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Abstract.

Gas hydrates (GH) are found worldwide in marine sediments and permafrost regions. The
detection and quantification of gas hydrates present in marine sediments is crucial for safe oil and gas
extraction, seafloor stability assessments and for quantifying the impact of GH in climatic change.
Therefore, there is a considerable interest in studying the microstructure of gas hydrate-bearing
sediments. Although a large amount of research on gas hydrates has been carried out over the years,
the micro-structural aspects of gas hydrate growth and the crystallite sizes of hydrate in sediments are

still poorly known and understood.

The formation process of gas hydrates in sedimentary matrices is of crucial importance for the
physical and transport properties of the resulting aggregates. This process has never been observed
in-situ at sub-micron resolution. In this study, the nucleation and growth processes of GH were
observed using synchrotron X-ray micro-computed tomography at 276 K in various sedimentary
matrices such as natural quartz (with and without admixtures of clay minerals) or glass beads at
varying water saturation. The process was observed on a timescale of a few minutes to many hours.
Both, juvenile water as well as gas-enriched water obtained from gas hydrate decomposition was used
in the experiments. Xenon gas was employed to enhance the density contrast between gas hydrate
and the fluid phases involved. The nucleation sites can be easily identified and the various growth
patterns are clearly established. In sediments under-saturated with juvenile water the nucleation starts
at the water-gas interface resulting in an initially several micrometer thick gas hydrate film; the further
growth proceeds to form chains of predominantly isometric single crystals. The growth of gas hydrate
from gas-enriched water clearly follows a different pattern, via the nucleation in the bulk of liquid
producing polyhedral single crystals. A striking feature in both cases is the systematic appearance of a
fluid phase film of up to several um thickness between gas hydrates and the surface of the quartz

grains.

It appears that the initially different growth morphologies of gas hydrate tend to move towards
more similar arrangements with coarsening of gas hydrate crystals. The initial microstructural findings
obtained in laboratory experiments cannot be compared to the real situation in natural environments
as the p-T conditions are different. However, the final microstructure of the system is comparable for
both cases and experimental studies can permit to better understand the microstructures of GH
aggregates and to tighten their physical properties required for physical detection and quantification.

Several intrinsic properties of gas hydrates e.g. low affinity between gas hydrate and sediment

grains revealed by laboratory experiments can be expected to remain unchanged in natural settings.

New micro-structural models were developed based on these findings in order to explain the
so-called seismic anomalies of high wave velocity and high wave attenuation characterizing GH-
bearing sediments. The developed models are relevant for future efforts of quantitative rock physics
modeling of effective elastic properties and electromagnetic properties of gas hydrates in sedimentary

matrices.

The imaging of gas hydrate microstructures was complemented by a quantitative analysis of
the in-situ evolution of the crystallites size distribution of synthetic xenon hydrates and of natural gas

hydrate-bearing sediments retrieved from Mallik 5L-38 research well. This study revealed that the



crystal sizes of gas hydrate increase rapidly with time during the nucleation and initial growth
processes. After completion of the hydrate formation process, an Ostwald ripening or normal grain
growth process takes place; the number of gas hydrate crystals decreases and their intensities
increase indicating the agglomeration of GH crystals into larger masses to reduce the interfacial
energies of the system.



Kurzfassung.

Gashydrate sind kristalline Verbindungen aus Wasser und Gas. Gashydrate (GH) kommen
weltweit in sehr groBen Mengen an Kontinentalrdndern, in Permafrost sowie wahrscheinlich auch in

extraterrestrischen Umgebungen vor.

Der Nachweis und die Quantifizierung der in marinen Sedimenten vorhandenen GH ist
entscheidend fiir eine sichere OI- und Gasforderung, eine Beurteilung der Meeresbodenstabilitat
sowie zur Quantifizierung der Auswirkungen von GH auf den Klimawandel. Obwohl eine breit
angelegte Forschung an GH im Laufe der Jahre durchgefihrt wurde, waren und sind die
mikrostrukturelle Aspekte des GH-Wachstums und die KristallitgréRen von Hydraten in Sedimenten
noch wenig bekannt und verstanden. Daher besteht ein erhebliches Interesse an der Untersuchung
der Mikrostruktur von GH.

Der Bildungsprozess von Gashydraten in Sediment-Matrizen ist fir die physikalischen und
Transporteigenschaften der resultierenden Aggregate von entscheidender Bedeutung. Dieser
Vorgang wurde noch nie in-situ mit Submikrometer-Aufldsung beobachtet. In der vorliegender Arbeit
wurden die Keimbildungs- und Wachstumsprozesse von GH mittels Synchrotron-
Rontgenmikrocomputertomographie bei 276 K in verschiedenen Sediment-Matrizen wie natirlichem
Quarz (mit und ohne Zusatze von Tonmineralien) oder Glaskugeln bei unterschiedlicher
Wassersattigung beobachtet. Der Vorgang wurde auf einer Zeitskala von wenigen Minuten bis zu
vielen Stunden beobachtet. Sowohl juveniles Wasser wie mit Gas angereichertes Wasser wurde in
den Experimenten verwendet. Xenongas wurde eingesetzt, um den Dichtekontrast zwischen
Gashydrat und den beteiligten Fluidphasen zu verbessern. Die Lokation der Keimbildung kann so
leicht identifiziert werden und die verschiedenen Wachstumsmuster eindeutig festgelegt werden. In
Sedimenten untersattigt mit juvenilem Wasser startet die Keimbildung an der Wasser-Gas-
Grenzflache, was zu einem zunachst mehrere Mikrometer dicken Gashydrat-Film flhrt; das weitere
Wachstum fihrt zu Ketten Uberwiegend isometrischer Einkristalle. Das Wachstum von GH in mit Gas
angereichertem Wasser vollsieht sich eindeutig nach einem anderen Muster lber die Keimbildung in
der Flussigkeit und dem Wachstum polyedrischer Einkristalle. Auffallig ist in beiden Fallen das
systematische Auftreten eines fliissigen Films von bis zu mehreren Mikrometern Dicke zwischen
Gashydraten und der Oberflache der Quarzkérner.

Das initiale Wachstum von GH ist abhangig von den gewahlten Laborverfahren und findet
wahrscheinlich auch im unterschiedlicher Weise in natirliche marinen Systemen statt. Allerdings
konvergieren die Wachstumsprozesse in weiteren Verlauf der GH-Bildung in dem Laborexperimenten
rasch und fuhren zu immer ahnlichen Mikrostrukturen, sodass davon ausgegangen werden kann, das

diese durch raus auch als reprasentativ fir marine Umgebungen beachtet werden kénnen.

Mehrere intrinsische Eigenschaften von Gashydraten z.B. die geringe Affinitat zwischen
Gashydrat und Sedimentkdrnern wie sie durch die Laborexperimente ermittelt werden, kénnen in
analoger Weise auch in natiirichen Umgebungen erwartet werden.

Neue Mikrostrukturmodelle wurden auf der Grundlage der Untersuchungen entwickelt, um die
sogenannten seismischen Anomalie von hoher Wellengeschwindigkeit kombiniert mit hoher
Wellendampfung zu erklaren. Die entwickelten Modelle sind fur zukinftige Bemuhungen fir eine

quantitative gesteinsphysikalische Modellierung der effektiven elastischen und elektromagnetischen



Eigenschaften von Gashydraten in Sediment-Matrizen relevant.

Die Abbildung der Gashydrat Mikrostrukturen wurde durch eine quantitative Analyse der in-
situ Entwicklung der Kristallit-GréRenverteilung von synthetischen Xenon-Hydraten erganzt. Diese
Studie ergab, dass die KristallgroBen von Gashydrat sich anfangs schnell erhéhen. Es ist zu
vermuten, dass nach Beendigung der Hydratbildung eine Ostwald-Reifung bzw. normales

Kornwachstum stattfindet.
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Chapter 1: Introduction

1 | Introduction

The detection and quantification of gas hydrate (GH) present in marine sediments is crucial for
safe oil and gas extraction, seafloor stability assessments and for quantifying the impact of GH in
climatic change. Information on GH saturation in sediments can be obtained from the measurements
of seismic velocities during seismic survey, drilling or well-logging data and from electric
measurements. However, the analysis and interpretation of these data require information on the
physical properties of the host sediments which itself depend on the microstructural characteristics of
the hydrate phase such as the spatial distribution, size of crystallites and the nature of GH-sediment
interaction which are not known a priori. The puzzling observation of a concomitant occurrence of high
seismic velocity and high seismic attenuation in sediments containing GH called “seismic anomalies”
are linked to the microstructure. Hence, there is a considerable interest in studying the microstructure

of GH-bearing sediments and to constrain estimates of their physical properties.

1.1 Background

Gas hydrates (GH), called also clathrates, are crystalline inclusion compounds composed of a
hydrogen-bonded water network (host) that enclose small gas molecules (guests) within cages.
Hydrocarbons (e.g. methane, ethane) and noble gases (e.g. xenon, argon) are typical hydrate-forming
gases Sloan and Koh [2008]. GHs are stable under appropriate conditions of low temperatures and/or

high pressures.

Since their discovery in 1810 by the British scientist H. Davy [Davy, 1810], the research on GH
has experienced three stages. Hydrates remained laboratory curiosities during the first stage from
1810 to the early 1930: scientists were interested in studying the different components forming GH,
the stoichiometry and thermodynamic conditions. In 1930s, the discovery that hydrate formation can
lead to the blockage of natural gas transmission pipelines causing big problems for the natural gas
industry [Hammerschmidt, 1934] moved the research into a more applied direction. Studies on
physical structure and the thermodynamic properties of GH were carried out in order to understand the
formation process and to provide possible solutions to remove GH or inhibit hydrate formation under
industrial conditions. This research was achieved with the aid of modern characterization tools such as
nuclear magnetic resonance, X-ray diffraction and other microscopic methods. From the late 1960s to
present, the research was more and more directed to GHs in natural environments. Various types of
natural gas hydrates (NGH), their physical properties and formation conditions were studied. NGHs
were localized in marine and deep lake sediments and below permafrost. As methane was found to be
the most naturally occurring hydrate-forming gas, GHs are considered as a future energy resource
[Collett and Kuuskraa, 1998; Makogon, 1997]. Only sandy and partially saturated GH bearing-

sediments are considered to be promising for extraction. In addition, GHs could represent an option
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for CO, sequestration (House et al., 2006; Kwon et al., 2008; Lee et al., 2002; White, 2008). There is
also a link between the climate change and the stability of GH deposits. Arctic methane emissions
released from GH dissociation causes an increase of climate warming [Ruppel and Noserale, 2012].
For these reasons, an understanding of the formation mechanism, microstructure and physical
properties of GH-bearing sediments is required.

1.2. Motivation

The quantification of GH concentrated in sediments represents a central task for geophysical
exploration. Hydrate-bearing sediments exhibit high seismic wave velocities, and therefore GH
saturation can be estimated from a predictive model which relates the hydrate saturation to the
seismic velocity. The ultimate goal is to establish a reliable model which relates the acoustic properties
of GH and their microstructure in porous media taking into account the evolution of the microstructure
as a function of the GH saturation. The difficulty of preserving the microstructure of NGH samples
intact at in-situ conditions has been one of the key challenges in studying NGH samples. So far, the
analysis of measurements from geophysical exploration methods in GH bearing-sediments was limited
due to the insufficient quality of data on physical properties. It appeared that a reliable determination of
the hydrate saturation, only from these measurements, is not possible without specifications of the
microstructure and it is necessary to validate the elastic models with data obtained from experimental
laboratory studies (see Figure 1-1).
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Figure 1-1. Dependence of the wave velocity as a function of GH saturation on the microstructural
model chosen (from Dai et al. [2012]).

Therefore, due to these difficulties a number of researchers attempted to study the formation
of GH in sedimentary matrices, in particular to reveal the physical properties of these aggregates to
support geophysical exploration methods [Berge et al., 1999; Best et al., 2010; Best et al., 2013;
Carcione and Gei, 2004, Dai et al., 2004, Dai et al., 2012; Dvorkin et al., 2003; Dvorkin et al., 2000;
Priest et al., 2005; 2006; Yun et al., 2005; Zhang et al., 2011]. Unfortunately, all these efforts devoted
primarily to study the physical properties and did not give access to the microstructure of the

aggregates investigated, in any case not with sufficient resolution to look at details of the sediment-GH
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contact. Accordingly, discrepancies between measured and theoretical model's values of wave

velocities remain.

Experimental studies on synthetic GH in porous media were conducted in custom designed
low temperature/high pressure devices with the aid of different characterization methods such as
optical microscopy [Tohidi et al., 2001], Nuclear Magnetic Resonance Imaging (MRI) [Bagherzadeh et
al., 2011; Baldwin et al., 2003; Mork et al., 2000; Zhao et al., 2011] and micro-Computed X-ray
Tomography (u-CT) [Jin et al., 2004; Jin et al., 2006; Kerkar et al., 2009; Kerkar et al., 2014; Kneafsey
et al.,, 2007]. MRI can permit to observe the spatial distribution of the hydrate phase and to
characterize the porosity but not with sufficient resolution to investigate the nature of GH-sediment
interaction. In recent years, u-CT has become a standard tool to characterize GH-bearing sediment
cores. This method offers the advantage to be non-destructive and to reveal interior features of a
broad kind of materials. Unfortunately, the spatial resolution of the used laboratory CT techniques was
also insufficient.

At the same time, the use of tetrahydrofuran (THF) as proxy for methane, which require
specific high pressure equipment and long formation time from several weeks to months, may lead to
results that may not reflect the real situation in natural environments. Although, THF and methane
hydrates have similar physical properties, THF is completely miscible with water and form a different

structure; hence difference in the microstructure cannot be excluded.

Only a limited number of studies considered to investigate the role of clay minerals in the
formation of GH in sediments and their impact on the acoustic properties of the host sediments. There
are some clear indications that the presence of bentonite and montmorillonite can promote the
formation of GH and that under certain conditions GH can even form intercalates with clay particles,

with unknown consequences for the seismic response.

On the other hand, several visual and computer simulation studies have reported that GHs do
not show a pronounced affinity to sediment grain’s surface and that a liquid water layer may remain
between GH and quartz grains. The understanding of the type of GH-sediment interaction may be the
key to explain the observed seismic anomalies [Chand, 2008] of high seismic velocity and high
seismic attenuation in GH-bearing sediments. However, a clear observation of a water layer of few um

was not possible with the limited resolution of the methods employed so far.

1.3. Objectives and approaches

During this DFG-funded project (Ku 920/18), we are aiming to overcome the above described

limitations in order to answer the following research questions:

e Where does GH in porous media start to form and how do GHs evolve during growth?

e  Which growth mechanism is governing the final morphology of GH?

e What is the influence of the starting conditions such as the water saturation, porosity, etc. on
the final microstructure?

e How is the contact between GH and sediment grains? Whether or not a water layer between
GH and sediment grains remains?

e What is the role that may play clay minerals in the growth mechanism of GH?
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e And what is the influence of the surface properties of the host sediments on the nucleation

and growth processes?

To achieve the above mentioned objectives, Synchrotron micro-X-ray Computed Tomography
(SMXRCT) which provides a full volumetric (three dimensional) information of the medium (quartz
matrix), hydrate and the fluid (water and gas) phase distribution at sub-micron pixel size resolution
was used to investigate in-situ the evolution of GH microstructure in various sedimentary matrices.
With such resolution, we will be able to study the details of the microstructure such as the nature of

GH-sediment contact.

For that, a pressure cell was designed and constructed to permit the formation in the beam of
GH. In order to enhance the contrast between GH, sediment grains, and fluid phase as well as to
reduce required formation pressure we replace methane with xenon gas. Xenon is likely to be a better
proxy for methane than THF. Methane and xenon have both low solubility in water and form the same
type of hydrate structure. A comparison of the properties of xenon and methane molecules and their

hydrates is given in Chapter 2.

By controlling the kinetics of the reaction, we were able to visually follow the formation process
of GH with time from the first steps of nucleation till the end of the growth process and the completion

of GH formation.
During several experiments, we investigated:

e The nucleation and growth processes of GH in various sedimentary matrices

e The influence of the formation method and the starting conditions such as the water content
on the microstructure.

e The effect of clay minerals (kaolinite and montmorillonite) on the formation mechanism of GH.

e The effect of the type of porous media and their surface properties on the microstructure. For
that, natural quartz sand and synthetic quartz beads were used plain and with further

(hydrophilic and hydrophobic) surface treatment.

The observations of the microstructure of GH in sediments were complemented by a
gquantitative study of the evolution of the Crystallites Size Distributions (CSDs) of GH. The CSDs carry
information about the formation mechanism and coarsening process. Furthermore, a long term goal is
the attempt to estimate the age of NGH by the determination of the growth constants from CSD
measurements. Therefore, a new method for the determination of CSD of polycrystalline materials and
powder based on Two-Dimensional X-ray Diffraction (2D-XRD) was developed. This method was

applied to study in-situ the formation of xenon hydrate.
1.4, Organization of the thesis

The thesis is organized in 7 chapters:
Chapter 2 provides an overview of general GH properties and discusses the most relevant
literature on GH formation in porous media and the relationship between the hydrate microstructure

and the physical properties
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Chapter 3 gives the reader the basic knowledge on the experimental methods used in this
study.

In Chapter 4 all materials, instruments and experimental setups used for the formation and
characterization of gas hydrate-bearing sediments are described.

Chapter 5 presents first the results from the direct observations of the gas hydrate
microstructure using X-ray tomography and discusses the influence of the observed microstructure on
the physical properties. A possible explanation of the so-called "seismic anomalies" based on new
developed conceptual models is given.

Chapter 6 shows the results of the evolution of the crystallite size distributions of xenon
hydrate with time.

Chapter 7 summarizes the conclusions of this study and gives an outlook for future research.

The Appendices provide supplementary information to support the PhD thesis.

A substantial part of this PhD work has been accepted recently as publication in G-cubed (American
Geophysical Union) journal in Mai 2015 (see Appendix E).
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2 | Gas Hydrates

The following chapter provides an overview of GHs research with a focus on the hydrate
structure, phase behavior, formation mechanisms and physical properties of hydrate bearing
sediments and gives the reader the theoretical background required for better understanding the
thesis. The reader may refer to the book of [Sloan and Koh, 2008] or [Makogon, 1997] for more

detailed information about GHs.

2.1. Gas hydrates properties

2.1.1. Composition and structures

Gas hydrates belong to a large family of crystalline inclusion compounds known as clathrates,
which are composed from a host water lattice forming relatively large cavities that includes non-polar
guest gas molecules with low molecular weight (see Figure 2-1). GHs are non-stoichiometric i.e.
empty cages exist in the structure. The structure of GH is similar to the hexagonal ice Ih in that water
molecules are structured through hydrogen bonding. A sufficient amount of gas molecules surrounding

the hydrate is essential for the formation and stability of GHs.

GHs have a crystalline structure and are divided into three predominant types: cubic structure
I (sl), cubic structure Il (sll), and hexagonal structure H (sH). The difference between these structures
consists in the number and sizes of cages. Five types of cages are dominant [ Makogon, 1997; Sloan
and Koh, 2008]:

e Pentagonal dodecahedron (512) is the smallest cage formed by twelve five-sided polygons,
which makes it almost spherical. It occurs in all three crystal structures (sl, sll, and sH).

e Tetrakaidecahedron (51262) is a larger cage formed by adding two hexagonal faces to the
small cage. It exists in sl as a large cage and plays a main stabilization role.

o Hexakaidehedron (51264) is constructed from twelve polygons and 6 hexagonal faces. It
occurs in sll as a large cage. It can encage large gas molecules such as propane.

e Irregular Dodecahedron (435663) is a medium sized cavity in sH with three square, six
pentagonal and three hexagonal faces.

e Irregular Icosahedron (51268) is the biggest cavity. It exists in sH and is shaped with twelve
pentagons and eight hexagons as faces. With its large radius (5.17 A), it can encase big

molecules like methylocyclohexane.

Figure 2-1 depicts the five cages of all three clathrates.
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Figure 2-1. Cage types forming the three common hydrate structures. The numbers below the arrows

denote the numbers of cages used to form the hydrate structure (Design provided by A. Falenty).

The sl is the most frequent structure occurring in nature. It has a cubic structure (space group
Pm-3n) with a unit cell composed of 8 cages: two small (5*%) and six large cavities (5'26°). Within each
unit cell, 8 guest molecules are associated with 46 water molecules. The sl structure can only hold
small gas molecules such as CO,, H,S, ethane or methane. The latter is considered as the most
common guest molecule in naturally occurring GH. The sll structure has also a cubic crystal structure
with different space group (Fd-3m). It can accommodate small but also larger molecules such as
propane or isobutane. The unit cell of sll consists of 24 cages: 16 small cavities (512) and 8 large
cages (51264), which contain 136 water molecules. The sH clathrate is hexagonal (space group
P6/mmm). Its unit cell is formed by 34 water molecules and composed of 1 large cavity (5'°6°), 2
medium-sized (4°5°6°), and 3 small cages (5%%) associated with 34 water molecules. The large cage

can hold molecules with bigger diameters (7.1 - 9 A).

2.1.2. Density of gas hydrate
The hydrate density depends mainly on the gas composition and the degree of filling of
cavities. By knowing the dimensions of the unit cell, the number of water molecules and the number of

small and large cavities per unit crystal, the GH density (P ) may be calculated using this equation

[Sloan and Koh, 2008]:

_ NwMw + 2& NcMc

Veell (2.1)

p

where:

Ny, = number of water molecules per unit cell
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M,, = molecular weight of water
M. = molecular weight of component c
N, = number of components in hydrate phase

N. may be determined by this formula:

Nc = 20iNi (2.2)

where Biis the fractional occupation of cavity i and N; is the number of type i cavities in unit cell.

The densities of methane and xenon hydrate are given in Table 2-1.

2.1.3. Stability and phase boundaries

The stability of GH depends on the pressure, temperature and composition of gas and water
phases. In nature, GHs occur in permafrost regions and in marine and deep lake sediments where the
suitable pressure-temperature conditions naturally exist. In marine sediments, methane, produced by
biogenic activity, is the most common hydrate-forming gas. Figure 2-2 shows a phase diagram of
methane hydrate in geologic conditions for marine sediments. The phase diagram is a plot of depth

against temperature:

- The red line represents the water temperature curve
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Figure 2-2. Schematic of depth versus (zone in blue).

temperature  for  methane  hydrate The region where GHs are stable — GH stability zone
formation in marine sediments [Harrison, (GHSZ) — is defined by the intersection of the local
2010]. geothermal gradient and GH phase boundary. In
permafrost regions, the GHSZ can start at 0.1 - 0.3 Km and extend for hundreds meters below the

depth of permafrost.

The phase diagram of pure methane hydrate as drawn by Kvenvolden [1993] is illustrated in
Figure 2-3. The curving solid line is a diagrammatic PT phase boundary between GH and the different
phases. At this line, the different phases are in equilibrium. GH is not stable to the right of this line. To

the left, the conditions are suitable to form a stable GH phase from water and enough gas.
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Figure 2-3. Phase diagram showing the boundary between methane gas (no pattern) and methane

hydrate (pattern) for a pure water and pure methane hydrate system (from Kvenvolden [1993]).

The position of the stability boundary (curving solid line) of GH is determined by the gas
composition [Sloan and Koh, 2008], the ionic strength of water [De Roo et al., 1983], capillarity forces
[Clennell et al., 1999] and sediment mineralogy [Cha et al., 1988]. At a given pressure, the stability
boundary of methane hydrate can be shifted to the left (lower temperatures) in the presence of salts
like NaCl. Thus the increase in salinity of water inhibits the formation and stability of GH. However, the
presence of CO, or H,S increases the stability of methane hydrate by shifting the boundary to higher
temperatures. There are several computed-based methods for predicting the pressure-temperature
conditions for GH stability. The commonly used method based on minimizing the Gibbs-free energy of
the system is the CSMGem program developed by Sloan and Koh [2008] which allows the calculation
of GH stability at different water and gas composition at a given pressure or temperature. The phase

diagrams for methane and xenon hydrate determined using CSMGem are shown in Figure 2-4.
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Figure 2-4. Phase diagram of methane hydrate (a) and xenon hydrate (b) as determined using
CSMGem program.

At the same temperature, the formation of methane hydrate requires higher pressure than
xenon hydrate. For example, at T = 276 K, Pcps = 3.5 MPa and Py.= 0.2 MPa.

2.1.4. Solubility of GH forming gases in water

Nonpolar gases such as methane have very low solubility in water. The formation of GH
requires the presence of enough gas in the surrounding water under suitable P/T conditions. The
solubility of gases in liquid water depends on pressure and temperature. The presence of GH also
affects the solubility of methane in water; in the absence of a hydrate phase, the solubility increases
with increase of pressure and methane has preference to exist in water rather than in the gas phase
[Servio and Englezos, 2001]. The concentration of methane in water decreases as the temperature
increases. High temperature allows molecules to break intermolecular bonds in water and to move in
the gas phase. In the presence of GH, a small decrease in the solubility of methane is observed when
the pressure rises because methane has a preference to exist in the GH phase than in the liquid water
[Lu et al., 2008]. The increase in temperature boosts methane from solid hydrate to move to the water

leading to an increase in the increase in water's methane concentration and therefore reduces the

Page | 10



Chapter 2: Gas Hydrates

solubility. Several studies have demonstrated that the presence of salts in the solution reduces the
solubility of gases in water in the presence or in the absence of a hydrate phase [Davie et al., 2004;
Tishchenko et al., 2005; Zatsepina and Buffett, 1997].

Henry's law allows the description of the quantity of gas that can be dissolved in water as a
function of temperature and pressure. Henry's Law states that the amount of gas dissolved in water at

a given temperature is proportional to the partial pressure of the gas (Equation 2.3):
Mp = K°4Papp 2.3)

where M, is the concentration of gas in solution (mol/L), k' is the Henry's Law constant at 298 K
(M/atm) and Py, is the system pressure. The solubility of gas increases with increase of pressure,
while it decreases as the temperature increases. The solubility diagrams of methane and xenon gases
in water at different temperatures and for a partial pressure of the gas of 0.1 MPa are plotted in Figure

2-5. The solubility was calculated using the equations provided by Gevantman [2005].
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Figure 2-5. Solubility diagrams of CH, and Xe gases in water as a function of temperature

The solubility of xenon is higher than that of methane at the same temperature by one order of
magnitude. Nonetheless, xenon gas is still a nonpolar gas and low soluble in water, hence similar

growth pattern are expected for both methane and xenon hydrate.

2.1.5. Comparison between methane and xenon

Xenon is used in our experiments to replace methane gas in order to get better image contrast
between water, gas and hydrate phases. Table 2-1 presents a comparison between the properties of
xenon and methane guest molecules and their hydrates.
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Table 2-1. Properties of xenon and methane guest molecules and their hydrates

Methane Xenon Reference
Guest molecules
Molecular size (A) 4.36 4.58 [Sloan and Koh,
2008]
Dipole moment (D) 0.0 0.0 [Lide, 2005]
Permittivity at 293 K 1.0081 1.0017 [Lide, 2005]
Density (kg m™) at 276 K and 0.1 MPa 0.707 5.760 NIST
Viscosity (Pa.s) at 300K 11.2x10° | 23.2x10° [Lide, 2005]
Solubility in water (K) at 276 K (mg L™) 4.26 x 107 16 x 107 [Lide, 2005]
Diffusion coeff. in water at 283K (cm” s™) 1.24 x10° | 0.93x10” [Lide, 2005]
Thermal conductivity (W/mK) at 300 K 7.5x 107 5.5 x 10" [Lide, 2005]
Linear attenuation coeff. (u) at 22 keV (cm™) 0.01 0.276 [Seltzer and
at equilibrium Hubbell, 1996]
Hydrate structures
Hydrate structure sl sl [Sloan and Koh,
2008]
Lattice constant at 276K (A) 11.970 11.984 [Hansen et al.,
2015]
Cage diameter (A) 5.09-5.86 5.1-5.85 [Sloan and Koh,
2008]
Stoichiometric ratio at 276 K CH4x5.94 Xe x 6.04 [Sloan and Koh,
H.,O H,O 2008]
Stability pressure (MPa) at 276 K 3.5 0.207 [Sloan and Koh,
2008]
Density (kg m™) at equilibrium 982 1804 [Sloan and Koh,
2008]
Thermal conductivity (mW/mK) 0.45 at 213 0.36 at 245 | [Handa and Cook,
K K 1987]
Linear att. coeff. (u) at 22 keV (cm™) at 0.661 22.79 [Seltzer and
equilibrium Hubbell, 1996]
Water
Density (kg m™) at 276 K and 0.1 MPa 999.96 [Lide, 2005]
Linear att. coeff. (u) of water at 22 keV (cm™) 0.723 [Seltzer and
at 276 K Hubbell, 1996]
Linear att. coeff. (u) of water solution 0.723 [Seltzer and
saturated with methane' at 22 keV (cm™) Hubbell, 1996]
Linear att. coeff. (u) of water solution 0.750 [Seltzer and

saturated with xenon” at 22 keV (cm™)

Hubbell, 1996]
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- The densities of methane, xenon and water were obtained from:
http://lwebbook.nist.gov/chemistry/fluid/
- The linear attenuation coefficients (i) were calculated from the elemental mass attenuation

coefficients obtained from [Seltzer and Hubbell, 1996] using the following equation: p/p = Zwi(u/p)i
i

- The linear attenuation coefficients for xenon and methane gases and their hydrates were calculated
at the equilibrium conditions for T = 276 K: Pcys = 3.5 MPa and Py, = 0.207 MPa as the CT scans

were done at these conditions.

- The density of GH was calculated using the equation (2.1). The cage filling and stoichiometric ratio
needed to calculate the density were determined using the CSMGem program [Sloan and Koh, 2008]

at equilibrium conditions.
- L water solution containing 37.8 mg L™ of methane.

- 2 Water solution containing 1167.04 mg L™ of xenon.

Table 2-1 shows that xenon and methane have in general similar properties. However there are some
differences which may affect the process of formation. The solubility of xenon and methane in water
differ by a factor of 4 which may have some implications on the kinetics of GH formation. While xenon
is more soluble than methane in water, methane can diffuse faster than xenon. The formation process
from juvenile (fresh) water may not be affected as the formation from water memory water or water
obtained from GH dissociation. Both molecules form structure | hydrate and have similar crystal
properties. Although there are some differences between the guest gases and their hydrates, xenon is
a good substitute of methane as it has higher contrast density and comparable hydrate properties

which permit to expect similar growth patterns.

2.2. Formation of gas hydrates

2.2.1. Mechanisms of GH formation
GHs can form where enough water and hydrate former species are available within the
hydrate stability zone of pressure and temperature. The understanding of GH formation mechanisms

is based on the thermodynamic behavior of GH systems.

The nucleation process describes the birth of new crystalline entities from the bulk fluids called
nuclei. The nucleation is a stochastic process which occurs spontaneously when suitable conditions of
high pressure and/or low temperature exist. The system tends to lower this energy by forming a new
stable hydrate phase. This energy called driving force is important because small GH clusters are

unstable toward dissolution until they reach a sufficient large size or critical size. In the classical
nucleation theory, the driving force may be expressed as a supersaturation (Ap) which is defined as

the difference in chemical potential between the old and the new phase [Kashchiev and Firoozabadi,
2002]:

Ap= g+ nwpw) (2.4)
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where n,, is the number of water molecules and pg, Mw, and Mh, are the chemical potential of gas,
water and the hydrate phase respectively. The chemical potential gives an idea about the stability of a

compound. The stable phase is the one which has the lowest M value.

The nucleation can be homogenous or heterogeneous. The homogenous nucleation may
occur spontaneously from clean solutions. This type of crystallization is difficult to achieve because it
requires extreme conditions and high supersaturation [Kashchiev and Firoozabadi, 2003; Kashchiev
and van Rosmalen, 2003]. On the other hand, the heterogeneous nucleation requires the presence of
impurities to initiate the formation of the first nuclei. The foreign substrate or impurity can promote the
nucleation by protecting the crystal from dissolution and therefore the required driving force is
reduced. In nature, the heterogeneous nucleation of GH is the most occurring process, while the
homogenous nucleation is possible only at extreme ocean depths. In contrast to primary nucleation,
secondary nucleation is induced by the presence of already growing crystals in the solution [Max et
al., 2006].

The crystallization process of GH is characterized by an initial incubation period. This delay
called also "induction time" is the period of time which elapses between the achievement of a
supersaturated solution and the appearance of first crystals. The induction period is influenced by the

driving force, state of agitation, history of starting material, presence of impurities, etc.

The growth mechanism has
attracted less interest by the GH research
@ Diffusion limitation community. The growth follows the

formation of critical nuclei. As for

nucleation, the growth requires also a
@ Nucleation & driving force. The growth can be
growth

considered as a combination of mass

Gas consumption

Induction
time

@

transfer of water and/or gas and growth at
the hydrate surface [Sloan and Koh, 2008].
It is important to understand the

Time
mechanism of growth because it can

Figure 2-6. Formation curve of GH from aqueous Influence the final morphology (size and
system. Initial delay indicates the induction time. The Shape of crystals) of GH. In this work, only
second part shows a rapid nucleation and growth the growth of GH in porous media is
process. The reaction becomes slower due to mass considered (section 2.3.1). The typical

transfer limitation of gas and water (modified after —Ccurve of GH formation is shown in Figure 2-
Sloan and Koh [2008]). 6. The rate of formation is usually

expressed in terms of gas consumption

rate.

