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Abstract

Shock metamorphism, caused by hypervelocity impact, is a poorly understood process in
feldspar. This thesis addresses: a) developing a quantitative scale of shock deformation in
plagioclase feldspar; b) expanding the utility of plagioclase feldspar for determining shock

level; and c¢) micro-X-ray diffraction as a technique with which to study shock in feldspar.

Andesine and labradorite from the Mistastin Lake impact structure, Labrador, Canada, and
anorthite from Earth’s moon, returned during the Apollo program, show shock effects such
as diaplectic glass. Planar deformation features are absent in plagioclase, but abundant in
terrestrial quartz. A pseudomorphous zeolite phase (levyne-Ca) was identified as a
replacement mineral of diaplectic feldspar glass in some terrestrial samples. Micro-X-ray
diffraction patterns revealed increased peak broadening in the chi direction () (due to strain-
related mosaicity) with increased optical signs of deformation. Measuring the full-width-at-
half-maximum (FWHMY) of these peaks provides a quantitative way to measure strain in

shocked samples.
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Chapter 1

1 Introduction and Literature Review

Meteorite impact craters are the dominant surface feature on most terrestrial planetary
bodies and, as such, they can provide fundamental information about planetary evolution
through excavating large amounts of material and providing windows into the subsurface.
It is, therefore, important to have a good understanding of exactly how impact events
modify the rocks and minerals of the target body. By studying impact craters on Earth,
we gain context for geological samples collected at various locations in and around
impact craters on other planetary bodies. This will provide insight into the geological
foundations of all rocky planetary bodies and meteorites, and contribute to the growing

body of knowledge about the origins of our Solar System.

One of the most distinctive outcomes of hypervelocity impact events are the metamorphic
features, which develop in rocks and minerals of the target material during passage of the
impact-generated shockwave. This shock metamorphism causes distinctive and
diagnostic changes to the target materials, which can provide us with information about
the amount of pressure to which these materials were exposed during impact. The goal of
this thesis is to further our understanding of shock metamorphic effects in plagioclase
feldspar, one of the most common minerals throughout the Solar System. Below, |
provide a brief introduction to the importance of impact craters, the crater-forming
process, the products of that process, the current state of knowledge of shock effects in

feldspar group minerals, and an overview of how this thesis will contribute to the field.

This thesis is divided into four chapters. Chapter 1 is meant to provide the necessary
background to the reader to understand the importance of the thesis in the context of
geological exploration of not only Earth, but the rest of the rocky planets and their
development and evolution. Chapters 2 and 3 have been written as stand-alone papers
presenting the effects of shock metamorphism in plagioclase feldspar, as observed
optically and by micro-X-ray diffraction, respectively. Chapter 4 relates Chapters 2 and 3

to each other, places this work in the context of the wider field of shock metamorphism,



and suggests future work for furthering our understanding of how shock metamorphism

affects feldspars.

1.1 Introduction

Due to the ubiquity of impact craters on rocky planetary bodies, an understanding of their
formation is crucial to understanding the formation and evolution of the surfaces of these
bodies. Through understanding shock metamorphism, we gain information about the peak
pressures to which material was exposed during impact, which can help to inform our
understanding of the cratering process, about which there are still many unanswered

questions.

The effects of shock metamorphism on feldspar group minerals have been little studied
thus far, due to the optically complex nature of feldspars, the ease with which they alter
making them difficult to study using traditional optical techniques, and the existence of
pre-existing planar features (i.e. cleavage planes, twin planes), which could easily mask
or preclude the formation of shock-generated planar elements. Feldspar has, therefore,
been underutilized as a shock barometer when compared to the optically more simple
quartz. Quartz has dominated studies of shock metamorphic effects, due to its resistance
to alteration, and more optically simple nature. However in quartz-limited, feldspar-rich
systems, such as the surfaces of the Moon and Mars, and many meteorites and asteroids,
a greater understanding of shock metamorphism in feldspars is required. Thus far, the
shock scale for feldspar is currently limited, and purely qualitative, despite some studies
having suggested that feldspar can be just as useful for shock barometry as quartz,

especially at the lower end of the shock pressure scale (e.g., Jaret et al., 2009).

In addition to optical petrography, the main technique that will be used in this work is in
situ micro-X-ray diffraction (uXRD), in an effort to quantify the amount of deformation
experienced by the crystal structure as a result of shock compression. Optical
determination of shock level in various minerals, terrestrial and meteoritic, has been done

for many years. Determination of shock level through use of pXRD is a significantly



more recent development. Use of uXRD to quantify the level of crystal deformation
through the measurement of streak length on 2D General Area Detector Diffraction
System (GADDS) images (Flemming, 2007), has thus far been applied to pyroxenes
(Izawa et al., 2011), olivine (McCausland et al., 2010; Vinet et al., 2011) and zircon
(Moser et al., 2009). It has been successful in evaluating shock level through analyzing
deformation of the crystal structure via strain-related mosaic spread, often showing strain

before it appears optically (Izawa et al., 2011; Vinet et al., 2011).

