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Abstract

The primary scientific aim of this thesis is to explore the microstructure of meteorite and as-
teroid fragments. Specifically, it focuses on samples of the C-type asteroid Ryugu, collected
by JAXA’s Hayabusa2 space mission, and the closely related, CI-type, carbonaceous chondrite
Orgueil. The nanostructure of these samples provides invaluable insights into the composition
and evolutionary history of the early Solar System. However, traditional characterization meth-
ods are limited in their ability to effectively map mineralogical phases and fully comprehend
their intricate structure at the nanoscale. Therefore, it becomes necessary to go beyond the
current state-of-the-art methods for studying these samples. This imperative is met through the
utilization of four-dimensional scanning transmission electron microscopy (4D-STEM), which,
owing to remarkable advancements in electron detection technologies, has become a powerful
tool for capturing both spatial and diffraction information of nanoscale structures in materi-
als, opening new avenues for exploration across multiple disciplines. By leveraging the unique
advantages of 4D-STEM and data processing techniques, this study aims to provide a compre-
hensive analysis of the samples’ microstructures and mineral phases, with a particular emphasis
on phyllosilicates, thereby advancing our understanding of the formation and evolution of as-
teroids and meteorites and paving the way for further explorations in this fascinating field of
study.

Two distinct and successful 4D-STEM methods allowing unambiguous identification and map-
ping of mineralogical phases in Ryugu and Orgueil meteoritic samples are developed. The first
being a direct approach based mainly on indexing an overall diffraction profile to map the dif-
ferent mineral phases which will be extensively used throughout this thesis, while the second in
an unsupervised learning based method. Both methods are found to yield comparable results.
The insights gained from these developments laid the groundwork for subsequent explorations
of Ryugu and Orgueil samples. The identification of lizardite as the primary serpentine poly-
morph in Ryugu samples, was indicative of aqueous alteration occurring at low temperatures,
while the observation of variations in smectite interlayer spacing revealing sub-microscale het-
erogeneity, provided valuable insights into the close association of organics with smectite-type
clay minerals. Despite challenges with beam damage in Orgueil samples, 4D-STEM accurately
identifies present minerals, and correctly maps the different mineral constituents in the phyl-
losilicate matrix. Also, our results suggest that Calcium sulfates in the matrix of Orgueil are
most likely present in the form of anhydrite or bassanite.

The progress made here is expected to lay the groundwork for further investigations into ex-
traterrestrial objects requiring structural characterization, with 4D-STEM anticipated to make
significant contributions in these endeavors.
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Résumé

L’objectif scientifique principal de cette thèse est d’explorer la microstructure des fragments de
météorites et d’astéroïdes. Plus précisément, elle se concentre sur des échantillons de l’astéroïde
de type C Ryugu, collectés par la mission spatiale Hayabusa2 de l’agence spatiale japonaise
JAXA, ainsi que sur la chondrite carbonée d’Orgueil, présentant des similarités avec Ryugu.
La nanostructure de ces échantillons offre un aperçu précieux sur la composition et l’histoire
évolutive du système solaire précoce. Cependant, les méthodes de caractérisation traditionnelles
sont limitées dans leur capacité à cartographier efficacement les phases minéralogiques et à
comprendre pleinement leur structure complexe à l’échelle nanométrique.

Par conséquent, il devient nécessaire de surpasser les méthodes actuelles de caractérisation
pour étudier ces échantillons. Cet impératif est satisfait grâce à l’utilisation de la microscopie
électronique en transmission à balayage en quatre dimensions (4D-STEM), qui, grâce à des
avancées remarquables dans les technologies de détection des électrons, est devenue un outil
puissant pour capturer dans le même temps des informations spatiales et structurales des assem-
blages nanométriques dans les matériaux. En tirant parti des avantages uniques du 4D-STEM
et des techniques de traitement des données, cette étude vise à fournir une analyse complète des
microstructures et des phases minérales des échantillons, en mettant particulièrement l’accent
sur les phyllosilicates.

Deux méthodes distinctes à base de 4D-STEM permettant l’identification et la cartographie
des phases minéralogiques dans les échantillons météoritiques de Ryugu et d’Orgueil ont été
développées. La première est une approche directe basée sur l’indexation d’un profil de diffrac-
tion global pour cartographier les différentes phases minérales, et qui sera largement utilisée
dans cette thèse, tandis que la seconde est basée sur une méthode numérique d’apprentissage non
supervisé. Les deux méthodes produisent des résultats comparables. Ces développements ont
posé les bases pour des explorations plus fines des échantillons de Ryugu et d’Orgueil. L’iden-
tification de la lizardite comme le principal polymorphe de serpentine dans les échantillons de
Ryugu indiquait une altération aqueuse se produisant à basse température, tandis que l’ob-
servation de variations dans l’espacement interfoliaire des smectites révélant une hétérogénéité
submicrométrique, a fourni des perspectives précieuses sur l’association étroite des organiques
avec les minéraux argileux de type smectite dans Ryugu. En outre, malgré les défis liés aux
dommages causés par le faisceau électronique dans les échantillons d’Orgueil, on identifie et car-
tographie correctement les minéraux présents dans sa matrice phyllosilicatée. Nos résultats sur
Orgueil suggèrent que les sulfates de calcium dans la matrice sont très probablement présents
sous forme d’anhydrite ou de bassanite.

Les progrès réalisés ici devraient poser les bases pour de futures investigations sur les objets
extraterrestres nécessitant une caractérisation structurale fine, le 4D-STEM étant prévu de faire
des contributions significatives dans ces efforts.
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Introduction

The solar system, a marvel of cosmic evolution, has fascinated humanity for thousands of

years. From the very early observations of celestial bodies to the modern-day exploration of

distant planets, our understanding of the solar system has evolved through a mosaic of scientific

inquiry and technological advancement. The motivation to study meteorites and asteroids

specifically emerges from a desire to unravel the mysteries of the solar system’s formation and

evolution. These celestial bodies, remnants of the primordial nebula from which our solar system

emerged, offer invaluable insights into the processes that shaped our cosmic neighborhood over

billions of years. By studying meteorites and asteroids, scientists seek to decipher the chemical

compositions, mineralogical structures, and isotopic signatures preserved within these ancient

relics.

In these endeavors, transmission electron microscopy (TEM) plays a central role. TEM is in-

deed an analytical technique that enables the determination of the composition, the structure

and the organization of the matter with an atomic spatial resolution suiting well to the very

fine scale complexity of minerals constitutive of meteorites and asteroids samples. TEM is fur-

thermore a rapidly changing method, as advanced instruments and detection technologies are

in continuous development. Recent innovations allow considerable progress in materials char-

acterization, empowering scientists with unprecedented capabilities to probe the atomic and

nanoscale organization of matter. Among these cutting-edge techniques is Four Dimensional

Scanning Transmission Electron Microscopy (4D-STEM). The technique is based on the 2D

scanning of the sample combined with the acquisition on a 2D numerical detector of a diffrac-

tion pattern at each scan location. It offers new possibilities to fully explore the structural

information embedded in the diffraction signal in order to reconstruct on demand selective

maps of the scanned area.

This thesis embarks on a journey to bridge advanced electron microscopy and planetary explo-

ration. Leveraging the capabilities of 4DSTEM, never before applied to the study of meteorites

and asteroids samples, this work seeks to unlock new insights from these extraterrestrial objects

xix
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and provide further pathways to be explored for a deeper understanding of their history and

evolution. The work is fortunately concomitant with the return of asteroids samples from the

Hayabusa2 space mission, a unique endeavor led by the Japan Aerospace Exploration Agency

(JAXA). Our laboratory, alongside other selected research facilities across the globe, has been

entrusted with the first-round analyses of samples retrieved from the Ryugu asteroid target

of the Hayabusa2 spacecraft. Within the “Fine-Grain” analysis team, the focus was on uti-

lizing advanced analytical electron microscopy techniques to investigate the samples at the

nanoscale. The pristine nature of the samples and the beam-sensitivity of some of their con-

stituents, namely organic matter and hydrated silicates, present significant challenges. The

TEM-ASTER project led by Professor Hugues Leroux, within which this work has been made

possible, aimed to address these challenges by employing advanced detector technology and

leveraging developments in big data processing to enhance the resolution and potentially miti-

gate damage caused by the electron beam. As part of this project, two direct electron detectors,

Timepix3 and Medipix3, have been installed on the last generation TEM available at the elec-

tron microscopy platform of the University of Lille.

As will be outlined in the first chapter of this thesis, Ryugu asteroid samples composition

closely resembles that of a specific type of meteorites called carbonaceous Ivuna-type (CI)

chondrites. This specific type of chondrites is widely used as a proxy for primitive material

in the solar system because of its good alignment with the elemental abundances as measured

in the solar photosphere. The mineralogy of CI chondrites is dominated by a fine-grained

matrix, rich in phyllosilicates (mainly serpentine and smectite) hosting other accessory min-

erals. These phyllosilicates are indicative of aqueous alteration processes in the parent body

of the chondrite. The degree of this alteration may vary from a meteorite sample to another

revealing distinct geological evolution. Understanding the formation pathway of phyllosilicates,

including the crystallization sequence of their constituents (such as serpentine and smectite),

their interrelationships and their individual crystallographic properties at a nanoscale level,

provides valuable insights into the pivotal processes shaping the history of these phyllosilicates

in meteorites. Furthermore, a fine-scale analysis of these chondrites’ phyllosilicates might bring

additional constraints on the alteration history of their parent bodies.

While numerous experimental techniques allow for tackling these different aspects, 4D-STEM

has its unique advantage of offering both high spatial representativity and local structural

information at the nanoscale level, crucial for a full characterization of these chondritic sam-

ples. This technique might thus bring a complementary crystallographic perspective to further

constrain the evolution of phyllosilicate formation within chondritic materials. In this frame,
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the work achieved in this thesis provides a first 4D-STEM exploratory analysis of Hayabusa2

Ryugu samples. It also deals, in an initial comparison purpose, with the analysis of Orgueil CI

chondrite samples, which is another emblematic specimen of the carbonaceous Ivuna-type (CI)

chondrites widely studied in the past.

The opening chapter of this thesis will establish context by revisiting the key stages in the

formation of the solar system. It will then delve into significant findings derived from meteorite

studies, and provides the main findings of the Phase 1 analysis of Ryugu samples. Chapter 2

discusses the experimental methods and data analysis techniques employed in the thesis, with

a specific emphasis on 4D-STEM. Chapter 3 focuses on the 4D-STEM characterization of the

phyllosilicates in Ryugu asteroid samples. This chapter is actually the extended version of a

paper published in the frame of the first-round analyses results in a dedicated volume of the

Meteoritics and Planetary Science journal. Chapter 4 presents the 4D-STEM study of specific

areas in the Orgueil CI chondrite sample discussing the findings and their implications as well

as the challenges faced in this particular analysis. Finally, considering the various limitations

that have been encountered in the data treatment of previous analyses, chapter 5 deals with the

application of unsupervised learning approaches, namely a non-negative matrix factorization

(NNMF) based strategy, for accurate phase mapping of meteorite samples 4D-STEM data. We

resume the main results of this work and the perspectives it offers for the nanoscale analysis of

astrominerals in the last chapter.
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Chapter1
Asteroids and Meteorites

1 Meteorites and the Formation of the Solar System

The Solar System contains multiple celestial bodies with varying compositions. These celestial

bodies can be categorized through a diameter versus density diagram as illustrated in Figure

1.1. As summarized thereon, the sun and gas giants are primarily composed of Hydrogen and

Helium. The sun, being a star, is a massive, luminous sphere of hot plasma dominated by

these two elements. Similarly, gas giants like Jupiter and Saturn are large planets with thick

atmospheres rich in hydrogen and helium. Terrestrial planets and moons, including Earth,

Venus, Mars, and Mercury, are characterized by solid, rocky surfaces. Their composition is

significantly different from that of gas giants, being denser and smaller. Ice giants and moons

are composed of water in solid state, silicate rocks, and iron. This category includes planets

like Uranus and Neptune, as well as various moons within the Solar System. These bodies

are distinct from both terrestrial planets and gas giants, with a composition that includes

significant amounts of frozen water along with rock and metal. However, there are also other

celestial bodies like comets and asteroids and other smaller entities mostly composed of rock

and metal. These are primarily found in the asteroid belt between Mars and Jupiter and share

a close composition with terrestrial planets. When the orbits of comets intersect with Earth’s

path, they can venture into our planet’s atmosphere. During this journey, the intense heat

generated causes the comet’s outer layers to vaporize, resulting in the creation of a dazzling

streak known as a meteor. Those fragments that endure this fiery descent and reach the Earth’s

surface are meteorites. Meteorites can be broadly categorized into two main groups:

1
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• Chondrites (also known as undifferentiated meteorites): This category encom-

passes meteorites that have not undergone significant differentiation processes, maintain-

ing a more primitive composition.

• Differentiated Meteorites: This category is further subdivided into three classes:

4 Achondrites: A group of meteorites that have undergone partial to complete differ-

entiation. They include various subtypes such as basaltic achondrites, lunar achon-

drites, martian achondrites, and HED1 meteorites (from the asteroid Vesta).

4 Iron Meteorites: They are primarily composed of metallic iron and nickel, thus

exhibiting characteristics indicative of partial melting and differentiation and repre-

sentative of the cores of differentiated asteroids or protoplanets.

4 Stony-Iron Meteorites: These meteorites contain roughly equal amounts of metal

and silicate material. Pallasites and mesosiderites are the two main subtypes.
1Howardites-Eucrites-Diogénites
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0       1             2                  3           4                 5        6

 Sun
(H,He)
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 ice, iron

silicates)

 Giant planets

   Ice planets and moons
  (Ice, silicates, iron)

   Asteroids and small moons
   (silicates, iron, OM, ...)Comets

  (Ice, OM, ...)

Figure 1.1: Diameter vs Density classification of celestial bodies: Diagram depicting the diameter
(in km) versus the density (in g/cm³) of various astronomical objects, including asteroids, comets,
planets, and their moons. OM refers to organic matter (Adapted from Caroli (2000)).

1.1 Chondrites

The term chondrite is derived from the Greek term chondros, meaning “grain” or “granule”,

describing the small, rounded mineral grains known as chondrules that are typically found in

these objects. Chondrites predominantly consist of silicate minerals, chiefly olivine and pyrox-

ene. They also exhibit varying degrees of metallic iron-nickel content, typically constituting

approximately 10-20% of their volume. Notably, some chondrites contain hydrated minerals,

such as phyllosilicates, indicative of aqueous alteration processes. Additionally, chondrites may

feature trace amounts of various sulfides, carbonates, and rare accessory minerals like spinel

(Brearley and R. Jones 1998). Figure 1.2 graphically represents the average elemental compo-
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sition of chondrites in comparison to Earth’s chemical composition.

Figure 1.2: Comparison of elemental chemistry between Earth and Chondrites: Bar plot illus-
trating the average chemical composition of key elements in Earth’s composition compared to that
of chondrites (Caroli 2000).

It is observed that chondrites and Earth share a close chemical composition, leading to the

hypothesis that Earth may have formed from chondritic material. However, in contrast to

chondrites, the Earth exhibits chemical differentiation into concentric layers (core, mantle and

crust), making it chemically heterogeneous.

1.2 Differentiated Meteorites

The chemical differentiation of Earth can be explained by examining differentiated meteorites.

Interestingly, achondrites and iron meteorites present a chemistry that is similar to the different

layers of Earth. Achondrites and iron meteorites are thought to originate from the fragmenta-

tion of a larger parent body, which itself had distinct layers such as a crust, mantle, and core,

similar to Earth. It is possible to estimate the average chemical composition of these parent

bodies by combining the compositions of the three layers given the knowledge of the sizes of

the parent body and of the diverse layers.

Similarly to Earth, it is estimated that the bulk composition of other differentiated and unfrag-

mented asteroids is found to closely resemble that of chondrites. Subsequently, these parent
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bodies undergo chemical differentiation during a fusion stage, where the denser elements mi-

grate towards the center of the protoplanet. This is why these meteorites are referred to as

“differentiated” meteorites in contrast to chondrites, which are believed not to have undergone

fusion and differentiation processes, thus the name “undifferentiated” meteorites.

Following these observations, a model for terrestrial planets formation has been established.

1.3 From the Solar Nebula to Planetary Formation

1.3.1 Formation of the Solar System and Planetary Bodies

The process of planetary formation is believed to have begun with the collapse of a massive

cloud of gas and dust (Fig. 1.3) referred to as the solar nebula, under the influence of its

own gravitation. This collapse resulted in the creation of a spinning, flattened disk of material

referred to as the protoplanetary disk. At the disk’s center, a substantial core emerged,

while surrounding dust and gas gradually moved inward. As matter continued to accumulate,

it produced higher temperatures and greater mass, ultimately drawing in additional dust leading

to the birth of what is referred to as the “protosun”.

As the disk gradually cooled, the dust particles within it began to clump together, thus be-

ginning the accretion mechanism. The majority of these grains aggregates underwent further

agglomeration, resulting in the accretion of objects measuring several kilometers across, which

we refer to as planetesimals. These planetesimals, in turn, continued to collide and merge,

eventually evolving into the celestial bodies we recognize nowadays as planets. Notably, rem-

nants of these planetesimals exist in the form of asteroids, primarily located in the asteroid belt

between Mars and Jupiter, which might not have successfully merged into planets, potentially

due to the gravitational influence exerted by Jupiter.

1.3.2 Meteorites and Asteroids Formation

Within the protoplanetary disk, there were notable fluctuations in both pressure and temper-

ature, which diminished as accretion occurred (Wood 2000). Chondrites, the most primordial

rocks ever examined by scientists (Anders 1968), have been dated through radioisotope meth-

ods to over 4.5 billion years ago, a period predating the formation of planets. It is thought

that their formation resulted from the accumulation of both mineral and organic components
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(Patterson 1956).

The initial chemical processes within the nebula led to several key developments. Firstly, there

was the formation of refractory inclusions and chondrules. Secondly, a distinct separation

occurred between metal, sulfides, and silicate phases. Thirdly, there was a notable depletion

of volatile elements within the inner regions of the solar nebula. The formation of chondritic

components took place at various locations within the solar nebula and over a few million years.

According to Wood (2000), refractory inclusions have formed in proximity to the sun during

the peak activity phase of the disk. In contrast, chondrules emerged several million years after

the refractory inclusions formation, originating during heating events in the vicinity of their

accretion location (Krot et al. 2009).

In the progressively cooling nebula, the earliest minerals to condense are Aluminum and

calcium-rich. These condensations occured at temperatures approximately between 1800 K

and 1450 K. This process led to the formation of Calcium-Aluminum-rich Inclusions (CAIs).

CAIs are believed to have formed in an oxygen-rich environment and are enriched in 16O (Guan

et al. 2000). Following this, there was a condensation of silicon, oxygen, iron, and nickel. The

combination of silicon, oxygen, and iron resulted in the formation of forsterite, whereas iron

and nickel together led to the creation of metallic iron, particularly around 1400 K. Addition-

ally, sulfur combined with iron, crystallizing to form troilite (FeS), a process that could have

occurred either through a heating episode or direct condensation from the nebula (Campbell

et al. 2005; Scott and Krot 2007).
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Figure 1.3: Conceptual representation of the Solar System’s evolution, from the primordial solar
nebula to the present-day arrangement of planets and orbits

1.3.3 The Particular Case of CI Chondrites

For a better understanding of chondrites’ chemical composition and their significance in eluci-

dating the formation and evolution of the Solar System, we begin by comparing their chemistry

to the solar chemical composition. Lodders (2019) conducted a comparative analysis specifi-

cally between the CI-chondrites’ and the photosphere element abundances which is summarized

in Figure 1.4. CI-chondrites, specifically referring to the Carbonaceous Ivuna-type chondrites,

are a specific group of meteorites that is the most volatile element-rich among any known chon-

dritic meteorite groups (Mason 1960). The good alignment of CI chondrites with elemental

abundances as measured in the solar photosphere (cf. Figure 1.4), including those of volatile

elements (excluding highly volatile elements like H, C, N, O, and noble gases), along with their

consistent continuity in elemental and isotopic abundance trends with mass number, made them

ideal proxies among all chondritic material present on Earth for primordial Solar System studies.

Other chondrite groups, such as carbonaceous chondrites (other than CI-chondrites), ordinary

chondrites, and enstatite chondrites, exhibit notable discrepancies in their elemental composi-

tions when compared to the solar photosphere. These discrepancies arise from volatility-related

fractionations for certain elements, in addition to non-solar proportions of metal and silicate

phases within these chondrites. The Si/Fe or Mg/Fe concentration ratios in these chondrites

deviate from the solar values (Asplund et al. 2009), reflecting their distinct formation histories

and compositions. Thus, they may not provide close representations of the early Solar System’s
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history. As of today, there exist only nine CI chondrites, with Ivuna, Orgueil, and Alais being

the most prevalent among the nine.

Figure 1.4: CI-chondrites versus sun’s photosphere atomic abundances. Data nor-
malized to 106 silicon atoms. Most elements closely align with a 1 : 1 line, showing impressive
correspondence over 13 orders of magnitude. Exceptions include Lithium (lost to the sun) and
volatile gases (H, C, N, O). Data from Lodders 2019

2 Secondary Processes on Parent Bodies

Throughout the 20th century, following the initial categorization of meteorites into differenti-

ated and undifferentiated types, subsequent refinements in classification have been made possi-

ble through advancements in chemical and isotopic analytical techniques (Anders 1968; Clayton,

Grossman, et al. 1973; Clayton, Mayeda, et al. 1991; Clayton and Mayeda 1996; Clayton and

Mayeda 1999; Warren 2011). These unfolded in the classification shown in Figure 1.5.

In parallel, significant attention has been devoted to comprehending the transformative pro-

cesses that meteorites and asteroids undergo. The majority of chondrites, for example, have

undergone substantial physico-chemical alterations. These alterations hold great importance in

the quest to decipher the original composition of the solar nebula, shed light on the formation

of asteroids, and contribute to our understanding of the broader evolution of the Solar Sys-

tem. These alterations have been categorized into aqueous alteration phenomena and thermal

metamorphism phenomena.



2. Secondary Processes on Parent Bodies 9

Figure 1.5: Meteorite classification chart. Adapted from: NASA website for meteorite collections

The intensity of these secondary alteration processes in meteorites was first introduced by

Schmus and Wood (1967), who created a scale ranging from type 1 to 6 to represent the type

and intensity of these secondary processes and has been later improved by Sears and Dodd

(1988). Types 1 and 2 are indicative of aqueous alteration, with type 1 representing the most

extensive level of the latter. Meteorites of type 3 are considered to closely resemble the initial

mineralogy at the time of the asteroid accretion. Types 4 and 5 correspond to various levels of

thermal metamorphism, with type 6 being the most extreme level of the latter, involving higher

temperatures and metamorphic changes. Figure 1.6 provides a summary of the petrographic

types in chondrites and the approximate temperatures of secondary processes.

Carbonaceous chondrites, for instance, often exhibit more pronounced aqueous alteration but

may also exhibit traces of thermal metamorphism. These alterations manifest in various ways,

including mineral transformations as well as textural, chemical and structural modifications.

http://curator.jsc.nasa.gov/education/classification.cfm
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Figure 1.6: Summary of the petrographic types in chondrites and the approximate temperatures
of secondary processes (I: Ivuna, M: Mighei, R: Renazzo, O:Ornans, V: Vigarano, K: Karoonda).
Adapted from: Sephton (2002)

2.1 Thermal Metamorphism

Thermal metamorphism, in a general context, refers to the geological process that involves the

alteration and transformation of rocks and minerals due to elevated temperatures, typically

deep within the Earth’s crust or in extraterrestrial bodies like asteroids. This process leads

to changes in mineral composition, texture, and structure (E. Scott et al. 1992; Endress and

Bischoff 1993; Keil et al. 1997; J. McSween H. Y. et al. 1988; Quirico et al. 2013). For the

scope of this thesis, which primarily focuses on CI chondrites with petrographic types close to

3, thermal metamorphism is not a central concern as aqueous alteration is the most prevalent

secondary process.

2.2 Aqueous Alteration

Aqueous alteration refers to the geochemical and mineralogical changes in asteroidal bodies

caused by interaction with water. This process is integral in understanding the evolution of

certain meteorites, impacting their mineralogy and chemistry significantly. The origin of this

water can be traced back to ice grains that condensed in the outer parts of the solar system.

These ice grains, upon being accreted within chondrites and subsequently heated, melt and

react with anhydrous phases, initiating the process of aqueous alteration.

The extent of aqueous alteration in carbonaceous chondrites has been thoroughly assessed
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through various analytical techniques. These include X-ray diffraction, which estimates total

phyllosilicate abundances (e.g., Howard et al. 2009; Howard et al. 2011; Howard et al. 2015;

King et al. 2015), light element analysis (e.g., C. M. O. Alexander et al. 2012; C. M. Alexander

et al. 2013), IR spectral features corresponding to aqueous alteration products (e.g., Beck et al.

2014), and electron microscopy (e.g., Tomeoka and Buseck 1985; Tomeoka and Buseck 1988).

A comprehensive review of this topic is available in Brearley (2006).

The effects of aqueous alteration can vary significantly across different types of carbonaceous

chondrites. For example, alteration in CM chondrites typically leads to homogeneous bulk

compositions, indicative of isochemical alteration processes. This type of alteration involves

the exchange of elements, such as Ca, between the fine-grained matrix and chondrules (around

50-50% proportions). Notably, soluble Ca is leached from chondrules and calcium-aluminum-

rich inclusions (CAIs) and then precipitated in the matrix as calcium carbonate (Suttle et al.

2021; Brearley 2006).

CR chondrites also show evidence of aqueous alteration in their matrices as noted by Weisberg

et al. (1993). The CR chondrites’ matrices are less fractionated and display depletions in Ca

due to mobilization to form calcite during aqueous alteration (Brearley 2006).

