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Résumé 

Titre : Combinaison de la spectroscopie, de la diffraction et de l'imagerie 

(Raman, neutron) pour l'étude des hydrates de gaz synthétiques et naturels dans 

les milieux argileux marins : cinétique de formation, composition et distribution 

spatiale. 

Résumé : Les hydrates de gaz sont des matériaux cristallins dans lesquels des molécules 

d'eau forment des cages pouvant piéger des molécules gazeuses. Dans la nature, les hydrates de 

gaz existent dans le pergélisol des régions polaires et dans les sédiments marins des marges 

continentales. Ces hydrates possèdent une très grande capacité de stockage de gaz et constituent 

le plus grand réservoir de méthane existant sur Terre. A l’état naturel, les hydrates marins se 

trouvent principalement dans des sédiments riches en argile – systèmes à porosité multi-échelle. 

Cependant, l'évaluation de la quantité de gaz stockée dans les hydrates sédimentaires est basée 

sur des modèles géophysiques supposant d’une part un remplissage en méthane constant et 

homogène au sein des cages aqueuses de l’hydrate et d’autre part, une distribution 

macroscopique des hydrates dans les sédiments, ne prenant pas en compte la formation 

potentielle dans les espaces micrométriques ou nanométriques des argiles. Quelques études 

(principalement théoriques) consacrées aux hydrates de méthane au sein d’argiles gonflantes 

suggèrent une formation potentielle dans les espaces nanométriques (inter-feuillet) des argiles, 

s’accompagnant d’une variabilité du taux de remplissage des cages aqueuses. Ce travail de 

doctorat propose une étude expérimentale des facteurs physico-chimiques influençant la 

formation d’hydrates de gaz en milieu naturel. Ce travail se base sur une approche multi-échelle 

où les expériences de laboratoire sont comparées aux mesures d'échantillons naturels collectés 

en mer Noire.  
Des hydrates de gaz naturels et synthétiques mimant l'environnement naturel (composition des 

gaz, salinité et minéralogie des sédiments) ont été caractérisés à l'échelle microscopique et 

nanoscopique par spectroscopie Raman, diffraction des neutrons et diffusion inélastique des 

neutrons.  L'influence de l'environnement naturel sur les structures résultantes, l'occupation des 

cages, la cinétique de formation et les mécanismes de dissociation ont été étudiés. En 

considérant une large gamme de mélanges gazeux rencontrés en mer de Marmara, les signatures 

spectrales des hydrates de gaz (formant les structures dites sI et sII) sont rapportées. Des études 

de la cinétique de formation des hydrates de méthane dans des argiles gonflantes 

(Montmorillonite), non gonflantes (Illite) et des sédiments naturels montrent une forte influence 

de la nature du sédiment sur la cinétique de formation de l’hydrate de méthane. L’imagerie 

spectrale Raman montrent la formation d’hydrate de méthane à l’échelle micrométrique et une 

variabilité du taux de remplissage en méthane à cette échelle. De plus, les spectres de diffusion 

inélastique des neutrons montrent des signatures de formation d’hydrates en milieu argileux 

comparable à celles des hydrates massifs (c’est-à-dire sans matrice sédimentaire).  Ces résultats 

expérimentaux ne permettent pas de mettre en évidence un confinement dans les pores des 

argiles à l’échelle nanométrique. L’ensemble de ces données apportent des informations 

nouvelles quant à l'estimation des quantités de gaz stockées dans les fonds marins à l’échelle 

géologique. 

Mots clés : Hydrates de gaz, diffraction des neutrons, spectroscopie Raman and 

neutronique, cinétique de formation, distribution spatiale, argiles. 
  



8 
 

 

  



9 
 

Abstract 
Title: Combining spectroscopy, diffraction and imaging (Raman, neutron) for 

investigating synthetic and natural gas hydrates in marine clay media: formation 

kinetics, composition and spatial distribution. 

Abstract:  
Gas hydrates are crystalline materials in which water molecules form cages, which can trap 

gaseous molecules. In nature, gas hydrates exist in the permafrost of polar regions and in the 

marine sediments of continental margins. These hydrates have a very large gas storage capacity 

and constitute the largest methane reservoir on Earth. In their natural environment, marine 

hydrates are mainly found in clay-rich sediments - multi-scale porosity systems. However, the 

assessment of the amount of gas stored in sedimentary hydrates is based on geophysical models 

assuming on one hand, a constant and homogeneous methane filling within the aqueous cages 

of the hydrate and on the other hand, a macroscopic distribution of hydrates in the sediments, 

not taking into account the potential formation in the micrometric or nanometric spaces of clays. 

Some studies (mainly theoretical) dedicated to methane hydrates in swelling clays suggest a 

potential formation in nanometric spaces (interlayer) of clays, with a variability of the filling 

rate of aqueous cages. This PhD work offers an experimental study of the physicochemical 

factors influencing the formation of gas hydrates in natural media. This work is based on a 

multi-scale approach where laboratory experiments are compared with measurements of natural 

samples collected in the Black Sea.  

 

Natural and synthetic gas hydrates mimicking the natural environment (gas composition, 

salinity and sediment mineralogy) were characterized at the microscopic and nanoscopic scales 

by Raman spectroscopy, neutron diffraction and inelastic neutron scattering.  The influence of 

the natural environment on the resulting structures, cage occupancy, formation kinetics and 

dissociation mechanisms have been studied. Considering a wide range of gas mixtures 

encountered in the Marmara Sea, the spectral signatures of the gas hydrates (forming the so-

called sI and sII structures) are reported. Studies of methane hydrate formation kinetics in 

swelling (Montmorillonite), non-swelling (Illite) clays and natural sediments show a strong 

influence of sediment nature on methane hydrate formation kinetics. Raman spectroscopy 

imaging shows methane hydrate formation at the micrometer scale and a variability in methane 

filling rate at this scale. In addition, inelastic neutron scattering spectra show signatures of 

hydrate formation in clay media comparable to those of bulky hydrates (i.e., without a 

sedimentary matrix).  These experimental results do not allow us to demonstrate confinement 

in the pores of clays at the nanometric scale. All these data provide new information for the 

estimation of the quantities of gas stored in the seabed at the geological scale. 

 

Keywords: Gas hydrates, neutron diffraction methane, Raman and neutron spectroscopy, 

formation kinetics, spatial distribution, clays. 
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Gas clathrate hydrates (also named gas hydrates) were first mentioned in 1934 by 

Hammerschidt, who discovered that these materials composed of ice and gas were at the origin 

of the plugging of pipeline.1 Since the middle of the 20th century, many works have been 

devoted to the study of the crystalline structure of these nanoporous materials made of 85 % of 

water molecules arranged in nanometer cages in which gas molecules are trapped.2 Later, 

natural gas hydrates were observed in the USSR Permafrost in 1960 and in Black Sea in 1972.3  

Natural gas hydrates, found in marine sediments on continental margins are by far the 

largest reservoir of methane on the planet, accounting for about ~98- 99 % of hydrate on 

Earth.4,56,7 These large quantities place natural gas hydrates at the heart of current energy (large 

unexploited hydrocarbon sources) and environmental issues. This last point refers in particular 

to the climatic impact of methane hydrates. Today, with global warming, the increase of the 

water level and of the Earth temperature could lead to the destabilization of gas hydrates.8,9 In 

the short term, this could potentially cause underwater landslides and the formation of tsunami 

waves.10 In the longer term, the release of methane into the water column that may trigger ocean 

acidification and in the worst case scenario reach the atmosphere and contribute to climate 

change - methane being an important greenhouse gas.9,11,12 Currently, in the Black Sea, 

sedimentary methane hydrates deposit is undergoing dissociation10 and large uncertainties 

remains on the amount of methane trapped in these deposits, as well as the formation 

mechanism within the clay-rich sediments. However, assessment of the amount of gas stored 

in sedimentary hydrates is conducted on macroscopic considerations (primarily based on 

geophysics, geology, geochemistry and thermodynamics), assuming a constant rate of cage 

filling with the gas molecules and considering an effective sedimentary media.4,6,13–16 Recent 

findings show that many cages, up to 17%, can remain empty.17,18 Moreover, the nature of the 

sedimentary matrices (chemistry, structure, etc.)  may impact the gas hydrate formation, and in 

particular, their cage filling. Very few studies have been conducted to determine the 

consequences of this microscale filling variability on the macroscopic properties of the 

hydrates, particularly on their methane storage capacity. Thus, understanding the formation of 

gas hydrates in natural environments becomes a priority. 

The natural occurrence of gas hydrates in sediments and clay minerals raises questions 

about the influence of this sedimentary matrix on their physicochemical properties.  It becomes 

crucial to determine which characteristics, specific to the sediments constituting their natural 

environment (structure, chemical composition, particle size, specific surface area, etc.), have a 



16 
 

significant impact on the formation of gas hydrates. Several studies have been conducted to 

investigate the influence of sediments on the thermodynamics, kinetics and physicochemical 

properties of gas hydrates, most of them focusing on amorphous materials (quartz, silica sand) 

or sedimentary porous analogs (MCM-41, porous activated carbons, …).19 All the experiments 

carried out have largely advanced our physicochemical knowledge on the formation of 

hydrates. However, in order to go further, it is necessary to reproduce the natural environment 

more accurately, in particular by studying the influence of clayey sediments on the formation 

of hydrates and the related kinetics.  Hydrate formation kinetics have already been addressed 

in the literature, with very few studies dedicated to the consideration of the influence of a 

sedimentary matrix. Many questions remain open because of the large range of parameters to 

be taken into account in these complex systems: the mineralogy, the size and the shape of the 

particles, the diameter of the pore diameter, specific surface, initial water saturation and 

interstitial water chemistry.  

During this PhD work, several challenges related to natural gas hydrates are addressed. 

Initially, gas hydrates were treated independently of the sedimentary environment in which they 

are found in order to focus on the effects of gas composition on their structure. For this purpose, 

the wealth of natural gaseous species found in nature (e.g., CH4, C2H6, C3H8, iso-C4H10, CO2) 

yield to consider the formation of gas hydrates by considering various gas mixtures. Such a 

knowledge makes it possible to characterize and identify the formed hydrate structure gas 

hydrates systems composed of several gas species. In a second step, the study focuses on 

understanding the mechanisms that govern methane hydrate formation in natural porous media; 

in particular in identifying and determining the physic-chemical factors that most affect the 

methane hydrate formation – methane being the most abundant gas species on Earth.4,20 For 

this purpose, synthetic methane hydrate samples formed in the laboratory under thermodynamic 

conditions and sediments reproducing the Black Sea will be compared to natural gas hydrates 

collected on the Romanian sector of the Black Sea during a scientific campaign (GHASS221, 

September 2021). Four clay-rich matrices were selected as sedimentary surrogates for the 

formation of the synthetic hydrates. They are constituted of 60 % clay and 40 % of other 

minerals (quartz and plagioclase). The prototypical clays met in marine environment are Illite, 

Kaolinite (both being non-swelling clays) and Montmorillonite (a swelling clay). The particle 

size, the specific surface area and the structural arrangement vary from one clay to another. 

Methane hydrates are synthesized with the same thermodynamics’ conditions in all the 

matrices. The recovery of natural sediments and natural hydrates in the Black Sea allows the 
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direct comparison of the measured properties for natural and synthetic methane hydrates. 

Methane hydrate formation kinetics, dissociation mechanism, cage occupancy, structural 

properties and multi-scale distribution are detailed in the manuscript. This PhD work is thus a 

multiscale approach conducted at the boundary of physical chemistry (spectroscopy, 

thermodynamics) and geochemistry and ranging from the nanoscale to the microscale. Crucial 

issue at the core of the present PhD work concerns the potential formation of gas hydrate within 

pores of nanometer sizes, especially when considering the inter-layer spaces of clays. The study 

of these systems contributes to the improvement of the scientific knowledge of the hydrate 

formation mechanism in natural environment and thus should contribute to a better estimation 

of the methane reservoir trapped into hydrates. For this reason, this work constitutes a priority 

in terms of preventing geological and environmental risks; the destabilization of methane 

hydrates could lead to the release of underestimated quantities of methane (greenhouse gas) 

into the water column and potentially in the atmosphere. Such phenomena may have a 

significant impact on deep-sea living organisms and on climate change.10 

This manuscript is divided into four main parts. Chapter 1 and Chapter 2 present the 

state of the art and the methodology used during this PhD work. The analysis of the structural 

and vibrational signatures of the pure and mixed gas hydrates are reported in chapter 3. The 

results of experimental studies of the formation kinetics and dissociation mechanisms of 

methane hydrates formed in the presence of sediment and salt rich matrices are detailed in 

chapter 4. Chapter 5 is dedicated to the comparison of structural and spectroscopic signatures 

of synthetic and natural methane hydrates formed within sedimentary matrices; it addresses the 

crucial question of the potential formation of methane hydrate under nano-confinement (i.e., in 

the inter-layer space of clays). 

Chapter 3 is dedicated to the analysis of the structural and vibrational signatures of the 

structure sI and the structure sII adopted by pure (CH4, C2H6, C3H8, iso-C4H10, CO2) and mixed 

gas hydrates (CH4+C2H6, CH4+n- C4H10) synthesized in the laboratory. This study contributes 

to the evaluation of the effects of gas composition on the structure and occupancy of the 

resulting hydrate cages. In some geological sites, natural gas sources are composed of complex 

mixtures of several gas species. This is particularly the case in the Marmara Sea, where hydrates 

are derived from thermogenic gases, resulting from thermal cracking of organic matter at 

depth.22–25 The study of gas hydrates from small to larger hydrocarbons gas molecules is 

required to characterize natural gas hydrates especially to explore the structures formed in 

presence of complex natural gas mixture and the possible variation of gas compositions and 
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coexisting phases.26–28 In this chapter, Raman spectroscopy and Neutron diffraction 

experiments are detailed for selected gas hydrates of interest in natural environments. 

In Chapters 4 and 5, detailed studies focus exclusively on methane hydrate and the 

effects of the sedimentary environment (sediment mineralogy, salinity) on formation kinetics, 

dissociation mechanisms, structural properties, cage occupancy, and distribution of methane 

hydrates. 

Experimental studies of methane hydrate formation kinetics and dissociation within 

clay-rich sedimentary matrices and in the presence of salt are detailed in Chapter 4. Neutron 

diffraction technique was used to investigate both processes. The selected substrates are made 

of 60 % clay and 40 % of other minerals (quartz and plagioclase) constituted by a mixture of 

Montmorillonite and Fontainebleau sand (denoted MS), commercially available Illite (IS), and 

the natural Black Sea sediments collected during the scientific cruise GHASS221. In the first 

part of Chapter 4, the effect of NaCl and swelling clay (MS) on the kinetics of formation and 

dissociation mechanism of methane hydrate are investigated. In the second part, the formation 

kinetics in IS and BS are compared to the data collected in MS to investigate the effect of the 

sediment nature on the formation process. Several physicochemical parameters are taken into 

account for these studies: the particle size effect, the specific surface area and the clay chemical 

composition.  

Chapter 5 is dedicated to the study of the influence of the nature of the clay sediment on 

the structure of the formed hydrate, the cage occupancy and the distribution from the micro- to 

the nano-scale. Neutron diffraction, Raman spectroscopy and Inelastic Neutron Scattering are 

selected in this work to provide new original data on synthetic and natural methane hydrate. In 

particular, a major effort has been devoted in this chapter to the search for vibrational and 

structural signatures that might indicate the formation of methane hydrates in the nanoscale 

spaces of swelling clays. These spaces, which are not considered in geophysical models 

dedicated to estimating the amount of methane trapped in hydrates, represent extremely large 

areas where gas hydrates could be intercalated.29–32 Their presence in these spaces could 

therefore considerably increase the current estimates and environmental concerns. However, in 

the current literature, experimental studies of methane hydrate formation in the interlayer space 

of swelling Montmorillonite are inconsistent.33–35 Additional evidence for the hypothetical 

formation of methane hydrate within this nano-space is investigated in this Chapter. Moreover, 

collected information on the synthetic samples made in IS, kaolinite and Fontainebleau sand 

(KS), MS and BS are compared to the natural sample collected in Black Sea in September 2021 

during the GHASS2 cruise.21 
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Introduction 

The study of gas hydrates is at the center of a multidisciplinary research field where the 

combination of numerous experimental and theoretical techniques covers the multi-scale 

exploration of these systems. In this first chapter, a bibliographical study is presented, including 

a description of the various crystal structures met for gas hydrates, as well as their 

thermodynamic and kinetic properties. The second part of this chapter will be devoted to natural 

gas hydrates and their sedimentary environments. The latter will be the subject of an in-depth 

study detailing in particular the various physicochemical impacts of the sedimentary 

environment on hydrates. Finally, the scientific approach adopted for this thesis will be detailed 

and positioned with respect to the published results. The systems and the techniques envisaged 

to carry out this project will also be presented. Throughout this chapter, the questions addressed 

during this PhD work are highlighted. 

 

I. GENERALITIES. 

 

a. Structural properties and Raman signatures 

 

Gas hydrates are crystalline structures consisting of cages resulting from the hydrogen bonding 

of water molecules (host) enclosing relatively small gas molecules (guest), such as hydrogen, 

carbon dioxide, methane and other small hydrocarbons.3,36 Van der Waals interactions between 

the host and guest molecules ensure the stability of the structures.37 Gas hydrates formed from 

only one type of gases are considered as pure gas hydrates. They can also be synthesized from 

a gas mixture where the structure hosts multiple molecules inside the cages, and these hydrates 

are called mixed hydrates.  

The nature of the guest molecules determines the type of network formed by hydrogen-bonded 

water molecules and thus, the hydrate structure3 and its thermodynamics stability conditions (p, 

T). The phase diagram of methane hydrate is presented in Figure 1. It describes the 

thermodynamics conditions required to form methane hydrates. In the figure, I is used to denote 

ice, H is for hydrate, LW is for liquid water and V is used for vapor. The hydrate region is on 

the left of (H-LW-V) and (H-I-V) lines. On the right of these lines, liquid water or ice phases 

with the methane gas co-exist. Two methods allow forming hydrate. The first method consists 

of the fixing the temperature and increasing the pressure to reach the equilibrium 

thermodynamics conditions – it corresponds to the isothermal method. The second methods is 
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consists of fixing the pressure and varying the temperature until the p-T stability line of the 

selected hydrate is crossed – it is the isobaric method. 

 
Figure 1. Methane hydrate formation thermodynamics conditions (Black squares). The dotted 

line represents the ice equilibrium curve (adapted from Goel38). 

In nature, two different spatial organizations are mainly found: the structure I (termed sI) and 

the structure II (termed sII), with a cubic structure parameter a ≈ 12 Å and a ≈ 17.2 Å 

respectively. These structures are defined by the arrangements of particular polyhedron 

composed by water molecules, which constitute the cages. There are two types of cages: The 

small cages (SC) are made by the arrangements of the hydrogen-bonded water molecules 

network describing a dodecahedron 512 (12 pentagons compose the cage). It is the most stable 

cage. The large cages (LC) are composed by a mixed of hexagons and pentagons giving rise to 

two types of LC: 51262 (12 pentagons and 2 hexagons compose the cage) and 51264 (12 

pentagons and 4 hexagons compose the cage). These types of cages possess a larger volume to 

host guest molecules than the SC. The structure sI is composed of 2 SCs 512 and 6 LCs 51262, 

and the structure sII contains 16 SCs 512 and 8 LCs 51264 (Figure 2). There is another structure 

– less frequently found in nature – called structure H (termed sH).3,39 It could be formed by 

encaging large size hydrocarbons (such as neohexane) molecules together with a small-size 
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hydrocarbon help-gas molecules (generally methane). This structure is constituted from an 

hexagonal unit cell, which contains three types of cavities, three regular dodecahedral SCs 512, 

two irregular dodecahedral 435663 and one irregular icosahedral 51268 (Figure 2). 40 

 

Figure 2. Description of the three main gas hydrate structures. (Adapted from Strobel et al.41) 

The structure analysis of the resulting hydrate can be done by using various techniques (X-ray 

diffraction, neutron diffraction, Nuclear Magnetic Resonance, Infrared absorption, Raman 

scattering, etc.).36 Among them, Raman spectroscopy appears to be a very attractive one, 

because of its chemical sensitivity, its non-destructive character and its lab “easy-access”.42 

Regarding Raman spectroscopy, the spectra of the hydrate sI and sII show characteristic 

signatures for low frequency intermolecular modes, also called lattice modes, and O-H 

elongation modes, which differ from the hexagonal ice structure Ih and liquid water, and thus 

allows the distinction between the four systems. Indeed, the ice Ih has a perfect hexagonal 

lattice consisting of water molecules forming tetrahedral sites via hydrogen bonds (Figure 3). 
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Figure 3. Crystal lattice and molecular arrangement of hexagonal ice Ih.43 

The structure sI hydrate consisted of 6 LCs (51262) and 2 SCs (512) has a predominance of 

hexagons to pentagons. The water molecules orientate likewise to those in Ice Ih, which 

explains the similarities between the two spectra.44 However, the hydrogen-bonding network 

of a hydrate structure sI is distorted and weakened. Thus, the lattice mode of a gas hydrate will 

possess a lower vibrational frequency than that of ice Ih (Figure 4).45 The intermolecular modes 

of liquid water and the lattice mode of structure sII hydrate are broader compared to ice Ih and 

structure sI hydrate. Structure sII hydrates are composed of 16 SCs (512) and 8 LCs (51264). 

Molecular dynamics studies on the arrangement of water molecules in liquid water proposed a 

model organizing the water molecules in similar complex 512 cavities.46–49 The similar shape 

between the water and sII spectra could be explained by the predominance of the SCs (512) in 

both systems.44 In addition, the lattice mode of structure sII hydrate is at a higher frequency 

than structure sI hydrate.50,51This can be explained by the difference in size of SC 512. Indeed, 

the small cage of structure sII hydrate is slightly smaller than that of type I.52 

 

Figure 4. Intermolecular hydrogen bonded stretching band of water and water lattice mode of 

hexagonal ice, structure sI and structure sII methane hydrates (From Schicks et al.44). 
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Similar observation can be done for O-H stretching regions (3000-3700 cm-1). On one side, the 

spectrum of liquid water shows two broad bands at 3190 cm-1 and 3450 cm-1 and a weak 

shoulder at 3630cm-1 assigned respectively to the Fermi resonance between O-H stretching and 

bending mode overtone, the symmetric stretching and the asymmetric stretching of water 

molecules.53,54 The spectrum of the structure sII hydrate shows signatures similar to those of 

liquid water, except for the band attributed to O-H stretching at 3450 cm-1 which has a lower 

intensity44. On the other side, the O-H elongations of ice Ih and sI hydrate again demonstrate 

similarities with a strong band at around 3100 cm-1. According to Hare and Sorensen55, this 

signature is attributed to the in-phase symmetric stretching vibrations of water molecules. 

Moreover, the signatures of structure sI hydrates are observed at higher frequencies compared 

to ice Ih; the distortion of the hydrogen-bonding network enhances the force constant of O-H 

(Figure 5).50,51 

 

Figure 5. On the top, O-H stretching modes of structure sII methane hydrates (left) and 

structure sI methane hydrates (right). On the bottom, O-H stretching modes of liquid water (left) 

and hexagonal ice Ih (right). (Adapted from Schicks et al.44). 

However, it is important to note, that experimentally, hydrate formation rarely reaches the 

complete conversion of water or ice into hydrate. Thus, the presence of "residual" ice signatures 

Ih can create difficulties when assigning vibrational frequencies.  
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In parallel to the analysis of the aqueous substructure, the determination of the type of hydrate 

structure formed can be made from the vibrational signatures of the guest molecules trapped in 

the LCs and SCs. The example of methane hydrate is presented here. Since the Raman intensity 

is proportional to the variation of polarizabilities and the concentration of the species, it is 

possible to determine the filling rate of hydrate cages by assuming that the polarizabilities of 

the guest molecule in LCs and SCs are identical (detailed in Chapter 2). Therefore, the relative 

Raman intensity ratios for LCs and SCs occupancy are equal to 3 and 0.5 for structure sI (6 LCs 

and 3 SCs) and structure sII (8 LCs and 16 SCs), respectively, as shown in Figure 6. Moreover, 

the frequencies of methane in LCs and SCs in structure sI differs from that of structure sII, 

respectively 2905 cm-1 and 2910 cm-1 for structure sI and 2904 cm-1 and 2915 cm-1 for structure 

sII. Note that the CH4 signature in the gas phase is at a higher frequency (2917.6 cm-1). 

 

Figure 6. Raman signatures of CH4 in vapor phase and in structures sI, sII, and sH hydrates. 

(From Sum et al.56). 

b. Mechanism and kinetics of formation 

 

One of the questions that persists within the hydrate community deals with the mechanisms of 

gas hydrate formation, and in particular the understanding of the phenomena of nucleation and 

growth mechanisms. These processes involve many properties such as the thermodynamics 

conditions (p, T) and kinetics. Figure 7 illustrates the formation process of gas hydrates with a 

typical curve representing gas consumption. It is necessary to distinguish the formation of 
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hydrates from liquid water and from crystalline ice. Indeed, it turns out that the solubility in 

liquid water of the guest molecules would favor the formation of hydrate. At 295 K and 1bar, 

CH4 has a solubility of 0.023 g.L-1 in water; the methane hydrates form in the range of several 

hours.3,57 In contrast, in the same p, T conditions, CO2 has a solubility of 1.69 g.L-1 and, the 

hydrate typically forms in one hour.56,58,59 In this PhD work, the two methods will be used to 

form methane hydrates. 

Figure 7 illustrates the formation process of gas hydrates from liquid water with a typical curve 

representing gas consumption. The gas consumption could be assimilated to the rate of hydrate 

formation.60 The first step called nucleation of hydrates is characterized by an induction time, 

which corresponds to the elapsed time between when the gas/ water systems reach the favorable 

(p, T) conditions (stability region of gas hydrates) and the beginning of the growth. During this 

period, the gas molecules are dissolved in the aqueous phase until the first hydrate crystals 

appear, i.e. the water molecules form hydrogen-bonding cages around the gas molecules. They 

begin to clump together to increase the volume. However, hydrate does not accumulate within 

this period because of metastability (i.e., the ability of a nonequilibrium state to persist for a 

long period of time). Then, three periods follow and are related to the growth of the hydrate.  In 

the second period, the adsorption phase begins, it corresponds to the fast growth of gas hydrate, 

and a large amount of gas is incorporated into the hydrates, thus the crystal size increases. As 

the hydrate grows, water and gas molecules are consumed; the rate of gas consumption begins 

to decrease and then flattens out. This is the third region: the system tends to reach a 

thermodynamically stable state. This final step can be explained by either the complete 

consumption of one of the hydrate-forming components (i.e., water or gas) or by the limitation 

of mass or heat transfer from the molecular species (i.e., water or gas) to the hydrate-forming 

interface, resulting in low driving forces and an almost negligible rate of hydrate formation.60 
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Figure 7. Typical curve representing gas consumption during hydrate formation from a liquid 

water (From Yin et al.60). 

Numerous theoretical and experimental studies have been conducted to investigate the 

nucleation and growth mechanisms of gas hydrates in order to contribute to the understanding 

of their formation kinetics.60–65 The various models and advances are detailed in this section. 

Hydrate nucleation is a stochastic and dynamical mechanism, which takes place at the 

molecular level.66 It is extremely difficult to observe hydrate nucleation: it occurs on a time and 

space scale too small to be characterized with existing experimental technologies. 

Subsequently, molecular simulation is a powerful and essential technique to help understand 

this mechanism.62,65 Hydrate nucleation is characterized by the induction time, which 

drastically depends on experimental set-up and procedures67 (e.g.. driving force, medium 

geometry, etc.) and the thermodynamics history of the system (“memory effect”: a shorter 

nucleation time would be observed for the formation of hydrate  for water that has very recently 

experienced hydrate formation68,69). It exists two types of nucleation phenomenon classified as 

homogeneous nucleation and heterogeneous nucleation. Gas hydrates homogeneous nucleation 

would rarely be observed in nature, since it occurs when only two phases are involved: the 

aqueous solution and the nuclei/growing crystal.70 In real systems, the hydrate nucleation is 

expected to be heterogeneous. Hydrate crystals initiates at the surface of impurities, particles, 

gas-liquid interfaces, grains boundaries, etc. Therefore, heterogeneous nucleation would require 
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far fewer molecules to collide and aggregate to form the critical size nuclei.62 Moreover, the 

site of initial nucleation and later growth were investigated. Experimental and Molecular 

Dynamics (MD) simulations studies have shown that hydrate formation was initiated at a 

surface, usually at the water-gas interface.71,72 MD simulations on methane hydrate formation 

indicates that due to the low solubility of methane in water, a significant concentration 

gradient for either phase exists at the interface, thus, initial hydrate preferentially occurs at the 

water–methane interface.72 

Four models of hydrate nucleation have been established from molecular dynamic simulations: 

the labile model, the local structuring nucleation, the interfacial nucleation and the “blob 

mechanism”.36  

The labile model, developed by Sloan et al.75 in 1991 and extended by Christiansen et al.76 in 

1994 focuses on hydrate formation from pure water. The hypothesis of this model is based on 

the presence of transient, labile ring structures of pure water molecules without guest. These 

rings arrange as pentamers or hexamers. When these water structures are in contact with guest 

dissolved molecules, they would immediately form labile cluster – approximating 512
 cages – 

which would grow, and agglomerate into nuclei to initiate the subsequent growth.  

An alternative to this model is the local structuring theory, which assumes that nucleation is 

initiated by dissolved guest molecules.72,73 In this model, thermal fluctuations cause a local 

organization of the guest molecules that induces the structuring of the water molecules around 

them. When the number of ordered guest molecules is sufficiently large, the host-guest clusters 

will rearrange and trigger the crystallization of the hydrate. 

The interfacial nucleation model is based on the nucleation from the gas side of the gas-water 

interface.74,75 In this model, four steps characterize cluster formation. First, the transport of gas 

molecules to the interface and their adsorption onto the interface. Then, the migration of the 

adsorbed gas molecules to suitable locations where water molecules would trap the gas and 

form partial or complete cages. Finally, the addition of more gas and water molecules to join 

the formation of the cavities until critical nuclei form and grow.  

The most recent model is probably the “blob mechanism”, developed by Jacobson et al., 

describes a multiple hydrate crystallization process (Figure 8).76 A blob is a gas-rich amorphous 

reversible precursor within which amorphous hydrate cages form and dissolve continuously 

until a cluster of cages reaches a critical size. It is thus a two-step nucleation mechanism, with 

the formation of amorphous and metastable nuclei, and the crystallization of the hydrate.  
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Figure 8. Schematic of the "blob" formation mechanism proposed by Jacobson et al.76. 

Once the hydrate nuclei is formed, the growth process begins. This stage consists of a 

significant incorporation of molecular species (gas and/or water) into the hydrate phase and the 

agglomeration of the growing particles.62 The growth of gas hydrates is also considered as a 

complex interfacial phenomenon, which involves a multi-phase distribution (water, gas and 

hydrate) at several levels (molecular and macroscopic scale).61 The growth of hydrate may be 

detect macroscopically either from pressure and temperature measurements (i.e. gas 

consumption is directly proportional to the pressure drop during hydrate growth) allowing the 

measurement of its rate of gas consumption, or by other techniques allowing direct visualization 

of the hydrate layer properties (thickness, morphology, structure, etc.). The growth of hydrates 

is governed by three major controlling mechanisms or their combination: the intrinsic growth 

kinetics, at the hydrate surface; the mass transfer of water and gas molecules to the growing 

surface; the limited heat transfer of hydrate formation. Numerous models, at the microscopic 

scale, have been developed to describe hydrate growth phenomenon and are detailed in the two 

major reviews of Yin et al.60 and Ke et al.62. The models developed depend on the experimental 

conditions (type of hydrate, type of reactor, type of formation technique), the technique used to 

quantify the rate of hydrate formation (p or T measurement, gas saturation, thickness of the 

hydrate layer, etc...) and the type of growth model chosen (thermodynamic, surface 

phenomenon, molecular diffusion, etc.).60,62 Thus, there is no universal model and the models 

developed are far too numerous to be detailed in this manuscript. A summary of hydrate growth 

models is detailed in Yin et al.60. The majority of these models consider a growth of hydrate 

from liquid water.  

Models of hydrate kinetics formation from ice have also been developed over the past two 

decades.77–82 Formation from ice and more precisely from ice powders or particles has an 

advantage over liquid water. First of all, ice surface is known as a nucleator of hydrate as it 

provides a much greater concentration of heterogeneous nucleation sites compared to 

microscopic impurities in bulk water.83 Moreover, from a practical point of view, the ice surface 



33 
 

can be more easily quantified than the water-gas interface in a model. The formation of hydrate 

from ice is also "facilitated" because of the greater stability of hydrogen bonds compared to 

liquid water; this leads to kinetics different from those obtained from liquid water.84 

Furthermore, it is generally accepted that at temperatures close to the melting point of ice, a 

layer of quasi-liquid water (QLL) is found on the surface of the ice 85, making possible the 

adsorption of molecules like nitrogen 86 or alkanes 87 similar to that which occurs on the surface 

of liquid water. The Shrinking Core Model (SCM) has been developed to describe the growth 

of hydrate from ice particles or water droplet.77,78 In this model, individual ice particles or 

droplets behave as independent gas hydrate reactor, guest molecules react at the ice particle 

surface to form an outer hydrate shell. The formation of additional hydrates requires the 

diffusion of guest molecules through the existing hydrate shell, the hydrate kinetics is then 

limited by the diffusion. Alternatives to this model have been developed. Falenty et al. proposed 

an improvement by considering the non-spatially uniform formation of hydrate layers (i.e. 

presence of patches of hydrate) around ice particles limited either by clathration reaction itself 

or by gas/water mass transfer through the hydrate shells.81 Staykova et al. developed another 

model taking into account that the kinetics could be controlled either by the diffusion of 

molecular species through the hydrate layer or by the kinetics of the clathration reaction, 

depending on the corresponding formation steps.79 This model has been extended and improved 

by Kuhs et al. to study the kinetics of methane hydrate formation from polydisperse spherical 

ice particles.80 It takes into account the size of the particles, and the effect on the rate of 

conversion of ice to hydrate. The Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, 

commonly named the Avrami equation88,89, was used by Susilo et al.90 to fit the data 

corresponding to the fast hydrate growth phase and the SCM developed by Henning et al. 77 for 

the diffusion-controlled growth phase. All these studies have confirmed the applicability of an 

SCM to describe the growth rate of gas hydrates under a regime controlled by mass transfer. 

c. Cage occupancy 

 

Gas hydrates are non-stoichiometric compounds that can be stable even with a few vacant 

cages: to stabilize the hydrate, a sufficient number of its cages must be occupied. However, in 

2014, a new ice structure (so-called ice XVI) were obtained by removing all guests molecules 

from a structure sII neon hydrate.82 This structure exhibits negative thermal expansion and is 

more stable than the filled hydrate. It is the first observation of a metastable empty water-based 

hydrate. Thus, the composition of a hydrate can varies. The ratio of water molecules to guest 

molecules varies from one guest molecule to another, but also according to the conditions of 
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formation (P-T) of the hydrate. In addition, a hydrate can be either pure (a single guest species) 

or mixed (several guest species).  