This thesis provides input on the effects of shock metamorphism in lunar and terrestrial
plagioclase feldspar, through the use of optical, and scanning electron microscopy,
cathodoluminescence imaging, and in situ micro-X-ray diffraction for a comparative
study of samples from terrestrial craters and those returned from the Moon by the Apollo
program (1969-1972). Specifically, two sample suites will be discussed: 1) a suite of
samples from the Mistastin Lake impact structure, some of which have been well
characterized in terms of shock metamorphism of quartz, and some of which are nearly
pure anorthosite; and 2) a subsection of the Apollo samples, some of which have been
well characterized in terms of shock metamorphism, and some of which have not.
Investigating these suites using both petrographic and uXRD techniques will expand the
use of feldspars as shock barometers, by contributing to the development of a more
robust and quantitative series of shock criteria in feldspars and assist in subdividing the
lower end of the shock scale. Given the ubiquity of feldspar, in particular plagioclase, in
the lunar highlands, this research will benefit our understanding of the impact record on

Earth’s moon, and the nature of the lunar surface.

Lunar exploration is a primary goal of space agencies the world over. Specifically, the
lunar highlands, primarily composed of heavily cratered anorthosite, have generated the
most interest and are on the short list of destinations for future missions. By better
understanding how shock affects the crystal structure of feldspar group minerals, we can
use them as accurate shock barometers. Understanding shock in feldspars on Earth will
prepare us to study samples returned from the Moon and understand the craters from

which they originate, thus increasing the scientific return of lunar exploration.



1.2 Impact Craters

Meteorite impact craters are the dominant surface feature on most terrestrial planetary
bodies and, as such, they provide important information about planetary evolution. In
addition to being nearly ubiquitous on solar system bodies with hard surfaces, their
formation excavates large amounts of subsurface material and they, thereby, provide
windows into planetary interiors (e.g., Gault et al., 1968; Melosh 1989; Osinski and
Pierazzo, 2013).

1.2.1 Formation

When a hypervelocity impact occurs between an object such as an asteroid or comet and
the surface of another planetary body, it generates a shockwave that propagates through
both the projectile and the target material (Melosh, 1989). This shockwave excavates a
crater and causes immense deformation of the target and vaporization of all but the most
robust impactors. Signs of the impact such as crater morphology, impactites, and shock
metamorphic effects, can be seen at many scales, even billions of years after formation

(e.g., French and Koeberl, 2010; Osinski and Pierazzo, 2013).

The crater formation process has been split into three main stages by Gault et al. (1968):
contact and compression, excavation, and modification. All three of these stages happen
incredibly quickly, faster than any other known geological process, taking seconds to
minutes from initial contact for the final crater to form, and only minutes to hours for

final deposition of the ejecta blanket (Melosh, 1989).

1.2.1.1 Contact and Compression

The impact cratering process begins with contact of the projectile with the target surface,
which establishes a series of shockwaves, which facilitate the transfer of kinetic energy of
the projectile into the target material (Gault et al., 1968). One shockwave propagates
through the target material, the other through the projectile. When the shockwave reaches
a free surface (the surface of the target or projectile), it is reflected back as a rarefaction
wave, which serves to relieve the high pressures generated by the shockwave. Passage of

the rarefaction wave often results in complete melting or vaporization of the projectile



(Gault et al., 1968; Melosh, 1989). Passage of the shockwave and subsequent rarefaction
wave results in shock metamorphism, melting, and vaporization of target material —
depending on proximity to the point of contact (Ahrens and O’Keefe, 1972; Grieve et al.,
1977; Melosh, 1989; Stoffler and Grieve, 2007). The end of the contact and compression
stage is marked by total unloading of the projectile, which usually occurs 10~ to 10™

seconds after initial contact, >1 second for only the largest impacts (Melosh, 1989).

1.2.1.2 Excavation

The gradational transition between the contact and compression stage and the excavation
stage is characterized by the development of a hemispherical shockwave that propagates
through the target (Gault et al., 1968; Melosh, 1989). The passage of this shock and
rarefaction waves loosens and mobilizes material and excavates an initial transient cavity,
with a diameter many times larger than the projectile itself (Gault et al., 1968; Melosh,
1989). As the shock wave passes through target material, lithic and mineral fragments
become shocked, to decreasing degrees the farther the material is from the point of
contact. It is during this stage that some material is ballistically ejected beyond the rim of
the transient crater to form the continuous ejecta blanket (Oberbeck, 1975). Further ejecta
is emplaced by ground-hugging flows near the end of the excavation stage (Osinski et al.,
2011). In addition to forming the ejecta blanket, some melt rock and impactites remain
within the transient crater to form crater fill. The excavation stage lasts seconds to
minutes depending on crater size, and the end is marked by the point at which the shock-
and rarefaction waves no longer have the energy to displace target material (Melosh,

1989).