In CI chondrites, aqueous alteration leads to the significant redistribution of soluble elements

such as calcium (Ca), manganese (Mn), sodium (Na), potassium (K), and sulfur (S) at a scale

of approximately 100 micrometers. These elements are mobilized and precipitated as sulfates

and carbonates. This process has been extensively studied and is well documented in numerous

works (H. Y. McSween and Richardson 1977; M. Zolensky et al. 1993; Adrian Brearley 1992).

A complex mineralogy unfolds from these aqueous alteration processes showing a complex

mixture of various minerals. This complex assemblage is characterized by the presence of

abundant phyllosilicate minerals (Eg. ∼ 95% vol. of Orgueil constitutes the matrix), such as

serpentine and smectite clays, which are the main indicators of aqueous alteration processes.

These meteorites also contain small grains of metal, sulfides, and refractory minerals embedded

within the matrix. A summarizing table of the different minerals found in CI, CM, and CR

chondrites is shown in Figure 1.7.
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588 Meteorites and the Early Solar System II

gesting that the conditions of alteration and the availability
of fluid was quite variable, both within individual asteroids
and between asteroid types. In this section, the alteration
assemblages and textural characteristics of alteration in
these different meteorites will be summarized and the cos-
mochemical effects of alteration examined. Detailed discus-
sions of the alteration mineralogy of these meteorites have
been presented in extensive literature reviews (e.g., Barber,
1981; Zolensky and McSween, 1988; Buseck and Hua,
1993; Brearley and Jones, 1998; Brearley, 2003) and will
only be discussed briefly here. The alteration mineralogy
in the main groups of chondritic meteorites is summarized
in Table 1 and mineral formulae for the principle alteration
phases are presented in Table 2.

Identification of chondrites that have experienced aque-
ous alteration is usually based on the presence of hydrous
phases such as phyllosilicates. However, over the last de-

cade, it has been recognized that secondary alteration ef-
fects are present in some chondrites [e.g., CV and CO chon-
drites and the dark inclusions (DIs) that they contain] that
may have been formed by the action of water but did not
result in the widespread formation of hydrous phases (e.g.,
Krot et al., 1995). In these cases, the effects of aqueous
fluids are more cryptic and establishing the involvement of
water in the formation of these mineral assemblages is more
challenging and certainly controversial (see Brearley, 2003).
In these situations, a combination of mineralogical studies,
thermodynamic modeling, and O-isotopic data are required
to demonstrate the involvement of aqueous fluids, and in
some cases, the results may be equivocal. In general, aque-
ous alteration, which leaves a somewhat cryptic signature(s)
on the rocks that it has affected, appears to have occurred
at temperatures higher than those experienced during aque-
ous alteration that primarily resulted in the formation of

TABLE 1. Alteration phases found in carbonaceous and ordinary chondrites (minor phases shown in italics).

Ordinary
CI Chondrites CM Chondrites CR Chondrites CV Chondrites CO Chondrites Chondrites

Silicates Silicates Silicates Silicates Silicates Silicates
Fe-Mg serpentines Fe-Mg serpentines Fe-Mg serpentines Fe-Mg serpentine Fe-Mg serpentine smectite
Saponite (smectite) cronsteditite saponite saponite chlorite

amphibole Carbonates
Carbonates chlorite Carbonates biopyribole calcite

calcite saponite calcite talc
dolomite vermiculite margarite Oxides

breunnerite Oxides clintonite maghemite
siderite Tochilinite magnetite muscovite

tochilinite Na phlogopite Sulfides
Sulfates Sulfides montmorillonite pyrrhotite
gypsum Carbonates pyrrhotite chlorite pentlandite
epsomite calcite pentlandite
bloedite dolomite fayalite Halides

Ni bloedite aragonite hedenbergite halite
diopside

Sulfides Sulfates wollastonite
pyrrhotite gypsum andradite

pentlandite hemihydrate grossular
cubanite anhydrite monticellite

thenardite kirschteinite
Oxides nepheline

magnetite Oxides sodalite
ferrihydrite magnetite

Carbonates
Native elements Hydroxides calcite

sulfur brucite
Sulfides

Sulfides pyrrhotite
pyrrhotite pentlandite
pentlandite

Oxides
Halides magnetite

halite ferrihydrite
sylvite

Figure 1.7: Comparative table of the different alteration phases found in CI, CM, and CR
chondrites. Adapted from Brearley (2006)
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3 Overview of the Mineralogy and Chemistry of a Typ-

ical Fine-grained Matrix in CI Chondrites

Phyllosilicates

Phyllosilicates, or sheet silicates, are a type of silicate minerals characterized by the stacking

of tetrahedral layers, where tetrahedra (“T”) share three out of four corners (the “basal” oxy-

gens), while the fourth corner (the “apical” oxygen) is connected to an octahedral layer (“O”)

occupied by various cations such as aluminum (Al), magnesium (Mg), iron (Fe), and others.

Within a CI chondrite sample matrix, the distribution of phyllosilicates is typically widespread

and forms a significant portion of the matrix material. These phyllosilicates are found as fine-

grained minerals or coarse grained “nodules” dispersed throughout the matrix (cf. Figure 1.9

and 1.10), suggesting that aqueous alteration processes have affected the entire meteorite as

these are mainly formed by the alteration of primary minerals such as olivine and pyroxene.

The transition between these different phyllosilicate arrangements is often relevant as shown in

Figure 1.10.

In this manuscript, only two groups of phyllosilicates will be frequently encountered; the ser-

pentine group and the smectite group. These are commonly seen in CI-chondrites and can

intricately intertwine at extremely small scales within the phyllosilicate matrix, presenting

challenges in accurately distinguishing these mineral phases and their spatial distribution.

• Serpentines: The most common species (polymorphs) of serpentine are all Mg-dominant:

Lizardite, Chrysotile and Antigorite. Their crystal structure consists of TO layers where an

octahedral sheet (O) is attached to a silica tetrahedral sheet (T) made of di-trigonal rings

formed by SiO4 tetrahedra units through sharing one oxygen atom (“apical” oxygen Oa) as

shown in Figure 1.8. What makes the structure of serpentines so peculiar is the bending

flexibility of their layers. These can be flat in the case of Lizardite, modulated in the case of

Antigorite and curled in the case of Chrysotile.

• Smectites: Smectite minerals are a type of clay minerals that belong to the phyllosil-

icate family and have a 2:1 (T-O-T) layer structure consisting of an octahedral sheet (with

Al3+, Mg2+, Fe2+, Fe3+, and Li+, among others) sandwiched between two opposing tetrahe-
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dral sheets (with Si4+, Al3+, and Fe3+) as outlined in Brigatti et al. (2013). This structural

arrangement forms the template for the silicate clay minerals (Fig. 1.8). However, the compo-

sition varies frequently due to substitution of ions within the mineral structure. For instance,

weathering allows for the substitution of Si4+, Al3+, and Mg2+ with cations with comparable

ionic radii in their respective tetrahedral and octahedral sheets. Consequently, Al3+, may re-

place Si4+ in the center of the tetrahedron without changing the basic structure of the crystal.

Moreover, cations such as Fe3+|2+ and Zn2+ may replace Al3+ and Mg2+ in the octahedra

(Barton and Karathanasis 2002). The process of replacing one structural cation for another

of comparable size is referred to as isomorphic substitution. The particularity of smectites’

structure is their ability to expand upon hydration, low porosity, high surface area, and high

cation exchange capacity (Di Maio and Scaringi 2016). Indeed, isomorphic substitutions in-

volving lower charge cations in tetrahedral and/or octahedral sheets create negatively charged

2:1 layers, known as “permanent charge”. These negatively charged layers are balanced by

hydrated exchangeable cations in the interlayer space, affecting the layer-to-layer distance. In

a tri-hydrated state for instance, with three water molecules between the layers, the inter-

layer distance can reach up to ∼ 19 − 21 Å, while a dehydrated state reduces it to around

∼ 9.3 Å (Ferrage 2016; Colten-Bradley et al. 1987; Moyano et al. 2012; Sayers and Boer 2016).
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Figure 1.8: Schematic illustrating the arrangement of layers in the three main serpentine poly-
morphs (T refers to tetrahedral and O correspond to octahedral layers) and the typical arrange-
ment of layers in smectite (right). Oa refers to “apical” Oxygen. The typical layer to layer distance
in serpentines is ∼ 7 Å while in smectites, it can vary from ∼ 9.3 Å to ∼ 21 Å, depending on the
arrangement of the material occupying their interlayer spacing. Adapted from Demichelis et al.
(2016) and X. Wang and H. Wang (2021).

Amorphous silicates

Amorphous silicates, although significant in the study of extraterrestrial materials, are not

notably abundant in CI chondrites. While crystalline silicates are prevalent in dying star

environments, the interstellar medium primarily contains amorphous silicate dust grains. Some

of this interstellar dust retains its isotopic signature from formation around other stars, and a

fraction of it survives in recognizable form in meteorites. The exact amount of the so-called

presolar amorphous silicates in meteorites remains uncertain, as these grains are vulnerable to

alteration before and after their incorporation into meteorites. Nonetheless, some amorphous

silicate-dominated grains with nonsolar oxygen isotopic compositions have been identified as

presolar in origin (C. Alexander et al. 2017; Ishii et al. 2018; Nguyen et al. 2007; Messenger

et al. 2003; A. Jones et al. 2013; Zhukovska et al. 2008; Hoppe et al. 2017; Kemper, Vriend,

et al. 2004; Molster and Waters 2003; Kemper, Waters, et al. 2001).

Anhydrous silicates
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Anhydrous silicates can be found in various proportions in many meteorite samples. The

main two species being olivine and pyroxene. Grains of anhydrous silicates larger than five

microns frequently exhibit irregular shapes and are believed to arise from the fragmentation

of chondrules (eg. Simon et al. 2018). Other sub-micrometric sized grains are also present.

Their chemical compositions is variable but Mg-rich compositions are the most common (eg.

H. Leroux et al. 2015).

Sulfides and Oxides

The major sulfides within CI chondrites consist primarily of troilite, pyrrhotite, and pentlandite

sulfides. Troilite and pyrrhotite are generally found as pure iron sulfides, whereas pentlandite

comprises both iron and nickel. These sulfides span in size from approximately ten nanome-

ters when intertwined with silicate material to more substantial grains measuring around one

hundred microns in diameter (Schrader et al. 2021; Visser et al. 2019).

Iron oxides, like magnetite, are usually less abundant than sulfides in CI-chondrites. These

iron oxides occasionally form alteration rims encircling metallic grains, and they may also be

encountered in isolated sub-micrometric grains dispersed throughout the matrix. The formation

of oxides in chondritic parent bodies, which lack a substantial atmosphere, requires the presence

of an aqueous fluid that facilitates the oxidation of initially present iron within the matrix.

Ferric hydroxides (eg. Ferrihydrite) were also identified in some CI chondrites like Orgueil

(Tomeoka and Buseck 1988) which are believed to originate from terrestrial weathering.

Carbonates and sulfates

Carbonates and sulfates are believed to be weathering products. These are less abundant

than silicates in CI chondrites for instance. Carbonates are often found in the form of Calcite

(CaCO3) and Dolomite (CaMg(CO3)2). Sulfates presence in the form of Gypsum (CaSO4.2H2O)

is also often reported (Fredriksson and Kerridge 1988; Gounelle and M. Zolensky 2001).

Organic matter

Carbonaceous chondrites can contain a significant amount of carbon, primarily in the form

of sub-micrometric organic matter associated with clays or amorphous silicates. Recent ad-

vancements in microscopy and analytical techniques have allowed for the association of organic

matter with surrounding phases to be directly observed. Various organic compounds have been
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identified, such as amino acids, carboxylic acids, and hydrocarbons, indicating diverse origins

and formation mechanisms. Furthermore, organic matter is sensitive to hydrothermal processes

and metamorphism, which can alter its molecular nature (LeGuillou et al. 2011; Remusat et al.

2010; Pizzarello et al. 2006; Herd et al. 2011)

Figure 1.9 summarizes through low-voltage scanning electron microscopy (LVSEM) images the

typical matrix mineralogy of Ryugu, which closely resembles that of CI chondrites. Meanwhile,

Figure 1.10 provides an overview of High-Angle Annular Dark Field (HAADF) matrix images

typical of Orgueil, which is a CI chondrite, emphasizing the diverse textures and compositions

found within these chondrite types.
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Figure 1.9: Low voltage scanning electron microscope (LVSEM) images showing the matrix
mineralogy of Ryugu, similar to CI chondrite, includes various coarse-grained components such
as phyllosilicate, carbonaceous, and carbonate nodules, magnetite, Fe-sulfide inclusions, apatite
crystals, altered olivine fragments, and composite grains of low-Ca pyroxene and olivine. From
E. Nakamura et al. (2022)
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(c) (d)

Figure 1.10: An overview of typical CI chondrite STEM-HAADF (High-Angle Annular Dark
Field) images featuring phyllosilicate matrices with varying textures. These images typically show
regions with a mix of fine and coarser grains, where inclusions like iron sulfides (In Ryugu) or
iron oxydes (In Orgueil) may be less abundant or absent in the coarser areas. The transition
between these different regions is often relevant, providing a clear distinction in the texture and
composition within the chondritic material. Nanometer-scale organic matter is highlighted in Red.
Ferrihydrite appears in (c) as bright areas within the fine-grained phyllosilicate matrix, while in
(d), Fe-rich layers are interstratified within the phyllosilicates. Adapted from Leroux et al. (2023)

In summary, the matrix material in CI chondrites primarily consists of fine-grained minerals

resulting from aqueous alteration processes, with a notable abundance of phyllosilicate minerals

like serpentine and smectite clays. These minerals are indicative of extensive aqueous alteration

on the meteorites’ parent bodies. CI chondrites also contain anhydrous components such as

olivine and pyroxenes, offering valuable clues about the original material present in the solar
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nebula. The matrix hosts organic matter, including complex carbon compounds and amino

acids. Sulfides are also abundant within the matrix, as well as carbonates and sulfates, the

latter being generally a terrestrial weathering product.

4 Asteroidal Observations and Sample Return Missions

Sample return missions, such as OSIRIS-REx and Hayabusa2, play a vital role in advancing our

understanding of the Solar System’s formation and the fundamental materials that contributed

to earth’s development. Asteroidal samples offer unique insights that are unattainable through

the study of meteorites found on earth. For instance, meteorites often lack the necessary context

of their origin and sampling site, making it challenging to interpret their significance accurately.

Moreover, meteorites are often influenced by terrestrial weathering processes, which can alter

their composition and properties over time. In contrast, samples returned from asteroids remain

relatively pristine, preserving their original state and providing a more accurate representation

of the early Solar System. Sample return missions not only retrieve samples but also characterize

the asteroids themselves, providing essential context for the collected materials. For example,

the unexpected discovery of multiple lithologies on Bennu’s surface by NASA’s OSIRIS-REx

space mission underscored the importance of understanding the context of the returned samples,

a level of detail impossible to attain with meteorites whose parent bodies are unknown (Lauretta

et al. 2019). Furthermore, these missions intentionally target asteroids believed to preserve some

of the most primitive Solar System materials, such as carbonaceous chondrites. These materials

may play an essential role in furthering our understanding of the Solar System formation as

well as the potential role they might have played in delivering volatiles like water to Earth.

4.1 Hayabusa2 Space Mission

Launched in December 2014 as the successor to the original Hayabusa mission by the Japanese

Aerospace Exploration Agency (JAXA), Hayabusa2 employs a unique hovering approach, match-

ing the orbit of its target asteroid, 162173 Ryugu, rather than orbiting around it unlike many

other space missions.

The main objective of Hayabusa2 space mission is sample collection. However, Hayabusa2

spacecraft also carries a suite of instruments for remote sensing and sampling, and contains
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four deployable rovers to investigate the asteroid’s surface. Key instruments include Optical

Navigation Cameras (ONCs) for navigation and proximity operations, as well as a LIght De-

tection And Ranging (LIDAR) altimeter, which measures the distance between the spacecraft

and the asteroid’s surface. These tools collectively offer comprehensive data about Ryugu’s

dimensions and shape (Tsuda et al. 2013).

Hayabusa2 deployed several payloads during the mission. Rover-1A (HIBOU) and Rover-1B

(OWL) successfully landed on the asteroid’s surface in September 2018, capturing photographs.

The Mobile Asteroid Surface Scout (MASCOT), landed in October 2018, carrying instruments

to study the regolith structure. In April 2019, the Small Carry-on Impactor (SCI) excavated

a crater to retrieve subsurface materials. A deployable camera (DCAM3) observed the crater

and ejected particles (Tsuda et al. 2013).

The first sample retrieval operation took place in February 2019, with a 5 g metal bullet

fired into the surface. On July 2019, Hayabusa2 conducted its second touchdown on Ryugu’s

surface, creating a crater approximately 20 meters in diameter and about 1.7 meters deep. This

second touchdown aimed to collect samples that had not been exposed to space weathering.

After this second collection, the spacecraft resumed its journey towards Earth, where it would

release a capsule containing the 5.4 grams of asteroid samples collected from Ryugu’s surface

on December 6, 2020. The capsule containing the samples collected has landed in Australia,

from where it has been transported to Japan for an initial analysis phase.
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Figure 1.11: Hayabusa2 probe and Ryugu asteroid sample retrieval: Top: An artistic
rendering of the Hayabusa2 probe with Ryugu asteroid in the inset image. Bottom: The initial
images capturing the retrieval of the capsule containing the samples collected from Ryugu and
one of the sample collection chambers. From JAXA’s website

4.2 Early Discoveries and Initial Analyses of Asteroid Ryugu by

Hayabusa2

Terrestrial observations of the asteroid (162173) Ryugu provided valuable informations about

its properties before the Hayabusa2 space mission. Ryugu is roughly spherical with a diameter

of approximately 875 meters, resembling a spinning top or diamond in shape. It has a slow

rotation period of 7.63 hours and exhibits a low albedo of 0.0476, making it one of the darkest

objects observed in the Solar System.

https://global.jaxa.jp/
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The initial observations of Hayabusa2’s remote sensing instruments have been documented in

the works of Kitazato et al.; Watanabe et al. (2019; 2019) and Sugita et al. (2019). Watanabe et

al. (2019) provided measurements of Ryugu’s mass, shape, and density, revealing its composition

as an aggregate of loosely bound rocks, resulting in its distinctive spinning-top shape, which

was likely shaped during a previous period of rapid rotation. Additionally, this study identified

potential landing sites suitable for sample collection.

An important observation regarding the mineralogical properties of Ryugu was made using data

acquired with the Near-Infrared Spectrometer (NIRS3) on Hayabusa2. In their work, Kitazato

et al. (2019) highlighted the presence of a distinctive absorption feature at 2.72 µm, indicating

the probable presence of OH attached to a cation, most likely magnesium (Mg), within a

comparatively uniform phyllosilicate composition similar to the Mg-rich phyllosilicates observed

in chondrites. Although there exist no meteorite samples so far which reflectance spectra match

those of Ryugu samples at visible to NIR wavelengths, spectra from thermally metamorphosed

CI chondrites and shocked CM chondrites (Fig.1.12) closely resemble the brightness and shape

of Ryugu at near-infrared wavelengths. Additionally, it is observed that spectra of heated Ivuna

meteorite samples and MET 01072 are darker, flat, and retain a weak 2.72 µm feature compared

to unaltered carbonaceous chondrites.

Sugita et al. (2019) extensively described the geological features and surface colors of Ryugu.

Combining their findings with those from the aforementioned papers, they provided some in-

sights into the asteroid’s formation process.
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Figure 1.12: Comparison of Ryugu with meteorite spectra. (A) Globally averaged NIRS3
spectrum of Ryugu compared with laboratory spectra of meteorite samples: Ivuna (CI1), Cold
Bokkeveld (CM2), MET 01072 (shocked CM2), and Allende (CV3). Details and references for the
meteorite spectra are listed in table S1. A ground-based visible and NIR spectrum of Ryugu (6)
is also plotted. (B) Enlargement of the NIRS3 wavelength range in (A). Adapted from Kitazato
et al. (2019)

Upon their return to Earth in December 2020, an initial non-destructive phase 1 characteri-

zation of the particles in a dedicated, contamination-free and pure-nitrogen-filled chamber at

the JAXA curation facility was conducted and are outlined in the works of Ito et al.; Yada

et al.; T. Nakamura et al. (2022; 2022; 2022) and Yokoyama et al. (2022). All of their re-

sults further confirm that Ryugu particles closely resemble CI chondrites but exhibit a higher

degree of chemical pristine nature, rendering them the best available match to the chemical

composition of the Sun’s photosphere. Ito et al. (2022) conducted a comprehensive bulk and

micro-analytical study of Ryugu particles, revealing an intricate spatial relationship between

aliphatic-rich organics and phyllosilicates, indicative of maximum aqueous alteration temper-

atures of approximately ∼ 30◦C. In terms of mineralogy, Ryugu features rich phyllosilicates

and carbonates formed through low-temperature and high-pH aqueous alteration processes. In

contrast, less altered fragments comprise olivine, pyroxene, amorphous silicates, calcite, and

phosphide, with notably low abundances of materials formed at high temperatures, such as

chondrules and Ca-Al-rich Inclusions (T. Nakamura et al. 2022). Numerical simulations, based

on the mineralogical and physical properties of the samples, suggest that the parent body of

Ryugu formed nearly 2 million years after the beginning of Solar System formation.
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5 Conclusion and Problem statement

This introductory chapter has provided a comprehensive overview of asteroids and meteorites,

with a specific focus on the significance of CI chondrites in understanding the formation and

evolution of the Solar System. By exploring the processes involved in the formation of mete-

orites and asteroids, as well as the secondary processes shaping their mineralogy and chemistry,

we have gained valuable insights into the early stages of planetary formation. The discus-

sion of CI chondrites, their unique characteristics, and their role as primitive remnants of the

early Solar System has underscored their importance as key objects for scientific investigation.

Furthermore, the examination of asteroidal observations and sample return missions has high-

lighted the importance of direct exploration and analysis of celestial bodies in advancing our

understanding of planetary evolution.

Transmission electron microscopy (TEM) has emerged as a powerful tool for unraveling the

mineralogical and petrographical properties of meteoritic samples. At varying scales, TEM

techniques facilitate the observation and analysis of diverse matrix constituents, from providing

an overview of different components in a single image through low-magnification imaging TEM

and scanning transmission electron microscopy-high angle annular dark field (STEM-HAADF)

imaging, to discerning complex fine-scale mixtures such as serpentine and smectite as well as

atomic resolution imaging of coarse grained material via high-resolution TEM.

TEM has been instrumental in numerous studies on chondrites, particularly in elucidating the

nature of phyllosilicates through imaging and diffraction, while advanced scanning transmission

electron microscopy techniques, such as energy dispersive X-ray spectroscopy (STEM-EDXS),

enabled multifaceted analyses, including segmentation of elemental maps into distinct mineral

phases within samples and compositional field analyses.

However, the series of structural and chemical transformations that the primitive material of

the solar system has undergone are still not well understood. For instance, the debate persists

regarding the formation of phyllosilicates—whether through alteration of amorphous material

or anhydrous silicates. Studies have demonstrated that amorphous silicates can undergo rapid

transformation into phyllosilicates when exposed to aqueous fluids, while other findings suggest

that phyllosilicates are the result of alteration on olivine and/or pyroxene. The formation
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mechanisms of amorphous silicates themselves are still subject to debate. Hypotheses include

their origin as “primordial” dust inherited from the molecular cloud, their formation through

the condensation of high-temperature gas associated with chondrule formation, or their creation

through the alteration of a crystalline precursor.

Acquiring more comprehensive mineralogical and structural insights into phyllosilicates and

the associated minerals can provide more constraints on potential precursor identities and the

environmental conditions under which they and the matrix minerals were formed.

Although phyllosilicates in chondrites may hold insights into these different questions, con-

ventional TEM and STEM methods face limitations in analyzing these intricate phases due

to factors such as the poor crystallinity in phyllosilicates and the fine-scale mixing of their

constituents such as serpentine and smectite, as well as their beam sensitive nature.

Recent advances in electron detection technologies, notably direct electron detectors (DEDs),

have revolutionized characterization techniques. These detectors facilitate faster scanning elec-

tron diffraction experiments, essential for structural characterization and high-resolution STEM

imaging. Among the array of characterization techniques enabled by DEDs, four-dimensional

scanning transmission electron microscopy (4D-STEM) has overcome many challenges faced by

conventional TEM techniques. Unlike selected area electron diffraction, where electron diffrac-

tion patterns are obtained from specific regions of ∼ 100 nm sizes and which is constrained by

the fine-grained nature and thickness changes of individual crystallites, 4D-STEM, as will be

described in the next chapter, enables spatially representative structural analysis with mini-

mal irradiation damage by acquiring full two-dimensional diffraction patterns across the entire

illuminated area of a specimen at each position of the converged electron probe, making it suit-

able for the structural investigation of beam-sensitive and poorly crystallized materials such as

phyllosilicates at various scales.

In this thesis, we aim to gain insights into the intricate structural characteristics of phyllosili-

cates using 4D-STEM, particularly focusing on serpentine and its interactions with smectites

and other constituents. The spatial representativity of 4D-STEM empowers a comprehensive

characterization of phyllosilicates at a fine-scale level, capturing intricate local information and

overall patterns within field of views comparable to those employed in STEM-EDXS. By explor-

ing the mineralogy of Hayabusa2’s Ryugu samples and Orgueil carbonaceous chondrite samples
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with 4D-STEM, we aim to delve into the nature of serpentine and smectite in these materials

and the subsequent consequences on the evolutionary history of Ryugu and Orgueil. Moreover,

we seek to assess the different structural features of smectites, including the variability in their

interlayer spacing in chondritic samples, which is still subject to debate. Through these en-

deavors, we aim to contribute to a deeper understanding of the mineralogical and evolutionary

dynamics of these extraterrestrial objects.
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Chapter2
Experimental Methods and Data Analysis

1 General Setup of a Transmission Electron Microscope

(TEM)

The concept of transmission electron microscopy was first demonstrated by Knoll and Ruska

(1932). The setup of a Transmission Electron Microscope (TEM) can be summarized as an

electron emitting gun, an electrons accelerating system, a condenser system of electromagnetic

lenses to control beam intensity and focusability, a specimen holder for positioning samples,

and an objective lens that transmits electrons through the specimen. Additionally, in scanning

transmission electron microscopy (STEM) mode (STEM mode will be presented in a dedicated

section), a scanning system is also used to shifting a focused probe across the investigated

sample. Finally, TEMs are generally equipped with a set of systems allowing for different types

of imaging and analysis.