The structure formed from a given guest molecule will depend mainly on the steric hindrance. 

Indeed, the Van Der Waals diameter of the guest molecule will determine the preferential 

occupation of one or more types of cages (Figure 9). All molecules with a diameter between 

3.8 Å (e.g. diameter of Argon) and 6.5 Å (e.g. diameter of cyclobutane) will be able to 

participate in the formation of a hydrate structure sI and structure sII.91 On the other hand, 

certain molecules only fit into one type of cage. It is notably the case of propane and iso-butane, 

which fit only in the LCs 51264 of structure sII.3 Small molecules such as argon, krypton, oxygen 

and nitrogen will also favor the formation of structure sII not only because of the large number 

of SCs (16) that constitute the cubic unit cell allowing a better stability 92,93 (as a reminder, the 

structure sI contains only 2 SCs), but also because of a multiple cage occupanct (i.e. more than 

one guest molecule per cage) that is possible in the LCs.36 Moreover, some gases are able to 

form several types of structures (sI, sII, sH), but these will be stable under different p, T 

conditions. 
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Figure 9. Diagram relating the size of the guest molecule with the type of cage it occupies. 

Considering pure hydrates, the preferred structure formed for each species is shown on the right. 

(From Métais et al.94, adapted from Sloan et al.3). 

The formation of mixed hydrates from gas mixtures makes more complexe the determination 

of the formed structure, for which molecular selectivity comes into play. The molecular 

selectivity is the preferential encapsulation of one molecule over another or of one type of cage 

over another.  In particular, the example of the CH4-C2H6-C3H8 mixture can be used to 

understand the effect of steric hindrance on molecular selectivity. The molecular diameters of 

methane, ethane and propane are respectively: 4.36 Å, 5.5 Å and 6.28 Å. 13C NMR 

experiments95 allowed the evidence of the occupation of the LCs of structure sII by the three 

types of gas whereas the SCs are filled exclusively with methane at 90%. Raman spectroscopy 

experiments on this same mixture have also shown a preferential enclathration of these gas 

species: CH4 < C2H6 < C3H8 in the 51264 cages.95,96 Moreover, during the formation of the mixed 

hydrate, Kumar et al. reported an increase in the amount of methane in the gas phase and 
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showed an increase in the equilibrium pressure, thus reducing the driving force, which turns in 

reducing the rate of hydrate growth.95  

Consequently, it is important to note that the composition of the gas influences the occupation 

of the cages, and thus the structure of the hydrate formed.  

 

II. NATURAL GAS HYDRATES. 

 

a. Occurrence, gas origin and challenges 

 

Natural gas hydrates are found in the permafrost regions and the continental margins where the 

the pressure and temperature conditions are favorable to ensure their stability.3,97,98 They 

accumulate in sediment that contains or is supplied by natural gases. Figure 10 shows the 

worldwide gas hydrate distribution according to the U.S. Geological Survey.99 One can clearly 

see that the hydrate deposit distributions all along the continental margins, representing around 

97 % of the total natural hydrate reservoirs on Earth.100 Methane-rich hydrates are mostly 

encountered deposits, and only 10 % of the natural gas hydrates are constituted with other small 

gas molecules (ethane, propane, H2S, CO2, N2…) and larger hydrocarbons (butane, iso-

pentane…).4,20 

Thus, the hydrate-bound gases are composed of light hydrocarbons and other low-molecular 

weight composed such as carbon dioxide. The natural gases are either of microbial or 

thermogenic origin. Microbial gases are generated at low temperature (e.g., low sedimentary 

depth) from a biogeochemical process, and consist of mainly methane. Thermogenic gases are 

the results of thermal cracking of organic matter at depth.22–25 

Besides methane, heavier hydrocarbons such as ethane or propane are also present in 

thermogenic gas sources. 101,102  
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Figure 10. Map of the distribution of onshore natural gas hydrates, showing deposits where 

hydrates have been recovered (yellow), where gas hydrates are suspected based on seismic data 

(red), where drilling expeditions have been conducted in permafrost or deep marine 

environments leading to the recovery of gas hydrates (black).99  

Natural gas hydrate deposits represent one the largest methane reservoirs on Earth9, and one 

volume of hydrate could contain 160 to 180 volumes of gas under standard conditions of 

temperature and pressure.103 Recent estimates of methane bound in hydrates range between 

[600-3000]*103 Tg of CH4.
6,104 The IPCC report (2013) estimated that 600 to 10 000 billion 

tons of methane are trapped for millennia to millions of years in the world's deposits.105 Thus, 

due to the huge amount of methane trapped, natural gas hydrates constitute both an energy and 

environmental threats. Due to the world energy demand, numerous research groups around the 

world are working to develop innovative methods to produce methane from hydrate deposits, 

notably based on thermal stimulation, depressurization, injection of chemical inhibitors or gas 

exchange processes such as CH4 shifted to CO2.
100,106–108 Besides, most of the hydrate deposits 

are located on the continental margins, where their accumulation within the marine sediment 

modified the morphology of the seafloor, leading to the development of pockmarks, the build-

up of carbonates or the occurrence of gassy sediments. All these geological features change the 

mechanical properties of the seafloor and can trigger seafloor instabilities. Accordingly, natural 

gas hydrates can be seen as a geohazard.109–112 Marine hydrate deposits are often associated 

with the discharge of free and dissolved gas into the water column; most of the discharge is 

oxidized or dissolved away in the water masses, potentially causing local ocean acidification, 

whereas the remains portion may enter into the atmosphere.112 Thus, although climate change 
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may threaten some shallow hydrate deposits, the resulting release gases may contribute to the 

climate positive feedbacks. The aforementioned examples illustrates that, beside the scientific 

interests for natural gas hydrates, natural gas hydrates represent both a societal issues 

considering their potential environmental impacts and their geohazard features, and a 

possibility to meet the world energy (by recovering this unexploited natural gas reservoir)  

demand in the future for several countries.113 

Addressed questions of this work: It is necessary to understand the formation of natural gas 

hydrate, their role in the deep carbon cycle and their gas storage capacity. This work is applied 

to two hydrate deposits located in the Sea of Marmara where thermogenic hydrates have been 

recovered on the Western High, and in Romanian sector of the Black Sea characterized by 

microbial methane hydrates.  

 

b. The Black Sea case  

 

The Black Sea is a land-locked basin of ca 432.000 km2, connected to Sea of Marmara by the 

Bosphorus Strait (Figure 11). It represents the largest methane-rich and anoxic water body on 

Earth characterized by widespread gas emissions from the shelf to the deep basin114–117 and has 

huge energy resources.118,119
 The Black Sea basin is also characterized by an accumulation of  

a significant amount of sediments constituting a thickness of ~19 km at its northwestern margin 

since the Late Cretaceous (~ 99.6 Ma-65.5 Ma Before Present (BP)).120 Black Sea sediments 

have an average mineralogical composition mineralogical composition of 60-65 % clay 

(predominantly illite), 35 % quartz and feldspars and 5 % calcium carbonate.121 

In the Romanian sector, gas hydrates have been inferred from seismic surveys13,122–124, and 

recovered for the first time125 during the GHASS126 cruise in 2015 in the Danube fan, located 

in the western part of the Black Sea. In Black Sea, the upper limit of the hydrate stability zone 

is at a water depth of around 700 m, corresponding to a pressure close to 70 bar, and a water 

temperature of about 9 °C.127  During the GHASS221 cruise in 2021 (in which I participated for 

recovering natural gas hydrates), a large amount of hydrate samples have been collected and 

stored in liquid nitrogen for onshore analyses. Gas hydrates collected in clay-rich sediments, 

are mainly methane hydrates. They contained >99% of microbial methane.  
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Figure 11. Bathymetric map of the Black Sea with the delimitation of Gas Hydrate 

Destabilization Zone (GHDZ) where gas hydrate are expected to decompose due to salinity 

diffusion through the sediment. (From Riboulot et al.10). 

The recent geological history is characterized by its reconnection to the Marmara Sea, and thus 

indirectly to the Atlantic Ocean. Indeed, during the late Quaternary Period, the Black Sea was 

disconnected from the world oceans.128 This geological event caused a general drop in sea level 

(-100 to -150 m compared to the actual level) as well as a drop in average temperatures (4 °C).13 

The water salinity was affected by this lake environment, and dropped to 2 mg/L until the 

reconnection via the Bosphorus Strait, where water salinity increased again to 22 mg/L and 

remained stable for the last 2500 years of the reconnection.10,128 

Addressed questions in this work: Analyses carried out in the Black Sea, currently indicate the 

dissociation of methane hydrates, showing in particular the decrease of the hydrate stability 

zone during the next years (Figure 12).10 In this work, interest is focused on the influence of 

the sediment mineralogy on the formation and dissociation mechanisms, distribution of 

methane hydrates, with the aims of providing elements of answer on the hydrate formation, and 

dissociation processes in the Black Sea.  
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Figure 12. GHSZ on the Romanian sector of Black Sea and the location of the gas flares outside 

the current GHSZ. The colored lines simulate the model-predicted evolution of the GHSZ at 

two different time steps. (From Riboulot et al.10) 

 

c. The Sea of Marmara case 

 

The Marmara Sea is located in the Turkish territory and connects the Mediterranean Sea and 

the Black Sea. It covers an area of about 11,000 km2, it is made of four deep basins (Tekirdag 

Basin, Central Basin, Kumburgaz Basin and Çinarcik Basin) separated by two pressure highs 

(Western High and Central High) (Figure 13). The Sea of Marmara is crosses lengthwise by 

the North Anatolian Fault (NAF), which corresponds to one of most dangerous seismically-

active fault on Earth. 
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Figure 13. Bathymetric map of the Sea of Marmara showing the tectonic framework. NAF: 

North Anatolian Fault. (From Le Pichon et al.129,130)  

It has been shown that the North Anatolian Fault and its inherited fault network correspond to 

the main pathway for the migration and mixing of fluids before their emission into the 

seafloor.131–133 In recent years, gas emissions from the seafloor into the water column of the Sea 

of Marmara have been investigated.134–136 During the MARNAUT137 cruise in May-June 2007, 

the Western High area was explored. Gas bubbles were collected and analyzed to determine 

their molecular and isotopic compositions. The released gases were characterized by gas 

chromatography and the isotopic analyses were focused on the determination of the stable 

carbon (δ 13C) isotope ratios. The studies revealed a complex thermogenic gas containing a 

large part of none-methane hydrocarbons. Thermogenic gas hydrates were also collected at the 

same location. The gas hydrates are supplied by gases coming from the hydrocarbon reservoirs 

of the Thrace Basin.134 The encapsulated gas in the hydrates were analyzed and presented a 

isotopic composition similar to that of the gas bubbles collected in the area (Table 1.).26 

However, their molecular composition are different from each other due to the fractionation 

processes that occur during complex thermogenic gas-hydrate formation. Indeed, the hydrate 

formation in presence of thermogenic gas mixture is a selective mechanism, which conducts to 

a preferential encapsulation of some gas molecules in the hydrate phase.44 
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 Western High Gas Bubbles Western High Gas hydrate 

Component Composition (%) δ13C (‰ PDB) Composition (%) δ13C (‰ PDB) 

CH4 90.90 −44.4 66.10 −44.1 

C2 1.23 −25.7 1.23 −23.4 

C3 2.50 −21.1 18 −21.8 

i-C4 0.93 −28 8 −27.6 

n-C4 0.15 −20.1 9.50 −22.9 

neo-C5 0.0034 − 0.19 −25.6 

i-C5 0.31 −25.3 0.048 −25.7 

n-C5 0.010 −18.9 0.0002 − 

C6+ 0.0017 − 0.041 − 

N2 0 − 0 − 

CO2 3.90 29.1 4.0 −25.6 

C1/( C2+ C3) 24.4 − 3.3 − 

Table 1.  Molecular and isotopic composition of gas bubbles and gas hydrate collected in 

Marmara Sea. (Adapted from Bourry et al.26) 

The variation of the molecular composition of the gas released as gas bubbles and encapsulated 

in gas hydrates is puzzling and required an in-depth study to understand the parameters 

governing the gas selectivity during hydrate formation. UV-Raman spectroscopy was used to 

investigate natural gas hydrate from the Western High.26 The vibrational signatures observed at 

∼ 2903 and ∼ 2913 cm− 1 are characteristic of methane hydrate that crystallizes in the structure 

sII. Similarly, the C2, C3, i-C4 and CO2 gas species were found to be co-clathrated with methane 

in structure sII (Figure 14). 

Addressed questions of this work: In the present work, High-resolution Raman spectroscopy 

will be employed to disclose information about the hydrate structures formed from the different 

gas species encountered in the complex thermogenic gas (see chapter 3). These results will 

allow the comparison of the vibrational signatures of natural gas hydrates and synthetic gas 

hydrates formed from the natural gas mixture (collected during the scientific cruise) in order to 

determine the structures adopted. 
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Figure 14. Raman C–H stretching signatures of natural gas hydrate (133 K and 1bar). The 

bands at ∼ 2903 and ∼ 2913 cm− 1 are attributed to CH4 encapsulated in the large cages (51264) 

and small cages (512) of the sII hydrate. The bands attributed to C–H stretching modes of C2H6, 

C3H8 and i-C4H10 are marked by asterisk (Adapted from Bourry et al.26) 

 

III. FORMATION IN SEDIMENTS. 

 

 

Natural gas hydrates can be located on the uppermost layer of the permafrost or embedded in 

clay-rich marine sediments. These sediments can be of different nature, size and composition 

depending on the region where they are found and their origin. Their physicochemical 

properties can have an impact on the stability conditions of gas hydrates, their formation 

mechanisms and their distribution, from the micrometer to the geological scale. The objective 

of this section is to detail the characteristics of marine sediments on continental margins and to 

review the state of the art of studies concerning the impacts of sediments on gas hydrates. 
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a. Natural sediments 

 

i. Chemical and structural properties 

 

Sediment build-up in marine environment results from the deposition of granular materials in 

suspension in the water column. These particles have two major origins. They can be either 

created in-situ from the precipitation of dissolved chemicals by biogenic means or because of 

biological activity or they are carried out to the ocean in solid form.138 There are mainly 

characterized by their particle size distribution, chemical composition, mineralogy, origin, 

deposition rate and geographic distribution.  

Grain diameter is used to classified sediments according to Udden-Wentworth grain-size 

scale.139,140 This size classification scheme only take into account the diameter of the particles 

and does not reveal any information regarding the mineral composition of the particles. The 

particles are classified as clay, silt, sand, and larger particle size (Table 2.). Most sedimentary 

particles are of the size of sand, silt, or clay. Sand particles are characterized by a size ranging 

between 63 μm and 2 mm. In addition, the Udden-Wentworth scale distinguishes fine sand from 

medium to coarse grain. Generally speaking, sand is considered as fine when the size of its 

grains is lower than 250 μm. Between sand and clays, we find the silts with a particle size 

ranging from 2 to 63 μm. Clays are the finest sediment particles with a grain size of less than 2 

μm. 
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Table 2. Size scale of natural sediments according to the Udden-Wentworth classification 

(From Gallagher et al.141 after Wentworth140) 

The sediment can be described according to its mineralogy. The most common minerals in 

marine sediments are silicates in which Si and O form a repeating tetrahedral basic unit.  Other 

common minerals in marine sediments are carbonates and sulfates.  

The crystalline unit of silicates is a tetrahedron that as an O2- anion at each of its four corners 

and a Si4+ cation in the center. According to the arrangement of the silicate tetrahedral, a variety 

of crystalline silicate mineral arises. The phyllosilicates (clay minerals) are constituted of silica 

sheets and tectosilicates (as quartz and feldspar) are constituted of silicates three-dimensional 

silica framework where every corner O2- anion is shared by an adjacent silicate tetrahedron.  

Granite constitutes a large proportion of earth’s crust and is largely composed of oxygen atoms 

held together with silicon and aluminum atoms. These atoms are organized in two main mineral 

types, quartz and feldspar. The alteration of these granitic rocks due to the action of water 

transport and other agents, transforms quartz into sand and feldspar into clay.  
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Figure 15. Mineral structure of quartz (SiO2) and feldspar (Sodalite). (From Perkins142) 

Quartz has a three-dimensional crystalline structure composed of silicon and oxygen atoms 

(SiO2) described in Figure 15. The weathering of quartz results in the formation of sand grains 

characterized by a chemical composition close to quartz, which can be mixed with a small 

amount of micas and feldspars of potassium. There are several varieties of sands: the black 

sands composed of volcanic minerals like olivine ((Mg,Fe)2SiO4) or pyroxene ((Mg,Fe)2Si2O6), 

and pink to white sands composed mainly of calcite (CaCO3), which is derived from the 

alteration of mollusks and corals, and feldspars. The distribution of the size of the grains of a 

sand is rather wide since it varies from 63 µm to 2 mm. In natural sands, this change in grain 

size is accompanied by a change in the mineral composition of the sand.143 Although quartz 

remains the majority compound regardless of the size of the sand grains, the quartz content 

decreases with decreasing grain size, which implies that the proportion of mineral impurities 

increases.   

Feldspars are the most abundant mineral group in the Earth's crust. They are alumino-silicate 

minerals with a structure composed of corner-sharing AlO4 and SiO4 tetrahedra linked in an 

infinite three-dimensional arrangement (Figure 16). The general chemical formula of feldspars 

is MT4O8, where T is Al and Si, M is a cation that occupies the large irregular cavities in the 

tetrahedral framework. It can be Na and/or K for alkali feldspars [(K,Na)AlSi3O8] (ex. Sodalite 

Figure 15) or Ca for plagioclase (CaAl2SiO8).  



47 
 

 

Figure 16. Structural arrangement and composition of octahedral sheet (top) and tetrahedral 

sheet (bottom) of clay minerals.138  

Clay minerals are the most abundant phyllosilicates. They participate in several biogeochemical 

processes.144–146 For example, the chemical alteration reactions responsible for their formation 

are accompanied by the absorption and release of cations that contribute to the long-term control 

of the pH of seawater and, consequently, to the regulation of CO2 levels in the atmosphere.147 

The most abundant clay minerals are illite, kaolinite, montmorillonite and chlorite and their 

distributions in marine sediments are spatially variable. Clays are crystalline materials 

consisting of planes of atoms arranged in silicate layers. The composition and structure of the 

layers is used to classified clay mineral. Two types of aluminosilicate sheets constitute clay 

layers, the tetrahedral and octahedral sheets. The tetrahedral sheets are built up from the 

assembly of tetrahedral where the silicon atoms are surrounded by four oxygen atoms. The 

silicon atom shares its three oxygen atoms with adjacent tetrahedral to form a continuous 

tetrahedral sheet. The unshared oxygen atoms all point in the same direction. Hence, one side 

of the tetrahedral sheet consists of a hexagonal mesh of shared oxygens and the other side is 

formed by the remaining oxygen atoms, called "apical" oxygen (Figure 16.c and Figure 16.d). 

The octahedral sheet is built up from two planes of close packed oxygens and/or hydroxyls. In 

the center of such a sheet, and adjacent to every anion, there are three octahedral sites, which 
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may be occupied by cations such as aluminum, iron and magnesium, each cation being 

surrounded by six anions (Figure 16.a and Figure 16.b).  

The modular assembly of these two types of sheets classify phyllosilicate clay minerals in two 

categories, the 1:1 layer and the 2:1 layer. The 1:1 layer constitute the kaolin-serpentine group 

where clay layers are composed of one tetrahedral sheet with one octahedral sheet. Layers are 

uncharged and the bonding between them is ensure by hydrogen bonding involving hydrogen 

atoms of one layer and the basal oxygen atoms of the adjacent layer.148 Kaolinite clay is part of 

this group and is the simplest marine clay minerals with a chemical composition of 

Al2Si2O5(OH)4 (Figure 17). The spacing between two layers, which corresponds to the 001 X-

ray diffraction peak, is 7.2 Å.149 Kaolinitite is characterized by a low water adsorption-ability, 

which classifies kaolinite as a non-swelling clay mineral.150 

The 2:1 clay layers are constituted of an octahedral sheet sandwiched between two tetrahedral 

sheets. This group includes micas, smectites and vermiculites; and the properties of the clay, 

the charge of the layers and the nature of the bonding between them depends on the type of 

clays.  

Illite is part of the mica group (Figure 17). It can be identified by X-ray diffraction with a 

spacing of 10 Å between two layers corresponding to its (001) Bragg peak. The general 

chemical composition of illite clay is (K,H)Al2(Si,Al)4O10(OH)2-xH2O, where x represents a 

variable amount of water. The substitution of Al3+ for Si4+ in every fourth tetrahedral site and 

(Mg, Fe2+) for Al in the octahedral sheet result in an excess of negative charge per formula unit. 

The negative charge is balanced by nonexchangeable potassium cation K+ that reside on 

interlayer sites between the 2:1 layers. The interlayer cation forms a strong bond between 

adjoining tetrahedral sheets and limits expansion of the mineral. Like kaolinite, illite is a non-

swelling clay mineral.  

Montmorillonite is a 2:1 clay mineral part of the smectite group. Its general chemical 

composition is X0.3·nH20 [(Al1.5 Fe3+
0.2Mg0.3)Si4O10(OH)2]

-0.3, where X corresponds to 

exchangeable cations such as Na+ and Ca2+, n is the number of interlayer water molecules, 

which can vary between 1 and 5; Al, Fe, and Mg are the octahedral cations and Si is a tetrahedral 

cation (Figure 17). The tetrahedral substitutions of Al3+ for Si4+ develop a negative 2:1 layer 

charge. Interlayer cations, such as Ca2+ and Na+, compensate the negative charge of the clay. 

The presence of interlayer cations located between water molecules in the interlayer allows for 

swelling of the crystal lattice. The spacing between two layers varies from 10 Å under dry 
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conditions to 20 Å when the mineral is saturated with water. Van der Waals bonds and weak 

cation-to-oxygen linkages hold the 2:1 layers in montmorillonite together.  

Chlorite is a 2:1 clay with a structure consisting of a negatively charged 2:1 layer and a 

positively charged “interlayer” octahedrally coordinated hydroxide sheet (Figure 17).151 

 

Figure 17. Structural layer arrangement and composition of different clay minerals.152  

 

ii. Sedimentary environment of the Black Sea  

 

During the scientific cruise GHASS126 in 2015 in the Romanian waters of the Black Sea, GAS-

CS14 core was collected at 738 m water depth and 9°C bottom water. The core analysis reveals 

the presence of small carbonates concretions on the first 10 centimeters followed by methane 

hydrate pieces at 4.2 m below the seafloor (Figure 18).153 Analysis by X-ray diffraction on the 

sediment gave an average mineralogical composition of 60-65 % clay, 35 % quartz and 
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feldspars and 5 % calcium carbonate.121,154 Illite is the most abundant clay mineral, followed 

by kaolinite, smectites and chlorite.  

 

Figure 18. Representation of a typical core collected on the Romanian sector of the Black Sea. 

Methane hydrate are found in clay-rich sediments. (Adapted from Chazallon et al.125) 

The geochemical analyses of the pore water reveal a pronounced variation in the depth-

concentration profiles of the major dissolved elements, indicating the occurrence of reactive-

transport processes within sediments (Figure 19). Ruffine et al.154 showed the effect of 

seawater infiltration on the reverse weathering processes involving clays, causing change in 

their composition. 

Sulfate reduction coupled with methane oxidation take place within the first five meters of 

sediment and cation exchange down to 25 m below the seafloor. The horizon where sulfate in 

depleted whereas methane increases when moving downwards is called the sulfate-methane 

transition zone (SMTZ). Cl− concentration continuous decreases with depth, illustrating the 

infiltration of seawater to the limnic sediment since the reconnection of the Black to the Sea of 
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Marmara. Diffusion is the dominant transport process of pore water species at all investigated 

sites. 

 

Figure 19.  Pore water depth profiles of dissolved ion concentrations in Black Sea. (From 

Ruffine et al.154) 

 

b. Sedimentary surrogates 

 

In natural environments, methane hydrates are mainly found in fine-grained clay-rich sediments 

mixed mainly with silica materials like plagioclase, quartz and feldspars.155,156 Initially, in order 

to study the formation of methane hydrates in natural environments, the scientific community 
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focused on the formation in the presence of amorphous materials or analogs porous 

materials.78,94,157–163 

Some studies dedicated to the investigation of the effect of a sandy environment on the 

formation of gas hydrates have used the Fontainebleau sand.164–167 It is a very polydisperse 

natural sand with a grain size ranging between 80 and 450 μm, which has the particularity to 

have a homogeneous composition with 97 to 99 % of silica. Other natural sands, silica powders 

and silica beads with controlled particle sizes have also been used as surrogates of natural 

sediments.158,161 The use of such systems allows working with homogeneous sediments in 

composition and/or size while minimizing the chemical interaction between the sediment and 

water or methane. 

However, to get closer to natural porous clay systems, new material emerged resulting in 

original theoretical and experimental experiments devoted to the study of hydrate formation in 

porous media. Mesoporous MCM-41168, activated carbons, carbon nanotubes162,169,170 and 

metal organic frameworks (MOFs)171 were used as nanoporous sedimentary surrogates. All 

these systems are crystalline nano-porous materials. As an example, microporous, mesoporous 

and macroporous carbon models with calibrated pore size of 0.2 nm, 10 nm and 25 nm were 

used to carry out theoretical methane hydrate formation (Figure 20).172 Unlike clays, these 

materials have a perfectly organized crystal lattice and a well-calibrated pore size distribution, 

which allows the investigation of hydrate formation in confined nanoporous spaces.  

 

 

Figure 20. Methane hydrate formation in the confined spaces of porous model carbons covering 

the range from micro- to meso- and macropores. (From Borchardt et al.172) 
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Addressed questions of this work: One of the objectives of this thesis is to better understand 

the mechanisms of gas hydrate formation in sedimentary environments, particularly in the 

presence of clays. Illite, kaolinite, montmorillonite and natural Black Sea sediments will 

constitute the porous media used at the core of the present investigations. 

 

c. Impact of the sedimentary media on hydrate formation 

 

i. Distribution  

 

Natural gas hydrates are distributed in clay-rich sediments with various particle sizes and 

mineralogical compositions. These sediments, depending on the place where they are found, 

will present mixtures of different clays types, sand and other minerals in smaller quantities.  

Hence, the nature and grain size of the sediments will determine how hydrates will occupy this 

space. The location of hydrates at the pore scale exerts a strong control on the physical 

properties of hydrate-bearing sediments on a macroscopic scale. 

Natural hydrates exhibit three main morphologies: lenses/veins, nodules and disseminated 

hydrate at the pore scale of sediments (Figure 21), resulting in hydrates size ranging from 

micrometers (interparticle spaces) to several centimeters (veins or nodules in 

sediments).98,100,173 In clay-rich sediments, hydrates are mostly found in the form of veins, 

lenses or nodules. These two types of morphologies are characterized by a very heterogeneous 

distribution of gas hydrates within the sedimentary matrix.  

 

Figure 21. Natural gas hydrate (NGH) reservoir types: pore filling, fractured, and nodules. 

(From Yang et al.100) 
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There are four arrangements of hydrate at the pore scale in sediment, referred as “pore habits”: 

“grain-grain contact cementing”, “mineral coating cementing”, “load-bearing” and “pore-

filling” (Figure 22).174  Pore-filling hydrates form by filling the pores between sediment grains. 

In this case, the nucleation of the hydrate takes place within the pore fluid within the pore, and 

it then grows freely in the pore space between the grains, without connecting the particles 

together. The formation of hydrates in these inter-grain spaces changes the size and geometry 

of the pores, and thus the inter-granular porosity, which directly affects the fluid flow properties 

in the latter.98 When the hydrate saturation in the pore space reaches 40%, then the pore space 

becomes naturally load-bearing.175 Hydrates aggregate to form part of the sediment skeleton 

and contribute to the mechanical stability of the sediments.98,176 When the hydrate concentration 

in the pore space exceeds 50 %, hydrates form at the intergranular contacts; it refers to 

cementing.176,177 The last pore habit refers to hydrate growing on the surface of grains and 

enveloping the sand particles, it is the grain-coating habit.178 

 

Figure 22. Description of hydrate pore habits. Grey circles represents sand particles and 

hydrates are represented in blue. (From Lv et al.179) 

The composition of the sediment matrix will influence the hydrate morphology. When the 

concentration of fines in sand increases, the sediment properties can dramatically change as 

well as the hydrate saturation and pore habit (Figure 23). In coarse sediments in the Nankai 

Trough and Gulf of Mexico, pore-filling hydrate saturation can exceed 70 %. However, in fine-
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grained sediments there is low hydrate saturation and hydrates are typical in the form of lenses 

and nodules (natural hydrates are found in abundance in fine-grained sediments with a 

predominantly clay component)4,96,180. Because of their abundance, fine-grained marine 

sediments collectively contain more gas hydrates than any of the coarse-grained reservoirs, 

even though the saturation of disseminated gas hydrate in the pore space of fine-grained 

sediments is generally less than 10 %.98 

 

Figure 23. Estimation of hydrate pore habit and saturation of the pore as function of the 

evolution of the presence of fines in sand (Adapted from Jung et al.181). 

 

ii. Thermodynamics 

 

Several studies have been carried out to investigate the influence of the sedimentary 

environment on the thermodynamic equilibrium of gas hydrate.182–186 First, these studies have 

shown that pore size plays an important role in the thermodynamic equilibrium of hydrates 

within a sedimentary matrix. In porous media, the different particle sizes result in different pore 

sizes, which will have a great influence on phase equilibrium conditions mostly due to the 

capillary effect. According to several studies, coarse-grained sediments, larger than 250 µm, 

have no effect on the phase equilibrium of hydrates.183,184,187 However, in fine-grained 

sediments (< 250 µm), the capillary effect, generated by pores, has an inhibitor effect of the 

activity of water and improves the solubility of methane gas. Hence, higher pressure or lower 

temperature is needed to inhitiate the hydrate formation.188 Under mesoporous conditions, Zang 

et al. summarized literature data and found that the phase equilibrium conditions required for 
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the formation of hydrate would shift to the left with a more obvious effect when decreasing 

particle size (Figure 24).182 

 

Figure 24. Comparison of experimental and theoretical phase equilibrium for methane hydrates 

formed in the presence of pure water and in the presence porous media with pore sizes ranging 

between 6 and 30 nm (From Li et al.185). 

Other studies focused on the thermodynamic effect of natural sediments on methane hydrate 

formation. Experiments on methane hydrate formation were conducted in presence of different 

concentrations of Krishna-Godavari (KG) sediments at (10, 20, and 35 wt % in the 

system).186 These sediments mostly laid in the category of silt, with particle sizes ranging from 

0.0039 to 0.0625 mm. The equilibrium conditions obtained were shifted toward the lower 

temperatures and higher pressures compared to the pure water system.186 KG basin sediments 

showed an inhibition effect during methane hydrate formation, which increases with the 

increase of sediment concentration.186 The effect can be attributed to the combination of two 

effects: the presence of small pores in this clay-rich sediments and a minor contribution from 

the salt present in the pore water of the KG basin sediments.186 Indeed, Sun et al. observed a 

reduction in the activity of water in fine sediment especially in clay and in silt.187 Bhawangirkar 

et al. suggests that most of the nanopores of the KG sediments are filled with water molecules 

avoiding gas molecules to enter in this nanospace.186 Gas molecules remain in the vapor phase 

instead of being trapped in water cages to form hydrates. When the concentration of the 

sediment in the aqueous solution increases, the inhibition effect increases (Figure 25).  
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Figure 25. Comparison of Experimental phase equilibrium for methane hydrates formed in the 

presence of pure water and in the presence of 10, 20, and 35 wt % sediment solutions (From 

Bhawangirkar et al.186). 

Similarly, studies conducted by Yakushev et al.189 show the inhibition effect of clay on hydrate 

formation and observed that clays and silts with fine particle size hold water molecules in their 

pores, which cannot be used for hydrate formation. However, they affirm that wet clay surface 

is a good surface to form hydrate. Based on these findings, it can be concluded that the hydrate 

can be formed either in the freely available water space or on the surface of the wet clay.186 

The effect of swelling clay on methane hydrate formation has also been evaluated. By using 

molecular simulations, Park and Sposito32 described the thermodynamic promoting effect of 

the surface of montmorillonite on methane hydrate whereas there the confinement effect of the 

interlayer space would have an inhibitor impact.  

It is therefore necessary to consider the effect of particle size on the phase equilibrium of gas 

hydrates. In porous media, the surface tension and capillary effect generated by the porous 

media decrease the activity of water, increasing the critical solubility of methane in the hydrate-

water system and hydrates are formed at lower temperature or higher pressure.187 Furthermore, 

this effect increases with decreasing pore size, up to critical size. No pressure and temperature 

shift was observe in pores larger than about 60 nm.190 Moreover, the effect of surface chemistry 

and chemical interaction between water, gas and sediments needs to be taken into account when 

considering clay and natural sediments. These considerations are even more important on 

hydrate kinetics.  
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When considering the study of natural gas hydrates, depending on the location of interest, the 

thermodynamic conditions and sediments may vary as well as the salinity level of the water and 

the nature of the salts present. The seawater salinity is of 3.5 %. Numerous studies focused on 

the effect of salt on hydrate stability in bulk water.191–195 All of them show the thermodynamic 

inhibition of salt on hydrate stability. As the concentration of salt increases the phase 

equilibrium curve is shifted to higher pressure and lower temperature (Figure 26). The type of 

salt also influences the phase equilibrium conditions. Experiment conducted with the same 

amount of NaCl, MgCl2 and CaCl2 in water solution show that the inhibiting effect of MgCl2 is 

stronger than that of NaCl and the inhibiting effect of NaCl is stronger than that of CaCl2.
195,196 

 

Figure 26. Comparison of experimental phase equilibrium data with previously reported 

experimental data for methane hydrate in presence of different salt and concentration. TDS 

means Total Dissolved Salt and is related to NaCl salt (From Saw et al.195). 