1.2.1.3 Modification

After the crater has been fully excavated, the modification stage begins. This stage is
characterized by the modification of the transient cavity by gravitational forces, and the
effects are, therefore, governed by the size of the transient cavity, the properties of the
target rock, and the size of the impacted body (Melosh and Ivanov, 1999). In small
craters (<2-4 km on Earth), this is manifested as debris sliding down the walls of the

cavity and collecting in the bottom (Melosh, 1989). In larger craters, inward and upward
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Figure 1-1: Simplified cross sections through a simple crater (A) and a complex
crater (B). Both have a raised rim, and a crater floor below the original ground
surface but the simple crater has steeper sides and a bowl shape, while the complex
crater has terraced walls, a shallower profile, and a central uplift. Modified from

Osinski et al. (2011).

movement of material within the transient cavity results in the formation of a central
uplift, while the steep walls of the transient cavity undergo gravitational collapse forming
slump terraces on the walls (Gault et al., 1968; Melosh, 1989). There is no clearly marked
end to this stage of crater formation, as the processes which govern it slowly merge into
well-known endogenic processes such as erosion (French, 1998; Osinski and Pierazzo,

2013).



1.2.2 Impact Crater Morphology

Impact craters have been split into two main groups based on final crater morphology.
Simple craters are small bowl shaped craters, with a raised rim and steep slopes (steepest
near the edge than decreasing towards the centre in a nearly parabolic cross-section,
Figure 1-1A) (Melosh, 1989). The depth from rim to floor is usually ~1/5" the crater
diameter (Melosh, 1989). As the diameter increases, the crater becomes shallower
compared to its diameter, and develops a terraced rim, a morphology termed “transitional

craters” for an appearance between simple and complex (Melosh, 1989).

Larger diameter craters have a similar shallow profile to transitional craters, a relatively
flat floor, and a terraced rim. They have additionally developed a central uplifted portion,
and have a more complex crater rim structure (Figure 1-1B). On other planetary bodies,
craters are preserved at even larger diameters than the complex craters we see on Earth.
Such craters develop into central-peak basins (with a ring of peaks surrounding a central
peak), to peak-ring basins (well developed ring of peaks surrounding the centre of the
crater, but no central peak) (Stoffler et al., 2006). Multi-ring basins on the Moon are
frequently considered the next size up on the impact crater size scale, but they do not

follow the normal scaling relationships of smaller sized craters (Melosh, 1989).

1.2.3 Products

The extreme temperatures and pressures produced by hypervelocity impact generate
many characteristic rock types and features (e.g., French and Short, 1968; Roddy et al.,
1978; Stoftler and Grieve, 2007; French and Koeberl, 2010). The resulting
metamorphosed rocks are grouped under the name impactites — “rocks which have been
affected by the hypervelocity impacts generated by colliding planetary bodies” (Stoffler
and Grieve, 2007).

1.2.3.1  Shock metamorphism

Shock metamorphic effects are the result of solid state deformation of rocks and minerals
on a microstructural level. This deformation of the crystal structure is caused by passage

of the shockwave through the target material, causing far higher temperatures and
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Figure 1-2: Temperature vs. pressure graph of shock metamorphism highlighting
major shock indicators. Pressures and temperatures involved in impact processes

(dark grey) are far higher than those produced endogenically. Figure from (French,
1998).

pressures than those produced during normal crustal metamorphism on Earth (Figure 1-
2). The degree of shock metamorphism of the material is indicative of the peak pressure
to which material was exposed during impact. Since the shockwave dissipates as it moves
out and away from the point of contact, material located farther from the point of contact
is subjected to lower pressures (lower shock level) than material closer to the point of
contact (higher shock level). As a result of this pressure gradient, it becomes possible to
estimate where in the pre-impact stratigraphy rocks and minerals originated (e.g.,

Engelhardt, 1990; French and Koeberl, 2010).



Shock effects vary depending on the mineralogical and microstructural nature of the
target rock (Ferriere and Osinski, 2013; French and Koeberl, 2010). As a result, there are
different shock level classification schemes for quartzofeldspathic rocks, basaltic-
gabbroic rocks, dunitic and chondritic rocks, sandstone, and particulate rock material
(Stoftler and Grieve, 2007). Shock effects are mineralogically selective, meaning that
they will occur in grains of one mineral, but not in grains in of adjacent different minerals
(French, 1998). They are also heterogeneous in distribution, meaning that even adjacent
minerals of identical composition might display different effects. Shock deformation
occurs in all minerals; the extent and exact nature of the deformation depends on crystal
structure and mineral composition (Stoffler, 1972). Shock deformation is characterized
by progressive destruction of the crystal structure and original textures until melting

occurs. Outlined below are the signs of shock metamorphism.

1.2.3.1.1 Shatter cones

Shatter cones are the only accepted macroscopic diagnostic feature of shock
metamorphism (Dietz, 1960, 1947; French and Koeberl, 2010). These are roughly conical
fracture surfaces with radiating “horsetailing” striations (e.g., French, 1998; Baratoux and
Melosh, 2003; French and Koeberl, 2010). They form at relatively low shock pressures,
and in large volumes of the target rock (Dietz, 1959; Milton, 1977).

1.2.3.1.2 Planar microstructures

Planar microstructures have long been accepted as indicators of shock in quartz, and can
be divided into planar fractures (PFs) and planar deformation features (PDFs)

(e.g., French and Short, 1968). The orientation of both are crystallographically controlled
and as a result they are parallel to rational crystallographic planes (Ferriére and Osinski,
2013). PFs and PDFs are distinct from each other in that PFs are open cracks, often

>3 um wide and spaced ~15-20 pm apart (Langenhorst, 2002; Stoffler and Langenhorst,
1994). Planar deformation features (PDFs), on the other hand, are closed parallel planar
lamellae along which glass is typically found, they are less than 2 um thick, and typically
spaced 2-10 pm apart (Engelhardt and Bertsch, 1969; Stéffler and Langenhorst, 1994).

