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Abstract 

Electron Backscatter Diffraction (EBSD) Analysis and Predicted Physical Properties of 
Shocked Quartz from the Chicxulub Impact Crater, Mexico 

Erina Prastyani 
 

As one of the most common minerals in crustal rocks, quartz has been widely used as an indicator for 
shock metamorphism. Shocked quartz is found in the Chicxulub impact crater, an impact crater that has 
been linked to the Cretaceous-Tertiary extinction ~66 million years ago. The microstructural defor-
mation features found in the shocked quartz do not form randomly, and their orientation provides a better 
understanding of the impact cratering process.  

 At present, there are no studies of EBSD data analysis of shocked quartz from Chicxulub. We in-
vestigated six thin sections from two samples from the M0077A borehole in the lower peak ring of the 
Chicxulub impact crater, using the Scanning Electron Microscopy (SEM)-EBSD technique. Both sam-
ples consist of shocked granite, with a significant amount of quartz.  Therefore, this study investigates 
the crystallographic preferred orientation (CPO) of shocked quartz and predicts the seismic velocities 
and anisotropy, based on the EBSD data.  

 We carried out the analysis of EBSD data by using the MATLAB-based MTEX toolbox that can 
perform CPO analysis from pole figure plots and the prediction of seismic properties of minerals based 
on the Voigt-Reuss-Hill effective medium method. Although acquiring the EBSD data from these sam-
ples is challenging, leading to the lack of data measured, we found out that the prediction of P wave 
seismic velocity is in good agreement with other recent studies conducted in the same area. The range 
of predicted P wave velocities is 5.5-6.5 km/s with anisotropy of 8-15%. The actual observed laboratory 
measurements and in-situ seismic measurements are considerably smaller than this velocity range be-
cause our calculations do not incorporate pores or take microcracks into account.  A likely explanation 
for the large variability of anisotropy in shocked quartz is the relatively few mapped grains with EBSD, 
which would influence the CPO and lead to high predicted seismic anisotropy. Considering a greater 
number of grains in the CPO analysis, the CPO is reduced, and seismic anisotropy becomes smaller.  

 

Keywords: EBSD, SEM, shocked quartz, quartz, CPO, seismic velocity, anisotropy, Chicxulub, impact 
crater, pole figures, MTEX toolbox, microstructural features, planar deformation feature, planar fracture, 
feather features 
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Populärvetenskaplig sammanfattning 

Elektronmikroskopi och fysiskaliska egenskaper hos chockad kvarts från Chicxulub 
Impaktkratern, Mexiko 

Erina Prastyani 
 

Som ett av de vanligaste mineral i jordskorpan har kvarts använts i stor utsträckning som en indikator 
för chockmetamorfism. Chockad kvarts finns i nedslagskratern Chicxulub, en nedslagskrater som har 
kopplats till massutrotningen för ~66 miljoner år sedan. De mikrostrukturella deformationsegenskaperna 
som identifierats i den chockade kvartsen bildas inte slumpmässigt, och deras orientering ger en bättre 
förståelse av kraterprocessen. 

 För närvarande finns det inga studier av EBSD-dataanalys av chockad kvarts från Chicxulub. Vi 
undersökte sex tunnslip från två prover från M0077A-borrhålet i den nedre toppringen av Chicxulub-
kratern, med hjälp av svepelektron mikroskopi (SEM) med elektron diffraktion (EBSD). Båda proverna 
består av chockad granit, med en betydande mängd kvarts. Denna studie undersöker den kristallografiska 
texturen (CPO) för chockad kvarts och förutsäger de seismiska hastigheterna och anisotropin, baserat på 
EBSD-data. 

 Vi utförde analysen av EBSD-data genom att använda den MATLAB-baserade MTEX, som kan 
utföra CPO-analys från polfigurdiagram och förutsägelse av seismiska egenskaper hos mineral baserat 
på så kallade Voigt-Reuss-Hill beräkningar. Även om det är utmanande att analysera dessa prover, vilket 
leder till bristen på uppmätta data, fann vi att förutsägelsen av P-vågens seismiska hastighet stämmer 
väl överens med andra nyliga studier som utförts i samma område. De förutspådda P-vågshastigheter är 
5.5-6.5 km/s med anisotropi på 8-15%. De faktiska observerade laboratoriemätningarna och in-situ 
seismiska mätningarna är avsevärt mindre än de spådda hastigheterna eftersom våra beräkningar inte tar 
i åtanke porer eller mikrosprickor. En trolig förklaring till den stora variationen av anisotropi i chockad 
kvarts är de relativt få kartlagda kornen med EBSD, vilket skulle påverka CPO och leda till hög 
förutspådd seismisk anisotropi. Med tanke på ett större antal korn i CPO-analysen reduceras CPO och 
seismisk anisotropi blir mindre. 

 
Nickelord: EBSD, SEM, chockad quartz, quartz, CPO, seismisk hastighet, anisotropi, Chicxulub, 
slagkrater, polfigurer, MTEX verktygslåda, mikrostrukturella egenskaper, plana 
deformationsfunktioner, plan fraktur, fjäderegenskaper 
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Glossary 

Charged-coupled Device (CCD): Electrical device that can convert light input into an electronic signal. A CCD 
camera is used as a camera sensor in microscope systems. 

Crystallographic Preferred Orientation (CPO): The preferred orientation of crystallographic axes or poles to 
crystallographic planes for a specific mineral. CPO of minerals is formed during rock deformation and thus pro-
vides information on geodynamic and tectonic processes. 

Electron Backscatter Diffraction (EBSD): A technique to characterize and quantify crystallographic orienta-
tions, misorientations, texture trends, and grain boundary types on a micron-scale using a Scanning Electron Mi-
croscope (SEM). 

Electron Backscattered Pattern (EBSP): Patterns that are generated when a stationary electron beam strikes the 
surface of a 70o inclined specimen. By analyzing the EBSP, the user can determine the orientation of the crystal 
lattice and identify the mineral phase in the specimen. 

Energy Dispersive X-ray Spectroscopy (EDS): A system to characterize the elemental chemical composition of 
a specimen.  

Electron High Tension (EHT) or acceleration voltage: The amount of voltage applied to the gun for emitting 
electrons to the specimen. 

Fast S-wave velocity (Vs1) and Slow S-wave velocity (Vs2): When an S wave enters an anisotropy medium, this 
wave splits into two: a fast S-wave and a slow S-wave. This phenomenon is known as shear wave splitting. The 
time delay between the fast and the slow S-wave represents the anisotropy of a medium.  

Feather feature (FF): A type of microstructure found in shocked quartz. They appear parallel to subparallel la-
mellae that are short. These lamellae are discovered in conjunction with planar fracture (PF), emanating from one 
side of the planar fractures. 

International Continental Scientific Drilling Program (ICDP): A multinational initiative to advance and fund 
geosciences in the field of Continental Scientific Drilling. 

International Ocean Discovery Program (IODP): An international marine research collaboration that investi-
gates the history and dynamics of the Earth by using ocean-going research platforms to recover data from seafloor 
sediments and rocks and to monitor subseafloor environments. 

Meter below seafloors (mbsf): A convention used for reporting measurements made from sediment cores. 

Multiple uniform distributions (m.u.d): Unit used as a measure of crystallographic orientation distribution in 
pole figures.  

Orientation Distribution Function or Orientation Density Function (ODF): A mathematical function that de-
scribes the density of continuous orientations. It is a normalized probability density that makes an oriented material 
exhibits a level (intensity) of unity. Each point in the orientation distribution represents a single specific orientation 
or texture component.  

P wave velocity (Vp): A compressional wave velocity that is propagated by the elastic compression of the medium. 

Planar Deformation Feature (PDF): A type of microstructure found in shocked quartz. It occurs as straight and 
parallel to specific crystallographic planes. It has smaller width and spacings compared to planar fracture (PF). 

Planar Fracture (PF): Multiple planar cracks or cleavages in quartz that formed at the lowest shock pressure (5-
20 GPa) and appear to be straight and parallel. 

Scanning Electron Microscope (SEM): A type of microscope that can be used to image the microstructure and 
morphology of the materials. It creates a high-resolution image by scanning the surface of a sample with a focused 
beam of electrons. 

Transmission Electron Microscope (TEM): A type of microscope that can provide a high-resolution image by 
scanning the surface of the sample with transmitted electrons (electrons that are passing through the sample). 



 
 

Vertical Seismic Profiling (VSP): A method for correlating seismic measurements to surface seismic data. It is 
useful for determining the physical properties of rocks in-depth (velocity, impedance, attenuation, anisotropy) as 
well as providing a seismic image of the subsurface. 

Voigt-Reuss-Hill (VRH) bounds Averaging technique for obtaining effective elastic constants of polycrystals. It 
uses the volume fraction and orientation of each mineral phase, the density and elastic constants of the single 
crystals or grains to predict the seismic velocities of single crystal or bulk seismic velocities from the EBSD data. 
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1  Introduction 

Since the 1970s, the Chicxulub impact crater, located on the Yucatán peninsula (Mexico), has 

been accounted as a unique natural laboratory to better explain impact cratering processes on 

Earth (Morgan et al., 2007). As one of the largest impact craters on Earth, it has a multi-ring 

basin morphology with a diameter of roughly 165 km (Morgan et al., 1997). Some studies show 

that this impact crater has been linked to a mass extinction that happened 65 million years ago, 

which led to the disappearance of the dinosaurs (Morgan et al., 2017; Morgan et al., 2007, 2006, 

1997; Schulte et al., 2010). In 2016, the International Ocean Discovery Program (IODP) in 

collaboration with the International Continental Scientific Drilling Program (ICDP) drilled a 

borehole (M0077A) to investigate more about the impact cratering process at Chicxulub 

(Morgan et al., 2007). This investigation revealed that minerals from the borehole rocks had 

experienced shock metamorphism (Feignon et al., 2020; Nakano et al., 2008). One of those 

minerals is quartz, which becomes our sample in this thesis. 

Quartz is one of the most common minerals in crustal rocks, and it has been widely used as 

an indicator for shock metamorphism (Cox et al., 2019). There are several shock deformation 

features in quartz, which are different from the tectonic deformation, such as planar deformation 

features (PDFs), planar fractures (PFs), feather features (FFs), mechanical twins, and mosaicism 

(Feignon et al., 2020; Grieve et al., 1996; Langenhorst, 2002; Poelchau and Kenkmann, 2011; 

Stöffler and Langenhorst, 1994). The occurrence of these features provides information about 

the shock pressure in the quartz during the shock event. In addition, the orientation of these 

features is crystallographically controlled, which means that their appearances depend on the 

crystal structure and composition (Langenhorst, 2002; Poelchau and Kenkmann, 2011). Study-

ing these features and their orientation may thus lead us to the knowledge of shock wave prop-

agation in the shocked minerals (Pittarello et al., 2020).  

Identifying shock deformation features in quartz is often done by using petrographic mi-

croscopy. Universal stage measurement is also used to measure and analyze the orientation of 

the shock-deformation features (Ferriere et al., 2009; Langenhorst, 2002; Pickersgill and Lee, 

2015). Although this technique has remained the standard method for orientation measurement 

in shock deformation features, it tends to be time-consuming and limited only to high symmetry 

crystals (Mariani et al., 2008; Pickersgill and Lee, 2015). An alternative technique that can give 

precise information about the crystallography orientation of minerals is electron backscatter 

diffraction (EBSD), using a scanning electron microscope (SEM). The SEM-EBSD technique 
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is fully automated, fast and accurate in collecting a statistically meaningful crystallographic 

orientation data set for minerals in a sample (Mariani et al., 2008).  

In this thesis, scanning electron microscopy (SEM) with the EBSD detector is used to obtain 

the EBSD data from thin-section samples. The results from the EBSD data analysis can estab-

lish a better understanding of shocked quartz and its crystallographic orientations. The EBSD 

data analysis is carried out by using the MATLAB-based MTEX toolbox (Hielscher and 

Schaeben, 2008). This toolbox can perform texture analysis of EBSD data, including grain re-

construction, creation of pole figures and inverse pole figures, and the prediction of seismic 

properties of minerals (Mainprice et al., 2015, 2011).  

1.1   Aims 

At present, to my best knowledge, there are few studies (Cox et al., 2020, 2019) about EBSD 

analysis of shocked minerals from the Chicxulub impact crater. Most CPO and microstructure-

based studies in shocked quartz focused on providing orientation of the shock deformation fea-

tures using universal stage analysis (Feignon et al., 2020; Ferriere et al., 2009). This thesis at-

tempts to fill this research gap by applying several research methods in the samples, including: 

a.  Observations of shock deformation feature in quartz using petrographic microscopy. 