29
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Figure 2.1: Typical Transmission Electron Microscope column: In addition to the ele-
ments outlined in the present figure, most TEMs can also work in STEM mode. Adapted from
Alberta NanoFab 2024

1.1 Conventional and High Resolution TEM

When using a collimated broad electron illumination on electron-transparent samples, the TEM

is said to operate in its conventional mode. Upon transmission through the specimen, the elec-

tron wave in this mode is detectable in both diffraction and real spaces, leading to a wide

range of signals corresponding to different informations. The short wavelength of electrons

in TEM systems operating at acceleration voltages of few hundred kilovolts theoretically en-

sures picometer resolutions assuming the diffraction limit (Fig. 2.2). However, achieving this

is generally not possible due to unavoidable imaging errors, such as spherical and chromatic

aberrations. These errors originate from the electromagnetic lenses used to focus the electron

beam. Scherzer (1936) theorem outlines these aberrations, proving the positive nature of spher-

ical aberration regardless of lens design and nature (electrostatic or magnetic). These inherent

limitations have led to the development of advanced correction techniques and innovative imag-

ing approaches, such as aberration-corrected TEM and phase-contrast imaging striving to push

the boundaries of achievable resolution in electron microscopy. These are considered as major

breakthroughs in high-resolution TEM (Eg. Haider et al. 1998; Shibata et al. 2019).
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Figure 2.2: Effect of spherical aberration and diffraction limit on the resolution
in electron microscopy. (a) Schematic diagram depicting the spread of electron beams due
to the spherical aberrations of the objective lens. Due to these aberrations, a point is imaged
as a spot and the smallest such spot that a lens can produce is a disk of least confusion of
diameter ds = 1

2Csα
3. (b) Two spatially close points are blurred by diffraction, hence limiting

the resolution. The smallest resolvable distance between two points with any optical technique
is limited by r = 0.6λ

sin(α) . (c) The resolution r as a function of divergence semi-angle for multiple
accelerating voltages. Increasing the divergence angle enhances resolution, yet it also enlarges the
disk of least confusion because of spherical aberrations resulting in a blurred image. Therefore,
it is crucial to minimize spherical aberrations and find a balance between divergence angle and
aberrations to achieve optimal resolution.

2 Scanning Transmission Electron Microscopy (STEM)

In STEM mode, the electron beam is focused into a fine probe using a combination of con-

denser lenses and apertures (Fig. 2.3). The focused probe is then scanned across the specimen

in a raster pattern using scanning coils or deflectors. The focusability of an electron micro-

scope in STEM mode is further improved by probe-forming aberration correctors (Krivanek

et al. 1999). During a STEM acquisition, a multitude of sample-material interaction channels
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can be read and used for different analytical purposes simultaneously. For instance, elasti-

cally scattered electrons can be used for imaging and diffraction purposes. Indeed, different

collection angle ranges lead to different STEM imaging techniques such as bright-field (BF),

annular dark-field (ADF), and high-angle annular dark-field (HAADF), each utilizing dedi-

cated detectors. Furthermore, diffraction patterns produced by electrons interacting with the

sample can be recorded using dedicated detectors and used for structural analysis. Inelastic

scattering also occurs where incident electrons transfer energy to the specimen hence resulting

in an energy loss. This phenomenon leads to the generation of various signals including, for

instance, electron energy-loss spectroscopy (EELS) signals which provide information about

the sample’s electronic structure and composition. Other types of signals are also encountered,

such as X-ray emission, where incident electrons interact with the sample material, inducing

the emission of characteristic X-rays. These X-rays are analyzed by energy-dispersive X-ray

spectroscopy (EDS) to determine the sample’s elemental composition. Other types of signals

are also encountered, such as cathodoluminescence, plasmon and phonon excitations and many

others (Williams and Carter 2008), each offering distinct informations about the sample’s char-

acteristics and behavior. Table 2.1 summarizes the most widely used STEM signals.

Table 2.1: Some relevant STEM signals dimensions: (x, y) represent the probe position in
real space. EEL represents the energy loss in EELS. EXrays represents the X-rays energy detected
in EDX, and (kx, ky) are the coordinates of the reciprocal space in 4D-STEM.

Signals generated in STEM Signal dimensions

Imaging (BF, DF, HAADF, HR-STEM) (x, y)

Electron Energy Loss Spectroscopy (EELS) (x, y | EEL)

Energy-Dispersive X-ray Spectroscopy (EDX) (x, y | EXrays)

Four-dimensional Scanning Transmission Electron Microscopy (4D-STEM) (x, y | kx, ky)
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Imaging Diffraction

Figure 2.3: TEM vs STEM modes: In the left panel, TEM operational mode is depicted for
both imaging and diffraction lens configurations. Here, the necessity to toggle between diffraction
and real space imaging is necessary to obtain relevant informations from both spaces. In contrast,
the right panel illustrates the STEM mode in which simultaneous acquisition of imaging and
diffraction information, as well as multiple other signals through different dedicated detectors, is
possible. Adapted from Williams and Carter (2008)

2.1 High-Angle Annular Dark Field Imaging (HAADF)

High-angle annular dark field (HAADF) is a STEM imaging technique in which electrons scat-

tered at sufficiently high angles are recorded in a dedicated annular detector to form an image.

High-angle scattering involves electrons experiencing the full nuclear charge, leading to a scat-

tering cross-section approaching that of Rutherford scattering (∝Z2). However, due to electron

screening, the scattering cross section is slightly modified and is nearly proportional to Zn with

n ∈ [1.1, 1.8] (Williams and Carter 2008). A direct consequence of requiring high scattering

angles to be involved in this Z-contrast imaging technique is that the atoms, in this case, behave

like independent scatterers. Consequently, when passing a STEM probe over an array of them,

each atom will scatter independently and proportionally to the local probe intensity it sees.

This is exactly what the action of convolution between a probe and an object is and the image

in this case is given by:
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I(R) = O(R)⊗ |P (R)|2 (2.1)

Where O(R) is the object function which represents, in this case, the array of scatterers (atoms)

and |P (R)|2 is the probe intensity profile.

The image, in this configuration, is hence a representation of the object blurred by the size of

the probe which is referred to as incoherent imaging. Therefore, unlike coherent imaging where

contrast may form due to interference processes, HAADF images are easily interpreted in terms

of material composition and its resolution is almost determined by the incident probe diameter

on the specimen (Kirkland 2020; Williams and Carter 2008).

2.2 Energy Dispersive X-ray Spectroscopy (EDX)

When a high energy electron beam penetrate through the outer valence band and interacts

with the inner-shell electrons of an atom, characteristic X-rays can be produced. Indeed,

when an inner-shell electron absorbs an excessive amount of energy, it breaks free from the

nucleus’ pull, leaving a hole within the inner shell. The ionized atom eventually returns to its

ground state by filling the hole left by another electron from an outer shell. This transition

is accompanied with the emission of characteristic X-rays which energies are measured with

dedicated X-ray spectrometers. The specific energies of the emitted X-rays carry information

about the elemental composition of the sample being analyzed. Their intensity however can

vary based on different factors such as sample thickness, depth of the electron beam penetration,

and the atomic number of the element. An approach to mitigate these effects for a robust EDX

quantification is using the Cliff-Lorimer method (Cliff and Lorimer 2011). For the scope of this

thesis, no EDX quantification is required and the only focus is on qualitative analysis in which

the goal is to identify the elements present in our samples by matching the observed X-ray lines

with X-ray lines of known elements.
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3 Four-dimensional Scanning Transmission Electron Mi-

croscopy (4D-STEM)

Four-dimensional Scanning Transmission Electron Microscopy (4D-STEM) is an advanced elec-

tron microscopy technique that enables the simultaneous acquisition of both spatial and diffrac-

tion information at the nanoscale. In 4D-STEM, a finely focused electron probe is scanned

across a two-dimensional (2D) grid of positions on the sample surface. At each position, a full

two-dimensional diffraction pattern is acquired (See Fig. 2.4), resulting in a dataset with two

spatial dimensions (x and y) and two reciprocal space dimensions (kx and ky). This dataset

can be visualized and analyzed to extract a wide range of informations about the sample, in-

cluding crystallographic orientation, strain distribution, local atomic arrangement and medium

and short range order in poorly crystalline materials. Unlike conventional TEM, where diffrac-

tion and imaging are typically performed separately or early STEM imaging where images

are acquired simultaneously but on separate detectors, 4D-STEM offers a holistic approach

by combining imaging and diffraction into a single measurement. This allows for rapid and

comprehensive characterization of complex materials and nanostructures, making 4D-STEM

a powerful tool for investigating the properties and behavior of materials down to the atomic

scale.
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Figure 2.4: Schematic of a typical 4D-STEM experiment. The cones in blue represent
the STEM electron probe being rastered over the sample area. Each diffraction pattern in the
figure is an average of 9 × 9 experimental diffraction patterns recorded on a Medipix3 pixelated
detector.

Although 4D-STEM has gained a lot of popularity due to advancements in high-performance

electron detection technology (Yang et al. 2016; Krajnak et al. 2016; Yang et al. 2017; Ophus

2019; Pennycook et al. 2019; Savitzky et al. 2021; Ophus et al. 2022), some first measurements

that can be also regarded as 4D-STEM were performed in the early 2000s by Zaluzec (2002).

Others have also performed 4D-STEM for different purposes, although using different terms

sometimes instead of “4D-STEM” including Clément et al.; E. Rauch and Dupuy; E. Rauch

and Dupuy; Tao et al.; A. Hirata et al.; Liu et al.; E. Rauch and Véron; Ozdol et al.; Gallagher-

Jones et al. (2004; 2005; 2006; 2009; 2010; 2013; 2014; 2015; 2019) and Hachtel et al. (2018),

the latter, alongside Muller et al. (2016) being among the first to have introduced the term

“universal detectors” to describe virtual imaging in 4D-STEM experiments.

An overview of the basic principles of diffraction pattern formation is provided in annex A.
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3.1 Example Applications of 4D-STEM

3.1.1 Virtual Imaging

The most obvious, yet fundamental, use of 4D-STEM is diffraction contrast imaging, usually

referred to, in the context of 4D-STEM, as “virtual imaging”, since “virtual” detectors are used

to form an image. Indeed, by adding together subsets of pixels in the diffraction patterns at

each probe position, not only can we mimic various imaging modes that traditionally require

different physical detectors, but we can also reconstruct virtual images using arbitrarily shaped

virtual detectors that are impossible to physically implement in STEM. For instance, when

adding together the subset of pixels in diffraction space corresponding to the transmitted beam,

we form a “virtual bright field (VBF)”image. Conversely, when doing so in any other subset

besides the transmitted beam, this results in a “virtual dark field (VDF)” image. Furthermore,

virtual diffraction patterns can be reconstructed by adding together subsets of pixels in the real

space. This flexibility allows for different types of materials characterization without the need

to physically changing the experimental setup.

This form of imaging is well explained in Gammer et al. (2015), highlighting its use in the

analysis of an Fe–Al–Ni–Cr alloy. The concept is well illustrated in Figure 2.5a, wherein

virtual detectors in real space are used for extracting representative virtual diffraction patterns

over arbitrarily shaped regions of interest (ROIs). These ROIs may be referred to as real

space virtual detectors. Simultaneously, virtual detectors in diffraction space (Figure 2.5b) are

employed for extracting virtual dark field images representative of the corresponding diffraction

signatures, achieved through combinations of multiple ROIs in diffraction space.

Figure 2.5c, from Shukla et al. (2016), illustrates the use of virtual detectors to assess the

existence of three ordering variants within a battery cathode material. This example under-

scores two significant advantages of 4D-STEM. Firstly, with a single selected area electron

diffraction pattern covering the entire particle, it would not be possible to differentiate between

the variants since the fundamental reflections in the diffraction patterns are common among

them. However, 4D-STEM enables the separation of these variants using virtual apertures.

Secondly, this example illustrates how 4D-STEM can in some cases yield comparable informa-

tion to atomic-resolution HRTEM or conventional STEM images but over a considerably larger
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field of view (FOV), providing a broader perspective for analysis. Finally, in Figure 2.5d, an

atomic resolution imaging of DyScO3 example illustrates the possible implementation of virtual

annular detectors (Hachtel et al. 2018).
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(d)

Figure 2.5: 4D-STEM virtual imaging use cases: (a) shows mean diffraction patterns from
ROIs in real space, while (b) highlights virtual images generated from ROIs in diffraction space
from Gammer et al. (2015). (c) HAADF-STEM image capturing a LRTMO cathode particle,
alongside the summed virtual pattern derived from the 4D-STEM dataset and the location and
shape of virtual apertures (color-coded) corresponding to the three monoclinic variants. A re-
constructed RGB virtual dark field image is also displayed, highlighting domains corresponding
to the three variants (From Shukla et al. (2016)). (d) Example of Virtual annular detectors for
atomic resolution imaging for a DyScO3 sample from Hachtel et al. (2018).
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3.1.2 Phase and Orientation Mapping

Significant advances in structural characterization of materials with 4D-STEM predate its re-

cent surge in popularity. Early contributions, such as those by E. Rauch and Dupuy; E. Rauch

and Veron (2005; 2005) and E. Rauch and Véron (2014), laid the foundation for “template

matching” based automated crystal orientation mapping, culminating in the development of

the ASTAR system (Véron and E. Rauch 2011; Veron and E. Rauch 2012a). This system,

now compatible with most commercial TEMs, has been successfully employed across multiple

disciplinary fields. Noteworthy applications include its utilization in metallurgy and plasticity

studies such as in E. Rauch; Descartes et al. (2008; 2011), in mineralogical investigations (Eg.

Verezhak et al. 2016; Roqué Rosell et al. 2018), in virtual dark field imaging (Boulay et al.

2014; E. Rauch and Véron 2014b; Guo et al. 2018), and in-situ strain mapping (Veron and E.

Rauch 2012b; Kobler et al. 2013; Mompiou et al. 2013; Armstrong et al. 2021), among many

others.

For orientation mapping, diffraction patterns are pre-computed for each orientation of a given

material, and then, a correlation score is computed for each experimental pattern. As outlined

previously, this method can be fully automated and can also generate an estimate of the mea-

surement confidence using the maximum correlation score (E. F. Rauch et al. 2010; E. Rauch

and Véron 2014b).

An example of orientation mapping over a twisted polycrystalline AuAgPd nanowires sam-

ple is shown in Figure (2.6a-e). This example, from Ophus et al. (2022), features the use of

a “bullseye” patterned probe (shown in the inset of the HAADF-STEM image 2.6a) for im-

proved detection precision of the Bragg disks, showcasing innovative developments in acquisition

methodologies. Using a correlation intensity threshold of 0.5 that was arbitrarily chosen as a

lower bound for a potential match, the number of matching patterns is shown in Figure 2.6c.

Two matches to a single diffraction pattern are also shown in 2.6d. Finally, the orientations,

in the three different direction (x, y, z), for all probe positions, with only the two best matches

shown are outlined in 2.6e.

Figure 2.6f shows the possibility of simultaneous phase and orientation mapping, which is

showcased for a LiFePO4 sample, from an experiment performed by Brunetti et al. (2011)

using Precession electron diffraction (PED) and the ASTAR system. These experiments were
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used to determine the correct transformation pathway model for this material.

(a) HAADF image

(b)

(d)

(e)

(f)

(c)

Figure 2.6: 4D-STEM phase and orientation mapping examples: For a (a) polycrystalline
AuAgPd nanowires sample from Ophus et al. (2022), (b) shows the total measured correlation
signal for each probe position, along with (c) the estimated number of patterns indexed for each
probe position. An example of two orientations indexed from a single diffraction pattern, collected
at the position indicated by the arrow, is shown in (d). (e) represents the final orientation
maps obtained for the two highest correlation signals for each probe position. An example of
simultaneous phase and orientation determination for a LiFePO4 sample is shown in (f) from
Brunetti et al. (2011).
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3.1.3 4D-STEM of Beam Sensitive Samples

Characterizing beam-sensitive materials presents a significant challenge in materials science,

primarily due to the inherent limitations of conventional characterization methodologies. Tra-

ditional techniques in TEM and STEM often result in sample damage or alteration of the

material under investigation. Additionally, these methods may lack the spatial resolution or

sensitivity required to fully capture the intricate features of beam-sensitive samples. However,

in 4D-STEM experiments, the total fluence of incident electrons can be effectively controlled

through various approaches. These may include careful use of the beam blanker, steering of

the localized electron dose, sample cooling, or minimizing the fluence in the convergent beam,

thus potentially minimizing beam-induced damage (Bustillo et al. 2021). This technique is

suitable for a wide range of beam sensitive materials with different structural characteristics.

A common example is the case of the π-π stacking of polymer chains encountered in covalent

organic frameworks (COFs) and many other organic materials (Eg. Zheng et al. 2022). These

stackings are often characterized by weak and/or diffuse diffraction spots at separations on the

order of 3.4-4.2 Å. With 4D-STEM, we are able to map these stacking and their orientations,

but also the degree of stacking as well as the stacking domain sizes. An example application on

covalent organic frameworks (COFs) from Salaün et al. (2023) is summarized in Figure 2.7. In

their innovative study, focusing on utilizing polymers to control the growth of COFs in specific

directions, Salaün et al. (2023) used a combination of HRTEM imaging and 4D-STEM to de-

cipher the unique atomic structure and the π-π stacking nature. The approximate domain size

of this stacking can be deducted from the VDF image in (2.7d). Furthermore, the correspond-

ing orientation of the π-π stacking can be obtained as shown in (2.7e). Figures 2.7(f-i) show

the differences in the π-π stacking orientation in two different types of COFs which hasn’t

been previously seen for this type of particles providing yet another avenue currently under

exploration.
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Figure 2.7: π-π stacking nature in different COF particles revealed by 4D-STEM:
Scanning electron microscope (SEM) images of (a) COF-catechol-PNIPAm25 particles, (b) COF-
catechol-PNIPAm50 particles, (c) COF-catechol-PNIPAm100 particles. (d) shows a virtual dark-
field reconstruction over an area of a COF − 5 sample along with (e) a flowline map featuring a
radial π-π stacking of the polymer chains. The orientation of the π-π stacking was found different
comparing two types of COF particles. While (f,g) COF -5 particles feature a radial π-π stacking
direction (∼ 3.75 Å stacking separation), (h,i) COF -10 particles feature a tangential π-π stacking
direction (∼ 3.9 Å stacking separation). Note that the top left inset in the diffraction patterns
shows the stacking direction (perpendicular to the Bragg spots direction). Adapted from Salaün
et al. (2023). Part of the results here are yet to be submitted.
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3.1.4 Other Applications

A diverse array of other applications is possible using 4D-STEM. For instance, 4D-STEM allows

for strain mapping, which utilizes nanoscale precision to measure deformations in materials,

valuable in understanding mechanical properties and material behavior under stress. As for

amorphous and glassy materials, 4D-STEM allows for fluctuation electron microscopy (FEM)

and pair distribution function (PDF) analyses to be performed which are used to study short-

and medium-range order in these materials. Beyond structural analysis, 4D-STEM also allows

for different imaging modalities. For instance, differential phase contrast (DPC) in 4D-STEM

enables the imaging of electric and magnetic fields at the nanoscale, providing a powerful tool

for studying nanoscale electromagnetic properties in materials. Moreover, a 4D-STEM dataset

made of CBED patterns adequately collected over a grid of probe positions can be processed

in electron ptychography to reconstruct high-resolution images, offering enhanced sensitivity

and resolution beyond conventional imaging techniques. FEM and PDF as well as electron

Ptychography will be revisited as part of the future prospects of this thesis work.

4 Used Experimental Setup and Data Analysis Softwares

The experimental setup used throughout this study is part of the “Plateforme de Microscopie

Électronique de Lille (PMEL)” at Michel-Eugène Chevreul Institute, University of Lille. These

include:

• TEM/STEM: Thermo-Fisher Titan Themis S/TEM 60 − 300 keV equipped with a high

brightness Schottky field emission gun and a monochromator.

• EDXS: Thermo-Fisher super-X windowless 4 quadrants silicon drift detection (SDD).

• 4D-STEM: Medipix3 Merlin hybrid-pixel DED installed in a Gatan post-column energy

filter (GIF) (Quantum ERS/966) for energy-filtered 4D-STEM.

As exciting as the possibilities that 4D-STEM may offer in materials science research, it also

introduces a layer of complexity to both the raw experimental data and the computational

processing needed for meaningful analysis. To fully leverage the potential of this advanced

STEM technique in structural characterization research, it is imperative that the computational
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methods facilitating the diverse characterization modalities within 4D-STEM are accessible to

a wide range of researchers. Luckily, a surge in the development of open-source software tools

tailored for electron scattering experiments is actively being developed with the most prominent

of all being HyperSpy (De la Peña et al. 2022). Other software packages include py4DSTEM,

pyXem, liberTEM, AtomAI, among others (Savitzky et al. 2021; Cautaerts et al. 2022; Clausen

et al. 2020; Ziatdinov et al. 2022). These tools not only democratize access to 4D-STEM data

analysis but also foster collaboration and innovation within the scientific community by offering

flexible and user-friendly solutions. In this thesis, the software analysis tools utilized include

Py4DSTEM, Hyperspy and PyXem.
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Chapter3
4D-STEM Analysis of Ryugu Asteroid Samples

Preamble

This chapter of the thesis includes material previously published in the paper titled “Four-

dimensional-STEM analysis of the phyllosilicate-rich matrix of Ryugu samples” in Meteoritics

and Planetary Sciences (MAPS) and can be found in Mouloud et al. (2024). The content

presented here has been adapted to fit within the context of this thesis.

1 Introduction

In December 2020, the Hayabusa2 space mission, led by the Japanese Aerospace Exploration

Agency (JAXA), successfully returned samples from the C-type (carbonaceous) asteroid 162173

Ryugu to Earth. Extensive studies of these samples were conducted in the framework of pre-

liminary analyses led by several research groups. T. Nakamura et al. (2022) suggested that

Ryugu’s formation likely occurred in the outer reaches of the solar system, supported by evi-

dence of carbon dioxide (CO2)-bearing water within iron-nickel (Fe-Ni) sulfide crystals. Equally

significant is the detection of remanent magnetization, implying that the solar nebula may have

still existed when magnetite crystals formed on the parent body.

In terms of composition and mineralogy, Ryugu samples closely resemble CI chondrites, with

shared abundances of elements like C, N, Na, and Mg. Furthermore, isotope signatures, includ-

ing chromium-titanium isotopes (Cr-Ti) and volatile element abundances, closely align with

CI chondrites. Isotopic dating indicated aqueous alteration occurring approximately 4.6 mil-

47
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lion years after the formation of the solar system (T. Nakamura et al. 2022). Ryugu samples

contain minerals such as magnetite, breunnerite, dolomite, and pyrrhotite, within a matrix of

serpentine and smectite, resembling CI meteorites. Oxygen isotopes in the samples also match

with those found in CI chondrites. This prevalent mineralogy, reminiscent of CI chondrites,

indicates widespread aqueous alteration on the parent body (T. Nakamura et al. 2022, Ito et al.

2022, Yokoyama et al. 2022). However, other results reported the presence of few anhydrous

silicates, amorphous silicates, and other minor phases indicative of varying degrees of aqueous

alteration (Yokoyama et al. 2022).

(a) (b)

(c)

Figure 3.1: Petrography of a Ryugu fragment. (a) Combined X-ray map composed of Mg Kα
(red), Ca Kα (green), Fe Kα (blue), and S Kα (yellow) of a dry-polished section of a Ryugu grain
(Grain C0068 of chamber C). The section consists of phyllosilicate (red), carbonate (dolomite;
light green), magnetite (blue) and sulfide (yellow). (b) Backscattered electron image of regions of
outlined in a. Bru, breunnerite; Dol, dolomite; FeS, Iron sulfide; Mag, magnetite; Sap, saponite;
Srp, serpentine. (c) High-resolution transmission electron microscopy (TEM) image of a typ-
ical saponite–serpentine intergrowth area showing 7Å and 11Å lattice fringes of serpentine and
saponite, respectively. Adapted from Ito et al. (2022).

Regarding water content and its evolution, T. Nakamura et al. (2022) observed that phyllosil-

icate minerals within Ryugu samples hosted water, with structural water content similar to CI
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chondrites. Notably, interlayer water was largely absent, suggesting its loss to space.

Ryugu grains have never witnessed terrestrial weathering effects, making them the most fresh

and uncontaminated CI chondrites studied so far (eg. Yokoyama et al. 2022; Yada et al.

2022; Ito et al. 2022; T. Nakamura et al. 2022). This high level of preservation makes Ryugu

samples particularly valuable for understanding the composition and evolution of the early solar

system and the transformations of solid matter on small carbonaceous asteroids, as well as for

developing new analytical techniques that can be applied to future sample return missions.

In this chapter, we use 4D-STEM in combination with a Medipix3 hybrid-pixel direct electron

detector (DED) to explore some aspects of Ryugu’s mineralogy, particularly in two distinct sam-

ple areas. With 4D-STEM having not been previously used for such case studies, our primary

objective is to undertake an exploratory analysis. We seek to comprehend Ryugu’s mineralogy

using 4D-STEM, mapping the distribution of its diverse phases. Our specific focus will be on

Ryugu’s phyllosilicate-rich matrix, with a particular interest in discerning the characteristics of

serpentine and smectite.

2 Acquisition and Data analysis

2.1 Sample Preparation and Data Acquisition

The fragment of Ryugu studied in this chapter comes from chamber A of the first touchdown

site. The sample studied is labeled A0104− 00600303 and was prepared using the focused ion

beam (FIB) technique at Kyoto University (Helios NanoLab 3G, ThermoFisher Scientific). Two

different ∼ 1 µm × 1 µm areas of the FIB section, with a thickness of approximately 100 nm,

were examined in this work using STEM-HAADF, STEM-EDXS, and 4D-STEM. Analyses

were conducted on the ThermoFisher Titan Themis 300 S/TEM with an operational voltage of

200 kV . The 4D-STEM datasets were acquired using the Medipix3 Merlin hybrid pixel DED.