Post-shock annealing of PDFs results in ‘decoration’ by tiny fluid inclusions aligned with
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the original PDF direction (Ferriére and Osinski, 2013; Stéffler and Langenhorst, 1994).
Planar deformation features which branch off of PFs are termed feather features
(Poelchau and Kenkmann, 2011). Shock loading experiments have correlated peak
pressures with number and orientation of PDF sets in quartz, making refined pressure
estimates from PDF measurement possible. Planar microstructures have also been
observed in other minerals than quartz; such as, olivine, pyroxene, amphibole, sillimanite,
garnet, apatite, and feldspars (e.g., Chao, 1967; Stoftler, 1972; French, 1998;
Langenhorst, 2002).

1.2.3.1.3 Kink Bands

Kink bands in micas commonly occur at high angles to the prominent direction of
cleavage (Chao, 1968). These are unfortunately not shock-diagnostic, as similar features

also develop in ordinary metamorphic rocks (e.g., Spry, 1969).

1.2.3.14 Mosaicism

Optical mosaicism is an irregular/mottled extinction pattern displayed by crystals
comprised of several subdomains, with different optic axes (e.g., Dachille et al., 1968;
Stoffler, 1972; Stoffler and Langenhorst, 1994; French and Koeberl, 2010) Mosaicism is
different from undulose extinction in which the crystal has not resolved itself into
individual subdomains. Kink bands and planar microstructures are commonly associated
with optical mosaicism (e.g., Stoffler, 1972). Because a similar extinction pattern can
also be developed by endogenic processes (e.g., Spry, 1969), it cannot be used as a

diagnostic indicator of shock metamorphism.

1.2.3.1.5 Refractive index, birefringence, and density

Refractive index, birefringence, and density all decrease with increasing shock pressure
until the crystal reaches an amorphous state (Stoffler and Langenhorst, 1994; Stoffler,
1974). In quartz and feldspar, this begins to happen at pressures of 20-30 GPa (French,
1998).
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1.2.3.1.6 High pressure polymorphs

Some minerals are converted under shock compression into high-pressure polymorphs
that are normally only stable in the lower crust or mantle of Earth. While these are

uncommon on the surface of the Earth, many can be produced by endogenic processes
and so it is only in combination with geologic context that such features are considered

shock-diagnostic (French and Koeberl, 2010).

1.2.3.1.7 Diaplectic glass

Diaplectic glasses, sometimes called thetomorphic glasses, are glasses which have
become optically isotropic, amorphous (to X-rays, Raman, etc), and yet retain the
chemical composition, morphology, texture, and internal features of the original mineral
grain and, therefore, preserve the original fabric of the rock (French and Koeberl, 2010).
They do not show flow textures or vesiculation. They are known to preserve grain
boundaries, cleavage, and twin lamellae of their precursor grain. It is not uncommon to
find only part of grain which has become diaplectic glass, leaving the remainder

birefringent (French, 1998; Stoffler, 1971).

Amorphism suggests that these grains have lost their internal ordered atomic
arrangement, however, diaplectic glasses do retain a significant degree of short-range
structural order compared to melt glasses (French and Koeberl, 2010). Similarities in the
mid- and far- infrared spectra of diaplectic and synthetically fused glasses indicate a
similar degree of short-range order and lack of long-range order in their structures (Arndt
et al., 1982). Diaplectic glasses typically demonstrate decreasing refractive index and
density with increasing shock level. They have higher density and refractive index than
compositionally equivalent fused glass, which suggests that diaplectic glasses have more
compact structures (Arndt et al., 1982). The structure of diaplectic glasses appears to be
inhomogeneous, with different areas showing different degrees of order (Arndt et al.,
1982). Upon heating at ambient pressure, diaplectic glasses are known to recrystallize to
microcrystalline aggregates that preserve the original shape of the crystal, or to
recrystallize back into the original crystal, even sometimes regaining undulose extinction

(Arndt et al., 1982). With increasing shock pressure, temperature, and shock pulse
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duration the crystalline structure becomes increasingly disordered, as a result the ‘frozen-
in” memory of diaplectic glass is expected to be increasingly lost until it matches the

complete lack of memory of fused glass (Arndt et al., 1982).

Diaplectic glasses are metastable, and apparently cannot survive even mild post-impact
thermal effects. As a result, recrystallized feldspars are more common, with textures
suggesting plastic deformation, and plumose or spherulitic, microcrystals which are
interpreted to indicate post-shock heating or metamorphism of diaplectic feldspar glasses
(French, 1998). As a result diaplectic glasses are often outlasted by decorated planar
deformation features. In some grains described as diaplectic glasses, plastic behaviour is
indicated, such as indentations of matrix into a clast or through bending of original

polysynthetic twinning (French, 1998).