These observations provide visual differences between the unshocked and shocked min-

erals, as well as shocked deformation features found in quartz or other minerals in the 

thin sections. 

b.  Analysis of CPO obtained from the pole figures of EBSD data, to investigate the poten-

tial relationship between the CPO and other microstructural features found in the sam-

ple. 

c.  Prediction of seismic properties of quartz and other minerals from the EBSD data to 

obtain a realistic, modelled, seismic signature of shocked minerals from the thin sec-

tions. The calculated seismic velocities, as well as the anisotropy, from the EBSD data, 

are then compared to the seismic velocities from previous laboratory studies (Christeson 

et al., 2018; Nixon et al., 2022). 

1.2  Sample overview 

Two samples, which are used in this work, were taken from different depths. One of the samples, 

171R2, was taken from 941.49-941.59 meters below the seafloor (mbsf). The other sample, 

300R2, was taken from 1324.24-1324.32 mbsf. From each sample, petrographic thin section 
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samples were cut on one horizontal (H) orientation and two verticals (V), but perpendicular 

sections (Figure 1b). Therefore, there are totals of six thin sections used in this thesis work 

(171R2-V1, 171R2-V2, 171R2-H1, 300R2-V1, 300-R2-V2, and 300R2-H1). Both samples 

were taken from borehole M0077A, in the lower peak ring of the Chicxulub impact crater (Fig-

ure 1a).  

 

 

Figure 1. a) Location and Bouguer gravity anomaly image of the Chicxulub impact crater. The samples were taken 
from the lower peak ring of borehole M0077A. Hole M0077A has a lower Bouguer gravity value, which is inter-
preted as the peak ring of the impact crater (Cox et al., 2020). b) Schematic diagram of the thin-section samples 
used in this thesis. Petrographic thin section samples from the M0077A borehole were cut on one horizontal (H) 
orientation and two verticals (V), but perpendicular to each other. 

 Besides quartz, there are some other minerals identified in the thin section samples, such as 

anorthite, biotite, calcite, orthoclase, and stishovite (Morgan et al., 2017; Table 1). All these 

minerals, including their elastic stiffness constants, will be used for the database of EBSD data 

acquisition and calculation of seismic properties. Table 1 shows information about these min-

erals, including the form, chemical formula, and elastic constants references. 

Table 1. Minerals identified in the granitic rocks of the M0077A cores ( Morgan et al., 2017) and references to the 
studies that present their elastic constants.  

Mineral Crystal form Chemical formula Elastic constants references 
Anorthite Triclinic-pinacoidal CaAl2Si208 (Brown et al., 2016) 
Biotite Monoclinic-prismatic K(Mg,Fe2+)3[AlSi3O10(OH,F)2] (Aleksandrov, 1961) 
Calcite Trigonal-hexagonal scalenohe-

dral 
CaCO3 (Chen et al., 2001) 

Orthoclase Monoclinic-prismatic KAlSi3O8 (Waeselmann et al., 2016) 
Quartz Trigonal-trapezohedral SiO2 (Ogi et al., 2006) 
Stishovite Tetragonal-ditetragonal di-

pyramidal 
SiO2 (Weidner et al., 1982) 

a) b) 
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1.3  Chicxulub peak ring and its physical properties 

The peak ring is a discontinuous mountainous ring that rises above the floor of large craters 

(Figure 1a). It is often observed in large terrestrial craters, including the Chicxulub crater. Based 

on geophysical studies, the Chicxulub peak ring consists of highly fractured and porous rocks 

that have low seismic velocity and density (Gulick et al., 2013). The lower peak ring where our 

samples were taken consists of granitoid rocks, pre-impact dikes, suevite and impact melt rock 

(Morgan et al., 2017).  

 The granitoid rocks are classified as the basement lithology of the Chicxulub lower peak 

ring. Three types of subvolcanic dikes or dike swarms have intruded the granitoid rocks, includ-

ing felsite, dacite, and diabase. Based on the report by Morgan et al. (2017), the granitoid is 

coarse-grained, containing several minerals that vary in proportion from 20% to 40%. Those 

minerals are red to pink alkali-feldspar, white to light yellow plagioclase, and grey to white 

quartz with some biotite. Alkali-feldspar minerals are observed to be more dominant relative to 

the plagioclase. The analysis of granitoid rocks in thin sections shows that they display a color 

variation due to thermal or shock variation. The feldspar shows color variation from green, to 

shades of yellow, orange, and red. The alkali-feldspar also shows clouding in thin section, while 

plagioclase display twinning that is locally kinked. The quartz may have discoloration to milk-

white or rarely pale-red and might have kink-banding observed in rare cases. Based on the pre-

vious study (Feignon et al., 2020), the granite basement found in Chicxulub is moderately 

shocked, which is indicated by the abundance of shock features in thin section minerals, includ-

ing observation of PDFs, PFs, and FFs seen in quartz and feldspar. 

 The Chicxulub science team also studied the physical properties of the granitoid rocks found 

in the Chicxulub crater. The range of P-wave velocities of rocks from the lower peak ring ranges 

from ~3500 to 5000 m/s. The characteristic of P-wave velocities is increasing with depth. The 

average sonic P-wave velocities are found to be ~4100 m/s, while the uppermost peak ring has 

a lower P-wave velocities value, which is around 3000-3200 m/s (Morgan et al., 2017).



5 
 

2 Background and Theory 

This chapter contains a description of shock deformation features in quartz, crystallographic 

information of Miller-Bravais indices, and the principle of EBSD measurements, which will be 

useful to understand the work presented in this thesis.  

2.1  Shock deformation in quartz 

Quartz that has been shocked by a meteorite impact would develop several shock deformation 

features, which are different from features of tectonic deformation. Table 2 summarizes the 

differences between shock deformation features and tectonic deformation features found in 

quartz (Poelchau and Kenkmann, 2011; Van Hoesel et al., 2015). An example of what the shock 

deformation features look like is shown in Figure 2.  

Table 2. Properties of shock deformation features and tectonic deformation features in quartz (based on Ferriere 
et al., 2009; Poelchau and Kenkmann, 2011; Van Hoesel et al., 2015). 

 Planar deformation fea-
tures (PDFs) 

Planar fractures 
(PFs) 

Feather features 
(FFs) 

Tectonic deformation 
features 

Shape Straight, parallel Straight, parallel Straight, parallel, 
emanating from 
one side of the pla-
nar fractures 

Often slightly curved 

Width <2-3 μm (typically <1 μm) 3-10 μm  10-100 μm >2 μm (typically ≥ 
10-20 μm) 

Spacing <10 μm (typically <2 μm) >15 μm 1-15 μm >5 μm 
Sets/grain ≥ 1 (typically >3) 1-3 No information 1-2 (typically 1) 
Orientation Parallel to specific crystal-

lographic planes, such as 
{101�3}, {101�2}, (0001), 
{101�1}, {112�2}, {112�1}, 
{213�1}, {516�1}, {101�0}, 
and {112�0} 

Parallel to specific 
crystallographic 
planes, such as 
(0001), {1011}, and 
occasionally to 
{101�3} 

Parallel to rational 
low index crystal-
lographic planes  

A broad range of low 
angles to the basal 
plane 

Shock pres-
sure 

10-30 GPa 5-20 GPa 7-10 GPa Not applicable 

 

 It has indicated that shock-induced planar microstructures will be more developed in grains 

that have specific crystallographic orientations oriented to the shock wave propagation 

(Pittarello et al., 2020a). The directions where the shock deformation features are oriented also 

give information about the shock pressure (Feignon et al., 2020; Holm-Alwmark et al., 2018). 

In addition, the orientation of FFs is controlled by the direction of the principal axis of stress 

(Poelchau and Kenkmann, 2011), so identifying the FFs can provide information of the direc-

tion of shock pressure in minerals.  



6 
 

 Some studies have found that shock-related microfractures are not only observed in quartz 

but also plagioclase feldspar. There are some differences between the microfractures found in 

plagioclase feldspar and quartz. Rae et al. (2019) have reported that the microfractures found in 

plagioclase feldspar are more closely spaced than in quartz, rarely planar, and they usually have 

branch structures that converge with other fractures. The fracture densities in plagioclase feld-

spar are usually found to be higher than in quartz. 

 
Figure 2. Some sets of shock deformation features were found in shocked quartz from the Chicxulub crater. a) 
One set of PDF is shown by {3141} direction, while the orientation of PF is {1011} direction. The FFs are branched 
out from the PF. b) Three sets of PDFs with one set of PF (Feignon et al., 2020). 

2.2 Crystallography 

This section contains information on the crystallographic investigations used in this thesis, in-

cluding concepts of crystal symmetry, Miller-Bravais indices, pole figures, and inverse pole 

figures.  

2.2.1 Crystal symmetry 

There are totals seven crystal systems that minerals belong to, including the cubic, hexagonal 

(hexagonal), hexagonal (trigonal), tetragonal, orthorhombic, monoclinic, and triclinic systems. 

By definition, crystals have an ordered arrangement of atoms which reflect crystal symmetry. 

The crystal symmetry contains four symmetry elements, such as axes of symmetry (rotational 

symmetry), a plane of symmetry (reflection symmetry/mirror symmetry), a center of symmetry, 

and rotoinversion. 

 The crystals that only have a few symmetry elements are said to have low symmetry, while 

the crystals that display many symmetry elements belong to the high symmetry crystals. The 

cubic crystal system belongs to the highest symmetry crystal, whereas the triclinic system has 

the lowest symmetry crystals. The combination of the crystal symmetry elements leads to 32 

possible symmetries of crystals – the 32 point groups/crystal classes. Every crystal should 
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belong to one of these 32 crystal classes. The Hermann-Mauguin symbol is used to describe the 

crystal classes (Perkins, 1998). Table 3 provides information about the seven crystal systems 

and their point groups.  

Table 3. The 32 possible symmetries of crystals (Perkins, 1998). 

Crystal system Unit cell shape Point groups 
Triclinic Triclinic prism 1, 1� 
Monoclinic Monoclinic prisms 2, m, 2/m 
Orthorombic Orthorombic prisms 222, mm2, 2/m2/m2/m 
Tetragonal Tetragonal prisms 4, 4�, 4/m, 422, 4mm, 4�2m, 4/m2/m2/m 
Hexagonal (trigonal) Rhombohedron 3, 3�, 32, 3m, 3�2/m 
Hexagonal (hexagonal) Hexagonal prisms 6, 6�, 6/m, 622, 6mm, 6�2m, 6/m2/m2/m 
Cubic Cube 23, 2/m3�, 432, 4�3m, 4/m3�2/m 

 A brief explanation of Table 3 follows below: 

• The triclinic system has 1-fold rotation axes or 1-fold rotoinversion axes, without any 

mirror planes (m). Examples of minerals that belong to this group are microcline (K-

feldspar), plagioclase, turquoise, and wollastonite. 

• The monoclinic system has a single 2-fold rotation axes and/or a single mirror plane 

(m). Some minerals that belong to this system are micas (biotite and muscovite), azurite, 

chlorite, clinopyroxenes, epidote, gypsum, malachite, kaolinite, orthoclase, and talc. 

• The orthorhombic system has 2-fold axes or 2 fold axes and/or up-to 3 mirror planes 

(m). Minerals that belong to this group are andalusite, anthophyllite, aragonite, barite, 

cordierite, olivine, sillimanite, stibnite, sulfur, and topaz. 

• The tetragonal system may show a single 4-fold symmetry axis, up to four 2-fold axes 

of rotation, a center of inversion, and up to five mirror planes (m). Some examples of 

minerals that belong to this system are anatase, cassiterite, apophyllite, zircon, and ve-

suvianite. 

• The hexagonal (trigonal) system has a single 3-fold axis of rotation, up to three 2-fold 

axes of rotation, a center of inversion, and up to three mirror planes (m). Minerals ex-

amples that belong to this system are calcite, dolomite, low quartz, and tourmaline. 

• The hexagonal (hexagonal) system has a single 6-fold symmetry axis, up to six 2-fold 

axes of rotation, a center of symmetry, and up to seven mirror planes (m). This crystal 

system includes apatite, beryl, and high quartz.  

• The cubic system has four 3-fold axes of symmetry, three separate 4-fold axes of rota-

tional symmetry, six 2-fold axes of symmetry, and up to nine different mirror planes (m). 