To go further, some studies were devoted to the study of the combine effect of sediments and 

salts. It is notably the case of the study conducted by Maiti et al.197  on hydrate formation and 

dissociation behavior in KG sediments with NaCl. They observed an inhibition effect on using 

sediments, and colloidal sediment solution with NaCl shows greater inhibition effect on hydrate 

formation.197 The influence of montmorillonite and NaCl concentration on methane hydrate 

stability have also been evaluated.198 They observed that salt ions have a significant influence 

on the hydration properties of montmorillonite with the inhibition of swelling when brine 

solution concentration increases. This is explained by the decrease of the bound water in the 

sample.198 Moreover, all studies observed a competitive effect between montmorillonite and 
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NaCl on hydrate formation. Tao et al.198 observed a decrease of phase equilibrium temperature 

of hydrate with increasing brine solution concentration. The change of initial water content and 

the influence of salt ions on the stability of methane hydrate together affect the phase 

equilibrium condition of methane hydrate.198 Therefore, the thermodynamic stability of natural 

gas hydrates is not only influenced by sediment properties and salt content, but also by the 

competition between these two elements, involving many physicochemical properties. 

  

iii. Kinetics 

 

The understanding of hydrate formation also requires also the investigation on the kinetics 

properties, including the impact of the sediment. Numerous studies have been carried out to 

evaluate the influence of various sedimentary surrogates and natural sediments on the kinetics 

of gas hydrate formation.35,143,170,199,200 In general, these studies show that the presence of 

sedimentary analogues improves the formation kinetics compared to a bulk hydrate.200–202 

In the lab, most researches devoted to study the influence of sediments on gas hydrate formation 

kinetics focus on sandy matrices143, complemented by the use of artificial sediments such as 

silica gels, silica beads203,204, activated carbons169,170 and metal organic frameworks (MOFs)171. 

These studies have highlighted the importance of matrix composition, particle size, pore 

structure, water and gas transport, and hydrate morphology on gas hydrate formation kinetics.98  

The effect of particle size has been highly explored on quartz sand. However, it is observed that 

the different studies do not observe the same effect. On one side, it seems that induction time 

and hydrate saturation decreases with increasing particle size.187,203 Wang et al. reported that 

the amount of methane hydrate formed and the initial rate of formation decrease gradually when 

the quartz sand particle increases when using particle size ranging from 75 to 3000 μm.203 

Inversely, for sand quartz particle with sizes ranging between 610 and 1880 μm, Zhao et al. 

observed a shorter induction time and a higher hydrate saturation with smaller particle size.205 

This effect can be explained by the increase of the specific surface area when the particle size 

decreases. This provides a greater water-gas reaction surface to improve hydrate formation. 

However, for natural sand, decreasing the particle size modifies its mineralogy leading to a 

larger concentration of clay and feldspar. These mineral have a greater chemical reactivity with 

water compared to pure silica.143 On the other hand, other experimental studies devoted to the 

study of the kinetics of methane hydrate formation in a sandy matrix show that the effect of 

particle size on the kinetic rate is less obvious and presents a great variability.164,165 The review 
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of Qin et al.206 summarizes the effect of particle size on hydrate formation in porous media.   

Moreover, differences between these three results could be explained by the differences in the 

sample preparation methods employed for each study. One main difference is the size of the 

vessel used to form methane hydrates. Zhao et al.205 synthesized methane hydrate-bearing 

sediments in a small X-ray transparent cell with an inner diameter of 10 mm while Wang et 

al.203, Ruffine et al.164 and Benmesbah et al.165 used a large vessel ranging between 500 and 

800 mL. 

In addition to the effect of particle size on hydrate formation, experiments in porous media 

analog to natural systems have explored the effect of porosity on the kinetics. In particular, the 

surface of porous materials provides new nucleation sites and ensures a better gas−water contact 

resulting in a better hydrate formation kinetics compared to other matrices (quartz, sand).19,201 

A study compared the formation kinetics of CO2 hydrate in presence of pumice, red clay 

(FHRC), silica gel and sand. It has been reported that pumice favors hydrate formation and 

increases the rate of hydrate conversion (Figure 27).207 Also, methane hydrate formation in 

aqueous solution with activated carbons or silica nanoparticules in suspension shows shorter 

induction time with activated carbon particles.169 Moreover, when the pore size reaches a 

critical value (such as 2nm), the confinement effect increases and thermodynamically inhibits 

hydrate formation (as seen above). 
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Figure 27. Comparison of the rate of conversion of water to hydrate and the rate of growth of 

hydrate in the presence of different porous media at constant water volume: pumice in blue, fire 

hardened red clay ("FHRC") in green, sand in black, and quartz in red (From Bhattacharjee et 

al.201). 

Thus, it appears that a substrate accelerating the formation of gas hydrates must be composed 

of relatively fine particles, but not with too small pores. Several studies on the formation of 

hydrates in porous media (activated carbon, silica sand, silica gel) have shown that the pore 

space, and the corresponding interconnectivity, plays an important role in the formation of 

hydrates. Indeed, a smaller grain size leads to a more regular stacking, to a greater 

interconnectivity of the pores, and thus to a greater water-gas contact surface.170,208,209 

Another factor to consider on hydrate formation is the water saturation of the sedimentary 

medium, i.e. the quantity of water initially present for the formation of the hydrate. Depending 

on the hydrophilic/hydrophobic character of the sedimentary particles and the water saturation, 

there are several scenarios for water-gas contact in packed beds of particles. Casco et al.171 have 

shown that the use of hydrophilic MOFs favors the nucleation and growth of hydrate in the 

internal cavities of the material with a low water/hydrate ratio, whereas hydrophobic MOFs do 

not allow water to access the internal porosity, thus favoring the formation of hydrates in the 

interparticle space with a high hydrate yield. Moreover, partial water saturation of the interstitial 

space of hydrophilic particles can provide optimal conditions for the formation of gas hydrates. 

Water films cover the solid particles and water bridges can form between the particles, as 

sufficient inter-particle spaces are still available for the gas phase. Thus, in a system 
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undersaturated with water, the pores remain interconnected and create channels dedicated to 

the gas circulation, which allows to increase the contact surface between water and gas, and 

consequently the formation of gas hydrates.201,210 Several experiments have indicated that gas 

hydrates form more favorably in hydrophilic beds under 40-75 % water saturation.203,207,210–212 

Experiment conducted on sand or silica gel demonstrated that the rate of conversion of water 

to hydrate can reach more than twice that obtained with 100 % saturation.207 An optimal value 

of water saturation around 70 % was found from work on the formation of methane hydrates in 

silica sand 212, in fine sand 211 and glass beads 203. 

To go further on the understanding of hydrate natural sedimentary media, some studies are 

devoted to the analysis of the kinetics of formation in clay sand mixtures. The effect of particle 

size has been mentioned by Heeschen et al.143. They have shown that sediment particle size has 

a strong effect on the kinetics of gas hydrate formation. Indeed, medium or coarse sands 

conducted to slower gas hydrate formation compared to a high concentration of fine grains 

<125 μm.143 However, other studies have demonstrated the promotor effect of clay surfaces on 

hydrate nucleation. It was shown that suspensions of bentonite swelling clay shortened the 

induction time by providing a larger driving force.195,213 Yan et al.214 brought one evidence of 

this phenomenon. They believed that the rapid nucleation of hydrate is due to the hydroxylated 

edge sites on the clay surface.214 Experimental studies on methane hydrate formation in 

presence of montmorillonite swelling clay emphasized this result by revealing the promoting 

effect of the clay surface. However, they underlined that confinement in the nano-pores of clay 

have a stronger inhibition effect compared to the bulk phase (Figure 28). Indeed, Wu et al. 

insist on the fact that it is much easier to form hydrate in bulk phase than in pores.215 This 

suggests that hydrate formation may favor the formation in larger pore sizes.215 
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Figure 28. Pressure and temperature trace curve of CH4 hydrate in crystalline-swelled Na-

montmorillonite (Kim et al.35). 

These last results underline the effect of the multiscale distribution of pores in clay provided by 

their layered structure. This provides to the clays a large specific surface area and raises 

questions about the impact on gas hydrate formation. The majority of the projects dedicated to 

this study used molecular simulation techniques and only a few studies have investigated the 

formation of methane hydrates in the presence of non-swelling clay. MD simulations focusing 

on the kaolinite effect shows that hydrate nucleation is affected by water and gas contacts with 

the surfaces of the clay layers, resulting in two nucleation events: in the bulk phase and near 

clay surfaces.216 The adsorption of cations on the clay surface would be involved in the 

formation of methane nanobubbles at the liquid water/hydrate interface during decomposition. 

Molecular dynamics simulations conducted by Fang et al. have identified this effect.217 

The combine effect of salt and sediments have also been explored. Chong et al. studied the 

influence of MgCl2, KCl and NaCl on methane hydrates in sands with particle size ranging 

between 0.1–0.5 mm.218,219 They observed the kinetic inhibitor effect of salts on hydrate 

nucleation and growth, which resulted in a lower gas uptake and water conversion. Moreover, 

with a same concentration of MgCl2, KCl and NaCl salts, NaCl as the stronger kinetic 

inhibitor effect.218 In a very recent study, the effect of montmorillonite, sand and NaCl 

concentration on methane hydrate has been investigated.220 Zeng et al. observed for a low NaCl 

concentration of 0.2 mol/L and a low montmorillonite content range of 10–25 wt% the 
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induction time of hydrate formation was reduced (Figure 29). Inversely, when the 

concentration of NaCl and montmorillonite were increased, the induction time significantly 

increased. They suggested that the effect of montmorillonite content on the induction time is 

smaller than NaCl.220 

 

Figure 29. Comparison of the effect of NaCl concentration and montmorillonite content on the 

induction time of methane hydrate. (From Zeng et al.220) 

All these studies are devoted to investigating the origin, stability and kinetics of natural gas 

hydrates in an environment mimicking marine sediments where large quantities of natural gas 

are present and mechanism of formation remains unknown. In general, hydrate formation in 

sedimentary media is a faster process than in bulk water, which leads to higher conversion of 

water to hydrate. This formation is mainly related to the size of the particles, the arrangement 

of the pore space or inter-particles and the initial water saturation of the sedimentary bed. When 

combined, these three parameters allow to increase considerably the specific surface of water-

gas reaction and consequently to promote the formation of hydrate in sedimentary medium. 

However, when the concentration of fines (clays) become too high in the sandy media, hydrate 

formation may be slow down.143 Moreover, at the microscale, molecular simulation highlighted 

the promotion effect of clay surfaces on hydrate formation kinetics.30–32,216 On the other side, 

the presence of salt in the water phase inhibit the gas hydrate kinetics.218–220 
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iv. Cage occupancy 

 

The estimation of methane resources from natural hydrates is at the heart of current 

environmental and energy issues. Natural methane hydrates adopt the structure sI where 

methane molecules occupy the SCs and LCs. As of today, the methods employed to estimate 

the amount of gas trapped in natural methane hydrates are based on a mean cage occupancy of 

85%, which corresponds to ~164 m3 of methane for 1 m3 of hydrate.4,5 Moreover, structural and 

spectroscopic analyses on natural gas hydrates reveal heterogeneities at the microscale on the 

absolute cage occupancy, with up to 17% of empty cages in methane hydrate samples.17,18 

Analysis of natural methane hydrate samples collected in different locations show that methane 

cage occupancy vary significantly.221–223 Similarly, Yeon et al. reported abnormal cage 

occupancy with a low SCs occupancy level for natural methane hydrate collected in East Sea 

(located in the eastern part of the Korean Peninsula) compared to synthetic pure CH4-hydrate.17 

They suggested that the presence of mobile ions (sodium cations) due to the presence of clay-

rich sediments could significantly affect the cage occupancy with the hypothetical 

encapsulation of Na+ in the SCs.17 This finding is supported by Seol et al. who first brought 

spectroscopic evidence of the enclathration of Na+ in a SCs of structure sII propane hydrate 

stabilized with an enclathrated CH3SO3
– anion in a LCs.18 Another hypothetical explanation of 

reduced cage occupancy can be attributed to the effect of salinity more especially, the presence 

of NaCl salt. Molecular simulations conducted by Tung et al.224 suggested that individual ions 

or NaCl ion pairs could replace water molecules and participate to the cage’s formation. This 

would result in the distortion of the water cages, which may reduce the fraction of methane 

occupation in the cavities.224 However, previous studies reported that salt ions are inhibitors 

and do not enter in the gas hydrate phase.209,218,225,226 

Addressed questions of this work: The influence of sediments and marine environment on the 

physicochemical properties of gas hydrates remains not well constrained. Numerous questions 

arise and it becomes necessary to collect more information that is reliable on the distribution of 

hydrates in clay sediments and the effect of clay interlayer cations and water salinity on cage 

occupancy and formation kinetics. The large uncertainty on the gas hydrate reservoir (600 and 

10000 billion tons104,105,227) highlights the need for a better understanding of the mechanisms 

of hydrate formation in natural environments in order to improve current geological models 

dedicated to estimating the amount of methane on earth.  
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Conclusion 

The bibliographic work presented in this chapter reports on the studies carried out on synthetic 

and natural gas hydrates. It summarizes the main physicochemical properties of these 

crystalline systems (structure, distribution, thermodynamic stability, formation and dissociation 

mechanisms and cage occupancy). Then, these properties were studied for gas hydrates formed 

in the presence of natural sediments and sedimentary analogues to reproduce their natural 

environment.  Selected gas hydrates in this work to deepen scientific understanding are formed 

from naturally occurring gases in the seabed (CH4, C2H6, C3H8, iso-C4H10, CO2, CH4+C2H6, 

CH4+n-C4H10) and have been the subject of numerous theoretical and experimental studies. The 

use of Raman micro-spectroscopy on gas hydrates formed from these gases will allow the 

collection of high-resolution Raman spectra and the assignment of vibrational bands to identify 

the formed structures and the type of occupied cages. The combination of Raman micro-

spectroscopy imaging, neutron diffraction, and inelastic neutron scattering contributes to 

probing the micro- and nano-scales of natural and synthetic methane hydrate samples formed 

in the presence of salt and clay matrices to gain information on formation and dissociation 

mechanisms, structural properties, cage occupancy, and distribution in the sediments.   
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Introduction 

The protocols for the formation and characterization of gas hydrates and all the experimental 

methods used during this PhD work are detailed in this chapter.   

 

I. GAS HYDRATE SYNTHESIS. 

 

a. Gas hydrate formation without sedimentary media 

 

i. From liquid water 

 

The formation of gas hydrate requires a precise control of temperature and pressure, which vary 

depending on the used gas. To satisfy these conditions and investigate in-situ hydrate formation 

and structures, an optical pressure cell was designed with a volume of the sample chamber of 1 

cm3. The optical cell is made of a lab-modified temperature-controlled stage (Linkam Scientific 

Instruments Ltd., UK) to maintain the temperature of the sample at the desired value (± 0.1 K) 

during the acquisition (Figure 30). The temperature can range between 150 K and 300 K. The 

sample pressure is controlled by a PM high-pressure pump (Top Industrie, Vaux-le-Penil, 

France) connected to the cell. Any type of gas can be added with a pressure up to 500 bar. A 

transparent optical sapphire window of 2 mm thick allows for microscopic investigation and 

in-situ Raman spectroscopic measurements.  

  

Figure 30. Pressure and temperature controlled Linkam cell. 

To form gas hydrate, the cell is half-filled with Milli-Q water at room temperature and then the 

selected gas or gas mixture (prepared at the laboratory) is added at the desired pressure and start 

to dissolve into the aqueous phase. Then, the temperature is fixed to be in the hydrate stability 

zone according to the phase diagram of each gas species (represented in Figure 31) and the 
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hydrates start to growth. Hydrate formation can be observed inside the cell by the apparition of 

a white solid structure. The thermodynamic conditions selected for each gas species and the 

structure formed are summarized in Table 3. 

 

Figure 31. Phase diagram of various hydrocarbons studied in this work.  

 

Gas species Hydrate structure P (bar) T (K) 

CH4 sI 66 bar 277 K 

C2H6 sI 10 bar 277 K 

C3H8 sII 6 bar 276 K 

Iso-C4H10 sII 1.5 bar 273 K 

93 mol.% CH4 + 7 mol.% C2H6 sII 84 bar 274 K 

95 mol.% CH4 + 5 mol.% n-C4H10  sII 20 bar 273K 

Table 3. Summary of the thermodynamic conditions (P, T) applied for the formation of gas 

hydrates with various gas species.  

In the case of iso-butane hydrate, the optical Linkam cell: Linkam CAP500 was used (Figure 

32).  Isobutane hydrate was synthesized inside a glass capillary with a diameter of 200 μm. ~2 

cm of the glass capillary is filled by capillarity with Milli-Q water. The capillary is then sealed 

at the opposite side of water and centrifuged to force the water to go to the sealed side. Then, 

the capillary is glued on tube connected to a valve, which is connected to a syringe pump filled 

with iso-butane gas. All this equipment is placed on a heating–cooling stage of the Linkam cell 
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(CAP 500). This stage is composed of a silver block with a rectangular slot, where the capillary 

is inserted and which ensures good thermal homogeneity: over a lateral distance of ±12.5 mm 

around the central observation hole, temperature T varies by less than 0.2 °C. The temperature 

is measured by means of a platinum sensor; its stability is ensured to within ± 0.1 °C by means 

of a Linkam T95 controller and a PE95 nitrogen pump. The temperature is set at 273K and the 

capillary filled with Milli-Q water is pressurized with iso-butane at 1.5 bar. These 

thermodynamics conditions ensure iso-butane hydrate formation. The use of this Linkam cell 

set-up with the optical window allows in-situ formation and characterization with Raman 

spectroscopy. Moreover, the motorized microscope stage connected to the spectrometer, on 

which the cell is placed, allows a precise control of the position along the two horizontal 

directions of the sample. Thus, the laser beam can focus on the sample, on the different phases 

(gas, water, hydrate) in the capillary. 

  

Figure 32. Linkam cell CAP500. 

 

ii. From ice 

 

Pure methane gas hydrates have been used as reference system for the comparison with the 

synthetic methane hydrate formed in presence of clays and the natural methane hydrate samples 

collected in Black Sea. These pure methane hydrate samples have been synthesized in the 

laboratory inside high-pressure aluminum cells (5 cm3) at constant pressure and temperature. A 

thermostatic bath controls the temperature, set at 253 K. The pressure is ensured by a high-

pressure syringe pump (Top Industrie, Vaux-le-Pénil, France) controlled by a computer and 

regulating at 200 bar. The reference sample is form from crushed ice particles. MilliQ water 

(for hydrogen sensitive techniques: Raman and Inelastic Neutron Scattering) or deuterated 

water (for deuterium sensitive technique: neutron diffraction 𝜎𝑐𝑜ℎ(𝐷) > 𝜎𝑐𝑜ℎ(𝐻)) are crushed 

at 77 K in a liquid nitrogen bath to form fine ice grain particles. Ice powder is added into the 

cells at 77 K and the cells are closed with an indium gasket on top and screwed. The cells are 



74 
 

placed in the thermostatic bath at 273 K and pressurized with methane at 200 bar during 14 

days. The indium gasket (1 mm diameter) is used to avoid pressure leakage once the cells are 

filled. After 14 days, the cells are depressurized and the samples are recovered at 77 K in a 

liquid nitrogen bath to avoid hydrate dissociation and stored in liquid nitrogen until analyses.  

 

b. Gas hydrate formation in sedimentary media 

 

i. Preparation of the water-sediment premix 

 

Synthetic methane hydrate samples studied during my PhD work have been prepared in 

presence of four clay-rich matrices constituted of 60 % clay and 40 % of other minerals (mainly 

quartz and feldspar). The matrices are composed of Black Sea natural sediments, Illite, 

Kaolinite and Montmorillonite. A portion of Fontainebleau sand (Laboratoires Humeau, 

France) has been added to Kaolinite and Montmorillonite to reach the desired composition.  

Black Sea sediments (BS) were collected during the GHASS126 cruise in 2015 on the Romanian 

margin. These sediments, analyzed at Ifremer (Brest) by XRD, are mainly composed of clay 

(60 %) and 40 % of other minerals (mainly quartz, calcite and plagioclase) (Figure 33, left). 

The mineralogical analysis of the clay portion discloses the average presence of 66 % illite, <10 

% smectite, 20 % kaolinite and <10 % chlorite (Figure 33, right). 

 
 

Figure 33. Average mineral composition of Black Sea natural sediment collected on core CS14 

during GHASS onboard of Pourquoi Pas? in 2015.  

The illite matrix (IS) is commercialized by Argiletz (FR). Its mineral composition makes this 

matrix an excellent sedimentary analogue of the natural sediments of the Black Sea since it is 

composed of 60 % clay and 40 % other minerals (quartz, calcite). Argiletz also commercializes 
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the kaolinite clay and the Montmorillonite clay is provided by Sigma Aldrich as 

Montmorillonite K10.  

The mixture Montmorillonite + sand and Kaolinite + sand will be denoted respectively MS and 

KS in the manuscript. Black Sea natural sediments and Illite will be denoted BS and IS 

respectively. The main properties of each matrices are detailed in Table 4. 

Table 4. Main physicochemical properties and mineral composition of the four clay-rich 

matrices used as methane hydrate substrates. 

The water saturation is taken into account when considering the synthesis of gas hydrates in 

presence of a substrate. It corresponds to the quantity of water required to fill the inter-particle 

free volume of a sample of sedimentary analogues. In this work, the clay-rich matrices are 

under-saturated with water which means that the inter-particle spaces are not fully-filled and 

water and gas can circulate in the pore network. 

The desired saturation level can be calculated from the following formula involving the volume 

of free space Vfree between the particles and the calculated amount of water (in grams) to add: 

𝑆𝑎𝑡𝑡ℎ =
(𝑚𝐻2𝑂)

𝑡ℎ

𝑉𝑓𝑟𝑒𝑒 𝜌𝐻2𝑂
 (1) 

Where 𝑆𝑎𝑡𝑡ℎis the desired level of saturation (𝑆𝑎𝑡𝑡ℎ = 0.75) and 𝜌𝐻2𝑂 is the density of water 

(𝜌𝐻2𝑂 = 1 g/cm3). For the neutron diffraction experiments, deuterated water (D2O) was used to 

form the hydrate samples. The density of deuterated water (𝜌𝐻2𝑂 = 1.107 g/cm3) is very closed 

to the density of hydrogenated water. The volume of deuterated water added into the sample is 

identical to the volume of MilliQ water.  

Properties 
Montmorillonite 

(MS) 
 Illite (IS) Kaolinite (KS) 

Black Sea 

sediments (BS) 

Particle size ( Dmean ) 14 µm  4.5 µm 5.8 µm 2.75 µm 

BET Surface area 240.8 m2/g  66.5 m2/g 17.5  m2/g 63.1 m2/g 

Global mineralogy   
 

  

Quartz  30 %  25 % 40 % 14 % 

Argiles / micas  60 %  60 % 60 % 60 % 

Calcite  -  14 % - 5 % 

Plagioclase 10 %  - - 8 % 

Clay fraction mineralogy   
 

  

Smectite 82 %  < 5 % - 5-10 % 

Illite  15 %  77 % < 5 % 60 % 

Kaolinite  < 5 %  17 % 84 % 20 % 

Chlorite  < 5 %  < 5 % 14 % 10 % 
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The procedure followed to prepare the methane hydrate samples for this work consider as the 

reference system, to determine the amount of water to add in the sedimentary matrices to reach 

the saturation level, a matrix constituted only with Fontainebleau sand. A volume of 5 cm3 is 

filled with Fontainebleau sand. The volume of the free space between sand grains is 

approximated at 40 %, which corresponds to 2 cm3. With the equation (1), the amount of water 

to add in the system can be calculated: 1.5 cm3 of water are required to partially saturate the 

sandy matrix at 75 %. This same amount of water (H2O or D2O) is added onto 5 cm3 of each 

clay-rich matrix. Once added, the water and the sedimentary matrices are homogeneously 

mixed at room temperature. Note that the sample made with D2O have been prepared under 

nitrogen atmosphere in a glove box. Moreover, in the frame of reproducing natural environment 

of natural gas hydrate, the impact of salinity on the formation of methane hydrate has been 

investigated. MilliQ and deuterated solution were prepared with a concentration of 2.2 mg/L of 

NaCl. A volume of 1.5 cm3 was added according to the same procedure onto the sedimentary 

matrices. 

The mixtures of pure water or salted water (H2O or D2O) with sedimentary matrices constitute 

the premix used to reproduce the formation of methane hydrate in their natural environment. 

 

ii. Hydrate formation 

 

Synthetic methane hydrate samples have been prepared in-situ and ex-situ. In-situ methane 

hydrate refer to samples synthesized during data acquisition while ex-situ samples are prepared 

prior to experiments. In both scenarios, the premix (water – sedimentary matrices) is 

pressurized at constant pressure with methane at the required temperature to fulfill the 

thermodynamic conditions favorable for hydrate formation.  

For ex-situ samples, the hydrogenated or deuterated / pure or salted premix are placed in a 

tightly sealed high-pressure cell (5 cm3) with an indium gasket that ensures tightness and 

prevents gas leakage. The cells are then placed in a thermostatically controlled bath set at 282 

K. The gas is injected with a high-pressure syringe pump. The samples are pressurized at 200 

bar for 1 to 110 days. Then, the samples are disconnected from the gas with a valve, placed in 

a liquid nitrogen bath and immediately depressurized to limit the condensation of the gas on the 

sample. The samples are crushed into powders under a nitrogen atmosphere created by the 
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liquid nitrogen bath to avoid water condensation from the room atmosphere deposits on the 

sample. Finally, all the samples formed ex-situ are stored in liquid nitrogen until their analysis. 

In-situ methane hydrate formation has been recorded by neutron diffraction on the powder 

diffractometer D20. The pure and salted deuterated premix prepared in a glove bag under 

nitrogen atmosphere are put into an aluminum cell manufactured for neutron diffraction (3 cm3). 

An indium gasket to top of the cell ensure the tightness and prevents gas leakage between the 

cell and the neutron stick. The neutron stick, designed at Institute Laue Langevin, is made with 

a temperature sensor to record sample temperature during acquisition and a capillary connects 

the cell containing the sample to a high-pressure syringe pump to insert methane gas at the 

desired pressure. The temperature of the sample is controlled by an orange cryostat and set at 

282 K. The pressure is fixed at 70 bar and the neutron diffraction experiment starts when 

pressure is added onto the sample. The formation of methane hydrate is recorded over time.  

 

II. RECOVERY OF NATURAL GAS HYDRATES FROM THE BLACK SEA. 

 

Natural methane hydrates samples studied during this PhD work were collected during a 

scientific cruise GHASS221 onboard of the Pourquoi Pas? conducted by Ifremer on the 

Romanian sector of the Black Sea in September 2021. GHASS2 is focused on the northern 

sector of the Danube Canyon and aims to characterize the "fluid" system. The objectives were 

threefold: (1) to characterize the gas system as a whole, from the source through the migration 

pathways to the hydrosphere, (2) to quantify the gas flux at the water/sediment interface 

(methane and carbon balances) and to assess the transition to the atmosphere, and (3) to 

constrain the temporal evolution of the modelled gas hydrate stability zone from the last glacial 

episode (20 ka) to the present time and to make projections of the future evolution. This 

evolution is suspected to be responsible for the emplacement of several submarine slides 

discovered during GHASS (2015). The quantitative approaches envisaged following the 

acquisitions made during GHASS2 are multidisciplinary (geophysics, geotechnics, 

sedimentology, biogeochemistry, microbiology) in order to understand the processes involved 

in the methane cycle and the dissociation of gas hydrates. The methane cycle includes the 

formation, migration and dispersion of methane. 

My contribution to this project is dedicated to the physicochemical investigations of natural gas 

hydrates from the nano-, microscale to the geological site. Samples investigated during my PhD 

work comes from one core CS05 collected on the crest area of the Romanian sector at 734 m 
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below sea level at around 9 °C. When the cores are lifted onto the boat's deck, they are cut into 

one-meter sections, opened lengthwise, photographed and labeled (Figure 34). Finally, hydrate 

samples are collected, indicating their position (depth) within the core. All samples were then 

stored in liquid nitrogen to ensure their stability until their characterization with micro-Raman 

and neutron spectroscopy. Then, the samples were crushed into small powder particles at 77 K 

under controlled atmosphere to avoid condensation and cold-transferred on the various 

experimental set-ups.  

 

Figure 34. Schematic of the process of hydrate recovery on the Romanian sector of the Black 

Sea on board of the Pourquoi Pas? in September 2021 with pictures of two gas hydrate samples. 

It is well-know that gas hydrates in the Romanian sector of the Black sea are mainly composed 

of methane and adopt the structure sI. They are found in natural clay-rich sediments (~60 % of 

clay). The structure of the collected hydrate samples and the rate of cage occupancy are 

investigated with micro-Raman spectroscopy and mapping at 150 K, and Inelastic Neutron 

Scattering at 10 K. 
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III. EXPERIMENTAL TECHNIQUES. 

 

a. Neutron scattering  

 

A neutron scattering experiment consists of illuminating a sample with a neutron beam with a 

wave vector 𝑘0
⃗⃗⃗⃗ ,  a wavelength 𝜆0 and an energy E0. Neutrons are scattered by the sample with 

an angle, 2θ and a final wavevector 𝑘𝑗
⃗⃗  ⃗ and an energy Ef (Figure 35). The diffusion angle 2θ is 

defined as the angle between the vectors 𝑘0
⃗⃗⃗⃗  and 𝑘𝑗

⃗⃗  ⃗ and the energy of a neutron with wavevector 

�⃗�  can be expressed as: 

𝐸 = ℏ𝜔 =
ℏ2|�⃗� |

2

2𝑚𝑛
 and 𝑘 =

2𝜋

𝜆
 (2) 

Where 𝑚𝑛 is the neutron mass and ℏ, the Planck constant devided by 2𝜋. The momentum and 

energy conservation rules lead to: 

ℏ�⃗� = ℏ𝑘𝑗
⃗⃗  ⃗ − ℏ𝑘0

⃗⃗⃗⃗  (3) 

ℏ𝜔 = ℏ(𝜔𝑗 − 𝜔0) (4) 

Where �⃗�  is the scattering vector also called momentum transfer and ℏ𝜔 is the neutron energy 

transfer. 

 

Figure 35. Principle of a neutron scattering experiment. 

Experimentally, neutron scattering experiment give access to the differential scattering cross-

section i.e., the number of neutrons scattered over a solid-angle dΩ and by elementary energy 

transfer dω. This quantity is determined by the scattering law defined as: 
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(
𝑑2𝜎

𝑑Ω𝑑𝜔
) = (

𝑑2𝜎

𝑑Ω𝑑𝜔
)

𝑐𝑜ℎ

+ (
𝑑2𝜎

𝑑Ω𝑑𝜔
)

𝑖𝑛𝑐

 (5) 

The terms of this equation are weighted by the neutron scattering 𝜎𝑐𝑜ℎ  and 𝜎𝑖𝑛𝑐 cross-sections: 

(
𝑑2𝜎

𝑑Ω𝑑𝜔
)

𝑐𝑜ℎ

=
𝑘0

𝑘𝑗

𝜎𝑐𝑜ℎ

4𝜋
𝑆𝑐𝑜ℎ(𝑄,𝜔) (6) 

(
𝑑2𝜎

𝑑Ω𝑑𝜔
)

𝑖𝑛𝑐

=
𝑘0

𝑘𝑗

𝜎𝑖𝑛𝑐

4𝜋
𝑆𝑖𝑛𝑐(𝑄, 𝜔) (7) 

In these expressions, the important terms are the coherent and incoherent dynamical structure 

factors, 𝑆𝑐𝑜ℎ(𝑄,𝜔) and, 𝑆𝑖𝑛𝑐(𝑄,𝜔) respectively. 𝑆𝑐𝑜ℎ(𝑄,𝜔) provides information on collective 

phenomena met in matter (phonon, structure, etc.). 𝑆𝑖𝑛𝑐(𝑄,𝜔) provides information on 

individual phenomena (Brownian motions, vibrations, etc.). These two parts contain an elastic 

and inelastic contribution that are different scattering processes: the elastic scattering is used 

for diffraction to determine the atomic of a material and the inelastic scattering is used to study 

atomic and molecular motion as well as phonon in condensed matter.  

Moreover, the signature of coherent and incoherent neutron scattering will depend on the 

coherent and incoherent scattering cross sections of the atoms present in the studied system. 

Typical values of the various isotopes are summarized in Table 5. The hydrogen atom shows 

an incoherent scattering cross section 40 times higher than its isotope, the deuterium. It is clear 

that the incoherent contribution of hydrogen in hydrogenated materials will largely dominates 

the scattering signal. Hydrogenated compounds will be favor for neutron scattering techniques 

dedicated to the study of incoherent signatures of materials, such as Inelastic Neutron 

Scattering. For neutron diffraction techniques, the coherent signal of hydrogen atoms needs to 

be minimized to avoid a large background (incoherent background) which is scaled by the 

incoherent cross section of hydrogen. Deuterium is used to replace hydrogen, in order to 

enhance the coherent scattering (Bragg peaks). 
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Element 𝜎𝑐𝑜ℎ  

(barn) 

𝜎𝑖𝑛𝑐 

(barn) 

𝜎𝑎𝑏𝑠 

(barn) 

C 5.55 0.001 0.0035 

N 11.01 0.50 1.90 

O 4.232 0 0.000191 

S 1.0188 0.007 0.53 

H 1.7583 80.27 0.3326 

D 5.592 2.05 0.000519 

Table 5. Scattering cross sections of typical atoms (barn).228 

The elastic scattering or diffraction happens when 𝑘0 = 𝑘𝑗 . The intensity of the signal I is 

proportional to |𝑄2| and can be expressed as: 

I ∝  |𝑄2| = 𝑘0
2 + 𝑘𝑗

2 − 2𝑘0𝑘𝑗 cos(2θ) = 2𝑘0
2 − 𝑘𝑗

2cos (2θ)  (8) 

|𝑄2| = 2𝑘0
2cos (1 − (2θ)) (9) 

We can simplify this by using these following equations: 

cos(2𝜃) = 𝑐𝑜𝑠2(𝜃) − 𝑠𝑖𝑛2(𝜃) = 1 − 2𝑠𝑖𝑛2(𝜃) (10) 

And, 

 𝑠𝑖𝑛2(𝜃) =
1 − 𝑐𝑜𝑠(2𝜃)

2
 (11) 

Finally, 

𝑄2 = 4𝑘0
2𝑠𝑖𝑛2(𝜃) (12) 

With,  

𝑘0 =
2𝜋

𝜆
  (13) 

√𝑄2 = 𝑄 =
2𝜋

𝑑
 (14) 

We can combine these equations and get: 

2𝜋

𝑑
= 2

2𝜋

𝜆
𝑠𝑖𝑛(𝜃) (15) 

Thus, we can obtain the expression of the Bragg’s law: 

𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) (16) 

Bragg’s law gives the conditions for constructive interference. 
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The inelastic scattering is useful to study the interactions between atoms, can be used to perform 

vibrational spectroscopy and extract the vibrational density of states i.e., the distribution in 

energy of the vibrational modes of the system. It happens when 𝑘0 ≠ 𝑘𝑗: 

- When 𝑘0 > 𝑘𝑗, that means that the neutrons “give” energy to the crystal. 