Diaplectic glasses generally form from framework silicates, such as quartz and feldspar,
but have occasionally been associated with other precursor minerals (e.g., Stdhle, 1973).
Diaplectic quartz and feldspar glasses form at approximately 30-45 GPa, corresponding
to shock level II of Stoffler (1971), and shock level 5 of Singleton et al. (2011).
Diaplectic glasses are found in smaller volumes of target rock than planar deformation
features and shatter cones, because they require higher pressures to form and are,

therefore, more restricted in extent than features that form at lower pressures.

There is ongoing debate about the mechanism by which diaplectic glass forms. While
there are several hypotheses, none of them yet explains all of the observations of
diaplectic glasses. The glassy state of the material, without evidence of melt or flow,
suggests a near instantaneous transition from crystalline texture to glass via solid-state
collapse of the crystal structure, without melting (e.g., De Carli and Jamieson, 1959;
Engelhardt and Stoffler, 1968). In general, formation hypotheses fall into two main
camps: rapidly quenched monomineralic melt, or solid-state structural collapse/
destruction of the ordered internal atomic arrangement of the precursor mineral. Some

hypotheses are outlined below:
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Langenhorst (2002) found quenching of a liquid more probable than solid-state
transformation due to common associations between diaplectic quartz glass and coesite,

which crystallizes from a high pressure melt.

Grady (1977) suggested that diaplectic glass is the result of solidification on pressure
release of a melted high-density phase, which quenched so quickly as to disallow liquid
diffusion that would normally be expected to erase the morphology and texture of the
crystals. Melting is attributed to local temperature spikes as a result of the heterogeneous
nature of shock compression, allowing for areas of local increased temperature despite

bulk rock temperature remaining below the liquidus (Grady, 1980; Grady et al., 1975).

Arndt et al. (1982) found that the most probable formation mechanism for diaplectic glass
is that high temperatures induced from shock cause melting in compressed labradorite,
but the duration of the high temperature is so brief that the transition to liquid is
incomplete. As a result, the disordered transitional state is ‘locked in’, forming diaplectic

glass.

Ahrens et al. (1969) suggested that diaplectic glass is the result of solid-state release from
a high-pressure phase during decompression. This interpretation is the result of shock

experiments on plagioclase.

1.3 Feldspar Minerals

Feldspar group minerals are the most abundant constituents of igneous rocks and,
therefore, commonly occur in sedimentary and metamorphic rocks as well (Deer et al.,
2001). The feldspar group is comprised of two series of solid solutions: plagioclase
feldspar (CaAl,Si,05-NaAlSi;Og) and alkali feldspar (NaAlSi305-KAISi3Og) (Figure 1-
3). The crystal system varies with composition, crystallization temperature, and thermal
history. The plagioclase series is triclinic from anorthite to oligoclase, with albite
generally triclinic but monoclinic at high temperature. In the alkali series, anorthoclase is
triclinic, but may be monoclinic at high temperature, and sanidine is monoclinic.

Intergrowths of the two series are common, such as perthite and antiperthite. The most
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Figure 1-3: A feldspar ternary diagram illustrating the solid solution between
anorthite (An) and albite (Ab), and between albite and orthoclase (Or). Modified
from (Deer et al., 2001).

common rock-forming mineral series is plagioclase, which is found in most igneous
rocks, commonly in metamorphic rocks, and also occurs in sediments as both primary

and authigenic minerals (Deer et al., 2001).

Plagioclase feldspars demonstrate two good cleavages {001} and {010} at 93-94° and
one poor cleavage, which is generally not noticeable (Nesse, 2004). Polysynthetic
twinning in plagioclase is common, whereby alternating lamellae of plagioclase (twins)
are produced with crystallographic orientations rotated by 180° to relative to each other
(Zoltai and Stout, 1984). Plagioclase commonly alters to sericite, clay, or zeolites, which
may be concentrated in the core of grains, along twin lamellae, or uniformly distributed

throughout the grain (Nesse, 2004).

Some terrestrial plagioclase contains small dark inclusions, which are often oxides of
transition metals, concentrated around intrinsic textural features such as twin boundaries
and cleavage planes. This phenomenon is known as “clouded feldspar”. There are many

proposed mechanisms for how clouding occurs, often involving water-assisted migration
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of elements and a heat source. However, not all clouded feldspar is formed by the same

process (Poldervaart and Gilkey, 1954; Smith and Brown, 1988; Whitney, 1972).

1.4 Shock effects in Feldspars

Fracturing is pervasive in impact metamorphosed rocks. Lambert (1979) conducted a
study on shock-induced fracturing in quartz and feldspar and found that the density of
fractures increases with increasing pressure up to ~20 GPa. Above 20 GPa, fracture
density decreases with increasing pressure. However, the correlation between pressure
and fracture density was found to be too poor to be of quantitative use in pressure
calibration. Feldspars are more intensely effected by shock than quartz. Fractures appear
to form at the end of the shock sequence, after diaplectic glasses, and upon pressure

release (Lambert, 1979).