The minerals that belong to this group are halite, magnetite, and garnet.  
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2.2.2 Miller-Bravais indices 

Miller-Bravais indices in this thesis are used to describe the direction or planes where the crys-

tals and/or shock deformation features are oriented. It is a 4-axis coordinate system for 3-di-

mensional crystals, which is often written as (hkil), where “h”, “k”, and “l” are the length in the 

x, y, and z directions, respectively. The “i” coordinate operator is calculated by –(h+k). The 

negative sign of an axis is written as “1�”, instead of “-1” and referred to as “bar one”. Miller-

Bravais indices is the extensional form of Miller indices for hexagonal and rhombohedral crys-

tal system. Other crystal systems use Miller indices to show the crystal direction or planes. 

Figure 3 shows examples of Miller-Bravais and Miller indices for quartz and orthoclase, re-

spectively.  

  

 
Figure 3. Miller-Bravais and Miller indices for minerals. a) Miller-Bravais indices for hexagonal crystal symmetry, 
quartz. b) Miller indices for monoclinic crystal symmetry, orthoclase (Picture: MTEX toolbox). c) Examples of 
some specific Miller indices direction in hexagonal crystal symmetry, i.e. [0001], [11�00], and [112�0]. The [0001] 
is parallel to the c axis or z and perpendicular to the a1, a2, and a3 axes. The [11�00] is on the intersection between 
axis a1 and negative a2 axes, and perpendicular to a3 and c axes. The [112�0] is on the intersection between the a1 
and a2 axes, and perpendicular to the c axis. 

 Miller-Bravais indices are distinguished based on the use of brackets, such as: 

• Square bracket, “[ ]”, is used to indicate a specific direction.  

a b 

c 
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• Angle bracket, “< >”, is used to indicate a family of directions. 

• Parenthesis, “( )”, is used to indicate a specific plane. 

• Curly bracket, “{ }”, is used to indicate a family of planes. 

Based on the previous study by Langenhorst (2002), there are several compilations of the 

most abundant PDF orientations in shocked quartz (Table 4). However, most PDFs are oriented 

parallel to rhombohedral planes, such as {101�3} and {101�2}. The PDFs with c (0001) orienta-

tion is formed at the lowest shock pressures.  

Table 4. Compilation of the most abundant PDF orientations that form along different crystallographic planes in 
shocked quartz (Langenhorst, 2002), including the average shock pressure for each orientation (Holm-Alwmark et 
al., 2018). 

Miller-Bravais indices 
{h k i l} 

Azimuth 
angle 

Pole 
distance 
𝜌𝜌 

Symbol Form Average shock pressure 

(0001) - 0o c Basal pinacoid 7.5 GPa (type A) 
{1013}, {0113} p, n 30o 22.95o 𝜔𝜔,𝜔𝜔′ Rhombohedron 15-16.5 GPa (type B) 
{1012}, {0112} p, n 30o 32.42o 𝜋𝜋,𝜋𝜋′ Rhombohedron 20 GPa (type D) 
{1011}, {0111} p, n 30o 51.79o r, z Rhombohedron  
{1010} 30o 90o m Hexagonal prism  
{4041}, {0441} p, n 30o 78.87o t Rhombohedron  
{5160}, {6150} r, l 40o 90o k Ditrigonal prism  
{5161}, {6151} p, n, r, l 
{6151}, {1561} 

40o 82.07o x Trigonal trape-
zoedron 

 

{3141}, {4311} p, n, r, l 
{4131}, {1341} 

45o 77.91o - Trigonal trape-
zoedron 

 

{2131}, {3211} p, n, r, l 
{3121}, {1231} 

50o 73.71o - Trigonal trape-
zoedron 

 

{1122}, {2112} r, l 60o 47.73o 𝜀𝜀 Trigonal dipyramid 17 GPa (type C) 
{1121}, {2111} r, l 60o 65.56o s Trigonal dipyramid  
{1120}, {2110} r, l 60o 90o a Trigonal prism  
{2241}, {4221} r, l 60o 77.20o  Trigonal dipyramid 17 GPa (type C) 
p= positive, n= negative, r= right, l= left  

 

Feignon et al.  (2020)  studied the distribution of PFs and PDFs in 352 quartz grains from 

the Chicxulub peak ring by using the universal (spindel) stage. This study revealed that quartz 

grains from the Chicxulub peak ring have 60 % PFs that are oriented parallel to {101�1}, 20% 

are oriented parallel to (0001) and ~8% are oriented to {101�3}. Meanwhile, the most abundant 

PDFs are oriented parallel to {101�3} and {101�4}. The average number of PDFs per grain de-

creases as the depth of the sample increases. These distributions of PDF led to the conclusion 

that the shocked quartz in the Chicxulub peak ring is formed at the shock pressures around 15-

20 GPa (Feignon et al., 2020; Holm-Alwmark et al., 2018). 
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2.2.3 Pole figures and inverse pole figures 

Pole figures and inverse pole figures are two ways how crystallographic (i.e., Miller indices) 

and EBSD data are presented. Pole figures and inverse pole figures are stereographic projec-

tions where the orientation of crystals is plotted onto two-dimensional projections. Pole figures 

show the orientation of selected crystallographic planes normal relative to the sample reference 

axes. The sample reference axes are presented in a Cartesian coordinate system with directions 

of the X (rolling/longitudinal direction), Y (transverse direction), and Z (normal direction). Pole 

figures are useful to evaluate the distributions of crystal orientations of minerals in a rock, with 

respect to the Cartesian coordinate system. It also indicates whether there is a crystallographic 

preferred orientation (CPO) present in the sample or not. In contrast, inverse pole figures are 

useful to visualize the trends of crystallographic planes with respect to the chosen sample di-

rections. The plot is made relative to the crystal axes (not the sample axes), meaning that it uses 

crystal directions as the reference axes. In other words, the inverse pole figures show the loca-

tion of a sample direction relative to the crystal reference system. Figure 4 shows the example 

of the pole figures and inverse pole figures plots of shocked apatite from Chicxulub impact 

crater, by Cox et al. (2020).  

 
Figure 4. a) Secondary electron image of shocked apatite found in the Chicxulub impact crater. b) Inverse pole 
figure plots for normal direction (Z-axis) showing different crystallographic orientation planes. c) Pole figures of 
shocked apatite recorded in a), showing the distribution of the pole to three different crystallographic planes in the 
sample reference axes (Cox et al., 2020). 
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2.3  Principles of Electron Backscatter Diffraction (EBSD) 

EBSD is a technique to characterize and quantify crystallographic orientations, misorientations, 

texture trends, and grain boundary types on a micron-scale using a Scanning Electron Micro-

scope (SEM). Figure 5 shows a schematic diagram of EBSD pattern acquisition. In SEM, an 

electron beam strikes the specimen containing a crystalline material and electrons diffract. Dif-

fraction of these electrons within the specimen can produce diffraction cones, which are rec-

orded by the EBSD detector. The intersection of these diffracted electrons, collected on a phos-

phor screen of the EBSD detector produces pairs of lines, which are known as Kikuchi lines. 

Each Kikuchi line represents a crystallographic plane. The intersection of the lines represents a 

crystal direction or zone. Pairs of Kikuchi lines are called Kikuchi bands. EBSP (Electron 

Backscattered Pattern) consists of some Kikuchi bands. The width of the Kikuchi bands depends 

on Bragg’s law and the specimen to the phosphor's screen distance (Winkelmann et al., 2019). 

Bragg’s law is expressed as  

      𝑛𝑛 𝜆𝜆 = 2𝑑𝑑 𝑠𝑠𝑠𝑠𝑛𝑛 𝜃𝜃     (1), 

where n is an integer, 𝜆𝜆 is the wavelength of the electrons, d is the spacing of the diffracting 

planes, and 𝜃𝜃 is the angle of incidence of the electrons.  

 The wavelength of the electrons is determined by the incident beam energy. Using lower 

beam voltages could enhance the resolution of the Kikuchi pattern because the beam spread is 

smaller. Whenever the Bragg condition is obtained, the intersection of Kikuchi bands will in-

terfere positively and in high intensity which will give a bright spot on an EBSP which corre-

sponds to a zone axis (Prior et al., 1999).  

 The projected Kikuchi pattern on the phosphor screen is stored in a computer using the CCD 

(Charge-coupled Devices) camera. These patterns are compared to simulated patterns computed 

based on the structure of the specimen and the database of inputted minerals. This comparison 

determines the orientation of crystals within the specimen. The EBSD method assumes that the 

crystal structure of the specimen is known (i.e., known mineral composition), and therefore this 

method cannot be applied to the specimen that has an unknown composition, or a material with 

an unknown crystal structure. To generate EBSD patterns, the electrons must penetrate a spec-

imen depth that ranges from 30 to 50 nm from the specimen surface. If the electrons penetrate 

deeper than this range, they are likely to suffer inelastic scattering and energy losses which then 

could not produce the EBSD pattern.  
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Figure 5. Schematic diagram of EBSD pattern acquisition. During the measurement, the specimen is placed in a 
700 pre-tilted holder to reduce the path length of the electrons and increase the number of diffracted electrons to 
the phosphor screen before being absorbed by the crystal lattice in the specimen (Source: https://www.jeol.co.jp/) 
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3  Methodology 

This chapter presents the instrumentation and methods applied in this thesis. The instrumenta-

tion section includes a description of the instruments that were used for sample polishing and 

data collection. Meanwhile the methods part contains the description of methods from sample 

preparation to SEM-EBSD data acquisition. Each thin section that is studied in this thesis has a 

thickness of 30 μm. Sample preparation is critical to obtaining a good signal of Kikuchi pattern 

and EBSD data. Ultra-fine polishing of the thin section is needed to produce a strong Kikuchi 

pattern and good EBSD data (Mariani et al., 2008; Prior et al., 1999). Good EBSD data means 

that every point of the mapped area will be recorded as an indexed mineral. However, any cracks 

and voids in the specimen will not yield any EBSD data.  

3.1 Instrumentation 

3.1.1 Tegramin-20 Struers 

Tegramin-20 is a system machine manufactured by Struers for grinding and polishing speci-

mens, on a 200 mm diameter disk (Figure 6). The machine is equipped with liquids with sus-

pensions of diamonds or colloidal liquids used for specimen polishing. It allows for both auto-

matic and manual specimen polishing (holding the thin section by hand, while polishing). The 

latter method was used in this thesis, as no suitable holder exists for a standard thin section. 

Although the specimen preparation is manual, it is possible to use the automatic dosing function 

of Tegramin. It allows us to choose the type of suspension as well as the dosing level, the amount 

of time, and rotation speed.  

 
Figure 6. The Tegramin-20 machine that is used in this work for polishing the thin section samples (Photo: Erina 
Prastyani). 
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3.1.2 Petrographic microscope 

A petrographic microscope or polarizing microscope is used to analyse thin sections in polarized 

and cross-polarized light. It is useful to observe grain size, shape, color in plane-polarized light, 

cleavage, and other physical properties of crystals in polarized light. The cross-polarized setting 

is used to determine other properties, such as retardation, optic sign, dispersion, and 2V, which 

will not be described in detail in this thesis.  The microscope stage can be rotated relative to the 

polarized light to change the orientation of the sample. The interference of light with crystals 

will vary for anisotropic crystals during stage rotation. Rotating the stage can change the orien-

tation of the atomic structure relative to the polarized light, which makes the mineral change its 

color during the stage rotation (Perkins, 1998).  

The petrographic microscope used in this thesis is provided by the Department of Earth 

Science at Uppsala University (Figure 7). This microscope is equipped with an attached com-

puter and software that enables the user to save images of thin sections digitally (Figure 7).  

 
Figure 7. The petrographic microscope, which is equipped digitally with a computer, is used in this thesis to ob-
serve the thin section of minerals (Photo: Erina Prastyani). 

3.1.3 Zeiss-Merlin Gemini microscope 

Zeiss-Merlin Gemini is a field emission scanning electron microscope (SEM) manufactured by 

Carl Zeiss Microscopy GmbH. It is used to generate an image or analyse a specimen based on 

a focused beam of electrons that are scanned over the specimen surface. The instrument is con-

trolled with a SmartSEM user interface software, where the user can operate the machine via a 

graphical user interface. The specimen navigation and control can alternatively be managed 

using a dual joystick and control panel that integrates with a full-sized keyboard (Figure 8).   
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 For this thesis, the Zeiss-Merlin Gemini microscope at the Myfab LIMS (Uppsala Univer-

sity) was used; as a research infrastructure for microtechnology, nanoscience and material re-

search. The SEM instrument runs with an acceleration voltage of 0.02-30 kV and is equipped 

with an EDS (Energy Dispersive X-ray Spectroscopy) system for elemental analysis and a 

Nordlys Max EBSD detector for crystal orientation mapping. The EDS detector is an X-Max 

80 mm2 Silicon Drift Detector with high sensitivity, for analysis at a high-count rate. Both de-

tectors are controlled with the AZtec HKL software, a software user interface to control the 

detectors and collect the EBSD and EDS data.   