Three datasets denoted R1U , R1F , and R2U were acquired from the two examined areas. The

first region was analyzed twice: first without energy filtering (R1U) and then again with energy

filtering (R1F ), both with a dwell time of 3.5ms per pixel. The second area was analyzed once

without energy filtering (R2U) with a dwell time of 20ms per pixel. In all acquisitions, an 20eV

energy filter slit was used. A converged electron probe, with a convergence semi-angle of 0.1
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mrad, was rastered on a 128×128 grid of pixels. The full-width half-maximum (FWHM) of the

probe profile was approximately ∼ 7 nm. No beam damage was observed after the 4D-STEM

acquisitions.

2.2 Analysis of 4D-STEM data

The acquired data were analysed using the open-source Python packages py4DSTEM (Savitzky

et al. 2021) and HyperSpy (De la Peña et al. 2022). The analysis pipeline involves a number of

common pre-processing steps followed by radial analysis and specific processing procedures for

each case study.

Pre-processing: All the 4D-STEM data were pre-processed prior to further investigation as

follows:

- Dead pixel correction: Dead pixels are malfunctioning pixels that do not respond to incoming

electron signals or do not produce a measurable output. These pixels were corrected through

linear interpolation with neighbouring pixels.

- Diffraction stack alignment: The method utilized is described in detail in Savitzky et al.

(2021). The data were cropped to only retain the direct beam. The second diffraction pattern

in the stack was cross-correlated with the first one to find its relative offset, and then the second

pattern was shifted to align with the first one. The third pattern was then aligned with the

second, and so on until all the diffraction patterns in the stack were properly aligned.

- Vacuum probe and probe kernel: The aim is to extract the shape of the electron probe for pat-

tern matching. First, pixels corresponding to vacuum or very thin areas in the sample are iden-

tified, and the corresponding diffraction patterns are averaged to generate a two-dimensional

image of the unscattered electron probe in diffraction space, which is referred to as the vacuum

probe. A kernel for cross-correlative template matching is generated in two steps: The vacuum

probe is centred and shifted to the origin to remove any offset in the measurements. Then, a

wider Gaussian is subtracted from the probe, resulting in a negative intensity region around

the probe to ensure that the total integrated intensity of the kernel is zero (Eg. Savitzky et al.

(2021)).

Processing
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- Bragg spot registration: In this step, diffraction spots are found by calculating the cross-

correlation of the probe kernel generated in the pre-processing step with each individual diffrac-

tion pattern in the 4D-STEM stack, and then locating the correlation maxima. This results in

a list of Bragg spots detected, where each spot is defined by the coordinates of the pixel con-

taining the diffraction pattern from which they originate (a unique pair (x, y)), the coordinates

of the different spots detected in the reciprocal space (qx, qy), and the intensity of each of these

spots.

- Mineralogical phase identification: Several virtual diffraction patterns can be useful for iden-

tifying the mineralogical phases present in the surveyed area. An average diffraction pattern

can be generated by summing up all the diffraction patterns in the 4D data stack, which can be

regarded as equivalent to a selected area electron diffraction (SAED) pattern. This can then be

azimuthally integrated to obtain an average radial profile over the surveyed area. However, the

Bragg spots from minor phases may be obscured in the average diffraction pattern. Therefore,

we mainly rely on the variance diffraction pattern (vDP) and the Bragg vector map (BVM) to

obtain an overview of the mineralogy. The vDP is the variance intensity of every diffraction

pixel across the entire dataset. The BVM is a reconstructed pattern obtained by merging all

the diffraction peaks detected via the peak detection processing step previously described from

every diffraction pattern in the 4D stack in a single image (for more details, see Savitzky et al.

(2021)). We can then azimuthally average the BVM pattern and use the resulting 1D profile

for X-ray diffraction-like mineral phase identification.

- Virtual imaging and phase mapping: By assigning each diffraction peak in the reconstructed

BVM to a particular phase or orientation, virtual dark field images corresponding to these

phases and orientations can be generated. This enables us to create a comprehensive map of

the sample’s mineralogical features, which can then be correlated with its chemical composition

providing valuable insights into both the composition and microstructure of the sample.

- Template matching: Template matching involves comparing experimentally obtained diffrac-

tion patterns with simulated diffraction patterns generated from crystallographic information

files (CIF) after the Bragg peaks finding procedure. The resulting correlation values are calcu-

lated to identify the crystal structure or orientation. A high correlation value indicates a good

match, but the specific threshold for a ”good match” value varies depending on the material
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and quality of data. For more details on the template matching procedure and the underlying

mathematical framework, readers are referred to Ophus et al. (2022).

3 Results

STEM-HAADF images from areas of the examined FIB section show typical heterogeneous

mixtures of fine-grained matrix components (Fig. 3.2). The dominant component is the phyl-

losilicate matrix (PSM). It constitutes a groundmass for other minerals such as sulfides that

are present in various proportions. The image in Figure 3.3a is a VBF reconstruction from the

4D-STEM dataset (R1F ), which corresponds to the STEM-HAADF image in Figure 3.2a. An

average diffraction pattern over the whole surveyed area is shown in Figure 3.3b alongside a

vDP in Figure 3.3c and a BVM in Figure 3.3d over the same area. The vDP and the BVM

virtual diffraction patterns better emphasize weakly diffracting phases and/or diffraction spots

from minor phases which can be obscured in the average diffraction pattern. Consequently,

these maps provide additional information about the phases that are present and can be used

to investigate deviations from the dominant phase. These differences can be better emphasized

by azimuthally integrating these virtual patterns as shown in Figure 3.3(e,f).
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(b) c

(a)

Figure 3.2: (a) A low magnification HAADF image of the sample A0104 − 00600303, with
color-coded boxes overlayed to indicate the specific areas that were further examined by EDXS
and 4D-STEM and for which the corresponding high magnification HAADF are shown in (b,c)
Both areas examined are magnetite and carbonates free and the brighter regions correspond to
Fe-bearing sulfides.
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Figure 3.3: (a) Virtual Bright-Field (VBF) image of the area corresponding to the HAADF image
in Fig 2a. Figures (b-d) correspond to the mean diffraction pattern, the variance diffraction pattern
and the Bragg vector map of the whole 4D-STEM dataset (R1F ), respectively. Corresponding
1D radial profiles, obtained by azimuthally averaging diffraction patterns (b-d) are shown in (e,f)
color coded to match the corresponding diffraction patterns. While the BVM-based radial profile
show characteristic peaks of all the minerals present in the area that was investigated, the average
radial profile captures mainly the hk0 reflections of phyllosilicates while the variance radial profile
captures the 001 reflections as well as the hk0 reflections of phyllosilicates. The radial profile
obtained by integrating the Bragg vector map can be used to describe the mineralogy of Ryugu
asteroid.
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3.1 General Description of Ryugu’s Mineralogy

Different mineralogical phases present in Ryugu’s matrix can be identified by analyzing and

indexing the BVM-based radial profile of Figure 3.3e and correlating with VDF imaging to

identify each diffraction peak in the profile. The BVM-based radial profile can be indexed

by analogy to the XRD profile indexation of bulk Ryugu samples performed by Viennet et al.

(2023) which can also be found in Figure 3.4. Viennet et al. (2023) identify serpentine, smectite

and clays minerals where the latter refers to the (hk0) reflections of phyllosilicates, as well as,

pyrrhotite, pentlandite, magnetite and dolomite. This is in agreement with the major minerals

identified in several studies of different Ryugu fragments from different collection chambers (Ito

et al. 2022; T. Nakamura et al. 2022; Yokoyama et al. 2022).

Figure 3.4: XRD measurements and the corresponding peak assignment of grain C−0061 under
“raw” and 0% relative humidity conditions. (a) correspond to the 001 reflection of smectite while
(b) correspond to the (004) reflection. Adapted from Viennet et al. (2023)

3.1.1 Sulfides

Iron and iron-nickel sulfides have characteristic peaks located at ∼ 0.55nm, ∼ 0.29nm ∼ 0.2nm,

∼ 0.179 nm and ∼ 0.169 nm. Taking all these peaks into account, a combined VDF image of

sulfides distribution is shown in Figure 3.5a along with an EDXS map over the same area (Fig.

3.5b). A clear consistency between the two image reconstructions is observed. Figure 3.5(c-e)

are diffraction patterns obtained from 4D-STEM data over the areas that are shown in Figure

3.5a. Template matching of pyrrhotite and pentlandite diffraction pattern libraries (calculated
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respectively from the P3121 space group (Rajamani and Prewitt 1975), and the Fm − 3m

space group (Nakano et al. 1979)) with the sample diffraction patterns were performed using

the automated crystal orientation mapping (ACOM) module of py4DSTEM (Ophus et al.

2022). These patterns were properly indexed as pyrrhotite as shown in Figure 3.5(f,g), while

pentlandite did not match these diffraction patterns at all. This suggests that Ryugu may

contain Ni-bearing pyrrhotite which is consistent with the findings of Harrison et al. (2022), Ito

et al. (2022) and T. Nakamura et al. (2022). The gray areas of Figure 3.5a have corresponding

diffraction patterns that lacked enough Bragg spots to be indexed, and hence, no structure

information was retrieved to complement the chemical information. The interested reader can

consult in-depth investigations on the formation of Ni-bearing pyrrhotite and pentlandite in

CI-chondrites described in Berger et al. (2016) and Schrader et al. (2021).
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Figure 3.5: (a) A 4D-STEM combined virtual dark-field image showing Ni-free and Ni-bearing
sulfides in the examined area along with (b) the corresponding STEM-EDXS maps. (c-e) are color-
coded diffraction patterns corresponding to the different areas of equivalent color shown in (a).
Grey areas in (a) correspond to sulfides that couldn’t be indexed due to insufficient diffraction
spots in the corresponding DPs. White circles in (e) indicate diffraction spots relevant to the
corresponding iron-rich sulfide in (a). Indexing diffraction patterns of (c,d) shows that both the
Ni-free and Ni-bearing sulfides are pyrrhotite (f,g).

3.1.2 Serpentine and Smectite

The radial profile in Figure 3.3e, corresponding to the mean diffraction pattern in Figure 3.3b,

displays three relatively broad diffraction peaks at ∼ 0.45nm, ∼ 0.254nm, and ∼ 0.154nm. Fol-

lowing Brown and Brindley (1980), these peaks have been attributed to reflection on (2, 11, 0),

(13, 20, 0) and (6, 33, 0) basal planes of phyllosilicates. This suggests that most of the pixels in

the examined area are mainly made up of a fine mixture of smectite and Mg-rich serpentine

(Tomeoka and Buseck 1988; King et al. 2015).
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In agreement with Viennet et al. (2023), the peaks located at ∼ 0.728 nm and ∼ 0.359 nm in

Figure 3.3e correspond to the serpentine 001 and 002 reflections, respectively, while the peak

located at ∼ 0.212 nm corresponds to the (112) reflection of serpentine. The intense peak

around ∼ 1.24 nm corresponds to the (001) reflection of smectite. A small contribution can

also be seen from the (002) reflection of smectite at ∼ 0.625 nm and a relatively broad peak

located at ∼ 0.32 nm is attributed to the (004) reflection of smectite.

In the area shown in Figure 3.6a, a virtual dark-field map of smectite and serpentine distribution

in the phyllosilicate matrix was obtained. This was accomplished by integrating over the

smectite and serpentine 001 diffraction rings and over the (2,11,0) phyllosilicate reflection.

The boundaries of the diffraction rings used for the integration are determined by the width of

the corresponding peaks in the 1D radial profiles. On this virtual dark-field, serpentine- and

smectite-rich areas are respectively colored in green and red whereas mixed areas are colored

in blue. An elemental map obtained by STEM-EDXS showing Si/Mg ratio is shown in Figure

3.6c. In favourable cases, serpentine and smectite can be distinguished through STEM-EDXS

analysis. Without taking into account possible Al substitutions, Mg-rich serpentine exhibits a

Mg/Si ratio of ∼ 1.5, while smectite, possessing a permanent charge of 0.4, has a Mg/Si ratio

of ∼ 0.83. However, the mixing scale between both phases is often smaller than our pixel size

in the EDXS maps, and, therefore, only the larger grains can be reliably identified in this way.

Comparison of Figure 3.6b and Figure 3.6c indicates that, smectite-rich areas oriented with

(001) planes edge-on are correlated with Si-rich areas in the corresponding elements map (both

in red). Nevertheless, serpentine (001) area as well as smectite-serpentine rich areas (green and

blue respectively) are both associated to Mg-rich areas (blue on the EDXS map). It shows that

4D-STEM identifies serpentine and smectite grains at a finer scale than EDXS when they are

properly oriented with basal planes edge-on.
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(       )
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Figure 3.6: (a) STEM-HAADF image of the surveyed area (Same as Fig 2a). (b) A corresponding
combined virtual dark field image made by 4D-STEM showing smectite/serpentine distribution in
the matrix along with (c) Energy dispersive X-ray spectroscopy (EDXS) map made by scanning
transmission electron microscopy (STEM) of Mg/Si ratio over the same area. Sulfides in (b) are
imaged in light grey for a better localization of the different features observed in (a) and (c).
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3.2 Serpentine in Ryugu

Serpentines are 1:1 tri-octahedral phyllosilicates. The three most common polymorphs of ser-

pentine are lizardite, antigorite and chrysotile which are all Mg-rich. The ideal chemical formula

of serpentines is Mg3Si2O5(OH)4. They only differ in terms of how their fundamental coordinat-

ing polyhedra are oriented with respect to each other. As outlined in Chapter 1, these form flat

layers in the case of lizardite, wavy layers in antigorite and curled layers in chrysotile (Andreani

et al. 2008; Mellini et al. 2013; Vance and Melwani Daswani 2020). Chrysotile is common in CM

chondrites (MacKinnon 1980; Barber 1981) but rare in CI chondrites (Tomeoka and Buseck

1988) and is easily recognized by high resolution TEM because of its apparent tubular structure

(Yada 1971). No previous investigations of Ryugu asteroid samples have indicated the presence

of chrysotile; neither has the current study.

In order to identify the polymorph that can be most representative of serpentine in the PSM

of Ryugu among lizardite and antigorite, a set of pixels (∼20 pixels) of serpentine that are

close to Bragg conditions were chosen from the second area (R2U) examined in this study

(Fig.3.2b). This was accomplished by template matching of experimental diffraction patterns

with simulated patterns of lizardite and antigorite using libraries from Marcello Mellini et al.

(2010) for lizardite and Uehara (1998) for antigorite. We used the ACOM module of py4DSTEM

to compare the experimental diffraction patterns in the 4D-stack to the template patterns, and

retained only the pixels that showed correlation values higher than 0.5 for both cases. We

selected this threshold value because we found it to be the minimum value that excluded

diffraction patterns for which the corresponding simulated patterns were obviously different

from the measured ones. Afterwards, the diffraction patterns of these pixels were summed and

then azimuthally averaged to get the radial profile in Fig.3.7b. For clarity, diffraction patterns

corresponding to only three different pixels are shown in Fig.3.7c1-c3.

From the template matching results, the correlation value between Ryugu’s serpentine diffrac-

tion patterns and lizardite simulated diffraction patterns was consistently higher than that of

antigorite as shown in Fig.3.7. This was observed in all the pixels that corresponded to serpen-

tine close to the Bragg conditions. Furthermore, the simulated diffraction patterns of antigorite

in Fig.3.7 suggest that certain spots in the corresponding experimental patterns should exhibit

a perpendicular streaking, which is not observed here. Perpendicular streaking is also com-
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monly observed SAED patterns of both antigorite and chrysotile (Zvyagin 1967), providing

additional support for our assumption. This supports the interpretation that serpentine in the

PSM of Ryugu is most likely present in the form of lizardite.
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Figure 3.7: (a) A reconstructed VBF image of the area that was examined in 4D-STEM along
with a corresponding average radial profile reconstructed from the diffraction patterns of the 4D
data stack. The homogeneous light grey region in top is vaccum. (b) 1D histogram of scattering
vectors from oriented serpentine (black) and simulated electron diffraction profiles of lizardite
(purple) and antigorite (yellow) with serpentine’s detected inverse plane spacings overlaid. (c1 -
c3) are diffraction patterns from the three separate color coded areas of serpentine in (a) along with
(d1 - d3) lizardite matches and (e1 - e3) antigorite matches of the respective diffraction patterns.
Lizardite’s and antigorite’s correlation scores are shown in the bottom right of their respective
matches showing that the correlation score for Lizardite is higher than that of antigorite. Best fit
zone axes of lizardite are shown in the top right of their respective matches.
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3.3 Smectite in Ryugu

Smectite minerals are a type of clay minerals that belongs to the phyllosilicate family and

have a T-O-T structure. Isomorphic substitutions in variable amounts by lower charge cations

in tetrahedral and/or octahedral sheets induce negatively charged 2:1 layers, the so-called

”permanent charge”. This permanent charge is in turn compensated by hydrated exchangeable

cations in the interlayer space that are responsible for the hydration properties leading to the

expansion of the layer-to-layer distance reflected by the position of the (001) reflection (Ferrage

2016). As a remainder from the Chapter 1, the layer-to-layer distance depends on the hydration

state. Indeed, the tri-hydrated state of smectite, characterized by the presence of three water

molecules between the layers, leads to a layer-to-layer distance of up to ∼ 19 − 21 Å, while

a dehydrated state can reduce the distance down to ∼ 0.93 nm. The radial profiles in Fig.3.3

for Ryugu samples indicate that smectites have a mean d-spacing of ∼ 1.24 nm which is in

agreement with findings by Viennet et al. (2023).

1 1.2 1.4 1.6 1.8 2
(nm)

Figure 3.8: A histogram of the variability of d-spacings in the examined area of Ryugu showing,
as a percentage, the frequency of smectite pixels in the map that correspond to a given d-spacing.
Most d-spacings lie between ∼ 1.1nm and ∼ 1.4nm while some other pixels (less than 5%) display
larger interlayer spacing values.

Using 4D-STEM, it is also possible to map the variation in the interlayer spacing of smectite

by determining the d001-spacing at each scan position. This was accomplished on the filtered

data used in this study (R1F ) by first cropping each diffraction pattern to only retain a region

of the reciprocal space up to a reciprocal space radius of 1.1 nm−1. This selection restricts our
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analysis to the 001 reflection areas of smectite, corresponding to a minimum observable real

space distance of ∼ 0.9 nm. Afterwards, the peak finding procedure described in the previous

section is used on this newly formed dataset to extract the positions of each pair of diffraction

spots and measuring their spacing, and hence, the d001 of smectite. A histogram of the different

smectite d-spacings identified by this procedure in the area examined by 4D-STEM is shown

in Fig.3.8. It suggests that d-spacings are ranging from ∼ 1 nm to ∼ 2 nm . Most d-spacings

lie between ∼ 1 nm to ∼ 1.4 nm with a mean value that is around ∼ 1.24 nm as previously

emphasized by the radial profiles in Fig.(3.3e). The observed d-spacings range up to ∼ 1.9 nm

which is common for Tochilinite in Tochilinite-Cronstedtite Intergrowths (TCIs) present in CM

chondrites (eg. Pignatelli et al. 2017; Vacher et al. 2019; Velbel and M. E. Zolensky 2021).

However, despite the presence of diffraction peaks at similar d-spacings in some regions of

the sample, no sulfide contribution has been identified from EDXS thereon, suggesting that

TCIs are unlikely to be present in these areas. Notably, while tochilinite is commonly found

in CM chondrites, its presence in other chondrite types is relatively uncommon. Interestingly,

rare occurrences of tochilinite have been reported in CR chondrites by Le Guillou and Adrian

Brearley (2014), Abreu et al. (2018), Abreu et al. (2018) and more recently, T. Nakamura et al.

(2022) suggested its presence in the least altered areas of some Ryugu samples.

Figure 3.9a shows a VDF image reconstructed using the (001) reflection of smectite. At each

smectite pixel in the surveyed area, we have a value for the interlayer spacing, which results

in a map of the interlayer spacing of smectite that is shown in Figure 3.9b. The map displays

a random distribution of d-spacing values without any discernible patterns or trends. Some

representative diffraction patterns selected from a set of pixels in the smectite-rich area are

displayed in Figure 3.9(c1-c6).
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Figure 3.9: (a) VDF image of smectite-rich area in Ryugu reconstructed from the (001) reflection.
Colored arrows indicate pixels from which a set of diffraction patterns are taken as a showcase.
(b) A map of the distribution of the interlayer spacing in smectite over the same area shown in (a).
(c1-c6) are diffraction patterns taken from the pixels color-coded in (a). A variety of d-spacings
ranging from ∼ 1 nm to ∼ 2 nm were observed.

3.4 Effect of energy filtering

It is noteworthy that the 4D-STEM dataset we used for depicting the mineralogy of Ryugu

(dataset R1F ) is acquired with zero-loss energy filtering. To illustrate the effect of filtering,

we show in figures 3.10a and 3.10b two variance diffraction patterns that were reconstructed

from two separate 4D-STEM datasets taken from the same area (HAADF image Fig. 3.2a).

The first dataset was acquired without filtering (R1U), while the second was acquired with

filtering (R1F ). The energy filtering removes the inelastic scattering from the diffraction pat-

terns (mainly plasmon scattering collection at low angles (Yi and Voyles 2011)), which can
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cause broadening of the diffraction spots and decrease the contrast in the diffraction pattern

(Fig. 3.10a). This results in a clearer diffraction pattern with sharper spots and reduced

background. Figure 3.10c depicts the one-dimensional azimuthally averaged profiles of the two

variance diffraction patterns, which are colour-coded for clarity. Notice that the smectite and

serpentine reflections are hardly discernible in the unfiltered radial profile with a dwell time of

3.5ms, but clearly visible in the radial profile obtained with energy filtering. In dataset (R2U)

we increase the dwell time to 20ms to improve the signal-to-noise (SNR) ratio to enable serpen-

tine phase identification. While this enabled the detection of the 001 reflection of serpentine,

it was not possible to detect the 001 reflection of smectite. As previously described, low-angle

scattering features, such as smectite 001 d-spacings, can be resolved more effectively when us-

ing zero-loss energy filtering. Therefore, if energy filtering had been employed to acquire the

dataset, it would likely have been possible to resolve the 001 reflection of smectite.
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Figure 3.10: The effect of zero-loss energy filtering. A variance diffraction pattern over the area
under investigation (a) without filtering and (b) with filtering. The corresponding azimuthally
averaged one-dimensional profiles are shown in (c). We can clearly see that the intensity near the
zero beam is higher without energy filtering which makes the diffraction signal of smectite and the
001 of serpentine near the direct beam very weak, hence, cannot be emphasized without energy
filtering. We should note here than the unfiltered 4D-STEM dataset (R1U) was acquired prior to
the filtered one (R1F ).

4 Discussion

Using 4D-STEM we were able to accurately identify and map the different minerals present

in Ryugu. The regions analyzed in this study did not include magnetite and carbonates, also

present in Ryugu (Ito et al. 2022; Yada et al. 2022; T. Nakamura et al. 2022; Dobrică et al.

2023), as the focus was on phases of smaller grain size. Instead, our main focus was on the

phyllosilicates, whose identification is strongly dependent on their crystallographic orientation

conditions in the TEM.
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4.1 Serpentine Polymorph Identification: Insights into Aqueous Al-

teration Processes in Ryugu

Several studies tried to address the identification of the serpentine polymorph in the phyl-

losilicate matrices of chondrites. For instance, Takir et al. (2013) used IR analysis on Ivuna

CI-chondrites and detected the presence of both lizardite and chrysotile, but was unable to

differentiate between them. Osawa et al. (2005) also reported, from IR spectra analysis, the

signature of lizardite in Ivuna CI-chondrite, and that of chrysotile in CH and CB chondrites.

TEM studies however have generally been able to distinguish serpentine polymorphs based

on the appearance of basal lattice fringes. For instance, chrysotile has been identified in CM

chondrites by HRTEM studies based on its tubular structure (Tomeoka and Buseck 1985).

Additionally, the presence of polyhedral serpentine in Murchison, Mighei and Cold Bokkeveld

CM chondrites was reported by Zega et al. (2006) using TEM imaging. They also proposed

a possible pathway for its formation through alteration and oxidation of cronstedtite on the

parent body. Determining the main serpentine polymorph in the matrix may provide clues

about the conditions and processes that occurred during the formation and alteration of the

parent body.

In this study, and by means of template matching over a selection of diffraction patterns close

to exact Bragg conditions taken from serpentine areas, we have identified, the serpentine poly-

morph present in Ryugu to be lizardite. Investigating the conditions under which lizardite

forms and the mechanisms that drive its formation will provide valuable information about the

history and evolution of Ryugu. Serpentine minerals are known to form through a process called

serpentinization, which involves the hydration of minerals that contain iron or magnesium, such

as olivine (Bailey 1991). When olivine interacts with water, the crystal structure of the mineral

breaks down, leading to the formation of lizardite with possibly magnetite and brucite (Bailey

1991). A work conducted by Wenner and Taylor (1971) measured 18O-fractionations between

coexisting serpentine and magnetite to give approximate temperatures of serpentinization of

ultramafic rocks. They found that, at fluid pressures up to ∼ 4 kbar, different chrysotile-

lizardite mixtures occur at temperatures ranging from 85◦C to 185◦C, while antigorite is stable

at even higher temperatures. This is in agreement with other studies by O’Hanley et al. (1989)

and O’Hanley and Wicks (1995), which investigated the stability of serpentine polymorphs
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under different conditions. In these studies, they reported that, under fluid pressures up to

∼ 4 kbar, the stability of serpentine polymorphs changed with increasing temperature. Specif-

ically, lizardite was found to be the most stable phase at temperatures below 200◦C, but as

temperature increased, it was replaced by chrysotile. At even higher temperatures, the most sta-

ble serpentine polymorph was observed to be antigorite. A more recent study by Evans (2004)

focused on the role of temperature and reported that lizardite is favored at lower temperatures.