At 8-25 GPa, planar deformation features begin to form in feldspars. Planar
microstructures have been less well-studied and characterized in feldspar than those in
quartz. Feldspars can display various shock-related planar structures, including: planar
fractures (PFs), deformation bands, kink bands, and planar deformation features (PDFs)
(French and Short, 1968; French, 1998; Stoftler, 1972, 1967). When combined with more
widely spaced features, such as twins or deformation bands, PDFs in feldspar can create a
ladder texture (French and Short, 1968; Stoffler, 1972, 1967). Another type of planar
microstructure observed in plagioclase is mechanical twins, which are sets of parallel

bands up to 10 um in width (Stoffler, 1972).

At 20-30 GPa, feldspar displays reduced refractive indexes and lowered birefringence
(French, 1998). High pressure polymorphs with feldspathic composition have been
synthesized and found in meteorites. KAISi;0g and NaAlSi;Og with hollandite structure
were synthesized by Ringwood et al. (1967) and Liu (1978) respectively. Natural
NaAlSi;0g and KAISi3Og hollandite has been found in chondrites, martian meteorites,
and terrestrial rocks by analytical transmission electron microscopy (ATEM), X-ray

diffraction, and Raman spectroscopy (El Goresy et al., 2000; Fritz and Greshake, 2009;
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Gillet et al., 2000; Langenhorst and Dressler, 2003; Langenhorst and Poirier, 2000;
Tomioka et al., 2000). Tomioka et al. (2000) interpreted natural NaAlSi;Og hollandite
formation from the host feldspar to be a solid-state reaction during shock, which also
caused some of the plagioclase to be converted to maskelynite. Formation of NaAlSi;Og
hollandite is thought to occur stably at temperatures greater than 1200°C and pressures of
22-23 GPa (Yagi et al., 1994) or metastably at relatively low temperature where
decomposition is hindered by slow reaction kinetics (Tomioka et al., 2000). The high-
pressure phase jadeite (from plagioclase) is also commonly reported in meteorites and
attributed to shock (e.g., Ohtani et al., 2004) but has not yet been found associated with

terrestrial impact (Ferriere and Osinski, 2013).

At 30-45 GPa, diaplectic glass begins to form in feldspars. Conversion to an isotropic
state can be partial or complete at slightly higher pressures. Occasionally, partial
isotropization of a crystal occurs when only one set of alternate twin lamellae become
isotropic, leaving the other set birefringent (Stoffler, 1966). This is suggested to be an
effect of the crystal lattice orientation relative to the shock wave propagation direction
(Stoftler, 1966). Thus far, diaplectic feldspar glasses have only been identified in
crystalline rocks (Ferriére and Osinski, 2013).

There is significant controversy over the nature and nomenclature of diaplectic feldspar
glass. Many authors use the term synonymously with maskelynite. Maskelynite was first
described by Tschermak (1872) in the Shergotty meteorite as a previously unknown,
isotropic mineral, with near labradorite composition. In 1883, Tschermak found the same
substance in chondrites, realized that it was pseudomorphous with plagioclase, and
subsequently reinterpreted it as a melted or otherwise vitrified glass of plagioclase
composition. Then, Binns (1967) suggested a shock origin for maskelynite, and noted
differences in the refractive index compared with fused glass of the same composition.
Contemporaneously, Engelhardt and Stoffler (1968) and Engelhardt et al. (1967)
proposed the use of the term diaplectic glass to refer to “amorphous phases produced by
shock waves without melting, and [which] are distinguishable from ordinary molten
glasses.” Many authors began using maskelynite as a synonym for diaplectic plagioclase

glass and, thereby, attached a genetic connotation to the term, while others continued to
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use the terms separately. Modern techniques have allowed for observations of
maskelynite in meteorites revealing flow textures, plastic deformation, and injection into
surrounding crystals (Chen and El Goresy, 2000). As a result, the meaning of the term
maskelynite has become ambiguous, and re-evaluation of its use is warranted. In this
thesis, we therefore use the term diaplectic feldspar glass to refer to apparently solid-state

shock amorphized material of feldspathic composition.

At ~45-50 GPa, feldspars begin to melt in non-porous crystalline rocks forming
monomineralic feldspathic melt glass (Stoffler, 1972). Melting occurs at lower shock

pressures in sedimentary rocks than crystalline rocks (Stoffler, 1972).

Shock effects in feldspars are more difficult to study than those in quartz because they
display more diverse and complex effects, they are more optically complex (biaxial), and

they alter easily to other phases resulting in erasure of shock effects.

1.5 Techniques used to study shock effects in feldspar

In addition to standard optical techniques, which are most commonly used to discover
and describe the shock effects listed above, a variety of other laboratory techniques have

been used to examine shock metamorphosed feldspars.

1.5.1.1  X-Ray Diffraction (XRD)

Kayama et al. (2012) gathered powder X-ray diffraction patterns of shocked and
unshocked sanidine. They found almost no change in diffraction peak intensity between
the groups, but did find slight peak broadening in 20 with increased shock pressure, then

a sudden change into an amorphous pattern with no detectable peaks.