The induction time is followed by a fast initial growth. The rate of growth is depending on the

transfer flux of gas and water. Therefore the formation is faster at the interface between the gas and
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water phases [Makogon, 1997]. When the hydrate layer gets thicker, a slowdown in the formation rate

is observed due to diffusion limitation [Barrer and Ruzicka, 1962].

2.2.2. Driving forces for GH formation

The formation of GH requires a driving force. Different driving forces for nucleation and growth
used by the hydrate community can be found in literature [Sloan and Koh, 2008]. Mullin [2001] defines
the driving force as supersaturation which may be expressed as the difference in chemical potentials
between the old and new phases [Kashchiev and Firoozabadi, 2002].

The subcooling (ATsp) was used by Vysniauskas and Bishnoi [1983] as driving force for
nucleation and growth. It is defined as the difference between the temperature at equilibrium and the
measured experimental temperature at the experimental pressure (T*? - T**). By measuring the
experimental temperature and knowing the hydrate equilibrium temperature, the subcooling can be

easily determined.

Englezos et al. [1987] defined the driving force as the difference in fugacity of the gas phase
at the experimental temperature and pressure and the fugacity of the guest molecule in the hydrate
phase at the experimental temperature and corresponding equilibrium pressure. Similarly, Natarajan
[1993] used (fi®® / fi*® -1) as driving force.

Christiansen and Sloan [1995] used the total molar change in Gibbs free energy of hydrate
formation, Ag®® as the driving force. It has been shown that this driving force represents the general

case of all driving forces. In general, processes tend to minimize the Gibbs free energy of the system.

Skovborg et al. [1993] expressed the driving force as the difference in gas mole fraction at the
gas-water interface and in the water phase. They reported that the formation is controlled by the mass
transfer and therefore the driving force is not related to the equilibrium curve. Herri et al. [1999] also
used the difference in the gas concentration at the gas-water interface and in the bulk water. The

solubility of the hydrate former in water determines the driving force.

In our experiments, the effect of driving forces on the formation process of GH in porous
media was not the goal of this study and the formation was done at constant temperature and similar

pressure driving forces.

2.2.3. Nucleation and initial growth

The nucleation is the most challenging step in understanding the formation mechanism of GH.
The final microstructure of GH depends on where GH starts to nucleation and on the growth pattern.
Thus, studying the nucleation of GH crystals and their morphology can provide valuable information on
the mechanisms of formation, decomposition and to some extent inhibition.

In general, due to the low solubility and slow diffusion rate of the most hydrate-forming gases,
the nucleation starts at the interface between the water and guest fluids where the concentration of
both constituents is the highest. Chaplin [2008] reported that within 250 nm of the water interface, gas
molecules will bond to nano-sized clusters of water due to Van der Waals interactions. The growth
requires a high amount of gas which cannot be found dissolved in water. Furthermore, results from

molecular dynamic simulations support this as well; Stewart and Westacott [2008] revealed that the
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structure of water at the interface is more tetrahedral and more clathrate-like making it more amenable
for hydrate formation. Experimental studies have also demonstrated that the preferred nucleation site
is at the hydrate former-water interface. Boewer et al. [2012] investigated the structure at water-guest
interfaces using X-ray reflectivity and reported that the presence of a nanothick supersaturated guest
layer at the interface between water and guest phases serves as a trigger for a spontaneous hydrate

formation (see Figure 2-7).

»
Guest
accumulation

water interface

Bulk water

Position relative to

0 0.1 0.2 0.3 0.4 05

Electron density

Figure 2-7. Electron density and schematic view of the guest-enriched surface layer ([Boewer et al.,
2012)).

The number of visual studies on the crystallization and growth of GH formation at water-
hydrate former interfaces has increased in the last years due to technological advances in microscopic
tools. These studies treated all possible cases of GH formation at the guest former-water interface
such as water droplets exposed to a gaseous phase, bulk water phase in contact with bulk guest gas
phase and gas bubbles suspended in water phase have recently appeared in the literature. Several
factors affecting the hydrate formation were studied including the effect of gas composition, driving

forces and “memory effect” (see section 2.3.2.3).

As most hydrate-forming gases have low solubility in water, bubbling was used in the lab as a
method to disperse hydrate forming gas in liquid water in order to increase the active surface area and
to promote the hydrate formation. This type of GH formation may occur in natural environment in
regions where thermogenic hydrocarbon gases rise from deep subsurface to the sea floor. Topham
[1978 ] observed the hydrate formation on natural gas bubbles released at sea depths 640 and 325 m
in a simulated deep-sea environment. He reported that GH formed within seconds at the gas-water
interfaces. The formation of GH on bubbles of fluorocarbon was studied by Sugaya and Mori [1996a].
They observed that tiny hydrate particles were first randomly formed on the surface of each bubble
then proceeded until a fully hydrate layer covered the entire bubble.

Recently, Li et al. [2014] studied the kinetics and morphologies of the hydrate film growth on
gas bubbles exposed to water using various hydrate-forming gases and at different degree of
subcooling. They reported that the rate of the film growth and the GH crystals morphology depends on

the gas composition and the driving force (see Figure 2-8).
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Figure 2-8. Hydrate film morphologies for methane and ethane gas at different AT, (modified after [Li
et al., 2014))

The formation at the surface of water droplets immersed in a gaseous phase was also
considered by the GH research community. Servio and Englezos [2003] observed by optical
microscopy the initial growth of GH on water droplets with two different sizes (2.5 and 5 mm) placed
on a hydrophobic surface and exposed to gaseous CH,4 and CO,. The effects of the size of the water
droplets, pressure driving force and memory effect upon the nucleation and morphology of crystals
were investigated. They reported that the crystallization of GH began at the water droplet's surface for
both CH, and CO,. However, the reaction started within a shorter induction time when using CO, than
for CH,4 due to the higher solubility of CO, in water. The size of water droplets and the type of hydrate
former had no significant influence on the morphology of GH crystals.

On the other hand, the driving force has notably influenced the crystal morphology. Under high
pressure driving force, Servio and Englezos [2003] observed that the nucleation started at different
locations and that within 5s after nucleation, the surface of the water droplet became jagged with
many fine needle-like crystals extruding away from the gas-water interface (see Figure 2-9). In
contrast, under low driving force, GH crystallizes in more regular manner and location. A smoother
surface with no evidence of needle-like crystals was observed (see Figure 2-10). This difference in
morphology observed was explained by the fact that under high driving forces, the nucleation starts
simultaneously at many points on the surface leading to a rough surface. However, under low
supersaturation the growth occurs preferentially along the surface from limited number of nucleation
sites until the surface is covered with a smooth layer of hydrate. This explanation is consistent with the
classical nucleation theory that the number of nuclei increases with the increase of the degree of
supersaturation. The effect of driving forces on the hydrate film morphology was more clearly
observed in the recent work of Tanaka et al. [2009]. They reported that the size of GH crystals
decreased with increasing the degree of subcooling leading to a difference in the surface roughness or
morphology. Higher driving forces give rise to more nucleation centers leading to smaller crystal sizes.

Servio and Englezos [2003] reported as well a difference in the morphology in the experiment
realized with “memory” water or water that has experienced at least once a hydrate formation and
decomposition. The duration of decomposition was found to influence the growth and morphology of

GH. After a long decomposition time (24h) the crystallization from memory water was similar to that at
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high driving forces, while after 30 min of decomposition, the nucleation started in water that most likely
has hydrate templates [Servio and Englezos, 2003]. However the authors do not really define the
nature of these templates or give an experimental evidence for their existence so it remains
speculations by the authors. Uchida et al. [2000] also observed the memory effect during the
reformation processes of CO, in water. They reported that only by cooling and without pressure
increase, the reformation was faster due to the remaining amount of CO, in water after a cycle of

formation and decomposition.

Figure 2-9. Methane hydrate covering the surface of water droplets (a,b,c) under high driving force, 10

min after nucleation. The lower picture is a magnified view of droplet (c).

Figure 2-10. Methane hydrate covering two water droplets under low driving force, 10 h after

experiment began.

The effect of gas mixture and hydrate structure on the growth and morphology of GH crystals
was studied by Saito et al. [2010] and Smelik and King [1997] respectively. The growth from a natural
gas mixture appears to be different from that of single gases as during the formation from natural gas,

the composition of the vapor-phase may change continuously due to the different preferences of
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gases to fill the GH cages and therefore the composition of the vapor-phase in equilibrium will be
different from the feed gas. Saito et al. [2010] reported that the morphology of crystals from gas
mixture (methane + ethane + propane) was different from that of the simple methane hydrate and that
the crystal morphology changed with variation of the mole fraction of methane in the gas mixture.
Smelik and King [1997] studied the crystal-growth behavior of the three common hydrate structures:
sl, sll and sH and reported that each hydrate structure type exhibits characteristic crystal morphology.
The variations in the morphology of GH crystals may have a significant relevance to the properties of

the naturally occurring hydrates.

The growth mechanism of GH after formation of the initial hydrate layer is poorly understood.
After the formation of a complete hydrate layer covering the surface of water droplet, Servio and
Englezos [2003] suggested that either water might be transferred through capillaries within the porous
hydrate film and reacts with the gas surrounding the water droplet as reported by Sugaya and Mori
[1996b] and Kobayashi et al. [2001] or gas may diffuse through the hydrate shell for further
transformation in water inside the droplet into hydrate [Hatzikiriakos and Englezos, 1994]. This may
explain the depressions appeared on the hydrate layer on the surface of water droplets and the
decrease of the volume of the water droplet due to the conversion of water into GH observed by
Taylor et al. [2007] (see Figure 2-11).

Cc

f 70h

—
100 um

Figure 2-11. Nucleation of a water droplet placed on a cantilever and immersed in cyclopentane. (a)
Initial contact, (b) cyclopentane hydrate shell formed around the water droplet (elapsed time = 5 min),
(c) facets formed on the hydrate shell (elapsed time = 0.5 h), (d) continued facet formation (elapsed
time = 1.5 h), (e) conversion of interior water to hydrate, indicated by darkening (elapsed time = 4.5 h),

(f) almost completely converted hydrate (elapsed time =7 h) (from Taylor et al. [2007]) .

Staykova et al. [2003] reported that both gas and water molecules are able to diffuse through
the porous hydrate layer. However, it is not known whether the further hydrate growth is controlled by
transport of the guest or the water molecules through the polycrystalline film. A study by Davies et al.
[2010] on the mass transfer mechanism across a methane hydrate layer revealed that water
molecules are the most mobile species in the hydrate phase. In this work, methane hydrate layer was
formed at a flat methane-water interface, and then the gas and water phases were replaced by
isotopic tracers (H,"®0 and CHD3).

Page | 19



Chapter 2: Gas Hydrates

The variation in concentrations of tracers across
Gas Filled Porg the hydrate film was followed over time using

Hydrate | confocal Raman spectroscopy. The hydrate shell
initially formed contained many pores filled with
gas which constituted pathways for the diffusion of
gas molecules. However, the mobility of gas
molecules was slower than water molecules. Over
time, the pores were filled with hydrate leading to a

denser hydrate layer (see Figure 2-12).

20 Minutes

Figure 2-12. Confocal microscope images of The growth mechanism of GH on water droplets is

the hydrate film showing pore filling as the film similar to that at flat gas-water interfaces when

annealed (from Davies et al. [2010]) . bulk water and gas phase are brought together.
The nucleation starts at a random single point when the driving force is low and from several points
forming a polycrystalline film at high driving force [Freer et al., 2001]. Ohmura et al. [2005] and
Watanabe et al. [2011] studied the formation of GH at the gas-water interface using pure methane gas
and a gas mixture (methane + ethane + propane). They reported that after formation of a
polycrystalline hydrate film which intervenes between the guest and water phases, crystals will grow
generally into the liquid from the hydrate film (see Figure 2-13). Two modes for the hydrate growth in
water were suggested by Watanabe et al. [2011]: the first mode was the growth of GH crystals from
the hydrate layer and the second mode was that GH crystals formed in water floated to the hydrate
film, thereby growing in liquid water after attachment to the hydrate film. The morphology of GH
crystals changed from polygonal or triangular flat plates to dendritic with increasing the degree of

subcooling.

()3 min (b) 7 min

Figure 2-13. Videographs of the growth of methane-hydrate crystals from the hydrate film intervening
between methane and water into liquid water presaturated with methane. p = 9.7 MPa, T = 273.3 K.
The time lapse after the hydrate nucleation at the methane-water interface is indicated below each
videograph ([Watanabe et al., 2011]).

In addition to the above described studies, Tohidi et al. [2001] provided a first visual
observation of GH formation from aqueous solution of water and dissolved CO, in the absence of a
free-gas phase. This kind of formation may occur in upper levels of the sedimentary sections at sites

where no free-gas layer exists.
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The investigations of the initial hydrate film growth included the measurement of the lateral
and vertical growth rate. The lateral growth is along the gas-water interface and the vertical growth is
in the normal direction to the interface. The determination of the lateral growth is easier than the
normal rate. The growth rate can be measured from optical images to determine the progress of the
hydrate film over time. Studies on the hydrate film growth rate reported that the growth rate increased
with the increase of driving force or degree of subcooling. Under the same driving forces, the type of
the guest gas also affects the lateral growth rate. For example, the growth rate of CO, hydrate film is
faster than methane hydrate because of its larger heat transfer coefficient and due to the higher
solubility of CO, in water compared to the hydrocarbon gases. Mori [2001] reported that the hydrate
growth rate is mainly controlled by the heat transfer. The difference between the hydrate growth rate
at flat gas-water interfaces and on the surface of water droplets may be attributed as well to heat
transfer issue. In contrary to the formation on water droplets, the nucleation at flat gas-water interfaces
starts at multiple nucleation centers emitting by that larger heat which is difficult to remove rapidly [Sun
et al., 2010].

2.3. Gas hydrates-bearing sediments

2.3.1. Formation of GH in porous media

The formation of GHs in sedimentary matrices is of crucial importance for the physical and
transport properties of the resulting aggregates. The mechanism by which GHs nucleate and grow in
porous media is still not well understood and therefore the microstructure of GH in sedimentary
matrices remains as well largely unknown. Only in a few occasions samples could be retrieved from
sea-floor or sub-permafrost occurrences without major alterations due to the partial decomposition. A
notable exception is the JAPEX/JNOC/GSC Mallik 5L-38 research well from which intact sediment-
GH-aggregates were successfully recovered [Techmer et al., 2005]. Even then, insight into the
microstructure may be hampered by the fact that the recovered samples were usually stored in liquid
nitrogen which freezes liquid water present in the sample — possibly altering the microstructure and
obscuring details of the GH-sediment interface. Due to above difficulties a number of researchers
attempted to emulate the nucleation and growth of gas hydrate in sedimentary matrices in laboratory
experiments; in particular to reveal the physical properties of these aggregates to support geophysical
exploration methods [Berge et al., 1999; Best et al., 2010; Best et al., 2013; Carcione and Gei, 2004;
Dai et al., 2004; Dai et al., 2012; Dvorkin et al., 2003; Dvorkin et al., 2000; Priest et al., 2005; 2006;
Yun et al., 2005; Zhang et al., 2011]. In this section, we review the most relevant visual studies on GH

formation in porous media.

The growth mechanism governs the pore-scale distribution of GH which controls the
microscale physical properties of GH-bearing sediments spatial distribution of GH in the pore spaces.
Figure 2-14 illustrates how the final microstructure of GH-bearing sediments depends on where the
hydrate starts to form and on the growth process followed. In the first case GH nucleates and grows in
the pore spaces, while in the second case GH nucleates on the surface of the sediment grains and

forms as cement around these grains.
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Figure 2-14. Evolution of hydrate in clastic sediment. (a) Hydrate nucleates and grows in free pore

water space. (b) Hydrate grows as an encrustation on sediment grains (from Max et al. [2006]).

The microstructure of GH aggregates in a sedimentary matrix is frequently categorized into (a)
hydrate filling-pores (b) load-bearing, (c) grain-coating and (d) hydrate cementing grain contacts based
on the hydrate distribution models by [Dvorkin et al., 2000; Helgerud et al., 1999] (see Figure 2-15).

A B
Hydrate floating in Hydrate as part of the load-  Hydrate surrounding and Hydrate cementing grain

the pore fluid bearing granular frame cementing grains contacts

Figure 2-15. Pore scale distributions of GH (gray) and sediment grains (black) (from [Waite et al.,
2004))

- The first growth habit is pore filling (A) where GH nucleates and grow in the pore space without
bridging the sediment grains. In this case GHs are expected to affect the stiffness of the bulk fluid
[Helgerud et al., 1999].

- The second microstructural model is load bearing (B). GH grows in the pore spaces as a part of the
matrix and links adjacent grains together. The hydrate affects the mechanical stability of the host

sediments.

The pore-filling hydrate can evolve to load-bearing model if the hydrate saturation exceeds 25- 40 %
[Berge et al., 1999; Yun et al., 2005].

- The last GH models are cementation where GH can occur as cement surrounding sediment grains
(C) or cementing grain contacts (D). A small amount of GH can increase the rigidity of the matrix by

linking the grains together.

The nucleation and growth processes of GH in porous media define which pore-scale model
takes place. Thus, different formation methods can result in different growth habits and pore-scale

distributions [Waite et al., 2009]. Researchers who studied the formation of GH in porous media
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focused mainly on two formation methods: the formation of GH in low water saturated sediments in the
presence of a free-gas phase [Jin et al., 2006; Kneafsey et al., 2007; Priest et al., 2005; Priest et al.,
2009; Waite et al., 2004]

and the hydrate formation using the dissolved gas method [Katsuki et al., 2007; Lee et al., 2010;
Spangenberg and Kulenkampff, 2006; Tohidi et al., 2001; Yun et al., 2005].

The partial water saturation method consists in mixing the sediments with a limited amount of
water to form partially water-saturated sediments. Then the system is pressurized with gas and cooled
to enhance the formation of GH [Kneafsey et al., 2007; Waite et al., 2004]. The formation of fully
water-saturated sediments can be achieved by injecting methane gas as bubbles before starting
cooling. At low water saturation, liquid water tends to accumulate near contacts which leads to
preferential GH formation at contacts ref. Undersaturated sediments can be obtained using a mixture
of ice grains with cooled sediments [Stern et al., 1996; 1998]. As the ice melts, water can accumulate
at grain contacts prior hydrate formation [Circone et al., 2004; Klapproth et al., 2007]. Whereas the
dissolved gas method uses a water solution enriched in gas. Generally CO, is used due to its high
solubility in water [Katsuki et al., 2006; Tohidi et al., 2001]. The gas is the limiting constituent in this
case. This heterogeneous nucleation of GH may occur on the mineral surface with subsequent growth
in the pore spaces. Figure 2-16 shows the dependence of GH growth habit on the formation methods

as suggested by [Waite et al., 2009].

The experimental studies of GH formation in sedimentary matrices used various porous media
such as GB, silica gels or natural quartz sand with and without clay minerals. The observations of the
GH growth habit in porous media were carried out with the aid of conventional optical methods as well

as modern techniques.

A. Dissolved Gas: B. Partial Water Saturation:  C. Hydrate Grains and Ice Seed:
heterogeneous nucleation preferential hydrate properties determined by relative size of hydrate
and growth into pore space  formation at grain contacts and sediment grains as well as the degree of
hydrate saturation

Figure 2-16. Dependence of hydrate habit on hydrate formation technique. Physical properties of

hydrate-bearing sediments depend on the size and distribution of hydrate (black) relative to the

sediment grains (gray) ([Waite et al., 2009]).

Magnetic resonance imaging (MRI) is one of the techniques that has been largely used to
characterize the growth and distribution of GH in porous media [Bagherzadeh et al., 2011; Baldwin et
al., 2003; Kossel et al., 2013; Mork et al., 2000; Zhao et al., 2011]. Mork et al. [2000] studied GH

formation in synthetic sediments in a laboratory cell. They observed a lumpy structure of THF hydrates
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and sand with three-dimensional channels of untransformed liquid water in between (see Figure 2-17).
The GH lumps from different samples had different sizes which could be assigned to the stochastic
nature of GH nucleation as suggested by the authors. The authors reported that the size of hydrate

lumps varied between a few and several tens of mm.

(a) (b)

Figure 2-17. NMR imaging of (a) sand/water/THF and (b) sand/THF hydrate. The bright channels in
(b) are liquid water that has not formed hydrate (from [Mork et al., 2000]).

On the other hand, Bagherzadeh et al. [2011] investigated the growth of methane hydrate in
an unconsolidated bed of silica using different sand particle sizes at different water saturations (25, 50,
75 and 100 %). They reported that the rate of formation was faster at low water concentration due to
the higher porosity which provided more free pathways for mass transfer and in the case of a bed with
smaller particles. Recently, Song et al. [2013] followed in-situ the growth habit of THF hydrate in
quartz GB matrix. Their results suggested that GH nucleates mainly at the grain surface, then grows
toward the liquid phase, fills up the pore spaces and finally cements and stiffens the sediment. They

claimed that there was no wetting phase between the grain and hydrate surfaces (Figure 2-18).
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Figure 2-18. (a) Images of the THF hydrate growth hosted in the cross-sections of GB recorded at 10
min, 67 min, 76 min, 86 min, 97 min, 107 min, 117 min and 127 min, (b) the intensity of the image at

10 min and (c) at 86 min.

These results are in contradiction with the observations by Tohidi et al. [2001] which revealed
a nucleation at the gas-water interface and a remaining water layer between GH and the surface of

porous media. Tohidi et al. [2001] claimed that this water layer exists even at high water saturation.

Babu et al. [2013] reported two different growth habits of methane hydrate formation in silica
sand and activated carbon. In silica sand, GH crystals were observed to form in the pore spaces,
whereas in an activated carbon bed the nucleation started on the surface of grains. The authors
suggested that particle size, pore spaces, and the low wettability of the grains may be the reason for
the hydrate growth behavior in activated carbon. Jin et al. [2012] studied the growth of methane
hydrate in porous media using attenuated total reflection infrared (ATR-IR) and proposed two steps for
the growth of GH in porous media. First, a hydrate film is formed at the gas-water interface then cracks

will occur in the GH films leading to further growth of water to hydrate (see Figure 2-19).
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Figure 2-19. Schematic of the relationship between the nature of hydrate and two-step growth during
the ATR-IR measurement (W, liquid H2Ophase; G, gas phase; and H, hydrate phase): (a) before
hydrate formation, (b) in the first step of two-step growth, and (c) in the second step of the two-step

growth.

A number of scientists used computed X-ray tomography to characterize GH-bearing sediment
cores [Jin et al., 2004; Jin et al., 2006; Kerkar et al., 2009; Kerkar et al., 2014; Kneafsey et al., 2007]

X-ray tomography offers the advantage to be a non-destructive technique and to provide insight on
the interior features of samples over a wide range of size scales. The studies of [Jin et al., 2004; Jin et
al., 2006] on artificial methane hydrates using microfocus X-ray computed tomography leaded to the
observation of the distribution of GH in pores and the measurement of the porosity which was found to
be around 40 % (see Figure 2-20).

a)

Figure 2-20. a) Processed tomographic image showing the spatial distribution of hydrate and ice
(green color) in sand (grey color) (from Jin et al. [2004]). b) Processed X-ray CT image. S (dark gray)
sand particles, G (black): free-gas space, W (light gray): water. H (white): methane hydrate (from Jin et
al. [2006]).

The image on the right hand side of Figure 2-20 is a conceptual image which shows a water
layer between GH and sediment grains which is seems to be a speculation from the authors as the
resolution of real images does not allow such observation. Sato et al. [2005] modified and used a high-
speed X-ray computed tomography to measure the density and hydrate saturation of methane
hydrates formed artificially in Toyoura sand. Kneafsey et al. [2007] explored the changes in density
during methane hydrate formation in a pressure vessel using CT. They reported that as hydrate starts

to form and fill the pores, water will flow to regions containing GH due to capillary forces. Kerkar et al.
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[2009] presented a visualization of time-resolved three-dimensional growth of THF hydrates in a matrix
of glass spheres matrix with better resolution using synchrotron X-ray CT at microscale (total volume ~
1 mm3). They observed a patchy growth of GH in the pore spaces in a manner similar to the pore
filing model of Dvorkin et al 2004 (see Figure 2-21). The authors reported that the inhomogeneous or
patchy distribution of hydrate in porous media can alter the connection between acoustic velocities

and GH saturation which always assumed a uniform distribution of hydrate in sediments.

Figure 2-21. (a), (b), and (c) show the observation of random THF hydrate (black) growth hosted in
GB (white spheres) is representative of 2D cross sections (7 mm diameter). The images are recorded
at (a) 54:06 h, (b) 70:30 h, and (c) 74:07 h. (d) and (e) are 3D images reconstructed from 300 slices.

All studies described above were unable, due to the insufficient resolution, to reveal the details
of the microstructure especially the nature of the GH-sediment interaction which may well be the key
to understand the physical and acoustic characteristics of GH-bearing sediments. At the same time,
not much can be learned from the use of THF as a proxy for methane in the study of GH-bearing
sediments. Methane and THF have different solubility in water and form different hydrate structures. A
comparison of CH, and THF properties and their hydrates was presented by Lee et al. [2007]. The
interaction among water molecules and hydrate former molecules is one of the parameters that govern
the nucleation and growth processes of GH in sediments. Moreover, THF is completely miscible in
water, so that a complete hydrate formation in water-saturated sediments is possible. Hence, a gas

phase in THF system does not occur which is different from methane case.

2.3.2. Factors affecting the formation
The formation of GH in natural environments may happen in more complicated systems than
those described above due the presence of clay minerals in sediments and salts dissolved in sea

water. The different factors that can affect the formation of GH in sediments are described below:
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2.3.2.1. Salt effect:

The presence of dissolved salts in water in natural environment can inhibit the formation of
hydrate [Sloan and Koh, 2008]: in salty water, there are less water molecules to dissolve the gas
molecules because the water-ion attraction is more stable and therefore the solubility of gas in the
solution is reduced. This is known as the "salting-out" effect. Salts ionized in water reduce the
chemical potential of the gas/water solution making it more stable. As the GH stability zone occurs
where the chemical potential of gas, water and GH are equal, the hydrate boundary is shifted to higher
pressures and lower temperatures. More driving force is required for the nucleation of the first crystals

to overcome the energetic barrier.

2.3.2.2. Clay Minerals:
The clay minerals can offer favorable sites for nucleation of GH by lowering the thermal
agitation and spatial distribution of water molecules. The influence of these particles was investigated
in several studies growth [Cha et al., 1988; Englezos and Hall, 1994; Ouar, 1992; Rogers et al.,

2004]. Bentonite was found to promote the hydrate formation as reported by Rogers et al. [2004]
(Figure 2-22a).

Figure 2-22. a) Figure to the left shows the effect of Bentonite on hydrate formation ([Rogers et al.,
2004]). b) Figure to the right, SEM image of a NGH sample from the Mallik 5L-38 research well which

shows GH as intercalate with clay minerals ([Techmer et al., 2005]).

There is also compelling evidence that under certain conditions GH can even form intercalates
with a certain type of clay minerals as it was observed in a SEM image of natural GH bearing-

sediments recovered from the Mallik 5L-38 research well (see Figure 2-22b) [Techmer et al., 2005].

2.3.2.3. Memory effect:

The formation of GH from water obtained from melted hydrate is faster and easier than that
from fresh water. This phenomenon was defined by GH researchers as the so-called "memory effect".
Enhanced formation rates of GH from "memory" water were repeatedly reported [Duchateau et al.,
2010; Sefidroodi et al., 2013; Wu and Zhang, 2010; Zatsepina et al., 2004], yet the issue is still
controversial [Buchanan et al., 2005; Thompson et al., 2006; Wilson and Haymet, 2010].

Two opposing hypotheses were suggested to explain this phenomenon [Sloan and Koh, 2008]:

- The residual structures (not visible by naked eye) which remain after GH dissociation act as

precursors which facilitate the reformation of GH [Duchateau et al., 2010; Takeya et al., 2001]. These
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structures were suggested to be either partial hydrate cages (or polyhedral crystals) or persistent

hydrate crystallites [Buchanan et al., 2005].
- Dissolved gas which remains in water after GH dissociation [Rodger, 2000].

Although, there is a clear evidence of the effect of memory water as enhancing factor of GH
formation, the issue is still controversial [Buchanan et al., 2005; Thompson et al., 2006; Wilson and
Haymet, 2010] and there is no conclusive molecular investigations to verify the above discussed two
hypotheses. The formation of GH from memory water can affect the growth process and the final

morphology of GH

2.3.3. Occurrence and seismic detection of GHs

In the 1970s, scientists discovered the existence of GH in natural environments during drilling
expeditions. GH was found to occur in deep water sediments in many parts of the world beneath the
seafloor. 98 % of GHs are concentrated in marine sediments while 2 % exist in permafrost regions
(see Figure 2-23). The evidence for GH occurrence comes from different prospecting techniques such
as seismic reflections, drilling data, well logs as well as electric methods. Seismic exploration is the
most suitable technique used to identify and detect GH bearing-sediments. It has been observed that
the presence of GH in the pores of sediments causing an increase in the seismic wave velocities and
the free gas in adjacent sediments with low-velocity produce a high-amplitude reflection at the
interface of the two sedimentary layers. This reflection is known as Bottom Simulating Reflector (BSR)
[Holbrook et al., 1996]. It represents generally the presence of the three-phase equilibrium: free gas,
water and hydrate [Henry et al., 1999]. The estimation of GH saturation in sediments is determined by
performing an elastic property inversion using high-quality seismic data followed by rock physics
inversion to further transform the elastic properties into gas hydrate saturation estimates. Hence,

accurate data on the physical properties of the host sediment is required.

The estimation of GH saturation in sediments is determined by performing an elastic property
inversion using high-quality seismic data followed by rock physics inversion to further transform the
elastic properties into GH saturation estimates. Hence, accurate data on the physical properties of the

host sediment is required.
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Figure 2-23. Map showing the occurrence of GH worldwide in oceanic sediment of continental
margins and permafrost regions (from http://www.geoexpro.com/articles/2009/02/gas-hydrates-not-so-

unconventional)

2.3.4. Relationship between physical properties and GH microstructures

Several physical properties of GH-bearing sediments depend on the microstructure of GH in
sediments such as the spatial distribution of GH in the pore spaces and the nature of contact of GH
with the sediments grains. In the first place the seismic velocities should be noted.

GH has a higher elastic modulus in comparison with pore fluid (water or gas). Thus, the
formation of GH in porous media exhibits anomalously high seismic wave of the host sediments, both
compressional (V,) and shear wave (Vs) velocities. Consequently, it is possible to use seismic
measurements to quantify the amount of GH present in marine sediments. For that, a predictive model
which relates the hydrate saturation to seismic velocities is required. Such model has to be developed

based on the microstructural information of GH in porous media.

The relationship between GH saturation and seismic velocities has been studied in laboratory
by several researchers. Although the experimental results may not directly be applied to the seismic
interpretation of field data, these experiments can provide some basic geophysical parameters for the
exploration of the GH reservoirs.

Priest et al. [2005] used a specifically designed resonant column to determine the P and S
wave velocities of synthetic methane hydrate-bearing sediments. Rich-gas samples were obtained by
injecting methane gas into a mixture of sand and ice powder. The results showed that GH formed as
cement at grain contacts (Figure 2-24a). In a complementary work, Priest et al. [2009] studied the
effect of GH formed from excess of water in the pore space on the seismic behavior of the host
sediments. They suggested that GHs formed in this way exhibit a frame supporting behavior similar to
that observed by Yang et al. 2008 (Figure 2-24b). The wave velocity measurements on these samples

showed that the increase of wave velocities with the increase of GH saturation was more significant in
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the case of excess gas method (Figure 2-24c). The authors suggested that GH may form as cement in
this scenario leading to a high increase of the stiffness of the host sediments. However, the
experimental V, and Vs measurements did not match exactly the predicted wave velocities from a
cementing model; the rate at which the velocities increase with the increase of GH saturation is faster
for the theoretical than for the measured data. This discrepancy could be due to some microstructural

details omitted by the theoretical cementing model.

For GH formation using the excess water method, a significant increase in shear wave velocity
was observed only when the hydrate concentration exceeded 20 %. The experimental results matched
better the predicted values. This type of hydrate distribution has less effect on the acoustic velocities
than the cementation model but much more than the hydrate formed in the dissolved "gas system".
Yun et al. [2005] studied the influence of a different microstructural model where GH acts as pore-
filling on the acoustic velocities. For that, THF hydrates were formed in fine-grained sand specimens.
Due to its complete miscibility with water, hydrate of THF will form and grow in the pore spaces. The
results show that the changes in velocities are too small for hydrate concentration below 40 %. The
changes become significant when hydrates begin to contact the sediment particle at saturation higher
than 40 % (see Figure 2-25).

Hu et al. [2010] used ultrasonic methods and time domain reflectometry (TDR) to measure
acoustic data and hydrate saturations simultaneously during GH formation. They reported that the
velocities changed very little during the first stage of GH formation (from 0 to 10 %) but they increased
rapidly when the degree of saturation was higher than 10 % especially in the range of 10 % - 30 %.
The authors suggested that hydrate may act as a part of the frame when the saturation is above 30 %.