However, its stability diminishes as the temperature surpasses 290◦C, and antigorite-brucite

assemblage becomes stable. Schwartz et al. (2013) investigated phase transitions between the

different polymorphs of serpentine and observed that below 300◦C and 4 kbar, only lizardite is

stable, while in the 320◦C - 390◦C range of temperatures, and for pressures greater than 9 kbar,

antigorite progressively replaces lizardite. Since the present study suggests that lizardite is

the predominant serpentine polymorph in Ryugu samples; it is likely that aqueous alteration

occurred at low temperatures that are favourable for lizardite formation. This is consistent

with recent studies of Ryugu grains. T. Nakamura et al. (2022) concluded, from the low abun-

dance of Mg-chlorite, that aqueous alteration may have occured at temperatures below 100◦C

while Yamaguchi et al. (2023) reported that the alteration temperature doesn’t exceed 210◦C.

Yet, the implications of lizardite formation discussed here might not be directly applicable to

Ryugu and CI-chondrites meteorites because the precursor materials for the serpentine are still

unknown. Indeed, our study did not find any evidence of amorphous, gel or glass like minerals

in Ryugu from which a serpentine phase like lizardite could eventually be formed. However, as

pointed out by Leroux et al. (2023) and T. Nakamura et al. (2022), a part of serpentine could

have been formed from anhydrous silicate material such as Mg-rich olivine and pyroxene.

4.2 Variability in smectite d-spacing: Insights into organic matter

intercalation and geochemical conditions

The detection of smectite in Ryugu grains is consistent with previous results on the mineralogy

of Ryugu (Yokoyama et al. 2022; Ito et al. 2022; T. Nakamura et al. 2022; Leroux et al. 2023;

T. Noguchi et al. 2023). Considering desorption of interlayer water molecules under vacuum

conditions of the TEM, the expected value for the interlayer space should be around ∼ 1nm. The

4D-STEM results reported here show that the average d-spacing of smectite in the examined
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area is ∼ 1.24nm. Common uncertainties on d-spacing values are generally less than 5%, which

is far below the ∼ 20% dispersion (FWHM) of the distribution reported in Figure 3.8. So far,

smectite’s d-spacing had been inferred locally using HRTEM (T. Noguchi et al. 2023), and as a

bulk value using XRD (T. Nakamura et al. 2022; Viennet et al. 2023; Yamaguchi et al. 2023).

The average d-spacing value here measured is consistent with the study led by Viennet et al.

(2023) through XRD experiments at both ”raw” and 0% relative humidity conditions as shown

in Figure.3.11.

(a) (b)

Figure 3.11: XRD measurements and the corresponding peak assignment of the (00l) reflections
of the smectite layers of the grain C − 0061 under “raw” and 0% relative humidity (RH) condi-
tions. The arrows indicate the XRD behaviour of the two smectite phases after exposure to 0%
RH. Similar behavior is observed from the 4D-STEM results confirming thus the observations of
Viennet et al. (2023). Adapted from Viennet et al. (2023)

This, together with the high dispersion of the d-spacings distribution indicates that species

other than water could be present within smectites’ interlayer space, not volatile enough to be

released under vacuum. One likely candidate is organic matter. Indeed, the presence of organic

matter within the interlayer space of smectites would lock it at d-spacings > 1nm under 0% RH

or under vacuum. This behavior is long known in 2:1 phyllosilicates as organic intercalation

(Lagaly and Beneke 1991; Lanson et al. 2022). More recently, experiments dedicated to the

investigation of the interaction between organics and phyllosilicates in chondritic-like conditions

revealed the same behavior (Viennet, Bernard, Le Guillou, et al. 2019; Viennet, Bernard, Le

Guillou, et al. 2020; Viennet et al. 2021; Viennet et al. 2022; Viennet et al. 2023). Stroud

et al. (2023) studied Ryugu’s organic matter and its relationship to minerals at the micrometer

to nanometer scale. Yabuta et al. (2023) investigated the abundant organic matter within

Ryugu grains, composed of aromatic and aliphatic carbons, ketones and carboxyles. They
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also discussed the interaction between minerals and organics based on the presence of diffuse

organic matter, supporting the possibility of organic matter’s involvement in the interlayer

space of smectites. In our study, the ratios of K/Si, Na/Si, and Ca/Si over smectite-rich areas

identified with 4D-STEM VDF imaging were below our detection limits (< 0.01 not shown) to

be responsible for charge compensation in the interlayers of smectite, indicating that, apart for

possible residual water molecules, organic matter could be the main species compensating the

permanent charge of smectite layers.

While XRD provides a bulk scale d-spacing value (Viennet et al. 2023), 4D-STEM is a powerful

complementary source of information. Indeed, our 4D STEM results indicate a considerable

degree of heterogeneity among the smectite d-spacings at a scale of ∼ 80 nm, with values

ranging from ∼ 1nm to ∼ 2nm. This heterogeneity can have different interpretations. Distinct

organic molecules, with different carbon chain lengths for instance, may be present within

the interlayer space (Lanson et al. 2022). Alternatively, it could be possible for the same

organic molecules to exhibit different spatial arrangements or configurations. Since the d-

spacing heterogeneity cannot be attributed to one specific cause, it is difficult to determine its

origin. However, one possible explanation for the observed variability is the influence of local

geochemical conditions, which can be related to the nature of organic matter and its interactions

within the smectite layers. Furthermore, if such heterogeneity is related to variations in the

crystal chemistry of smectite layers, such differences could be attributed to local variations

in geochemical conditions and/or smectite precursors. The d-spacing map shows that the

variability occurs within each particle but does not seem to be totally random. Pixel clusters

of several tens of nanometers display relatively similar d-spacing values (Fig 3.9b). It may

suggest that the process controlling the d-spacing was variable at the same spatial scale and

that heterogeneously localized environmental conditions affected either the crystal chemistry,

the organic matter nature, or their interactions.

5 Conclusion

This chapter focuses on the 4D-STEM characterization of the phyllosilicates in Ryugu asteroid

samples. Using a specific analysis protocol relying on an XRD-like description of the integrated

Bragg vector maps and virtual dark field imaging, we characterized the mineralogy of Ryugu
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asteroid samples and identified the main minerals that are present. Our study identified the

presence of Ni-bearing pyrrhotite in Ryugu, consistent with previous findings. Furthermore, we

were able to identify lizardite as the primary serpentine polymorph in Ryugu’s matrix, suggest-

ing that, if lizardite formed by the alteration of olivine, this alteration may have occurred at low

temperatures. We have also observed that the main smectite reflection is located at an average

distance of ∼ 1.24 nm suggesting the presence of organic matter trapped within the interlayer

space of smectite in addition to possible residual water molecules. Furthermore, the spatial

mapping of the interlayer spacing of smectite highlights the sub-microscale heterogeneity of

Ryugu and shows the close association of organics with smectite-type clay minerals. Our find-

ings highlights the importance of continued investigation into the mineralogical, chemical and

structural properties of asteroidal and chondritic samples, and the significant role that advanced

electron microscopy techniques such as 4D-STEM can play in enhancing our understanding of

such objects.



Chapter4
4D-STEM Analysis of Orgueil Carbonaceous

Chondrite Samples

1 Introduction

In the previous chapter, an extensive 4D-STEM analysis was carried out on two distinct regions

of a Ryugu asteroid sample. The main aim of this investigation was to uncover the mineralogical

features of phyllosilicates within the asteroidal sample, with the objective of establishing a

connection to the geological history of Ryugu asteroid. However, due to a lack of sufficient

diffraction signal, direct automated crystal orientation mapping (ACOM) on the 4D-STEM

data was not possible, leading us to develop an alternative data analysis approach. This

approach involved initial extraction of all diffraction information into a Bragg vector map

(BVM). Subsequently, an azimuthal average of the resulting BVM was obtained to generate an

X-ray diffraction (XRD)-like spectrum which contained both phase and orientation information.

This spectrum was then interpreted in the same manner as an XRD profile which allowed for

accurate mapping of the different mineralogical phases present in the sample area. These

insights were subsequently leveraged to investigate more in-depth characteristics, such as the

arrangement of smectites with different interlayer spacings, as well as the nature of the iron-

sulfides and serpentine polymorph.

Ryugu samples exhibit similarities to Ivuna-type (CI) carbonaceous group of chondrites, which

include the Orgueil meteorite samples (Ito et al. 2022). Therefore, it would be interesting to

explore the phyllosilicate matrix characteristics of Orgueil meteoritic samples in comparison to

73
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Ryugu samples using transmission electron microscopy (TEM).

A very illuminating TEM comparative study between Orgueil and Ryugu’s phyllosilicates’

mineralogy was recently undertaken by Leroux et al. (2023). Their investigation found that

the Ryugu dominant lithology of the phyllosilicate matrix closely resembled that of Orgueil CI

chondrite, exhibiting a mixture of serpentine and smectite fibers with varying textures at the

nanometer and micrometer scales. Fine-grained regions in both materials were rich in smectite,

but in Ryugu, they contained numerous (Fe,Ni) nanosulfides, while Orgueil had S- and Ni-rich

ferrihydrite (Tomeoka and Buseck 1988). Iron valency in Orgueil’s phyllosilicates was notably

higher and more homogeneous compared to Ryugu. These observations suggested that aqueous

alteration processes, including pseudomorphic replacement of submicrometric components and

the potential involvement of GEMS (glass with embedded metal and sulfides) objects, played

a crucial role in shaping the phyllosilicate textures in both materials. However, the presence of

(Fe,Ni) sulfides in Ryugu and higher iron valency of phyllosilicates in Orgueil hinted at distinct

evolutionary pathways, possibly influenced by terrestrial weathering or varying hydrothermal

conditions on their respective parent bodies.

The initial goal of the present study was to expand upon the work of Leroux et al. (2023)

by conducting a comparative 4D-STEM analysis of the fine-scale characteristics of smectites

in both Orgueil and Ryugu, specifically focusing on smectite grains, their nature, degree of

intercalation, and the resulting consequences. However, it was found that no smectite was

present in the analyzed FIB sections of Orgueil and varying levels of FIB damage was also

observed. Consequently, the primary purpose of this chapter changed to initially depict the

mineralogical characteristics of the investigated FIB section of Orgueil, which can be more

challenging to discern than those of Ryugu from a diffraction perspective due to the possible

presence of additional mineralogical phases originating from terrestrial weathering. This chapter

also aims to make a comparison with existing literature to highlight the insights that 4D-STEM

can provide for a deeper understanding of Orgueil’s mineralogy.
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2 Acquisition Conditions and Data Analysis Approach

2.1 Sample preparation and data acquisition

The Orgueil sample section used in the present study was prepared by D. Troadec at Institut

d’Electronique, de Microélectronique et de Nanotechnologie (IEMN) of the university of Lille

by focused ion beam (FIB) using a Zeiss Crossbeam 550L. Two areas of the FIB section, of

thickness ∼ 100 nm were examined in this work using STEM-HAADF, STEM-EDS and 4D-

STEM. The 4D-STEM datasets were acquired with energy-filtering with a slit of 20 eV . The

convergence semi-angle, as obtained in the micro-probe mode, was 0.1 mrad. The full-width

half-maximum (FWHM) of the probe profile was ∼ 7 nm. The datasets were acquired on a

Medipix3 detector with a dwell time per pixel of 20ms and a camera length of 630mm. The

two areas will be denoted respectively as Area1 and Area2 corresponding to (a) and (b) in

Figure 4.1, respectively.

2.2 Data analysis

The data analysis steps were outlined and detailed in the previous chapter. Here is a brief

recapitulation:

1. Preprocessing:

(a) Dead pixel correction: malfunctioning pixels are corrected using neighboring pixel

interpolation.

(b) Diffraction stack alignment: Data is cropped to retain the direct beam, then cross-

correlating each diffraction pattern with the previous one is performed to find their

relative offset. Patterns are then shifted accordingly until all patterns in the stack

become properly aligned.

(c) Vacuum probe and probe kernel: Electron probe shape is extracted which is then

used to generate a probe kernel for pattern matching.

(d) Magnetite segmentation and removal: Since we only care about the phyllosilicate

matrix, Magnetite is removed from the investigated areas prior to further analysis.
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This is done by first locating the diffraction peaks corresponding to magnetite from

the 4D-STEM data, use them to reconstruct a virtual dark field image of magnetite,

and then using the Felzenszwalb (Felzenszwalb and Pedro 2004) segmentation method

to properly segment and isolate Magnetite.

(e) Data storage: The data is stored in a hspy file format which is based on the HDF5

open standard (De la Peña et al. 2022).

2. Processing:

(a) Bragg spot registration: Diffraction spots are located by cross-correlating the probe

kernel with each diffraction pattern in the 4D-STEM stack. The result is a list of Bragg

spots with pixel coordinates, reciprocal space coordinates, and intensity of the spots.

(b) Mineralogical phase identification: A Bragg vector map (BVM) is generated by

merging diffraction peaks from all patterns in the stack. X-ray diffraction-like mineral

phase identification is based on azimuthally averaged BVM patterns.

(c) Virtual imaging and phase mapping: After associating each peak in the radial

profile with specific orientations of individual phases, the peaks are then clustered based

on their phase belonging, and virtual dark field images are constructed by summing

the contributions from peaks belonging to the same phase.

3 Results

High-angle annular dark field (HAADF) images of the areas investigated are shown in Figure

4.1(a,b). The observed regions exhibit the simultaneous presence of both coarse and fine-

grained matrix constituents. The predominant matrix component is the phyllosilicate matrix,

distinguishable by its gray contrast. The larger grains exhibiting a brighter contrast correspond

to magnetite grains, which have been excluded from subsequent analyses as our primary focus is

on the phyllosilicate matrix. In addition to these distinctions, both regions exhibit a significant

presence of organic matter, possible silica-rich pockets and a low level of porosity. Figures

4.1(c,d) show high-angle annular dark-field (HAADF) images with high-magnification of some

selected phyllosilicate-rich regions within the same focused ion beam (FIB) section. These

images reveal some FIB-induced damage artifacts, as evidenced by the relatively smoother
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texture within the phyllosilicate-rich areas and the presence of bubble-like artifacts dispersed

across both regions.

Following the pre-processing steps described in the previous section, relevant mineralogical

informations can be extracted from the 4D-STEM data. Area1 is the first to be considered in

the analysis. Figure (4.2a) is a field-of-view (FOV) of the area under investigation, excluding

the magnetite grain situated in the top left. Subsequently, Figure (4.2b) showcases a BVM

representative of this area, which is subjected to azimuthal averaging in Figure (4.2c). It

is noteworthy that this particular region of the sample has endured significant Focused Ion

Beam (FIB) damage. Evidently, the diffraction peak intensities in Figure (4.2c) appear notably

weaker in comparison to the maximum peak intensity, signaling a pronounced level of structural

degradation. Furthermore, upon examination of the diffraction patterns extracted from the

boxes overlaid onto Figure (4.2a) and displayed in Figure (4.2d), it becomes apparent that the

degree of damage within the area is substantial. This is evident from the amorphization of the

phyllosilicates which is characterized by the presence of diffuse halos at approximately ∼ 2.5 Å.
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Figure 4.1: STEM-HAADF images from areas of Orgueil sample FIB section. (a) Depicts an
area (Area1) with a prominent magnetite grain (The large bright grain in the top left). (b) Shows
a different area (Area2) with another substantial magnetite inclusion in the middle. Both regions
appear phyllosilicate-rich, with a smooth texture indicative of potential damage. (c) and (d) are
high-magnification STEM-HAADF images highlighting possible FIB-induced damage artifacts.
These artifacts manifest as very smooth phyllosilicate textures (indicated by blue arrows) and the
presence of bubble-like features (indicated by red arrows), ultimately resulting in phyllosilicate
amorphization.

Despite these notable damage observations, the reconstruction of virtual dark field images

(VDF) remains feasible. This process involves the integration of 4D-STEM data over each

diffraction ring, as emphasized in the radial profile. In Figure 4.3, a set of VDF images corre-

sponding to distinct diffraction peaks observed in the radial profile of Figure (4.2c) is presented.
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Notably, a distinctive pattern emerges within the VDF images. Upon close examination of

the VDF images associated with peaks at approximately ∼ 4.4 Å, ∼ 3.45 Å, ∼ 2.48 Å, and

∼ 1.5 Å for phyllosilicates, and ∼ 7.1 Å for serpentine. A clear absence of discernible texture

and the presence of noisy-looking distributions of these phases is evident. Indeed, when phyl-

losilicates are finely distributed (fine-grained phyllosilicates), the texture of the phyllosilicates

lamellae is usually evident from VDF images, while coarse phyllosilicates tend to appear as

large packets with a rather homogeneous intensity (coarse phyllosilicates).

This relevant, potentially FIB-induced, degradation of Area1 makes the interpretation of our

results extremely challenging in terms of mineralogy and accurate mapping of the various

mineralogical phases within this area of the sample will be misleading.
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Figure 4.2: 4D-STEM analysis results of the first area in the FIB section corresponding to image
(a) in figure 4.1. (a) is a field of view of the analyzed region, excluding the large magnetite grain
in the top left. (b) Presents a Bragg vector map (BVM) covering the entire area. (c) Depicts
the radial profile derived from azimuthal averaging of the BVM. Both the BVM and the radial
profile collectively indicate severe crystalline degradation and amorphization of phyllosilicates. (d)
Displays diffraction patterns from various phyllosilicate regions within the area, revealing diffuse
halos around ∼ 2.5 Å, consistent with the amorphous state of the phyllosilicates.
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Figure 4.3: 4D-STEM analysis results from the first area in the FIB section corresponding to
image (a) in figure 4.1. Integrating the 4D-STEM data over each diffraction ring emphasized
in the radial profile results in a series of virtual dark field (VDF) images. Each VDF image is
annotated with its respective characteristic d-spacing. The VDF images collectively highlight the
pronounced crystalline degradation, potentially attributed to FIB-induced damage.

In contrast, Area2 exhibits a noticeably lower level of degradation, as evidenced by a comparison
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of the Bragg vector maps characteristic of both areas in the sample in Figure 4.2(b,c) and their

respective radial profiles in Figure 4.4(b,c), respectively. Area2 demonstrates a significantly

higher count of detected diffraction spots when compared to Area1, and its radial profile exhibits

more pronounced diffraction peak intensities relative to the maximum intensity, distinguishing

it from the latter.

Moreover, an analysis of the individual diffraction patterns displayed in Figure 4.2d reveals that

finer phyllosilicates in Area2 have incurred some degree of damage, although it is notably less

severe than what was previously observed in Area1 resulting in a higher amount of diffraction

signal. This makes the 4D-STEM data from Area2 sufficiently rich in diffraction information

to provide an accurate characterization of the area’s mineralogy from a 4D-STEM perspective.

Figure 4.5 presents a set of VDF images generated by integrating the intensity of each diffraction

ring, guided by the peak positions and widths (∼ 0.03Å ) outlined in Figure 4.4c and shown in

the BVM in Figure 4.4b. Notably, when examining the VDF corresponding to the ∼ 2.48 Å d-

spacing relevant to phyllosilicates for instance, it becomes apparent that the textural features of

phyllosilicates, as well as the typical intensity distribution in regions with coarser phyllosilicates,

are distinct. This contrast becomes particularly evident when compared to the observations

made in Area1 which makes this 4D-STEM dataset suitable for further processing to extract

relevant mineralogical features of the area.

3.1 Phase Mapping

Upon closer examination of the VDF images presented in Figure 4.5, it becomes apparent that

certain images exhibit correlations indicative of their belonging to the same phase or shar-

ing similar orientation conditions. This observation motivates the exploration of an image

correlation-based metric like the Pearson correlation coefficient, with the aim of using correla-

tions among the VDF images to perform phase segmentation.



3. Results 83

0.25 Å -1

0.25 Å -1

0.25 Å -1

0.25 Å -1

0.25 Å -1

0.25 Å -1

(d)

0.25 Å -1

(b)

k (Å   )-1

(c)
300 nm

(a)

Figure 4.4: 4D-STEM analysis results from the second area in the FIB section corresponding to
image (b) in Figure 4.1. (a) Provides a field of view of the analyzed region, excluding the large
magnetite grain in the middle of the Figure (b) Presents a BVM covering the entire area. (c)
Depicts the radial profile derived from azimuthal averaging of the BVM. While the radial profile
and the BVM do not indicate severe degradation of the area, some level of degradation is still
present, as evidenced by the relative smoothness in the phyllosilicates of the HAADF images. This
is also indicated by (d) diffraction patterns retrieved from various phyllosilicate regions within the
area, revealing diffuse halos around ∼ 2.5 Å, suggesting a certain degree of amorphization in the
phyllosilicates, although not as severe as in the Area1.
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Figure 4.5: 4D-STEM analysis results of the second area in the FIB section corresponding to
image (b) in figure 4.1. Integrating the 4D-STEM data over each diffraction ring observed in the
radial profile results in a series of virtual dark field (VDF) images. Each VDF image is annotated
with its respective characteristic d-spacing.

The Pearson correlation coefficient, when applied to images, measures the linear relationship

between the pixel intensities of two images, indicating how well the intensities in one image can

be “predicted” from those in another through a linear relationship. This coefficient ranges from

-1 to +1. A value of 0 suggests no linear relationship, a negative value suggests an inverse linear

relationship, and a positive value implies a direct linear relationship. In the context of VDF

images, a high positive correlation signifies similar and coordinated pixel intensity changes,

while a high negative correlation suggests opposite changes. A correlation coefficient of 1 or -1

indicates a perfect linear relationship.
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Given two images represented as matrices A and B. The Pearson correlation coefficient can be

formulated as follows:

corr(A,B) =
cov(A,B)

σAσB

(4.1)

cov(A,B) =
(Aij − Ā)(Bij − B̄)

N
(4.2)

σX =

√∑
ij

(
Xij − X̄

)2
N

(4.3)

Where:

• Each element Aij or Bij in these matrices correspond to the intensity of a pixel at position

(i, j) in the respective images.

• Ā and B̄ are the means of the pixel intensities of images A and B, respectively. N is the

total number of pixels in the images.

• cov(A,B) is the covariance matrix between matrices A and B.

• X = (A, B)

Figure 4.6 depicts the Pearson correlation coefficients matrix, quantifying the correlations

among the various VDF images as presented in Figure 4.5. For instance, the second VDF

image (Index 1 in Figure 4.6) demonstrates a correlation score of 90% with the sixth VDF

image (Index 5 in Figure 4.6), and a correlation score of 60% with the eleventh (Index 10 in

Figure 4.6) VDF image. This suggests a notably strong correlation between VDF images 1, 5,

and 10, with the order determined by decreasing d-spacing values in Figure 4.5. This implies

that these VDF images may be representative of the same mineralogical phase. However, it

is essential to note that while this correlation-based approach may provide valuable insights,

it fails to achieve complete phase segmentation. High correlation indices in this context are

only achieved when the involved VDF images exhibit substantial similarities. While this can

be useful in depicting orientation relationships across different mineralogical phases for exam-

ple, it may not provide accurate results when the aim is to segment the area into different

mineralogical phases especially when these exhibit very distinct orientation conditions.
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Figure 4.6: Clustering Analysis of the VDF images. A Pearson correlation coefficient map
reveals relationships among the VDF images, with correlations (in absolute value) above 0.05
considered. Correlation values, rounded to the nearest tenth, are indicated.

To address this limitation, it becomes crucial to back our 4D-STEM data with energy dispersive

X-ray spectroscopy (EDS) data for elemental mapping which can be used to guide the min-

eralogical phase segmentation. EDS results are outlined in Figure 4.7. Figure 4.7(a,b) shows

the elemental distributions of Ca and S, while Figure 4.7c illustrates the elemental distribu-

tion map for (Mg,Si), overlaid with the elemental distributions of (Ca,S). Within the chemical

segmentation, the darker regions primarily correspond to amorphous, carbon-rich, material dis-

tribution and/or porosity, with the exception of the prominent dark region in the center, which

represents the magnetite grain, removed in the pre-processing steps.

In addition to amorphous material, this segmentation suggests that Area2 predominantly con-

sists of phyllosilicates and sulfates, providing a reliable starting point for the 4D-STEM phase

mapping.
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(a) (b) (c)
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Figure 4.7: Energy dispersive X-ray spectroscopy (STEM-EDS) mapping of Area2. (a) Calcium
element distribution within Area2. (b) Sulfur element distribution within Area2. (c) Segmentation
result of the (Ca,S) map superimposed onto the (Mg,Si) map, showing the spatial distribution of
sulfates in the phyllosilicate-matrix.

In Figure 4.8a, Four instances of the overall radial profile are reported to which are overlayed

simulated profiles of lizardite, smectite, ferrihydrite, and the three possible (Ca,S) sulfates

which are anhydrite, bassanite, and gypsum. Notably, these sulfates differ in their water con-

tent within their chemical structures, with anhydrite being anhydrous (CaSO4), bassanite

containing one water molecule per every two calcium sulfate molecules (CaSO4 + 0.5H2O),

and gypsum having two water molecules for each calcium sulfate molecule (CaSO4 + 2H2O).

Comparing the simulated profiles of sulfates with the original BVM-based radial profile of our

data, a strong correlation between the simulated profiles and the BVM-based profile exists for

sulfate structures with low water content, specifically anhydrite and bassanite.

Combining informations from the simulated profiles in Figure 4.8a, the VDF images in Figure

4.5, and the EDS segmentation in Figure 4.7, phase assignment becomes feasible. Figure 4.8b

illustrates the fully indexed BVM-based radial profile highlighting the different mineralogical

phases in different colors with peaks associated with at least two different phases highlighted

in gray (anhydrite/serpentine) and cyan (anhydrite/phyllosilicates). Notably, both bassanite

and anhydrite peaks closely align with BVM-based radial profile peaks. A discussion about

the Ca-sulfate that is possibly present in the area investigated will be discussed in a dedicated

section.

It is important to note that a complexity emerged in identifying calcium sulfates without

EDS data, as some of the d-spacings associated with Ca-sulfates also align with d-spacing

from Apatite and Hydroxyapatite. This highlights a challenge in relying solely on 4D-STEM
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for accurate mineral phase identification in meteoritic samples and the crucial need for the

additional informations provided by EDX analysis.