Hoérz and Quaide (1973) conducted shock experiments on oligoclase (3-34 GPa),
andesine (4-10 GPa), and other silicates, and then examined the shocked materials with
XRD using Debye-Scherrer film techniques, with a single crystal mounted on the tip of
glass fibre. They found that the amount of crystal lattice fragmentation is closely related

to shock pressure, and that by measuring the length of streaks created by X-ray
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diffraction, they could begin to quantify the degree of strain and use it as a proxy for
quantifying shock level. Walawender (1977) conducted single crystal X-ray diffraction
studies of naturally shocked plagioclase from the Charlevoix impact structure, Quebec,

and found increased streak length with increased shock level.

1.5.1.2 Cathodoluminescence (CL)

There have been multiple cathodoluminescence studies on shocked feldspars. Increasing
shock pressure seems to result in increased CL intensity, and peaks shifting to lower

wavelengths (e.g., Kayama et al. 2012).

1.5.1.3 Raman Spectroscopy

Increased shock pressure results in band broadening and reduced intensity in Raman
spectra, in addition to peak shifting of some bands (Fritz et al., 2005; Reynard et al.,
1999). Even at pressures < 26 GPa shocked plagioclase has wider full-width-at-half-
maximum (FWHM) of characteristic Raman bands and reduced intensity compared to
unshocked plagioclase. Amorphization of plagioclase around 26-40 GPa results in a
broad plateau in the Raman spectra. With increasing pressure (40-45 GPa), there is
further band reduction. At pressures much greater than 45 GPa, high post-shock

temperatures lead to recrystallization (Fritz et al., 2005).

1.5.1.4 Thermal Infrared Absorption Spectroscopy

Thermal infrared absorption spectra of naturally shocked feldspars show decreased
spectral detail and decreased intensity with increased pressure as a result of lattice
disordering and increased glass content (Arndt et al., 1982; Bunch et al., 1967; Lyon,
1963; Ostertag, 1983; Stoffler and Hornemann, 1972; Stoffler, 1974). In experimentally
shocked albite and anorthite, Johnson et al. (2003) found that albite shows increased
absorption at 8-10 um and weaker absorption at 14-29 um. These features were found to
persist at higher pressures in albite than anorthite, which agrees with previous thermal IR

absorption studies of shocked feldspar (Johnson et al., 2002).
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Appendix C: Complete pnXRD FWHMy measurements

Figure C-1: Mistastin suite FWHMy vs. optical group for all Miller indices
analyzed. Those surrounded by a solid line (A) are used in Chapter 3, those
surrounded by a dashed line (B) were excluded due to missing optical groups and
poor variation across groups, there is more variation in FWHMy for Miller indices

with lower integer values (A) than those with higher integer values (B).
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Figure C-2: Apollo suite FWHMy vs. optical group for all Miller indices analyzed.

Those surrounded by a solid line (A) are used in Chapter 3, those surrounded by a

dashed line (B) were excluded due to missing optical groups.