However, a pore model or a partly touching model may occur at low hydrate saturation.
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Figure 2-24. (a) Location of hydrate in the pore space formed using excess water method: Hydrate

forms around gas bubbles. (b) Location of hydrate formed using excess gas method: hydrate forms

where water collects at grain contacts. (c) Variation in V, and Vs with hydrate pore saturation for

excess water specimens (open circles) and excess gas specimens from at confining pressure of 500

kPa. Theoretical V, and Vs values are also shown for pore-filling model (dotted line), frame supporting

model (dashed line) and cementing model (solid line) (from [Priest et al., 2009]).
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Figure 2-25. (a) Hydrate formation mechanism of GH pore-filling model. (b) Measured (squares) V,

and predicted values (filled circles with error bars) (from Yun et al. [2005]).

More recently, [Zhang et al., 2011] measured the compressional wave velocity of sandy
sediments during hydrate formation from brine and free methane gas. They reported that none of the

four theoretical models can describe alone the experimental data (Figure 2-26).
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Figure 2-26. Comparison of Vp predicted by the four hydrate distribution models (A: pore-filling, B:
load-bearing, C: cementing at grain contacts, and D: cementing at surrounding grains) and

experimental values for methane hydrate sample (fromZhang et al. [2011])

Throughout these studies, the acoustic velocities appeared to be depending on the spatial
distribution and morphology of GH in the pore spaces. The experimental results did not much the
predicted data from the existing microstructural models. Apparently, the measured wave velocities
taken by itself are not sufficient to determine the GH concentration. Furthermore, it must be assumed
that the change in the microstructure with the increase of hydrate saturation as reported by Hu et al.
[2010] can be expected. A series of measurements of the P and S-wave velocities as a function of the

GH-saturation are shown in Figure 2-27.
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Figure 2-27. Comparison between field (open symbols), laboratory (solid symbols), and modeling
results (solid and dashed curves) for (a) compressional and (b) shear wave velocities in hydrate-
bearing sediments. Modeling results are from (Kleinberg and Dai 2005). Dot-dashed curves represent
wave velocities for hydrate forming as cement at grain contacts. Particularly for low hydrate
saturations, this distribution most significantly increases the wave velocity. Dashed curves predict
wave velocities for hydrate that coats and cements sediment grains. Solid curves represent
loadbearing hydrate, and dotted curves show the impact of pore filling hydrate. Pore-filling distributions

begin bridging sediment grains and behaving as load-bearing distributions (from [Waite et al., 2009]).

Although many studies of elastic-wave behavior in such materials have been conducted in-situ
in laboratory, and theoretical models have been developed the discrepancy between measured and
theoretical values of wave velocities remains puzzling [Bagherzadeh et al., 2011; Chand and Minshull,
2004; Jin et al., 2004; Jin et al., 2006; Kneafsey et al., 2007]

The uncertainty of the existing models may result from the lack of direct information on the
microstructure due to the inability of the actual experimental studies on the formation mechanism of
GH in porous media to reveal the microstructural characteristics of GH such as the GH-sediment

contacts.
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In addition to seismic velocities, the electrical and hydraulic conductivity depend as well on the
GH microstructure. It was found that the conductivity (electrical, hydraulic and thermal) increases with
the increase of GH saturation [Cao et al., 2013; Dai et al., 2012]. Dai et al. [2012] reported that in a
pore-filling model, there are thin flow pathways for water which reduces the hydraulic conductivity,
whereas more conductive and larger flow paths exist in a GH cementing model. For a GH saturation of
80 %, concentrating hydrate into spherical or needle-shaped patches leaves hydrate-free sections

which are less disruptive to fluid flow than homogenous hydrate distributions (see Figure 2-28).
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Figure 2-28. Dependence of the hydraulic conductivity on the GH microstructure (from Dai et al.
[2012))

Spangenberg and Kulenkampff [2006] used synthetic methane hydrate in GB to measure the
variation of the resistivity with GH content. They reported that the resistivity increased from 5.1 Ohm at
0 % GH saturation to 265 Ohm at 95 % GH concentration. Figure 2-29 shows how the electrical

resistivity depends on the spatial distribution of GH and on the GH/water saturation.

Figure 2-29. Variation of the electrical resistivity with the water saturation
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The formation and distribution of GH in natural sediments influences the hydraulic conditions
which affect the transport of methane gas, the temperature and salinity of water [Cao et al., 2013]. The
measurements of the hydraulic and electric conductivity can complement the seismic surveying and
help to understand the microstructure of GH-bearing sediments

2.4. Wave attenuation

The second significant seismic characteristic of GH-bearing sediments is blanking which
consists in the attenuation of seismic waves. The measurements of seismic attenuation in sediments
containing GH have revealed that the wave attenuation increases with the increase of hydrate
saturation. This strange behavior of GH bearing-sediments, contrary to normal rock sediments with
high seismic velocity and low attenuation, is called "seismic anomalies" [Chand, 2008]. The
attenuation of seismic waves observed in field data could be attributed on a macro-scale to the
presence of a free-gas phase. Experimental laboratory data can provide more clear results of the

attenuation of seismic waves which can be attributed to the presence of GHs on the micro-scale.

Nevertheless, the seismic anomalies were very clear in the analysis of seismic data from the
Mallik 2L-38 well. Similar results obtained in Nankai Trough which revealed that low-frequency seismic
waves (150-500Hz) were also attenuated but attributed the reason to the presence of free-gas, while
at high frequencies (10-20 kHz) the attenuations may be linked to the microstructure and the reduce of
pore spaces. There are in the literature a number of possible explanations for this puzzling
observation of a concomitant occurrence of high seismic velocity and high attenuation [Chand and
Minshull, 2004; Chand et al., 2006; Li and Liu, 2014; Priest et al., 2006; Zhang et al., 2014]

Zhang et al. [2014] reported two mechanisms for seismic wave attenuation: intrinsic
absorption and scattering loss which are associated with heterogeneities of sediments. The first type
of attenuation is due to the presence of fluid within pore spaces. Under a stress generated by a
passing seismic wave, fluid moves from softer portion of rock to hard portion. This movement causes
friction and transfers part of energy into heat. This mechanism called wave-induced fluid flow occurs
at seismic frequencies on the centimeter scale (mesoscopic) as described by Miuller et al. [2010]. In
the other hand, squirt-flow occurs at the microscopic scale. Figure 2-30 illustrates the wave induced

fluid-flow at mesoscopic heterogeneities.

The thermoelasticity may represent a second absorption mechanism. During wave
propagation, the spatial temperature variations will be reduced by thermal diffusion. An interaction
between absorbed water-film on the solid surface by thermally induced motion is overcome by seismic

energy passing through, resulting in part of attenuation.
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Figure 2-30. The mechanism of wave-induced flow. during the compression cycle of a wave with
period T, there will be fluid flow from elastically soft inhomogenieties into the background (shown here;
the flow direction is indicated by arrows) and flow from the background into elastically stiff

inhomogenieties. During the extension cycle of the wave, the fluid flow reverses ([Mdiller et al., 2010]).

The second mechanism reported by Zhang et al. [2014] is called scattering loss. Scattering
also causes seismic attenuations with travel distance due to heterogeneities of GH-bearing sediments.
During wave propagations, three waves form: scattering, reflected and transmitted wave. The energy
of the reflected wave is received by the receiver, while the energy of weak reflections in different
directions, forming scattering wave, loss. The scattering loss depends on the frequency and the
distribution of scatters which is hydrate. Upon transmission through heterogeneity with rapidly varying
velocity, high frequency waves destructively interference each other and signal of low frequency

waves remain.

Alternatively, Priest et al. [2006] presented a qualitative conceptual model to explain the
increase of seismic attenuation with the increase of hydrate saturation (see Figure 2-31). His model is
based on the frictional losses that may occur from viscous fluid flow and squirt flow of absorbed fluid

phase (gas or water) in cracks or small pores as suggested by Mavko and Nur [1979].
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Figure 2-31. Conceptual model of cemented grain contacts with increasing hydrate saturation. From
left to right: idealized view of sand grain contact with no hydrate, grain contacts with hydrate growing
at grain boundaries and connected hydrate cementing grain contacts with commencement of pore
filling (from Priest et al. [2006]).
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The first stage (Figure 2-31a) is before hydrate formation. Due to capillary forces and surface
tension, liquid water tends to accumulate near grain contacts. During the passing of a seismic wave
these grain contacts are deformed momentarily causing dissipative fluid flow of adsorbed water (and
or free gas) back and forth from this deformed zone. The attenuation in this case is minimal due to the
small amount of water. Figure 2-31b shows the hydrate growth at grain boundaries where the water is
located causing a cementation of grains which leads to an effective area of grain contact. The authors
assume that the cementation of the sand grains is not perfect across the whole region so that the

idealized crack length at the grain contact area is increased due to increased cementation.

Therefore, as the number of cemented grain contacts increase, more sites for squirt flow are
created leading to an increase in the attenuation. At some point, all the grains become cemented and
the attenuation will reach a maximum. Above a critical hydrate saturation range, the increasing in
hydrate content leads to an encasement of the sand grains and an infilling of the pore space (Figure
2-31c) causing a reduction in the squirt flow effect and therefore a decrease in the attenuation.
However, observations of seismic attenuation in sediments containing GH have demonstrated that the
attenuation increase with the increase of GH saturation. The authors suggested that the porous
structure of GH observed by [Salamatin and Kuhs, 2002; Staykova et al., 2003; Stern et al., 2005] may
contribute to the attenuation. The model of Priest et al. [2006] provides a valuable explanation for the
observed seismic anomalies with increase of hydrate content. However, it treats only the cementing
GH model at low water saturation.
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3 | Methods and Facilities

This chapter gives the reader the theoretical knowledge about the different methods and
facilities used in this research project in order to better understand the approach followed and the

methodology used to tackle the research problems.

3.1. Scanning electron microscopy

Scanning electron microscopy (SEM) was the first method used in-house to characterize the
properties of starting materials and to observe the microstructure of ex-situ prepared GH-bearing

samples.

3.1.1. Introduction to SEM

The SEM uses a focused electron beam of high-energy to scan the surface of a solid object
and generate an image which reflects the variation of the material's surface characteristics.
Information about the chemical composition, morphology or crystalline structure can be obtained from
signals resulting from interactions between the incident electrons and the electrons of the atoms
[Susan, 2013].

In SEM instruments a suitable source of electrons consisting in a thermionic emission (TE)
gun, a cold field emission (FE) gun or a Schottky-emission (SE) electron gun is used. In a TE gun, a
filament generally made of thin tungsten or Lanthanum Hexaboride (LaBg) wire is heated to a
temperature at which electrons are emitted and then gathered as an electron beam. In a FE gun,
electrons are produced by applying strong electric field to a metal surface or cathode with sharpened
tip. The emitter is usually a tungsten single crystal shaped to be a curvature radius of about 100 nm
which allows the electric field to be concentrated to an extreme level. The electron beam generated is

denser than conventional thermionic electron cathode.
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The FE technology is applied for ultra-high resolution SEM. The SEM gun uses the Schottky-
emission effect that takes place when a high electric field is applied to a heated metal surface. The
emitter is a tungsten single crystal coated with ZrO which has a tip curvature radius of a few hundred
nanometers. The SEM can produce a beam current highly stable because the emitter is kept at a high
temperature and under high vacuum of about 10”. The electrons produced by the electron gun are
then accelerated and focused towards the sample by passing through one or multiple electromagnetic
or electrostatic lenses. When the incident beam hits the sample various signals are generated by the

St et B sample-electrons interaction (see Figure 3-1).

These signals include secondary electrons (SE)

E5 G s Characteristic X-rays which produce SEM images, backscattered

electrons (BSE), diffracted backscattered

Bremsstrahlung X-rays electrons (EBSD), photons (X-rays), visible light
secondary e's

(cathodoluminescence-CL), auger electrons and
visible light (cathodoluminescence)

Auger e's heat. Secondary electrons and backscattered
heat electrons are the most commonly used for
sample surface . .
imaging of samples. BSE are scattered
diffracted e's .
backward electrons produced due to elastic
transmitted e's collisions of incident electrons with the sample.

Figure 3-1. Types of interactions between BSE conserve their kinetic energy which allows
electrons and a sample [Henry, 2012] obtaining information from relatively deep region.

BSE depend on the composition of the sample.
Hence, BSE provide images with compositional maps of the sample where the different phases can be
discriminated. For GH this effect is negligible small to the low mean atomic number of GH. BSE
method was used principally to study the surface characteristic and mineral composition of the porous

media used in the formation of GH.

On the other hand, secondary electrons are produced from the emission of the valence
electrons (K shell mostly) of the sample by inelastic collisions. SE have a small energy and only
electrons generated at the top surface layer (~ 10 nm) are emitted outside the sample and reach the
detector while electrons generated at deeper region are quickly absorbed by the sample. The amount
of secondary electrons emitted depends on the incidence angle of the beam. A difference in the
brightness of the image is generated by the difference of the incidence angle of the beam. Therefore
SE method allows studying the topography of the sample surface. Since SE have small energies, they
are much influenced by electrically charged samples which produce anomalous contrast in the image.

SE method was used for the pre-investigation of the microstructure of GH-bearing sediments.
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3.1.2. FEI Quanta 200 FEG

The characterization of starting materials and the pre-investigation of the microstructure of
GH samples were carried out using a high resolution field emission scanning electron microscope (FE-
SEM), type FEI Quanta 200 FEG equipped with EDAX energy dispersive spectroscopy (EDS) and
Polaron cryogenic stages (Figure 3-2) which allows measurements at low temperatures reaching -190
°C. The instrument is designed for work at low acceleration voltages (<1.5 kV) which is well adapted to
study GH and ice samples in order to limit the alteration of the sample due to beam damage. It is
equipped with ZrO/W Schottky field

emission gun for optimal spatial

resolution. The additional ZrO coating
on the tungsten cathode reduces the
energy required for an electron to eject.
Electrons are extracted and
accelerated due to the applied potential

difference between the cathode and the

| )
0 FEG el e S first and second anode.
S Polaron
EDAX EDS hCrvogenic stages The FEI Quanta 200 FEG can
Figure 3-2. Picture of the cryo-FE-SEM work under high-vacuum, low-vacuum

and extended low-vacuum
(environment SEM (ESEM)) modes for imaging many types of sample. Depending on the selected
mode, secondary electrons are detected by three different detectors. Under high-vacuum, an
Everhardt-Thornely detector is used because of its distant position from the sample. This mode was
used during the investigation of GH samples. A large field detector (LFD) and gaseous secondary
electrons detector (GSED) are dedicated for low-vacuum and ESEM mode (Source: Product brochure,
FEI Company, 2006).

3.2. X-rays and synchrotron radiation
3.2.1. X-rays

X-rays were first discovered by the German physicist Wilhelm
Conrad Rontgen in 1895 [Rontgen, 1895]. X-rays are electromagnetic
waves similar to visible light but have shorter wavelengths in the order
of 1 A (10'10 m). The most important characteristic of X-rays is their
ability to penetrate opaque matter. Thus, X-rays are now widely used
in several non-destructive applications such as X-ray imaging,
diffraction and spectroscopy. X-rays can be produced by bombarding
a metal target with high speed electrons. The bombarding causes the

ejection of electrons of atoms inner shells of the heavy metal leaving

) . vacancies. These vacancies are quickly filled by electrons dropping
Wilhelm Conrad Réntgen

from higher levels which emit an X-ray radiation with a wavelength
(1845-1923)

characteristic of the metal target used. In addition to characteristic X-

rays, Bremsstrahlung (from German “braking radiation”) X-rays are generated due to the deceleration
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of electrons fired at a metal target. The excess of kinetic energy of electrons slowed or stopped by the
atoms of the metal is converted into an X-ray radiation of equal energy. The Bremsstrahlung is
characterized by a continuous distribution of the radiation [Fultz and Howe, 2013]. In the last years, a
new type of radiation called synchrotron radiation characterized by an extreme energy and a broad

electromagnetic spectrum produced by storage rings has been developed.

3.2.2. Synchrotron radiation
3.2.2.1. Introduction to synchrotron radiation

Synchrotron radiation (SR) is an electromagnetic radiation emitted when charged particles
(electrons or positrons) are accelerated in a magnetic field at relativistic speeds in circular orbits. The
radiation is emitted in a narrow cone in the direction of the motion of electrons. SR is a highly
collimated, extremely intense beam and has a broad energy range from infrared to hard X-rays
[Attwood, 2000]. Therefore, SR has become an important tool in different research areas such as
materials sciences and medical sciences. Due to these characteristics, SR was chosen as a main tool
for the investigation of the microstructure of GH during this project. The description of synchrotron

facilities used is presented in Chapter 4.

SR is produced in normal bending magnets or special designed magnets called wigglers and
undulators (see Figure 3-3). Bending magnet radiation is generated by electrons travelling in a uniform
magnetic field in circular trajectory with acceleration directed toward the center. The radiation emitted
is directed tangentially outward in a narrow cone. The spectrum of bending magnet radiation is very

broad, characterized by an emission angle 1/y, where Y is the Lorentz contraction factor [Attwood,

2000].

Wiggler radiation is generated from periodic magnet structures with strong magnetic field. The
accelerations are stronger and the angular excursions are larger than the normal radiation cone (1/y).
The spectrum of wiggler radiation is broad, characterized by higher photon flux and shifted to harder x-
rays (shorter wavelengths). On the other hands, undulators are a weaker magnetic field version of
wigglers. Due to the small magnetic field, the oscillation amplitudes are weak called undulations which

1
yN

very narrow and the radiation is very bright and partially coherent which can be related to the

give rise to a narrower emission angle: where N is in the order of 100. The spectral width is

coherence properties of lasers. SR is generated in storage rings consisting of circular evacuated pipes
where charged particles are forced to follow circular trajectories under the action of magnets placed
along the circumference. The charged particles are pre-accelerated to high speed and energy in linear
accelerator or "linac" prior entering in the storage ring. This operation is known as injection. Electrons
may be further accelerated by the radio frequency electric fields. During each turn in the storage ring,
electrons lose a part of their energy emitting synchrotron light. The energy lost may be recovered by

passing through the radio frequency electric fields.
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Figure 3-3. Three forms of synchrotron radiation [Attwood, 2007].

The first generation synchrotron radiation facilities were simple parasitic facilities built and operated for
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Figure 3-4. Schematic of the modern  storage

ring of the 3" generation facilities [Attwood,

2007].

high-energy or nuclear physics, using the lost
radiation at existing storage rings. Over time, in
the mid-70's,

synchrotron

sources to

light

totally dedicated

using bending magnets
representing the second generation sources have
The

synchrotron facilities is characterized by new

been constructed. third generation of
magnetic structures like wigglers and undulators
placed in many straight sections to produce high
brightness radiation. Figure 3-4 illustrates the

storage ring of the third generation facilities.

3.2.2.2.

synchrotron radiation

Properties of

The essential features of SR of interest for a
user depend on the characteristics of the storage
ring. Therefore, the user always chose the SR

facility or beam line which satisfies his

requirements for the experiment. A SR facility can be characterized by the following properties:

Broad spectrum: SR facilities have very broad and continuous spectral range from infrared to

hard X-rays. Users can select the wavelength suitable for their experiments [Baruchel et al.,

1993].

High photon flux: the photon flux at a given wavelength is an important parameter of interest for a

user. It is defined as the number of photons emitted per second in a spectral bandwidth. The high

intensity of the beam permits to do fast experiments and to detect weakly scattering particles

[Baruchel et al., 1993].
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- Total flux: number of photons emitted per unit time

Total flux = M [Roehlsberger, 2005] (3.1)

S

- Spectral flux: number of photons emitted per unit time in a small bandwidth usually taken to
be 0.1%

photons/s

__photons/s o sehisberger, 2005 32
0.1%bandwidin | roenisberger ] (32)

Spectralflux =

e Brightness: the user is more interested in the photon flux impinging on the sample which depends
on the flux per solid angle called the brightness. It is defined as the number of photons per unit

time in a 0.1 % bandwidth normalized to the phase space volume.

photons/s
mrad? 0.1%bandwidth

Brightness = [Roehlsberger, 2005] (3.3)

e Brilliance: SR has high brilliance due to the high degree of collimation and the small cross section
of the beam. The brilliance became the parameter which characterizes the performance of a SR

facility. It is defined as the photon density in the image spot per solid angle in a 0.1 % bandwidth.

photons/s
rad> mm? 0.1%bandwidth

Brilliance= - [Roehlsberger, 2005] 3.4

Actually the brilliance is the most relevant feature of the most experiments and considered as
an important figure of merit for the development of new synchrotron radiation sources. Further
properties of SR can be summarized into: high beam stability, good spatial coherence, high degree of

polarization, and pulsed time structure.

3.3. X-ray imaging and computed tomography

X-ray imaging is known since the discovery of X-rays by W.C. Roentgen in 1895 characterized
by their ability to penetrate opaque matter. The famous radiograph of W. C. Roentgen’s wife illustrated
in Figure 3-5 was the first X-ray picture [Cierniak, 2011]. X-ray imaging is based on the contrast
resulting from the inhomogeneous response of the object to X-rays
[Baruchel, 2004]. X-ray radiography introduced by W. C. Roentgen
uses the phenomenon of X-ray attenuation by matter as a source of
contrast. For many years, X-ray absorption radiography was the only
form of X-ray imaging. Lately, new imaging methods using the
phase shift as a source of contrast have appeared. Computed
tomography (CT) became feasible with the development of
computer software and mathematical algorithms which permit to

reconstruct a three-dimensional (3D) image from multiple adjacent

projections of the object collected during rotation at different angles.
Figure 3-5. X-ray picture of CT imaging was first established in medicine but later extended to
the hand of Roentgen's wife

Bertha [Cierniak, 2011]
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applications in chemistry, physics, materials sciences and recently geosciences.

3.3.1.1. Interaction of X-rays with matter

The fundamental aspects of the theory of X-ray interaction with matter and how this interaction can be
used in imaging is presented in this section. The interaction between X-rays and a specimen depend
on both characteristics of the radiation (i.e. wavelength) and the object (i.e. composition, density). In
addition to their ability to penetrate matter, X-rays can also refract in a similar way as light. Due to
refraction, when X-rays travel through matter, the amplitude and the phase of the electromagnetic
wave are both affected: the amplitude gets attenuated and the phase gets shifted. The interactions of

X-rays with an object can be described using the complex refractive index:

n=1 5+ip (3.6)

where & describes the absorption of X-rays and [ the phase change with respect to a path in free

space [Baruchel, 2004].

Figure 3-6 illustrates the phase shift and attenuation of a wave by an object.

Phase shift

n=1-6+ip

Figure 3-6. Phase shift and attenuation of a wave in a medium with refractive indexn =1—93+ip. The

amplitude is attenuated as indicated by green lines and the phase is shifted with respect to the wave
propagating in vacuum as indicated by red lines (reproduced from http://en.wikipedia.org/wiki/Phase-

contrast_X-ray_imaging).

3.3.1.2.  Attenuation

X-ray absorption occurs when an X-ray photon is absorbed by an atom and the excess of
energy serves to eject an electron from the atom leaving it ionized; this process is known as the
photoelectric absorption [Als-Nielsen and McMorrow, 2001]. The attenuation of X-rays is related to the
loss of the amplitude of the X-ray wave. At a given X-ray energy, the attenuation of X-rays depends on
the density, thickness and the elemental composition of the imaged object. The absorption is
expressed by the linear absorption coefficient u which is a function of the photon energy. The
attenuation is expressed by the relationship between the incident (lg) and the transmitted intensity (1)

emerging from a specimen with thickness x as follow:
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%: exp[—jp(x,y,z)dx] (3.7

The linear absorption coefficient p is related to B through the expression:
B=— (3.8)

where A is the X-ray wavelength.

3.3.1.3. Phase shift
The phase shift is an alternative source of contrast in X-ray imaging. X-ray absorption is an
excellent tool in distinguishing between heavier elements and low-absorbing materials such as soft
tissues. In some cases (e.g. tumors in breast), there is a need to differentiate between different types
of soft tissues. Due to the low absorption of such materials and the small differences in density and
chemical composition, X-ray absorption radiography is not suitable in this case. The phase shift cross

section of soft tissue is much larger than the absorption cross section.

The refractive index deviates slightly from unity through a decrement 0 which is in the order of

10°-10°. 0 is proportional to the electronic density (mass density) of the material. It can be expressed

as:

_ Nro

6= 2VTT

> NiZi (3.9)
]

where ry is the classical electron radius (2.82 10° A), and N; is the number of atoms of atomic number

Z; present in the volume V.

When X-rays pass through an object, the phase gets shifted. The phase shift can be written as:

2m

P(x,y)=— [8(x,y,z)dz (3.10)
A path

This method is very sensitive to small changes in density and composition within the material. This

phase change is measured using more complex systems than X-ray absorption [Baruchel, 2004].

3.3.2. Imaging methods
3.3.2.1. X-ray absorption radiography

X-ray absorption is a simple method of X-ray imaging which does not require complex optics.
It consists in measuring the transmitted intensities through the sample using an area detector and to
obtain a distribution of the integral of p along the X-ray path. The contrast in the images results from
the variation of the transmitted due to the differences in the absorption cross-section of the

constituents of the object (Figure 3-7).
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Sample Detector

Figure 3-7. Principle of conventional X-ray absorption radiography [Baruchel, 2012]

3.3.2.2. Phase contrast imaging methods

In the last years, several imaging techniques based on phase contrast have been developed.

A brief summary of these methods is given in the following.

Crystal interferometer:

Si

&
$
S
$
o
| <

Figure 3-8. Crystal interferometer
[Bech, 2009]
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S
)’/J/(.

This method was first used by [Bonse and Hart, 1965]. It
consists of using three crystals aligned parallel to each other to
split the X-ray beam. Figure 3-8 shows a sketch of a crystal
interferometer setup. The first crystal splits the beam in two;
one beam remains undisturbed and the second beam passes
through the sample before the two beams are recombined at
the third crystal due to the action of the second crystal. The
phase shift induced by the sample creates an interference

pattern which is measured by a detector placed behind the last

crystal. The method requires high spatial coherence [Bonse and Hart, 1965; Momose, 1995].

Analyzer based imaging:

%
%
Sample

E— \
= O -
—_—

[ Si

X-ruys

Figure 3-9. Analyzer based imaging
[Bech, 2009]

This method is known as well as diffraction enhanced imaging
method and was introduced by [Goetz et al., 1979; Ingal,
1995]. In this method, a collimated beam passes through the
sample and then an analyzer crystal placed in Bragg
geometry reflects the beam onto the detector (see Figure 3.9).
When X-rays hit the analyzer, only the signals of a part of the

beam which satisfies the Bragg condition will be measured by

the detector. The crystal is slightly rotated in 8 (rocked) in order to analyze different refraction angles

[Wernick et al., 2003]. Data set of images from different positions on the rocking curve is recorded.

The contrast of the image is based on different refraction angles in the sample.
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Propagation based imaging:

Sample It is a simple method of phase contrast as it requires only an
2 — o X-ray source, sample and an X-ray detector placed at
" different distances behind the sample [Cloetens et al., 1997;

Snigirev et al., 1995; Wilkins et al., 1996]. The method

consists of measuring the interference pattern of Fresnel

Detector positions

Figure 3-10. Propagation based
imaging [Bech, 2009]

fringes arising in the free space propagation in the Fresnel
regime. For the distance between the detector and the
sample, the Fresnel diffraction equation is valid for the near
field. The measured intensity fringes are proportional to the second derivative (the Laplacian) and not
a direct measure of the phase of the wave front. High spatial coherence and high resolution detector
are required [Cloetens et al., 1997; Wilkins et al., 1996].

Grating interferometry:

This technique was recently developed and it consists of two

. Si SitAu
— o LI phase gratings and an analyzer crystal placed between the
2 E s sample and the detector. The method is based on the "Talbot
o g @ C; effect” or the called self-imaging phenomenon which is a
E near-field diffraction effect (Fresnel effect) that produces
n L

repetitive periodic wave front at regular distances called the
Figure 3-11. Grating based imaging Talbot length. The periodic wave front generated by a spatial
[Bech, 2009] coherent beam of a diffraction grating generates a wave

intensity pattern at the Talbot length which resembles to the
structure of the grating called self-image [Talbot, 1836]. The refraction in a sample is measured by
detecting the transverse shift of the interference pattern with a high resolution detector [Takeda et al.,
2007].

3.3.3. Computed Tomography (CT)

Computed tomography is a nondestructive technique which uses computer software to
visualize the interior characteristics of an object and to generate a digital 3D image from multiple
adjacent 2D images taken around the axis of rotation of the object. The CT scanner was developed by
G. Hounsfield and his co-worker A. Cornmack in the beginning of 1970ies in England. They were

awarded the Nobel Prize in medicine in 1979 for their invention [Cormack, 1973; Hounsfield, 1973].

3.3.3.1. Sample preparation
The most efficient geometry of the investigated sample is a cylinder because the full scan field
of a CT is a stack of circular fields of view (cylinder) [Ketcham, 2001]. Therefore, it is recommended
to have the object in a cylindrical form or by packing the sample in a cylindrical container. The
cylindrical geometry permits as well a good centering of the object and a constant X-ray attenuation at
different angles. Furthermore, the object should fit inside the field of view and remain fixed or

motionless during the scan.
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3.3.3.2. Scanning configurations and data collection
There are different configurations of CT measurements which depend on the geometry of the X-ray
source and detectors with respect to the sample. For our experiments we use the parallel beam
scanning configuration based on synchrotron
radiation which provides a parallel and high intense

Parallel Beam Configuration
X-ray beam allowing for fast data acquisition and

Planar greater penetration as our sample is embedded in a

~

= Sample

detector
> A pressure cell. In this configuration, a small size of the
?mable sample is required [Ketcham, 2012]. Figure 3-12
illustrates the parallel beam configuration.
Synchrotron X-ray source

Figure 3-12. Schematic illustration of different The data collection consists of rotating the sample

CT configurations [Ketcham, 2012] with small steps over 180° (or 360°) and taking 2D

cross-section images. The most important
parameters which should be taken into account during the scan are the number of views and the

acquisition time per view.

3.3.3.3.  Image reconstruction
Image reconstruction is a mathematical process which consists in creating 2D images from
measured projections data acquired at different angles around the object. The reconstruction method
has a considerable impact on the quality of images generated. For X-ray absorption imaging, the

parameter that has to be reconstructed is the linear attenuation coefficient y which is proportional to

the density of the object. In the following, the basic concepts of the reconstruction in parallel-beam

geometry are presented.
There are two general methods: filtered back-projection (FBP) and iterative reconstruction.

FBP is the most commonly used method to reconstruct data. X-rays passing through the
object produce a particular density profile on the detector. It is possible from many projections to back
project individual detector distributions into image space that produces the 2D image. The projection is
a set of measurements of the integrated values of p (in case of absorption radiography) along straight
lines called line integral. A line integral can represents the total attenuation of X-rays as they pass
through the object in a straight line. The measured projection along the X-ray path | at angle 0 is

expressed as follow:
p(,8) =exp[-[u()d] (3.11)

This equation can be written in more practical way:

p(l,8)= exp{—Zluuj} (3.12)

iy
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where j is a pixel index, |, is the set of image pixels through which X-ray beam i passes, l; is the
intersection length of beam i with pixel j, and ; is the attenuation coefficient for pixel j [Paulus et al.,
2000].

If f(x,y) represents the image to be reconstructed, the line integral projection through f(x,y) is called the
Radon transform. The transform was suggested by John Radon in 1917 and he provided as well a
formula for the inverse transform. The inverse of the Radon transform allows reconstructing the
original density from the projection data. The radon transform data is commonly referred to as a
sinogram because the Radon transform of Dirac delta function describes a sinusoid [Paulus et al.,
2000]. Backprojection consists in converting the data in the sinogram to CT numbers or CT values in
order to produce a backprojected image. However, simple back projection generates a somewhat
blurred image. Therefore, the concept of filtered back projection provides a better image fidelity (see
Figure 3-13).

Figure 3-13. a) Geometrical representation for obtaining the sinogram as demonstrated in b) and
which is back projected as shown in c) without applying filtering and d) applying a ramp filter (the cut-
out has been enhanced in contrast to display artefacts due to reconstruction [Zehbe et al., 2010].

3.3.4. Resolution and image quality

The spatial resolution is an important characteristic of any imaging system. The spatial
resolution depends on the physical parameters such as the size of detector elements, size of the
focal-spot and the source-object-detector distances and on the image-reconstruction methods as well.

The spatial resolution refers to the ability to distinguish two objects in an image.

The ability to distinguish the different phases of the scanned object is an essential task in X-
ray tomography. This depends on the density and chemical composition of the specimen as well as on

the experimental settings such as the X-ray energy, sample to detector distance and signal-to-noise

Page | 69



Chapter 3: Methods and Facilities

ratio. For materials with similar properties, only large scale and big particles can be imaged while if

they are different high spatial resolution can be achieved and very fine details can be seen.

The sample size can represent a constraint; therefore the choice of the size of the object
depending on the characteristics of the CT machine is very important. If the sample is too thick, X-ray
attenuation will be high and only small X-ray flux will reach the detector which results in a poor image
quality. Small sample size is required to achieve micron or sub-micron resolution. Larger samples can
be scanned using synchrotron radiation which has greater penetration and a choice of wavelength
[Ketcham, 2001].