 
Figure 8. Zeiss-Merlin Gemini microscope that is used in this thesis (Photo: Erina Prastyani). 

3.2  Sample preparation 

Thin sections need to be polished before SEM analysis. The sample polishing is done manually 

with the Struers Tegramin-20 for grinding and polishing. Two diamond suspension liquids were 

used for the polishing steps. The first polishing is done by using the DiaPro Nap B1 1 μm. 

DiaPro are unique diamond suspensions for faster and cost-efficient materialographic specimen 

preparation. The polishing with this liquid is done for 8 minutes with a disk rotation rate of 80 

rpm. The final polishing is done by using an oxide polishing, OP U NonDry 0.04 μm, a non-

drying colloidal silica suspension. This oxide polishing agent removes scratches and surface 

deformation that occur on the sample. The amount of time spent to polish with this liquid is 24 

minutes with 60 rpm of rotation. It is found that the longer the time spent for the final polishing, 

the better the result of the EBSD, meaning that the Kikuchi pattern looks stronger. After the 

polishing steps, the samples are cleaned with ethanol and water to remove dirt that might oth-

erwise appear in images of the microscope and affect the result of the electron image.  
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3.3 EBSD 

3.3.1 EBSD acquisition 

The samples are uncoated to produce the most intense Kikuchi pattern (Pickersgill and Lee, 

2015). Although coating the specimen, with for example carbon or gold, would remove the 

static charge build-up problem (Prior et al., 1999), in our case, it significantly reduces the qual-

ity of the Kikuchi patterns even when the coating layer is very thin. The sample is placed in a 

70° pre-tilted holder. The EBSD data are then acquired with the EBSD detector and processed 

by the Oxford Instruments Nanotechnology Tools Aztec. The Aztec software also provides in-

formation about the Energy Dispersive X-ray Spectroscopy (EDS) of the mapped area in the 

specimen. The EDS analysis is done to characterize the elemental chemical composition of the 

sample. The relative amounts of different elements add information about the kind of minerals 

in the thin section. 

 The mineral phases that are included in the EBSD acquisition were quartz, anorthite, calcite, 

orthoclase, coesite, stishovite, feldspar, and biotite. These are the minerals that might appear on 

the samples and were selected based on the previous study by Morgan et al. (2007). The rec-

orded Kikuchi patterns reflect the diffraction of electrons and the mapping of crystallographic 

planes from these minerals. Several other settings are used to optimize the data acquisition and 

are described briefly in the following.  

Electron high tension (EHT) and probe current 

The EHT or acceleration voltage is the voltage applied to the gun for emitting electrons to the 

specimen. The EHT was set to 10 keV during the acquisition. The higher the EHT, the higher 

the chance for the specimen to experience charging. Charging is sought to be avoided during 

the EBSD acquisition as it would cause beam deflection, resulting in a mismatch between the 

electron image and EBSD mapping data. Charging can also be prevented by using a lower probe 

current. During EBSD data collection, probe current was set to 2 nA. 

Detectors 

Two detectors were used to scan the specimen and collect the EBSD data. These are the sec-

ondary electron (SE2) detector and the EBSD detector. The SE2 detector is an Everhart-Thorn-

ley detector type that is used to detect the secondary electrons and backscattered electrons. This 

detector can produce a topographic image of the specimen. Meanwhile, the EBSD detector 
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(Nordlys Max detector), collects and records the Kikuchi patterns of the minerals in the mapped 

thin section.   

EBSD acquisition parameters: binning, number of frames and background correction 

Binning or clustering groups of pixels are necessary for adjusting the resolution of the Kikuchi 

patterns. For this EBSD acquisition, 2x2 binning is used, where it can collect regular EBSD 

maps with higher accuracy at a lower acquisition speed.  

 The number of frames collected for one Kikuchi pattern will reduce the noise level in the 

image and give a cleaner pattern. The higher the number of frames, the cleaner the Kikuchi 

pattern, but the measurement time will be much longer. During EBSD acquisition in this study, 

we used 4 number of frames to average the image. 

 A static background correction is applied as a method to average a large number of patterns 

imaged based on the signal from many different orientations. During the data measurement, the 

Kikuchi pattern that is produced is weak on a strong non-linear background. Removing the 

background can increase the clarity of the Kikuchi pattern. The unwanted background is also 

automatically removed by using the automatic background routine option without changing the 

shape and features of the Kikuchi bands. 

3.3.2 EBSD data processing and analysis 

After collecting the EBSD data, processing and analysis were performed using the MATLAB 

texture (MTEX) toolbox (Hielscher and Schaeben, 2008). It is a comprehensive toolbox, freely 

accessible via MATLAB that covers a wide range of quantitative texture analysis, including the 

EBSD data analysis and the calculation of physical properties of aggregates (Mainprice et al., 

2015, 2011). The EBSD data analysis focused on the sections containing mainly quartz. Several 

steps of processing of the EBSD data were performed with the MTEX toolbox that has been 

done in this thesis, including plotting the phase map, the mean angular deviation (MAD) cor-

rection, grain reconstruction, and plotting the pole figures and inverse pole figures. The MAD 

correction and grain reconstruction of EBSD data are described in more detail below.  

MAD correction 

Inaccuracy always occurs in EBSD measurements, which is indicated by MAD values. Gener-

ally, a MAD value higher than 1 indicate a poorly constrained EBSD measurement. MAD indi-

cates the misfit between the detected Kikuchi bands and the simulation. MAD also shows the 

confidence index of the measurement. The higher the MAD value, the lower the confidence 
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index. Therefore, MAD correction is done to remove MAD values that are higher than 1. Figure 

9 shows the difference between the EBSD phase mineral map before and after the MAD cor-

rection. It can be seen from Figure 9b that there are some indexed regions in the phase map 

disappeared after the MAD correction. Other EBSD phase maps processed in this study (after 

the MAD correction) can be found in the Appendix B.   

  
Figure 9. An example of an EBSD phase mineral map acquired from the 300R2-V1 thin section. a) EBSD phase 
map before MAD correction is applied to the data processing. b) EBSD phase map after the MAD correction is 
applied. The orientation of the map is shown with respect to the X and Y sample reference axes. The map is mostly 
dominated by the blue color which represents the mineral quartz.  

Grain reconstruction 

Grain reconstruction attempts to reconstruct the indexed regions into regions of similar orien-

tation, which are then called grains. However, non-indexed regions commonly occur in EBSD 

measurements because Kikuchi patterns could not be observed in some measurements. Non-

indexed regions in EBSD data need to be treated carefully as they cannot be assigned directly 

to the surrounding indexed regions. One choice that can be used to deal with this case is to 

assign small non-indexed regions to the surrounding grains but to keep larger non-indexed re-

gions as they are. This allows us to analyze the shape of non-indexed regions. However, we 

must be careful if the non-indexed regions occupied larger areas on the map, it is better to leave 

them as non-indexed regions because we do not know for sure what minerals are there. After 

doing it, the grain reconstruction then shows different mineral phases in the EBSD data. Figure 

10 shows the grain reconstruction overlain by the orientation of quartz. Different colors in the 

map show different orientations of quartz, which is represented by the inverse pole figures color 

key. The other grain reconstruction maps can be found in Appendix B.  

 The phase maps that are dominated by quartz are then analyzed further by plotting the pole 

figures. An example of what pole figures look like can be seen in Figure 4c. Different 

x 

y 

x 

y 

a) b) 
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orientations of quartz are shown in different colors within the grain reconstruction map. Pole 

figures analyses provide information about the CPO distribution of mineral quartz in the sam-

ple.  

 

 
Inset map: 

 

Figure 10. Grain reconstruction map from a part of 300R2-V1 thin section, which is overlain by the different 
orientation of quartz. The inset map shows roughly where the EBSD map is taken from the thin section. The inverse 
pole figures color key is also presented to show the crystallographic orientation planes of hexagonal minerals, 
which in this case is quartz.  

Seismic properties prediction 

The seismic properties are calculated based on the phase minerals recorded in the EBSD data 

and their CPO. The calculation of seismic velocities is done in the MTEX toolbox based on the 

Voigt-Reuss-Hill (VRH) method (Hill, 1952; Reuß, 1929; Voigt, 1894). VRH is an averaging 

technique for obtaining effective elastic constants of polycrystals. This technique uses the vol-

ume fraction and orientation of each mineral phase, the density and elastic constants of the 

single crystals or grains to predict the seismic velocities of single crystal or bulk seismic veloc-

ities from the EBSD data (Cyprych et al., 2017). The term elastic constants in this thesis refers 

to the elastic stiffness of a mineral phase.   

 The Voigt method considers that the elastic strain field is constant whereas stress can vary, 

while the stress field is considered to be constant in the Reuss method and the strain is allowed 

to vary throughout the sample. Voigt (1894) in Almqvist and Mainprice (2017) defined the Voigt 

elastic constant as 

x 

y 
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      𝐶𝐶𝑉𝑉 = [∑ 𝑉𝑉𝑖𝑖𝐶𝐶(𝑔𝑔𝑖𝑖)𝑖𝑖 ]     (2), 

where 𝑉𝑉𝑖𝑖 is the volume of specified phase i and C(gi) is the elastic stiffness of phase i with 

orientation gi. In contrast, Reuß (1929) in Almqvist and Mainprice (2017) expressed the Reuss 

elastic constant as 

      𝐶𝐶𝑅𝑅 = [∑ 𝑉𝑉𝑖𝑖𝑆𝑆(𝑔𝑔𝑖𝑖)𝑖𝑖 ]−1     (3), 

where S(gi) is the elastic compliance of phase i and the other parameters are the same as in 

equation (2). The elastic compliance is the inverse of the elastic stiffness. (Hill, 1952) proposed 

to use the arithmetic mean of the Voigt and Reuss bounds. It turns out that the Hill average 

agrees best with measured values for elastic properties. As a result, Hill averages were used to 

show the averaged seismic tensors in this case.  
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Figure 11. Seismic properties (P wave velocity (Vp), fast S wave velocity (Vs1), slow S wave velocity (Vs2)) of 
the two most abundant minerals found in the samples, which are quartz, orthoclase, and plagioclase feldspar (an-
orthite). Blue and red colors show the highest and slowest velocity, respectively.  

 Elastic constants of quartz, orthoclase, and anorthite are used for the calculation of seismic 

velocities in this thesis as these three minerals have the highest composition in each thin section 

analysed (more than 2%). Figure 11 shows the plot of the P wave velocities (Vp), fast S wave 

velocities (Vs1) and slow S wave velocities of these three minerals. The seismic velocities of 
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these minerals are calculated and plotted based on the elastic constant references mentioned in 

Table 1. 

 The information about seismic velocities leads to the calculation of seismic anisotropy. Seis-

mic anisotropy is defined as A=200[(Vmax-Vmin)/( Vmax+Vmin)], where Vmax and Vmin are the 

maximum and minimum velocities of either P wave, S wave, S1 or S2 wave at room pressure 

and temperature (Cyprych et al., 2017). The distribution of anisotropy and seismic velocities 

can be visualized by using the MTEX toolbox (Mainprice et al., 2011). Table 5 shows a sum-

mary of the seismic properties including the anisotropy of the quartz and anorthite.  

Table 5. Summary of the seismic properties of quartz, orthoclase, and anorthite. The mean is calculated using the 
formula Vp mean=(Vp min+ Vp max)/2. Vs1 mean=(Vs1 min+ Vs1 max)/2. Vs2 mean=(Vs2 min+ Vs2 max)/2. 
Anisotropy A (AVp or AVs)=200(V max- Vmin)/(V max+V min). 

