminate E. 
coli cells in water. Such a mechanism is similar to that proposed for bactericidal natural clays 
(Williams et al. 2008, 2011), and has also been suggested as an explanation of the enhanced 
bacterial reduction of SODIS in the presence of a natural, iron-rich clay from Burkina Faso 
(Sciacca et al. 2010). 

 Pyrite dissolution in the presence of oxygen produces sulfuric acid via reaction 1. 

2FeS2 + 7O2 + 2H2O  2Fe2+
(aq) + 4SO4

2-
(aq) + 4H+

(aq)           (1) 

Dissolving pyrite rapidly achieves pH=3 and then stabilizes. To test whether low solution pH 
drives cell death, I exposed E. coli MG1655 to 1 mM HCl (pH = 3.09). After 24 hours of 
exposure, E. coli MG1655 viability is slightly reduced (Figure 4), but this reduction is not at all 
comparable to the bacterial elimination observed in either leachate or slurry. This implies that pH 
is not the driving factor of pyrite’s bactericidal properties. This finding is consistent with 
previous research on E. coli survival in acidic solutions (Small et al. 1994; Cunningham et al. 
2010). 
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 These results confirm that the major drivers of pyrite’s bactericidal properties are 
chemical and result from the release of ROS and dissolved ferrous iron into solution. 

A. 4 Discussion 

 In this study, I investigated the ability of one highly reactive mineral, pyrite, to reduce 
culturable E. coli in water in order to understand the potential of reactive minerals to eliminate 
waterborne bacteria for use in possible HWTS techniques. These experiments demonstrate 
the hitherto untapped potential of minerals as sustainable point-of-use techniques to eliminate 
common waterborne pathogens in the water of people who lack access to appropriate water 
treatment and sanitation. Worldwide, 1.2 billion people lack access to clean water and must use 
compromised water sources with high sanitary risks (Onda et al. 2012; WHO & Unicef 2013). 
Effective methods for addressing this global problem must be low-cost, simple to implement, 
locally available and involve familiar materials (Lantagne & Clasen 2012). Ideally, such methods 
will also be environmentally responsible and themselves sustainable. The use of inexpensive and 
readily available minerals as a water sanitation tool may be a promising approach. However, all 
HWTS technologies require ongoing operation and maintenance efforts in addition to 
community investment and behavioral change to promote sustained use (Figueroa & Kincaid 
2010). Thus, developing mineral-based water treatment options is only a start and must be 
followed by engagement with the social and cultural issues surrounding sanitation as well. 

A. 4. 1 Possible implementation options for mineral water sanitization 

 HWTS interventions with the highest rates of effective use target high-risk households, 
offer an effective technique, present this technique to a population familiar with it, and provide 
appropriate materials for use (Lantagne & Clasen 2012). Minerals and earth materials are 
ubiquitous, cheaper than metals and pure chemicals, and already in use globally as homeopathic 
remedies for infection (Williams et al. 2011). Therefore, minerals may make appropriate 
materials for HWTS options because they are familiar, can be provided sustainably and may be 
available locally (depending on regional geology). 

 I envision two possible approaches for implementing mineral water sanitization. The first 
involves identifying safe, effective bactericidal minerals and distributing them in a form 
optimized for water purification, with relevant instructions. This approach is similar to that 
practiced by providers of dilute sodium hypochlorite and PUR Purifier of Water™ sachets for 
household chlorination. Thus, I anticipate that this implementation may suffer from similar 
drawbacks including: distribution and supply-chain issues, continuous costs to users to replace 
and replenish their chemicals, and risks of negative user experiences through improperly used 
sachets. However, mineral-based interventions would have the advantage of being naturally 
derived and would not incur the environmental costs of either manufacturing pure chemicals or 
exposing people to the risks associated with prolonged chlorine exposure (U.S. EPA 1999; 
Stringer & Johnston 2001). An alternative approach may be to distribute a guide for identifying 
local bactericidal minerals, along with information on possible ways to use them for water 
purification. With training and technical assistance, local leaders could then teach mineral water 
purification to their communities. This approach is most similar to that taken by SODIS 
promoters, but is otherwise a radical departure from previous HWTS interventions because it 
relies on enhanced behavior modification; all HWTS interventions require some level of 
behavioral change. One possible drawback of this approach is that it will require significant 
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investment in follow-up and ongoing technical assistance. However, the availability of technical 
assistance has been shown to be important for the success of nearly all HWTS interventions 
(Lantagne et al. 2011). In this way mineral-based HWTS interventions do not differ from 
currently available options. To ensure that water treated by mineral-based HWTS interventions is 
of a reliable quality, users will need to be trained and supported in the proper use of antibacterial 
minerals. However, like chemical-based HWTS interventions, the reported results indicate that 
reactive minerals eliminate bacteria in a consistent and predictable way. This is an important 
advantage over SODIS whose efficacy changes significantly with solar flux and weather (Berney 
et al. 2006; du Preez et al. 2011; McGuigan et al. 2011). 

A. 4. 2 Mineral-based modifications for current HWTS options 

 Research on mineral water sanitization, might help address barriers to adoption for other 
HWTS options. For example, replacing the colloidal silver currently used in ceramic filters with 
an antibacterial mineral may significantly reduce initial costs of the filters, and simplify their 
manufacture. With appropriate research to optimize and implement it, mineral water sanitization 
may provide a lower-cost alternative to chemical HWTS interventions (e.g., chlorination, PUR 
Purifier of Water™ sachets) that does not require the manufacture (Stringer & Johnston 2001) 
and transport of pure chemicals (CDC & USAID 2008b c). The addition of a bactericidal mineral 
to the sand column in biosand filters (CDC & USAID 2008d) may improve their bacterial 
elimination. As I have previously discussed, mineral water purification may be appropriate for 
replacing SODIS because it works via a similar mechanism. 