The serpentine structure in this profile exhibits d-spacings of ∼ 7.25 Å, ∼ 3.5 Å, and ∼

1.77 Å corresponding to the (001), (002) and (133) crystallographic planes, respectively. An-

hydrite exhibits d-spacings of ∼ 6 Å, ∼ 3.5 Å, ∼ 3 Å, ∼ 2.77 Å, ∼ 2.33 Å, ∼ 1.99 Å, ∼ 1.85 Å,

∼ 1.68 Å and ∼ 1.12 Å corresponding to the (010), (200), (020), (102), (022), (130), (212),

(032), and (421̄) crystallographic planes, respectively, with the ∼ 3.5 Å d-spacing being com-

mon to serpentine (002) crystallographic plane. Phyllosilicates peaks, in this particular context

refer to diffraction peaks associated with possible serpentine/smectite mixtures which cannot be

discerned from the radial profile nor from the VDF images. These are the peaks at d-spacings

of ∼ 4.55 Å, ∼ 3.87 Å, ∼ 2.48 Å, ∼ 2.13 Å and ∼ 1.51 Å . The peaks at ∼ 1.3 Å, ∼ 1.25 Å and

∼ 1.22 Å are common to phyllosilicates and anhydrite crystallographic planes. The crystallo-

graphic information files (CIF) used in the indexation process of lizardite, anhydrite, bassanite,

gypsum and ferrihyrdite originate respectively from Laurora et al.; Hawthorne and Ferguson;

Ballirano et al.; Comodi et al.; Jansen et al. (2011; 1975; 2001; 2008; 2002) which were arbi-

trarily chosen while that of smectite originates from Tsipursky and Drits (1984) which was the

only one we found available.
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Figure 4.8: Diffraction peaks assignment and phase identification in Area2. This figure com-
bines informations from radial profiles, simulated profiles, virtual dark field (VDF) imaging, and
Energy Dispersive X-ray Spectroscopy (EDS) segmentation to facilitate phase assignment. (a)
Four instances of the overall radial profile are presented, each overlaid with color-coded sim-
ulated profiles for distinct phases (lizardite, anhydrite, bassanite, gypsum, smectite and fer-
rihydrite). In this example, an electron diffraction pattern of a smectite of chemical formula
(Ca0.06Na0.21K0.27)(Al1.64Fe0.06Mg0.31)(Al0.29Si3.71O10(OH)2) from Tsipursky and Drits (1984)
has been used, while the chemical formula for ferrihydrite was 5Fe2O3 · 9H2O from Jansen et al.
(2002). (b) A fully indexed overall radial profile highlights mineralogical phases through color-
coded peaks, with gray and cyan peaks indicating common features shared by two different phases
(legend provided).
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Integrating the 4D-STEM data over the diffraction peaks that are uniquely associated with

serpentine, anhydrite and phyllosilicates, VDF images associated with each of these individual

mineralogical phase are obtained. The 4D-STEM VDF imaging results are presented in Figure

4.9. The green areas are representative of serpentine, the red areas are representative of an-

hydrite while the blue areas are representative of phyllosilicates distribution. Without taking

into account the big magnetite grain removed during pre-processing, black areas are attributed

mostly to organic matter and porosity while it is not inconceivable that some of these areas

might also correspond to regions whom mineral grains are oriented such as Bragg conditions

are simply not satisfied, and hence a phase assignment was not possible.

300 nm

Serpentine
Anhydrite
Phyllos

(d)(c)

(a) (b)

300 nm

300 nm 300 nm

Figure 4.9: VDF phase mapping with 4D-STEM of Area2. (a) VDF image, reconstructed
by integrating 4D-STEM data over each diffraction ring corresponding to the anhydrite phase.
(b) VDF image, created by integrating 4D-STEM data over each diffraction ring corresponding
to pure serpentine reflections. (c) VDF image displaying the distribution of phyllosilicates in
Area2 reconstructed by integrating 4D-STEM data over each diffraction ring of phyllosilicates.
(d) A combined VDF image showing a segmentation of phyllosilicates, serpentine, and anhydrite
distributions in Area2

.
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4 Discussion

4D-STEM analysis of Area2 have shown the presence of phyllosilicates and Ca-sulfates aligning

with the typical mineralogy of Orgueil (Tomeoka and Buseck 1988; Brearley 2006). The focus

was primarily on crystalline phases, and the study of amorphous regions, seen as dark areas in

the HAADF image in Figure 4.1b, was beyond the main scope of this study.

4.1 Phyllosilicates in Orgueil

Phyllosilicates in Orgueil are a mixture of serpentine and smectite with the coarser areas usu-

ally enriched in serpentine while finer phyllosilicates are seldom enriched in smectites (Leroux

et al. 2023; Tomeoka and Buseck 1988). No diffraction signature from pure smectite in its

00` orientation was detected in the current 4D-STEM study. In addition to the ∼ 100 nm

thickness of the sample, it is conceivable that smectite grains absence in these areas occurred

coincidentally or that the orientation conditions of the smectite grains with respect to the

electron beam do not enable the detection of the 00` reflections of smectite which is the only

possible way smectite can be unambiguously identified in 4D-STEM conditions. Otherwise, it

is always found in intimate, fine mixing with serpentine which makes an exact segmentation in

the current experimental conditions very challenging.

4.2 Ferrihydrite

Ferrihydrite is a major constituent in Orgueil meteorite. It occurs as S,Ni-rich particles dis-

persed in Orgueil’s phyllosilicate matrix. Ferrihydrite aggregates usually occur as bright areas

within the fine-grained phyllosilicate matrix. Their SAED signature is usually in the form

of two broad rings at ∼2.58 Å and ∼1.50 Å with a diffuse background (Tomeoka and Buseck

1988). Ferrihydrite occurrence was first explained by Tomeoka and Buseck (1988) by the re-

placement of Fe-(Ni) sulfides and the aqueous alteration effect on coarse phyllosilicates which

ultimately produces intimate mixtures with the finer phyllosilicates. However, this hypothesis

was re-examined by recent findings from studies on Ryugu samples (Ito et al. 2022; T. Naka-

mura et al. 2022; Yamaguchi et al. 2023; Yokoyama et al. 2022). T. Noguchi et al. (2023)

highlighted that the absence of ferrihydrite and sulfates in Ryugu samples, akin to CI chon-
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drites, suggests that these minerals in Orgueil might be terrestrial weathering products, not

intrinsic to the original composition. Additionally, their observations propose that ferrihydrite

in CI chondrites might have emerged as an alteration product of tiny Fe-Ni sulfide grains due

to terrestrial weathering, indicating a potential alternative pathway for the formation of these

minerals in Orgueil, which is in agreement with Leroux et al. (2023). In the present study, fer-

rihydrite presence in Area2 cannot be confirmed. Typically, ferrihydrite in Orgueil is intimately

mixed with fine-grained phyllosilicates, but, as it can be seen from the radial profiles in Figure

4.8, ferrihydrite diffraction peaks can be very closely associated with peaks from other matrix

constituents, in which case, ferrihydrite cannot be independently segmented to a VDF image.

4.3 Calcium Sulfates

Gounelle and M. Zolensky (2001) have reinterpreted the origin and formation mechanisms of

sulfates within CI chondrites, revisiting and expanding upon their earlier assertions outlined

in M. Zolensky et al. (1993). Initially, M. Zolensky et al. (1993) posited that the presence of

abundant sulfates in certain CI chondrites, such as Orgueil, Ivuna, Alais, and Tonk, could be

attributed to late-stage oxidizing conditions on their parent bodies. However, this viewpoint

was reassessed in Gounelle and M. Zolensky (2001), which introduced a nuanced perspective.

The reinterpretation suggests a plausible scenario in which sulfate veins may have formed

through terrestrial oxidation processes. Earth’s weathering mechanisms are implicated in the

transformation of nanosulfides into ferrihydrite, thereby contributing to the creation of calcium

sulfates (eg. Harries et al. 2013; Belzile et al. 2004; Janzen et al. 2000).

This process involves the dissolution of pyrrhotite to ferrous ions (Fe2+) when exposed to water

and high oxygen levels, with subsequent oxidation to ferric ions (Fe3+) in the presence of oxygen.

The precipitation of ferric hydroxide (Fe(OH)3) follows, giving rise to ferrihydrite. The sulfuric

acid produced in this process may react with dissolved elements like Ca2+, resulting in the

formation of calcium sulfates (Leroux et al. 2023).

The observed close spatial relationship between calcium sulfate and pure serpentine areas in

VDF images (Figure 4.9a,b) reveals a distinct superposition of sulfate and serpentine grains.

The porous nature of serpentine masses, as indicated by their corresponding VDF images, may

facilitate the migration and precipitation of sulfate phases within these regions. Given the
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relative solubility of calcium sulfate phases, dissolution near weathered sulfides and subsequent

precipitation in other areas is plausible. This interpretation aligns with the suggestion that the

observed association of anhydrite-serpentine lacks paragenetic meaning, emphasizing a com-

patibility with an alteration process on Earth. If co-precipitation of serpentine-sulfate grains is

ruled out, the proposed explanation posits that the high porosity of serpentine areas facilitated

the concentration of a sulfate-rich fluid, ultimately resulting in the precipitation of calcium

sulfate upon evaporation or sublimation of the aqueous sulfate solution.

Interestingly, T. Nakamura et al. (2022) observed the formation of sodium and calcium sulfates

in Ryugu samples shortly after their preparation for analysis. These findings were attributed to

a reaction believed to occur between calcite and sulfuric acid, the latter generated from the oxi-

dation of pyrrhotite grains in samples exposed to Earth’s atmospheric conditions. Furthermore,

recent studies on the Winchcombe CM chondrite have concluded that the sulfates (gypsum,

bassanite, and anhydrite) observed on the edges of the CM chondritic sample were attributed

to the damp fall environment, likely resulting from sulfide-derived H2S reacting with calcite

within the meteorite after its entry into the Earth’s atmosphere (Jenkins et al. 2023).

4.3.1 Which Ca-sulfate in Orgueil ?

Our 4D-STEM investigation of Orgueil chondrite yielded crucial insights into the nature of

Ca-sulfates present in the sample. The results indicate that the Ca-sulfate phase is weakly hy-

drated, pointing towards the likelihood of it being either bassanite or anhydrite. This finding

aligns with recent research by Phan et al. (2022), where the analysis of Orgueil based on infrared

(IR) signatures identified sulfate as the second most frequent signature after phyllosilicates. The

study suggests that the Mg-rich and Ca-rich sulfates in Orgueil could be respectively epsomite

and bassanite, possibly originating from the decomposition of primary iron sulfide during aque-

ous alteration on the parent body. In contrast, Tomeoka and Buseck (1988) and Fredriksson

and Kerridge (1988) propose Ca-sulfates in Orgueil as likely gypsum which was also detected

in XRD measurements in Viennet et al. (2023). Our 4D-STEM results support the presence

of bassanite as a weakly hydrated Ca-sulfate phase and highlight the improbability of gypsum

representing the Ca-sulfate phase in the studied area. However, the possibility of anhydrite

as the most likely Ca-sulfate phase present in the area under investigation is also indicated.
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Indeed, it is not unlikely to encounter anhydrite in the Orgueil sample, even if we consider

the possibility of sulfates forming on Earth as a secondary product of aqueous alteration. The

initial phase likely formed at lower temperatures as gypsum, which is stable at temperatures

below 40-50◦C. However, considering the gypsum-anhydrite transition, particularly if the tem-

perature exceeds 40◦C and/or the relative humidity is below the gypsum-anhydrite transition

threshold as outlined in Charola et al. (2007), there is a plausible scenario in which gypsum

crystals could transform into anhydrite. Conversely, the presence of bassanite is deemed highly

unlikely in Orgueil, given its metastable nature under typical Earth surface conditions. This

is supported by the tendency of this metastable phase to decompose into a mixture of gypsum

and anhydrite at temperatures below 97◦C over time (Kelley et al. 1941; Charola et al. 2007).

Consequently, it is proposed from our work that anhydrite is also probably present in Orgueil.

5 Conclusion

The 4D-STEM analysis of Area2 in the Orgueil CI chondrite unveils the existence of phyl-

losilicates and Ca-sulfates, aligning with earlier investigations. Notably, the lack of diffraction

signatures from pure smectite may be attributed to orientations outside Bragg conditions, and

the absence of ferrihydrite could be attributed to its extensive mixing with the fine phyllosil-

icates. The study aligns with the previously proposed scenario of calcium sulfate formation,

emphasizing that our results provide further confirmation rather than introducing a new hy-

pothesis. The close spatial relationship, as revealed by the 4D-STEM VDF images, between

calcium sulfate and pure serpentine areas implies complex dissolution and precipitation pro-

cesses. However, it should be noted that, while many studies detect the presence of gypsum

and few mention the presence of bassanite, our 4D-STEM study reveal that the Ca-sulfates are

present, at least in the particular area investigated, in the form of anhydrite.

This study also underscores the significance of integrating 4D-STEM data with EDX data to

ensure accurate interpretations. However, it is crucial to acknowledge the challenges inherent

in the proposed procedure. The reliance on a Bragg vector map (BVM), which offers a summa-

rized virtual diffraction pattern of all diffraction events during sample beam interactions, poses

difficulties in indexation. The process requires careful examination of VDF images, elemental

composition, and a comprehensive understanding of the potential sample mineralogy. Direct
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indexation of 4D-STEM data is restrained by the fact that individual grain orientations often do

not meet Bragg conditions. In contrast, 4-dimensional scanning precession electron diffraction

experiments can address effectively this limitation. However, the high beam sensitivity of the

sample and the fine mixing between different mineralogical phases present ongoing challenges

in overcoming these complexities.

One potential strategy to keep experiments as simple as possible while further streamlining the

analysis involves leveraging machine learning approaches such as non-negative matrix factoriza-

tion (NNMF). These techniques can be employed to segment 4D-STEM data into a condensed

set of representative VDF images and their corresponding diffraction signatures. The goal is to

map the outcomes of these unsupervised learning approaches to the mineralogy of the sample,

which will be the focus of investigation in the next chapter.
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Chapter5
4D-STEM Phase and Orientation Mapping

Using a Non-Negative Matrix Factorization

Approach: Application to Chondritic Samples

1 Introduction

In the previous two chapters, a comprehensive analysis of 4D-STEM data based on an Bragg

vector map (BVM)-based approach obtained from Ryugu and Orgueil samples was conducted,

revealing the intricate structural features of their mineralogical constituents. While this pro-

vided valuable informations, some limitations were recognized in our approach that needed to

be addressed.

One major concern was the semi-manual identification and mapping of different phases from the

4D-STEM data, which can introduce subjectivity and tediousness in the process. Additionally,

when some phases present similar or relatively close interplanar spacings, these cannot be

accurately unmixed from the BVM-based description, which limits, in this case, the accuracy

of mineral phase identification.

In contrast, automated crystal orientation mapping (ACOM) on 4D-STEM datasets (E. Rauch

and Dupuy 2005; Ophus et al. 2022) is an optimal way to accurately determine the orienta-

tion of all crystalline grains that exhibit sufficient diffraction signal and can also be used to

identify the different phases that are potentially present in the sample area. This method is

generally more efficient when combined to precession electron diffraction (PED). In the latter,

97
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the converged electron beam is continuously rotated around a cone at each grid position. A

diffraction pattern is thus formed by integrating over a collection of diffraction conditions ex-

cited by the rotating electron beam generating a quasi-kinematical diffraction pattern which

facilitates direct comparison with kinematical simulations for accurate determination of crystal

phase and/or orientation (Brunetti et al. 2011; Eggeman et al. 2015; Nalin et al. 2020).

Despite the considerable success of ACOM in various studies that involve phase and/or orien-

tation mapping, it has not been successful in our case studies for several reasons. Primarily, the

main focus of our analyses was on the phyllosilicate-rich matrix which exhibit a nanometer-scale

mixture between fine-grained constituents, leading to overlapping diffraction patterns of differ-

ent phases and/or orientations. Additionally, the sample’s thickness, typically around 100 nm

further complicates this overlapping, increasing the challenges of accurate phase identification.

Various attempts, mainly relying on machine learning, have been utilized to address the above

limitations or simplify the processing of extensive data generated in a 4D-STEM experiment.

Uesugi et al. (2021) applied singular value decomposition (SVD) and non-negative matrix fac-

torization (NNMF) directly on raw data to reconstruct sparse diffraction patterns from a 4D-

STEM dataset of Titanium Oxide nanosheets, consisting of 100×100 diffraction patterns. Their

goal was to resolve two overlapping diffraction patterns of Ti0.87O2 and Ti2O3 nanosheets. They

demonstrated that NNMF based on alternating least-square multivariate curve resolution (ALS-

MCR) successfully resolved the two patterns, while SVD was used to provide an initial estimate

of the maximum number of resolvable components.

Allen et al. (2021) introduced another NNMF-based approach. The method initially performed

Bragg spots registration and reduction, converting each diffraction spot into a single point

representing the spot’s center, with all spot intensity concentrated in it. This process yields a

new 4D-STEM sparse dataset as all spots are concentrated as single points with background

and/or amorphous signal significantly reduced in the process. Subsequently, NNMF was applied

to this newly generated 4D-STEM dataset and proved successful in mapping individual grains

in a gold-palladium nanoparticle catalyst.

Bruefach et al. (2022) presented a pipeline for developing 4D-STEM feature representations

suitable for unsupervised clustering using NNMF. They evaluated each feature with NNMF and

discussed the results for both simulated and experimental data. The research highlighted certain
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feature representations exhibiting enhanced performance in identifying overlapping grains with

greater reliability and used real space refinement to identify spatially distinct sample regions,

which allowed grain size and shape analysis. Building on their previous work, Bruefach et al.

(2023) further improved their approach by implementing consensus clustering.

Machine learning have also been used in several studies to elucidate intriguing material prop-

erties from 4D-STEM data in particular (Shi et al. 2022; Nalin et al. 2020) and in scanning

transmission electron microscopy in general (Kalinin et al. 2022).

Although these different approaches have shown significant success in unraveling the specific

challenges addressed in the respective papers, it is important to note that they have not been

extensively tested on more complex samples or applied to broader materials which present

heterogeneous mixtures of numerous phases with multiple orientations.

In this chapter, we attempt to adapt the approach used in Allen et al. (2021) to our case study

on meteoritic samples. Our aim is to leverage this approach to effectively segment our 4D-STEM

data into distinct mineralogical phases and their corresponding diffraction signatures. We will

initially assess the effectiveness of this method using a basic MgO nanocubes dataset from Bergh

et al. (2020) as a benchmark. This comparison will highlight the efficiency differences between

the pre-processing pipeline used in Allen et al. (2021) before applying NNMF, and the direct

application of NNMF on raw data with minimal pre-processing, as demonstrated in Bergh et al.

(2020). Afterwards, the performance of this approach will be tested on Ryugu and Orgueil 4D-

STEM data, where reliable phase identification and mapping have been previously established

in Chapters 3 and 4 through the BVM-based analysis procedure. Relative advantages and

limitations of this strategy are discussed. Lastly, an improved approach including an additional

azimuthal averaging step to the pre-processing pipeline outlined in Allen et al. (2021) will be

introduced and its outcome on the 4D-STEM data of interest will be discussed.

2 Theory of Singular Value Decomposition and Non-

Negative Matrix Factorization

Decomposition techniques, such as Singular Value Decomposition (SVD) and Non-Negative

Matrix Factorization (NNMF), are widely used unsupervised learning approaches. SVD iden-
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tifies significant features by reducing dimensionality, facilitating data compression and noise

reduction while NNMF breaks down complex data into non-negative components, aiding in

pattern recognition and source separation. Both techniques enable clearer insights and im-

proved understanding of complex data structures. In this section, the theoretical background

behind SVD and NNMF decomposition methods will be briefly introduced.

2.1 Singular Value Decomposition

The Singular Value Decomposition (SVD) is essentially a matrix factorization method that

decomposes any matrix A into three constituent matrices: U , containing left singular vectors;

S, with singular values; and V T , comprising right singular vectors. SVD finds application in

diverse areas such as data compression, image processing, and machine learning (Golub and

Van Loan 1996; Jolliffe and Cadima 2016).

Given A ∈ Rm×n, there exist orthogonal matrices U ∈ Rm×m and V ∈ Rn×n with columns

{ui}mi=1 and {vi}mi=1 along with a diagonal matrix S ∈ Rm×n (σi ≡ Si,i) satisfying σ1 ≥ σ2 ≥

· · · ≥ σmin(m,n) ≥ 0 such that:

A = USV T (5.1)

We call the columns of U the left singular vectors of A and the columns of V the right singular

vectors of A. The σi’s are the singular values of A. Collectively, the matrices U , S, and V are

referred to as the SVD of A.

Several fundamental properties are characteristic to SVD. Firstly, it involves orthogonal ma-

trices U and V , whose columns form orthonormal bases. Secondly, the singular values are

arranged in descending order along the diagonal, facilitating rank determination of the original

matrix A. Moreover, SVD offers compact representation by retaining significant singular val-

ues and their corresponding vectors, allowing for efficient data compression and dimensionality

reduction.

2.1.1 Truncated Singular Value Decomposition and Eckart-Young Theorem

Truncated SVD involves selecting an optimal number of components to retain, typically deter-

mined through the analysis of what is referred to as the scree plot showcased in Figure 5.1. It
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is generated by plotting the ratio of the singular values σi∑
σi

against their corresponding indices

i. We shall frequently refer to it simply as the singular value ratio here but we note that is also

usually referred to as the explained variance ratio in the literature.

The decay pattern of the singular values visually indicates the rate at which information is

captured by each component. Typically, the plot exhibits an initial rapid decrease followed

by a more gradual decline. The point of inflection in the plot, where the slope begins to level

off, often serves as a heuristic for selecting the optimal number of components to retain in the

truncated SVD. This point represents the balance between retaining significant information

and reducing dimensionality, as further components beyond this point contribute minimally to

the overall information captured. Thus, by examining the scree plot, we can make informed

decisions regarding the truncation level for dimensionality reduction.

Figure 5.1: Example of a scree plot with the “elbow” position suggesting an estimate of the
truncated number of components that best approximates the input data (Adapted from HyperSpy
Documentation).

The reason why SVD is very suitable for dimensionality reduction lies in the Eckart-Young

theorem (Eckart and Young 1936).

Let us consider the SVD of A in 5.1 which can also be reformulated as,

https://hyperspy.org/hyperspy-doc/current/index.html
https://hyperspy.org/hyperspy-doc/current/index.html
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A =
n∑

i=1

σiuiv
>
i =

r∑
i=1

σiuiv
>
i (5.2)

where {σi}ri=1 are the nonzero singular values of A up to r. Let us define an approximation Ap

to A as:

Ap =

p∑
i=1

σiuiv
>
i (p ≤ r) (5.3)

Eckart-Young theorem states that (Eckart and Young 1936), for A,B ∈ Rm×n and rank(B) =

p ≤ rank(A) = r, we have:

min
rank(B)=p

‖A−B‖2 = ‖A− Ap‖2 =

√√√√ p∑
i=p+1

σ2
i (5.4)

In other terms, Ap is the best possible rank p approximation to the original matrix A in the

euclidean norm (L2) sense.

For the remainder of this thesis, SVD will be solely used for determining the optimal number

of components to be used in the NNMF decomposition.

2.2 Non-Negative Matrix factorization

Non-Negative Matrix Factorization (NNMF), introduced by Paatero and Tapper (1994), stands

out as an unsupervised learning algorithm employed for decomposing multivariate data into a

more manageable and interpretable form. Similarly to SVD, NNMF decomposes the observed

data matrix A into two matrices denoted here as W and H such that:

Am,n ≈ Wm,p Hp,n with p < r and W,H > 0 (5.5)

W and H are called the basis and coefficients matrices, respectively, while p is the truncated

number of components to be used in the NNMF procedure. The factorization in NNMF is

iterative and the goal is to minimize the residual between A and WH.

NNMF, known for its interpretability, decomposes data into non-negative components, facil-

itating comprehension of underlying structures. The non-negativity constraint particularly

suits diffraction data, as negative values lack meaningful interpretations. Additionally, NNMF
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excels in feature extraction from high-dimensional datasets, offering a robust approach that

withstands outliers and noise.

3 An Approach for Diffraction Signal Unmixing in 4D-

STEM Data

To compare the efficacy of different NNMF-based procedures, we will adopt the pre-processing

methodology outlined by Allen et al. (2021) and evaluate it against another NNMF-based

approach used by Bergh et al. (2020) in the subsequent section. In the following, the approach

used Allen et al. (2021) will be described.

3.1 Data Pre-processing

Prior to applying NNMF, Allen et al. (2021) undertake some necessary pre-processing steps.

These are summarized in Figure 5.2. The first pre-processing step involves Bragg peaks reg-

istration, aiming to automatically identify and locate all the Bragg spots present within the

dataset. For this, the direct beam is first cropped from the diffraction pattern of a vaccum or

very thin area, and used to create a template. Diffraction spots are then identified by com-

puting the cross-correlation between the probe template and individual diffraction patterns

within the 4D-STEM stack (Savitzky et al. 2021). The third step in the pre-processing pipeline

involves the reduction of each detected Bragg spot into a single pixel point containing all the

intensity of the original diffraction spot. Next, all detected Bragg peaks are plotted in a single

image, creating a BVM. The BVM is subsequently employed to center the 4D-STEM data and

correct for elliptical distortions. This is done by, first, computing the center of mass of opposite

peak clusters and then re-center all the diffraction patterns to (kx, ky) = (0, 0). For the cor-

rection of elliptical distortions, an annulus is fitted to a clearly defined diffraction ring within

the BVM. This annulus serves as a reference, allowing us to gauge and subsequently correct

distortions present in the diffraction rings. The derived fit parameters are then utilized to accu-

rately mitigate distortions in the diffraction patterns. Consequently, a new corrected 4D-STEM

dataset is obtained, ideally devoid of any diffraction background, and with all diffraction spots

transformed into points.
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The resulting output is a centered, elliptically corrected 4D-STEM data stack, where the orig-

inal peaks have been transformed into points. This 4D-STEM data stack can be rebinned by

a specified binning factor if it aligns with the data’s characteristics, potentially reducing com-

putational demands and processing time for the decomposition process. Afterwards, The 4D

data is flattened and reshaped into a 2D matrix format, as required for matrix decomposition

algorithms such as NNMF, resulting in dimensions of (Nx×Ny, Nkx ×Nky) where (Nx, Ny) are

the spatial dimensions and (Nkx , Nky) are the diffraction space dimensions.
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Figure 5.2: 4D-STEM data preparation for NNMF decomposition. First a template
is created for cross-correlative Bragg spots registration, and data refinement is performed on the
detected Bragg spots. The resulting 4D data are reshaped into a 2D matrix of shape (Nr, Nk),
where Nr = Nx×Ny and Nk = Nkx ×Nky are the real space, and diffraction space sizes in pixels,
respectively.