- When 𝑘0 < 𝑘𝑗, that means that the crystal “gives” energy to the neutrons. 

 

i. Neutron diffraction 

 

Neutron diffraction (coherent elastic neutron scattering) is an experimental technique used to 

characterize the structure of crystalline or polycrystalline samples (powder) based on the 

phenomenon of diffraction. This technique can be used in addition to X-ray diffraction to 

characterize more precisely the structure of the studied material. Indeed, the X-ray diffraction 

probes the electron density of the crystalline system while neutron diffraction probes the density 

of scattering length (nuclear property). Therefore, neutron diffraction is more suitable to study 

systems rich in deuterium because of its essentially coherent scattering length (compared to 

hydrogen). Moreover, this difference of interaction with matter allows the neutron diffraction 

to implement complex sample environments due to the relative transparency of many materials 

to neutrons. 

The neutron diffraction experiments were performed on the powder diffractometer D1B and 

D20 at the Institute Laue Langevin (ILL), Grenoble, FR. The incident wavelength used is 𝜆0 =

 2.52 Å on D1B and 𝜆0  =2.41 Å on D20. D1B is equipped with a high efficiency position 

sensitive detector (PSD) detector (PSD) that covers the angular range from 0.8 to 128.8° and 

allows probing very small samples in a volume of 2 cm3 (Figure 36). The particularity of this 

instrument lies in its very good spatial resolution at small angles with a FWHM of up to 0.3° at 

2.52 Å (for a 5 mm diameter sample). D20 is a medium- to high-resolution diffractometer 

providing a very high flux at the sample position. It is equipped with a large microstrip detector. 

It has 1536 detection cells of a stationary and a curved linear position sensitive detector (PSD) 

covering a 2θ range of 153.6°. D20 is ideal for in-situ diffraction studies with acquisition times 

below 1s allowing the investigation of fast changes in the sample (2 cm3). The orange cryostat 

on both diffractometers allows the control of the temperature during the measurements. 
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Figure 36. Layout of the neutron powder diffractometer D1B at ILL, Grenoble, FR (View from 

top). 

The diffraction patterns of synthetic deuterated gas hydrate samples are analyzed in the range 

of scattering angles between 10° and 60°. In this angular range, enough Bragg peaks 

characteristic of gas hydrates are present to allow the identification of the formed structure. 

 

ii. Inelastic Neutron Scattering 

 

Inelastic neutron scattering (INS) (incoherent inelastic neutron scattering) is a well-established 

technique for vibrational spectroscopy. INS spectra have no symmetry selection rules and thus 

transitions that are otherwise forbidden (i.e., in Raman spectroscopy) can be observed. A wide 

range of energy can be explored, with energies ranging from that of the microwave region to 

the ultraviolet region of the electromagnetic spectrum. INS is mainly sensitive to the vibrations 

of hydrogen atoms because of their much higher incoherent cross section compared to other 

elements. This technique can be used to investigate hydrated compounds, as water vibrations 

can be observed on a wide spectral range providing information on the lattice dynamics and 

atomic molecular vibrations.229 
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The INS experiments carried out during the PhD were done at the Institute Laue Langevin (ILL) 

in Grenoble, FR on the IN1 neutron spectrometer (Figure 37). Gas hydrate samples were cold 

transferred to a new innovative sample charger manufactured at ILL, which can hold up to six 

samples and allows remote control of the sample change. This sample changer saves a 

considerable amount of time, avoiding multiple cold-transfers for each sample. The INS spectra 

from the synthetic and natural gas hydrates were measured at 10 K in the range of energy 

transfer from 1 to 140 meV, collecting the signatures of the rotational bands of methane, the 

translational and librational bands of water, with an energy of resolution of ∆/E 2%.  

 

Figure 37. Layout of the neutron spectrometer IN1 at ILL, Grenoble, FR (View from top).  

 

b. Raman spectroscopy 

 

Raman spectroscopy is a technique based on the phenomenon of light scattering, which comes 

from a light-matter interaction. An incident photon transmits energy to the molecule and is 

scattered in all directions of space with a total intensity 10-3 to 10-4 times lower than the intensity 

of the incident radiation. The scattered radiation is composed of 99.99 % of intensity scattered 

at the same frequency, corresponding to the Rayleigh scattering (elastic). The tiny remaining 

part of the scattered radiation is polychromatic: it is the Raman scattering (inelastic). 
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In the classical model, an induced dipole �⃗� , is created by applying an electric field �⃗�  of photons 

through the molecular polarizability tensor �̿� which depends on the geometry of the molecule: 

�⃗� = �̿��⃗�  (17) 

Indeed, a monochromatic incident radiation, characterized by a frequency 𝜈0, is sent onto a 

molecule, and its electrons tend to move in the same direction as the electric field �⃗�  and the 

nuclei in the opposite direction. The medium is then polarized. The electric field is then defined 

by: 

𝐸 = 𝐸0cos (2𝜋𝜈0𝑡) (18) 

And the polarizability is defined by: 

𝛼(𝑄) = 𝛼0 + 𝑄 ∙ (
𝜕𝛼

𝜕𝑄
)
𝑄=𝑄0

 (19) 

With 𝛼0, the static polarizability of the molecule and 𝑄, the vibration coordinate defined by: 

𝑄 = 𝑄0 cos (2 𝜋𝜈𝑄𝑡) (20) 

The induce dipole is expressed as:  

𝑃 =  𝛼0𝐸0 cos(2𝜋𝜈0𝑡) + 𝑄 ∙ (
𝜕𝛼

𝜕𝑄
)
𝑄=𝑄0

𝑄0 cos (2 𝜋𝜈𝑄𝑡) 𝐸0cos (2𝜋𝜈0𝑡) (21) 

In the quantum model, the molecule is excited by a photon of energy ℎ𝜈0 to a virtual metastable 

level only to fall back, subsequently, to a permitted level. This allowed level can be the same 

as, higher than or lower than the starting level, and is referred as Rayleigh, Raman Stokes and 

anti-Stokes scattering, respectively Figure 38.  
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Figure 38. Schematic diagram of the energy transitions involved in Rayleigh scattering and 

Raman scattering when the interaction of an incident photon with a molecular vibration mode, 

gains (anti-Stokes scattering, blue-shifted) or loss (Stokes scattering, red-shifted) an amount of 

energy equal to that vibrational mode and the corresponding Raman band position.  

Thus, the induce dipole can be expressed as follow:  

𝑃 = 𝛼0𝐸0 𝐜𝐨𝐬(𝟐𝝅𝝂𝟎𝒕) +
1

2
(
𝜕𝛼

𝜕𝑄
)
𝑄=𝑄0

𝑄0𝐸0[𝐜𝐨𝐬 (𝟐𝝅(𝝂𝟎 − 𝝂𝑸)𝒕) + 𝐜𝐨𝐬 (𝟐𝝅(𝝂𝟎 + 𝝂𝑸)𝒕)] (22) 

Where each part of the expression corresponds to a type of diffusion, as indicated by the colors. 

The low energy modes of vibration being the most populated, the Stokes lines are more intense 

than the anti-Stokes lines, and it is generally with these first that we work.  

There are selection rules that define whether a vibrational mode is active in Raman. Thus, for 

the transition from one vibrational mode, with normal coordinate Q, to another state to be 

allowed, the polarizability of these two states must be different: 

(
𝜕𝛼

𝜕𝑄
)
𝑄=𝑄0

≠ 0 (23) 

Finally, in the case of a vibrational spectrum in the harmonic oscillator approximation, the 

vibrational transition must occur between two vibrational states such that ∆𝜈 = ±1, where 𝜈 is 

the vibrational quantum number. The vibrational coordinate must therefore induce a variation 

of the polarizability. 
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Figure 39. Schematic of a confocal Raman micro-spectrometer instrument with Z the distance 

of focalization.  

The Raman spectrometer, LabRAM HR evolution (Horiba Jobin Yvon, France), was used 

during this thesis to probe natural and synthetic gas hydrate samples. The operating principle 

of the spectrometer is described in Figure 39. Two lasers were used 𝜆0 = 405 nm and 𝜆0 =

532 nm. The laser is focused on the sample thanks to an optical confocal microscope for which 

the diameter of the hole (typically 150 μm or 300 μm) and the objective (x50) are adjusted to 

improve radial and axial resolutions. The backscattered radiation is transmitted to the 

spectrometer through a Notch filter, which passes all wavelengths except 𝜆0. A grating of 1800 

lines/mm was used providing a spectral resolution with a “full width at half maxima” of ~2.5 

cm-1 for 𝜆0 = 405 nm and ~0.8 cm-1 for 𝜆0 = 532 nm. The calibration of the spectrometer is 

done using the characteristic vibrational mode of silicon at 520.7 cm-1 before each 

measurement. A CCD detector (charged coupled device) is used to recover the data by 

transforming the light signal into an electrical signal.  

Raman micro spectroscopy allows probing micrometer-sized samples and volumes. The 

coupling with confocal microscopy improves the lateral and axial resolutions by the presence 
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of an adjustable diaphragm placed in the confocal image plane to collect only the Raman light 

scattered through this confocal hole. Thus, it is possible to choose different areas to be analyzed 

in the sample, at variable penetration depths. 

 

IV. EXPERIMENTAL STRATEGY. 

 

a. Kinetic study  

 

In a first step, the kinetics of methane hydrate formation was studied in-situ by neutron 

diffraction. The main objective is to evaluate the time required for the formation of methane 

hydrate in the different matrices BS, MS and IS and to evaluate the effect of the matrix 

composition, the physicochemical properties of the clays, and the presence of salt (NaCl). The 

experiments were performed on D20 powder diffractometer at 282 K and 70 bar over 3 to 5 

hours.  

To overcome the very long formation times in the IS and BS matrices, methane hydrate samples 

formed ex-situ in the laboratory prior the experiments were analyzed by neutron diffraction on 

the D1B powder diffractometer at 150 K, at atmospheric pressure. Diffraction patterns of the 

samples pressurized over time scales ranging from 1 to 110 days were recorded. The evolution 

of the Bragg peaks of methane hydrate and ice not converted to hydrate over time allowed to 

estimate the rate of formation of methane hydrate in the BS and IS matrices over a time range 

of 1 to 110 days.  

The kinetic curves obtained for the three matrices IS, BS, MS described the rate of methane 

hydrate formation as function of time. These curves are fitted with a kinetic model detailed in 

chapter 4. This model allows describing the nucleation and growth process involved in the 

formation of methane hydrate in presence of sediments. Comparison of the kinetic curves with 

this model provides information on the different methane hydrate formation mechanisms 

involved within the IS, BS, MS matrices. 
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b. Structural analysis 

 

i. Le Bail and Rietveld refinements 

 

The study of the diffraction patterns of gas hydrates allows to determine the types of hydrates 

formed, the fractions of hydrates, of ice (if the samples were studied at low temperature) and of 

the substrates (i.e., sand, clays, etc.) and sometimes even the gas occupancy in each type of 

cages. In order to determine the unit cell, during this thesis work, Le Bail refinements were 

performed on pure deuterated hydrate samples of carbon dioxide and propane. Deuterated 

samples of synthetic methane hydrates formed in-situ and ex-situ in the BS, IS and MS matrices 

were analyzed by Rietveld refinements. 

The Rietveld method refers to the computation of Bragg peaks intensities from a structural 

model.230 In the Le Bail model, the Bragg peak positions are also determined from the space 

group and initial unit cell parameters, but the reflection intensities are treated as arbitrary 

unknowns.231 Both method were used on the Fullprof software.232 

Le Bail refinements on propane and carbone dioxide hydrate respectively fit the intensity of the 

Bragg peaks of propane structure sII hydrates according to the space group Fd3̅m and of the 

Bragg peaks of carbone dioxide structure sI hydrates according to the space group Pm3̅n. The 

intensity of the Bragg peaks of hexagonal ice Ih are fitted based on the space group P63/mmc. 

Other experimental parameters were refined: the zero offset, scale factors, the lattice 

parameters, and the peak shape parameters u, v, w. The background was fitted manually for 

each diffraction patterns. The refined lattice parameters (a, b, c, α, β and γ) of sI hydrate 

structure, sII hydrate structure and Ih ice are summarized in Table 6. 
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Structure Space 

group 

Lattice 

type 

Crystal 

shape 

a (Å) b (Å) c (Å) 

sI hydrate Pm3̅n cubic α = β = 

γ = 90° 

11.87±0.008 11.87±0.008 11.87±0.008 

sII hydrate Fd3̅m cubic α = β = 

γ = 90° 

17.18±0.03 17.18±0.03 17.18±0.03 

Ih ice P63/mmc hexagonal α = β = 

90°, γ = 

120° 

4.49±0.001 4.49±0.001 7.32±0.002 

Table 6. Le BAIL refined parameters for sI, sII and Ih structures. 

Rietveld refinements have been applied on the diffraction patterns recorded at 150K of the 

synthetic methane hydrate in IS, BS and MS. As with the Le Bail, experimental parameters 

were refined: the zero offset, scale factors, the lattice parameters, and the peak shape parameters 

u, v, w and the background were adjusted manually. The diffraction patterns are constituted of 

the Bragg peaks of sI methane hydrate, ice, quartz SiO2 and the minerals which composed the 

matrices. Only the Bragg peaks of the methane hydrate and ice have been fitted for BS. In IS 

and MS, the Bragg peaks of quartz SiO2, methane hydrate and ice are fitted. Furthermore, 

analysis of the ice Bragg peaks revealed the presence of both hexagonal (Ih) and cubic (Ic) ice. 

The average refined lattice parameters (a, b, c, α, β and γ) of sI hydrate structure, Ih and Ic ice, 

and SiO2, determined for all the collected diffraction patterns, are summarized in Table 7. The 

structure models used for each phase are detailed in APPENDIX 1. The structural model used 

to refine methane hydrate is an effective model and did not allow the determination of methane 

cage occupancy (APPENDIX 1, Table S1.). However, phase fractions (sI hydrate and ice) have 

been estimated according to the Rietveld refinement of the synthetic methane hydrate samples 

for each diffraction patterns and were used to obtain the hydrate conversion rates (details in 

chapter 4).   
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Structure 
Space 

group 

Lattice 

type 

Crystal 

shape 
a (Å) b (Å) c (Å) 

sI hydrate Pm3̅n cubic α = β = γ = 

90° 

11.90±0.03 11.90±0.03 11.90±0.03 

Ih ice P63/mmc hexagonal α = β = 90°, 

γ = 120° 

4.51±0.01 4.49±0.01 7.34±0.01 

Ic ice Fd3̅m cubic α = β = γ = 

90° 

6.37±0.01 6.37±0.01 6.37±0.01 

SiO2 P3221 hexagonal α = β = 90°, 

γ = 120° 

4.92 4.92 5.42 

Table 7. Rietveld refined parameters for sI, sII and Ih structures. 

 

ii. Raman signatures  

 

Raman spectroscopy of gas hydrates provides detailed information on intramolecular 

vibrations. The assignment of internal vibrational modes (stretching and bending) due to water 

and guest molecules and their characteristic intensities can be used to determine the structures 

formed. 

Raman spectroscopy was used to study substrate-free hydrates of several pure hydrocarbons 

(i.e., methane, ethane, propane and iso-butane) and gas mixtures (i.e. methane + ethane and 

methane + butane). These gas hydrates were formed in-situ in a high-pressure Linkam cell 

under the thermodynamic conditions detailed previously in Table 4. The experimental setup is 

detailed in Figure 40. The acquisition of the Raman spectra is done directly in the high-pressure 

cell, the laser with a wavelength 𝜆0 = 532 nm is focused on the sample. The spectra recorded 

inform on the type of hydrate formed according to the position of the Raman bands of the gas 

hydrate signatures and their intensities, and on the vibrational signatures of the water sub-

structure (i.e., H2O lattice modes and OH-elongations). All the results are presented in the 

Chapter 3.  
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Figure 40. Schematic of the experimental in-situ high-pressure Raman set-up.  

Crushed pure methane hydrate samples formed ex-situ from ice particles and crushed methane 

hydrate samples formed ex-situ within the IS, BS, KS and MS matrices and natural methane 

hydrates collected in the Black Sea were cold transferred and analyzed by Raman spectroscopy 

at 150 K in the Linkam cell. A controller connected to a liquid nitrogen tank regulates the 

temperature. The laser with a wavelength of 𝜆0 = 405 nm is focused on the sample. The laser 

wavelength is chosen to minimize the fluorescence related to the clays contained in the 

sedimentary matrices IS, BS, KS and MS and the organic matter contained in both synthetic 

and natural samples. Raman spectrum of pure methane hydrate are compared to spectra of 

synthetic and natural methane hydrates formed in clay-rich matrices. SC and LC Raman band 

positions, widths and intensities are measured. 
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c. Cage occupancy 

 

Synthetic and natural methane hydrate samples were analyzed using Raman spectroscopy. 

Raman spectroscopy allows the quantitative analysis of hydrate cage occupancy from Raman 

scattering intensity. The Raman intensity of a species i is proportional to the square of the 

variation of polarizability 𝛼𝑖
′, to the concentration 𝐶𝑖 and to the instrumental factor Fi (objective, 

confocal hole, laser power).  The ratio of Raman intensities R of species 1 and 2 can be 

expressed as:  

𝑅 =
𝐼1

𝐼2
= (

𝛼1
′

𝛼2
′)

2
𝐶1

𝐶2

𝐹1

𝐹2
=

𝜎1

𝜎2

𝐶1

𝐶2

𝐹1

𝐹2
 where 𝜎𝑖 = |𝛼𝑖

′|2 (24) 

Where 𝜎𝑖 corresponds to the Raman cross-section of species i. 

As the experimental conditions are kept identical, 𝐹1 = 𝐹2 and the equation (24) can be simplified 

as:  

𝑅 =
𝐼1

𝐼2
=

𝜎1

𝜎2
 
𝐶1

𝐶2
  (25) 

This equation can be used to determine quantitatively cage occupancy of methane hydrate 

considering the Raman signatures of methane molecules in SC (~2905 cm-1) and LC (~2916 

cm-1) of the type I hydrate. Thus, the equation (25) can be written as:  

 
𝐶𝐿𝐶

𝐶𝑆𝐶
=

𝐴𝐿𝐶

𝐴𝑆𝐶

𝜎𝑆𝐶

𝜎𝐿𝐶
  (26) 

 

Where 𝐴𝑖 is the integrated intensity of the Raman bands of the SC and LC. Quantitative analysis 

on the variation of polarizabilities show a 4-5 % difference between 𝜎𝑆𝐶  and 𝜎𝐿𝐶  for a methane 

molecule encapsulated in a LC and in a SC.56,233 Thus, in this thesis the ratio 
𝜎𝑆𝐶

𝜎𝐿𝐶
 is approximated 

to 1.  
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Figure 41. Setup configuration when using the Linkam capillary cell, for the study of ex situ 

samples. (The wavelength of the laser used on this picture is 𝜆0 = 532 nm)  

In this work, the cage occupancy of ex-situ synthetic and natural methane hydrate has been 

determined and compared. The crushed samples have been cold-transferred on the thermostatic 

stage of the Linkam (Figure 41). A temperature controller connected to a liquid nitrogen tank 

controls the temperature of the cell and sample. The sample is injected at 150 K at atmospheric 

pressure. Raman spectra are recorded through the optical window with the laser beam (𝜆0 = 

405 nm) focused on the sample. The Raman bands of SC and LC are integrated by a pseudo-

voigt function (included in the software Origin of the spectrometer) between 2850 and 2950 

cm-1 (Figure 42). A linear background in subtracted manually. Raman mapping allows probing 

an area of several micrometers by recorded a Raman spectrum every 5 to 10 μm. Hence, average 

cage occupancy and cage occupancy variation at the microscale are measured.   
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Figure 42. Pseudo-voigt fitting of two Raman bands of methane hydrate attributed to the LC 

(2905 cm-1) and SC (2916 cm-1) at 150 K and 1 bar (𝜆0 = 405 𝑛𝑚). 

 

d. Gas hydrate distribution at the nano- and micro- scales 

 

In order to help improve current geophysical models dedicated to the estimation of gas trapped 

in gas hydrates on Earth, nano- and microscopic pores of the sediments were investigated to 

question whether methane hydrates could form in such spaces. To date, geophysical models do 

not incorporate these spaces, which could significantly modify the amount of gas trapped as 

clay minerals have extremely large specific surface areas. Indeed, the multi-scale distribution 

of pores in clay minerals provide intriguing spaces where hydrate could form.  

Two strategies have been explored: Raman spectroscopy imaging to probe the microscale and 

Inelastic Neutron Scattering to probe the nanometric spaces. For this purpose, synthetic and 

natural methane hydrate samples were analyzed. 

The synthetic and natural samples after being ground are inserted into the Linkam CAP500 cell 

at 150 K. The laser with the wavelength 𝜆0 = 405 nm is used. Once an area of the sample where 

an intense Raman signal related to the presence of methane hydrates is identified, a perimeter 
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to be mapped is determined with a size ranging between 15-400 μm by 15-400 μm. A Raman 

spectrum is recorded every 3 to 7 μm depending of the sample.  Probing the sample at the 

micrometer scale allows to identify the distribution of hydrates between the matrix grains by 

integrating the vibrational bands of the matrix and methane hydrate for each mapping 

coordinate. Maps showing the intensity of the selected signal as function of the position in the 

sample can be reconstituted. 

These same samples were analyzed by INS on the neutron spectrometer IN1 at ILL. The choice 

of INS to probe the nanoscale of our samples comes from a study of Jiménez et al. in which 

they identify the librational modes of water as a signature of the water confinement in the 

interlayer space of clay by using INS.234 In this way, the vibrational signatures of both synthetic 

and natural methane hydrates are investigated. The samples were cold-transferred into the 

cryostat set at 10 K and the spectra were collected at the same temperature. Rotational bands of 

methane, translational and librational modes of water are compared for all the samples.  

All the experiments and results dedicated to the nano- and micro- distribution of methane 

hydrate into the clay-rich sedimentary matrices are summarized in the Chapter 5.   
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CHAPTER 3: 

Raman and 

neutron 

diffraction of 

pure and mixed 
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I. INTRODUCTION. 

 

Natural gas hydrates are mainly composed of microbial gases consisting of ~99.9% of methane. 

In few areas (e.g. Marmara Sea), hydrate deposits are formed from thermogenic gases which 

usually contains not only methane gas, but also carbon dioxide, ethane,  propane,  butane  and  

longer  hydrocarbon gaseous species.26 The purpose of this chapter is to investigate the 

structural, and thermodynamics properties as well as the chemical composition of gas hydrates 

formed with a single gas species and with gas mixtures. In the following chapters of the 

manuscript, clay-rich sediments - characterizing 90 % of these natural hydrate deposits235,236 – 

will be taken into account in the investigations.  

As described in chapter 1, the nature of the gas species is one factor governing the formed 

clathrate structure. Let recall that in nature, three main structures occur: the cubic structure sI, 

the cubic structure sII and the hexagonal structure sH.40,237 Neutron diffraction is an 

appropriated technique to investigate hydrate structural properties.93,238 The Bragg peaks 

positions of the collected diffractograms are characteristic of the formed unit cell – allowing 

the straight determination of the formed clathrate structure (sI, sII sH, etc). The Bragg peak 

intensities analysis yields the determination of the space groups (extinction rules) and through 

a Rietveld refinement (as described in chapter 2), the structural model (especially with the 

crystallographic positions of “hydrogenated” species) can be determined. To characterize these 

structures and their chemical composition, Raman spectroscopy has also proven to be an 

appropriated techniques.56 The short acquisition times, as well as the coupling with a confocal 

microscope, make this technique particularly attractive for in-situ experiments under controlled 

temperature and pressure.239 Raman spectroscopy provides access to intramolecular vibration 

(guest and host molecular vibrations), enabling not only to disentangle the various involved 

phases (gas, liquid and hydrate phases), but also to determine the chemical composition (and 

cage occupancy) of the investigated hydrates. The spectroscopic signatures of gaseous 

hydrocarbons (stretching and bending modes) are specific to each gaseous species and exhibits 

a frequency shift when confined into the hydrate cages compared to the free gas state. This shift 

may also depend on the investigated structure (sI, sII, sH). Indeed, the cage in which the guest 

molecule is located differs in size, modifying the water-guest molecule interactions and thus, 

the associated spectroscopic signatures.  

The study of gas hydrates from small to larger hydrocarbons gas molecules is required to 

characterize natural gas hydrates especially to explore the structures formed in presence of 



102 
 

complex natural gas mixture and the possible variation of gas compositions and coexisting 

phases.26–28 In this chapter, Raman spectroscopy and Neutron diffraction experiments are 

detailed for selected gas hydrates of interest in natural environments. The series of analyzed 

gas hydrates is listed in Table 8. 
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Gaseous species Formed  

structure 

Raman scattering data Neutron diffraction (ND) or 

X-ray (XRD) data 

Pure gas    

CH4 sI This work, Uchida et al.240, 

Subramanian et al.241, Sum et 

al.56, Schicks et al.239 

This work (ND), Davidson 

et al.93 (XRD), Kirchner et 

al.242 (XRD) 

C2H6 sI This work, Subramanian et 

al.241,243,244, Uchida et 

al.96,240, Schicks et al.239 

Udachin et al.245 (XRD), 

Murshed et al.246 (XRD) 

C3H8 sII This work, Subramanian et 

al.241, Sum et al.56, de 

Menezes et al.247, Kumar et 

al.95, Schicks et al.239 

This work (ND), Rawn et al. 

248 (ND), Kirchner et al.242 

(XRD) 

iso-C4H10 (liquid) sII This work, Takeya et al.249, 

Subramanian et al.241, Uchida 

et al.96, Hester et al.27, Petrov 

et al.250, Schicks et al.239 

Takeya et al. 249 (XRD) 

CO2 sI Sum et al.56, Qin et al.233, 

Chazallon et al.251, Petuya252 

This work (ND), Henning et 

al.77 (ND) 

Gas Mixture    

CH4+C2H6 sII This work, Murshed et 

al.246,253, Ohno et al.254, 

Hester et al.27 

Murshed et al.246,253 (ND, 

XRD) 

CH4+n-C4H10 sII This work, Luzi et al.255 Takeya et al.249 (XRD), 

Kida et al.256 (XRD) 

Table 8. List of gas (pure and mixed) hydrates studied in the present chapter by means of 

Raman scattering and/or neutron diffraction. 
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II. PURE GAS HYDRATES. 

 

a. Methane hydrate (sI) 

 

Methane hydrates are the most abundant gas hydrates on earth with an amount of methane 

trapped in the overall deposits reaching 600 to 10000 billion tons.104,105,227 The analysis of 

synthetic pure methane hydrate is required to get a reference system used for comparing the 

structure and composition with natural methane hydrates.  

The sample was synthesized in the lab before the experiment. Crushed deuterated ice was 

pressurized at 273 K and 200 bar during 13 days and then, stored in liquid nitrogen before being 

cold-transferred to the cryostat of the diffractometer at 150 K. The neutron powder 

diffractogram (Figure 43) was collected on the D20 diffractometer at ILL (λ0 = 2.41 Å). 

 

Figure 43. Powder diffractometer of methane hydrate structure sI collected at 150 K and 1bar 

with D20 diffractometer at ILL-Grenoble, FR (𝜆0 = 2.41 Å). Vertical ticks and stars indicate 

the Bragg peaks of structure sI hydrate and ice Ih, respectively.  
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The positions of the Bragg peaks on the diffractogram indicate the presence of methane hydrate 

in structure sI (vertical ticks) as well as of hexagonal ice Ih (stars). The analysis of these phases 

has been treated by a Rietveld refinement by using two phases: the methane hydrate structure 

sI and the hexagonal ice Ih.232 The structural model used for each phase is given in APPENDIX 

1, Table S1 and Table S2. The resulting comparison of the calculated and measured 

diffractograms is shown in APPENDIX 2, Figure S1. 

The Figure 44 shows the Raman spectra of CH4 in gas and in hydrate phases. The spectrum of 

CH4 (green) is collected at room temperature and 97 bar. The CH stretching of CH4 gas is a 

single band observed at 2917 cm-1.56 The other Raman band assignments of CH4 gas are detailed 

in Table 9.27,56,257–259 The spectrum of structure sI CH4 hydrate can be decomposed into two 

parts: the spectroscopic signatures of water molecules and the CH stretching of methane in 

hydrate phase. The spectroscopic signatures between 200 and 400 cm-1 are attributed to the H2O 

lattice modes (involving hydrogen-bonded O-O intermolecular stretching) and the O-H 

stretching intramolecular modes corresponds to the spectral region between 3000 and 3800 cm-

1. The signal of CH4 hydrate sI is characterized by Raman bands associated to the CH4 molecule 

in two different types of sI cages. The bands at 2903 cm-1 and 2914 cm-1 are attributed to the 

signal of methane inside the LCs (51262) and SCs (512), respectively.3,233,240  This attribution is 

related to the intensity ratio between the SCs and the LCs. According to the density of the 

cavities per unit cell of sI (2 SCs and 6 LCs), this ratio should be very close to 1:3.56 Here, the 

measured ratio (by integrating each band) is 0.28.  
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Figure 44. Full Raman spectra of CH4 gas at 287 K and 97 bar and CH4 hydrates at 150 K and 

1bar (Top). Raman spectra for the stretching modes of CH4 in gas (287 K and 97 bar) and 

hydrate (150 K and 1bar) phases (Bottom).  
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According to the thermodynamics conditions in marine environments, gas hydrates formed 

from methane gas in natural environment also adopt the structure sI.153 In the following 

chapters, the results collected on synthetic methane hydrates formed in various clay matrices 

and natural methane hydrate samples recovered in the Black Sea will be compared to this 

reference synthetic pure methane hydrate data.  
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b. Ethane hydrate (sI) 

 

Pure ethane gas forms sI hydrate crystals and occupies the LCs (51262).240,243 The Raman 

spectrum of C2H6 gas, collected at 286 K and 30 bar, is composed of two major signatures: one 

band at ~994.1 cm-1 related to the C-C stretching mode and the C-H Fermi resonance modes 

given rise to a doublet at ~2899 cm-1 and ~2955 cm-1 (Figure 45).243,258 The ethane hydrate 

sample was synthesized in-situ at 277 K and 10 bar. To minimize the Raman signal of free gas, 

the Raman spectrum of C2H6 hydrate was collected at 150 K and 1 bar (by staying in the stability 

zone of the gas hydrate when decreasing the pressure and the temperature). The Raman 

signature at ~1000.9 cm-1, 2888.6 cm-1 and 2943.9 cm-1 are attributed to the signatures of C2H6 

molecules inside LCs (51262). Two additional bands of C2H6 hydrates were observed at 2735.5 

cm-1 and 2768.4 cm-1. Minor bands for C2H6 hydrates or gas are observed and attributed to 

combinations of vibrational modes or overtones (detailed in Table 10).241,243,258 

 

Figure 45. Full Raman spectra of C2H6 gas at 286 K and 30 bar, and of C2H6 hydrates at 150 K 

and 1 bar (Top left). Raman spectra for the CC- and CH-stretching modes of C2H6 in gas (286 

K and 30 bar) and hydrate (150 K and 1bar) phases are represented respectively in top right and 

bottom spectra.   
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c. Propane (sII) 

 

The neutron powder diffraction experiments (at ILL Powder Diffractometer D1B - 𝜆0 = 2.52 

Å). conducted in collaboration with B. Bouillot (EMSE, Saint-Etienne, France) on C3D8 hydrate 

structure are analyzed in this section. To form the hydrate, the sample made of glass wool 

soaked with deuterated water was pressurized at 277 K and 7 bar in a high-pressure cell for 1.5 

days. Then, the sample temperature was cooled down to 249 K for 1.5 days and warmed up to 

277 K (at constant pressure) for 10 days. The sample was recovered and stored into liquid 

nitrogen until the neutron experiment. The diffractogram was collected at 150 K and 1bar by 

cold transferring under inert atmosphere the powdered hydrate sample into the neutron 

diffraction cylindrical container (made of vanadium). The C3D8 hydrate adopts the structure 

II.56,95,241,247 A Le Bail refinement was used to describe the phases according to the space group 

of sII hydrate (Fd3̅m) and hexagonal ice (P 63/mmc).260 On the diffractogram, the Bragg peaks 

are attributed to structure sII hydrate (vertical ticks on Figure 46) and hexagonal ice Ih (stars 

on Figure 46). The high intensity of the ice Bragg peaks shows a low conversion of water into 

hydrate phase.   

 

Figure 46. Powder diffractometer of propane hydrate sII collected at 150 K and 1 bar with D1B 

diffractometer at ILL-Grenoble, FR (𝜆0 = 2.52 Å). Vertical ticks and stars indicate the Bragg 

peaks of sII hydrate and ice Ih, respectively. 
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The C3H8 hydrate sample was also synthesized in-situ at 274 K and 3.4 bar for Raman analysis. 

The Raman spectroscopic signature of C3H8 in the gas phase and in the hydrate, phase are 

shown in Figure 47. The gas spectrum of C3H8 is characterized by a band at ~871 cm-1 attributed 

to the C-C stretching and multiple bands in the C-H stretching regions with a dominant peak at 

2887 cm–1 attributed to the symmetric stretching modes of CH2 (v3), and CH3 (v16).
56,258,261 At 

higher frequencies the spectrum shows several Raman bands related to asymmetric stretching 

modes of CH3, symmetric and asymmetric stretching modes of CH2, as well as several 

combination and overtone modes (detailed in Table 11). 56,258,261 The C-C stretching modes of 

C3H8 hydrate are observed at 878.1 cm-1 and 1054.4 cm-1.95 In the spectral range between 1157 

cm-1 and 3000   cm-1, there are multiple Raman signature assigned to the CH vibrational modes 

of C3H8 hydrate (detailed in Table 12) with two remarkable bands at 2870.3 cm-1 and 2878.8 

cm-1.95 Compared to methane (4.36 Å) or ethane (5.5 Å) molecules, propane molecules are very 

large (6.28 Å) and cannot fit into the small sII cages.3 These large molecules only stabilize the 

large cavities of the sII structure. Thus, the Raman signatures are attributed to propane 

signatures within the 51264 cages only.95,241,247 
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Figure 47. Full Raman spectra of C3H8 gas at 300 K and 10 bar and C3H8 hydrates at 150 K 

and 1 bar (Top). Raman spectra for the CC- and CH-stretching modes of C3H8 in gas (300 K 

and 10 bar) and hydrate (150 K and 1 bar) phases are represented respectively in bottom left 

and right spectra. 
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d. Iso-Butane (sII) 

 

Figure 49 shows the Raman spectrum of pure iso-butane sII hydrate (273 K and 1.5 bar), and 

the spectrum of liquid iso-butane gas (258 K and 4 bar). The sample was synthesized in-situ in 

a spherical glass capillary with a diameter of 200 μm gas filled with Milli Q water and liquid 

iso-butane (Figure 48). The capillary is placed inside a heating–cooling stage (Linkam 

CAP500) connected to the pressure device ensuring a constant pressure during the whole 

experiment (see chapter 2). The spectrum of the liquid iso-butane is collected at 258 K and 4 

bar. Then, the temperature and pressure are decreased to 273 K and 1.5 bar. These p-T 

conditions ensures iso-C4H10 hydrate formation in presence of iso-C4H10 gas only.241 

 

Figure 48. Glass capillary of isobutane hydrate. The water phase is seen on the left of the 

capillary. The hydrate phase is observed on the right side of the capillary. 