3.3.5. Artifacts
CT imaging methods can be biased by scanning artifacts such as beam hardening or ring
artifacts. These artifacts can obscure information of interest or simulate pathology. Here the most

common artifacts and the approaches to solve them are discussed.

3.3.5.1. Beam hardening
This artifact leads to brighter edges of an object than the center which may give a wrong
impression that objects are coated with high absorbing materials. The artifact occurs because when a
polychromatic beam passes through an object, lower-energy photons are more absorbed than higher-
energy photons which cause an increase in mean X-ray energy or "hardening” of the X-ray beam.
Therefore, an artificial darkening of the center of long ray paths and a corresponding brightening near
the edges occur [Ketcham, 2001].

Several solutions were suggested to solve this problem which can be summarized in: removing the

outer edges of the images or using high-energy beams to reduce the effect of beam hardening.

3.3.5.2. Ring artifact
This type of artifact appears in reconstructed images as full or partial concentering circles
centered on the rotational axis. Ring artifacts occur due to miscalibration or defection of one or
multiple detector elements. These artifacts can be visible in many 2D sections at the same location.

Flat-field correction or recalibration is commonly used to fix this problem [Wei et al., 2013].

3.3.5.3. Partial volume effect
It is produced when the absorption of different substances is encompassed on the same voxel
which has an average value of all substances. It appears as bands and streaks and could complicate
the task of segmentation and volume or surface rendering. The solution proposed to reduce this type

of artifact consists in using thinner slice and some computer algorithm [Souza et al., 2005].

3.3.5.4. Motion artifact
The motion artifact is generated by sample movement during the scan. It causes blurring,
double images and long range streaks in CT images. In medical CT, motion can be caused by body
motion of the patient. Fast scans can reduce this artifact [Boas, 2012].

3.3.5.5.  Other artifacts
Other artifacts in CT images can be summarized into metal artifact, noise (photon starvation),

and out of field artifact [Boas, 2012].
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3.4. X-ray Crystallography and diffraction

The phenomenon of X-ray diffraction (XRD) by crystalline materials was discovered by Max
von Laue in 1912. Each specimen has a typical arrangement of atoms within its crystal structure;
hence a specific diffraction pattern can be ascribed to each structure. Thus, XRD has become an
important tool for the characterization of materials as well as for fundamental studies on the atomic
scale which increased the understanding of their properties. XRD is a non-destructive method and it is
suitable for in-situ studies of materials not stable at ambient conditions such as gas hydrates. XRD
was used during this project as a quantitative tool for GH characterization. A new method for
determining the crystallites size distribution (CSD) of polycrystalline materials based on two-

dimensional (2D) XRD was developed.

3.4.1. Geometry of crystals

The concept of the unit cell is a fundamental concept in crystallography. The unit cell is the
volume of the lattice which builds up the whole crystal structure by repeated translations along the

three spatial directions. The shape and size of the unit cell is characterized by three lattice constants
a, b, ¢ which are the lengths of the basis vectors and by three angles a, B, Y which separate the
vectors from another: a between the vectors b and ¢, B between a and c, and y between a and b
[Hammond, 2009] (see Figure 3-14)

In a unit cell, there are a number of equivalent parallel planes. The family of equivalent parallel
planes is defined by Miller indices: h, k, and | (three integers). The “hkl” indices of each family of lattice

planes are determined by the nearest plane to the origin which does not pass through it. The plane hkl

intersects the a, b and c axes of the unit cell at 1/h, 1/k and 1/ respectively [Massa, 2004].

Figure 3-14. A point lattice and its unit cell

The most important characteristic of crystals, in addition to the three dimensional periodicity, is
their symmetry (inversion, or rotation). The classification of crystals is based on their symmetry. All
crystals can be classified into not more than 14 unit cell types known as the Bravais lattices (see
Figure 3-15) [Massa, 2004].
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3.4.2. Diffraction theory
3.4.2.1. Bragg's law
X-rays are scattered by matter in all directions. Diffraction occurs when X-ray waves are
scattered in phase by ordered crystal atoms. The Bragg's law determines the conditions required for
constructive interference between interfering diffracted waves in an easy way through one simple

equation:
nA = 2d-sin(@) (3.13)

where ) is the wavelength, d is the distance between each adjacent crystal planes, 0 is the Bragg

angle at which one observes a diffraction peak, and n is an integer number called order of reflection.

Bragg diffraction occurs when the angle of incidence is equal to the angle of reflection. This angle
must have such a value that the path difference between two rays reflected (2d sin®) between

neighboring planes is an integral number of the wavelength A (see Figure 3-15).
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Figure 3-15. Geometry for interference of a wave scattered from two planes separated by spacing, d.
The difference in path lengths is 2d-sin(6) [Fultz and Howe, 2013].

3.4.2.2. Reciprocal space and Ewald construction
The concept of the reciprocal lattice is used in crystallography in a combination with the Ewald
sphere to explain visually the rules for when diffraction occurs. The reciprocal lattice is obtained by
Fourier transform of the direct lattice. The dimensions and angles of the reciprocal cell are inversely
proportional to the real unit cell and each family of planes in the real space is represented by a lattice
point in the reciprocal space.

The Ewald sphere or Ewald construction was introduced by P.P. Ewald. The sphere is
constructed such as the crystal is positioned in the center of a sphere with a radius of 2r/A (where A
is the X-ray wavelength). The incident beam can be visualized by the wave vector k;, and the diffracted
beam is the wave vector kyq. Both vectors are at an angle 6 from the crystal planes (hkl) with d-
spacing. The vector Q is the reciprocal lattice and scattering vector and is perpendicular to the crystal

planes for any value of6 .
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Figure 3-16. The Ewald construction (modified from a private communication of Sylvain Ravy found

at http://www-int.impmc.upmc.fr/impmc/Associations/CGE-2008/PPT/Ravy.ppt).

This vector has a length of (2]k|sin}) and as the sphere has a radius of 1/A we obtain:
|Q|=4msin ) /). The vector Q itself corresponds to 21r/d, in diffraction theory, hence 1/dnki=2 sin®/A
which is comparable to the Bragg’s law (A = 2dsin6). This means that wherever a reciprocal point
falls on the Ewald sphere (scattering vector Q intersects with the Ewald sphere), Bragg's law is
obeyed and a diffracted beam is observed. For a fixed A one needs to move the reciprocal lattice (and
thus the crystal) in order to bring the different hkl planes or lattice points in diffraction condition i.e.
onto the Ewald sphere [He, 2009]. The Ewald sphere is in fact for any real experiment a shell with a
finite thickness due to the fact that perfectly monochromatic radiation does not exist. During the
rotation of a crystal, the lattice points stay in the diffraction condition from the point they touch the
Ewald sphere shell until they move out of it. During this movement, the intensity of the reflection
increases until it reaches a maximum at the center of the Ewald shell then starts to decrease. The
variation of the diffracted intensity during the rotation of the crystal is described by the rocking curve

plot: intensity versus angle of rotation.

3.4.3. Structure factors

The scattering of X-rays is generated by electrons surrounding the atom. The amplitude of the
wave scattered by an atom is essentially the sum of all Z electrons around the nucleus. The scattering
amplitude is expressed by the number f, called the “atomic scattering factor”, which is the ratio of the

scattering amplitude of the atom divided by that of a single electron [Hammond, 2009].

amplitude scatteredby atom
amplitude scatteredby electron

atomic scatteringfactor f = (3.14)

The electrons around an atom scatter radiation in the manner described by Thomson. Due to
the coherence of the wave hitting the atom, the summation must take into account the phase
differences between the different scattered waves. This leads to a strong angular dependence of the

scattering. At 6 angle equal to zero, f is equal to Z. The scattering amplitude decreases as the
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scattering angle 0 increases because of the increase of the number of destructive scattered waves. In
an X-ray diffraction pattern, the peak intensities drop off at high 6 values because of the decrease of
the form factor.

The scattering amplitude of a unit cell is the sum of contributions from all atoms in the unit cell.
It is called the structure factor and it is expressed by Fpy. The structure factor is the Fourrier transform

of the electron density of the unit cell:

Puvw= Zn Pn (r rn) (3.15)

F(q) = puvw(r) el = Efn eaxn (3.16)
n

Fhia= 37! % fn €™ (hun + kvn + Iwn) (3.17)

where f, is the form factor of the n" atom in the unit cell, and (un, Vi, Wy) are its  fractional coordinates.
The structure factor defines and the amplitude and the phase of the scattering wave resulting from the

scattering of all atoms in the unit cell [He, 2009].

3.4.4. Diffracted intensity

The diffracted intensity is proportional to the structure factor squared but there are as well
several physical and geometrical factors which must be taken into account such as the multiplicity, the
absorption and the Lorentz-polarization factor. The integrated intensity for a powder can be written as

follow:
| ~k Mnk A LP(G]Fhk||2 (3.18)

where k is an instrument constant that is the scaling factor between experimental observed and
calculated intensity, A is the absorption factor, My is the multiplicity factor of the crystal plane (hkl), LP
is the Lorentz and Polarization factors. This equation does not include the possible effects of the

preferred orientation and extinction.

3.4.4.1. Multiplicity factor
Equivalent parallel planes in a crystal give rise to the same reflection. The intensity of the
reflection is proportional to the number of planes. The diffraction from each plane produces a reflection
with the same intensity; therefore the total diffracted intensity from this family of planes corresponds to
the intensity from one of the equivalent planes times the number of equivalent planes or the

multiplicity. The multiplicity depends on the crystal structure [He, 2009].

3.4.4.2. Absorption factor
When an X-ray beam passes through the material, an X-ray photon is absorbed by the atom
and the excess of energy serves to expel an electron from the atom. Hence, the intensity is reduced
due to the process of photoelectric absorption. The attenuation of X-rays depends on the density and
thickness of the specimen. It follows an exponential decay and it is given by the linear absorption

coefficient p. The intensity attenuated by the sample can be expressed by the Beer-Lambert's law:
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I=loe ™ (3.19)

where [, is the intensity through the material, 15 the incident intensity, p the linear absorption coefficient

and t the thickness of the material [Als-Nielsen and McMorrow, 2001].

3.4.4.3. Lorentz factor

For a fixedA, the various reciprocal lattice points will pass through the Ewald sphere at
different speeds during the rotation of the sample. Consequently, they don’t spend equal times in the
diffraction condition. The diffracted intensity depends on the time opportunity to reflect. As a small
crystal may stay for a long time in diffraction and give unexpected high intensity so it is necessary to
correct the intensities for the so called Lorentz factor. The Lorentz factor is inversely proportional to
the velocity of the hkl reflection [Buerger, 1940]. Hence, it depends on both the diffraction geo|metry
and the diffraction Bragg angle. The Lorentz factor corresponds to the Jacobian (mathematical
concept of a derivative of a coordinate transformation) of the transformation from angular space to q
space [Smilgies, 2002]. For in-plane diffraction and rod scans other than the specular rod, it can be

expressed as:
L= 1/[cos (a) sin (@) cos (B)]  [Smilgies, 2002] (3.20)

with the azimuth rotation ¢as the rocking angle.

Figure 3-17. Scattering angles in the surface reference frame: incident angle a, in-plane scattering
angle v, exit angle B, and azimuth ¢. These angles co-incide with the respective diffractometer axes

in the z-axis scattering geometry ([Smilgies, 2002]).

3.4.4.4. Polarization factor
Synchrotron radiation is polarized in the horizontal plane and perpendicular to the beam

direction k. The general expression for the polarization factor is:
P =sin” [£ (p, k)] = [lpxki|* (3.21)

where p and k4 are unity vectors in the direction of the polarization of the incident beam and the wave
vector of the scattered photon, respectively, whereas /(p, kq) denotes the angle between p and kqy
[Smilgies, 2002].
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3.4.45. Temperature factor
The diffracted intensity is influenced by the thermal vibrational amplitude of the atoms in the
unit cell. The vibration of atoms around their equilibrium position increases as the temperature
increases which leads to a change in the lattice spacing and an overall decrease of the intensity. The
effective scattering can be described by the following relationship:

f=1f,—Bsin” 0/A° (3.21)

where B is the Debye-Waller temperature factor which is defined as B = 8m°U% U? represents the
mean-square amplitude of vibration of an atom and is directly related to the thermal energy (kT). The
increase in temperature leads to a linear increase of B for a harmonic crystal and as B increases, the

scattering amplitude will be reduced in particular at high scattering angles 9.

3.4.5. Fast X-ray crystallite size determination (FXRCSD) method
3.4.5.1. Motivation

There is currently considerable scientific interest in crystallite size analysis. The properties of
polycrystalline materials are considerably dependent on their microstructure characteristics such as
the average crystallite size, and crystallite size distributions (CSD’s). The size of grains has significant
effect on the mechanical properties e.g. the dependency of yield strength of metals and alloys on the
grain diameter via the Hall-Petch relationship [Hall, 1951; Petch, 1953]. Material with finer particles
has more boundaries to impede dislocations movement and, therefore, has higher mechanical
strength. Furthermore, particle size and size distribution can be related to the physical, chemical and
pharmacological properties of drugs such as the dissolution rate, activity and stability. Smaller
particles will have big surface area which allows an intimate contact of the drug with the dissolution
fluids in-vivo and increases the drug solubility and dissolution. Hence faster and greater drug action is
obtained. CSD'’s are also of particular importance because they carry information about the formation
process (natural samples) and enable better understanding of the manufacturing process. Thus the
determination and control of crystallite size and CSD’s is of considerable importance in both

geosciences and materials science.

Current techniques for the analysis of crystallite size can be categorized into optical methods
such as Laser light scattering and Laser diffraction, physico-chemical techniques such as
sedimentation and sieving and electron microscopy techniques such as scanning electron microscopy
and transmission electron microscopy. These methods offer advantages but they have certain
limitations (e.g. time-consuming, applicability range) and in certain cases are unsuitable, in particular

for unstable samples or in-situ investigations.

X-ray diffraction is one of the most direct ways of analyzing and extracting crystallite size
information of polycrystalline materials over a wide range of sizes and there is a large literature
concerned with methods of data processing in this context: The conventional method based on
diffraction peak broadening developed by Scherrer in 1918 [Scherrer, 1918]. When the crystallites of
powder specimen are sufficiently small, a broadening in the peak profiles of the diffraction pattern
occurs. The peak width varies inversely with the grain size. The average crystallite size D can be

calculated using the Scherrer’s equation:
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D=K A/B Cos (0) (3.22)

where B is the full width at half maximum intensity of the peak corrected for instrument resolution
effects, A is the X-ray wavelength, 8 is the diffraction angle and K is the Scherrer constant. However,
this method cannot be used to evaluate crystallite size larger than several micrometers. Ninety years
later, T. Ida proposed a new method to overcome the above-described problems of the conventional
analysis technique [Ida and Jiang, 2011]. He suggested a new method for calculating the average
crystallite size based on statistical analysis of the intensities data. With this method, it becomes
possible to evaluate grain size of polycrystalline material measuring several micrometers or greater

using one dimensional diffractometers.

In the last years, the advances in detector technology made possible the collection of X-ray
powder diffraction data in two-dimension (2D) using area detectors. This advent has enabled the
development of new methods for particle size determination: The method of A. B. Rodriguez Navarro
[Rodriguez Navarro et al., 2006] determines the average crystallite size from the mean intensity of
reflection peaks. This method has the advantage to be independent of the aggregation state and also
adequate for material with different mineral phases. However, this method relies on a calibrant of the
same material with known crystallite size which can limit its range of applicability. A few years later,
[He, 2011] obtained a patent for his method called “quantitative y-profile analysis”. The averaged
crystal sizes are estimated by counting the number of Bragg peaks in the circumference of a Debye-
Scherrer ring along the azimutal angle y. This method has an insufficient accuracy and it requires

extreme care in sample preparation.

All methods described above are only dedicated to determine the average crystallites size.
However, this parameter carries only limited information about the nucleation and growth processes of
materials. Moreover, in statistics it is possible to have different distributions with the same mean value
SO wrong interpretation based only on the mean value can be made. Therefore, in order to fully
understand the microstructural characteristics and the formation process of materials, an access to the
CSD is highly desirable. From the shape of the distribution, information about some specific processes

occurring during the formation such as recrystallization or Oswald coarsening can be obtained.

Here, a new method, based on 2D-XRD, derived from the former method is proposed for
determining the CSD of polycrystalline materials (or powder) from peak intensities after calibration with

material with known CSD is presented.

3.45.2. Background
The 2D diffraction pattern of polycrystalline sample or powder is composed of concentric Debye-
Scherrer rings resulting from the intersection of a series of diffraction cones with an area detector.
Each ring consists of reflections from many crystallites satisfying Bragg’s law. A spotty diffraction
pattern is obtained when few crystallites are illuminated (Figure 3-18). The number of diffraction spots
in the Debye-Scherrer ring depends on several parameters such as the sample volume, crystallite
size, beam size, and sample to detector distance. Such patterns offer the advantage to extract

crystallite characteristics such as the volume.
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Debye-Scherrer
ring

X-ray beam

Polycrystalline
material

Figure 3-18. Principle of X-ray diffraction of Polycrystalline material

Crystallite sizes can be determined from the diffracted intensity of reflection spots. If the
investigated crystal is far from being perfect, the diffracted intensity grows linearly with the crystal size
[Als-Nielsen and McMorrow, 2001]. For a given volume, the number of spots increases and their
intensity decreases as the crystallite size decreases. Figure 3-19 illustrates the effect of the crystal

sizes on the intensities.

d=3.5um d=90pum d =150 pm

Figure 3-19. Effect of the crystallite size on the intensities of reflections in 2D XRD pattern of
polycrystalline materials. a: LaBg powder with d = 3.5 um, b: Corrundum Al,O3 powder with d = 90 pm,
and c: Corrundum Al,O3; powder with d = 150 um. From a to c, the number of reflections decreases
and the intensity increases with the increase of the average crystallite size (diameter (d)) at the same

experimental settings.

3.4.5.3.  Principle of the method
The novel approach of the present method is that, rather than using the same material with

known crystallite size for calibration as it is the case in the method of (A. Rodriguez Navarro), the
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calibrant can be a different material with known CSD. However, the method requires that the
crystallographic structures of the calibrant and the investigated material are known in advance. If the
latter has an unknown structure, a phase analysis can be achieved using XRD in order to determine
the crystallographic structure before starting the CSD measurements. The material used as calibrant

must have the following characteristics: single crystal particles, and no preferred orientation.
The calibration of intensities is done in two steps via two scale factors:

e First scale factor S;:

The intensity is proportional to the number of unit cells within a crystal. Therefore a large

crystal produces a high intensity spot because it contains more unit cells than a small crystal.

The first scale factor relates the measured intensity to the known crystallite size volume of the

calibrant:
V=S xl (3.23)

e Second scale factor S,:

The diffracted intensity depends on the structure factor squared which itself depends on the
unit cell volume. Thus, the intensity is inversely proportional to the cell volume because the number of

unit cells per unit volume in a crystal decreases when the unit cell volume increases.
Hence we can write: | ~ |F?|/V,

As the calibrant and the materials investigated have different crystal structure, intensities must be
normalized to unit cell volume via the scale factor S, determined by the ratio of the structure factor of

the corresponding hkl reflections:

_ Mieaitrant _ (IF*/Vo)catbrant
I[i]material (|F2|/Vc)material

. (3.24)

In case of a calibrant of the same material, only the first scale factor is needed.
3.45.4. Methodology

The method comprises the steps of:

(1) determining the CSD of the calibrant material e.g. by a electron optical method like SEM,

(2) mounting the sample on a 2D-XRD machine and adjusting the beam size and/or the
sample volume to get a spotty diffraction pattern of few tens of spots per ring,

3) measuring the calibrant by stepping in omega or by an omega rotation of a few degrees,

(4) analyzing the 2D diffraction frames and extracting peak intensities of the corresponding  hkl

reflections to obtain intensities distribution (ID) of the calibrant material (see section Acquisition and

data processing),

(5) fitting the probability density function of a log-normal distribution to both, the CSD and the ID

of the standard, to establish the scale factor “S;” between the two mean values of the two fits,

(6) measuring the investigated material under the same conditions (same geometry, exposure

time, sample to detector distance),

@) extracting peak intensities of the corresponding hkl reflections of the investigated material,
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(8) calculating the structure factors ratio of the standard and the investigated material to be used
as a second scale factor "S,",

(9) using S; and S, for calculating the crystal sizes of the investigated material,

(10) applying some other geometric correction factors which could be problematic such as the
Lorentz correction.
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4 | Experimental section

In the following Chapter, a detailed description of the starting materials, experimental devices
and methods used are presented.

4.1. Formation of gas hydrate in porous media
4.1.1. Starting materials
4.1.1.1. Porous media

All natural sediments used in the preparation of synthetic GH samples were the same as the
ones used in the work of Klapproth et al. [2007], which were provided by Dr. Chuvilin (Moscow State
University). Natural quartz (Qz) sand, consisting of rounded shaped grains with grain sizes of 200-300
um were obtained from Lyubertsy/Moscow region/Russia and kaolinite and montmorrillonite from
Dzhebel/Turkmenistan [Chuvilin et al., 2011]. The main grain sizes of kaolinite are around 7 um and
15 um for montmorrillonite. The granulometric composition of the sediments provided by Chuvilin
(2012) is given in Table 4-1 and the grain size distribution measured using Laser granulometer type
LS 230, Beckman Coulter Inc. by A. Klapproth (2006) is presented in Figure 4-1.

Table 4-1. Granulometric composition of sediments [Chuvilin and Istomin, 2012]

Grain size distribution %

Sediment
1000-50 pm 50-1pum <1um
Qz sand 94.8 31 21
Kaolinite 4.5 70.9 24.6
Montmorillonite 0.3 46.2 53.5
A B Cc
I I.'"-I grain size destribution __; " grain sire destribulion i orain size distibugion
| "I . vl | IIII { | g tribugio
g " 'I | t_-.--q;.-..-.-.'ﬁ am F s |I \ 3 | |I
o || == el e Ui\ e
g | \ B 15 I'I man gran size ~15pm I I'I.\ :
’ ] 'I -‘ o ': x"-. ..l‘\.
af—t P — Ba | \"'—— '| e
T e D mmesepm P

Figure 4-1. Grain size distributions of A) Qz sand, B) kaolinite and C) montmorrillonite [Klapproth,
2006].

Page | 89



Chapter 4: Experimental Section

In addition to natural samples, synthetic glass beads (GB) were purchased from Sigma-Aldrich
Germany. The particles have a spherical shape with a diameter of 150-212 um. Qz sand and GB were
used plain without further treatment and in some experiments a special treatment to obtain hydrophilic
and hydrophobic properties of the surface was applied. The hydrophilic treatment consists of cleaning
the porous media for one hour using a freshly prepared Piranha solution [3:1 H,SO, (98%)/H,0O,
(30%)] at 90°C. Subsequently the media were rinsed with deionized water and dried in an oven at
120°C for 1 h. The resulting cleaned surface is hydrophilic due to the added reactive Si-OH groups
(see Figure 4-2).

Piranha solution

> HO
H,SO, + H,0, (3:1)

OH

Glass beads Hydrophilic glass beads

Figure 4-2. Schematic representation for adding OH groups to particles with silica surface

Clean porous media were treated in a silanization process to obtain a hydrophobic surface,
the particles of Qz sand and GB were immersed in a solution of trimethylethoxysilane at 90°C for 1 h,
then rinsed with deionized water and dried in a clean oven at 120°C [Jradi et al., 2011] (see Figure
4-3).

Trimethylethoxysilane
CH5CH,0-(Si)-(CH;);

OH > 0-Si- (CH;);
Silanization
- (CH;CH,0H)
Hydrophilic Glass Hydrophobic Glass
beads Beads

Figure 4-3. Schematic representation of the silanization reaction.

41.1.2. Frost
Frost was produced by condensation of water vapor using a heat gun on a pre-cooled rotating
metal disk partially emerged into liquid nitrogen. The frost formed on the surface of the disk was

scraped into liquid nitrogen, dried and then stored in a cold room to be ready for use (see

Figure 4-4).
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disk surface
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Figure 4-4. Preparation of frost: (A) picture of the frost machine, (B) scratching frost from the surface

of the metal disk into liquid nitrogen

4.1.1.3. Forming gases
Methane (CH,) and xenon (Xe) gases with purity higher than 99.99 % were purchased from
AIR LIQUIDE Germany.

4.1.2. Experimental devises
4.1.2.1. Laboratory low temperature/high pressure device

Ex-situ GH samples were synthesized in our laboratory using a low temperature/high pressure
system (up to 300 MPa). A detailed description of the devise can be found in [Genov et al., 2004].
Briefly, the apparatus consists of a thermo bath type Neslab Instruments, RTE -140 filled with a
cooling liquid (ethylenglycol-water mixture or d-limonene) able to operate down to 250 K, a gas
pressure stick with high pressure cell hosting the aluminum sample holder, high pressure line with inlet
and outlet valves for pressurizing and depressurizing the cell connected to a gas bottle, and readout

systems of pressures and temperatures connected to a computer for recording data (see Figure 4-5).
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Important elements:

1. Pressure line to the setup from a gas bottle/compressor/other
setup.

Inlet valve.

Exit valve to the surrounding/exhaust line/vacuum pump.

Pressure transmitter — pressure readout in the experimental setup.
Close-off valve on the stick.

Pressure cell immersed in the cooling bath.

Extension pressure line to the twin bath.

NOwEwN

Figure 4-5. Experimental setup for ex-situ GH formation in laboratory at the Department of
Crystallography (Geosciences Centre, University of Gottingen). On the left hand side a picture of the
high pressure setup showing the thermal bath and the pressure system used which is explained in

more details on the right hand side image.

4.1.2.2. Pressure cell
In-situ time resolved micro-computed tomography and CSD analysis experiments at
synchrotron facilities were carried out on GH samples formed inside a small transportable pressure
cell. The first prototype of the cell was designed and constructed by our technicians Mr. UIf Kahmann
and Mr. Heiner Bartels. During the design and construction of the pressure cell, several criteria have

to be fulfilled and compromises had to be made in order for such a cell to function properly:

- The cell must be able to contain a gas pressure of 10 MPa to ensure the formation of GH.

- The cooling process must permit a uniform and constant temperature of the sample as we
want to control the formation by pressure driving force.

- The sample size should be small enough to reach um resolution but not too small in order to
be able to see changes in pressure and to follow more precisely the progression of the
formation process.

- The rotation and the cooling of the cell must not generate any vibrations during the scan to
avoid image artefacts.

- The attenuation of X-rays must be as uniform as possible.

In order to meet the above requirements, a cylindrical pressure cell was designed. The
cylindrical shape offers the advantage that X-rays have a constant attenuation at different azimuthal

angle. A Peltier element was used for cooling the cell because it is more convenient for our setup.
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Cooling devices based on the Peltier-effect are now widely used in different areas of applications
requiring well controlled temperature and compact transfer of heat: e.g. in protein crystallography
[Machin et al., 1984], single crystal research [Agron and Levy, 1972] and X-ray or neutron powder
diffraction [Oksansen et al., 2010; Wood et al., 2012] (Figure 4-6).

Figure 4-6. Custom designed pressure cell for in-situ GH formation. Left: schematic drawing of the

pressure cell, right: picture of the pressure cell

A thermo-electric module type CP 1.4-71-06, MELCOR is mounted with its cold side in thermal
contact with a central aluminum cylinder (or the base of the cell) and its hot side in contact with a
rectangular water jacket. The latter is simply built by drilling U-shaped channels in our workshop. The
supply of cooling water is taken from a tank of 31 L. The water is cooled by gravitation-flow (laminar
flow, 2.4 L/h to avoid vibration) to the inlet of the water jacket and travels back and forth through the
chambers of the water block thereby absorbing the heat. The warmer water exiting the water

exchanger is pumped back to the water tank (Figure 4-7).
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Base of Sample holder

mounting position
the cell \ &P
Gas inlet

Water

i \

7

Water in Peltier

\ element

Mounting plate

Figure 4-7. Base of the pressure cell

The sample holder is a thin-walled aluminum cylinder and it is fixed with a screw mount
terminal on the base (Figure 4-8). Aluminum was used because it is a good conductor of heat, it has a
low density and high strength, and it can be easy shaped. The junctions between these elements are
achieved using screws and the thermal contact is improved by using thermal conducting paste. The
device is closed by a polyethyleneimine cover (dome) clamped to the base of the cell Figure 4-9.
Polyethyleneimine was chosen for its low X-ray absorption and adequate mechanical properties. The
dome is connected to the central aluminum cylinder through a screw mount terminal. On the top of the

dome a pressure valve is mounted and it is used to evacuate air.

<—— Sample container

<——— Dome (PEl)

<——— Gas outlet

Figure 4-8. Aluminum sample holder Figure 4-9. Dome of the cell made of polyethylenimine.

The cooling of the sample is achieved by powering the Peltier module with 8.6 V DC at 5A. A
PT 100 temperature sensor is mounted at the bottom of the base of the cell close to the Peltier

element. The temperature measured by the sensor is fed to a temperature regulator (type Peltron

Page | 94



Chapter 4: Experimental Section

PRG H 100) which will compare it to the set temperature (276 K) and control the cooling process. The
thermal equilibrium is reached after a few minutes (~ 5 min) and remains stable to within = 0.1 °C over

periods of many hours.

The sample temperature was measured at different positions using another PT 100 sensor
controlled with a Lakeshore regulator. Two materials with different thermal conductivity: thermal
grease and honey were used for this purpose to estimate the temperature gradient along the sample.
The measured results revealed the existence of a temperature gradient of about 0.85 °C degree over
a length of 10 mm. A uniform sample temperature is preferred but the actual temperature gradient
does not represent a major problem for the experiments. A first prototype of the cell was constructed
then several modifications were made to improve its working performance and to meet some specific
requirements depending on the planned experiment. The pressure cell was first designed to work with
Xe gas so at pressure below 1 MPa. Recently the cell was modified to be able to hold a pressure

exceeding 10 MPa in order to be used for future experiments (not this project) on methane hydrate.

4.1.3. Specimen preparation
The synthesis of GH in unconsolidated sediments starts by preparing different mixtures with
the appropriate amount of each component. Various mixtures with different water content were

prepared and different kinds of formation processes were tested:

- procedure (l): formation from juvenile water,

- procedure (II): formation from Xe-enriched water obtained from in-situ formed and
subsequently decomposed Xe-hydrate (“memory water”), and

- procedure (lll): reformation from ex-situ formed and in-situ decomposed Xe-hydrate.

The first procedure is the general method followed to prepare GH-bearing sediments' samples
as described by Klapproth et al. [2007]. It consists of admixing sediments with the appropriate amount
of frost powder in a mortar under liquid nitrogen in a cold room (263 K). A small portion of the
homogenized sediment is then filled under liquid nitrogen into the sample holder and subsequently
manually compacted to avoid big gaps in unconsolidated sediments. The sample holder is then
loaded in the pressure cell at constant temperature of 276 K. After 25 min of thermal equilibration and
melting of the ice phase, the cell chamber is flushed three times with gas to evacuate air and a gas
pressure is applied. This method was used for ex-situ and in-situ preparation of GH samples. In
procedure I, the experiment was performed in-situ in three stages on the same sample: the first stage
consists of forming Xe hydrate following method I, then hydrates were decomposed by reducing the
pressure to a value below the three-phase equilibrium pressure, and finally in stage 3, GH was
reformed by restoring the pressure to the condition of formation. For method Ill, porous media were
mixed with ex-situ formed Xe hydrates grown from ice spheres [Kuhs et al., 2006; Staykova et al.,
2003]. The mixture was filled into the pressure cell and hydrates were completely dissociated for 25

min at 276 K under ambient pressure. Xe hydrates were then reformed from this “memory” water.

4.1.4. Control of the reaction kinetics
The scope of this work includes the study of the nucleation and growth mechanisms of GH in

sediments. This goal can be achieved by performing several measurements at different stages of
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formation. Hence, the understanding of GH formation kinetics is very important for the success of in-
situ time resolved experiments. As the formation rate depends on the pressure driving force, the
pressure to be applied to simulate the formation of Xe hydrate is a critical parameter which must be
chosen carefully in order to obtain a moderate time of nucleation.

The beam times granted at synchrotron facilities are only a few days. Therefore, reasonable
duration of GH formation was preferred to achieve all planned experiments. On the other hand, a fast
reaction of formation does not allow us to follow the progress of the formation process by means of
pressure drop. For these reasons, several tests have been made in order to choose the safe onset
working pressure. The tests were done using the same mixture composed of Qz sand with 10 wt.%
frost at constant temperature of 276 K and various pressures of 2.5, 3.0, 3.5, 4.0 and 4.5 bar. Figure
4-10 shows how the induction time and the formation rate vary with the driving force. The results are

summarized in Table 2-1. At 2.5 bar, the reaction did not start after 2 hours so it was abandoned.

Pressure (bar)

1 Induction time

Formation at 3 bar

Total formation time

T T T T T T
5 10 15 20 25 30
Time (min)

T
35

1
40

Pressure (bar)

Formation at 3.5 bar

Time (min)

Pressure (bar)

424

4,04

384

36+

34

Formation at 4 bar

Time (miny

pressure (bar)

48+

464

444

42

40

Formation at 4.5 bar

o

T T T T
g 10 15 20 22 30 39 40

time {miny

Figure 4-10. Gas consumptions of Xe hydrate formation at different pressure driving force. A
sample of Qz sand with 10 % water (276 K) was used.