Minerals 
Vp (km/s) Vs1 (km/s) Vs2 (km/s) 

Min Max Mean A (%) Min Max A (%) Min Max A (%) 
Quartz 5.3 7 6.15 27.64 3.7 5.1 31.82 3.3 4.7 35 
Anorthite 6.3 8.6 7.45 30.87 3.5 5.2 39.08 2.9 3.9 29.41 
Orthoclase 5.1 8.4 6.75 48.89 2.8 5.4 63.41 2.3 3.8 49.18 
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4  Results 

This chapter presents the results from the observed deformation features and EBSD data acqui-

sition. We have focused on the EBSD data that show good data quality and analyze these data 

further. The results presented in this chapter have been chosen from each thin section. 

4.1 Petrographic observations 
Microfractures are seen throughout the thin sections. Although the thin section is mostly domi-

nated by plagioclase feldspar and quartz, it is not easy to differentiate the microfractures found 

in the two minerals. Therefore, the results presented in this part contain representative photo-

micrographs of deformation features found in the sample without specifying in which mineral 

grains these features are located.  

4.1.1  171R2 sample 

171R2 thin section samples show strongly deformed and altered coarse-grained granite as the 

main lithology. The sample shows parallel fractures and is filled with veins. Several sets of 

planar deformation features, planar fractures, and feather features can be found in almost all 

grains. Figure 12 shows the photomicrograph of the shock deformation features found in 171R2 

thin section samples.  

4.1.2  300R2 sample 

300R2 thin section samples are similar in composition to the 171R2 thin sections, consisting of 

granite. These samples have long cracks and filled white and green veins. In some parts of the 

thin sections, impact melt can be observed along with some shock deformation features in it. 

Although deformation features can be found regularly in the thin sections, there is also an ex-

ample of grain that does not have any deformation features in it (Figure 13). Figure 14 shows 

the photomicrographs of the grain with several sets of PDF, PF, and FF.  
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Figure 12. Shock deformation features found in 171R2 thin section samples in plane polarized light. Blue color is 
the color of glue used to stain the thin section and highlight the fractures. a) Shock features found in 171R2-H1 
thin section. b) Interpreted shock features found in a), which consists of one set of PF (yellow dashed line), ac-
companied by several sets of FFs (yellow arrows). c) Shock features found in 171R2-V2 thin section. d) Interpreted 
shock features found in c), which consists of one set of PDF where the orientation of this set PDF is shown by red 
dashed lines.  

 
Figure 13. An example of grain mineral without any shock deformation features found in 300R2-H1 thin section.  

171R2-H1 171R2-H1 a b 

171R2-V2 171R2-V2 c d 

300R2-H1 
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Figure 14. Some features found in 300R2 thin sections. The blue color is the glue used to stain the thin section. a) 
Shock features found in 300R2-H1 thin section. b) Interpreted shock features from a), which consists of one set of 
oriented PDF shown in red dashed lines. c) Shock features found in 300R2-V1 thin section. d) Interpreted shock 
features from c), which is interpreted to be the occurrence of two sets of oriented PFs shown in yellow dashed 
lines. e) Shock features found in 300R2-V2 thin section. f) Interpreted shock features from d), which consists of 
PF shown in yellow dashed lines, along with FFs shown in yellow arrow, and one set of oriented PDF in red dashed 
line.  

4.2  EBSD data summary 
This part contains a summary of the EBSD data acquisition from each thin section, which is 

shown in Table 6. Table 6 includes the total mapped areas, the step size used during the EBSD 

acquisition, mineral composition, and the total number of grains based on the grain reconstruc-

tion processing. The EBSD phase map mentioned in Table 6 with the grain reconstruction map 

300R2-H1 300R2-H1 

300R2-V1 300R2-V1 

300R2-V2 300R2-V2 

a b 

c d 

e f 
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is provided in Appendix B. Two different mapped areas are measured from the 300R2-V1 thin 

section because these two maps showed good results during the EBSD acquisition and were 

dominated by quartz (more than 80%). Based on Table 6, the step size used during the EBSD 

acquisition is ranging from 35 to 70 µm and the minimum area studied in each thin section is 

about 3 mm2.  

 It can be shown in Table 6 that the highest amount of quartz grains is observed in thin section 

171R2-V1. 171R2-V1 thin section has 92% quartz, representing 48 grains, and 3.2% of anor-

thite, representing only 1 grain. Meanwhile, the least amount of quartz is observed in 300R2-

V2 (20% of quartz, representing 13 grains). Although 171R2-H1 has the largest total mapped 

area (10.5 mm2), it only contains 27% quartz, while the remainder of the investigated area did 

not yield an indexed phase. There are only two EBSD maps from two different thin sections 

that contain anorthite, the 171R2-V1 which contains 3.2% of anorthite in 1 grain and 300R2-

H1 that has 6 grains of anorthite making up 2.2 % of the total number of grains.  

Table 6. EBSD data summary from each thin section, which contains information about the total mapped areas, 
step size, the total amount of grains, and mineral composition. All this information is extracted from the MTEX 
toolbox after the grain reconstruction process has been applied to the dataset. 

Samples Area 
(mm2) 

Step 
size 
(µm) 

Numbers of grains Composition in % 

Quartz Anorthite Not-indexed Quartz Anorthite 

171R2-V1 4.72 40 48 1 4.50 92.00 3.20 
171R2-V2 9.78 50 43 - 16.00 82.00 - 
171R2-H1 10.50 50 36 - 73.00 27.00 - 

300R2-V1 4.02 40 28 - 19.00 81.00 - 
3.35 35 30 - 13.00 87.00 - 

300R2-V2 9.02 70 13 - 80.00 20.00 - 
300R2-H1 5.08 30 41 6 63.00 35.00 2.20 

Table 7. EBSD data summary collected from the combination of EBSD dataset for each thin section. It contains 
information about the number of EBSD datasets per thin section, the amount of quartz orientation, and mineral 
composition. 300R2-V2 and 300R2-H1 do not have more than one EBSD dataset, which made it has similar data 
to Table 6.  

Samples 

Number of 
EBSD da-
tasets per 
sample 

Number of quartz 
orientations 

Composition in % 

Not-in-
dexed Quartz Anorthite Orthoclase 

171R2-V1 3 3393 orientations 32.00 47.00 16.00 3.40 
171R2-V2 2 3629 orientations 20.00 68.00 8.30 2.30 
171R2-H1 2 2208 orientations 50.00 46.00 - - 
300R2-V1 4 4913 orientations 27.00 63.00 4.10 2.70 
300R2-V2 1 402 orientations 80.00 20.00 - - 
300R2-H1 1 1726 orientations 63.00 35.00 2.20 - 

 

 Table 7 shows information about the total EBSD mapped areas that have been acquired 

within each thin section, the number of quartz orientations, as well as the mineral composition 
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and not-indexed regions. The location of the EBSD mapped regions within each thin section 

can be seen in Figure 15. Not all the EBSD maps mentioned in Table 7 are selected for further 

grain reconstruction processing because they do not contain more quartz compared to other 

maps. Based on Table 7, 300R2-V1 has the highest amount of quartz orientations with 4 EBSD 

mapped areas within the thin section, while 300R2-V2 has the lowest number of quartz orien-

tations. There are three thin sections containing orthoclase with more than 2% of the composi-

tion, i.e. 171R2-V1, 171R2-V2, and 300R2-V1. Meanwhile, based on the grain reconstruction 

process (Table 6), there are no orthoclase grains reconstructed. Both information in Table 6 and 

Table 7 are used for plotting the pole figures and predicting the seismic velocities. 

171R2-V1 
 
 
 
 
 
 
 
 

171R2-V2 171R2-H1 

300R2-V1 
 

300R2-V2 300R2-H1 
 
 
 
 
 
 
 

Figure 15. Inset map location for each thin section in Table 7. The blue colored rectangles are the mapped areas 
selected for Table 6 because they contain a higher quartz concentration compared to the other regions within one 
thin section. 

4.3  Pole figures 
This part contains information about the crystallographic preferred orientation of quartz from 

each thin section that has been analysed (Table 6). The pole figure plots were computed from 

all indexed quartz orientations. Pole figures data of quartz from the six samples are plotted in 

Figures 16 and 17. Both Figures show the pole figures plots of three different crystallographic 

planes that are plotted with respect to the sample reference axes X and Y. All pole figures are 

upper hemisphere projections and created based on all quartz orientation data of the mapped 

area (Table 6). The three different crystallographic planes are (101�0), (112�0), and (0001). The 

crystallographic plane of (0001) represents the c axis of the quartz. While (101�0) and (112�0) 

represent the face plane (a-axis) and the face diagonal (m-axis), respectively, on the quartz hex-

agonal prism. The orientation distribution functions (ODFs) are computed and used to produce 
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contoured pole figures. The grain modal orientations (one orientation per grain) were used to 

compute the ODF.   

4.3.1  171R2 samples 

Three pole figure plots from three different thin sections with different number of quartz orien-

tations have been plotted in Figure 16. The number of quartz orientations shown in Figure 16 is 

smaller than the data listed in Table 7 because there is no combination of the mapped EBSD  

areas plotted in Figure 16. If we compare the pole figures plots from each thin section in Figure 

16, the multiple uniform distributions (m.u.d) for sample 171R2 differ in each thin section. The 

strongest CPO is shown in 171R2-V2, with m.u.d- up to 39.  
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Figure 16. The pole figures plot of quartz from sample 171R2. a) Pole figures plots of 171R2-V1 thin section, 
which consists of 2395 orientations of quartz. b) Pole figures plots of 171R2-V2 thin section, which consists of 
2887 orientations of quartz. c) Pole figures plots of 171R2-H1 thin section, which consists of 1157 orientations of 
quartz. The colorbar shows the multiple uniform distributions (m.u.d.). Red and white colors show highest and 
lowest levels of m.u.d., respectively.  

 Amongst the three thin sections of 171R2 samples, 171R2-V2 also has the highest number 

of quartz orientation data used to construct the pole figures. The pole figures of the 171R2-V2 

a) 

b) 

c) 
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map show that the distribution of (101�0) and (112�0) planes are more concentrated along in the 

Z-X plane. In contrast, the plane (0001) of 171R2-V2 is more concentrated along the Y-axis. 

Different from the 171R2-V2 pole figures, the 171R2-V1 and 171R2-H1 maps show a greater 

dispersion of crystallographic orientations. The poles to crystallographic planes of (101�0), 

(112�0), and (0001) from 171R2-V1 pole figures have a higher range or m.u.d. level with a 

higher number of quartz orientations than 171R2-H1.  

4.3.2  300R2 sample 

Figure 17 shows the pole figure plots of sample 300R2. There are a total of four pole figure 

plots for the three thin sections because 300R2-V1 has two EBSD mapped areas (Table 6). 

Based on Figure 17, the distribution of the poles of crystallographic planes of quartz is highly 

dispersed with respect to the sample reference axes X and Y. However, compared to (101�0) and 

(112�0) planes, the pole figure plots of plane (0001) from all 300R2 EBSD maps are not as 

highly scattered as the plots of the other two planes. Although the patterns of pole figure plots 

are scattered, with different numbers of quartz orientations, the range of multiple uniform dis-

tributions from sample 300R2 looks nearly the same, with m.u.d.’s up to 15. Thin section 

300R2-V2 has the lowest number of quartz orientations, with 402 orientations. In contrast, one 

of the maps from 300R2-V1 has the highest number of quartz orientations, with 2092 orienta-

tions.   

 As there are two EBSD maps from 300R2-V1, we tried to combine all the acquired EBSD 

data (Table 7) for each thin section to see how the pole figures plots would look like after the 

data combination. Figure 18 shows an example of the pole figures plots produced from data 

combination of four EBSD mapped areas in the 300R2-V1 thin section. There are totals of 4913 

quartz orientations in Figure 18, much higher than the quartz orientations of individual maps in 

Figure 18a. It can also be seen in Figure 18 that the distribution of poles to each crystallographic 

plane with respect to the specimen reference axes X and Y are more random compared to Figure 

17a. Additionally, the m.u.d. level in Figure 18 is lower than in Figure 17a, with m.u.d.’s up to 

5. Other combinations of EBSD data from individual maps in other thin sections can be seen in 

Appendix D. 
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Figure 17. The pole figures plots of quartz from sample 300R2. a) Two pole figures plots from 300R2-V1 thin 
section, with different amount of quartz orientations data, 1791 and 2092 orientations data. b) Pole figures plot of 
300R2-V2 thin section, which contains 402 orientations of quartz. c) Pole figures plots of 300R2-H1 thin section, 
which consists of 1726 orientations. The colorbar shows the multiple uniform distribution (m.u.d.) of the crystal-
lographic planes with respect to the sample reference axes. Red and blue color shows the highest and lowest level 
of m.u.d., respectively. 