A. 4. 3 Potential drawbacks and further research 

 Although these initial results are encouraging, more research is needed to address 
existing and potential drawbacks to mineral water purification, as well as determine the best 
methods for implementation. One primary drawback to mineral water sanitization is the four-
hour wait time. This is still prohibitively long (although faster than SODIS), and may limit future 
adoption of mineral-based HWTS techniques. However, I have not yet optimized mineral water 
sanitization techniques for implementation. My ultimate goal is to find the optimal mineral, or 
combination of minerals, that can provide safe drinking water on-demand, without having to wait 
hours. Thus, future research to optimize bacterial elimination by mineral exposure should be 
conducted. In addition, future research may discover other minerals with more rapid bacterial 
elimination than pyrite. The methods I have outlined here can be used to test their efficacy. 

 I selected pyrite as a proof-of-concept mineral because of its well-established reactivity 
and the extensive geochemical research on its production of ROS in solution. As these results 
show, pyrite is a highly effective bactericide. I do not, however, recommend that pyrite itself be 
used for water sanitization. Pyrite acidifies water, may contain heavy metals and other dangerous 
contaminants, and pyrite dust is dangerous if repeatedly inhaled (Harrington et al. 2012b a). 
Thus, I do not propose pyrite itself for use in HWTS techniques and I present it here only as a 
demonstration of the potential of mineral-based water sanitization. Previous research has shown 
that other iron-bearing minerals may be similarly (if less) reactive in solution (Schoonen et al. 
2006). Future research should focus on the bactericidal potential of these minerals in particular. I 
intend to build on these results, conducting further research to identify other minerals and 
geologic materials better suited than pyrite for use in implemented HWTS techniques. Finally, E. 
coli is only one of four pathogens commonly associated with MDS in children under five 
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(Kotloff et al. 2013). Further research is needed to test the efficacy of mineral water sanitization 
on rotavirus, Shigella and Cryptosporidium. 

 Despite these drawbacks, water purification with minerals presents a compelling research 
direction for the development of future HWTS techniques. In addition, several barriers to 
implementation and adoption that currently limit the efficacy of HWTS options (Schmidt & 
Cairncross 2009; Lantagne & Clasen 2012) might be addressed by mineral-based modifications. 
Additional research on mineral water purification is necessary to know which of these might be 
effective and to optimize mineral use as a stand-alone HWTS option. 

 To arrive at the concept of mineral bactericides as a low-cost HWTS technology, I 
applied previous research from three disciplines to a seemingly unrelated challenge. Not only do 
these results support the potential of mineral water purification, they also emphasize the 
possibilities of interdisciplinary approaches to sustainable development. This manuscript is 
intended as a base, providing new research directions that may eventually lead to innovative 
solutions for the ongoing global challenge of sustainably providing equitable access to clean 
water and sanitation. 

 Lack of access to improved sanitation and clean drinking water is a global crisis. The 
most effective methods for addressing this crisis must be low-cost, quickly effective, and simple 
to implement. The use of cheaply available minerals and earth materials as water sanitation aids 
is based on decades of previous research in complementary fields that have not previously been 
considered in concert or applied in this context. 
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Appendix A – Figures 

 

Figure A-1. E. coli MG1655 cell death in pyrite (FeS2) and anatase (TiO2) slurry. Pyrite slurry causes rapid cell death in water with 99.9% of 
original bacteria eliminated after 4 hours (a). In contrast, anatase slurry does not cause significant culturable E. coli bacterial reduction after 4 
hours (b). Both pyrite and anatase exposures were conducted in the absence of UV light. Displayed values represent mean CFU (N=3, SEM) of 
viable bacteria at each time point. 
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Figure A-2. E. coli MG1655 cell death in 24-hour pyrite leachate. E. coli bacteria die more rapidly in 
pyrite leachate than slurry. Leachate eliminates 99.99% of original bacteria after 4 hours. Displayed 
values represent mean CFU (N=3, SEM) of viable bacteria at each time point.
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Figure A-3. Comparison of E. coli MG1655 survival in pyrite leachate with added EDTA versus added catalase. (a) Bacterial survival in 24-hour 
pyrite leachate with added EDTA. (b) Bacterial survival in 24-hour pyrite leachate with added catalase. EDTA more effectively prevents bacterial 
cell death, confirming Fe(aq) as a driver of pyrite’s bactericidal properties. Plots display mean CFU (N=3, SEM) of viable bacteria at each time 

point.
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Figure A-4. E. coli MG1655 survival in 1 mM HCl (pH = 3.0) after 24 hours. E. coli MG1655 cell death 
in 1 mM HCl is not comparable to that in pyrite leachate or slurry. Plot displays mean CFU (N=4, SEM) 

of viable bacteria at each time point. 
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Supplemental Information for the manuscript in Appendix A 

 
Figure A-S1. E. coli MG1655 cell death in 24-hour pyrite leachate with both catalase and EDTA added. 
When added together EDTA and catalase do not decrease the bactericidal efficacy of pyrite leachate. 
Displayed values represent mean CFU (N=4, SEM) of viable bacteria at each time point.  
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Figure A-S2. Photo showing precipitate formation in pyrite leachate after the combined addition of 
EDTA and catalase. When EDTA and catalase are added together to distilled water (left), the precipitate 
does not form. The formation of the precipitate in pyrite leachate (right) may be a low-pH reaction 
between EDTA and catalase that disrupts the chemistry of both and leads to continued leachate 
bactericidal efficacy (S1). 

 

 

 

 

 