The pressure driving force is defined as In (fe/feq), Where fo,, and feq are the fugacities at the
experimental pressure and at equilibrium respectively. The pressure of Xe hydrate stability at 276 K
was determined using the CSMGem program [Sloan and Koh, 2008] and the Xe fugacities were
calculated from isothermal fluid data of Xe gas obtained from NIST webbook (available at
http://webbook.nist.gov/chemistry/fluid/ using the following state equation):

1 R RT
f=P — SV —dP
eXp(RT P ) (4.1)
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Table 4-2. GH formation rates at different pressure

Pressure IN (fexp/feq) Induction time (min)  Reaction time (min)
(bar)
25 0.180 > 2 hours -
3.0 0.359 16 25
35 0.510 15 24
4.0 0.640 5 21
4.5 0.754 3 19

At T= 276 K, foq = 2.055 bar (Peq = 2.07)

From the above results, the pressure can be set at a value between 4 and 5 bar in order to
obtain a reasonable reaction time.

The acquisition of tomographic and CSD data requires that all phases within the sample are in
equilibrium. Both methods are sensitive to any small movement of the sample. Therefore,
measurements at different stages of formation must be done when all phases within the sample are in
equilibrium. For that, we developed a way to stop the reaction before each scan: “stop and go”. Our
approach consists of decreasing the pressure to a value slightly higher than the stability limit of Xe
hydrate at 276 K. At this pressure, the driving force is too small so that hydrate remains stable and the
formation process is slowed down until it is stopped after few minutes. The scans were taken when the
pressure is stabilized. The pressure corresponding to the stability limit of Xe hydrate was determined
experimentally due to the existing temperature gradient as the sample is cooled from one side. The
procedure consists of forming GH and then decreasing the pressure slowly until an increase of

pressure characterizing the dissociation of GH is clearly observed (Figure 4-11).
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Determination of the stability limit pressure
of xenon hydrate at 276 K

Initial partial GH
dissociation

Pressure (bar)

Beginning of a full
GH dissociation

2,00 — T ; | ; T

T T T T T T
40 60 80 100 120 140
Time (min)

Figure 4-11. Experimental determination of the pressure corresponding to the stability limit of Xe
hydrate at 276 K. First Xe hydrate was formed at 5 bar, then the pressure was decreased by steps of
0.5 bar down to 2.5 bar (not shown in this graph) and finally the pressure was decreased by smaller
steps of 0.05 bar until a remarkable increase of pressure is observed. The increase of pressure
indicates the dissociation of GH (black arrows in the figures indicate the initial partial and the
beginning of full GH dissociation).

Due to the temperature gradient along the sample, the dissociation of GH is not
homogeneous. Figure 4-11 shows that the dissociation starts first at 2.1 bar which may corresponds to
a part of the sample at higher temperature which corresponds

When the pressure was further decreased to 2.05 bar, a fast increase in the pressure is
observed which indicates that all the sample started to decompose. Hence, in order to stop the
pressure and avoid any partial GH dissociation the pressure must be droped to a value above 2.1 bar,
2.2 bar. At this pressure the driving force is negligible ~ 0.05, so after few minutes all phases are in
equilibrium. Figure 4-12 illustrates how the reaction can be initiated successfully, stopped and
restarted again. Using this approach, scans at different stage of formation can be achieved allowing
studying the nucleation and growth processes within the reaction time without affecting the quality of

data recorded.
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Figure 4-12. Control of GH formation Kkinetics. The reaction can be initiated, stopped and
restarted again in order to study the nucleation and growth processes. The red arrows show
the time at which scans can be executed without influencing the quality of data.

4.2. SEM investigations

4.2.1. Characterization of starting materials

The different starting materials were investigated using FE-SEM. Both secondary electrons
and backscattered electrons modes were used. Ice and GH samples were studied under high vacuum

and low temperature using the Polaron cryogenic system cooled with liquid nitrogen.

FE-SEM images show that the natural Qz sand consists of rounded grains characterized by a
rough surface. The steps and corners of the surface of Qz could represent sites to accumulate water.
Chuvilin and Istomin [2012] reported that Qz sand are composed of more than 90% of SiO,. The SEM
analysis shows that some Al, Fe, Ca, Zr oxide/carbonate thin-layer coatings are covering the surface
(see Figure 4-13).

On the other hand, purchased synthetic GB consist of SiO, spherical particles with a smooth surface.
Some imperfections are observed which might be related to the formation process and to mechanical
shocks during preparation (Figure 4-14).

Kaolinite and montmorillonite were characterized as well by FE-SEM. Both clay minerals are
small plate-like particles which form aggregates of bigger sizes. Kaolinite sample is composed of: 92
% kaolinite, 6 % Qz and 2 % muscovite (see Figure 4-15). While montmorillonite sample is composed
of 93.4 % montmorillonite, 2.9 % andesite, 2.9 % biotite, and 0.8 % calcite (see Figure 4-16) [Chuvilin
and Istomin, 2012].
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Figure 4-13. FE-SEM images of the natural Qz sand. A: SE image of Qz sand grains, B: high
magnification image of a Qz grain surface. C and D are BSE images showing the presence of other

types of minerals (brighter regions) such as Fe, Al, or Zr.

Figure 4-15. SEM image of Kaolinite Figure 4-16. SEM image of montmorillonite
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FE-SEM measurements of frost powder show that it consists of small individual grains or
crystallites of frost have a small size below 200 nm. These particles form agglomerates of about 10
pm in size (see Figure 4.14). Diffraction experiments on frost produced indicate that is
crystallographically stacking faulty cubic ice “Ich” [Hansen et al., 2008; Kuhs et al., 2012].

Figure 4-17. SEM images of frost. A: monolayer of frost formed by condensing water vapor 3 s on a

cold plate. B: agglomerates of frost crystallites formed by condensing water vapor 20 s on a cold plate.

The initial mixture of Qz sand and frost was as well
characterized by FE-SEM. The SEM image in Figure 4-18
shows that small frost particles are agglutinated on the
surface of Qz grains. This method uses ice powder instead
of liquid water in order to avoid migration of water through
pores to the bottom of the sample before starting the
formation of GH. Furthermore, it is easier to weight the

appropriate amount of frost powder than to micropipette

Figure 4-18. Qz sand admixed with 10 water in the sample [Klapproth et al., 2007]. The distribution

Wt% frost of water in the Qz sand matrix was always checked for each

sample by pu-CT before starting the reaction (see Chapter 5).

4.2.2. Microstructural observations

FE-SEM observations of the microstructure of GH were carried on 3 synthetic GH samples
prepared ex-situ using procedure |. The characteristics of these samples are summarized in the Table
4-3.

Table 4-3. Characteristics of GH samples for SEM investigations

Specimen Matrix Frost (wt.%) Gas Porosity P (MPa) Formation
(%) time
Sample 1 Nat. Qz 10 CH, 39 10 36 h
Sample 2 Nat. Qz 10 Xe 39 0.6 36h
Sample 3 Nat. Qz 20 Xe 30 0.6 48 h
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FE-SEM observations showed similarities between the microstructure of methane hydrate
(MH) and Xe hydrate (XeH) samples. Both hydrates appear from SEM images to form as cement
between the Qz grains (Figure 4-19). Qz grains look to be linked together by hydrate which can
increases the stiffness and rigidity of the specimen. Qz grains fully surrounded by GH were not
observed. This is probably due to the fact that samples were crushed into small pieces before the
analysis. These results are similar to the observations of Klapproth et al. [2007] on synthetic methane

hydrate samples and from NGH samples from Mallik 5L-38 research well [Techmer et al., 2005].

Figure 4-19. FE-SEM observations of GH distributed in natural sediments. Similarities in the
microstructures between synthetic methane (A) and Xe hydrate (B) samples (this work), synthetic
methane hydrate prepared by A. Klapproth (C) and NGH sample from the Mallik 5L-38 research well
(D) [Techmer et al., 2005] .

GH formed between sediment grains displays either porous or dense morphological structures
(Figure 4-20). The size of pores is in the order of 1 um and sometimes smaller. Both observed

microstructures have been reported by Klapproth et al. [2007] and Klapp et al. [2010b].
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Figure 4-20. FE-SEM observations of porous (A) and dense (B) morphological microstructures in Xe

hydrate samples (medium IIl).

Some SEM images show polycrystalline layers of GH covering partially the sediments grains
(see Figure 4-21). Individual crystallites can be clearly seen on the right hand side image (C) where
only a monolayer of GH crystals is agglutinated to the Qz surface. These images are from a fully
transformed GH samples. Nevertheless, it appears that the nucleation started at different sites and
that GH crystals have a specific crystallographic orientation. The average size of GH crystals is around
10-15 pm. Quantitative information on the crystallites size distribution cannot be precisely extracted
from SEM images. Therefore, a new method based on X-ray diffraction has been developed for this
purpose in order to extract such information which is crucial for understanding the formation process
of GH in sediments.

Figure 4-21. FE-SEM observations of polycrystalline layers of GH covering the Qz surface (A and B).
C: individual crystals images of Xe hydrate bearing sample (17% frost). A and B show a polycrystalline
layers of GH partially covering the Qz grains. C: a monocrystalline layer where individual crystals with

sizes in the order of 5-10 pm can be clearly distinguished.
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4.2.3. Limits of the SEM method

The SEM method offers several advantages but it has as well some limitations (see section 3.1,
Chapter 3). Possible sublimation of GH may occur at high vacuum conditions and due to the electron
beam at low vacuum conditions. The SEM method is not suitable for in-situ investigation of GH at high
pressure; hence measurements were done at low temperature on ex-situ prepared GH samples
recovered and stored in liquid nitrogen which freezes the liquid water. It becomes therefore difficult to
distinguish between frozen water and dense GH or to observe a remained water layer between GH

and sediment grains as illustrated in Figure 4-22.

Figure 4-22. SEM image of Mallik 5L-38 sample showing a possible frozen water layer between Qz
grain and GH [Techmer et al., 2005].

4.3. Time-resolved micro-computed tomography of gas

hydrate growth in porous media

Synchrotron Radiation X-ray Computed Tomography (SRXCT) was used to observe, for the
first time, the evolution of the GH microstructure in various porous media at a pixel resolution below 1
pm. The investigations were carried out during two experimental campaigns; the first beam time was
in December 2012 and the second in October 2013.

4.3.1. The TOMCAT beamline

The TOMCAT (TOmographic Microscopy and Coherent rAdiology experimenTs) beamline for
X-ray tomography at the Swiss Light Source (SLS) of the Paul Scherrer Institut (PSI) was chosen to
observe in-situ the microstructure of GH in porous media due to its high resolution and the adequate
range of energy (8- 45 keV) that can offer. The synchrotron light is delivered to the beamline by a 2.9
T superbend. The expected performance of the multilayer monochromator (bandwidth between 2-3 %)
is illustrated in Figure 4-23Error! Reference source not found.. Further characteristics of the

OMCAT beamline are summarized in Table 4-4.
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Figure 4-23. Photon flux as a function of energy for monochromatic and white beam (source:
http://lwww.psi.ch/sls/tomcat/optics)

Table 4-4. Specifications of equipment and acquisition parameters at TOMCAT ([Stampanoni et al.,

2006])

X-ray source

Super bend magnet 2.9 T
Ring current 400 mA
Ring energy 2.4 GeV

Photon source size (},, >)

53 um x 16 pum

Beam size at sample (3, > )

40 pm x 4 pm

Beam flux

6.8 x 10° photons s™* pm™

Monochromator type

Double-crystal multilayer,
bandwidth 2—3%

Monochromator to source distance

7m

Sample to source distance

25m

Scintillator type

Single-crystal lutetium aluminum
garnet doped with cerium
(LUAG:Ce) (A=535 nm), 20 um

Detector type

CCD: PCO2000

Detector resolution

2048 x 2048 pixels (14-bit)

Objective type
Olympus Uplapo 4 x
Olympus Uplapo 10 x
Olympus Uplapo 20 x

Field of view Pixel resolution
3.7x3.7 mm? 1.85x1.85 um?
1.5x1.5 mm? 0.74x0.74 pm?

0.75x0.75 mm®  0.37x0.37 um”

4.3.2. X-ray absorption radiography

The microstructure of GH was imaged using X-ray absorption radiography method because of

the characteristics of the investigated specimen. The samples have an inhomogeneous chemical

composition and contain high and low absorbing elements so contrast between the different phases is
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expected. Furthermore, Xe was used to increase the contrast between the low-absorbing phases

including water, gas and GH. Hence, it is not necessary to use phase contrast imaging in this case.

The rate of transmitted X-rays was calculated for each medium and for the total sample at the
initial and final state of GH formation for a standard sample composed of Qz sand and 10 % water. As
we have a newly developed pressure cell and the experiments were carried out for the first time, it was
important to do these calculations in advance to have the time to do any modification on the cell
before the beam time. Figure 4-24 depicts the X-ray path through the different media of the pressure
cell. The intensity of X-rays is attenuated as it passes through each medium as described by the Beer-
Lambert's law (Equation 3.19). Table 4-5 shows the attenuation of X-rays by each medium and the
total X-ray absorption for the initial and final state of GH formation. For X-ray absorption imaging, the
total attenuation should be in general about 90 %. The details of X-ray absorption calculations are

given in Appendix A.

1) Polyethylenimine (PEI)
2) Xenon gas

3)  Aluminium (99,9%) o
4) Sample o
X- ray patH"‘
X-ray beam [
I-lll---:l.l.-.’-l l.l,vl.llllpllllll’

|| lll ," |
cl \ / J

[ - S - [

Figure 4-24. X-ray path through the pressure cell.
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Table 4-5. Rate of X-ray attenuation by each medium

Initial state of the reaction

nr medium Abs. Coef.  Trans. Coef. % Trans.
1 Polyethylenimine (0.3 cm) 0.129 0.871 87.08
2 Xe outer space, 0.2 MPa (0.08 0.021 0.979 85.27
cm)
3 Al (0.02 cm) 0.195 0.805 68.63
4 60 % Qz (0.2 cm) 0.411 0.589 40.44
4 30% Xe in sample at 0.2 MPa 0.023 0.977 39.49
4 10 % Water 0,014 0.987 38.96
3 Al (0.02 cm) 0.195 0.805 31.36
2 Xe outer space, 2 bar (0.08 cm) 0.021 0.979 30.71
1 Polyethylenimine (0.3 cm) 0.129 0.871 26.74
Total Transmission 26.74
Total Absorption 73.26

Final state of the reaction

nr medium Abs. Coef.  Trans. Coef. % Trans.
1 Polyethylenimine (0.3 cm) 0.129 0.871 87.08
2 Xe outer space, 0.2 MPa (0.08 0.021 0.979 85.27
cm)
3 Al (0.02 cm) 0.195 0.805 68.63
4 60 % Qz (0.2 cm) 0.411 0.589 40.44
4 30% Xe in sample at 0.2 MPa 0,023 0.977 39.49
4 10% Xe hydrates 0.351 0.649 25.62
3 Al (0,02 cm) 0.195 0.805 20.62
2 Xe outer space, 2 bar (0.08 cm) 0.021 0.979 20.19
1 Polyethylenimine (0.3 cm) 0.129 0.871 17.58
Total Transmission 17.58
Total Absorption 82.42

4.3.3. Samples and list of experiments

Several samples with different compositions were measured during two experimental
campaigns at the TOMCAT beamline in December 2012 and October 2013. During the first beam
time, samples of natural Qz sand with various amount of water were measured in order to study the
nucleation and growth processes of Xe hydrate in sedimentary matrices. This beam time was the first
occasion to test the performance of the pressure cell and to explore the quality of data produced. As
the experiments were successful and we could achieve our goals, a second beam time was planned
with more experiments in order to corroborate the first observations and to investigate new parameters
which may play a role in the formation mechanism of GH in porous media. The complete list of

experiments and tests done during the two experiments is presented in Table 4-6.
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Table 4-6. List of experiments/tests done during the two beam times in December 2012 and October
2013

Experiment/test Type of Sediment Frost Nb of

(wt.%) (wt.%) samples
December 2012

Nucleation/Growth I Nat. Qz sand 10.3 6
Nucleation/Growth I Nat. Qz sand 14.3 5
Nucleation/Growth I Nat. Qz sand 17.4 4
Dissociation/reformation Il Nat. Qz sand 17.4 1
Annealing test I Nat. Qz sand 17.4 1
October 2013

I Nat. Qz sand 10.2 2

Nucleation/Growth
I Glass beads 10.3 2
I Nat. Qz + 8% Kaolinite 15.3 2

Clay Minerals
I Nat. Qz + 8% Montmorillonite 15.4 2
I Hydrophobic Qz Sand 15.5 2
I Hydrophilic Qz Sand 15.4 1
Surface effect I Hydrophobic GB 15.3 2
I Hydrophilic GB 154 1
I Acid Washed Qz Sand 15.3 2
High water saturation I Nat. Qz Sand 25.7 3
Reformation ] Nat. Qz Sand 15.2 1
] Natural Qz Sand 20% Xe hyd 2
Reformation

1] Glass beads 20% Xe hyd 2
Salt effect I Nat. Qz Sand 15.2 (2% NacCl) 1

Not all results from the experiments listed here will be discussed in Chapter 5. Some tests
were unsuccessful such as the test with salty water or there was a problem with the data collection

(i.e. annealing experiment).

4.3.4. Experimental setup and data collection
The pressure cell was mounted on a precision rotation stage which allows translation along the
X,y,z directions with a resolution better than 1 pm and the centering of the sample can be achieved

within 0.1 pm reproducibility. The experimental setup is shown in Figure 4-25 and 4-26.
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Figure 4-26. Close-up picture of the pressure cell mounted on the rotation stage

A large amount of high quality data (> 24 TB) was collected during two experimental
campaigns of 12 shifts (96 hours) each. The first beam time was in December 2012 and the second in
October 2013. A total of 240 tomograms of the 16 different hydrate-bearing sediment samples were
measured. For each tomogram, 3201 (1501 second beamtime) projections at an integration time of
150 ms (350 ms) each were acquired over a sample rotation of 180° with a monochromatic X-ray
beam energy of 21.9 keV. Two objectives (UPLAPO10x and UPLAPO20x) were mainly used with
optical magnifications 10x and 20x. Nevertheless, some CT images with a low magnification 4x were

taken in order to get an overview of the whole sample. After penetrating the sample, transmitted X-
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rays were converted into visible light by a 20 um-thick single-crystal lutetium aluminum garnet doped
with cerium scintillator LUAG:Ce and captured by a high-resolution CCD camera type (2048x2048
pixels). Subsequently the data was reconstructed by a gridded Fourrier transform-based
reconstruction algorithm [Hintermuller et al., 2010; Marone and Stampanoni, 2012]. This results in
datasets with an isometric voxel size of 740 and 380 nm (for the 10x and 20x magnifications
respectively), which enables to distinguish between gas, water, sediment grains and hydrate also in

interfacial areas of the sample.

4.3.5. Data quality
The data collected has in general very good quality; however CT images are not free of
artifacts more or less apparent. As described in section 3.3.5 in Chapter 3, these artifacts may

complicate the quantitative analysis or simulate pathology which leads to misinterpretation of the

results. Figure 4-27 shows some images affected by different types of artifacts.

Figure 4-27. CT images showing the most common artifacts observed during data collection: a) beam
hardening: the edges of Qz grains are brighter than the inner volume, b) motion artifact due to

movement of the samples during measurements, and c) ring artifact resulting from a detector failure.

Beam hardening is a known problem in X-ray tomography. All Qz grains show on their edges
a lighter gray value in the same range of GH, so it is important to consider this pathology during the
interpretation of results. On the other hand, the motion artifact resulting either from the movement of
the sample during scanning or from a partial decomposition of hydrates due to beam heating was less
apparent in the CT images and the most affected scans were re-measured immediately when it was

possible. Ring artefacts are less apparent and occurred occasionally due to detector failure.

4.3.6. Data analysis

The post-processing of the reconstructed data is carried out by our collaborator from the
University of Mainz. In this section, only a brief overview of the steps of data processing is given. For a
detailed description of the whole working flow of data analysis the reader may refer to the PhD thesis
of Kathleen Sell.

For a quantitative analysis, the data has to be segmented. The segmentation is a process
which consists of partitioning the image in sets of pixels called segments and assigning label to every
pixel image or phases with a certain gray value. This operation has for goal to simplify the
representation of images by identifying each phase within the sample and to make the image analysis
easier. There are several methods of image segmentation in literature [Issonov et al., 2009].
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The first step of data processing consisted of rescaling the original data using Matlab script
from “64-bit floating rek.dmp” files to “16-bit Unsigned RAW” data with file dimension of
2560x2560x2160 pixels®. Due to less complete data related to the rotation symmetry inherent in

tomography, the corners of images contain artifacts so data were cropped to use only the inner

volume with the highest quality as shown in Figure 4-28.

Figure 4-28. Left: an original binary raw 64-bit floating image including all artifacts. Right: a re-scaled
16-bit ROI cropped image without loss of information during rescaling (images provided by Kathleen
Sell).

The post-processing of data was carried out with Avizo Fire 7.0 software from VSG (Mérignac,
France). The second step was to apply different image enhancement filters such as the Non-Local
Means (NLM), the Edge Preserve Smoothing (EPS) and the Anisotropic Diffusion (AD) filter.

The third step consisted of using a combination of global threshold, watershed algorithm and
region growing technique to segment the data into sediment grains, hydrates and fluid phase (see
Figure 4-29). Unfortunately, the attempts to segment the gas and water were not successful so far due
to the low-density contrast between the two phases as you can see in Figure 4-28. More effort has to

be invested on this task in the future and may be different reconstruction algorithms should be used.
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’ classes: quartz (gray), fluid (black) and GH (white)
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i enhancement or beam hardening artifact on the
Gray Histogram  quartz grains

Figure 4-29. Different steps of data processing (images provided by Kathleen Sell)

Once the data are segmented and each phase in the sample is identified, the data can be
rendered using Avizo software and a 3D image of the distribution of GH in porous media can be
generated. As conclusions could be drawn from 2D images, the 3D rendering was not done

systematically for all samples.

4.4. Fast X-ray crystallite size determination (FXRCSD)
method

4.4.1. Materials
44.1.1. LaBg

Standard LaBg powder (NIST SRM 660a) was used without further treatment as calibrant of
the method. Each particle of LaBg represents one crystallite. Several SEM images of different batches
of LaBeg mounted on a scotch film were taken with different magnifications. Figure 4-30 illustrates an
example of SEM image of LaBs. The CSD of LaB6 obtained by SEM image analysis is plotted in
Figure 4-31. The size of particles was extracted from SEM images with the aid of "Photoshop CS3"
computer software for image analysis. The size of each crystallite was specified as the diameter of a

circle with equivalent projected area as the patrticle.
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Figure 4-30. SEM image of standard LaBs Figure 4-31. Crystallites size (diameter (d))
powder (NIST SRM 660a) distribution of 5409 particles of LaBs extracted

from SEM images.

The diameter of particles estimated by this method may be overestimated because as the
particles are not spherical, they tend to adhere to the surface of Scotch by their large surface (shorter
diameter normal to the surface of Scotch). Small particles of LaBg were determined from SEM images
at high magnification. The calculated average diameter of LaBg from 5409 particles is 2.5 pm
(standard deviation (SD) = 1.84).

LaBg was diluted with starch powder [1:6] (commercialized Mondamin Stéarke). For the ex-situ
calibration, a kapton capillary (0.8 mm) was filled while for in-situ calibration the LaB¢ powder mixture
was filled into the aluminum sample holder (0.8 mm) of the pressure cell then mounted on the cell and

a Xe gas pressure of 0.2 MPa was applied to meet similar conditions as for Xe hydrate samples.

4.4.1.2. Xe hydrate
Several Xe hydrate-bearing sediment samples with 20 wt.% frost were investigated. In-situ
measurements inside the pressure cell were achieved at different formation times of 2 min, 30 min, 2
days, and 4 days. Longer formation runs were done ex-situ in 2 mm kapton capillaries for 1 week and
4 weeks using the same starting mixture. For all samples, the formation was started by applying a
pressure of 0.5 MPa under constant temperature of 276 K. For in-situ measurements, we used the

stop-pause procedure as for tomographic experiments to stop the reaction and to take a scan.

4.4.2. ID15B beam line setup
The ID15B beam line of the European Synchrotron Radiation Facility (ESRF) in Grenoble

(France) was used for the investigation of the crystallite sizes of GH-bearing sediments. The ID15B
beam line is dedicated to diffraction studies of powders, amorphous materials and single crystals, and
to high-resolution Compton studies. The beam line is suitable for in-situ and high-pressure works. It
provides high-energy between 60 and 90 keV. The beam line is equipped with a Pixium 4700 flat-
panel detector which has a useful pixel array of 1910 x 2480 pixels with a pixel size of 154 x 154 pum.
The detector has a good efficiency at high X-ray energy; hence it is capable of acquiring high quality
data in a short time [Daniels and Drakopoulos, 2009].
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Due to these characteristics, this beam line was chosen for in-situ studies of the
microstructure of GH. The beam line satisfies the requirement needed for successful experiments
such as suitable sample environment for in-situ work, high-intensity beam for good penetration
through the pressure cell and for fast measurements. The typical set-up for high-energy X-ray

diffraction at ID15B is shown in Figure 4-32.

Pixium 4700
Flat Panel Detector

Aluminum Sheet
with Beam Stop

Synchrotron
Storage Ring

Sample and
Environment

Insertion
Device
Slits
Monochromator

Figure 4-32. Typical set-up for high energy XRD at ID15B of the ESRF. The aluminum plate acts to
filter low-energy fluorescence X-rays. The detector image shown is of a textured zirconium alloy

[Daniels and Drakopoulos, 2009].

4.4.2.1. Experimental setup and data collection
The pressure cell was mounted on a precision rotation stage. Figure 4-33 and Figure 4-34
show the sample environment and the experimental setup for in-situ CSD investigations of Xe hydrate
with time. Figure 4-35 depicts the experimental setup for ex-situ measurements of GH CSDs in kapton
capillaries using cryogenic stream cooling (T = 100 K) to main the samples stable A monochromatic
beam with a variable rectangular cross section was collimated on the sample. The 2D Pixium detector

was placed at a distance of 1100 mm from the sample.
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Figure 4-34. Picture of the setup used for in-situ investigations of the evolution of GH CSDs with time.

The pressure cell was rocked over the angle w.
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Figure 4-35. Picture of the setup used for ex-situ measurementss of GH CSDs in kapton

capillaries co-axially cooled using cryostream at 100 K. The sample was rotated over the
angle ©.

Before starting the data acquisition, the beam size was adjusted in order to get a spotty
diffraction pattern of Xe hydrate and of LaBg. The spotty diffraction pattern should contain a few tens of
spots with small number of overlapped peaks. Afterwards, several snapshots were taken with different
exposure times to choose the optimum exposure time which provides a high intensity to background
ratio and which permits a fast measurements as well. Finally the step size was chosen depending on
the morphological characteristic (e.g. mosaicity) of the crystal of each material. The sample/pressure

cell was rocked for few degrees over the rotation angle @ and and between 300 and 500 frames

were collected per scan. All measurements parameters are summarized in Table 4-7.

Table 4-7. Measurements parameters for all ex-situ and in-situ experiments

Sample Beam size  Step size Sweep Exposure time
mm
(mm) (deg) (deg) ©)
Ex-situ LaBs + starch (1:6) 0.1x0.1 0.005 2 5
Xe hydrate (1 week) 0.1x0.1 0.005 25 5
Xe hydrate (4 weeks) 0.1x0.1 0.005 25 5
LaBg + starch (1:6) 0.3x0.3 0.005 1 5
Xe-hyd: t =2 min 0.3x0.3 0.005 2 5
Xe-hyd: t = 30 min 0.3x0.3 0.005 2 5
In-SItU e hyd: t = 2 days 03x03  0.005 2 5
Xe-hyd: t = 4 days 0.3x0.3 0.005 2 5

Page | 116



Chapter 4: Experimental Section

4.4.3. Data processing

The measured 2DXRD diffraction patterns are simply 2D images saved as uncompressed
TIFF images. shows an exemplary 2D spotty diffraction pattern of LaBe.

Spotty LaBS.\." » gt g
reflections S s

Figure 4-36. Spotty diffraction pattern of LaBs.

The main goal of data processing consists of extracting the intensity of each spot from a specific “hkl”
diffraction ring in order to use this information to determine the crystallite size. For this purpose, an
image analysis program has been developed in order to analyze 2D diffraction patterns and extract
necessary information. The program was written on the programming language Python (available at
www.python.org) by the PhD student Sigmund Neher. The program will be discussed in more details
in his PhD thesis. Here only an overview of the steps of data processing is given.

The data analysis is done in following steps:
- (1) the user has to select the Debye-Scherrer ring of interest

- (2) a thresholding operation is used to separate peaks with respect to background. The thresholding
is a very well-known method used to separate regions of an image corresponding to objects of interest
which we would like to analyse. The separation is based on the difference of intensity between the
pixels of the object of interest and the background pixels. The threshold in our case corresponds to the
mean values of adjacent ring section areas are used which can be multiplied by the user (set-
multiplier) in order to increase (or reduce) the limit of detection of spots. All peaks which have

intensities above this threshold will be detected and taking into account (see Figure 4-37).
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Figure 4-37. Images showing the separation of peaks using thresholding method. a) 2D spotty diffraction pattern of LaBsg, b) selection of the Debye-Scherrer ring of

interest, c) separation of peaks in the circumference of the selected diffraction ring (image provided by Sigmund Neher).
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- (3) in case of partly overlapping peaks a seeded watershed algorithm is used? [P. J. Soille, 1990]

(Figure 4-38).

(sllce(80L.110L), sce{215L,240L))

Figure 4-38. Example of treatment of two overlapped spots (image provided by Sigmund Neher)

- (4) the subsequent step is the allocation of peaks found in adjacent images. The allocation combines

the 2D area information of each peak in each image to 3D volume information of every reflection (see

Figure 4-39).

With this information the program is able to return the rocking curve of each reflection. The integrated

intensity corresponds to the area under the curve (see Figure 4-40). It is determined either by fitting

the curve by a Pseudo-Voigt function or by integrating over 0 using the trapezoidal rule.

1 watershed separation is no longer applicable in the new version of the python program.
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Figure 4-39. On the left hand side, a stack of 2D images analysed in order to extract intensity
information of each peak from the different images which are shown on the right hand side images

and marked by yellow, red and green boxes (image provided by Sigmund Neher).
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Figure 4-40. Example of a rocking curve of a crystal: intensity variation as a function of the rotation

angle. The area under the curve (textured in blue) corresponds to the integrated intensity of the peak.

- (5) The output intensities are corrected for the Lorentz factor. The program calculates the Lorentz
factor depending on the experimental setup and the velocity of the sample rotation (degree of
steps/exposure time). The corrected intensities are obtained by dividing the raw intensities by the

Lorentz factor.
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5 | Observations of GH
microstructures in sedimentary
matrices

In the following chapter, the relevant results from the microstructural observations of GH-
bearing sediments using SXRCT are presented and discussed. Our goal was to follow the nucleation
and growth of Xe hydrate in sedimentary matrices and to study the effect of several parameters on the
GH formation by taking several scans at different steps of GH formation. A complete sequence of GH
formation (from the beginning till the end of the formation process at one spot) for all runs was difficult
to get because of some inhomogeneity of the water distribution frequently observed over the scanned
volume despite our effort to get a uniform distribution of water within the sediments. Thus, we consider
only the local water saturation (Ws, the fraction of pore filling by water at the scan position) in the
following discussion. Due to the big amount of data collected, only relevant results will be presented
here. Table 5-1 shows the list of samples which will be presented in this Chapter. The recorded

pressure curves of these samples are shown in Appendix B.
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Table 5-1. List of samples presented and discussed in Chapter 5.

Sample N°  Formation Type of Sediment Water sat. Beamtime
procedure (wt.%) (Ws %)

Sample 2 | Natural Qz Sand 57 2012

Sample 4 11 Natural Qz Sand 34 2013

Sample 6 | Nat. Qz + 8% Montmorillonite 72 2013

Sample 8 | Natural Qz Sand 41 2013

Sample 10 | Hydrophobic GB 54 2013

Sample 12 | Natural Qz Sand 49.5 2012

Sample 14 | Natural Qz Sand 324 2012

Page | 137



Chapter 5: Observations of GH microstructures in sedimentary matrices

5.1. Nucleation and growth processes

The nucleation and growth mechanisms of GH were studied in various sedimentary matrices
and at different water saturation with a time resolution from seconds to several hours. Only the initial
growth until depletion of one GH constituent was studied in our experiments. The coarsening process

which takes place after the completion of GH formation continues to time-scales beyond our study.

The sub-pm resolution of the used tomographic setup and the “stop and go” approach to
interrupt the reaction permitted to locate precisely the nucleation sites and to follow the growth

process till the completion of GH formation.