 

b) 
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Figure 18. Pole figures plots of quartz orientations based on EBSD data taken from 300R2-V1 thin section (Table 
7). There is total 4913 quartz orientations used to plot this pole figures plots. This pole figures plot is produced 
only based on the amount of quartz orientation without grain reconstruction process. The color bar shows the 
multiple uniform distributions (m.u.d.).   

4.4  Seismic properties 
This section gives information about the calculated seismic properties of each EBSD map that 

was acquired. Two kinds of seismic properties are calculated, i.e. single-phase (quartz) and bulk 

(multiphase) seismic properties. The seismic properties are calculated based on the measured 

EBSD data (Table 6 and Table 7), especially the information about mineral composition. The 

seismic properties are presented in equal area nets showing the range of the P wave velocity 

(Vp), fast polarized S wave velocity (Vs1), and slow polarized S wave velocity (Vs2), as well 

as the result of the calculated anisotropy. 

  Table 8 shows a summary of the seismic properties’ calculation (Hill average), including 

anisotropy, based on the EBSD data in Table 6. Table 9 presents the summary of seismic prop-

erties based on the EBSD data from Table 7. The results for Voigt and Reuss calculations can 

be found in Appendix C. 

Table 8. Summary of calculated seismic properties for six thin sections used in this thesis. Vp is the P wave veloc-
ity, Vs1 is the polarized fast S wave velocity, and Vs2 is the polarized slow S wave velocity. The mean velocity is 
calculated using the formula Vp mean=(Vp min+ Vp max)/2; Vs1 mean=(Vs1 min+ Vs1 max)/2; Vs2 mean=(Vs2 
min+ Vs2 max)/2; Anisotropy (AVp or AVs)=200(V max- Vmin)/(V max+V min).  

Samples 

Vp Vs1 Vs2 
Vp 
min 

(km/s) 

Vp 
max 

(km/s) 

Vp 
mean 

AVp 
(%) 

Vs1 
min 

(km/s) 

Vs1 
max 

(km/s) 

AVs1 
(%) 

Vs2 
min 

(km/s) 

Vs2 
max 

(km/s) 

AVs2 
(%) 

Quartz 
171R2-V1 5.60 6.40 6.00 13.33 3.90 4.50 14.29 3.80 4.20 10.00 
171R2-V2 5.60 6.50 6.05 14.88 4.00 4.50 11.76 3.80 4.50 16.87 
171R2-H1 5.50 6.40 5.95 15.13 3.90 4.50 14.29 3.70 4.30 15.00 

300R2-V1 5.70 6.40 6.05 11.57 3.90 4.40 12.05 3.80 4.20 10.00 
5.80 6.30 6.05 8.26 4.00 4.40 9.52 3.80 4.30 12.35 

300R2-V2 5.70 6.50 6.10 13.11 3.90 4.50 14.29 3.70 4.20 12.66 
300R2-H1 5.70 6.50 6.10 13.11 4.00 4.50 11.76 3.80 4.20 10.00 

Bulk (Quartz + Anorthite) 
171R2-V1 5.70 6.40 6.05 11.57 3.90 4.50 14.29 3.80 4.20 10.0 
300R2-H1 5.80 6.50 6.15 11.38 4.00 4.40 9.52 3.80 4.20 10.0 
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 Based on Table 8, the calculated anisotropy for quartz from all thin sections ranges from 

around 8% to 15% for Vp, approximately 9.5% to 14% for Vs1, and 10% to around 17% for 

Vs2. Meanwhile, the calculation of bulk anisotropy in 171R2-V1 and 300R2-H1 thin section 

shows that the anisotropy is around 11% for Vp, 9.5% and 14.29% for Vs1, and 10% for Vs2. 

Table 8 also shows that there are only two thin sections which have the bulk seismic properties, 

i.e. 171R2-V1 and 300R2-H1 as only these contain more than quartz composition on its EBSD 

maps. 

Table 9. Summary of calculated seismic properties for several samples based on EBSD data in Table 7. The data 
used here is based on the number of orientations and mineral composition without any grain reconstruction pro-
cessing. Bulk seismic properties are calculated from samples that have minerals other than quartz with an area 
percentage more than 2%.  

Samples 

Vp Vs1 Vs2 
Vp 
min 

(km/s) 

Vp 
max 

(km/s) 

Vp 
mean 

AVp 
(%) 

Vs1 
min 

(km/s) 

Vs1 
max 

(km/s) 

AVs1 
(%) 

Vs2 
min 

(km/s) 

Vs2 
max 

(km/s) 

AVs2 
(%) 

Quartz 
171R2-V1 5.70 6.30 6.00 10.00 4.00 4.40 9.52 3.90 4.20 7.41 
171R2-V2 5.70 6.40 6.05 11.60 4.00 4.50 11.80 3.80 4.30 12.30 
171R2-H1 5.70 6.40 6.05 11.60 3.90 4.40 12.00 3.80 4.30 12.30 
300R2-V1 5.90 6.20 6.05 4.96 4.0 4.30 7.23 3.90 4.20 7.41 

Bulk (Quartz + Anorthite + Orthoclase) 
171R2-V1 6.00 6.50 6.25 8.00 3.90 4.30 9.76 3.80 4.10 7.59 
171R2-V2 5.80 6.40 6.10 9.84 3.90 4.40 12.00 3.80 4.30 12.30 
300R2-V1 6.00 6.20 6.10 3.28 4.00 4.20 4.88 3.90 4.10 5.00 

  

 The comparison between Table 8 and Table 9 shows that there is an observed decrease in 

terms of quartz anisotropy. The biggest anisotropy reduction can be observed from the 300R2-

V1 thin section, from around 12% to 5% for AVp. Meanwhile, the anisotropy reduction in the 

bulk seismic that can be compared is only from the 171R2-V1 thin section. The highest anisot-

ropy reduction in the 171R2-V1 thin section occurred on Vs1, with an anisotropy reduction of 

around 30%. More grains and orientation data are given in Table 7 leads to an anisotropy de-

crease, as seen in Table 9. 

 
4.4.1  171R2 sample 

Based on Table 6, there is only one thin section from sample 171R2 that has anorthite in its 

composition, the 171R2-V1 thin section. Therefore, this thin section does not only have seismic 

properties for the quartz only but also considers the bulk seismic properties containing mineral 

quartz and anorthite. Figure 19 shows the plot of P wave velocity (Vp), polarized fast S wave 

velocity (Vs1), and polarized slow S wave velocity (Vs2) calculated from the Hill average for 

sample 171R2. 
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Figure 19. Equal area nets with plots of the Hill average of P wave velocity (Vp), polarized fast S wave velocity 
(Vs1), and polarized slow S wave velocity (Vs2) for 171R2 samples. The seismic velocities of quartz based on the 
EBSD data are shown in a), b), and c). Meanwhile, the bulk seismic velocities are shown in d). Blue and red color 
show high and low velocity, respectively. a) The Vp, Vs1, and Vs2 of quartz from 171R2-V1 thin section. b) The 
Vp, Vs1, and Vs2 of quartz from 171R2-V2 thin section. c) The Vp, Vs1, and Vs2 of quartz from 171R2-H1 thin 
section. d) Bulk seismic velocities calculated from 171R2-V1 thin section as it has anorthite contents in it.  

 It can be seen from Figure 19 that the range of P wave velocities of quartz for all 171R2 

thin sections is from 5.5-6.5 km/s. In contrast, the range of fast S wave velocity and slow S 

wave velocity is lower than the P wave velocities, 3.9-4.5 km/s and 3.7-4.5 km/s for Vs1 and 

Vs2, respectively. The 171R2-V2 plot shows an interesting pattern compared to the other plots, 

as it has low Vp and high Vs1 along the X-axis. Other seismic plots in Figure 19 show a more 

a) 

b) 

c) 

d) 
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dispersed pattern throughout the area. Figure 19d shows the plot of bulk seismic velocity from 

171R2-V1, there is a similar pattern and range of velocities as in Figure 19a, with velocities 

ranging from 5.7-6.4 km/s, 3.9-4.5 km/s, and 3.8-4.2 km/s for Vp, Vs1, and Vs2, respectively.  

4.4.2  300R2 sample 

Figure 20 shows the distribution of seismic velocities (Vp, Vs1, and Vs2) for sample 300R2. It 

can be seen from Figure 20a that there are two different patterns of seismic velocity for the 

300R2-V1 thin section as they are based on two different EBSD mapped areas. Although the 

pattern looks different in Figure 20a, the range of these seismic velocities is nearly the same, 

5.7-6.4 km/s for Vp, 3.9-4.4 km/s for Vs1, and 3.8-4.3 km/s for Vs2. Meanwhile, the range of 

seismic velocities in quartz for other thin sections (300R2-V2 and 300R2-H1) is from 5.7 to 6.5 

km/s for Vp, 3.9 to 4.5 km/s for Vs1, and 3.7-4.2 km/s for Vs2. In Figure 20d, the plot of seismic 

velocities of 300R2-H1 shares similar patterns to Figure 20c, where the seismic velocities of 

300R2-H1 in quartz are calculated. Figure 20c and Figure 20d also have a similar range of 

predicted seismic velocities, from 5.7-6.5 km/s for Vp, 4-4.4 km/s for Vs1, and 3.8-4.2 km/s for 

Vs2. 
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Figure 20. Equal area nets with plots of the Hill average P wave velocity (Vp), polarized fast S wave velocity 
(Vs1), and polarized slow S wave velocity (Vs2) for 300R2 samples. The seismic velocities of quartz based on the 
EBSD data are shown in a), b), and c). In contrast, the bulk seismic velocities are shown in d). Blue and red colors 
show high and low velocity, respectively. a) The Vp, Vs1, and Vs2 of quartz from the 300R2-V1 thin section. b) 
The Vp, Vs1, and Vs2 of quartz from 300R2-V2 thin section. c) The Vp, Vs1, and Vs2 of quartz from the 300R2-
H1 thin section. d) Bulk seismic velocities calculated from 300R2-H1 thin section as it has anorthite contents in it. 

a) 

b) 

c) 

d) 
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5 Discussion 

Six thin sections from two samples were investigated using EBSD: 171R2-V1, 171R2-V2, 

171R2-H1, 300R2-V1, 300R2-V2, and 300R2-H1. For each thin section, several different areas 

were mapped to analyse the crystallographic preferred orientation (CPO) of quartz and its seis-

mic properties, including the seismic anisotropy. Table 7 shows the summary of how many areas 

are mapped within each thin section. Two thin sections only have one mapped area because 

some challenges occurred during the measurement, i.e. 300R2-V2 and 300R2-H1. The chal-

lenges also occurred in other samples, but the frequency was not to the extent as for thin sections 

300R2-V2 and 300R2-H1. Based on the observation using petrographic microscopy, these two 

thin sections are also heavily deformed (cracked from impact shock), which might add to the 

difficulty for these samples to be polished sufficiently well. The challenges are related to charg-

ing within the specimen during EBSD acquisition and the specimen possibly not being well-

polished enough, which is shown by the rough surface (Figure A. 1 in Appendix A). These 

challenges made the EBSD acquisition difficult for some of the mapped areas within each thin 

section.  

 Rough surfaces might be caused by the shock deformation process from the meteorite im-

pact, which cannot be reduced or removed. Charging occurs because the thin section area con-

tains a lot of quartz, which is an electrical insulator. Therefore, the electrons inside the specimen 

do not flow easily and get trapped. Although a lower probe current was used during the acqui-

sition, some areas experienced more charging than others. Additionally, the result of the polish-

ing is not similar for some areas because the polishing process was done manually, which made 

it a challenging task to achieve similar smoothness over the whole area of the thin section. Well-

polished surface results in indexed phases whereas a non-indexed phase can happen because 

bad polishing failed to index the Kikuchi pattern. 

 Although we have mapped several different areas within each thin section, not all these 

maps show many indexed phases for quartz while we wanted to investigate more about this 

shocked mineral. Therefore, for each mapped area from each thin section, we chose the map 

that has the highest composition of minerals based on the grain reconstruction processing. Table 

6 shows the summary of the chosen mapped area.  
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5.1 Statistical limitations 

The significance of the CPO data of this study is limited by counting statistics in the relatively 

small grain populations due to the large grain sizes in comparison to the total EBSD scan area. 

The information about the grain size distribution of each EBSD mapped area from Table 6 can 

be found in Appendix F (Figure A. 12). The histogram of grain size distribution in Appendix F 

shows that large grain sizes can occupy more than 20% of the mapped area. Considering small 

and large grain sizes is important because the contribution of these grains would influence the 

seismic properties calculation.   