The spectrum of liquid iso-C4H10 shows numerous Raman bands (Figure 49). The two most 

intense bands are observed at 797.5 cm-1 (ν7 symmetric C-C stretching vibrational mode) and 

at 2870.5 cm-1 (ν3 C-H stretching vibrational mode).262  All the additional signatures are detailed 

on the Table 13.262  The same vibrations are observed at 809.6 cm-1 and 2873.9 cm-1, when iso-

C4H10 is trapped in the sII hydrate (see Figure 49).96 Similarly to propane molecules, the 

molecular size of iso-C4H10 only allows the stabilization of the LCs of sII hydrate cages. Hence, 

all the Raman signatures are assigned to iso-C4H10 in the large 51264 cavity of sII hydrate 5 

Table 14).96,241 The shift observed between the ν7 symmetric C-C stretching mode of iso-butane 

liquid compared to hydrate phase is 12.1 cm-1. For propane, the shift of the ν8 C-C stretching 

mode between the propane gas and hydrate in the 51264 cage is 7.4 cm-1.  

2
0

0
µ

m
 

Isobutane sII hydrate Liquid water 
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Figure 49. Full Raman spectra of iso-C4H10 liquid at 258K, 3bar and iso-C4H10 hydrates at 273 

K and 1.5 bar (Top). Raman spectra for the CC- and CH-stretching modes of iso-C4H10 in liquid 

(258 K and 3 bar) and hydrate (273 K and 1.5 bar) phases are represented respectively in bottom 

left and right spectra. 
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e. Carbon dioxide (sI) 

 

CO2 hydrate structure was analyzed by neutron powder diffraction at ILL (Powder 

Diffractometer D1B – 𝜆0 = 2.52 Å). The sample was prepared prior to the experiment by 

soaking fiberglass wool with deuterated water in a high-pressure cell at 277 K and 20 bar during 

1.5 days. Then, the temperature of the sample was cooled down to 249 K for 1.5 days and 

warmed up to 277 K during 10 days (in the stability p-T region of the gas hydrate). The sample 

was recovered and stored into liquid nitrogen until the neutron experiment. The diffractogram 

was collected at 130 K and 1bar by cold transferring under inert atmosphere the powdered 

hydrate sample into the neutron diffraction cylindrical container (made of vanadium). Similarly 

to CH4, the hydrate formed from CO2 gas adopts the structure sI.56 Bragg peaks of the 

diffractograms are attributed to sI hydrate (vertical ticks on Figure 50) and hexagonal ice Ih 

(stars on Figure 50). The Bragg peaks of ice are extremely intense, since only a small amount 

of deuterated water has been converted into sI hydrate.    

 

Figure 50. Powder diffractometer of carbone dioxide hydrate sI collected at 130 K and 1 bar 

with D1B diffractometer at ILL-Grenoble, FR (𝜆0 = 2.52Å). Vertical ticks and stars indicate 

the Bragg peaks of sII hydrate and ice Ih respectively. 
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The Raman spectrum of CO2 hydrate in Figure 51 was taken from the PhD work of Dr. C. 

Petuya.252 The sample was formed in-situ at 270 K, 25 bar during several hours. The spectrum 

of CO2 gas is constituted of two major bands observed at 1286 cm-1 and 1389 cm-1 and two 

minor bands at 1266 cm-1 and 1410 cm-1, respectively called the Fermi diad and hot bands, 

which are coupled through Fermi resonance.56 The Raman bands related to the formation of 

CO2 hydrate sI are broader and shifted to lower frequencies at 1276.9 cm-1 and 1381.8 cm-1, due 

the confinement of the CO2 molecules within the cages. It should be noted that the frequency 

difference for CO2 molecules in LCs and in SCs could not be resolved in the present experiment. 

The difference between these two vibrational signatures is within 1 cm-1 according to IR 

absorption experiments.59 All the band attribution are detailed in Table 15.  

 

Figure 51.  Raman spectrum of Fermi resonance of CO2 gas and CO2 trapped in sI hydrate at 

270 K, 25 bar. 
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III. MIXED GAS HYDRATES. 

 

a. Methane – Ethane (sII) 

 

In natural environments, hydrates rarely form in the presence of pure gas; the composition of 

natural gas varies and thus, their composition and their structure also. Methane remains the 

main gaseous component, closely followed by ethane.3,263 As described on the previous 

sections, both methane and ethane form sI hydrate. Models dedicated to the prediction of 

structures formed as a function of gas composition initially assumed that the methane-ethane 

mixture would form the sI hydrate. However, experimental work by Holder and Hand showed 

inconsistencies with the results predicted by the theoretical models.264 Work was then carried 

out on the methane-ethane system with different mixture compositions in order to highlight the 

formation of hydrates in structure sII.265 Thermodynamics254, Raman and NMR 

investigations243 have led to confirm the formation of the structure sII for methane ethane 

mixture constituted of 72.2 mol.% and 75 mol.% of methane. In this work, structure II hydrates 

were formed at 274 K and 84bar with a gas mixture constituted of 93mol.% of CH4 and 7mol.% 

of C2H6. According to Ohno et al., this mixture yields the formation of the thermodynamically 

stable sII structure.254 Once formed in-situ, the pressure and temperature were decreased to 150 

K and 1bar to preserve the hydrates and to minimize the Raman signatures of free gas. The 

Raman spectra collected are represented in Figure 52 and all Raman signatures are detailed in 

Table 16. In the region between 970 and 1020 cm-1, the main band related to the ethane 

molecule in the gas phase (300K and 83bar) is observed at 993cm-1.56,243 As described 

previously, this band is attributed to CC-stretching modes. This band, in the case of pure ethane 

hydrate is observed at 1000.9 cm-1 and corresponds to the signature of the hydrate in structure 

sI. In the case of CH4 – C2H6 gas mixture, this signature is observed at lower frequency (991.4 

cm-1), constituting a Raman signature of the formation of structure sII hydrate. The CH-

stretching region between 2850 cm-1 and 2975 cm-1, contains the methane and ethane signatures 

in both gas and hydrate phases. The Raman signature of methane gas is observed at ~2916 cm-

1 at 300 K and 83 bar. In the CH4 – C2H6 mixed hydrate phase at 150K, three methane bands 

are observed. At ~2917 cm-1, remaining methane gas signal is observed. The two other bands 

at 2902.8 cm-1 and 2913.5 cm-1, are attributed to the signal of methane molecules in the LCs 

(51264) and SCs (512), respectively. The frequency of these bands could be related to the 

formation of sII hydrate with both type of cages filled with methane. The intensities ratio 

between the SCs and the LCs Raman signatures helps also to confirm this hypothesis, since it 
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is below 1. Let recall that for the methane hydrate in structure sI, the ratio between the LCs and 

the SCs is 3:1 due to the relative abundance of large cavities (leading to a LC to SC Raman 

ratio of ca. 3 as shown in section I.a) of this chapter).  For the structure sII a LC to SC ratio of 

1:2 is expected (they are 8 LCs and 16 SCs in sII hydrate)., leading to a LC to SC Raman 

intensities ratio less than one – as observed in the present experiment and previous work.3 The 

other bands observed in this region of the spectrum are related to ethane molecule. At 300 K, 

and 83 bar, the spectrum of the CH4 – C2H6 gas mixture shows two bands at 2898.5 cm-1 and 

2954.2 cm-1 attributed to CH-Fermi resonance of ethane molecule. These signatures are shifted 

to lower frequencies at 2885.1 cm-1 and 2940.2 cm-1, and assigned to ethane hydrates in 

structure II. As these two bands did not exhibit any splitting characteristic of the confinement 

in the two types of cages, it is highly probable that C2H6 molecule occupies only the large 

51264 cavity in the mixed hydrate. Compare to pure ethane sI hydrate, the C–H region resonance 

doublet band frequencies of C2H6 differ by 4 cm−1 towards the lower frequencies in sII. Again, 

this constitutes a typical Raman signature of the formation of sII hydrate containing ethane 

molecule. 
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Figure 52. Raman spectra for the CC- and CH-stretching modes of mixed CH4 – C2H6 hydrate 

sII (150 K and 1 bar) compared to the Raman signatures of gas mixture (300 K and 83 bar) and 

pure C2H6 sI hydrate.  
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b. n-Butane – Methane (sII) 

 

The methane – n-butane mixture was used to record the Raman signatures of n-butane hydrates 

structure II. Compared to the previous hydrocarbons studied in this work, n-butane has the 

characteristic of having two rotational isomers, the trans and gauche forms. It is well known in 

the literature that these two forms exhibit distinct Raman signatures, allowing to clearly 

identified the preferred encapsulation of one of the conformers in the hydrate.  

A gas mixture constituted of 95mol.% CH4 and 5mol.% n-C4H10 was used to form sII n-butane 

hydrate. The spectrum of the gas mixture was collected at 300 K and 19 bar (Figure 53). In the 

spectral region between 400 and 1200 cm-1, Raman bands can be assigned to both gauche (g) 

and trans (t) n-butane. The CC stretching vibrations of the two forms are represented by two 

bands at 829.1 cm-1 (ν32, g) and 1077.6 cm-1 (ν13, g) for the gauche conformer, and at 838.8   

cm-1 (ν10, t) and 1060 cm-1 (ν9, t) for the trans conformer.56,257,266  The other bands in this region 

may be either attributed to gauche or trans. The trans n-butane shows two bands at 430.5 cm-1 

(ν11, t) and 1150.2 cm-1 (ν8, t) assigned to CCC deformation and CH3 rocking modes, 

respectively. The bands at 475.5 cm-1 (ν35, g), 750.3 cm-1 (ν34, g), 789.6 cm-1 (ν16, g) and 982 

cm-1 (ν32, g) correspond to the gauche form.56,257,266 The CH-stretching region of the spectrum 

is extremely complex with multiple bands due to classic Fermi resonance between symmetric, 

antisymmetric stretching and overtones deformations, but especially by the fact that n-butane 

consists of two conformers, leading to more than 20 bands in this spectral region.266 All the 

maxima are detailed in the Table 17 and Table 18.  

The mixed hydrate was synthesized from the mixture 95mol.% CH4 and 5mol.% n-C4H10 at 274 

K and 19 bar and the Raman spectrum was collected 150 K and 1bar to minimize free gas 

Raman signatures. What can be identified first on the hydrate spectra is the presence of only 

one Raman band at 836.9 cm-1 and 1080.8 cm-1 where two pairs of bands (trans and gauche) 

were observed in the gas phase. The band at 1080.8 cm-1 is shifted to higher frequencies 

compared to the same signature in the gas phase for the gauche form. The proximity of these 

signals suggest gauche n-butane would be preferentially encapsulated in the LCs (51264) of sII 

hydrate compared to trans n-butane. The other bands related to sII n-butane hydrates are also 

shifted to higher frequencies compared to those in the gas-phase spectrum and are attributed to 

the gauche form of n-butane. Whenever the gas spectrum showed signatures of trans n-butane, 

there are no hydrate signature which confirms trans n-butane does not participate to sII hydrate 

formation. The same Raman observations where detailed by Subramanian et al. confirming the 
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hypothesis of Davidson et al. on the possibility that trans n-butane (7.9 Å) may be too large to 

enter the 51264 cages compared to the gauche form (7.1 Å).241,267 The CH-region of the spectrum 

is constituted of only four bands for sII n-butane hydrates at 2864.3 cm-1 (CH2 s-stretching), 

2884.9 cm-1, 2937.7 cm-1 and 2947.8 cm-1. The other signal in this region is assigned to the 

signatures of methane sII hydrate with two Raman bands at 2901.9 cm-1 and 2911.5 cm-1 

attributed respectively to methane in SCs (512) and LCs (51264). The Raman vibrational modes 

are detailed in Table 19. 

 

 



129 
 

 

 

Figure 53. Raman spectra for the CC- and CH-stretching modes of mixed CH4 – n-C4H10 cryo-

hydrate sII (150K and 1 bar) compared to the Raman signatures of gas mixture trans (t) and 

gauche (g) (300 K and 19 bar). 
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IV. CONCLUSION. 

 

In this chapter, the structural signatures of sI and sII hydrates were investigated for pure and 

mixed gas species using two complementary methods. Neutron diffraction was used to 

characterize the crystal structure of pure methane and carbon dioxide hydrates formed in the sI 

type and propane hydrates in the sII type.   

Raman spectroscopic measurements were used to study both the vibrational signatures of sI and 

sII hydrates for small gas species (CO2, CH4) to larger hydrocarbons (C2H6, C3H8, iso-C4H10, 

n-C4H10) and gas mixtures. This study validated the occupancy of SCs and LCs cages in 

structure sI for CO2, CH4 and C2H6. The spectrum of CH4 hydrate structure sII (formed in the 

case of mixed hydrates) shows the ν1 bands, attributed to the occupancy of the SCs and LCs of 

the hydrate, shifted with respect to the signatures of structure sI. Moreover, the intensity ratio 

of the two bands is close to 1:2, due to the presence of 8 LCS for 16 SCs in the sII structure. In 

the sII mixed hydrates formed with methane and large hydrocarbons, methane molecules 

occupy both types of cages, while the Raman band analysis suggests that only the large cages 

51264 are occupied by the large hydrocarbon molecules. 

The knowledge of all these signatures for hydrates of various hydrocarbons allows to consider 

the contribution of Raman spectroscopy to estimate the gas composition of natural gas hydrates 

and to compare it with the composition of the natural gas mixture where hydrates are formed. 

This will contribute not only to the assessment of potential molecular selectivity (i.e., chemical 

composition differences between the natural gas reservoir and the natural gas hydrates), but 

also to the determination of the hydrates structure formed in natural environments. On a longer 

perspective, all these results contribute to a better quantification of the resources encapsulated 

in the sea floor. 
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CHAPTER 4: 

Kinetics of methane 

hydrate formation: 

Impact of 

sedimentary media 

and salinity. 
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I. INTRODUCTION. 

 

Gas hydrates are crystalline structures from which cages resulting from the hydrogen bonding 

of water molecules (host) enclose relatively small gas molecules (guest), such as hydrogen, 

methane and other small hydrocarbons.3 Gas hydrates occur naturally on continental margins 

and in the permafrost regions where low temperature and/ or high pressure conditions are 

favorable for their formation and stability.  Methane hydrates represent the largest natural 

reservoir of methane on Earth (600-10000 GT).104,105 However, large uncertainties remain about 

the amount of methane bound in these deposits, and the mechanisms governing the fate of the 

released methane, limiting the conclusions about climate impacts and implications.15,268 

The crystalline structure of methane hydrate is called structure sI (as described in chapter 1). 

Two types of cages characterize this structure, two small cages 512 (denoted SC) build up from 

12 pentagons and 6 larges cages 51262 (denoted LC) composed of 12 pentagons and 2 

hexagons.3,36 One methane molecule can be encaged inside each type of cages. The structural 

stability of hydrates, between the guest and host molecules, is ensured by weak van der Walls 

interactions.37 

Over the last decades, a significant piece of work has been carried on the structural 

characterization and the thermodynamic stability of gas hydrates.3,36,269 Nowadays, attention of 

researchers is being focused toward understanding their kinetic properties. The study on the 

kinetic behavior of gas hydrate formation is a complex phenomenon. Let recall the description 

provided in chapter 1. Such a process is commonly describes as a two steps process: a stochastic 

hydrate nucleation process followed by a hydrate growth process.36,60 The first step, stochastic 

hydrate nucleation, is characterized by an induction time where nucleation begins. In this step 

the first hydrate crystals appear. However, not all the hydrate crystals grow during this period 

because of their metastability. The second step, called hydrate growth, integrated three periods: 

first, the adsorption phase where gas hydrates grow quickly and a large amount of gas is 

consumed and the crystal size increases. Then, the water and gas molecule consumption 

decreases, leading to the flattening out of the reaction. Finally, the system tends to reach a 

thermodynamically stable state. This final step can be explained by either the complete 

consumption of one of the hydrate-forming components (i.e., water or gas) or by the limitation 

of mass or heat transfer from the molecular species (i.e., water or gas) to the hydrate-forming 

interface, resulting in low driving forces and an almost negligible rate of hydrate formation.60   
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In the past years, kinetic studies were mainly focused on bulk phase systems63,270,271 and a few 

studies are dedicated to the formation kinetics of gas hydrate in sediments (see chapter 1). 

However several scientific cruises have collected samples of natural gas hydrates and 

highlighted that a large part of natural gas hydrates are present in porous media, especially in 

marine sediments, mainly composed of clay-rich sediments.8,10,26,155,272 There is a need to study 

the influence of sediments on methane hydrate formation at laboratory scale to better elucidate 

the formation/dissociation process of natural hydrate. Many substrates have been considered. 

The kinetic influence of the size of sand grains on the methane hydrate formation was conducted 

by Heeschen et al. in 2016.143 The fine grains act as promoters of gas hydrate formation 

compared to the coarse grains. Silica beads and silica gels were also used as silica substrates to 

mimic natural sediments.94,273 Seo et al.273 reported the enhancement of the formation kinetics 

of hydrate when dispersing water inside the pores of silica gels. Métais et al.94 studied the effect 

of silica beads size on CO2, CH4, and mixed hydrates formation and observed the ice-to-hydrate 

conversion in few minutes in the nano-silica beads while in few hours for the larger beads sizes. 

Another major interest of studying gas hydrates in their natural environment is to increase 

hydrate formation rate using porous media with pore diameter ranging from more than 50 nm 

(macropores) to less than 2 nm (nanopores). Such substrates present large specific surface area, 

which increases the available water-gas interaction surfaces for hydrate formation. Liu et al., 

investigated methane hydrate formation in mesoporous MCM-41.168 Other sedimentary porous 

analogs were used as gas hydrates matrices such as activated carbons169,170, carbon nanotubes162 

and metal organic frameworks (MOFs)171. It turns out that both hydrate macro-properties and 

kinetics highly depend on the sample microstructure including the matrix composition, pore 

structure, water and gas transport, as well as the hydrate morphology.98 However, it is still 

necessary to understand the mechanisms that govern the formation of hydrates in clay 

sediments, both for economic purposes with the exploitation of gas hydrate resources, but also 

to prevent possible environmental risks and geohazards.274 

Clays present a layered structure, which provides a multiscale distribution of the pore size. In 

presence of water, cation solvation can occur in the interlayer space of clay. Crystalline swelling 

takes place: it is the case of smectite clay.275 The complexity of these structured materials 

attracts the scientific interest. Na-montmorillonite, smectite clay in which the interlayer space 

can reach 2 nm, has been used to synthesize methane hydrate.30,32,34,35 To determine whether 

stable methane clathrates could in principle form in the interlayers of hydrated montmorillonite, 

computational methods and X-ray diffraction experiments were carried out: these main studies 
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on the formation of gas hydrates in the presence of clay have confirmed a favorable interaction 

between the water molecules and the clay surface, as such an interaction promotes their 

formation.30,32,34,35 Recent work was conducted on natural sediments from Krishna-Godavari, 

Mahanadi and Andaman basin in India where hydrates are encountered in clay-rich 

sediments.197 They observed significant decrease of the pressure needed for hydrate formation 

compared to formation in bulk water. Besides, MD simulations were performed on the 

dissociation of methane hydrates in illite, and reveal a combined effect of the confinement, the 

surface and the composition of illite layers leading to the production of gas nanobubbles in the 

nanopores. Moreover, the gas production from illite reservoir is better than that from silica 

reservoir.217 All of these cited studies were devoted to investigating the origin and stability of 

natural gas hydrates in an environment mimicking marine sediments and permafrost regions 

where large quantities of natural gas are present and mechanism of formation remains unknown.  

In addition, when considering marine gas hydrates, it is important to take into account the 

presence of dissolved salt within the hydrate-forming pore fluid, and therefore investigate the 

effect of salt in the formation process. The formation of gas hydrate in pure water or NaCl 

solution in bulk phase has been investigated for decades, mainly to evaluate the hydrate 

thermodynamic stability field.276,277 Mekala, et al. and Chong et al. focused on the formation 

kinetics and dissociation mechanisms of methane hydrates in seawater and NaCl solution in 

presence of silica sand.209,218 They reported a significant kinetics inhibition effect on hydrate 

formation in presence of NaCl that resulted in a lower conversion of water into hydrate phase. 

In a recent work, the effect of montmorillonite, sand and NaCl concentration on methane 

hydrate was been investigated. They observed for a low NaCl concentration of 0.2 mol/L and a 

low montmorillonite content range of 10–25 wt% the induction time of hydrate formation was 

reduced compared to a higher concentration of NaCl and montmorillonite where the induction 

time significantly increased. They also suggested that the effect of montmorillonite content on 

the induction time is smaller than NaCl.220 

The dissociation of gas hydrate is also a complex process.278,279 One major and very intriguing 

result discovered during hydrate dissociation is the metastability, e.g. the self-preservation 

effect.3,280–282 During this process, it was observed that hydrates may dissociate in anomalous 

slow rates and in a different range of temperature far from stable thermodynamic equilibrium. 

“Self-preservation” phenomenon remains not well understood, it occurs on a temperature range 

of 242–271 K.3 Neutron diffraction and SEM experiments conducted by Kuhs et al. 283  suggest 

that extensive annealing of ice stacking defects (ice defects) at about 240 K would allow "self-
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preservation" of the hydrate. The impact of several factors such as guest gas composition, 

sample morphology and size, and salt concentrations have been reported to affect the 

dissociation rate of gas hydrates outside the equilibrium region.  Because natural gas hydrates 

are primarily found in marine sediments with either constant or variable salt concentrations and 

in porous environments, increasing attention is devoted to the effect of NaCl and sediments on 

the dissociation and metastability of methane hydrates.282,284 Most of these studies have been 

conducted at pressure-induced phase transformation.285 

In this chapter, methane hydrate formation kinetics was for the first time investigated by time-

dependent in-situ neutron diffraction technique in presence of clay-rich matrix with pure water 

and NaCl deuterated solution. The dissociation of the subsequently formed hydrates was also 

investigated using in-situ neutron diffraction at constant pressure (1bar) with increasing 

temperature from 150 K to 300 K. The selected substrate is made of 60 % clay and 40 % of 

other minerals (quartz and plagioclase) constituted by a mixture of Fontainebleau sand and 

Montmorillonite. The aim of this study being to reproduce the natural environment of gas 

hydrates (p, T, salinity, sediments) and to investigate the effect of salt and swelling clay on the 

kinetics of formation of methane hydrate. In the second part, ex-situ neutron diffraction is used 

to characterize the formation of methane hydrates in clay media. The formation kinetics in Illite 

and natural sediments from the Black Sea are compared to the data collected in montmorillonite. 

The effects of particle size, specific surface area and clay composition are investigated. 

 

II. KINETICS OF METHANE HYDRATE FORMATION IN MONTMORILLONITE: 

SALINITY EFFECT (NaCl).  

 

a. Abstract 

 

The estimation of methane trapped in gas hydrates motivates the scientific community to get 

more insight on the formation and dissociation of gas hydrates in natural environments. These 

quantities represent both a high potential as a future energy source and geological hazards due 

to the dissociation of methane hydrates. In this work, the natural environment of methane 

hydrates was reproduced in-situ in order to study the formation kinetics and dissociation using 

neutron diffraction. For this purpose, a sedimentary matrix consisting of 60 % montmorillonite 

and 40 % quartz was used. The salinity conditions were reproduced by using an aqueous 

solution with a low concentration of NaCl (2.2 wt% NaCl). The results show that 
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montmorillonite is a promoter of methane hydrate formation. The first Bragg peaks of methane 

hydrate are observed after 10min of pressurization and the conversion of water to hydrate 

reaches 80% after less than 40 min. However, salt slows the formation of methane hydrate, with 

Bragg peaks observed after 15min of pressurization, but does not affect the conversion rate. 

The curve of dissociation of the pure methane hydrates as an anomalous tendency with 

increasing temperature. After the beginning of the dissociation, the curves show a re-formation 

of the hydrate between 221 and 237 K, before the restart of its dissociation at 237 K. This effect 

is not observed in the presence of salt. However, its presence limits the formation of ice from 

the water released by the melting of the hydrate due to a lower melting temperature than pure 

water.   

b. Materials and methods  

 

In-situ neutron diffraction experiments were performed at constant temperature (282 K) and 

pressure (70 bar) with methane (CH4) gas (Figure 54) on the high-intensity 2-axis neutron 

diffractometer D20 at ILL, Grenoble. D20 is a medium- to high-resolution diffractometer 

providing a very high flux at the sample position and allows probing of the sample over a 

volume of ~2 cm3. It has 1536 detection cells of a stationary and a curved linear position 

sensitive detector (PSD) covering a 2θ range of 153.6°. D20 is ideal for in-situ diffraction 

studies with acquisition times below 1s allowing the investigation of fast changes in the sample 

(2 cm 3). Aluminum cell, with a highly pressure-temperature controlled set-up, is filled with the 

partially-saturated systems using either deuterated water or salted deuterated water (2.2 wt% 

NaCl). A mixture of 60 % Montmorillonite K10 (Sigma Aldrich) and 40 % Fontainebleau sand 

is used as hydrate formation matrix. The matrix is homogeneously mixed with the aqueous 

solutions under inert atmosphere. The amount of aqueous solution added into the matrix is 

determined from the amount of solution required to hydrate 5 cm3 of sand at 75 % considering 

a free space of 40 %. Then, this same amount of deuterated water or salted deuterated water is 

added into 5 cm3 of montmorillonite. The hydrated sample is connected to a gas injection pump 

and placed in the orange cryostat for temperature control. Time-dependent diffraction 

acquisition starts when the gas is filled into the cell (defined at t = 0). Diffraction patterns of 

hydrate formation along time were collected using a wavelength of λ0 = 2.414 Å. The reaction 

of gas (at constant pressure and temperature) with the hydrated matrices was followed over a 

period of typically 2-5 h with a diffractogram collected every 1min. The methane hydrate 

formation is detected on the diffractograms by the apparition of the Bragg peaks characteristic 

of the structure I (cubic structure with a ≈ 12 Å).286 The hydrate growth reveals itself by an 
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increase of the Bragg intensities, which starts extremely fast after the application of gas 

pressure, and increases with time when water is converted into hydrate until it stabilizes. The 

dissociation of methane hydrate in the pure and salted samples was recorded by continuously 

increasing the temperature from 150 K to 300 K (Figure 54, 2→3) according to 3 K/min and a 

diffractogram was recorded every 3 minutes.  

 

Figure 54. Thermodynamic equilibrium curves of pure CH4 hydrate (black line with rounds) 

and 2.2 wt% NaCl CH4 hydrate (black line with red squares). The blue triangle (Point 1) 

corresponds to the P,T conditions of the hydrate formation in this study.  
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c. Experimental results 

 

i. Kinetics of formation 

 

Two series of the in-situ neutron diffraction experiments were performed with montmorillonite 

hydrated with D2O and salty NaCl D2O (2.2 wt% NaCl). The pores are interconnected and 

partially filled with water allowing the circulation of gas into the matrix and increasing the 

water-gas contact surface to form gas hydrate.201,210 Figure 55 shows examples of 

diffractograms recorded during the methane hydrate formation inside montmorillonite with 

pure deuterated water. At t = 0 min, when methane gas is injected onto the hydrated mixture of 

montmorillonite and Fontainebleau sand at 282 K, the diffractogram only exhibits the Bragg 

peaks related to the matrix (indicated on the Figure 55). After less than 10 minutes, the methane 

hydrate formation is detected by the apparition of Bragg peaks related to the structure I (sI). 

Then, the intensities of the hydrate’s peaks keep increasing along time. After 5.5 hours, the 

recorded diffractograms no longer exhibit significant evolution and the methane hydrate 

formation is stabilized. To evaluate the amount of deuterated water converted into methane 

hydrate sI, the sample was cooled to 150 K, and the pressure release at 1bar by following the 

thermodynamics pathway denoted (1→2) in Figure 54, to ensure the stability of the formed 

gas hydrate. The red diffractogram on the top of Figure 54 is recorded at 150 K and 1bar: it 

shows a broad signal between 35° and 45°. This signal is related to the remaining deuterated 

water into the sample. It is composed of a broad peak that may be assigned to an unorganized 

water network, an ice with lower crystallinity, which could be present in the interlayer space of 

montmorillonite. The ice with low crystallinity may be named as ‘‘short-range ice”.287 Two 

weak Bragg peaks can also be distinguish at 36.4° and 38.7°. They are attributed to crystallized 

bulky ices (Ih and Ic). Rietveld refinements reveal a combination of methane hydrate sI, cubic 

ice (Ic) and hexagonal ice (Ih) (APPENDIX 3, Figure S1 and Figure S2). Similar signals of 

water into confined cylindrical nano pores have already been observed in MCM-41.287  
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Figure 55. Recorded diffraction patterns of the formation of pure CH4 hydrate over time 

(Black) at 70 bar and 282 K. Recorded diffraction pattern at 1 bar and 150 K after 5.5 hours of 

pressurization at constant pressure and temperature (Red). Rietveld refinements peak positions 

for hydrate sI, the matrix, the cubic ice (Ic) and the hexagonal ice (Ih) are represented by red, 

green, yellow and blue coloured bars respectively.  

To estimate the amount of water converted into hydrate phase on the diffractogram collected at 

150 K after hydrate formation, the areas of the water signal and hydrate peaks have been 

integrated for both pure and salted methane hydrate. Not all the peaks of the diffractograms 

have been considered for this analysis. The water signal, noted 𝐴𝑖𝑐𝑒
150𝐾(𝑡𝑓) was determined by 

integrating the diffraction signatures previously described and observed between the scattering 

angles 2𝜃 = 35° and 2𝜃 = 40°. 𝐴𝑖𝑐𝑒
150𝐾(𝑡𝑓) can be determined according to the following 

equation:  

𝐴𝑖𝑐𝑒
150𝐾(𝑡𝑓) = ∫ 𝐼𝑖𝑐𝑒

150𝐾(𝑡𝑓) 𝑑2𝜃

40°

35°

 (27) 

Where 𝐼𝑖𝑐𝑒
150𝐾(𝑡𝑓) refers to the intensity of the ice signal on the diffractogram collected at 150 

K at the end of pressurization time 𝑡𝑓. For the pure and salted methane hydrate, 𝑡𝑓 = 95 min and 

𝑡𝑓 = 332 min respectively.  
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Concerning the hydrate phase, only the three peaks located at 23.3°, 26.2°, 28.7° (Fig. 2) were 

considered as they are the most intense. 𝐴ℎ𝑦𝑑
150𝐾(𝑡𝑓) can be calculated according to this equation:  

𝐴ℎ𝑦𝑑
150𝐾(𝑡𝑓) = ∑𝐴𝑖

150𝐾

3

𝑖=1

 (28) 

Where i = 1, 2, 3 corresponds to the hydrate Bragg peaks 23.3°, 26.2°, 28.7°.  

The fraction of water converted into hydrate reached at the end of the pressurization time 𝑡𝑓 

was determined by combining equations (27) and (28):  

𝛼150𝐾(𝑡𝑓) =  
𝐴ℎ𝑦𝑑

150𝐾(𝑡𝑓)

𝐴ℎ𝑦𝑑
150𝐾(𝑡𝑓) + 𝐴𝑖𝑐𝑒

150𝐾(𝑡𝑓)
 (29) 

The values of pure and salted methane hydrate are reported in Table 1. 

The kinetic curves are obtained by estimating the areas of the three main first Bragg peaks of 

sI hydrate (23.3°, 26.2°, 28.7°) for each diffractogram over time.  

𝐴ℎ𝑦𝑑(𝑡) = ∑𝐴𝑖(𝑡)

3

𝑖=1

 (30) 

Where i = 1, 2, 3 corresponds to the hydrate Bragg peaks 23.3°, 26.2°, 28.7°.  

The conversion rate of methane hydrate over time is estimated according to the following 

equation: 

𝛼(𝑡) =
𝐴ℎ𝑦𝑑(𝑡)

lim
𝑡→∞

𝐴ℎ𝑦𝑑(𝑡)
 𝛼150𝐾(𝑡𝑓) (31) 

Figure 56 represents the kinetic curves 𝛼(𝑡) of pure and salted methane hydrate over time. The 

kinetic curves can be divided into three steps, which described the processes involved in hydrate 

formation. The hydrate nucleation referring to the induction time is followed by the adsorption 

phenomenon where gas hydrates grow quickly and the long diffusion process required to reach 

the final conversion rate.60 All these steps, characteristic of hydrate formation, can be observed 

over times ranging from a few minutes to several hours or even days/months. Indeed, many 

parameters are involved in the formation of gas hydrates and can impact the formation times 

(e.g., the experimental procedure, the thermodynamic conditions, the gas composition, the 

addition of substrates or kinetic promoters and inhibitors). The induction time corresponds to 

the time required to reach the apparition and detection of the first hydrate crystal nuclei. In the 
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case of the methane hydrate synthesized from pure deuterated water, this time is short and the 

hydrate formation starts after less than 10 minutes. However, in presence of salt, the hydrate 

formation is slower and the induction time takes 12 minutes before the formation starts. The 

presence of salt seems to have an inhibitor effect on the hydrate formation in montmorillonite. 

In 2015, Chong et al. described the effect of NaCl salt on the hydrate formation in porous 

Toyoura sand.218 They observed a significantly slower kinetics in the presence of NaCl as 

compared to experiments conducted without the presence of salts, affirming the significant 

kinetic inhibition effect of NaCl on methane hydrate formation in porous media. To go further 

on the interpretation of the effect of salt on the methane hydrate kinetics of formation, the 

adsorption phase and the diffusion process are investigated. The adsorption step is represented 

on the curve by a steep slope, while diffusion corresponds to the third part of the curve, which 

tends towards a plateau. Using the boundary nucleation and growth model, denoted BNG, the 

data are fitted to study gas hydrate formation kinetics. The BNG model was developed to 

describe transformations in polycrystalline materials, where nucleation occurs at grain 

boundaries, rather than scattered throughout the volume.288 This model is based on the 

assumptions that the nucleation and growth rates are constant throughout the process. The 

model has been generalized to allow anisotropic growth from a constant number of nuclei or 

with a constant nucleation rate.289 The BNG model has been for the first time used and adapted 

by Métais et al.94 to study formation kinetics of gas hydrates from ice in presence of silica 

beads.  