The results from all runs performed using procedure | starting from juvenile water with the
presence of a free-gas phase show that the nucleation of GH starts at the interface between Xe gas
and liquid water. It appears that the gas-water interface, where the concentration of both constituents
is the highest, is the most favorable site for GH nucleation. This might be due to the low solubility and
slow diffusion rate of Xe gas in water. A Xe hydrate film covering the entire gas-water interface is first
formed within few seconds (Figure 5-1). The initial GH film has a typical thickness of few um (~ 2-5
pm). The thickness depends on various factors such as the stochastic nature of the nucleation

process, local P/T variations and the heat transfer.
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Figure 5-1. Nucleation of a thin GH film at the gas-water interface for GH formation using procedure I.
(Sample 1, Ws = 22 %): a) CT image before starting GH formation, b) CT image taken after a reaction
time of 70 seconds (t, = 70 s). Gas hydrate (GH) in white, water (W) in gray, quartz sand (Qz) in light

gray. Gas and juvenile water have the same contrast and can be distinguished only by the meniscus
which separates the two phases.

After the formation of the initial GH film which intervenes between Xe gas and water, the
formation process becomes diffusion controlled one. The further GH growth proceeds by thickening of
the GH layer across the Xe-water interface over several minutes. This GH film may well be permeable;
the hydrate film does not have a uniform density contrast which can be ascribed to porosity on a pm
and sub-um scale. This is in agreement with the optical observations at the gas-water interface by
Davies et al. [2010] (see Figure 2-12). These pores could represent diffusion pathways for both gas
and water molecules to allow further GH formation [Staykova et al., 2003]. Whether the further hydrate
growth is controlled by the transport of gas or water molecules through the hydrate film is not well
known. There are some indications from our results that the thickening of GH occurs in both directions

but preferentially towards the gas phase (see Figure 5-2). This may confirm the observation of Davies
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et al. [2010] that water molecules are the most mobile species in the hydrate phase. The hydrate film
growth controlled by permeation of water molecules through the GH film was also suggested by Mori
and Mochizuki [1997].

Figure 5-2. Initial growth of GH film preferentially towards the gas phase. a) Formation of an initial thin
GH film at the gas-water interface (tg = 50 s), b) thickening of the GH film across the GH water
interface in both directions but preferentially towards the gas phase (tg = 130s). From the dashed red
line representing the middle of GH film in (a), the hydrate film is more developed in the side of the gas
phase in (b). (Sample 1, Ws = 22%)

A growth sequence Figure 5-3 shows a sequence of Xe hydrate growth using procedure I.
After few minutes, the hydrate film was observed to thicken. Some pm-sized single crystals as
suggested by their emerging polyhedral shapes were observed to float on the hydrate film. These
larger crystals also show an appreciable growth into the gas phase and lead to nearly isometric crystal
shapes, consistent with a cubic crystal structure; their size at the point of the full conversion is 10-20
pm. With time the formation rate decreases which suggests a diffusion limited reaction. The pores are
filed with hydrate leading to a more dense structure. The growth rate of GH is estimated to be
between 2 and 4 pm min™t. The GH film can reach a final thickness of 50 pm over a formation time of
15 to 20 min.

Infrequently the initial GH film grows as a layer composed of relatively big and less
interconnected GH crystals. These GH crystals grow first laterally forming a denser GH layer. It might
be that the thin hydrate film is composed of very fine crystals which cannot be solved by our

resolution. The density of nucleation centers is roughly estimated from as 6.4-14.4 X 10" nuclei/m®

On the other hand, the nucleation process of GH from water-rich system studied by procedure
Il and 11l seems to be different from the usual formation process (gas-rich systems). For GH formation
run using procedure I, the nucleation appeared to take place close to the gas-water interface leading
to isometric often polyhedral crystals as shown in Figure 5-4. It is not clear whether the first nucleus

grows preferentially at the gas-water interface or inside the water as the image below shows crystals
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growing to appreciable sizes. Figure 5-4 shows that there are some crystals totally covered by water
close to the gas-water interface and other crystals growing in the gas phase so it is difficult to predict
where the nucleation started first. In comparison to the formation using procedure |, the nucleation
density is lower for this case and it is roughly estimated as 1.6-3.6 x 10’ nuclei/m?.

Figure 5-3. Sequence of GH film growth using procedure | (Sample 2, Ws = 57 %). a) initial (tg = 4.35
min), b) intermediate (tx = 10.2 min), and c) final (tx = 44.65 min). Pockets of rest water trapped
between GH crystals due to gas diffusion limitation can be seen in (c).
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Figure 5-4. Nucleation of GH crystals inside the water close to the gas-water interface by formation
using procedure Il (Sample 3, Ws = 49 %). Before reformation, in-situ formed GH was decomposed at
275 K and atmospheric pressure. The sample was held at these conditions for ~ 1 h before the

reformation. tg =50 s.

For procedure Ill, GH crystals grow preferentially inside the water phase; again with distinct
polyhedral shapes (see Figure 5-5). For both runs, the formation of a GH film was not observed.
Heterogeneous nucleation on the surface of Qz grains with subsequent growth into the pore space

was also not evident using dissolved gas methods.

Figure 5-5. Nucleation of GH crystals inside the water phase by formation from Xe-enriched water
using procedure Il (Sample 4, Ws = 34 %). Before the formation the sample has been left for 1 h at

275 K and atmospheric pressure to completely decompose Xe-Hydrate powder. tg =42 s.
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Figure 5-6 depicts the evolution of crystal habits for procedure Il. The growth of polyhedral
crystals is preferentially directed towards the Xe gas phase. The crystals are less interconnected and
show clear isometric habits with indications for crystal facets. The resulting crystals again reach a size
between 10 and 20 um after several minutes. For procedure lll, the nucleation of GH crystals inside
the water phase is followed by isotropic growth which leads to the formation of rounded polyhedral

crystals (Figure 5-7).

The volume growth of these crystals is distinctly slower than the one of the initial film
suggesting a different transport mechanism of the crystals’ constituents, no longer proceeding through
pores in the GH. Whether the transport proceeds by solid state diffusion of water molecules through
the crystals’ molecular cages [Kirschgen et al., 2003; Liang and Kusalik, 2011], along crystal defects

like grain boundaries, dislocation cores or the crystal surface cannot be distinguished in our images.

The resulting crystals again reach a size between 10 and 20 um after several minutes. The
molecular rearrangements at the growth interface between liquid water and GH can be envisaged to
be similar to what has been imagined in molecular dynamics simulations from metastably gas-
enriched water e.g. [Walsh et al., 2011; Walsh et al., 2009].

A possible explanation for the differences of GH formation between method Il and Il is

suggested in section 5.1.1.
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Figure 5-6. Evolution of GH growth from memory water using procedure Il (Sample 3, Ws = 49 %). a) initial (tzx = 40 s), b) intermediate (tg = 4.2 min), and c) final (tg
= 11.3 min). Large polyhedral crystals were initially formed inside the water near to the gas-water interface. The images d, e and f represent respectively the 3D
rendered images of a, b and ¢ (provided by Kathleen Sell). Rounded polyhedral crystals of GH (white) grow preferentially towards the center of the pore space; they
do not adhere to the Qz (gray) surface, which is covered by a water layer of variable thickness. For clarity, the fluid phases have been removed from the rendered

images
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Figure 5-7. Evolution of GH growth from memory water, procedure Il (Sample 4, Ws = 34 %). a) initial
(tr = 32 9), b) intermediate (tg = 3.6 min), and c) final (tg = 11.7 min). The nucleation starts inside the
liquid water.

The growth mechanism of GH from juvenile water in gas-rich system using procedure | can be
described in three steps as illustrated in Figure 5.8. The first stage consists in the formation of a
porous thin-gas hydrate film at the gas-water interface. In the second stage the porous film gets
thicker and propagates across the gas-water interface. Finally, the pores are filled over time and the
GH structure becomes denser.
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Porous
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Figure 5-8. Conceptual model of GH formation from juvenile water using procedure |. a) Nucleation of a porous GH film at the gas-water interface, b) thickening of
the GH film across the gas-water interface preferentially toward the gas phase, and c) final microstructure of GH after completion of the formation process: a water

layer remains between GH and Qz grains. The structure of GH becomes more dense but characterized by the presence of water pockets
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5.1.1. The memory effect

Our experimental findings clearly indicate that the GH nucleation and growth patterns
observed in water obtained from GH decomposition (procedure Il and Ill) is markedly different from the
one observed in juvenile water (procedure 1), thus lending further strong support to the existence of a
so-called “memory effect”. We believe that the reformation process of GH after dissociation is
enhanced by the presence of gas molecules in water in an unknown state rather than a remaining

hydrate structure.

While there is clear evidence from reflectometry that gases can be enriched in water at the
molecular-scale gas-water interface [Boewer et al., 2012; Lehmkuhler et al., 2008], unequivocal
experimental evidence for a metastable enrichment of gases in thicker interfaces or bulk water is still
not available. Molecular computer simulations often used an enrichment procedure of gases in bulk
water by decomposing hydrates prior to reformation [Demurov et al., 2002; Hawtin et al., 2008;
Jacobson et al.,, 2010; Liang and Kusalik, 2010; Vatamanu and Kusalik, 2010; Walsh et al., 2011;
Walsh et al., 2009] with a resulting metastable enrichment of gases in the liquid. Occasionally, the
formation of nano-bubbles was observed in a gas-enriched liquid within the ns to us time-scale of the
simulations [Bagherzadeh et al., 2012; Koishi et al., 2005; Walsh et al., 2009].

For the first time, we have indications that indeed liquid water can become metastably enriched in
Xe gas as suggested from the higher absorption coefficient observed for small water pockets in the
pore space of Xe-hydrate (Figure 5-9); unfortunately the electron-density contrast cannot easily be
quantified from the tomograms to obtain values for the gas enrichment. The observed Xe enrichment
may well be the result of a dynamic equilibrium of gas and water at a nearby GH-water interface,
where cage destruction with gas release and reformation with gas uptake must take place in a
dynamic fashion on a ps to s time scale; these enrichments (over the bulk solubility) are only
temporarily maintained in ym-sized water pockets or water layers as Xenon will steadily be diluted into

the bulk water towards equilibrium solubility.

Figure 5-9. Enrichement of water with Xe gas with time (Sample 2, Ws = 57 %). a) CT image before
GH formation (tr = 0 min, P = 0.22 MPa, T = 276 K), b) CT image at the end of GH formation (tr =
14.65 min, P = 0.22 MPa, T = 276 K). Water and xenon have almost the same gray value at the
beginning of the reaction but water becomes brighter at the end of GH formation which may indicates
an enrichement in xenon gas. The relative gray value of water taking xenon as reference increases
from 102 % to 107 %.
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In procedure Il and lll, the formation started inside the water phase. It appears that after GH
dissociation, the dissolved Xe gas molecules or micro bubbles act as new preferential nucleation sites
for GH. For procedure I, the crystallization occurs inside the water close to the gas-water interface
which may indicate that the concentration of Xe gas in water is higher at the interface. While for
procedure lll, the nucleation occurred preferentially inside the bulk water. This could be due to the
difference of the dissociation mechanism and the time allowed for GH decomposition between
procedure Il and Ill; after GH decomposition, the water is at its maximum concentration of gas. At low
pressure, the solubility of gas in water decreases; hence gas molecules tend to exist in the gas phase
rather than in water. Therefore the memory effect decreases with time. Subsequently, the process of
GH formation after a short time of GH decomposition could be different of the one after long time of
GH decomposition. As xenon is more soluble in water than methane, the memory effect is expected to

be more prominent for xenon than for methane.

In our case, GH in procedure Il was dissociated by depressurization and in procedure Ill, ex-
situ formed GH was decomposed by warming up the sample. Thus, the differences in the GH
formation processes could be attributed to differences in equilibration; fast for pressure changes and
slow for temperature changes. In the following, we consider the formation procedure Il and Il as the

same formation method from memory water for simplicity (Figure 5-10).
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Figure 5-10. Conceptual model of GH formation from memory water using procedure Il or lll. a) Nucleation of isometric polyhedral GH crystals inside the liquid

water, b) growth of GH crystals preferentially toward the pore space, and c) the final microstructure of GH show relatively large GH crystals less interconnected with

liquid water remaining at their grain boundary. A liquid water layer remained also between GH and sediment grains as observed in procedure I.
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5.1.2. Role of Qz surface

The role of the surface of sediment grains in the formation process of GH in porous media was
the subject of a widespread controversy. It was suggested in the past that the nucleation of GH is
induced by the surface of sediment grains [Song et al., 2013]. Our observations from a large number
of experiments do not show any compelling evidence for a
nucleation of GH on the surface of Qz grains. At low water
saturation, the liquid water is preferentially accumulated at the
Qz surface and at grain contacts by capillary forces. The sub-
pum pixel size resolution of the set-up allows locating the onset
of nucleation at the gas-water interface, which sometimes

appears to be only a few um away from the Qz surface (Figure

5-11). However, it is very difficult to spot such fine details with
Figure 5-11. GH nucleation at the low resolution imaging methods which may mislead the

gas-water interface few pm away uncritical observer to conclude that GH is in direct contact with

from the Qz surface (Sample 1). sediments grains.

5.1.3. Role of clay minerals
The role of montmorillonite and kaolinite clay minerals as enhancing factors in the hydrate
nucleation and growth was also investigated in this study. After melting of ice, montmorillonite and
kaolinite particles formed intimate mixtures with liquid water before starting the hydrate formation.
Figure 5-12 shows the distribution of clay particles in the liquid phase before the beginning of GH

formation.

Y,
(5
AU
50 pm

Figure 5-12. Distribution of (a) kaolinite (Sample 5, Ws = 77%) and (b) montmorillonite (Sample 6,
Ws= 72 %) particles in the water phase before the start of GH formation.

The particles of montmorillonite are observed to form larger agglomerates ranging between 50
and 100 um in size which can be considered as a part of the matrix, whereas kaolinite clay has
smaller particles inhomogenously dispersed in water. The experiments with kaolinite did not show

clear observations as the kaolinite particles are too small and can be distinguished so we will be
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limited to the case of montmorillonite to analyse the effect of clay minerals on the formation process of

GH in porous media.

The images do not show a clear indication of a preference GH nucleation on the surface of
clay particles in the presence of a free-gas phase in contact with water. Figure 5.9 shows the
formation of a GH film on the surface of montmorillonite but also at the gas-water interface. It is difficult
from the images to figure out where GH started first to nucleate. It is also not clear if the GH film on the
montmorillonite particle was formed at the gas-water interface and then proceeded toward the
montmorillonite situated close to this interface or if it was formed from the water adsorbed between the
layers of montmorillonite into the gas phase. In all cases, it appears that montmorillonite forms an
intimate contact with GH due to the absence of a visible gap or a water interface as it can be seen in
Figure 5-13.
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Figure 5-13. GH formation in natural Qz with 8 wt % montmorillonite (Sample 6, Ws = 72 %, tr = 6.2
min). The nucleation of GH (white) takes place at the gas-water interface close to the Mm patrticles. An

intimate contact between montmorillonite and GH is observed (red circle).

This could confirm a previous observation of intimate GH-clay mineral contacts made for sample
from the JAPEX/IJNOC/GSC Mallik 5L-38 research well [Techmer et al., 2005]. There is also
compelling evidence that under certain conditions GH can even form intercalates with a certain type of
montmorillonite [Guggenheim and Koster van Groos, 2003; Yeon et al., 2011]. Intercalates cannot be
resolved by the applied tomographic method and would need to be confirmed using diffraction

methods.

The role of clay minerals in promoting the formation process of GH-bearing sediments has to be

clarified by further studies.

Page | 151



Chapter 5: Observations of GH microstructures in sedimentary matrices

5.2. Liquid interface between GH and Qz grains

One of the main goals of this study consisted to investigate the nature of the contact between
GH and sediments grains which might be the key to understand the origin of the seismic anomalies

observed in natural GH-bearing sediments.

Our observations show that GH did not adhere to the surface of Qz grains and tended always
to concentrate in the pore spaces. There is strong evidence that after completion of GH formation, a
water layer of sub-um to pm thickness remains between GH and Qz sand grains. The water layer is
characterized by an inhomogeneous thickness. It reaches its maximum thickness at the boundary
between GH crystals which can be identified by their often well-visible polyhedral shapes. The water
layer was observed in a systematic manner for samples for all water saturations and using various
formation methods (see Figure 5-14). The low affinity between GH and Qz grains presents as well

evidence that the Qz surface does not act as a nucleation surface in sedimentary matrices.

The existence of a water layer between GH and the Qz grains was suggested in the past by
Tohidi et al. [2001] even in case of high GH saturation and was also emerging from several molecular
computer simulations indicative of the preference of a water layer at the GH-(hydroxylated) Qz
interface [Bagherzadeh et al., 2012; Bai et al., 2011; Liang et al., 2011]. Most recently, Kerkar et al.
[2014] used a common approach to enhance the contrast between water and GH which is to spike the
water with a heavy element salt solution (5 % BaCl,) and provided evidence that the host (glass
spheres) and the GH formed in a pressurized aluminum cell were separated by an aqueous layer.
However, as BaCl, is excluded from the hydrate structure the salinity of water increases which inhibits
the GH formation. Thus, the existence of a water layer is self-evident in this case due to the salting-out
effect of the BaCl, brine in a system which is not open to a large reservoir of sea-water and

consequently diluted after an initial brine formation.

In contrast, our results show for the first time the presence of a liquid layer of pure water

between GH and natural Qz sand in a systematic way in all experiments.

The existence of a water layer between GH and hydrophilic Qz surfaces could be attributed to

chemical interactions between GH and Qz by means of electrostatic and Van der Waals forces.

Bonnefoy et al. [2005] used a Hamaker microscopic approach to quantify the Van der Waals
interactions in different systems involving GH. The Hamaker constant calculations were made for
methane hydrate but a change due to the host gas nature is not expected. They reported that the
Hamaker constant of the system “Qz-hydrate-water” (6.509 * 10" J) is bigger than the one of the
system “Qz-water-hydrate” (2.890 * 10 J) which means that Qz surfaces have more affinities to
water than to hydrate which confirms the preference of a water layer at the Qz-GH interface
[Bonnefoy, 2005]. Nonetheless, the Hamaker approach may explain the existence of the water layer
but not the layer thickness of sub-um to um. A nanolayer of water could be sufficient to reduce the
interfacial energy between Qz and GH. The thick water layer may play a role as well in the equilibrium

state between gas molecules and hydrate.
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Figure 5-14. CT images showing a thin water layer remaining between GH (white) and Qz grains
(Grey) in a systematic manner at the end of the GH formation process. a: using procedure | (Sample
7, Ws = 27%). b: procedure Il (Sample 3, Ws = 57%). c: The water layer has an inhomogeneous
thicckness; it is thicker at the grain boundary (GrB) of GH crystals (Sample 8, Ws = 41 %). d: A

remaining gas phase near grain contacts was also observed (Sample 9, Ws 37 %).

The presence of the water film has important consequences for the distribution of GH in the
sedimentary matrix and the corresponding seismic as well as electromagnetic responses [Dai et al.,
2012; Spangenberg and Kulenkampff, 2006; Waite et al., 2009].

5.3. The role of hydrophilic and hydrophobic surfaces

In order to study the effect of the surface of sediments on the process of GH formation, both
Qz sand and GB went through a hydrophilic and hydrophobic treatment and were used in GH

formation experiments.

In the case of hydrophilic Qz (or GB), the results show no significant difference between the
microstructure of GH formed in hydrophilic Qz and in natural Qz sand which are considered as well as
hydrophilic [Tschapek et al., 1983]. The microstructure of GH in sediments was characterized always
by the presence of a liquid interface between hydrophilic Qz and GH, at grain contacts and the grain
boundary of polyhedral GH crystals.

On the other hand, GH formed in hydrophobic matrices tended as well to concentrate in the
pore space and did not adhere to the hydrophobic Qz however the liquid water layer was replaced by
gas pockets that separate the hydrophobic Qz or GB and GH (see Figure 5-15). No remaining liquid

water in the structure of GH was observed.
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This observation suggests that the surface of GH, despite its predominantly hydrophilic
character [Hirata and Mori, 1998], prefers to form low-energy interfaces with the guest gas, and not
with quartz surfaces. It is noteworthy, however, that the stability of GH in hydrophobic matrices is
lower than for hydrophilic ones [Hachikubo et al., 2011]; further studies are needed to quantify

microstructural differences as well as differences in the formation and decomposition kinetics.

Figure 5-15. GH formation in hydrophobic GB (GB) (Sample 10, Ws = 54 %, tx = 16 min). All water

has been transformed into hydrate. Free Xe gas fills spaces between GH and GB grains.

5.4. Microstructural aspects of GH dissociation

The decomposition of GH is of central interest for all in-situ gas extraction processes. Its
microstructural details are crucial for the evolution of mechanical stability upon extraction, in particular
for the vicinity of the extraction site. Although not of central interest for this study, we have obtained

first microstructural insight into the GH decomposition process.

The mechanism of GH decomposition was studied only for one sample before the reformation
(procedure II). The procedure consisted in reducing the pressure below the stability limit for a short
time (several seconds to minutes) and then restoring the pressure to the stability limit value. This
operation was repeated several times till a full decomposition of the sample. Several scans were taken
at these intervals. Figure 5-16 shows a sequence of GH decomposition.

The CT images show that GH starts to decompose preferentially at the interface with Xe gas
towards the bulk water by eroding larger crystals sticking out, while the interface towards the Qz grain

remains largely unchanged (albeit with the water layer as discussed in section 5.2) until the GHs
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completely disappear in the inter-granular space. Subsequently, a water layer is formed which
intervenes between GH and the gas phase. This water layer gets thicker as the GH decomposition
proceeds. As for the formation process there are patches in which the decomposition is faster than in
others. The rate of decomposition of GH in the inter-granular space is slower than the rate of
decomposition of GH close to the pore space. This is probably due to the slow diffusion of gas
molecules through the bulk water to the gas phase. If the concentration of Xe remains high at grain

contacts then this will slow down the process of GH dissociation.

Figure 5-16. Sequence of GH dissociation by depressurization (Sample 3, Ws = 41%). a) Sample fully
transformed, b) initial decomposition, ¢) partial decompositio, d) GH remains at the grain contacts.
Image b shows the beginning of GH decomposition at the interface of GH with Xe gas (red arrows).
Image d shows the remaining GH at grain contacts as indicated by the blue arrows. After GH

dissociation, water is redistributed in the sample.

5.5. Microstructure of GH on the pore scale

The goal of this PhD work was to study the effect of the microstructure of GH on the physical
properties of the resulting aggregates and subsequently the wave velocities and attenuation of
unconsolidated sediments. The physical properties of GH-bearing sediments depend on the spatial
distribution of GH which itself depends on the formation method and growth mechanism. The
microstructure of GH aggregates in a sedimentary matrix is frequently categorized into (a) contact-
cementing, (b) grain-coating/cementing, (c) pore-filling, and (d) load-bearing based on the hydrate
distribution models by Dvorkin et al. [2000] and Helgerud et al. [1999] as illustrated in Figure 5-17.
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(a) (b) (c) (d)

Figure 5-17. The four different microstructural models redrawn after Dvorkin et al. (2000) GH (khaki),

sediment grains (dark blue), and fluid phase (green). (a) Hydrate as cement at grain contacts, (b)
hydrate surrounding and cementing grains, (c) hydrate as part of the pore fluid, and (d) hydrate as part
of load-bearing granular frame.

The classification of GH microstructures on the pore scale is done with respect to their elastic
properties. In the case of GH formed from a free-gas phase in low water-saturated sediments, a
cementing model (a, b) assuming a full transformation of water into GH is favored, while the gas-
dissolved and ice-seeding methods leads preferentially to pore-filling or load bearing model (c, d)
[Waite et al., 2009]. The measured wave velocities did not match perfectly any of the predicted
seismic velocities from the four the microstructural models. This discrepancy can be explained by the
lack of accurate information on the GH microstructure as the methods used did not reveal details of
the sediment-GH contacts due to their limited resolution. Moreover, the seismic velocities measured in
the field were also different from the laboratory data. This difference can be attributed to a difference
of time scales of GH formation as it is difficult to reproduce natural conditions in the lab and the

coarsening process which takes place after completion of GH formation may take years.

Until now these microstructural models were considered as distinct cases and researchers
attempted in many cases to describe the experimental or field data using one unique model. However,
these attempts were not successful and it appeared that none of the suggested models can describe
alone the distribution of GH in the pore space and the evolution of GH saturation (see Figure 2-26)
[Zhang et al., 2011].

Our experimental observations showed that the change in the microstructural regime with the
increase of GH saturation is continuous and related to the initial water saturation:
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At low water contents (~ Ws < 30 %), gas was the continuous phase and liquid water tended

to accumulate at the Qz sediment surface or near contacts forming "capillary bridges" between grains

Figure 5-18. Microstructure of GH at low water
saturation (Sample 11, Ws = 14.6 %). GH forms
around Qz grains and forms bridges between Qz
grains without cementing. A fluid phase
remained between GH and Qz grains and at

grain contacts.

due to capillary and adhesive forces which
prevent the collection of water in one zone of the
sample. The distribution of water appeared to be
homogenous in the sample. Subsequently, GH
formed around the Qz grains or formed bridges

linking neighboring Qz grains (see Figure 5-18).

Due to the low affinity of GH with Qz surfaces, a

water layer remained between GH and Qz
surfaces but also at grain contacts. Hence, the
hypothesis of cementation models at low
water/GH saturation is not supported by our
results. Our observations show that GH holds the
sediments structure in place but do not cement in
a strict sense. Nevertheless, it is assumed that
GH

aggregates but

increases the stiffening of the resulting

not dramatically as for a

cementing model.

As the water saturation increases to the degree that water becomes continuous, water tends

to form bigger agglomerations and to occur as patches; water occurred in some locations of the

5-19. GH at
intermediate concentration (Sample 12, Ws =

Microstructure  of

Figure

49.5 %). GH (white) fills completely some part of

the sample while the rest is empty.

sample with small pores as the continuous phase,
whereas Xe was the continuous phase in other
parts. Hence, GH formed as patches in the pore
spaces; while some parts of the sample were fully
saturated with GH, others were void (Figure 5-19).
Our results show that GH filled the center of pore
spaces between sediment grains. Again a water
layer remained between GH and Qz surfaces. The
hydrate structure appeared to be porous with a
pore sizes reaching few um. The Qz grains of the
void part of the sample appear sometimes to be
covered by a non-cementing hydrate layer
resulting from residual water and sometimes are
GH. The distribution of GH is

inhomogeneous. It is difficult to predict without

free of

measurements the stiffening effect of GH if it is

higher or lower than the low water saturation
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scenario.

As the water saturation increases more and more, water becomes the continuous phase in the
sample and saturates a large part of pore spaces. Xe gas was observed to occur as bubbles or to
form patches. Consequently, GH formed from such system gives highly GH saturated sediments. GH
tended to concentrate in the pore spaces and did not adhere to the Qz surfaces with the presence of a
water layer at the GH-Qz interface. The hydrate structure in the pore spaces appears fractured and it
is characterized by water pockets and small-gas bubbles (Figure 5-20). A dense GH structure was not
observed. The GH filling the pores increases the stiffening the host sediments which is expected to be

more significant at the end of GH formation.

Figure 5-20. Microstructure of GH at high initial Ws (Sample 13, Ws = 88.6 %). GH (white) occurs as
the continuous phase while the Xe gas forms bubbles in the hydrate structure with some water

pockets as well.

Natural GH-bearing sediments systems are not eternally stable but last days, weeks, months,
or years close to the seafloor and the water column, up to many hundred or many thousands of years
deeper in the sediment. Some estimates on the GH formation times at a venting site are given by
[Chen and Cathles, 2003; Chen and Cathles, 2005]. Figure 5-21 shows a sequence of CT images
illustrating the evolution of the GH microstructure with the initial GH saturation. These images
represent end-members of a continuous spectrum.
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Figure 5-21. Evolution of GH microstructure as a function of initial water saturation (a: Sample 11, b: Sample 14, c¢: Sample 12, d: Sample 15, e: Sample 13). From

the left to right the Ws increases. Images b and d represent transition stages between low and intermediate Ws and between intermediate and high Ws.
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Additionally, the initial distribution of GH depended as well on the formation method.

Figure 5-22 illustrates a comparison of the GH microstructure from juvenile and memory water
formation methods. At low water saturation (Figure 5.21a and 5.21b), GH is accumulated around
quartz grains and at grain contacts without cementing the Qz grains, while at high water saturation,
GHs tend to concentrate in the pore spaces without adhering the Qz surfaces. The differences
observed consist in the formation of an intimately GH aggregates with small GH crystals for procedure
| and less interconnected relatively large GH crystals for procedure Il and lll. The various GH crystal
morphology observed could be attributed to a variation of nucleation densities due to a local variation

of the driving forces as the number of nuclei depends on the driving force.

The spatial distribution of GH after complete formation from the two different formation
methods (image ¢ and d) appears to be similar even if the nucleation and growth mechanisms were
different. The growth morphologies of method I-Ill tend to move towards more similar arrangements
towards the end of the formation process. What remains unchanged in all formation scenarios and for
all water saturations is the preference of GH to maintain a um-sized water layer at the interface with
quartz or GB; this is established as an intrinsic feature of GH in contact with quartz and must also be

expected to occur in natural settings.

Figure 5-22. Comparison of GH microstructures using juvenile and memory water. GH formed using
procedure | (a: Sample 1, Ws = 22 %; b: Sample 4, Ws = 34 %; c: Sample 2, Ws = 57 %; Sample 3,
Ws = 41 %)
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5.6. Review of the existing models

Our results revealed for the first time very important details of the microstructure of GH-
bearing sediments on the pore scale which can have a significant impact on the physical and acoustic
properties of the host sediments. Here we review the existing microstructural models as our

observations do not support all of them.

A cementation of the sedimentary matrix in a strict sense, i.e. a direct attachment of GH to Qz
grains, does not take place due to the presence of fluid phase most likely water at the GH-Qz grains
interface and at grain contacts. Thus, we suggest a new "non-cementing” model for low water

saturated sediments as illustrated in Figure 5-23.

Cementing model Alternative model

Hydrate layer

-
7 N\

Hydrate as cement
at grain contacts Water layer remaining
at grain contacts

a b

Figure 5-23. A new suggested non-cementing microstructural model for low-GH saturation.

As the GH saturation increases, more grains are holded together by GH without any direct
contact. The GH content is higher but not enough to fill the pore spaces which remain free of GH as

shown in Figure 5-24.
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Layer of water

Free gas

Figure 5-24. Microstructural model of higher GH content in undersaturated sediments

Our results do not also support the heterogeneous nucleation of GH occurring on the grain

sediment surface (model “A” in Figure 2-16) as GHs was observed to nucleate either at the gas-water

interface or inside the water phase.

In highly water-saturated samples (> 80 %), the GH microstructure changes from a more pore-

filling situation towards a more load-bearing case. The pore spaces between Qz grains are filled with

sometimes intimately, sometimes loosely connected aggregates of mostly polyhedral crystals. The

solid GH holds the sedimentary particles in place via a cushion of liquid water again without a

cementation of the matrix in a strict, i .e. direct attachment of GH to Qz does not take place. This also

means that even in sediments with high GH saturation there are fluid pathways to and between every

sedimentary grain in contrast to frozen sediments in permafrost. Figure 5-25 depicts the new

suggested model for load-bearing GH.

Layer of water remaining at
grain surface and in particular
at grain contacts

GH fully filling
the pore spaces

Figure 5-25. New suggested microstructural models for load-bearing GH.
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These new microstructural findings are highly to affect the seismic velocities, the and
attenuation of unconsolidated sediments and may explain some of the discrepancy observed between

the experimental and predicted data.

5.7. Relationship between hydrate saturations and wave

velocity and attenuation

The detection, quantification and control of GHs distributed in natural sediments are required.
In order to use seismic techniques to detect and quantify the amount of GH distributed in sediments, it
is important to understand the relationship between GHs content in sediments and their acoustic
properties. Hence, a predictive model which relates the hydrate saturation and its microstructure on

the pore scale to the wave velocities is required.

The P and S wave velocities increase with the increase of GH saturation. Meanwhile the
hydrate content in sediments also affects the wave attenuation [Chand and Minshull, 2004; Dvorkin
and Uden, 2004; Guerin and Goldberg, 2005]. As the GH saturation increases, the wave attenuation
increases. The increase of the seismic attenuation is linked as well to the microstructure and spatial
distribution of GH in pore spaces. The increase of the wave velocity and attenuation with GH content
known as seismic anomalies [Chand, 2008] of GH-bearing sediments is still poorly understood. A
better understanding of seismic wave velocity and attenuation in GH-bearing sediments is required to
improve the geophysical detection and quantification of seafloor methane hydrate. The understanding
and explanation of this puzzling phenomenon remains also one of the main goals of this project. In this
section, we provide a possible qualitative explanation based on our microstructural observations and
new findings for the increase of wave velocities and attenuation with the increase of GH saturation. A
quantitative analysis carried out by Kathleen Sell (University of Mainz) to model the P-wave velocity

from the 3D tomographic data may complement our observations.

5.7.1. Wave velocity

The general behavior of the increase of acoustic/seismic wave velocities with the increase of
GH content is well understood by the GH research community; however the rate at which the wave
velocities increase with the increase of hydrate saturation and the discrepancies in results observed

remains puzzling.