 Another statistical limitation that we encountered is that there are some of the thin sections 

that have more non-indexed regions than indexed regions. Therefore, based on Table 6, sample 

171R2-H1, 300R2-V2, and 300R2-H1 will not be discussed further since the amount of data 

were not statistically significant for quartz and may be unrepresentative. Additionally, although 

there are more quartz orientations in Table 7, which made the pole figures plots have lower 

m.u.d., no grain size and grain size distribution can be extracted. This is because the EBSD data 

were not mapped in grids with similar step sizes and the location of each map was not quantified 

properly (Figure 15). Therefore, the computation of these pole figures plots (Figure 18 and 

Appendix D) is also thrown into doubt as it might overestimate the contribution of small grains 

and underestimate the contribution of large grains (Biedermann et al., 2020). No further discus-

sion about the pole figures plots from Table 7 will be presented.  

5.2 Pole figures analysis 

Quartz textures (crystallographic preferred orientation or CPO), typically presented as pole fig-

ures, are frequently used for deformed rock analysis.  Scatter pole figure plots from Table 6 are 

presented in Appendix E for comparison with the contoured pole figures in Figures 16 and 17. 

It can be seen from Appendix E (Figure A. 11) that the pole figure plots of 300R2-V1 are highly 

scattered, especially for (101�0) and (112�0) crystallographic planes. These scatter pole figure 

plots can be related to sampling statistics or crystal symmetry, resulting in the addition of de-

grees of freedom in the pole figures plots creation processing (Satsukawa et al., 2013). Pole 

figures plots of 300R2-V1 in Figure A. 11 are reconstructed based on a limited number of quartz 

grains, 28 and 30 quartz grains consisting of 1791 and 2092 orientations, respectively. Thus, it 

is not quite clear whether the sampling statistics are the main reason for this random distribution 

of pole figures plots in Figure A. 11 or not. In addition, it is also important to note that pole 
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figures scattered plots in Appendix E shows all the data individually, not the contoured distri-

bution (Figures 16 and 17). Therefore, the distribution of data in scatter data plots may appear 

more random than when plotting the m.u.d. 

 The strength of CPO is represented by multiples uniform distribution in pole figures plots. 

In Figure 16, where the pole figures plots of 171R2 samples are plotted, the CPO of quartz 

exhibits several strong maxima, especially in 171R2-V2 (Figure 16b). This might be due to 

either a limited number of individual quartz grains that could be measured or a strong orienta-

tion of quartz that occurred in this sample. In fact, based on Table 6, 171R2-V2 has the highest 

number of quartz orientations compared to the other samples, with 43 grains of quartz in it. 

Similar to 171R2-V2, the pole figures plots of 171R2-V1 (Figure 16a) also have several strong 

maxima with more dispersed distribution within the specimen reference axes. The pole figures 

plots in Figure 16a were constructed based on 48 quartz grains, 5 quartz grains more than 

171R2-V2. In comparison to 171R2-V1 and 171R2-V2, based on Table 6, 300R2-V1 has a 

lower number of quartz grains and quartz orientation. However, 300R2-V1 show pole figures 

plots with lower multiples uniform distribution. Therefore, based on this comparison, it is still 

questionable which might influence the strong maxima occurrence in sample 171R2-V2. How-

ever, there is a positive correlation between the amount of quartz orientation and the CPO 

strength (expressed in m.u.d.), the amount of quartz grains does not seem to have a positive 

correlation to the calculation of CPO. No simple relationship between the number of grains and 

quartz orientation with the CPO strength, in this case, was found. Generally, it is possible that 

the more quartz grains and quartz orientations used to compute the pole figures plots, the weaker 

the texture would become. However, more data are needed to show and prove this.  

 Furthermore, based on the pole figure plots shown in Figures 16 and 17, the clustering and 

distribution of the c-axis or poles to the (0001) plane in a specimen reference axes X and Y is 

more concentrated and higher compared to the other two crystallographic planes, (101�0) and 

(112�0). Based on the research studies conducted by Ferriere et al. (2009) and Van Hoesel et al. 

(2015), crystallographic planes of (0001) might represent the occurrence of planar deformation 

features and/or planar fractures. However, unfortunately, both SEM-EBSD and M-TEX toolbox 

could not differentiate the crystallographic orientations from the shock deformation features or 

the crystal symmetry of the minerals in general. This is also mentioned in a study conducted by 

Pickersgill and Lee (2015) about the limitations of SEM-EBSD technology that it cannot be 

used for indexing planar microstructures unambiguously. Therefore, we do not know for sure 

whether the pole figures plots of the pole to (0001) planes shown in Figures 16 and 17 contain 
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the combination of orientations from the shock deformation features and the crystal symmetry 

of minerals or not. Additional investigation by using universal stage analysis or transmission 

electron microscopy (TEM) may be needed to complement the information about planar micro-

structure indexing (Pickersgill and Lee, 2015). 

 The direction of grain orientation concentrations in pole figures plots might also correspond 

to the plane of weakness in a rock sample. In the case of the Chicxulub impact, the orientation 

of deformed microstructures might give information about the shock wave propagation, which 

caused the deformation structures. However, Pittarello et al. (2020) discovered that quantita-

tively relating the orientation of deformed structures to shock wave propagation is difficult and 

potentially impossible. She and her team studied the preferred orientations of shocked quartz 

from the Chicxulub impact crater using optical microscopy and universal stage analysis. They 

assumed that although the preferred orientation of planar microstructures in quartz is less obvi-

ous, these microstructures do not form randomly but are rather controlled by the local shock 

wave direction. In our study, it is also difficult to see whether there is a tendency of the pole 

figures plots of quartz in giving more information about the shock wave propagation direction. 

It is because the pole figure plots (Figures 16 and 17) may not represent the shock deformation 

features or the data might be unrepresentative to be used as an indicator of shock wave propa-

gation direction.  

 Although the general idea of analyzing the EBSD data of shocked quartz from impact crater 

looks promising, the complexity of processes occurring from the sample preparation stages to 

acquiring the EBSD data, which took a longer time (~200 hours for 5 𝜇𝜇m step size), hampers 

further discussion and conclusions about the crystallographic preferred orientation of shocked 

quartz reliably from the EBSD data.  

5.3 Seismic properties analysis 

The seismic properties analysed here are the compressional wave (P wave), and two orthogo-

nally polarized shear (S) waves, i.e. fast (Vs1) and slow (Vs2) components. The seismic veloc-

ities and anisotropy prediction in this study are based on VRH averaging techniques that do not 

account for the influence of microcracks or pores within the samples. Additionally, the elastic 

constants of minerals that are used in this study are calculated at room temperature and pressure, 

thus the predicted seismic properties in the result here is for the rocks at or near ambient condi-

tions. For example, the elastic stiffness that is used for mineral quartz in this study is from Ogi 

et al. (2006) who have determined all independent elastic constants of synthetic alpha-quartz 
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by resonance ultrasound spectroscopy coupled with laser-Doppler interferometry. Although the 

shock metamorphism of the Chicxulub quartz might have occurred at higher temperatures than 

the formation of alpha-quartz, the elastic constant of alpha-quartz is used instead of other phases 

of quartz. It is not possible to use elastic constants of shocked quartz as there are no studies 

investigating the elastic constants of quartz under these conditions. Therefore, we are aware that 

the result of predicted seismic velocities that are presented here might not represent the real 

condition of the shocked quartz formation. However, they reflect the constants that are likely to 

occur in rocks in the present day and can therefore be compared to other seismic studies.  

 A comparison between the predicted seismic velocities from 171R2 samples and 300R2 

samples that are seen in Table 8 shows that there is only a slight difference in seismic velocities 

(Vp, Vs1, and Vs2) between these two groups of samples. The range of the predicted Vp for all 

of the samples is 5.5-6.5 km/s. This range is similar to a recent study that has been conducted 

by Nixon et al. (2022). This study shows that the calculated seismic P wave velocities based on 

VRH bounds for the rock samples from the Chicxulub peak ring are around ~6 km/s. However, 

this seismic velocity prediction does not incorporate pores or take microcracks into account, 

which is also similar to our study. The Vertical Seismic Profiling (VSP) observation from the 

same study (Nixon et al., 2022) found that the compressional wave speeds within the peak ring 

are recorded to be ~4-4.5 km/s. Nixon et al. (2022) revealed that shock-induced damage and 

fracturing/faulting during the peak ring formation are the cause of the large discrepancy of wave 

speeds result between the VRH bounds and VSP observation. Several studies about the influ-

ence of porosity or microcracks on seismic velocities have been compiled by Schmitt (2015) in 

his article review about seismic properties. Babuška and Pros (1984) and Hudson (1981) in 

Schmitt (2015) mentioned that porosity or cracks tend to lower the seismic velocities. Cracking 

in rocks can cause a significant reduction in effective elastic moduli of a fractured body, which 

can then lower the effective elastic wave velocities (Ai and Ahrens, 2007). Additionally, if we 

compare the predicted seismic velocities from this study with the typical granite velocities, the 

result is also almost similar. Typical granite P-wave velocities measured at room temperature 

and low pressure are 5400-6000 m/s (Birch, 1960; David et al., 1999; Nur and Simmons, 1969 

in Christeson et al., 2018).   

 CPO is essential to calculate the seismic properties of natural rocks, especially where there 

is no preferred orientation of microcracks (Mainprice and Nicolas (1989) in Almqvist et al. 

(2021)). As the study of microcrack orientation is beyond the scope of this thesis, therefore 

relating the CPO and seismic properties plot and anisotropy becomes the aim that we look for. 
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Based on Table 8, if we excluded 171R2-H1, 300R2-V2, and 300R2-H1, thin section 171R2-

V2 has the highest anisotropy value for Vp, 14.88%. This high AVp in 171R2-V2 is likely 

caused by the strong CPO of quartz, which occurred in this thin section. In Figure 19b, the 

predicted seismic pattern in 171R2-V2 resembles the CPO of quartz because quartz pole figures 

tend to have a strong CPO for this thin section. Even the strong shear wave splitting of Vs1 is 

observed along the X-axis of 171R2-V2, where the distribution of Vp is low in this region 

(Figure 19b). Satsukawa et al. (2013) note that the seismic anisotropy for both P and S wave 

increases as a function of CPO strength for plagioclase. This characteristic might also occur in 

quartz, where strong quartz CPO leads to higher seismic anisotropy. For other thin sections, i.e. 

171R2-V1 and 300R2-V1 in Figure 19 and Figure 20, it is difficult to see the influence of CPO 

on the plots of predicted seismic velocities. The CPO for 171R2-V1 and 300R2-V1 thin sections 

are weaker that appeared to make the plots of seismic velocities prediction also more uniform.  

 As observed in Table 8, the calculated seismic anisotropy for all the samples investigated, 

especially samples 171R2-V1, 171R2-V2, and 300R2-V1, are high (more than 10%). A com-

parison between these results in Table 9 shows that the calculated seismic anisotropy in Table 

9 is much less than in Table 8. For example, the seismic anisotropy in 300R2-V1 based on Table 

8 is 8.26% and 11.57%, but in Table 9, the seismic anisotropy of this sample reduces to 4.96%. 

There are more data included in the prediction of seismic anisotropy in Table 9 than in Table 8. 

Thus, we concluded that the amount of EBSD data recorded influences the calculation of seis-

mic anisotropy. Not only is the seismic anisotropy of quartz influenced by this, but also the bulk 

seismic anisotropy also becomes smaller when the amount of data used is increased. From Table 

8, the bulk seismic anisotropy for Vp in sample 171R2-V1 is much lower than the quartz seismic 

anisotropy. It looks like the presence of a few modal percent of anorthite in the calculation of 

bulk seismic properties also reduces the seismic anisotropy, although single crystal anorthite is 

considered to have higher anisotropy than quartz (Table 5). The decrease in Vp seismic anisot-

ropy, from quartz Vp anisotropy to bulk Vp anisotropy, also occurred in 171R2-V1 from Table 

9 where the orthoclase content is also considered. For shear wave splitting (dVs = Vs1 - Vs2), 

the anisotropy between quartz and bulk for 171R2-V1 tends not to change in Table 8. Mean-

while, in Table 9, this seismic anisotropy is increasing a bit (0.24% for Vs1 and 0.18% for Vs2). 