The BNG model is expressed by this equation: 

𝛼(𝑡) = 𝐴 {1 − 𝑒𝑥𝑝 [−2𝑘2(𝑡 − 𝑡0) (1 −
𝐹𝐷[𝑘1(𝑡 − 𝑡0)]

𝑘1(𝑡 − 𝑡0)
)]} + (1 − 𝐴){1 − 𝑒𝑥𝑝[−𝑘3(𝑡 − 𝑡0)]} (32) 

 

Where FD(x) is the Dawson function, defined as:  

𝐹𝐷(𝑥) = exp (−𝑥2)∫exp (𝑦2

𝑥

0

)𝑑𝑦 (33) 

In the BNG model, 𝛼 represents the rate of conversion of water to hydrate at time t. The constant 

A corresponds to the fraction of water converted to the hydrate layer at the water-gas interface, 

it is related to the absorption process. Then, the first part of the equation describes the surface 

formation of a hydrate layer at the water-gas interface. k1 represents the heterogeneous 

nucleation of gas hydrate at the interface water-gas, and leads the formation of a hydrate layer 
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of limited thickness characterized by the kinetic constant k2. The second part of the equation is 

a "phenomenological" term. It describes the diffusive part, and is characterized by the constant 

k3. This part is associated with the growth of the hydrate at the hydrate-water interface involving 

the diffusion of gas molecules through the hydrate layer, as well as at the hydrate-gas interface, 

due to the diffusion of water molecules into the gas phase.  

To resume, in this model, the hydrate formation is composed of three main stages: a first stage 

of heterogeneous and anisotropic nucleation water-gas interface, followed by formation of a 

hydrate layer at the interface, and a third stage corresponding to the mass growth of this layer.  

All the kinetic data could be successfully fitted using the above model and the excellent 

agreement is shown in Figure 56. 
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Figure 56. Kinetic curves of pure CH4 hydrates (top) and CH4 hydrates with 2.2wt% NaCl 

(bottom) in MS. The black lines represent the fits of the experimental data (symbols) with the 

modified BNG model. (See text for the details) 
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Table 20. Kinetic parameters from the modeling of the kinetic curves using the BNG model 

from pure CH4 hydrates and CH4 hydrates with 2.2 wt% NaCl in MS. 

The kinetic parameters of the BNG model provide valuable information on the process of 

hydrate formation inside clay matrices. All the parameters are reported in the Table 20. The 

conversion constant A is high and quite close for both samples. As a reminder, it corresponds 

to the amount of water converted into hydrate before the diffusive process starts. The kinetic 

constant k1, characteristic of the heterogeneous nucleation of hydrate at the water-gas interface, 

is also very similar for pure water and salted water. This result means that the presence of salt 

does not influence the hydrate germination. However, the kinetic constant k2 is significantly 

higher in the sample formed without NaCl salt. Knowing that this kinetic constant is 

characteristic of the formation of a hydrate layer at the water-gas interface, the presence of salt 

seems to prevent expansion of hydrate layer. Numerous studies show that electrolytes can be 

considered as inert inhibitors as they affect the phase equilibrium of hydrate, but do not enter 

the hydrate phase.18,290 Following these assumptions, the methane hydrate formation may faces 

three competitive processes. The exclusion of salt ions from hydrate structure and the 

thermodynamic inhibitor effect of NaCl on hydrate formation and the effect of NaCl on the 

swelling of montmorillonite. The exclusion of salt ions from hydrate structure may causes an 

increase of the local salt concentration at the interface between gas hydrates and the 

unconverted salted water, which limits hydrate conversion and slows down the surface hydrate 

layer growth at the water-gas interface. Moreover, the presence of salt is known to change the 

methane hydrate phase diagram. As the concentration of salt increases, the phase equilibrium 

curve is shifted to higher pressure and lower temperature. This change of the thermodynamic 

conditions lower the driving force and slow down the hydrate formation.191–195 Tao et al. have 

shown that NaCl salt ions influenced the water content of montmorillonite decreases with 

 
Pure 

CH4 hydrate 

CH4 hydrate 

2,2w% NaCl 

𝜶𝟏𝟓𝟎𝑲(𝒕𝒇) 0.81 0.80 

t0 1.23 ± 1.07 min 3.64 ± 1.01 min 

A 0.8 ± 0.01 0.7 ± 0.03 

k1 8.0 ± 0.003 x 10-2 min-1 6.7 ± 1.4 x 10-2 min-1 

k2 9.3 ± 2.0 x 10-2 min-1 5.1 ± 1.0 x 10-2 min-1 

k3 3.9 ± 3.1 x 10-4 min-1 2.4 ± 1.7 x 10-3 min-1 



152 
 

increasing the salt concentration by affecting the intercalation of water molecules and limiting 

clay swelling.198 All these effects combined could inhibit the promoting effect of 

montmorillonite on the formation of gas hydrate. Finally, the constant k3 is characteristic of the 

diffusive process. This diffusive process is slow. In pure methane hydrate, the plateau is almost 

achieved after less than 40 minutes and the rate of hydrate conversion reaches 80 %. In the 

sample that contains 2.2 wt% NaCl, the constant k3 is one order of magnitude slower than in 

pure D2O and the plateau is not reach yet after 90 minutes of pressurization. However, the 

acheived hydrate conversion rate is 80 %. The interpretation of these observations with the 

BNG model show that the anisotropic hydrate layer growth is faster in the sample without salt 

and grow slowly in presence of salt towards the complete growth. This process can be extremely 

slow (days, months, years) and is limited by the amount of water still available is the samples 

to be converted into hydrate or the limited mass and heat transfer. The general trend observed 

as a function of the presence of salt is its kinetic inhibitor effect on the hydrate growth but it 

does not influence the rate of hydrate conversion compared to the sample without salt.  

 

ii. Dissociation  

 

Figure 57 represents the dissociation of CH4 hydrates and the formation of ice as function of 

temperature between 150 K and 300 K. The dissociation curves of pure and salted methane 

hydrate are obtained by integrating the Bragg peaks of sI hydrate (23.3°, 26.2°, 28.7°) as 

followed: 

𝐴ℎ𝑦𝑑(𝑇) = ∑𝐴𝑖(𝑇)

3

𝑖=1

 (34) 

Where i = 1, 2, 3 corresponds to the three hydrate Bragg peaks considered and T is the 

temperature.  

The ice formation curves are determined by integrated the area of the signal of ice between the 

scattering angles 2θ = 35° and 2θ = 40°.  

𝐴𝑖𝑐𝑒(𝑇) = ∫ 𝐼𝑖𝑐𝑒(𝑇) 𝑑2𝜃

42°

39°

 (35) 

By looking at these data, the effect of salt on hydrate dissociation is clearly observed. 

Dissociation of pure methane hydrate appears to occur in three steps while methane hydrate in 
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the presence of NaCl dissociates homogeneously with increasing temperature. However, in both 

samples, the gas hydrates show abnormal stability outside its thermodynamic stability limits 

(Figure 54) and are preserved with the increase in temperature until more than 272 K. This 

phenomenon is known as self-preservation zone284. The precise explanation for the mechanism 

remains unknown, in this work, self-preservation behavior of methane hydrates synthesized 

with pure water (0.0wt% NaCl), mild salt solutions (2.2 wt% NaCl) is investigated. 

For the pure CH4 hydrate in montmorillonite (Figure 57 On the top), the hydrate dissociation 

begins at 207 K. According to Brodskaya et al., this temperature corresponds to the melting of 

the hydrate shell.291  The Bragg peaks of sI hydrate start decreasing and the signal of water 

becomes narrower, the Bragg peaks intensities of Ic and Ih ices increase. This formation of ice 

arises from the melting the hydrate surface. The more the hydrate melts, the more the water 

released is loaded with methane dissolved at the hydrate-ice interface. At 220 K, in Figure 57, 

it can be observed that the ice signal stops increasing and the hydrate dissociation stabilizes 

between 221 K and 237 K. This phenomenon can be explained by the possible re-formation of 

hydrate crystals. Indeed, a local pressure is created at the ice-hydrate interface, linked to the 

decomposition of the external layer of hydrate crystals. These local thermodynamic conditions, 

favorable to the formation of methane hydrates, allow the methane-laden ice to reorganize its 

structure into hydrate cages. The temperature keeps increasing to 240 K, the signal of hydrate 

decreases, hydrates are melting again and the amount of ice in the sample increases. This 

temperature corresponds to the hydrate core melting.291  It can be observed on the diffractogram, 

the increase of the intensity of ice Bragg peaks. The signature of “short range ice”, i.e., the 

broad signal under the ice Bragg Peaks, remains stable. At 258 K, the sample contains the 

maximum of ice. Rietveld refinement (APPENDIX 3, Figure S3) was used to determine the 

fraction of ice in the sample at this temperature. The Bragg peaks of sI hydrate, Ic and Ih ices 

were refined. The sample is composed of 95 % of different types of ice: Ih, Ic and confined 

“short-range ice” and a small amount of hydrate structure sI. Then, at 264 K, methane hydrates 

are completely dissociated. Finally, the signal of confined water decreases and is converted into 

ice before the complete melt of the sample at 282 K. 

The presence of NaCl in small concentration modifies the dissociation of gas hydrates. Methane 

hydrates synthesized in 2.2 wt% NaCl begin to dissociate at 218 K. At this temperature, the 

molten water released by hydrate dissociation turns to ice.  Since salt does not penetrate the 

hydrate cages, a local salt concentration is created outside the hydrate crystals. This 

concentration at the hydrate-ice interface appears to prevent hydrate reformation that could be 
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observed in the sample containing no salt. Indeed, on the Figure 57 (bottom), the fraction of 

ice in the sample increases at the same temperature than the dissociation of methane hydrate 

(i.e., diminution of hydrate fraction). Between 240 K and 270 K, the fraction of ice is almost 

stable while the fraction of methane hydrate is decreasing. Indeed, at 252 K, the melting point 

of salted ice is reached and the water liberated by the dissociation of gas hydrates will not 

anymore be converted into ice but will remain in the liquid phase. The maximum fraction of 

ice in the sample is reached at 257 K. Rietveld refinement (APPENDIX 3, Figure S4) was 

used to determine the fractions of each phase. The sample is composed of 94% of different 

types of ice: Ih, Ic, and confined “short range ice” and a small amount of hydrate structure sI. 

At 270 K, methane hydrates are completely dissociated and ice melts at 280.5 K. 
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Figure 57. Hydrate dissociation (filled squares) and evolution of ice signal (empty squares) as 

function of temperature for pure CH4 hydrates (top) and CH4 hydrates with 2.2wt% NaCl 

(bottom). 
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d. Conclusion 

 

In summary, the influence of montmorillonite clay and the presence of NaCl salt on the 

formation kinetics and dissociation of CH4 hydrates have been investigated by neutron powder 

diffraction. 60 % Montmorillonite with 40 % quartz constituted the hydrate substrate to 

substitute natural sediments. Both pure and salted samples have undergone the same 

temperature and pressure conditions for all the analyses. 

Montmorillonite appears to act as a kinetic promotor of methane hydrate with an almost 

complete conversion of water into hydrate after less than 60min of pressurization (70 bar) at 

constant temperature (282K). Similar timescales were observed for sediments analogues like 

silica beads with a size smaller than 100nm.94 Several physicochemical parameters can explain 

these very short induction and formation times. First, the first parameter is the particle size. 

Heeschen et al. have shown that gas hydrate formation in presence of a high concentration of 

fine grains (clays) <125 μm have a faster hydrate conversion than methane hydrate in coarse 

grains and sand. The major parameter is highly connected to the atomic structure of clays. 

Several studies highlighted the promoted effect of clay surfaces with the presence of 

hydroxylated edge sites to induce hydrate nucleation.35,214 The last parameters involves the 

thermodynamics with a larger driving force provided by the presence of smectite clays like 

bentonite which shortened the induction time.213,292 Montmorillonite, smectite clay, with 

particles size ~14 μm, and inter-layer cations causing the swelling of the structure provides a 

good nucleation site for hydrate formation.   

For 2.2 wt% NaCl system, the CH4 hydrate formation is slower and starts after 15min of 

pressurization, the water to hydrate conversation rate is lower and comes with a long diffusion 

process. The kinetic inhibitor effect of salt is well-known from the community. Chong et al. 

described this effect on the hydrate formation in porous Toyoura sand and presented the lower 

thermodynamic driving force during hydrate formation218. Similarly, very recent experimental 

study on the coupling effect of montmorillonite and NaCl shows that when the concentration 

of NaCl and Montmorillonite is high, the induction time increases.220 However, the indicated 

induction times in their study range between less than 5 hours to 50 hours, which is 5 to 50 

times higher than the times observed in this work.  

The study of the dissociation of CH4 hydrates in both pure and salted samples exhibits the self-

preservation mechanism. However, different phenomena occur in each sample. The 

dissociation of pure CH4 hydrate includes hydrate re-formation due to local pressure at the 
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hydrate-ice interface, the high concentration of dissolved methane concentration in water from 

the melted hydrate and the restructuration of water molecules from hydrate and “short range 

ice” to ice and melted water. The presence of salt prevents hydrate re-formation due to the 

possible presence of high local concentration of salt around hydrate cages, which were excluded 

out of the cages during hydrate formation. However, self-preservation is still observed with a 

hydrate melting point reaching 270K.  

 

III. KINETICS OF METHANE HYDRATE FORMATION IN SYNTHETIC AND 

NATURAL SEDIMENTS FROM BLACK SEA: EFFECT OF CLAY PROPERTIES. 

 

a. Abstract 

 

In the marine sediments of continental margins, large quantities of methane hydrates are found. 

Marine sediments, mainly composed of sand and clays, constitute a porous medium where the 

distribution of water and gas, as well as the physico-chemical properties of the mineral species 

influence the formation of hydrates. In this work, the effect of two artificial and one natural 

matrix composed of 60 % clay and 40 % other mineral species (mainly quartz) is studied on the 

kinetics of methane hydrate formation. The clay fraction of each matrix has a variable 

mineralogical composition composed of smectite, illite and kaolinite. Time-dependent neutron 

diffraction has allowed to follow the kinetics of methane hydrate formation.  The mineralogical 

composition of the matrices has a strong impact on hydrate formation with hydrate conversion 

rates ranging from less than 15 minutes to several days/months. The crystal structure of smectite 

provides large specific surface area, which promotes methane hydrate formation. Conversely, 

illite and kaolinite do not appear to promote hydrate formation. Furthermore, methane hydrate 

formation is favored in the large pores of clays (mesoporous and macroporous) and/or in the 

inter-particular spaces.  

 

b. Materials and methods  

 

i. Sediment 

 

Black Sea sediments collected during the GHASS126 cruise in 2015 are used for the first time 

to synthesized methane hydrate in the lab. Black Sea is known as a major methane hydrate 

reservoir on earth and it is thus a large-scale natural lab to understand methane hydrate 
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formation and implication on geohazards. These sediments were collected on the Romanian 

margin of the Black Sea, and analyzed at Ifremer (Brest) by XRD. The sediment is mainly 

composed of clay (60 %) and 40 % of other minerals (mainly quartz, calcite and plagioclase) 

(Table 21). This matrix is denoted as BS in this paper. 

Illite clay (Argiletz, France) is the last matrix used in this study. It was identified as a good 

sedimentary analog to reproduce Black Sea sediments. Illite, characterized by XRD at Ifremer 

(Brest), is composed of 60 % clays and 40 % other minerals like quartz and calcite (Table 21). 

Illite is a non-swelling clay, its structure is very similar to that of 2:1 mica, where two tetrahedral 

sheets sandwich an octahedral one to build up the T–O–T unit.293 This matrix is denoted as IS 

in this paper.  

Montmorillonite (Montmorillonite K10, Sigma Aldrich) was selected as the representative 

smectite clay mineral for this study. It consists of aluminosilicate layers stacked in the 

perpendicular direction.294–296 It is a 2:1 clay mineral part of the smectite group. The clay layers 

are constituted of an octahedral sheet sandwiched between two tetrahedral sheets. Due to 

tetrahedral substitutions, smectite layer are negatively charged. This charge is compensated by 

the presence of interlayer cations located in the interlayer space. Due to their strong affinity 

with water, water molecules can fill the interlayer space and cause the swelling of the crystal 

lattice. This characteristic layered structure provide extremely large specific surface area, which 

is known as a kinetic promotor for gas hydrate.32,235 Montmorillonite K10 is composed of 70 % 

of clay and 30 % of other mineral. To mimic the natural Black Sea sediment composition, 

montmorillonite is mixed with Fontainebleau sand to reach a composition of 60 % clays and 40 

% of other minerals (Table 21). This mixture is denoted as MS in this paper. 

The three matrices (BS, IS, MS) are hydrated with deuterated water (Sigma Aldrich) under 

nitrogen atmosphere at room temperature prior neutron diffraction experiments. The amount of 

deuterated water added onto the mixture is determined from the free space volume of sand. A 

volume of 5 cm3 is filled with sand. The free space volume is approximated at 40%. The samples 

are prepared with a saturation level of 75 % of the free space volume according to the sand, 

which correspond to added 1.5 cm3 of deuterated water in 5 cm3 of each matrix. According to 

experimental studies on hydrate formation in silica sand, fine sand and glass beads, an optimal 

value of water saturation is around 70 %.203,211,212 This saturation keeps the pores interconnected 

and creates channels for gas circulation, which provides a large surface contact between water 

and gas, and consequently favors hydrate formation.  
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The methane gas (99.995 % of purity), used for hydrate formation in all the experiments 

presented here, is supplied by Air Liquid. 

Table 21. Main properties of the sediments used in this study. 

 

ii. Experimental procedure. 

 

In-situ neutron diffraction experiments is used to study methane hydrate formation in clay 

sediments. Experiments are conducted on the 2-axis high intensity neutron diffractometer of 

ILL, Grenoble, D20, at constant methane pressure (70 bar) and temperature (282 K). These 

thermodynamic conditions were chosen to reproduce the natural environment of the Black Sea 

where the methane hydrates have been collected at around 700 m water depth (70bars), where 

the seafloor temperature is close to 282 K.10 D20 is a high resolution diffractometer which 

provides a very high neutron flux at the sample position. An aluminum cell is filled with the 

different systems partially saturated with deuterated water. A gas injection pump and an orange 

cryostat control the pressure and temperature. The same procedure is applied to all three 

matrices. The diffraction recording starts once the gas is in contact to the sample. The hydrate 

formation is recorded over time with a wavelength of λ = 2.414 Å. A diffractogram is collected 

every minute over a period of typically 2-5 h to follow the reaction of the gas (at constant 

pressure and temperature) with the hydrated matrices. 

In parallel, methane hydrates samples were synthesized at the laboratory prior the experiment 

in IS and BS. The sediments partially saturated with D2O are pressurized prior to diffraction 

experiments during five different pressurization times. The samples were pressurized with CH4 

Properties 
Montmorillonite 

(MS)  

 
Illite (IS) 

Black Sea sediments 

(BS) 

Particle size ( Dmean ) 14 µm  4.5 µm 2.75 µm 

BET Surface area 240.8 m2/g  66.5 m2/g 63.1 m2/g 

Global mineralogy   
 

 

Quartz  30 %  25 % 14 % 

Argiles / micas  60 %  60 % 60 % 

Calcite  -  14 % 5 % 

Plagioclase 10 %  - 8 % 

Clay fraction mineralogy   
 

 

Smectite 82 %  < 5 % 5-10 % 

Illite  15 %  77 % 60 % 

Kaolinite  < 5 %  17 % 20 % 

Chlorite  < 5 %  < 5 % 10 % 
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at 200 bar at constant temperature T = 282 K during 1, 7, 30, 75 and 110 days. Samples were 

then stored in liquid nitrogen to ensure the stability of the formed hydrate until analyses. 

Neutron diffraction experiments on these ex-situ methane hydrate samples have been performed 

at ILL, Grenoble using the high intensity two-axis powder diffractometer D1B with an incident 

wavelength of 2.52 Å. Its high efficiency position sensitive detector (PSD) covers a 2θ 

scattering angles range from 0.8° to 128.8°. The methane hydrate samples were cold-transferred 

to the orange cryostat at constant temperature (150K). Diffractograms were collected at 

constant temperature with acquisition time of ca. 2 h. The conversion rate of water into hydrate 

is estimated by Rietveld refinement.232 

 

c. Experimental results 

 

i. Monitoring the methane hydrate formation. 

 

Figure 58 presents the diffractograms recorded during the formation of methane hydrate within 

the three different matrices: MS, IS and BS. The diffractograms are presented over a period of 

100 min for a better comparison but some of the diffractograms have been recorded over several 

hours. The apparition of the Bragg peaks characteristic of the structure I hydrate (cubic structure 

a ≈ 12 Å) is the signature of methane hydrate on the diffractograms.286 As the methane hydrates 

begin to grow, the intensity of the Bragg peaks increases. In the presence of montmorillonite, 

the hydrate is formed within few minutes after the application of gas pressure. The hydrate 

peaks intensity continues to increase with the amount of water converted into hydrate. After 

one hour, the intensity of the Bragg peaks reaches a plateau. Either the sample has reached 

complete consumption of one of water within the matrix, or the mass transfer of the molecular 

species (water or gas) to the hydrate-forming interface is limited, resulting in low driving forces 

and a slow rate of hydrate formation.60 Conversely, in the case of methane hydrate formation 

in IS and BS, no Bragg peaks related to the presence of gas hydrate appeared during the time 

of pressurization (more than 3 hours). From the observation of the diffractograms, it is already 

possible to conclude about the effect of the sediment composition on the gas hydrates formation 

kinetics. Indeed, the water-to-hydrate conversion occurs very quickly (within 10 minutes) in 

the MS matrix. Compare to IS and BS, MS contains a large portion of smectite clay. The 

presence of smectite provides a largest surface area (Table 21), which is known as a kinetic 

promotor for gas hydrate formation.  In IS and BS, the hydrate formation takes longer than 3 
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hours of pressurization. Samples prepared ex-situ during longer pressurization times are needed 

to study the hydrate formation kinetics inside these matrices.  

 

Figure 58. Time evolution of the structure of methane hydrate formed at 282 K and 70 bar 

within MS (top), IS (middle) and BS (bottom) over 100 minutes. The red dashed lines indicate 

type I hydrate Bragg. 

Methane hydrates were synthesized in IS and BS in the lab prior neutron experiments. The 

samples were prepared at constant pressure (200 bar) and temperature (282 K) during 1, 7, 30, 

75 and 110 days. A diffractogram is collected for both matrices on each sample with different 

pressurization time (Figure 59). In both matrices, Bragg peak related to methane hydrate sI can 

be observed after one day of pressurization. However, their intensity is extremely small 

compared to the intensity of ice peaks. When the number of pressurization days increases, it 
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can be observed that the fraction of ice in the sample decreases while the Bragg peaks of sI 

hydrate increases. The free water available in the sample decreases to form methane hydrate. 

In BS, the Bragg peaks of sI hydrate are more intense than in IS, and the signal of ice disappears. 

In order to quantify and understand these differences, a kinetic model is applied to the 

experimental data collected with neutron diffraction.  

 
 

 
Figure 59. Diffractograms of methane hydrate in IS (top) and in BS (bottom) for different 

pressurization time (1, 7, 30, 75, 110 days). Bragg peaks of methane hydrate structure sI, ice 

and the matrices are tagged by the black diamonds, the blue hexagons and the orange stars, 

respectively.  
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ii. Quantifying the methane hydrate formation kinetics. 

 

The quantitative analysis of the gas hydrate formation kinetics has been carried out for 

subsequent modeling. Rietveld refinement for each pressurization times and each sample has 

been conducted to measure the fraction of water converted into hydrate (called gas hydrate 

“conversion rate” 𝛼(𝑡)) defined as:  

𝛼(𝑡) =
𝐴ℎ𝑦𝑑𝑟𝑎𝑡𝑒(𝑡)

𝐴𝑖𝑐𝑒(𝑡) + 𝐴ℎ𝑦𝑑𝑟𝑎𝑡𝑒(𝑡)
 (36) 

Where 𝐴ℎ𝑦𝑑𝑟𝑎𝑡𝑒(𝑡) and 𝐴𝑖𝑐𝑒(𝑡) are the integrated area of the Bragg peaks of hydrate and ice 

respectively as function of the time of pressurization 𝑡, as measured with Rietveld refinements 

(APPENDIX 4, Figure S1 and Figure S2). The Bragg peaks of each fraction are attributed by 

Rietveld refinement according to their space group. The cubic crystalline structure (Pm-3n) is 

used to refine the Bragg peaks of methane hydrate sI. Ice Bragg peaks are characterized by a 

fraction of cubic ice (Ic) and hexagonal ice (Ih), Fd-3m and P63/mmc structures respectively. 

The conversion rate for IS and BS as function of time plotted in Figure 60 and compared to the 

methane hydrate formation kinetics in MS. 

 

Figure 60. Experimental kinetic curves of CH4 hydrates in BS (green square) and IS (blue 

triangle) synthesized ex-situ at 200 bar and 282 K. The black lines represent the fitted data with 

the modified BNG model in IS and BS and the red dashed line is the fitted curve of the kinetics 

of methane hydrates in MS from Figure 56. 
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The fraction of water converted into hydrate phase is very low (less than ca. 10%) for the sample 

pressurized during one day. This result was expected as the D20 in-situ neutron diffraction 

experiments did not show any Bragg peak of methane hydrate sI after more than 5 hours of 

pressurization for the methane hydrates synthesized in these matrices. After 110 days of 

pressurization, the fraction of methane hydrate has greatly increased. In the IS, the fraction of 

water converted into hydrates is still very low (less than ca. 35%). In the natural sediments from 

Black Sea (BS), the fraction of hydrate in the sample is higher, with more than 80% of the water 

converted into hydrate. The methane hydrate formation kinetics in MS have been studied into 

details in a previous paper. The presence of smectite in large quantity promotes hydrate 

formation. At 70 bar, 282 K, methane hydrate formation into MS occurs in less than 15min, 

reaching an almost complete conversion in less than one hour. 

While in montmorillonite, the large specific surface area seems to play a major role in 

promoting hydrate formation, the kinetic difference between IS and BS cannot be explained in 

the same way, as these two matrices have very similar specific surface areas (Table 21). Particle 

size is also known to be a property involved in the mechanisms and kinetics of hydrate 

formation. Métais et al.94 in 2021 used silica beads ranging from 70 nm to 210 μm. They 

observed a strong variation of the formation kinetics of the gas hydrates with the size of the 

sediment analogues particles, going from a very fast ice-to-hydrate conversion with the 70 nm 

silica nanoparticles to a very slow hydrate formation with silica particles larger than 50 m. 

They therefore concluded that gas hydrate formation is faster when formed in presence of 

smaller sediment size.94 Only a small difference in particle size is observed when comparing 

illite and natural Black Sea sediments, 530 nm and 275 nm respectively (Table 21). This 

difference could play a role in the faster water-to-hydrate conversion in natural sediments (BS) 

compared to IS, but is not sufficient to explain a conversion of up to 80% in BS for only 35% 

in IS. The impact of clay composition is now considered. The sample synthesized in IS, exhibits 

an impeding effect on the formation of gas hydrates. Moreover, a low conversion rate is reached 

after 110 days of pressurization.  This commercially available illite matrix (IS) matrix contains 

77% of illite clay and almost 20 % of kaolinite clay. The natural sediments from the Black Sea 

(BS) are composed of 60 % illite clay, 20 % kaolinite clay and between 5-10 % of smectite 

clay. Methane hydrate formation in kaolinite was previously investigated by Li et al. 216 in 2020. 

Molecular dynamics simulations demonstrated two nucleation processes, first, the bulk-like 

formation and then the formation of semi-clathrate at the siloxane surface of kaolinite clay.216 

As the second nucleation process occur at the nanoscale of clay when CH4 is in close contact 
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with siloxane surface only, it can be concluded that experimentally, methane hydrate formation 

in presence of kaolinite mainly occurs in the time scale of bulk phase formation. Kaolinite, 

being in similar proportion in IS and BS, cannot explain the kinetic difference observed in this 

work. Here, the proportion of smectite inside the natural matrix draws attention. In our previous 

work, methane hydrate formation performed in montmorillonite (smectite clay) demonstrated 

the promoting effect of such clay mineral with an extremely fast nucleation (less than an hour) 

with almost complete water-to-hydrate conversion. Thus, the faster kinetics in the natural Black 

Sea sediments (BS) can be explained by the presence of smectite. Illite would then act as an 

inhibitor of methane hydrate formation. In BS, the fraction of illite is larger than the fraction of 

smectite. Hence, the methane hydrate formation will be shorter IS but longer that MS.  

 

iii. Modeling the methane hydrate formation kinetics. 

 

The modified Grain Boundary Nucleation (GBN) model was used to reproduce the kinetic data 

recorded during ex-situ neutron diffraction experiment on the two different matrices studied 

during this work: IS and BS (Figure 60). This model is applicable to the study of 

transformations in polycrystalline materials, especially when nucleation occurs at grain 

boundaries.288 Nucleation and growth rates are assumed constant throughout the process. 

Improvements to the model have been made to allow anisotropic growth from a constant 

number of nuclei or with a constant nucleation rate.289 The BNG model was first used and 

adapted by Métais et al.94 to study the kinetics of gas hydrate formation from ice in the presence 

of silica beads. Most recently, it was used to adjust kinetics data of methane hydrate formation 

in presence of montmorillonite.  

The BNG model follows this expression: 

𝛼(𝑡) = 𝐴 {1 − 𝑒𝑥𝑝 [−2𝑘2(𝑡 − 𝑡0) (1 −
𝐹𝐷[𝑘1(𝑡 − 𝑡0)]

𝑘1(𝑡 − 𝑡0)
)]} + (1

− 𝐴){1 − 𝑒𝑥𝑝[−𝑘3(𝑡 − 𝑡0)]} 

(37) 

 

FD(x) is the Dawson function, defined as:  

𝐹𝐷(𝑥) = exp (−𝑥2)∫exp (𝑦2

𝑥

0

)𝑑𝑦 (38) 

Where (t) corresponds to the conversion rate of water into hydrate at time t. t0 corresponds to 

the time when the diffusion process starts. A is a constant related to the water fraction converted 
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into a hydrate layer at the water-gas interface. The first part of the above equation is devoted to 

the description of the formation of a hydrate surface layer at the water-gas interface. At the 

water-gas interface, the heterogeneous nucleation of the gas hydrate is controlled by the 

constant k1.  Then, a hydrate layer forms with a limited thickness characterized by the kinetic 

constant k2. A "phenomenological" term is used in the second part of the equation and describes 

the diffusion process associated with hydrate growth. It is characterized by the constant k3: 

hydrate growth occurs at the hydrate-water interface where gas molecules diffuse through the 

hydrate layer and water molecules diffuse at the hydrate-gas interface into the gas phase. 

The above model successfully fitted the kinetic data and the fitted curves are shown in Figure 

7. Valuable data on the hydrate formation process in clay matrices could be obtained. All 

parameters are listed in Table 22. 

 MS  IS BS 

A 0.8 ± 0.01 0 0 

k1 8.0 ± 0.003 x 10-2 min-1 0 0 

k2 9.3 ± 2.0 x 10-2 min-1 0 0 

k3 3.9 ± 3.1 x 10-4 min-1 1.7± 0.1 x 10-6 min-1 9.0± 1.4 x 10-6 min-1 

Table 22. Kinetic parameters of the modified BNG model for methane hydrate formation in 

MS, IS and BS.  

Kinetics modeling of the data recorded in IS and BS allows highlighting a unique phenomenon 

involved in the formation of methane hydrate. Indeed, compared to the hydrate formation in the 

presence of MS where the kinetics consists of three major steps. A rapid heterogeneous 

germination followed by the growth of a hydrate layer at the water/gas interface and a diffusion 

stage reached rapidly. The kinetics of hydrate formation in these two matrices are dominated 

by the diffusion phenomenon exclusively. This formation is therefore similar to the formation 

of bulky hydrate.297,298 The surface of these clays does not seem to modify the hydrate formation 

mechanism; however, the difference observed between the two matrices can be explained by 

the effect of the mineral composition. Both IS and BS have a large proportion of illite clay. 

Illite is a non-swelling clay with K+ cations in the interlayer layer: K+ cation has an extremely 

weak interaction with water and does not allow the initiation of solvation and swelling. This 

means that water in the matrices will only have access to the mesopores and macropores of the 

clays and the inter-particular space between clay and sand grains. As the kinetic rate of hydrate 

formation is similar to hydrate formation from pure liquid water297,298, it can be concluded that 
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the multiscale distribution of pores in clays does not play a role in the promotion of methane 

hydrates and hydrate formation may occur in the inter-particular space. This result is supported 

by Wu et al. 215 who highlighted that it is much easier to form hydrate in bulk phase than in 

pores suggesting that hydrate formation may favor the formation in larger pore sizes. However, 

the presence of smectite in small proportion in BS may promote hydrate formation over IS. In 

the study of the kinetics of methane hydrate formation in MS, methane hydrate formation occurs 

in less than 15 minutes, highlighting the promotor effect of smectite clay. Besides the mineral 

composition, the large specific surface area provided by the smectite particles (Table 18) seems 

to be the main reason that favors hydrate formation in MS and BS compared to IS. Large 

specific surface area is known as a promotor effect of hydrate formation by improving the 

water-gas reaction. Furthermore, this work tends to state that hydrate formation in these 

matrices does not take place in the interstitial space but in larger pores or between the particles. 

 

d. Conclusion.  

 

In this work, the formation of methane hydrates in the presence of a commercially available 

illite matrix (IS) and natural Black Sea sediments (BS) was studied by neutron diffraction. 

Diffraction patterns of each sample synthesized from 1 day to 110 days at constant pressure and 

temperature in these two matrices were collected. Analysis of the diffractograms allowed the 

study of the structure of the hydrate formed and the kinetics of formation. No structural 

differences were observed in the two matrices. The kinetic study was performed by determining 

the intensity variation of the Bragg peaks related to the sI methane hydrate. The significant 

presence of illite (>60 %) in both matrices seems to have an inhibitory effect on hydrate 

kinetics. This results in a low hydrate conversion rate (<30 %) after 110 days in IS as well as a 

diffusion rate close to bulk hydrate formation. Methane hydrate formation in the presence of 

natural Black Sea sediments is more rapid and reaches a conversion rate of almost 85 % after 

110 days. The presence of smectite in this sample (~10 %) and comparison with previous work 

on montmorillonite confirm the promoting effect of smectite due to the large specific surface 

area of smectite clay. This work is a significant advance in the understanding of the mechanisms 

governing the formation of methane hydrates in sedimentary environments. 