3.2 Diffraction Signal Unmixing Using NNMF

The resulting data from the pre-processing step is a 2D matrix of shape (Nr, Nk) with Nr =

Nx×Ny and Nk = Nkx ×Nky . This matrix is very sparse because only the diffraction spots are

retained, and the background noise is significantly reduced. To address this sparsity, a small

constant value is typically added to the data. This ensures that no divergences are encountered
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in the decomposition processes.

A Non-negative matrix factorization of a 2D matrix A can be written as:

ANr,Nk
≈ WNr,p Hp,Nk

with

p < min(Nr, Nk)

W,H > 0
(5.6)

Where;

• A is the input 2D diffraction matrix.

• W is the basis matrix (factors).

• H is the coefficients matrix (loadings).

• p is the truncated number of components which we’ll estimate by SVD.

It is evident that, in NNMF, the basis matrix holds the representative spatial components

derived from the original data, whereas the representative diffraction components are encap-

sulated in the coefficients matrix. Thus, by appropriately reshaping these matrices, both the

direct space and the corresponding diffraction space informations can be reconstructed. In the

context of NNMF decomposition, the basis matrix W with dimensions (Nr, p) can be reshaped

into (Nx, Ny, p) and the coefficients matrix can be reshaped from (Nk, p) to (Nkx , Nky , p). This

implies that each identified component holds one factor map of shape (Nx, Ny) and a corre-

sponding loading pattern of shape (Nkx , Nky).

4 A Case Study of a Sample MgO Nanocubes 4D-STEM

Dataset

The performance of the NNMF algorithm posterior to the pre-processing step will be evaluated

using a 4D-STEM dataset featuring MgO nanocubes from Bergh et al. (2020). In addition to

some amorphous and vacuum areas, the sample area contains multiple distinct orientations of

the MgO nanoparticles. A demonstration of the potential generation of comprehensive orienta-

tion maps using ACOM following the NNMF-based approach will be conducted. Subsequently,

the evaluation of the NNMF algorithm against the procedure in Bergh et al. (2020) will be

performed.
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4.1 Sample Overview and Acquisition Conditions

In their investigation, partly overlapping MgO nanoparticles were formed by burning Mg in air

using a gas torch. Afterwards, these nanoparticles were deposited onto carbon-coated TEM

grids.

Scanning precession electron diffraction (SPED) was used to acquire the 4D-STEM data from

the MgO nanoparticles sample. The dataset consists of diffraction patterns measuring 256×256

pixels, with a spatial grid size of 105 × 105 pixels. This was performed using a JEOL JEM-

2100F equipped with a Nanomegas ASTAR system. PED patterns were captured through

an externally mounted Stingray optical camera, imaging the microscope’s phosphor viewing

screen. The microscope operated at 200kV with a 1.0mrad convergence semi-angle and 16mrad

precession angle. The precession frequency was 100 Hz, and the dwell time per pixel was

10ms. To have a quick overview of the data, a VDF image of the area under investigation was

reconstructed by summing over all the available diffraction signal along with a mean diffraction

pattern of the whole 4D-STEM dataset in Figure 5.3(a,b) respectively.

100 nm 1Å-1

(a) (b)

Figure 5.3: Overview of the MgO nanoparticles 4D-STEM data. (a) VDF image and
(b) average virtual diffraction pattern from MgO nanocubes 4D-STEM dataset. The diffraction
pattern shows a central, ring shaped, halo corresponding to amorphous material originating from
the carbon grid, and another donut shaped halo on top of it which is an acquisition artefact.
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4.2 Data Analysis

In Bergh et al. (2020), Data analysis was performed using Hyperspy and Pyxem. The aim

was to perform nanocrystal segmentation (see Figure 5.4) for which two different approaches

were applied, the first being a VDF imaging based method while the second was an NNMF-

based approach. The MgO model system contained crystals that excited the same diffraction

conditions and emphasized situations where neither of the methods distinguished all orienta-

tions through NNMF alone. Therefore, a watershed segmentation routine, generally used for

segmenting regions based on gradients or intensity changes, was included in both methods to

overcome this issue. For the remainder of this section, only the NNMF-based approach will be

considered.

Figure 5.4: MgO nanoparticles and Summed PED Patterns: (A) Annular virtual dark-
field (VDF) image showing nine magnesium oxide (MgO) particles (grey), labelled P1–P9, lying
on top of a holey amorphous carbon film (dark grey) or over vacuum (black). The outlines of the
MgO particles are indicated by dashed rectangles. (B) Sum of PED patterns within the yellow
areas in (A). The detected diffraction vectors of P2 are marked by black arrows. PΣ is the sum
of P3, P4, P6 and P8. From Bergh et al. (2020)

The NNMF-based nanocrystal segmentation workflow they used is illustrated in Figure 5.5.

The pre-processing steps before NNMF decomposition included diffraction patterns alignment,

direct beam masking and binning. Subsequently, NNMF was applied to generate component

patterns (CP ) and loadings (CL) from the resulting dataset (D). Further processing involved

correlating component patterns and loadings, leading to the derivation of correlated patterns

(CCP ) and correlated loadings (CCL). Watershed segmentation is then performed on correlated

loadings, producing loading segments (CSL) alongside corresponding patterns (CSP ).
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Figure 5.5: NNMF-based segmentation workflow from Bergh et al. (2020). (A) Raw
data (DR) is binned and aligned, then the direct beam is masked yielding a new dataset denoted
(D). NNMF is performed on D yielding component patterns (CP ) and loadings (CL). (B) Corre-
lation of the component patterns and loadings, where components are summed if the correlations
of both patterns and factors exceed threshold values, leading to correlated patterns (CCP ) and
loadings (CCL). (C) Watershed segmentation is performed on each correlated loading to yield
loading segments (CSL) with corresponding patterns (CSP ). For each loading, a mask is formed,
markers are determined and watershed segmentation is performed on the elevation image, leading
to labelled regions that are used to define segments.

The result of the NNMF-based procedure introduced in Bergh et al. (2020) is shown in Figure

5.6. Bergh et al. (2020) used SVD scree plot to estimate the number of components to use in

the NNMF decomposition process which was set to 11. The outcome of the NNMF decom-

position process is shown in Figure 5.6B. Clearly, the components patterns and corresponding

loadings maps that were obtained don’t align neither with the different orientations of the MgO

nanocubes nor with the individual crystals present within the sampled area.
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Figure 5.6: NNMF results from Bergh et al. (2020). Non-negative matrix factorization
(NNMF) results. (A) Singular value decomposition (SVD) scree plot showing the fraction of total
variance that each component accounted for. The dashed horizontal line indicates that a number
of 11 components was used for NNMF. (B) Loading maps (top) and corresponding component
patterns (bottom) obtained by NNMF, labelled #0-#10. The component patterns and loadings
after correlation are labelled C1–C9, according to the particle labelling in Figure 3, and CΣ is the
sum of components #2, #6 and #10.

4.3 Comparative Analysis and Performance Evaluation

An attempt to achieve accurate orientation mapping of the MgO nanocubes sample using the

approach in Allen et al. (2021) will be outlined. The particularity of their method lies in the

use of a meticulous pre-processing pipeline, delineated in Figure 5.2, prior to applying NNMF.

In the case of MgO samples, we have binned the diffraction patterns by a factor of 3. Addi-

tionally, the SVD scree plot presented in Figure 5.7 suggests selecting a truncated number of

components of seven to be used in the NNMF decomposition process.

The NNMF decomposition components, comprising seven loading maps and corresponding

component patterns are showcased in Figure 5.8. Remarkably, The seven components obtained

align well with the different phases and orientations of the MgO sample here studied. Among

these, five components capture distinct orientations of the MgO nanocubes (components 1,2,4,5

and 6), while the remaining two (components 3 and 7) represent amorphous regions and vac-
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uum, respectively, as discerned from Figures 5.8(a1-a7) and Figures 5.8(b1-b7). It is important

to mention that incorporating a tolerance for “false positives” during peak registration ensures

the detection of as many Bragg spots as possible. This however unavoidably leads to maintain-

ing the visibility of non-crystalline signal which is detected in two separate NNMF components.

Also, it’s worth noting that, in the Bragg peak detection algorithm, a same diffraction spot

across multiple diffraction patterns can be identified at slightly different positions, potentially

leading to Bragg spot shifts that weren’t present in the original dataset.

Figure 5.7: SVD scree plot depicting singular value ratio attributed to each individual component
posterior to the pre-processing pipeline. 7 components shall be used as initial estimate for the
NNMF decomposition algorithm.

(b)

(a)

#1 #2 #3 #4 #5 #6 #7

Figure 5.8: NNMF decomposition of 4D-STEM data of the MgO nanoparticles sys-
tem. (a) shows individual loading maps resulting from the two decomposition approaches along
with (c) corresponding component patterns.
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Comparing our findings to those of Bergh et al. (2020) reveals significant disparities. Initially,

SVD scree plot converge on seven primary components, aligning precisely with the count of

orientations, vacuum, and amorphous components. However, in Bergh et al. (2020), eleven

components were initially needed. This forced them to use a correlation-based strategy for

merging components with identical orientations.

Additionally, the NNMF approach in Bergh et al. (2020) faces challenges in effectively sepa-

rating the different orientations, vacuum and amorphous contributions, as observed in Figure

5.6B, contrary to our study’s approach which forced them to use a correlation based method.

However, their methodology still struggled to entirely separate crystalline orientations, as in-

dicated by the persistent MgO grain edges across all reconstructed loading maps in Figures

5.6(C1 - CΣ).

These discrepancies highlight the superior ability of applying NNMF procedure as described in

Allen et al. (2021) to efficiently capture essential data features more concisely.

Following the successful NNMF decomposition, ACOM can be performed on the component

patterns. A composite map of the different crystal orientations depicted by the NNMF decom-

position approach is shown in Figure 5.9a. Alongside it, in Figure 5.9b, is an orientation map

reconstructed by indexing each component pattern generated by NNMF and an orientation

map generated directly from the raw data with the conventional ACOM procedure Figure 5.9c.

Comparing the orientation map obtained posterior to NNMF decomposition and the raw ori-

entation map obtained by ACOM, it becomes evident that the NNMF decomposition followed

by ACOM yields accurate orientation mapping.
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(a) (b) (c)

Figure 5.9: NNMF reconstruction and orientation mapping of the MgO nanoparticles
system. (a) NNMF segmented map of the MgO nanocrystals reconstructed from the five relevant
components of the NNMF decomposition in Figure 5.8 (Colors are arbitrary). (b) a corresponding
orientation map reconstructed solely from the component patterns generated from NNMF. (c) An
ACOM orientation map reconstructed directly from the raw data.

In the present study, the whole processing of the 4D-STEM data (including pre-processing),

the NNMF decomposition, as well as the ACOM orientation mapping posterior to the NNMF

decomposition may take up to ∼ 3 minutes, while the ACOM procedure alone on the raw data

took ∼ 10 minutes. The processing was performed using a Dell Inc. Intel Xeon(R) CPU

@ 4.10 GHz × 8 | 64 GB RAM. It is important to mention that the SVD and NNMF

computations alone took ∼ 5 seconds to complete. The size of the raw 4D-STEM data set was

104 MB while that of the 2D matrix data after the pre-processing pipeline was 7.3 MB.

5 Application on Meteoritic Samples

In the following section, the same NNMF-based approach will be used on Ryugu and Orgueil

samples’ 4D-STEM data, but before going much further, it is worth recalling that, in the MgO

case outlined in the previous section, the data was acquired using a conventional optical camera

rather than a direct electron detection technology, and in SPED mode which allows more diffrac-

tion conditions to be excited, producing a better signal-to-noise ratio, and hence making the

4D-STEM data suitable for accurate ACOM either on raw data or the NNMF-factorized data.

However, unlike the MgO nanocubes data, ACOM on raw 4D-STEM datasets from chondritic

samples did not yield accurate results. With the NNMF-based approach outlined previously, it

should be possible to, first, factorize the 4D-STEM data into simpler components and perform

the phase identification on the individual components afterwards. In the next section, we shall
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investigate the use of the NNMF-based procedure posterior to the pre-processing pipeline on

Ryugu samples’ 4D-STEM data previously introduced in Chapter 3.

5.1 Application on Ryugu’s 4D-STEM Data

In Chapter 3, an extensive analysis was conducted on a 4D-STEM dataset of Ryugu. Initially,

a Bragg Vector Map (BVM) of the area under investigation was produced after several pre-

processing steps. Then, by azimuthally averaging this BVM, an overall radial profile of the

area was generated as shown in Figure 5.10 (Extracted from Figure 3.3 - Chapter 3).

(c)

(b)

Figure 5.10: Summary of the BVM-based analysis of Ryugu 4D-STEM data. (a)
HAADF image of the area. Brighter areas correspond to iron-sulfides while the remainder are
phyllosilicate-rich areas. (b) A BVM and (c) the corresponding radial profile of the area under
investigation.

The various peaks within the overall radial profile are indicative of distinct mineralogical phases

and/or orientations. Leveraging this knowledge, we successfully segmented the virtual dark

field images, obtained by integrating the subset of pixels in the diffraction space associated

with each peak, into their respective mineralogical phases. For instance, by leveraging unique
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peaks related to iron-sulfides and phyllosilicates, virtual dark field imaging accurately produced

distribution maps of these constituents in the sampled area of Ryugu. The combination of

these segmented phase maps resulted in a comprehensive composite phase map, as illustrated

in Figure 5.11 (Extracted from Figure 3.5 - Chapter 3).

(b)(a)

Figure 5.11: Phase mapping of iron-sulfides and phyllosilicates from Ryugu’s 4D-
STEM data. (a) Iron-sulfides distribution map and (b) Serpentine, smectite and Mg-rich ser-
pentine/smectite mixture areas combined map. These maps have been obtained by first indexing
the BVM-reconstructed radial profile and performing virtual dark field imaging afterwards.

With the NNMF-based approach, we must be able to decompose the 4D-STEM data of Ryugu

into a finite number of loadings maps and corresponding component patterns, an then link

these maps and patterns to the corresponding mineralogical phases and diffraction signatures

in the sampled area of Ryugu.

We shall follow the same pre-processing protocol introduced by Allen et al. (2021) and previ-

ously described in Section 3.1. Diffraction patterns are rebinned by a factor of 3. Notably, By

examining the SVD scree plot in Figure 5.12, it is not clear how many components should be

employed in NNMF in order to approximately reconstruct the original data.
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Figure 5.12: SVD scree plot depicting singular value ratio attributed to each individual compo-
nent posterior to the 4D pre-processing pipeline for Ryugu samples’ data. The first 20 components
are highlighted in red. These are used as an initial estimate for the NNMF decomposition algo-
rithm but only the first 10 components will be subsequently displayed.

Figure 5.13 shows the outcome of the first 10 components of the NNMF decomposition. Figure

5.13a features the basis vectors, essentially the loading maps obtained following the NNMF

decomposition, while the right column features the coefficients (Figure 5.13b), denoting the

component patterns associated with each loading map.



5. Application on Meteoritic Samples 117

200 nm 0.2 Å-1

0.2 Å-1200 nm

200 nm

200 nm

200 nm

0.2 Å-1

0.2 Å-1

0.2 Å-1

(a) (b)



118 CHAPTER 5. A NNMF-based approach for phase mapping in 4D-STEM

200 nm

200 nm

200 nm

200 nm

200 nm

0.2 Å-1

0.2 Å-1

0.2 Å-1

0.2 Å-1

0.2 Å-1

(a) (b)

Figure 5.13: NNMF decomposition of Ryugu’s data after the pre-processing pipeline.
Column (a) displays individual loading maps obtained from the NNMF decomposition, while
column (b) features the corresponding representative component patterns associated with each
loading map in a row-wise manner.
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Remarkably, the segmentation of iron-sulfides demonstrates notable proficiency, with the cor-

responding component patterns effectively capturing their distinctive diffraction signal, as evi-

denced in Figure 5.14. However, it is noteworthy that one iron sulfide entity is absent from the

segmentation and is lost within the components representative of phyllosilicates (Components

1 and 8). In parallel, the unmixing of serpentine and smectite proves to be very challenging as

many components indicative of phyllosilicates, remain inadequately disentangled through the

NNMF procedure. These observations underscore the limitations of the approach outlined in

Allen et al. (2021) for this type of samples.

(a)

200 nm 200 nm

Figure 5.14: Iron sulfides segmentation from the NNMF approach versus the classi-
cal segmentation method. (a) NNMF-segmentation of iron sulfides from the NNMF approach
combining components (2,3,4,7) in Figure 5.13. (b) BVM-based segmentation performed by com-
bining virtual dark field relevant to iron-sulfides.

The ineffectiveness of NNMF in this scenario can be attributed to the unique characteristics

of Ryugu’s 4D-STEM data. While the MgO nanocubes data featured substantial grain sizes

and a limited number of orientations, the BVM of Figure 5.10 unveils a distinctive powder-like

diffraction pattern which suggests a fine mixture of tiny grains with a large number of possible

orientations across each phase present within the sampled area.

Under such intricate conditions, automated crystal orientation mapping directly on the 4D-

STEM data proved unsuccessful, as did the application of NNMF subsequent to preprocessing

steps. Instead, as demonstrated in preceding chapters, we successfully segmented different
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phases within the sampled regions by indexing the azimuthally-averaged BVM. This approach

involved associating each peak in the resultant averaged profile with a specific mineralogical

phase or orientation.

Hence, a promising avenue for further exploration could involve applying NNMF to 3D-STEM

data composed of azimuthally averaged diffraction patterns rather than full two-dimensional

diffraction patterns. Such an approach may offer greater potential for resolving the complexities

inherent in Ryugu’s data and could lead to more robust and insightful analyses.

5.1.1 An Alternative Approach for Improved NNMF Using 3D-STEM Data

Instead of using the complete 4D-STEM dataset, which is transformed into a 2D matrix dur-

ing pre-processing, 3D data will be employed instead. A schematic depicting the modified

pre-processing pipeline is illustrated in Figure 5.15. In this alternative approach, azimuthal

averaging of the diffraction patterns is conducted subsequent to the data refinement step in the

pre-processing pipeline.
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Figure 5.15: 4D-STEM data pre-processing and azimuthal averaging pipeline prior
to NNMF decomposition. First a template is created for cross-correlative Bragg spots regis-
tration, and data refinement is performed on the detected Bragg spots. The resulting 4D data are
then reshaped into 3D data (Nr, Nkx , Nky) of diffraction patterns, then each of these patterns is
azimuthally averaged yielding (Nr, Nk), where Nr = Nx ×Ny is the real space size and Nk is the
number of bins used in the azimuthal angle range.

Similarly to the previous approach, the estimated truncated number of components will be

obtained from the SVD decomposition. However, in contrast to the previous approach where

full 2D diffraction patterns were used, no binning is required since the size of the data will be
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significantly reduced after the azimuthal averaging step which already reduces computational

demands and time constraints by a significant amount.

In contrast to the straightforward determination of the “elbow” position in the previous example

involving MgO nanocubes, identifying this position on the SVD scree plot in Figure 5.16 is less

evident. Therefore, in addition to the scree plot, we inspect the individual factors and loadings

to judge if they contain physically relevant information. Using this criterion, we determine that

we need a minimum of 8 components to accurately describe the data. The NNMF decomposition

on Ryugu’s dataset is subsequently performed.

Figure 5.16: SVD scree plot depicting singular value ratio attributed to each individual compo-
nent posterior to the 3D pre-processing pipeline for Ryugu samples’ data. 8 components shall be
used as initial estimate for the NNMF decomposition algorithm.

The outcome of the NNMF decomposition is depicted in Figure 5.17. This visualization en-

compasses both the NNMF loading maps, shown in Figure 5.17a, and their corresponding

component profile, illustrated in Figure 5.17b. Each loading map is color-coded to align with

its respective component profile.
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Figure 5.17: NNMF decomposition of Ryugu’s data after the 3D pre-processing
pipeline. Figure (a) showcases, from left to right, the individual loading maps resulting from
the NNMF decomposition, while (b) presents, from bottom to top, the corresponding component
profiles derived from the NNMF procedure. The loading maps are color-coded to align with their
corresponding component profiles.

The segmentation results obtained using the BVM-based approach outlined in Chapter 3 are

displayed in Figure 5.11. These serve as a basis for comparative analysis with the outcomes

of the NNMF procedure. From Figure 5.17, we can see, first, that the dominant presence of

serpentine/smectite mixtures (hk0) reflections is largely depicted by the first component, as

evidenced by their characteristic peaks at 4.53 Å, 2.53 Å, 2.16 Å, and 1.54 Å in the correspond-
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ing radial profile (Bottom (1st) radial profile) which is consistent with the results outlined in

Chapter 3.

Similarly, the smectite-rich regions, exhibiting (00`) reflections, are effectively captured by

components 3 and 8 of the NNMF decomposition. These components highlight smectite’s

(001) reflection around ∼ 12.5 Å associated with grains exhibiting different degrees of organic

matter intercalation, the (001) reflection of smectite at 10 Å suggestive of collapsed smectite

grains, as well as its (004) reflection at 3.3 Å (Profiles 3 and 8).

Furthermore, the presence of serpentine and its characteristic (00`) reflections are distinctly

illustrated by the fourth component. This is evident through the characteristic peaks at 7.45 Å

(001) and 3.6 Å (002) in the radial profile (Profile 4).

Finally, the iron sulfide reflections are effectively depicted by the combined contributions of

components 2, 5, 6, and 7. These reflections are indicated by their characteristic peaks located

at 1.7 Å, 1.77 Å, 2.01 Å, 2.9 Å, and 5.6 Å in the respective radial profiles.

The loading maps generated by NNMF and their corresponding component profiles can be

merged together into distinct mineral phase maps and corresponding radial profiles. For in-

stance, the iron sulfide components (2, 5, 6, 7) are merged to create a comprehensive composite

map illustrating the distribution of iron sulfides within the phyllosilicate matrix. Similarly,

components 3 and 8, both associated with smectite but with differing interlayer arrangements,

are merged to create a unified composite map revealing the distribution of smectite within

the phyllosilicate matrix. A comprehensive depiction of the distribution of (hk0) reflections of

phyllosilicates, (00`) reflections of serpentine as well as the (00`) smectite reflections within the

phyllosilicate matrix is shown in a composite map in Figure 5.18 along with the corresponding

radial profiles after merging the relevant components.
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Figure 5.18: NNMF results summary after the 3D data pre-processing pipeline. (a)
Mineralogical phases segmentation of the phyllosilicate matrix in Ryugu’s sample 4D-STEM data
using the NNMF-based approach. (b) Normalized average of all NNMF coefficients. (c) Summed
NNMF coefficients by class: Smectite, Serpentine, Sulfides and serpentine/smectite mixtures.

These results highlight the effectiveness of the 3D-NNMF approach illustrated in Figure 5.15

in accurately unraveling the distribution of mineralogical phases from 4D-STEM data, as com-

pared to the 4D-NNMF procedure in Figure 5.2.

5.2 Application on Orgueil’s 4D-STEM Data

As elucidated in Chapter 4, Orgueil’s mineralogy present more complexities than that of Ryugu

due to the intricate presence of mineralogical phases resulting from terrestrial weathering, such

as sulfates and ferrihydrites. Consequently, employing a BVM-based approach on such sample

data may become more time-consuming and requiring careful investigation.
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Following the same pre-processing steps outlined in Figure 5.15, NNMF is applied to Orgueil

samples’ data used in Chapter 4 and a comparison with the BVM-based approach used in the

previous chapter will be discussed.

Similarly to the previous case on Ryugu, estimating the right number of components from

the SVD scree plot shown in Figure 5.19 is not straightforward and an arbitrary choice of 7

components has been made. While this count exceeds the anticipated number of phases in

the examined area, the NNMF-based approach is still applied for 7 components as previously

demonstrated for Ryugu samples.

Figure 5.19: SVD scree plot depicting singular value ratio attributed to each individual compo-
nent posterior to the 3D pre-processing pipeline for Orgueil samples’ data. 7 components shall be
used as initial estimate for the NNMF decomposition algorithm.

Subsequently, the output components corresponding to identical mineralogical phases are found

by indexing each component’s profile and then merged. This results in only three components

for the studied sample area of Orgueil, as depicted in Figure 5.20.
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Figure 5.20: NNMF decomposition results of Orgueil’s data after the 3D pre-
processing pipeline. Column (a) displays the individual loading maps resulting from the NNMF
decomposition, while column (b) contains the corresponding component profiles.

The NNMF decomposition results of Orgueil’s data are shown in Figure 5.20. Figure 5.20a

displays the individual loading maps resulting from the NNMF decomposition, while Figure

5.20b contains the corresponding component profiles. The simulated radial profiles for Ca-

sulfates (anhydrite) and serpentine (lizardite) match well with the component profiles derived

from the NNMF decomposition. This agreement is clearly demonstrated in Figure 5.21, which

juxtaposes these simulated profiles against those from Figure 5.20b. The crystallographic in-

formation files (CIFs) for serpentine (specifically Lizardite) and anhydrite were sourced from

Laurora et al.; Hawthorne and Ferguson (2011; 1975), respectively. Notably, no available data
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exists for comparing with the serpentine/smectite mixtures.
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Figure 5.21: NNMF component profiles versus simulated profiles of Anhydrite and
Serpentine phases. The upper panel corresponds to serpentine, while the lower panel corre-
sponds to Anhydrite, with intensities normalized to unity.