GH has a higher elastic modulus than the pore fluid; hence the formation of GH in sediments
increases the wave velocities. The rates at which the wave velocities increase depend strongly on
where GH starts to form and grow in the pore spaces. Therefore, modelling GHs as a part of the pore

fluid or as a part of the skeleton produces different results.

Our results do not support a GH microstructural cementing model due to the presence of a
water layer at the GH-sediment grains interface and near grain contacts. Hence, we do not expect a
dramatic increase of the seismic velocity at low-GH saturation. The stiffness effect by GH of the
skeleton is reduced. In this case, the effective medium theory of Ecker et al. [1998] for gas, sediment
and hydrate phases assuming a full transformation of water into hydrate is not anymore suitable due

to the presence of the interfacial water layer revealed by our observations.
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The water layer has a thickness of few microns which cannot be observed with low-resolution
methods. Therefore it was always considered systematically that GH formation in low-water saturated
sediments lead to a cementation of the matrix. Yet, the measurements of wave velocities in low-water
saturated sediments did not much the predicted wave velocities from the cementing microstructural
model of Dvorkin et al. [2000] as it is the case for the study of Priest et al. [2005] (see Figure 2-24).
The measured wave velocities did not increase dramatically as for the predicted velocities which
indicate that the cementing effect was reduced because of the remaining water layer at the sediment

grain-GH interface.

At high water saturation, the formation of GH starts to form either at the gas-water interfaces
or inside the water phase farther away from the sediment grains, GH does not affect the stiffness of
the sediment frame. Consequently, wave velocities remain unchanged or increase slowly at low GH
saturation. When GH saturation exceeds 70 %, GH starts to fully infill the small pore spaces and to
hold the sediment grains in place leading to a significant increase of the stiffness and of the wave
velocities. We expect that the further increase of the velocity at a rate similar to that of low water
saturation as GH becomes closer to the sediment grains but this would need more elaboration. It
appears that it is probably more adequate to use more than one microstructural model to describe the

variation of the wave velocity with GH saturation for a load-bearing GH microstructure.

5.7.2. Wave attenuation

In addition to the increase of seismic wave velocities, the presence of GH in sediments causes
an increase of the wave attenuation (see section 2.4). Here we provide a qualitative explanation for
this strange phenomenon based on the new developed models consistent with our results and
inspired from the work of Priest et al. [2006] but extended to high water saturation.

The conceptual model of Priest et al. [2006] used the inter-crack squirt flow model advanced
by Mavko and Nur [1979] to interpret acoustic wave signal attenuation which suggests that the contact
area and water content of the particles were key factors in determining the attenuation; the smaller the
contact area and water content of the particles, the smaller the attenuation. In contrary, the increase of
contact area and water content increases the attenuation. During GH formation, the contact area of
particles increased but the water content changed little leading to an increase of the wave attenuation.

This hypothesis is very well supported by our new findings.

Due to capillary forces, liquid water tends to accumulate near contacts and around sediment
grains. As a seismic wave passes through the sediments, frictional losses occur due to squirt flow
phenomena caused by the liquid water at grain contacts (Figure 5-26). As the attenuation is
proportional to the water content, the attenuation is minimal in this case due to the low-water

saturation.

When GH starts to form at the gas-water interface without cementing the grains, new contact
areas appear. Subsequently, the water layer at sediment grain-Gh interface and between two GH
layers will represent additional sites for squirt flow causing a further increase of the seismic wave

attenuation (Figure 5-27).
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As the water/GH saturation increases more and more, the number of sites for squirt flow
increases further leading to an increase in the wave attenuation. When GHs coat (without cementing)
all grains, the attenuation reaches a maximum (Figure 5-28). This stage may represent a transition
stage.

For high water/hydrate saturation, our results showed that GH filled the center of pore spaces.
The observations of seismic attenuation in sediments containing GH have demonstrated that the
attenuation increase with the increase of GH saturation. The increase of wave attenuation at high GH
saturation can be explained by the porous structure of GH in the pore spaces or by the water
pockets/layers at the grain boundary of GH crystals. As the number of GH crystals increases with GH
formation, more contact areas with interfacial water layer are created leading to an increase of the

number of sites for squirt flow and consequently an increase of attenuation (Figure 5-29).
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A: Low-water saturation, before GH formation

Real CT Image Conceptual model

NS AR \|

Squirt flow of water adsorbed at
grain contacts due to a passing
elastic wave

Q Water layer

1" at Qz grains

Water layer at grain contacts
contats

due to capillary forces

Figure 5-26. CT image (left) and conceptual model (right) for seismic wave attenuation in sediments free of GH. The water accumulated at grain contacts attenuates

the passing elastic wave due to squirt flow phenomenon.
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B: Low-water saturation, non-cementing GH

Real CT Image Conceptual model

Fluid flow of water due to
&~ apassing elastic wave

™ Water layer at GH-Qz

interface <«—— Hydrate layer

Water layer remaining Water layer remaining at
= | at grain contacts grain contacts

Figure 5-27. CT image (left) and conceptual model (right) for seismic wave attenuation in sediments with low-hydrate saturation. The hydrate layer formed at the

gas-water interface increases the contact area leading to an increase of the wave attenuation
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C: Undersaturated sediments, all grains covered by GH

Real CT Image

Conceptual model

; )» Water layer at grain
— | contacts and at GH-QzZ

interfaces

Squirt flow of water due to
& a passing elastic wave

Pore spaces still free of
GH

Figure 5-28. CT image (left) and conceptual model (right) for seismic wave attenuation in undersaturated sediments when all grains are covered by GH with the

presence of an interfacial water layer. Hydrate starts to infill the pore spaces and to become the continuous phase.
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D: Highly saturated sediments

Real CT Image Conceptual model

Squirt flow of water due
/ to a passing elastic wave

Porous GH filling the
pore spaces

Pore spaces fully filled with GH. The GH

Pore spaces filled with larger GH crystals crystal boundaries represent connected
with interconnected liquid water at the GH flow pathways for liquid water

crystal boundaries

Figure 5-29. CT image (left) and conceptual model (right) for seismic wave attenuation at highly GH saturated sediments. The further increase of the attenuation
with the increase of hydrate saturation is due to the microscopic structure of GH. The connected pores or GH grain boundaries represent flow pathways for gas or

water causing an attenuation of the wave velocities by squirt flow.

Page | 169



Chapter 6: Crystallites Size Distributions of GHs

6 | Crystallites Size Distributions of
GHs

The visualization of the microstructure of GH-bearing sediments using pu-CT is complemented
by a quantitative analysis of the crystallites size distributions (CSDs) of Xe hydrate-bearing sediments.
The CSDs are important because they carry information about the formation process (e.g. coarsening
or recrystallization process). The CSDs were established using our newly developed CSD method
described in Chapter 3, section 3.4.5. The method has permitted to get access for the first time to the

evolution of GH-bearing sediments CSDs.

6.1. Previous attempts

Crystallite sizes and CSDs of polycrystalline materials are of primary importance for their
physical properties. Particularly important are the CSDs for the mechanical behaviour, e.g. the
dependency of yield strength on the grain diameter via the Hall-Petch equation. Moreover, many
transport properties depend on the grain-boundary network (GBN) which is determined also by the
CSDs. As the manufacturing process strongly influences the CSDs (and GBNS) it is often necessary to
control these quantities in fields reaching from metallurgy over ceramics to pharmaceutical products.
Likewise, in natural samples much can be learned from CSDs about the formation process. Hence,

the knowledge of the average crystallite size and CSDs of GHs is important.

Despite their importance, the sizes of GH crystals are largely unknown due to experimental
difficulties to maintain GHs stable under high pressure/low temperature. Conventional optical methods
were used to determine the crystal sizes of laboratory formed GHs: Monfort and Nzihou [1993] used
light scattering technique to measure the CSD of cyclopropane clathrate and reported that it varies
between 5.6 and 564 um. Bylov [1997] used laser light method to measure the crystal sizes of
methane, ethane and NGH and reported that the mean diameter was in the order of 7 to 12 um. The
mean size of crystals of methane hydrate measured by Herri et al. [1999] was between 10 and 22 pum.
More recently, Klapproth [2002] used cryo-SEM to measure the crystal sizes of synthetic methane
hydrate by looking at grains which were most likely single crystals. They reported that the mean size of
crystals was in the range of 10-20 um. Optical methods are not suitable for the determination of GH
crystals as only the size of crystals which grow freely or polycrystals with a clear crystal boundaries

can be determined which give poor visual observations.

Our group attempted in the last years to measure the CSDs of several NGH samples and
synthetic samples using methods based on X-ray diffraction. Synchrotron X-ray diffraction is a non-
destructive technigue which is more suitable for GH studies under low temperature or high pressure
and gives better statistics. Klapp et al. [2007] used the moving area detector method [Bunge et al.,

2003] to measure the CSD of different NGH samples retrieved from the Gulf of Mexico and from
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Hydrate Ridge offshore Oregon from varying depths and one synthetic methane hydrate sample
formed from ice spheres. They reported that the crystal sizes of NGH samples are much larger in the
range of 300-600 um with a tendency for bigger grains to occur in greater depth, possibly indicating a
difference in the formation age. While the crystal sizes of synthetic methane hydrate aged of three
weeks had a mean size of 40 um or smaller because of the detection limit of the method (see Figure
6-1).
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Figure 6-1. Examples of grain size distributions. (a) Sample ODP 204 1248C 11H-5 (100,89 mbsf).
The crystallite sizes appear to be normally distributed with a mean size of 517 mm; sample Gulf of
Mexico, Bush Hill, TVG 10 GH 1 (sea floor). The crystallite sizes appear to be normally distributed with
a mean size of 301 mm. (b) Synthetic methane hydrate sample. The size distribution is shaped like
half a normal distribution, the mean grain size was given as 43 um assuming a log-normal distribution
([Klapp et al., 2007]).

[Klapp et al., 2010a] used the same method to determine the crystallites size distributions of
several NGH samples and synthetic methane hydrate sample. Again it was reported that the crystal
sizes of NGHs were an order of magnitude bigger than the synthetic methane hydrate crystals as

shown in Figure 6-2.
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Figure 6-2. Bar diagram of the arithmetic mean crystal sizes given in Table 1. Geological locations are
grouped. The two samples from Bush Hill/Gulf of Mexico are sll gas hydrates. Error bars indicate the

standard deviation (from [Klapp et al., 2010a]).

These results are very important and suggest that the microstructure of GH probably changes
with time. The experiments realized in the lab permit to improve the understanding of GH systems but
must be carefully applied to natural field data where the conditions are different and difficult to

reproduce in the laboratory experiments.

The determination of the crystal sizes of GHs using the moving area detector method gave for
the first time access to the crystal sizes of NGH samples. However this method has low sensitivity;
only crystals bigger than 35 um were detected in the case of synthetic GH due the low intensity to

background ratio. This may lead to an over estimation of the size of GH crystals.

In the last years, we were working on the development of a new method for the determination
of GH CSDs. The newly developed method called “Fast quantitative CSD method” permits a fast
determination of the CSDs of polycrystalline materials and has detection limit below 0.5 um using
synchrotron X-ray source. Using this method we were able to have access for the first time to the

CSDs of GH-bearing sediment samples and to follow in-situ the evolution of GH CSDs with time.

6.2. Calibration using LaBs

The calibration was done using LaBg NIST standard powder in order to establish a scale factor
between the size (volume) and intensity distribution of LaBg. Figure 6-3 shows the diffraction pattern

and a 2D spotty diffraction pattern of LaBsg.
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Figure 6-3. Diffraction pattern of LaBg powder calculated using Powder cell software. The insert image

is a measured spotty diffraction pattern of LaBe.

It is recommended to use the intensity distribution from the strongest reflection because it has
a better detection limit. In our case, the 110 reflection is the strongest reflection and was used for
calibration. The size distribution of LaBg extracted from SEM images is plotted in Figure 6-4. For
simplicity, the logarithm of the volume and intensity of LaBe crystals are plotted. The intensities
distributions from both in-situ and ex-situ measurements are plotted in Figure 6-5. All distributions are
better described by a log-normal distribution and were fitted with a Gaussian function using Origin Lab
8.5 program. The scale factor S; was calculated using the mode obtained from the fitting parameters
(see Table 6-1).
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Figure 6-4. Distribution of the logarithm of size (volume (V)) distribution of LaBg
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Figure 6-5. Distributions of the logarithm of measured intensities? of LaBg 110 reflection. Left hand
side: in-situ measured LaBg inside the pressure cell. Right hand side: ex-situ measured LaBg in

Kapton capillary.

2 All CSD results presented in this chapter were reanalyzed using an updated version of the 00peak
software. In the updated version, new selection process of peak intensities was added. Peak
intensities with second moment, third moment (skewness) and the fourth moment (kurtosis) of the
omega scan profiles bigger than the average +2¢ (where ¢ is the standard deviation of the
corresponding calculated statistical moment) are discarded. This selection process is important to
remove outliers and overlapped peak profiles producing unexpected larger intensities. The moments

are listed in Appendix D.
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Table 6-1. Scale factor S;

hkl Mode S;

Size distribution 22.06 -

Intensity distribution (Ex-situ) 9.05 2.44

Intensity distribution (In-situ) 11.09 1.99
6.3. Results and discussions

The formation process of Xe hydrate in sediments was followed in-situ by measuring the
evolution of crystallite sizes with time. Several scans were performed after a formation time of 2 min,
30 min, 2 days and 4 days. It was not possible to continue the measurements longer because of the
limited duration of the beam time (~5 days). The measurements were systematically done at the same
spot of the sample and using the same settings. Figure 6-6 shows a calculated pattern of xenon
hydrate using Mercury software. A typical spotty diffraction pattern of Xe hydrate is also illustrated in

Figure 6-7.
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Figure 6-6. Calculated diffraction pattern of Xe hydrate using Mercury software
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Figure 6-7. A measured 2D spotty diffraction pattern of Xe hydrate (run 4days).

Several GH hkl reflections are of interest and can be separated and analyzed by the software.
These reflections are the 200, 210, 211, 222, 321 and 400.

The calculations of the second scale factor S, for the 6 reflections using the Equation 3.24 is given in

Table 6-2. The cell files used to calculate the structure factors are presented in Appendix C.

Table 6-2. Scale factor S, for different Xe hydrate reflections

LaB6 (V. = 71.82 A) Xe hydrate (V. = 1710.8 A) S,

hkl |F| [F)/IV, hkl  Multiplicity [F?| [F°|/Ve || 100/hkl  110/hkl

100 1407.75 19.60 || 200 5 16162.04 9.44 2.07 3.47

110 2355.16  32.79 | 210 o R 8.76 2.24 3.74

111 233096 3246 || 211 ” 13317.16 7.78 2.51 4.21
222 : 6175700 3609 0.54 0.91
321 48 as3081 2486 0.50 1.32
400 5 osso0.65 D738 0.34 0.57
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*V.: volume of the crystal lattice
An example of CSD calculation is shown in Table 6-3

The overall formula for calculating the crystal diameter d from the intensity is:

d= Si/6 -exp(Stx In((I/Lz) x Sz2)

T

(6.1)

where d is the crystal diameter, | is the raw intensity, Lz the factor for Lorentz correction and S; and S,
are scaling factors.

Page | 177



Chapter 6: Crystallites Size Distributions of GHs

Table 6-3. Exemplary CSD calculation with some random intensities values of Xe hydrate (sample at 2 days, reflection 211)

Int. (counts) Ic xS, Ln Lnh xS, Exp (V) R (nm) D (um)
(Ic x S,) (nm?®)
60222.23 253535.57 12.44 24.76 5.7E+10 2383.95 4.77
6946.20 29243.52 10.28 20.46 7.7E+08 568.96 1.14
262677.82 1105873.62 13.92 27.69 1.1E+12 6332.99 12.67
74351.96 313021.75 12.65 25.18 8.6E+10 2741.67 5.48
18329.89 77168.83 11.25 22.39 5.3E+09 1082.98 2.17
380181.50 1600564.10 14.29 28.43 2.2E+12 8093.17 16.19
76246.10 320996.08 12.68 25.23 9.1E+10 2787.80 5.58
a b c d e f g

Raw intensities generated by the program

Correction of the intensities using Sz scale factor (in this case it is 3.27 for 211 of Xe hydrate using 110 reflection of LaBe): (Ic X Sy).
Logarithmic function of the obtainted intensities: Ln (Ic x Sy)

Calibration of the intensities using the s1 scale factor: Ln (Ic X S») X S1

Exp (In (Ic x Sy) x S1) reprensents the volume of crystal in nm?

Radius of crystals in nm

Diameter of crystals in pm

Q ""T0O Q0T
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During the analysis of GH crystal sizes produced from several hkl reflections, we encountered some
problems as described below so we were forced every time to repeat the analysis and change some
parameters until we obtained consistent results. Nevertheless, this exercise was beneficial as well to

develop the method further.

The first analysis of GH CSDs showed discrepancies between the results obtained from different hkl
reflections. In addition, the number of crystals detected within each hkl was not in agreement with the
multiplicity factor. The difference between the expected and experimental number was sometimes
exceeding 50 % (see Table in Appendix D).

In general, strong reflections have a better detection limit than weak reflections. In the case of GHs
characterized by small crystal sizes in the range of 1-5 um, this represents a problem because small
crystals will not be detected in case of weak hkl reflections. The preliminary results of Xe hydrate-
bearing sediments showed that the first three reflections with low structure factor values (200, 210 and
211) gave larger crystal sizes than the reflections with high structure factors (222, 321 and 400).
Hence, we can conclude that there is a cut-off for the weak reflections. This means that the missing
fraction of small crystals will lead to an increase of the average crystal size and unexpected low

number of crystals not matching the multiplicity factor.

Furthermore, for weak reflections it is not possible to determine the right threshold multiplier as there is
always a cut-off. Figure 6-8 shows the variation of the number of peaks detected per reflection as a
function of the threshold multiplier. For the 222 and 400 reflections, we observe a plateau which
represents a safe region for positioning a threshold. However for the 211, whatever threshold will be

chosen, weak peaks will be cut off and thus missing in the CSDs.
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Figure 6-8. Variation of the total number of peaks as a function of the threshold multiplier of the hkl
211, 222 and 400
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Therefore for the above mentioned reasons, the three weak reflections 200, 210 and 211 were

discarded and not taken into account in order to not bias the final CSD results.

For the strongest reflections (222, 321 and 400), we know that we may miss some small crystals but
by far not as much as in the case of the weak hkl. The other GH reflections have the strongest

structure factor and even if GHs have small crystal sizes, the cut-off is not so critical in this case.

In addition to the cut-off problem, we discovered that the CSD data analysis program has a limit in
handling overlapped peaks. The number of peaks in the 321 hkl which has a multiplicity of 48 was
lower than expected (see Table in Appendix D). The 321 reflection is too crowded and overlapped
peaks can be separated so we decided to discard as well this reflection from the final presentation of
the CSD results.

Xe hydrate CSDs from 222 and 400

The final CSD results of Xe hydrate-bearing sediments are collected from the 222 and 400
reflections which are the most reliable hkl because they have a low multiplicity and strong structure
factor. Indeed, the number occurence of the observed 222 and 400 reflections correspond largely to
the expected multiplicity ratio (see Table 6-4). The crystallites size measurements are collected into
histograms. Meaningful statistics of several thousand counts are obtained from the two reflections

considered. Figure 6-9 shows Xe hydrate CSDs calculated from the 222 and 400 reflections.
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Figure 6-9. CSDs of Xe hydrates at different formation time collected from the 222 and 400 hkl

reflections

As the sample was rotated only for few degrees, the peak reflections in each ring are

statistically independent and result from the diffraction of different crystallites. Hence we can sum the

results of the 222 and 400 hkl and produce one CSD plot for each data set. The evolution of Xe

hydrate CSDs with time is illustrated in Figure 6-10.
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Figure 6-10. Evolution of GH CSDs with time

A summary of the results obtained from the 222, 400 reflection and their sum is shown in Table 6-4.

Table 6-4. Summary of statistical parameters

hkl Threshold N initial Ratio N final Ratio Mean SE of Mean
222 1.25 5059 683 0.466 0.029
1.08 1.47
2 min 400 1.3 4703 464 0.423 0.043
Sum n.a 9762 n.a 1147 n.a 0.449 0.025
222 1.3 3781 832 0.597 0.028
. 1.32 1.33
30 min 400 1.3 2859 627 0.631 0.042
Sum n.a 6640 n.a 1459 n.a 0.612 0.025
222 1.3 2045 443 1.163 0.057
0.60 1.19
2 days 400 1.3 3387 372 1.115 0.073
Sum n.a 5432 n.a 815 n.a 1.141 0.046
222 1.25 6530 2266 1.307 0.020
1.20 1.27
4 days 400 1.3 5441 1787 1.070 0.025
Sum n.a 11971 n.a 4053 n.a 1.203 0.016
222 3.5 8856 1626 1.457 0.030
1.23 1.18
1 week 400 4 7200 1383 1.191 0.034
Sum n.a 16056 n.a 3009 n.a 1.334 0.022
222 3.5 8001 1908 1.496 0.030
1.24 1.27
4 weeks 400 4 6467 1504 1.239 0.026
Sum n.a 14468 n.a 3412 n.a 1.384 0.020

The threshold multiplier was chosen from the safe region as illustrated in Figure 6-8.
Ninitial = the total number of peaks detected in each ring before any selection process.
Nfinal = number of peaks remained after application of all selection rules mentioned above.

Ratio = Multiplicity of 222 / Multiplicity of 400 = 1.33
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The results obtained from the analysis of the 222 and 400 reflections are consistent. The
number of crystals found per reflection before and after elimination of defect peaks respects the ratio
of the multiplicity factor. One exception is the data set at 2 days of formation which shows a factor of
0.6. The reason for that is unknown but the ratio was adjusted after removing bad peaks.

On the other hand, the average crystal size determined from the 222 is relatively higher than
the one of 400 in the most cases. This is because the 222 reflection has a structure factor lower than
the 400 and some missing weak reflections leads to a slight increase of the average crystal sizes.
The average diameter size determined from the sum of all peaks collected from the 222 and 400 hkl

shows a continuous increase with time as it is illustrated in Figure 6-11.
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Figure 6-11. Evolution of the mean diameter size of GH with time

. The graph shows a fast initial increase of the size of crystals during the nucleation and growth
processes. After completion of the formation process (after 2 days), GHs are expected to undergo a
coarsening process where small crystals disappear in the expense of larger masses in order to reduce
the total free energy of the system.

6.3.1. Summary

The determination of the crystal sizes of gas hydrate-bearing sediments is not an easy task
and cannot be achieved using conventional optical method. In the last 4 years we were working on the
development of a new fast method based on two-dimensional X-ray diffraction. The method was
applied for the first time to investigate in-situ the evolution of Xe hydrate CSDs with time in order to
complement our qualitative analysis of the GH microstructure using X-ray tomography. This work is a
first step to better understand the physical/sonic properties of GH-bearing sediments and for a

possible determination of the age of natural GH system.
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GH-bearing sediments are characterized by a small crystal sizes in the range of 1-2 um. This
has influenced the analysis of the crystal sizes. Because of the small sizes of GH, weak reflections
with low structure factors cannot give reliable results because of the cut-off of small crystals which
may bias the final results. Hence, weak reflections were discarded from the final analysis. To
overcome this problem, one could increase the exposure time during the experiments in order to

improve the intensity to background ratio.

The second challenge was that overloaded hkl reflection with high multiplicity factor such as
the 321 cannot be resolved by the Python analysis problem so the reflection was also discarded.
Again to solve this problem, one could reduce the sample volume or the beam size during the

collection of data.

GH-bearing sediments that are characterized by small crystal sizes have some inherent
problems and limitations of the CSD method. Yet, the results obtained are very promising to develop

the method further into a robust way to determine CSDs
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7 | Conclusions and Outlook

The research presented in this thesis was focused on the study of the microstructure of GH-
bearing sediments. The detection and quantification of GH in natural sediments require the knowledge
of physical properties of GHs which depend on the microstructure. For this purpose, experimental
devices and methods were specially developed as a part of this study. The nucleation and growth
mechanisms of xenon hydrate in various sedimentary matrices and at different water saturations were
followed in-situ inside a custom designed pressure cell using synchrotron X-ray micro-computed
tomography. The observation of the evolution of the microstructure with time was complemented by a
gquantitative analysis of the evolution of GH crystallite size distributions. In the following, a summary of

the key observations is given.

Xenon as hydrate former to replace methane: Xenon gas can be a good substitute of methane
gas rather than THF as it doesn't require high formation pressures and it has more similar properties
to methane gas. Xenon and methane are both rather insoluble in water and have small diffusion

constants in water. Their hydrates form structure | and have similar physical properties.

Nucleation in sediments: The sub-um pixel size resolution of the u-CT setup used permitted to
determine precisely the nucleation sites of GH in porous media. For GH formation, the most favorable
site of GH formation is the gas-water interface. From the analysis of several hundred CT images, no
nucleation on the surface of sediment grains was observed. For GH formation from "memory" water
obtained from GH dissociation, the nucleation of GH starts inside the water phase. It appeared that the

gas which remains in water in an unknown state acts as nucleation site for GH.

Growth pattern: The growth of GH depends on where the hydrate starts to nucleate. Different
growth mechanisms were observed for the different formation scenarios using juvenile and "memory"
water. However, the growth morphologies tend to move towards similar arrangements to the end of
the formation process. The differences in the microstructure are expected to disappear more and more

with time.

Water layer: The existence of the water layer between GH and sediment grains was one of the
main key questions of this study which has never been observed at sub-um resolution. The CT images
showed clearly the existence of a um water layer with variable thickness at the GH-Qz interface. The
presence of the water film has important consequences for the distribution of GH in the sedimentary
matrix and the corresponding seismic as well as electromagnetic responses. In particular, frictional
losses due to squirt flow phenomena in the interfacial water were responsible for the anomalous

attenuation of high frequency elastic waves in GH-bearing sediments.

Microstructural models: The existent microstructural models in literature were reviewed in this

PhD based on the new findings. Our results do not support any of the cementing models of Dvorkin et
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al. [2000] due to the presence of the water layer which reduces the effect of GH stiffness on the
matrix. Therefore, a dramatic increase of the velocity with the hydrate saturation does not take place.
This may explain discrepancies between the modeled and experimental data. At high water saturation,
GH exhibits a pore-filling which changes to a load-bearing model as the GH saturation increases. GH
fills the pore spaces and holds the sedimentary particles in place via a cushion of liquid water again

without a cementation of the matrix in a strict sense.

Memory effect: The differences in the growth patterns observed in GH formation using juvenile
and memory water support the existence of the so-called "memory effect". Furthermore, and for the
first time, we have indications that indeed liquid water can become metastably enriched in Xe gas as
suggested from the higher absorption coefficient observed for small water pockets in the pore space of

Xe-hydrate.

Evolution of the microstructure with time: The evolution of the GH microstructure with time was
studied by means of a quantitative analysis of GH crystallites size distributions. The results shows a
continuous increase of the crystal sizes even after completion of the formation process due to the
called Ostwald-ripening or normal grain growth processes in order to reduce the free energy of the
system. The change of GH CSDs with time may also alter the physical/sonic properties of the resulting

aggregates.

This study has permitted to reveal very important details of the microstructure of GH-bearing
sediments. However, it cannot be taken for granted that the microstructural arrangements obtained in
laboratory experiments are closely similar to what is observed under similar p-T conditions in natural
environments. Nevertheless, there are some intrinsic features which remain unchanged such as the
existence of um-sized water layer at the interface with quartz or glass beads which is expected to

occur as well in natural settings.

Although several research questions established for this study have been answered, further
studies are needed to corroborate the remaining open questions. One concerns the role of clay
minerals on the formation mechanism of GH-bearing sediments which was not clear in our results and

may be clarified using additional characterization techniques.

Additional studies on the evolution of the microstructure over periods of several weeks to
months using FXRCSD and SRXCT will permit to better understand the coarsening process and the
equilibration of the microstructure with time. From modeling and extrapolating such studies using e.g.
the Landau-Slyovitz-Wagner theory of coarsening, one may even gain access to the formation time,

i.e. the age of GH in sedimentary matrices.

FXRCSD and SRXCT experiments carried out on natural GH-bearing sediments samples will
also help to better understand the microstructural characteristics of natural systems and their physical

properties.

Xenon is indeed a very good substitute of methane gas in terms of chemical and physical

properties. Nevertheless, working with naturally occurring methane gas is desirable
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The second part of this DFG project consisted to model the elastic wave velocities using the
3D tomographic data as direct input by our collaborators: Dr Eric Sanger and Kathleen Sell (PhD

student).
Their contribution is summarized in a recently published paper cited below:

Sell, K., Saenger, E.-H., Falenty, A., Chaouachi, M., Haberthiir, D., Enzmann, F., Kuhs, W. F., and
Kersten, M.: On the path to the digital rock physics of gas hydrate bearing sediments — processing
of in-situ synchrotron-tomography data, Solid Earth Discuss., doi:10.5194/se-2016-54, in review,
2016.
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Appendix A: Absorption calculations for individual media using the Beer-
Lambert law: | = I, e P®/P)
1) Polyethlenimine - single wall weight fraction (M,/M,,) w/p (cm?/g) p (g/cm3) t: thickness (cm) Absorption

0.116 0.367 0.089

0.326 0.555 1.33

0.558 0.402 2.267

1.000 0.448 1.03

2) Xenon gas - single wall Pressure (bar) w/p (cm?/g) Absorption
2 23.002 0.021

3) Aluminium - single wall w/p (cm?/g) p (g/cm3)
3.441 2.7

4) Sample - thickness: 0.2 cm filling w/p (cm?/g) p (g/cm3) Absorption
Quartz sand 60% 2.544 1.2 0.411

water 10% 0.81 1 0.014

Xenon gas (at 3 bar) 30% 23.002 0.023

Xenon hydrate weight fraction (Mi/Mtotal) w/p (cm?/g)  p (g/cm3) Absorption
0.052 0.370
0.415 0.865
0.533 23.002

1.000 12.640
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Appendix B: Recorded pressure curves
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Appendix C: calculations of the S, scale factor using structure factors
determined using Powder cell program for each compound.

e LaBg:

CELL 4.1566 4.1566 4.1566 90.000 90.000
90.000

La 57 0.0000 0.0000 0.0000 1.0000
1.0000

B 5 0.1996 0.5000 0.5000 0.9720
1.0000

RGNR 221

e Xenon Hydrate:
The xenon-clathrate (type 1) fractional coordinates, isotropic thermal factors (Uiso), fractional
occupancies (Occ) and crystallographic site for the data set collected on D2B @ILL at 7 bar

and 273 K. e.s.d.s are quoted in parentheses.

Atoms X y z Uiso (A?) Occ Site
o) 0.1837(2) |0.1837(2) |0.1837(2) |0.042 1.0000 16i
0@) 0.0000 0.3098(2) |0.1158(2) |0.047 1.0000 24K
0(3) 0.0000 0.5000 0.2500 0.043 1.0000 6¢c
D(4) 0.2326 0.2326 0.2326 0.053 0.5000 16i
D(5) 0.0000 0.4337 0.2027 0.061 0.5000 24k
D(6) 0.0000 0.3798 0.1589 0.055 0.5000 24k
D(7) 0.0000 0.3132 0.0356 0.055 0.5000 24k
D(8) 0.0659 0.2660 0.1402 0.049 0.5000 48|
D(9) 0.1196 0.2279 0.1596 0.052 0.5000 48|
XE(10) 0.0000 0.0000 0.0000 0.056 0.85(1) 2a
XE(11) 0.5000 0.0000 0.2500 0.101 0.9700 6¢c
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Appendix D:

This Appendix shows the results of the reanalysis including the rejection criteria based on the
moments of the omega scan profiles. These rejection criteria were introduced to eliminate odd-shaped
reflections e.g. as a consequence of accidental overlap. Still, the crystal sizes calculated from different
hkl reflections were not consistent and the number of peaks found did not much the multiplicity
number because of (1) the cut-off for the case of small crystallites for the weaker reflections and (2) a
remaining problem of overlap for the case of the 321 hkl with its highest multiplicity.

The CSDs plotted below show a systematic shift of the CSD of the 200, 210 and 211 to higher values
because of the cut-off of small crystals.

The table illustrates these discrepancies between the individual results, in particular how the numbers

of peaks found in each reflection do not match the expected ratios of multiplicities.

The list of the moments used is given below (source: Origin Lab software):

e Second moment:

s= | wi(z; —u)/d
1=1

e Third moment (skewness):

s
I

o n w%
L (n—1)(n—-2) s

e Fourth moment (kurtosis):

o nn+1) z fjJ‘_ 3(n—1)°
S (n—1)(n—2)(n—-3) < ’ (n—2)(n—3)

n: number of observations
d=n-1

wi: weighted fraction

Page | 210



Chapter 9: Appendices

2 min
10
321
B 222
81 | [pald
B 210
> 61
(&)
[
(D)
-]
g .
LL
2_
0_
-0,5 0,0 0,5 1,0 1,5 2.0 2,5 3,0
Ln(d) [um]
30 min
35
_ B 321
B 222
301 N
' B 210
25 B 200
o
© 20+
(]
o
i'; 151
LL
10-
5_
0- : -
-2 -1 0 1 2 3
Ln(d) [um]

Page | 211



Chapter 9: Appendices

2 days
100

(o))
o
1

Frequency
N
2

20

Ln(d) [um]

4 days

250

I 321
' I 222
211

2004 ]
I 210
I 200

[ERN

a1

o
1

Frequency
=
o
o

50

Ln(d) [um]

Page | 212



Chapter 9: Appendices

Frequency

y

Frequenc

1 week
250

B 321
B 222
200 | ANl
B 210
B 200

=

ol

o
1

=

o

o
1

50

-2 -1 0 1 2 3 4 5
Ln (d) [um]

4 weeks

=

N

o
1

(0]
o
1

Ln (d) [um]

Page | 213



Chapter 9: Appendices

Summary of the first analyzed CSDs which were done not with the appropriate
thresholding as in Table 6-4. Due to the cut off, the average size of weak reflections
is shifted to higher values. The number of peaks found per reflection does not match

the multiplicity factor.