  



168 
 

 

 

  



169 
 

 

  



170 
 

  



171 
 

  

CHAPTER 5: 

Hydrate formation 

in clays: 

investigation of 

confinement 

signatures. 
 



172 
 

 
  



173 
 

I. INTRODUCTION. 

 

The significant natural occurrence of methane hydrates in deep marine sediments and 

permafrost regions draws strong attention to the estimation of these marine carbon resources 

but also to the geotechnical and geoclimatic consequences of such quantities in a complex and 

changing environment. As of today, the amount of energy stored in CH4 hydrates is estimated 

to be twice that contained in conventional fossil fuels, with values ranging from 600 to 10,000 

billion tons of methane trapped in hydrates.104,227 This large range requires a better 

understanding of the mechanisms of hydrate formation in natural environments, accumulation 

and storage capacity. This information is even more important in the field of geohazards. In the 

context of climate change, recent studies underlined the possible effects of the increase in 

seabed temperature, leading to hydrates destabilization, submarine land-slides and tsunami 

waves formations.10 In longer timescales, this could participate in ocean acidification and 

released-methane may reached the atmosphere.10 These climatic consequences motivate the 

scientific community to explore and bring new insights on methane hydrates formation in 

natural environment.  

Nonstoichiometric crystalline compounds, methane hydrates are constituted by hydrogen-

bonded water (host) cages in which methane (guest) molecules are trapped. The stability of the 

guest-host organization is handled by Van-der-Waals interactions.3 It exists three main gas 

hydrate crystalline structures: sI, sII and sH characterized by the assembly of different types 

and sizes of cages.3 Methane hydrate is known to form the structure sI hydrate. This cubic unit 

cell (space group Pm3̅n with a lattice constant a =11.77 Å at T = 100 K 92) is formed with six 

51262 large cages (12 pentagons and 2 hexagons) and two 512 small cages (12 pentagons)3, both 

types of cage being filled with methane molecule. 

In natural environments, methane hydrates are found in fine-grained clay-rich sediments mixed 

mainly with silica materials like plagioclase, quartz and feldspars.235,236 Initially, in order to 

study the formation of methane hydrates in natural environments, the scientific community 

focused on the formation in the presence of various surrogates. Silica sand with various particle 

size ranging from 50 to 500 μm were used as sediments analogs. Liu et al.158, investigated the 

influence of sand particle size on cage occupancy and hydration number and observed similar 

results compared with bulk hydrate, indicating the lack of influence of the particle size on 

hydrate composition. Magnetic resonance imaging performed by Bagherzadeh et al., in 2011, 

showed a heterogeneous distribution of hydrates in a bed of silica particles and provides a 



174 
 

correlation between low water content and enhanced gas transport that improves water-gas 

contact.161 The understanding of hydrate formation also requires the study of the formation 

kinetics and in particular the impact of the sedimentary environment on the kinetics. 

Experiments conducted by Heeschen et al.143 have shown that sediments particle size effect 

have a strong effect on the kinetics of gas hydrate formation, especially, medium or coarse 

sands conducted to a slower gas hydrate formation compared to a high concentration of fine 

grains <125 μm. Similar results have been observed by Métais et al.94 with gas hydrates in 

presence of glass beads. They have shown the promotor effect of nanoparticules silica beads 

with hydrate formation starting in few minutes.94 In addition to the effect of particle size on 

hydrate formation, experiments devoted to the study of hydrate formation in porous media, 

more similar to the natural system; have explored the effect of porosity on the kinetics. In 

particular, the surface of porous materials provides new nucleation sites and ensures a better 

gas−water contact resulting in a better hydrate formation kinetics compared to other matrices 

(quartz, sand).19,201 

From these studies emerged a major question, where does the formation of methane hydrate in 

porous media occur? This ambitious objective has led to original experiments including the 

study of the formation of gas hydrates in mesoporous MCM-41168, activated carbons and carbon 

nanotubes162,169,170 and metal organic frameworks (MOFs)171. Despite the information obtained 

on the macro-properties of the hydrates and the effects on the kinetics, the techniques used did 

not allow to identify the formation of hydrates in confined nanoporous spaces. 

Inelastic Neutron Scattering (INS) has proven its major role in the study of hydrogenated 

samples and in particular its performance in the study of the dynamics of atoms as well as the 

signal of confined molecules. 299,300 Thus, pure methane hydrate was the subject of numerous 

studies, notably dedicated to the signatures of the guest molecule with mainly the identification 

of the methane rotation bands in the SC and LC of structure sI.301,302 Studies were then carried 

out on the analysis of guest-host interactions and the attribution of signatures of the translational 

modes and librational modes of water molecules in ice or as part of networks constituting the 

cages of the hydrate.303–307 One study investigated a sample of natural methane hydrate 

collected on the Pacific sea-floor where they identified the signatures of the three first rotational 

transitions of methane trapped in hydrate cages.308 Recently inelastic neutron spectroscopy 

studies have been performed on hydrate samples formed in the presence of porous activated 

carbons and in MOFs162,163. The rotational signature identified in the samples are similar to 

those observed in the natural methane hydrate of the Pacific sea-floor and would be the first 
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evidence of hydrate formation in nanoporous spaces. These studies reported a minimum 

confined size of 1.6 nm necessary for methane hydrate formation.162,309 However, this 

dimension evaluated by Uchida et al.310, would exhibit a minimum of 3 nm in for maintaining 

the hydrate stability.  

All the experiments carried out on these sedimentary analogues have extended the 

physicochemical information on the formation of hydrates. However, in order to go further, it 

is necessary to reproduce the natural environment by taking into account its diversity, in 

particular by studying the influence of clayey sediments on the formation of hydrates. Clays are 

layered crystalline materials characterized by the structure of the layers and its stacking 

organization. According to their nature, clays are classified by their swelling properties in the 

presence of water characterized by the interlayer distance d001. For swelling clays, smectites, 

this distance can vary between 10 and 20 Å.311  Conversely, non-swelling clays are 

characterized by a fixed and specific d001 depending on the type of clay (d001(Kaolinite) = 7 Å, 

d001 (Illite) = 10 Å).312  In addition to this interlayer space, the structure of clays is composed of 

a multiscale porous network ranging from 20 to more than 500 Å constituted of mesopores and 

macropores.313  This provides the clays a large specific surface area and raises questions about 

the impact on gas hydrate formation. Today, the majority of projects dedicated to this study use 

molecular simulation techniques. Only few studies have investigated the formation of methane 

hydrates in the presence of non-swelling clay. Molecular dynamic simulations focusing on the 

kaolinite effect shows that hydrate nucleation is affected by water and gas contacts with the 

surfaces of the clay layers, resulting in two nucleation events: in the bulk phase and near clay 

surfaces.216 The adsorption of cations on the clay surface would be involved in the formation 

of methane nanobubbles at the liquid water/hydrate interface during decomposition. Molecular 

dynamics simulations conducted by Fang et al.217 have identified this effect. The majority of 

studies focuses on the effect of swelling clays on the formation of gas hydrates and mainly on 

Montmorillonite. Molecular dynamics simulations have allowed the formation of methane 

hydrate in the interlayer space of montmorillonite. In particular, a study conducted by Yan et 

al. shows that the interlayer distance required to form the hydrate is 24 Å, which would 

correspond to 6 layers of water intercalated.29 It is suggested that methane hydrate adopts a 

distorted structure constituted with the basal oxygen atoms of the silicate rings and intercalated 

H2O molecules.29–32 However, experimental studies of methane hydrate formation in the 

interlayer space of Na-Montmorillonite are inconsistent. X-ray diffraction experiments 

highlight the formation of the methane hydrate in the interlayer space, formation characterized 
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by a d001 equal to 22 Å.33,34 Conversely, the study conducted by Kim et al.35 affirms that the 

formation of the hydrate structure in this space is physically impossible and identifies the 

formation in noninterlamellar voids like mesopores and macropores. Nevertheless, 

experimental and theoretical studies show that the surface of clays helps to provide a stabilizing 

influence of gas hydrate formation.31,35 On the contrary, Wu et al.215 indicate that it is much 

easier to form hydrate in bulk phase than in pores.  

Other question arises from these results: could there be potential impact of the clay matrix on 

the formed structure of hydrate and does it influence hydrate cage occupancy? 

In this work, the influence of the nature of the clay sediment on the structure of the hydrate 

formed, the cage occupancy and the distribution from the micro- to the nano-scale is 

investigated. Neutron diffraction (ND), Raman spectroscopy (RS) and Inelastic Neutron 

Scattering (INS) were selected in this work to provide new original data on synthetic and natural 

methane hydrate. The collected information of the synthetic samples made in illite, kaolinite, 

montmorillonite and Black Sea natural sediments are compared to the natural sample collected 

in Black Sea in September 2021 during the GHASS2 cruise.  

 

II. MATERIALS AND METHODS. 

 

a. Sample preparation 

 

Synthetic methane hydrate samples were prepared in presence of Black Sea natural sediments, 

Illite, Kaolinite and Montmorillonite. All the matrices are constituted with 60 % clay and 40 % 

of other minerals (mainly quartz).   

Black Sea sediments were collected during the GHASS cruise in 2015 on the Romanian 

sector.126 Black Sea sediments are denoted BS in this work. These sediments have been 

analyzed by XRD and are naturally composed of clay (60 %) and 40 % of other minerals 

(mainly quartz, calcite and plagioclase). The mineralogical analysis of the clay composition 

indicates the average presence of 60 % illite, <10% smectite, 20 % kaolinite and 10 % chlorite.  

The illite matrix commercialized by Argiletz (FR) will be denoted IS in this work. Its mineral 

composition makes this matrix an excellent sedimentary analogue of the natural sediments of 

the Black Sea since it is composed of 60 % clay and 40% other minerals (quartz, calcite). Illite 

is a 2:1 dioctahedral clay mineral characterized by the structure of its layers, which consists of 
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two tetrahedral sheets which intercalate an octahedral sheet to constitute the T-O-T unit.312 The 

K+ cations are present in the interlayer space and confer to this clay a non-swelling behavior.  

The kaolinite matrix is commercialized by Argiletz (FR). It is a non-swelling clay made up with 

two types of layers: a tetrahedral silica sheet and an octahedral alumina sheet. Hydrogen bonds 

provide the connection between the two types of sheets and avoid water molecules to enter in 

the interlayer space.312 To reproduce the mineral fraction of the natural sediments, kaolinite was 

mixed with Fontainebleau sand (Laboratoires Humeau, FR) to constitute a matrix with 60 % 

clay and 40 % quartz, denoted KS. 

Montmorillonite (Montmorillonite K10, Sigma Aldrich) is a smectite clay. It is a naturally 

abundant material and is chemically modified by the cation-exchange method. Like illite clays, 

it is a 2:1 dioctahedral mineral clay. However, its swelling behavior differs by the nature of the 

intercalated cations (Na+, Mg2+, Ca2+, Li+ ) which in the case of montmorillonite, provides a 

suitable environment for water molecules to access the interlayer space and gives to this clay 

an extremely large specific surface area and swelling capacity.311 The swelling properties of 

this montmorillonite clay was analyzed thanks to neutron diffraction by determining the 

scattering angle of the Bragg peak attributed to the (001) plane used to estimate of d001 distance 

(see APPENDIX 5, Figure S1) and the supplementary information. A matrix made with a 

mixture of Montmorillonite and Fontainebleau sand (Laboratoires Humeau, FR) constitutes a 

reference swelling matrix for this study with 60 % clay and 40 % sand, denoted MS.  

The main physicochemical properties of the four matrices BS, IS, KS, MS are detailed in Table 

23. 
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Table 23. Main physicochemical properties and mineral composition of the four clay-rich 

matrices used as methane hydrate substrates. 

To form methane hydrates, at room temperature, the four matrices where homogeneously 

hydrated with deuterated water (D2O) or purified MilliQ water (H2O) for neutron diffraction 

and spectroscopy experiments, respectively. For a same volume of each matrix, the amount 

D2O or H2O corresponding to 30 % of this same volume was injected and then, manually mixed 

with each sediment. Once hydrated, the matrices are place inside home-made aluminum 

pressured-cells connected to a gas pump to control gas pressure. The cells pressure and 

temperature are fixed during 14 days for hydrate formation at 200 bar and 282 K. The 

temperature is controlled by a water bath. After 14 days, the hydrate samples are collected and 

stored in liquid nitrogen until analyses.  

Natural methane hydrate samples were collected on the Romanian sector of the Black Sea in 

September 2021 during the scientific cruise GHASS221. The samples investigated in this study 

were recovered from core CS05 collected 345 cm below the seafloor at the top of the crest line 

near gas flares. In this core, X-ray diffraction analysis of the sediments revealed a composition 

close to 60 % clay including kaolinite, smectite and illite. 

 

 

 

 

Properties 
Montmorillonite 

(MS) 
 Illite (IS) Kaolinite (KS) 

Black Sea 

sediments (BS) 

Particle size ( Dmean ) 14 µm  4.5 µm 5.8 µm 2.75 µm 

BET Surface area 240.8 m2/g  66.5 m2/g 17.5 m2/g 63.1 m2/g 

Global mineralogy   
 

  

Quartz  30 %  25 % 40 % 14 % 

Argiles / micas  60 %  60 % 60 % 60 % 

Calcite  -  14 % - 5 % 

Plagioclase 10 %  - - 8 % 

Clay fraction mineralogy   
 

  

Smectite 82 %  < 5 % - 5-10 % 

Illite  15 %  77 % < 5 % 60 % 

Kaolinite  < 5 %  17 % 84 % 20 % 

Chlorite  < 5 %  < 5 % 14 % 10 % 
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b. Techniques 

 

Neutron Diffraction (ND).  

Structural analysis of synthetic deuterated methane hydrates in clay matrices was performed on 

the 2-axis high intensity neutron powder diffractometer D20 at Institute Laue-Langevin (ILL), 

Grenoble (FR). IS, KS, BS and MS are the matrices selected as hydrate-forming sediments to 

mimic natural hydrate formation in marine environments. Deuterated hydrate samples are cold 

transferred in liquid nitrogen to an aluminum cell prior the experiments. Diffractograms are 

collected at 150 K and 1 bar with a wavelength of λ = 2.41 Å.  

Raman spectroscopy (RS).  

Raman spectroscopic experiments were conducted on the LabRam HR Evolution Raman 

microspectrometer (Horiba Jobin Yvon, Villeneuve d’Ascq, France) using a λ0 = 405 nm 

wavelength laser as the excitation source. A long-working distance objective 50x is used for an 

optimum spatial resolution to focus the incident laser beam on the sample and to collect the 

Raman scattering. The Raman scattering is dispersed by a holographic grating of 1800 lines/mm 

(high resolution) and analyzed by a Peltier-cooled CCD detector (Andor, Belfast, UK). The 

intensity of different wavelengths of the spectrum are measured with a spectral resolution of 

2.5 cm–1 (full width at half-maximum). The calibration of the spectrometer was done using the 

520.7 cm–1 mode of a silicon sample. The data were collected on a spectral range from 150 to 

3800 cm–1. Crushed hydrate samples are placed on a Peltier plate in an optical Linkam cell 

(Linkam Scientific Instruments Ltd., UK) with a glass window on top, which allows 

microscopic investigation and Raman spectroscopic measurements. Crushed synthetic 

hydrogenated and natural samples (CS05) collected in Black Sea during the GHASS2 cruise 

are characterized by Raman micro mapping at 150 K and 1 bar. This technique allows phase 

identification and 2D chemical distribution at the micrometer scale.  

Inelastic Neutron Scattering (INS).   

INS was used to identify and attribute the hydrogen vibrational signatures in synthetic 

hydrogenated and natural samples from the Black Sea (CS05). Spectra were measured at 10 K 

in the range of energy transfers from 10 to 140 meV (80 to 1200 cm-1) on the IN1-Lagrange 

neutron spectrometer at ILL. Hydrate samples were cold transferred into aluminum cells under 

inert atmosphere and connected to a sample-changer designed at ILL. The raw INS spectra were 
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pre-treated by subtracting the background spectrum from the cryostat and an empty sample 

holder.  

 

III. RESULTS AND DISCUSSION. 

 

a. Structural analysis and cage occupancy 

 

The influence of a clay-rich matrix on two characteristic properties of methane hydrates was 

investigated. Neutron diffraction was used to characterize the crystalline structure of the 

synthetic formed hydrate and Raman micro-spectroscopy contributed to evaluate the cage 

occupancy of synthetic and natural hydrates, all according to the four selected matrices (IS, BS, 

MS, KS). Synthetic pure methane hydrate was used as a reference system.  

Neutron diffraction is used to study the structure of methane hydrates formed in the presence 

of clay minerals. On a previous paper, this technique was used to determine the impact of clay 

minerals on methane hydrate formation kinetics. Unlike X-ray diffraction, commonly used for 

the study of methane hydrates in the presence of Na-Montmorillonite 34, activated carbons162 or 

MOFs163, neutron diffraction allows to better access the deuterated aqueous substructure (ice, 

hydrate) due to the coherent scattering cross-section of the deuterium compared to the signal of 

the matrix (clay, sand). Thus, this study focuses on the analysis of the structure of clays and of 

the formed hydrate.  

The diffractograms collected at 150 K and 1 bar of the synthetic samples made in MS, IS, KS 

and BS are represented in Figure 61 and compared to the diffractogram of pure synthetic 

methane hydrate. The analysis of the Bragg peaks of the sedimentary matrices is focused on the 

(001) diffraction plane, which is used to determine the interlayer distance (corresponding to 

d001 as described in APPENDIX 5 and APPENDIX 5, Table S1). They are measured for 

kaolinite and illite as 7.11 ± 0.03 Å and 9.81 ± 0.56 Å, respectively. On the diffractogram of 

the Black Sea natural sediments, these two peaks are also observed, which is in agreement with 

the mineral composition of the natural sediments. Finally, the d001 of montmorillonite is 

broadened, which makes the determination of the interlayer distance difficult in the presence of 

hydrate. The broad peak is observed at 8.42 ± 0.15 °, which corresponds to a d001 of 16.44 ± 

0.15 Å and the study of the d001 of montmorillonite before and after the addition of deuterated 

water for hydrate formation shows a d001 distance of 14.61 ± 0.06 Å and 19,01 ± 0.1 Å, 

respectively (APPENDIX 5, Figure S1). The interlayer distance of montmorillonite is 
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contracted in presence of methane hydrate in the sample. This contraction phenomenon was 

previously reported with X-ray diffraction when investigating the effect of freezing on the 

swelling of Na-montmorillonite interlayer.314 They observed the decreased of the interlayer 

space due to the formation of solid water structure outside this space, causing the compression 

of water molecules.314 These values were also observed by Kim et al.35 and Guggenheim et al.34 

regarding the formation of methane hydrate inside the interlayer space of Na-montmorillonite. 

The Bragg peaks of methane hydrate in structure sI are labeled on the diffractograms in the 

Figure 61. The three most intense and isolated peaks are observed at 23.58 ± 0.01 °, 26.42 ± 

0°, 28.99 ± 0°. By comparing the data collected, it can be observed that the position and the 

width of the peaks in the four matrices are similar to the Bragg peaks of the diffractogram of 

the pure bulky hydrate. However, the intensity of the Bragg peaks varies depending on the 

fraction of water converted into hydrate in the samples. In MS, the Bragg peaks of hexagonal 

ice Ih are weak compared to the Bragg peaks of structure sI hydrate, most of the water available 

have been converted into hydrate. In the contrary, in IS, BS and KS, the Bragg peaks of Ih are 

more intense than the Bragg peaks of structure sI hydrate. According to these observations, the 

presence of clay does not influence the crystalline structure of the formed hydrate but the 

presence of methane hydrate in MS modifies the interlayer distance. Does it mean that methane 

hydrate is formed in the interlayer space or outside of it, involving the lattice contraction of 

MS?  
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Figure 61. Diffractograms recorded at 150K, 1bar of the pure bulky synthetic methane hydrate 

(top-Black) and methane hydrate formed in presence of BS (position 2-red), IS (position 3-

Blue), KS (position 4-Purple) and MS (Bottom-Orange). Bragg peaks of structure sI hydrate 

and hexagonal ice Ih are identified by black stars and bleu hexagons, respectively.  
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Before answering this question, the impact of the matrix on the vibrational signatures and cage 

occupancy of methane hydrate is studied. Raman spectroscopic measurements on the crushed 

pure hydrogenated synthetic methane hydrate, on the hydrate samples formed in the four clays 

matrices (KS, MS, BS, IS) and on natural hydrate sample CS05 collected in the Black Sea in 

September 2021 were performed at 150 K and1 bar. Examples of the collected spectra are 

shown in Figure 62.  

The typical spectra collected can be detailed into three main contributions of methane hydrate. 

The bands at 200-400 cm-1 corresponds to H2O lattice modes, and the O-H stretching bands are 

observed between 3000 and 3800 cm-1.42 These two signals exhibit similar features for ice and 

structure sI hydrate in the sample.44 The last region, 2700-3000 cm-1, corresponds to the 

stretching modes of methane molecules trapped in hydrate cages: two Raman bands centered at 

~ 2905 cm-1 and ~ 2916 cm-1 are attributed to the C-H stretching of methane trapped in the large 

cage (LC) and the small cage (SC), respectively.56 These spectroscopic signatures are in 

agreement with the formation of structure sI hydrate in Black Sea, as reported by Chazallon et 

al.153. Besides these signals, two weak bands at ~2570 cm-1 and ~3050 cm-1 are attributed to the 

overtone of C-H asymmetric bending mode (2ν4) and the first overtone of the C-H bending 

mode (2ν2) of methane in hydrate lattice, respectively (APPENDIX 5, Figure S2).233  

The spectra collected in the sediment-rich zone show a large background signal related to the 

fluorescence signal of clays. Moreover, numerous peaks are present in the range of 400-1500 

cm-1 related to clay layers (Si-, Al-, -OH).315 Spectra also showed a Raman band at ~465 cm-1 

characteristic of the presence of quartz in the sample.316 Additional signatures are observed at 

higher frequencies for Kaolinite clay, identified by five distinct Raman bands at 3620, 3652, 

3670, 3685 and 3693 cm-1 assigned to the O-H stretching modes of the three inner surface 

hydroxyl groups at clay layers.317 

Regarding the frequencies of the Raman bands attributed to LC and SC, the comparison of all 

the spectra recorded for the various synthetic and natural samples shows that the composition 

of the clay matrices does not change the frequency of the bands within the accuracy limit of the 

spectrometer.  
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Figure 62. Raman spectra of pure methane hydrate (top), natural methane hydrate CS05 

(middle) and methane hydrate in MS (bottom), recorded at 150K and 1bar. The inserts show 

the CH-stretching bands of methane molecules in the LCs (2905 cm-1) and SCs (2916 cm-1), 

respectively.  

The evaluation of cage occupancy of the methane hydrate can be done by using the vibrational 

signature of methane molecules in the LCs and SCs. The synthetic samples made in clay rich-

matrices (IS, BS, MS and KS) are compared to the pure synthetic methane hydrate sample and 
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the natural sample collected in Black Sea (CS05) with similar a clay composition (Figure 63). 

The cage occupancy is estimated from the ratio of the integrated Raman signal of the LC (ALC) 

and SC (ASC)56,318: 

𝐴𝐿𝐶

𝐴𝑆𝐶
= 3

𝜃𝐿𝐶

𝜃𝑆𝐶
(
𝜎𝐿𝐶

𝜎𝑆𝐶
)
2

 (39) 

θLC and θSC represent the CH4 occupancy and σLC and σSC are the Raman scattering cross 

sections of methane in LC and in SC, respectively. They are assumed to be similar in the pure 

structure sI methane hydrate.56,233 

Several spectra are collected over the sediment-free sample area and the average of the ratio of 

the LC and SC band areas of each spectrum is taken to estimate the cage occupancy of each 

sample. The number of spectra collected for each sample is summarized in the supplementary 

information (APPENDIX 5, Table S2). The ALC/ASC ratio is ranging from 2.8 and 3.7 (Figure 

63), which is closed to the value expected for structure sI methane hydrate.153,233,319 Comparison 

of cage occupancy ratios ALC/ASC in the various clay matrices, in the natural Black Sea sample 

and in pure methane hydrate suggests a low impact of sediments on the cage occupancy of the 

investigated hydrate. Furthermore, this result suggests that the samples formed in the laboratory 

accurately reproduce the formation of natural hydrates of the Black Sea.  
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Figure 63. Estimation of cage occupancy of pure methane hydrate, methane hydrate in the 

synthetic samples made with typical clays present in Black Sea and the natural sample CS05 

with similar clay composition. The error bars are calculated by the standard deviation measured 

from the average of Raman spectra collected for each sample (APPENDIX 5, Table S2). 

In order to interpret these results in favor of the formation of methane hydrate in the interlayer 

space of montmorillonite, four hypotheses can be formulated.  

o The formation of methane hydrate in the interlayer space leads to isotropic compression 

of the montmorillonite and hydrate lattices. This is visible on a diffractogram by the 

shift of all the Bragg peaks to smaller or larger angles.  

o Conversely, the formation of methane hydrate in this space leads to an anisotropic 

compression of the montmorillonite and hydrate lattices. This can lead to the loss of the 

cubic symmetry of the hydrate lattice, the formation of a distorted hydrate structure, 

resulting in the appearance of additional Bragg peaks on the diffractogram. 

o The formation of this hydrate confined in this nano-metric space can also create a 

disorder, observed on the diffractogram by the broadening of the Bragg peaks.  

o Finally, the presence of interlayer cations could enter in the hydrate cages, replace 

methane molecules and thus lead to a variation of the occupancy rate of the confined 

hydrate cages observed with Raman spectroscopy.  These observations have been made 
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by Yeon et al. who showed the abnormal cage occupancy of clathrate hydrate 

intercalated with the substitution of Na+ and CH4 in 45 % of the small cages.17,320  

Several studies have been dedicated to the formation of methane hydrate in the interlayer space 

of swelling clays and the community is still unable to reach an agreement. Molecular Dynamics 

simulations tend towards the intercalation of a new intercalated clathrate hydrate structure 

composed of the silicate ring of 2:1 silicate layers of swelling clays and interlayer water 

molecules.29–32,321 Their results is supported by experimental studies on Na- and Ca-

Montmorillonite by Koster Van Groos et al.33 and Guggenheim et al.34, which attributed the 

contraction of the d001 to the presence of methane hydrate in the interlayer space. Inversely, 

studies conducted by Kim et al.35, based on the size of a hydrate cage compared to the interlayer 

space of swelling clays, concluded that structuring a complete hydrogen-bonded cage in this 

space is almost physically impossible. Furthermore, MD simulations dedicated to the effect of 

1 to 8 water layers on the formation of methane hydrate in montmorillonite suggests that 

interlayer space with 6 H2O layers is the most suitable to form CH4 hydrate, which corresponds 

to a interlayer distance d001 = 24 Å. The hydrate cages formed in this space would be irregular 

with deformation and defects.29 

In this present work, the d001 of montmorillonite varies from 14 and 20 Å, which suggests the 

intercalation of less than 4 water layers311, the formation of methane hydrate in the interlayer 

space of montmorillonite appear to be physically impossible similarly to the work of Kim et 

al.35. Furthermore, from the collected diffractograms, the hypotheses of the formation of a 

distorted hydrate structure and isotropic or anisotropic compression of the methane hydrate 

lattice are not supported. No deformation or displacement of the characteristic Bragg peaks of 

methane hydrate in sI structure are observed, and no additional peaks are found. The Raman 

spectroscopic analysis did not show any variation of the cage occupancy in presence of 

montmorillonite. The formation of the methane hydrate probed with these two techniques does 

not take place in the interlayer space of montmorillonite in the MS matrix.  However, methane 

hydrate can form in the multiple non-intercalated spaces of clays, consisting of mesopores (2-

50 nm) and macropores (>50 nm) and the obtained results show that these meso- or macro-

hydrates have similar characteristics to pure bulky methane hydrate. Moreover, it is important 

to note that Raman spectroscopy does not probe the mesoporous spaces of clays. Therefore, it 

is not possible to determine the role of clays on cage occupancy at all pore scales with this 

technique. 
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In order to complete the understanding of methane hydrate formation in clay-rich matrices and 

to discuss the possibility of hydrate formation in confined environments, it is necessary to 

access the distribution of hydrates in clay matrices and to explore the nanoscale. For this 

purpose, Raman and Neutron spectroscopic experiments have been performed.   

 

b. Hydrate distribution from micrometer to nanometer scales 

 

Raman micro-spectroscopy was used to probe the distribution of the sI methane hydrate 

structure in all samples made in IS, MS, BS, KS, pure bulky methane hydrate, and the natural 

sample (CS05). 2D Raman imaging was obtained by collecting multiple Raman spectra, over a 

pre-selected area of the sample, where the Raman signal of the hydrate is high. Then, the 

methane hydrate and matrix signal is integrated and plotted against position on the sample to 

reconstruct Raman maps. The methane hydrate integrated signal consists of the two Raman 

bands attributed to the CH-stretching of the methane molecule in the LC and SC, after 

background subtraction. The matrix signal is integrated between 560 and 623.6 cm-1 taking into 

account the background signal, which is related to the presence of clays. This technique allows 

access to the micrometric distribution of the sI methane hydrate and sediment structure in the 

samples.   

In Figure 64, the Raman mapping of methane hydrate sI and the matrix of BS are represented. 

The area probed measured 70 x 50 μm and 110 spectra have been collected every 3.2 μm. The 

combination of these two Raman maps reveals the presence of hydrates primarily in areas where 

the sediment matrix signal is absent (Figure 64). The same observation was made for all the 

synthetic and natural sample containing clay-rich sediments. Two hydrate pore-habits could 

explain this result. In clay-rich sediments, methane hydrate can nucleates on sediment grain 

boundaries and grow freely into pore spaces without altering the structure of the sediments, this 

hydrate pore habit is called pore-filling.98 In contrast, hydrate nucleation can happen between 

grains and induce sediment grain-displacing to form “bulky” hydrate lenses and nodules.322 The 

identification of these pore habits in the samples investigated is extremely challenging mainly 

due to the heterogeneities of the water and gas distribution in the various pore sizes in the 

matrices. This could lead to an heterogeneous hydrate formation at the grain scale and at the 

sample scale.165,323 The in-situ observation of the formation and distribution of the hydrate in 

clay sediments at the microscopic or nanoscale is required to complete these results. Recently, 

the formation and dissociation of Xenon hydrate in sand and a mixture of sand and 
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montmorillonite was observed experimentally using X-ray micro-tomography and observed 

hydrate nucleation at the water-gas interface and hydrate grows around sediments grains.204 

However, this technique does not provide information on the distribution at the nanoscale and 

in particular does not allow the study of the interlayer space of clays. 

   

 

 

Figure 64. Optical microscope capture of methane hydrate sample formed in Black Sea natural 

sediments (x50 objective). The white square defines the area analyzed by 2D Raman mapping 

(top). Two 2D Raman maps of the sample are represented: the integrated signal of the Raman 
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bands of SCs (2916 cm-1) and LCs (2905 cm-1) of methane hydrate (middle) and the integrated 

signal related to the sediment (560 - 623.6 cm-1) (bottom). 

The study of confinement phenomena at the nanoscale is extremely challenging. In this work, 

Inelastic Neutron Scattering (INS) were performed on the crushed synthetic and natural samples 

previously analyzed with Raman spectroscopy at 10 K and 1 bar. INS is a powerful technique 

to access the molecular self-dynamics. The translational and librational modes of water as cage-

forming molecules or ice particles and the rotational modes of methane molecules trapped in 

hydrate cages are investigated. 
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Figure 65. Inelastic neutron scattering spectra of ice Ih (black) and pure methane hydrate (red) 

(top). Rotational bands of methane in structure sI hydrate (Black arrows) and translational 

modes of water molecules in ice and structure sI methane hydrate are represented on the bottom 

spectra. Spectra are collected at 10 K and 1 bar. 

The spectra of hexagonal ice Ih and pure methane hydrate structure sI are shown in the Figure 

65. The spectra of Ih shows translational modes of water represented by a sharp peak at 55.5   

cm-1, a hump around 107 cm-1, a broad peak around 153 cm-1, and two sharp peaks at 226 and 

304 cm-1.324 The spectral range between 550 and 1100 cm-1 is related to the librational modes 

of water molecules.324 The librational spectrum of Ih is characterized by a left edge around 540 
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cm-1, two minimums at 570 cm-1 and 735 cm-1, and a right edge at around 975 cm-1.324 The 

spectra of pure methane hydrate structure sI is characterized by two peak at 17.8 cm-1 and 26.2 

cm-1 which are attributed to the rotational modes of methane trapped inside water cages.301 

These two peaks are assigned to the rotational transition from J=1 to J=2 and J=0 to J=2, 

respectively. The transition from J=0 to J=1 at 7.9 cm-1 325,326 cannot be observed in the present 

experiment (out of spectral range).  The peaks at 58 cm-1 and between 75 and 90 cm-1 are 

attributed to the transverse acoustic host lattice dynamics 305,327. The methane vibrations inside 

the small cages influences the signal between 75 and 90 cm-1.305,327 A sharp peak, at around 580 

cm-1, characterizes the librational mode of methane hydrate and a broad signal between 678  

cm-1 and 975 cm-1.307 

 

The spectra of ice Ih and pure methane hydrate are compared to the synthetic and natural 

samples formed in presence of clay-rich sediments (Figure 66 and Figure 67). In Figure 66, 

the spectra of synthetic and natural hydrate samples show methane hydrate signatures similar 

to the pure methane hydrate spectrum with the two rotational bands at ~17.8 cm-1 and ~26.2 

cm-1 and the peak at ~58 cm-1 attributed to the host lattice dynamics.324 The latter peak, 

depending on the sample, has a variable width and is notably wider depending on the amount 

of ice present in the sample. As a reminder, the ice Ih presents this same peak at shifted to 55.5 

cm-1.303 It related to the translational modes of water molecules.303 In Figure 67, are represented 

the librational modes, between 500 and 1100 cm-1. In this spectral range, the signal is complex, 

constituted of signatures of both ice Ih and methane hydrate structure sI depending on the 

fraction of each phase in the samples. The comparison of the spectra of ice Ih, pure methane 

hydrate and the synthetic methane hydrates in IS, KS and BS show signatures similar to the 

spectra of Ih with a band at around 555 cm-1, two broad signals between 570 cm-1 and 735 cm-

1, and between 735 cm-1 and 975 cm-1. A weak methane hydrate signal is identified at ~580 cm-

1. The strong similarity of the synthetic methane hydrate spectra to the Ih ice spectrum rather 

than the pure methane hydrate spectrum indicates the presence of a significant ice fraction in 

the samples.  This result is not surprising because studies of methane hydrate formation kinetics 

performed on these same matrices (with the exception of KS) show that only a small amount of 

the water in the matrix is converted into hydrate after 14 days of pressurization (i.e. < 20 % in 

BS and < 10 % in IS).328 

The librational spectrum of the natural sample (CS05) shows a stronger methane hydrate 

signature at ~580 cm-1 compared to the synthetic samples. However, the librational signatures 
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between 592 cm-1 and 975 cm-1
 indicate the presence of ice Ih in the sample. The only difference 

between the spectra of ice Ih and CS05 is a minimum at 694 cm-1, where there is a maximum 

on the Ih ice spectrum. The presence of ice in CS05 can be explained by the conditions of 

recovery of natural hydrate in the Black Sea. Between the time when the sample is removed 

from the seabed and its recovery on the ship at room temperature, the surface of the sample is 

destabilized before storage in liquid nitrogen, while the core of the sample is preserved. Once 

crushed, the sample collected is constituted of a mixture of ice, resulting from hydrate 

dissociation, and preserved methane hydrate during hydrate recovery.  