In contrast to this, seismic anisotropy calculations for Vs1 and Vs2 of sample 300R2-V1 in 

Table 9 get lower when anorthite and orthoclase contents take into account. We do not know 

exactly what makes this inconsistency occur in our data, whether the contribution of minerals 

other than quartz would reduce or increase the bulk seismic anisotropy or does not give any 
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influence at all. It could be that some factors other than CPO, such as microcracks, fractures, 

porosity, and the number of alignment of grain boundaries, have a significant impact on seismic 

measurements and anisotropy (Biedermann et al., 2020), as they reduce velocities and may in-

crease anisotropy. Nonetheless, the generally good agreement between the previous study and 

predicted seismic velocities indicates that despite the statistical limitations described at the be-

ginning of this section, the seismic velocities prediction derived from the EBSD data are suffi-

ciently representative of the samples.
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6 Conclusion 

Several shock deformation features, such as planar deformation features, feather features, and 

planar fractures, can be found in all samples studied in this thesis. All these features provide 

indicators that show that the samples, especially quartz, have been shocked due to the Chicxulub 

meteorite impact. EBSD analysis has been done for all the thin sections considered in this study, 

although only three thin sections have been analysed in greater detail, i.e. 171R2-V1, 171R2-

V2, and 300R2-V1, due to the acquisition difficulties and limited amount of data recorded. The 

presence of microstructural features in the samples influences the CPO in pole figures plots as 

the distribution of the poles of some crystallographic planes can carry information about the 

orientation of shock deformation features. However, SEM-EBSD technology alone cannot be 

used to quantify and index the orientation of shock deformation features. Additional investiga-

tion by using other techniques is needed to complement this information. The presence of strong 

CPO also affects the calculation of seismic velocities. The plots of predicted seismic velocities 

tend to resemble a similar pattern to the pole figures plots that have strong orientation. Our 

result about the prediction of seismic velocities based on EBSD data also shares a similar value 

to the previous study about seismic velocities for the Chicxulub sample where microcracks or 

porosity are not taken into account (Voigt-Reuss-Hill bounds study). This suggests that despite 

the insignificant amount of EBSD data used to calculate the seismic velocities, the results are 

still representative of the samples at ambient conditions. To represent seismic velocities predic-

tion in real conditions by considering microcracks, porosity, and alignments of minerals, further 

studies are needed, such as by using the differential effective medium (DEM) method for cal-

culation.
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7 Outlook 
It is suggested to conduct additional EBSD measurements to increase the size of the data set. 

Such measurements will also be useful to investigate the relationship between CPO and the 

different shock-deformation features observed in the thin section. Additionally, the predicted 

velocities in this study should be complemented by effective medium modelling that takes into 

account the presence of cracks, in order to try to explain the low seismic velocities observed 

from laboratory measurements and field seismic measurements.
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Appendix A 
Challenges: Charging and Bad Surface Polishing 

 
Figure A. 1. Example of charging and bad surface polishing from 300R2-V2 area of thin section. The charging 
areas are shown by the white regions within the specimen. Meanwhile, the bad polishing surface is shown by the 
areas that have rough surfaces (red arrows).
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Appendix B  

EBSD phase map and the grain reconstruction map 

 

Inverse pole figure 
color key of quartz: 
 

 

Inset map: 

Figure A. 2. Phase map (upper) and grain reconstruction map overlaid by quartz orientations color map (lower) 
from 171R2-V1 thin section.  
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Inverse pole figure 
color key of quartz: 
 

 

Inset map: 

Figure A. 3. Phase map (upper) and grain reconstruction map overlaid by quartz orientations color map (lower) 
from 171R2-V2 thin section. 
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Inverse pole figure color 
key of quartz: 
 

 

Inset map: 

Figure A. 4. Phase map (upper) and grain reconstruction map overlaid by quartz orientations color map (lower) 
from 171R2-H1 thin section. 
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Inverse pole figure color 
key of quartz: 
 

 

Inset map: 

Figure A. 5. Phase map (upper) and grain reconstruction map overlaid by quartz orientations color map (lower) 
from 300R2-V1 thin section. 
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Inverse pole figure 
color key of quartz: 
 

 

Inset map: 

Figure A. 6. Phase map (upper) and grain reconstruction map overlaid by quartz orientations color map (lower) 
from 300R2-V1 thin section. 
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Inverse pole figure color 
key of quartz: 
 

 

Inset map: 

Figure A. 7. Phase map (upper) and grain reconstruction map overlaid by quartz orientations color map (lower) 
from 300R2-V2 thin section. 

x 

y 

x 

y 



56 
 

 

Inverse pole figure 
color key of quartz: 
 

 

Inset map: 

Figure A. 8. Phase map (upper) and grain reconstruction map overlaid by quartz orientations color map (lower) 
from 300R2-H1 thin section. 
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Appendix C 
Voigt and Reuss Seismic Velocities and Anisotropy Data 

Table A.10. The prediction of seismic velocities and seismic anisotropy of Voigt and Reuss. The data used here based on the grain reconstruction process, which accounted the 
large grains of minerals.  

Samples 

Voigt Reuss 
Vp Vs1 Vs2 Vp Vs1 Vs2 

Vp 
min 

(km/s) 

Vp 
max 

(km/s) 
Mean A 

(%) 

Vs1 
min 

(km/s) 

Vs1 
max 

(km/s) 

A 
(%) 

Vs2 
min 

(km/s) 

Vs2 
max 

(km/s) 

A 
(%) 

Vp 
min 

(km/s) 

Vp 
max 

(km/s) 
Mean A 

(%) 

Vs1 
min 

(km/s) 

Vs1 
max 

(km/s) 

A 
(%) 

Vs2 
min 

(km/s) 

Vs2 
max 

(km/s) 

A 
(%) 

Quartz 
171R2-V1 5.7 6.5 6.1 13.1 4.1 4.7 13.6 3.9 4.4 12.1 5.5 6.2 5.8 11.9 3.8 4.3 12.3 3.7 4.1 10.2 
171R2-V2 5.7 6.6 6.1 14.6 4.1 4.7 13.6 3.9 4.7 18.6 5.5 6.3 5.9 13.6 3.9 4.3 9.8 3.6 4.3 17.7 
171R2-H1 5.6 6.5 6 14.8 4 4.6 13.9 3.8 4.4 14.6 5.5 6.2 5.9 11.9 3.8 4.3 12.3 3.6 4.1 12.9 

300R2-V1 5.8 6.6 6.2 12.9 4.1 4.6 11.4 3.9 4.4 12 5.6 6.3 5.9 11.7 3.8 4.3 12.3 3.7 4.1 10.2 
5.9 6.4 6.1 8.1 4.2 4.6 9 3.9 4.4 12 5.6 6.2 5.9 10.1 3.9 4.3 9.7 3.7 4.1 10.2 

300R2-V2 5.8 6.6 6.2 12.9 4.1 4.7 13.6 3.8 4.4 14.6 5.6 6.4 6 13.3 3.8 4.4 14.6 3.6 4.1 12.9 
300R2-H1 5.8 6.6 6.2 12.9 4.1 4.6 11.4 3.9 4.4 12 5.6 6.3 5.9 11.7 3.9 4.3 9.7 3.7 4.1 10.2 

Bulk (Quartz + Anorthite) 
171R2-V1 5.8 6.6 6.2 12.9 4.1 4.6 11.4 3.9 4.4 12 5.6 6.2 5.9 10.1 3.8 4.3 12.3 3.7 4 7.7 
300R2-H1 5.9 6.6 6.2 11.2 4.1 4.6 11.4 3.9 4.4 12 5.7 6.3 6 10 3.8 4.3 12.3 3.7 4.1 10.2 

Table A.2. The prediction of seismic velocities and seismic anisotropy of Voigt and Reuss. The data used here is only based on the amounts of orientation from each phase 
mineral (especially quartz) recorded in each thin section. Bulk seismic properties are calculated from samples that have more minerals other than quartz with percentage more 
than 2%.  

Samples 

Voigt Reuss 
Vp Vs1 Vs2 Vp Vs1 Vs2 

Vp 
min 

(km/s) 

Vp 
max 

(km/s) 
Mean A 

(%) 

Vs1 
min 

(km/s) 

Vs1 
max 

(km/s) 

A 
(%) 

Vs2 
min 

(km/s) 

Vs2 
max 

(km/s) 

A 
(%) 

Vp 
min 

(km/s) 

Vp 
max 

(km/s) 
Mean A 

(%) 

Vs1 
min 

(km/s) 

Vs1 
max 

(km/s) 

A 
(%) 

Vs2 
min 

(km/s) 

Vs2 
max 

(km/s) 

A 
(%) 

Quartz 
171R2-V1 5.9 6.5 6.2 9.68 4.1 4.6 11.5 4 4.4 9.52 5.6 6.2 5.9 10.2 3.9 4.2 7.4 3.7 4 7.79 
171R2-V2 5.8 6.5 6.15 11.4 4.1 4.6 11.5 3.9 4.5 14.3 5.6 6.2 5.9 10.2 3.9 4.3 9.8 3.7 4.2 12.7 
171R2-H1 5.9 6.6 6.25 11.2 4 4.6 14 3.9 4.4 12 5.6 6.3 5.95 11.8 3.8 4.3 12 3.6 4.1 13 
300R2-V1 6 6.4 6.2 6.45 4.2 4.5 6.9 4.1 4.3 4.76 5.7 6.1 5.9 6.78 3.9 4.1 5 3.8 4 5.13 

Bulk (Quartz +  Anorthite + Orthoclase) 
171R2-V1 6.2 6.8 6.5 9.23 4 4.5 11.8 3.9 4.3 9.76 5.8 6.2 6 6.67 3.7 4.1 10 3.6 3.9 8 
171R2-V2 6 6.6 6.3 9.52 4.1 4.6 11.5 3.9 4.4 12 5.6 6.2 5.9 10.2 3.8 4.2 10 3.6 4.1 13 
300R2-V1 6.1 6.4 6.25 4.8 4.2 4.4 4.65 4 4.3 7.23 5.8 6 5.9 3.39 3.8 4.1 7.6 3.7 3.9 5.26 
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Appendix D 

Pole figures Plots from Data Combination 
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Figure A. 9. Pole figure plots of quartz from data combinations. Those data combinations are taken from each thin 
section which has more than one dataset recorded. Those thin sections are 171R2-V1 (a), 171R2-V2 (b), and 
171R2-H1 (c). The pole figure plots plotted in here do not take into account grain reconstruction process, it is 
purely based on the amount of quartz orientations recorded in each thin section which have more than one EBSD 
dataset. The color bar shows the multiple uniform distribution (m.u.d.) where red and white color shows high and 
low m.u.d level, respectively.  
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Appendix E 
Pole figures in Scatter Plot 
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Figure A. 10. The pole figure in scattered plots taken from 171R2 samples. The data used in here is based on the 
grain reconstruction process of the EBSD dataset with good quality of quartz. a) Pole figure plots of 171R2-V1 
thin section which consists of 2395 orientations of quartz. b) Pole figure plots of 171R2-V2 thin section which 
consists of 2887 orientations of quartz. c) Pole figure plots of 171R2-H1 thin section which consists of 1157 ori-
entations of quartz.
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Figure A. 11. The pole figures in scattered plots taken from 300R2 samples. The data used in here is based on the 
grain reconstruction process of the EBSD dataset with good quality of quartz. a) Two pole figures plots from 
300R2-V1 thin section with different amount of quartz orientations data, 1791 and 2092 orientations data. b) Pole 
figure plots of 300R2-V2 thin section which contains 402 orientations of quartz. c) Pole figure plots of 300R2-H1 
thin section which consists of 1726 orientations. 
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Appendix F 
Grain Size Distribution 

171R2-V1 

 
 

171R2-V2 

 

300R2-V1 
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Figure A. 12. Grain size distribution from 171R2-V1, 171R2-V2, and 300R2-V1 thin sections. The unit for grain 
area is (μm2).



62 
 

Appendix G 
Scanned thin sections 

171R2-V1 

 

Figure A. 13. Scanned thin sections from 171R2-V1.  
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171R2-V2 

 
Figure A. 14. Scanned thin sections from 171R2-V2. 
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171R2-H1 

 
Figure A. 15. Scanned thin sections from 171R2-H1. 
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300R2-V1 

 
Figure A. 16. Scanned thin sections from 300R2-V1. 
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300R2-V2 

 
Figure A. 17. Scanned thin sections from 300R2-V2. 
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300R2-H1 

 
Figure A. 18. Scanned thin sections from 300R2-H1. 
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