Std. mean
N total N final Mean Dev. Ln(d) Std. Dev  Median
321 110 59 3,58 3,74 0,92 0,83 0,84
2 min 222 26 19 3,24 2,94 0,82 0,86 0,72
211 152 16 3,75 2,92 1,09 0,67 0,96
210 25 14 6,78 7,27 1,53 0,82 1,22

30 min

2 days

4 days

1 week

N Std. mean
N total filtered Mean Dev. Ln(d) Std. Dev  Median
321 1593 868 5,86 6,77 1,38 0,89 1,43
222 528 316 3,29 3,85 0,76 0,91 0,75
4 weeks 211 640 329 7,62 15,90 1,62 0,85 1,65
210 589 321 8,17 6,67 1,85 0,73 1,85
200 183 111 3,31 2,23 0,99 0,65 1,02
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Appendix E: published work

QAGU PUBLICATIONS

Geochemistry, Geophysics, Geosystems

RESEARCH ARTICLE

10.1002/2015GC0O05811

Key Points:

« In situ gas hydrate growth in
sediments observed with submicron
tomography

« A water Layer is commonly observed
between quartz grains and gas
hydrates

« Growth pattems starting from gas-
enriched and juvenile water are
differant

Supporting Information:
« Supparting Infarmation 51

Correspondence to:
W_F. Kuhs,
whuhs1@gwdgde

Citation:

Chaouachi, M., A. Falenty, K. Sell,

F. Enzmann, M. Kersten, D. Haberthur,
and W. F. Kuhs [2015), Micrastructural
evolution of gas hydrates in
sedimentary matrices ebserved with
synchrotron X-ray computed
tomagraphic microscopy, Geochem.
Geophys. Geosyst., 16, 1711-1722,
doi 1010027201 560005811,

Received 12 MAR 2015

Accepted B MAY 2015

Accepted arficle online 15 MAY 2015
Published onfine 12 JUN 2015

© 2015, American Geophysical Union.
All Rights Reserved.

CHAOUACHIET AL
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matrices observed with synchrotron X-ray computed
tomographic microscopy

Marwen Chaouachi', Andrze]j Falenty?, Kathleen Sell2, Frieder Enzmann?, Michael Kersten?,
David Haberthur?, and Werner F. Kuhs'

'GZ(G Abt. Kristallographie, Gearg-August-Universitit Géttingen, Gattingen, Germany, *Geosciences Institute, Johannes
Gutenberg-University, Mainz, Germany, *X-Ray Tomography Group, Swiss Light Source, Paul Scherrer Institute, Villigen,
Switzerland

Abstract The formation process of gas hydrates in sedimentary matrices is of crucial importance for the
physical and transport properties of the resulting aggregates. This process has never been observed in situ
at submicron resolution. Here we report on synchrotron-based microtomegraphic studies by which the
nucleation and growth processes of gas hydrate were observed at 276 K in various sedimentary matrices
such as natural quartz (with and without admixtures of montmorillonite type clay) or glass beads with differ-
ent surface properties, at varying water saturation. Both juvenile water and metastably gas-enriched water
obtained from gas hydrate decomposition was used, Xenon gas was employed to enhance the density con-
trast between gas hydrate and the fluid phases involved. The nucleation sites can be easily identified and
the various growth patterns are clearly established. In sediments under-saturated with juvenile water, nucle-
ation starts at the water-gas interface resulting in an initially several micrometer thick gas hydrate film; fur-
ther growth proceeds to form isometric single crystals of 10-20 pm size. The growth of gas hydrate from
gas-enriched water follows a different pattemn, via the nucleation in the bulk of liquid producing polyhedral
single crystals. A striking feature in both cases is the systematic appearance of a fluid phase film of up to
several micron thickness between gas hydrates and the surface of the quartz grains. These microstructural
findings are relevant for future efforts of quantitative rock physics modeling of gas hydrates in sedimentary
matrices and explain the anomalous attenuation of seismic/sonic waves.

1. Introduction

The microstructure of natural gas hydrates (GH) dispersed in sedimentary matrices is largely unknown. In
only a few occasions have samples been retrieved from sea-floor or subpermafrost occurrences without
major alterations due to partial decomposition. A notable exception is the JAPEX/JNOC/GSC Mallik 5L-38
research well from which largely intact sediment-GH-aggregates were successfully recovered [Techmer
et al, 2005]. Even then, insight into the microstructure might be hampered by the fact that the recovered
samples were usually stored in liquid nitrogen which freezes liquid water present in the sample - possibly
altering the microstructure and obscuring details of the GH-sediment interface. Largely unperturbed sam-
ples can be expected from pressure-cored samples [Abegg et al, 2008; Konno et al,, 2015; Santamaring et al,,
2012, 2015; Yoneda et al, 2013] but access to micrestructural information on a submicron scale has not
been obtained so far. A number of researchers have attempted to emulate the nucleation and growth of
gas hydrate in sedimentary matrices via laboratory experiments to obtain the material properties as a func-
tion of the saturation of GH in order to support geophysical exploration methods [Berge et al, 1999; Best
et al, 2010, 2013; Dai et al, 2012; Dvorkin et al, 2003; Ecker et al, 2000; Hu et al, 2010; Li et al, 2011; Priest
et al, 2006, 2009; Spangenberg and Kulenkampff, 2006; Yun et al, 2005; Zhang et al, 2011]. Other studies
were devoted to better understanding the origin of the unexpected seismic attenuation [Best et al, 2010;
Guerin and Goldberg, 2005; Matsushima et al, 2015; Priest et al,, 2006]. Providing a complete list of references
is beyond the scope of the current paper; for reviews of these works see Hu et al. [2013] and Waite et al.
[2009]. It appears that both GH saturation and distribution in the sediment affect seismic and electric
responses, as well as other material properties and cannot be fully disentangled without detailed
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knowledge of the microstructure at submicron scale. The abovementioned studies have also revealed that
the chosen growth procedure is likely to affect the microstructural arrangement of GH in sediments [Priest
et al, 2009; Waite and 5pangenberg, 2013] and thus the physical properties, yet details of the microstruc-
tures were unknown.

Studies at the pore-scale can help to reveal mechanisms of GH formation/dissociation and guide efforts to
incorporate experimental observations to the continuum scale simulations after performing an appropriate
upscaling of the parameters involved. Experimental works examining GH at the pore scale were reported by
a number of researchers. Some insight into gross features of the microstructure has been gained in particu-
lar by modern imaging methods. Nuclear Magnetic Resonance Imaging (MRI) has been used to study the
growth and distribution of GH in sedimentary matrices produced in the laboratory [Bagherzadeh et al, 2011;
Kossel et al, 2013; Mork et al, 2000). These studies do not find any support for a nucleation of GHs on the
surface of quartz grains, yet the limited resolution does not allow a more detailed access of microstructural
details. Motable work to study GH nucleation, growth and dissociation by using optical microscopy on glass
micromodels was conducted by Tohidi et al. [2001]; similar work is presented in Katsuki et al. [2007]. They
were the first to provide time-lapse information on GH formation mechanisms suggesting GH farmation in
the water and not at the hydrophilic glass surface. However, both studies were limited by an essentially 2D
configuration due to the micromodel experimental approach. Also, natural and laboratory grown GHs have
been studied with ex situ cryo-scanning-electron-microscopy [e.g., Bohrmann et al,, 2007; Kuhs et al, 2000;
Stern et al, 2011], a well-established method with submicron resolution. However, a possible risk of altera-
tions during recovery and the difficulty to distinguish frozen water from methane GH hampered an
unequivocal characterization of the sediment-GH contact. Similar issues have been encountered in studies
of cryopreserved natural gas hydrates in their sedimentary matrix with the ex situ high resolution synchro-
tron radiation X-ray tomography (SRXCT) used [Klapp et al, 2012; Murshed et al, 2008]. Other attempts to
gain 3-D information on microstructures of natural [Abegg et al, 2007; Rees et al, 2011] and laboratory
grown GH [Jin et al, 2006; Kneafsey et al, 2007; Sato et al, 2005; Seol and Kneafsey, 2011] by means of con-
ventional computed X-ray tomography typically suffered from the insufficient resolution of the sediment-
GH contact and low X-ray contrast between methane-bearing GH and water. Recent microtomographic
observations circumvent the latter issue by spiking the water with a heavy element salt solution (5 % Ba(l;)
[Kerkar et al, 2014]. The authors provided evidence that the host medium (glass spheres) and the GH that
was formed in a pressurized aluminum cell were separated by an aqueous layer. However, this is largely
self-evident due to the salting-out effect of the BaCl, brine in a closed labaratory system; in marine environ-
ments the brine resulting from GH formation may eventually become diluted by contacts with sea water. In
the following, we report on the first in situ time-lapse SRXCT study of the nucleation and growth of xenon-
bearing GH in a sedimentary matrix (quartz grains) with a pixel resolution down to a few 100 nm. The heavy
¥enon gas was used to enhance the contrast between the GH and the agqueous phase without loading the
latter with any salt.

2. Experimental

The formation of gas hydrates was investigated in situ at the TOMCAT beamline, Swiss Light Source (5L5),
Paul Scherrer Institute (PSI) in Villigen (Switzerland) [Stampanoni et al, 2006]. For each tomogram, 3201 (or
1501) projections at an integration time of 150 ms (or 350 ms) each were acquired over a sample rotation
of 180° with a monochromatic X-ray beam energy of 21.9 keV. Two different objectives (UPLAPO10% or
UPLAPQ20x) with an optical 10 or 20X magnification were used, respactively. After penetrating the sam-
ple, X-rays were converted into visible light by a 20 pm thick scintillator LuAG:Ce and captured by a high-
resolution CCD camera (20483 2048 pixels). The data were reconstructed by a gridded Fourier transform-
based algorithm [Marone and Stampanani, 2012). This results in data sets with an isometric vaxel size of 740
and 380 nm for the 10 and 20 magnifications, respectively, which enables the distinction between gas,
water, sediment grains and hydrate in particular for interfacial areas of the sample. In order to enhance the
absorption contrast, methane was substituted by xenon gas. As shown in Table 51, methane and xenon
have similar properties, in particular concerning the agueous gas solubility.

The experimental series have been performed with three sedimentary matrices composed of (a) pure natu-
ral quartz sand (Qg), (b} natural quartz sand with a small quantity of montmaorillonite clay particles
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{Qz+Mm), and (c) glass beads (GB) of 150-212 um in diameter {Sigma-Aldrich, Germany). Quartz sand with
a uniform grain size of 200-300 um originating from Lyubertsy (Moscow region, Russia), and montmorillen-
ite from Dzhebel (Turkmenistan); further sedimentological details are given in Chuvilin et al. [2011]. More-
over, in separate experiments, surfaces of quartz and glass beads have been modified to study the effects
of hydrophobic and hydrophilic surfaces on the GH microstructures. The hydrophilic treatment consists of
cleaning the porous media for 1 h using a freshly prepared Piranha solution (3:1 H,50, (98 %)/H,0; (30%))
at 90°C, rinsing with deionized water and drying in a clean oven at 120°C for 1 h. The hydrophobic proper-
ties have been obtained via a salinization process using a solution of timethylethoxysilane at 90°C for 1 b,
rinsing with deionized water and drying at 120°C [Jradi et al, 2011].

Sediments have been mixed with ice (10-20 wt.-%) or Xe-hydrate powder (20 wt.-%) in a mortar under lig-
uid nitrogen to a predefined degree of water saturation. A homogenous distribution of water in pore spaces
has been obtained by (a) admixing fine particles of frost prepared by a condensation of water vapor on a
precooled rotating copper disk [Falenty et al, 2011; Klapproth et al, 2007] or (b) admixing water-containing
¥e-hydrate powder that was formed from ice spheres and ground under lig.N; following the procedure in
[Kuhs et al,, 2006].

Water frost and Xe-hydrate bearing sediments were used to explore three specific scenarios of hydrate
formation:

|. Formation from deionized, juvenile water;

Il. Formation from Xe-enriched water obtained from in situ formed (scenario 1) and subsequently decom-
posed Xe-hydrate ("memory water’);

Il. Formation from Xe-enriched water obtained from the in situ dissociation of Xe-hydrate powder admixed
to the sediment.

In scenario Il the GH formed was dissociated by reducing the pressure. This was done in steps to follow the
process by tomography; for each tomographic scan the sample was brought back up to the stability limit
(0.22 MPa) to maintain a stable configuration. In the first step the pressure was dropped to 0.1 MPa for a
minute, in the following two steps the pressure was reduced to ~0.195 MPa and left there for about 30
min; the final dissociation step at 0.1 MPa lasted 7 min. For scenario lll, the initial GH and sediment mixture
was dissociated at 0.1 MPa while the temperature was slowly approaching 276 K. Thus, the main difference
between procedure Il and Ill is that in the former decomposition was done at constant temperature by
dropping the pressure, while in the latter the sample was dissociated by heating at constant pressure.

For all runs, a portion of the homogenized starting material (sediment +ice/hydrate) was filled under ligN;
into a pure aluminum sample holder with an inner diameter of 2 mm and a length of 10 mm and subse-
quently manually compacted. The holder is mounted onto a central aluminum cylinder and sealed with a
transparent polyethylenimide dome. The ambient atmosphere in the closed volume is replaced via several
compression and decompression cycles with pure Xe gas while staying below the thermodynamic stability
boundary of Xe-hydrate. Thermal equilibration is reached within a few minutes. Cooling is achieved by a
Peltier element mounted with its cold side to the base of the cell and its hot side in contact with a rectangu-
lar water jacket. The temperature of the sample is actively controlled via a PID controller with long term sta-
bility within £ 0.1°C. In order to avoid potential mechanical vibrations of the setup, water flows
gravitationally through the cooling block. The pressure inside the cell is measured with an ASHCROFT KXD
pressure sensor and the data were recorded every 5 s on a computer. A schematic drawing of the pressure
cell is shown in supporting information Figure 51.

After thermal equilibration was reached at a constant temperature of 276 K, the first tomoagraphic scan was
recorded to verify the homogeneity of the mineral matrix and initial water distribution for each sample. As
some inhomogeneity was frequently observed over the scanned volume we consider only the local water
saturation in the following discussion (Ws, fraction of pore filling by water at the scan position). The reaction
is started by elevating the pressure in the cell to 0.35-0.60 MPa. The pressure is controlled by the amount/
volume of Xe gas injected. There was no confining pressure applied to the sediment matrix. A rapid drop of
pressure marks the beginning of the nucleation and growth of Xe-hydrate crystals (supporting information
Figure $2). In case of juvenile water (scenario I, this stage is preceded by an incubation period of typically
3-4 min. The formation with Xe-enriched water (scenarios Il and Ill] was nearly instantaneous. Prior to each
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Figure 1. Nucleation of a thin GH film at the gas-water interface for GH formation using procedure L (Sample 1, Ws = 20 %): (3) CT image before starting GH formation, (b} CT image

taken after a reaction time of 70 5 {tz = 70 ). Gas hydrate (GH) in white, water (W) and xenon (Xe} in gray, quartz, sand (Qz] in light gray. Gas and juvenile water have almost the same

contrast and can be distinguished only by the meniscus which separates the two phases.
tomographic scan the reaction was paused by a fast depressurization to an equilibrium pressure of 0.22
MPa at 276 K (established experimentally). After the scan, the pressure was raised again to continue the
transformation as shown in supporting information Figure 53, The start-pause approach allows for capturing
the very early stages of hydrate formation in terms of full three-dimensional tomographic information. This
procedure can be repeated as many times as desired; typically between 3 and 7 scans were taken for one
growth/nucleation event following the initial state (no hydrate) to the full-transformed state.

3. Nucleation and Growth

Our time-resolved investigations leave very little doubt that the most favorable site for GH nucleation in
juvenile water (scenario 1) is the interface between water and xenon gas; a typical example (out of very
many) is shown in Figure 1. Our time resolution together with a submicron spatial resolution allows us to
even state this in the case of low water saturations where water is concentrated on the surface of quartz
grains. The resulting GH film appears to have a different gray-scale compared to dense GH but it is difficult
to quantify this due to reconstruction artifacts of the rather thin films. Absorption differences might be
expected due to a porosity of the film on a micron and submicron scale as observed in GH at the gas-water
interface [Davies et al, 2010]; this is in line with a suggestion that gas and water transport occurs via those
pores from the gas phase toward liquid water [Mori and Mochizuki, 1997]. The thickening of the film is
observed predominantly in the direction of the water phase, which suggest that the gas transport through
the pores is the dominant process. After a few minutes the film consists of micron-sized single crystals as
suggested by the emerging polyhedral shapes (Figure 2). Some of these accumulated crystals appear to
grow faster than others, These larger crystals also show an appreciable growth into the gas phase and lead
to nearly isometric crystal shapes, consistent with a cubic crystal structure; their size at the point of the full
conversion is 10-20 um. The volume growth of these crystals is distinctly slower than the one of the initial
film suggesting a different transport mechanism of the crystals’ constituents, no longer proceeding through
pores in the GH. Whether the transport proceeds by solid state diffusion of water molecules through the
crystals' molecular cages [Kirschgen et al,, 2003; Liang and Kusalik, 2011], along crystal defects like grain
boundaries, dislocation cores or the crystal surface cannot be distinguished in our images.

The nucleation and growth pattems from gas-enriched water (scenarios Il and Ill) are distinctly different
from scenario |. With gas-enriched water the nucleation frequently occurs inside the water phase followed
by isotropic growth; after several minutes of growth, rounded polyhedral crystals are formed. In scenario Il
the nucleation often takes place inside the liquid close to the gas-water interface (supporting information
Figure 54), crystals are less interconnected than in procedure | and show clear isometric habits with indica-
tions for crystal facets (Figure 3). In scenario Il nucleation and growth occur typically in the bulk liquid, not
necessarily close to the water-gas interface (supporting information Figure S5). It is remarkable that the
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appearance of crystals inside the
water phase occurs in certain parts of
the pore space but not in others (Fig-
ure 4). Similar observations have been
reported by e.q, Bagherzadeh et al.
[2011], Dai et al. [2012], Kerkar et al.
[2014], and Kossel et al. [2013]. While
in natural settings patchy growth can
be ascribed to lithological control,
spatially varying hydraulic conditions
affecting methane transport or locally
varying stress states [Bagherzadeh
et al, 2011], the reason for a small-
scale GH inhomogeneity in our min-
eralogically homogeneous matrix is
less obvious. The nucleation is not
necessarily of homogeneous nature
but may occur on nanometer-sized
impurities inside the water, those
remain invisible at the resolution of
our chosen method. The initial
growth patterns in scenario | and Il
(or 1ll) are different, yet after several
minutes the emerging polyhedral
crystals reach a size between 10 and
20 pm for all scenarios. The molecular
rearrangements at the growth inter-
face between liquid water and GH
can be envisaged to be similar to
what has been found in molecular
dynamics simulations from meta-
stably gas-enriched water [e.g, Walsh
etal, 2011].

Figure 2. Sequence of GH film growth {scenario I}: () initial {t, = 4.35 min), (b)

intermediate {t, = 10.2 min), and (c) final (t; = 14.65 min). The enlarged image in 4. Liqmd lnterface Between
Figure 2c shows pockets of rest water trapped between GH crystals probably due

to a gas diffusion limitation. Qz and GH

Our experimental results give strong
evidence of a submicron to micron thick water layer at the Qz-GH and GB-GH interfaces (Figure 5). This
observation is in accordance with the pioneering work of Tohidi et al. [2001] and several molecular computer
simulations indicating the preference of a water layer at the GH (hydroxylated)-Qz interface [Bagherzadeh
et al, 2012; Bai et al, 2011; Liang et al, 2011). Likewise, in a Hamaker approach the estimation of van der
Waals related interactions between Qz, water and GH surfaces also indicate the preference of a water layer
at the Qz-GH interface [Bonnefoy et al, 2005]. Natural Qz surfaces are considered hydrophilic; as then
expected no significant differences between untreated quartz (or GB) and additionally hydrophilized quartz
were found. At low water saturation the liquid is frequently located at this Qz surface by capillary forces; in
this case the submicron pixel size resolution of the setup allows locating the onset of nucleation at the gas-
water interface, sometimes appearing only a few microns away from the Qz surface. The thickness of the
layer varies and has its maximum at the grain boundaries between individual GH crystals which can be eas-
ily identified by their often obvious polyhedral shapes. Undoubtedly, Qz does not usually act as a nucleation
surface in sedimentary matrices.

In case of a hydrophobic Qz the water layer is replaced by gas pockets that separate the mineral matrix
from GH accumulations (Figure 6); similar observations were also made for hydrophobic GB. These observa-
tions suggests that the surface of GH, despite its predominantly hydrophilic character [Hirata and
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Figure 3. Evolution of GH growth from memory water (scenario II): (a) initial (tz = 5.05 min), {b) intermediate {t= = 11.65 min), and (c) final {tz = 19.77 min}. Large polyhedral crystals
were initially formed inside the water near to the gas-water interface. (d-f) The 3-D rendered images of Figures 3a-3c. Rounded polyhedral crystals of GH (white} grow preferentially
toward the center of the pore space; they do not adhere to the quartz (gray) surface, which is covered by a water layer of variable thickness. For clarity, the fiuid phases have been
removed from the rendered images.
Mori, 1998, prefers to form low-energy interfaces with the guest gas, and not with quartz surfaces. It is
noteworthy in this context that the stability of GH in hydrophobic matrices is lower than for hydrophilic
ones [Hachikubo et al,, 2011].

The presence of the water film has important consequences for the distribution of GH in the sedimentary
matrix and the comesponding seismic as well as electromagnetic responses [Dai et al,, 2012; Spangenberg
and Kulenkampff, 2006; Waite et al., 2009). In particular, frictional losses due to squirt flow phenomena in the
interfacial water were responsible [Chand et al., 2006; Priest et al,, 2006] (Figure 7) for the anomalous attenu-
ation of high frequency elastic waves in GH-bearing sediments [e.g, Best et al,, 2010; Chand and Minshull,
2004; Guerin and Goldberg, 2005; Matsushima, 2006). Broadband and waveform analysis of the response can
help to distinguish other possible sources of attenuation [Suzuki and Matsushima, 2013]. More investigations
are needed to corroborate the results in order to make attenuation studies useful for GH quantification.

5. The Role of Clay Minerals

The presence of bentonite and montmeorillonite has been found beneficial for GH formation in laboratory
experiments [Cha et al, 1988] and will also alter the effective elastic properties [e.g, Lee et al, 2010a,
2010b]. There is compelling evidence that under certain conditions, GH can even form intercalates with a
certain type of montmorillonite [Guggenheim and Koster van Groos, 2003; Yeon et al, 2011]. Another sup-
porting argument for such scenario has been provided by a cryo-SEM study of samples from the JAPEX/
JNOC/GSC Mallik 5L-38 research well [Techmer et al,, 2005]. Intercalates cannot be resolved by the applied
tomographic method and would need to be confirmed using diffraction methods. Yet it is evident from our
results that intimate contacts between montmorrillonite and GH are frequently observed (Figure 8), even if
the nucleation does not necessarily start at the surface of clay particles. Further work is needed to clarify
the role of clay minerals in GH-bearing sediments.

6. Metastable Enrichment of Gases in Liquid Water

Enhanced formation rates of GH from water obtained by a decomposition of crystalline hydrates (‘memory
water”) were repeatedly reported [Duchateau et al, 2010; Sefidroodi et al, 2013; Wu and Baoyong, 2010;
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Figure 4. Image depicting a patchy growth of GH crystals (white} inside the water
phase by formation using scenario ll). (Ws = 80 %, tx = 5.7 min}. The region delim-
ited by the red circle show a high density of GH crystals than the one in blue.

10.1002/2015GC005811

Zatsepina et al., 2004], yet the issue is
still controversial [Buchanan et al,
2005; Thompson et al, 2006; Wilson
and Haymet, 2010]. The enhancement
of growth may well be due to the
enrichment of gases in the liquid
beyond the equilibrium solubility,
either in a hydrophobically hydrated
state or as nanometer-sized gas
aggregates embedded into the liquid;
the “memory effect” therefore does
not imply the presence of a relic
structure of water itself facilitating GH
formation. It rather implies an enrich-
ment of guest molecules in the water
phase. While there is clear evidence
from reflectometry that gases can be
enriched in water at the molecular-
scale gas-water interface [Boewer

et al, 2012; Lehmkiihler et al, 2008], unequivocal experimental evidence for a metastable enrichment of

gases in thicker interfaces or bulk water was not available.

Figure 5. CT images showing a thin water layer remaining between GH (white) and sediment grains in a systematic manner at the end of
the GH formation process using procedure (a) 1 or (b) IL The water layer is inhomogeneous; it is thicker at the grain boundary (GrB) of GH
crystals. A remaining fluid phase ((c) water or {d) gas) near grain contacts was systematically observed.

CHAQUACHI ET AL. MICROSTRUCTRE OF GAS HYDRATES

1717

Page | 221



Chapter 9: Appendices

QAGU Geochemistry, Geophysics, Geosystems 10100220156C005811

Molecular computer simulations often
use an enrichment procedure of gases in
bulk water by decomposing hydrates
prior to reformation [e.g, Hawtin et al,
2008; Jacobson et al, 2010; Vatamanu and
Kusalik, 2010; Walsh et al, 2011] with a
resulting metastable enrichment of gases
in the liquid. Occasionally, the formation
of nano-bubbles was observed in a gas-
enriched liquid within the ns to ps time
scale of the simulations [e.g., Bagherzadeh
et al, 2012; Koishi et al., 2005].

Our experimental findings now clearly
indicate that the GH nucleation and
growth pattern observed in water
Figure 6. GH formation in hydrophobic glass beads (GB) (tz = 16 min). Almost obtained from juvenile water (scenario I)

St o o e e ey e fom e e
inside aggregates, probably linked to grain o triple junc- g
tions. Frea xenon gas fills spaces between GH and GB grains. observed from GH decomposition (sce-

nario Il and Ill) lending further strong
support to the existence of a so-called “memory effect.” Furthermore, and for the first time, we have indica-
tions that indeed liquid water can become metastably enriched in Xe gas as suggested from the higher
absorption coefficient observed for small water pockets in the pore space of Xe-hydrate (supporting infor-
mation Figure S6); unfortunately the electron-density contrast cannot easily be quantified from the tomo-
grams to obtain values for the gas enrichment. The observed Xe enrichment may well be the result of a
dynamic equilibrium of gas and water at a nearby GH-water interface, where cage destruction with gas
release and reformation with gas uptake must take place in a dynamic fashion on a yis to s time scale; these
enrichments (over the bulk solubility) are only temporarily maintained in micron-sized water pockets or
water layers as Xenon will steadily be diluted into the bulk water toward equilibrium solubility.

7. Microstructural Aspects of GH Decomposition

The decomposition of GH is of central interest for all in situ gas extraction processes. Its microstructural
details are crucial for the evolution of mechanical stability upon extraction, in particular for the vicinity of

b Squirt flow of water due
to a passing elastic wave

\

layer of water remaining at grain
surface and in particular near
intergranular contact points

Figure 7. (3) Tomographic image illustrating a remaining fluid phase (most likely water) between the sediment grain and GH; the blue encircled area shows a water bridge close to an
intergranular contact, the red encircled areas show larger water pockets on the grain's surface. (b) Conceptual model of squirt fiow modified after [Priest et al, 2006] with quartz in gray,
wiater in blue and GH in yellow, showing a water bridge as well as water pockets, the latter likely located at grain boundaries between GH crystals.
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the extraction site. Although not of cen-
tral interest for this study, we have
obtained the first microstructural
insight into the GH decomposition pro-
cess (see supporting information Figure
57). When the pressure is lowered
below stability, decomposition starts at
the GH surface toward the gas phase
and then proceeds at the interface with
the formed bulk water, while the inter-
face toward the Qz grain remains
largely unchanged (albeit with the
water layer as discussed in section 4.2)
until the GHs completely disappear in
the intergranular space. The fact that
dissociation Is much slower at the water
interface toward the quartz surface

Figure 8. GH formation in natural quartz with & % Mantmarillonite (Ws = 40 %, X

tp = 6.2 min). Montmorrillonite (Mm) particles {several microns) form aggregates mrght be related to a metastable xenon
of 100 um which are dispersed in the water phase. The enlarged image shows enrichment in this water interface; the
water channals in the structure ufm?mlmun'lnnite (black arrows). It is nu.tclelar small water volume involved and the
where GH starts first to nucleate, An intimate contact between montmarillonite

and GH is observed (red armows). lang pathways to larger water pockets

slow down diffusional mixing in the
interfacial water film. We emphasize that the microstructural situation may be different in case of thermal
destabilization as in contrast to the depressurization case the heat transfer is limited by conductivity and
may locally vary. As observed for the formation process, there are also patches in which the decomposition
is faster than in athers. Occasionally GH reformation can be observed locally, mainly by a growth at the gas
liquid interface; this may indicate some micron-millimeter scale fluctuations of chemical activity and
temperature.

8. Microstructure and Physical Properties

The microstructure of GH aggregates in a sedimentary matrix is frequently categorized into (a) contact-
cementing, (b) grain-coating/cementing, (c) pore-filling, (d) load-bearing and (g) patchy pore-filling [Dai
et al, 2012). For the same GH saturation, the predicted material properties, (in particular the seismic and
electrical response and the permeation behavior) vary considerably with the chosen microstructural model.
Experimentally observed seismic velocities suggest that the actually adopted microstructure in a fully
water-saturated regime changes with GH saturation [Dai et al, 2012; Konna et al, 2015; Zhang et al, 2011]
ranging from a more pore-filling situation toward a more load-bearing case. While this general trend cer-
tainly is also observed in our tomographic experiments, some further details emerge. Larger formerly water-
filled pores between Qz grains are filled with sometimes intimately, sometime loosely connected aggre-
gates of mostly polyhedral crystals. In the former case the crystals are smaller compared to the latter case,
thus the difference may simply be due to a variation in nucleation densities (see section 3). A cementation
of the sedimentary matrix in a strict sense, i.e, a direct attachment of GH to Qz, does not take place. Rather
the solid GH holds the sedimentary particles in place vig a cushion of liquid water as discussed above. This
also means that even in sediments with high GH saturation there are fluid pathways to and between every
sedimentary grain in contrast to frozen sediments in permafrost. Moreover, it is noteworthy that the meas-
ured wave velocities increase with GH saturation in a way which cannot be reconciled with only one micro-
structural model. Our tomographically observed change of the microstructural regime at higher GH
saturation provides the key for understanding these seismic observations.

To advance our understanding it would be very helpful to combine future petrophysical investigations with
microstructural studies. This is an experimental challenge as the optimal samples sizes for petrophysics and
high-resolution tomography do not match. The development of subsampling tools may provide a solution
and will allow in the future also the microstructural investigation of pressure-cored samples from natural
settings.
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9. Conclusion

High-resolution X-ray tomographic in situ studies of the formation and decomposition of GH are able to
reveal unprecedented details of the changing microstructure; the microstructure in turn affects the petro-
physical properties of the aggregates, in particular the seismic/sonic response. The initial distribution of GH
for three formation methods studied is different as is the microstructural evolution. The distribution of GH
in the sedimentary matrix depends not only on the formation scenario but also on the water saturation of
the matrix. Yet the initially different growth morphologies of method I-lll for a given water saturation
appear to move toward more similar arrangements toward the end of the formation process. What remains
unchanged in all scenarios and for all water saturations is the preference of GH to maintain a micron-sized
water layer at the interface with quartz or glass beads; this is established as an intrinsic feature of GH in con-
tact with quartz and must also be expected to occur in natural settings. However, it cannot be taken for
granted that the microstructural arrangements obtained in laboratory experiments are closely similar to
what is observed under similar p-T conditions in natural environments. After full conversion, either by con-
suming all locally available water or gas, coarsening processes are expected to reduce the total interfacial or
grain boundary energies, which might in tum change some of the petrophysical properties of the
sediment-GH aggregates.

There is good evidence that natural GH crystals can grow into much larger crystallites of several hundreds
of microns [Klapp et al,, 2007, 2010]; unfortunately the characteristic time constants of this normal grain
growth and/or Ostwald ripening processes are not yet known. Likewise, an extensive centimeter-decimeter
scale redistribution of GH in layered sedimentary matrices is predicted as a consequence of local variations
of surface energies/solubilities [Rempel, 2011]. Experiments over longer periods of time are needed to get
further insight; from modeling and extrapolating such studies using e.g, the Landau-Slyovitz-Wagner theory
of coarsening, one may even gain access to the formation time, i.e,, the age of GH in sedimentary matrices
as suggested by [Klapp et al,, 2007).
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