Analysis of the INS spectra collected by probing the synthetic methane hydrate samples in IS, 

KS, and BS, shows the presence of the methane hydrate structure sI with characteristic 

signatures of methane molecules rotational motion in SC and LC. However, these spectra show 

many similarities to the Ih ice spectrum, evidence for the presence of a large ice fraction in the 

samples. The natural methane hydrate sample collected in the Black Sea (CS05) contains both 

Ih ice and methane hydrate structure sI. This ice fraction is the result of the dissociation during 

hydrate recovery.  
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Figure 66. Inelastic neutron scattering spectra of ice (black) and pure methane hydrate sI (red) 

compared to methane hydrate in IS (top left), KS (top right), BS (bottom left) and natural 

methane hydrate CS05 (bottom right). Full black arrows represent rotational bands of methane 

in structure sI hydrate and the dotted black arrow represents translational mode of water 

molecules in methane hydrate, slightly shifted from the translational modes of water molecules 

in ice. Spectra are collected at 10 K and 1 bar. 
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Figure 67. Librational spectra of ice (black) and pure methane hydrate structure sI (red) are 

compared to methane hydrate in IS (top left), KS (top right), BS (bottom left) and natural 

methane hydrate CS05 (bottom right). Full black arrows represent the librational signal of water 

molecules as host molecules of structure sI. Spectra are collected at 10 K and 1 bar. 

In a second step, INS was used to study the distribution of methane hydrates in the MS and 

probe the interlayer space. The objective was to examine the presence of additional signatures, 

on the INS spectra, possibly related to hydrate growth in a confined environment. INS 

experiments on swelling saponite clay, conducted by Jiménez-Ruiz et al. show a shift to higher 

energies of librational bands related to the presence of confined water between layers.234 

According to this paper, the INS signal of MS (undried), hydrated MS, and methane hydrate in 

MS are compared to ice Ih and pure methane hydrate structure sI to look for a similar signature 

of ice or methane hydrate confined (Figure 68). The signatures of methane hydrate structure sI 

in MS are observed at ~17.8 cm-1 and ~26.2 cm-1 corresponding to the two rotational bands of 

methane molecule in hydrates cages and a peak at ~58 cm-1 attributed to the host lattice 

dynamics.324  The spectrum of methane hydrate in MS and pure methane hydrate exhibit similar 
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signatures and intensities, with the exception of the first rotational band at 17.8 cm-1 that has a 

lower intensity. The peak at 58 cm-1 is shifted from the peak of ice Ih, which appear at 55.5   

cm-1. This shift is the evidence of the low fraction of ice Ih in the sample of methane hydrate in 

MS. This first observation confirm the result obtained with neutron diffraction for the 

deuterated sample of methane hydrate in MS formed in the same conditions: almost all available 

water phase has been converted into methane hydrate.329 Between 30 and 113 cm-1, the signal 

related to the translational modes of water is identical for pure ice Ih, non-hydrated MS and 

hydrated MS. In the librational region of the spectra, compared to pure ice Ih and pure methane 

hydrate structure sI, all the spectra collected in presence of MS exhibit an additional signal 

around 512 cm-1, which could be related to the presence of water in the interlayer of 

montmorillonite.234 The signal of undried MS and ice are very similar between 530 and 1100 

cm-1, evidence of the presence of residual water molecules on the non-hydrated MS. When 

water is added onto MS, the spectrum of hydrated MS shows an extra signal at ~670 cm-1. The 

latter signal could be evidence of the signature of confined ice in the montmorillonite. Now the 

question remains, are similar signatures of molecular confinement observed in the methane 

hydrate sample synthesized in MS? The librational region of the collected spectrum of methane 

hydrate in MS is similar to the spectrum of pure methane hydrate with the exception of three 

weak signals: at ~512, ~550 and ~670 cm-1. When compared to hydrated MS and pure ice Ih, 

these signatures are all attributed the libration of water molecules into ice Ih structure. Thus, it 

can be concluded from this experiment that methane hydrate did not form in the interlayer space 

of the MS, most of the water was converted to bulky hydrate, and the remaining water molecules 

contribute to the spectroscopic signature of ice Ih. All synthetic and natural methane hydrates 

studied in this paper, exhibit spectroscopic signatures similar to those of the bulky hydrate 

structure sI and pure ice Ih. These hydrate structures form between clay grains or in the meso- 

and macropores of clays.  
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Figure 68. Rotational modes of methane molecules in structure sI hydrate, translational and 

librational modes of water in ice, in hydrate substructure and in MS are compared. Red full 

arrows are the signature of methane hydrate structure sI. Black dotted arrows are the signature 

of water molecules in ice and in confined space of MS. Spectra are collected at 10 K and 1 bar. 
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IV. CONCLUSION. 

 

In this chapter, an original experimental approach has been carried out for investigating the 

formation of methane hydrate at scales ranging from the micrometer to the nanometer. The 

investigation has been conducted by comparing lab-made methane hydrate samples (formed in 

clayey matrices reproducing the natural sediments) with natural methane hydrate samples 

collected in the Black Sea.  The strategy developed to understand the effect of these matrices 

on the structure, the cage occupancy and the multiscale distribution of the formed hydrate 

combines neutron diffraction, Raman spectroscopy and Inelastic Neutron Scattering.  

Montmorillonite, a so-called swelling clay, has been the subject of a few studies, dedicated to 

the plausible formation of methane hydrate in the interlayer space.29,30,32–35 Two controversial 

results are reported: (i) the formation of a new distorted hydrate structure in the nano-space34 

and (ii) the physical impossibility of forming the hydrate in this space, thus privileging the 

formation in the mesoporous and macroporous spaces35. In this study, neutron diffraction 

reveals no structural differences between pure methane hydrate structure sI and methane 

hydrate formed in IS, KS, BS or MS. A deeper analysis of the latter, in particular the study of 

the variation of the d001 interlayer space, indicates results similar to the literature with a swelling 

reaching 20 Å and a decrease of this space once the hydrate is formed. Combining these results 

with the information collected with Inelastic Neutron Scattering seems to favor the hypothesis 

of the methane hydrate formation outside this nano-space. The spectrum of methane hydrate in 

MS is similar to that of pure methane hydrate with no signature of confined water molecules. 

Furthermore, this data also reveals that almost all the water available for hydrate formation has 

been converted and the decrease observe on the d001 may be related to the water desorption to 

be converted into hydrate.  

Inelastic neutron scattering on the synthetic methane hydrate in IS, KS, BS and the natural 

sample CS05 collected in Black Sea in September 2021 show similar spectroscopic signatures. 

CS05 presents a great signal of methane hydrate sI with the identification of the two rotational 

bands of methane in SCs and LCs of structure sI, and of translational and librational signatures: 

all neutron spectroscopic signals are similar to the one measured in pure methane hydrate (i.e., 

formed without sediments). However, similarly to the synthetic samples with IS, KS, BS, 

numerous spectroscopic signatures are assigned to the presence of water in the samples, 

indicating a lower conversion rate for synthetic samples in these clays and the probable presence 

of a fraction of the dissociated sample related to the recovery method for CS05.  
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Finally, Raman spectroscopy allowed the study of the distribution of methane hydrates in the 

sedimentary matrix by highlighting a heterogeneous distribution of the matrix and the hydrate 

phase. The mapped areas exhibit a high methane hydrate signal where the matrix signal was 

low or non-existent. This provides microscopic evidence that hydrate forms between sediment 

grains, consistent with pore-filing and pore-displacing models.98  

Raman signal analysis was also used to estimate methane hydrate cage occupancy for different 

matrices. Despite large uncertainties related to the heterogeneities of the analyzed samples and 

the quality of the collected spectra at each mapping positions, the relative occupancies of the 

LCs and SCs in the presence of the various matrices seem similar to the one measured in the 

pure methane hydrate. There would not be a significant impact of the sediments onto the cage 

occupancy.  

This study constitutes a new approach to study the formation of methane hydrates in natural 

environments and could contribute to the improvement of models related to the quantification 

of methane contained in natural hydrates and thus improve environmental predictions in case 

of destabilization of these structures. 
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In the context of the study of gas hydrate formation in natural environment, three complex 

parameters were taken into account during this PhD work: the composition of the natural gas 

available to form gas hydrates, the water salinity and the nature of the marine sedimentary 

environment present in the gas hydrate stability zones. The crystal structures and the chemical 

composition of mixed hydrates formed with various gaseous species existing in geological sites 

suitable for gas hydrate formation, have been studied by means of Raman spectroscopy and 

neutron diffraction. In order to study the influence of salinity and the presence of clayey 

sediments on the methane formation kinetics (as well as dissociation mechanism), samples were 

synthesized in the laboratory - mimicking the natural marine environment - and analyzed by 

time-dependent neutron diffraction. In addition, neutron diffraction combined with Raman and 

neutron spectroscopy allowed to study the impact of sediments on the structural properties, the 

cage occupancy and the distribution from micrometer to nanometer scales. Moreover, the 

results obtained by spectroscopic methods on lab-made gas hydrates are compared to the ones 

obtained on natural methane hydrate samples, collected in the Black Sea during the GHASS2 

scientific campaign. This PhD works thus provide a range of new information by identifying 

key physical-chemistry factors affecting the cage occupancy, the crystalline structure, the 

distribution, and therefore the ability of hydrates to store methane in natural environment.  

In order to address the first problematic, the structural and vibrational signatures of synthetic 

gas hydrates formed from pure molecules CH4, C2H6, C3H8, iso-C4H10, CO2 and gas mixtures 

CH4+C2H6, CH4+n- C4H10, have been studied by Raman spectroscopy and neutron diffraction. 

Neutron diffraction was used to characterize the crystal structure of pure methane and carbon 

dioxide hydrates, which adopts the structure sI and propane hydrates in the structure sII. Raman 

spectroscopic measurements were used to study both the vibrational signatures of structure sI 

and structure sII hydrates for small gas species (CO2, CH4), larger hydrocarbons (C2H6, C3H8, 

iso-C4H10, n-C4H10) and gas mixtures (CH4+C2H6, CH4+n- C4H10). This study confirmed the 

occupancy of both SCs and LCs with CO2, CH4 and C2H6 molecules in structure sI. The study 

of the structure sII formed by mixed gas hydrates with methane and larger hydrocarbons reveals 

that methane molecules occupy both types of cages, while the Raman band analysis suggests 

that only the LCs (51264) are occupied by the large size hydrocarbon molecules. The spectra of 

CH4 hydrate structure sI and structure sII (formed in the case of mixed hydrates) show two 

characteristic Raman bands (ν1), attributed to the CH-stretching of methane in both SCs and 

LCs. In the structure sII, these signatures are shifted towards lower energy with respect to the 

signatures of structure sI. Moreover, the intensity ratio of the two bands is close to 1:2, due to 
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the presence of 8 LCS for 16 SCs in the structure sII, while it is close to 1:3 due to the presence 

of 2 SCs and 6 LCs in the structure sI. 

In order to address the impact of salt combined with the presence of clay on methane hydrate 

formation kinetics and dissociation mechanisms, samples were synthesized and analysed by in-

situ time-dependent neutron diffraction. A mixture of 60 % swelling clay, Montmorillonite, and 

40 % quartz was chosen as the mineralogical surrogate of natural environments for this study. 

This mixture is designated by the acronym MS. Methane hydrate samples where synthesized in 

presence of pure deuterated water and salted water (22 wt% NaCl). Montmorillonite acts as a 

kinetic promotor of methane hydrate with an almost complete conversion of water into hydrate 

after less than 60min of pressurization (70 bar) at constant temperature (282 K). Similar 

timescales were observed for sediments analogues like silica beads with a size smaller than 

100nm.94 Several physicochemical parameters can explain these very short induction and 

formation times. The first parameter is the particle size. Heeschen et al. have shown that gas 

hydrate formation in presence of a high concentration of fine grains (clays) <125 μm have a 

faster hydrate conversion than methane hydrate in coarse grains and sand. The major parameter 

is highly connected to the atomic structure of clays. Several studies highlighted the promoted 

effect of clay surfaces with the presence of hydroxylated edge sites to induce hydrate 

nucleation.35,214 The last parameters involves the thermodynamics conditions with a larger 

driving force provided by the presence of smectite clays like bentonite, which shortened the 

induction time.213,292 Montmorillonite, a smectite clay, with particles size ~14 μm, and 

interlayer cations causing the swelling of the structure possesses favorable nucleation sites for 

hydrate formation. For 2.2 wt% NaCl system, the CH4 hydrate formation is slower and starts 

after 15min of pressurization, the water to hydrate conversation rate is lower and comes with a 

long diffusion process. The kinetic inhibitor effect of salt is well-known from the litterature. 

Chong et al. described this effect on the hydrate formation in porous Toyoura sand and 

presented the lower thermodynamic driving force during hydrate formation.218 Similarly, very 

recent experimental study on the coupling effect of montmorillonite and NaCl shows that when 

the concentration of NaCl is high, the induction time increases.220 However, the indicated 

induction times in their study range from less than 5 hours to 50 hours, which is 5 to 50 times 

higher than the times observed in this work. The study of the dissociation of CH4 hydrates in 

both pure and salted samples exhibits characteristics of the self-preservation phenomenon. In 

addition, other phenomena may be considered as hypothesis to explain the observed behaviors. 

First, the dissociation of pure CH4 hydrate may involve hydrate re-formation probably due to 
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the increased concentration of dissolved methane from the melted hydrate leading to the 

creation of methane “high-pressure” bubbles at interfaces (hydrate/ice or hydrate/clays); such 

phenomenon have been reported in the literature.217,330 A second process that may be involved 

in this re=formation is probably related with the restructuration of water molecules from hydrate 

and “short range ice” to ice and melted water, as experimentally observed on the neutron 

diffractograms. The presence of salt prevents hydrate re-formation due to the possible presence 

of high local concentration of salt around hydrate cages, which were excluded out of the cages 

during hydrate formation. However, self-preservation is still observed with a hydrate melting 

point reaching 270 K.  

In a second step, in order to compare the effect of the nature of the clay on the methane hydrate 

formation kinetics, two clay-rich matrices were selected: a commercial sample consisting 

mainly of illite (denominated IS) and natural sediments from the Black Sea (denominated BS). 

The formation kinetics of methane hydrates formed within these two matrices were studied by 

time-dependent neutron diffraction and then, compared to the result obtained for samples 

formed within MS from pure water. Diffraction patterns of each sample synthesized from 1 day 

to 110 days at constant pressure and temperature in these two matrices were collected. Analysis 

of the diffractograms as a function of the pressurization time yield the quantitative 

determination of the fraction of formed hydrate and thus, the formation kinetics to be monitored 

(by measuring the Bragg peaks intensity of the sI methane hydrate as a function of the 

pressurization time). No structural differences (compared to methane hydrate formed without 

clays) were observed for the two matrices. The significant presence of illite (> 60 %) in both 

matrices seems to have an impeding – even inhibitoring - effect on hydrate formation compared 

with the formation of MS methane hydrate. This results in a low hydrate conversion rate (< 30 

%) after 110 days in IS as well as a diffusion rate close to bulk hydrate formation.297,298 Methane 

hydrate formation in the presence of natural Black Sea sediments is more efficient than in IS 

and reaches a conversion rate of almost 85 % after 110 days. The presence of smectite in this 

sample (~10 %) and comparison with previous work on Montmorillonite confirm the promoting 

effect of smectite clay surface.35  

The last part of the manuscript was dedicated to the comparison of synthetic methane hydrate 

samples, formed in the laboratory in the presence of clayey matrices, and of natural methane 

hydrate samples collected in the Black Sea.  The strategy developed aimed at understanding the 

effect of these matrices on the formed structure, the cage occupancy and the hydrate distribution 
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at the micro- and nanoscale. This strategy is based on the combination of neutron diffraction, 

Raman spectroscopy and Inelastic Neutron Scattering experiments. The structural analysis was 

performed with neutron diffraction and Raman spectroscopy. Both techniques reveal no 

structural differences between pure bulky methane hydrate structure sI and methane hydrate 

formed in IS, KS, BS or MS. Moreover, Raman signal analysis was also used to estimate 

methane hydrate cage occupancy in the natural and synthetic matrices. Despite large 

uncertainties related to the non-uniform shape of the samples analyzed and the quality of the 

spectra collected at each mapping positions, the cage occupancy of the LCs and SCs in the 

presence of the matrices is similar to pure bulky methane hydrate. Gas hydrate distribution at 

the micro- and nanoscale was studied with Raman imaging and inelastic neutron scattering, 

respectively. At the microscale, the study of the distribution of methane hydrates in the 

sedimentary matrix highlighted a heterogeneous distribution of the matrix and of the hydrate 

phase. The mapped areas exhibited a high methane hydrate signal in micrometer areas where 

the matrix Raman signal was negligible. This provides microscopic evidence that hydrate forms 

between sediment grains, consistent with pore-filing and pore-displacing models98. At the 

nanoscale, the spectra collected with the inelastic neutron scattering (INS) technique show 

similar spectroscopic signatures for natural and synthetic methane hydrate samples. The natural 

sample, collected in Black Sea, exhibits strong methane hydrate sI signals characterized with 

the two rotational bands of methane in SCs and LCs of structure sI, and with the translational 

and librational bands of water molecules. The natural sample exhibit INS signals very similar 

to those of pure methane hydrate. The synthetic samples made in IS, KS, BS exhibit weak 

methane hydrate signatures. However, numerous spectroscopic signatures in these spectra are 

assigned to the presence of unconverted water in the samples, evidencing the low conversion 

rate observed for these synthetic samples. Moreover, the combination of these techniques brings 

new element to answer the question of the hypothetical intercalation of methane hydrate in 

swelling Montmorillonite (MS). The study of the variation of the d001 interlayer space with 

neutron diffraction is in agreement with published results30,35, reporting a decrease of the 

interlayer (reaching 20 Å before hydrate formation) space once the hydrate is formed. Both 

Raman and neutron spectra of methane hydrate in MS exhibit similar signatures to pure bulky 

methane hydrate structure sI with no specific signatures of confined water molecules or of 

confined hydrate. These results suggest that the methane hydrate formation occur outside the 

interlayer space, i.e. in the meso- and macro- pores of clay allowing the formation of methane 

hydrate structure sI with properties similar to bulky hydrate phase. 
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This PhD work provides new information regarding the formation of methane hydrates in 

natural environments.  

First, the study of the effect of gas composition on hydrate structure was conducted. The 

knowledge of all the vibrational signatures of gas hydrates of various hydrocarbons shows the 

effective contribution of Raman spectroscopy to estimate the gas composition of natural gas 

hydrates, and the resulting structure. To extend this study, Raman spectroscopy can be used to 

investigate the vibrational signatures of natural gas hydrates formed from complex gas mixtures 

and to determine the adopted preferential structures. This will contribute not only to the 

assessment of potential molecular selectivity (i.e., chemical composition differences between 

the natural gas reservoir and the natural gas hydrates), but also to the determination of the 

hydrates structure formed in natural environments. A preliminary study was carried out in-situ 

to compare the spectrum of the hydrate formed from natural gas recovered from the Marmara 

Sea and the spectrum of the hydrate formed from a mixture of synthetic gas (Standard-1B) with 

a composition close to the natural one, all under identical thermodynamic conditions. The 

presence of several hydrocarbons makes the analysis of the Raman spectra complex, with 

several signatures around 2900 cm-1 attributed to the C-H vibrational modes. The obtained 

results seem to indicate only vibrational signatures of gas hydrates in structure sII. Further 

analysis of the relative intensities, positions and widths of the Raman bands could allow to 

determine the single, multiple or mixed encapsulation of gas molecules within the cages. This 

study is the subject of a collaboration with Olivia Fandino-Torres (IFREMER). 
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Figure 69. Raman spectra of Standard-1B gas (298 K, 66bar) and hydrate (150 K, 1bar). (λ0 = 

532 nm). 

Then, the main challenge of this PhD work was to study the formation of gas hydrates in a clay-

rich sedimentary environment. The variability of the chemical and structural nature of the clay, 

of the morphology and of the particle size provide a large range of parameters that could 

influence hydrate formation. Raman spectroscopy, inelastic neutron scattering and neutron 

diffraction have shown the strong effect of the nature of the clays on the kinetics of synthetic 

methane hydrate formation: Montmorillonite, providing a large specific surface area, acts as a 

kinetic promoter allowing methane hydrate formation in less than 15 minutes. Conversely, 

Illite, present in majority in the commercial matrix and in the natural matrix collected from the 

Black Sea, slows down the rate of methane hydrate formation on scales reaching several days. 

Furthermore, studies conducted on synthetic samples have shown that sediments have no 

impact on the structure of the hydrates formed, their distribution at the microscopic scale and 

no vibrational signatures of confinement have been observed. The structure of the natural 

samples collected in the Black Sea could not be analyzed by neutron diffraction. Indeed, due to 

their high hydrogen content, the diffractograms only showed a large incoherent background. X-

ray diffraction experiments would allow characterization of the structure of natural hydrates 

and comparison with the structures of synthetic hydrates. In addition, a neutron proposal on the 

tomograph (NEXT) at ILL aimed at coupling X-ray and neutron tomography to probe the 

distribution of natural and synthetic samples within sedimentary matrices at the microscale 
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(unfortunately, this proposal has not been accepted due to the strong overload on NEXT before 

the long ILL shutdown in 2022). Moreover, in this work, a huge effort was dedicated to the 

investigation the hypothetical formation of methane hydrate in the nano- spaces of clays by the 

use of inelastic neutron scattering. With this technique, it was extremely challenging to 

observed any signatures of possible confinement. Other techniques could be used to probe the 

samples at the nanoscale. Preliminary experiments were conducted using Tip Enhanced Raman 

spectroscopy (TERS) on clay grains. TERS allows to probe nanometric signatures of materials  

through the amplification of the Raman signal by specific enhancement mechanisms that occur 

on a metal nanotip.331 Such experiments are extremely challenging for various reasons: the 

sample preparation – deposition of thin clay flakes to allow TERS enhancement, the control of 

the sample environment – design a cell which allows temperature and gas control, and the 

preparation of effective AFM-tips for such samples. Nano X-ray tomography could also be used 

to observe the formation of methane hydrate in clays on pore scale and to quantify hydrate 

saturation, pore structure parameters. Nano-focused X-ray computed tomography has already 

been used in sands by Li et al.332 (Figure 70.). 

 

Figure 70. Gray value curve from position A to B in the X‐ray computed tomography image 

(From Li et al.332). 
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On a longer perspective, all these results contribute to the improvement of geophysical models 

dedicated to the quantification of methane trapped in natural hydrates and thus, could improve 

environmental predictions in case of destabilization of these systems in deep ocean seafloors.  
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APPENDIX 1 

 
Content 

 

• Structural models of methane hydrate structure sI, ice Ih, ice Ic, SiO2 

 

 

 

STRUCTURAL MODEL OF METHANE HYDRATE STRUCTURE SI 

 

Unit cell: a = b = c = 11.90 ± 0.03 Å; α = β = γ = 90° 

Space Group: Pm3̅n 

Table S1. Atomic fractional coordinates, site occupancy and site symmetries of methane 

hydrate structure sI. 

Atom Atom Type x y z Occupancy 

Cristallographic 

site and 

multiplicity 

O1 O 0.00000 0.30703 0.11394 0.50000 
 

O2 O 0.18431 0.18431 0.18431 0.33333 
 

O3 O 0.25000 0.00000 0.50000 0.12500 
 

D1 D 0.23910 0.23910 0.23910 0.16667 
 

D2 D 0.00000 0.42685 0.19737 0.25000 
 

D3 D 0.00000 0.37757 0.16421 0.25000 
 

D4 D 0.00000 0.32501 0.03372 0.25000 
 

D5 D 0.06942 0.25439 0.13827 0.50000 
 

D6 D 0.11220 0.22689 0.15595 0.50000 
 

C1 C 0.00000 0.00000 0.00000 0.04167 2a (2SC) 

H1 H 0.00000 0.10643 0.08000 0.16670 24k/3 

C2 C 0.25000 0.50000 0.00000 0.12500 6d (6LC) 

H2 H 0.26389 0.50000 0.11830 0.25000 24k/2 

H3 H 0.18594 0.50000 0.04298 0.25000 24k/2 
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STRUCTURAL MODEL OF ICE Ih 

 

Unit cell: a = b = 4.497 ± 0.001 Å; c = 7.352 ± 0.002 Å; α = β = 90°; γ = 120° 

Space Group: P63/mmc 

Table S2. Atomic fractional coordinates and site occupancy of hexagonal ice Ih. 

 

Space group P63/mmc 

Atom Atom Type x y z Occupancy 

O1 O 0.33333 0.66667 0.15779 0.16667 

D1 D 0.33333 0.66667 0.45453 0.08333 

D2 D 0.46505 0.93005 0.01008 0.25000 

 

 

STRUCTURAL MODEL OF ICE Ic 

 

Unit cell: a = b = c = 6.37 ± 0.01 Å; α = β = γ = 90° 

Space Group: Fd3̅m  

Table S3. Atomic fractional coordinates and site occupancy of cubic ice Ic. 

 

Space group Fd�̅�m 

Atom Atom Type x y z Occupation 

O1 O 0.37500 0.37500 0.37500 1.00000 

D1 D 0.46700 0. 46700 0. 46700 0.50000 

 

 

 

STRUCTURAL MODEL OF SiO2 

 

Unit cell: a = b = 4.92 Å; c = 5.42 Å; α = β = 90°, γ = 120° 

Space Group: Fd3̅m  

Table S4. Atomic fractional coordinates and site occupancy of quartz SiO2. 

 

Space group Fd�̅�m 

Atom Atom Type x y z Occupation 

Si Si 0.46900 0.00000 0.66667 0.50000 

O O 0.40300 0.25300 0.78900 1.00000 
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APPENDIX 2 
 

Content 

 

• Rietveld refinement of pure CH4 hydrate at 150K and 1bar  

 

RIETVELD REFINEMENT OF PURE CH4 HYDRATE AT 150K AND 1 BAR 

 

 
 

Figure S1. Rietveld refinement of pure CH4 hydrate at 150K and 1bar (λ0 = 2.41 Å). Rietveld 

refinements peak positions for hydrate sI (Pm3̅n) and the hexagonal ice (Ih) (P63/mmc) are 

represented by black stars and blue hexagons, respectively. (χ2 = 105) 

 

Fitted unit cell parameters: 

Methane hydrate sI: a = b = c = 11.9117 ± 0.0003 Å ; α = β = γ = 90° 

Ice Ih : a = b = 4.5171 ± 0.0001 Å ; c = 7.3545 ± 0.0003 Å ; α = β = 90° ; γ = 120°  
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APPENDIX 3 
 

Content 

 

• Rietveld refinement of pure CH4 hydrate in MS at 150 K and 1 bar  

• Rietveld refinement of CH4 hydrate in MS with 2.2wt% NaCl at 150 K and 1 bar 

• Rietveld refinement of pure CH4 hydrate in MS at 258 K and 1 bar 

• Rietveld refinement of CH4 hydrate in MS with 2.2wt% NaCl at 257 K and 1 bar 

 

RIETVELD REFINEMENT OF PURE CH4 HYDRATE IN MS AT 150 K AND 1 BAR.  

 

 

Figure S1. Rietveld refinement of pure CH4 hydrate in MS at 150 K and 1 bar (λ0 = 2.41 Å). 

Rietveld refinements peak positions for hydrate sI (Pm3̅n), the matrix, the cubic ice (Ic) (Fd3̅m) 

and the hexagonal ice (Ih) (P63/mmc) are represented by red, green, purple and blue colored 

bars respectively. 
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RIETVELD REFINEMENT OF CH4 HYDRATE IN MS WITH 2.2 wt% NaCl AT 150 K 

AND 1 BAR. 

 

Figure S2. Rietveld refinement of CH4 hydrate in MS with 2.2wt% NaCl at 150 K and 1 bar 

(λ0 = 2.41 Å). Rietveld refinements peak positions for hydrate sI (Pm3̅n), the matrix, the cubic 

ice (Ic) (Fd3̅m) and the hexagonal ice (Ih) (P63/mmc) are represented by red, green, purple and 

blue colored bars respectively. 

RIETVELD REFINEMENT OF PURE CH4 HYDRATE IN MS AT 258 K AND 1 BAR. 

 

Figure S3. Rietveld refinement of pure CH4 hydrate in MS at 258 K and 1 bar (λ0 = 2.41 Å). 

Rietveld refinements peak positions for hydrate sI (Pm3̅n), the matrix, the cubic ice (Ic) (Fd3̅m) 
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and the hexagonal ice (Ih) (P63/mmc) are represented by red, green, purple and blue colored 

bars respectively. 

RIETVELD REFINEMENT OF CH4 HYDRATE IN MS WITH 2.2wt% NaCl AT 257 K 

AND 1 BAR. 

 

Figure S4. Rietveld refinement of CH4 hydrate in MS with 2.2wt% NaCl at 257 K and 1 bar 

(λ0 = 2.41 Å). Rietveld refinements peak positions for hydrate sI (Pm3̅n), the matrix, the cubic 

ice (Ic) (Fd3̅m) and the hexagonal ice (Ih) (P63/mmc) are represented by red, green, purple and 

blue colored bars respectively. 
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APPENDIX 4 
 

Content 

 

• Rietveld refinement of the neutron powder diffraction data of methane hydrate structure 

sI pressurized during 110 days with CH4 in IS matrix at 150K and 1bar 

• Rietveld refinement of the neutron powder diffraction data of methane hydrate structure 

sI pressurized during 110 days with CH4 in BS matrix at 150K and 1bar 

 

RIETVELD REFINEMENT OF THE NEUTRON POWDER DIFFRACTION DATA OF 

METHANE HYDRATE STRUCTURE sI PRESSURIZED DURING 110 DAYS WITH 

CH4 IN IS MATRIX AT 150 K AND 1 BAR. 

 

 

Figure S1. Rietveld refinement of the neutron powder diffraction data of methane hydrate 

structure sI after 110 days of CH4 pressurization in IS matrix at 150 K and 1 bar (λ0 = 2.52 Å). 

Tick marks indicate phase reflection related to the type I hydrate (Pm3̅n), the cubic ice (Fd3̅m), 

the hexagonal ice (P63/mmc) and the SiO2 (P3221). Bragg peaks of the matrix are marked by 

black stars. The difference line (blue) is shown between the data and the fitted curve.  
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RIETVELD REFINEMENT OF THE NEUTRON POWDER DIFFRACTION DATA OF 

METHANE HYDRATE STRUCTURE sI PRESSURIZED DURING 110 DAYS WITH 

CH4 IN BS MATRIX AT 150 K AND 1 BAR. 

 

 

Figure S2. Rietveld refinement of the neutron powder diffraction data of methane hydrate 

structure sI after 110 days of CH4 pressurization in BS matrix at 150 K and 1 bar (λ0 = 2.52 Å). 

Tick marks indicate phase reflection related to the type I hydrate (Pm3̅n), the cubic ice (Fd3̅m) 

and the hexagonal ice (P63/mmc). Bragg peaks of the matrix are marked by black stars. The 

difference line (blue) is shown between the data and the fitted curve. 
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APPENDIX 5 
 

Content 

 

• Comparison d001 clay-rich matrices KS, IS, BS and MS 

• Overtones Raman signatures of methane molecules 

• Raman mapping parameters 

 

COMPARISON OF d001 OF CLAY-RICH MATRICES KS, IS, BS AND MS.  

The nature of clay mineral can be characterized in diffraction by the d spacing (basal spacing). 

It corresponds to the d001 diffraction plane, which is related to the distance between the centers 

of two neighboring clay layers333. This distance can be calculated using Bragg’s Law applied 

to the scattering angle value of the (001) Bragg peak. The scattering angle (2θ) is determined 

by fitting a pseudo void function of the (001) Bragg peak. 

 

Figure S1. Diffractograms representing the evolution of the d001 of MS before and after adding 

deuterated water at 150 K and 282 K and 1bar (λ0 = 2.41 Å). 
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 Scattering angle (001) (deg) d001 (Å) 

Non-hydrated MS 9.48 ± 0.06 14.61 ± 0.06 

Hydrated MS 7.28 ± 0.09 19.01 ± 0.09 

MS with structure sI methane hydrate 8.42 ± 0.15 16.44 ± 0.15 

KS with structure sI methane hydrate 19.58 ± 0.03 7.11 ± 0.03 

IS with structure sI methane hydrate 13.78 ± 0.56 9.81 ± 0.56 

Table S1. Summary of the d001 values calculated for each matrix (λ0 = 2.41 Å). 

 

OVERTONES RAMAN SIGNATURES OF METHANE MOLECULES. 

 
Figure S2. Raman spectrum of methane hydrate structure sI (λ0 = 405 nm). The two weak bands 

at ~2570     cm-1 and ~3050 cm-1 are attributed to the overtone of C-H asymmetric bending 

mode (2ν4) and the first overtone of the C-H bending mode (2ν2) of methane in hydrate lattice, 

respectively233. Two Raman bands centered at ~ 2905 cm-1 and ~ 2916 cm-1 are attributed to 

the C-H stretching of methane trapped in the large cage (LC) and the small cage (SC), 

respectively56. 
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RAMAN MAPPING PARAMETERS 

 

 
x (μm) y (μm) 

Step size 

(μm) 

Total number 

of points 

Number of points 

accounted for  𝑨𝑳𝑪 𝑨𝑺𝑪⁄  

Pure CH4 

hydrate 
40 50 5.2 99 42 

KS 20 15 4 30 17 

IS 40 30 5 63 20 

BS 70 60 7 110 25 

MS 30 26 2.6 121 66 

CS05 30 40 3.2 130 130 

Table S2. Parameters of the Raman maps collected on the synthetic and natural methane 

hydrate samples.  
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