Table C-1: Maximum FWHMy measurements for Mistastin suite

Abbreviations: O.G.=Optical Group
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Miller Index
Sample Name Spot OG. (202) (004) (536) (152) (424) (064) (273) (314)
MHI10_17 7 B 0.36
MHI10_17 542 14 A 0.52
MHI10_17_542 18 A 0.41
MHI10_17_542 2 B 0.61
MHI10_17 542 4 B 0.45
MHI10_17 542 5 B 0.63
MHI10_17 542 6 B 12 086
MMO09_010 1 C - 357 183 249
MMO09_010 4 D 191 256 193
MM10_001c 10 A 0.78 0.88
MM10_001c 11 A _ 0.55 0.74
MM10_001c 12 A 122 1.03
MM10_001c 13 A 0.56 0.65
MM10_005c_016 2 D 6.55
MM10_025 1 B 0.89 0.67
MM10_025 2 B 1.65 0.82
MM10_025 4 B 0.9
MM10_025 5 B 0.64
MM10_025 8 C 1.08
MM10_025 9 C 0.77
MM10_025 10 C 0.61
MM10_025 11 C 0.92
MM10_025 7 D 2.53
MM10_028 7 A 046 099 041
MM10_028 5 B _ 0.66 0.53
MM10_028 6 B 1.02
MM10_11 4 A 0.67 0.63
MM10_11 3 B 0.71 066 138
MM10_11 5 B 2.15 095 2195
MM10_11 6 B 0.73 044 113
MM10_11 7 C 0.67
MM10_11 8 C 132 0.66
MM10_11 9 C 057 062
MM10_11 10 C 1.58
MM10_11 1 D 5.15 11 1.87
MM10_11 2 D 287 0.9 122 132
MM10_13 2 2 B 199 076 1.49 2.01
MM10_32B 2 B 1 053 078
MM10_32B 3 B 0.76 0.89
MM10_32B 4 B 091 0.48 0.4
MM10_32B 1 C 1.16
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Miller Index
Sample Name Spot OG. (202) (004) (536) (152) (424) (064) (273) (314)
MM10_33 .39 43 10 A 0.74
MM10 3339 43 14 A . 0.47
MM10_33_39 43 18 B 067 0.36 0.97
MM10_33.39 43 1 C 0.80 0.51
MM10_33.39 43 2 C 1.03 0.51
MM10_33.39 43 4 C 1.56 2.17
MM10_33.39 43 5 C 0.36 0.38
MM10_33_39 43 17 C 1.05 0.45
MM10_36b_1 3 C _ 0.85
MM10_36b_1 6 C 0.88 080
MM10_36b_1 7 C 0.79 1.56
MM10_36b_2 1 C _ 1.15
MM10_38 40 42 1 B 096 050
MM10_38 40 42 2 C 0.87
MM10_38 40 42 3 C 0.94
MM10_38 40 42 7 C 113
MM10_40 1 B 118 065 053 112
MM10_40 2 B 0.67 080 057
MM10_40 7 B 0.92 0.39
MM10_40 11 B 058 048
MM10_40 12 B 0.78 0.48
MM10_40 13 B 1.29  1.08
MM10_40 14 B 058 074
MM10_40 3 C 140 0.64
MM10_40 4 C 0.70 0.92
MM10_40 5 C
MM10_40 6 C 086 1.16 0.73
MM10_40 8 C 0.72
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Miller Index
Sample Name Spot OG. (202) (004) (536) (152) (424) (064) (273) (314)
10047_16 4 0.79
12054_126 15 C 5.46 6.91
15362_11 10 C 1.76
15415_90 5 C 3.70 041 0.59
15415_90 6 C 2.54
15415_90 7 C 1.21
15415_90 8 C 231 119 1.64
15415_90 9 C 0.80
15684 4 2 C 3.45 1.93
15684 4 4 D _ 6.66 1.61
60015_114 11 C - 11.27
60015_114 10 C 6.71
60015_114 12 C _ 5.72 10.04
60015_114 14 C 489 1.94
60025_230 16 C 218 142
60025_230 17 C - 098
60055_04 1 C 140 0.67
60055_04 2 C 114 0.60 0.70
60055_04 3 C 1.58
60055_04 4 C 0.47
60055_04 6 C 0.54
60215 _13 5 C 1.26 366 171
60215 13 9 B 0.53 0.69
60215 13 6 C 1.97 0.59 0.53
60215_13 8 C 1.75 2.66 1.24
60215 _13 7 C 176 142
60618 4 12 C 1.09 2.87
60618 4 13 C 1.69
60618 4 11 C 3.78 2.63
60619 2 4 B 0.77 0.46
60619 2 2 B 067 131 0.66
60619 2 1 A 138 051 066 0.35
60619 2 5 A 1.04
60619 _2 6 A 0.51
60619 2 7 A 0.72
60619 2 8 A 072 0.79 0.44
60619 2 3 A 1.14 0.55
60629 2 15 C 3.58
60629 2 16 C 229 337
60629 2 17 C 3.78
62237 21 1 B 2.16 - 078 050
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Miller Index
Sample Name Spot OG. (202) (004) (536) (152) (424) (064) (273) (314)
62237 21 3 B 0.66
62237 21 2 C 1.28 0.57
62237 _21 4 C 0.95
62237 _21 5 C 345 127
62237 21 6 C 3.22 2.20 2.9
62237 21 7 C 1.27 0.96
62237 21 8 C 3.92 24
62237 21 12 C 286 134 1.41 1.82
62237 21 13 C 1.73
62237 21 14 C 0.66 1.02 1.46
62237 _21 15 C 089 202 0.99
62237 _21 16 C 154 153 142 225 1.4
62237 21 17 C 134 1.21
67075_41 1 C 122 232 1.33
67075_41 5 C 0.62
67075_41 2 C 0.72 1.34
67075_41 3 C 066 112
67075_41 4 C 083 456
67415_113 3 B 071 063 059  0.49 0.57
67415_113 5 B 08 075
67415 113 4 B 0.85
67415 113 6 B 0.87
67415 113 7 B 193 126 0.64
67415 113 2 C 0.6
67415 113 1 A 1.77
67746_12 1 A 0.63 0.35
67746_12 3 A _ 0.57
67746_12 4 A 0.72 0.49
67746_12 5 A 0.84 0.70 0.39
67746_12 2 A 0.58 0.38
68035_06 1 C 2.68
68035_06 2 C 2.54
68035_06 4 C 4.40
68035_06 5 C 4.69
68035_06 6 C . 1.30
69955 _27 3 C 802 489 212 269 474 5.14
69955 27 5 C 369 *7.17 155 1.10 2.7
69955 27 6 C 335 3.87 6.97
69955 27 1 C 8.61 7.24
69955 27 4 C 1324
69955 _29 3 C 7.54 3.69
69955 _29 5 C _ 4.16
73215 193 6 C 1.61 _ 5.59 0.81
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Miller Index
Sample Name Spot OG. (202) (004) (536) (152) (424) (064) (273) (314)
73215 193 7 C 3.28
73215 193 7 C 5.64
73215 193 2 C 482 165 4.60 11.35
73215 193 5 A 0.38 0.48 0.70
76335_55 1 C 1.31
76335_55 3 C 0.67 1.48
76335_55 5 C 5.47 1.10
76335_55 4 C 2.05 1.77
76335_55 6 C _ 0.38
79155_58 6 D 299 163
79155_58 5 D 221
79155_58 4 D 462 503 8.98
79155 58 2 D 276 634 565 882 5.11
79155 58 1 D 3.55 3.60
79155 58 3 D 6.01
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