Comparing each NNMF-reconstructed mineralogical phase map (top panel in Figure 5.22) to

its equivalent obtained through the BVM-based approach (lower panel in Figure 5.22) from

Chapter 4 reveals a remarkable concordance. The mean squared errors for the corresponding

image pairs are quantified as (a : 0.17, b : 0.14, c : 0.08) respectively, underscoring a high

level of agreement between the two reconstruction methods across the assessed mineralogical

phases.
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Figure 5.22: Comparison of NNMF-reconstructed VDF images and BVM-Based approach VDF
images for phyllosilicates, serpentine, and Anhydrite (Top: a, b, c) and BVM-Based approach VDF
images (Bottom: d, e, f) for phyllosilicates (a, d), serpentine (b, e), and anhydrite (c, f). Mean
squared errors (0.17, 0.14, 0.08) respectively for phyllosilicates, serpentine and anhydrite indicate
close agreement between both the BVM-based and the NNMF-based reconstruction methods
across mineralogical compositions.

The final outcome derived from the NNMF analysis subsequent to the application of the 3D data

pre-processing pipeline on the Orgueil sample is summarized in Figure 5.23. Figure 5.23a shows

a loading map highlighting the distribution of serpentine, anhydrite, and serpentine/smectite

mixtures within the phyllosilicate matrix of the Orgueil sample. This mineralogical phase

distribution map aligns well with the EDX chemical maps and 4D-STEM reconstructed map

presented in the previous chapter. Figure 5.23b shows an average of all NNMF-reconstructed

component profiles, encompassing the totality of the diffraction informations obtained from

the NNMF procedure. This reconstruction also demonstrates strong concordance with the

BVM-reconstructed radial profile, ensuring that no diffraction information was lost during the

reconstruction process.
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Figure 5.23: NNMF results summary after the 3D data pre-processing pipeline of
Orgueil sample. (a) Segmented NNMF-based real space map of the phyllosilicate matrix of
Orgueil sample, depicting the distribution of serpentine, anhydrite, and serpentine/smectite (Phyl-
losilicates) mixtures. (b) Normalized average of all NNMF coefficients capturing all the diffraction
peaks identified through the previously used BVM-based approach.

6 Summary and Conclusion

In this chapter, we have explored the effectiveness of NNMF-based decomposition methods for

segmenting mineralogical phases in chondritic samples using 4D-STEM.

First, an existing approach detailed in Allen et al. (2021) was benchmarked against another

NNMF-based method described in Bergh et al. (2020), utilizing a simple MgO nanocubes

sample 4D-STEM dataset. The method from Allen et al. (2021) involved a comprehensive pre-

processing pipeline prior to NNMF decomposition, which demonstrated greater effectiveness in

identifying the distinct orientations of the MgO nanocubes compared to the approach of Bergh

et al. (2020). In the latter, NNMF decomposition was applied directly to the raw data with

minimal pre-processing.

Afterwards, the methodology outlined by Allen et al. (2021) was applied to Ryugu’s 4D-STEM

data to explore its efficacy in segmenting complex mineralogical phases. Contrasting this with

the BVM-based approach detailed in Chapter 3 revealed a significant shortfall; Allen’s method

did not yield accurate segmentation of the different constituents within the phyllosilicate-rich

matrix of Ryugu. This discrepancy can be attributed to the inherent complexity of Ryugu’s and

similar samples’ 4D-STEM data. Unlike the MgO nanocubes samples, which displayed no more

than five distinct orientations, the phyllosilicate-rich matrix of Ryugu, due to its fine-grained

nature, features a myriad of distinct orientations. This results in an overall Bragg vector map
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that closely resembles a powder diffraction pattern.

Inspired by the success in accurately segmenting distinct mineral phases in Ryugu and Orgueil

in previous chapters through indexing an overall radial profile, a novel approach was developed.

This method combines the pre-processing pipeline from Allen et al. (2021) —though excluding

the binning step— and incorporates an additional step where the full 2D diffraction patterns

are azimuthally averaged to produce radial profiles, thus generating a 3D-STEM dataset. This

dataset is subsequently subjected to NNMF decomposition.

This approach proved to be efficient for both Ryugu and Orgueil 4D-STEM data. It has

successfully produced a limited number of loading maps alongside corresponding component

profiles which were then merged based on their mineralogical phase belonging by manually

indexing the distinct component profiles obtained. This methodology not only overcame the

challenges posed by the complex nature of the samples’ 4D-STEM data but also established a

new benchmark for segmenting mineralogical phases in such intricate datasets.
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Summary and Future Work

In this last section, the results presented and discussed in the previous chapters will be sum-

marized and an outlook on how future studies building on them could be undertaken will be

given.

Developments in the Characterization of Fine Scale Mineral Assem-

blages in Astromaterials using 4D-STEM

In the quest to characterize mineral assemblages in chondritic samples, effectively mapping in-

tricate assemblages within these samples poses a significant challenge. To tackle this issue, we

devised a novel method based on Four-dimensional Scanning Transmission Electron Microscopy

(4D-STEM), as detailed in Chapter 3. This method entails extracting diffraction information to

construct a Bragg Vector Map (BVM) and generating an X-ray diffraction (XRD)-like spectrum

to map different mineralogical phases. This approach notably enhanced the characterization

process by offering a comprehensive overview of crystallographic phases in samples from Ryugu

and Orgueil. Compared to conventional methods employed, such as automated crystal orienta-

tion mapping, our technique requires less processing time and proves more efficient, particularly

considering the extremely fine-grained nature of the phyllosilicates.

Although our method is time-efficient and provides accurate mapping of the different miner-

alogical phases in such samples, it introduces a level of tediousness due to the semi-manual

identification and mapping of phases. This process involved manual indexing of the differ-
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ent mineralogical phases from an overall radial profile reconstructed from the BVM, which

is prone to subjectivity, especially when dealing with phases with close interplanar spacings.

This became particularly apparent in analyzing Orgueil samples’ 4D-STEM data where phase

assignment required meticulous attention during the peak assignment process.

In response to this challenge, we explored alternative techniques and found a promising solu-

tion in the application of Non-Negative Matrix Factorization (NNMF) on 3D radial profiles. By

implementing a strict pre-processing pipeline to generate a 3D-STEM dataset, this approach

proved highly effective in transforming raw data into unique virtual dark field images and cor-

responding radial profiles, jointly representing the mineral phases that are present within the

sampled areas. Indexing this finite set of radial profiles was subsequently performed which

allowed for segmenting the different components into unique phase maps of the different min-

eralogical phases.

The advantage of the NNMF-based method compared to the BVM-based method lies in its

ability to reduce data into a minimal set of components. These components contain radial

profiles already representative of specific mineral phases, simplifying interpretation and peak

assignment. In contrast, the BVM-based method requires indexing the overall radial profile,

which can be more cumbersome and prone to inaccuracies. Additionally, NNMF utilizes unique

radial profiles from every position of the probe, preserving distinct diffraction signatures of

each phase. This stands in contrast to the BVM approach, where all diffraction information

is integrated into a single overall radial profile, potentially leading to inaccuracies in peak

assignment, especially for phases with close interplanar spacings.

We believe that the ability to map different mineralogical phases from 4D-STEM data will

significantly enhance our capacity for in-depth structural investigations of these individual

phases. Such detailed analyses can provide invaluable insights into the evolutionary processes

of the solar system since structural transformations within mineral phases stand as vital markers
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of the evolution of solar system constituents.

Constraining the History of Ryugu Evolution and Insights into Orgueil

from a 4D-STEM Perspective

The 4D-STEM developments that have been made throughout this work have enabled several

observations from the meteoritic samples here studied. Being used for the first time on such

intricate samples, the ability to unambiguously identify all the mineralogical phases present

within the studied samples was a crucial step before delving into more in-depth analyses. This

has been achieved through the developments outlined in the previous section in which two

different approaches are proposed to identify and map all the mineral phases present in the

phyllosilicate-rich matrices of Ryugu and Orgueil samples. This has enabled an in-depth explo-

ration of the predominant phyllosilicate matrix constituents, namely serpentine and smectite,

in Ryugu asteroid samples.

The results on Ryugu samples indicate that lizardite is the primary serpentine polymorph

present, implying that aqueous alteration likely occurred at low temperatures suitable for

lizardite formation. This discovery adds an additional constraint to our understanding of

Ryugu’s aqueous alteration history. Moreover, the variation in smectite interlayer spacing,

mapped by measuring the (001) d-spacings across all the smectite-rich area, offers insights

into the potential distribution and characteristics of organic matter which is believed to pre-

dominantly constitute the interlayer material in smectite grains. The observed heterogeneity

suggests that localized environmental conditions may have influenced the crystal chemistry of

smectite layers, thereby impacting the composition and interactions of organic matter within

these minerals.

Transitioning to the study of Orgueil samples, which underlined the challenges posed by beam

damage, 4D-STEM has nonetheless provided an accurate identification and mapping of the
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minerals present within the sampled areas. While serpentine was commonly found, pure smec-

tite orientations were not detected, nor was Ferrihydrite, both of which are common to Orgueil

specifically and CI-chondrites in general. Therefore, to gain more insights into these sam-

ples, more areas on fresh uncontaminated samples should be investigated. Additionally, the

study suggested that calcium sulfates, products of terrestrial weathering processes, are possibly

bassanite or anhydrite.

Our findings underscore the necessity for ongoing exploration into the mineralogical, chemical,

and structural attributes of asteroidal and chondritic samples, emphasizing the substantial con-

tribution that advanced electron microscopy techniques like 4D-STEM can make in advancing

our comprehension of these objects.

Future work

Evolution of Amorphous Silicates in meteoritic samples

Amorphous silicates, prevalent in primitive solar system objects, are highly susceptible to aque-

ous alteration, potentially leading to secondary mineral products. Their abundance in chon-

drites serves as a qualitative estimate of aqueous alteration. In the protoplanetary disk, silicate

dust particles lack defined structure, but as they collide and aggregate, they become more

susceptible to aqueous alteration processes. This leads to gradual reorganization, initially hy-

drating amorphous silicates and eventually forming proto-phyllosilicates. Understanding the

initial stages of aqueous alteration and the conditions under which they occur, including the

water-to-rock ratio, transport mechanisms, fugacities, and pH levels from fine scale investiga-

tions of the degree of structural organization in the amorphous silicate is therefore essential

for having more insights into the intricate processes involved in aqueous alteration. Combin-

ing 4D-STEM with fluctuation electron microscopy (FEM) may be a suitable avenue for this
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exploration.

Indeed, FEM is a technique used to measure the degree of medium-range order (MRO) in

glassy materials. It involves focusing an electron probe to roughly the same length scale as the

atomic ordering length of the sample, causing ”speckles” to appear in the diffraction pattern.

By measuring the intensity variance as a function of scattering angle and probe size, FEM

can provide information about the degree of MRO and the length scales where it is present

in a sample. Combining 4D-STEM and FEM allows for a complete mapping of the MRO

in amorphous silicates providing crucial clues about their evolution during aqueous alteration

processes.

Subsequently, more refined approaches can be also investigated in 4D-STEM to delve more in

to the intricacies of these medium range order areas in amorphous silicates. For instance, a

pair distribution function (PDF) analysis can be done once MRO areas are discovered and 4D-

STEM data on these MRO areas are acquired. The PDF essentially describes the probability

of finding two atoms separated by a certain distance in the material under investigation, which

can give insights into the atomic arrangements inside these MRO domains with a high spatial

resolution.

Understanding Mineral Interstratifications through Electron Ptychog-

raphy

Mixed-layering, a frequent occurrence in phyllosilicates, refers to the presence of multiple

structurally and often chemically distinct layers or interlayers within a single crystal. This

phenomenon is also known as interstratification which can be either random or regular as

shown in Figure 5.24. In CI-type chondrites, interstratification can be very frequent, not

only between phyllosilicates (such as serpentine/smectite) but also between phyllosilicates and

hydroxy-sulfides (such as tochilinite). Being able to observe these interstratifications without
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beam-induced damage at the scale of individual layers would thus enhance our understanding

of precipitation sequences and associated physico-chemical conditions, offering additional con-

straints on the formation processes of these minerals within chondritic environments. While

conventional High resolution STEM imaging techniques might potentially induce beam dam-

age due to the high electron dose that can be involved, alternative approaches such as electron

ptychography can be explored.

Figure 5.24: Examples of two different types of interstratifications of phyllosilicates:
irregular (random) and regular (R = 1 ordered). A can be e.g. a 10Å and B a 15Å clay mineral.
Adapted from Konta (2009)

Indeed, electron ptychography is a technique used in 4D-STEM for High resolution STEM

imaging. The goal is to extract the extra phase added to the electron beam’s wave at each

scan point of the 4D-STEM data. This phase is seen as the overall sample potential at that

point, multiplied by a constant value encompassing the strength of electron-charge interaction.

Phase retrieval is achieved by analyzing overlapping regions of electron beams. By employing

a large convergence angle, the central electron beam overlaps with other Bragg disks, allowing

coherent addition of phases. This method enables reconstruction of phase information by
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analyzing variations in interference patterns as the electron beam scans the specimen (Ophus

2019; Savitzky et al. 2021; Jiang et al. 2018).

We believe that electron ptychography can offer a promising avenue for observing interstrati-

fications, such as mixed-layering in phyllosilicates within chondritic environments, with more

accuracy and with a lower electron dose.
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Annex A: Diffraction Pattern Formation

Kinematical Diffraction
Crystals are composed of atoms or molecules arranged in a highly ordered and repeating pat-
tern, known as a crystal lattice. This regular arrangement results in particular symmetry and
periodicity properties. The diffraction of waves by such crystal lattices is governed by Bragg’s
Law. This law describes in a simple geometric way the relationship between the angles of
incidence, the spacing of crystal planes, and the resulting constructive interference of waves,
whether they are X-rays, electrons, or other forms of electromagnetic radiations (See Fig. 5.25).
It states that the angles at which waves are diffracted by a crystal lattice are related to the
spacing of atomic planes within the crystal and the wavelength of the waves through:

2d sin(θB) = nλ (5.7)

Where n is an integer representing the order of the diffraction peak, λ is the wavelength of the
incident waves, d is the spacing between atomic planes, and θB is the Bragg angle which is the
angle of incidence for which the incident waves reflected from parallel planes in a crystal lattice
interfere constructively.
The constructive interference of the waves described by Bragg’s Law results in a diffraction
pattern. In electron microscopy, this diffraction pattern is formed in the back focal plane of
the objective lens (See Fig. 2.3) and then magnified and projected onto dedicated detectors by
an electromagnetic lens system.
Diffraction patterns provide information about the spacing and orientation of atomic planes
in the crystal, and this relationship is mathematically expressed through the concept of the
reciprocal lattice (See Figure 5.25b). This latter is characterized by its translation vector ~g

that can be written in the reciprocal space basis, (~a∗,~b∗,~c∗), corresponding to the direct space
basis (~a,~b,~c) as:

~ghkl = h~a∗ + k~b∗ + l~c∗ (5.8)

in which case, the interplanar spacing is defined as:

dhkl =
1

|~ghkl|
(5.9)
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Figure 5.25: Bragg’s Law: (a) Bragg diffraction involves waves reflecting off atoms in a
crystal with a separation distance d between lattice planes. Bragg law, expressed as 2d sin(θB) =
nλ, dictates the condition for waves to stay in phase, leading to constructive interference, while
angles corresponding to fractional n result in destructive interference. (b) A set of planes with a
characteristic spacing d and oriented in Bragg diffraction conditions with respect to the electron
beam result in diffraction spots. The reciprocal lattice vector ~g (defined in this case from the
origin to the first diffraction spot encountered), is normal to the diffraction plane and has units
of reciprocal length.

Equally significant in kinematical diffraction is the concept of the Ewald sphere. It provides
a geometric representation of the reciprocal lattice points intersected by the incident wave.
Indeed, when examining the diffraction pattern from a set of planes, and provided the “elastic”
nature of scattering leading to diffraction, where the magnitudes of the incident (~kI), trans-
mitted (~kT ), and diffracted (~kD) wavevectors are equal

(
k =

∣∣∣~kI∣∣∣ = ∣∣∣~kT ∣∣∣ = ∣∣∣~kD∣∣∣), it becomes
evident that Bragg’s Law holds true only for the reciprocal lattice points falling within a sphere
centered at the position of the specimen (O) and which radius is k = 1

λ
. In this case, Bragg’s

Law can be rewritten as:

~kD − ~kI = ~ghkl (5.10)

The particularity of electron diffraction w.r.t to other diffraction techniques such as X-ray
or neutron diffraction can be understood through Ewald sphere construction. For a simplistic
view, let’s consider the case when a high symmetry [uvw] lattice row of the crystal is set parallel
to the incident electron beam. In this specific scenario, this lattice row is referred to as a zone
axis. The electron beam in this case effectively “sees” the reciprocal layers arranged in parallel
and equidistant (uvw)∗ layers, as illustrated in Figure 5.26a. Assuming a hypothetical X-ray
Ewald sphere with a CuKα X-ray wavelength, the X-ray Ewald sphere nearly intersects three
reciprocal lattice nodes, whereas the TEM Ewald sphere intersects a multitude of reciprocal
lattice nodes, as depicted in Figure 5.26(b,c), owing to the small wavelength of electrons and
hence the higher Ewald sphere radius. This explains the necessity in X-ray diffraction to either
powdered or rotated specimen to ensure the excitation of a broad range of Bragg conditions
which is not the case in TEM diffraction.



Kinematical Diffraction 143

ZOLZ

FOLZ

SOLZ

X-rays (Cu Kα)
TEM

(b) (c)

... ...

(a)

Figure 5.26: Ewald Sphere Construction for a zone-axis parallel to the incident elec-
tron beam: (a) Illustration of the 0th (Zeroth-order Laue Zone), 1st (First-order Laue Zone),
and 2nd (Second-order Laue Zone) reciprocal layers in a cubic Silicon crystal system (a ≈ 5.4 Å)
with incident wavevector ~kI . Reciprocal lattice nodes are arranged in parallel and equidistant
layers when a zone axis is set parallel to the incident electron beam. (b) Comparative Ewald
sphere constructions for TEM and X-ray diffraction. The X-ray Ewald sphere, with its short
radius, is nearly visible, while the TEM Ewald sphere is significantly larger. (c) Close-up of re-
ciprocal lattice nodes surrounding the X-ray Ewald sphere. This zoomed depiction highlights the
limited excitation of Bragg conditions because of the high curvature of the X-ray Ewald sphere,
in contrast to the TEM Ewald sphere where the apparent flattening facilitates the excitation of
numerous Bragg conditions simultaneously.

Another distinctive feature in TEM diffraction arises from what is known as the “excitation
error” originating from the finite thickness of samples commonly encountered in transmission
electron microscopy and the dynamical scattering generally occurring for sufficiently thick sam-
ples which we’ll briefly outline in the next section. Indeed, TEM samples typically exhibit a
thickness on the order of ∼ 100 nm, whereas, for instance, a TEM sample can easily have sur-
face dimensions typically extending to over a few microns. This finite thickness relative to the
surface causes reciprocal lattice nodes to deviate from their perfectly round shape to a more
“relrod”-like configuration as shown in Figure 5.27. This distinctive feature can be explained
through the Fourier transformation. The Fourier transformation of a disk of a finite thickness
exhibits a relrod shape as shown in the inset of Figure 5.27. Under these conditions, sufficiently
long relrods can intersect the Ewald sphere even if the Bragg conditions are not exactly met.
This doesn’t affect the position of the resulting diffraction spots but modifies their intensity.
Taking this effect into account, Bragg’s Law can be reformulated as:

~kD − ~kI = ~ghkl + ~Sg (5.11)

Where ~Sg represents the excitation error.
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These relrods are perpendicular to the sample and is the major contribution to the excitation
error.

Figure 5.27: Ewald sphere construction for a random orientation of the sample w.r.t
the incident electron beam: The reciprocal lattice layers are in this case randomly oriented
w.r.t to the incident wavevector. The reciprocal lattice nodes exhibit the shape of “relrods”
reflecting the finite dimensions of the sample. Due to this feature, more Bragg spots than predicted
by infinite crystal conditions can be observed in the diffraction pattern.

Structure factors and Atomic Scattering Factors
So far, only the geometrical aspects of electron diffraction were considered. An essential aspect
lies in understanding the factors governing the intensity of diffraction peaks. These factors are
encapsulated in what is referred to as structure factors and atomic scattering factors, which
play a crucial role in shaping the observed diffraction pattern.

Structure Factors:
The structure factors, denoted as F (hkl), embodies the contribution of each lattice point to
the intensity of a diffraction peak. It encompasses both the amplitude and phase information
regarding the scattering process. It can be mathematically expressed as the sum over all atoms
within the unit cell, each weighted by its respective atomic scattering factor and phase factor:

F (hkl) =
∑
j

fje
2πi(hxj+kyj+lzj) (5.12)

where fj represents the atomic scattering factor of the j-th atom, and (xj, yj, zj) denotes its
fractional coordinates within the unit cell. The phase factor accounts for the spatial arrange-
ment of atoms within the crystal lattice. Example structure factors for a Silicon lattice are
shown in Figure 5.28a.
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Atomic scattering factors:
Atomic scattering factors describe how individual atoms within a crystal scatter radiation.
These are derived from the atomic electrostatic potential when interacting with electrons. It is
denoted as f(θ) and characterizes the scattering strength as a function of the scattering angle θ.
The atomic scattering factor incorporates both elastic and inelastic scattering contributions, as
it represents the combined effect of the electron distribution within the atom on the scattered
radiation. Example of atomic scattering factors for multiple atoms are shown in Figure 5.28b.

Intensity of a diffracted beam:
The observed intensity of a diffracted beam, emerges from the interplay of structure factors,
atomic scattering factors, and the geometry of the scattering process and is proportional to the
scattering factor in kinematical diffraction.

Iobs ∝ |F (hkl)|2 (5.13)

(b)(a)

Figure 5.28: Example of structure factors and atomic scattering factors: (a) Structure
factors for a Si lattice. (b) Atomic scattering factors for multiple atoms.

Dynamical Diffraction
Apart from the broadening of reciprocal lattice nodes due to the finite nature of TEM samples,
another equally important effect arises known as dynamical scattering.
Dynamical scattering occurs when the incident electrons penetrate deeply into the sample,
interacting with multiple atomic planes, before exiting the specimen. This results in complex
interference patterns that can significantly alter the intensity and distribution of diffraction
spots compared to what would be expected from kinematic scattering alone.
Essentially, while kinematic scattering assumes a single scattering event at each atomic plane,
dynamical scattering accounts for the multiple interactions of electrons within the crystal lat-
tice. As a result, dynamical scattering can lead to phenomena such where certain diffraction
spots can be weakened or entirely suppressed, and changes in spots’ intensity distribution (See
Fig. 5.29).
Understanding and accounting for dynamical scattering effects are crucial for accurately inter-
preting TEM diffraction patterns. Advanced modeling techniques, such as multislice simula-
tions (Lobato and Van Dyck 2015; Pryor et al. 2017; Ophus 2017; Rangel DaCosta et al. 2021;
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Madsen and Susi 2021), are often employed to simulate dynamical scattering effects and improve
the fidelity of TEM data interpretation through multislice or Bloch wave simulations. Further-
more, Precession electron diffraction (PED) is generally used to mitigate dynamical effects. In
PED, the incident electron beam is tilted around the central axis of the microscope allowing for
the integration over a collection of diffraction conditions leading to a quasi-kinematical diffrac-
tion pattern. These patterns are much more suitable as input into algorithms employed for
phase/orientation mapping.
Notably, all “non-kinematical” effects, including dynamical scattering, are accounted for in the
excitation error previously introduced.

(a) (b)

Figure 5.29: Simulated diffraction patterns of silicon in a [0, 1, 1] zone axis orienta-
tion: (a) illustrates the kinematical diffraction pattern, characterized by uniformly distributed
intensities across the spots, consistent with single scattering events. (b) shows the dynamical
diffraction pattern, which displays varying intensities among the spots, including some with sig-
nificant brightness, and double diffraction phenomena (highlighted by the red circles). This is
indicative of multiple scattering events in the silicon specimen, simulated here at a thickness of
100 Å.

Effect of the Convergence Semi-Angle on Electron Diffrac-
tion Patterns
The convergence semi-angle in STEM refers to the half-angle within which the electron beam
converges onto the specimen as shown in Figure 5.30(a-c). This semi-angle directly affects the
diameter of the transmitted and diffracted beams.
For small semi-angles, typically less than 1 mrad, micro-diffraction patterns are observed, fea-
turing well-defined spots representing individual diffracted beams. As the semi-angle increases
to a moderate range, typically between 1-10 mrad, the resulting patterns are called convergent
beam electron diffraction (CBED) patterns. These exhibit overlapping but still distinguishable
diffraction spots. CBED analysis allows for comprehensive characterization of crystal struc-
tures, enabling the determination of properties such as specimen thickness, lattice parameter,
crystal symmetry, and characteristics of lattice defects. Lastly, Large-Angle Convergent-Beam
Electron Diffraction (LACBED) conditions, where semi-angle typically exceeds 10 mrad, offer
enhanced ways for identifying lattice defects and accurately determining strains, including those
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at interfaces of multi-layer materials, with high precision (Williams and Carter 2008; Morniroli
2004).
All the work presented in this thesis was conducted in micro-diffraction conditions using small
semi-convergence angles (∼ 0.1mrad) and quasi-parallel illumination resulting in spot diffrac-
tion patterns.

Figure 5.30: Effect of the convergence semi-angle on electron diffraction patterns:
(a–c) Diagrams illustrating the impact of enlarging the convergence semi-angle (α) on the re-
sulting diffraction pattern transitioning from resolving individual and separate disks (small α) to
overlapping diffraction disks (large α). (d–f) Example experimental diffraction patterns under the
respective (a-c) conditions. Adapted from Williams and Carter (2008).
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